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Wykaz skrétéow
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zaawansowane produkty koncowe glikacji (ang. advanced glycation end
products)

zaawansowane produkty utleniania biatek (ang. advanced oxidation protein
products)

indeks chordb wspdfistniejgcych Charlson (ang. Charlson Comorbidity Index)
odpowiedz na uszkodzenia DNA (ang. DNA damage response)

komorki progenitorowe srddbtonka (ang. endothelial progenitor cells)

czynnik indukowany hipoksjg (ang. hypoxia-inducible factor 1a)

albumina modyfikowana niedokrwieniem (ang. ischemia-modified albumin)
jadrowy czynnik transkrypcyjny kappa B (ang. nuclear factor kappa B)

stres oksydacyjny (ang. oxidative stress)

utlenione lipoproteiny niskiej gestosci (ang. oxidized low-density lipoprotein)
wielonienasycone kwasy ttuszczowe (ang. polyunsaturated fatty acids)
receptory dla koricowych produktow zaawansowanej glikacji (ang. receptor for
advanced glycation end-products)

naczyniowo-$rédbtonkowy czynnik wzrostu (ang. vascular endothelial growth
factor)

Swiatowa Organizacja Zdrowia (ang. World Health Organization)



| Wykaz publikacji stanowigcych podstawe postepowania w sprawie o nadanie stopnia

naukowego doktora

Podstawg do wnioskowania o uzyskanie tytutu doktora nauk medycznych i nauk o zdrowiu

w dyscyplinie nauki farmaceutyczne jest osiggniecie naukowe sktadajace sie z trzech

oryginalnych artykutéw naukowych opublikowanych w miedzynarodowych czasopismach

indeksowanych na liscie filadelfijskiej w latach 2022-2026. Sumaryczna wartosc
wspotczynnika oddziatywania (IF) wynosi 13,9, natomiast punktacja Ministerstwa Nauki

i Szkolnictwa Wyiszego (MEiIN) wynosi 420 punktéw. Publikacje zostaty przedstawione

w kolejnosci chronologicznej:

1. Wybranowski T., Napiorkowska M., Bosek M., Pyskir J., Ziomkowska B., Cyrankiewicz M.,
Pyskir M., Pilaczyriska-Cemel M., Roganska M., Kruszewski S., Przybylski G. Study of
Albumin Oxidation in COVID-19 Pneumonia Patients: Possible Mechanisms and
Consequences. International Journal of Molecular Sciences. 2022;23(17):10103.

doi:10.3390/ijms231710103.

Impact Factor: 5,6

Punktacja MEiN: 140

Méj wkiad w powstanie pracy polegat na: wspéttworzeniu koncepcji pracy, przeprowadzeniu

analiz instrumentalnych, przegladzie piSmiennictwa, wspotprzygotowaniu pierwotnej wersji

manuskryptu oraz udziale w jego redakcji i opracowaniu wersji koncowej. Méj udziat

w realizacji pracy szacuje na 40%.

2. Napiorkowska-Mastalerz M., Wybranowski T., Bosek M., Kruszewski S., Rhone P.,
Ruszkowska-Ciastek B. A Preliminary Evaluation of Advanced Oxidation Protein Products
(AOPPs) as a Potential Approach to Evaluating Prognosis in Early-Stage Breast Cancer
Patients and Its Implication in Tumour Angiogenesis: A 7-Year Single-Centre Study.

Cancers. 2024;16(5):1068. doi:10.3390/cancers16051068.

Impact Factor: 4,4

Punktacja MEiN: 140

Moj wktad w powstanie pracy polegat na: wspoéttworzeniu koncepcji pracy, przeprowadzeniu
analiz instrumentalnych, analizy statystycznej oraz wizualizacji wynikéw, formutowaniu
whnioskow, przegladzie piSmiennictwa, przygotowaniu pierwotnej wersji manuskryptu oraz

jego redakcji i opracowaniu wersji koricowej. Méj udziat w realizacji pracy szacuje na 70%.



3. Napiorkowska-Mastalerz M., Wybranowski T., Sikora J., Wszelaki P., Pyskir J., Michalska
W., Pilaczynska-Cemel M., Kruszewski S., Ciastek B. Advanced Oxidation Protein Products
and Ischemia-Modified Albumin as Prognostic Biomarkers of Long-Term Mortality in
Community-Acquired Pneumonia: A Prospective Observational Study. Scientific Reports.

2026;16:7809. doi:10.1038/s41598-026-36643-7.

Impact Factor: 3,9

Punktacja MEiN: 140

Moj wktad w powstanie pracy polegat na: wspoéttworzeniu koncepcji pracy, przeprowadzeniu
analiz instrumentalnych, analizy statystycznej oraz wizualizacji wynikéw, formutowaniu
whnioskow, przegladzie pi$miennictwa, przygotowaniu pierwotnej wersji manuskryptu oraz

jego redakcji i opracowaniu wersji koricowej. Méj udziat w realizacji pracy szacuje na 60%.



Il Zgoda Komisji Bioetycznej

Badania z udziatem ludzi stanowigce podstawe niniejszej rozprawy uzyskaty akceptacje
Komisji Bioetycznej Uniwersytetu Mikotaja Kopernika w Toruniu
przy Collegium Medicum im. Ludwika Rydygiera w Bydgoszczy (numery: KB343/2021,
KB547/2015). Postepowanie badawcze prowadzono z poszanowaniem zasad etyki badan
naukowych z udziatem ludzi, zgodnie z Deklaracjg Helsiriskg oraz obowigzujgcymi regulacjami

prawnymi. Od uczestnikéw badan uzyskano swiadomg pisemng zgode na udziat w badaniu.



lll Streszczenie w jezyku polskim

WPROWADZENIE: Stres oksydacyjny, bedacy wynikiem zaburzenia homeostazy
redoks, odgrywa istotng role w patogenezie wielu choréb przewlektych. Coraz wieksze
znaczenie przypisuje sie biomarkerom odzwierciedlajgcym nasilenie  uszkodzen
oksydacyjnych, takim jak zaawansowane produkty utleniania biatek (AOPPs), ktore moga
wspomagac ocene przebiegu choroby oraz rokowania pacjentdéw.

CEL: Celem rozprawy byfa ocena znaczenia klinicznego i prognostycznego AOPPs jako
biomarkeréw stresu oksydacyjnego w wybranych chorobach zwigzanych z przewlektym
stanem zapalnym oraz zaburzeniami homeostazy redoks. Badano potencjalng przydatnosc
AOPPs w ocenie przebiegu choroby i stratyfikacji ryzyka u pacjentéw z COVID-19,
pozaszpitalnym zapaleniem ptuc oraz wczesnym rakiem piersi.

MATERIALY | METODY: Badania przeprowadzono w trzech grupach pacjentéw: 66
chorych z COVID-19, 70 pacjentek z wczesnym rakiem piersi oraz 71 pacjentow
z pozaszpitalnym zapaleniem ptuc. Oceniano stezenia AOPPs w odniesieniu do parametrow
klinicznych, laboratoryjnych oraz rokowniczych. U pacjentek z rakiem piersi analizowano
dodatkowo zaleznos$ci pomiedzy AOPPs a wybranymi markerami angiogenezy oraz cechami
biologicznymi nowotworu. W grupie pacjentéw z pozaszpitalnym zapaleniem ptuc oceniano
réwniez albumine modyfikowang niedokrwieniem (IMA) oraz indeks chordb wspdtistniejgcych
Charlson (CCl).

WYNIKI: W badaniu obejmujgcym pacjentéw z COVID-19 wykazano istotne zaleznosci
pomiedzy stezeniem AOPPs a markerami ciezkosci przebiegu choroby, stanu zapalnego oraz
uszkodzenia narzadowego. Stezenie AOPPs ulegato obnizeniu w trakcie obserwacji.
U pacjentek z wczesnym rakiem piersi wyzsze stezenia AOPPs zwigzane byty z bardziej
agresywnymi cechami biologicznymi nowotworu, markerami angiogenezy oraz gorszym
rokowaniem. W grupie pacjentow z pozaszpitalnym zapaleniem ptuc podwyzszone wartosci
AOPPs oraz IMA obserwowano u chorych z niekorzystnym przebiegiem klinicznym i wyzszg
Smiertelnoscig. Analizy statystyczne wskazaty na potencjalng przydatnosé AOPPs w ocenie
rokowania oraz stratyfikacji ryzyka u pacjentéw.

WNIOSKI: AOPPs mogg stanowi¢ uzyteczny biomarker stresu oksydacyjnego zwigzany
z nasileniem proceséw zapalnych, dysfunkcjg srodbtonka naczyniowego oraz przebiegiem
chordéb przewlektych i nowotworowych. Uzyskane wyniki wskazujg na potencjalng wartosc

prognostyczng AOPPs oraz ich mozliwy udziat w procesach angiogenezy i przebudowy



mikrosrodowiska guza. AOPPs mogg wspomagac¢ ocene rokowania i stratyfikacje ryzyka

pacjentéw, jednak potwierdzenie ich przydatnosci klinicznej wymaga dalszych badan.



IV Streszczenie w jezyku angielskim

INTRODUCTION: Oxidative stress, resulting from disturbances in redox homeostasis,
plays an important role in the pathogenesis of many chronic diseases. Increasing attention has
been given to biomarkers reflecting the intensity of oxidative damage, such as advanced
oxidation protein products (AOPPs), which may support the assessment of disease course and
patient prognosis.

AIM: The aim of the dissertation was to evaluate the clinical and prognostic
significance of AOPPs as biomarkers of oxidative stress in selected diseases associated with
chronic inflammation and disturbances of redox homeostasis. The potential usefulness of
AOPPs in assessing disease course and risk stratification was investigated in patients with
COVID-19, community-acquired pneumonia, and early-stage breast cancer.

MATERIALS AND METHODS: The study was conducted in three groups of patients:
66 patients with COVID-19, 70 patients with early-stage breast cancer, and 71 patients with
community-acquired pneumonia. AOPPs concentrations were assessed in relation to clinical,
laboratory, and prognostic parameters. In breast cancer patients, the associations between
AOPPs, selected angiogenesis markers, and biological features of the tumor were additionally
analyzed. In patients with community-acquired pneumonia, ischemia-modified albumin (IMA)
and the Charlson Comorbidity Index (CCl) were also evaluated.

RESULTS: In patients with COVID-19, significant associations were found between
AOPPs concentrations and markers of disease severity, inflammation, and organ damage.
AOPPs concentrations decreased during the follow-up period. In patients with early-stage
breast cancer, higher AOPPs concentrations were associated with more aggressive biological
features of the tumor, angiogenesis markers, and poorer prognosis. In patients with
community-acquired pneumonia, elevated AOPPs and IMA values were observed in
individuals with unfavorable clinical outcomes and higher mortality. Statistical analyses
indicated the potential usefulness of AOPPs in prognosis assessment and patient risk
stratification.

CONCLUSIONS: AOPPs may serve as a useful biomarker of oxidative stress associated
with the intensity of inflammatory processes, endothelial dysfunction, and the course of
chronic and neoplastic diseases. The obtained results indicate the potential prognostic value

of AOPPs and their possible involvement in angiogenesis and remodeling of the tumor



microenvironment. AOPPs may support prognosis assessment and patient risk stratification;

however, confirmation of their clinical usefulness requires further research.



V Wstep teoretyczny
1. Homeostaza redoks i stres oksydacyjny

1.1. Homeostaza redoks - definicja i znaczenie

Homeostaza redoks w komodrkach to system precyzyjnej koordynacji pomiedzy
wytwarzaniem a eliminacjg reaktywnych form tlenu (RFT), azotu (RFA) i chloru (RFC),
utrzymujacy witasciwe warunki chemiczne dla przebiegu proceséw zyciowych [1,2]. Nie
oznacza ona catkowitego zniesienia reaktywnosci, lecz zachowania jej w zakresie
kompatybilnym z fizjologia komodrki. W tym ujeciu status redoks stanowi parametr
porzadkujacy funkcjonowanie komérki, poniewaz wptywa na stabilno$é i aktywnosé
makroczgsteczek, integralnos¢ struktur btonowych oraz podatnos¢ elementéw komérkowych
na modyfikacje utleniajgce [1-3].

Znaczenie homeostazy redoks wynika z jej roli w zapewnianiu powtarzalnosci i kontroli
podstawowych proceséw biologicznych [1,2]. Niewielkie i przejsciowe zmiany warunkow
utleniajgco-redukujgcych mogg towarzyszy¢ adaptacji komorki do zmiennych bodzcéw
Srodowiskowych, natomiast przesuniecie dtugotrwate lub o duzej amplitudzie sprzyja
kumulacji modyfikacji chemicznych biatek, lipidow i kwaséw nukleinowych, co ogranicza
sprawnos¢ mechanizmoéw regulacyjnych i zaburza homeostaze metaboliczng [1,3,4].
O konsekwencjach tych zmian decydujg nie tylko ich nasilenie, lecz takze czas trwania oraz
zdolnosci buforujgce komodrek [1,2]. Status redoks jest rdwniez istotny dla utrzymania
spoéjnosci fenotypowej komérek i stabilnosci ich funkcji w warunkach stresu. Jego deregulacja
moze prowadzi¢ do stopniowej utraty kontroli nad procesami proliferacji i réznicowania,
zaburzen odpowiedzi immunologicznej oraz zwiekszonej podatnosci na uszkodzenia [1]. Tym
samym homeostaza redoks stanowi jeden z kluczowych warunkéw utrzymania rownowagi
pomiedzy wymaganiami adaptacyjnymi komérki a koniecznoscig ochrony jej struktur i funkcji

[1-4].
1.2. Stres oksydacyjny - definicja i mechanizmy powstawania

Stres oksydacyjny (OS, ang. oxidative stress) definiuje sie jako stan zaburzenia
rownowagi pomiedzy wytwarzaniem reaktywnych czgsteczek (utleniaczy) a zdolnoscig
uktadéw antyoksydacyjnych do ich neutralizacji, prowadzgcy do akumulacji uszkodzen
oksydacyjnych biomolekut. W organizmach zywych wyrdznia sie trzy gtéwne klasy

reaktywnych czgsteczek: (1) RFT, (2) RFA oraz (3) RFC. Wsrod RFT znajdujg sie zardwno rodniki



tlenowe, jak i czgsteczki nierodnikowe, powstajgce m.in. jako produkty uboczne metabolizmu
tlenowego. Rodniki (dawniej nazywane wolnymi rodnikami) to reaktywne atomy lub
czgsteczki zawierajgce co najmniej jeden niesparowany elektron [4].

RFT i RFA odgrywaja podwdjng role w utrzymaniu homeostazy redoks komorki.
Z jednej strony w stezeniach fizjologicznych petnig funkcje czasteczek sygnatowych
w procesach sygnalizacji redoks, wspierajgc proliferacje i réznicowanie komodrek, a takze
uczestniczg w wewnatrzkomérkowym niszczeniu bakterii przez komérki fagocytarne, takie jak
makrofagi i granulocyty [5-9]. Z drugiej strony, ich nadmierna produkcja i akumulacja
prowadzg do uszkodzen makroczagsteczek, inicjujg szereg negatywnych reakcji tancuchowych
powodujgcych uszkodzenia bton komdrkowych, inaktywacje gtdwnych enzyméw, zaktécenie
procesow komodrkowych niezbednych do prawidiowego funkcjonowania komérek oraz
zahamowanie prawidtowego podziatu komérek [5-10].

RFT moga by¢ wytwarzane w uktadach biologicznych zaréwno pod wptywem
czynnikow egzogennych, takich jak promieniowanie UV i jonizujgce, chemioterapia, palenie
tytoniu, nadmierne spozycie alkoholu czy metabolizm wielu lekow i ksenobiotykdow, jak
rowniez w wyniku procesow endogennych zwigzanych z metabolizmem tlenowym komorki
[4,10-12]. Zaburzenie homeostazy redoks, jakim jest OS, jest cechg charakterystyczng wielu
choréb przewlektych [1,8,13-15]. W zwigzku z tym coraz wieksze znaczenie przypisuje sie
biomarkerom odzwierciedlajgcym nasilenie OS, ktére mogg dostarczac informacji o stopniu
uszkodzern oksydacyjnych w organizmie oraz potencjalnie wspomaga¢ ocene przebiegu
choroby.

Z punktu widzenia niniejszej dysertacji szczegdlne znaczenie majg oksydacyjne
uszkodzenia biatek. Biatka, ze wzgledu na ich szybkie tempo reakcji z utleniaczami oraz duza
obfitos¢ w komodrkach, tkankach i ptynach ustrojowych, nalezg do gtéwnych celéw dziatania
RFT, RFA i RFC. Modyfikacje oksydacyjne mogg obejmowac utlenianie reszt aminokwasowych,
tworzenie grup karbonylowych, fragmentacje faricucha polipeptydowego, agregacje biatek
oraz powstawanie wigzan krzyzowych. Procesy te mogg prowadzi¢ do utraty aktywnosci
enzymatycznej, zaburzenia struktury przestrzennej biatek, zmiany ich podatnosci na
degradacje proteolityczng oraz powstawania trwatych produktow oksydacji, takich jak
zaawansowane produkty utleniania biatek (AOPPs, ang. advanced oxidation protein products)

[4].



AOPPs powstajg gtdwnie w wyniku dziatania silnych utleniaczy na biatka osocza,
zwtaszcza albumine. Ich struktura obejmuje m.in. utlenione reszty aminokwasowe oraz
produkty sieciowania biatek, co sprawia, ze s3 wzglednie stabilnym wskaznikiem
oksydacyjnych modyfikacji biatkowych. Z tego wzgledu AOPPs sg uznawane za biomarkery OS,
odzwierciedlajgce nie tylko nasilenie uszkodzen biatek, lecz takie przewlekty charakter
zaburzen redoks.

Znaczenie AOPPs wynika réwniez z tego, ze nie sg one wytgcznie biernymi produktami
uszkodzen oksydacyjnych. AOPPs mogg by¢ czasteczkami efektorowymi zaangazowanymi
w wiele proceséw biologicznych, takich jak nasilanie odpowiedzi zapalnej, aktywacja komérek
uktadu odpornosciowego oraz podtrzymywanie OS. Dlatego ocena AOPPs wydaje sie
uzasadniona w analizie jednostek chorobowych, w ktérych OS i zapalenie wspétuczestnicza

W rozwoju i progresji zmian patologicznych.
2. Znaczenie stresu oksydacyjnego w patogenezie wybranych stanéw chorobowych

Ze wzgledu na kluczowe znaczenie homeostazy redoks dla prawidtowego przebiegu
procesow fizjologicznych i metabolicznych, nie jest zaskakujgce, ze OS jest powigzany
z rozwojem wielu standw patologicznych i chordb, takich jak proces starzenia, infekcje,
nowotwory, cukrzyca, choroby sercowo-naczyniowe, neurodegeneracyjne czy uktadu

rozrodczego [5,7,10].
2.1. Choroby zapalne

Stan zapalny oraz fizjologiczna produkcja RFT sg istotnymi elementami prawidtowego
funkcjonowania organizmu. Jednakze ich nadmierne wytwarzanie moze aktywowad
prozapalne szlaki sygnatowe, prowadzac do zwiekszonego uwalniania mediatoréw zapalnych,
takich jak cytokiny, chemokiny i eikozanoidy. W warunkach fizjologicznych reakcja zapalna,
ktorej towarzyszy przejsciowy wzrost produkcji RFT, stanowi element wrodzonej odpowiedzi
immunologicznej na bodZce, w tym patogeny. Zakazenia bakteryjne, wirusowe i grzybicze
moggy indukowac rekrutacje komoérek uktadu odpornosciowego do miejsca infekcji (np.
w obrebie ptuc), co wigze sie z uwalnianiem duzych ilosci RFT oraz czynnikéw prozapalnych
[16]. W przypadku niekontrolowanej odpowiedzi zapalnej dochodzi do rozwoju OS, ktory,
tworzac ,btedne koto”, dodatkowo pobudza komérki zapalne do produkcji cytokin i innych
mediatorow. Konsekwencjg jest uszkodzenie lokalnych komorek i tkanek [6,17], a w ciezkich

przypadkach (np. burzy cytokinowej obserwowanej w przebiegu zakazenia SARS-CoV-2 lub



ciezkich postaci pozaszpitalnego zapalenia ptuc) moze dojs¢ do niewydolnosci
wielonarzgdowej [17,18]. Nadmiar RFT moze szybko i nieswoiscie modyfikowa¢ biomolekuty
(DNA, lipidy i biatka), prowadzac do zaburzen metabolizmu komodrkowego, nasilonej
przebudowy macierzy zewnatrzkomorkowej, zwiekszonego wydzielania $luzu, zaburzen

apoptozy oraz widknienia ptuc [16].

Utrzymujgce sie wytwarzanie RFT oraz narastanie OS moga podtrzymywaé cykl
zapalny, przyczyniajac sie do przewlektego stanu zapalnego o niskim nasileniu. Taki fenotyp
zapalenia sprzyja rozwojowi wielu chordéb przewlektych o sktadowej zapalnej, m.in. cukrzycy,
nieswoistych chordb zapalnych jelit, zapalnych choréb stawéw czy choréb neurologicznych
[16, 19]. Stan zapalny i OS sg zatem ze sobg nierozerwalnie powigzane i wzajemnie sie nasilaja.
Srédbtonek naczyniowy, jako kluczowy element odpowiedzi zapalnej i miejsce adhezji
leukocytéw, jest szczegdlnie wrazliwy na uszkodzenia. W odpowiedzi na sygnaty prozapalne
komorki uktadu odpornosciowego sg rekrutowane i przylegajg do Sciany naczynia, a nastepnie
mogg ulegac transmigracji (diapedezie) do tkanek. W miejscu toczgcego sie stanu zapalnego
uwalniajg sie RFT oraz inne reaktywne czasteczki o wtasciwosciach utleniajgcych
(m.in. anionorodnik ponadtlenkowy, nadtlenek wodoru, rodnik hydroksylowy, kwas
podchlorawy (HOCI)), a takze liczne enzymy (np. elastaza, kolagenaza, hydrolazy kwasne,
fosfatazy i lipazy) oraz mediatory chemiczne (eikozanoidy, sktadniki dopetniacza, cytokiny,
chemokiny, tlenek azotu). W rezultacie proces zapalny moze prowadzi¢ do dysfunkcji
srédbtonka naczyniowego i uszkodzen tkanek, wzmacniajgc samonapedzajaca sie dodatnia
petle sprzezenia zwrotnego. RFT indukujg ekspresje czasteczek adhezyjnych oraz produkcje
cytokin, chemokin i czynnikdw wzrostu, co sprzyja nasileniu zapalenia; z kolei procesy zapalne,

poprzez zwiekszone wytwarzanie RFT, nasilajg OS i uszkodzenia komdrkowe [8,20].
2.2. Zaburzenia immunologiczne i angiogeneza

OS stanowi istotny czynnik modulujgcy zaréwno odpowiedZz immunologiczng jak
i procesy naczyniotwércze. RFT petnig fizjologicznie funkcje czgsteczek sygnatowych, jednak
ich nadmierna produkcja prowadzi do rozregulowania szlakéw kontrolujgcych aktywacje
komodrek odpornosciowych, wydzielanie mediatorow zapalnych oraz przebudowe
mikrosrodowiska tkankowego. Szczegdlnie wyraznie mechanizmy te ujawniajg sie w stanach
patologicznych, takich jak nowotworzenie, gdzie OS wspottworzy warunki sprzyjajace

immunosupresji i rownoczesnie intensyfikuje angiogeneze, umozliwiajgc wzrost i progresje



guza [6,21-23]. Zaleznosci te stanowig istotne tto teoretyczne dla badan nad powigzaniem OS,
oksydacyjnych uszkodzen biatek i angiogenezy w raku piersi.

Angiogeneza jest procesem powstawania nowych naczyn krwionosnych z juz
istniejgcych i w warunkach fizjologicznych pozostaje scisle kontrolowana, m.in. podczas
rozwoju embrionalnego, gojenia ran i naprawy tkanek. W przebiegu choréb nowotworowych
regulacja ta ulega zaburzeniu, a komérki nowotworowe inicjuja nadmierng angiogeneze
poprzez uwalnianie licznych czgsteczek sygnatowych, w tym przede wszystkim naczyniowo-
srodbtonkowego czynnika wzrostu (VEGF, ang. vascular endothelial growth factor).
Wykazano, ze angiogeneza moze byc¢ czesciowo indukowana przez RFT, ktére dziatajg jako
wtérne przekazniki w kaskadach sygnatowych komdrek $rédbtonka oraz komérek
nowotworowych [6,21,24].

W miare wzrostu guza dochodzi do niedostatecznego ukrwienia jego centralnych
obszardéw, co prowadzi do hipoksji. Aby sprosta¢ zwiekszonym wymaganiom metabolicznym
i tlenowym, uruchamiane s3 mechanizmy naczyniotwdrcze, ktére zwiekszajg doptyw tlenu
i sktadnikéw odzywczych do tkanek guza. Kluczowym elementem odpowiedzi na hipoksje jest
wzrost produkcji mitochondrialnych RFT (mtRFT) , ktére stabilizujg czynnik indukowany
hipoksjg (HIF-1a, ang. hypoxia-inducible factor 1a), a w konsekwencji promujg przezycie
komorek i progresje nowotworu [24].

W nowotworach szczegdlne znaczenie ma o$ HIF-1a/VEGF, aktywowana przez RFT
pochodzace zaréwno z mitochondridw, jak i enzymatycznych Zrédet komodrkowych,
np. oksydaz NADPH. W mikrosrodowisku guza RFT mogg indukowac¢ ekspresje VEGF i tym
samym aktywowac angiogeneze guza. Podwyzszone poziomy RFT pochodzgce z oksydaz
NADPH w komdrkach raka jajnika aktywujg szlak HIF-1a/VEGF. Opisywano réowniez, ze
zmutowane biatko p53 sprzyja akumulacji RFT i aktywuje o$ HIF-1a/VEGF, nasilajac
angiogeneze w komoérkach raka jelita grubego [22]. Dane te pozostajg spdjne z zatozeniem, ze
OS moze stanowi¢ istotny regulator angiogenezy nowotworowej. W tym kontekscie zasadne
jest poszukiwanie markeréw, ktére pozwalajg powigzaé nasilenie uszkodzen oksydacyjnych
z aktywnoscig proceséw angiogennych. Jednym z takich markeréw mogg byé AOPPs,
odzwierciedlajgce oksydacyjne modyfikacje biatek, oceniane w badaniach wtasnych
u pacjentek z wczesnym rakiem piersi.

Zjawiska te przektadajg sie na wzrost produkcji wielu proangiogennych mediatoréw

w guzach. W rozwoju raka pecherza moczowego obserwowano zwiekszong ekspresje



czynnikdw stymulujacych angiogeneze, takich jak VEGF, zasadowy czynnik wzrostu
fibroblastéw, IL-8 oraz metaloproteinazy macierzy [6].

Rodzina VEGF u ssakéw obejmuje pie¢ podstawowych ligandéw: VEGF-A, VEGF-B,
VEGF-C, VEGF-D oraz PIGF. Poszczegdlni cztonkowie rodziny wykazujg odmienng specyfike
biologiczng, jednak kluczowag role w angiogenezie odgrywa VEGF-A. VEGF-A zwieksza migracje
i proliferacje komodrek srédbtonka, nasila aktywnos¢ metaloproteinaz macierzy oraz
uczestniczy w procesach formowania Swiatta naczyn i utrzymania nowo utworzonej sieci
naczyniowej. Ligand ten wigze sie gtownie z receptorem VEGFR2 na komdrkach $srédbtonka
oraz komodrkach progenitorowych $rédbtonka pochodzacych ze szpiku (EPC, ang. endothelial
progenitor cells), uruchamiajgc szlaki prowadzgce do wzrostu przepuszczalnosci naczyn,
proliferacji i migracji komérek srdédbtonka, rekrutacji EPC oraz stabilizacji powstajgcego
unaczynienia [6]. Szczegdlne znaczenie VEGF-A w angiogenezie nowotworowej wskazuje na
zasadnos¢ uwzgledniania tego czynnika w ocenie aktywnosci proceséw naczyniotwdrczych
w raku piersi. W badaniach wtasnych réwnoczesna analiza VEGF-A oraz rozpuszczalnych
receptorow VEGFR1 i VEGFR2 pozwolita odnies¢ nasilenie oksydacyjnych uszkodzen biatek,
wyrazone stezeniem AOPPs, do ukfadu regulujacego rownowage pomiedzy sygnatami
proangiogennymi i antyangiogennymi.

Proangiogenne dziatanie OS nie ogranicza sie do osi HIF-1a/VEGF. RFT mogg réwniez
aktywowac szlaki PI3K/AKT/mTOR oraz MAPK/NF-kB, ktére nasilajg ekspresje VEGF,
uwalnianie cytokin prozapalnych i aktywnos¢ metaloproteinaz macierzy. Sprzyja to
przebudowie macierzy zewnatrzkomoérkowej, migracji komérek srédbtonka, tworzeniu
nowych naczyn oraz progresji nowotworu [21,22,25]. Ma to szczegdlne znaczenie
w kontekscie oznaczania AOPPs, poniewaz odzwierciedlajg one nie tylko oksydacyjne
uszkodzenia biatek, ale mogg takze aktywnie uczestniczyé w podtrzymywaniu sygnatow
zapalnych i stymulowaniu angiogenezy w mikrosrodowisku nowotworowym.

Jednoczesnie relacja pomiedzy RFT a angiogeneza nie zawsze ma charakter
jednokierunkowy, a efekt zalezy od poziomu i zrédta RFT. Co ciekawe, zwiekszong angiogeneze
obserwowano takze w komdrkach raka ptuc po zastosowaniu antyoksydantéw. Wykazano, ze
obnizenie poziomu RFT moze promowac angiogeneze rowniez w mechanizmie niezaleznym
od HIF-1a [22]. Obserwacje te podkreslajg, ze zasadne jest rdwnoczesne analizowanie

markeréw oksydacyjnego uszkodzenia biomolekut oraz parametréw angiogenezy.



