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Atrial fibrillation (AF) is the most common abnormal type of heart rhythm (cardiac arrhythmia), which
is considered the leading cause of stroke. There have been limited studies on the prognostic markers for atrial
disease and AF-associated ischemic stroke, despite the high demand for this procedure in daily clinical prac-
tice to monitor disease course and assess risk of stroke in patients with AF and chronic heart failure (CHF).
Thus, the aim of the present study was to evaluate the levels of serum biomarkers related to ischemic stroke
in CHF patients with the different forms of AF. Forty-six patients with various types of AF (paroxysmal,
persistent and permanent) with or without ischemic stroke were enrolled in the study, 36 clinically healthy
donors served as a control. The levels of inducible nitric oxide synthase (iNOS), vascular endothelial growth
factor (VEGF) and angiostatins (AS) were evaluated by western blot analysis in the serum. The levels of ac-
tive matrix metalloproteinases (MMPs) were analysed by gelatin zymography. Elevated levels of iNOS were
shown in patients with all AF forms as compared with control, but iNOS levels in post-ischemic patients were
significantly higher than that in paroxysmal AF individuals. However, the levels of VEGF and AS did not differ
from the baseline value in patients with paroxysmal AF, while dramatic increase of their contents was shown
in post-stroke patients with persistent and permanent types of AF. Elevated active MMP-9 levels were shown
to be associated with the diagnosis of all AF forms, regardless of the occurrence of stroke. Taken together,
our findings demonstrate that tested proteins can be considered as valuable biomarkers of AF forms transfor-
mation and potentially useful for ischemic stroke risk stratification in patients with AF and CHF. Observed
changes in regulatory protein levels may expand our understanding of pathological roles of endothelial func-
tion dysregulation, disrupted angiogenesis balance and abnormal tissue remodeling in AF and associated
ischemic events.
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trial fibrillation (AF) is the most common
A type of cardiac arrhythmia, which affects

2.5-3.5% of the population worldwide [1].
AF is the major cause of mortality and morbidity,
mainly related to embolic events. Due to cardiac
rhythm irregularity, blood flow through the heart
becomes turbulent and has a high chance of form-
ing a blood clot, which can ultimately dislodge and
cause a stroke. If left uncontrolled, AF can lead to
serious and life-threatening complications, including
stroke or heart failure. According to its temporal pat-
tern, AF is classified as paroxysmal, persistent and
permanent (chronic). In paroxysmal type of AF, ir-
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regular heartbeat may last from thirty seconds to
a week and often passes without symptoms, while
permanent AF is characterized by consistent abnor-
mal heart rhythm. All these forms of AF are asso-
ciated with an increased risk of thrombotic events,
heart failure, dementia and stroke [2]. Thus, the main
negative impact of AF is the high risk of cardioem-
bolic stroke that remains high at all clinical forms
of AF. In the management of patients with AF, an
easy-to-use transition from population assessment
and traditional risk factors to individual stroke risk
reclassification tools is needed for timely preventive
and therapeutic decisions [3].
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According to existing recommendations, the
management of patients with AF should take into ac-
count comorbidity [4]. AF and chronic heart failure
(CHF) occur frequently, the simultaneous presence
of these two conditions is common. AF and CHF
share common risk factors (e.g., hypertension) and
may promote each other [5]. CHF may influence
the development of AF due to fluid retention, elec-
trolyte imbalance, and inducing procoagulant state
[6]. Currently, the concept of atrial disease is being
formed. Detection of subclinical atrial disease aims
to prevent worsening of the disease course, including
AF, stroke and CHF [7]. Treatment of AF and its
associated complications causes a significant and
growing economic burden. In patients with AF, a
model including selected blood markers could reveal
new insights on residual silent stroke risk and jus-
tify unscheduled brain MRI. However, knowledge
gaps remain in the understanding of pathogenetic
mechanisms of these conditions, and their elucida-
tion is necessary to develop appropriate preventive
measures, diagnostics and management for patients
with concomitant AF and CHF. For investigation of
molecular mechanisms that underlie AF and veri-
fication of the disease that led to its development,
atrial tissue specimens are often used as an endo-
myocardial biopsy taken from patients with a pro-
longed or persistent form of arrhythmia. Thus, there
is a need in seeking adequate peripheral biomarkers
of AF progression for further testing [8].

