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Summary

Background: Oxidative stress contributes significantly to the
pathogenesis of acute coronary syndrome (ACS), with neu-
trophils playing a pivotal role in mediating vascular injury
through reactive oxygen species and myeloperoxidase
(MPQ)-derived oxidants. We aimed to assess the oxidative
stress markers and antioxidant enzyme activities in neu-
trophils from ACS patients.

Methods: Neutrophils were isolated from 77 ACS patients
and 33 control subjects. Oxidative stress was evaluated by
measuring conjugated dienes, hydroperoxides, and chlo-
ramines. Antioxidant status was assessed via non-protein
and total thiol levels, and enzymatic activities of superoxide
dismutase (SOD), catalase, glutathione peroxidase (GPx-
1), and glutathione reductase (GR). MPO peroxidase and
chlorinating activities were also quantified.

Results: ACS patients exhibited significantly elevated levels
of conjugated dienes (p<0.005), chloramines (p<0.005),
thiols (p<0.05), SOD activity (p=0.01), and MPO chlori-
nating activity (p<0.05). No significant differences were
observed in catalase, GPx-1, GR, or MPO peroxidase activ-
ity. Significant correlations were found between lipid perox-
idation markers and antioxidant parameters, particularly
SOD and MPO chlorinating activity. Multiple regression
identified SOD and chloramines as independent predictors
of lipid peroxidation.

Conclusions: Neutrophils from ACS patients display a dis-
rupted redox balance characterised by enhanced lipid per-
oxidation, increased thiol content, and selective activation
of MPO chlorination. These results underscore the rele-

Address for correspondence:

Ilija Dragojevi¢, MD, PhD

Faculty of Medicine, University of Pristina — Kosovska Mitrovica,
Kosovska Mitrovica, Republic of Serbia

Anri Dinan Street, 28000 Kosovska Mitrovica,

Republic of Serbia

Phone: +381641083542

e-mail: ilija_dr@yahoo.com

Kratak sadrzaj

Uvod: Oksidativni stres ima klju¢nu ulogu u patogenezi
akutnog koronarnog sindroma (AKS), a neutrofili dopri-
nose ostecenju krvnih sudova preko produkcije reaktivnih
kiseoni¢nih radikala i oksidanasa zavisnih od mijeloperoksi-
daze (MPO). Cilj istrazivanja je bio da se ispitaju promene
markera oksidativnog stresa i aktivnosti antioksidativnih
enzima u neutrofilima pacijenata sa AKS u poredenju sa
kontrolnim subjektima.

Metode: Neutrofili su izolovani iz krvi 77 pacijenata sa AKS
i 33 kontrolna subjekta. Oksidativni stres je procenjen
merenjem konjugovanih diena, hidroperoksida i hloramina.
Antioksidativni status je ocenjen odredivanjem nivoa ne-
proteinskih i ukupnih tiolnih grupa, kao i aktivnosti super-
oksid dismutaze (SOD), katalaze, glutation peroksidaze
(GPx-1) i glutation reduktaze (GR). Takode su odredivane
peroksidazna i hloriniSu¢a aktivnost MPO.

Rezultati: U grupi pacijenata sa AKS zabeleZene su znacajno
vise koncentracije konjugovanih diena (p<0,005), hlorami-
na (p<0,005), tiolnih grupa (p<0,05), aktivhosti SOD (p=
0,05) i hlorinisuée aktivnosti MPO (p<0,05). Nisu nadene
znadajne razlike u aktivnostima katalaze, GPx-1, GR i per-
oksidazne aktivnosti MPO. Znacajne korelacije su uocene
izmedu markera lipidne peroksidacije i antioksidativnih
parametara, naro¢ito SOD i MPO hloriniSuce aktivnosti.
Visestruka regresiona analiza je identifikovala SOD i hlo-
ramine kao nezavisne prediktore lipidne peroksidacije.
Zaklju€ak: Neutrofili pacijenata sa AKS pokazuju izrazen
redoks disbalans, karakterisan poja¢anom lipidnom per-
oksidacijom, povecanim sadrzajem tiola i pove¢anom hlori-



2 Dragojevic et al.: Redox imbalance in acute coronary syndrome

vance of neutrophil-derived redox markers as potential
diagnostic tools and treatment targets in ACS.

Keywords: acute coronary syndrome, neutrophils, oxida-
tive stress

Introduction

Acute coronary syndrome (ACS) comprises a
spectrum of clinical conditions characterised by a
sudden reduction in coronary blood flow, encompass-
ing unstable angina pectoris, non-ST-segment eleva-
tion myocardial infarction, and ST-segment elevation
myocardial infarction. While traditionally attributed to
hemodynamic and thrombotic mechanisms, emerg-
ing evidence underscores a pivotal role of inflamma-
tion and oxidative stress in the pathogenesis and pro-
gression of ACS (1-3).

