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2. OMOWIENIE PUBLIKACJI WCHODZACYCH W SKEAD ROZPRAWY

Zachorowalnos$¢ na udar niedokrwienny mozgu wsrdéd mieszkancoOw Europy wynosi
obecnie w przyblizeniu 1 milion/rok, z prognozowanym dalszym wzrostem o okoto 3% w ciggu
najblizszych 3 dekad, mimo stosowania coraz skuteczniejszych metod profilaktyki chorob
uktadu sercowo-naczyniowego. Sam udar niedokrwienny mézgu mozna podzieli¢ na kilka
podtypoéw, w oparciu o patogeneze materiatu zakrzepowego powodujacego blokade przeptywu
krwi w tozysku krazenia mézgowego. Kardiogenny (pierwotnie zwigzany z powstawaniem
skrzepliny w sercu) udar niedokrwienny moézgu odpowiada za okoto 20-30% ogdtu udarow.
Najczestsza przyczyng jego wystapienia jest migotanie przedsionkoéw, gdzie sprawdzonag
strategig terapeutyczng stosowang zardwno w prewencji pierwotnej, jak i wtdrnej jest leczenie
przeciwkrzepliwe. Niekardiogenny udar mézgu stanowi pozostate 70-80% przypadkow, a
rutynowo stosowang metoda prewencji wtornej jego wystgpienia o udokumentowanej
skuteczno$ci jest leczenie przeciwplytkowe. Jednakze zastosowanie lekow przeciwptytkowych
u niewyselekcjonowanej grupy pacjentdow w ramach prewencji pierwotnej niekardiogennego
udaru nie przynosi oczekiwanej korzysci pod postacia zmniejszenia ryzyka wystapienia
incydentu niedokrwienia mozgu. W zwigzku z tym mechanizmy patofizjologiczne wplywajace
na funkcje ptytek krwi u pacjentow z niekardiogennym udarem niedokrwiennym mozgu
wymagaja szczegoOlnie dokladnego poznania, celem znalezienia nowych strategii
profilaktycznych i terapeutycznych w tej grupie chorych.

Dysfunkcja srodblonka wyrazona obnizong biodostepnoscig tlenku azotu (NO), oprocz
aktywacji zapalnej, angiogennej i wazokonstrykcji, odgrywa istotng role w patogenezie chordb
ukfadu sercowo-naczyniowego. W licznych badaniach udowodniono wplyw obnizZonej
biodostgpnosci NO na rozwoj nadci$nienia tgtniczego, tworzenie blaszki miazdzycowej 1 jej
destabilizacje oraz na wzrost aktywacji, adhezji 1 zdolnosci do agregacji ptytek krwi. Z kolei
obnizanie ryzyka sercowo-naczyniowego, poprzez odpowiednig terapi¢ nadcis$nienia
tetniczego, cukrzycy, dyslipidemii, czy zaprzestanie palenia papierosOw, wigze si¢ z
obserwowanym wzrostem biodostgpnosci tlenku azotu i z poprawg funkcji $rédbtonka. Nowsze
dane sugeruja, ze nie tylko §rodbtonek, ale rowniez plytki krwi potrafig syntetyzowaé NO,
samodzielnie regulujac w ten sposob swoja funkcje. W zaleznosci od ekspresji syntetazy tlenku
azotu (NOS) wykazano istnienie dwdch odrebnych subpopulacji ptytek: NOS-pozytywnych i
NOS-negatywnych. Wedtug niektérych autorow ptytki NOS-negatywne sa odpowiedzialne za

adhezje¢ do dysfunkcjonalnego $rdédblonka oraz inicjowanie tworzenia zakrzepu, podczas gdy
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rolg NOS-pozytywnych jest ograniczanie agregacji. Wptyw zaburzen biotransformacji tlenku
azotu w ptytkach krwi moze zatem mie¢ wplyw na wzrost czgsto$ci wystgpowania incydentow
zakrzepowo-zatorowych, w tym takze w tozysku naczyn moézgowych. Moze to mie¢ bardzo
powazne implikacje kliniczne, wobec czego stato si¢ przedmiotem prowadzonych przeze mnie
badan w ramach pracy doktorskie;j.

Zaburzenia wewnatrzptytkowej biotransformacji tlenku azotu u 0séb z
niekardiogennym udarem niedokrwiennym mézgu moga by¢ odpowiedzialne za inicjacje
incydentu niedokrwiennego w osrodkowym uktadzie nerwowym. Weryfikacja tej hipotezy
byta gldéwnym tematem niniejszej rozprawy, stanowigcej probe¢ przetozenia odkrycia z
zakresu przedklinicznych nauk podstawowych na grunt kliniczny. Znalezienie r6znic w
ptytkowej 1 osoczowej ekspresji szlaku tlenku azotu moze znaczaco przyczynic si¢ do
Zrozumienia przyczyny nieskutecznosci leczenia przeciwptytkowego w prewencji pierwotnej
udaru niedokrwiennego mozgu. Wyselekcjonowanie pacjentow z wysokim ryzykiem
sercowo-naczyniowym lub z nadmiarem plytkowych inhibitorow NOS i w efekcie
zmniejszong ptytkowa syntezg NO mogtoby przynies¢ korzysci w leczeniu
przeciwptytkowym stosowanym w ramach profilaktyki pierwotnej u tych chorych. Z kolei
ograniczenie stosowania terapii przeciwptytkowej u pacjentow z duzym odsetkiem NOS-
pozytywnych plytek mogloby wplynaé na wzrost bezpieczenstwa prowadzonej terapii
poprzez redukcje ryzyka krwawien.

Ze wzgledu na ztozono$§¢ mechanizméw wplywajacych na biotransformacje tlenku
azotu w ptytkach krwi 1 osoczu, w pracy pogladowej pt. ,, Role of the Platelets and Nitric Oxide
Biotransformation in Ischemic Stroke: A Translative Review from Bench to Bedside”
dokonalem przegladu, interpretacji 1 podsumowania aktualnego stanu wiedzy na ten temat u
pacjentéw z udarem niedokrwiennym moézgu. Praca ta stanowi jeden z niewielu dostepnych w
literaturze przekrojowych zbioréw informacji dotyczacych doktadnej roli tlenku azotu w
utrzymaniu homeostazy wewnatrznaczyniowej u pacjentdéw z objawowym niedokrwieniem w
tozysku naczyn mozgowych. Artykut ten systematyzuje dostgpng wiedz¢ na temat roli
biotransformacji tlenku azotu w ptytkach krwi i osoczu oraz jej wplywu na wystgpienie i
przebieg udaru niedokrwiennego modzgu, a takze buduje uzasadnienie dla badan, ktérych
wyniki zaprezentowano w pracy oryginalnej stanowigcej drugi manuskrypt niniejszej
dysertacji.

Obecnie wyrdzniamy trzy gtowne izoformy syntetazy tlenku azotu (NOS): neuronalng
(nNOS), indukowalng (iNOS) 1 $rodblonkowa=endotelialng (eNOS). W standardowych

warunkach produkuja one tlenek azotu majacy wplyw migdzy innymi na prawidlowe
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funkcjonowanie synaps nerwowych, wlasciwosci cytotoksycznych neutrofilow, czy
wazodylatacj¢ zalezng od $rédbtonka. Jednakze w warunkach niestabilnego potencjatu redoks
(uszkodzenie niedokrwienno-reperfuzyjne lub hipoksja-reoksygenacja) przy niedoborze tlenu
dochodzi do dysfunkcji NOS (ang. NOS uncoupling), ktéra zamiast NO, syntezuje reaktywne
formy tlenu (ROS), glownie nadtlenoazotyny (ONOO). Przyktadem takiej sytuacji jest
niedokrwienie mézgu, podczas ktérego dochodzi do rozprzgzenia mitochondrialnej fosforylacji
oksydacyjnej, ktéra w polaczeniu z kaskada reakcji zapalnych, prowadzi do powstawania
nadtlenoazotynow. Zwiazki te - jako skrajnie niestabilne - powoduja niekontrolowane
nitrowanie 1 S-nitrozylacje wielu biatek kluczowych dla homeostazy uktadu sercowo-
naczyniowego. Prowadzi to réwniez do zwigkszenia ekspresji i aktywacji indukowalnej
syntetazy tlenku azotu, ktéra dodatkowo amplifikuje produkcje nadtlenoazotyndéw, zmniejsza
biodostgpnos¢ NO 1 tym samym uposledza wazodylatacyjna funkcj¢ $rodblonka, a promuje
reakcje zapalng w $cianie naczynia 1 progresj¢ aterogenezy poprzez promowanie depozycji
utlenionego LDL w $cianie naczynia.

W badaniach na zwierzgtach wykazano, ze po indukcji niedokrwienia poprzez
zakleszczenie tetnicy Srodkowej mozgu, osoczowa biodostgpnos¢ NO wytwarzanego przez
nNOS 1 eNOS ros$nie w przeciggu pierwszych 30 minut, a nastepnie stopniowo spada w ciaggu
kolejnych 4 godzin. Po tym czasie nastepuje kolejny wzrost st¢zenia osoczowego NO trwajacy
do 7 dni. Tlenek azotu, wytwarzany przez eNOS w ciggu pierwszych godzin niedokrwienia
OUN, powoduje rozszerzenie naczyn i wzrost przepltywu krwi przez obszar poicienia
ischemicznego (tzw. penumbre ischemiczng). Natomiast NO produkowane przez nNOS w
uszkodzonych neuronach doprowadza do przyspieszenia wewnatrzkomoérkowej kaskady
apoptozy prowadzac do $mierci neuronu. Makrofagi obecne w mdzgu i1 naptywajace do OUN
oraz neutrofile syntezujg tlenek azotu dzigki iNOS, ktory wykorzystywany jest do produkcji
reaktywnych form tlenu i1 do dalszej stymulacji apoptozy. Opisywany drugi szczyt produkcji
NO jest wigc prawdopodobnie zwigzany z aktywnoscig iNOS, ktéry oprocz NO dodatkowo
nadprodukuje ROS. Ponadto udowodniono, ze wzrost stgzenia metabolitow NO w pierwszych
dwoch dniach od wystapienia udaru niedokrwiennego moézgu jest korzystny dla pacjentow 1
wigze si¢ z nizsza punktacjag w skali National Institutes of Health Stroke Scale (NIHSS)
oceniang po 3 miesigcach. Natomiast kolejny wzrost stezenia metabolitow NO, obserwowany
pomiedzy 2. a 7. dniem od poczatku objawdéw neurologicznych, wigze si¢ ze wzrostem
rozmiaru ogniska niedokrwiennego, ocenionego za pomocg rezonansu magnetycznego w

7. dniu, w poréwnaniu do badania wyjsciowego z 1. dnia obserwacji.



Osoczowe stezenie L-Argininy (substrat dla syntetazy tlenku azotu) poczatkowo maleje
w ciggu pierwszych szesciu godzin od poczatku udaru niedokrwiennego, a nast¢pnie rosnie
przez kolejne 24 godziny w modelach eksperymentalnych. Niskie st¢zenie L-Argininy w
pierwszej dobie od poczatku objawoéw deficytdéw neurologicznych jest zwigzane z wigksza
objetoscig obszaru niedokrwienia OUN 1 ostatecznie z gorszym rokowaniem u pacjentOw po
przebytym udarze niedokrwiennym moézgu. W badaniach przeprowadzonych na zwierzgtach,
podawanie L-Argininy tuz po wywotaniu okluzji t¢tnicy $rodkowej mézgu spowodowato
mniejszg objetos¢ obszaru niedokrwienia. ADMA jest najsilniejszym inhibitorem
kompetycyjnym NOS. Wzrost jego osoczowego stgzenia jest predyktorem wystgpienia choréb
sercowo-naczyniowych, a jego podwyzszone stezenie jest rowniez obserwowane w pierwszych
godzinach po incydencie niedokrwiennym w mézgu.

Wielu autorow wykazato, ze tlenek azotu hamuje adhezj¢ 1 agregacje ptytek krwi, a
obecno$¢ NOS w plytkach krwi determinuje ich pro- lub przeciw-agregacyjng funkcj¢. Ponadto
w nielicznych dostgpnych pracach wykazano zwigzek pomigdzy obnizonym plytkowym
stezeniem tlenku azotu (PDNO, ang. platelet-derived nitric oxide) a wiekiem, nadci§nieniem
tetniczym, dyslipidemia i1 paleniem papierosoOw. Jednak do tej pory nie oceniano zwigzku
pomig¢dzy obnizonym PDNO, a rozwojem 1 przebiegiem udaru niedokrwiennego mézgu. W
badaniach na zwierzetach wykazano pozytywny wplyw lekow przeciwptytkowych na wzrost
stezenia osoczowego NO 1 jednoczesnie spadek aktywnosci iNOS po okluzji tetnicy srodkowej
mozgu. Jednakze, czy leki przeciwplytkowe maja dzialanie antyagregacyjne rowniez poprzez
zmiang homeostazy tlenku azotu w plytkach krwi, nie bylo do tej pory badane.

Druga praca wchodzaca w sktad niniejszej rozprawy doktorskiej nosi tytul ,, Changes in
the plasma and platelet nitric oxide biotransformation metabolites during ischemic stroke- a
dynamic human LC/MS metabolomic study” 1 jest to pierwsze oryginalne doniesienie kliniczne
opisujace dynamike zmian ekspresji osi biotransformacji tlenku azotu w ptytkach krwi osob w
ostrej fazie niekardiogennego udaru niedokrwiennego mozgu, w porownaniu do zdrowej grupy
kontrolne;.

Biorac pod uwage ztozono$¢ proceséw biotransformacji tlenku azotu opisanych w
pierwszej pracy, cze$¢ eksperymentalng projektu zaplanowano tak, aby podja¢ probe
falsyfikacji hipotezy zerowej o braku réznic pomiedzy ekspresja metabolitow biotransformacji
NO w osoczu i w ptytkach krwi ich funkcji u pacjentéw w ostrej fazie niekardiogennego udaru
niedokrwiennego moézgu, w poréwnaniu do grupy kontrolnej bez ostrego incydentu
niedokrwiennego w obszarze OUN. Po analizie 418 przypadkoéw chorych z podejrzeniem udaru

niedokrwiennego moézgu, do grupy badanej ostatecznie wiaczono 40 pacjentéw. Kryterium
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wlaczenia bylo wystgpienie poczatku zaburzen neurologicznych ponizej 24 godzin przed
przyjeciem do szpitala, potwierdzenie rozpoznania udaru mézgu w badaniu neurologicznym
i/lub w badaniu tomografii komputerowej glowy oraz mozliwo$¢ wyrazenia §wiadomej zgody.
Gtownymi kryteriami wykluczenia byly: udar krwotoczny, migotanie przedsionkow, stan
zapalny, aktywna choroba nowotworowa, przewlekta choroba nerek, przewlekta choroba
autoimmunologiczna, stosowanie lekow przeciwkrzepliwych lub przeciwptytkowych,
zastosowanie trombolizy lub mechanicznej trombektomii. Grupg kontrolng stanowito 39 0s6b
dopasowanych pod wzgledem demograficznym, choréb wspoétistniejacych (ze szczegdlnym
uwzglednieniem chordb sercowo-naczyniowych) oraz stosowanej farmakoterapii do grupy
badanej. U pacjentow z grupy badanej rozpoczeto podawanie kwasu acetylosalicylowego
(ASA) w pierwszej dobie hospitalizacji, zgodnie z wytycznymi oraz przeprowadzano badanie
neurologiczne, a nastgpnie zabezpieczano krew celem oceny biotransformacji tlenku azotu w
ptytkach krwi i osoczu oraz wykonywano pomiar parametrow agregacji ptytek krwi trzykrotnie:
I. w ciggu pierwszych 24 godzin od poczatku objawow deficytow neurologicznych, nastepnie
II. w 3. dobie i oraz III. 7 dobie udaru niedokrwiennego mozgu. W grupie kontrolnej badania
przeprowadzono jednokrotnie, bez podawania ASA.

