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Wykaz skrotow

3-NT - 3-nitrotyrozyna (ang. 3-nitrotyrosine)

ATF6 - Aktywujacy czynnik transkrypcyjny 6 (ang. activating transcription factor 6)
CHOP - Biatko homologiczne C/EBP (ang. C/EBP homologous protein)

eNOS - Srodbtonkowa syntaza tlenku azotu (ang. endothelial nitric oxide synthase)
ELISA - Enzymatyczny test immunoabsorpcyjny

(ang. enzyme-linked immunosorbent assay)

ER - Siateczka $rdédplazmatyczna (ang. endoplasmic reticulum)

GRP78 - Biatko regulowane przez glukoze 78 (ang. glucose-regulated protein 78)
HF - Niewydolno$¢ serca (ang. heart failure)

HFmrEF - Niewydolno$¢ serca z fagodnie zmniejszong frakcja wyrzutowa

(ang. heart failure with mildly reduced ejection fraction)

HFpEF - Niewydolno$¢ serca z zachowang frakcja wyrzutowa

(ang. heart failure with preserved ejection fraction)

HFrEF - Niewydolnos$¢ serca ze zmniejszong frakcja wyrzutowa

(ang. heart failure with reduced ejection fraction)

HFD - Dieta wysokotluszczowa (ang. high-fat diet)

iNOS - Indukowana syntaza tlenku azotu (ang. inducible nitric oxide synthase)
IRE1la - Enzym 1o wymagajacy inozytolu (ang. inositol-requiring enzyme 1a)
LVEF - Frakcja wyrzutowa lewej komory (ang. left ventricular ejection fraction)
MI - Zawal mig$nia sercowego (ang. myocardial infarction)

MPO - Mieloperoksydaza (ang. myeloperoxidase)

nNOS - Neuronalna syntaza tlenku azotu (ang. neuronal nitric oxide synthase)
UPR - Odpowiedz na niesfatdowane biatka (ang. unfolded protein response)
PERK - Kinaza bialkowa aktywowana przez stres ER

(ang. protein RNA-like endoplasmic reticulum kinase)

PCR - Reakcja tancuchowej polimerazy (ang. polymeraze chain reaction)



Streszczenie w jezyku polskim

Niewydolno$¢ serca (HF) to zlozony zespol kliniczny, ktéry pozostaje jednym z
najwickszych wyzwan wspotczesnej medycyny, a badania nad réznicami w patofizjologii
poszczegolnych typow HF staja si¢ coraz istotniejsze. Mogag one przyczyni¢ si¢ do opracowania
nowych metod diagnostycznych oraz bardziej precyzyjnych 1 skutecznych strategii
terapeutycznych.

Niniejsza praca doktorska miata na celu oceng nasilenia procesow patofizjologicznych,
takich jak stres oksydacyjny, stres nitrozacyjny oraz stres siateczki srddplazmatycznej (ER) w
r6znych typach HF. Praca zostala podzielona na dwie gtéwne czgéci. W pierwszej porownatem
stezenia markerow powyzszych procesdw w osoczu pacjentow z HF z zachowana (HFpEF)
oraz z HF z obnizong frakcja wyrzutowa (HFrEF). Druga cze$¢ dotyczyta analizy wplywu
zawahu serca (MI) oraz diety wysokotluszczowej (HFD) na nasilenie powyzszych procesow w
modelu zwierzgcym pozawatowej HF.

Wyniki pierwszej czg$ci wykazaly istotne réznice w nasileniach stresu nitrozacyjnego i
stresu ER, sugerujac r6zne mechanizmy patofizjologiczne w obu typach HF. U pacjentow z
HFpEF zaobserwowatem wyzsze poziomy stresu nitrozacyjnego (podwyzszone ste¢zenia iNOS
oraz 3-NT w osoczu), co sugeruje istotng rolg tego procesu w patogenezie HFpEF, natomiast
wydaje si¢, ze w HFTEF dominuje stres ER (podwyzszone stgzenia GRP78 w osoczu). W
drugiej czgsci pracy doktorskiej wykazatem, ze HFD w potaczeniu z MI prowadzi do nasilenia
stresu nitrozacyjnego (podwyzszony poziom iNOS oraz 3-NT) oraz stresu ER w migé$niu
sercowym (podwyzszony poziom GRP78). Zardéwno HFD, jak i MI nasilajg stan zapalny wraz
ze stresem oksydacyjnym, mierzony za pomocg poziomu MPO.

W pracy wykazatem, ze r6zne mechanizmy patofizjologiczne odgrywaja kluczowa role
w rozwoju HFpEF 1 HFrEF. Wyniki sugeruja ponadto, ze wystapienie MI przy stosowaniu HFD
nasila w sercu wyzej wymienione patologiczne procesy. Te obserwacje otwieraja nowe
mozliwos$ci dla ukierunkowanych strategii diagnostycznych i terapeutycznych oraz wskazuja
na potencjalne korzysci plynace z interwencji dietetycznych w prewencji progresji

pozawatowej HF.



Streszczenie w jezyku angielskim

Parameters of oxidative stress, nitrosative stress, and endoplasmic reticulum

stress in chronic heart failure with preserved and reduced ejection fraction

Heart failure (HF) is a complex clinical syndrome and remains one of the greatest
challenges in modern medicine. Research into the pathophysiological differences between
various types of HF is becoming increasingly important. Such research can contribute to the

development of new diagnostic methods and more precise, effective therapeutic strategies.

This doctoral dissertation aimed to assess the intensity of pathophysiological processes,
such as oxidative stress, nitrosative stress, and endoplasmic reticulum (ER) stress, in different
types of HF. The study was divided into two main areas. In the first, I compared the
concentrations of markers of these processes in the plasma of patients with preserved ejection
fraction HF (HFpEF) and reduced ejection fraction HF (HFrEF). The second area focused on
analyzing the effects of myocardial infarction (MI) and a high-fat diet (HFD) on the intensity

of these processes in a post-MI HF animal model.

The results of the first part demonstrated significant differences in the intensities of
nitrosative stress and ER stress, suggesting different underlying pathophysiological
mechanisms in each type of HF. I found that patients with HFpEF exhibited higher levels of
nitrosative stress (elevated iNOS and 3-NT concentrations in plasma), indicating a critical role
for this process in the pathogenesis of HFpEF. In contrast, ER stress appeared to dominate in
HFrEF (elevated GRP78 levels in plasma). In the second part of the dissertation, I demonstrated
that HFD combined with MI led to increased nitrosative stress (elevated iNOS and 3-NT levels)
and ER stress (elevated GRP78 levels) in myocardial tissue. Both HFD and MI intensified

inflammation and oxidative stress, as measured by MPO levels.

The study revealed that different pathophysiological mechanisms play a crucial role in
HFpEF and HFrEF. Moreover, the findings suggest that MI in the presence of HFD exacerbates
the aforementioned pathological processes in the heart. These observations open new
possibilities for targeted diagnostic and therapeutic strategies and indicate potential benefits of

dietary interventions in preventing post-MI HF progression.



Wstep

Niewydolno$¢ serca (ang. heart failure; HF) jest jednym z najpowazniejszych
probleméw zdrowotnych w Polsce charakteryzujacym si¢ wysoka umieralnoscia, znacznym
pogorszeniem jakosci Zycia oraz stanowigcym ogromne obcigzenie dla systemow opieki
zdrowotnej (1). Szacuje si¢, ze w naszym kraju na HF cierpi okoto 1 miliona os6b (2). Liczba
ta stale ro$nie wraz ze starzeniem si¢ populacji i wzrostem czgsto$ci wystgpowania chorob
wspotistniejacych, takich jak nadci$nienie tg¢tnicze, cukrzyca, choroba wiencowa i otytosc,
ktére przyczyniaja si¢ do rozwoju HF (3).

HF to ztozony zespot kliniczny, wynikajacy z zaburzen strukturalnych i funkcjonalnych
serca. Zmiany te prowadza do upo$ledzenia funkcji skurczowej i/lub rozkurczowej lewe;j
komory (4). Gtéwne objawy HF to duszno$¢ i pogorszenie tolerancji wysitku fizycznego. W
przebiegu HF moga réwniez pojawia¢ si¢ obrzgki obwodowe, nykturia czy tez kaszel, jak i
zaburzenia snu.

HF dzieli si¢ na trzy gtowne typy w zalezno$ci od funkcji lewej komory ocenianej
frakcja wyrzutowa (ang. left ventricular ejection fraction; LVEF): niewydolno$¢ serca z
zachowang frakcja wyrzutowa (ang. heart failure with preserved ejection fraction; HFpEF),
niewydolnos¢ serca z tagodnie zmniejszong frakcja wyrzutowa (ang. heart failure with mildly
reduced ejection fraction; HFmrEF) oraz niewydolno$¢ serca ze zmniejszong frakcja
wyrzutowa (ang. heart failure with reduced ejection fraction; HFrEF) (5). HFpEF, definiowana
jako LVEF > 50%, wystepuje czesciej u 0sob starszych, kobiet oraz pacjentéw z otyloscia i/lub
zespolem metabolicznym (6). Z kolei HFrEF, charakteryzujaca si¢ LVEF < 40%, najcze¢sciej
jest wtorna do choroby niedokrwiennej serca, zwykle stanowi powiktanie zawatu serca (ang.
myocardial infarction; MI) (7). HFmrEF, z LVEF 41-49%, jest posrednig kategoria,
charakteryzujaca si¢ cechami obu pozostalych typow HF (8). Zrozumienie rdznic
patofizjologicznych migdzy poszczegdlnymi typami HF jest kluczowe dla opracowania
skutecznych metod diagnostycznych, strategii terapeutycznych i poprawy rokowania
pacjentow.

Oba typy HF taczy obecnos$¢ ogdlnoustrojowego i miejscowego (sercowego) stanu
zapalnego, dysfunkcji §rodbtonka, uszkodzenia kardiomiocytow oraz przebudowy migsnia
sercowego (9). Mimo tych podobienstw, wystepuja istotne roéznice w mechanizmach
patofizjologicznych. W HFrEF procesy zapalne sa wynikiem bezposredniego uszkodzenia
kardiomiocytow, gtownie w wyniku niedokrwienia migs$nia sercowego (10, 11). W HFpEF

natomiast stan zapalny jest efektem pozasercowych czynnikéw metabolicznych, takich jak



otytos¢, cukrzyca czy choroba nerek i/lub ptuc (12). Dysfunkcja §rédbtonka w HFpEF pojawia
si¢ na wczesniejszych etapach patologii, podczas gdy w HFrEF jest to zjawisko pdzniejsze,
zwigzane z postgpujacym przebiegiem choroby (13). W HFrEF utrata kardiomiocytow i
pozawalowe wioknienie serca w konsekwencji prowadzi zazwyczaj do ekscentrycznego
remodelingu (14, 15). W HFpEF z kolei dochodzi najczesciej do koncentrycznego remodelingu
serca, poprzez przerost kardiomiocytéw i wzrost ich sztywnosci (16).

Stres oksydacyjny, stres nitrozacyjny oraz stres siateczki $rddplazmatycznej
(ang. endoplasmic reticulum; ER) sa procesami, ktére znaczaco wplywaja na zaburzenia
funkcjonowania kardiomiocytow, cho¢ ich nasilenie wydaje si¢ ro6zni¢ w przebiegu
poszczegolnych typow HF (9). Stres oksydacyjny polega na nadmiernej produkcji reaktywnych
form tlenu, ktére prowadza mig¢dzy innymi do uszkodzenia bialek w kardiomiocytach i do
dysfunkcji $rodbtonka (17). Z kolei stres nitrozacyjny, ktory jest pochodng stresu
oksydacyjnego, moze stanowi¢ efekt nadmiernej aktywnosci i ekspresji indukowanej syntazy
tlenku azotu (ang. inducible nitric oxide synthase; iNOS) oraz obecnosci reaktywnych form
azotu (18, 19). W rezultacie moze prowadzi¢ on do nitracji bialek, co wtornie powoduje
dysfunkcje i1 uszkodzenia kardiomiocytow (20). Markerem stresu nitrozacyjnego (posrednio
réwniez stresu oksydacyjnego) jest rowniez 3-nitrotyrozyna (ang, 3-nitrotyrosine; 3-NT), ktéra
jest produktem reakcji tyrozyny z wyzej wspomnianymi reaktywnymi formami azotu (21).
Wykazano réwniez, ze dysfunkcja dwoch pozostalych izoform NOS — neuronalnej (ang.
neuronal nitric oxide synthase; nNOS) oraz $rodbtonkowej (ang. endothelial nitric oxide
synthase; eNOS) moze doprowadza¢ do zwigkszenia stresu oksydacyjnego i zaburzen
rozkurczu serca (22, 23). W przebiegu stanu zapalnego istotng rol¢ odgrywa mieloperoksydaza
(ang. myeloperoxidase; MPQ), ktora moze by¢ uzywana jako marker zarowno nasilenia stanu
zapalnego, jak i stresu oksydacyjnego, poniewaz wykazuje rowniez silne dzialanie oksydacyjne
(24, 25). Wykazano, ze MPO moze by¢ wytwarzana nie tylko przez neutrofile czy monocyty,
ale takze przez komorki srédblonka. MPO dodatkowo aktywuje stres nitrozacyjny, obnizajac
poziom tlenku azotu i zwigkszajac ilos¢ rodnikoéw azotowych (26, 27). To z kolei moze
doprowadzi¢ do stresu ER poprzez uszkodzenie enzymoéw zaangazowanych w regulacje
faldowania biatek w ER (28). Markerem stresu ER jest min. podwyzszony poziom biatka
regulowanego przez glukoze 78 (ang. glucose regulated protein 78; GRP78) (29), ktore peni
jednoczes$nie kluczowa rolg w ochronie komorek przed uszkodzeniami spowodowanymi przez
stres ER, biorac udziat w eliminacji niesfaldowanych bialek jako biatko opiekuncze (chaperon).
W odpowiedzi na stres ER uruchamiany jest mechanizm zwany odpowiedzig na niesfaldowane
biatka (ang. unfolded protein response; UPR), ktoéry ma na celu przywrdcenie homeostazy

biatkowej (30). Warto zwroci¢ uwage, ze w przebiegu stresu nitrozacyjnego, poprzez



zwigkszong aktywno$¢ i1 ekspresje iNOS, dochodzi do uposledzenia funkcji UPR wskutek
zahamowania jednego z jego szlakow, w ktérym uczestniczy enzym wymagajacy inozytolu la
(ang. inositol-requiring enzyme la; IREla) (31). W modelu zwierzecym wykazano, ze
zaburzenie funkcji tego szlaku stanowi kluczowy element patogenezy HFpEF (32, 33). Inne
szlaki inicjujagce UPR s3 zwigzane z kinazg biatkowa aktywowana przez stres ER (ang. protein
RNA-like endoplasmic reticulum kinase PERK) oraz aktywujacym czynnikiem
transkrypcyjnym 6 (ang. activating transcription factor 6; ATF6). Ztozono$¢ wymienionych
powyzej procesoOw podkresla potrzebe kontynuowania zaréwno badan podstawowych,
jak 1 klinicznych, ktére moglyby dostarczy¢ istotnych wynikow do opracowania metod
diagnostycznych oraz skutecznych strategii terapeutycznych w leczeniu HF.