As the predominant leukocytes in human blood,
neutrophils are key players in the innate immune
response and have been increasingly implicated in
atherosclerotic plaque destabilisation and myocardial
injury (1, 4, 5). When stimulated, neutrophils pro-
duce reactive oxygen species (ROS), myeloperoxidase
(MPQO), and proteases that modulate vascular func-
tion, contributing to endothelial dysfunction and
amplifying local inflammation (6-8). MPQO, in partic-
ular, generates potent oxidants such as hypochlorous
acid, contributing to oxidative tissue damage and lipid
peroxidation (9).

The oxidative-antioxidant balance in neutrophils
is maintained by enzymatic antioxidants — including
superoxide dismutase (SOD), catalase (CAT), glu-
tathione peroxidase (GPx), and glutathione reductase
(GR) — which collectively detoxify ROS and preserve
redox homeostasis (10, 11). Disruption of this bal-
ance results in oxidative stress, a key contributor to
the development and progression of ACS.

Oxidative stress biomarkers — such as conjugat-
ed dienes, lipid hydroperoxides, chloramines, and
thiol levels — serve as indicators of redox imbalance
and correlate with disease severity (12-14). Despite
accumulating evidence, data on the oxidative profile
of neutrophils in ACS remain limited. A detailed
assessment of neutrophil redox status could yield
novel biomarkers and therapeutic targets.

This study aimed to evaluate the activity of key
antioxidant enzymes and the levels of oxidative stress
markers in neutrophil lysates from patients with ACS,
compared to healthy controls.

Materials and Methods
Patients

Patients admitted to the Coronary Unit of the
Department of Internal Medicine at the Health Centre

niSué¢om aktivno$¢u MPO. Ovi nalazi ukazuju na potencijal
redoks parametara neutrofila kao biomarkera i terapijskih
meta u AKS.

Kljuéne reci: akutni koronarni sindrom, neutrofili,
oksidativni stres

in Kosovska Mitrovica with chest pain and suspected
acute coronary syndrome (ACS) were enrolled.
Diagnosis was established according to current clini-
cal guidelines (15-18), with the final diagnosis deter-
mined at discharge. Patients diagnosed with acute
myocardial infarction (with or without ST-segment
elevation) or unstable angina pectoris (Braunwald
classification 111B) were included in the ACS group.
The control group consisted of age- and sex-matched
healthy volunteer blood donors with no history of
coronary heart disease. The study was conducted in
accordance with the ethical principles of the
Declaration of Helsinki (1975) and approved by the
institutional ethics committee. All participants provid-
ed written informed consent.

Methods

Upon admission, 6 mL of venous blood was col-
lected from each subject in EDTA-containing tubes.
Biochemical analyses were conducted at the Institute
of Biochemistry, Faculty of Medicine, Kosovska
Mitrovica.

Neutrophils were isolated using a density gradi-
ent centrifugation method described by Boyum (19,
20), employing Histopaque-1119 and Histopaque-
1077 reagents. Briefly, 3 mL each of Histopaque-
1119 and Histopaque-1077 were layered sequential-
ly in a centrifuge tube, followed by 6 mL of whole
blood. Centrifugation at 700X g yielded distinct lay-
ers: plasma, mononuclear cells, Histopaque-1077,
granulocytes, Histopaque-1119, and erythrocytes.
The granulocyte layer was carefully aspirated, sus-
pended in phosphate-buffered saline (PBS; pH 7.4),
and centrifuged at 200xg. The washing step was
repeated twice. In cases of erythrocyte contamina-
tion, a hypotonic NaCl solution (0.033 mol/L) was
applied.

Neutrophils were counted using a hemocytome-
ter and a haematology analyser. The purity exceeded
95%, and cell viability was assessed using Trypan blue
exclusion. Cells were lysed via two freeze-thaw cycles
in the presence of 0.2% Triton X-100 (1:10, v/v) to
enhance protein solubilisation. Lysis was confirmed
microscopically. The protein concentration of the
lysate was standardised to approximately 0.5 g/L
across all samples.

Protein concentration in the neutrophil lysates
was determined using the Lowry method, as modified
by Reider (21), with human serum albumin (1.0 g/L)
as the standard.
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The concentration of conjugated dienes in neu-
trophil lysates was measured spectrophotometrically
and expressed in pmol/g protein (22, 23). Total
hydroperoxide levels, or Fe” -induced malondialde-
hyde equivalents, were quantified using a thiobarbi-
turic acid reaction following Fe? catalysis (14, 24).
Results were expressed as umol/g protein lysate.