W 1.1 3. dniu obserwacji stwierdzono w grupie badanej wyzsze stezenie L-Argininy w
ptytkach krwi i nizsze st¢zenie L-Argininy w osoczu, w poréwnaniu do grupy kontrolne;.
Stezenie inhibitorow syntetazy tlenku azotu (asymetrycznej dimetyloargininy - ADMA 1
symetrycznej dimetyloargininy - SDMA) w ptytkach krwi byty stabilnie podwyzszone w grupie
badanej od 1. do 7. dnia obserwacji. Agregacja plytek krwi zalezna od kwasu arachidonowego

L—Arginina (p{ytki))
ADMA (ptytki)

byta ujemnie skorelowana z ptytkowa biodostgpnoscia tlenku azotu ( w 3.1

ADMA (ptytki)

7. dniu, a dodatnio z ptytkowa biodostepnoscig kompetycyjnego inhibitora NOS (ADMA (osocze)

)

w 7. dniu obserwacji. Agregacja ptytek krwi zalezna od kolagenu byla ujemnie skorelowana z
plytkowa biodostepnoscia tlenku azotu 1 dodatnie z ptytkowa biodostepnoscig kompetycyjnego
inhibitora NOS w 7. dniu obserwacji. ADP-zalezna agregacja byla dodatnie skorelowana z
ptytkowa biodostgpnoscia kompetycyjnego inhibitora NOS jedynie w 1. dniu obserwacji.
Opisany wplyw stezenia niektorych metabolitow biotransformacji tlenku azotu na
agregacje ptytek krwi, Swiadczy o istnieniu ztozonej roli jaka odgrywa NO w patogenezie i
przebiegu niekardiogennego udaru niedokrwiennego mozgu. Pacjenci w grupie badanej
charakteryzowali si¢ stabilnie podwyzszonym st¢zeniem ADMA i SDMA w ptytkach krwi,
ktére moze by¢ odpowiedzialne u nich za zwigkszong podatno$¢ ptytek na agregacje. Natomiast

podawanie kwasu acetylosalicylowego w tej grupie spowodowato wzrost stezenia plytkowe;j
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L-Argininy i ptytkowej biodostgpnosci tlenku azotu, co sugeruje, ze ASA moze wykazywac
dziatanie przeciwptytkowe nie tylko w mechanizmie cyklooksygenazo-zaleznym, ale rowniez
NO-zaleznym.

Podsumowujac, wykazano, ze osoby z niekardiogennym udarem niedokrwiennym
mozgu charakteryzujg si¢ wyzszym stezeniem wewnatrzptytkowych inhibitorow syntetazy
tlenku azotu w porownaniu z osobami zdrowymi, co moze by¢ przyczyng wystepowania u nich
uposledzonego wytwarzania plytkopochodnego tlenku azotu i1 tym samym sprzyjaé
zwiekszonej agregacji trombocytéw w trakcie ostrej fazy niedokrwienia. Uzyskane wyniki
stanowi¢ moga podstawg do kolejnych badan nad wpltywem obnizonej ptytkowej
biodostepnosci tlenku azotu na wzrost ryzyka sercowo-naczyniowego oraz nad mozliwoscig
wyselekcjonowania grupy pacjentow mogacych odnies¢ zysk z leczenia przeciwptytkowego w
prewencji pierwotnej udaru niedokrwiennego mozgu, a zatem personalizacji terapii. Praca ta
stanowi tym samym przyktad wykorzystania medycyny translacyjnej, przenoszac wyniki badan

z zakresu nauk podstawowych na grunt kliniczny.
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3. PRACANR1:

Role of the Platelets and Nitric Oxide Biotransformation in Ischemic Stroke: A Translative

Review from Bench to Bedside
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Ischemic stroke remains the fifth cause of death, as reported worldwide annually. Endothelial dysfunction (ED) manifesting with
lower nitric oxide (NO) bioavailability leads to increased vascular tone, inflammation, and platelet activation and remains among
the major contributors to cardiovascular diseases (CVD). Moreover, temporal fluctuations in the NO bioavailability during
ischemic stroke point to its key role in the cerebral blood flow (CBF) regulation, and some data suggest that they may be
responsible for the maintenance of CBF within the ischemic penumbra in order to reduce infarct size. Several years ago, the
inhibitory role of the platelet NO production on a thrombus formation has been discovered, which initiated the era of extensive
studies on the platelet-derived nitric oxide (PDNO) as a platelet negative feedback regulator. Very recently, Radziwon-Balicka
et al. discovered two subpopulations of human platelets, based on the expression of the endothelial nitric oxide synthase (eNOS-
positive or eNOS-negative platelets, respectively). The e-NOS-negative ones fail to produce NO, which attenuates their cyclic
guanosine monophosphate (cGMP) signaling pathway and—as result—promotes adhesion and aggregation while the e-NOS-
positive ones limit thrombus formation. Asymmetric dimethylarginine (ADMA), a competitive NOS inhibitor, is an
independent cardiovascular risk factor, and its expression alongside with the enzymes responsible for its synthesis and
degradation was recently shown also in platelets. Overproduction of ADMA in this compartment may increase platelet
activation and cause endothelial damage, additionally to that induced by its plasma pool. All the recent discoveries of diverse
eNOS expression in platelets and its role in regulation of thrombus formation together with studies on the NOS inhibitors have
opened a new chapter in translational medicine investigating the onset of acute cardiovascular events of ischemic origin. This
translative review briefly summarizes the role of platelets and NO biotransformation in the pathogenesis and clinical course of
ischemic stroke.

1. Ischemic Stroke: Its Burden
and Classification

Cardiovascular disease (CVD) remains the main cause of
morbidity and mortality, as reported worldwide annually.
In spite of constant progress in diagnostic and therapeutic
strategies, according to the recent data, there were estimated
72.72 million cases of CVD and 17.8 million CVD deaths in
the world population. Stroke was the fifth cause of death
globally with the morbidity reaching approximately 7.750
million and mortality 2.750 million in 2017 [1]. Ischemic
stroke is the most common type of acute cerebrovascular

event, responsible for 81% of all the stroke cases [2]. The
thromboembolic event is a common denominator of all the
subtypes of ischemic stroke. Large artery atherosclerosis
(LAA) is the causative event in 17-34% of ischemic strokes
and is characterized by activation of platelets along with
thrombus formation on atherosclerotic plaque in extra/intra-
cranial arteries (ruptured atherosclerotic plaque accompa-
nied with a cascade of thromboinflammation). Small vessel
occlusion/lacunar stroke (SVO) is diagnosed in 20.5-29.0%
of cases, and it proceeds from lipohyalinosis (vessel wall
thickening induced to the greatest extent by hypertension).
Further ischemic stroke subtypes include cardioembolic



(16-25.6%) which is predominantly generated by the atrial
fibrillation (AF), then a stroke of unusual/other etiology
(1.7-6%) and of unknown/undetermined etiology (14.2-
29%) [3-6] (Figure 1).

Each of the noncardioembolic stroke subtypes is charac-
terized by partially different pathophysiology, recurrence
rate, magnitude of positive response to antiplatelet therapy,
and survival rate (being relatively better for SVO than LAA
strokes) [5, 7, 8]. Despite of the heterogeneous origin of par-
ticular subtypes of ischemic stroke, there are some uniform/-
common mechanisms, mostly related to increased activation
of platelet-derived hemostasis. Hence, some common thera-
peutic strategies may reveal to be effective both in the treat-
ment of an acute phase and in the primary and secondary
stroke prevention.

2. Characteristics of the Cerebral Vascular Bed
and Pathophysiology of Cerebral Ischemia-
Reperfusion Injury

Cerebral arteries with their curvatures and bifurcations are
characterized by a plaque-prone development anatomy.
Contrary to the coronaries, carotid and cerebral vessels are
subjected to high shear stress, which protects from athero-
sclerotic plaque enlargement but on the other hand also pre-
disposes to intraplaque hemorrhage and plaque rupture [9].
Nevertheless, when hypercholesterolemia appears, endothe-
lial dysfunction is promoted, limiting the positive action of
physiological shear stress, and plaque formation is observed
[10]. Some data suggest that low shear stress may change
the expression of genes for inflammatory proteins leading
to the origin of atherosclerosis-related inflammation [11,
12]. At high shear flow rates, as found in carotid/cerebral
arteries or moderately stenosed vessels, the initial capture of
circulating platelets to the endothelium is mediated by the
von Willebrand factor (vWF) at the vascular wall without
other stimulating factors [13]. It is suggested that the plasma
level of YWF—to some extent—is a marker of endothelial cell
damage and it predicts the onset and progression of athero-
sclerotic lesions in patients with hypertension. Hypotensive
therapy, by non-drug-specific reducing endothelial damage
and vWF expression, contributes to inhibition of both
thrombus and atherosclerosis formation pointing thus at its
protective role in the primary and secondary prevention of
ischemic stroke [14].

3. Platelets as the Common Denominator of the
Acute Ischemic Events and Pleiotropic
Drug Target

Several years ago, Htun et al. have shown that patients with
ischemic stroke or transient ischemic attack (TIA) were char-
acterized by significantly increased P-selectin (CD62P)
expression in platelets and circulating platelet-leukocyte
aggregate concentration. Interestingly, other authors discov-
ered that patients with the LAA infarction elicit higher
platelet-leukocyte aggregate formation, when compared with
the SVO group [15-17]. Differences in the CDG2P concen-
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tration between stroke patients and controls returned to nor-
mal after 90 days of observation or gradually with
implementation of antiplatelet treatment (stronger correla-
tion with clopidogrel than with acetylsalicylic acid (ASA),
but no association with warfarin treatment). Noteworthily,
such treatment had no effect on normalization of the circu-
lating platelet-leukocyte aggregate level in those patients
[18, 19]. Initialization of thromboinflammation in ischemic
stroke can be explained by the elevated platelet expression
of the CD40 ligand (CD40L) in activated platelets, which,
by triggering the expression of adhesive molecules, such as
P-selectin, E-selectin, and ICAM-1, leads to formation of
platelet-leukocyte aggregates [20, 21]. Moreover, Ishikawa
et al. observed that, after induction of middle cerebral artery
occlusion (MCAO) in the CD40-deficient rats, impaired
platelet and leukocyte adhesion occurred leading to smaller
brain infarct size in comparison to the control group [22].
Additionally, Jiang et al. demonstrated similar results in male
rats treated with CD40 antagonist infusion before reperfu-
sion of the occluded middle cerebral artery [23]. In human
studies, high concentration of CD40 is associated with poor
outcome at 3 months after ischemic stroke [15]. Moreover,
leukocytes (especially regulatory T lymphocytes) have signif-
icant function in thromboinflammation during ischemic
stroke by promoting ICAM-1 expression on platelets and
endothelia which facilitates adhesion of granulocytes and
platelets to the vessel wall [24, 25]. Hyperaggregable leuko-
cytes, monocytes, and endothelia tend to activate platelets
by platelet-activating factor secretion in the time of cerebral
ischemia [26]. The PAF function is not only to activate adhe-
sion of platelets and leukocytes (mostly neutrophils) to the
damaged endothelium, but it also causes tissue edema
through the increase of the vascular permeability in the
peripheral tissues, increases secretion of granule-based
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enzymes in platelets, and enhances superoxide and arachido-
nate metabolism in neutrophils generating neurotoxicity
leading to brain damage after ischemic stroke [27, 28].

Platelet secretion of thromboxane A2, adenosine diphos-
phate (ADP), matrix metalloproteinase-9 (MMP-9), and
other platelet-derived soluble mediators promote thrombus
formation in a positive feedback loop [29]. ADP is one of
the most prevalent platelet activators under physiological
condition. It also plays a significant role in cardiovascular
disease development. Puurunen et al. in the prospective study
of Framingham population identified platelet hyperreactivity
to ADP to be associated with myocardial infarction and
ischemic stroke incidence [30]. What is more, persistent ele-
vation of platelet aggregation in response to ADP at three
months after ischemic stroke is connected with more than
threefold increased recurrence of stroke. Interestingly,
cross-incubation of control platelets with plasma from stroke
patients resulted in activation of platelets measured by the
raised basal platelet calcium level and release of serotonin
from platelets. These results, accompanied with the study
by Dougherty et al. suggesting that ASA and dipyridamole
treatment have no effect on platelet hyperreactivity to ADP,
suggest that the lower threshold of platelet activation in
ischemic stroke patients may be predominantly associated
with the presence of plasmatic factors rather than with plate-
let functional disturbances [19, 31]. Recently, an increasing
number of studies suggest that nitric oxide deficiency and
nitric oxide synthase inhibitors can be one of the factors
responsible for greater platelet aggregation in ischemic stroke
patients.

4, The Role of Nitric Oxide Synthase and of
Nitric Oxide in Ischemic Stroke

Endothelial vasodilative dysfunction, identified by decreased
NO bioavailability, is a well-known risk factor for ischemic
stroke. Changes in the nitric oxide concentration during the
course of cerebral infarction can also be used as an important
prognostic tool for ischemic stroke outcome. To date, three
major isoforms of the NOS are described in the literature:
neuronal constructive (nNOS), inducible (iNOS) and endo-
thelial constitutive (eNOS). Each catalyzes the reaction of
NO production, and in the catalytic cycle, the Fe’'+NO com-
plex is the final intermediate from which in normal circum-
stances NO easily dissociates [32, 33]. However, nitric oxide
overproduction autoinhibits the catalytic site of the NOS by
reduction of iron to the stable Fe*"+NO complex [34]. In
the presence of oxygen, the enzymatic inactive Fe*'+NO
bond generates nitrate (reactive nitrogen species) and ferric
ion, making the catalytic site of NOS again available for NO
production. The described above oxygen dependency of
NOS action plays a crucial negative role in ischemia and
hypoperfusion [35]. Nitric oxide synthase produces not only
NO and nitrates but also reactive oxygen species. Comparing
to inducible NOS, eNOS and nNOS are responsible for
higher production of superoxide, which is considered to be
involved in atherosclerosis and recruitment of additional
platelets to the sites of injury. On the other hand, iNOS and
nNOS are more inclined than endothelial NOS to producing

reactive nitrogen species (RNS) in which the undesirable role
is to destabilize structure and function of proteins, leading to
impaired catalytic activity of enzymes and even to cell apo-
ptosis [36, 37].