Przedstawione dane wskazujg, ze OS stanowi istotny tgcznik pomiedzy zaburzeniami
immunologicznymi, przebudowg mikrosrodowiska tkankowego a rozregulowana
angiogenezg. Hipoksja i RFT sprzyjajg stabilizacji HIF-1a, indukcji VEGF oraz aktywacji szlakéw
PI3K/AKT/mTOR i MAPK/NF-kB, co prowadzi do proliferacji i migracji komérek srédbtonka,
wzrostu przepuszczalnosci naczyn oraz nasilonej degradacji macierzy zewngatrzkomorkowej.
W warunkach nowotworzenia efektem jest powstanie sieci naczyi wspierajgcej wzrost guza
i proces przerzutowania, a jednocze$nie utrwalenie sygnatéw zapalnych w mikrosrodowisku
guza [6,9,22-24,26]. Tak zarysowane tto biologiczne stanowi podstawe do oceny zaleznosci
pomiedzy oksydacyjnymi uszkodzeniami biatek, wyrazonymi stezeniem AOPPs, a markerami

angiogenezy u pacjentek z rakiem piersi.
2.3. Nowotwory

Przewlekty stan zapalny oraz podwyzszony poziom RFT sg waznymi czynnikami
sprzyjajacymi powstawaniu i rozwojowi wielu nowotwordw [21,22]. RFT wigzano z inicjacja
i progresjg wielu nowotworéw, w tym czerniaka, chtoniaka, raka trzustki, jajnika, szyjki macicy,
pecherza moczowego oraz prostaty [6,7,21,22]. OS dziata jak silny katalizator transformacji
komodrek prawidtowych w fenotypy nowotworowe. Zwiekszony poziom RFT oddziatuje na
biomolekuty, takie jak DNA, RNA i biatka, indukujgc mutacje DNA, pekniecia nici, aberracje
chromosomowe [5-7,10,21,22]. Zmiany te prowadzg do zaburzen prawidtowego cyklu
komodrkowego, mechanizméw naprawy DNA oraz programowane] Smierci komdrek
(apoptozy) [22]. Prowadzi to do zaburzenia integralnosci genomu, skutkujgcego aktywacjg
onkogendw oraz inaktywacjg gendéw supresorowych, ktore sprzyjajg niekontrolowanej
proliferacji komorek, procesowi nowotworzenia, ale réwniez prowadzg do akumulacji RFT na
skutek zmian szlakdw sygnalizacji metabolicznej [21,22]. W kontekscie niniejszej dysertacji
szczegblne znaczenie majg oksydacyjne uszkodzenia biatek, odzwierciedlane przez stezenie
AOPPs. Ocena AOPPs u pacjentek z wczesnym rakiem piersi pozwala odnie$é nasilenie OS do
przebiegu choroby, charakterystyki molekularnej guza oraz wybranych parametréw

odzwierciedlajgcych zaburzenia mikrosrodowiska nowotworu.

W warunkach niedotlenienia dochodzi takze do aktywacji HIF-1a, ktéry, regulujac
glikolize i funkcje mitochondridéw, wptywa tym samym na generacje i akumulacje RFT [22].
Zmiany te majg charakter btednego kota, ktére, utrzymujgc wysokie poziomy RFT, sprzyjaja

progresji guza. Komorki zapalne w mikrosrodowisku guza dodatkowo nasilajg OS poprzez



zwiekszong produkcje RFT oraz aktywacje szeregu enzymow, takich jak oksydazy NADPH,
oksydaza ksantynowa, cyklooksygenazy i lipooksygenazy, powodujac dalsze uszkodzenia
oksydacyjne [8]. Z drugiej strony, nadmierna produkcja RFT moze przekracza¢ zdolnosci
adaptacyjne komérek nowotworowych, prowadzac tym samym do ich Smierci. Aby temu
zapobiec, komodrki nowotworowe zwiekszajg aktywnos¢ uktadéw antyoksydacyjnych, co
pozwala im utrzymywac poziom RFT w zakresie sprzyjajgcym proliferacji, przezyciu i opornosci
na apoptoze [9]. Zalezno$¢ pomiedzy RFT a progresja nowotworu ma zatem charakter
dwufazowy. Umiarkowany wzrost moze wspierac¢ proliferacje, angiogeneze i adaptacje
metaboliczng komdrek nowotworowych, natomiast nadmiar RFT moze prowadzi¢ do
uszkodzen przekraczajgcych prég tolerancji komoérki i indukowaé smier¢ komédrkows.
Jednoczesnie nadmierna eliminacja RFT réwniez moze by¢ niekorzystna poprzez zaburzenie
fizjologicznej sygnalizacji redoks, ktéra moze sprzyjaé¢ adaptacji komorek nowotworowych do
warunkéw stresowych. Warto wiec zauwazy¢, ze wptyw pronowotworowy wywierajg nie
same RFT, gdyz ich prawidtowe stezenie petni kluczowg funkcje w sygnalizacji komdrkowej,
a zaburzenie delikatnej réwnowagi pomiedzy produkcjy RFT a mechanizmami
antyoksydacyjnymi komorek. Z tego wzgledu markery trwatych uszkodzen oksydacyjnych,
takie jak AOPPs, mogg stanowié¢ uzyteczne narzedzie do oceny biologicznych nastepstw

zaburzonej réwnowagi redoks w chorobach nowotworowych, w tym w raku piersi.
2.4. Miazdzyca

OS odgrywa kluczowag role w inicjacji i rozwoju blaszki miazdzycowej, ktéra powstaje
najczesciej w obszarach zaburzonego przeptywu laminarnego i zmienionego naprezenia
$cinajacego. Zjawiska te prowadzg do zwiekszenia przepuszczalnosci srédbtonka, sprzyjajac
przenikaniu lipidéw oraz komadrek uktadu odpornosciowego do przestrzeni podsrodbtonkowej
$ciany naczynia. Zatrzymane w tej lokalizacji czasteczki LDL mogg ulega¢ modyfikacjom
oksydacyjnym indukowanym przez RFT, a powstajgce utlenione lipoproteiny niskiej gestosci
(oxLDL, ang. oxidized low-density lipoprotein) inicjujg i podtrzymujg odpowiedz zapalng
[27,28,29]. W konsekwencji dochodzi do aktywacji srédbtonka, zwiekszenia ekspresji
czgsteczek adhezyjnych oraz nasilenia wytwarzania mediatoréw zapalnych, w tym cytokin,
chemokin i czynnikdw wzrostu. Nastepnie krgzgce monocyty sg rekrutowane do ogniska
uszkodzenia i adherujg do aktywowanego srédbtonka, po czym migrujg do btony wewnetrznej

naczynia, gdzie réznicujg sie w makrofagi. Komérki te internalizujg oxLDL, co prowadzi do ich



przetadowania lipidami i powstania komérek piankowatych. Komérki piankowate wydzielajg
cytokiny oraz chemokiny, nasilajgc naptyw kolejnych monocytéw i limfocytow T do przestrzeni
podsrédbtonkowej. Nagromadzenie lipidédw i komdrek zapalnych warunkuje formowanie sie
wczesnej zmiany miazdzycowej w postaci pasma ttuszczowego, ktére w dalszym przebiegu
moze ewoluowaé¢ w bardziej zaawansowang i ztozong blaszke miazdzycowsg [27,28]. RFT
wywierajg jednoczesnie wielokierunkowy wptyw na $ciane naczyniowg, obejmujacy
oksydacyjne uszkodzenia lipidéw i materiatu genetycznego, nasilenie dysfunkcji srodbtonka
oraz podtrzymywanie przewlektej reakcji zapalnej, co dodatkowo sprzyja progresji zmian
miazdzycowych oraz moze modulowac¢ podatnosé blaszki na destabilizacje [27]. Oprécz RFT
uwalnianych z aktywowanych komdrek uktadu odporno$ciowego, istotng role odgrywaja
rowniez inne utleniacze, w tym kwas podchlorawy (HOCI), zaliczany do RFC, zdolny do
modyfikacji i uszkadzania wielu czasteczek, w tym biatek, co moze prowadzi¢ do dysfunkgcji

tkanek [8,30].

Zaburzenia homeostazy redoks oraz wynikajgcy z nich OS stanowig wspdlny element
patogenezy wielu choréb o réznym podtozu, w tym chordb zapalnych, infekcyjnych oraz
nowotworowych. Coraz wiecej danych wskazuje, ze nadmierna produkcja RFT oraz
oksydacyjne modyfikacje biomolekut odgrywajg istotng role zaréwno w przebiegu ostrych
infekcji uktadu oddechowego, jak i w procesach zwigzanych z rozwojem i progresjg
nowotwordéw. Zjawiska te obserwuje sie m.in. w zapaleniach ptuc o réznej etiologii, w tym
w przebiegu zakazenia SARS-CoV-2, a takze w chorobach nowotworowych, gdzie OS moze
wptywaé na procesy zapalne, angiogeneze oraz progresje choroby. W zwigzku z tym
biomarkery odzwierciedlajgce nasilenie zaburzen réwnowagi redoks, takie jak AOPPs, mogg

stanowi¢ potencjalne narzedzie oceny przebiegu choroby oraz rokowania pacjentéw.
3. Oksydacyjne uszkodzenia biomolekut i ich konsekwencje biologiczne
3.1. Lipidy

Oksydacyjne uszkodzenia lipidow btonowych dotycza przede wszystkim
wielonienasyconych kwasow ttuszczowych (PUFA, ang. polyunsaturated fatty acids), ktorych
wigzania podwdjne stanowig gtéwne cele RFT [10,31]. Interakcja RFT z PUFA inicjuje
tancuchowy proces peroksydacji lipidéw, prowadzacy do powstawania wodoronadtlenkow

lipidéw oraz wtérnych, wysoce reaktywnych produktow karbonylowych [10,32-34].



Szczegdlng podatnos¢ na oksydacyjne uszkodzenia wykazujg réwniez lipidy
mitochondrialne, zwtaszcza kardiolipina, fosfolipid istotny dla organizacji i funkcjonowania
taricucha oddechowego. Jej utlenienie moze zaburzac¢ fosforylacje oksydacyjng i sprzyjac
nasileniu wytwarzania mtRFT, wzmacniajgc prooksydacyjne Srodowisko wewnatrzkomdrkowe
[35].

Do najwazniejszych produktéw peroksydacji lipidow nalezg m.in. 4-hydroksynonenal
(4-HNE), malonodialdehyd (MDA), akroleina oraz izoprostany [10,31-34]. Zwigzki te stanowig
istotne biomarkery odpowiedzi komdrkowej na OS, ale takze aktywne modulatory odpowiedzi
zapalnej m.in. poprzez wptyw na szlak jgdrowego czynnika transkrypcyjnego kappa B (NF-kB,
ang. nuclear factor kappa B) oraz regulacje ekspresji gendw. Szczegdlne znaczenie majg
reaktywne aldehydy, takie jak 4-HNE i MDA, poniewaz mogg tworzy¢ addukty z biatkami,
modyfikowac reszty aminokwasowe oraz zmieniac strukture i funkcje enzymow, receptorow
i biatek cytoszkieletu [32,33].

W ten sposéb peroksydacja lipiddw nie ogranicza sie do uszkodzenia bton
komdrkowych, lecz moze wtdrnie nasila¢ oksydacyjne i karbonylowe modyfikacje biatek.
Produkty peroksydacji lipidow mogg zaburzaé aktywnos¢ enzymatyczng, wptywaé na szlaki
sygnatowe, nasila¢ odpowiedz zapalng oraz sprzyjaé utrwaleniu Srodowiska prooksydacyjnego
[5,10,34]. Wptyw uszkodzen oksydacyjnych lipidéw posrednio przyczynia sie do modyfikacji

biatek, co jest szczegdlnie istotne z perspektywy niniejszej rozprawy.
3.2. DNA

Uszkodzenia DNA stanowig jeden z kluczowych efektéw biologicznych OS, poniewaz
materiat genetyczny pozostaje w ciagtej ekspozycji na czynniki endogenne, takie jak btedy
replikacyjne, uszkodzenia powstajgce na tle fizjologicznych procesdw metabolicznych, jak
i egzogenne, np. promieniowanie UV i jonizujgce, styl zycia czy nadmierne spozycie alkoholu

[4,36-41].

Wzrost poziomu RFT nasila czestos¢ i ztozono$¢ zmian w DNA, prowadzac do
modyfikacji jego wtasciwosci fizykochemicznych oraz do aktywacji odpowiedzi na uszkodzenia
DNA (DDR, ang. DNA damage response) [4,42]. DDR obejmuje zintegrowane sieci
sygnalizacyjne i efektorowe, ktére uruchamiajg szlaki naprawy DNA lub indukujg eliminacje
komorki poprzez apoptoze badz inne formy $mierci komdrkowej [4]. Zakres dziatania DDR

obejmuje réwniez aktywacje szlaku NF-kB, ktory prowadzi do nasilonej ekspresji cytokin



prozapalnych i zwiekszonego OS [42]. Biatka uczestniczagce w mechanizmach naprawy
uszkodzert DNA same sg podatne na modyfikacje pod wptywem OS, co moze ograniczaé
skutecznos$¢ ich dziatania oraz sprzyja¢ utrwalaniu niestabilno$ci genomowej [43].
Mechanizmy te tworzg tym samym sprzezenie zwrotne pomiedzy uszkodzeniem materiatu

genetycznego, modyfikacjami biatek i dalszg produkcjg RFT [44,45].

Jednakze w kontekscie niniejszej rozprawy uszkodzenia DNA stanowig wytgcznie jeden
z elementdw szerszego obrazu oksydacyjnego uszkodzenia biomolekut. Szczegdlne znaczenie
majg dalsze rozwazania dotyczace biatek, poniewaz ich oksydacyjne modyfikacje moga

prowadzi¢ do powstawania wzglednie trwatych produktéw, takich jak AOPPs.
3.3. Biatka

Biatka, jako gtéwne sktadniki wiekszosci uktaddéw biologicznych, sg jednym z gtéwnych
celéw reakcji z rodnikami [3]. Albumina, stanowigca najobficiej wystepujace biatko osocza,
odgrywa istotng role w utrzymaniu rownowagi redoks organizmu. Dzieki obecnosci
reaktywnej grupy tiolowej w pozycji Cys34 oraz zdolnosci do wigzania licznych ligandéw
albumina petni funkcje waznego bufora antyoksydacyjnego w krazeniu. Biatka mogg ulegac
odwracalnym modyfikacjom oksydacyjnym, petnigc tym samym kluczowg role w procesach
fizjologicznych i stanowigc mechanizmy sygnalizacji redoks, podczas gdy nieodwracalne
modyfikacje mogg przyczyniaé sie do sytuacji patologicznych i wielu chordb [3]. Oksydacyjne
uszkodzenia biatek wynikajg z wysokiej reaktywnosci zaréwno tancucha peptydowego jak
i dwudziestu standardowych aminokwaséw, co sprzyja generowaniu wielu typow rodnikéw
oraz réznorodnych modyfikacji chemicznych.

Utlenianie biatek indukowane przez RFT oraz reakcje katalizowane przez metale redoks
prowadzg przede wszystkim do trzech klas zmian: (1) fragmentacji taricucha polipeptydowego
wskutek oksydacyjnego rozszczepienia wigzan peptydowych, (2) bezposredniej oksydacji reszt
aminokwasowych oraz (3) tworzenia wigzan krzyzowych biatko-biatko [3]. Szczegdlnie
podatne na utlenianie sg reszty metioniny, ktére tworzg odwracalny produkt sulfotlenek
metioniny. Wigzania krzyzowe miedzy biatkami mogg powstawaé m.in. poprzez utlenianie
reszt cysteinowych i tworzenie mostkow dwusiarczkowych  (wewnatrz- lub
miedzyczasteczkowych), przez reakcje lizyny z aldehydami (np. MDA) powstajgcymi wtdrnie
podczas peroksydacji lipidéow, a takze w wyniku sprzegania rodnikéw tyrozylowych po

jednoelektronowym utlenieniu pierscieni aromatycznych [3,30]. Utlenione oksydacyjnie



biatka wymagajg szybkiego usuniecia lub degradacji przez systemy proteolityczne
(m.in. proteasomy), gdyz ich akumulacja zaburza homeostaze proteostazy oraz nasila
dysfunkcje komodrkowg [3,46].

Oksydacyjnie zmodyfikowane biatka charakteryzujg sie szerokim zakresem
potranslacyjnych modyfikacji, ktére w konsekwencji zmieniajg ich sktad, fatdowanie, tadunek
netto, a takze hydrofobowosé/hydrofilowosé. Zmiany te istotnie wptywajg na petnione przez
biatka funkcje jako receptory, enzymy, nosniki lub biatka strukturalne [3,30]. W konsekwencji
oksydacyjne modyfikacje biatek sg powigzane z patogenezg licznych choréb przewlektych,
w tym schorzen neurodegeneracyjnych (np. choroby Alzheimera) oraz choréb zapalnych
(np. reumatoidalnego zapalenia stawdw), a takze z procesem starzenia, w ktérym obserwuje
sie wzrost poziomu oksydacji biatek jako rezultat zaburzonej rownowagi miedzy obcigzeniem
oksydacyjnym a wydolnos$cig mechanizmdéw antyoksydacyjnych i degradacyjnych [3,10,46].
Szczegblng grupe produktéw oksydacyjnych biatek stanowig AOPPs, ktére ze wzgledu na
swojg stabilnos¢ oraz mozliwo$é oznaczania w materiale biologicznym znajdujg zastosowanie
jako biomarkery OS. Co wiecej, uszkodzenia oksydacyjne biatek (podobnie jak lipidow i DNA)
mogaq inicjowac szlaki sygnatowe tgczgce OS z przewlektym stanem zapalnym, przy czym
dtugotrwata aktywacja odpowiedzi zapalnej nasila generacje RFT przez komorki uktadu
odpornosciowego, tworzgc dodatnie sprzezenie zwrotne miedzy zapaleniem a OS [3,10]. Duza
roznorodnos$¢ oksydacyjnych modyfikacji biatek oraz ich liczba wymuszajg stosowanie
zroznicowanego zestawu metod analitycznych do identyfikacji i oceny takich zmian.
W zaleznosci od celu badania podejscie moze obejmowad analize catego proteomu, ocene

wybranych biatek lub by¢ skoncentrowane na detekcji okreslonych klas modyfikacji [3,47].
4. Wybrane biomarkery oksydacyjnie zmodyfikowanych biatek o znaczeniu diagnostycznym

Biatka podlegajgce modyfikacjom oksydacyjnym mogag nie tylko bezposrednio zaburzaé
funkcje receptoréw i enzymodw, lecz takze przyczyniaé sie do wtérnych uszkodzern innych
bioczgsteczek, m.in. poprzez inaktywacje enzymoéw uczestniczagcych w naprawie DNA. Ze
wzgledu na duzg obfito$é biatek w uktadach biologicznych ocena stopnia ich oksydacyjnych
modyfikacji moze stanowi¢ podstawe do rozwazania interwencji ukierunkowanych na

ograniczenie powstawania tych zmian.

Do klasycznych markeréw oksydacyjnych modyfikacji biatek nalezg karbonyle

biatkowe, 3-nitrotyrozyna oraz bardziej ztozone produkty modyfikacji potranslacyjnych, takie



jak zaawansowane produkty koncowe glikacji (AGEs, ang. advanced glycation end products),
AOPPs oraz albumina modyfikowana niedokrwieniem (IMA, ang. ischemia-modified albumin).
Jednymi z najczesciej stosowanych w literaturze wskaznikdw nieodwracalnej oksydacji biatek
sg karbonyle biatkowe powstajgce w wyniku bezposredniego utleniania reszt
aminokwasowych lub wtdrnej reakcji biatek z produktami peroksydacji lipiddw. Ich oznaczanie
dostarcza informacji o ogdlnym nasileniu oksydacyjnych uszkodzen biatek, jednak nie
wskazuje jednoznacznie na udziat okreslonego szlaku oksydacyjno-zapalnego [30,48]. Z kolei
3-nitrotyrozyna odzwierciedla gtéwnie modyfikacje zwigzane z dziataniem RFA i nitrowaniem
reszt tyrozynowych, dlatego jest bardziej swoistym markerem stresu nitrozacyjnego niz
ogdlnego oksydacyjnego uszkodzenia biatek [49]. AGEs sg natomiast produktami glikacji
i glikooksydacji, szczegdlnie istotnymi w zaburzeniach metabolicznych [50], natomiast IMA
stanowi przyktad wzglednie wczesnej i bardziej przejsciowej modyfikacji albuminy

w warunkach niedokrwienia [51,52].

Na tym tle AOPPs wyrdzniajg sie wtasciwosciami, ktdre uzasadniajg ich wybor jako
biomarkera analizowanego w niniejszej rozprawie. S3 wzglednie stabilnymi produktami
oksydacyjnej modyfikacji biatek osocza, zwtaszcza albuminy, powstajgcymi przede wszystkim
pod wptywem silnych chlorowanych utleniaczy generowanych przy udziale mieloperoksydazy
neutrofili. Dzieki temu ich stezenie moze odzwierciedla¢ nie tylko samo nasilenie uszkodzenia
biatek, lecz takze szerszg o$ patofizjologiczng obecng w stanach, w ktorych OS wspdfistnieje
ze stanem zapalnym i moze wptywaé na przebieg kliniczny oraz rokowanie. Ponadto AOPPs
nie sg wytacznie biernymi produktami uszkodzen oksydacyjnych, poniewaz jako czgsteczki
efektorowe mogg nasila¢ produkcje cytokin prozapalnych i sprzyja¢ dalszemu wytwarzaniu
RFT, uczestniczac tym samym w dodatnim sprzezeniu zwrotnym pomiedzy OS, zapaleniem
i uszkodzeniem tkanek [30,53-55]. Z tego wzgledu AOPPs wybrano w niniejszej rozprawie nie
jako ogdlny marker OS, lecz jako biomarker integrujacy oksydacyjne uszkodzenie biatek,

odpowiedz zapalng oraz potencjalne konsekwencje kliniczne modyfikacji albuminy.
4.1. Zaawansowane produkty koncowe glikacji - AGEs (ang. advanced glycation end products)

AGEs uwazane za kluczowe czynniki rozwoju cukrzycy typu 2 [50] powstajg
w nieenzymatycznej reakcji cukrow redukujgcych (glukozy, fruktozy) z grupami aminowymi
biatek, lipidow i kwaséw nukleinowych, w reakcji Maillarda [56,57]. Ten ztozony, powolny

i spontaniczny proces uszkodzenia biatek jest zalezny od dostepnosci substratéw. Dlatego



w warunkach fizjologicznych AGEs powstajg w ograniczonym stopniu, a ich produkcja nasila
sie w warunkach utrzymujacej sie hiperglikemii [57]. Jednoczesnie utrzymujacy sie OS moze
przyspieszaé glikacje i glikooksydacje, nasilajgc tworzenie AGEs poprzez wzrost puli
reaktywnych zwigzkéw karbonylowych i oksydacyjne modyfikacje biatek [56,58].

AGEs, prowadzagc do miedzy- oraz wewnatrzczgsteczkowych wigzan krzyzowych,
nieodwracalnie uszkadzajg integralnos¢ strukturalng i funkcjonalng biatek [47,56]. Efektami
tworzenia sie wigzan krzyzowych sg utrata aktywnosci przez biologicznie aktywne biatka
i enzymy [58], opornos¢ biatek na trawienie proteolityczne [57], ale takze zmiana sygnalizacji
wewnatrzkomdrkowej prowadzgca do szeregu zaburzei biochemicznych i metabolicznych
[59]. W odrdznieniu od AGEs, ktdre powstajg gtdwnie w wyniku glikacji, AOPPs sg produktami
bezposrednio zwigzanymi z procesami oksydacyjnymi biatek.

Dodatkowo, AGEs wigzac sie z receptorami dla koricowych produktow zaawansowanej
glikacji (RAGE, ang. receptor for advanced glycation end-products), obecnymi na réznych
komoérkach, prowadzac do wielu efektéow biologicznych, takich jak m.in. powiktania
naczyniowe w przebiegu cukrzycy (neuropatia, nefropatia, retinopatia, kardiomiopatia
i miazdzyca) [11,50,56]. Interakcja AGEs z receptorem RAGE wptywa na funkcjonowanie
i metabolizm komdrek oraz uruchamia liczne szlaki sygnatowe, co nasila aktywnos¢ czynnikow
transkrypcyjnych (np. NF-kB) [11] i produkcje RFT. W efekcie dochodzi do wzrostu stanu
zapalnego, uszkodzen oksydacyjnych oraz zaburzen ruchliwosci i metabolizmu komérkowego.
OS moze dodatkowo zwieksza¢ tworzenie AGEs, podtrzymujgc btedne koto aktywacji RAGE
[56].

4.2. Albumina modyfikowana niedokrwieniem — IMA (ang. ischemia-modified albumin)

Albumina jest najliczniej wystepujgcym biatkiem w organizmie; stanowi 50-60% catej
puli biatek cztowieka, z czego 30-40% albuminy znajduje sie w krazeniu [2,60,61]. Sekwencja
N-koricowa albuminy jest bardzo podatna na degradacje indukowang przez OS i modyfikacje
biochemiczne. Sekwencja ta jest miejscem wigzgcym rdzne metale przejSciowe, takie jak
kobalt, nikiel czy miedz [51]. W warunkach niedotlenienia oraz niedokrwienia nadmiar RFT
powoduje zmiany w strukturze N-koricowego fragmentu albuminy, prowadzgc do powstania

IMA i skutkujac jej obnizonym powinowactwem do jondéw metali przejsciowych [11,60,62].



Ze wzgledu na jej szybki wzrost (ok. 10 min od wystgpienia niedokrwienia miesnia
sercowego) IMA zostata zatwierdzona przez Amerykariskg Agencje ds. Zywnosci i Lekdw jako
pomocniczy biomarker wczesnego niedokrwienia miesnia sercowego [51,52,62].

Zmiany pozioméw IMA obserwowano réwniez w chorobach zwigzanych z OS
i niedokrwieniem, takich jak udary moézgu [60,63], cukrzyca [64], niewydolnos¢ nerek [65]
czy ciezka sepsa, w ktorej wykazano, ze IMA moze stanowic uzyteczny marker prognostyczny
28-dniowej $miertelnosci [66]. W przeciwienstwie do IMA, ktéra stanowi przyktad
odwracalnej modyfikacji biatka, AOPPs majg charakter bardziej trwaty i sg szeroko

wykorzystywane jako markery przewlektego OS.

4.3. Zaawansowane produkty utleniania biatek — AOPPs (ang. advanced oxidation protein

products)

Wsrdd markerow uszkodzen oksydacyjnych biatek szczegdlng uwage zwracajg AOPPs,
ktéore powstajg gtéwnie w wyniku reakcji utleniajgcych katalizowanych przez
mieloperoksydaze neutrofili. Stezenie AOPPs w osoczu odzwierciedla zarowno nasilenie OS,
jak i aktywacje proceséw zapalnych [30,67]. Po raz pierwszy zostaty opisane przez Witko-
Sarsat i wsp. u pacjentéw z przewlekta mocznicg w 1996 roku [68]. Biatkami najczesciej

ulegajgcymi tym modyfikacjom sg albumina i fibrynogen [30,67].
5. AOPPs — charakterystyka i znaczenie kliniczne
5.1. Wtasciwosci biochemiczne

Doktadna struktura AOPPs nie jest catkowicie znana; wiadomo natomiast, ze stanowig
one grupe heterogennych produktéw utleniania biatek zawierajgcych dityrozyne,
pentozydyne i grupy karbonylowe [30,67]. Powstawanie AOPPs jest procesem
nieodwracalnym, a ich eliminacja z organizmu odbywa sie poprzez watrobe i Sledzione [67,69].

Analiza elektroforetyczna umozliwita podzielenie AOPPs na dwie grupy (AOPPs o matej
i duzej masie czgsteczkowej). Warianty o matej masie czgsteczkowej zawierajg monomery
albuminy, natomiast grupa o duzej masie czgsteczkowej, stanowigca wiekszos¢ puli AOPPs, to
w wiekszosci agregaty utworzone dzieki sktonnosci albuminy do tworzenia agregatéw poprzez
mostki disiarczkowe oraz sieciowanie dityrozyny [30,67].

Jednoczesnie AOPPs nalezy rozpatrywac nie tylko jako bierne wskazniki oksydacyjnych
uszkodzen biatek, lecz réwniez jako czgsteczki biologicznie aktywne, zdolne do

podtrzymywania i wzmacniania odpowiedzi zapalno-oksydacyjnej. Wykazano, ze AOPPs moga



oddziatywac z receptorami RAGE oraz CD36, prowadzac do aktywacji szlakow sygnatowych
zwigzanych m.in. z NF-kB, nasileniem ekspresji czgsteczek adhezyjnych, produkcjg cytokin
prozapalnych oraz generowaniem RFT. W ten sposéb AOPPs mogg uczestniczy¢ w dodatnim
sprzezeniu zwrotnym pomiedzy OS a zapaleniem, przyczyniajac sie nie tylko do

odzwierciedlania, lecz takze do utrwalania proceséw patologicznych [30,67,70,71].
5.2. Metody oznaczania AOPPs oraz ich ograniczenia

W licznych badaniach eksperymentalnych AOPPs oznaczano przede wszystkim
metodami spektrofotometrycznymi, opartymi na reakcji utleniania jodku do jodanu, jak po raz
pierwszy opisali Witko-Sarsat i wsp. [68]. Z uwagi na prostote procedury, niski koszt oraz
mozliwos¢ prowadzenia analiz w uktadzie wysokoprzepustowym, test ten zostat szeroko
zaadaptowany i w kolejnych latach byt wielokrotnie modyfikowany oraz optymalizowany
przez rézne grupy badawcze [72-74].

Badanie stezenia AOPPs w osoczu wykonuje sie najczesciej w formacie
mikroptytkowym z odczytem absorbancji przy 340 nm oraz z wykorzystaniem chloraminy T
jako wzorca odniesienia, co umozliwia prezentacje wynikdw w ekwiwalentach chloraminy T.
Préobki osocza nanosi sie do dotkdw ptytki 96-dotkowej, réwnolegle przygotowujgc krzywa
wzorcowq chloraminy T w zadanym zakresie stezen (np. 0—100 uM). Do mieszaniny reakcyjnej
dodaje sie nastepnie roztwoér jodku potasu, po krotkiej inkubacji w temperaturze pokojowej
zakwasza sie uktad lodowatym kwasem octowym/kwasem cytrynowym i dokonuje sie odczytu
absorbancji. Wyniki przedstawia sie jako stezenie AOPPs wyrazone w uM ekwiwalentéw
chloraminy T, niekiedy z dodatkowg normalizacjay do catkowitej zawartosci biatka
(np. uM/g biatka), co ma utfatwia¢ poréwnania miedzyosobnicze w warunkach zmiennego
stezenia biatek osocza.

Pomimo powszechnosci zastosowania spektrofotometryczne oznaczanie AOPPs
obarczone jest istotnymi ograniczeniami analitycznymi i interpretacyjnymi. Kluczowym
problemem jest wysoka nieswoistos¢ testu, mierzony sygnat nie musi odpowiadac wytgcznie
AOPPs, lecz moze odzwierciedla¢ obecnos$é szerokiego spektrum optycznie absorbujgcych
sktadnikéw osocza lub o0gdlng zdolno$é oksydacyjng prébki. Czynnikami interferujgcymi
z metoda spektrofotometryczng oznaczania AOPPs mogg by¢ takze hemoliza czy ikterycznos¢
probki. Cargnin i wsp. ocenili in vitro wptyw dodawania do prébek biologicznych wzrastajgcych

stezen bilirubiny i hemoglobiny. Obie analizowane substancje dodane in vitro wptywaty na



oznaczanie stezenia AOPPs. Dodatek hemoglobiny zanizat wynik pomiaru AOPPs, natomiast
bilirubina zawyzata wynik [75]. Podkresla to konieczno$¢ wykluczania prébek hemolitycznych
lub ikterycznych z analizy AOPPs. Dodatkowg trudnos$é stanowi heterogenny charakter AOPPs,
obejmujgcych rézne produkty oksydacyjnego sieciowania i modyfikacji biatek, co utrudnia
jednoznaczng identyfikacje struktur chemicznych odpowiedzialnych za mierzony sygnat [3].