W konteks$cie leczenia HFTEF, istnieje szeroki wachlarz sprawdzonych interwencji
terapeutycznych, opartych na wytycznych, ktoére znaczaco poprawiaja rokowanie pacjentow
(34). Natomiast w przypadku HFpEF, mozliwos$ci leczenia poprawiajacego rokowanie sg
ograniczone. Obecnie opierajg si¢ one glownie na flozynach (inhibitory kotransportera sodowo-
glukozowego 2), ktére zostaty wlaczone do wytycznych terapii tego typu HF dopiero w 2023
roku (5).

Dlatego tez, identyfikacja markeréw zaangazowanych w procesy patofizjologiczne,
takie jak stres nitrozacyjny, stres oksydacyjny czy stres ER, u pacjentow z HFrEF i HFpEF
moglaby odegra¢ kluczowa rol¢ w doktadniejszym scharakteryzowaniu fenotypéw obu tych
typow HF. To z kolei pozwoliloby na oceng, ktéry z procesow dominuje w danym przypadku,
co mogloby prowadzi¢ do opracowania bardziej precyzyjnych strategii leczenia.

Ostatnie badania wykazaly, Zze hamowanie stanu zapalnego moze by¢ waznym
elementem w terapii HFpEF (35). Inhibitor MPO (mitiperstat) wykazat zdolno$¢ do redukcji
stanu zapalnego u pacjentow z HFpEF, cho¢ jego pelna skuteczno$¢ w tym zakresie wcigz
wymaga dalszych badan (36). Ponadto, zahamowanie nadmiernej aktywnosci i ekspresji iNOS,
a tym samym zmniegjszenie stresu nitrozacyjnego, mogtoby prowadzi¢ do poprawy funkcji
UPR. W modelach zwierzgcych HFpEF, farmakologiczna inhibicja iNOS lub zahamowanie
ekspresji genu iNOS - zmniejszaly objawy kliniczne HF (32, 33), co sugeruje, ze interwencje
ukierunkowane na te mechanizmy moga mie¢ potencjat terapeutyczny.

Dodatkowym istotnym czynnikiem, ktory moze wptywac na przebieg HF, zwlaszcza u
pacjentéw po przebytym MI, jest wysoka zawarto$¢ tluszczéw nasyconych w diecie (37-39).
Spozywanie wysokottuszczowych pokarmow, szczegdlnie w okresie okotozawatowym, moze
prowadzi¢ do nasilenia powyzszych proceséw patofizjologicznych zachodzacych w sercu.
Model zwierzecy szczura Sprague Dawley z indukowanym MI poprzez podwigzanie lewe;j

tetnicy wiencowej, w potaczeniu ze stosowaniem diety wysokotluszczowej (ang. high-fat diet;



HFD), stanowi warto$ciowe narzedzie do badania wpltywu HFD na procesy patofizjologiczne
w kontekscie pozawatowej HF serca (40). Dokladniejsze poznanie mechanizmow wplywu diety
na rozw6] HF moze umozliwi¢ rozwo6j nowych strategii terapeutycznych opartych na

interwencjach dietetycznych.



Cele 1 zatozenia prac

Dotychczasowe wyniki badan dotyczacych HF wskazuja na konieczno$¢ doktadniejszej
analizy roli procesow takich jak stres oksydacyjny, stres nitrozacyjny i stres ER w przebiegu
wspomnianej choroby. Dlatego tez wymieniony cykl prac stanowigcy podstawe dysertacji
doktorskiej koncentruje si¢ na badaniu oraz pordwnaniu nasilenia opisanych wyzej procesoOw u
pacjentéw z HFpEF i HFrEF. W pracy doktorskiej ponadto ocenilem wptyw zastosowania

HFD na pozawatowa HF w modelu zwierzgcym.
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Abstract: Heart failure (HF) is a complex syndrome characterized by impaired cardiac function.
Two common subtypes of HF include heart failure with preserved ejection fraction (HFpEF) and
heart failure with reduced ejection fraction (HFrEF). In this study, we aimed to evaluate and com-
pare the plasma levels of 3-nitrotyrosine (3-NT)—as a marker of nitrosative /oxidative stress and
myeloperoxidase (MPO)—as an indicator of inflammation between HFpEF and HFrEF. Twenty-seven
patients diagnosed with HFpEF and twenty-two with HFrEF were enrolled in this study. Addition-
ally, forty-one patients were recruited for the control group. An echocardiographic assessment was
conducted, followed by the collection of blood samples from all participants. Subsequently, the levels
of 3-NT and MPO were quantified using the ELISA method. Comprehensive clinical characteristics
and medical histories were obtained. Circulating levels of 3-NT were significantly higher in the
HFpEF patients than in the control and the HFrEF groups, Nitrosative /oxidative stress is significantly
intensified in HFpEF but not in HFrEF.

Keywords: heart failure pathogenesis; nitric oxide; nitrosative stress; oxidative stress; inflammation

1. Introduction

Heart failure (HF) remains a severe problem for individual patients and public health.
Approximately 1-20 new cases are diagnosed per 1000 persons every year [1]. In 2017,
around 64.3 million people worldwide had HF [2]. However, its prevalence depends on the
geographical area. HF occurs more often in older adults and is related to high mortality in
this group [3]. About half of all cases of HF constitute HF with preserved ejection fraction
(HFpEF) [4].

HFpEF and heart failure with reduced ejection fraction (HFrEF) have different patho-
geneses. Nevertheless, chronic inflammation plays a crucial role in both types of HE. In
HFpEF, the systemic and cardiac inflammation results from metabolic risk factors (type
2 diabetes, obesity, and hypertension) and causes the activation of the endothelium in
myocardial microcirculation, leading to the upregulation of NADPH oxidase 2 (NOX2) [5].
This results in oxidative stress, increased levels of H;O;, the uncoupling of endothelial
nitric oxide synthase (eNOS), and the decreased production of nitric oxide (NO). In car-
diomyocytes, diminished NO bioavailability leads to the lower stimulation of soluble
guanylate cyclase (sGC), reduced formation of cyclic guanosine monophosphate (cGMP),
and reduced protein kinase G (PKG) activity. The latter is associated with decreased titin
phosphorylation and increased passive stiffness of cardiomyocytes [6]. The inflammatory
state in HFrEF may be triggered by myocardial infarction (MI) [7]. This inflammation is
sustained throughout heart tissue regeneration, remodeling, and scar formation, and is
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associated with the infiltration of neutrophils, followed by monocytes and macrophages [8].
In this process, the renin-angiotensin-aldosterone system plays a significant role [9].

Recently, Schiattarella et al. established the critical role of nitrosative stress in the
pathogenesis of HFpEF. The enhanced activity of inducible nitric oxide synthase leads to
the improper functioning of the Inositol-Requiring Enzyme 1« - X-Box Binding Protein 1
(IRE1a-XBP1) pathway, playing a role in unfolded protein response [10]. 3-nitrotyrosine
(3-NT) is a marker of nitro/oxidative stress. It is produced from tyrosine in the presence
of reactive nitrogen species. Nitration can occur for free tyrosine and amino acids in
the polypeptide chain [11]. Loek van Heerebeek et al. discovered that 3-NT expression
was elevated in myocardial homogenates from patients with HFpEF compared to HFrEF.
However, no studies have been conducted to assess and compare the circulating levels of
3-NT in patients with HFpEF and HFrEF or healthy individuals [12].

Myeloperoxidase (MPO) is a heme protein derived from leukocytes, which is related
to vascular dysfunction and is a prognostic factor in cardiovascular pathologies [13]. Tt
has been implicated in the pathogenesis of several inflammatory conditions, including HF-
pEF [14]. However, some authors have demonstrated a strong relationship between higher
levels of MPO and the incidence of HFrEF but not HFpEF [15]. Increased circulating MPO
plasma concentrations are associated with increased fibrosis and structural remodeling
of the myocardium [16]. Under oxidative stress, human endothelial cells express MPO,
which consumes NO and converts it to a nitrogen radical, causing protein nitration and
tissue damage [17]. This also results in the reduction in NO levels and correlates with
microvascular dysfunction [18]. NO deficiency causes the dysregulation of the NO-sGC-
¢GMP signaling pathway, which plays a role in development of endothelial dysfunction
and hypertension. Decreased cGMP concentrations lead to the inadequate activation of its
signaling targets and contribute to aberrant vascular toning [19,20].

2. Results

The baseline characteristics of patients are presented in Table 1. Echocardiographic
features are displayed in Table 2. The results of the measurements for 3-NT, MPO, and
NT-proBNP are depicted in Figure 1.

Table 1. Baseline characteristics of patients.

Characteristics (:F:g) (::F: rliz;) &o:t:; p-Value
Male gender, n (%) 15 (56) 16 (73) 15(37) 0.0203
Age, years, median (IQR) 72.00 (64.00-76.00) 74.50 (61.00-79.00) 70.00 (64.00-73.00) ns
BMI, kg/m?, median (IQR) 29.00 (26.37-32.65) 28.39 (25.39-31.25) 29.32 (26.81-32.47) ns
N R0 205 2P : 0.0021
NYHA III, n (%) 2(7) 10 (45) -
i iF(fg";‘)' g 5 (4-6) 45(3-6) 5 (3-6) ns
:5:{;552:;% 4(4-6)" 5(4-6)2 324) <0.0001
Medical History
Hypertension, n (%) 23 (85) 15 (68) 33 (80) ns
Diabetes or prediabetes, n (%) 4(15) 11 (50) 8 (20) 0.0094
Lipid disorders, n (%) 4(15) 2(9) 13 (32) ns
Renal dysfunction, n (%) 4(15) 7(32) 6(15) ns
Anemia, n (%) 4(15) 5(23) 6(15) ns
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Table 1. Cont.
Characteristics (:F:I;F) (:F_ rg’ &o:l:: p-Value
Obesity, n (%) 11 (41) 9 (41) 18 (44) ns
Thyroid disease, n (%) 5(19) 5(23) 16 (39) ns
Plme e K1%) 1@ 16 0O e
Currently smoking, n (%) 2(7) 3(14) 1(2) ns
CAD, n (%) 16 (59) 16 (73) 9(22) 0.0001
History of M1, n (%) 6(22) 10 (45) 3(7) 0.0018
History of PCI, n (%) 8 (30) 9(41) 3(7) 0.0051
History of CABG, n (%) 2(7) 3(14) 2(5) ns
Cardiomyopathy 0(0) 6(28) 2(5) 0.0058
History of AF, n (%) 19 (70) 13 (59) 19 (46) ns
AF at the time of enrollment, n (%) 4(15) 5(23) 1(4) 0.0380
Implanted ICD/pacemaker, n (%) 2(7) 16 (73) 4(10) <0.0001
Documented VF/VT, n (%) 0(0) 4(18) 2(5) 0.0329
Selected Medications
Diuretics 23 (85) 15 (68) 33 (80) ns
ACEI/ARB 24 (89) 18 (82) 37 (90) ns
Beta-blocker 24 (89) 19 (86) 34(83) ns
SGLT2i 5(19) 20(91) 11(27) <0.0001
Statin 17 (63) 17(77) 19 (46) ns
NOAC 17 (63) 13 (59) 10 (24) 0.0021
! HFpEF vs. control, p < 0.001,  HFrEF vs. control, p< 0.001. Abbreviations: ACEL angiotensin-converting en-
zyme inhibitor; AF, atrial fibrillation; ARB, angi blocker; BMI, body mass index; CABG, coronary
artery bypass grafting; CAD, ¢ y artery di ; €GFR, estimat d gl ular filtration rate; HFpEF, heart
failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; ICD, implantable
cardlovener-deﬂbrﬂlalor, 1QR, interquartile range; MI, myocardial infarction; NOAC, non-vitamin K antagonist
oral ns, non-significant; NYHA, New York Heart Association; PCI, percutaneous coronary interven-
tion; SGLT2i, sodi gl < porter-2 inhibitor; VF, ventricular fibrillation; VT, ventricular tachycardia.
Table 2. Echocardiographic characteristics.
Characteristics (:F:g) (:lzgi, ((l:::l:; p-Value
LVEF, %, median (IQR) 55 (50-60) ! 37.5 (30-40) 2 55 (50-60) <0.0001
g;f's"‘:‘n'g'an SE) 76.15 (4.57) 6236 (4.43) 69.45 (2.21) ns
i_‘m V/es’ﬁ'e"an i 7062 (3.87) 7541 (4.15) 75.90 (3.36) -
s’ septal, cm/s, median (IQR) 6.5 (6-8) 5 (4-6.75) 2 8(7-9) <0.0001
e’ septal, cm /s, median (IQR) 7 (5-8) 4(3.75-6.25) 7 (6-8) 0.0023
s’ lateral, cm/s, median (IQR) 7.5(6-8.25)3 55(4-8)2 8(7-9) 0.0067
¢’ lateral, cm /s, median (IQR) 95 (7-11)! 6(5-9.25) 8(6-11) 0.0309
::1/;;;: :'(iloék) 1.17 (0.76-1.59) 0.74 (0.58-1.30) 0.91 (0.80-1.17) ns
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Table 2. Cont.
e HFpEF HFrEF Control

Characteristics (N =27 (N=22) (N=41) p-Value
E/¢’, ratio,
median (IQR) 9.54 (7.69-12.22) 8.06 (6.67-18.00) 8.88 (7.30-11.34) ns
IVS, em median (IQR) 1.20(1.10-1.33) 1.35(1.12-15) 2 1.2 (1.05-1.30) 0.0472
LVEDD, ecm median (IQR) 4.65 (4.25-5.03) ! 5.63 (4.98-6.05) 2 4.6 (4.25-5.00) <0.0001
PW, ecm median (IQR) 1.1 (0.90-1.33)! 1.3(1.2-150) 2 1.1 (0.95-1.30) 0.0015
LAVI, mL/m?, 2
mean (SE) 44.23 (3.14) 53.60 (5.25) 35.53 (1.62) 0.0003
LVMI, g/m?, 1 2
median (IQR) 103.10 (84.10-110.60) 192.35 (145.50-222.00) 97.50 (80.70-116.50) <0.0001
RWT, median (IQR) 0.50 (0.40-0.60) 0.50 (0.40-0.50) 0.50 (0.40-0.60) ns
IVCC, %, mean (SE) 45(3) 41(4) 49 (4) ns
Moderate valve disease,
n (%) 3(11) 1(5) 3(7) ns
Severe valve disease, 3(11) 6(27) 0(0) 0.0026

n (%)

Serum cancentraton of NT-gesB, ST, soimé
. 1

3
&

! HFpEF vs. HFrEF, p < 0.001, * HFrEF vs. control, p < 0.001, * HFpEF vs. control. Abbreviations: HFpEF, heart
failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IQR, interquartile
range; IVCC, inferior vena cava collapsibility; IVS, intr icular septum; LAV, left atrial volume index; LVEDD,
left ventricle end-diastolic diameter; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; ns,
non-significant; PW, posterior wall; RWT, relative wall thickness; SE, standard error.