After induction of middle cerebral artery occlusion,
increased NO plasma concentration is observed for up to
30 minutes with its subsequent reduction in the following
hours [38, 39]. After a gradual decrease, the level of NO
and peroxynitrite (especially after reperfusion) increased
again after 4 hours, reaching a maximum at 46 hours and
lasting for up to seven days [40, 41]. The described above
fluctuation of nitric oxide concentration is probably associ-
ated with different NOS subtype activities. The activity of
eNOS and nNOS increases at the same time as nitric oxide
concentration within the first minutes after induction of
MCAO and significantly reduces thereafter [39]. The expres-
sion of INOS is detected in the brain at 12-70 hours following
cerebral ischemia and lasts up to 7 days, while the brain mye-
loperoxidase activity (a marker of neutrophil infiltration} is
observed only after 4 hours, significantly increases at 22 h,
and then decreases. These observations suggest that the ini-
tial increased level of NO after ischemia is connected with
endothelial and neuronal nitric oxide production. While
NO production by eNOS and nNOS slowly decreases, brain
infiltration by neutrophils and their NO production by iNOS
are responsible for the fluctuation of the NO bioavailability
after ischemic stroke [40-42] Figure 2.

Dobrucki et al. observed lower concentration of NO
before induction of ischemic stroke in spontaneously hyper-
tensive rats (SHR) and higher concentration of 0% release
(connected with higher peroxynitrite production) after
induction of middle cerebral artery occlusion leading to
larger infarct size in SHR as compared to the control group
[43]. Serrano-Ponz et al. found similar results in human
studies. Those authors identified an increase in nitric oxide
metabolites from day 1 to day 2 to be beneficial for the ische-
mic stroke patients as measured by the National Institutes of
Health Stroke Scale (NIHSS) at day 7 and at 3 months and
measured by the modified Rankin Scale at 3 months, while
a steep increase of nitric oxide metabolite concentration from
day 2 to day 7 was associated with a multiple increase in
infarct volume [44]. According to Taffi et al, the high nitric
oxide plasma level 30 days after cerebral infarct is associated
with poor outcome in nonlacunar stroke, since a 10-unit
increase in NO concentration predicts a 1-point reduction
in the NIHSS score. Better outcome in patients with lacunar
stroke is probably connected with higher concentration of
NO in the first 24 hours after cerebral infarction and lower
concentration of peroxynitrite [45].

At the molecular level and in animal model-based stud-
ies, during the first few hours after cerebral ischemia, nitric
oxide production by eNOS is improving cerebral blood flow
(CBF) within the ischemic penumbra (area of brain tissue
surrounding the infarct that is at risk of infarction) in order
to reduce infarct size and volume [46, 47]. It is documented
that both eNOS-deficient mice and administration of eNOS
inhibitors to rats provoke a decrease in absolute CBF in ani-
mals (up to 25-35% of the control level) [48, 49]. The activity
of nNOS throughout 2 hours after reperfusion of MCAO is
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Figure 2: Concentration of nitric oxide and activation of NOS isoforms during the course of ischemic stroke.

also enhanced. However, in nNOS-deficient mice, CBF is sig-
nificantly higher after reperfusion, which suggests the adverse
effect of nNOS activation during the course of ischemic stroke
[50]. Zeng et al. found that hypoxic or ischemic brain injury
during early reperfusion is associated with the generation of
NO from nNOS which activates the early c-Jun N-terminal
kinase 1/2—a signaling pathway involved in neuronal death
[51]. Stagliano et al. proved that immediate administration
of a specific inhibitor for nNOS (3-bromo-7-nitroindazole)
after induction of common carotid artery thrombosis in rats
accelerated sensorimotor recovery [52]. While some of the
authors postulate that nonspecific inhibitors of eNOS and
nNOS (L-N('—nitroarginine methyl ester (L-NAME)) reduce
infarct size [53], others suggest that its biological function is
partly dependent on simultaneous fluctuating N-methyl-D-
aspartate (NMDA) concentration. NMDA in normal condi-
tions is an activating neurotransmitter, but during ischemia,
it is liberated from damaged neurons and has further neuro-
toxic activity. Globus et al. observed that brain lesions induced
by NMDA was not affected by L-NAME administration. The
reason for such a correlation is not fully understood. Activa-
tion of the NMDA receptor by neurotransmitters released
from damaged neurons in the ischemic or penumbral area
leads to NO overproduction and an increase in CBF in order
to support the enhanced metabolic demand of the excited neu-
rons. On the one hand, NO plays a role in the intracellular cas-
cade of events leading to cell death following NMDA receptor
activation; on the other hand, NO ensures adequate blood
supply especially to the penumbral area. Probably, the final
outcome of nitric oxide influence depends on the balance
between these two processes [54, 55].

Nitric oxide produced by iNOS in the microglia (brain-
based macrophages) may also lead to neuronal damage associ-
ated with the neurotoxicity mediated by NMDA receptors
[56]. However, the main source of NO from iNOS during
ischemic stroke originates from neutrophils. As mentioned
before, infiltration of brain tissue by those phagocytes

increases gradually during the first few days in the course of
cerebral ischemia and reperfusion. Nitric oxide derived from
neutrophils’ iNOS is used in the inflammation process by per-
oxynitrite formation and in stimulation of neural apoptosis
[57]). Garcia-Bonilla et al. discovered that after MCAOQ,
iNOS-deficient mice engrafted with iNOS-positive bone mar-
row cells exhibited larger infarcts compared to iNOS-deficient
mice autotransplanted with iNOS-deficient blood marrow
cells. This study confirms that leukocytes play a significant role
in the neuronal damage in ischemic stroke patients [58].

5. Pharmacological Approach: Nitric Oxide
Donors and NOS Inhibitors

Some authors suggested that antiplatelet drugs affect nitric
oxide biotransformation. According to Serebruany et al,
modified-release  dipyridamole and aspirin  similarly
increased primary diminished plasma eNOS activity in post-
stroke patients in comparison to the control group [59]. In
Gelosa et al.’s study, ticagrelor given in the early phase after
permanent MCAO in rats significantly attenuated chemo-
taxis of leukocytes and reduced expression of iNOS [60].
Zhao et al. showed no association between acetylsalicylic acid
(ASA), clopidogrel, or dipyridamole administration and NO
metabolites together with cyclic guanosine monophosphate
(cGMP) levels in patients with prior ischemic stroke and in
the control group [61].

Each NOS subtype plays different roles during ischemic
stroke which is demonstrated in diverse effects observed by
use of particular NOS inhibitors. Pretreatment with statins
or Rho-kinase inhibitors improve cerebral blood flow in the
ischemic area and penumbra, decrease cerebral infarct vol-
ume, and improve neurological function after MCAQO by
increasing eNOS activation.in mice [62, 63] Nevertheless,
inhibition of eNOS by L-N-(1-iminoethyl)ornithine (L-
NIO) before MCAO elevates iNOS expression and exacer-
bates brain damage [64]. Aminoguanidine (iNOS inhibitor)
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administration at 6 and 12h after reperfusion in mice
reduces NO concentration only in the penumbral region
and lessens infarct size. Different iNOS inhibitors were stud-
ied by Armengou et al., in which N-(3-(aminomethyl)benzyl)
acetamidine (1400W) administrated at the onset of ischemia
and at 8-hour intervals for 3 days after MCAO resulted in a
55% reduction of infarct size, as measured 72 hours after
induction of cerebral ischemia [65]. The protective role of
iNOS inhibition in the thromboinflammation process is the
most probably connected with decreased leukocyte activity.
Matsuo et al. confirmed the essential role of neutrophils in
ischemic stroke by documenting smaller infarct size in the
neutropenic animals after reperfusion [66]. From a practical
clinical perspective, edaravone, which directly enhances NO
production, is reccommended by Japanese guidelines for neu-
roprotection in ischemic stroke patients within 24 hours of
onset [67]. This drug is commonly used in amyotrophic lat-
eral sclerosis and exerts also a neuroprotective effect in reper-
fusion injury by reducing levels of superoxide increasing NO
production and decreasing nNOS expression in cerebral neu-
rons [68]. According to the Acute Infarction Study Group,
administration of this substance < 72 h after ischemic stroke
and through 14 days was connected with significant
improvement in functional outcome evaluated by the modi-
fied Rankin Scale [69]. What is more, in Feng et al.’s systemic
review on the edaravone influence on patients with acute
ischemic stroke, the use of the drug was associated with neu-
rological improvement in the intervention group compared
with the control group (RR =1.99) [70].

The plasma level of L-arginine (a substrate for NOS) is
decreased in patients following the ischemic stroke and sub-
sequently rises between 6 and 24 hours after the event.
According to Armengou et al., plasma L-arginine concentra-
tions are negatively correlated with the infarct volume and
are significantly lower in patients with early neurologic dete-
rioration as well as in those with poor outcome [65]. In Mor-
ikawa et al.’s study, administration of L-arginine 5 minutes
after MCAO reduced infarct volume in rats measured 24
hours after vessel occlusion [47]. Lower levels of free radical
production leading to smaller infarct size were also docu-
mented in Mason et al.’s and Zhao et al.’s animal studies of
direct nitric oxide donor (diethanolamine nitric oxide and
Z]M-289 novel NO-releasing derivative of 3-n-butylphtha-
lide) administration during reperfusion [71, 72]. Although
in human studies the transdermal glyceryl trinitrate (GTN)
administration < 48h and <5 days after cerebral ischemia
did not improve functional outcome for ischemic stroke
patients, in Woodhouse et al’s analysis, transdermal GTN
was safe and correlated with better functional outcome and
with fewer deaths when administered within 6 hours of
stroke onset. Significant beneficial effects were also achieved
in disability (Barthel Index), quality of life, cognition, and
mood [73-75]. Willmot et al. in their meta-analysis of pre-
clinical studies confirmed the time-dependent effect of NO
donors and L-arginine administration, specifying that early
treatment (within 60 minutes) of ischemia was associated
with the highest outcomes in comparison to neutral ones in
those studies assessing treatment up to 48 hours following
induction of ischemic stroke [76].

In human cells, NOS converts L-arginine to L-citrulline
with a concomitant synthesis of NO, while asymmetric
dimethylarginine (ADMA) is the most potent competitive
inhibitor of this reaction. ADMA could play a crucial role in
the CVD development as its higher plasma concentrations
are significantly associated with cardiovascular risk factors,
such as intima-media thickness of the carotid artery [77],
hypertension [78], and diabetes mellitus types 1 and 2 [79,
80]. What is more, Ercan et al. showed that the plasma ADMA
level measured during the first 24 hours in the group of patients
after acute ischemic stroke was significantly higher than that in
the control group [81]. Petrova et al. documented earlier reduc-
tion of plasma ADMA concentration in stroke patients after
thrombolysis in comparison to the no-reperfusion group
[82]. On the other hand, only symmetric dimethylarginine
(with no effect on NO production) was a predictor of mortality
in patients after acute ischemic stroke during 7.4 years of fol-
low-up, while no correlation for ADMA was noted [83]. It
seems that the intracellular compartment could be more signif-
icant in pathophysiology of CVD than its plasma level. Masuda
et al. found the endothelial concentration of ADMA to be up to
10-fold higher than in plasma, while Yokoro et al. showed that
protein arginine N-methyltransferase 1 (PRMTI1) and
dimethylarginine  dimethylaminohydrolase-1 ~ (DDAH-
1)—enzymes responsible for the biotransformation of
ADMA—are expressed also in erythrocytes, leukocytes, and
platelets. Those authors also suggested that the side effect of
protein methylation (a protective mechanism against highly
reactive oxygen-derived free radicals) can lead to ADMA over-
production, which in consequence lowers cellular NO produc-
tion, can cause endothelial damage, and can increase platelet
activation and aggregation [84-87]. However, to date, there is
no study conducted analyzing the association between nitric
oxide biotransformation (including ADMA, PRMT1, and
DDAH-1) and human platelets of ischemic stroke patients.

6. Platelet-Derived Nitric Oxide (PDNO)

A vast majority of studies documented the association between
decreased endothelial NOS expression and clinical disorders
predisposing to stroke, such as diabetes mellitus, atherosclero-
sis, hypertension, and cigarette smoking in patients [88-91].
Radomski et al. were the first authors to describe the inhibitory
role of platelets’ NO production on a thrombus formation. It
has been found that L-arginine administration increases plate-
let NO formation leading to ¢GMP synthesis and protein
kinase G (PKG) activation in thrombocytes” cytosol which in
consequence inhibits thrombus formation. The described
NO/cGMP/PKG pathway’s antiaggregatory properties in plate-
lets depend on provoking Ca®* sequestration and inhibiting
platelet degranulation [92] by

(1) refilling intraplatelet Ca®* stores by promoting sarco-
plasmic  reticulum  adenosine triphosphatase
(ATPase), decreasing intracellular Ca*" levels, and
inhibiting influx of Ca** [93]

(2) inhibition of the inositol 1,4,5-trisphosphate-stimu-
lated Ca*" release from the sarcoplasmic reticulum [94]



(3) attenuating the TxA, receptor function by its phos-
phorylation [95]

(4) phosphorylation of vasodilator-stimulated phospho-
protein (VASP), which enables VASP binding to the
platelet cytoskeleton leading to inhibition of proaggre-
gatory glycoprotein IIb/IIIa (GPIIb/IlIa) activation [96]

Without PKG action, cGMP also prevents platelet activa-
tion by inhibition of phosphodiesterase type 3 which increases
intracellular cyclic adenosine monophosphate (cAMP; potent
antiaggregation factor) [97] and inhibits phosphoinositide 3-
kinase leading to GPIIb/IIIa fibrinogen receptor inactivation
[98]. Nitric oxide blocks thrombus formation also on cGMP-
independent mechanisms. The nitrosylation of the N-
ethylmaleimide-sensitive factor inhibits aggregation by down-
regulating alpha granule secretion and GPIIb/IIIa activation
[99, 100]. What is more, irreversible nitration of platelet pro-
teins by peroxynitrites results in inhibition of platelet adhesion
to fibrinogen and decreased aggregation [101, 102].

Moreover, many other authors also showed that upon
activation, platelets produce NO which inhibits adhesion and
aggregation [92, 103-106]. Williams et al. demonstrated that
high shear stress alone is sufficient to increase NO production
in platelets leading to reduction of thrombus generation under
blood flow. Moreover, authors described that reduction in
thrombus formation (at a shear rate of 1000s™") was abolished
in the presence of L-NAME (the NO inhibitor), while at
venous levels of shear rate (100s™), this substance had no
effect on platelet activation and aggregation [107]. Cozzi
et al. showed that platelet deposition is inversely related to
platelet NO production and that intracytoplasmic Ca>" eleva-
tion triggers platelet NO formation. Those results can suggest
that the increase in intraplatelet Ca** concentration enhances
the NO production which, in turn, limits thrombus size [108].