Activation of the coagulation system as a usual
consequence of AF development has a significant
proinflammatory impact on atrial myocardium,
which may promote tissue remodeling and atrial fi-
brosis, thus contributing to rthythm disruption and
AF aggravation [9, 10]. Atrial fibrosis is generally
accepted to be a key factor leading to the develop-
ment of AF [11]. Hypoxia, which is developed
in atrial tissue due to fibrosis, activates multiple
signaling pathways regulated by hypoxia inducible
factor-1 (HIF-1). Under ischemic or fibrotic condi-
tions, HIF-1 has been shown to play a key role in the
upregulation of vascular endothelial growth factor
(VEGF) expression [12]. VEGF is a major in vivo
mitogen for endothelial cells that plays an essential
role in activating neovascularization in ischemic tis-
sues to provide an adaptive mechanism for restoring
blood supply interrupted due to ischemic impact
[13]. Therefore, VEGF can be considered as a plau-
sible biomarker candidate for the evaluation of AF
persistence.

Hypoxia, inflammation and myocardial fibrosis
are interconnected and implicated in hypercoagula-
tion development and endothelial dysfunction in pa-
tients with various types of AF [14, 15]. Inducible ni-
tric oxide synthase (iNOS) upregulation may greatly
contribute to AF pathogenesis through involvement
in tissue remodeling and cardiomyocyte apoptosis,
and thus can be used as a biomarker of endothelial
dysfunction in AF and CHF patients [16]. Numerous
experimental and clinical studies have confirmed the
importance of matrix metalloproteases (MMPs) in
atrial remodeling and myocardial fibrotic lesions in
patients with both AF and CHF [17, 18, 19]. Among
various extracellular matrix protein degradation
products produced by MMP and several other pro-
teases (e.g., macrophage metalloelastase, neutrophil
elastase or plasmin), proteolytic fragments of gly-
coprotein plasminogen, known as angiostatins (AS),
attract special attention because they have been
found to be one of the most potent physiological
inhibitors of endothelial cell activity and suppres-
sors of angiogenesis [20]. AS comprise a group of
plasminogen-derived polypeptides, which differ by
various amount of kringle (K) domains (K1-3, K1-4,
K1-4.5, K5) determining their biological activity
[21]. Extended data have been accumulated that AS
are implicated in the complex pathomechanisms of
cardiovascular diseases by disrupting local angio-
genic balance that leads to inhibition of reparative
angiogenesis in ischemic tissues and sustaining fi-
brosis [22, 23]. Although there are several lines of
evidence that increased circulating levels of AS are
correlated with severity of different cardiovascu-
lar diseases [24, 25], the possible link between AS
levels and AF progression has yet to be elucidated.
It is believed that the levels of MMPs or possible
bioactive MMP-induced degradation products in the
circulation may have a prognostic value and serve as
reliable markers able to estimate the current condi-
tion of the heart tissue.

Thus, we aimed here to investigate the relation-
ship between circulating biomarkers (levels of iNOS,
VEGF, AS and MMP activity) and ischemic stroke
risk in different forms of AF with concomitant CHF.

Materials and Methods

Patients and study population. Forty-six pa-
tients with established AF were included in a non-
interventional study. The criteria for inclusion in
the study were the presence of established AF in
accordance with recommendations of the Euro-
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pean Society of Cardiology [4] on the background
of established coronary heart disease, CHF with
preserved ejection fraction (>50%), the presence
of a previous stroke with resumed anticoagulants
for more than two weeks or the absence of a previ-
ous stroke and age from 65 to 85 years. Exclusion
criteria for the patients enrolled in the study were
as follows: recent acute myocardial infarction (<6
months), acute coronary syndrome, history of hem-
orrhagic stroke, previous ischemic stroke within two
weeks, hematologic or oncologic diseases, diabetes
mellitus, liver diseases, hypothyroidism, severe ane-
mia, GFR<30 ml/min/m? and grade 4 obesity.

The study was noninterventional, all patients
were previously observed and treated by a cardiolo-
gist, neurologist or family doctor. Patients were di-
vided into two groups: (A) patients with a history
of ischemic stroke (n = 19), and (B) patients with
no history of stroke (n = 27). Subsequently, a suba-
nalysis was carried out with the selection of the fol-
lowing groups: (1) healthy control, (2) non-stroke AF
patients, (3) patients with persistent AF and stroke
and (4) patients with permanent AF and stroke. The
healthy control group consisted of 36 donors with
absent AF, CHF, acute thrombotic conditions and
comparable in age and gender.

The clinical and demographic characteristics of
the patients are presented in the Table.

The allocated groups were comparable in terms
of antihypertensive drugs and CHF treatment. In pa-
tients with AF and previous ischemic stroke, circu-
lating biomarkers (iNOS, VEGF and AS levels, and
MMP activity) were determined in a period of two

weeks with renewal of anticoagulant treatment as a
term of inpatient observation associated with reduc-
ing risks of hemorrhagic transformation and lower
acute thrombotic state impact.