Istotne znaczenie majg réwniez interferencje zwigzane z charakterystyka matrycy
osocza, ktére wptywajg na powtarzalnosé oznaczen. Podkreslano, ze metody AOPPs mogg
cechowad sie stabg powtarzalnosciag m.in. z powodu wytrgcania lipidéw i lipoprotein,
co sprzyja zardwno utracie czesci frakcji biatkowych zwigzanych z lipoproteinami, jak
i zawyzaniu odczytu na skutek rozpraszania swiatta w prébkach z lipemig. W odpowiedzi na
te ograniczenia proponowano modyfikacje protokotu majgce na celu poprawe wiarygodnosci
pomiaru. Taylor i wsp. opisali rozwigzanie polegajgce na okresleniu catkowitej zdolnosci
utleniania jonéw jodkowych w osoczu oraz na eliminacji wptywu wytrgcania prébki, co miato
zwiekszy¢ doktadnos¢ i powtarzalnos$é testu [74]. Z kolei Hanasand i wsp. zaproponowali
podejscie ukierunkowane na solubilizacje lipidow przed pomiarem spektrofotometrycznym,
aby zapobiegac¢ zaréwno utracie lipoprotein w wyniku precypitacji, jak i przeszacowaniu
wyniku spowodowanemu rozpraszaniem Swiatta [73].

Dodatkowym ograniczeniem jest brak petnej standaryzacji metody pomiedzy
laboratoriami. W poszczegdlnych badaniach stosowane sg rdzne warianty protokotu,
obejmujgce odmienne rodzaje materiatu biologicznego, sposoby przechowywania prébek,
rozcienczenia, zakres krzywej wzorcowej chloraminy T, rodzaje kwaséw uzywanych do
zakwaszenia mieszaniny reakcyjnej, czasy inkubacji, sposoby korekty tta oraz procedury
postepowania z prébkami lipemicznymi lub zmetniatymi. Réznice te moga wptywaé na
uzyskiwane wartosci AOPPs i utrudniaé bezposrednie poréwnywanie wynikéw pomiedzy
badaniami. Z tego wzgledu szczegdtowy opis procedury analitycznej oraz konsekwentne
stosowanie tego samego protokotu w obrebie danego badania majg kluczowe znaczenie dla
wiarygodnosci interpretacji wynikow.

Wymienione ograniczenia nie wykluczajg zastosowania AOPPs jako biomarkera OS,
jednak wskazujg, ze wyniki oznaczen spektrofotometrycznych powinny by¢ interpretowane
ostroznie, zwtaszcza w badaniach klinicznych obejmujgcych prébki o zréznicowanej zawartosci

biatek, lipidéw i innych sktadnikéw osocza. W praktyce AOPPs nalezy traktowaé jako wskaznik



nasilenia oksydacyjnych modyfikacji biatek oraz ogélnej aktywnosci osi oksydacyjno-zapalnej,

a nie jako pomiar jednej scisle zdefiniowanej czgsteczki chemicznej.
5.3. AOPPs jako marker stresu oksydacyjnego

Ocena OS na podstawie bezposredniego pomiaru rodnikéw jest utrudniona ze wzgledu
na ich bardzo krétki czas pottrwania [30,67,76]. Dlatego w praktyce stosuje sie biomarkery,
ktorych oznaczenie posrednio odzwierciedla nasilenie proceséw oksydacyjnych w organizmie
[30,67]. Do wskaznikéw oksydacyjnych uszkodzen biatek zalicza sie m.in. AOPPs [30,67,72,76].

AOPPs s3 stosunkowo trwate, wykazujg oporno$¢ na degradacje proteolityczng
oraz nie ulegajg tatwo redukcji przez antyoksydanty, przez co akumulujg sie w osoczu

i tkankach. Cecha ta czyni z nich uzyteczny biomarker OS [30,67].
5.4. Rola AOPPs w chorobach zapalnych i nowotworowych

Przewlekty stan zapalny oraz OS odgrywaja kluczowa role w patogenezie wielu choréb
przewlektych. Podwyzszone poziomy AOPPs wykryto m.in. u pacjentéw z cukrzycg [70],
nowotworami [77], chorobami uktadu sercowo-naczyniowego [30,78], miazdzycg [30,79]
oraz zespotem metabolicznym [76].

Biologiczne znaczenie AOPPs wynika z ich podwdéjnej roli: z jednej strony sg produktami
oksydacyjnego uszkodzenia biatek, a z drugiej moga dziata¢ jako aktywne mediatory
odpowiedzi zapalnej i dalszego nasilenia OS. AOPPs mogg przyczynia¢ sie do inicjacji
i/lub pogorszenia chordb poprzez réznorodne mechanizmy obejmujgce aktywacje fagocytow
jednojadrzastych, indukowanie produkcji cytokin prozapalnych (IL-1B, IL-6, czynnik martwicy
nowotwordéw o), nasilenie wytwarzania biatka chemotaktycznego monocytéw oraz czynnika
pochodzenia podscieliskowego a [70]. Istotnym elementem tych zjawisk jest interakcja AOPPs
z komdrkami  odpornosci wrodzonej, a w szczegdlnosci z  neutrofilami
i monocytami/makrofagami, ktére stanowig podstawowe Zrddto utleniaczy w reakcji na
bodziec zapalny. Wykazano, ze komodrki te mogg byé aktywowane poprzez AOPPs, a dalsza
ekspozycja na AOPPs indukuje w nich wybuchy tlenowe [53,70]. Dane te wspierajg koncepcje,
ze AOPPs mogg wzmacnia¢ dodatnie sprzezenie zwrotne pomiedzy OS a zapaleniem, nasilajgc
jednoczesnie generowanie utleniaczy i kaskade mediatoréw prozapalnych [30,53].

W przebiegu reakcji zapalnej rekrutacja fagocytéw jednojadrowych sprzyja
réznicowaniu komorek efektorowych, w tym zapalnych komodrek dendrytycznych

uczestniczgcych w prezentacji antygenu i modulacji odpowiedzi limfocytéw T. Plastycznosé



monocytéw, makrofagéw i komdrek dendrytycznych oraz czesciowe naktadanie sie ich
markerdw i funkcji mogg sprzyjac utrwalaniu oraz rozsiewaniu odpowiedzi immunologiczne;j,
prowadzac do uszkodzen tkanek [26]. W konteks$cie nowotwordw ma to szczegdlne znaczenie,
poniewaz przewlekty stan zapalny i OS wspdlnie ksztattujg mikrosrodowisko guza, a aktywacja
odpornosci wrodzonej i modulacja komérek prezentujgcych antygen mogg wptywaé na
rownowage miedzy odpowiedzig przeciwnowotworowag a tolerancjg immunologiczng [22,23].

Podsumowujac, w kontekscie choréb o podtozu zapalno-oksydacyjnym AOPPs nalezy
rozpatrywac nie tylko jako wskazniki oksydacyjnego uszkodzenia biatek, lecz rowniez jako
czgsteczki o potencjale biologicznie czynnym, zdolne do modulowania odpowiedzi zapalnej
poprzez aktywacje szlakow sygnalizacyjnych zwigzanych m.in. z receptorami RAGE oraz NF-kB.
W zwigzku z tym AOPPs moga odzwierciedla¢ nie tylko nasilenie OS, lecz takze stopien
uszkodzenia narzgdowego oraz aktywnos¢ procesu zapalnego, co czyni je potencjalnie

uzytecznym biomarkerem oceny przebiegu choroby oraz rokowania pacjentéw.
5.5. AOPPs jako czynnik prognostyczny

AOPP s3 rozpatrywane nie tylko jako wskaznik nasilonego OS, lecz takze jako
potencjalny czynnik prognostyczny, odzwierciedlajgcy dtugotrwatg ekspozycje biatek na
modyfikacje oksydacyjne oraz akumulacje powstajacych uszkodzen w organizmie [30,67].
W tym ujeciu ich stezenie w osoczu moze stanowi¢ syntetyczng miare obcigzenia
oksydacyjnego, ktére towarzyszy progresji wielu standw przewlektych i wptywa na ryzyko
wystgpienia niekorzystnych zdarzen klinicznych [67,80,81]. Dotychczasowe badania wigza
AOPPs z ciezszym przebiegiem choroby, podwyzszonym ryzykiem zgonu, a takze gorszymi
parametrami rokowniczymi [80-82].

Badanie Zhou i wsp. na grupie 1394 pacjentow poddawanych hemodializie
podtrzymujgcej wykazato, ze podwyziszone stezenie AOPPs byto zwigzane z wiekszym
ryzykiem smiertelnosci wsrdd tej grupy pacjentdéw [84]. Suvakov i wsp. wykazali, ze produkty
uboczne OS, w tym AOPPs, miaty istotng warto$é prognostyczng dla przezycia catkowitego
i sercowo-naczyniowego u pacjentéw ze schytkowg niewydolnos$cig nerek [80]. AOPPs
zidentyfikowano takze jako obiecujgcy silny marker prognostyczny niekorzystnego rokowania
u pacjentéw z nefropatia IgA [85].

Wartos¢ prognostyczng AOPPs obserwowano takie w ostrej i przewlekiej

niewydolnosci watroby zwigzanej z zakazeniem HBV, gdzie wyzsze stezenia tych produktéw



byty zwigzane z gorszym rokowaniem, a w analizie wieloczynnikowej stanowity niezalezny
czynnik ryzyka niekorzystnego wyniku [82]. Podobne zaleznosci wykazano u noworodkow
z zespotem zaburzend oddychania, u ktérych podwyiszone stezenia AOPPs korelowaty
z wiekszym nasileniem choroby, potrzebg wentylacji mechanicznej oraz wyzszg Smiertelnoscia
[83].

Co ciekawe, u pacjentow z krwotokiem srédmdzgowym AOPPs zaproponowano jako
czes¢ modelu prognostycznego stuzgcego do przewidywania objetosci obrzeku modzgu.
Sugeruje to, ze ich znaczenie prognostyczne moze dotyczy¢ réwniez dynamiki i ciezkos$ci zmian
narzadowych [81].

Przedstawione wyniki wskazujg, ze AOPPs mogg stanowié istotny biomarker zwigzany
z nasileniem OS oraz rokowaniem w réznych stanach chorobowych. Jednak ich znaczenie
kliniczne i prognostyczne w chorobach przebiegajgcych z nasilonym procesem zapalno-
oksydacyjnym, takich jak choroby infekcyjne czy nowotworowe, pozostaje nadal

niewystarczajgco poznane.



6. Graficzne podsumowanie wstepu
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Rycina 1. Graficzne podsumowanie wstepu teoretycznego



VI Cel rozprawy

Biorgc pod uwage istotng role OS w patogenezie wielu chordb oraz potencjalng
przydatnos¢ biomarkeréw odzwierciedlajgcych zaburzenia homeostazy redoks, zasadne jest
poszukiwanie wskaznikdw umozliwiajgcych ocene przebiegu choroby i rokowania pacjentow.
AOPPs stanowig stosunkowo stabilne markery oksydacyjnych uszkodzen biatek, powstajgce
gtéwnie w wyniku reakcji zwigzanych z aktywacjg komédrek zapalnych. Wykazano, ze ich
stezenie wzrasta w licznych stanach chorobowych przebiegajgcych z nasilonym OS i stanem
zapalnym. Pomimo rosngcej liczby doniesient znaczenie kliniczne i prognostyczne AOPPs nie
zostato dotad jednoznacznie okreslone. W szczegdlnosci nadal ograniczona jest wiedza na
temat ich przydatnosci jako biomarkeréw w ocenie przebiegu choroby i rokowania pacjentéw.

Cel gtowny:

Ocena znaczenia klinicznego i prognostycznego AOPPs jako biomarkeréw stresu
oksydacyjnego w wybranych chorobach zwigzanych z przewlektym stanem zapalnym
i zaburzeniami homeostazy redoks oraz okreslenie ich potencjalnej przydatnosci

w stratyfikacji ryzyka pacjentdw.
Cele szczegdtowe:

1. Okreslenie znaczenia klinicznego AOPPs u chorych na zapalenie ptuc o etiologii COVID-19
poprzez analize ich zwigzku z oksydacyjng modyfikacjg albuminy, nasileniem zmian

w badaniach obrazowych oraz parametrami laboratoryjnymi.

2. Ocena stezenia AOPPs jako potencjalnego markera prognostycznego u pacjentek
z wczesnym rakiem piersi w odniesieniu do ryzyka nawrotu choroby, przezycia oraz

wybranych markerdow angiogenezy i cech biologicznych nowotworu.

3. Okredlenie znaczenia AOPPs jako potencjalnego biomarkera stratyfikacji ryzyka u chorych
z pozaszpitalnym zapaleniem ptuc w odniesieniu do 100-dniowej $miertelnosci oraz ich

zwigzku z wybranymi wskaznikami kliniczno-laboratoryjnymi.



VIl Materiaty i metody
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Rycina 2. Schemat blokowy metodyki badan prowadzgcych do powstania cyklu publikac



VIl Wyniki i dyskusja

Woprowadzenie do pracy opublikowanej w czasopismie International Journal of Molecular
Sciences pt. ,Study of Albumin Oxidation in COVID-19 Pneumonia Patients: Possible
Mechanisms and Consequences”.

Infekcja wirusem SARS-CoV-2 wigze sie z nasilonym wytwarzaniem RFT, RFA oraz RFC,
ktére uczestnicza w mechanizmach rozwoju OS i uszkodzenia tkanek. Ich nadmiar prowadzi
do powstawania oksydacyjnie zmodyfikowanych biomolekut, ktérych akumulacja lezy
u podstaw wielu mechanizmoéw zaangazowanych w postep choroby COVID-19 [16,17,86]. Jako
cze$é wrodzonej odpowiedzi immunologicznej na infekcje wirusowe, neutrofile wytwarzajg
mieloperoksydaze, katalizujgcg powstawanie HOCI [86]. Reakcja ta sprzyja tworzeniu AOPPs,
ktore sg dobrymi wskaznikami uszkodzen oksydacyjnych biatek. Poniewaz w literaturze
istnieje silny zwigzek pomiedzy stanem zapalnym a OS [16,17,19,87], szczegdlnie interesujgca
wydaje sie ocena znaczenia klinicznego AOPPs w populacji chorych na COVID-19.

W publikacji numer 1 zbadano stezenie AOPPs oraz podjeto prdobe oceny jego
znaczenia klinicznego u chorych na COVID-19 w momencie przyjecia na oddziat, siedem dni
pdzniej oraz po 6 i 12 miesigcach od hospitalizacji. Do badania wtgczono 66 pacjentow
hospitalizowanych w Kujawsko-Pomorskim Centrum Pulmonologii w Bydgoszczy z powodu
zapalenia ptuc COVID-19, ktére zostato potwierdzone dodatnim wynikiem testu RT-PCR
z wymazu z nosogardzieli oraz obrazowaniem radiograficznym (HRCT wykonano przy uzyciu
64-rzedowego aparatu Siemens Somatom Sensation (Siemens Healthcare, Erlangen, Niemcy)
o grubosci warstwy <0,5 mm) lub zdjeciem rentgenowskim klatki piersiowej. Grupa pacjentéw
byta réwniez badana tydzien po przyjeciu na oddziat, pod warunkiem, ze byli w ostrej fazie
infekcji (n = 44), a nastepnie po 6 (n = 30) oraz 12 (n = 27) miesigcach od infekcji.

Przeprowadzone analizy statystyczne w pierwszej publikacji ujawnity, ze mediany
wiekszosci parametréw klinicznych typowo stosowanych do przewidywania sSmiertelnosci
i ciezkosci przebiegu u pacjentéw z COVID-19 byty istotnie wyzsze u pacjentéw z COVID-19
w porownaniu z wartosciami referencyjnymi. Wyniki te sugerujg, ze podwyzszone stezenia
AOPPs sg zwigzane ze stanem zapalnym w przebiegu COVID-19. W pierwszej publikacji
oceniono rowniez korelacje wartosci AOPPs zmierzonej u pacjentéw z COVID-19 po przyjeciu
do szpitala z parametrami laboratoryjnymi: enzymami watrobowymi (aminotransferazg

asparaginianowg (AST), aminotransferazg alaninowg (ALT)), D-dimerami, LDH, CRP,



prokalcytoning i wynikiem HRCT, uzyskujgc istotne statystycznie korelacje dodatnie (p < 0,05).
Ponadto wykazano stabg, lecz istotng statystycznie dodatnig korelacje pomiedzy stezeniem
AOPPs a czasem od wystgpienia objawdw do momentu przyjecia do szpitala, co moze
sugerowac stopniowe narastanie oksydacyjnych modyfikacji biatek wraz z czasem trwania
ostrej fazy zakazenia. 6 miesiecy po zakazeniu COVID-19 poziom AOPPs w tej samej grupie
pacjentéw znaczgco spadt (p < 0,001). Istotnie nizsze wartosci AOPPs obserwowane po
6 miesigcach w poréwnaniu z okresem ostrej infekcji wskazujg, ze nasilenie oksydacyjnych
modyfikacji biatek jest $cisle zwigzane z aktywng fazg choroby. Jednoczesnie uzyskane wyniki
nie potwierdzajg, ze w odlegtej obserwacji poziom AOPPs byt wyzszy niz przed zakazeniem,
choé rola OS w patofizjologii zespotu post-COVID nadal wymaga dalszych badan.
Podsumowujac, poréownanie stezen AOPPs u tych samych pacjentéw zaréwno
w ostrej fazie zakazenia, jak i w odlegltej obserwacji wzmacnia przypuszczenie, ze
oksydacyjnie zmodyfikowana albumina pozostaje scis$le zwigzana z patofizjologiag COVID-19.
Na uwage zastuguje réwniez stwierdzona dodatnia korelacja pomiedzy stezeniem AOPPs
a wynikiem HRCT, co moze odzwierciedla¢ zwigzek pomiedzy nasileniem oksydacyjnych
modyfikacji albuminy a rozlegtoscig zmian zapalnych w migzszu ptucnym. Poniewaz ciezki
przebieg COVID-19 czesto wspétwystepuje z chorobami wspétistniejagcymi, nie mozna
wykluczyé, ie wyisze stezenie AOPPs obecne przed zakaieniem moie stanowi¢ jeden

z czynnikéw predysponujacych do cieiszego przebiegu choroby.



Wprowadzenie do pracy opublikowanej w czasopismie Cancers pt. ,,A Preliminary
Evaluation of Advanced Oxidation Protein Products (AOPPs) as a Potential Approach to
Evaluating Prognosis in Early-Stage Breast Cancer Patients and Its Implication in Tumour
Angiogenesis: A 7-Year Single-Centre Study”.

Jednym z najwazniejszych czynnikdw wptywajgcych na intensywnos¢ proceséw
angiogennych jest OS. Nadmierna produkcja RFT odgrywa kluczowa role w unaczynieniu
tkanki nowotworowej oraz powstawaniu przerzutow. Zwiekszona produkcja RFT towarzyszy
rowniez starzeniu sie, paleniu tytoniu, otytosci i spozywaniu alkoholu, ktére nalezg do
potencjalnych czynnikdw ryzyka rozwoju raka piersi, co dodatkowo wskazuje na udziat stresu
oksydacyjnego w tym procesie [88]. Dane Swiatowe]j Organizacji Zdrowia (WHO, ang. World
Health Organization) donoszg, ze w 2022 roku u 2,3 miliona kobiet zdiagnozowano raka piersi,
a liczba zgondw na swiecie wyniosta 670 000. Rak piersi jest najczestszym nowotworem
u kobiet, a czesto$é jego wykrywania wzrasta w pdzniejszym wieku [89]. Dlatego szczegdlnie
istotne wydaje sie poszukiwanie nowych uzytecznych biomarkeréw, ktére mogtyby korzystnie

wptynac na ocene rokowania takze we wczesnym stadium choroby.

W publikacji numer 2 zbadano stezenia AOPPs i podjeto prébe oceny, czy stezenia
AOPPs przed i/lub po leczeniu mogg stanowié¢ potencjalny marker prognostyczny u pacjentek
z wczesnym rakiem piersi w odniesieniu do ryzyka nawrotu choroby i/lub przezycia
catkowitego. Dodatkowo oceniono zwigzek pomiedzy AOPPs a wybranymi markerami

angiogenezy i cechami biologicznymi nowotworu.

Badaniem objeto 70 pacjentek z pierwotnym, nieleczonym i nieprzerzutujgcym rakiem
piersi w stadium IA-1IB, przyjetych na Oddziat Kliniczny Raka Piersi i Chirurgii Rekonstrukcyjne;j
Centrum Onkologii w Bydgoszczy. Pacjentki obserwowano od dnia rozpoznania raka piersi do
daty nawrotu choroby lub zgonu albo do stycznia 2023 roku, w zaleznosci od tego, ktore z tych
zdarzen wystgpito jako pierwsze. Mediana czasu obserwacji wynosita 78 miesiecy, a odsetek
nawrotéw wynosit 15,7%. U kazdej pacjentki przeprowadzono wizyty kontrolne po dziewieciu
miesigcach od zabiegu chirurgicznego. Krew pobierano dwukrotnie: 24 godziny przed
zabiegiem chirurgicznym (wartos¢ przed leczeniem) oraz po okoto dziewieciu miesigcach od
resekcji guza (wartosc¢ po leczeniu).

Przeprowadzone analizy statystyczne w drugiej publikacji wykazaty, ze lokalizacja

nowotworu w lewej piersi byta zwigzana z wyzszym stezeniem AOPPs przed leczeniem



(p=0,0056). W odniesieniu do podtypéw molekularnych raka piersi stwierdzono istotnie
wyzsze stezenia AOPPs przed leczeniem u pacjentek z podtypem luminalnym B HER2-
w poréwnaniu z pozostatymi podtypami nowotworu (p < 0,0001). Dodatkowo wyzsze wartosci
AOPPs obserwowano u pacjentek z podtypami luminalnym B HER2+ oraz nieluminalnym
HER2+ w pordwnaniu z podtypem luminalnym A (p = 0,0053). Nadekspresja Ki-67 (>20%) byta
zwigzana z podwyzszonymi poziomami AOPPs zaréwno przed jak i po leczeniu. Wyzsze
stezenia AOPPs po leczeniu obserwowano réwniez u pacjentek z ujemnym statusem
receptorow estrogenowego i progesteronowego. W publikacji nr 2 oceniono takze zaleznosci
miedzy stezeniami AOPPs a markerami angiogenezy. Uzyskane wyniki wskazaty na dodatnig
korelacje pomiedzy AOPPs a VEGF-A przed leczeniem oraz ujemng korelacje pomiedzy AOPPs
po leczeniu a sVEGFR2 (r = -0,3330; p = 0,0059). Analiza ROC wykazata potencjalng wartos¢
prognostyczng stezenia AOPPs przed i po leczeniu w ocenie ryzyka nawrotu choroby
(odpowiednio p = 0,0005 oraz p < 0,0001) oraz przezycia catkowitego pacjentek.
Podsumowujgc, przeprowadzone badanie wykazato, ze stezenia AOPPs u pacjentek
z wczesnym rakiem piersi s3 zwigzane zaréwno z przebiegiem choroby, jak i z rokowaniem
odlegtym. Obnizenie poziomu AOPPs po leczeniu moze sugerowac¢ udziat guza
nowotworowego oraz towarzyszacego mu stresu oksydacyjnego w generowaniu
oksydacyjnych modyfikacji biatek. Jednoczesnie utrzymywanie sie wysokich stezen AOPPs,
szczegolnie po zakonczeniu terapii, moze wigzad sie z wiekszym ryzykiem nawrotu choroby
oraz krotszym czasem przezycia wolnego od nawrotu i catkowitego przezycia. Uzyskane
dodatnie korelacje pomiedzy AOPPs a VEGF-A oraz zaleznosci z receptorami VEGF moga
wskazywaé na potencjalny zwigzek oksydacyjnych uszkodzen biatek z nasileniem proceséw
angiogennych w raku piersi. Analizy ROC, Kaplana—Meiera oraz modele regresji Coxa
sugerujg istotng warto$¢ prognostyczng AOPPs, co moie sSwiadczy¢é o potencjalnej
przydatnosci tego markera we wspomaganiu oceny rokowania pacjentek z wczesnym

rakiem piersi.



Wprowadzenie do pracy opublikowanej w czasopi$mie Scientific Reports pt. ,,Advanced
Oxidation Protein Products and Ischemia-Modified Albumin as Prognostic Biomarkers of
Long-Term Mortality in Community-Acquired Pneumonia: A Prospective Observational

Study”.

Pozaszpitalne zapalenie ptuc jest gtéwng przyczyng hospitalizacji zwigzanych
z zakazeniami i wcigz pozostaje istotng przyczyng $miertelnosci pomimo znacznego postepu
w diagnostyce i leczeniu. Na ryzyko gorszego przebiegu klinicznego i zwiekszonego ryzyka
Smiertelnosci szczegdlnie narazeni sg pacjenci obcigzeni chorobami wspdtistniejgcymi oraz
deficytami odpornosci [90]. Mimo ze wiekszo$é pacjentdw przezywa hospitalizacje dzieki
szybkiemu wdrozeniu odpowiedniego leczenia przeciwbakteryjnego i przeciwwirusowego
oraz kompleksowej opieki szpitalnej, Smiertelnos¢ po zakonczeniu pobytu w szpitalu nadal
stanowi istotny problem kliniczny. Centralnym elementem patogenezy pozaszpitalnego
zapalenia ptuc jest rozregulowana odpowiedZ zapalna, zwtaszcza nadmierna produkcja RFT
w przebiegu OS. Utrzymujaca sie aktywnos¢ oksydacyjna sprzyja uszkodzeniu ptuc, rozwojowi
ostrego zespotu niewydolnosci oddechowej oraz dysfunkcji wielonarzgdowej. Zasadna wydaje
sie zatem ocena, czy wigczenie biomarkerédw oksydacyjnych do stratyfikacji ryzyka
i podejmowania decyzji klinicznych w pozaszpitalnym zapaleniu ptuc poprawi ocene

rokowania u pacjentéw, zwtaszcza w okresie po hospitalizacji.

W publikacji numer 3 oceniano, czy stezenie AOPPs i absorbancja IMA przy przyjeciu
do szpitala mogg przewidywaé¢ 100-dniowg $miertelnos¢ w przebiegu pozaszpitalnego

zapalenia ptuc.

Badang grupe stanowito 71 dorostych pacjentéw hospitalizowanych z powodu
pozaszpitalnego zapalenia ptuc w Kujawsko-Pomorskim Centrum Pulmonologii w Bydgoszczy.
Zapalenie ptuc zostato potwierdzone tomografia komputerowg wysokiej rozdzielczosci lub
badaniem RTG klatki piersiowej. Z badania wykluczono pacjentéw wymagajgcych wentylacji
nieinwazyjnej lub mechanicznej. Wszyscy pacjenci byli poddawani standardowej terapii
tlenem oraz rutynowej diagnostyce laboratoryjnej w momencie przyjecia. W celu oceny
wptywu chordb wspdfistniejagcych na rokowanie dla kazdego pacjenta wyliczono indeks
choréb wspétistniejgcych Charlson (CCl, ang. Charlson Comorbidity Index), ktéry przypisuje

wazone wartosci punktowe (1-6) do 19 zdefiniowanych schorzen. Aby oceni¢ odlegte



konsekwencje pozaszpitalnego zapalenia ptuc, losy pacjentéw byty obserwowane przez okres

100 dni.

Grupa pacjentéw zmartych w trakcie 100-dniowej obserwacji charakteryzowata sie
podwyzszonym stezeniem AOPPs, jak i zwiekszong absorbancjg IMA w poréwnaniu z grupg
pacjentow, ktorzy przezyli. Sposréd analizowanych w trzeciej publikacji pojedynczych
biomarkeréw AOPPs oraz IMA wykazaty najwyzsze zdolnosci dyskryminacyjne w ocenie 100-
dniowej $miertelnosci. Co interesujgce, dalsza analiza oraz zbudowanie modelu
dwuskfadnikowego regresji logistycznej (AOPPs i IMA) oraz modelu tréjsktadnikowego
(AOPPs, IMA oraz CCl) znaczgco poprawity ocene rokowania pacjentéw. Przeprowadzona
w publikacji numer 3 analiza krzywych przezycia Kaplana-Meiera ujawnita, ze pacjenci ze
stezeniem AOPPs >7 uM oraz absorbancjg IMA >0,92 charakteryzowali sie istotnie krotszym

czasem przezycia w poréwnaniu z grupg pacjentdw ponizej zdefiniowanych punktéw odciecia.

Podsumowujac, podwyzszone wartosci biomarkeréw OS u pacjentéw z zapaleniem
ptuc o etiologii COVID-19, jak i pozaszpitalnym zapaleniem ptuc sugerujg, ze OS jest wspdlng
patofizjologiczng cecha zapalenia ptuc. Wskazuje to, ze podwyiszone stezenia AOPPs oraz
IMA w przebiegu tych choréb moga odzwierciedla¢ wspdlng sciezke uszkodzen
oksydacyjnych, niezaleinie od etiologii zakazenia. Ocena AOPPs przy przyjeciu do szpitala
dostarcza wczesne informacje na temat homeostazy redoks i moze potencjalnie poméc

w identyfikacji pacjentow o zwiekszonym ryzyku odlegtej Smiertelnosci.



Wybrane modele kliniczne obejmujgce COVID-19, raka piersi oraz pozaszpitalne
zapalenie ptuc reprezentujg odmienne stany chorobowe, w ktérych istotng role odgrywaja
zaburzenia homeostazy redoks oraz nasilony stres oksydacyjny. Uwzglednienie zaréwno
ostrych proceséw zapalnych, jak i przewlektego procesu nowotworowego umozliwito analize
znaczenia AOPPs w rdznych kontekstach klinicznych oraz ocene ich potencjalnego zwigzku
z przebiegiem choroby i odpowiedzig zapalng. Poszczegdlne publikacje odnosity sie do réznych
aspektow biologicznego i klinicznego znaczenia AOPPs, obejmujac ocene oksydacyjnych
modyfikacji albuminy u pacjentow z COVID-19, analize zaleznosci pomiedzy AOPPs
a markerami angiogenezy u pacjentek z rakiem piersi oraz ocene znaczenia prognostycznego

AOPPs i IMA u pacjentdw z pozaszpitalnym zapaleniem ptuc.

Przedstawiony cykl trzech prac koncentruje sie na roli AOPPs jako markerdw OS oraz
ich znaczeniu klinicznym w rdéznych stanach chorobowych: ostrych infekcjach uktadu
oddechowego oraz w raku piersi. Pomimo réznic w badanych populacjach, uzyskane wyniki
wskazujg na spojny mechanizm patofizjologiczny, w ktérym OS, stan zapalny oraz uszkodzenia

biatek tworzg powigzang sie¢ zaleznosci o istotnym znaczeniu prognostycznym.