Some of the authors suggest that the generation of nitric
oxide by resting platelets is constant (and is not elevated by
L-arginine administration) [92, 103, 109]. Li et al. showed
that basal production of NO by platelets activates cGMP-
dependent protein kinase G (PKG) and enhances vWE-
induced activation of platelets, which promotes rather than
inhibits thrombus formation [110]. Those results can lead
to the conclusion that platelet responses to NO and cGMP
are both pro- and antiaggregative. However, in a study by
Radziwon-Balicka et al., incubation with L-arginine inhibited
platelet aggregation (by generation of NO) regardless of the
platelet-activating stimulus concentration [111]. As a result
from these studies, nitric oxide may serve as a platelet nega-
tive feedback regulator alone and only additional reaction
of nitric oxide with superoxide anion can promote enhanced
thrombus formation [112, 113].

7. Expression of the Nitric Oxide
Synthase in Platelets

For many years, there was controversy whether platelets
express their own nitric oxide synthase producing PDNO.
Some of the authors suggested that contamination platelet
samples by leukocytes account for suspected platelet NO pro-
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duction [114]. However, in a study on platelet subpopulations,
Radziwon-Balicka et al. achieved high purity of their isolations
(<2 leukocytes/100 000 platelets) and still detected significant
nitric oxide production. Salvemini and colleagues showed that
leukocyte contamination of >1% can inhibit aggregation via a
NO-dependent mechanism, while in Radziwon-Balicka et al.’s
study, leukocyte contamination was less than 0.002%. Finally,
the authors concluded that this low leukocyte concentration in
samples cannot account for detected NO production in the
analyzed probes [112, 115-117].

In human megakaryocytes, both endothelial and induc-
ible nitric oxide synthase isoforms are detected [118]. But
whether platelets have the capacity to synthesize iNOS
remains uncertain [119]. There is an interesting hypothesis
that iNOS detected in platelet sample could derivate from
leukocyte contamination. However, in Radziwon-Balicka
et al.’s study, in the leukocyte-free probe samples (<2 leuko-
cytes/100 000 platelets) the iNOS-selective antagonist 1400W
was unable to reverse the antiaggregating effect of L-arginine.
According to this study, the presence of iNOS in platelets is
improbable [112].

Some authors also postulated that platelets do not con-
tain eNOS and that this NOS isoform exists only in endothe-
lial cells. However, Radziwon-Balicka et al. ultimately
confirmed the presence of eNOS in triton-resistant platelet
caveolae by a more specific identification method (fluores-
cence-activated cell sorting, while others used mass spec-
trometry) [112, 114, 120]. Both in animal and human
studies, the endothelial nitric oxide synthase isoform is
proved to produce PDNO (112, 121, 122]. Freedman et al.
demonstrated that bleeding time was significantly decreased
in eNOS-deficient versus wild-type mice. What is more, the
bleeding time in thrombocytopenic eNOS-deficient mice
transfused with eNOS-deficient platelets was significantly
decreased compared with the same breed of mice transfused
with wild-type platelets [121]. Moreover, Morrell et al.
showed that the infusion of platelets from eNOS-deficient
mice to animals with normal expression of eNOS resulted
in increased granule exocytosis and stimulation of aggrega-
tion [99]. Riba et al. documented that vWF connection with
platelet Gp Ib not only stimulates adhesion and aggregation
but also activates platelet eNOS (measured by the increase
in ¢cGMP formation) with the presence of ADP and TxA,.
Interaction between collagen and platelet glycoprotein VI
(GPVT) receptor activated platelet eNOS (with costimulation
by ADP and TXA,) only partially [123, 124]. Freedman et al.
in a different study showed that inhibition of platelet eNOS
increased P-selectin expression on the platelet surface after
stimulation with ADP [106]. P-selectin is essential for
leukocyte-platelet complex formation, and inhibition of
platelet eNOS enhances the formation of those aggregates
(especially monocyte-platelet aggregates) [125, 126].

8. Subpopulations of Platelets

Initially, the diversity among platelet size and density was
attributed to the platelet aging processes. The large-dense
platelets were identified as young thrombocytes recently
released into the streaming blood, whereas the small and
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low-density ones were postulated to represent older subpop-
ulation. Nevertheless, studies by the Thompson et al. and
Penington et al. have demonstrated that platelet size hetero-
geneity depends rather on platelet production from the dif-
ferent three ploidy classes of megakaryocytes (differ in their
organelle content concentration) [127, 128]. Large-dense
platelets contain a greater amount of glycogen, orthophos-
phate, and ADP and are characterized by upregulated glycol-
ysis, glycogenolysis, and protein synthesis than small and
low-density ones [129]. Large-dense thrombocytes aggregate
more (due to higher ADP release and lower ADPase activity),
require higher amount of prostacyclin concentration to
inhibit aggregation, and adhere stronger to collagen (due to
higher expression of the membrane GPlIa/Ila receptors) than
small and low-density ones [130-132]. Simultaneously, other
authors showed that small and low-density platelets have an
enhanced intracellular Ca®* response to thrombin, which
provokes them to a greater aggregation in response to these
stimuli. Moreover, small and low-density platelets compar-
ing to large-dense ones contain lower levels of the phosphor-
ylated form of vasodilator-stimulated proteins, which can be
the consequence of their weaker response to antiaggregative
NO stimulation [133-135]. Although large-dense thrombo-
cytes have higher aggregation and adhesion ability, small
and low-density platelets react greater on thrombogenic
stimuli with lower autoinhibitory response to NO.

In Kiligli-Camur et al.’s study, high mean platelet volume
(MPV) (associated with platelets’ large and dense subpopula-
tion) was increased during acute myocardial infarction and
in the first subsequent weeks. What is more, patients with
coronary artery disease (CAD) and elevated MPV had
greater risk of acute myocardial infarct in comparison to
those with a lower MPV, regardless of the extent of the coro-
nary lesions [136]. Many studies also connected high MPV
with ischemic stroke. In Butterworth and Bath’s study,
MPYV was significantly higher in the ischemic stroke group
than in the controls. Additionally, in stroke subgroup analy-
sis, MPV was associated with cortical stroke but not with
lacunar stroke [137]. Moreover, in Ozkan et al.’s study, high
MPV was associated with acute ischemic stroke only in
patients with noncardioembolic stroke (with sinus rhythm
and without heart failure or left atrial enlargement) [138].
More importantly, high MPV predicts also the risk of a sec-
ond stroke up to 4 years before the acute event (11% increase
of the relative risk of stroke for each femtoliter of MPV
increase) and unfavorable outcome after cerebral infarction
(death or dependency at 3 months follow-up) [137, 139].
These results underline the influence of platelets in CVD
development and additionally suggest that MPV could be
another risk factor for CVD development and progression.

9. Clinical Importance of PDNO and
Expression of eNOS in
Platelet Subpopulation

Radziwon-Balicka et al. identified in humans the thrombocyte
subpopulations based on the presence of endothelial nitric
oxide synthase (eNOS-positive or eNOS-negative platelets).

Thrombocytes that are eNOS-negative constitute about 20%
of total human platelet population and fail to produce NO,
which attenuates their ¢cGMP signaling pathway and—as
result—promotes adhesion and formation of larger aggregates.
The authors postulate that the role of e-NOS-negative platelets
in thrombogenesis is probably to initiate adhesion and aggre-
gation (the seed platelet hypothesis), while e-NOS-positive
ones limit thrombus formation through NO production
[112]. In the presence of vascular injury, eNOS-negative
thrombocytes are the first to adhere to exposed collagen
and/or to the von Willebrand factor. Thanks to the absence
of endogenous NO generation, a quicker activation of integrin
allbf33 appears, alongside with stabilization of initial rolling
and adhesion of platelets [140]. Further recruitment of
eNOS-positive platelets to a site of injury and formation of a
greater aggregate is supported by matrix metalloproteinase
secreted by eNOS-negative thrombocytes. Following aggrega-
tion, the eNOS-positive platelets form the bulk of a thrombus
due to their greater thromboxane generation in comparison to
the eNOS-negative thrombocytes. Finally, the limitation of
aggregate size is achieved through nitric oxide generation by
eNOS-positive platelets, when their number in the thrombus
overbalances eNOS-negative ones [112].

Some data suggest that platelet-derived nitric oxide
(PDNO) might be connected with development of cardiovas-
cular disorders, including ischemic stroke [91, 141]. Ikeda
et al. showed a negative correlation between PDNO and
age, mean arterial pressure, total cholesterol, and LDL-
cholesterol level. What is more, the PDNO release was also
significantly decreased in long-term smokers [142]. Queen
et al. has demonstrated that platelet nitric oxide synthase
activity at baseline was lower in diabetic patients than in con-
trol subjects, while the platelet nitric oxide generation stimu-
lated by beta-adrenoceptors attenuated in the course of
diabetes [143]. Another study postulates that lower PDNO
production was an independent predictor for acute coronary
syndrome with odds ratio reaching 4.0 [144]. Laufs et al.
showed the influence of PDNO on the course of ischemic
stroke pointing out that statin-related improvement in the
outcome is mediated by the increase in the eNOS expression
in the thrombocytes and aorta [145]. Therefore, changes in
the eNOS-negative to eNOS-positive platelet ratio might
result in modification of the risk and outcome of acute ische-
mic cardiovascular events such as ischemic stroke or acute
coronary syndrome [112].

On the other hand, there is still some controversy about
association between nitric oxide and ischemic stroke. Plate-
lets are characterized by the expression of several activation
pathways, Noteworthily, Taka et al. showed that the NO
donor and the NO synthase inhibitor did not affect shear-
induced platelet reactivity or vasodilatation in stroke-prone
spontaneously hypertensive rats [146]. Interestingly, Lafrati
et al. found that eNOS-deficient animals showed a prolonga-
tion of time to occlusion, which was explained by the com-
pensatory mechanism. Although eNOS-deficient mice had
increased platelet recruitment, simultaneously they had also
enhanced fibrinolysis due to lack of NO-dependent inhibi-
tion of Weibel-Palade body release (containing tissue plas-
minogen activator) from the endothelium [147]. What is



more, results from other studies show that a cumulative effect
of NO on ischemic stroke could cause harm; as in animals
treated at reperfusion with the nonselective NOS inhibitor,
the infarct volume was significantly almost twofold decreased
[148]. Manickam et al. suggests also that inhibition of perox-
ynitrite and other ROS production by superoxide dismutase
rather than nitric oxide itself protects against ischemia/reper-
fusion injury in the brain [149]. Hence, the Janus-faced
action of NO in stroke requires further precise studies.

10. Prevention and Treatment of Ischemic
Noncardioembolic Stroke: A Translational
Focus on Platelets in the Shade of Current
Guidelines and Trials in Cardiovascular
Medicine and Neurology from
Bench to Bedside

Specific therapeutic strategy for ischemic stroke is thrombolytic
therapy (alteplase treatment), in which efficacy has been clearly
shown especially when performed within the therapeutic time
frame (up to 4.5 hours from the onset of stroke symptoms
and in particular cases, if the risk-benefit ratio approves its
implementation, within 6 hours) [150]. Additionally, every
patient eligible for mechanical thrombectomy (complementary
treatment option to alteplase infusion) should have previous
thrombolysis performed (depending on inclusion/exclusion
criteria). According to the American Heart Association/Amer-
ican Stroke Association (ASA/AHA) 2019 guidelines, intrave-
nous aspirin should not be administered within 90 minutes
after the start of i.v. alteplase treatment because it increases risk
of symptomatic intracranial hemorrhage more than twofold
without any positive effect on functional outcome within 3
months of observation. The safety and efficacy of i.v. glycopro-
tein IIb/IIla inhibitors administered after alteplase infusion or
thrombectomy is uncertain [151-154].

Intravenous administration of tirofiban is the most com-
monly used antiplatelet therapy following rescue angioplasty
with or without stenting after myocardial infarction. In acute
ischemic stroke, tirofiban has been reported to facilitate fur-
ther recanalization if primary mechanical thrombectomy
failed and the highest benefit was achieved in LAA ischemic
stroke subtype. Thus, tirofiban can be an interesting adjuvant
therapy after unsuccessful thrombolysis/thrombectomy
[155-157]. However, recent guidelines for the early manage-
ment of patients with acute ischemic stroke recommends
consideration of antiplatelet/antithrombotic therapy < 24
hours after treatment with iv. alteplase only if the patient
has concomitant conditions for which such treatment given
in the absence of i.v. alteplase is known to provide substantial
benefit or withholding such treatment is known to cause sub-
stantial risk. This recommendation is based only on a single-
center retrospective analysis, which found no increased risk
of hemorrhage with early initiation of antiplatelet or antico-
agulant therapy after i.v. alteplase or endovascular treatment
compared with initiation > 24 hours after ischemic stroke
[154, 158]. Those recommendations prevent clinicians from
wide usage of tirofiban in ischemic stroke patients after
unsuccessful thrombolysis.
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Approximately 8% of patients with ischemic stroke are
admitted to the hospital in the time window allowing thrombol-
ysis procedure [159]. For the remaining, about 90% of the only
available current treatment option is secondary prevention of
ischemic stroke. According to AHA/ASA 2019 guidelines for
stroke prevention, administration of acetylsalicylic acid (160-
300mg/24h) is recommended in patients with acute ischemic
stroke within 24 to 48 hours after onset of disease or >24 hours
after alteplase treatment with lifetime continuation of such anti-
platelet treatment [154]. In Chen et al.’s meta-analysis, early use
of ASA (<48h) in acute ischemic stroke decreased the risk of
recurrent stroke or death in a hospital with a nonsignificant
increase in hemorrhagic stroke or hemorrhagic transformation
of the original infarct [160]. In animal studies, the high-dose
ASA therapy in temporary induced ischemia significantly
reduced infarct size compared to placebo, in humans corre-
sponding dosage would account for 19 grams of ASA with
probably unfavorable benefit/risk ratio (higher hemorrhage
risk) [161]. What is more, patients with diagnosed minor non-
cardioembolic ischemic stroke (NIHSS score < 3) or at high-
risk transient ischemic attack (TIA) (ABCD, (Age, Blood Pres-
sure, Clinical Features, Duration, Diabetes) score > 4) who did
not receive thrombolysis should be treated with dual antiplatelet
therapy (ASA and clopidogrel) started within 24 hours after
symptom onset and continued for 21 days [162]. Finally, ASA
alone is significantly reducing the 6-week risk of recurrent ische-
mic stroke by about 60% and disabling or fatal ischemic stroke
by about 70% (with the greatest benefit in patients with TIA or
minor stroke) [163]. However, according to the CAST study,
the number needed to treat for ASA to prevent one stroke
within one year is 100 patients [164].