Ethical approval. Informed written consent
was obtained from all patients before their partici-
pation in the study. The investigation conforms to
the principles outlined in the latest revision of the
Helsinki Declaration. All study procedures and pro-
tocols used in the investigation were reviewed and
approved by the local ethical committee of Dnipro
State Medical University (the initial protocol No. 6,
February 7, 2018, last updated March 20, 2023).

Reagents and antibodies. All chemicals were
purchased from Sigma Aldrich Co. (St Louis, MO,
USA) unless otherwise stated. Mouse monoclonal
anti-VEGF antibody was purchased in Invitrogen,
USA (cat. no. MA5-12184, used in 1:3,000 dilution).
Rabbit anti-iINOS antibody was purchased in Cell
Signaling Technology, USA (cat. no. 2982, used in
1:1,000 dilution). Rabbit anti-human angiostatin an-
tibodies were produced and validated as described
elsewhere [26]. Antibodies against human serum
albumin (HSA) were isolated from sera of rabbits
immunized by commercially available HSA pur-
chased from Sigma Aldrich (cat. no. A9511, >97%
purity) and used as an immunoglobulin G (IgG)
fraction isolated by affinity chromatography on pro-
tein A-Sepharose. Goat horseradish peroxide (HRP)-
conjugated anti-rabbit IgG (used in 1:6,000 dilution)
and anti-mouse IgG (used in 1:8,000 dilution) were
purchased from Invitrogen, USA (cat. nos. G-21234
and 31430, respectively). All other reagents were of

Table. The clinical and demographic characteristics of the patients according to the history of ischemic

stroke
Parameter Group 1 (n=19) Group 2 (n=27) P

Males, n (%) 8 (42.1) 12 (42.9) 0.67
Females, n (%) 11 (57.9) 16 (57.1) 0.58
Age, years 78.8 [68.7; 81.7] 76.2 [64.4; 79.2] 0.03
Body Mass Index, kg/m? 271 [25.4; 34.5] 26.9 [25.1; 32.2] 0.28
GFR, ml/min/m? 64,4 [62.1; 72.8] 66.9 [61.1; 74.3] 0.68
Paroxysmal form of AF, n (%) 0 12 (42.9) 0.04
Persistent form of AF, n (%) 8 42.1) 7 (25.9) 0.14
Permanent form of AF, n (%) 11 (57.9) 8(29.6) 0.03
Arterial hypertension, n (%) 16 (84.2) 22 (78.6) 0.61
Anticoagulants, n (%) 19 (100) 20 (74.1) 0.04
Antiplatelet drugs, n (%) 0 7(25.9) 0.02
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analytical grade and were provided by commercial
suppliers.

Serum sample preparation. For blood serum
sampling, blood was taken by venipuncture from all
patients and healthy donors after overnight fasting.
Whole blood was allowed to form a clot at room tem-
perature for 60 min, and then centrifuged at 1,500 g
for 15 min in a refrigerated centrifuge to separate
serum from the clot. Then, serum was immediately
transferred into a clean polypropylene tube, trans-
ported and stored at —20°C until analysis.

Western blot. Western blot analysis was used to
assess the levels of circulating VEGF, iNOS and AS
to make an intergroup comparison between groups
of patients with different stages of AF. Total protein
concentration in serum was evaluated spectropho-
tometrically using the measurements of absorbance
at the wavelengths of 260 and 280 nm as described
elsewhere [27]. Serum of healthy donors and AF-
CHF patients was diluted in sodium dodecyl sul-
phate (SDS)-containing Laemmli sample buffer (x5).
For analysis of proteins of interest, except AS, sam-
ple buffer contained 10% 2-mercaptoethanol. Serum
samples were electrophoresed in 10% SDS-PAGE
loading 100 pg protein per track. After electropho-
resis, serum proteins were transferred onto nitrocel-
lulose membrane (GE Healthcare, Amersham Bio-
science, UK, RPN 203D, 0.45 pm pore diameter) by
electroblot, and then were blocked in 5% skim milk
for 90 min at 37°C. After blocking, the blots were
probed with the anti-iNOS, -VEGF, -AS or -HSA
antibodies overnight at 4°C. After washing in phos-
phate buffered saline containing 0.05% Triton X-100
(PBST) five times, each membrane was incubated
with correspondent anti-specie HRP-conjugated
secondary antibody for 2h at 37°C. After washing in
PBST, specific immunoreactivity was developed by
enhanced chemiluminescence with the use of p-cou-
maric acid, luminol and hydrogen peroxide [28]. The
molecular weights of each protein band were deter-
mined by comparing their migration with the loca-
tion of colored markers PageRuler™ Plus Prestained
Protein Ladder 10 to 250 kDa (Thermo Scientific,
Lithuania, cat. no. 26619) on the nitrocellulose mem-
brane. Each band immunostaining was quantified
by measuring optical density values with the use of
densitometry software TotalLab TL120 (Nonlinear
Inc., USA) and expressed as arbitrary units.