B (e
5- =3 §
i i -
H £ .
3 - ® -
g i.
E | s : I
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== -
Control wotr WEeEY Contron ot WA Cantro'

Figure 1. NT-pro-BNP levels (A), 3-NT circulating levels (B), MPO circulating levels (C); abbreviations:
3-NT, 3-nitrotyrosine; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure
with reduced ejection fraction; MPO, myeloperoxidase; SE, standard error. * p < 0.05, ** p <0.01,
*** p < 0.001.

The linear and rank correlation charts are presented in Figure 2. Regardless of the
group, age negatively correlates with Hemoglobin (Hgb) levels (r = —0.28, p = 0.0081) and
estimated Glomerular Filtration Rate (eGFR) (r = —0.36, p = 0.0006). The control group had
no correlations between MPO and 3-NT and any other variables.
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Figure 2. Significant correlations within the HFrEF and HFpEF groups between circulating levels
of MPO, 3-NT, or NT-proBNP and echocardiographic findings, BMI or eGFR; abbreviations: 3-NT,
3-nitrotyrosine; BMI, body mass index; eGFR, estimated glomerular filtration rate; HFpEF, heart
failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; LAV, left
atrial volume index; MPO, myeloperoxidase; RWT, relative wall thickness.

12




Int. |. Mol. Sci, 2023, 24, 15944

6of11

Obese patients have greater MPO levels than the non-obese patients (0.91 (0.45-1.41)
vs. 0.64 (0.39-0.97), AU/mL, p = 0.049). Patients with thyroid disease present higher
3-NT concentrations compared to healthy subjects (9.42 (7.55-12.14) vs. 14.22 (10.09-22.05),
ng/mL, p = 0.008). Patients with renal dysfunction present higher NT-proBNP levels than
those with normal eGFR (270 (172.5-1014) vs. 159 (77-267), pg/mL, p = 0.0123).

CAD and history of Ml are the states related to higher NT-proBNP levels (242 (157-794)
and 273 (154-863), pg/mL, respectively) when compared to the healthy state (120.5
(73.5-234.75) and 163 (77-268), pg/mL, respectively) (p = 0.0016 and p = 0.0311, respec-
tively). Regardless of the group, therapy with Sodium-Glucose Co-Transporter 2 Inhibitors
(SGLT2i), Angiotensin-Converting Enzyme Inhibitors (ACEI), Angiotensin IT Receptor
Blockers (ARB), Statins, Beta-blockers, or non-vitamin K antagonist oral anticoagulants
(NOAC) does not significantly impact levels of MPO and 3-NT.

3. Discussion

In this study, circulating levels of MPO and 3-NT as markers of inflammation and
oxidative/nitrosative stress, respectively, were assessed in patients with HFpEF and HFrEF
and healthy controls. Our results revealed that HFpEF is associated with significantly
increased plasma concentration of 3-NT compared to other groups, suggesting that the
pathogenesis of HFpEF is associated with oxidative/nitrosative stress. Using quantitative
immunohistochemistry, van Heerebeek et al. showed that myocardial 3-NT levels were
significantly higher in samples obtained from patients with HFpEF than HFrEF, which
aligns with our results [12]. Kolijn et al. observed higher concentrations of 3-NT in the left
ventricular myocardium from HFpEF patients than from healthy donors. Moreover, the
skinned fibers obtained from the biopsies were treated in vivo with empagliflozin. This
resulted in a significant reduction in 3-NT levels, suggesting that the medication attenuated
nitrosative stress [21].

Shishehbor et al. revealed significantly increased levels of 3-NT in patients with coro-
nary artery disease compared to healthy controls [22]. Moreover, statin therapy significantly
reduced circulating levels of 3-NT, which suggests that it could also be beneficial in HF-
pEF [23,24]. In the rat model of diabetic cardiomyopathy, treatment with irisin significantly
reduces cardiac 3-NT levels [25]. However, no other research has explored irisin’s impact
on plasma 3-NT levels in the HFpEF model.

Within the scope of our investigation, the use of medications such as NOACs, statins,
and SGLT2 inhibitors did not exhibit a significant correlation with the levels of 3-NT and
MPO. However, it is important to note that investigating the impact of these medications
on these markers’ levels was not our study’s primary objective. To assess the influence
of therapy with these drugs on nitrosative/oxidative stress or inflammation, it would be
necessary to measure these markers’ levels before initiating treatment.

In our study, MPO concentrations do not differ between the three groups, which is
contrary to the study of Hage et al., who described significantly higher levels of MPO in
HFpEF patients compared to healthy controls. Another study, which compared 33 biomark-
ers between HFpEF and HFrEF, showed that circulating levels of MPO were similar in both
groups [14]. Similar to our results, body mass index (BMI) positively correlated with MPO
among the HFpEF population [13]. In our research, MPO levels were positively associated
with BMI in both HF groups, but not in the control group.

We did not find any difference in circulating levels of MPO between the HFpEF popula-
tion and healthy individuals. This remains an exciting finding because the previous studies
suggest that the MPO levels should rather be elevated in the HFpEF group. However,
Kao et al. identified subgroups among HFpEF patients with distinct clinical characteristics
and prognoses [26]. It is possible that the HFpEF population in our study belonged to a
specific subpopulation that does not have raised circulating levels of inflammatory markers.
This finding could potentially be essential information in developing personalized thera-
pies for HFpEF. Standard treatments do not sufficiently target inflammation, which may
play a key role in this disease. Recent research showed that an MPO inhibitor-AZD4831
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(mitiperstat) decreased inflammation in HFpEF patients, but the efficacy findings were
inconclusive [27-29]. The Phase 2b-3 clinical trial ENDEAVOR, to investigate the use of
the MPO inhibitor AZD483, is ongoing [30]. In the HFrEF group, there were significantly
more cases of patients with CAD, a history of MI, and a history of percutaneous coro-
nary intervention (PCI). This is not surprising, as these factors are fundamental to HFrEF
etiology. Additionally, these patients had a higher incidence of implanted implantable
cardioverter-defibrillator (ICD) or pacemakers, which results from guidelines about pri-
mary prevention of sudden cardiac death. Furthermore, this group exhibited a greater
prevalence of documented ventricular fibrillation/ventricular tachycardia (VF/VT), which
is also associated with MI and reperfusion following PCI.

Our study has several limitations. First, we analyzed levels of markers in peripheral
blood rather than directly from the heart. Therefore, the results may be influenced by the
fact that these markers could originate from other compartments. However, it is known
that HFpEF is a result of the overlap of coexisting extracardiac conditions, and measured
nitrosative/oxidative stress may affect the entire body. In general, measuring MPO and
MPO-derived products remains expensive and time-consuming. These products are usually
found in low concentrations that affect the measurement accuracy. Recently, ELISA kits
have been more commonly used, making testing more affordable [8]. Lastly, the study
lacked a long-term follow-up of the participants, so we cannot analyze the impact of
variables on survival.

4. Materials and Methods

This was an observational cohort study conducted at a single cardiac center. A total
of 90 patients identified from the hospital medical records were invited to participate in
the study. HF was confirmed based on the patient’s symptoms, signs, and transthoracic
echocardiography (TTE) results. Preserved ejection fraction was defined as left ventricular
ejection fraction (LVEF) > 50%, and reduced ejection fraction was defined as LVEF < 40%.
The study population was divided into three groups: HFpEF (n = 27), HFrEF (n = 22), and
patients without HF (control, n = 41). The exclusion criteria included heart failure with
mid-range ejection fraction (HFmrEF) to precisely differentiate both types of HF (HFpEF
and HFrEF). Exclusion criteria also included refusal to participate in the study, an active
neoplastic process, an active inflammatory process, a recent history (3 months) of acute MI
or cardiac surgery, and new onset and /or exacerbation of any HE. All patients included in
the study were in stable condition at the time of enrollment. Comprehensive clinical char-
acteristics and medical records were obtained. An electrocardiogram (ECG) examination
was conducted to confirm or rule out the presence of atrial fibrillation (AF). Height and
weight were measured, and BMI was calculated. The New York Heart Association (NYHA)
functional class for each patient was determined. Based on the echocardiography results,
biomarker levels, and clinical assessment, the scores of the HFAPEFF and H2FPEF scales
were quantified [31,32].

4.1. Blood Sample Collection and Biomarkers Assessment

Peripheral venous blood was collected from each patient from the cephalic vein into
citrate tubes. The samples were centrifuged and stored at —80 °C until laboratory assay, not
exceeding a storage duration of 6 months. The plasma concentrations of the biomarkers
were assessed with the 3-Nitrotyrosine ELISA Kit (Colorimetric) [Novusbio, Littleton, CO,
USA, NBP2-66363] and the Myeloperoxidase ELISA Kit (Colorimetric) [Novusbio, NBP2-
60581], strictly according to instructions provided by the manufacturer. MPO antibody was
used to quantitatively determine autoimmune response to the target antigen. The eGFR
was calculated utilizing the CKD-EPI equation based on plasma creatinine levels. Renal
dysfunction was characterized by an eGFR of less than 60 mL/min/1.73 m®. Anemia was
identified by Hgb concentrations below 12 g/dL in females and below 13 g/dL in males.
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4.2. Echocardiography

TTE was performed by experienced cardiac sonographers using a Philips Affinity
70 Ultrasound machine. All procedures were conducted in accordance with European
Society of Cardiology (ESC) guidelines. LV diameters and wall thickness were measured
using a parasternal long-axis view. LVEF was determined using Simpson’s method by
measuring LV volume in systole and diastole obtained from apical four- and two-chamber
views. LV mass index (LVMI) was calculated using the formula for estimation of LV mass
from LV linear dimensions and indexed to body surface area (BSA). LV geometry was
classified based on relative wall thickness (RWT). LA volume was assessed using the
biplane area-length method from apical 2- and 4-chamber views at end-diastole from the
frame preceding mitral valve opening and was indexed to BSA (LA volume index, LAVI).
The early diastolic peak flow velocity (E velocity) and late diastolic peak flow velocity (A
velocity) were assessed through pulsed wave Doppler from the apical 4-chamber view
by positioning the sample volume at the tip of the mitral leaflets. Peak early diastolic
tissue velocity (e') and peak systolic tissue velocity (s') were measured from the septal and
lateral aspects of the mitral annulus. The E/e’ ratio was calculated as E velocity divided by
mean e’ velocity (average value of the lateral and the septal velocity). The inferior vena
cava (IVC) diameter was measured using M-mode echocardiography in subcostal view
at end-expiration (IVCmax) and at inspiration (IVCmin). The IVC collapsibility (IVCC)
was calculated as (IVCmax — IVCmin)/IVCmax and was expressed as a ratio. Sample
echocardiographic measurements from selected patients are presented in Figure 3.

4.3. Statistical Analysis

Categorical variables are expressed as numbers and percentages and compared using
the x2 test. Quantitative variables are presented as means (standard deviation [SD]) or
medians (interquartile range [IQR]). The ANOVA test (normal distribution) and the Kruskal-
Wallis H test (non-normal distribution) were performed to compare variables between the
three groups. Appropriate post hoc tests were performed (Dunn and Tukey tests). The
Shapiro-Wilk test was used to assess the normality of data. The equality of variances
was assessed using the Levene test. Statistical data were considered significant with a
p-value < 0.05. All statistical analyses were performed using RStudio software (version
2022.12.0, Posit Software). Depending on whether the distribution of the quantitative data
was normal or not, either the Pearson correlation method or the Spearman analysis was
employed to assess linear correlation.
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Figure 3. Sample echocardiographic measurements: mitral diastolic peak flow velocities by pulsed
wave Doppler (A); left ventricle diameters in long axis parasternal view (B); left ventricle geometry
on end-diastole and end-systole (C,D); Tissue Doppler Imaging of tissue velocities of the lateral
and septal aspects of the mitral annulus (E,F); the inferior vena cava collapsibility (G); left atrium

diameters (H).
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5. Conclusions

Nitrosative/oxidative stress measured via circulating levels of 3-NT is significantly
intensified in HFpEF but not in HFrEF. The extent of inflammation assessed by MPO
concentration is comparable between patients with two types of HF and the healthy
population. These findings provide input to the current discussion about the pathogenesis
of HF, diagnostic markers, and new therapeutic targets.
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ABSTRACT

Background: Unfolded Protein Response (UPR), endoplasmic reticulum (ER) stress, and inducible
nitric oxide synthase (iNOS) overexpression have been found to influence heart failure with preserved
ejection fraction (HFpEF) pathogenesis. Their importance in heart failure with reduced ejection
fraction (HFrEF) is not entirely established; there is little data involving a detailed comparison
between HFpEF and HFrEF from this perspective. This pilot study aimed to compare circulating levels
of Glucose-regulated protein 78kDa (GRP78) (ER — stress marker) and all NOS isoforms between
both HFpEF and HFrEF and to analyze the correlation between these markers and the clinical

characteristics of the patients.

Methods: Forty-two patients with HFpEF and thirty-eight with HFrEF were involved in this study.
Clinical characteristics and echocardiographic data were obtained. Basic laboratory tests were

performed and ELISA tests for iNOS, endothelial NOS (eNOS), neuronal NOS (nNOS), and GRP78.

Results: Patients with HFpEF had lower circulating levels of GRP78 and higher iNOS concentrations
when compared to HFrEF patients (P = 0.023, P < 0.0001, accordingly). The subgroup of the HFpEF
population with eGFR < 60 mL/min/1.73m2 had higher nNOS and eNOS levels than HFpEF patients
with normal GFR (P = 0.049, P = 0.035, respectively). In the HFrEF subgroup, patients with coexistent
diabetes mellitus had elevated concentrations of nNOS compared to the subpopulation without
diabetes mellitus (P = 0.041). There was a positive correlation between eNOS and nNOS
concentrations (p = 0.86, P < 0.0001),

Conclusions: In HFpEF, there is a more intensified iNOS overexpression, while in HFrEF, ER stress

is more prominent.

Introduction

Heart failure (HF) is a clinical syndrome characterized by symptoms and signs arising from
structural and functional changes in the heart, which results in elevated cardiac pressures and
abnormal cardiac output. The cardinal symptoms of HF include shortness of breath, fatigue,
swelling (edema), and impaired exercise tolerance. Considering the left ventricular ejection
fraction (LVEF), HF can be divided into three types: heart failure with preserved ejection

fraction (HFpEF; LVEF = 50%), heart failure with mildly reduced ejection fraction (HFmrEF;
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LVEF: 41 — 49%) and heart failure with reduced ejection fraction (HFrEF; LVEF < 40%)
[1]. The estimated occurrence of HF among adults from developed countries ranges from 1 to
3%. Approximately 50% of them have HFrEF. However, the population diagnosed with

HFpEF is rising [2].