Wspdlnym mianownikiem wszystkich trzech analizowanych jednostek chorobowych
jest aktywacja odpowiedzi zapalnej prowadzgca do nadmiernego wytwarzania reaktywnych
czgsteczek. Zaréwno w ostrych infekcjach uktadu oddechowego, jak i w nowotworzeniu,
odpowiedZ zapalna poczatkowo petni funkcje obronng lub adaptacyjng, jednak jej
utrzymywanie sie lub nadmierne nasilenie prowadzi do utraty kontroli nad homeostazg
redoks. W zakazeniach drég oddechowych aktywacja neutrofili i makrofagéw jest poczagtkowo
elementem prawidfowej odpowiedzi przeciwdrobnoustrojowej. Jednakze utrzymywanie sie
reakcji zapalnej powoduje, ze chlorowane utleniacze pochodzgce z aktywowanych neutrofili
reagujg z biatkami osocza i generujg AOPPs [91]. Natomiast w raku piersi nasilona produkcja
cytokin prozapalnych prowadzi do rozwoju OS, ktory ma zdolnosé indukowania karcynogenezy
gruczotu piersiowego poprzez aktywacje szlaku AKT/PI3K/mTOR [92,93]. Z kolei przewlekty
stan zapalny sprzyja angiogenezie, przebudowie mikrosrodowiska guza i jego dalszej progres;ji.
Pomimo odmiennego kontekstu klinicznego, w obu jednostkach chorobowych dochodzi do
nasilonej produkcji RFT oraz oksydacyjnych modyfikacji biatek osocza, skutkujgcych
powstawaniem AOPPs. Wyniki uzyskane w przedstawionym cyklu pozostajg zgodne

z obserwacjami innych autoréw, ktérzy wskazywali na istotny udziat osi zapalno-oksydacyjnej



w patogenezie chordb. Channappanavar i wsp. [94] opisywali znaczenie burzy cytokinowej
i immunopatologii w przebiegu zakazenia SARS-CoV-2, natomiast Chernyak i wsp. [95],
Cecchini i wsp. [96] oraz Laforge i wsp. [97] zwracali uwage na role OS, uszkodzenia tkanek
indukowanego przez neutrofile oraz zaburzen redoks w COVID-19. Z kolei Kilici wsp. [98] oraz
Kundaktepe i wsp. [99] potwierdzajg, ze OS i rak piersi sg ze sobg Scisle powigzane. Dane te
dobrze wpisujg sie w obserwowany w cyklu zwigzek AOPPs z markerami zapalenia,
uszkodzenia tkanek oraz parametrami angiogenezy, sugerujac, ze oksydacyjne modyfikacje
biatek osocza mogg by¢ konsekwencjg nadmiernej i nie w petni kontrolowanej odpowiedzi

zapalno-oksydacyjnej.

Warto roéwniez podkreslic, ze AOPPs mogg faczy¢ procesy miejscowe
z ogblnoustrojowg odpowiedzig organizmu. W zapaleniu ptuc pierwotnym miejscem patologii
jest migzsz ptucny, jednak konsekwencje obejmujg uktad krgzenia, watrobe, nerki, hemostaze
i metabolizm biatek osocza. Uzyskane w publikacjach dotyczacych ostrych infekcji ptuc
dodatnie korelacje AOPPs z wybranymi parametrami stanu zapalnego czy uszkodzen
narzgdowych wskazujg na ich zwigzek zaréwno z nasilonym stanem zapalnym, jak
i z wielonarzgdowym obcigzeniem chorobg. Natomiast w raku piersi proces nowotworowy ma
charakter miejscowy. Mimo to juz na wczesnym etapie moze generowac on mierzalne zmiany
ogolnoustrojowe, obejmujgce OS, angiogeneze i systemowg odpowiedZ zapalng. Takie
podejscie wspiera koncepcje AOPPs jako biomarkera integrujagcego informacje o stanie

zapalnym w miejscu patologii z ogélnoustrojowg odpowiedzig gospodarza.

Zestawienie wynikdw catego cyklu pozwala takie sugerowaé, ze AOPPs mogg
odzwierciedla¢ nie tylko ogdlne nasilenie OS, lecz takze zaleznosci pomiedzy OS, zapaleniem
a dysfunkcjg $rédbtonka naczyniowego. Srédbionek reguluje przepuszczalnoéé naczyn,
hemostaze, odpowiedZz immunologiczng oraz migracje komdrek zapalnych. W przebiegu
nasilonego stanu zapalnego RFT oraz zmodyfikowane oksydacyjnie biatka moga prowadzi¢ do
aktywacji srédbtonka naczyniowego, wzrostu ekspresji czasteczek adhezyjnych, zaburzenia
biodostepnosci tlenku azotu i zwiekszenia ryzyka zakrzepowego. W chorobach infekcyjnych
uktadu oddechowego skutkiem tych proceséw moze by¢ uszkodzenie bariery pecherzykowo-
wtosdniczkowej, zaburzenie mikrokrazenia ptucnego i nasilenie niewydolnosci oddechowe;j.
Uzyskane korelacje AOPPs z D-dimerami w obu modelach infekcyjnych sugerujg, ze

oksydacyjna modyfikacja biatek moze pozostawaé w zwigzku z zaburzeniami hemostazy



i funkcji naczyn, ktére sg istotnymi elementami ciezkiego przebiegu chordb zapalnych ptuc.
Istotng role AOPPs w dysfunkcji Srédbtonka naczyniowego w réznych chorobach potwierdzajg

takze inne badania [72,80,100,101].

Natomiast w raku piersi dysfunkcja Srédbtonka naczyniowego dotyczy procesu
angiogenezy nowotworowej oraz przebudowy mikrosrodowiska guza. Uzyskana dodatnia
korelacja pomiedzy stezeniem AOPPs a VEGF-A oraz ujemne zaleznosci z rozpuszczalnymi
receptorami VEGF sugeruja, ze oksydacyjne uszkodzenia biatek mogg by¢ powigzane
z réwnowagg pomiedzy sygnatami proangiogennymi i antyangiogennymi. W tym kontekscie
AOPPs moga petni¢ funkcje biomarkera integrujgcego schorzenia przebiegajgce ze OS,
nasilonym stanem zapalnym oraz zaburzeniami przebudowy naczyn. Podobny kierunek
interpretacji wspierajg prace dotyczgce zaleznosci pomiedzy OS, angiogenezg i progresjg raka
piersi. Madu i wsp. [102], Ayoub i wsp. [103] oraz Mdkhana i wsp. [104] podkre$lali znaczenie
angiogenezy i OS w rozwoju raka piersi. Huang i wsp. [105] wskazywali natomiast, ze szlak
VEGF moze by¢ regulowany przez interakcje pomiedzy angiogenezg a 0S. Natomiast
doniesienia Liu i wsp. [54], Xian i wsp. [106], Guo i wsp. [55] oraz Song i wsp. [107], sugeruja,
ze produkty oksydacyjnej modyfikacji biatek mogg wptywac na proliferacje i migracje
komodrek, zwiekszac ekspresje VEGF oraz aktywacje komoérek srédbtonka za posrednictwem
receptora RAGE lub poprzez zwiekszong produkcje RFT w odpowiedzi na powstajgce AOPPs.
Powstajgce w nadmiarze RFT w konsekwencji nasilajg aktywnos¢ HIF-1a oraz NF-kB [107].
Szlaki te wzajemnie sie wzmacniajg, tworzac Srodowisko sprzyjajgce progresji nowotworu.
Dane te wzmacniajg interpretacje uzyskanych w niniejszej dysertacji wynikéw, sugerujac, ze
AOPPs moga by¢ powigzane nie tylko z ogélnoustrojowym OS, ale réwniez z aktywnoscia

angiogenng mikrosrodowiska guza.

Wazng cechg AOPPs, wptywajgcg na interpretacje niniejszej rozprawy, jest ich
biologiczna aktywnos¢ [108]. Zgodnie z aktualnymi danymi literaturowymi AOPPs nie s3 tylko
biernymi czasteczkami, ale moga rowniez oddziatywaé z receptorami takimi jak RAGE czy
CD36, ktére aktywuja szlaki zalezne od NF-kB, nasilajgc tym samym przewlekty stan zapalny.
Stymulacja ta nasila produkcje cytokin prozapalnych oraz prowadzi do dalszej wzmozonej
produkcji RFT [53-55,106,109]. W takim ujeciu AOPPs mogg uczestniczy¢ w dodatnim
sprzezeniu zwrotnym pomiedzy OS a zapaleniem. Prowadzi to do btednego kofa: stan zapalny

nasila produkcje RFT i powstawanie AOPPs, natomiast wtdérnie AOPPs mogg podtrzymywac



zapalenie poprzez aktywacje komoédrek s$réddbtonka, monocytéw, neutrofili i komodrek
mikrosrodowiska tkankowego. Mechanizm ten dobrze wpisuje sie w obserwacje uzyskane
w przedstawionym cyklu: w infekcjach uktadu oddechowego AOPPs wigzaty sie z parametrami
zapalenia i uszkodzenia narzgdowego, natomiast w raku piersi z procesami angiogenezy

i rokowaniem.

Dodatkowo, AOPPs wykazywaty zwigzek z klinicznie waznymi punktami kofcowymi
w réznych modelach chorobowych: smiertelnosciag 100-dniowg w pozaszpitalnym zapaleniu
ptuc, ciezkoscig i dynamika ostrej infekcji w COVID-19 oraz przezyciem catkowitym i czasem
wolnym od nawrotu w raku piersi. W pozaszpitalnym zapaleniu ptuc AOPPs wykazywaty dobrg
zdolnos¢ dyskryminacyjng 100-dniowej S$miertelno$ci. Natomiast zastosowanie modelu
regresji logistycznej tgczgcego AOPPs, IMA oraz CCl poprawiato jeszcze ocene rokowania
pacjentéw. Uzyskane wyniki pozostajg w zgodzie z obserwacjami Xu i wsp. podkreslajgcymi
znaczenie OS w patogenezie i progresji pozaszpitalnego zapalenia ptuc [16]. Rosnace
znaczenie oznaczania markerow zaburzen homeostazy redoks w ostrych infekcjach ptuc
podkreslali rowniez Muravlyova i wsp. [110], Molotov-Luchanskiy i wsp. [111], a takze
Bolatkale i wsp. [112]. Pomimo doniesied o znaczeniu AOPPs w $miertelnosci w kilku
jednostkach chorobowych, brakuje literatury dotyczgcej ich wartosci prognostycznej
w chorobach nowotworowych, co dodatkowo podkresla znaczenie uzyskanych wynikéw
w raku piersi. Warto rowniez zauwazyé, ze w niniejszej rozprawie w kazdej z analizowanych
jednostek chorobowych AOPPs nie byty oceniane jako izolowany marker OS, ale w odniesieniu
do petnej charakterystyki klinicznej pacjentdw, co czyni je potencjalnie wartosciowymi
markerami wspomagajacymi ocene ryzyka, szczegdlnie w potgczeniu z klasycznymi

parametrami klinicznymi i laboratoryjnymi.

Jednakze interpretujgc uzyskane wyniki, nalezy zachowac ostroznos¢. Stezenia AOPP
mogg wzrasta¢ w wielu stanach chorobowych zwigzanych ze stanem zapalnym, takich jak
choroby nerek, sercowo-naczyniowe czy cukrzyca. Ich wartos¢ kliniczna nie polega zatem na
identyfikacji konkretnej jednostki chorobowej, ale na ocenie nasilenia wspdlnego procesu
biologicznego, jakim jest oksydacyjne uszkodzenie biatek w warunkach stanu zapalnego.
Ztego powodu AOPPs powinny by¢ interpretowane facznie z parametrami klinicznymi
i laboratoryjnymi odzwierciedlajgcymi nasilenie stanu zapalnego, uszkodzenia narzadowe czy

markerami angiogenezy.



Podsumowujac, wyniki przedstawione w obrebie catego cyklu prac wskazujg, ze AOPPs
moga petnic role dostepnego, stosunkowo prostego i biologicznie uzasadnionego biomarkera
zaburzehn homeostazy redoks w chorobach przebiegajgcych z nasilonym stanem zapalnym
i OS. AOPPs nie sg jednak jedynie biernym markerem oksydacyjnych modyfikacji biatek, lecz
mogg odzwierciedla¢ szerszg o0$ patofizjologiczng faczaca reakcje zapalng, aktywacje
neutrofili, oksydacyjng modyfikacje albuminy i dysfunkcje s$rodbtonka naczyniowego
z niekorzystnym rokowaniem. W raku piersi o$ ta sprzyja angiogenezie nowotworowej,
przebudowie mikrosrodowiska guza oraz dalszej progresji choroby. Natomiast w chorobach
infekcyjnych ptuc prowadzi¢ moze do zaburzen krzepniecia, nasilenia niewydolnosci
oddechowej oraz powiktan wielonarzgdowych. Mimo istotnych klinicznie réznic pomiedzy
analizowanymi jednostkami chorobowymi, niniejsza dysertacja ujawnia wspdlne procesy
patofizjologiczne napedzane przez przewlektg lub nadmierng aktywacje odpowiedzi zapalno-
oksydacyjnej. Potencjalne wiaczenie AOPPs do modeli oceny ryzyka moze w przysztosci
wspierac identyfikacje pacjentéw wymagajgcych intensywniejszego monitorowania, bardziej
agresywnego leczenia lub diuiszej obserwacji. Konieczne s3g jednak dalsze badania,
obejmujgce wieksze i niezalezne kohorty, standaryzacje metod oznaczania oraz ocene
wartosci AOPPs wzgledem uznanych parametrdéw laboratoryjnych, aby okresli¢ ich rzeczywistg

wartos$¢ w praktyce klinicznej.



IX Whnioski

Integracja badan przeprowadzonych w ramach niniejszej dysertacji pozwala na

sformutowanie nastepujgcych wnioskow:

1.

Uzyskane wyniki wskazujg, ze AOPPs mogg stanowi¢ uzyteczny biomarker
odzwierciedlajgcy nasilenie stresu oksydacyjnego w chorobach zwigzanych

z przewlektym stanem zapalnym oraz w raku piersi.

Zaleznosci pomiedzy stezeniem AOPPs a markerami stanu zapalnego, uszkodzenia
narzgdowego oraz dysfunkcji srédbtonka naczyniowego sugerujg, ze AOPPs moga byc¢
zwigzane nie tylko z obecnoscig stresu oksydacyjnego, ale réwniez z procesami

patofizjologicznymi wptywajgcymi na przebieg choroby.

Uzyskane wyniki wskazujg, ze podwyiszone stezenia AOPPs mogg wigzaé sie
z wiekszym ryzykiem niekorzystnych zdarzen klinicznych, co sugeruje potencjalng

wartosé prognostyczng tego biomarkera.

Obserwowane u pacjentek z rakiem piersi zalezno$ci pomiedzy AOPPs a markerami
angiogenezy mogg wskazywac na potencjalny udziat oksydacyjnych modyfikacji biatek

w procesach zwigzanych z angiogenezg i przebudowg mikrosrodowiska guza.

Przeprowadzone badania sugerujg, ze AOPPs mogg stanowi¢ biomarker integrujgcy
informacje dotyczace nasilenia stresu oksydacyjnego, aktywacji zapalnej oraz
dysfunkcji srodbtonka naczyniowego w réznych stanach chorobowych, jednak
potwierdzenie ich przydatnosci klinicznej wymaga dalszych badan oraz standaryzacji

metod oznaczania.



X Podsumowanie i ograniczenia badania

Przedstawione wyniki, analizowane facznie w ramach cyklu trzech badan, wskazujg na
spojny i powtarzalny zwigzek pomiedzy nasileniem OS a przebiegiem klinicznym réznych
chordb, zaréwno o charakterze zapalnym, jak i w raku piersi. We wszystkich analizowanych
modelach klinicznych wyzsze stezenia AOPPs byly zwigzane z nasileniem procesow
patologicznych, w tym odpowiedzi zapalnej, cechami uszkodzenia narzgdowego oraz
niekorzystnym rokowaniem pacjentéw. Na szczegdlng uwage zastuguje fakt, ze zaleznosci te
obserwowano w odmiennych jednostkach chorobowych, od ostrych infekcji uktadu
oddechowego po chorobe nowotworowg. Sugeruje to, ze AOPPs mogg odzwierciedla¢
bardziej uniwersalne mechanizmy zwigzane z zaburzeniem réwnowagi redoks. W tym ujeciu
zaawansowane produkty utleniania biatek nie stanowig jedynie wskaznika towarzyszgcych
procesow patologicznych, lecz mogg by¢ elementem szerszej osi patofizjologicznej

obejmujacej OS, stan zapalny oraz progresje choroby.

Zestawienie wynikdw wszystkich trzech badan pozwala réwniez zauwazy¢, ze AOPPs
wykazujg potencjalng wartos¢ prognostyczng w roznych kontekstach klinicznych, zaréwno
w odniesieniu do ryzyka smiertelnosci, jak i przebiegu choroby nowotworowej. Obserwacje te
wskazujg na mozliwosé ich wykorzystania jako biomarkeréw wspierajgcych ocene ryzyka

klinicznego, cho¢ wymagajg dalszej walidacji w wiekszych populacjach.

Zestawienie uzyskanych wynikdw wpisuje sie w rosngce zainteresowanie rolg OS
w patogenezie choréb oraz podkresla znaczenie biomarkerow odzwierciedlajgcych
uszkodzenia oksydacyjne biatek. Przedstawiona analiza sugeruje, ze AOPPs mogg stanowié
element wspdlny dla rdéznych proceséw chorobowych, taczagc mechanizmy zapalne,
zaburzenia funkcji srédbtonka naczyniowego oraz zmiany w mikrosrodowisku tkankowym, co

nadaje im potencjalne znaczenie zaréwno poznawcze, jak i aplikacyjne.

Znaczenie uzyskanych wynikéw wykracza poza aspekt poznawczy, poniewaz moze
wskazywad na mozliwg przydatnosé AOPPs w praktyce klinicznej. Oznaczanie AOPPs mogtoby
potencjalnie petni¢ funkcje biomarkera wspierajgcego identyfikacje chorych obcigzonych
zwiekszonym ryzykiem niekorzystnego przebiegu klinicznego. W praktyce klinicznej AOPPs
mogtyby potencjalnie uzupetniaé klasyczne parametry zapalne, biochemiczne i kliniczne,

dostarczajgc dodatkowych informacji o komponencie oksydacyjnym procesu chorobowego.



Takie zastosowanie mogtoby by¢ szczegdlnie istotne w chorobach, w ktérych OS oraz

przewlekty stan zapalny odgrywajg istotng role patofizjologiczna.

Mimo istotnych i spéjnych wynikdéw uzyskanych w przedstawionym cyklu prac, nalezy
uwzglednic kilka ograniczen, ktdre mogg miec znaczenie przy interpretacji rezultatéw. Przede
wszystkim wszystkie analizowane badania przeprowadzono na stosunkowo niewielkich
grupach pacjentéw, co moze ogranicza¢ moc statystyczng analiz oraz mozliwos¢
bezposredniego uogodlnienia wynikdw na szerszg populacje. Dodatkowo badania miaty
charakter jednoosrodkowy, co moze wigza¢ sie z wptywem lokalnych uwarunkowan
klinicznych i organizacyjnych. Kolejnym aspektem jest obserwacyjny charakter analiz, ktéry
nie pozwala na jednoznaczne okreslenie zaleznosci przyczynowo-skutkowych. W zwigzku
z tym uzyskane wyniki nalezy interpretowaé przede wszystkim w kontekscie zaleznosci
i wspotwystepowania badanych zjawisk, bez mozliwosci jednoznacznego wnioskowania o ich

charakterze przyczynowym.

Istotnym elementem wymagajgcym uwzglednienia jest takze zréznicowanie badanych
populacji. W poszczegdlnych pracach analizowano odmienne jednostki chorobowe oraz
pacjentéw o zréznicowanym profilu klinicznym, co moze ogranicza¢ mozliwos¢ bezposrednich
porownan ilosciowych miedzy badaniami. Jednoczesnie jednak powtarzalnos¢
obserwowanych zaleznosci pomimo tych réznic moze wskazywac na ich bardziej ogdlny
charakter i wzmacnia¢ interpretacje wynikdw w konteksécie roli AOPPs jako wskaznika
zaburzen rownowagi redoks. Nalezy réwniez uwzglednic, ze nie wszystkie potencjalne czynniki
zaktdcajace, takie jak styl zycia, dieta, stosowane leczenie czy choroby wspéfistniejgce, mogty

by¢ w petni kontrolowane, co moze wptywaé na poziom OS oraz stezenie AOPPs.

W badaniu dotyczgcym raka piersi dodatkowym ograniczeniem jest relatywnie
niewielka liczba zdarzen klinicznych (nawrotdow i zgondw), co moze wptywacé na stabilnosé
modeli prognostycznych. W przypadku badan dotyczgcych infekcji uktadu oddechowego
(COVID-19 oraz pozaszpitalne zapalenie ptuc) nalezy natomiast uwzgledni¢ dynamiczny
charakter choroby oraz fakt, ze oznaczenia biomarkeréw wykonywano w okreslonych

punktach czasowych, co nie w petni odzwierciedla zmiennos$é proceséw redoks w czasie.

Nalezy rowniez uwzgledni¢ pewne ograniczenia metodologiczne zwigzane
z oznaczaniem AOPPs. Pomimo szerokiego zastosowania metod spektrofotometrycznych

stosowane podejscie nie pozwala na precyzyjne rdznicowanie poszczegdlnych struktur



chemicznych wchodzgcych w sktad tej heterogennej grupy zwigzkéow. W zwigzku z tym
uzyskane wyniki nalezy interpretowa¢ jako odzwierciedlenie ogdlnego poziomu
oksydacyjnych modyfikacji biatek, co moze w pewnym stopniu ogranicza¢ szczegétowqg
interpretacje ich znaczenia biologicznego. Uzyskane modele prognostyczne nie zostaty
zwalidowane w niezaleznych kohortach zewnetrznych, co ogranicza mozliwos¢ ich

bezposredniego zastosowania w praktyce klinicznej.

Jednoczesnie nalezy podkreslié, ze wdrozenie oznaczania AOPPs do rutynowej
diagnostyki obcigzone jest obecnie istotnymi ograniczeniami. Do najwazniejszych z nich nalezg
brak standaryzacji metod oznaczania pomiedzy laboratoriami, niejednorodnos¢ protokotow
laboratoryjnych oraz brak powszechnie akceptowanych wartosci referencyjnych i punktow
odciecia dla poszczegdlnych jednostek chorobowych, co znaczgco wptywa na ograniczong
porownywalnos$¢ wynikow miedzy osrodkami. Dodatkowym problemem jest heterogenny
charakter AOPPs jako grupy zwigzkéw, przez co ich oznaczenie odzwierciedla raczej ogdlny
poziom oksydacyjnych modyfikacji biatek, a nie obecnos¢ jednej scisle zdefiniowanej
czasteczki chemicznej. Na znaczenie kliniczne pojedynczego pomiaru moga wptywac réwniez
liczne czynniki zaktécajace, takie jak wiek, choroby wspdfistniejace, styl zycia, dieta czy
stosowane leczenie. W zwigzku z tym przed potencjalnym zastosowaniem AOPPs w rutynowej
praktyce klinicznej konieczne sg dalsze badania walidacyjne, obejmujgce wieksze, niezalezne
i wieloosrodkowe kohorty pacjentéw, wraz z opracowaniem jednolitego protokotu
laboratoryjnego oznaczania oraz zakresu referencyjnego biomarkera. Dopiero spetnienie tych
warunkéw pozwoli ocenié, czy ocena AOPPs moze zosta¢ witgczona do rutynowych

algorytmow diagnostycznych lub prognostycznych.
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Abstract: Oxidative stress induced by neutrophils and hypoxia in COVID-19 pneumonia leads to
albumin modification. This may result in elevated levels of advanced oxidation protein products
(AOPPs) and advanced lipoxidation end-products (ALEs) that trigger oxidative bursts of neutrophils
check for and thus participate in cytokine storms, accelerating endothelial lung cell injury, leading to respi-

updates ratory distress. In this study, sixty-six hospitalized COVID-19 patients with respiratory symptoms
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were studied. AOPPs-HSA was produced in vitro by treating human serum albumin (HSA) with
chloramine T. The interaction of malondialdehyde with HSA was studied using time-resolved fluo-

. ) ) rescence spectroscopy. The findings revealed a significantly elevated level of AOPPs in COVID-19
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Rogariska, M.; Kruszewski, S, et al pneumonia patients on admission to the hospital and one week later as long as they were in the

Study of Albumin Oxidation in acute phase of infection when compared with values recorded for the same patients 6- and 12-months

COVID-19 Pneumonia Patients: post-infection. Significant negative correlations of albumin and positive correlations of AOPPs
Possible Mechanisms and with, e.g., procalcitonin, D-dimers, lactate dehydrogenase, aspartate transaminase, and radiological
Consequences. Int. ]. Mol. Sci. 2022, scores of computed tomography (HRCT), were observed. The AOPPs/albumin ratio was found
23,10103. https://doi.org/ to be strongly correlated with D-dimers. We suggest that oxidized albumin could be involved in
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with regard to jurisdictional claims in Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2), was proclaimed a critical global pandemic by the World
Health Organization (WHO) in March 2020. Increasingly, recent evidence indicates the

presence of higher levels of inflammatory cytokines in COVID-19 patients with critical and
severe disease than in moderately ill patients and healthy individuals. This “cytokine storm”
can also indicate a poor prognosis and may increase the mortality rate of COVID-19 pa-
tients [1-4]. The entry of SARS-CoV-2 into cells may result in the development of a cytokine
This article is an open access article  Storm in the host body, characterized by a high plasma level of pro-inflammatory cytokines,
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Attribution (CC BY) license (https:// ~ and interferon-gamma inducible protein (IP10) [5,6]. A bronchoalveolar lavage taken from
creativecommons.org/licenses /by / patients with severe COVID-19-related pneumonia showed a high level of chemokines
40/). being secreted from macrophages [7]. Post-mortem analysis of lung tissue of patients
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with severe COVID-19-related pneumonia also found an excessive amount of immune
cell infiltration [8]. Respiratory viral infections are, in general, associated with proinflam-
matory cytokine production, inflammation, cell apoptosis, and other pathophysiological
processes, which lead to high levels of oxidative stress [9]. Indeed, some studies have
revealed that SARS-CoV-2 infection pathogenesis is related to oxidative stress [10-12]. Fur-
thermore, COVID-19 patients with severe pulmonary involvement showed a higher level
of endogenous oxidative markers than patients with mild disease [13]. There is a strong
link between inflammatory state, activated neutrophils, oxidative stress, oxidized albumin,
and decreased albumin concentration [10]. It is still premature to confirm whether or not
lung involvement or signs of ongoing heart inflammation occur as a temporary response to
COVID-19 infection and will spontaneously be resolved over time and whether COVID-
19 affects other inflammation-related complications or basic diseases, such as intestinal
diseases [14-17]. Oxidative stress may also play an important role in the development of
symptoms from Long COVID [18].

Albumin serves as a major anti-inflammatory agent in our bodies [19,20], and one of
its properties that has been less discussed in the literature is its anti-oxidative and anti-
thrombotic activity [21,22]. It may also exhibit antiviral properties, as recent studies have
revealed that albumin specifically binds the SARS-CoV-2 spike protein S1 subunit [23].
Human serum albumin (HSA) comprises the largest thiol pool in plasma and thus de-
termines the plasma redox status [24,25]. It was determined that oxidized albumin is
the direct mediator of triggering inflammation, leading to neutrophil activation and thus
probably increasing oxidative stress [26-29]. The pro-inflammatory properties of in vivo-
oxidized albumin initiating vascular injury were also examined [27]. Furthermore, recently,
more researchers have claimed that oxidized albumin is more than an oxidative stress
biomarker and can be an aggravating factor for various diseases [30]. Recently, there has
been a paradigm shift regarding our knowledge of albumin and its role in organisms. New
observations have revealed that the form of albumin is also of great importance in the
pathogenesis of diseases [31]. It has also been observed that oxidized albumin promotes
inflammation by the modulation of platelets [32,33].

Several researchers suggested at the beginning of the COVID-19 pandemic that oxi-
dized albumin may be “an opportunity for diagnoses or treatment of COVID-19” and “a
positive predictor of mortality” [30]. Thus far, there have been few reports on the oxidation
of albumin in COVID-19 infection [34,35]. A very good association of decreased thiol
concentrations and increased amounts of advanced oxidation protein products (AOPPs)
with COVID-19 severity, intensive care unit admission criteria, and mortality has been
revealed [36]. Furthermore, the majority of investigations have only focused on the effects
of hypoalbuminemia on mortality and prognosis of COVID-19 severity [37]. It has been
observed that decreased albumin concentration may be a risk factor for mortality [37-40]
and may be related to inflammation in several diseases [41-43]. A negative relationship
between serum albumin and C-reactive protein (CRP), which is an acute-phase reactant
produced in response to inflammation state and pro-inflammatory IL-6 or TNF-alpha, is
often identified in patients hospitalized for many reasons [44—47]. However, the mechanism
of hypoalbuminemia in COVID-19 has not yet been fully explained [38,48]. It should be
noted that hypoalbuminemia may not only be associated with abnormal liver function and
diminished albumin synthesis in inflammation but may also be a consequence of a high
clearance of damaged and oxidized albumin [31,49]. One pharmacokinetic analysis showed
that albumin oxidized by chloramine T left the circulation very quickly after intravenous
injection and accumulated mainly in the liver, kidneys, and spleen [50].

AOQOPPs have been found to be a marker of the intensity of inflammation, used to predict
the course of the disease, determined to act as a mediator of the activation of monocytes,
and hypothesized to stimulate a respiratory burst of neutrophils [51-54]. AOPPs have also
been reported to be strongly correlated with levels of neopterin, which is produced by
macrophages upon stimulation with interferon-y [51].
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We hypothesized that oxidized albumin could be involved in the pathophysiology
of COVID-19 infection. The aim of the study was to assess AOPPs levels in COVID-19
pneumonia patients on admission to the hospital and their correlations with inflammatory
biomarkers, radiological scores of computed tomography (HRCT), multiorgan impairment
biomarkers, and other surrogate markers of severity or mortality in COVID-19. Addition-
ally, the level of AOPPs on admission was compared with values recorded for the same
patients one week later, as long as they were in the acute phase of infection and 6 and
12 months post-infection. To demonstrate the mechanism of formation of AOPPs in vivo,
in our study, HSA was incubated with increasing concentrations of chloramine T. The
structure of AOPPs is similar to that obtained by artificial HSA oxidation by chloramine
T [50,51,55]. The chlorine compounds produced by neutrophils in inflammation are directly
associated with albumin oxidative modifications and the creation of AOPPs [29,55].

Another important modification of HSA that may alter albumin function and influence
the severity of symptoms in patients with COVID-19-related pneumonia is related to the
creation of MDA-HSA adducts, known as advanced lipoxidation end-products (ALEs). In
our study, ALEs were produced in vitro by incubating HSA with malondialdehyde (MDA).
Malondialdehyde (MDA) is generated during secondary lipid oxidation. ALEs-HSA can
induce monocyte activation and vascular complications due to its pro-inflammatory ef-
fect [56,57]. Advanced glycation end products (AGEs) as well as ALEs and AOPPs can
bind to a specific receptor called RAGE, which causes the upregulation of inflammatory
pathways [57-60]. This phenomenon has barely been examined so far. ALEs-HSA may also
be involved in increasing the production of autoantibodies in some autoimmune disorders,
such as systemic lupus erythematosus and arthritis [61,62]. It is well known that aldehydes
are capable of binding to proteins and forming fluorescent compounds with a maximum
emission wavelength of 440480 nm [63,64]. Time-resolved fluorescence spectroscopy has
been used to study the interaction between MDA and HSA (ALEs-HSA formation). This
time-resolved measurement can reveal fluorescence intensity decay in terms of lifetimes.
The fluorescence lifetime is sensitive to the local environment of the fluorophore and
may vary, for example, due to conformational changes in molecules and during molec-
ular interactions with other molecules [65]. To the best of our knowledge, there are no
reports of the use of time-resolved spectroscopy in the study of the autofluorescence of
MDA-modified proteins.