Gelatin zymography (MMP assay). The MMP
activity was analyzed by separating serum proteins
(50 pg/track) in 8% SDS-PAGE gel copolymerized
with gelatin (5 mg/ml). After electrophoresis, the

gels were washed twice for 30 min in the ice-cold
2.5% (v/v) Triton X-100 to remove SDS, and then six
times for 5 min in ice-cold bi-distilled water. After
washing, gels were incubated in developing buffer
(50 mM tris-HCI, pH 7.6, containing 0.15 M NaCl,
5 mM CaCl,, 1 mM ZnCl, and 0.03% Tween-20)
overnight at 37°C. Zymograms were stained with
0.15% Coomassie Brilliant Blue R-250 solution
in 25% methanol and 10% acetic acid, and then
destained in the same solution lacking Coomassie
Blue. The final gels had a uniform blue background
except in those regions to which MMPs migrated
and cleaved the substrate. Thus, the active MMP
forms were identified as transparent bands against
the background of blue-stained gelatin. The MMP
bands were visualized and quantified densitometri-
cally.

Statistical analysis. The results are presented
as mean £ SEM. Analysis of variances (ANOVA)
followed by post-hoc Tukey’s multiple comparison
test was used to verify significant difference between
group means. Results of semi-quantitative analysis
of western blots and zymograms are presented as
“box-and-whiskers” plots. OriginPro software (ver-
sion 8.6, OriginLab Corporation, Northampton, MA,
USA) was used to perform all statistical calculations.
P value of less than 0.05 was considered significant.

Results

Among 46 patients with AF and CHF, 19
(41.3%) had ischemic stroke. Patients with stroke
were older (P = 0.03) and had persistent or chronic
form of AF. The levels of biomarkers, which may
reflect transformation of AF types and serve as in-
dices of stroke risk assessment, were evaluated in
serum of enrolled patients and healthy control do-
nors by western blot. As shown in Fig. 1, all AF pa-
tients had increased iNOS levels as compared with
control group. However, iNOS level in non-stroke
patients was 1.76-fold higher than baseline value
(P = 0.025), while in patients after stroke elevation
in iNOS levels was much higher (2.5- and 2.55-folds,
P =0.003 and 0.0002 in persistent and permanent
AF, respectively). Interestingly, circulating levels of
iNOS in patients with more profound forms of AF
were higher than that in patients with paroxysmal
AF (P =0.042 and 0.03).

The major angiogenic regulator, VEGF, was
detected in serum samples as a single polypeptide of
about 25 kDa (Fig. 2). Densitometry analysis of blo-
tograms revealed a trend in increasing VEGF levels
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in non-stroke patients, but not reaching statistical
significance. However, 4.45- and 3.85-fold increase
in VEGF levels were shown in post-stroke patients
with persistent or permanent AF as compared with
control (P = 0.02 and 0.041, respectively).

Circulating AS forms were detected as two im-
munoreactive polypeptides with molecular weights
of 50 and 15 kDa, which corresponds a major AS
form K1-4.5 and minor AS variant K5, respective-
ly (Fig. 3). Similarly to VEGF, the most profound
changes in AS levels were observed in post-stroke
AF patients. In persistent or permanent AF forms,
levels of AS K1-4.5 were two- and three-folds higher
versus the control value (P = 0.08 and 0.0002, re-
spectively). It is important to note that there was a
statistically significant dependence of K1-4.5 in-
crease from progression of AF in post-stroke pa-
tients (1.5-fold elevation of K1-4.5 level in persistent
AF versus permanent form, P = 0.007).

AS K5 appeared to be almost undetectable in
healthy donors and non-stroke patients. However,
dramatic overproduction of K5 reaching the peak
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Fig. 1. The circulating levels of inducible nitric ox-
ide synthase in patients with atrial fibrillation (AF)
and chronic heart disease with or without ischemic
stroke (typical blotogram and densitometry analy-
sis): (1) healthy control, (2) non-stroke AF patients,
(3) patients with persistent AF and stroke, and (4)
patients with permanent AF and stroke (*P < 0.05
compared with control (ANOVA) followed by post-
hoc Tukey’s test); A.U. — arbitrary units
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level was observed in post-stroke patients with
chronic AF (122-fold increase vs control, P = 0.026,
and 5.8-fold increase vs persistent AF group,
P =0.044).