Acetylsalicylic acid is a drug of choice in the secondary
prevention of ischemic stroke. In case of intolerance, it can
be replaced by clopidogrel 75mg daily according to 2017
ESC Guidelines on the Diagnosis and Treatment of Periph-
eral Arterial Diseases [165, 166]. The meta-analysis by
Paciaroni et al. even postulates clopidogrel to be a better
choice in the secondary prevention of ischemic stroke due
to the significant risk reduction for major adverse cardiovas-
cular and cerebrovascular events, any ischemic or hemor-
rhagic stroke, and recurrent ischemic stroke in patients who
received clopidogrel versus ASA. The risk of bleeding was
also lower for clopidogrel in comparison to acetylsalicylic
acid [167]. However, 2019 updated guidelines for the early
management of patients with acute ischemic stroke suggest
that increasing the dose of acetylsalicylic acid or switching
to an alternative antiplatelet agent in patients who have a
noncardioembolic ischemic stroke while taking ASA is still
not well established [154]. There are only few indications
for dual ASA and clopidogrel therapy mainly due to high risk
of life-threatening hemorrhages. Dual antiplatelet therapy is
indicated in minor noncardioembolic ischemic stroke or
with high-risk TIA (as described before), after myocardial
infarct or after carotid artery stenting [154, 166, 168]. The
benefit of single antiplatelet therapy for preventing stroke
in asymptomatic patients with carotid artery stenosis > 50%
is not proven to be beneficial in randomized control trials,
However, optimal medical treatment with acetylsalicylic acid
or clopidogrel is recommended for the majority of those
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TasLe 1: Effect of different antiplatelet drug treatments on outcome in ischemic stroke.
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Acute phase of ischemic stroke

Secondary prevention of
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stenting) [166] ) [183]
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Clopidogrel P2¥12 receptor 185] after artery (18]  ™Minor stroke (NTHSS < 3 [185] Beneficial [154]
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& P2Y12 receptor [191)  higher hemorrhage  [191] found h & h
incidence) [192] emorrhage
incidence) (193]
Beneficial in
troke
= Inhibitor of Neutral Beneficial No data BECAR
Cangrelor P2Y12 receptor [188] No data found [186] Harmful [154) found preve.ntlon in the
perioperative
period [194]
. No data ! No data No data  Harmful/neutral
Vorapaxar PAR-1 antagonist found Harmful [195] found Harmful [169] found (196, 197]
No data found [199]
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s GPIIb/IIIa (group the second- Beneficial : Beneficial ;
Tirofiban blocker effect) generation (172] Beneficial [157] (198] Uncertain [200]
(198] GPIIb/IMTa
blockers)
No data found [199]
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o GPIIb/IIIa (group the second- Beneficial . Beneficial
Abciximab loeks effect) deriEration (201] Uncertain [154] [198] Harmful [199]
[198] GPIIb/IIIa
blockers)
No data found [199]
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., GPIIb/I1Ia (group the second- Benelficial . Beneficial e
Eptifibatide Elscker effect) generation [201] Beneficial [151] (198] Uncertain [200]
[198] GPIIb/IIIa
blockers)
Anfibatide GPIb blocker Beneficial No data found Dengiicial No data found Nojdats No data found
[202] [172] found
Anti-vWF
) . antibody, blocker Beneficial Beneficial No data y
Caplacizumab of platelet GPI- (173] No data found (173] No data found found No data found
vWEF adhesion
Recombinant
human enzyme o ;
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less active forms
rHA-infestin- —— Beneficial Beneficial No data
4 XITa inhibitor [176] No data found [204] No data found i No data found
Competitive Beneficial = Beneficial No data available No data
Revacept blocker of platelet [177] Beneficial [205] [206] (ongoing study of found e
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TasLe 1: Continued.
. Primary prevention of ischemic Hiciite AT b LS Secopdary prevention of
Mechanism of stroke ischemic stroke
action Ammal Human studies Amn}al Human studies Anm.-lal Human studies
studies studies studies
GPVI adhesion to patients with stable
vWF coronary artery disease
undergoing elective PCI)
Dlhﬁl‘;gﬁi}:‘dme Beneficial (in the study of
i fici 5 dat
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No data available
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Inclacumab neutralizing No data found segment elevation No data found
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antibody myocardial infarction)

[181]

patients in the primary prevention of ischemic stroke to
reduce the risk of stroke and other cardiovascular events, as
these patients are also at twice the risk for myocardial infarct.
In symptomatic extracranial carotid stenosis, antiplatelet
monotherapy is always recommended [166]. Newer drugs
from the same class as clopidogrel (inhibitors of P2Y 12 recep-
tor: prasugrel, ticagrelor, and cangrelor) are not beneficial in
the acute phase of ischemic stroke. Vorapaxar, protease-
activated receptor-1 antagonist (PAR-1), treatment during
acute myocardial infarct is proved to be beneficial in clinical
tests; its use in acute ischemic stroke is harmful leading to a
greater hemorrhagic transformation [154, 169]. Another anti-
platelet drug, abciximab (glycoprotein IIb/IIla inhibitor) as
medical treatment for the secondary prevention of ischemic
stroke, is potentially harmful and should not be used, while
efficacy of eptifibatide is not well established yet [154, 170].
Even though the main function of antiplatelet agents is to
inhibit platelet-platelet aggregation, in case of penumbral
protection, platelet-endothelium adhesion and platelet-
leukocyte aggregation are similarly important. Anfibatide
by inhibiting adhesive properties of platelets (blocker of
platelet glycoprotein receptor Ib) significantly reduces infarct
size, increases the number of intact neuronal cells, and
improves neurobehavioral function by reducing postis-
chemic blood-brain barrier damage, leukocyte migration,
and microthrombus formation [171, 172]. Caplacizumab
(humanized anti-vWF antibody) by binding to vWF inhibits
platelet adhesion to the vessel wall (platelet GPIb—vascular
vWF interaction blockade). This drug in Momi et al.’s study
both prevented middle carotid artery thrombosis and
reduced brain damage without provoking hemorrhage by
inducing reperfusion when given before or up to 15 minutes
after complete artery occlusion. Tirofiban (GPIIb/IIla
blocker) prevented thrombosis but did not induce reperfu-
sion and caused striking brain hemorrhage [173, 174]. The
activity of vWF is regulated by a disintegrin-like and metallo-
protease  with thrombospondin type 1 repeats-13

(ADAMTS13) that transforms vWF to smaller, less active
forms. According to Zhao et al,, infusion of a high dose of
recombinant human ADAMTS13 into a wild-type mouse
immediately before reperfusion reduces infarct size and
improves functional outcome without producing cerebral
hemorrhage pointing thus at ADAMTS13 to be a useful
potential therapeutic target in ischemic stroke [175]. Another
potential drug connected with GPIb interactions is specific
factor Xlla inhibitor rHA-infestin-4. This substance
completely inhibits occlusive arterial thrombus formation
in mice and rats while leaving hemostasis fully intact [176].
The revacept (GPVI-Fc fusion protein) blocks competitively
binding of vWF to collagen and GPVI-mediated platelet
adhesion. Goebel et al. showed that this medication prevents
thrombus formation after endothelial injury and, if applied
immediately before reperfusion in mice with ischemic stroke,
significantly improves functional outcome and decreases
cerebral infarct size [177]. de Brito Toscano et al. showed that
a platelet-activating factor (PAF) receptor-deficient mouse
had a smaller brain-infarcted area in comparison to the con-
trol group [178]. Furthermore, pretreatment with F-0401,
dihydropyridine calcium antagonist with PAF antagonistic
action, prevents the occurrence of brain edema, disruption
of the blood-brain barrier, and neuronal damage caused by
cerebral ischemia [179]. Pretreatment with PAF antagonist
(BN 50739) before induction of focal cortical lesions in anes-
thetized rats improved the penumbral cerebral blood flow
and reduced edema and the progression of neuronal damage
[180]. Inclacumab (a potent and selective P-selectin-
neutralizing antibody) appears to reduce myocardial damage
after percutaneous coronary intervention (PCI) in patients
with non-ST-segment elevation myocardial infarction. How-
ever, there is no study conducted analyzing effects of inclacu-
mab on ischemic stroke [181] (Table 1).

Despite the numerous antiplatelet drugs implemented in
clinical practice and large body of evidence for their effective-
ness in particular clinical scenarios, the precise and disease-
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dedicated therapy remains a difficult task for clinicians. Fur-
ther studies, based more and more on translational medicine,
are required to combine pathophysiological knowledge and
the basics of pharmacotherapy with data from epidemiologi-
cal clinical trials in order to formulate optimal
recommendations.

11. Clinical Implications and Future Directions

In summary, there is a large body of evidence on the impor-
tant role of nitric oxide in the pathophysiology of thrombo-
genesis in patients at high and very high cardiovascular
risk. However, there are scarcely no studies separating the
contribution of endothelial and platelet-derived NO in the
onset and clinical course of particular cardiovascular events
of atherothrombotic origin. The study discovering the
eNOS-negative and eNOS-positive subpopulations of plate-
lets constitutes a milestone that may change the paradigm
stating that decreased endothelial NO bioavailability and
endothelial dysfunction itself may promote the onset of acute
ischemic events. What is more, the quantitative analysis
accompanied with the verification of some activation-
related platelet features might become a useful tool as a prog-
nostic biomarker for ischemic stroke and thromboinflamma-
tion. Furthermore, the role of ADMA in platelets, which
elevated the plasma level, is a well-known cardiovascular risk
factor and requires further studies. A detailed analysis of the
platelet ADMA biotransformation (including its synthesis
with PRMT, transmembrane translocation with CAT, and
degradation by the DDAH) should provide some new impor-
tant data on this issue. Future experimental studies using the
selective iNOS and nNOS inhibitors or antiplatelet agents
blocking the GPI and GPVI receptors in the management
of brain ischemia-reperfusion injury are required to clarify
the Janus-faced action of nitric oxide in stroke.
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Abstract: Despite improvement in the management of modifiable cardiovascular risk factors, ischemic
stroke remains the leading cause of morbidity and mortality in the adult population. The aim
of this study was to analyze the time-dependent dynamic differences in expression of the nitric
oxide (NO) metabolic pathway in the platelet and plasma compartment between subjects with
and without ischemic stroke. Additionally, the interplay between these parameters and platelet
aggregation was investigated. A total of 418 patients in acute phase of non-cardioembolic stroke
were investigated. Following the inclusion and exclusion criteria, finally 40 subjects with stroke and
39 demographically matched healthy participants were enrolled. Neurological physical examination,
followed by assessment of the platelet and plasma levels of the nitric oxide synthase (NOS) inhibitors,
including asymmetric dimethylarginine (ADMA) and symmetric dimethylarginine (SDMA), as well
as NOS substrate-L-Arginine were performed dynamically three times within the first 24-h, then on
the 3rd and 7th day after the stroke onset, which was compared with the healthy control. The platelet
L-Arginine concentration was significantly higher on the 1st and 3rd day of stroke, while the plasma
levels were significantly lower on exact days in comparison to the control. The competitive NOS-
inhibitors in platelets were stably elevated in stroke subjects, whereas no significant differences in
plasma compartment were noted. The arachidonic-acid-induced platelet aggregation was negatively
associated with the platelet NOS substrate bioavailability, as assessed by the %‘%-ratio on
the 3rd and 7th day. Subjects with non-cardioembolic ischemic stroke are characterized by elevated
platelet levels of NOS inhibitors. Management of stroke results in increasing the platelet L-Arginine
concentration and subsequent NO bioavailability in the platelet compartment.

Keywords: ischemic stroke; platelet nitric oxide; L-Arginine; asymmetric dimethylarginine (ADMA);
acetylsalicylic acid; platelet aggregation

1. Introduction

Cardiovascular disease (CVD) is among the main causes of morbidity and mortality, as
reported worldwide annually. Stroke accounts for approximately 1.1 million new incidents
in the European Union each year, with estimated further increase of 3% within the next
3 decades [1]. Ischemic stroke can be divided into subtypes based on the pathomechanism
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of thrombus origin. Cardioembolic stroke, predominantly caused by the thrombus forma-
tion in the left atrial appendage (LAA) during atrial fibrillation, is responsible for ca. 20%,
while the non-cardioembolic stroke for 80% of all ischemic stroke cases [2,3].

Endothelial dysfunction and decreased nitric oxide (NO) bioavailability play a piv-
otal role in the pathogenesis of non-cardioembolic stroke. Limited NO action promotes
atherosclerotic plaque formation and its rupture, as well as accelerates platelet activation,
adhesion, and aggregation [4,5]. Decreased endothelial NO bioavailability leads to sub-
sequent increase in the expression of adhesive molecules on the platelet surface, such as
P-selectin (CD62P), CD40 ligand (CD40L), and ICAM-1, which promote platelet adhesion to
the vascular wall and initiate thrombus formation. Activated platelets secrete thromboxane
A2, adenosine diphosphate (ADP), and other platelet-derived soluble mediators, which
subsequently trigger thrombus growth in a positive feedback loop [6]. Numerous studies
have already confirmed that adequate management of cardiovascular risk factors, including
hypertension, diabetes mellitus, dyslipidemia, as well as smoking cessation, led to limiting
the ischemic stroke burden by increase in endothelial NO bioavailability and restoration of
the endothelial vasodilatory function [7].

Interestingly, some new data suggests that not only endothelium, but also platelets
are capable of synthesizing the nitric oxide to autoregulate own function. Radziwon-
Balicka et al. have recently discovered two separate platelet subpopulations: with or
without the ability to synthesize nitric oxide (eNOS-positive or eNOS-negative platelets,
respectively). According to the authors, the eNOS negative platelets are the first to form a
thrombus on the damaged endothelium, while the eNOS-positive platelets function is to
limit the thrombus growth [8]. Furthermore, the authors hypothesize that platelet derived
nitric oxide (PDNO) might be a key negative-feedback regulator of thrombus formation in
numerous pathological conditions, including acute phase of ischemic stroke.

Hence, the aim of this study was to verify if alterations in the platelet or plasma NO
homeostasis appear in the acute phase of stroke and whether the onset of antiplatelet
management restores the nitric oxide biotransformation homeostasis. The effect of the
platelet to plasma NO-balance on the platelet aggregation was investigated by analyz-
ing the L-Arginine (L-Arg)—a substrate for NO synthesis; asymmetric dimethylarginine
(ADMA) and symmetric dimethylarginine (SDMA)—the competitive NOS inhibitors; then
the dimethylamine (DMA)—product of ADMA degradation; citrulline—a product of both
L-Arg and ADMA degradation; and ornithine—a product of L-Arg degradation. Schematic
presentation of possible interactions between platelet and endothelial nitric oxide biotrans-
formation leading to the maintenance of the NO-dependent platelet functional homeostasis
is presented in Figure 1.
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Figure 1. A schematic presentation of the nitric oxide biotransformation. Abbreviations: nitric
oxide synthase (NOS), nitric oxide (NO), asymmetric dimethylarginine (ADMA), symmetric
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Patients qualified for thrombolysis |,
and or thrombectomy |

Presence of other exclusion |,
criteria |

dimethylarginine (SDMA), dimethylarginine dimethylaminohydrolase (DDAH, an enzyme responsi-
ble for ADMA degradation), citrulline, dimethylamine (DMA), L-Arginine (L-Arg), arginase (enzyme
responsible for L-Arg degradation), ornithine, urea (product of the L-Arg degradation), cationic-amino
: FIET. L—Arg in platelets (PLT)
acid transporter (CAT, transmembrane L-arginine and ADMA transporter), T—Arg it plasmalPLE)
(comparison of nitric oxide bioavailability in platelet vs. in plasma), %’\}}%—g—} - (potential

for inhibition of NO production in platelet vs. in plasma), isﬁz ((';ﬁj) (potential for the platelet

NO synthesis).