2. Results
2.1. Clinical Study

Our results revealed that the values of most clinical parameters typically used in
predicting the mortality and severity in COVID-19 patients were significantly higher in
patients with COVID-19-related pneumonia compared to reference values. As shown
in Table 1, the level of albumin was found to be negatively correlated with the clinical
biomarkers procalcitonin (PCT), D-dimers, lactate dehydrogenase (LDH), troponin, and
aspartate transaminase (AST). The results indicate that there was also a strong negative
association between albumin and the radiological score of computed tomography (HRCT).
The AOPPs measured in COVID-19 patients upon hospital admission were found to be
positively correlated with liver enzymes (AST, alanine transaminase (ALT)), D-dimers,
LDH, CRP, PCT, and HRCT score.

During the week of hospitalization, the AOPPs levels increase significantly (p < 0.001)
(Figure 1, Table 2). Six months after COVID-19 infection, the AOPPs levels in the same
patient group decreased significantly (p < 0.001). A slight increase, though not statistically
significant, was observed at the next 6-month follow-up (p = 0.055).
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Table 1. Demographic, clinical, and laboratory parameters and their correlation with albumin,
AOPPs, and the ratio of AOPPs/albumin of studied patients with COVID-19 pneumonia on admis-
sion. Red-colored values indicate statistical significance (p < 0.05). WBC, White blood cells count;
RBC, Red blood cells count; Hgb, Hemoglobin; PLT, Platelets count; CRP, C-reactive protein; LDH,
Lactate dehydrogenase; CPK, Creatinine phosphokinase; AST, Aspartate transaminase; ALT, Alanine
transaminase; IL-6, Interleukin-6; HRCT, High-resolution computed tomography; AOPPs, Advanced
oxidation protein products.

Parameters (Units) Median  Interquartile Rang Reference Values Albumin AOPPs AOPPs/Albumin
r P r r r p

Age (years) 64.5 51-72 —0.260 0.035 —0.021 0.868 0.068 0.585
Symptoms (days) 7 5-10 —0.142 0.256 0.318 0.009 0.295 0.016
WBC (10°/ uL) 6.8 5.1-9.6 4.0-10.0 —0.214 0.084 —0.035 0.778 0.055 0.661
Neutrophils (10>/ uL) 4.8 3.6-7.5 2.5-5.0 —0.192 0.125 0.005 0.969 0.075 0.553
Lymphocytes (10°/ uL) 0.9 0.7-1.2 1.5-35 —0.031 0.805 —0.115 0.363 —0.072 0.571
RBC (10°/ uL) 445 42-48 45-55 0.194 0.118 —0.162 0.195 —0.201 0.106
Hgb (g/dL) 13.7 12.7-14.5 14.0-18.0 0.113 0.365 —0.172 0.168 —0.181 0.146
PLT (10°/puL) 211 172-292 130-350 —0.163 0.192 —0.012 0.923 0.048 0.702
CRP (mg/L) 84 42-138 <5.0 —0.235 0.058 0.323 0.008 0.357 0.003
Procalcitonin (ng/mL) 0.08 0.05-0.15 <0.05 —0.480 <0.001 0.309 0.012 0.388 0.001
LDH (U/L) 645 543-885 225-450 —0.437 <0.001 0.362 0.003 0.459 <0.001
D-Dimers (ng/mL) 941 735-1574 <500 —0.477 <0.001 0.453 <0.001 0.534 <0.001
Troponin (ng/L) 10.6 6.2-21 <19.0 —0.268 0.030 0.238 0.054 0.309 0.012
Creatinine (mg/dL) 0.97 0.87-1.14 0.8-1.3 —0.067 0.591 0.162 0.195 0.177 0.155
CPK (U/L) 142 76-231 25-200 0.008 0.952 0.147 0.238 0.120 0.336
AST (U/L) 53 36-70 <37 —0.307 0.012 0.362 0.003 0.417 <0.001
ALT (U/L) 43 30-66 <40 —0.193 0.120 0.245 0.047 0.282 0.022
IL-6 (pg/mL) 13.1 4.8-36 <7.0 —0.009 0.942 —0.171 0.177 —0.166 0.189
HRCT score 0.25 0.14-0.41 —0.423 <0.001 0.348 0.004 0.433 <0.001
Albumin (g/L) 34 31-37 39-51 1.000 - —0.323 0.008 —0.593 <0.001
AOPPs (M) 135 11.4-163 —0.323 0.008 1.000 ] 0.932 <0.001
AOPPs/Albumin (uM/g) 0.39 0.33-0.50 —0.593 <0.001 0.932 <0.001 1.000 -

Table 2. The level of significance (p-values) between the study group. A—COVID-19 patients on
admission to hospital; 1IW—COVID-19 patients one week upon admission; 6M—COVID-19 patients
after 6 months from infection; 12M—COVID-19 patients after 12 months from infection. Red-colored
values indicate statistical significance (p < 0.05). For data comparison, we used AOPPs measurements
from the same patients but recorded at different times.

A 1w 6M 12M

A <0.001 <0.001 0.016

1w <0.001 <0.001 0.004

6M <0.001 <0.001 0.055
12M 0.016 0.004 0.055

2.2. In Vitro Study

To investigate the impact of oxidative stress and carbonyl stress on the properties of
HSA, several experiments were performed. In our study, AOPPs-HSA were produced
in vitro by treating HSA with oxidants (chloramine T).

It can be seen in Figure 2 that the addition of chloramine T to HSA resulted in the
formation of AOPPs. In this figure, one can also observe the exponential nature of the
relationship between the level of AOPPs and the concentration of chloramine T.
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Figure 1. AOPPs values for a study group. A—COVID-19 patients on admission to hospital (1 = 66);
1W—COVID-19 patients one week upon admission (1 = 44); 6M—COVID-19 patients after 6 months
from infection (n = 30); 12M—COVID-19 patients after 12 months from infection (n = 27). Data
far away by more than 1.5 and 3 interquartile range from this range were considered outliers and
extreme, respectively.
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Figure 2. The formation of AOPPs dependence on chloramine T concentration added to HSA
(100 uM). The measurements were repeated 3 times.
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Figure 3a shows the normalized fluorescence decay curves of ALEs-HSA at 450 nm for
different lengths of incubation after the addition of MDA to HSA, which was carried out at
37 °C. The decay curves were fitted to a three-exponential fluorescence model (x? = 1). The
estimated mean fluorescence lifetime is presented in Figure 3b. The changes were observed
over 15 h of incubation before equilibrium was established.
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Figure 3. (a) The normalized fluorescence decay curves of ALEs-HSA at 450 nm at different times of
incubation after the addition of MDA to HSA. (b) Mean fluorescence lifetime dependence on time of
incubation HSA with MDA.

3. Discussion

On the basis of the results presented in Figure 1 and Table 1, it can be unequivo-
cally concluded that elevated levels of AOPPs are associated with inflammation during
the course of COVID-19-related pneumonia. Six and twelve months after infection, sig-
nificantly decreased levels of AOPPs were observed when compared to the COVID-19
patients during the acute infection phase. It can be ruled out that the AOPPs levels long
after the diagnosis were lower than prior to the infection due to long-term chronic symp-
toms following COVID-19. The role of oxidative stress in the pathophysiology of Long
COVID has not been yet elucidated, and further research is needed. The level of AOPPs
is raised in many diseases, including renal failure, diabetes, and atherosclerosis, but also
increases with age [66-68]. Very often, a severe course of COVID-19 is associated with
comorbidities [69,70]. Therefore, an elevated AOPPs level prior to infection may also be a
risk factor for severe COVID-19. Interestingly, the level of AOPPs in this study showed
an increasing dependence on time from the onset of symptoms prior to the admission
of patients to their arrival in the hospital department (r = 0.318). It is suggested that
activated neutrophils in conditions of infection and inflammation are the main cause of
the enhanced production of free radicals (e.g., hypochlorous acid (HOCI)) and increased
oxidative stress observed in critically ill COVID-19 patients. The accumulation of reactive
oxygen species (ROS) within neutrophils is considered a key process in the initiation of
neutrophil extracellular traps (NETs), which are able to entrap a wide variety of pathogens
and prevent their dissemination into the blood circulation [71]. In one study, sera from
patients with COVID-19 triggered the release of NETs from control neutrophils in vitro.
Another interesting finding was that the oxidation of albumin also activated the release
of NETs from control neutrophils [72]. In a previous study, neutrophil activation and the
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formation of NETs were reported as major risk factors for acute lung injury [73]. Early CT
findings from COVID-19 patients may correspond to viscous secretions seeping through
the pulmonary alveoli due to hyperinflammation in the lung and the overproduction of
NETs [74]. Interestingly, we found a weak but significant positive correlation between the
level of AOPPs and HRCT scores (r = 0.348).

The results of our in vitro studies shown in Figure 2 indicate that chloramine T pro-
duces AOPPs-HSA in an exponential dose-dependent manner. The shape of this curve
may explain the rapid course of the “cytokine storm” observed in COVID-19 patients. This
experiment provides insight into the mechanism underlying severe COVID-19 pathology.
HSA modified by chlorine compounds is considered a pro-inflammatory mediator due
to its induction of a neutrophil respiratory burst [29]. Chlorine-induced albumin damage
appears to play a key role in exacerbating respiratory problems in COVID-19 patients. It
should also be emphasized that the contribution of individual AOPP products is probably
not the same for different concentrations of chloramine T, and that dityrosine crosslinks are
formed only at high concentrations of chloramine T in relation to HSA.

We hypothesize that the production of ALEs-HSA may also contribute to the aggrava-
tion of inflammation in COVID-19, as some pro-inflammatory effects of ALEs have been
identified [56-60,75]. ROS are produced in cells more rapidly due to their viral entry into
the cytoplasm of the host epithelial cells. ROS production might be activated either by viral
components or by cytokines [12]. Oxidative stress in cells leads to lipid peroxidation, which
in turn produces aldehyde products. In some studies, higher lipid peroxidation levels and
increases in the concentration of aldehydes were found to be associated with an increased
severity of disease in COVID-19 patients [76]. Furthermore, protein adducts of the lipid
peroxidation product 4-hydroxynonenal (HNE) were found to be present at higher volumes
in the plasma of COVID-19 patients who did not survive [77]. Albumin has the ability to
conjugate with aldehydes to form Schiff bases or Michael adducts by generating covalent
adducts [78]. Aldehydes can react with protein and the sulfhydryl group of cysteine, thiols,
and amine groups in both oxidative (lipoxidation) and non-oxidative reactions [78-81].
Furthermore, the addition of toxic lipid peroxidation by-product (e.g., MDA) to proteins
results in an increase in carbonyl contents [82]. To better understand the formation of
ALEs-HSA, time-resolved fluorescence spectroscopy was used in our study. MDA modi-
fies HSA and generates fluorescent products exhibiting a specific fluorescence emission
wavelength between 400 and 550 nm when the sample is excited at 360 nm. The results
shown in Figure 2 reveal that the stable ALEs-HSA were not formed immediately after the
addition of MDA to the HSA solution but instead after about 15 h of incubation. These
results suggest that the interaction between MDA and HSA involves more than the simple
formation of covalent MDA-HSA adducts and is likely to occur in several steps, giving
rise to more complex ALEs-HSA. It is likely that many products with unknown molecular
structures are created.

The degree of inflammation caused by virus entry into cells is linked to the over-
production of poly(ADP-ribose) polymerase 1 (PARP-1), which is a key regulator of the
virus life cycle. The PARP-1-mediated synthesis of ADP-ribose chains reduces the level
of nicotinamide adenine dinucleotide (NAD+) [83,84]. The alteration of NAD+ may im-
pair the detoxification of aldehydes by dehydrogenases, as NAD+ is a redox cofactor for
these enzymes. This can lead to an increase in the modification of albumin by aldehy-
des in infected cells. It should be noted that the NAD+ level also declines with age due
to inflammatory responses related to senescent cells, which produce a permanent alarm
signal [85-87]. Many comorbidities are also associated with chronic inflammation, which
causes a reduction in the level of NAD+ [88]. Some researchers directly suggest that NAD+
deficiency may be a major mortality risk factor in COVID-19 patients [83,84,89]. As NAD+
is considered to be a regulator of immune responses during viral infections, its use as a
drug in the treatment of COVID-19 has been proposed [83,90].

Shortness of breath progressing to hypoxic respiratory failure is a common clinical
manifestation observed in patients with pneumonia. A fall in oxygen saturation (hypox-
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emia) and higher respiratory rate (tachypnea) are associated with increased mortality
risk in COVID-19 patients [91,92]. Hypoxia can occur even without dyspnea, and this
phenomenon is called silent hypoxia [93,94]. Hypoxic cells produce larger amounts of
aldehydes and ROS, leading to an even greater molecular modification of albumin [95].
Interestingly, some studies have revealed connections between AOPPs and hypoxia. Higher
amounts of AOPPs have also been found in hypoxic newborn infants than in controls [96].

In the case of damage to the liver and other organs involved in the removal of modi-
fied albumin, high amounts of AOPPs-HSA and ALEs-HSA may not be cleared from the
bloodstream as quickly as they would be in a healthy person. Liver function test abnormal-
ities are very common in COVID-19-related pneumonia patients [92,97,98]. This may be
related to liver injury by the virus itself, inflammatory responses, hepatic ischemia, hepatic
hypoxia, or even tissue damage and muscle breakdown. In particular, an elevated activity
of LDH reflects tissue destruction and is regarded as a prognostic marker of outcomes in
COVID-19 patients [92,99]. Regarding our biochemical parameters, LDH levels were also
found to be markedly above normal, indicating tissue injury. A significant correlation of the
liver enzyme AST with LDH (r = 0.395) was found. AST was also found to be moderately
negatively associated with albumin (r = —0.307) and positively associated with AOPPs
(r = 0.362). In conditions of both inflammation and liver damage, the synthesis of albumin
may also be disturbed, as albumin is produced exclusively by liver cells.

It should also be noted that high-molecular-weight AOPPs can influence the aggre-
gation of red blood cells (RBCs) and the formation of blood clots. High-molecular-weight
AOPPs are formed due to the tendency of albumin to form aggregates via disulfide bridges
and/or dityrosine cross-linking [52]. An in vitro study showed that chlorine active species
induce the formation of high-molecular-weight proteins [55]. The modification of HSA with
MDA can also result in the aggregation of albumin [64]. It has been found that an increase in
dextran molecular mass causes an increase in RBCs aggregation, and this may also be true
for conglomerates of oxidized albumin such AOPPs and ALEs [100]. Furthermore, in one
study an increase in the aggregation of RBCs and platelets was found to be associated with
the degree of albumin oxidation [101]. There is a strong link between the aggregation of
RBCs and thrombosis [102-104]. Thrombotic events are frequently observed in COVID-19
patients and are associated with increasing disease severity, as well as contributing sig-
nificantly to death [105,106]. It has been found that AOPPs can also directly contribute
to coagulation abnormalities by activating platelets via a CD36-mediated signaling path-
way [32,33]. Many studies have revealed that serum albumin is inversely associated with
artery and venous thrombosis events [107]. It has been hypothesized that albumin has
anticoagulant and antiplatelet activities, probably due to its antioxidant effect [107]. Al-
bumin increases fibrinolysis and inhibits erythrocyte aggregation. In addition, albumin
neutralizes fibrinogen binding to endothelial cells, thus antagonizing several prothrombotic
effects of fibrinogen [108]. Additionally, endothelial dysfunction and blood viscosity are
increased in patients with hypoalbuminemia [109]. During inflammatory states, the coagu-
lation cascade favors thrombus formation due to the decreased synthesis and increased
catabolism of albumin. Hypoalbuminemia and hypercoagulability also coexist in patients
with severe COVID-19 [103]. Our results revealed that D-dimers were moderate negatively
correlated with albumin concentration (r = —0.477), positively associated with AOPPs level
(r = 0.453), and positively associated with the AOPPs/albumin ratio (r = 0.534) in COVID-
19-related pneumonia patients. D-dimers are products of the degradation or breakdown
of fibrin, which are formed during blood clotting processes. This study provides the first
evidence that oxidized albumin may be involved in hypercoagulability in patients infected
with SARS-CoV-2.

The therapeutic effect of the drug is determined by its unbound fraction. In one
of our studies, it was found that the oxidation of HSA by chloramine T reduced the
binding activity of HSA [110]. Similar conclusions can be drawn from the studies of other
researchers [111,112]. Some studies have also reported a reduction in the binding ability of
HSA due to aldehyde modification [113]. Moreover, we observed that the free fraction of
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drugs increased in healthy patients depending on the amount of AOPPs present. Therefore,
the pharmacokinetics of drugs used in the treatment of COVID-19 patients should be
investigated. This study highlights the issues of drug treatment during COVID-19 infection,
as medications may cause toxic effects. These issues seem to be very important for drugs
that are closely bound to HSA and that have a narrow therapeutic index. Some observed
abnormities in the levels of liver enzymes may be directly associated with drug-induced
liver injury. Because the SARS-CoV-2 spike protein binds to albumin, this affinity may be
influenced by oxidative stress, aldehyde modification, or the glycation of albumin. Indeed,
it was recently observed that glycation reduced the binding ability of albumin [25]. These
findings should be extended to the testing of virus binding to AOPPs or ALEs.

Infusions of human albumin solution can reduce the more severe or life-threatening
events that take place in COVID-19 patients [38,114]. However, there is no consensus as to
whether simply administering albumin to patients with hypoalbuminemia reduces their
morbidity and mortality [48,115-117]. Hypoalbuminemia itself is not always considered a
cause of the underlying pathology [48]. On the other hand, some studies have revealed that
therapy with intravenous albumin may improve organ function, respiratory status, and
ventilation-perfusion matching in critically ill patients with hypoalbuminemia or patients
with acute respiratory distress syndrome [118,119]. One study revealed that albumin
supplementation is able to reduce hypercoagulability in SARS-CoV-2, which was confirmed
by the observation of a marked reduction in D-dimers [108]. Clinical trials and extensive
studies on infusions of serum albumin in COVID-19 patients are urgently needed.

As albumin is taken up by endocytosis in infected cells in greater volumes in conditions
of inflammation, the use of conjugate serum albumin with antiviral drugs to effectively
target the extracellular and intracellular viral components is highly recommended in the
treatment of patients infected with SARS-CoV-2.

The co-existence of hypoalbuminemia and oxidative stress in many diseases may
lead to the hypothesis that oxidative modifications of albumin decrease its detection and
influence albumin quantification. In our patient group, albumin was found to be weakly
but significantly negatively correlated with AOPPs (r = —0.323). Some in vitro studies
have shown the decreased detection of oxidized albumin by commonly used clinical
assays [26,27,30,120]. This may explain the close association observed between a lower
concentration of albumin and increased disease severity and mortality in patients with
COVID-19 in many studies. This “apparent” hypoalbuminemia should be clarified and
checked. Aldehydes and endogenous substances formed during COVID-19 infection by
binding to albumin can also compete for binding sites with bromocresol green or purple,
which are commonly used in the detection of albumin concentration. The effect of aldehyde
interactions on albumin detection is currently unknown.

The strength of our study was to compare AOPPs levels for the same COVID-19
patients during and long after passing the acute stage of infection. Such a comparison
allowed us to formulate the suggestion that oxidized albumin is closely linked to the
pathophysiology of COVID-19 infection as the demographic characteristics and comorbid
conditions remain similar. This study also has some limitations. The blood samples were
taken from a single-center donation. Critically ill patients demanding invasive mechanical
ventilation were excluded from this study. The sample size of examined patients was
decreased in the following blood collections. Some patients recovered during the first week
after being admitted and left the hospital before the second blood sampling. After 6- and
12-months post infection, some patients died, were hospitalized due to comorbidities, or
were unwilling to continue participating in the study.

4. Materials and Methods
4.1. Clinical Study
In this study, we included patients hospitalized in the Department of Lung Diseases,

Neoplasms, and Tuberculosis of the Regional Center of Pulmonology in Bydgoszcz, Poland,
from April to December 2021. Patients who had been hospitalized with COVID-19 pneumo-
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nia that had been confirmed by a positive reverse-transcription polymerase-chain-reaction
(RT-PCR) test result from a nasopharyngeal swab according to the World Health Organi-
zation (WHO) criteria [121] and radiographic imaging (HRCTs were performed using a
64-slice Siemens Somatom Sensation (Siemens Healthcare, Erlangen, Germany) system
with a slice thickness <0.5 mm) or chest X-ray were eligible for enrolment. Patients had
a blood oxygen saturation below 94% while breathing ambient air but were excluded if
they were receiving continuous positive airway pressure, bilevel positive airway pressure,
or mechanical ventilation. There were 13 women and 53 men among the subjects, and the
mean age of all patients was 62.3 years. Most of the patients had a history of comorbidi-
ties. The most common were cardiovascular diseases (in 51% of patients), type 2 diabetes
(in 21%), previous lung diseases (in 9%), and cancer (in 6%). All patients had undergone
basic laboratory tests assessing the advancement of inflammation, the function of their liver
and kidneys, and the parameters of their coagulation system. The mean percentage of lung
involvement as assessed by the application of CT pneumonia analysis was 28%. The study
group of COVID-19 patients was also tested one week after their admission to the hospital,
as long as they were in the acute phase of infection. The group consisted of 11 women and
33 men, and the mean age of the patients was 62.7 years. The study group of COVID-19
patients was invited back for us to take another round of blood samples after 6 months. A
total group of 30 people applied—5 women and 25 men—and the mean age of all patients
was 60.6 years. After another 6 months, the AOPPs tests for 27 patients (3 women and
24 men, mean age 60.3 years) were repeated.

4.2. Sample Preparation

A 4 mL blood sample was taken for examination from each subject included in the
study. For each COVID-19 patient, the sample was drawn on the same day or the next upon
admission to the hospital department. All samples were processed within 2 h of collection.
Blood samples were added to standard sterile polystyrene tubes containing EDTA and
then centrifuged at 3500 rpm at 4 °C for 5 min to obtain plasma. The plasma fraction
was collected and stored at —80 °C until measurement. Multiple freeze—thaw cycles were
avoided. Measurements were taken within 1 h of defrosting the sample.

4.3. In Vitro Study

Chloramine T hydrate, sodium thiosulfate, malondialdehyde tetrabutylammonium
salt (MDA), and HSA were received from Sigma-Aldrich. ALEs-HSA were obtained by
the in vitro incubation of HSA (100 uM) with MDA (10 mM) at 37 °C. Solutions were
suspended in PBS at pH = 7.4. AOPPs-HSA were produced in vitro by treating purified
HSA (100 uM) with chloramine T at different concentrations from 0.37 to 4 mM in a volume
of 1 mL. Chloramine T hydrate was added immediately after dissolution. The time of
incubation was 60 min. Then, sodium thiosulfate (20 uL) at a concentration 4 times higher
than that of chloramine T was added to eliminate the residue of unreacted chloramine T
hydrate molecules. The experiments with chloramine T were repeated 3 times.

4.4. AOPPs Measurements

The level of AOPPs was determined by measuring the absorbance at 340 nm, according
to the modified method described for the first time by Witko-Sarsat [51]. Briefly, the reactant
mixture used for the AOPPs assay contained 1.875 mL of 0.2 M citric acid and 25 pL of
1.16 M potassium iodide. Then, 1.9 mL of this mixture was added to 100 pL of the test
sample (plasma, HSA, modified has, or PBS-blank), and the absorbance was recorded
immediately. In contrast with the original method, citric acid was used instead of acetic
acid. This modified method is characterized by a greater stability over time [122]. The
results were expressed as chloramine T equivalents.
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4.5. Time-Resolved Fluorescence Spectroscopy Measurements

A time-resolved spectrofluorometer Life Spec II (Edinburgh Instruments Ltd., Liv-
ingston, United Kingdom) with a sub-nanosecond pulsed EPLED® diode emitting light at a
wavelength of 360 nm was used to measure the fluorescence lifetime of the plasma. Plasma
samples were not diluted. The exposure time of the samples was 5 min. Fluorescence
measurements of the plasma were conducted at wavelengths of 450 nm. The measurements
were carried out with the use of quartz 3.5 X 10 mm cuvettes. The fluorescence lifetimes
were obtained by the deconvolution analysis of the data using the multiexponential model
of fluorescence decay, and the instrument response function was taken into account. Then,
the mean fluorescence lifetime value was calculated as the weighted average of fluorescence
lifetimes obtained from the three-exponential model of fluorescence decay. As averaging
weights, the contributions of individual components (areas under decay curves) to the total
fluorescence were calculated. The appropriate number of exponents was determined on
the basis of Chi-square (x?) statistical analysis and the visual assessment of residual plots.

4.6. Statistical Analysis

The preliminary step of the statistical analysis was the Shapiro-Wilk test of the nor-
mality of the distribution of the measured parameters. Due to the non-normality of the
part-analyzed variables, the dependencies were determined by Spearman’s rank correlation
coefficients (r values). The differences between the measurements of AOPPs recorded at
different times (on admission, one week later, 6- and 12-months post infection) in the
COVID-19 group were compared with the Wilcoxon signed-rank test and were considered
significant at p < 0.05.

5. Conclusions

Serum albumin measurement may serve as a predictor of disease severity in patients
with COVID-19. Our findings enhance the knowledge of the role of oxidized albumin in
SARS-CoV-2 infection. The correlations observed between the level of albumin or AOPPs
with inflammatory parameters or surrogate markers of COVID-19 severity as well as
with lung HRCT score confirm the involvement of oxidative stress in COVID-19. Our
in vitro study with chloramine T-induced albumin oxidation provides further insight into
the mechanisms of the “cytokine storm” observed in COVID-19-related pneumonia. The
modifications of albumin by ROS and aldehyde in the bloodstream and tissue cells outside
the vascular bed caused by COVID-19 infection may have significant clinical implications
and should be further explored at the earliest possible opportunity. The detection of
“apparent” hypoalbuminemia should also be clarified.
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Simple Summary: Breast cancer is the main cause of cancer-related deaths among women globally.
It clearly shows it is essential to find a useful marker, which could have a beneficial influence on the
prediction of cancer-related events and give more information about the possible outcomes in the
early stage of the disease. This is the first study that presents advanced oxidation protein products
as a potentially valuable biomarker for monitoring the course of breast cancer treatment and as a
predictor of recurrence and cancer-related mortality. The study shows also the relationship between
oxidative protein damage in breast cancer patients and excessive angiogenic processes.

Abstract: Breast cancer (BrC) is a highly prevalent tumour among women. The high incidence and
mortality rate of BrC prompts researchers to search for new markers that will provide information on
the possible impact of the therapy on the risk of cancer-related events. This study aimed to investigate
whether the level of advanced oxidation protein products (AOPPs) may have a potential impact on
disease-free (DFS) and overall survival (OS) in BrC patients with early-stage cancer. Additionally, we
tried to assess the relationship between AOPPs and angiogenic parameters. In this study, the pre- and
post-treatment AOPP levels were examined in the serum of 70 newly diagnosed BrC women. The
receiver operating characteristic curve identified pre- and post-treatment AOPPs to be above 9.37 uM
and 10.39 uM, respectively, as the best cut-off values to predict the risk of cancer relapse. Additionally,
Kaplan—-Meier survival analysis indicated that pre- and post-treatment AOPPs above 9.37 uM and
10.39 uM were associated with significantly poorer OS. The uni- and multivariate Cox regression
analysis highlighted that lower levels of pre- and post-treatment AOPPs were associated with a longer
duration without relapse or cancer-related death. A positive correlation between concentrations
of pre-treatment AOPPs and vascular endothelial growth factor A, and negative correlations with
levels of soluble forms of vascular endothelial growth factor receptor type 1 and 2, were found. In
conclusion, AOPPs appear to have an important role in predicting cancer-related events and may
potentially serve as a simple prognostic marker in clinical practice.

Keywords: early-stage breast cancer; AOPP; adjuvant treatment; overall survival; disease-free
survival
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1. Introduction

Breast cancer (BrC) is considered the most commonly diagnosed cancer worldwide,
representing 11.7% of total cases, and the leading cause of cancer-associated death among
women. The global report shows that in 2020 there were an estimated almost 2.3 million
new cases of female breast cancer, with about 685,000 cancer-related deaths [1,2]. The 5-year
relative survival from diagnosis is 90.6%; however, this is strongly associated with the
cancer stage at diagnosis [3]. The risk of progression in the early stage of breast cancer is
estimated to be 20-30% [4]. To discover a biomarker that could be useful in predicting such
events, there is a need to understand the underlying mechanisms of tumour development.
Breast cancer cells, like typical tissue, need a sufficient supply of oxygen and constant
nourishment for growth. Hypoxia induced by a growing tumour triggers various types of
responses, mediated among others by hypoxia-inducible factors (HIFs). Subsequently, HIFs
regulate the expression of numerous types of genes, which are responsible for stimulating
specific physiological processes, including metabolism, angiogenesis, and cell division [5].

Angiogenesis is a process which leads to the creation of new blood vessels from pre-
existing ones. Under physiological conditions, angiogenesis plays a crucial role in wound
healing and normal growth. However, tumour growth and metastasis are also strongly
dependent on angiogenesis. The interplay between pro- and anti-angiogenic factors is
of considerable importance in the tight regulation of angiogenesis. It is believed that
some specific tumour cells produce both pro- and anti-angiogenic proteins that stimulate
and inhibit angiogenesis, respectively. Some researchers have assumed that tumour cells
alter the balance between pro- and anti-angiogenic factors, which leads to the activation
of the angiogenic switch [5-7]. Continuous pro-angiogenic stimulation in the tumour
environment leads to the formation of immature, poorly organized, and malformed vessels,
which express enhanced permeability. All these processes are related to unequal blood flow
and persisting hypoxia, and may induce the progression of the tumour [8]. There are found
several pro-angiogenic factors engaged in stimulating vascular growth. The main regulator
of angiogenesis and tumour growth is regarded as the vascular endothelial growth factor
(VEGEF) family, inclusive of seven isoforms VEGF-A/B/C/D/E and placental growth factor
(PIGF) 1 and 2. In blood, there are three forms of soluble receptors secreted by endothelial
cells (sVEGFR1, sVEGFR2, sVEGFR3) [9]. A soluble form of VEGFR1 binds to VEGF-A,
which expresses the highest biological activity among the VEGF family in breast cancer
patients. A soluble form of VEGFR1 naturally inhibits endothelial cell proliferation induced
by VEGF [9,10]. VEGEF also forms non-signalling ligands with sVEGFR?2, thus slowing their
migration and proliferation and, therefore, the formation of new blood vessels in malignant
tumours [11,12].