There are several differences and similarities between HFpEF and HFrEF concerning their
pathogenesis, progression, and abnormalities at the molecular level [3]. Both types are
associated with systemic and cardiac inflammation, endothelial dysfunction, cardiac injury
[3-5]. However, even within their similarities, differences can be observed. For example,
inflammatory response in HFrEF results rather from cardiomyocyte damage, inflammation in
HFpEF arises from extra-cardiac metabolic and inflammatory risk factors. In HFpEF,
endothelial dysfunction mainly precedes its progression, whereas in HFrEF, endothelial
dysfunction may rather be a late-stage consequence. Furthermore, there are differences in
etiology between these types. For instance, a history of myocardial infarction and ischemic
heart disease is more common in HFrEF [3], while obesity, kidney disease, and old age are

more likely to contribute to the development of HFpEF [6].

Schiattarella et al., using preclinical models of HFpEF and human myocardial samples,
presented the important role of meta-inflammation, inducible nitric oxide synthase (iNOS),
nitrosative stress, and alterations in the unfolded protein response (UPR) in the pathogenesis
of the disease [7]. On the contrary, data about iNOS expression and UPR in HFrEF

pathophysiology are currently very limited.

UPR plays a crucial role in maintaining endoplasmic reticulum (ER) homeostasis. When the

protein-folding capacity in the ER is impaired, it results in the accumulation of unfolded and
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misfolded proteins. This disruption in ER homeostasis is known as ER stress. Glucose-
regulated protein 78 kDa (GRP78) is involved in this process. This protein functions as a
quality control system [8] by monitoring the proteins' folding process and ensuring they are
transported only when properly folded. Induction of this protein causes a reduction in ER
stress and has cardioprotective effects [8, 9]. Overexpression of GRP78 reduces ER stress and
cardiac damage by inducing UPR. A study conducted on muscle cell lines found that GRP94,

similar to GRP78, reduced cardiomyocyte necrosis in ischemia conditions [10].

The enzyme nitric oxide synthase (NOS) produces nitric oxide (NO) from the amino acid L-
arginine. This enzyme exists in three distinct isoforms: neuronal (nNOS), endothelial (eNOS),
and inducible (iNOS) [11]. The constitutive expression of nNOS was found in neurons and
endothelial cells and has a role in regulating blood pressure. nNOS is also the source of
myocardial NO, which takes part in cardiac relaxation and contraction [12], and both of these
functions are disrupted in HF. eNOS is constitutively expressed in every endothelial cell,
including heart vessels. eNOS is a dimer consisting of two identical monomers. In a coupled
state (dimer), eNOS typically produces NO. Uncoupled eNOS (monomer) shifts to produce
dangerous cytotoxic superoxide anions instead of NO, which causes oxidative stress and
endothelial dysfunction, leading to cardiovascular diseases, including HF [13, 14]. Finally,
recently popular- iNOS is usually expressed in the human heart. However, this process in
cardiac tissue can be intensified after relevant triggers such as inflammation, hypoxia, or
excessive oxidative stress. All of the mentioned triggers are present in cardiovascular
pathologies (15, 16]. INOS-derived NO causes S-nitrosylation of proteins and, in this way,
disrupts their activity. The role of other abnormalities related to NO metabolism is broadly
explained in cardiovascular pathologies [17]. This pilot, cross-sectional study provides a

novel approach to HFrEF and HFpEF. It compares the circulating serum levels of GRP78 (a
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marker of endoplasmic reticulum stress) and all nitric oxide synthases between HFpEF and
HFrEF, aiming to identify potential differences or similarities in the pathogenesis of these
conditions. Herein, the correlation between these markers and the clinical and

echocardiographic characteristics of the patients is analyzed.

Methods

The study was conducted according to the principles outlined in the Declaration of Helsinki,
reported according to the Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) Statement, and received approval from the Local Ethics Committee
(LU no. 02/11/22). Before recruitment, all participating patients were asked to sign a written

informed consent form.

Study Population

Forty-two patients with HFpEF and thirty-eight with HFrEF, identified from their hospital
medical records, were invited to this pilot, cross-sectional study conducted at a single tertiary
cardiac center. The patients with mid-range EF (HFmrEF) were not included to avoid bias in
the characterization of HFpEF and HFrEF. All enrolled patients were diagnosed with HF at
least 3 months prior and were treated according to the current guidelines. Exclusion criteria
were refusal to participate in the study, an active neoplastic process, and an active
inflammatory process. Patients with a myocardial infarction, exacerbation of HF, or cardiac

surgery within the prior 3 months were not included.

Serum biomarker assessment

Venous blood samples from the cephalic vein were collected in citrate tubes and then
centrifuged. Samples with obtained serum were promptly frozen at —=80°C and preserved for a
maximum duration of four months prior to the biochemical assessment. Serum concentrations

of markers were analyzed using ELISA kits: iNOS [NBP2-80255, Novusbio], eNOS [NBP2—
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80134, Novusbio], nNOS [NBP2-80252, Novusbio], GRP78 [NBP2-82201, Novusbio]. Each
ELISA test was conducted following the manufacturer’s instructions. The assessment also
included evaluating NT-proBNP and the concentration of serum creatinine. Estimated GFR
(eGFR) was calculated by an equation developed by the Chronic Kidney Disease
Epidemiology Collaboration (EPI-CKD). Renal dysfunction was defined by an eGFR below

60 mL/min/1.73m?2,

Transthoracic echocardiography examination

Echocardiography was conducted following the European Society of Cardiology guidelines,
using a Philips Epiq Ultrasound machine by a single experienced sonographer, to reduce the
risk of bias in measurements. LVEF was measured using Simpson's method by obtaining LV
volume in systole and diastole through apical four- and two-chamber views. Other
echocardiographic characteristics were evaluated: peak early diastolic transmitral flow
velocity (E), peak late diastolic transmitral flow velocity (A), left ventricular end-diastolic
dimension (LVEDD), intraventricular septal thickness (IVS), posterior wall thickness (PW),
relative wall thickness (RWT), left ventricular mass index (LVMI), left atrial (LA) volume,
LA volume index (LAVI) and the inferior vena cava (IVC) collapsibility (IVCC). Tissue
Doppler imaging (TDI) was performed (both the septal and lateral aspects of the mitral
annulus): peak systolic mitral annular tissue velocity (s’), peak early diastolic mitral annular
tissue velocity (e’), peak late diastolic mitral annular tissue velocity (a’). Based on the

measurements, the E/e' ratio was assessed.

Statistical analysis

Statistical analysis was carried out with the Statistica software, version 13.3. Quantitative
variables are presented as means with standard deviation (SD) or medians with interquartile
range (IQR). The T-test was performed with data following a normal distribution, while the

Mann-Whitney U test was done with data that did not conform to a normal distribution. These
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tests were used to compare quantitative variables between the groups. Categorical variables
are presented as numbers with percentages (%), and their comparison was conducted using
the x2 test. The normality of the data was assessed using the Shapiro-Wilk test, while the
equality of variances was evaluated using the Levene test. The correlation between the
quantitative variables was assessed using Spearman’s rank correlation coefficient, and
Spearman's rho is labeled as p. Statistical significance was determined when the P-value was

less than 0.05. The figures were created with Past4 and RStudio.

Results

Table 1 presents the baseline characteristics of the study population. As shown in this table,
patients with HFpEF were older than those with HFrEF (mean age: 73 vs. 68, P = 0.020). In
this study, it was more common for individuals with HFpEF to be female (57% vs. 21%, P =
0.001). Most of the subjects from both groups presented NYHA II class symptoms. In the
HFrEF group, there were more cases of NYHA III manifestations (7% vs. 21%, P = 0.071).
As shown in Table 2, all of the LV dimensions were greater in the HFrEF group ( LVEDD:
4.88 vs. 5.86, cm, P <0.001; IVS: 1.11 vs. 1.19, cm, P=0.210; PW: 1.14 vs. 1.33, cm, P =
0.002). LVMI and LAVI were greater in the HFrEF group than in the HFpEF (106.47 vs.
154.79, g/m?, P < 0.001 and 39.37 vs. 49.68, ml/m?, P = 0.014; accordingly).

Figure 1 shows the differences between HFpEF and HFrEF groups in blood serum
concentrations of nitric oxide synthases and GRP78. Patients with HFpEF presented lower
GRP78 serum concentrations than those with HFrEF [0.44 (0.33) vs. 0.84 (0.75), respectively,
ng/ml, P = 0.008]. The HFpEF group had greater iNOS serum concentrations than the HFrEF
group [605.13 (399.13) vs. 402.49 (266.06), respectively, pg/ml, P < 0.0001]. The serum

concentrations of nNOS and eNOS did not differ significantly between groups.
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A subdomain analysis revealed that patients with HFTEF with the coexistence of DM2
presented significantly higher serum concentrations of nNOS than those without DM2 [1.06
(0.68-1.77) vs. 0.55 (0.35-1.23), ng/mL, P = 0.041].

In the HFpEF group, patients with renal dysfunction, when compared to those without
decreased eGFR, had significantly greater blood serum concentrations of nNOS [1.13
(0.94-1.24) vs. 0.69 (0.56-1.12), ng/mL, P = 0.049] and eNOS [424.63 (358.05-498.72) vs.
313.96 (233.86-380.40), pg/mL, P = 0.035].

Other comorbidities, including CAD, COPD, or hypertension, were not found to be related to
changes in serum concentrations of GRP78 and all NOS.

Age-related significance in GFR decrease in the population with confirmed HF regardless of
LVEF is presented in Figure 2A (p = - 0.34, P = 0.0022). The concentration of both eNOS
(Figure 2B) and nNOS (Figure 2C) were negatively correlated with GFR regardless of the
group (p =-0.39, p = 0.00034 and p =-0.35, p = 0.0014 respectively). The correlation
comparing eNOS and nNOS concentrations, regardless of the group, was positive (p = 0.86, P
< 2.2e-16) (figure 2D). Among the general population, iNOS concentration was negatively
related to LVMI (Figure 2E) and GRP 78 (Figure 2F) (p =-0.3, P = 0.0064 and p = -0.25, P =
0.036 respectively). In the HFpEF group, eNOS concentration was positively correlated with
GRP78 concentration (p = 0.33, P = 0.046) (Figure 2G). Concentrations of iNOS, eNOS, and
nNOS were not influenced by age, BMI, or NT-proBNP concentration and other
echocardiography findings. No linear and rank correlations, apart from the ones listed above,

were found.

Discussion

The current results revealed that HFpEF is associated with significantly higher iNOS

overexpression than in the HFrEF (figure 1D), suggesting its essential role in the pathogenesis
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of HFpEF but not in HFrEF. According to available research, there are currently no studies

comparing circulating serum iNOS between those types of HE.

Low levels of iNOS are expressed in normal, healthy heart tissue. However, during cell stress,
especially chronic inflammation, iNOS becomes activated, and large quantities of NO are
generated [15]. Induction of iNOS is also present in conditions characterized by reactive
oxygen species overproduction [18], such as metabolic diseases, and kidney disorders [19,

20].

Even though NO plays a crucial role in regulating vascular tone as well as in inhibiting
platelet aggregation and adhesion, significantly excessive NO levels can exacerbate
inflammation and cytotoxic injury [21]. Furthermore, iNOS-induced nitrosative stress
contributes to the progression of HFpEF, and inhibiting the synthesis or activity of iNOS
improves the HFpEF phenotype in an animal mouse model [7]. iNOS gene knockout
improves cardiac diastolic function in this HFpEF model. Furthermore, iNOS overexpression
leads to cardiac nitrosative stress by upregulating Akt S-nitrosylation in cardiomyocytes [22].
While the significance of iNOS in HF development appears pivotal in animal models, no
investigations have assessed iNOS levels in the blood of human individuals with either

HFpEF or HFrEF.

The present research revealed higher concentrations of GRP78 in patients with HFrEF than
those with HFpEF (figure 1A), which is consistent with the conclusions of Zhao et al. [23].
According to conjecture herein, lower concentrations of GRP78 in HFpEF may be attributed
to a disrupted and downregulated UPR. In the present study, serum concentration of GRP78

was not associated with other comorbidities such as CAD, hypertension, and especially DM2,

29




contrary to other studies [24]. GRP78 concentrations were negatively correlated with LVEF,
which confirms the differences in pathogenesis in HFpEF and HFrEF. Additionally, the

concentration of GRP78 was significantly lower in the elderly patients.

The ER stress leads to upregulating GRP78 expression, which is crucial for maintaining the
ER homeostasis [25]. The ER stress can be advantageous under specific circumstances;
however, it can result in cell death via apoptosis when it becomes severe and persists for an
extended duration. The ER stress is present during cardiac hypoxia and acute or chronic
inflammation, which are also closely linked to HF pathogenesis [26]. The disruption of ER
homeostasis results in HF, aggravating ER stress even more [27]. GRP78 is a protein that
inhibits apoptotic signaling and protects cells from apoptosis caused by ER stress [28].

In the current research, serum concentrations of nNOS did not differ between the HFrEF and
HFpEF groups (Figure 1B). Although Dumy et al. pointed out overexpression in myocardial
nNOS in HFrEF patients [29]. Similarly to eNOS, the concentration of nNOS was
significantly greater in the HFpEF subpopulation with renal dysfunction. In the HFrEF group,
serum concentration of nNOS was substantially higher among patients with DM2 compared
to individuals without this disease. Surprisingly, a recent study showed that elevated
expression of nNOS in cardiac tissue acted as a protective factor against cardiac hypertrophy
and HF [30]. Also, nNOS gene knockout in mice raised oxidative stress in the heart [28],

suggesting its protective role in oxidative stress.

In this study, the serum concentrations of eNOS did not differ between the two groups (figure
1C). At this moment, only one study evaluating eNOS concentrations in HF patients was
conducted. Results revealed that in left ventricular tissue samples from humans, eNOS levels

were significantly higher in HFpEF, but they compared it to samples from healthy donors, not
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from donors with HFrEF [31]. Nevertheless, the present study found that eNOS
overexpression was more significant in the HFpEF subpopulation with decreased GFR. It has
been shown that eNOS can be involved in renal vascular damage by inducing nodular

glomerulosclerosis, which ultimately declines GFR [32].

Recent findings on HFpEF pathophysiology, regarding intensified pro-inflammatory state,
elevated iNOS activity, and also nitrosative stress [3], showed why previous attempts of
treatment based on elevating NO levels (for example, phosphodiesterase-5 inhibition) were
unsuccessful in HFpEF management. Future studies aiming to find HFpEF treatment should
focus on inhibiting nitrosative stress, ER stress, and S-nitrosylation. The research for any
future treatments for HFpEF should concentrate on decreasing iNOS activity specifically, not
increasing it [33]. A recent study showed that both pharmacological inhibition of iNOS with
L-NIL administration and iNOS gene knockout improved the phenotype of HFpEF in mice,
mitigating mitochondrial dysfunction, oxidative stress, and S-nitrosylation [22]. GW274150
and GW273629 are two highly selective iNOS inhibitors that have the potential to be
promising therapeutic agents. They were discovered about 20 years ago, and their role was
studied in human breast tumors or renal ischemia/reperfusion injury [34-36]. However,
GW274150 and GW273629 were not tested for HFpEF management in any animal model of
this disease. iNOS expression is not limited to the cardiovascular system. Therefore, its
inhibition may potentially cause serious adverse events. Further studies regarding the safety
and efficacy of iNOS inhibitors are needed.