2. Materials and Methods
2.1. Recruitment of Patients

A total of 418 patients with diagnosis of ischemic stroke, admitted to the University
Clinical Hospital in Wroclaw were enrolled in this study. A total of 98 of them were
disqualified due to the prolonged time between first neurological symptoms and admission
to the hospital (>24 h). Subsequently, 230 patients have undergone thrombolysis and /or
thrombectomy and therefore met exclusion criteria. The next 49 patients presented other
exclusion criteria. Only one subject revoked informed consent to participate in the study,
while none of the patients died during study observation. Finally, a total number of
40 patients at age of 29-80 years with diagnosed acute ischemic stroke were included in
the study group. A flow chart presenting the recruitment of the subjects with stroke to the
study is presented in Figure 2.

Total numer of patiénts with diagnosis of ?
ischemic cerebral stroke 1

N= 418
z/'r‘;“‘» S
Sl >24h from first symptoms of
S S | stroke to hospital admission
TN N= 320
{-230 )
e SN
N= 90 ey
) (-27 ) 5 |
N/ atients without confirmed |
+ stroke in head CT/MRI
v N= 63
o
(-22 )
| 46 e
N= 41

Revocation of informed
consent

| Patients qualified for the study
N=40
| : ;

Figure 2. A flow chart of the patients selection.

1. The inclusion criteria for the study group were:

- clinical symptoms of stroke lasting for no longer than 24 h before the hospital
admission;

- diagnosis of ischemic stroke confirmed by neurological examination and/or
new cerebral ischemia visualized in the magnetic resonance imaging /computer
tomography scan (simultaneously excluding the hemorrhagic stroke);

- patient signed informed consent to participate in the study.

2. The exclusion criteria for the study group and the control group were:
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- hemorrhagic stroke;

- thrombolytic treatment or thrombectomy (at present or in the past medical history);

- history of severe nervous system disease (including previous ischemic or hemorrhagic
stroke, neuroinfections, autoimmune, inflammatory, or neurodegenerative diseases);

- pastserious head injuries;

- atrial fibrillation (previously diagnosed or confirmed during the 72-h ECG moni-
toring during hospitalization);

- severe anemia (Hg <7 g%);

- thrombocytopenia (platelets < 100,000/ uL);

- ongoing therapies with drugs potentially affecting the obtained results before
hospitalization (anticoagulants, antiplatelets drugs, contraceptives, hormone
replacement therapy, anti-inflammatory drugs);

- current infections;

- active malignancy;

- chronic inflammatory diseases;

- chronic kidney disease (eGFR < 45 mL/min/1.73 m?);

- incomplete medical history;

- inability to provide informed consent.

The control group comprised of 39 volunteers recruited from the hospital outpatient
clinic and matched to the study group by demography, similar comorbidities, and undergo-
ing comparable drug therapy before enrolling to the study. Comparison of comorbidities
between the control group and study group is shown in Supplementary Table S1, while in
the applied treatment is described in Supplementary Table S2.

2.2. Study Protocol

Patients with diagnosed non-cardioembolic ischemic stroke and initialized acetylsali-
cylic acid (ASA) treatment (75-150 mg) on the first day of hospitalization were enrolled to
the study group after providing written informed consent. Afterwards, the study partici-
pants from the stroke group were exanimated thrice: at the time of admission, and on the
3rd and 7th day after ischemic stroke onset. The demographically matched healthy subjects
formed the control group, where physical examination, blood collection, and neurological
examination was performed once. Subjects from both the study group and control group
had to be without any previous history of antiplatelet treatment. ASA treatment was
initialized only in the study group (Figure 3).

2.3. Blood Collection

The blood for laboratory tests was collected with a single puncture of the antecubital
vein, in atraumatic conditions using the S-Monovette set (S-Monovette 10 mL 9NC with
tri-sodium citrate at concentration of 0.106 mol/L; S-Monovette 4.9 mL with silicate as
clot activator; S-Monovette with 1.6 mg EDTA /mL of blood; Sarstedt AG & Co, Sarstedt,
Germany). Whole blood collected in a tube with silicate as an activator of coagulation was
centrifuged for 15 min at 1000< ¢ in 45 min from its collection. Preserved in the Eppendorf
tube, serum was transferred to the accredited university hospital laboratory. The tests were
performed using routine certified biochemical methods.

2.4. Platelet Preparation for Liquid Chromatography-Mass Spectrometry (LC/MS) Analysis of the
Nitric Oxide Metabolic Pathway

The collected whole blood to the S-Monovette tube with trisodium citrate was supple-
mented with prostacyclin (PGIy) at the final target concentration of 0.16 uM and centrifuged
for 20 min at 230x g at 21 °C to obtain the platelet-rich plasma (PRP). Subsequently, PRP
was supplemented with PGI; (with final concentration of 0.8 uM) and centrifuged for
10 min at 1000x g at 21 °C. The plasma was discarded, and the platelet pellet was carefully
washed three times with 1 mL of the Tyrodes HEPES buffer (134 mM NaCl, 2.9 mM KCl,
1 mM MgCly, 0.34 mM NayHPO,, 12 mM NaHCOj3, 20 mM HEPES, 5 mM Dextrose) pH 7.4.
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The resulted suspension was immediately analyzed for platelet count and contamination
with white blood cells and red blood cells (Sysmex device, Sysmex, Norderstedt, Germany).
Samples containing platelets in amounts of 5.0 x 108 cells were preserved for subsequent
LC-MS analysis. The samples were obtained by centrifugation of the suspension of known
concentration for 5 min, 10,000 g at 4 °C, and stored at —80 °C until further analyses [9,10].
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Figure 3. A flow chart of the study protocol.

2.5. Assessment of the Platelet Derived Nitric Oxide Metabolites

Previously prepared platelet samples (PRP), as described in Section 2.4, were thawed
on ice. Subsequently, 10 pL of internal standard solution and 1200 uL of cold extraction
solution containing methanol, acetonitrile, and water (5:3:2) were added and vortexed
(15 min, 1200 rpm, 4 °C). Samples were centrifuged (15 min, 22,000x g, 4 °C) and clear
supernatants were transferred into new microcentrifuge tubes. Samples were then dried
at50 °C.

Amino acids derivatization was performed using benzoyl chloride (BCI) reagent.
Dried samples were dissolved in 100 uL of water and vortexed (5 min, 1200 rpm, 25 °C).
Subsequently, 50 uL of borate buffer (0.025 M Na;B407-10H,0, 1.77 mM NaOH, pH =9.2),
400 uL of acetonitrile, and 10 pL of 10% BCI in acetonitrile were added and vortexed
again (10 min, 1200 rpm, 25 °C). After derivatization, samples were dried at 45 °C using
SpeedVac Vacuum Concentrator. Dried samples were reconstituted in 50 pL of 3% of
methanol in water and centrifuged (10 min, 15,000x g, 4 °C). Supernatant was transferred
into chromatographic polypropylene vial with attached 200 pL insert.

Liquid chromatography-mass spectrometry (LC-MS) analysis was performed using
SYNAPT G2 Si mass spectrometer coupled with Acquity I-Class UPLC system (Waters,
Milford, MA, USA). MS was equipped with electrospray ionization source (ESI). The
sprayer voltage, source temperature, desolvation temperature, and desolvation gas flow
were set at 0.5 kV, 140 °C, 450 °C, and 900 L/h, respectively. The UPLC system was
equipped with cooled sample manager; samples temperature was 8 °C and the injection
volume was 2 plL.. The Waters BEH Shield C18 column (1.7 um, 2.1 x 50 mm) was heated
to 60 °C. The flow rate was 0.350 mL/min, and the total time of the method was 8 min. The
mobile phase solvent A was water with 0.1% formic acid (FA) and solvent B was methanol
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with 0.1% FA. The following gradient method was used: 0.0 min—3% B, 2.5 min—14% B,
4.6 min—60% B, 4.8 min—90% B, and 6.1 min—3% B. Data acquisition was performed using
MassLynx 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, L-Arginine, D7-arginine, ADMA, SDMA, and D7-ADMA, respectively [11].

2.6. Measurement of the Plasma Nitric Oxide Metabolites

To obtain plasma, the blood was collected in tubes with EDTA as an anticoagulant
(1.6 mg-EDTA /mL blood) and were centrifuged within 30 min after collection at 1000x g
for 15 min at 4 °C and stored at —20 °C until further analysis. A total of 100 pL of
plasma, 50 pL of borate buffer, and 10 pL of internal standard solution (100 pM D7-
L-Arginine, 20 uM D7-ADMA, 25 uM D6-DMA, 100 uM Dé-ornithine, and 50 uM D4-
citrulline) were transferred into 2 mL polypropylene tubes and mixed (1 min, 1200 RPM,
25 °C). Then, 400 pL of acetonitrile and 10 pL of 10% BCl in acetonitrile were added and
mixed (10 min, 1200 RPM, 25 °C). Subsequently, samples were centrifuged (7 min, 4 °C,
22,000 g) and 100 uL of clear supernatant was diluted four times with water, transferred
to chromatographic glass vials, and analyzed. LC-MS analysis was performed using the
equipment and methods described above [12].

2.7. Measurement of Platelet Aggregation

Platelet function was assessed using the impedance aggregation method in whole
blood using the four-channel optical aggregometer (Chrono-log 700, Chrono-Log, Haver-
town, PA, USA). This method is based on multiple platelet aggregation on the electrodes
and changing of the electrical resistance between their two wires. The whole blood was col-
lected to the polypropylene tubes for 10% sodium citrate using the Sarstedt S-Monovette®
(Sarstedt Ag & Co., Niimbrecht, Germany) aspiration and vacuum kit. After collection, the
tubes were kept at room temperature for a maximum of 90 min before engaging the test.
Three different aggregation activators were used: adenosine diphosphate (ADP), arachi-
donic acid (AA), and collagen. The 1:1 solution of whole blood at room temperature with
0.9% natrium chloride was placed in the test chambers. Then, a certain number of agonists,
necessary to obtain appropriate concentrations (0.5 mg/mL for AA, 20 umol for ADP, 1 pg
for collagen), were added to the prepared solution. After 6 min, aggregation curves were
recorded, measured, and analysed by dedicated software (Aggrolink®, Chrono-Log, PA,
USA). The increase in electrical impedance was given in aggregation units.

2.8. Statistical Analysis

Statistical analysis was performed using the Statistica 13.3 StatSoft”. The presented
data is expressed as an arithmetic mean with SEM or median with 1st and 4th quartile if
the distribution of variables were not normal. The Mann-Whitney U-test or a student’s
t-test, following the Shapiro-Wilk test and Levene’s test as appropriate, were used to assess
the significance of differences between the mean values and ANOVA followed by Tukey’s
test, or a Friedman test was used when more than two groups were investigated. Spearman
test was performed to assess the correlation between nitric biotransformation metabolites
and platelet aggregation.

3. Results
3.1. Baseline Characteristics

The stroke subjects and healthy controls were matched with respect to the age and
sex distribution. There were however differences between groups in white blood count
(WBC), glucose level, mean platelet volume (MPV), potassium, and thyroid-stimulating
hormone (TSH). The baseline demographic and biochemical characteristics of both groups
is presented in Table 1.
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Table 1. Demographic and biochemical characteristics between studied groups including cardio-
vascular risk stratification parameters. Results are presented as mean + SEM if the distribution
of variables were normal or median with Ist and 4th quartile if the distribution of variables were

not normal.
Stroke Group N = 40 Control Group N =39

Mean [+SEMI ([21:;;:?1:] Mean [+SEM] (lglj;::il;] 4
Women }:I/l‘]mb“ 18 [45%) 21 [54%] ns
Age [yl 63.45 +1.37 63.67 +1.65 ns
Hemoglobin [g/dL] 14.40 +0.24 13.93 +0.32 ns
Hematocrit [%] 42.6 +0.65 41.43 +0.9
RBC [mIn/pL] 4.78 +0.08 4.77 +0.11 ns
WBC 1st day [k/pL] 8.92 +0.49 p<0.05
WBC 3rd day [k/uL] 8.82 +0.45 6.74 +0.39 p<0.05
WBC 7th day [k/pL] 8.34 +0.68 ns
PLT [k/puL] 225.79 +9.08 244.58 +9.22 ns
MPV 1st day [fl] 9.83 +0.24 p<0.05
MPV 3rd day [fl] 10.17 +0.30 10.94 +0.17 ns
MPV 7th day [fl] 10.20 +0.39 ns
hsCRP [mg/L] 5.05 1.6-6.0 4.55 291412 ns
ESR [mm/h] 13.63 7.0-16.5 16.39 10.0-18.0 ns
Sodium [mmol/L] 139.40 +0.41 140.19 +0.48 ns
Potassium 1st day  [mmol/L] 391 +0.06 p <0.05
Potassium 3rd day [mmol/L] 3.99 +0.05 414 +0.08 ns
Potassium 7th day [mmol/L] 4.01 +0.09 ns
Glucose 1st day [mg/dL] 132.97 9.8-145.0 p <0.05
Glucose 3rd day [mg/dL] 98.72 81.0-99.0 101.12 86.0-102.0 ns
Glucose 7th day [mg/dL] 100.52 80.0-125.0 ns
Urea [mg/dL] 33.08 26.0-38.0 32.20 25.5-36.0 ns
Creatinine [mg/dL] 0.93 0.76-1.14 0.89 0.67-0.99 ns
Total protein [g/dL] 6.51 +0.17 6.36 +0.14 ns
AST [TU/L] 19.38 16.0-22.0 19.15 14.5-21.5 ns
ALT [TU/L] 21.50 15.0-26.0 23.96 16.0-30.0 ns
Total bilirubin [mg/dL] 0.80 +0.09 0.73 +0.07 ns
TCh [mg/dL] 181.59 +8.08 203.38 +11.74 ns
HDL [mg/dL] 48.18 +2.06 56.57 +3.73 ns
LDL [mg/dL] 106.21 +6.86 122.81 +10.35 ns
Tg [mg/dL] 128.16 91.0-142.0 128.24 87.0-163.0 ns
TSH [uIU/L] 3.37 1.26-5.02 1.50 0.83-1.83 p <0.05
APTT [s] 27.31 +0.43 27.76 +0.64 ns
INR 0.99 0.94-1.04 1.00 0.96-1.03 ns

Abbreviations: mean platelet volume (MPV), hsCRP (high sensitivity C-reactive protein), erythrocyte sedimentation
rate (ESR), total cholesterol (TCh), high-density lipoprotein (HDL), low-density lipoprotein (LDL), triglycerides
(Tg), activated partial thromboplastin time (APTT), international normalized ratio (INR), ns-non significant.
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3.2. The Plasma Nitric Oxide Metabolites

The plasma L-Arginine in the stroke group on the 1st and 3rd day were significantly
lower than in the control group, while on the 7th day it reached a level not statistically dif-
ferent from the control group. Plasma ADMA and SDMA levels, together with L-Arginine
to ADMA ratio in plasma (ﬁ%)-reﬂecting the NOS substrate bioavailability, were

not significantly different from the control group (Figure 4a).
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Figure 4. (a) The plasma nitric oxide metabolic pathway metabolites in the control group and the
study group. Abbreviations: Plasma L-Arginine (L-Arg-plasma), the plasma asymmetric dimethy-
larginine (ADMA-plasma), the plasma symmetric dimethylarginine (SDMA-plasma), L-Arginine to
ADMA ratio in plasma (L-Arg/ADMA-plasma). (b,c) The intraplatelet nitric oxide metabolites in
the control group and the study group. Abbreviations: L-Arginine in platelets (L-Arginine-platelet),
asymmetric dimethylarginine in platelets (ADMA-platelet), symmetric dimethylarginine in platelets
(SDMA-platelet), dimethylamine in platelets (DMA-platelet), L-Arginine to asymmetric dimethy-
larginine ratio in platelets (L-Arginine-platelet/ ADMA-platelet), asymmetric dimethylarginine to
dimethylamine ratio in platelets (ADMA-platelet/DMA-platelet). (d) The balance of the NO biotrans-
formation metabolites between the platelet and plasma compartment. Abbreviations: L-Arginine in
platelet to L-Arginine in plasma ratio (L-Arg-platelet/L-Arg-plasma), asymmetric dimethylarginine
(ADMA), symmetric dimethylarginine (SDMA). (e) Platelet aggregation in the control group and
the study group. Abbreviations: arachidonic acid-induced aggregation (AA-induced aggregation),
collagen-1-induced aggregation (COL 1-induced aggregation), adenosine diphosphate- induced
aggregation (ADP-induced aggregation), *—p < 0.05 vs. control, #—p < 0.05 vs. stroke in the first day.