The peroxidase activity of MPO (EC 1.11.1.7)
was assessed using the Trinder kinetic reaction in a 4-
aminoantipyrine/phenol system, with sodium azide
added to inhibit catalase peroxidase activity (25).
Results were expressed as units per gram of protein
(U/g protein). The chlorinating activity of MPO was
determined spectrophotometrically (26). The assay
included hydrogen peroxide, taurine, and 2-nitroben-
zoic acid (TNB) at pH 7.4 and 25 °C. MPO-generated
hypochlorous acid reacts with taurine to produce tau-
rine chloramine, which oxidises TNB to 5,5'-dithiobis-
2-nitrobenzoic acid (DTNB), detected at 412 nm.
One unit of MPO activity is defined as the enzyme
quantity required to produce 1 nmol/L taurine chlo-
ramine under the specified conditions. Chlorinating
activity was expressed as kilounits per gram of neu-
trophil protein (kU/g protein). Chloramine concentra-
tion was determined using the same assay system as
for MPO chlorinating activity (26), by measuring TNB
oxidation to DTNB directly in the sample at 412 nm.
Values were expressed as umol/g protein in neu-
trophil lysate.

The concentration of total non-protein thiol
compounds was measured using the Ellman reagent
(DTNB) after protein precipitation with perchloric
acid (27). This assay, based on the formation of TNB,
was applied using the method of Sedlak and Lindsay
(28). Results were expressed in umol/g protein. Total
thiol concentrations were also assessed using DTNB
(27, 28), without deproteinisation. The resulting
absorbance of 5-thio-2-nitrobenzoic acid was used to
quantify total thiol groups, expressed in umol/g pro-
tein.

SOD activity (EC 1.15.1.1) was measured spec-
trophotometrically according to Misra and Fridovich
(29). This method quantifies the inhibition of

Table | Age and gender distribution.

adrenochrome formation from adrenaline autoxida-
tion. Absorbance was recorded at 480 nm, and activ-
ity expressed as kU/g protein. GPx-1 activity (EC
1.11.1.9) was measured using hydrogen peroxide
(0.1%) as substrate, following the method of Chiu et
al. (30). Absorbance was recorded at 412 nm and
activity expressed as U/g protein. Catalase activity (EC
1.11.1.6) was determined colorimetrically as per
Korolyuk and Goth (31, 32), and reported as kU/g
protein. GR activity (EC 1.8.1.7) was measured via
the nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent reduction of oxidised glu-
tathione (GSSG), following Glatzle et al. (33). The
decline in absorbance at 340 nm reflected GR activi-
ty, expressed as U/g protein (34, 35).

Statistical analysis

All data were statistically analysed using
MedCalc 12.3.0.0 (MedCalc Software, Belgium).
Measures of central tendency and variability were cal-
culated. The Kolmogorov-Smirnov test assessed nor-
mality. For normally distributed continuous variables,
results were presented as mean * standard deviation
(SD), and Student’s t-test was used. For non-normally
distributed variables, results were expressed as medi-
an and 95% confidence interval (Cl), and analysed
using the Mann-Whitney U test. Categorical data
were expressed as counts and percentages. The ¥
test or Fisher’s exact test (when expected frequencies
were <20) was applied for comparisons. Correlation
was assessed using Pearson’s coefficient (r) with p-val-
ues. Linear and multiple regression analyses were
performed. A p-value of <0.05 was considered statis-
tically significant.

Results

The age and gender distribution of both groups
is summarised in Table I. No statistically significant
difference was found in the mean age between the
acute coronary syndrome (ACS) group and the con-
trol group (t=0.97, df=108, p=0.334). Similarly,

Group Gender Age (years), mean = SD n %
Male 61.5=11.1 46 59.7%
Acute coronary syndrome
Female 66.4+9.9 31 40.3%
Total 63.5+10.8 77 100%
Male 61.0£13.2 18 54.5%
Controls
Female 71.7+11.0 15 45.5%
Total 65.8+13.2 33 100%
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Table Il Oxidative modification products in neutrophils.