Gelatin zymography was used to examine
MMP activity in the serum of patients and control
individuals. The results of MMP assay depicted in
Fig. 4 show the presence of both latent (pro-) and
active forms of MMPs in the tested samples. Pre-
MMP-9 was present in the serum of healthy donors,
while little if any active enzyme was detected. Un-
like healthy control, all AF patients with or without
stroke had enhanced levels of both pro- and active
MMP-9 in circulation.

Immunochemical analysis of serum albumin
revealed no statistically significant changes in the
protein levels between the studied groups of patients
(Fig. 5). This result obviously indicates that these
pathological conditions have no effect on the protein
synthetic function of liver. Therefore, it can be as-
sumed that albumin level can be utilized as a loading
control for electrophoretic assays of blood proteins.
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Fig. 2. The circulating levels of vascular endothelial
growth factor in patients with atrial fibrillation (AF)
and chronic heart disease with or without ischemic
stroke (typical blotogram and densitometry analy-
sis): (1) healthy control, (2) non-stroke AF patients,
(3) patients with persistent AF and stroke, and (4)
patients with permanent AF and stroke (*P < 0.05
compared with control (ANOVA) followed by post-
hoc Tukey’s test); A.U. — arbitrary units
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Fig. 3. The circulating levels of angiostatins polypeptides in patients with atrial fibrillation (AF) and chronic
heart disease with or without ischemic stroke (typical blotogram and densitometry analysis): (1) healthy con-
trol, (2) non-stroke AF patients, (3) patients with persistent AF and stroke, and (4) patients with permanent
AF and stroke (*P < 0.05 compared with control (ANOVA) followed by post-hoc Tukey’s test)
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Fig. 4. The circulating levels of matrix metalloproteases (MMPs) in patients with atrial fibrillation (AF)
and chronic heart disease with or without ischemic stroke (typical zymogram and densitometry analysis):
(1) healthy control, (2) non-stroke AF patients, (3) patients with persistent AF and stroke, and (4) patients
with permanent AF and stroke (*P < 0.05 compared with control (ANOVA) followed by post-hoc Tukey’s test);
A.U. — arbitrary units
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Fig. 5. The circulating levels of serum albumin in pa-
tients with atrial fibrillation (AF) and chronic heart
disease with or without ischemic stroke (typical
blotogram and densitometry analysis): (1) healthy
control, (2) non-stroke AF patients, (3) patients with
persistent AF and stroke, and (4) patients with per-
manent AF and stroke (*P < 0.05 compared with
control (ANOVA) followed by post-hoc Tukey’s test);
A.U. — arbitrary units

Discussion

In the present pilot study, we investigated the
relationship between circulating levels of four bio-
markers, which reflect the extent of endothelial dys-
function, angiogenesis, tissue remodeling/fibrosis
and different types of AF and assessed their pre-
dictive value in AF-associated ischemic stroke. It
is generally accepted that AF frequently co-exists
with atrial abnormalities, such as impaired myocyte
function, fibrosis, atrial mechanical dysfunction and
endothelial dysfunction. Even in individuals with
difficult-to-detects forms of AF, once AF develops,
the dysrhythmia causes contractile dysfunction and
stasis, which further increases the risk of thrombo-
embolism. Over time, the dysrhythmia causes struc-
tural remodeling of the atrium, thereby worsening
atrial cardiopathy and increasing the risk of throm-
boembolism and even stroke [29].

Nitric oxide (NO) plays a critical role in
regulating vascular tone and the antithrombotic
properties of the endothelium. Reduced nitric oxide
synthase (NOS) expression and low NO levels are
widely used signs of endothelial dysfunction. This
enzyme exists in three isomeric forms (endothelial
NOS [eNOS], neuronal NOS [nNOS] and iNOS)
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[30]. Endothelial cells constitutively express eNOS,
while cardiomyocytes produce all three enzyme
forms. Despite most studies supporting the view
that eNOS expression and NO levels are reduced in
AF, overexpression of iNOS has been shown in pa-
tients with permanent AF [16]. As is known, iNOS
is expressed in the myocardium during pathologic
states such as heart failure [31]. iNOS uncoupling in
macrophages has been shown to catalyze reactions
in immune response and cytotoxicity of macrophag-
es [32] that suggests a potential role for oxidative
stress-mediated atrial pathogenesis and AF [33]. The
diffuse distribution of iNOS in myocytes has been
reported, suggesting a role for modulation of atrial
myocyte pathology [34]. Han et al. [16] demonstrated
induction of iNOS in the right atrium in patients
with permanent AF compared to those with normal
sinus rhythm, suggesting that the induction of iNOS
was not a function of heart failure but rather of AF
itself. Our study showed a significant increase in the
level of iNOS in patients not only with persistent and
permanent forms of AF but also with a paroxysmal
form. This finding supports a role for iNOS contri-
bution for AF substrate in CHF. On the other hand,
our study also demonstrated a significant increase in
iNOS among patients with AF and ischemic stroke.
As is known, iNOS plays a pivotal role in the neu-
ronal injury during the early and late stages of is-
chemic stroke and mainly produced by microglia,
astrocytes, endothelial cells and infiltrating lympho-
cytes [35]. The activation of iNOS was reported to
be increased from 12 h after the onset of ischemic
stroke and lasts for one week [36]. After ischemic
stroke, iNOS elevates NO levels and causes nitrosa-
tion damage within 12 h to 8 days [37]. It should be
noted that in our study, the most dramatic elevation
in iNOS levels was demonstrated exactly two weeks
after ischemic stroke in patients with AF and CHF.
Therefore, the obtained results indicate the modula-
tion of NOS-related pathways as a possible therapeu-
tic strategy in AF.