Antioxidants 2022, 11, 955

11 0f 18

3.3. Intraplatelet Nitric Oxide Metabolites

The intra-platelet nitric oxide metabolites in both groups are presented in Figure 4b.
Six out of eight evaluated nitric oxide metabolites in platelets were found to be significantly
higher in subjects with stroke. The platelet L-Arginine on th 1st and 3rd day was greater in
the study group, while on the 7th day its level decreased to the concentrations observed in
the control group. The ADMA, SDMA, DMA, citrulline, and ornithine concentration on

each of the testing days were elevated in the stroke group, in comparison to the healthy

individuals. The platelet L-Arginine to ADMA ratio (%) decreased consecutively

from the 1st to 7th day in the stroke group, but it did not reach a statistical significance in

comparison to the control group. Finally, the ADMA to DMA ratio in platelets (%)

from the stroke group was not significantly different from the control group on any of the
analyzed days.

3.4. The Balance of the NO Biotransformation Metabolites between the Platelet and Plasma
Compartment in Subjects with Stroke and in the Control Group
The balance of the NO biotransformation metabolites between the platelet and plasma
compartment in both groups is presented in Figure 4d. Only the platelet to plasma of
‘% . L—Arg (PLT)
L-Arginine ratio (} ~Arg (PLS)
and 3rd day it was higher in the stroke group, while on the 7th day it was similar as in the

control group. There were no differences between groups in the platelet to plasma ADMA
(%g—%%(r%%) and SDMA (%%%——E;Eg) ratios in any of the analyzed days.

) showed significant difference between groups. On the 1st

3.5. Platelet Aggregation

There were no differences in the arachidonic acid (AA), collagen-1 at 1 pg/mL con-
centration (Col-1), nor in the adenosine diphosphate (ADP)-induced platelet aggregation
between the control group and stroke subjects on the 1st day after the stroke onset. The
AA-induced aggregation significantly decreased on the 3rd and 7th day in comparison to
the control group and to the stroke group on the 1st day, reflecting the beginning of ASA
treatment. Similarly, Col-1-induced aggregation significantly decreased on the 3rd and
7th day in comparison to the control group and to the 1st day of stroke. The ADP-induced
aggregation did not change following ASA treatment on any of the analyzed days. The
platelet aggregations in both groups are presented in Figure 4e.

3.6. The Correlation between NO Biotransformation Metabolites and Platelet Aggregation

The arachidonic acid-induced aggregation was negatively correlated with the L-Arginine

concentration in platelets on the 3rd day, whereas the platelet NO-bioavailability reflected
by the %ﬁ&i—i;}) ratio was both on the 3rd and 7th day. The %%% ratio was
positively associated with AA-induced aggregation only on the 7th day.

The collagen-1-induced aggregation was negatively associated with the platelet NOS
substrate bioavailability reflected by the iﬁ:‘:, H;ig and ﬁuﬂﬁ ((Ii)Jle)
Interestingly, at the same time, a positive association with the NOS inhibitor bioavailability

expressed as the % ratio was noted. Col-1-induced aggregation was also nega-

ratios on the 7th day.

tively correlated with the platelet citrulline concentration on the 3rd day, and positively
with ornithine level on the 7th day.

The ADP-induced aggregation was positively correlated with the ADMA platelet
to plasma ratio but only on the first day following the stroke onset. The ADP-induced
aggregation was also significantly associated with the % ratio on the 3rd day. The
rest of the analyzed NO metabolites and their ratios were not correlated with the AA-, Col-
1-, nor with ADP-induced aggregation. The correlations between NO biotransformation
metabolites and AA-, Col-1-, and ADP- induced aggregation are shown in Supplementary

Material: Table S3a—c.
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4. Discussion

This is the first study to analyze the dynamic, time-dependent changes in the in-
traplatelet and plasma expression of selected nitric oxide metabolites during acute phase
of human ischemic stroke. Furthermore, we are the first to assess the correlation be-
tween platelet aggregation and nitric oxide metabolites from these two compartments in
stroke patients.

4.1. Nitric Oxide Biotransformation Metabolites in Plasma

Our study showed initially decreased plasma level of L-Arginine during ischemic
stroke with its gradual increase to the control level within one week following the stroke
onset. Other authors have already shown that the lower concentration of L-Arg and the
longer time it takes for L-Arg to reach the control level, the greater magnitude of neurologic
deterioration and the poorer outcome in ischemic stroke patients is observed [13,14]. Up
to date, the overall effect of the plasma nitric oxide during the first days after stroke onset
remains uncertain. Serrano-Ponz et al. documented that an increase in the plasma NO
bicavailability detected within the first two days of stroke was associated with the lower
National Institutes of Health Stroke Scale score (NIHSS), as assessed both on the 7th day
and after 3 months following the ischemic event. Noteworthy, a steep increase in the
plasma NO bioavailability detected from day 2 to day 7 was associated with an increase in
infarct size and, as consequence, in the magnitude of neurological deterioration [15]. This
unambiguous, Janus-like effect of the NO could be related to the source of its production.
The constitutional endothelial NOS (eNOS) isoform is activated at the beginning of the
ischemic stroke, facilitating vasodilatation, inhibition of platelet aggregation, and induction
of angiogenesis [16]. Noteworthy, the activation of inducible NOS isoform (iNOS) is
initialized a few days after the stroke onset and is considered to damage the surrounding
tissue due to the participation in inflammation and unregulated peroxynitrite (NOO™)
production [17,18]. The enhanced oxidative stress during ischemic stroke could also lead to
endothelial NO synthase dysfunction (eNOS uncoupling) characterized by production of
superoxide instead of NO. The eNOS uncoupling could be a reason for reduced endothelial
transport of L-Arginine, increased rate of L-Arginine efflux, and finally gradual increase of
plasma L-Arginine [19,20], which was also detected in our study.

We have shown that the plasma ADMA and SDMA concentrations, together with the
plasma L-Arginine/ ADMA ratios, did not differ between the stroke and control group.
In most of the studies, elevation of the NOS inhibitors concentration and decrease in the
L-Arginine/ ADMA ratio have been associated with endothelial dysfunction being thus
well-recognized CVD risk factors [21-23]. Nevertheless, significantly increased plasma
ADMA and SDMA concentration were not identified in every study on acute ischemic
stroke. According to Brouns et al., the inconsistency regarding the relevance of ADMA and
SDMA levels might be linked to the stroke severity. Other authors have already shown that
the plasma concentrations of NOS inhibitors are associated with greater severity of stroke,
as assessed by the NIHSS score [24-26]. Noteworthy, our study group consisted mostly of
mild to moderately severe stroke cases with no further progression of neurological deficits.

4.2. Nitric Oxide Biotransformation Metabolites in Platelets

We have found significantly higher platelet L-Arginine concentration (substrate for
endothelial NOS-eNOS) on the first and third day after the onset of stroke compared to the
control group. Although it is well-known that platelet aggregation is NO-dependent, only
recently Radziwon-Balicka et al. have documented that platelet can produce nitric oxide on
their own. According to those authors, platelets can be divided into two groups depending
on ability or inability to produce nitric oxygen (eNOS-positive or eNOS-negative platelets,
respectively). The eNOS-negative platelets play a key role in a thrombus formation, while
the eNOS-positive ones are responsible for limiting the thrombus growth and consecutively
for its dissolving by intraplatelet NO production [8,27]. However, to our knowledge, there
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was no human study conducted yet on changes in the platelet-derived nitric oxide and its
metabolites during acute phase of ischemic stroke.

Our study has also shown stably and significantly elevated platelet concentration
of ADMA, SDMA, DMA, citrulline, and ornithine in patients with stroke during the
7-day period of observation. The ADMA and SDMA in platelets, as NOS competitive
inhibitors, are responsible for decreased platelet derived nitric oxide production. Gawrys
et al. have already demonstrated that the intraplatelet ADMA concentration may promote
platelet activation in diabetes mellitus [28]. However, in the study by Meirelles et al.,
increased ADMA level led to enhanced platelet aggregation in both hypertensive and
healthy subjects [29]. Stably elevated levels of the intraplatelet NOS-inhibitors (ADMA,
SDMA) and their metabolites (including the DMA, ornithine, citrulline) throughout acute
stroke event suggest the presence of their increased pro-aggregatory function before the
onset of ischemic stroke. This leads to the conclusion that L-Arginine and ADMA from
platelets may be important in two different intervals of ischemic stroke course (ADMA
before, and L-Arginine after the thrombotic event), nevertheless further studies in this
matter are required.

4.3. The Balance of the NO Biotransformation Metabolites between the Platelet and
Plasma Compartment

NO is a highly reactive molecule and has an ability to diffuse through a cell mem-
brane [30]. However, the nitric oxide biotransformation metabolites must be actively
transported between plasma and platelet compartment in both ways via the cationic amino
acid transporters (CAT) or y (+) L system [31]. In our study, only the platelet to plasma
L-Arginine ratio (%) was significantly different between the study group and
control group. High platelet and low plasma L-Arginine level at the onset of ischemic
stroke were followed by the platelet decrease and plasma increase of L-Arg during the
7 days of observation. Mury et al. have already demonstrated reduced plasma levels of
L-Arginine, lower nitric oxide synthase activity, and compensatory increase in L-Arginine
transmembrane transport from plasma to platelet compartment in patients being at high
risk of thrombotic event [32]. Furthermore, Mendes Ribeiro et al. showed decreased
plasma L-Arginine concentration and increased platelet capacity for L-Arginine transport
in patients with heart failure or chronic kidney disease [31]. It may suggest the presence
of the active NO biotransformation metabolites transport between plasma and platelet
compartment also in acute phase of ischemic stroke, however direct measurement of such

a transport was not conducted in our study.

ADMA (PLT) o SDMA (PLT)
ADMA (PLS) ANA SHATA (PLS)
ratios in our study. Tymyios at al. demonstrated that elevated plasma ADMA level does

not alter platelet NO production, while De Meirelles et al. found that plasma ADMA can
decrease the intraplatelet NOS activity [29,33]. Inconsistency in the effect of the plasma
ADMA concentration on platelet NO production suggests the complexity of mechanisms
controlling the PDNO release. The accumulation of NOS inhibitors in thrombocytes could
inhibit further plasma to platelet ADMA transport and be a trigger factor for ischemic
stroke incidence, however further studies are required [34].

Moreover, we have not observed significant changes in

4.4. The Correlation between NO Biotransformation Metabolites and Platelet Aggregation

There are scarcely no studies analyzing the influence of antiplatelet treatment on
the platelet NO production. Madajka et al. showed, that ASA improves platelet NO
synthesis, without significant effect on the NO bioavailability in endothelial cells [35].
According to other authors, the ASA administration seems to have two different effects
on the NOS activity. Kane et al. showed that chronic acetylsalicylic acid treatment and the
use of other non-steroidal anti-inflammatory drugs decrease the platelet NO production by
limiting the NOS-activating response to stimulation of platelet beta-adrenergic receptors
(cyclooxygenase inhibition-dependent mechanism). Nevertheless acute ASA administra-
tion activates basal platelet NOS by its acetylation and thereby acts through a mechanism
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independent of cyclooxygenase inhibition [36,37]. In our study platelet arachidonic acid
and collagen-1—dependent aggregation was decreased on the 3rd and the 7th day after the
ASA treatment onset, while the ADP-dependent aggregation was unchanged. We have also

shown that during acute ASA administration arachidonic acid-induced aggregation was

negatively associated with L-Arginine and the ﬁ%%% ratio, while after 7 days platelet

aggregation was positively associated with platelet ADMA bioavailability (described as

high %}ﬂig ratio) in arachidonic acid-, collagen-1 and ADP- dependent mechanism.

We confirmed observations of other authors, that ASA induces the platelet NO production
leading to thrombus dissolving only during acute administration, while thrombus forma-
tion in the course of chronic acetylsalicylic acid treatment is probably positively associated
with ADMA in platelets to ADMA in plasma ratio. However, it is hard to distinguish
between the influence of ASA treatment and the natural course of ischemic stroke disease
on changes in NO biotransformation metabolites and platelet aggregation, as ASA was not
administrated in the control group.

4.5. Demography and Comorbidity Differences between the Stroke and the Control Group—~Possible
Effect on the Results

Although the study protocol assumed that stroke subjects and healthy controls were
closely matched, significant differences in comorbidities, drug treatment and biochemic
results were found. Higher hypertension burden and angiotensin-converting-enzyme
inhibitors (ACE-I) intake was detected in the stroke group in comparison to the control.
Administration of some other hypotensive drugs (angiotensin-receptor blocker (ARB)
3-blocker, dihydropyridine calcium channel blocker, thiazide/thiazide like diuretic, loop
diuretic) was significantly higher only in the stroke group at discharge. Finally, the di-
agnosis of dyslipidaemia or use of statin was significantly higher at the discharge than
on admission in the stroke group. Other authors have already shown that basal platelet
concentration of L-Arginine and platelet derived NO production is diminished in pres-
ence of such cardiovascular risk factors as age, smoking, hypercholesterolemia with oxi-
dized LDL, hypertension, diabetes mellitus and coronary artery disease. [28,38-42]. While
Gryglewski et al. have shown in animal model study, that ACE-1 treatment could induce
thrombolysis by the increase in endothelial nitric oxide production. Moreover, statin-related
improvement in the stroke outcome is documented to be mediated among others by the
increase in the platelet eNOS expression [35,43,44]. Similarly increase in the L-Arginine
concentration in stroke patients observed in our study could result not only from ASA
but also from other drugs used during hospitalization. Nevertheless, further studies are
required to verify if observed L-Arginine increase is due to the natural course of disease or
whether it results from medications and from which ones.