One of the most essential factors influencing the intensity of the angiogenic processes
is oxidative stress, defined as the imbalance between the production of reactive oxygen
species (ROS) and antioxidant defences. Excessive ROS production plays a key role in the
vascularization of cancerous tissue and metastasis. Increased ROS production with ageing,
smoking, obesity, and alcohol consumption, which are possible risk factors for developing
breast cancer, also supporting their involvement in this process [13]. Chronic inflammation
induced by oxidative stress leads to oxidative damage to DNA, proteins, and lipids, which
in turn contributes to the dysregulation of oncogenes and tumour suppressor genes, e.g.,
p53, BRCA2, and finally to the initiation and progression of the tumour [7,14]. The level of
oxidative stress can alternatively be examined by the amount of damage acted on proteins
by measuring the concentration of advanced oxidation protein products (AOPPs). AOPPs
are usually formed from albumins and methionine- or tyrosine-rich polypeptides as a
consequence of ROS attacks [15]. The elevated levels of AOPPs found by some researchers
were related to ageing, diabetes, atherosclerosis, and metabolic syndrome [16-19]. More-
over, the involvement of oxidative stress on proteins has been also found in COVID-19
pneumonia patients [20]. Zhou et al. have also suggested that an increased concentration of
AOPPs may serve as a predictor of mortality in haemodialysis patients [21]. There are some
investigations describing associations between AOPPs and angiogenic biomarkers. One
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study revealed the relationship between elevated levels of AOPPs and higher expressions
and secretions of VEGF and sVEGFR1 in trophoblast cell lines. This finding shows the
interplay between increased AOPP concentrations and endothelial and placental angiogen-
esis dysfunction [19]. Liu et al. have also indicated a strong link between the stimulation
of AOPPs and triggering of the proliferation and migration of rat endometrial epithelial
cells along with restraining apoptosis by activation of the ERK and P38 pathways [22].
Furthermore, Le-Wu et al. have revealed that elevated levels of AOPPs in colon cancer
cells were closely associated with an increased expression of VEGF exposed to intermittent
hypoxia [23]. Additionally, AOPPs may also directly stimulate angiogenesis by promoting
oxidative stress and inflammation [24,25]. A study by Guo et al. even suggests that AOPPs
can activate vascular endothelial cells through a specific signalling pathway mediated by a
receptor for advanced glycation end products (RAGE) [26].

It has been demonstrated that oxidative stress can enhance angiogenesis [7,27]. How-
ever, mechanistic insights into the underlying molecular mechanisms that connect AOPPs
and VEGF have not been yet fully presented. Several hypotheses can be proposed to
elucidate the potential interactions of these two markers. The development of tumours is a
complex process in which angiogenesis plays a crucial role, enabling tumours to grow and
metastasize through the formation of new blood vessels. As the tumour progresses, tumour
cells are subjected to various forms of stress, including hypoxia, which can lead to their
death through necrosis or apoptosis, consequently releasing DNA into the extracellular en-
vironment, known as circulating cell-free DNA (cfDNA) [28-32]. In breast cancer, it has also
been shown that an increase in circulating tumour DNA (ctDNA) (the fraction of cfDNA
that originates from tumour cells) can be a good indicator and may be used to monitor
disease progression and response to treatment in patients with advanced breast cancer [33].
However, beyond its role as a diagnostic and prognostic marker, cfDNA can also contribute
to pathological inflammation and disease progression, acting through various immuno-
logical and molecular mechanisms. Circulating tumour DNA can be adeptly recognized
by the immune system as a damage-associated molecular pattern (DAMP) [34-38]. This
recognition triggers a series of immune responses, including the activation of neutrophils
and the release of neutrophil extracellular traps (NETs) [39-41]. A significant enzyme in this
context is myeloperoxidase (MPO), a heme-containing enzyme abundantly found in the
azurophilic granules of neutrophils [42]. MPO is crucial for the oxidative burst, a process
generating ROS [43,44]. This oxidative stress is intimately linked to the formation of AOPP,
primarily through the action of hypochlorous acid (HOCI), produced by MPO [45,46]. Our
in vitro studies using human serum albumin (HSA) demonstrated that chloramine T, a
source of active chlorine substituting unstable HOCI, induces the formation of AOPPs-HSA
in a dose-dependent exponential manner [20].

The integration of AOPPs in the angiogenesis process and their interaction with RAGE
adds another layer of complexity to the already complicated picture of tumour develop-
ment and progression [24,47]. The binding of AOPPs to RAGE receptors can lead to the
activation of transcription factors such as NF-«B, which regulate the expression of genes
involved in the inflammatory response and initiate signalling cascades leading to the ex-
pression and secretion of various cytokines, including IL-6 and TNF«x. Such an increase in
inflammatory activity can promote further tumour development, creating an environment
conducive to angiogenesis. In the same study, the blockade of RAGE signals significantly
suppressed aggressive behaviour and inflammatory response. Additionally, on cell lines, it
was shown that AOPPs additionally induce the expression of matrix metalloproteinase-3
(MMP-3) and MMP-13 [25]. MMPs are involved in the degradation of extracellular matrix
components, which not only facilitates the migration and invasion of tumour cells but can
also modulate the release and activation of growth factors associated with the extracellular
matrix. MMPs can participate in releasing matrix-bound forms of VEGEF, increasing its
bioavailability and promoting angiogenesis. By degrading extracellular matrix components,
MMPs can facilitate the release of VEGF deposited in the matrix, enabling its interaction
with receptors on endothelial cells, and stimulating angiogenesis [48]. This evidence firmly
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establishes a direct correlation between VEGF and AOPPs, suggesting that the angio-
genic processes driven by VEGF are closely linked to oxidative stress and inflammation
mediated by AOPPs. Such a connection underscores the complexity of tumour microenvi-
ronment interactions and highlights potential therapeutic targets for disrupting the patho-
logical feedback loops that fuel cancer progression. However, the role of AOPPs in cancer-
related angiogenesis is still not well understood, and further research is needed to clarify
this relationship.

This is the first study showing the impact of AOPP concentration in the serum of early-
stage breast cancer patients on disease-free and overall survival before and after treatment.
Thus, the aim of this study was to examine the usefulness of AOPPs as a prognostic marker
of the likely course of the disease in a group of women with breast cancer, using ROC curve
analysis, Kaplan—-Meier curves, and Cox regression analysis. Additionally, we sought to
assess the influence of the adjuvant treatment on the blood serum concentration of AOPPs
in breast cancer patients and to demonstrate a relationship between AOPPs and selected
angiogenic biomarkers. Furthermore, we explored associations between AOPP levels and
clinical and molecular characteristics of BrC.

2. Materials and Methods
2.1. Patient Samples and Clinical Data

This study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Ethics Committee of Nicolaus Copernicus University in Torun, Col-
legium Medicum in Bydgoszcz (approval no. KB/547/2015). All included patients gave
written informed consent before their enrolment. The study group consisted of 70 previ-
ously non-treated women with newly diagnosed breast cancer (BrC). Subjects were enrolled
between November 2015 and January 2018 by an oncologist and treated in the Clinical
Ward of Breast Cancer and Reconstructive Surgery, Oncology Centre in Bydgoszcz, Poland.
Inclusion and exclusion criteria are presented in Figure 1.

[ Total number of patients assessed for eligibility (n=92) }
Inclusion criteria: T Exclusion criteria:
* Newly diagnosed cancer ¢ Tumour diameter larger
* Therapy-naive breast cancer ! than 5cm
* Unilateral, invasive cancer - * Stage IIIA or higher
* Non-metastatic : * Locally advanced or
+ Stage IA-IIB : metastatic cancer

L
“..* Neoadjuvant treatment

[ Subjects included to the final analysis 2015-2018 (n = 70) }

Follow-up was taken at the end of January 2023 ]
Patients without Patients with
progression progression
(n=>59) (n=11)

Figure 1. Flowchart describing enrolment of breast cancer participants.

The traditional clinical and histological factors and molecular determinants were exam-
ined in all the women included in the study. The participants underwent breast-conserving
surgery (BCS) (58 cases; 82.9%) or mastectomy (12 cases; 17.1%), respectively, and received
adjuvant chemotherapy, radiotherapy, brachytherapy, immunotherapy, and endocrine
therapy if needed. The patient’s TNM stage of cancer was characterised according to the
American Joint Committee on Cancer (AJCC; 7th edition). The WHO classification was
used to establish histological subtypes of cancer, whereas the Elston—Ellis system was used
to classify histological grade. All participants were subjected to thorough evaluation in the
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form of complete demographic and medical history, and collected data are displayed in
Table 1.

Table 1. Baseline characteristics of women with breast cancer.

Patients with

Overall Patients without Progression .
Progression
Demographic and Clinical Data (n =70) (n = 59) (n=11)
n (%)
Age (according to median)
<54 years 32 (45.7%) 26 (44.1%) 6 (54.5%)
>54 years 38 (54.3%) 33 (55.9%) 5 (45.5%)
Menopausal status
Pre-menopausal 25 (35.7%) 19 (32.2%) 6 (54.5%)
Post-menopausal 45 (64.3%) 40 (67.8%) 5 (45.5%)
BMI (kg/m?)
Normal (18.5 < 24.99) 34 (48.6%) 26 (44.1%) 8 (72.7%)
Overweight (25 < 29.99) 22 (31.4%) 21 (35.6%) 1(9.1%)
Obese (>30) 14 (20%) 12 (20.3%) 2 (18.2%)
Parity status
0 6 (8.6%) 3 (5.1%) 3 (27.3%)
1-2 49 (70%) 44 74.6%) 5 (45.5%)
3 and more 15 (21.4%) 12 (20.3%) 3 (27.3%)
Localization of tumour
Right breast 35 (50%) 29 (49.2%) 6 (54.5%)
Left breast 35 (50%) 30 (50.8%) 5 (45.5%)
Diameter of the tumour
Tl <2cm 45 (64.3%) 45 (76.3%) 0 (0%)
2ecm<T2<5cm 25 (35.7%) 14 (23.7%) 11 (100%)
Lymph node status
NO 51 (72.9%) 45 (76.3%) 6 (54.5%)
N1 19 (27.1%) 14 (23.7%) 5 (45.5%)
Histological type
IDC 59 (72.9%) 49 (83.1%) 10 (90.9%)
ILC 11 (27.1%) 10 (16.9%) 1(9.1%)
Grade according to Elston-Ellis
1+2 53 (75.7%) 45 (76.3%) 8 (72.7%)
3 17 (24.3%) 14 (23.7%) 3 (27.3%)
Molecular type
Luminal A (HR+/HER2—/Ki-67 < 20%) 41 (58.6%) 38 (64.4%) 3(27.3%)
Luminal B (HR+/HER2— /Ki-67 > 20%) 14 (20%) 9 (15.3%) 5 (45.5%)
Luminal B HER2+ (HR+ HER2+) 7 (10%) 6 (8.6%) 1(9.1%)
Triple negative (HR-/HER2-) 8 (11.4%) 6 (8.6%) 2 (18.2%)
Staging
I 31 (44.3%) 30 (50.8%) 1(9.1%)
I 39 (55.7%) 29 (49.2%) 10 (90.9%)
Progesterone receptor (PR)
Negative 16 (22.9%) 13 (22%) 3(27.3%)
Positive 54 (77.1%) 46 (78%) 8 (72.7%)
Oestrogen receptor (ER)
Negative 11 (27.1%) 9 (15.3%) 2 (18.2%)
Positive 59 (72.9%) 50 (84.7%) 9 (81.8%)
E-cadherin
Negative 5(7.1%) 5(8.5%) 0 (0%)

Positive 65 (92.9%) 54 (91.5%) 11 (100%)
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Table 1. Cont.

Overall Patients without Progression Patients with

Progression
Demographic and Clinical Data (n =70) (n = 59) (ng =11)
n (%)
Ki-67 5 (45.5%)
<20% 43 (61.4%) 38 (64.6%) 6 (54.5%)
>20% 27 (38.6%) 21 (35.6%)
Comorbidities
Heart attack 3 (4.3%) 3 (5.1%) 0 (0%)
Hypertension 17 (24.3%) 16 (27.1%) 1(9.1%)
Diabetes 1(1.4%) 1(1.7%) 0 (0%)

Abbreviations: BMI: body mass index; NO: no evidence of spread to lymph nodes; N1: spread to axillary
lymph nodes; IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma; HR+: hormone receptor positive;
HR-: hormone receptor negative; HER2-: human epidermal growth factor receptor 2 negative; HER2+: human
epidermal growth factor receptor 2 positive; Ki-67: marker of proliferation Ki-67.

2.2. Adjuvant Therapy

Adjuvant treatment was administered according to standard guidelines established
by the National Comprehensive Cancer Network (NCCN) Guidelines for Practice. Radio-
therapy was applied mainly for patients who underwent BCS within 1-2 weeks after the
adjuvant chemotherapy completion. The study group received a median dose of 42.5 gray
(Gy) in 17-20 fractions over 4-6 weeks to the chest wall by using X photons with energies of
6/15 MeV. Using a direct electron field, a sequential boost of 10/12.5 Gy was administered
to the initial tumour bed in 17 patients (24.3%) in four/five fractions. In thirty-six subjects
(51.4%), additional brachytherapy in a dose of 10 Gy was applied. Thirty-five subjects
(50.0%) received adjuvant chemotherapy. Twenty-five (35.7%) patients had anthracycline-
containing drugs administered and non-anthracycline-containing drugs were used in ten
patients (14.3%). In fifty-eight subjects (82.9%), endocrine therapy was applied according
to menopausal status; 35 (50.0%) used tamoxifen (Egis Pharmaceuticals, Budapest, Hun-
gary), 13 of patients (18.6%) received aromatase inhibitors (Als) (Arimidex (anastrozole),
AstraZeneca, Cambridge, United Kingdom), and in 8 patients (11.4%) the combination of
tamoxifen and Als was given, but 2 patients (2.9%) underwent another endocrine scheme,
in an adjuvant setting. In twelve subjects (17.1%), endocrine therapy was not administered
due to a small tumour diameter or a triple-negative (ER— /PR~ /HER2— /Ki67—all values)
subtype of BrC.

2.3. Patients Follow-Up

The patients were followed up from the day of the diagnosis of BrC until the date of
recurrence of breast cancer or death or until January 2023, whichever came first. Kaplan—
Meier curves were created to present overall and disease-free survival. The median follow-
up was 78 months (IQR = 70-84 months), with a 15.7% recurrence rate. The follow-up visits
after nine months from surgical procedures were performed for each patient.

2.4. Blood Collection

The blood collection occurred two times, 24 h before the surgical procedure (pre-
treatment value) and a maximum of three months after the last cytotoxic infusion and
generally nine months (interquartile range, IQR = 6.0-10.0) after tumour resection (post-
treatment value) to avoid the direct effects of chemotherapy or surgical wound healing on
the analysed parameters. The blood from each patient was collected into serum-separating
tubes to determine the AOPP concentration. After collection, the samples were mixed and
centrifuged at 3000 x g at 4 °C for 15 min, divided into small tubes, and stored at —80 °C
until assayed. The blood was also drawn into EDTA-containing tubes for measurements
of VEGF-A and soluble forms of VEGF receptor types 1 and 2. The blood samples were
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immediately mixed and centrifuged at 3000 x g at 4 °C for 20 min. The collected plasma
was aliquoted in small portions and stored at —80 °C until each measurement.

2.5. Measurements of AOPP

The AOPP level in serum was determined, according to the modified method reported
by Witko-Sarsat, by absorbance measurements at 340 nm [49]. The AOPP detection was
modified, in agreement with Hanasand’s improved method, by using citric acid instead of
acetic acid, which improves the stability of the sample over time [50]. The first step of the
procedure was preparing a reactant mixture containing 1.875 mL of 0.2 M citric acid and
25 uL of 1.16 M potassium iodide. Afterwards, the mixture in the volume of 1.9 mL was
mixed with 100 pL of serum. The absorbance was measured immediately after preparation.
The results were expressed in uM as chloramine T equivalents.

2.6. Measurements of Angiogenic Factors

The concentrations of angiogenic parameters were determined according to the proce-
dure described in the previous study [51]. The subjects were divided into groups with low
or high values of angiogenic biomarkers by using a cut-off based on the calculated median
for the study group.

2.7. Statistical Analysis

Statistical analysis was conducted using Statistica version 13.3 (StatStoft®, Cracow,
Poland). The normality of the distribution was checked by using the Shapiro-Wilk test.
The unpaired Student’s t-test was used to compare two groups of continuous data with
normal distribution. The univariate ANOVA analysis, followed by a post hoc LSD (least
significant difference) test, was applied to compare more than two groups of continuous
data. Comparisons of means for two dependent variables were performed by paired
Student’s t-test. AOPP data are presented as mean and standard deviation. Spearman’s rank
correlation analysis was used to determine dependencies between investigated parameters.
The receiver operating characteristic (ROC) was used to utilise the area under a curve (AUC)
to estimate the best predictor of cancer relapse. Youden’s method was applied to define the
optimal cut-off values. The disease-free survival (DFS) and overall survival (OS) analysis
were expressed using the Kaplan-Meier method and compared using the log-rank test.
DFS and OS were calculated as times from randomization until breast cancer recurrence
or death, respectively. The uni- and multivariate Cox proportional hazard analysis was
conducted to estimate cohort-specific hazard ratios (HRs) and 95% confidence intervals
(ClIs) for the association between AOPP levels and other clinical variables with disease-free
and overall survival time to identify a possible predictor that has a significant influence on
these times. AOPP concentration was also included in multiple linear regression models
with adjustments for BMI, age, parity, menopausal status, smoking status, tumour stage,
tumour diameter, histological type, and nodal involvement. Additionally, to emphasize
the strength of AOPPs as a prognostic marker of disease recurrence (Figure S1) and cancer-
related death (Figure S2), we compared the diagnostic accuracy of AOPPs with Ki-67 and
the tumour diameter using the ROC curves. The statistical data were considered significant
with p < 0.05.

3. Results
3.1. Effect of Undergone Procedures, Clinical, and Molecular Characteristics on AOPP Concentration

The studied group, enrolled between November 2015 and June 2017, consisted of
70 women with resected breast cancer (BrC) in the early stage (IA-1IB). The median age
of subjects at the diagnosis was 54 years (interquartile range (IQR) 49-59 years). The
median body mass index value was 24.99 kg/m? (IQR 22.48-29.04 kg/m?). The median
size of the tumours was 1.55 cm (IQR 1.2-2.2 cm). All patients with cancer progression
(n =11) had a tumour diameter of above 2 cm. Forty-five patients (64.3%) were in post-
menopausal status. The predominant histopathological subtype of breast tumour was
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invasive ductal carcinoma (IDC) at 84.3% of all studied patients, and 90.9% of the group
had progression of the disease. Of the 70 women treated with adjuvant chemotherapy,
25 received anthracycline-containing drugs and 10 non-anthracycline therapy. None of the
patients received neoadjuvant treatment.

The pre- and post-treatment AOPP concentrations were assessed according to under-
gone therapy procedures (Table 2). Interestingly, non-anthracycline therapy seemed to be
associated with significantly elevated post-treatment AOPP concentration in comparison
to patients who did not receive chemotherapy (p = 0.0086). Moreover, patients treated
with non-anthracycline chemotherapy seem to have elevated concentrations of AOPPs
during therapy, with the p-value close to statistical significance (p = 0.0996). The opposite
observation in the AOPP level, also with closeness to statistical significance, was made for
the group of patients not treated with any additional chemotherapy (p = 0.0778). However,
tamoxifen administration seemed to decrease the post-treatment AOPP concentration in
comparison to no adjuvant endocrine therapy (p = 0.0407). AOPP levels were found to
increase during treatment among patients who were not treated with endocrine therapy
(p = 0.0254).

Table 2. Levels of AOPPs in breast cancer patients before and after treatment.

Pre-Treatment AOPP Post-Treatment AOPP Pre-Treatment vs.
Feature/ Concentration Concentration Post-Treatment AOPPs
Number of Patients (%) [uM] [uM] n=67"%
n="70 n=67"% p-Value
Surgery p =0.5737 p =0.8831
BCS + Radiotherapy 8.69 8.40 0.3260
n=>58/55 (82.9%/82.1%) (1.17) (2.44) ’
Mastectomy
ho12/12 i 5 s
(17.1%/17.9%) ) ’
Chemotherapy p=0.3471 p =0.0283
Anthracycline 8.84 8.59 0.6074
n=25/24(35.7%/35.8%) (1.07) (2.29) ’
Non-anthracycline 9.06 10.24 * 0.099
n=10/9 (14.3%/13.4%) (0.86) (1.25) EE—
No 8.54 7.82
n =35/34 (50%/50.7%) (1.19) (2.63) 0.0778
Endocrine therapy p =0.9639 p =0.3461
Tamoxifen 8.70 8.08 ** 0.1910
n =35/34 (50%/50.7%) (1.06) (2.94) ’
Inhibitor aromatase 8.68 8.17 02273
n=13/13 (18.6%/19.4%) (1.35) (2.09) ’
Tamoxifen and inhibitor 9.00 8.36
aromatase (1.10) (1.66) 0.1577
n=28/8(11.4%/11.9%) ’ ’
Other type 8.54 8.50
1 =2/2 (2.9%/3%) (0.95) (0.45) 0.9745
No 8.70 9.93
1 =12/10 (17.1%/14.9%) (1.16) (1.46) 0.0254
Brachytherapy p = 0.6461 p = 0.5656
Yes 8.67 8.58
n=236/36(51.4%/53.7%) (1.23) (2.44) 0.8275
No 8.79 8.23 0.1815
n=234/31 (48.6%/46.3%) (0.97) (2.53)

Abbreviations: AOPP: advanced oxidation protein products; BCS: breast-conserving surgery. Data are expressed
as a mean and standard deviation (SD). Significant differences are denoted in bold. The underlined p-values
represent closeness to statistical significance.* p < 0.0086 vs. No chemotherapy; ** p < 0.0407 vs. No endocrine
therapy; * The post-treatment AOPP measurements included 67 subjects due to a lack of biological samples from
three women.
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In Table 3, we present the pre- and post-treatment concentrations of AOPPs regarding
some typical clinical features of breast tumour patients. The localisation of the malig-
nancy in the left breast seems to be related to higher pre-treatment AOPP concentrations
(p = 0.0056). However, there are no differences between the levels of AOPPs before and after
the treatment according to the localisation of cancer (p > 0.05). In agreement with molecular
subtypes of breast cancer, we found a significantly higher pre-treatment concentration
of AOPPs in patients with luminal B HER2- than in those with other types (p < 0.0001).
Interestingly, a significantly higher level of AOPPs was found in the group with luminal
B HER2+ and non-luminal HER2+ than in the luminal A patients (p = 0.0053). After the
treatment, a significantly lower concentration of AOPPs was shown in the luminal A breast
cancer group than with other types (p < 0.0001). Our analysis shows that the level of AOPPs
decreased during the treatment in the luminal A group of patients; however, it increased in
the group with triple-negative cancer with p = 0.0102 and p = 0.0190, respectively.

Table 3. AOPP levels in respect to clinical and pathological characteristics in breast cancer subjects.

Pre-Treatment vs.

Pre-Treatment AOPP Post-Treatment AOPP
Post-Treatment

Number of Concentration Concentration
Feature Patients (%) [uM] [uM] :(_)g’ s
n="70 n=67% n
p-Value
Tumour localisation p =0.0056 p =0.5014
35/33 9.09 8.63
Left breast (50%/49.3%) (1.09) (2.19) 0.1685
. 35/34 8.36 8.22
Right breast (50%/50.7%) (1.02) 2.74) 0.7493
Molecular subtypes p <0.0001 p <0.0001
. 41/40 8.23 7.27 %
Luminal A (58.6%/59.7%) (0.79) 2.18) 0.0102
. 14/14 10.05 * 10.20
Luminal B HER2- (20%,/20.9%) (0.86) (2.29) 0.7808
Luminal B HER2+ ot
and Non-Luminal 7/7 9.24 9.75 0.4711
HER2+ (10%/10.4%) (1.03) (0.98)
. ‘ 8/6 8.50 10.32
Triple negative (11.4%/9%) (1.01) (1.39) 0.0190
Tumour diameter p = 0.0288 p = 0.0006
45/43 8.51 7.68
T12cm (64.3% /64.2%) (1.03) (2.06) 0.0174
25/24 9.11 9.76
2em <T2<5cm (35.7%/35.8%) (1.16) .61) 0-1671
Nodal status p=0.8878 p =0.5610
51/48 8.74 8.53
NO (72.9%/71.6%) (1.13) (2.33) 0-5414
19/19 8.69 8.14
N1 (27.1%28.4%) (1.09) (2.84) 0.3264
Stage of disease p = 0.1465 p=0.2139
31/29 8.51 7.99
1A (44.3%/43.3%) (1.11) (1.91) 0.2416
IIA + IIB 39/38 8.90 8.75 0.6761

(55.7%/56.7%) (1.09) (2.80)
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Table 3. Cont.

Pre-Treatment AOPP

Post-Treatment AOPP

Pre-Treatment vs.
Post-Treatment

Number of Concentration Concentration
Feature Patients (0/0) [HM] [HM] AOPP:
# n =67
n=70 n=67
p-Value
Elston and Ellis grade p=02782 p = 0.0890
53/51 8.64 8.13
Cl+G2 (75.7%/76.1%) (1.20) (2.50) 0.1016
17/16 8.98 9.34
3 (24.3%/23.9%) (0.72) (2.17) 0.4938
Histological type p = 0.0115 p=0.1471
59/56 8.87 8.62
Ibc (84.3%/83.6%) (1.12) (2.45) 0.4067
11/11 7.96 7.43
e (15.7%/16.4%) (0.65) (2.46) 0.4581

Abbreviations: AOPP: advanced oxidation protein products; HER2-: human epidermal growth factor receptor
2 negative; HER2+: human epidermal growth factor receptor 2 positive; NO: no evidence of spread to lymph
nodes; N1: spread to axillary lymph nodes; IDC: invasive ductal carcinoma; ILC: invasive lobular carcinoma.
Data are expressed as a mean and standard deviation (SD). Significant differences are denoted by bold. The
underlined p-values represent closeness to statistical significance; * p < 0.0001 vs. Luminal A, p = 0.0001 vs. Triple
negative; p = 0.0427 vs. Luminal B HER2+ and Non-Luminal HER2+; ** p = 0.0053 vs. Luminal A; *** p < 0.0001 vs.
Luminal B HER2-; p = 0.0006 vs. Luminal B HER2+ and Non-Luminal HER2; p = 0.008 vs. Triple negative. # The
post-treatment AOPP measurements included 67 subjects due to a lack of biological samples from three women.

The conducted study also reveals that the tumour diameter slightly affects pre-
(p = 0.0288) and strongly post-treatment (p = 0.0006) AOPP concentrations. Importantly,
a tumour diameter < 2 cm is strongly related to a decreasing concentration of AOPPs
during therapy (p = 0.0174). Nodal involvement and stage of disease seem to not have any
impact on the level of measured oxidation protein products (p > 0.05). A tendency toward
statistical significance was found for the group of women with grades 1 and 2 and related
to the lower concentration of post-treatment AOPPs than in the group of patients with
grade 3 according to the Elston and Ellis scale (p = 0.0890). The group of women with the
IDC type of tumour demonstrated significantly higher values of pre-treatment AOPPs than
the group with the invasive lobular carcinoma (ILC) type (p = 0.0115).

To better understand the relationship between molecular biomarkers and the level
of oxidative damage, the pre- and post-treatment concentrations of AOPPs were tested
according to immunohistochemical markers of breast cancer (Table 4). It should be high-
lighted that overexpression of Ki-67 was related to elevated pre- and post-treatment levels
of AOPPs (p = 0.0001 and p = 0.0041, respectively).

The status of the oestrogen receptor (ER) seems to have significant importance in the
post-treatment concentration of AOPPs (p = 0.02) and be related to its increased value in
the ER-negative group of breast cancer patients. A similar observation was also made for
the expression of progesterone receptor (PR) (p = 0.0187). Additionally, the higher values
of AOPPs after treatment in the ER-negative group of patients are also of considerable
importance (p = 0.0360). The same relation is also shown by the group of PR-negative
patients with a tendency to statistical significance (p = 0.0995). It is worth mentioning that
both ER-positive and PR-positive groups are related to decreasing AOPP concentrations
after therapy, with a tendency to statistical significance (p = 0.0617, p = 0.0739, respectively).

The human epidermal growth factor receptor 2 (HER2) and the status of E-cadherin
seem to have no impact on the concentrations of AOPPs before and after undergoing
procedures (p > 0.05).
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Table 4. The AOPP concentrations according to molecular characteristics in breast cancer cases.

Pre-Treatment AOPP

Pre-Treatment vs.

Post-Treatment AOPP Post-Treatment

Feature Number gf Patients Concentration Concentration AOPPs
(%) [uM] [uM] —67*
n =70 n=67* "=
p-Value
Expression of Ki-67 p = 0.0001 p = 0.0041
<20% 43/42 (61.4%/62.7%) 8.35 7.79 0.1748
? RIOSBesTe (0.89) (2.64) :
9.36 9.56
> OO . 00 . 00 .
>20% 27/25 (38.6%/37.3%) (1.17) (1.63) 0.7258
Expression of HER2 p = 02022 p=0.1688
.\ 7/6 9.24 9.75
Positive (10%/9%) (1.03) (0.98) 0.1918
. o o 8.67 8.29
Negative 63/61 (90%/91%) (1.11) (2.54) 0.4711
Hormone receptor status
p =0.6436 p = 0.0200
ER+ 59/58 (84.3%/86.6%) 8.70 8.15 0.0617
(1.12) (2.50)
o o 8.87 10.19
ER- 11/9 (15.7%/13.4% (1.06) (1.29) 0.0360
p=0.2128 p =0.0187
PR+ 54/53 (77.1%/79.1%) 8.64 8.06 0.0739
(1.15) (2.59)
o o 9.03 9.79
PR- 16/14 (22.9%/20.9%) (0.91) (1.29) 0.0995
E-cadherin status p =0.0862 p =0.2403
Positi 65/62 (92.9%/92.5%) 8.79 8.52 0.3643
ositive J7o D70 (111) (244) .
. 5/5 791 7.17
Negative (7.1%/7.5%) (0.74) (2.80) 0.5055

Abbreviations: AOPP: advanced oxidation protein products; Ki-67, proliferation marker; HER, human epidermal
growth factor receptor 2; ER, oestrogen receptor; PR, progesterone receptor. Data are expressed as a mean and
standard deviation (SD). Significant differences are denoted by bold. An underlined p-value represents closeness
to statistical significance. # The post-treatment AOPP measurements included 67 subjects due to a lack of biological
samples from three women.

3.2. The Dependence between AOPP Levels and Angiogenic Biomarkers

To assess the relationship between the level of the pre-treatment AOPPs on angiogenic
biomarkers, breast cancer patients were divided into three subgroups according to pre-
treatment AOPP levels below the 25th percentile (low), between the 25th and 75th percentile
(moderate), and above the 75th percentile (high) (Table 5). This analysis showed that the
concentration of pre-treatment VEGF-A significantly elevated with the increase in pre-
treatment AOPP level (p = 0.0051). The concentration of pre-treatment sVEGFR1 was found
to be the lowest for the group with pre-treatment AOPPs above 9.45 uM, with closeness to
statistical significance (p = 0.0685).
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Table 5. Pre-treatment levels of angiogenic biomarkers according to pre-treatment AOPP concentrations.

AOPP AOPP AOPP
Parameter Low Moderate High Value
[units] (<7.87 uM) (7.87-9.45 uM) (>9.45 pM) P
n=12 n =41 n=17
VEGE-A concentration 36.78 64.87 7412 0.0051
[pg/mL]
SVEGERI concentration 80.82 30.29 24.45 0.0685
[pg/mL]
SVEGFR2 concentration 8468.45 9778.25 9182.05 0.8836
[pg/mL]
Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A;
sVEGEFRI: soluble form of vascular endothelial growth factor receptor type 1, sVEGFR2: soluble form of vascular
endothelial growth factor receptor type 2. Significant differences are denoted by bold p-values. An underlined
p-value represents closeness to statistical significance.