Despite the fact that all NOS enzymes are intracellular, cell death leads to their release into
the bloodstream. As a result, they become detectable in ELISA tests, and it has been found
that plasma levels of certain NOS enzymes can be elevated in depression following a stroke

[37].
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Limitations of the study

The study has some limitations. Firstly, the current investigation is only theoretical, and
further exploration of specific approaches is necessary to discover therapeutic benefits in the
future. The measurements of selected markers were related to plasma rather than cardiac
tissue, which may reduce their sensitivity and specificity. However, it is worth emphasizing
that the results remain statistically significant even after accounting for comorbidities.
Although these markers may originate from different compartments, nitrosative stress is
known to affect the entire organism, including the heart. This systemic impact can contribute
to conditions like HFpEF, which is characterized as a clinical syndrome rather than a distinct
disease. Secondly, in the HFrEF group, there were significantly more cases of patients with
CAD. This is not surprising because, as previously mentioned, this factor is fundamental to
HFTEF etiology. The HFrEF patients also had more implanted ICD/pacemakers, which can be
explained by current guidelines about primary prevention of sudden cardiac death in

individuals with LVEF below 35%.

Conclusions

The present study reveals that nitrosative stress, as assessed by iNOS levels, appears to be
more pronounced in HFpEF, whereas endoplasmic reticulum stress, measured by GRP78
concentration, seems to be more intensified in HFrEF. While these observations may not offer
definitive insights into the pathophysiology of heart failure, they do serve as a valuable
starting point for future research and also hold promise for potential future applications in

differential diagnostics.
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Table 1. Baseline characteristics of patients

- HFpEF HFrEF
Characteristics (N = 42) (N = 38) P-value
Femal‘ioi‘;“de" n 24 (57.14%) 8 (21.05%) 0.001
Age; yeurs, mean 73 (7.14) 68.26 (9.74) 0.020
(SD)
BMI, kg/m’,

median (1) 29.49 (25.77-32.02) 28.41 (24.54-30.49) 0.423
SIS ?& ;‘g/ ', n 20 (47.62%) 13 (34.21%) 0.223

NT-proBNP, pg/ml, 1048.50 (592.25—

Fioan, (100 723 (430.5-1479.5) 5050,00) 0.136
NYHA I, n (%) 39 (92.86%) 30 (78.95%) 0.071
NYHA II1, n (%) 3(7.14%) 8 (21.05%) 0.071

H2FPEF score,

median (IR) 5 (3-8) 5(3-6) 0.034
HFA-PEFF score,

median (IOR) 6 (5-6) 6 (6-6) 0.818

Comorbidities
RishetesMenics; 13 (30.95%) 20 (52.63%) 0.051
n (%)
Hyp“’:ﬁ/")‘;m"' A 31 (73.81%) 30 (78.95%) 0.590
History of chronic
kidney disease, n 10 (23.81%) 8(21.05%) 0.768
(%)
eGFR at the time of
enrollment, 73.81 (26.55)
L 67.66 (24.62) 0.287
mean (SD)
Rendl dystanciion; 10 (23.81%) 16 (42.11%) 0.081

n (%)
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Coronary Artery

Disease, n (%) 21 (50.00%) 26 (68.42%) 0.049
H'S‘°%Z)f ML 5 16 (38.10%) 20 (52.63%) 0.192
Thymi‘:;)i)sease’ n 8 (19.05%) 10 (26.32%) 0.437
COPD, n (%) 4(9.52%) 3 (7.89%) 0.797
Present AF at the
time of enrollment, 20 (47.62%) 16 (42.11%) 0.168
n (%)
Smoking, n (%) 3(7.14%) 5(13.16%) 0.370
Moderate valve
disease, n (%) 8 (19.05%) 9 (23.68%) 0.700
Severe valve
disease, 1 (%) 1(2.38%) 4(10.53%) 0.133
History of valve
surgery, n (%) 2 (4.76%) 7 (18.42%) 0.054
c"”d'°“(‘2,’6°)"a‘hy b 1(2.38%) 13 (34.21%) <0.001
Implanted
ICD/pacemaker, n 14 (33.33%) 27 (71.05%) <0.001
(%)
Documented i x
VE/VT, n (%) 2 (4.76%) 11 (28.95%) 0.003
Medications
Statin 24 (57.14%) 29 (76.32%) 0.070
ACEI/ARB 36 (85.71%) 30 (78.95%) 0.426
NOAC 30 (71.43%) 21 (55.26%) 0.133

ACEI, AF — Atrial Fibrillation; ARB; BMI — Body Mass Index; CABG — Coronary Artery
Bypass Grafting; COPD — Chronic Obstructive Pulmonary Disease; eGFR — estimated

Glomerular Filtration Rate; ICD — Implantable Cardioverter-Defibrillator; IQR —
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Interquartile Range; NYHA — New York Heart Association; NOAC, SD — Standard

Deviation; VF — Ventricular Fibrillation; VT — Ventricular Tachycardia

Table 2. Echocardiographic characteristics

HFpEF (N = 42) HFrEF (N = 38) P-value
LVEF (%), median (IQR) 55 (51-62) 36 (31-39) <0.001
E, cm/s, mean (SD) 84.79 (23.21) 76.58 (36.01) 0.790
A, cm/s, mean (SD) 70.95 (21.83) 56.23 (24.52) 0.041
E/A, ratio, mean (SD) 1.12 (0.85-1.37) 1.33 (0.96-2.20) 0.234
E/e’, ratio, median (IQR) 11 (10-16) 13(9-21) 0.484
TDI septal
s’, cm/s, median (IQR) 6(5-7) 5(4-6) <0.001
e’ cm/s, median (IQR) 6 (5-8) 5 (4-6) 0.004
a’ cm/s, median (IQR) 7 (5-7.5) 6 (4-6) 0.015
TDI lateral
s’ cm/s, median (IQR) 7 (6-8) 5 (4-6) <0.001
e’ cm/s, median (IQR) 8(6-9) 6(5-8) 0.016
a’ em/s, median (IQR) 7 (5-8.5) 4(3-7) 0.004
RWT, mean (SD) 0.48 (0.13) 0.46 (0.09) 0.509
LVMI, g/m’, median (IQR) 106.47 154.79 <0.001

(85.77-131.58) (132.24-187.56)
LAVI, ml/m’, median (IQR) 39.37 (32.11-50.05) 49.68 (38.28- 0.014
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58.94)

IVCC (%), median (IQR) 44.44 35.71 0.031

(35.49-50.00) (26.67-40.00)

A — peak late diastolic transmitral flow velocity; a' — peak late diastolic mitral annular
tissue velocity; E — peak early diastolic transmitral flow velocity; E/e' — the ratio of mitral
peak velocity of early filling to early diastolic mitral annular velocity; ' — peak early
diastolic mitral annular tissue velocity; IQR — Interquartile Range; IVCC — inferior vena
cava collapsibility; LAVI — left atrial volume index; LVEF — left ventricular ejection
fraction; LVMI — left ventricular mass index; RWT — relative wall thickness; s', peak

systolic mitral annular tissue velocity; TDI — Tissue Doppler imaging

Figure 1. Comparison of serum concentrations of glucose-regulated protein 78 (A), neuronal nitric

oxide synthase (B), endothelial nitric oxide synthase (C), inducible nitric oxide synthase (D)
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P=0.023 " P=0.085

1
WEpEF

i i H i i

Serum concentration of GRP78, SE, na/mL.
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- P=0.606 o P<0.0001
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. WFpEF WFIEF : WFpEF WErEF

eNOS — endothelial nitric oxide synthase; GRP78 — glucose-regulated protein 78; HFpEF
— heart failure with preserved ejection fraction; HFrEF — heart failure with reduced ejection
fraction; iNOS — inducible nitric oxide synthase; nNOS — neuronal nitric oxide synthase;

SE — standard error

Figure 2. Rank correlations between quantitative variables in the general population (A-F)

and in a population with Heart Failure with Preserved Ejection Fraction (G)

37




oo

0w pe

BT GONS )0 VORI Urusg

m

A EL A WSO

GFR. mimit 72 m

Age, yews

@)

HAE "SONU 10 UOBRAAOU0D WIS

of ONOS. ngim

concereann

Seam

T3

GFR iyt

D RLSHD 1O SRR e

WS SON! 0 UOUEALINGO WINIDS

3. pyimé

S

Ganum concantraton of INO

LVMI, gy

12, % 0,048

AU LD J0 UDMMAUSII0D WSS

on of oNOS. pgomd

m Concenyats

38



eGFR — estimated glomerular filtration rate; eNOS — endothelial nitric oxide synthase;

GRP78 — glucose-regulated protein 78; HFpEF — heart failure with preserved ejection

fraction; iNOS — inducible nitric oxide synthase; LVMI — left ventricular mass index;

nNOS — neuronal nitric oxide synthase

References

L

10.

11.

Corrigendum to: 2021 ESC Guidelines for the diagnosis and treatment of acute and
chronic heart failure: Developed by the Task Force for the diagnosis and treatment of
acute and chronic heart failure of the European Society of Cardiology (ESC) With the
special contribution of the Heart Failure Association (HFA) of the ESC. Eur Heart J .
2021; 42(48): 4901, doi: 10.1093/eurheartj/ehab670, indexed in Pubmed: 34649282.
Savarese G, Becher PM, Lund LH, et al. Global burden of heart failure: a
comprehensive and updated review of epidemiology. Cardiovasc Res. 2023; 118(17):
3272-3287, doi: 10.1093/cvr/cvac013, indexed in Pubmed: 35150240.

Simmonds SJ, Cuijpers I, Heymans S, et al. Cellular and molecular differences
between HFpEF and HFrEF: A step ahead in an improved pathological understanding.
Cells. 2020; 9(1), doi: 10.3390/cells9010242, indexed in Pubmed: 31963679.

Boulet J, Sridhar VS, Bouabdallaoui N, et al. Inflammation in heart failure:
pathophysiology and therapeutic strategies. Inflamm Res. 2024; 73(5): 709-723,
doi: 10.1007/s00011-023-01845-6, indexed in Pubmed: 38546848.

Alcaide P, Kallikourdis M, Emig R, et al. Myocardial Inflammation in Heart Failure
With Reduced and Preserved Ejection Fraction. Circ Res. 2024; 134(12): 1752-1766,
doi: 10.1161/CIRCRESAHA.124.323659, indexed in Pubmed: 38843295,

Glezeva N, Baugh JA. Role of inflammation in the pathogenesis of heart failure with
preserved ejection fraction and its potential as a therapeutic target. Heart Fail Rev.
2014; 19(5): 681-694, doi: 10.1007/s10741-013-9405-8, indexed in
Pubmed: 24005868.

Schiattarella GG, Altamirano F, Tong D, et al. Nitrosative stress drives heart failure
with  preserved ejection fraction. Nature. 2019; 568(7752): 351-356,
doi: 10.1038/s41586-019-1100-z, indexed in Pubmed: 30971818.

Sabirli R, Koseler A, Mansur N, et al. Predictive value of endoplasmic reticulum stress
markers in low ejection fractional heart failure. In Vivo. 2019; 33(5): 1581-1592,
doi: 10.21873/invivo.11640, indexed in Pubmed: 31471408.

Minamino T, Komuro I, Kitakaze M. Endoplasmic reticulum stress as a therapeutic
target in cardiovascular disease. Circ Res. 2010; 107(9): 1071-1082,
doi: 10.1161/CIRCRESAHA.110.227819, indexed in Pubmed: 21030724,

Vitadello M, Penzo D, Petronilli V, et al. Overexpression of the stress protein Grp94
reduces cardiomyocyte necrosis due to calcium overload and simulated ischemia.
FASEB J. 2003; 17(8): 923-925, doi: 10.1096/fj.02-0644fje, indexed in
Pubmed: 12670879.

Alderton WK, Cooper CE, Knowles RG. Nitric oxide synthases: structure, function
and inhibition. Biochem J. 2001; 357(Pt 3): 593-615, doi: 10.1042/0264-
6021:3570593, indexed in Pubmed: 11463332,

39




12,

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25;

26.

Zhang YH, Jin CZi, Jang JiH, et al. Molecular mechanisms of neuronal nitric oxide
synthase in cardiac function and pathophysiology. J Physiol. 2014; 592(15): 3189-
3200, doi: 10.1113/jphysiol.2013.270306, indexed in Pubmed: 24756636.

Tran N, Garcia T, Aniga M, et al. Endothelial Nitric Oxide Synthase (eNOS) and the
Cardiovascular system: in physiology and in disease states. Am J Biomed Sci Res.
2022; 15(2): 153-177, indexed in Pubmed: 35072089.

Kourosh-Arami M, Hosseini N, Mohsenzadegan M, et al. Neurophysiologic
implications of neuronal nitric oxide synthase. Rev Neurosci. 2020; 31(6): 617-636,
doi: 10.1515/revneuro-2019-0111, indexed in Pubmed: 32739909.

Shah AM. Inducible nitric oxide synthase and cardiovascular disease. Cardiovasc Res.
2000; 45(1): 148-155, doi: 10.1016/s0008-6363(99)00316-8, indexed in
Pubmed: 10728328.

Aljada A, Dandona P. Nitric oxide synthase. Methods Mol Biol. 1998; 108: 191-198,
doi: 10.1 0- -472-0:191, indexed in Pubmed: 9921529.

Pérez-Torres I, Manzano-Pech L, Rubio-Ruiz ME, et al. Nitrosative stress and its
association  with  cardiometabolic ~ disorders. ~ Molecules.  2020;  25(11),
doi: 10.3390/molecules25112555, indexed in Pubmed: 32486343.

Aliev G, Bodin P, Burnstock G. Free radical generators cause changes in endothelial
and inducible nitric oxide synthases and endothelin-1 immunoreactivity in endothelial
cells from hyperlipidemic rabbits. Mol Genet Metab. 1998; 63(3): 191-197,
doi: 10.1006/mgme.1997.2664, indexed in Pubmed: 9608541.

Al-Khlaiwi T, Habib SS, Al-Khliwi H, et al. Relationship of serum inducible and
endothelial nitric oxide synthase with exercise in healthy adult males and patients with
type 2 diabetes mellitus. Eur Rev Med Pharmacol Sci. 2023; 27(10): 46194625,
doi: 10.26355/eurrev_202305 32471, indexed in Pubmed: 37259745.

Zamora R, Vodovotz Y, Billiar TR. Inducible nitric oxide synthase and inflammatory
diseases. Mol Med. 2000; 6(5): 347-373, indexed in Pubmed: 10952018.

Yasukawa T, Tokunaga E, Ota H, et al. S-nitrosylation-dependent inactivation of
Akt/protein kinase B in insulin resistance. J Biol Chem. 2005; 280(9): 7511-7518,
doi: 10.1074/j 411871200, indexed in Pubmed: 15632167.

Guo Y, Wen J, He An, et al. iNOS contributes to heart failure with preserved ejection
fraction through mitochondrial dysfunction and Akt S-nitrosylation. J Adv Res. 2023;
43: 175-186, doi: 10.1016/j.jare.2022.03.003, indexed in Pubmed: 36585107.