Angiogenesis plays a key role after stroke neu-
rovascular remodeling. The patients with AF have
elevated levels of inflammatory cytokines known to
promote vascular leak, such as VEGF that highlights
inflammation-induced vascular abnormalities as a
potential factor in the development and progression
of AF [13]. It has been shown earlier that mechanical
overload caused by atrial remodeling and fibrosis can
upregulate VEGF secretion by cardiac myocytes,
and visa verse VEGF has been shown to stimulate
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fibrosis within the atrial tissue [38]. The recent data
shows that relatively high plasma levels of vascular
endothelial growth factor D (VEGF-D) have also
been associated with incidence of CHF [39]. Bernts-
son et al. described that increased VEGF-D concen-
trations have been associated with AF related ischae-
mic stroke [40]. However, the results of our study
demonstrate that the most pronounced elevation of
VEGF levels occurred in post-stroke patients with
persistent or permanent forms of AF. Our findings
mostly corroborate with the earlier data of Matsuo et
al. [41]. The authors have shown that plasma VEGF
concentration increases immediately in patients
with different types of stroke and remains elevated
as compared with healthy control individuals within
90 days after stroke onset. Since VEGF expression
strongly correlates with an extent of ischemic in-
jury, it has been assumed that plasma VEGF is an
independent predictor of poor functional outcome
in cardioembolic infarctions. Therefore, literature
data and our observations strongly support the idea
that ischemic events in post-stroke patients trigger
angiogenic switch depending on ischemia severity,
and increasing VEGF dynamics can be considered a
meaningful biomarker of stroke risk in AF patients
with CHF.

In healthy tissues, angiogenesis is regulated by
a balance between positive regulators, such as VEGF
and counteracting inhibitors. AS are produced in
many tissues and participate in the regulation of the
angiogenic balance by inhibiting the proliferation
and migration of endothelial cells and inducing apo-
ptosis in endotheliocytes [20]. Although AS polypep-
tides have been originally discovered as inhibitors of
tumor-mediated angiogenesis [42], there is accumu-
lating data suggesting involvement of AS in patho-
logical processes underlying the development of car-
diovascular diseases. For example, Matsunaga et al.
have confirmed that increased production of AS can
be responsible for impaired coronary angiogenesis
and insufficient development of the collateral vas-
cular network via decreasing NO production or its
bioavailability in coronary heart disease [22]. In ad-
dition, AS have been found to counteract VEGF-me-
diated proangiogenic signaling, so that AS appeared
to inhibit collateral growth in ischemic myocardial
tissue despite relatively high levels of VEGF [43, 44].
The results of our present study, in which we found
higher levels of AS in post-stroke patients with AF
than in healthy control or non-stroke AF patients, are
consistent with the prior findings. Recently, we have

found elevated AS levels in patients with cerebral
ischemia associated with AF, while post-insult treat-
ment with cytidine diphosphate-choline (citicoline)
improved serum levels of this angiogenesis inhibitor,
thus enhancing pro-angiogenic signaling as a benefi-
cial effect of such treatment option [45]. Western blot
allowed us to analyse polypeptide composition of AS
variants, which includes a major AS (50 kDa) and
a minor form (15 kDa). We found for the first time
that low molecular AS isoform, which corresponds
to the single K5, is produced in post-stroke patients
with persistent form of AF and, therefore, can be
considered a potential prognostic marker of cerebral
ischemia in patients with chronic AF. Heterogeneity
of AS spectrum indicates that various AS-generating
proteolytic systems of a different cell origin may be
activated in this cohort of patients. Currently, in-
formation on the AS production in human ischemic
brain tissue or other sources and its physiological/
pathophysiological role is extremely limited. Earlier,
our group established that brain astrocytes may play
an essential role in producing AS in nervous tissue
[46]. However, other cell types, which are activated
during hypoxia and inflammation including plate-
lets, neutrophils, macrophages/microglia, can act as
plausible sources of AS formation and may release
them into the bloodstream [47, 48, 49]. The revealed
significant increase of AS levels among patients with
AF and previous stroke may justify further research
of these angiostatic polypeptides as sensitive bio-
markers of silent strokes.