In the next step, Spearman’s correlation analysis was performed to find associations
between AOPP levels and concentrations of angiogenic biomarkers. The results illustrated
in Table 6 indicate the positive correlation between pre-treatment AOPPs and the concen-
tration of VEGF-A, which is a key mediator of angiogenesis (r = 0.2415, p = 0.0440). The
pre-treatment sVEGFR1 concentration shows a tendency toward statistically significant
negative relation with the post-treatment level of AOPPs (r = —0.2317, p = 0.0592). A statis-
tically significant association between post-treatment AOPP levels and the concentration of
sVEGFR2 was also found. Post-treatment AOPP concentration increases were related to a
decrease in the value of sVEGFR?2 after treatment (r = —0.3330, p = 0.0059). Post-treatment
AOPP concentration also positively correlates with the level of AOPPs before treatment
(r=0.4103, p = 0.0006).

Table 6. Spearman’s correlation analysis between AOPPs and angiogenic factors.
AOPP
Parameters
[Concentration] Pre-Treatment Post-Treatment

r P r 14
Pre-treatment AOPPs [uM] - - 0.4103 0.0006

Post-treatment AOPPs [uM] 0.4103 0.0006 --- -
Pre-treatment VEGF-A [pg/mL] 0.2415 0.0440 —0.0668 0.5914
Post-treatment VEGF-A [pg/mL] 0.1253 0.3013 0.1574 0.2033
Pre-treatment sVEGFR1 [pg/mL] —0.1061 0.3822 -0.2317 0.0592
Post-treatment sVEGFR1 [pg/mL] —0.0498 0.6822 —0.1085 0.3821
Pre-treatment sVEGFR2 [pg/mL] —0.0369 0.7615 0.0128 0.9184
Post-treatment sVEGFR2 [pg/mL] —0.1770 0.1426 —0.3330 0.0059

Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A;
sVEGEFRI: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular
endothelial growth factor receptor type 2; r: Spearman’s correlation coefficient; significant differences are denoted
by bold p-values. An underlined p-value represents closeness to statistical significance.

3.3. The Receiver Operating Characteristic (ROC) for Identifying Markers of Disease Progression

The next step of the analysis was constructing the ROC curves to identify the most
accurate parameter in predicting cancer relapse and obtain the optimal cut-off values for
the examined markers before as well as after treatment. The results received from the
performed analysis are shown in Tables 7 and 8.



Cancers 2024, 16, 1068 13 of 27

Table 7. Results of predictive accuracy for pre-treatment AOPPs, VEGF-A, sVEGFR1, and sVEGFR2.

Pre-Treatment Pre-Treatment Pre-Treatment

Pre-Treatment AOPP

ROC Data . VEGF-A sVEGFR1 sVEGFR2
Concentration . . .
Concentration Concentration Concentration
AUC 0.773 0.597 0.606 0.532
Youden index 0.51 0.28 0.35 0.18
Cut-off point 9.37 74.12 37.81 4626.99
Sensitivity (%) 78 81.8 90.9 18.2
Specificity (%) 72.7 45.8 441 100.0
Positive predictive Value (%) 38.1 22.0 23.3 100.0
Negative predictive Value (%) 93.9 93.1 96.3 86.8
Accuracy (%) 77.1 51.4 51.4 87.1
p-Value 0.0005 0.3453 0.1945 0.7555

Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A;
sVEGEFRI: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular
endothelial growth factor receptor type 2; AUC: area under the curve. Significant differences are denoted by bold
p-values.

Table 8. Results of predictive accuracy for post-treatment AOPPs, VEGF-A, sVEGFR1, sVEGFR2.

Post-Treatment

Post-Treatment

Post-Treatment

Post-Treatment

ROC Data AOPP VEGF-A sVEGFR1 sVEGFR2
Concentration Concentration Concentration Concentration

AUC 0.86 0.532 0.578 0.596
Youden index 0.71 0.24 0.34 0.25

Cut-off point 10.39 39.92 386.5 7230.0
Sensitivity (%) 81.8 36.4 100.0 63.6
Specificity (%) 89.3 88.1 33.9 61.0
Positive predictive Value (%) 60.0 36.4 220 233
Negative predictive Value (%) 96.2 88.1 100.0 90.0
Accuracy (%) 88.1 80.0 443 614

p-Value <0.0001 0.7817 0.3178 0.2455

Abbreviations: AOPP: advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A;
sVEGEFRI: soluble form of vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular
endothelial growth factor receptor type 2; AUC: area under the curve. Significant differences are denoted by bold
p-values.

The borderline of the diagnostic usefulness of the test was set according to the area
under the ROC curve (AUC) > 0.5 and p < 0.05. The conducted study of pre-treatment
concentrations revealed that the highest level of predictiveness was found for AOPPs
(AUC =0.773, p = 0.0005). The ROC curve identified a serum AOPP concentration of
9.37 uM, with 78% sensitivity and 72.7% specificity, as the best cut-off value to predict
the risk of cancer relapse. For this analysis, the other pre-treatment examined parameters
showed no predictive value in our study group.

Interestingly, based on the ROC data for post-treatment concentrations of investigated
markers, the AOPP value was also found to be the best marker for the prediction of cancer
recurrence. The optimal cut-off value was 10.39 uM. The AUC was 0.86, p-value < 0.0001,
with a sensitivity of 81.8%, and a specificity of 89.3%.

Finally, Figure 2 demonstrates a graph with nine ROC curves for the Ki-67 expression,
pre- and post-treatment concentrations of AOPP, VEGF-A, sVEGFR1, and sVEGFR2. The
most accurate indicator for disease recurrence presents an area of 0.86 under the curve,
which was reached for post-treatment AOPPs (p < 0.0001).
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Figure 2. A graph showing nine ROC curves for the Ki-67 expression, pre- and post-treatment
concentrations of AOPPs, VEGF-A, sVEGFR1 and sVEGFR2 with different values of area under the
curve (AUC) and p-values for predicting disease-free survival.

In addition, to compare the diagnostic accuracies of pre- and post-treatment AOPP
concentrations, and typical prognostic biomarkers of disease recurrence, such as Ki-67 ex-
pression and tumour diameter, we conducted an additional ROC curve analysis (Figure S1).
Importantly, the highest level of discrimination was found for the post-treatment AOPP
concentration (AUC = 0.86, p < 0.0001). The receiver operating characteristic curve identi-
fied a post-treatment AOPP level of 10.39 uM, with 89.3% specificity and 81.8% sensitivity,
as the best cut-off value to discriminate between relapse and non-relapse disease subjects.
According to the ROC curve, cut-off points determined for other analysed parameters were
as follows: for Ki-67 expression, the cut-off value was 15% with 55.9% specificity and 81.8%
sensitivity (AUC = 0.705, p = 0.0073); the cut-off value for pre-treatment AOPP concen-
tration was 9.37 uM with 78% specificity and 72.7% sensitivity (AUC = 0.773, p = 0.0005);
for the tumour diameter, the cut-off point was 1.8 cm with 62.7% specificity and 81.8%
sensitivity (AUC = 0.769, p = 0.0001).

3.4. Survival Analysis Regarding Pre- and Post-Treatment AOPP Concentrations

Subsequently, the cut-off points received from the ROC curve and the calculated
medians for pre- and post-treatment AOPP concentrations were used to create Kaplan—
Meier curves (Table 9). The study subjects were divided into two groups: below and above
the cut-off points. The overall survival (OS) and disease-free survival (DFS) were calculated
for each group.
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Table 9. Calculated medians and ROC cut-off point values of AOPPs before and after treatment.

Pre-Treatment AOPP Post-Treatment AOPP
Concentration (uM) Concentration (uM)
Medians 8.74 8.50
ROC cut-off points 9.37 10.39

For this analysis, almost all the determined cut-off values showed predictive value
in our cohort (Figure 3A-H). Patients with a pre-treatment concentration of AOPPs above
9.37 uM had significantly worse OS than patients with AOPPs < 9.37 uM with p = 0.0093
(Figure 3C). However, the Kaplan—-Meier curve determined according to the median of
the pre-treatment level of AOPPs showed only closeness to statistical significance in the
probability of OS (p = 0.0626) (Figure 3A). This observation discriminates against the use
of the median as the ideal cut-off point and favours the use of the ROC cut-off point,
which is much better at separating low-risk and high-risk patients for overall survival and
cancer recurrence.

It is important to underline that the post-treatment AOPP concentration above 8.50 uM
was related to poorer OS than the AOPP level below 8.50 uM with p = 0.0106 (Figure 3E).
The same observation was made for the post-treatment AOPP concentration (Figure 3G),
with the cut-off point obtained from the ROC curve (p < 0.0001).

Figure 3B,D presents the probability of disease-free survival for pre-treatment AOPP
concentration according to the median or ROC cut-off point. The pre-treatment AOPP
levels above 8.74 uM (Figure 3B) and above 9.37 uM (Figure 3D) were found and associated
with a significantly increased probability of cancer relapse (p = 0.0185 and p = 0.0007,
respectively).

Markedly, breast cancer patients with a post-treatment level of AOPPs above 8.50
uM were characterised as having lower DFS than the group with a concentration below
8.50 uM (Figure 3F) (p = 0.0028). A similar outcome was obtained for the post-treatment
AOQOPP concentration (Figure 3H), with the cut-off point determined from the ROC curve
(p < 0.0001).

Furthermore, the univariate Cox proportional hazards models of the disease-free
survival and overall survival group (Table 10) were investigated to determine the risk score
associated with biomarkers and to evaluate whether they could be independent prognostic
factors for DFS or OS. The univariate analysis revealed that patients with AOPP levels
below 8.74 uM before treatment have a significantly lower risk of shorter DFS compared
to those with higher concentration (HR = 0.19, 95% CI 0.04-0.89, p = 0.0346). Moreover,
a similar observation was also made for the post-treatment AOPP level; its decreased
concentration was found to have a positive effect on the length of time without relapse
of disease (HR = 0.08, 95% CI 0.01-0.66, p = 0.0185). The other investigated parameters
showed no prognostic value on DFS in our cohort (p > 0.05).

Based on the results in Table 10, only the post-treatment AOPP concentration seems to
have any impact on OS prediction. Its higher level, found in the univariate analysis, seems
to be associated with poorer OS prognosis (HR = 0.11, 95% CI 0.01-0.86, p = 0.0358).
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Figure 3. Kaplan-Meier curves for the overall survival (OS) and disease-free survival (DFS) analysis
regarding (A,B) pre-treatment AOPP concentrations according to median; (C,D) pre-treatment AOPP
concentrations according to ROC cut-off; (EF) post-treatment AOPP concentrations according to
median; (G,H) post-treatment AOPP concentrations according to ROC cut-off. Significant differences
are marked by bold p-values.
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Table 10. Univariate analysis (Cox regression) of pre- and post-treatment levels of variables in relation
to disease-free survival (DFS) and overall survival (OS).

Univariate
DFS (05}
Variables HR 95% CI p-Value HR 95% CI p-Value
Pre-treatment AOPP concentration
Low vs. High 0.19 (0.04-0.89) 0.0346 0.25 (0.05-1.21) 0.0847
Post-treatment AOPP concentration
Low vs. High 0.08 (0.01-0.66) 0.0185 0.11 (0.01-0.86) 0.0358
Pre-treatment VEGF-A concentration
Low vs. High 1.89 (0.55-6.46) 0.3101 3.85 (0.80-18.56) 0.0924
Post-treatment VEGF-A concentration
Low vs. High 1.21 (0.37-3.96) 0.7552 1.28 (0.34-4.78) 0.7122
Pre-treatment sVEGFR1 concentration
Low vs. High 1.89 (0.55-6.46) 0.3102 3.86 (0.80-18.60) 0.0921
Post-treatment sVEGFR1 concentration
Low vs. High 1.26 (0.38-4.13) 0.7015 0.83 (0.22-3.11) 0.7873
Pre-treatment sVEGFR2 concentration
Low vs. High 0.85 (0.26-2.79) 0.7905 1.29 (0.35-4.80) 0.7057
Post-treatment sVEGFR2 concentration
Low vs. High 1.87 (0.55-6.39) 0.3181 3.76 (0.78-18.09) 0.0988
Abbreviations: DFS: disease-free survival; OS: overall survival; HR: hazard ratio; CI: Confidence interval; AOPP:
advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of
vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor
receptor type 2. Significant differences are marked by bold p-values.

Furthermore, the multivariate Cox-proportional hazards models of the DFS and OS
group, adjusted for age at the diagnosis, stage of the disease, nodal involvement, and
expressions of ER, PR, HER?2, and Ki-67 were investigated to determine the risk score
associated with biomarkers and to evaluate whether they could be independent prognostic
factors for DFS or OS (Table 11). The conducted analysis clearly shows that there is a strong
link between the pre- and post-treatment levels of AOPPs and the risk of breast cancer
relapse (p < 0.05). This study revealed that lower concentrations of AOPPs before and
after treatment were positive predictors of long-term DFS (HR = 0.16, 95% CI 0.03-0.82,
p = 0.0275; HR = 0.08, 95% CI 0.01-0.66, p = 0.0189, respectively). Data from the OS analysis
indicate that an elevated post-treatment AOPP level, adjusted for the seven covariates
(HR = 0.09, 95% CI 0.01-0.81, p = 0.0317), was associated with higher hazards of death.
The investigation highlighted that pre- and post-treatment concentrations of AOPPs are
independent prognostic factors for OS and DFS in breast cancer patients.

Table 11. Multivariate analysis (Cox regression) of pre- and post-treatment levels of variables in
relation to disease-free survival (DFS) and overall survival (OS).
Multivariate
DFS (O8]
Variables HR 95% CI p-Value HR 95% CI p-Value
Pre-treatment AOPP concentration
Low vs. High 0.16 (0.03-0.82) 0.028 0.2 (0.04-1.10) 0.065
Post-treatment AOPP concentration
Low vs. High 0.08 (0.01-0.66) 0.019 0.09 (0.01-0.81) 0.031
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Table 11. Cont.

Multivariate
DFS (O]
Variables HR 95% CI p-Value HR 95% CI p-Value

Pre-treatment VEGF-A concentration

Low vs. High 1.45 (0.39-5.31) 0.578 2.81 (0.54-14.70) 0.22
Post-treatment VEGF-A concentration

Low vs. High 0.48 (0.07-3.26) 0.45 0.63 (0.07-5.37) 0.67
Pre-treatment sVEGFR1 concentration

Low vs. High 1.51 (0.41-5.59) 0.537 2.89 (0.56-15.04) 0.207
Post-treatment sVEGFR1 concentration

Low vs. High 0.91 (0.25-3.38) 0.893 0.66 (0.16-2.77) 0.568
Pre-treatment sVEGFR2 concentration

Low vs. High 0.38 (0.08-1.90) 0.239 0.6 (0.11-3.42) 0.568
Post-treatment sVEGFR2 concentration

Low vs. High 2.74 (0.73-10.18) 0.133 7.35 (1.16-46.77) 0.035

Abbreviations: disease-free survival; OS: overall survival; HR: hazard ratio; CI: Confidence interval, AOPP:
advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFR1: soluble form of
vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor
receptor type 2. Significant differences are marked by bold p-values. An underlined p-value represents closeness
to statistical significance.

Additionally, we also evaluated the ROC curves to assess the diagnostic accuracies of
the investigated variables for the prediction of overall survival in BrC subjects (Figure 4).
This analysis indicates that in patients with BrC, next to Ki-67 expression, the cut-off value
of 10.39 uM of AOPPs may predict the occurrence of death with 87.9% specificity and
88.9% sensitivity.

Moreover, we evaluated the ROC curve to assess the diagnostic accuracies of pre- and
post-treatment AOPPs and frequently examined variables for the prediction of the BrC
death incidence, such as Ki-67 expression and tumour diameter (Figure S2). It is noteworthy
that the post-treatment AOPP cut-off value of 10.39 uM was found to be the best prognostic
marker for the prediction of cancer-related death. Based on the ROC curve, cut-off points
were provided for other determinants as follows: for Ki-67 expression, the cut-off value
was 15% with 54.1% specificity and 77.8% sensitivity (AUC = 0.702, p = 0.0220); the cut-off
value for pre-treatment AOPP concentration was 9.37 uM with 75.4% specificity and 66.7%
sensitivity (AUC = 0.726, p = 0.0128); for the tumour diameter, the cut-off point was 2.1 cm
with 70.5% specificity and 77.8% sensitivity (AUC = 0.773, p = 0.0005).

Table 12 shows the results of linear regression models for the occurrence of breast
cancer relapse according to concentrations of the examined predictors. The recurrence of
breast tumour was positively associated with pre-treatment AOPP concentration. Models
1, 2, 3, and 4, adjusted for included independent factors, show that elevated levels of
pre-treatment AOPPs are strongly associated with cancer recurrence (p = 0.0018, p = 0.0007,
p <0.0001, and p = 0.0196, respectively). Additionally, regarding the concentration of AOPP
after therapy is undergone, a similar observation was made. There was a significant linear
positive relationship between post-treatment AOPP levels and the risk of disease relapse
according to all models (p < 0.05).

Interestingly, after adjusting for covariates in Model 3, the negative effect of the
soluble form of pre-treatment VEGF receptor type 1 was shown, i.e., its increase is related
to extended DFS (p = 0.0198). Apart from this, Model 4, adjusted for age, BMI, parity,
menopausal status, smoking status, tumour stage, tumour diameters, histological type,
and nodal involvement, had a tendency toward statistical significance in a similar manner
(p = 0.0593).
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Figure 4. A graph showing nine ROC curves for Ki-67 expression, and pre- and post-treatment
concentrations of AOPP, VEGF-A, sVEGFR1, and sVEGFR2 with different values of area under the

curve (AUC) and p-values for predicting overall survival.

Table 12. Linear regression models for disease-free survival predictors in breast cancer patients.

Model 1 Model 2 Model 3 Model 4
Pre-treatment AOPP concentration peale ooos 00007 <0001 o196
Post-reatment AOPP concentraton e oo <0.0001 <0001 oot
Pre-treatment VEGF-A concentration p-]xg/ztl?le 8%% 82333 ggzzg 8;;;8
Post-treatment VEGF-A concentration p—?;tl?le 5092222 8%3? 82?22 8%31
Pre-treatment sVEGFR1 concentration p—]f:ltlie 501%)289 700027173‘4 70002@22 70(.)6@4
Post-treatment sVEGFR1 concentration p—?rztl?le _00411%23 _00218?;%8 _001}3“;9 _()0311§272
Pre-treatment sVEGFR2 concentration p—]?litlille ggigz 8822; ggggg 83;%
Post-treatment sVEGFR2 concentration p-]?/eatlille _0042228 _003%)§;9 _003}116;7 _006(411(3);0

Model 1 adjusted for age; Model 2 adjusted for age, BMI, parity, menopausal status; Model 3 adjusted for age,
BMI, parity, menopausal status, and smoking status; Model 4 adjusted for age, BMI, parity, menopausal status,
smoking status, tumour stage, tumour diameters, histological type, nodal involvement. Abbreviations: AOPP:
advanced oxidation protein products; VEGF-A: vascular endothelial growth factor A; sVEGFRI1: soluble form of
vascular endothelial growth factor receptor type 1; sVEGFR2: soluble form of vascular endothelial growth factor
receptor type 2. Significant differences are denoted by bold p-values; an underlined p-value represents closeness
to statistical significance.
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4. Discussion

Breast cancer, along with lung cancer, is the main cause of cancer-related deaths
among women globally [1]. In the United States alone in 2023, it is estimated that about
297,790 women will be diagnosed with invasive breast cancer and about 43,700 women
will die from breast cancer [52]. This clearly shows that it should be of great interest to find
a useful marker, which could have a beneficial influence on the prediction of cancer-related
events and give more information about the possible outcome of the patients in the early
stage of the disease. The current study presents advanced AOPPs as a valuable biomarker
for monitoring the course of BrC treatment and a predictor of cancer-related events.

AOQOPPs are dityrosine-containing and cross-linking protein products made as an
effect of the reaction of albumin with chlorinated oxidants due to oxidative stress [53].
Significantly increased values of AOPPs in cancer patients compared to healthy subjects
were found by some researchers [15,54-59]. The current study shows a positive correlation
between pre-treatment AOPPs and VEGF-A, which could be evidence of a relationship
between oxidative protein damage in breast cancer and excessive angiogenic process.
The role of VEGF in pathological angiogenesis in malignant tumours is essential [60].
Interestingly, the current study shows that lower pre-treatment levels of sVEGFR1 and lower
post-treatment levels of sSVEGFR2 were related to elevated levels of post-treatment AOPPs.
Elevated concentrations of AOPPs are associated with the intensification of neoplastic
angiogenesis by increasing VEGF-A levels and reducing levels of sVEGFR1, which is
a natural VEGF-A inhibitor. The interplay between the amount of oxidative damage
enacted on proteins and angiogenic factors in cancerous disease is not fully understood,
although it is suggested by Huang et al. that the VEGF signalling pathway is mainly
controlled by the interactions between angiogenesis and oxidative stress [61]. Several
studies have shown that the increased concentration of AOPP in diseases is associated
with endothelial dysfunctions [17,62]. AOPPs serve mainly as an oxidative stress marker;
however, some studies insinuate its role in the production of ROS, vascular inflammation,
and a even pathogenic role in prostate cancer [22,57]. Huang et al. have observed the effect
of AOPPs on the overexpression of VEGF and the elevated expression and secretion of
sVEGEFR1 in trophoblast cell lines. The authors have also suggested that AOPPs increase
both the expression and secretion of VEGF in trophoblasts; however, they implicate that
the increased secretion of sVEGFR1 overwhelms VEGF levels and leads to a reduction in
VEGF’s biological effect. The authors indicate that AOPPs play a key role in mediating
trophoblasts” angiogenic regulation and signalling pathways [19]. However, Abd El-
Khalik et al. have found a negative correlation between AOPPs and VEGF and a positive
correlation between AOPPs and sVEGFR1 in patients with diabetic foot ulcers. The authors
suggest that chronic inflammation in patients with diabetic foot ulcers, supported by the
increased level of TNF-«, is associated with an enhanced production of sVEGFR1 and
consequently a reduction in VEGF level [53].

Following this, we evaluated pre- and post-treatment AOPP concentrations according
to treatment undergone as well as clinical, pathological, and molecular characteristics.
Generally, in our cohort, the concentrations of AOPPs were decreased after the treatment
procedures, which is in line with findings by Salehi et al. The authors indicated that
the plasma AOPP levels decreased significantly in the colorectal cancer group 24 h after
surgery. The authors suggest that the main culprit of the higher AOPP levels before surgery
was the tumour [56]. On the contrary, Chiang et al. have observed a significantly higher
concentration of plasma AOPPs four weeks after the resection of colorectal cancer com-
pared to the level before surgery [63]. However, it is not known whether the findings by
Chiang et al. can be associated with the persistent inflammatory status after resection of
the tumour and/or with no information about the administration of additional therapy,
which could potentially influence the oxidative status. Interestingly, an increase in AOPP
levels after therapy was found in our group of patients not treated with adjuvant endocrine
therapy. On the other hand, the administration of tamoxifen seemed to have the oppo-
site effect on post-treatment AOPP concentrations, which were significantly decreased
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compared to the group not treated with endocrine therapy. This observation agrees with
Ek et al.’s finding that tamoxifen administration is a part of antioxidant defence and can
beneficially prevent oxidative stress-related diseases in post-menopausal women [64]. Ad-
ditionally, in our cohort, patients who received non-anthracycline-containing drugs had
significantly higher levels of post-treatment AOPPs compared to the group who did not
receive chemotherapy. Silva et al. have reported that the administration of tamoxifen or
chemotherapy or combined treatment to breast cancer patients is related to changes in
the level of AOPPs before and after therapeutic procedures. The authors found that the
AOQPP levels after treatment were significantly elevated in the group of subjects treated
only with chemotherapy compared to those who received only tamoxifen or chemotherapy,
followed by tamoxifen, and had a tendency to increase during the treatment. It is insisted
by the authors that chemotherapy alone has a deleterious effect on the balance between
the oxidant and antioxidant systems [65]. It is also suggested that some of the clinical and
pathological features of breast cancer subjects may reflect the high risk of poor outcomes.
In our study, AOPP levels decreased significantly after treatment procedures; however, in
patients with triple-negative breast cancer (ER-/PR-/HER2-), AOPP levels increased after
the therapy. It should be noted that the triple-negative type of cancer is associated with
a more aggressive clinical course, early metastasis and poor outcome [66]. An opposite
observation was made for the group with luminal A, as AOPP levels were significantly
lower after therapy, which is in line with the good prognosis and longer OS reported by
some researchers [67,68]. It is well known that a left-sided tumour is considered to be
more aggressive than a right-sided one and is associated with poorer outcomes [69]. The
results of our study show that patients with a localization of the tumour on the left side
had a significantly higher level of pre-treatment AOPPs; however, the localization of the
tumour did not significantly affect the patients’ future conditions. Additionally, the results
of our study show that the patients with a tumour size above 2 cm (T2 stage according
to TNM classification) had significantly higher values of pre- and post-treatment AOPP
concentrations than patients with a diameter <2 cm (Table 3), and larger tumour size is
assumed to be a high-risk clinical feature of developing of recurrence [70]. Surprisingly,
Salehi et al. did not find any significant associations between AOPP levels and both tumour
diameter and TNM stage in colorectal cancer patients [56]. Due to the limited literature data,
further research is needed to reach a consensus on this. In addition, the group of patients
with a Ki-67 index above 20% had significantly elevated levels of pre- and post-treatment
AQOPPs, which indicate a higher risk of breast cancer relapse in our cohort. Nelson et al.
have linked the expression of Ki-67 above 20% to a higher incidence of cancer recurrence,
which is in agreement with our findings [70].

According to our linear regression results, it can be noted, regardless of the model
used, that higher pre- and post-treatment AOPP concentrations are positively correlated
with a higher risk of cancer recurrence. Zhou et al. have assessed the levels of AOPPs
in acute myeloid leukaemia patients and observed their tendency to increase during the
progression of cancer. The authors conclude that there is a strong association between
persisting oxidative damage and a higher risk of acute myeloid leukaemia relapse, which
suggests that oxidative stress might be a key factor in cancer progression [71]. In contrast,
plasma AOPPs were found by Delrieu et al. to be a favourable factor in metastatic breast
cancer patients undergoing 6 months of physical activity intervention. Patients with cancer
progression or who died during 6-month follow-up had significantly lower concentrations
of AOPPs. However, a reduction in AOPP concentration may have been associated with
the elevated antioxidant efficiency induced by regular physical activity in this group [72].
It should be emphasized that our ROC analysis demonstrates that pre- and post-treatment
AOPP levels in serum have a high diagnostic value in differentiating the groups of early-
stage women with or without breast cancer recurrence in our cohort, with sensitivities at
78%, 81.8% and specificities at 72.7%, 89.3%, respectively. Figure 2 and Figure S1 clearly
emphasize the strength of post-treatment AOPP concentration (AUC = 0.86, p < 0.0001)
as a marker for estimating the likely course of the disease. Due to the higher sensitivity
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(81.8%) and specificity (89.3%) of AOPP concentration after treatment and the easy-to-
perform and economical measurement procedure, AOPP concentration may compete
with Ki-67 expression (sensitivity 81.8%, specificity 55.9%; AUC = 0.705, p = 0.0073) as a
prognostic marker for the development of cancer recurrence. Our findings indicate the
relevant usefulness of AOPP measurements in the differentiation between relapse and
non-relapse breast cancer patients. Kundaktepe et al. showed no predictive value of AOPPs
in separating breast cancer patients with or without metastases. However, this study
included BrC patients with distant metastases at the time of the diagnosis [54]. In the study
by Mahmoud et al., increased AOPP levels were found in acute lymphoblastic leukaemia
patients compared to the controls, and their tendency to increase after the administration of
chemotherapy was observed; however, the Kaplan-Meier analysis showed no association
between AOPP concentrations and the risk of cancer relapse. This finding might probably
be related to the small number of patients included in this study [73]. Several studies have
discussed the possible use of AOPPs as a marker for the prediction of various types of
disease or outcomes in patients. Kaneda et al. have reported that the higher concentrations
of AOPPs observed in the plasma of coronary artery disease patients were related to
an increased incidence rate and severity in these patients [74]. According to the results
of Bagyura et al., AOPPs seem to have possible predictive value as an early marker of
atherosclerosis in men. It is implicated that AOPPs, through various mechanisms, lead
to endothelial dysfunction and eventually to the development of atherosclerosis [17]. In
addition, the results of the logistic regression conducted by Koike et al. suggest that AOPPs
may serve as a predictive factor in suspicious digital rectal examinations [57]. No previous
studies have shown the prognostic value of higher AOPP concentrations on breast cancer
relapse in the early stage. Perhaps serum AOPPs should be taken into consideration by
clinicians as a sensitive marker in the monitoring of breast cancer recurrence.

The results of our univariate Cox regression analysis suggest that the lower levels of
pre- and post-treatment AOPPs may serve as a prognostic factor of better and prolonged
OS. This is also supported by the results of the multivariate Cox regression when adjusted
for age at the diagnosis, stage of the disease, nodal involvement, and expression of ER,
PR, HER?2, and Ki-67. Both the pre- and post-treatment lower levels of AOPPs were
positive predictors of long-term overall survival in our cohort. Our results indicate that
pre- and post-treatment concentrations of AOPPs above the cut-off points (9.37 uM and
10.39 uM, respectively) were associated with a shorter OS time in our study group. The
high sensitivity (88.9%) and specificity (87.9%) of AOPP concentrations after treatment
compared with the sensitivity (77.8%) and specificity (54.1%) of Ki-67 expressions suggest
that AOPPs may constitute an additional, useful, and easy-to-perform prognostic marker
of unfavourable overall survival. Based on a series of statistical analyses (ROC curves,
Kaplan—-Meier method, uni- and multivariate Cox regression), our study suggests that
in patients with BrC, AOPPs may compete with Ki-67 as a prognostic marker of cancer-
related death. This is the first study showing that higher AOPP levels in early-stage
breast cancer patients are related to poorer OS. Furthermore, several researchers have
linked higher levels of AOPPs to increased mortality in various states. The multivariate
Cox analysis conducted by Cai et al., which was performed for a group of patients with
diagnosed hepatitis B virus-related acute-on-chronic liver failure, revealed that AOPPs can
serve as an independent prognostic factor of early mortality [75]. In addition, Zhou et al.
assessed the levels of AOPPs in patients who were undergoing maintenance haemodialysis.
The authors observed that higher levels of AOPPs are associated with an elevated risk
of all-cause mortality in their cohort. The authors concluded that AOPP concentrations
may serve as a relevant risk marker for the early detection of mortality in maintenance
haemodialysis patients [21]. Moreover, Suvakov et al. have investigated AOPP levels in
patients with end-stage renal disease and found that higher plasma AOPP levels were
related to higher cardiovascular-specific mortality. Due to the role of AOPPs in endothelial
dysfunction, the authors suggest including oxidative biomarkers in diagnostic panels for
better monitoring of end-stage renal patients and to improve the choice of appropriate
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therapeutic patterns [62]. The study conducted by Elkabany et al. shows that a higher level
of AOPPs is associated with the severity of respiratory distress syndrome in neonates. The
ROC curve analysis conducted by the authors also suggests that the cut-off value of AOPPs
can be useful in predicting the severity and high risk of mortality in neonatal respiratory
distress syndrome [76]. It should be highlighted that the ability to estimate the prognosis
of patients with BrC depending on the pre- and post-treatment concentrations of AOPPs
may be beneficial for assessing a patient’s future condition and life quality.