Zhao X, Zhang DQ, Song R, et al. The clinical significance of circulating glucose-
regulated protein 78, Caspase-3, and C/EBP homologous protein levels in patients
with heart failure. Heliyon. 2023; 9(2): e13436, doi: 10.1016/j.helivon.2023.e13436,
indexed in Pubmed: 36820047.

Ma N, Xu N, Yin D, et al. Levels of circulating GRP78 and CHOP in endoplasmic
reticulum stress pathways in Chinese type 2 diabetic kidney disease patients. Medicine
(Baltimore). 2021; 100(33): 26879, doi: 10.1097/MD.0000000000026879, indexed in
Pubmed: 34414940.

Ni M, Lee AS. ER chaperones in mammalian development and human diseases. FEBS
Lett. 2007; 581(19): 3641-3651, doi: 10.1016/j.febslet.2007.04.045, indexed in
Pubmed: 17481612.

Dickhout JG, Carlisle RE, Austin RC. Interrelationship between cardiac hypertrophy,
heart failure, and chronic kidney disease: endoplasmic reticulum stress as a mediator
of pathogenesis. Circ Res. 2011, 108(5): 629-642,
doi: 10.1161/CIRCRESAHA.110.226803, indexed in Pubmed: 21372294,

40




27.

28.

29.

30.

3L

32,

33.

35.

36.

37.

Ren J, Bi Y, Sowers JR, et al. Endoplasmic reticulum stress and unfolded protein
response in cardiovascular diseases. Nat Rev Cardiol. 2021; 18(7): 499-521,
doi: 10.1038/541569-021-00511-w, indexed in Pubmed: 33619348.

Suyama K, Watanabe M, Sakabe K, et al. Overexpression of GRP78 protects glial
cells from endoplasmic reticulum stress. Neurosci Lett. 2011; 504(3): 271-276,
doi: 10.1016/j.neulet.2011.09.045, indexed in Pubmed: 21970967.

Damy T, Ratajczak P, Shah AM, et al. Increased neuronal nitric oxide synthase-derived
NO production in the failing human heart. Lancet. 2004; 363(9418): 1365-1367,
doi: 10.1016/50140-6736(04)16048-0, indexed in Pubmed: 15110495.

Wu QQ, Xiao Y, Duan MX, et al. Aucubin protects against pressure overload-induced
cardiac remodelling via the § -adrenoceptor-neuronal NOS cascades. Br J Pharmacol.
2018; 175(9): 1548-1566, doi: 10.1111/bph.14164, indexed in Pubmed: 29447430.
Kolijn D, Pabel S, Tian Y, et al. Empagliflozin improves endothelial and
cardiomyocyte function in human heart failure with preserved ejection fraction via
reduced pro-inflammatory-oxidative pathways and protein kinase Ga oxidation.
Cardiovasc Res. 2021; 117(2): 495-507, doi: 10.1093/cvr/cvaal23, indexed in
Pubmed: 32396609.

Balakumar P, Chakkarwar VA, Krishan P, et al. Vascular endothelial dysfunction: a tug
of war in diabetic nephropathy? Biomed Pharmacother. 2009; 63(3): 171-179,
doi: 10.1016/j.biopha.2008.08.008, indexed in Pubmed: 18823739.

Tona F, Montisci R, lop L, et al. Role of coronary microvascular dysfunction in heart
failure with preserved ejection fraction. Rev Cardiovasc Med. 2021; 22(1): 97-104,

doi: 10.31083/j.rcm.2021.01.277, indexed in Pubmed: 33792251.

. Fahey JM, Girotti AW. Nitric oxide-mediated resistance to photodynamic therapy in a

human breast tumor xenograft model: Improved outcome with NOS2 inhibitors. Nitric
Oxide. 2017; 62: 52-61, doi: 10.1016/j.ni0x.2016.12.003, indexed in
Pubmed: 28007662.

Chatterjee PK, Patel NSA, Sivarajah A, et al. GW274150, a potent and highly
selective inhibitor of iNOS, reduces experimental renal ischemia/reperfusion injury.
Kidney Int. 2003; 63(3): 853-865, doi: 10.1046/].1523-1755.2003.00802.x, indexed in
Pubmed: 12631066.

Alderton WK, Angell ADR, Craig C, et al. GW274150 and GW273629 are potent and
highly selective inhibitors of inducible nitric oxide synthase in vitro and in vivo. Br J
Pharmacol. 2005; 145(3): 301-312, doi: 10.1038/s).bjp.0706168, indexed in
Pubmed: 15778742.

Wang X, Fang C, Liu X, et al. High Serum Levels of iNOS and MIP-1a are Associated
with Post-Stroke Depression. Neuropsychiatr Dis Treat. 2021; 17: 2481-2487,
doi: 10.2147/NDT.S320072, indexed in Pubmed: 34349514.

41




PLOS ONE

L))

Check for
updates

6 OPEN ACCESS

Citation: Momot K, Krauz K, Czarzasta K,
Tomaszewski J, Dobruch J, Zera T, 1 al. (2024)
Post-myocardzal infarction heart failure and long-
term high-fat deet: Cardiac endoplasmic reticulum
stress and unfolded protesn response in Sprague
Dawley rat model. PLoS ONE 19(9): e0308833
hitps/daLorg/10.137 1fjoumal pone. 0308833

Editor: Marcia B. Agulla, Unversidade do Estado
do Rio de Janeiro, BRAZIL

Received: April 16, 2024
Accepted: July 29, 2024
Published: September 18, 2024

Peer Review History: PLOS recognizes the
benefits of transparency in the peer review
process; therefore, we enable the publication of
ali of the content of peer review and author
responses alongside final, published articles. The
editorial history of this article is available here:
htips.//dol.org/10.1371/journal pone. (0308833

Copyright: ©2024 Momot etal. This is an open
acoess article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited,

Data Availability Statement: All relevant data are
within the manuscript.

RESEARCH ARTICLE

Post-myocardial infarction heart failure and
long-term high-fat diet: Cardiac endoplasmic
reticulum stress and unfolded protein
response in Sprague Dawley rat model

Karol Momot. ', Kamil Krauz', Katarzyna Czarzasta', Jakub Tomaszewski',
Jakub Dobruch?, Tymoteusz Zera ', Maciej Zarebinski -, Agnieszka Cudnoch-
Jedrzejewska', Matgorzata Wojciechowska . '*

1 Laboratory of Centre for Preclinical R ch, Dep: of Experimental and Clinical Physiology,
Medical University of Warsaw, Warsaw, Poland, 2 Centre of Postgraduate Medical Education, Dep
Urology, Warsaw, Poland, 3 Department of Invasive Cardiology, Independent Public Specialist Western
Hospital John Paul II, Lazarski University, Grodzisk Mazowiecki, Poland

tof

* malgorzata. wojciechowska2 @wum.edu.pl

Abstract

Background

Myocardial infarction (M) significantly contributes to the global mortality rate, often leading
to heart failure (HF) due to left ventricular remodeling. Key factors in the pathomechanism of
HF include nitrosative/oxidative stress, inflammation, and endoplasmic reticulum (ER)
stress. Furthermore, while a high-fat diet (HFD) is known to exacerbate post-MI cardiac
remodeling, its impact on these critical factors in the context of HF is not as well understood.

Aims

This study aimed to assess the impact of post-MI HF and HFD on inflammation, nitro-oxida-
tive stress, ER stress, and unfolded protein response (UPR).

Methods

The study was performed on fragments of the left ventricle harvested from 30 male adult
Sprague Dawley rats, which were divided into four groups based on diet (normal-fat vs.
high-fat) and surgical procedure (sham operation vs. coronary artery ligation to induce MI).
We assessed body weight, NT-proBNP levels, protein levels related to nitrosative/oxidative
stress, ER stress, UPR, apoptosis, and nitric oxide synthases, through Western Blot and
ELISA.

Results

HFD and Mi significantly influenced body weight and NT-proBNP concentrations. HFD ele-
vated 3-nitrotyrosine and myeloperoxidase levels and altered nitric oxide synthase levels.
HFD and Ml significantly affected ER stress markers and activated or inhibited UPR
pathways.
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Conclusions

The study demonstrates significant impacts of post-MI HF and dietary fat content on cardiac
function and stress markers in a rat model. The interaction between HFD and Ml on UPR
activation suggests the importance of dietary management in post-MI recovery and HF
prevention,

Introduction

Myocardial infarction (MI) is a significant cause of death worldwide [1]. Due to modern treat-
ment options, the mortality from MI has been decreasing, resulting in a growing population of
MI survivors [2]. Many of these individuals subsequently develop symptoms of heart failure
(HF) [3, 4]. After the cardiomyocytes death due to ischemia, the development of HF is related
to unfavorable left ventricular remodeling, leading to loss of function [5, 6]. Consumption of a
high-fat diet (HFD) can intensify the remodeling after MI through mechanisms such ascardiac
hypertrophy, cardiomyocyte apoptosis and interstitial fibrosis [7, 8].

Experimental studies have shown that HFD significantly exacerbates hypertensive heart dis-
ease in aging rats, leading to worsened atrial and ventricular remodeling and associated
impairment of left ventricular systolic function [9]. Moreover, just 12 weeks of HFD can
adversely affect cardiac function, as measured by the left ventricular speckle tracking imaging
|10], a parameter capable of detecting subclinical left ventricular. Unfortunately, recent clinical
studies have revealed that the consumption of high-fat products in the human population has
been steadily increasing [11]. In the context of HF, there’s much discussion about nitrosative/
oxidative stress, inflammation, and ER stress [12-15]. However, little is known about the
impact of HFD on these processes in HF,

Nitrosative/oxidative stress refers to the biochemical reaction between nitric oxide (NO)
and reactive oxygen species when a disorder in oxygen metabolism is present. This process
results in the generation of reactive nitrogen species (such as the peroxynitrite anion), which
cause nitration and damage to proteins [16]. A marker of such a damage is the 3-nitrotyrosine
(3-NT) [17].

Production of NO is catalyzed by NO synthase (NOS), which has three isoforms: inducible
NOS (iNOS), endothelial NOS (eNOS), and neuronal NOS (nNOS) [18]. These isoforms play
crucial roles in cardiovascular health and disease. iNOS is expressed in normal heart tissue at
very low levels [19]. Inflammation results in iNOS activation and overexpression, which is
linked with harmful effects on the heart, whereas overexpression of nNOS and eNOS in trans-
genic animals improves cardiac functions following MI [20]. Myeloperoxidase (MPO) plays a
vital role in the inflammatory response [21]. It is expressed mainly in neutrophils and mono-
cytes. MPO catalyzes the production of hypochlorous acid, a potent oxidative agent [22].
Moreover, this protein can also directly contribute to forming reactive nitrogen species.
Enhanced circulating levels of MPO are related to inflammation and oxidative stress [23].
What is more, a recent meta-analysis suggests that MPO can be a valuable marker for HF diag-
nosis [24].

ER stress occurs when misfolded or unfolded proteins overwhelm the ER, a crucial cell
organelle for protein folding and lipid biosynthesis. As previously mentioned, nitrosative/oxi-
dative stress affects the protein folding process and contributes to ER stress [25, 26]. The latter
activates the unfolded protein response (UPR), a complex signaling network aiming to restore
proteostasis or promote apoptosis when it is not possible. This process is crucial in the
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pathogenesis of HF [13]. Especially, UPR, ER stress, and iNOS overexpression have been
found to influence heart failure with preserved ejection fraction (HFpEF) pathogenesis [12].

In physiological conditions, when ER stress is not exacerbated, 78-kDa glucose-regulated
protein (GRP78) is attached to the ER stress sensors—inositol-requiring enzyme type 1 «
(IRElw), activating transcription factor 6 (ATF6), protein kinase R-like endoplasmic reticulum
kinase (PERK) and, thus they remain inactive. When unfolded proteins excessively accumulate
in the ER and ER stress exacerbates, GRP78 dissociates from these sensors, which activates
them and initiates downstream signaling pathways. When ATF6 is released from GRP78, it
migrates to the Golgi apparatus, where it is cleaved. Then, the cleaved ATF6 (ATF6¢) is trans-
located to the nucleus and functions as an active transcription factor [27]. If severe ER stress
persists, apoptotic pathways are activated. It has been reported that overexpression of CHOP
leads to apoptosis due to ER stress [25].

This study aimed to assess the impact of post-MI HF and HFD on inflammation, nitro-oxi-
dative stress, ER stress, and UPR.

Methods
Experimental procedures

The study was performed on fragments of the left ventricle harvested from 30 male adult Spra-
gue Dawley rats, which underwent the following procedures (Fig 1, Table 1). This study is a
continuation of previous experiments [29-31]. All experiments were approved by the Second
Local Animal Research Ethics Committee of the Medical University of Warsaw and followed
the European Communities Council Directive 2010/63/E.U. Rules of September 2010.

Starting from the fourth week of age, the animals were fed with HFD (31% fat, 17.1% pro-
tein, 35.5% carbohydrates, 0.18% sodium, and 3842 kcal/kg; Labofeed B, Kcynia, Poland) or a
normal fat diet (NFD) (3.6% fat, 17.4% protein, 60% carbohydrates, 0.2% sodium, and 2864
kcal/kg; Labofeed B, Kcynia, Poland) for twelve weeks until the sixteenth week of age. The
detailed composition of NFD and HFD is provided in Table 2. At the twelfth week of age, the
surgical procedures were performed. During the surgeries, animals were under general anes-
thesia (Ketamine 10mg/100g body weight i.p., Xylazine 1mg/100g body weight i.p.). The MI
model consists of a permanent ligation of the left coronary artery (LCA) with a suture thread
(Ethicon 6.0). The sham surgeries (SO) were similar, but the pericardium was only touched
with a needle, and the LCA was not ligated. Following surgery, the animals were administered
analgesic medication (Buprenorphine chloride 3ug/100g body weight i.p.; 5.95nmol/ml, twice
daily for 2-3 days) and an antibiotic (Penicillin, 10,000 IU/100g body weight i.m.; 0.047mmol/
ml).

Four weeks following surgery were given to develop the post-MI HF in rats with the LCA
ligation. After this period, the rats were anesthetized again. A 4 ml blood sample was taken

Rats
4 weeks old P
8 weeks 4 weeks
BEGINNING OF 3 _END OF
EXPERIMENT EXPERIMENT
NFD or HFD

Fig 1. Graphical representation of the study design. Abbreviations: HFD, high-fat diet; M1, myocardial infarction; NFD, normal-fat diet; SO, sham surgery.
hitps://doi.org10.1371/joumal pone, 0308833, 9001
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Table 1. The experimental rat groups.