Enzymes of MMP family are actively involved
in hypoxia-induced tissue remodeling. The results of
the present study, which demonstrate an increase in
the level of the active form of MMP-9 in the blood
serum of patients with various forms of AF, are
mostly consistent with previously published data of
Lewkowicz et al. [50]. The authors have shown that
increased activity of MMP-9 contributes to the oc-
currence and further development of AF and cor-
relates with the intensity of pathological remodeling
of atrial tissue and, in particular, thinning of the left
atrial wall. Li et al. [51] analysed the content of active
MMP-9 in the blood serum of patients with paroxys-
mal, persistent and permanent forms of AF and es-
tablished a direct correlation between the activity of
this proteinase and the stages of the development of
pathology. In addition, the activation of MMP dur-
ing the development of AF can participate not only
in the remodeling processes of ischemic tissues, but
also be responsible for the formation of angiostatins
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as a mechanism of inhibition of reparative angiogen-
esis. Therefore, MMPs together with tissue serine
proteinases are involved in the degradation of the
extracellular matrix and may play an important role
in both the induction and inhibition of angiogenesis.
Previous studies have shown that a sharp increase
in the expression and activity of MMP-2 (gelatinase
A) and MMP-9 (gelatinase B) during ischemic pro-
cesses in the brain, in an experimental model of li-
popolysaccharide-induced CNS damage, contributes
to the development of brain pathology and compro-
mised blood-brain barrier integrity [52, 53]. Despite
the urgency of the problem, there are very few stud-
ies focused on the evaluation of the role of follow-up
estimation of circulating MMP-9 in acute ischemic
stroke patients. Zheng et al. [54] have demonstrated
prognostic significance of serum MMP levels, which
may help to predict both short-term and long-term
mortality in post-stroke patients. Other investigators
have established that elevated serum MMP-9 levels
can be an important prognostic factor for ischemic
stroke because it correlates with volume of infarction
and stroke severity and are associated with increased
risk of mortality, major disability and cognitive im-
pairments [55]. MMP-9 level was significantly in-
creased after stroke onset with the level correlating
with infarct volume, stroke severity and functional
outcome. Higher serum MMP-9 levels in the acute
phase of ischemic stroke were associated with in-
creased risk of mortality and major disability, sug-
gesting that serum MMP-9 could be an important
prognostic factor for ischemic stroke [56]. Gundogdu
et al. [57] have recently demonstrated the possibility
of a pharmacotherapeutic approach to reduce MMP-
2 and -9 protein levels, as well as their proteolytic
activity, which stimulates axonal regeneration after
peripheral nerve injury. In the CNS tissue, astro-
cytes and microglial cells are the major producers of
MMPs [58]. Keeping in mind that MMPs are largely
responsible for the formation of angiostatins and
several other angiosuppressive molecules, MMP ac-
tivity can serve as a relevant drug target to improve
proangiogenic signaling [59].

Our study has some limitations that should be
considered. A longer period of follow-up biomarker
measurements is required for a better understanding

70

of the dynamic behavior of biomarker levels over
time. Residual confounding cannot be excluded com-
pletely, although the major cardiovascular risk fac-
tors were taken into consideration. Further investiga-
tions of the influence of possible medication therapy
on biomarker levels in larger prospective studies are
needed. Nonetheless, strengths of this study include
prospective and population-based cohort. Another
strength is that all stroke cases and cardioembolic
origin were validated and confirmed by neurologists.
However, evaluation of adequate markers of neuro-
degeneration is also required because necrotic cell
death from stroke activates a systemic inflammatory
response, which also plays a role in the origin of AF.