The findings should be interpreted with caution due to the following limitations of this
study. The results were from a relatively small number of patients in a single centre. A total
of 22 patients who underwent BCS or mastectomy were excluded due to their ineligibility
for further prognostic analysis (Figure 1). The study was performed in a daily clinical
routine, the sample size was dependent on receiving the patients” consent for participation,
and very restrictive inclusion and exclusion criteria also influenced the limited number
of patients in the project. In addition, we recruited patients of Polish descent only, so our
results may not apply to other ethnic groups. We recruited patients at an early stage of BrC
without metastases, so we cannot determine what the prognostic value would be for larger
and more advanced tumours. A larger sample size of patients will be advantageous to the
validation of long-term effects. Another limitation was the lack of a control group, and
further research with a group of healthy subjects should be conducted.

Nevertheless, AOPP concentrations may serve as potential prognostic candidates
because the method of measuring their concentration is inexpensive and easy to per-
form. Additionally, further research may provide new possibilities for the prevention and
treatment of neoplastic diseases based on reducing their concentration or preventing the
formation of AOPPs.

5. Conclusions

Our results suggest that both pre-treatment AOPP levels above 9.37 M (sensitivity:
78%, specificity: 72.7%) and post-treatment concentrations of AOPPs above 10.39 uM
(sensitivity: 81.8%, specificity: 89.3%) may promote the probability of recurrence in BrC
patients. Additionally, Kaplan-Meier survival analysis shows that pre- and post-treatment
AOPP concentrations above 9.37 uM and 10.39 uM, respectively, may increase the likelihood
of cancer-related death in the BrC cohort. An absence of administration of endocrine drugs
seems to increase the level of AOPPs after treatment procedures. In addition, a positive
relation between AOPPs and VEGF-A was found, and a negative relationship between
AOPPs and sVEGFR1 and sVEGFR2 was revealed, which clearly supports the involvement
of AOPPs in neoplastic angiogenesis. Based on numerous types of statistical analyses, it
seems that AOPPs are a better prognostic biomarker than VEGF-A, although the current
study confirmed the strong relationship between AOPPs and angiogenic parameters. It
would seem that the findings of our study are promising and relevant for further research
in a larger patient population with invasive breast cancer.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers16051068 /s1, Figure S1: A graph showing four
ROC curves for the Ki-67 expression, pre- and post-treatment concentrations of AOPP, and tumour
diameter for evaluating the most accurate indicator for disease recurrence with different values of
area under the curve (AUC) and p-values; Figure 52: A graph showing four ROC curves for the Ki-67
expression, pre- and post-treatment concentrations of AOPP, and tumour diameter for evaluating the
most accurate indicator for predicting cancer-related death with different values of area under the
curve (AUC) and p-values.
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Advanced oxidation protein
products and ischemia-modified
albumin as prognostic biomarkers
of long-term mortality in
community-acquired pneumonia: a
prospective observational study

Marta Napidrkowska-Mastalerz'*, Tomasz Wybranowski', Joanna Sikora?,
Patrycja Wszelaki?, Jerzy Pyskir!, Wiktoria Michalska?, Marta Pilaczyriska-Cemel?,
Stefan Kruszewski® & Barbara Ciastek*

Oxidative stress is increasingly recognized as a contributor to the pathophysiology and outcomes
of community-acquired pneumonia (CAP). This study examined whether plasma levels of advanced
oxidation protein products (AOPPs) and ischemia-modified albumin (IMA) measured at hospital
admission are associated with 100-day mortality. A cohort of 71 hospitalized CAP patients was
analyzed. Plasma AOPPs and IMA were measured within 24 h of admission and evaluated in relation
to clinical data, the Charlson Comorbidity Index (CCl), and routine laboratory parameters. Statistical
analyses included receiver operating characteristic (ROC) curve evaluation, Kaplan-Meier survival
estimates, and Spearman correlations. AOPPs correlated positively with D-dimer, while IMA
showed positive associations with N-terminal pro-B-type natriuretic peptide and high-sensitivity
cardiac troponin |, and inversely with serum albumin, indicating links between oxidative stress,
inflammation, and cardiovascular dysfunction. Higher admission levels of AOPPs and IMA were
independently associated with increased 100-day mortality. In ROC analysis, AOPPs demonstrated
good discriminatory ability for 100-day mortality (area under the curve [AUC]=0.75, p<0.0001),
and a combined multivariable model including AOPPs, IMA, and CCl further improved performance
(AUC=0.851, p<0.0001). These findings suggest that oxidative stress biomarkers measured at
admission may serve as accessible indicators of long-term mortality risk in CAP.

Keywords Community-acquired pneumonia, Oxidative stress, Advanced oxidation protein products,
Ischemia-modified albumin, Long-term mortality

Community-acquired pneumonia (CAP) remains the leading cause of infection-related hospital admissions
and is defined as a pulmonary infection acquired outside the hospital setting or diagnosed within 48 h of
admission in previously non-hospitalized patients. Its incidence ranges from 1 to 25 cases per 1,000 inhabitants
annually!. Among bacterial pathogens, Streptococcus pneumoniae accounts for the majority of pneumonia-
related deaths, followed by Haemophilus influenzae. Viral agents, such as SARS-CoV-2, are also common
contributors. Nevertheless, in nearly half of all cases, the etiologic agent remains unidentified, largely due to
sampling challenges, prior antibiotic exposure, or limited access to molecular diagnostics®. Despite advances
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in diagnostics, therapy, and prevention, CAP remains a major cause of mortality in developed countries’,
especially among older and immunocompromised individuals®. Severe CAP carries up to 36% mortality despite
appropriate antibiotics’, while mild to moderate cases resolve within two weeks; however, full recovery may take
up to six months®. Among patients with comorbidities, long-term deterioration often reflects underlying chronic
conditions rather than the acute infection’. These findings underscore the importance of prognostic biomarkers
for accurate risk stratification and timely escalation of care.

Given the substantial clinical and public health burden of CAP, elucidating its pathophysiology remains
essential. A key feature of CAP is a dysregulated inflammatory response, characterized by excessive production
of reactive oxygen species (ROS) and the development of oxidative stress (OS). OS reflects an imbalance between
ROS generation and endogenous antioxidant defenses. In CAP, ROS serve a dual role: at physiological levels,
they contribute to antimicrobial defense, whereas excessive ROS generation leads to oxidative tissue injury,
endothelial dysfunction, and cytokine overproduction®, ultimately contributing to pulmonary damage, acute
respiratory distress syndrome, and multi-organ dysfunction. Although modulation of redox homeostasis and
inflammatory signaling may mitigate tissue injury, the precise molecular mechanisms underlying these processes
remain incompletely characterized®'°.

Systemic OS can be assessed using circulating biomarkers that reflect protein oxidation, such as advanced
oxidation protein products (AOPPs) and ischemia-modified albumin (IMA). AOPPs, generated via the
myeloperoxidase-hydrogen peroxide-halide system, have been linked to various inflammatory and metabolic
disorders!'!"13 and proposed as prognostic biomarkers in malignancies, including breast cancer!?, as well as in
end-stage renal disease!’; however, data regarding their role in CAP remain limited. IMA, a structurally modified
form of albumin produced under ischemic and oxidative conditions, is influenced by both demographic and
clinical factors'® and typically increases in states of heightened OS'. Initially characterized in acute coronary
syndromes'®, IMA has subsequently been associated with infectious and inflammatory conditions, including
sepsis and pneumonia'®!®, where elevated levels may reflect tissue injury and inflammatory burden, thereby
underscoring its potential prognostic relevance. In parallel, endogenous enzymatic antioxidants, particularly
superoxide dismutase (SOD) and glutathione peroxidase (GPx), play a crucial role in maintaining redox
homeostasis by limiting ROS-mediated damage during lower respiratory tract infections?2!.

Although OS has been implicated in the pathogenesis and progression of CAP3-10, few studies have examined
oxidative biomarkers as predictors of outcome. Evidence on AOPPs and IMA in this context is particularly
limited!!-!?, and their long-term prognostic value remains unknown. Most prior research addressed short-term
outcomes or focused on sepsis rather than isolated CAP. To date, no study has evaluated whether admission levels
of AOPPs and IMA predict 100-day mortality in CAP. By addressing this gap, the present study provides the first
evidence that redox imbalance assessed at admission may identify patients at risk of delayed mortality. This
work therefore advances current understanding of oxidative mechanisms in CAP and highlights the potential
prognostic significance of integrating redox biomarkers into clinical risk stratification and decision-making.

Materials and methods

Study design

This prospective observational pilot study was conducted in accordance with the Declaration of Helsinki
and approved by the Ethics Committee of Nicolaus Copernicus University in Torun, Collegium Medicum
in Bydgoszcz, Poland (KB/343/2021). Written informed consent was obtained from all participants. The
study included 71 adults hospitalized with community-acquired pneumonia (CAP) at the Regional Center of
Pulmonology in Bydgoszcz, Poland, between March 2023 and February 2024. CAP was diagnosed based on
high-resolution computed tomography or chest radiography. Patients requiring noninvasive or mechanical
ventilation were excluded from the study. All patients received standard oxygen therapy and routine laboratory
testing on admission.

Measurements of AOPPs

The serum AOPP level was measured using a modified method by Witko-Sarsat, which utilizes absorbance at
340 nm?2. Detection was further refined according to Hanasand’s improvements, where citric acid replaced
acetic acid to enhance sample stability over time?*. Briefly, the reactive mixture was prepared by combining 1.875
mL of 0.2 M citric acid (Avantor, cat. no. PA-06-538210118) with 25 pL of 1.16 M potassium iodide (Avantor,
cat. no. PA-06-743160117). Then, 1.9 mL of this solution was mixed with 100 uL of plasma, and absorbance
at 340 nm was measured immediately using a JASCO V-550 UV-Vis spectrophotometer (Japan). Results were
expressed in molar units as chloramine T equivalents.

Measurements of IMA

Measurement of IMA was conducted using the colorimetric method developed by Bar-Or et al.?%. A total of 100
uL of plasma was mixed with 50 uL of 0.2% cobalt(II) chloride (Sigma-Aldrich, cat. no. 232696) and incubated
for 10 min to allow for cobalt-albumin binding. Then, 50 uL of 1.5 mg/mL dithiothreitol (Roche, cat. no.
10197777001) was added to react with unbound cobalt. After 2 min, 2 mL of 0.9% NaCl (Avantor, cat. no. PA-
06-794121116) was added to stop the reaction, and absorbance was measured at 470 nm using a JASCO V-550
UV-Vis spectrophotometer (Japan).

Measurements of SOD

SOD activity was assayed in plasma using a commercial Superoxidase Dismutase Assay Kit (CaymanChemical,
USA). Briefly, samples were thawed, diluted, and analyzed in duplicate with standard curve calibration.
Absorbance was read at 450 nm (Multiskan GO, Thermo Scientific). The SOD standard value was plotted as a
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function of final SOD activity (U/ml), and SOD activity (U/mL) was calculated from the regression equation
derived from the standard curve.

Measurements of GPx

GPx activity was measured using a commercial Glutathione Peroxidase Assay Kit (Cayman Chemical, USA)
following the manufacturer’s instructions. Plasma samples were thawed, diluted, and analyzed in triplicate
with background and control wells included. Absorbance was measured at 340 nm (Multiskan GO, Thermo
Scientific), and enzyme activity was calculated according to the kit protocol.

Quality control
All assays were performed in duplicate, and intra-assay coefficients of variation were below 5%, indicating high
analytical precision and reproducibility.

Routine laboratory measurements

Standard biochemical and hematological parameters, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), C-reactive protein (CRP), D-dimers, high-sensitivity cardiac troponin I (hs-cTnI),
N-terminal pro-B-type natriuretic peptide (NT-proBNP), lactate dehydrogenase (LDH), and albumin, were
obtained from hospital records at admission. All analyses were performed using validated, automated methods
in the accredited reference laboratory of the Regional Center of Pulmonology in Bydgoszcz, following standard
operating procedures and internal quality control protocols. Hematological indices such as white blood cell
count (WBC), red blood cell count (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC), platelet
count (PLT), Red Cell Distribution Width-Standard Deviation (RDW-SD), and Red Cell Distribution Width-
Coefficient of Variation (RDW-CV) were analyzed using the same standardized procedures.

Statistical analysis

Statistical analyses and visualizations were performed using Statistica software, version 13.3 (StatSoft’, Krakéw,
Poland). Data distribution was assessed with the Shapiro-Wilk test. As most variables deviated from normality,
intergroup comparisons were conducted using the nonparametric Mann-Whitney U test. Associations
between OS biomarkers and clinical or laboratory parameters were evaluated using Spearman’s rank correlation
coefficients. Mortality risk was analyzed by receiver operating characteristic (ROC) curve analysis, with
predictive accuracy expressed as the area under the curve (AUC). Optimal cut-off values for AOPPs and IMA
were determined using the Youden index, maximizing the sum of sensitivity and specificity for predicting 100-
day mortality. These thresholds (AOPPs>7 uM and IMA >0.92) were subsequently used to stratify patients in
Kaplan-Meier survival analyses followed by the log-rank test. The prognostic value of biomarkers was further
examined using multivariable logistic regression analysis and ROC curves constructed for the combined models.
To assess the internal validity and potential overfitting of the prognostic models, bootstrap resampling with 1000
iterations was performed. In each bootstrap sample, the logistic regression models including AOPPs and IMA,
and AOPPs, IMA, and CCI were refitted, and the area under the ROC curve was recalculated. The optimism-
corrected AUC was obtained as the apparent AUC minus the bootstrap-estimated optimism. These analyses
were considered exploratory internal validation rather than proof of external generalizability. Internal validation
analyses were performed in R version 4.5.2 using the RStudio Desktop environment version 2025.09.2-418
(Posit, Boston, MA, USA). A two-sided p-value < 0.05 was considered statistically significant.

Results

Baseline characteristics of the study population

The study population comprised 71 patients hospitalized with CAP. The median age was 70 years (interquartile
range [IQR], 62-76 years), and all patients were followed for a period of 100 days. Comorbidities were evaluated
using the Charlson Comorbidity Index (CCI)?, which assigns weighted scores (1-6) to 19 predefined conditions.
Data on cardiovascular, renal, hepatic, metabolic, and malignant diseases were extracted from medical records,
with CCI scoring based on the most severe manifestation within each category (Table 1).

Common comorbidities | Number of patients (%)
Cardiovascular disease 35 (49.30%)
Neurological disease 10 (14.08%)
Respiratory disease 16 (22.54%)
Rheumatic disease 5 (7.04%)
Gastrointestinal disease 4 (5.63%)
Metabolic disease 12 (16.90%)
Renal disease 2(2.82%)
Cancer 22 (30.99%)

Table 1. Comorbidities in patients hospitalized for community-acquired pneumonia (n=71).
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Associations between oxidative stress biomarkers and clinical parameters

Significant correlations were observed between oxidative stress biomarkers and selected laboratory parameters
(Table 2). Although ALT and AST activities remained within reference ranges, both showed significant positive
correlations with GPx activity (ALT: r=0.3786, p<0.01; AST: r=0.4006, p <0.001). D-dimer concentrations
showed a significant positive correlation with AOPPs (r=0.2676, p <0.05). In addition, N-terminal pro-B-type
natriuretic peptide (NT-proBNP) levels correlated significantly with IMA (r=0.3353, p <0.01). Hematological
parameters showed significant associations with oxidative stress biomarkers. RBC, HGB, and hematocrit were
inversely correlated with IMA (all p <0.05). In addition, RDW-SD and RDW-CYV correlated positively with IMA
and inversely with SOD and GPx activity. Serum albumin concentration was reduced (median: 3.14 g/dL) and
showed a significant inverse correlation with IMA (r=-0.3941, p <0.001). In addition, LDH activity correlated
positively with GPx activity (r=0.4052, p<0.001).

Association of oxidative stress biomarkers with 100-day mortality

Figure 1 shows the differences in plasma levels of AOPPs (Fig. 1A) and IMA (Fig. 1B) between survivors and
non-survivors with CAP. Both biomarkers were significantly higher in patients who died within 100 days of
hospital admission (p <0.05).

Discriminatory performance of oxidative stress biomarkers for 100-day mortality

The discriminatory performance of oxidative stress biomarkers for 100-day mortality in CAP was evaluated using
ROC analysis (Fig. 2). Among individual markers, AOPPs and IMA demonstrated the highest discriminatory
ability (AUC=0.750 and 0.740, respectively; Table 3). The combined model incorporating both biomarkers
showed improved performance (AUC=0.803). Further inclusion of the Charlson Comorbidity Index (CCI)

Correlation with
Parameters (Units) | Median | Interquartile range | Reference Values | AOPPs | IMA SOD GPx
Age (years) 70.00 62.00-76.00 -0.0220 | 0.2287 -0.0560 -0.0545
ALT (U/L) 23.95 17.40-50.10 <40.00 0.0880 | 0.0849 0.0835 0.3786**
AST (U/L) 27.50 21.20-40.20 <37.00 0.0087 | -0.0208 -0.0244 0.4006***
CRP (mg/L) 55.93 20.46 —133.04 <5.00 -0.1084 | 0.2245 0.1323 -0.0784
D-Dimers (ng/mL) 1342.46 | 922.72-2970.00 <500.00 0.2676* | 0.1242 -0.1675 -0.0178
hsTNI (ng/L) 4.70 0.08-16.30 <19.00 0.1955 | 0.2814* -0.1211 0.0174
NT-proBNP (pg/mL) | 767.00 | 224.00-2118.00 <125.00 0.2098 | 0.3353** -0.1402 -0.1303
LDH (U/L) 396.00 | 297.00-535.00 225.00-450.00 0.3024* | -0.0067 -0.0457 0.4052%**
Albumin (g/dL) 3.14 2.80-3.53 3.90-5.10 -0.1119 | -0.3941*** | -0.1567 0.0099
WBC (1073/pL) 9.72 7.42-12.30 4.00-10.00 0.2010 |0.1136 0.0036 -0.1959
RBC (IOAﬁ/pL) 391 3.43-4.36 4.50-5.50 -0.0441 | -0.4095*** | 0.0024 0.2651*
HGB (g/dL) 11.80 9.90-13.20 14.00-18.00 -0.0395 | -0.3242** | 0.0989 0.2423*
HCT (%) 35.70 30.50-39.90 40.00-54.00 -0.0484 | -0.3830** | 0.0402 0.2360*
MCV (fL) 90.50 87.30-93.50 84.00-94.00 0.0006 | 0.0599 0.0519 -0.1690
MCH (pg) 30.20 28.90-30.90 27.00-34.00 0.0140 | 0.1022 0.1983 0.0369
MCHC (g/dL) 32.90 32.20-34.10 31.00-37.00 0.0161 |0.1434 0.2187 0.2502*
PLT (10/\3/|,1L) 295.00 210.00-393.00 130.00-350.00 -0.0028 | 0.0806 0.0126 -0.1342
RDW-SD (fL) 45.90 42.80-50.30 35.10-43.90 0.1875 | 0.3338** -0.3147** | -0.2407*
RDW-CV (%) 13.60 12.80-15.60 11.60-14.40 0.1882 | 0.2862* -0.3259** | -0.1900
CCI (points) 5.00 2.00-6.00 0.1297 | 0.2965* -0.1986 -0.0219
AOPPs (uM) 6.59 5.42-8.70 - 0.2864* 0.0627 0.0927
IMA 0.99 0.74-1.18 0.2864* | - 0.0622 -0.0734
SOD (U/mL) 0.89 0.28-1.45 0.0627 | 0.0622 - 0.1141
GPx (U/mL) 1.62 1.35-1.95 0.0927 | -0.0734 0.1141 -

Table 2. Demographic, clinical, and laboratory characteristics, as well as their correlations with oxidative stress
biomarkers (AOPPs, IMA, SOD, and GPx), in patients with community-acquired pneumonia. Abbreviations:
ALT: Alanine Aminotransferase; AST: Aspartate Aminotransferase; CRP: C-Reactive Protein; hsTNI: High-
sensitivity troponin I; NT-proBNP: N-terminal pro b-type Natriuretic Peptide; LDH: Lactate Dehydrogenase;
WBC: White Blood Cell Count; RBC: Red Blood Cell Count; HGB: Hemoglobin; HCT: Hematocrit; MCV:
Mean Corpuscular Volume; MCH: Mean Corpuscular Hemoglobin; MCHC: Mean Corpuscular Hemoglobin
Concentration; PLT: Platelet Count; RDW-SD: Red Cell Distribution Width-Standard Deviation; RDW-CV:
Red Cell Distribution Width-Coefficient of Variation; CCI: Charlson Comorbidity Index; AOPPs: Advanced
Oxidation Protein Products; IMA: ischemia-modified albumin; SOD: superoxide dismutase; GPx: glutathione
peroxidase. Correlation coeflicients and significance between parameters were calculated according to
Spearman’s method: *p <0.05, **p <0.01, ***p < 0.001.
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Fig. 1. Box plots showing plasma levels of AOPPs (A) and IMA (B) in survivors and non-survivors with
CAP. The boxes represent the interquartile range with the median line shown, and whiskers indicate non-
outlier ranges. Data points exceeding 1.5-fold the interquartile range are classified as outlier values. Statistically
significant differences between groups (p <0.05) are indicated.
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Fig. 2. Graphs showing Receiver Operating Characteristic (ROC) curves for the levels of AOPPs, IMA, GPx,
SOD, and CCI (A) and for logistic regression models AOPPs + IMA and AOPPs +IMA + CCI (B) for predicting
long-term mortality.

Parameter/Model

(Units) Cut-off | AUC | CI Sensitivity % | Specificity % | p-value
AOPPs (uM) 7.00 0.750 | 0.633-0.867 | 79.20 71.70 <0.0001
IMA 0.92 0.740 | 0.623-0.857 | 87.50 51.10 0.0001
SOD (U/mL) 0.218 0.565 | 0.419-0.712 | 36.00 82.20 0.3820
GPx (U/mL) 1.737 0.516 | 0.371-0.662 | 48.00 71.10 0.8248
CCI (points) 3.00 0.725 | 0.609-0.842 | 100.00 39.10 0.0001
AOPPs+IMA 0.2668 | 0.803 | 0.700-0.905 83.30 66.70 <0.0001
AOPPs+IMA +CCI | 0.2594 | 0.851 | 0.762-0.940 | 91.70 71.10 <0.0001

Table 3. Results of the prognostic accuracy of the studied biomarkers. Abbreviations: AOPPs: Advanced
Oxidation Protein Products; IMA: ischemia-modified albumin; SOD: superoxide dismutase; GPx: glutathione
peroxidase; CCI: Charlson Comorbidity Index; AUC: Area under the curve; CI: Confidence Interval.
Statistically significant differences between groups are indicated by bold p-values.
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Fig. 3. Kaplan-Meier survival curves for the levels of AOPPs (A) and IMA (B) in the study group, based
on cut-off points determined by ROC analysis. Significant differences between groups are indicated by bold
p-values (Log-rank test).

resulted in additional improvement in model performance (AUC =0.851; sensitivity, 91.7%; specificity, 71.1%;
p<0.0001). In bootstrap internal validation with 1000 resamples, the apparent and optimism-corrected AUC
values were similar. For the model including AOPPs and IMA, the apparent AUC was 0.803 with an estimated
optimism of 0.014, yielding an optimism-corrected AUC of 0.789. For the model including AOPPs, IMA, and
CCI, the apparent AUC was 0.851 with an estimated optimism of 0.020 and an optimism-corrected AUC of
0.831. Optimism-corrected calibration slopes were approximately 1 for the single-predictor models; the slope
was 0.914 for AOPPs +IMA and 0.884 for AOPPs +IMA + CCI. These findings suggest only modest overfitting;
however, the estimates should still be interpreted with caution, given the limited number of events and the
absence of external validation.

In contrast, enzymatic antioxidants SOD and GPx demonstrated limited discriminatory ability for 100-day
mortality, with AUC values of 0.565 and 0.516, respectively, and non-significant p-values (Table 3).

Kaplan-Meier survival analysis according to AOPPs and IMA cut-off values

Figure 3 presents Kaplan-Meier survival curves illustrating 100-day survival stratified by ROC-derived cut-off
values for AOPPs and IMA. Differences between strata were assessed using the log-rank test. Patients with
AOPPs levels > 7 uM or IMA absorbance > 0.92 showed significantly shorter survival compared with those below
these thresholds (p=0.0001 and p=0.0026, respectively).

Discussion

In this prospective observational study, we investigated the association between oxidative stress biomarkers and
long-term mortality in patients hospitalized with community-acquired pneumonia, as well as their relationships
with routinely assessed clinical and laboratory parameters. The main finding is that higher admission levels
of AOPPs and IMA were associated with increased 100-day mortality. In addition, these biomarkers showed
significant associations with markers of hepatic injury, coagulation, cardiac stress, and hematological alterations,
supporting their relevance to the severity of systemic disease. AOPPs and IMA also demonstrated moderate
discriminatory performance for mortality, which improved when combined with comorbidity burden, indicating
their potential relevance for risk stratification. Importantly, these findings should be interpreted as associations
rather than evidence of causality, while still providing clinically relevant and hypothesis-generating insight into
the role of oxidative stress in the long-term outcomes of CAP%1%18,

Associations of oxidative stress biomarkers with routine clinical and laboratory parameters
In our study, IMA showed significant positive correlations with NT-proBNP and high-sensitivity troponin I
(hsTnI). While natriuretic peptides are well-established markers of disease severity and short-term prognosis
in CAP?S, previous studies evaluating IMA in CAP did not include parallel assessment of cardiac biomarkers!s.
Associations between IMA and natriuretic peptides have been reported primarily in cardiovascular populations'®.
Our findings, therefore, extend existing observations and suggest that systemic oxidative stress during pneumonia
may be linked to secondary myocardial strain. However, these relationships should be interpreted as associations
rather than indicators of direct cardiac injury mechanisms.

Oxidative stress biomarkers were also associated with markers of coagulation and endothelial perturbation.
In particular, AOPPs correlated positively with D-dimer concentrations, consistent with prior reports linking
oxidative stress to hemostatic activation in severe infection. These findings support the concept that protein
oxidation markers may reflect the broader systemic response to inflammation and vascular dysfunction in
CAP%,

In contrast, enzymatic antioxidants demonstrated a different pattern of associations. SOD and GPx showed
limited discriminatory ability for mortality and appeared to be more closely related to routine laboratory
parameters. GPx activity correlated positively with liver enzymes (ALT, AST) and LDH, as well as with red
blood cell indices, suggesting a potential adaptive antioxidant response in the context of systemic inflammation
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and cellular injury. Similar associations between GPx activity and hepatic enzymes have been reported in other
inflammatory conditions®. SOD activity, however, showed fewer systemic associations, which may reflect its
intracellular localization and context-dependent regulation?"?.

Albumin-related parameters further highlight the systemic nature of oxidative stress in CAP. The inverse
relationship between serum albumin and IMA underscores albumins role as both a major extracellular
antioxidant and a target of oxidative modification'®. Associations between IMA and hematological indices,
including red blood cell count, hemoglobin, and RDW, suggest that oxidative albumin modification may
integrate redox imbalance with inflammation-related hematological alterations. These findings are consistent
with previous observations linking oxidative stress to anemia and erythrocyte heterogeneity in inflammatory
states.

Prognostic relevance of AOPPs and IMA

AOPPsand IMA have been increasingly recognized as markers reflecting oxidative stress in respiratory infections,
including community-acquired pneumonia (CAP)%?%; however, evidence supporting their clinical relevance
remains limited. In our cohort, patients who died within 100 days of hospital admission had significantly higher
plasma levels of AOPPs and IMA compared with survivors. Previous studies have reported elevated AOPPs in
CAP patients relative to healthy controls?**, while Bolatkale et al. demonstrated the diagnostic utility of IMA
in CAP in the emergency department, without assessing its relationship with patient survival'®. Our findings,
therefore, extend existing observations by linking admission levels of these biomarkers with long-term outcomes
following CAP.

In addition, survival analyses demonstrated that patients stratified by ROC-derived cut-off values of AOPPs
and IMA exhibited significantly different 100-day survival probabilities, further supporting an association
between higher oxidative stress burden at admission and adverse long-term outcomes. Importantly, AOPPs
and IMA demonstrated moderate discriminatory performance for 100-day mortality, which improved when
combined with comorbidity burden. These results suggest that oxidative stress biomarkers may provide
complementary information to routine clinical assessment rather than serving as standalone prognostic
indicators. Given the observational nature of the study and the limited number of events, the present results
should be viewed as exploratory and require confirmation in larger cohorts. Taken together, these associations
support the relevance of systemic oxidative stress in the post-acute course of CAP. While the underlying
mechanisms cannot be inferred from the present study, our results highlight the value of further investigating
AOPPs and IMA in larger, multicenter cohorts with longitudinal follow-up and direct comparison to established
severity scores.

Limitations of the study

Despite the promising findings, several limitations should be acknowledged. First, the relatively small sample
size, limited number of events, and single-center design may restrict the generalizability of the results. Second,
although selected clinical variables were included, several potentially important confounding factors, such
as comorbidities, nutritional status, renal function, inflammatory burden, and medication use, were not
fully adjusted for and may independently influence oxidative stress biomarkers and clinical outcomes. Third,
biomarker measurements were obtained at a single time point on admission; thus, longitudinal changes in
oxidative stress during the disease course and recovery could not be assessed. Fourth, the prognostic performance
of AOPPs and IMA was not compared with established CAP severity scores, such as CURB-65 or the Pneumonia
Severity Index, which limits conclusions regarding their incremental value in clinical risk stratification. Fifth, the
clinical applicability of these biomarkers remains constrained by the limited standardization of assays and their
absence from routine diagnostic workflows. Finally, as this was an observational study, causal inferences cannot
be drawn. Future studies should validate these findings in larger, multicenter cohorts, incorporate longitudinal
biomarker assessment, and directly compare oxidative stress markers with established severity scores to better
define their potential role in prognostic evaluation of CAP.

Conclusion

This study indicates that oxidative stress-related biomarkers, including AOPPs and IMA, are associated with
systemic redox imbalance in patients hospitalized with CAP. Higher admission levels of these biomarkers were
associated with increased 100-day mortality, suggesting their relevance to longer-term outcomes beyond the
acute phase of infection. The combined assessment of AOPPs, IMA, and comorbidity burden showed improved
discriminatory performance, indicating that oxidative stress markers may provide complementary information
for risk stratification. Given the observational design and methodological limitations, these findings should be
considered hypothesis-generating and warrant validation in larger, multicenter studies with longitudinal follow-
up before clinical implementation.

Data availability
The datasets generated and analyzed during the current study are available from the corresponding author upon
reasonable request.
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