The study group and the control group were also significantly different regarding the
white blood cells count (WBC), mean platelet volume (MPV), serum glucose, potassium, and
thyroid-stimulating hormone (TSH) levels. Increased WBC, together with hyperglycaemia
observed in the stroke group, might be a symptom of acute stress responses involving
the activation of the hypothalamic-pituitary-adrenal axis and the sympathetic nervous
system in reaction to extensive brain injury. Leucocytosis is also associated with activation
of coagulation cascades, thrombus formation, and is a typical finding in acute phase of
ischemic stroke (thrombo-inflammation theory) [45,46]. The MPV was smaller in the stroke
group, and it increased gradually in the course of disease. Although elevated MPV is
a well-recognised risk factor for ischemic stroke, low MPV is a characteristic feature for
patients with active thrombosis. Observed increase in MPV in the course of disease can
be a response to the thrombus formation by enhanced production of antiaggregatory
molecules in platelets and probably inhibition of megacariopoiesis (the greater magnitude
of thrombopoiesis, the smaller platelet volume) [47-50]. Lower level of potassium in the
study group corresponds to the findings of other authors who described hypokalaemia in up
to 1 of patients with ischemic stroke. One of the pathomechanisms aimed at explaining this
correlation is that hypokalemia by reducing conductance hyperpolarization in potassium
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channel of cells promotes formation of free radicals, which could lead to endothelial
dysfunction—documented ischemic stroke risk factor [51,52]. Finally, we have found
higher level of TSH in the study group in comparison to the control group. Manolis et al.
have already described a positive correlation between subclinical thyroid dysfunction
(subclinical hypothyroidism or subclinical hyperthyroidism) and increased cardiovascular
risk. However, due to lack of randomized controlled trials, no consensus has been reached
on whether treatment of dysfunction is beneficial in prevention of ischemic stroke [53].

4.6. Perspectives

There are only few studies analyzing the influence of increased NO bioavailability
on the course of ischemic stroke. Saleh et al. showed in an animal model that L-Arginine
administration is more effective than ASA supplementation in primary prevention of
thrombotic events, which could be achieved by greater inhibition of platelet aggregation
and higher reduction of the low-density lipoprotein (LDL) oxidation in comparison to ASA
treatment [54,55]. Li et al. documented in an animal model of acute ischemic stroke that
platelet membrane biomimetic magnetic nanocarriers with NO achieve rapid targeting
to ischemic stroke lesions, encouraging the release of L-Arginine at the thrombus site
leading to disruption of the local platelet aggregation and reperfusion of the ischemic
penumbra [56]. ASA combination with NO-donor could be a promising drug in pre-
vention and treatment of non-cardioembolic ischemic stroke, but further human studies
should be conducted. Moreover, studies analyzing the dynamic changes in production of
platelet nitric oxide correlated with NOS expression (both endothelial and inducible one),
oxidative stress parameters, and ischemic stroke outcome would be of great importance
for further understanding of ischemic stroke patomechanisms, as NO not only acts as
inhibitor of aggregation and vasodilator but can also be transformed to the one of reactive
oXygen species.

5. Conclusions

Human subjects with non-cardioembolic ischemic stroke are characterized by stably
elevated platelet levels of the NOS inhibitors which could be associated with increased
platelet susceptibility to aggregation. ASA treatment in acute phase of stroke results
in increase in the platelet L-Arginine concentration together with higher platelet NO
bioavailability. It suggests that ASA has not only the cyclooxygenase-1-, but also the nitric
oxide-dependent antiplatelet function. Hence, we suggest that the platelet nitric oxide and
its biotransformation metabolites play an important role in regulating the aggregation in
acute phase of non-cardioembolic ischemic stroke. However, further studies on platelet
nitric oxide role in pathogenesis of ischemic stroke are required, aiming at explanation if de-
creased platelet NO bioavailability could be considered as a risk factor and simultaneously
therapeutic target in ischemic stroke.

6. Limitations

Several limitations of this study should be underlined. The first regards selection of the
stroke group, due to study inclusion and exclusion criteria. Approximately 70% of patients
from the initial cohort met the exclusion criteria, as treatment by thrombolysis/thrombectomy
or both could affect the measurement of nitric oxide biotransformation and platelet aggrega-
tion in the natural course of the disease. Moreover, 15% of patients had to be excluded, due
to the stroke severity (lack of informed consent). Finally, only 10% of patients (with mild to
moderate course of disease) from over 400 ones met the inclusion criteria which could create
“parapatric speciation” bias in the study group. Another limitation regards the measured
molecules. As NO is highly reactive, it was not possible to measure it directly in our experi-
mental setting. The cyclic guanosine monophosphate (cGMP), as effector of nitric oxide but
also of various other metabolic pathways, was not studied either. Hence, our study is based
on more stable nitric oxide biotransformation metabolites, but in consequence it makes
our conclusions on NO correlation with platelet aggregation indirect. Moreover, different
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permeability of the platelet membrane and laboratory separation processes could affect
the inter-compartment distribution and study results. Therefore, additional experiments
should be conducted in order to assess the significance of these phenomena. Finally, it is
not possible to certainly distinguish between natural change in platelet function during
ischemic stroke course and ASA administration effect on platelet nitric oxide production,
as the control group did not receive any ASA treatment at all.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.ndpi.com/article/10.3390/antiox11050955/s1. Table S1. Comorbidities in the control group,
stroke group on admission (diagnosed before the onset of stroke) and stroke group at the discharge
diagnosed both, during hospitalizationd and before onset of stroke). Table 52. Treatment applied
in the control group (chronic management), stroke group on admission (until hospitalization) and
stroke group at discharge. Table S3a. The correlations between NO biotransformation metabolites
and platelet aggregation. Table S3b. The correlations between NO biotransformation metabolites and
platelet aggregation. Table S3c. The correlations between NO biotransformation metabolites and
platelet aggregation.
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6. STRESZCZENIE

Udar niedokrwienny moézgu jako jedna z choréb sercowo-naczyniowych o znaczacej
chorobowosci 1 $§miertelno$ci, niezmiennie od wielu lat pozostaje w centrum zainteresowania
wspotczesne] medycyny. Standardowg metodg prewencji wtérnej niekardiogennego
(niezwigzanego z materiatem zatorowym powstalym w sercu) udaru niedokrwiennego mozgu
jest terapia przeciwplytkowa. Jej skuteczno$¢ =zostala potwierdzona w licznych
wieloosrodkowych badaniach klinicznych i stata si¢ kanonem postepowania u tych chorych. Te
same leki przeciwplytkowe nie przynosza jednak korzySci w prewencji pierwotnej u
niewyselekcjonowanej grupy pacjentow narazonej na powiklania sercowo-naczyniowe. Ze
wzgledu na udowodniony wplyw zmniejszonej biodostgpnosci tlenku azotu i zwigkszonego
stezenia asymetrycznej dimetyloargininy (ADMA- kompetycyjny inhibitor syntetazy tlenku
azotu) na rozwoj dysfunkcji $rodbtonka naczyniowego i1 zwigkszenia ryzyka wystapienia
chorob sercowo-naczyniowych, gldwnym tematem niniejszej rozprawy doktorskiej byta ocena
zalezno$ci pomigdzy zaburzeniami biotransformacji tlenku azotu, a funkcja plytek krwi u
pacjentow w ostrej fazie niekardiogennego udaru niedokrwiennego mézgu (od < 24 godzin od
poczatku objawow neurologicznych, do 7 doby obserwacji).

W zwigzku z postulowang w dotychczasowych doniesieniach kluczowa rolg tlenku
azotu nie tylko jako wyznacznika dysfunkcji §rodblonka, ale takze jako zwigzku regulujacego
aktywnos$¢ ptytek krwi, jego role w patogenezie 1 przebiegu udaru niedokrwiennego mézgu
usystematyzowano i podsumowano w pracy pogladowej bedacej czescig tego cyklu publikacji.
Nastepnie w pracy oryginalnej oceniono wpltyw metabolitow biotransformacji tlenku azotu
obecnych w osoczu 1 w trombocytach, na agregacje ptytek krwi u pacjentow w ostrej fazie
niekardiogennego udaru niedokrwiennego mozgu.

W przeprowadzonym badaniu stwierdzono znamiennie wyzsze i utrzymujace si¢ przez
caly okres obserwacji podwyzszone stezenie inhibitorow syntetazy tlenku azotu (NOS) w
ptytkach krwi pacjentéw z udarem niedokrwiennym moézgu. W 1. 1 3. dniu obserwacji
stwierdzono w grupie badanej wyzsze stezenie L-Argininy w ptytkach krwi 1 nizsze stezenie
L-Argininy w osoczu, w porownaniu do grupy kontrolnej. Agregacja ptytek krwi zalezna od

kwasu arachidonowego byta ujemnie skorelowana z ptytkowa biodostgpnoscia tlenku azotu

(L—Arginina (ptytki)
ADMA (ptytki)

) w 3.1 7. dniu obserwacji w grupie badanej. W powstatym oryginalnym

manuskrypcie, oprocz opisu otrzymanych wynikow oznaczen biochemicznych i badan

agregometrycznych, przedstawiono ich potencjalny wptyw na funkcje ptytek krwi. Podjeto
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roOwniez probe wyjasnienia zwigzku osoczowych i ptytkowych zaburzen biotransformacji
tlenku azotu, na wzrost ryzyka wystapienia udaru niedokrwiennego mozgu.

Przedstawiony cykl publikacji zwraca uwage na powigzanie pomi¢dzy zmniejszong
biodostepnoscig tlenku azotu w ptytkach krwi, a ich funkcjg badang za pomocg agregometrii.
Identyfikacja mechanizmu odpowiedzialnego za wzrost ryzyka wystapienia udaru
niedokrwiennego mozgu zaleznego od biotransformacji tlenku azotu w ptytkach krwi moze w
przysztosci umozliwi¢ wyselekcjonowanie grupy chorych, ktéra odniesie korzysci z prewencji
pierwotnej lekami przeciwptytkowymi. Ponadto uzyskane wyniki moga by¢ przestanka do
kontynuacji badan nad lekami zwigkszajacymi biodostepnos¢ tlenku azotu w ptytkach krwi

celem zmniejszenia ryzyka niedokrwiennych zdarzen sercowo-naczyniowych.
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7. SUMMARY

Ischemic stroke is among the most important cardiovascular disorders, due to its
incidence and mortality. The antiplatelet treatment is a typical therapeutic strategy administered
in the secondary prevention of noncardioembolic ischemic stroke (that is not connected with an
ischemia originating from the cardiogenic thrombus). However, primary prevention with
antiplatelet drugs is ineffective in a non-selected group of patients with elevated cardiovascular
risk. Since the disturbances in the plasma nitric oxide bioavailability and the levels of
asymmetric dimethylarginine (ADMA, a competitive inhibitor of the nitric oxide synthase) are
associated with development of endothelial dysfunction and with increase of cardio-vascular
risk, the main scope of this dissertation is an analysis of the influence of nitric oxide
biotransformation on platelet function in patients with acute phase of noncardioembolic
ischemic stroke (observation from <24 hours to the 7" day following the stroke onset).

As it has been documented in numerous studies, nitric oxide (NO) deficiency is the main
reason underlying endothelial vasodilatory dysfunction. Nevertheless, the NO can also regulate
the platelet function. The role of nitric oxide in the pathogenesis of ischemic stroke has been
summarized in the review of literature, which is a part of this dissertation. Subsequently, the
influence of plasma and platelet nitric oxide biotransformation metabolites on platelet
aggregation in acute phase of non-cardioembolic stroke has been studied and the results are
presented in the original article.

Stably elevated platelet levels of the nitric oxide synthase (NOS) inhibitors in patients
with acute phase of ischemic stroke, higher concentration of platelet L-Arginine and
simultaneously lower level of plasma L-Arginine on the 1% and 3™ day was also observed in
the study group in comparison to the control group. Arachidonic acid-dependent platelet

aggregation was negatively correlated with the platelet nitric oxide bioavailability

(L—Arginine (platelets))
ADMA (platelets)

on the 3" and 7™ day of observation.

This dissertation emphasizes the links between lower platelet nitric oxide (PDNO)
bioavailability and prothrombotic activation of thrombocytes, assessed by aggregometric tests.
Identifying the mechanism responsible for higher risk of ischemic stroke in subjects with the
PDNO biotransformation disturbances could help to select patients which would benefit from
antiplatelet treatment in primary prevention of cardio-vascular diseases. Moreover, presented

results could provide a rationale for designing drugs aiming at increasing the PDNO

bioavailability in order to limit the risk for ischemic cardiovascular events.
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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 p6zniejszymi
zmianami ) w skladzie: .

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

dr Henryk Kaczkowski  (chirurgia szczgkowa, chirurgia stomatologiczna)

mgr Irena Knabel-Krzyszowska (farmacja)

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

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

mgr Luiza Miiller - (prawo) -

dr hab. Stawomir Sidorowicz (psychiatria)

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

Danuta Tarkowska (pielegniarstwo)

prof. dr hab. Anna Wiela-Hojeniska (farmakologia klmlczna)

dr hab. Andrzej Wojnar, prof. nadzw. (histopatologia, dermatologia) przcdstawwlel
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 Deklaracji Helsinskiej,
po zapoznaniu si¢ z projektem badawczym pt.

,,Ocena biotransfuzji tlenku azotu i funkeji ptytek krwi u pacjentow w ostrej fazie udaru
niedokrwiennego mozgu”



zgloszonym przez lek. Macieja Marka Bladowskiego uczestnika studiéw doktoranckich
w Katedrze i Klinice Choréb Wewngtrznych, Zawodowych, Nadcignienia Tetniczego i
Onkologii Klinicznej Uniwersytetu Medycznego we Wroctawiu oraz ztozonymi wraz z
wnioskiem dokumentami, w tajnym glosowaniu postanowita wyrazié zgode na
przeprowadzenie badania w Katedrze i Klinice Choréb Wewngtrznych, Zawodowych,
Nadcisnienia Tetniczego i Onkologii Klinicznej Uniwersytetu Medycznego we Wroctawiu
pod nadzorem dr hab. Adriana Doroszko, prof. nadzw. pod warunkiem zachowania
anonimowosci uzyskanych danych.

Uwaga: Badanie to zostalo objete ubezpieczeniem odpowiedzialno$ci cywilnej Uniwersytetu
Medycznego we Wroclawiu z tytutu prowadzonej dziatalnosci:

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

Wroctawiu

Opinia powyzsza dotyczy: projektu badawczego bedacego podstawg rozprawy doktorskiej

Wroctaw, dniago marca 2010 r.
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