Conclusions. Our findings demonstrate that
iNOS, VEGF and AS can be considered as valuable
biomarkers of AF forms transformation and may
have important implications for stroke reclassifica-
tion. However, elevated MMP-9 circulating levels
may indicate development of pathological process
in atrial tissue and serve as an early biomarker of
AF-associated pathological conditions. Observed
changes in regulatory protein levels may expand our
understanding of pathological roles of endothelial
function dysregulation, disrupted angiogenesis bal-
ance, abnormal tissue remodeling in AF and associ-
ated ischemic events.
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DibpursAIia repencepab (DIT) €
HaWNOIIMPEHIMUM THUIIOM aHOMAJIBHOTO ceplie-
BOTO PUTMY (CepreBoi apuTMmii), MO BBaXKAETHCS
OCHOBHOIO TPHYHMHOIO 1HCYNbTiB. Ha cporoasi
MIPOBENICHO OOMEXEHY KITBKICTh JOCIIKEHB TPO-
THOCTHYHHUX MapKepiB 3aXBOPIOBAHHSI NEpelcepab
Ta IMEMIYHOTO iHCYNBTY, moB’si3anoro 3 DI, mo-
IIPY ICHYIOUMH BUCOKUH HOMHUT HA II0 IPOLEAYPY
B TIOBCAKJCHHIN KIIHIYHIA TpPaKTHUIl, HEOOXiTHY
IUISE MOHITOPWHTY Tepediry 3axBOpIOBaHHS Ta
OIIIHIOBAHHSI PU3WKY IHCYNBTY y marieHTiB 3 DII
Ta XPOHIYHOI cepieBoro HemocraTHicTio (XCH).
MeTtoro 1BOro AOCHIIKEHHS OyJ0 BHU3HAYUTH
BMICT MapKepiB, acoIiiiOBaHWX 13 IMIEMIYHIM
IHCYJIBTOM, Y CHUpOBaTili KpoBi mamieHTiB i3 XCH
ta pisauMU popmamu DII. Jlo mocmimkeHHs Oyin0
BKJTIOUeHO 46 marjieHTiB i3 pisHUMH Tunamu DII
(mapoKcHU3MajbHOI, MEPCUCTYIOUOK Ta IepMa-
HEHTHOI0) 3 IMEeMIYHHM 1HCYIbTOM abo 0e3 HbO-
ro. Kontponem cmyryBanu 36 KIIHIYHO 370pO-
BUX JIOHOpiB. PiBeHp iHAYHHOETHHOI CHHTa3"
okcuny azory (iNOS), daxTopa pocTy eHIOTeiro
cymuan (VEGF) i1 anriocraruniB (AS) Bu3Haua-
M MetomoM BecTepH-OmoT aHamizy 3pasKiB CH-
poBaTku KpoBi. PiBeHb aKTMBHMX MaTPUKCHHUX
merarnonporeas (MMP) ormintoBanmm 3a momomo-
TOI0 JKEIaTHHOBOI 3uMorpadii. 3pocTaHHS piBHS
iNOS mokazaHo y mMamieHTiB i3 ycimMa Qopmamu
@Il mopiBHSHO 3 KOHTpoJjem, ane piBeHb iNOS
Yy KpPOBi TMOCTIMIEMIYHUX TAI[IEHTIB 3HAYHO Tepe-
BUIIYBaB TAaKHH y XBOPUX 13 MapOKCHU3MaJIbHOIO
thopmoro DII. [IpoTte y mamieHTIB i3 TapOKCHU3MaIb-
Horo @I piBai VEGF ta AS He Biapi3HSIUCS Bif
0azanbHUX 3HA4YeHb, TOJI SIK Y TOCTIHCYIBTHUX

XBOPHX 13 TEpPCHCTYIOYMM Ta XpPOHIYHHM TH-
nom @II cmocrepiranocs pi3ke MiABHIICHHS 1X
BMicTy. [lokaszaHo, mo minBuileHHs piBHs MMP-9
ACOIIIOETBCS 3 yciMa AiarHOCTOBaHMMH (opma-
mu OI1, He3ane:)KHO BiJ] HASBHOCTI 1HCYJBTY. 3a-
rajgoM, pe3yJbTaTH Hamoi poOOTH JIEMOHCTPYIOTh,
IO JOCHIJKYyBaHi MPOTEIHU MOXHA PO3IIsSIaTu
SIK BayKJIUBI Oiomapkepu TpaHcdopmanii Gopm DII
Ta € MOTCHUIWHO KOPHUCHUMH JUIsl cTpaTugikamii
PHU3UKY 1MIEMIYHOTO iHCYNBTY y mamieHtiB i3 OII
i XCH. OTpumani pe3ynbTaTu 100 3MiHH PiBHIB
PETYISTOPHUX MPOTEiHIB MOXKYTh PO3LIMPUTH YSIB-
JICHHS CTOCOBHO pOJI TIOpYIIEHHS €HAOTeNiiHOi
¢byHKUii, AucOanaHcy MOAYJISITOPIB aHTIOTeHe3y Ta
i JICUJICHOTO PEMO/ICTIOBaHHS TKAaHUH Y MaTOreHe31
@I1 Ta aconiioBaHUX IMEMIYHIX CTaHAX.

KnmouoBi cnoBa: ¢ iOpmrsamis mepen-
cepap, imeMidyHu iHCYnbT, Oilomapkepu, VEGEF,
iNOS, anrioctaruau, MMP-9.
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