Group 1 Group 2 Group 3 ‘ Group 4
| Nw7 | N=9 | N=6 Nw=8
Diet | Normal-fat Diet (NFD) | Normal-fat Diet (NFD) | High-fat Diet (HFD) I High-fat Diet (HFD)
. Procedure | Sham operation (SO)  Ligation of the coronary artery (MI) = Sham operation (50) 1 Ligation of the coronary artery (MI)
Survival rates at the end of the study | 70% (7 of 10) 60% (9 of 15) 1 60% (6 of 10) | 50% (8 of 16)

hitpsJidoiorg/10.1371/ournal pone,0308833.1001

from the right ventricle. The collected blood was immediately transferred into tubes contain-
ing Ethylenediaminetetraacetic acid (EDTA). The tubes were then centrifuged to separate the
plasma from other blood components, and then levels of N-terminal prohormone of brain
natriuretic peptide (NT-proBNP) were assessed using an enzyme-linked immunosorbent
assay (ELISA).

At the end of the experiments, the rats were euthanized with an intraperitoneal injection of
a lethal dose of Ketamine (300mg/100g body weight i.p.). The heart muscle tissue of the left
ventricle was isolated, frozen in liquid nitrogen, and then stored at -80°C,

Protein analysis

Collected tissues were homogenized using the RIPA buffer, whose composition was previously
described [29]. Samples containing 10pg/pl of total protein were resolved by 8% SDS-poly-
acrylamide gels. Isolated proteins were transferred into PVDF membranes (#1704274, Bio-
Rad) or nitrocellulose membranes using the Trans-Blot R TurboTM Transfer System (Bio-
Rad). Then, blots were blocked with 5% nonfat dry milk buffered solution, immunoblotted for
one hour with anti-IRE1a (NB100-2324, Novus-Biologicals), anti-p-IRE1a (NB100-2323),
anti-iNOS (NB300-605), anti-eNOS (NB300-500), anti-nNOS (NBP1-39681), anti-GRP78
(NBP1-06274), anti-ATF6 (NBP1-76675), anti-PERK (NBP3-12891), anti-CHOP (NBP2-
13172), anti-3NT (sc-32757, Santa Cruz Biotechnology), and anti-MPO (MPO-101AP,
Thermo Fisher Scientific) antibodies. As a loading control, an anti-beta actin antibody was
used (ab8226, Abcam). Incubation with secondary antibodies conjugated to horseradish per-
oxidase (ab205718, Abcam or sc-516102, Santa Cruz) was performed for one hour. The spe-
cific bands were detected and quantified with the ChemiDoc MP Imaginating System (Bio-
Rad), and then protein expressions were normalized with B-actin and expressed as a relative
ratio. Each measurement was repeated three times, and the final result was calculated as the
average of these repetitions. The raw data images are provided as Supporting Information

(S1 Raw images).

Table 2. Composition of diets,

| Normal-fat Diet High-fat Diet

Energy (keal per 100g) 286 I 38

Carbohydrates (g per 100g) | 60.0 | 355

Proteins (g per 100g) | 174 | 17.1

Fats (g per 100g) | 32 | 280
Saturated (%) . n . Ry

Unsaturated (%) | 37 |

Polyunsaturated (%) | 50 | 7
Raw ash (g per 100g) | 12 | 12
Water (g per 100g) 12 12

https.//doi.0rg/10,137 1 joumal pone 0208833 1002
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Fig 2. Basic parameters at the end of experiments. Abbreviations: HF, heart failure; HFD, high-fat diet: NFD, normal-fat diet; SO, sham surgery.

Statistical analysis

Statistical analysis was carried out with the Statistica software, version 13.3. Normal distribu-
tion was tested using the Shapiro-Wilk test. The Levene test was used to assess the equality of
variances. A two-way ANOVA was conducted to examine the effects of diet (Normal-fat Diet
vs. High-fat Diet) and procedure (Sham operation vs. Myocardial infarction), as well as their
interaction. Post-hoc comparisons were performed using Tukey's HSD test to identify signifi-
cant differences between groups. For all the variables measured, outliers that were 1.5 inter-
quartile ranges (IQRs) below the first quartile or 1.5 IQRs above the third quartile were
removed from the analysis. Pearson’s correlation coefficient was calculated to assess linear
relationships between variables, Box plots were created using BioRender.com, and scatter plots
with regression lines illustrating the relationships between variables were generated using an
Al-based tool. All values presented in the text and figures are expressed as mean + standard
deviation (SD). All differences were considered significant if P < 0.05.

Results
Basic parameters

At the end of the experiment, significant differences in body weight were observed among the
groups (Fig 2A). Notably, the group with post-MI HF, on an NFD, had the lowest body mass
compared to other groups. A simple analysis of the main effects indicated that post-MI HF
and diet significantly influenced the final body weight (P = 0.028 and P = 0.031, respectively).

NT-proBNP circulating levels differed significantly between groups (Fig 2B). Notably,
higher levels of NT-proBNP were observed in groups with post-MI HF-NFD-MI and
HFD-MI. A simple main effects analysis revealed that post-MI HF alone had a significant
effect on serum NT-proBNP levels (P < 0.0001).

Nitrosative/oxidative stress and inflammation

The levels of 3-NT in the left ventricle tissue showed significant differences between the rat
groups (Fig 3A). The group with post-MI HF and an implemented HFD exhibited the highest

1050+ P=0,0001 P=0.0213 ®m SO
P=0.0247 900- P=0.0004 oM

P=0.0268
i 7504
E 600
ii 450

2~ 3004
150-
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&
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https7/doi.org/10.1371/jounal pone, 03088339002
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Fig 3. Bar graphs and representative Western blot images. 3-nitrotyrosine (A) and myeloperoxidase (B). Abbreviations 3-NT, 3-nitroty HF, heart

failure; HFD, high-fat diet; MPO, myeloperoxidase; NFD, normal-fat diet; SO, sham surgery.
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3-NT levels. A simple main effects analysis showed that post-MI HF and HFD had a significant
effect on 3-nitrotyrosine levels (P = 0.021 and P = 0.048, respectively),

The levels of MPO in the left ventricular tissue showed significant differences among the
groups (Fig 38), The group that developed HF after MI and was subjected to HFD exhibited
the highest levels of MPO, A two-way ANOVA indicated that post-MI HF and diet signifi-
cantly impacted MPO levels in the left ventricular tissue (P = 0.004 and P = 0.028,

respectively).

Nitric oxide synthases levels

Levels of nNOS in the left ventricular tissue significantly differed between groups (I'ig 4A).
Simple main effects analysis showed that post-MI HF did have a significant effect on nNOS
levels (P < 0.001). It was associated with reduced levels of eNOS independently of the type of
diet implemented.

There was a significant difference in eNOS levels within the left ventricular tissue between
groups (Fig 4B). eNOS levels were significantly reduced in other groups compared to the con-
trol group-NFD-SO. A two-way ANOVA revealed a significant interaction between the effects
of post-MI HF and diet (F(1,25) = 5.995, P = 0.022).

The levels of INOS in the left ventricle tissue showed significant differences between the
groups (Fig 4C). The rats with post-MI HF and an implemented HFD exhibited the highest
iNOS levels, significantly higher than other groups. Simple main effects analysis showed that
both post-MI HF and diet did have a significant effect on iNOS levels (P < 0.001 and
P =0.010, respectively).
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Endoplasmic reticulum stress, unfolded protein response, and apoptosis

There was a significant difference in GRP78 protein levels within left ventricular tissue among
the various groups (Fig 5A). GRP78 levels were significantly higher in rats subjected to HFD
than those on NFD across all combinations. Furthermore, a simple main effects analysis
revealed that only diet statistically impacted GRP78 levels (P < 0.0001).

The activity of the IREla axis of the UPR, measured by the ratio of phosphorylated IREla.
to non-phosphorylated IRE1¢, showed significant variation between groups (Fig 58). The low-
est activity was observed in rats subjected to HFD and after MI. A simple main effects analysis
revealed that only diet affected the p-IRE1/IRE 1 ratio (P = 0.026). A two-way ANOVA indi-
cated that the interaction between the effects of post-MI HF and diet on the activity of the
IREl o axis was significant (F(1, 22) = 7.401, P = 0.012).

The activity of the ATF6 axis of the UPR, measured by the ratio of cleaved ATF6 to non-
cleaved ATF6, showed significant differences between groups (I'ig 5C). The highest activity
was observed in rats subjected to HFD after ML This activity level was significantly higher
than in other groups. Both post-MI HF and diet affected the activity of the ATF6 axis
(P < 0.0001 and P < 0.0001). Furthermore, a two-way ANOVA revealed a significant interac-
tion between the effects of post-MI HF and diet on the activity of the ATF6 axis (F(1, 24) =
8.707, P = 0.007).

PERK levels in the left ventricular tissue significantly differed between groups. The rats sub-
jected to an NFD without post-MI HF exhibited the highest levels of PERK (Fig 5D). This dif-
ference was significant compared to other groups. Other groups showed similar levels of
PERK, with no significant differences. A two-way ANOVA indicated a significant interaction
between the effects of post-MI HF and diet on PERK levels (F(1, 25) = 7.988, P = 0.009).

CHOP levels in left ventricular tissue varied significantly between groups (Fig 5E). The
highest level of CHOP was observed in the control group (NFD-SO). This difference was sig-
nificant compared to other groups. Additionally, a two-way ANOVA demonstrated that post-
MI HF and diet significantly affected CHOP levels in heart left ventricular tissue (P < 0.0001
and P < 0.001, respectively).

As depicted in Fig 6, the levels of 3-nitrotyrosine correlated with GRP78 levels (p = 0.571,

P =0.002).
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Discussion

This preliminary study sheds light on the pathogenesis of post-MI HF and its exacerbation by
HFD. We have demonstrated that in our model of post-MI HF with an implemented HFD, we
can observe disturbances similar to those seen in HFpEF—specifically ER stress, nitrosative/
oxidative stress, and disturbances in the UPR. Given that HFpEF is typically not associated
with M, this finding offers a new perspective on the mechanisms underlying HF development
and progression.

Our study found that HFD was associated with increased ER stress measured by GRP78 lev-
els. Zhang et al. also revealed that GRP78 was highly expressed in the atrial myocardium of
HFD mice [32]. Additionally, they demonstrated that GRP78 expression in the atrial myocar-
dium of overweight patients was significantly higher. These data suggest that ER stress could
be activated in the myocardium not only in the case of obesity but also in HFD. Interestingly,
in our study, post-MI HF had no significant impact on GRP78 levels. Contrary to our findings,
Mainali et al. demonstrated that after inducing MI, GRP78 was markedly upregulated in heart
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tissue [33). In the study by Mainali et al., GRP78 levels were measured one week after inducing
MI, which could explain why our results differed. Additionally, exercise appears to reduce
GRP78 expression, suggesting that the cardioprotective effect of exercise may be mediated
through the reduction of ER stress, which is involved in the intrinsic apoptosis pathway [5, 34].

Furthermore, we discovered that the intensity of nitrosative/oxidative stress, measured by
3-NT, positively correlates with increased expression of GRP78. This indicates that these two
components participate in the development of post-MI heart failure (HF). The study by Dickh-
out et al. observed that 3-NT could colocalize with GRP78 within early atherosclerotic lesions
in the walls of arteries, suggesting that nitrosative/oxidative stress and ER stress also contribute
to other diseases like coronary artery disease (CAD) [35].

Our findings indicate that INOS protein levels are increased in cardiac tissue from rats with
post-MI HF and with the implementation of HFD, suggesting the occurrence of nitrosative/
oxidative stress under both conditions. This observation aligns with other studies demonstrat-
ing that the iNOS expression is up-regulated in association with obesity and after M1 [19, 35,
36]. Furthermore, iNOS is found to be overexpressed in cardiac tissue in cases of HFpEF [37],
which has recently been recognized as a foundation of this disease’s pathomechanism [12].

Our study revealed that both nNOS and eNOS levels decrease in post-MI HF in the case of
a high-fat and normal-fat diet. Furthermore, eNOS protein levels also decrease after imple-
menting HFD, regardless of MI. Currently, there have been no studies analyzing the impact of
HEFD on eNOS expression in cardiac tissue. Interestingly, similar to HFD, a high-sugar
diet also leads to a reduction in eNOS levels [38]. Moreover, in a model of spontaneously
hypertensive rats, eNOS was downregulated explicitly in cardiomyocytes [39]. Similarly, eNOS
levels are decreased in hypertrophic cardiomyopathy [10]. However, diabetes does not affect
the overall eNOS protein level [41].

PLOS ONE | hitps/dol.org/10.1371/journal pone. 0308833  September 18, 2024 9/13

50




PLOS ONE

Myocardial infarction and high-fat diet: Cardiac stress response

We report that both HFD and post-MI HF lead to the elevation of MPO levels. Moreover,
studies indicate that even a single high-fat meal can elevate circulating MPO levels and con-
tribute to oxidative stress [42], which could be detrimental if repeated frequently in the context
of HF pathogenesis. Elevated MPO levels are present in CAD; also, its high levels may indicate
a high risk of acute coronary syndrome (ACS) [43]. Increased level of MPO is related to oxida-
tive stress and inflammatory state in chronic systolic HF. Elevated plasma MPO levels are also
associated with an increased likelihood of more advanced HF [18, 44].

We demonstrated that both HFD and MI, as well as the combination of these two factors,
significantly increase the activity of the ATF6 axis of the UPR. Interestingly, studies show that
ATF6 is critical in protecting the heart after M1. Inhibiting ATF6 activity leads to dilatation of
the left ventricle and depression of cardiac function [43]. ATF6 may also regulate the dynamics
of CHOP induction [45]. In our study, the levels of CHOP were highest in the control group
and both post-MI HF and HFD were associated with the decrease in its levels, which may sug-
gest inhibition of apoptosis related to the ER stress. However, in other studies—HFD or car-
diac injury are rather linked with elevated levels of CHOP [46, 47]. Thus, further research is
needed to explore this phenomenon.

In our study, we demonstrated that the activity of the IRE1u branch of the UPR was lowest
in rats subjected to both HFD and HF simultaneously. This suggests that in the event of an M1,
HFD may exacerbate the accumulation of misfolded proteins in cardiomyocytes. Reduced
activity of this branch plays a role in the pathogenesis of HFpEF [12]. Until now, no one has
demonstrated that a similar reduction in activity can occur in cases where post-MI HF coin-
cides with HFD.

Limitations

This study primarily relied on Western Blot assays without incorporating PCR assays, a deci-
sion driven by the limited budget and the exploratory nature of this project. Additionally, the
lack of histopathological evaluation and immunohistochemical verification of the distribution
of the studied markers in the left ventricle was significant limitations. The absence of echocar-
diographic assessment, in particular, was a major issue, as it restricted our ability to evaluate
cardiac function, Given the limitations mentioned above, the findings must be interpreted
with caution.

Conclusions

This preliminary study has several limitations, as mentioned above, but provides valuable
insights. The findings elucidate the significant impacts of post-MI HF and dietary fat content
on cardiac function and stress markers in a rat model. HFD, independently and in combina-
tion with post-MI HF, significantly influenced ER stress (as indicated by GRP78 levels), nitro-
sative/oxidative stress markers (3-NT, iNOS), and other forms of NOS in the heart. Notably,
post-MI HF with HFD resulted in the most pronounced alterations in these markers, suggest-
ing exacerbated cardiac dysfunction and stress responses.

The study highlights the interaction between post-MI HF and dictary factors in modulating
the UPR pathways (PERK, ATF6, IRE1¢) and MPO levels. What is more, HFpEF and the over-
lap of post-MI HF and HFD may have similarities in pathogenesis. This is a new perspective
for future studies.

Supporting information

S1 Raw images.
(PDF)
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Wyniki

1. W pierwszej pracy wykazalem, ze pacjenci z HFpEF charakteryzowali si¢ wyzszym
osoczowym stezeniem 3-NT, co sugeruje wigksze nasilenie stresu nitrozacyjnego w tej
grupie pacjentow w porownaniu do grupy z HFrEF 1 grupy kontrolnej. Stwierdzilem, ze
stezenie MPO w osoczu, zwigzane z =zapaleniem i stresem oksydacyjnym bylo

poréwnywalne we wszystkich badanych grupach.

2. W drugiej pracy opisalem nizsze stezenia GRP78 i wyzsze stezenia iNOS w osoczu
pacjentéw z HFpEF w poroéwnaniu do pacjentéw z HFrEF. Sugeruje to, Ze stres ER jest
bardziej nasilony w HFrEF, podczas gdy nadmierna ekspresja iNOS (ktora jest
bezposrednio powigzana ze stresem nitrozacyjnym) odgrywa wigksza role w patogenezie

HFpEF.

3. W ostatniej pracy z cyklu doktorskiego wykazatem, ze zarowno zastosowanie HFD, jak
1 wywotanie MI majg istotny wplyw na podwyzszenie poziomu 3-NT oraz MPO w mi¢$niu
lewej komory serca. Poziom iNOS w mig$niu lewej komory byl réwniez najwyzszy w
grupie, u ktérej podano HFD oraz wywotano MI. Dodatkowo, wykazatem, ze stres ER jest
bardziej nasilony po zastosowaniu HFD niz po wystapieniu MI. Aktywnos$¢ jednego ze
szlakow UPR - szlaku IREla - byla najnizsza u szczuréw, u ktérych jednocze$nie

zastosowano HFD i1 wyindukowano MI.

55



Whnioski

1. Stres nitrozacyjny i stres ER roznicuja HFpEF i HFrEF

Roézne mechanizmy patofizjologiczne dominujg w poszczegélnych typach HF. W HFpEF
wydaje si¢ przewazaé stres nitrozacyjny, oznaczony za pomocg st¢zenia 3-NT oraz iNOS w
osoczu. Z kolei w HFTEF wydaje si¢ dominowac stres ER, ktérego osoczowym markerem w

pracy doktorskiej byt GRP78.

2. HFD i pozawalowa HF

Jednoczasowa podaz HFD wraz z wywolaniem MI wydaje si¢ nasila¢ stres ER, co zostalo
ocenione poprzez wzrost poziomu GRP78 w migéniu sercowym. Dodatkowo w tej grupie
zwierzat zaobserwowano rowniez nasilenie stresu nitrozacyjnego, mierzonego za pomocg
poziomow iNOS i 3-NT, a takze wzrost stanu zapalnego i stresu oksydacyjnego, ocenianego na

podstawie poziomu MPO.

3. Interwencje dietetyczne w pozawalowej HF
Wyniki badania przedklinicznego sugeruja, ze interwencje dietetyczne, polegajace na
zmniejszeniu zawartosci thuszczéw nasyconych, moga odgrywac istotng role w prewencji

progresji pozawalowej HF, poprzez redukcje stresu oksydacyjnego i nitrozacyjnego, stresu ER

oraz stanu zapalnego w mig$niu sercowym.
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Dyskusja 1 podsumowanie

Uwage zwracaja moje wyniki opublikowane w International Journal of Molecular
Sciences, ktore pokazuja, ze u pacjentow z HFpEF wystepuje wyzsze stgzenie 3-NT w osoczu
w pordwnaniu z pacjentami z HFrEF oraz grupa kontrolng. Wynik ten sugeruje istotny udziat
stresu nitrozacyjnego w patogenezie HFpEF. Wyniki stanowia potwierdzenie wczes$niejszych
doniesien o roli stresu nitrozacyjnego w tym typie HF (33, 41). W zacytowanych badaniach
autorzy analizowali poziom stresu nitrozacyjnego w homogenatach mig$nia sercowego
pochodzacych od szczuréw ZSF-1 (model zwierzecy HFpEF) oraz od pacjentow ze
zdiagnozowanym HFpEF, u ktérych podejrzewano pierwotnie zapalenie migs$nia sercowego
(co uzasadnito decyzje o wykonaniu biopsji serca). Moje badania jednak jako pierwsze
pokazaty, ze 3-NT moze stuzy¢ jako osoczowy marker do oznaczania stresu nitrozacyjnego w
HFpEF, co otwiera nowe mozliwosci w zakresie diagnostyki tej choroby. W pracy doktorskie;j
stezenie MPO, zwigzane z zapaleniem i stresem oksydacyjnym, nie roznito si¢ istotnie
statystycznie pomig¢dzy HFpEF, HFrEF oraz grupa kontrolng. Otrzymany wynik jest
interesujacy, poniewaz w pozostalych badaniach wykazywano podwyzszone st¢zenie MPO w
grupie HFpEF (42, 43). To odkrycie moze sugerowac, ze w naszej populacji pacjentow z
HFpEF przewaza fenotyp, ktory nie cechuje si¢ podwyzszonym stanem zapalnym, przy czym
obecno$¢ roznych fenotypéw HFpEF zostala juz wcze$niej opisana w literaturze (44). W
kolejnej pracy, opublikowanej w Cardiology Journal skoncentrowalem si¢ na rdznicach w
stezeniach GRP78 11NOS u pacjentéw z HFrEF oraz HFpEF. Wykazalem, ze pacjenci z HFpEF
mieli nizsze st¢zenie GRP78, co jest zgodne z wynikami z wcze$niejszego badania (45) oraz
wyzsze stezenie iINOS w poréwnaniu do pacjentow z HFrEF. Chociaz znaczenie iNOS w
rozwoju HFpEF wydaje si¢ kluczowe w modelach zwierzgcych (32, 46) zadne dotychczasowe
badania kliniczne nie ocenialy st¢zenia iNOS we krwi u pacjentéw z HFpEF i HFrEF. W pracy
opublikowanej w PLOS ONE skoncentrowalem si¢ na wplywie zastosowania HFD w
pozawatowej HF u szczuréw Sprague Dawley. Wyniki pokazuja, ze zarowno HFD, jak i MI
znaczaco wpltywaly na wzrost poziomow 3-NT oraz MPO w mig$niu sercowym, a takze na
zwigkszenie poziomu iNOS, co moze wskazywac na nasilony stres nitrozacyjny, stan zapalny
wraz ze stresem oksydacyjnym w przypadku jednoczesnego wystepowania obu czynnikow.
Aktywnos$¢ jednego ze szlakow UPR - szlaku IREla - byta najnizsza u szczurdéw, u ktérych
jednoczes$nie zastosowano HFD i1 wyindukowano MI. Mozna przypuszczaé, ze jednoczasowe
wystepowanie MI i HFD moze prowadzi¢ do zwickszonej akumulacji niesfaldowanych biatek

w kardiomiocytach, co weze$niej wykazano jako istotny element patogenezy HFpEF (47, 48).
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Praca ta stanowi wstep do dalszych badan nad poszukiwaniem skuteczniejszych metod
diagnostyki i leczenia tej ztozonej jednostki chorobowej. Moim zdaniem, istotnym kierunkiem
przysztych badan powinno by¢ potwierdzenie znaczenia wybranych markerow (3-NT, GRP78)
w diagnostyce HFpEF i HFrEF w wigkszych badaniach klinicznych. Rownie istotnym
aspektem badan mogtby by¢ rozwoj terapii ukierunkowanych na zmniejszenie nasilenia stresu
nitrozacyjnego w HFpEF oraz modulacji odpowiedzi na stres ER. Wydaje si¢, Zze zahamowanie
nadmiernej aktywnosci iNOS ma potencjat, by sta¢ si¢ obiecujacym celem terapeutycznym w
leczeniu HF. W modelach zwierzgcych HFpEF, takie interwencje (farmakologiczne lub
genetyczne) wykazywaty skutecznos¢.

Przyszte badania zaréwno podstawowe, jak i kliniczne powinny koncentrowaé si¢
réwniez na HFmrEF, ktora stanowi form¢ posrednia mig¢dzy HFpEF a HFrEF. Zbadanie
HFmrEF pod katem dominujacych procesow patofizjologicznych, takich jak stres nitrozacyjny,
stres oksydacyjny oraz stres ER, pozwolitoby na opracowanie terapii celowanych,
dostosowanych do przewazajacych mechanizmow w kazdym przypadku.

Glegbsze zrozumienie wspomnianych proceséw mogtoby otworzy¢ droge do bardziej
spersonalizowanego leczenia HF, co przyczyni si¢ do poprawy rokowania oraz jako$ci zycia

pacjentéw zmagajacych si¢ z ta choroba.

Ograniczenia pracy

Dane od pacjentéw analizowane w artykutach opublikowanych w International
Journal of Molecular Sciences oraz Cardiology Journal pochodzily z niewielkich grup o
zréznicowanej charakterystyce, a pomiar stezenia markeréw byt wykonany jedynie w osoczu
chorych, a nie bezposrednio w tkance sercowej. Ze wzgledu na wysoce inwazyjny charakter
biopsji migsnia sercowego, wykonanie jednak takiej analizy u pacjentow w warunkach mojego
badania byto technicznie niemozliwe. Z kolei w artykule z PLOS ONE zabrakto oceny
funkcjonalnej migsnia sercowego za pomoca powszechnie obecnie stosowanej

echokardiografii.
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Opinie Komisji Bioetycznej 1 Komisji Etyczne;j

Warszawa, 23 listopada 2022 r.

WNIOSEK NR: 02/K8/2022

UCHWALA KOMISJI BIOETYCZNE) PRZY UCZELNI LAZARSKIEGO W WARSZAWIE

nr02/11/22 z dnia 23/11/2022r.

§1
Komisja Bioetyczna przy Uczelni tazarskiego, dziatajac na podstawie § 4 ust. 9 Regulaminu

Komisji Bioetycznej w zw. z art. 29 ust. 3i 4 pkt 2 ustawy z dnia 5 grudnia 1996 r. 0 zawodach

lekarza i lekarza dentysty (Dz. U. 2 2022 r. poz. 1731)" w sprawie szczegélowych zasad
powotywania i finansowania oraz trybu dziatania Komisji Bioetycznych po zapoznaniu sie 2
whnioskiem w wyniku przeprowadzone] dyskusji | glosowania w dn. 23 listopada 2022 r.
postanawia

projekt badawczy ,Odkrycie nowych potencjainych kierunkéw terapeutycznych w leczeniu

nlewydolnodcl serca”.
zaopiniowac pozytywnie

pod warunkiem wykorzystania pobranego materialu biologicznego jedynie w przedstawionym

protokole badania.
Komisja Bioetyczna nie wyraza zgody na:

1. Przechowywanie i wykorzystywanie pobranego materialu biologicznego do innych badan

naukowych

oraz

badan naukowych.

2. Przekazywanie pobranego materiatu biologicznego innym podmiotom w celu realizowania
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UCZELNIA
tAZARSKIEGO

§2
1. W glosowaniu tajnym udzial wzigli:
1) prof. dr hab. n. med. Anna Wilmowska-Pietruszynska (przewodniczacy komisji,
lekarz specjalista)
2) r. pr. Malgorzata Mazur (zastepca przewodniczacego, radca prawny)
3) dr hab. n. med. Marek Czarkowski, prof. (lekarz specjalista)
4) drn. med. Elzbieta Makomaska-Szaroszyk, prof. Uta (lekarz specjalista)
5) dr hab. n. med. Marek Stanczyk (lekarz specjalista)
6) prof. dr. hab. n. med. Ewelina Zawadzka-Bartczak (lekarz specjalista)
7) dr Wojciech Lewandowski (filozof)
8) mgr Joanna Stefek (pielegniarka)

2. Zawyrateniem:
1) pozytywnej opinii glosowato 8 czlonkéw Komisji,
2) negatywne) opinii glosowalo 0 czlonkéw Komisj,

§3
Uchwata wchodzi w 2ycie z dniem podjecia.

............

prof. dr hab. n. med. Anna Wilmowska-Pletruszyfiska
Przewodniczaca Komisji Bioetycznej Uczelni tazarskiego
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UCHWALA NR 242000
7 dmia 20 wrzeinia 2011,

11 Lokatnej Komisji Etyeznej ds. Doswiadezen ma Zwierzetach w Warszawie, ul. Zwirki i Wigury 61,
02-091 Warszawa,
N

Na podstuwie art. 30 ust 1 pktl ustawy 2 daia 21 styeznia 2005 o dodwiadezeniach na 2vicesgtach (DZUNr 33,
poz. 280 0 $14 vt 3 rosporzadeenia Ministra Nouki i lof youcit 7 daia 29 hipco 20057, w sprawie Krtjowei
Komisii 1tyezne do Spraw Dodwiadenst na Zwicragtich orz lokalnyeh komisii etyeznyeh do spraw
doswiadezon ma awieractach (D2 UL Nr 153, po. 1275), po rozpatrzcniv siosku pt
SWplsw pozawalowej niewydolneiel serea oraz dicty wysokotluszesowej o zmiamy chspresji mRNA §
bialka receptorim dla apeliny a takze ma posiom reaktywnych form tlenu ( ROS) w szczurdw SPRD,
poddanych przewleklemu Loraz w zwierzyt kontrolnych™ .
2 dnia 12,09, 200 Ir. Zlozoncgo
precs: Dr Agnieszkg CUDNOCHAJEDRZEJEWSK
z: Katedry i Zakladu Fizjologii Doswiadeznlnej i Kliniczne 1 W 1

ul Krakowskic Preedmicicie 26728, 00927 Warszana

WYRAZA ZGODE
ODMAWIAWYRAZENIA ZGODY
na precprowadeenic dodwiadezch na 2wicrzctach w zakresic swiiosku,

2

W waniku rozpatrzenia waioske, o Konm mowa w $1, 11 Lokalna Kemisa Etyema ds. Dodwiadesen na
Zwieragtach ustalily, 2¢:

1. Winoseh malezy zalicay ¢ do Kategorii:
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UZASADNIENIE UCHWALY NR 24
z dnia 20 wrzesnia 2011,

11 Lokalnej Komisji Etycznej do Spraw Doswiadezen na
Zwierzetach w Warszawie, ul. Zwirki i Wigury 61, 02-091
Warszawa.

po rozpatrzeniu wniosku pt.

~Wplyw pozawalowej niewydolnosci serea oraz diety wysokotluszezowej na

smiany ckspresji mRNA i bialka receptordw dla apeliny a takze na poziom

reaktywnych  form denu ( ROS) u szezuréw  SPRD.  poddanych

przewleklemu stresowi oraz u zwierzat kontrolnych™ .

z dnia 12, 09, 201 1r. zlozoncgo
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roku od momentu wydania zgody.
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