Parameters Acute coronary syndrome patients Control group p-value
Conjugated dienes(mmol/g protein) 416 (378.6-587.6) 369 (342.5-385.6) <0.005
Hydroperoxides(mmol/g protein) 2.6 (1.9-3.5) 2.8 (2.4-3.7) 0.3871
Chloramines(mmol/g protein) 48.6 (36.3-68.2) 33.3 (28.6-40.9) <0.005
Data are presented as median (interquartile range, Q1-Q3)
Table 11l Antioxidative status in neutrophils.
Parameters Acute coronary syndrome patients Control group p-value
Non-protein thiols (mmol/g protein) 23.2 (14.6-32.0) 11.2 (8.9-17.4) <0.005
Total thiols (mmol/g protein) 108.5 (69.1-145.4) 63.7 (29.8-138.3) 0.0308
Superoxide dismutase (kU/g protein) 88.9 (51.8-133.5) 56.3 (19.4-101.0) 0.0105
Catalase (kU/g protein) 31.5 (10.6-52.9) 29.2 (10.5-52.5) 0.648
Glutathione peroxidase-1 (U/g protein) 11.6 (5.2-35.9) 26.7 (11.8-38.0) 0.0905
Glutathione reductase (U/g protein) 13.7 (5.9-28.9) 13.8 (4.8-37.5) 0.4261
Data are presented as median (interquartile range, Q1-Q3).
Table IV Catalytic activity of myeloperoxidase in neutrophils.
Parameters Acute coronary syndrome patients Control group p-value
Peroxidase activity (U/g protein) 16 (5.5-25.6) 18.3 (4.0-30.1) 0.9948
Chlorinating activity (kU/g protein) 83.3 (65.4-118.5) 65.5 (47.2-89.2) 0.0045

Data are presented as median (interquartile range, Q1-Q3).

gender distribution did not differ significantly between
groups (x?=0.087, df=1, p=0.767), indicating ade-
quate matching. Table | presents age comparisons by
gender within each group. In both the ACS and con-
trol groups, female participants were significantly
older than their male counterparts (p<0.05).

The concentrations of conjugated dienes, total
hydroperoxides, and chloramines in neutrophil lysates
are presented in Table Il. Values are expressed in
umol/g protein and reported as median (interquartile
range). Conjugated dienes were significantly higher in
the ACS group compared to controls. Total hydroper-
oxides did not differ significantly between groups.
Chloramine levels were elevated in the ACS group.

The concentration of non-protein thiol groups
and total thiol groups in neutrophil lysate was
expressed in umol/g protein lysate. The activity of

superoxide dismutase (kU/g protein), catalase (kU/g
protein), glutathione peroxidase (U/g) and glu-
tathione reductase (U/g) in neutrophils is presented
in Table Ill. Values are reported as median (interquar-
tile range). Non-protein thiol groups were higher in
the ACS group vs. controls. Total thiol groups were
significantly higher in the ACS group compared to
controls. Superoxide dismutase activity was higher in
the ACS group compared to controls. Catalase, glu-
tathione peroxidase-1 and glutathione reductase did
not differ significantly between groups.

Values of the peroxidase (U/g protein) and chlo-
rinating activity (kU/g protein) of myeloperoxidase
are reported as median (interquartile range). The
results are shown in Table IV. Chlorinating activity of
MPO was significantly higher in the ACS group com-
pared to controls. Peroxidase activity of MPO did not
differ significantly between groups.
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Table V Correlation between parameters in neutrophils in acute coronary syndrome.

Parameters Non-Protein Total thiols SOD M.PO. Chloramines

i thiols chlorinating GR
(logarithmically (mmol/g (kU/g iy (mmol/g .
transformed) (mmol/g rotein) rotein) activity rotein) (U/g protein)

protein) P P (kU/g protein) P

Conjugated dienes 0.343 0.332 0.595 0.458 0.486
(mmol/g protein)
Chloramines 0.348 0.398 0.43 0.773 0.229
(mmol/g protein)
MPO chlorinating
activity 0.315 0.359 0.544 0.773 0.322
(kU/g protein)

Statistically significant Pearson correlation coefficients (p<0.05) are presented; Abbreviations: MPO-myeloperoxidase, SOD-superoxide
dismutase, GR-glutathione reductase.

Table VI Linear and multiple regression with log concentration of conjugated dienes (umol/g protein) in neutrophil lysate in the
group of patients with acute coronary syndrome.

Independent Linear regression Multiple regression

variable B SE b B SE b
log superoxide

dismutase 0.2640 0.04117 <0.0001 0.2101 0.04353 <0.0001
(kU/g protein)

log chloramines 0.4287 0.08894 <0.0001 0.2492 0.08650 0.0052
(nmol/g protein)

log non-protein thiols 0.1397 0.04422 0.0023

(wmol/g protein) ) ’ ’

log total thiols 0.1954 0.06406 0.0032

(wmol/g protein)

log MPO chlorinating

activity (kU/g protein) 0.3859 0.08649 <0.0001

Abbreviations: B-unstandardized coefficient (»slope«), SE-standard error, B-standardized coefficient, log-values of independent variables
are logarithmically transformed. MPO- myeloperoxidase.

Table VII Linear and multiple regression with log chloramine concentration (umol/g protein) in neutrophil lysate in the group of
patients with acute coronary syndrome.

Linear regression Multiple regression

Independent variable

B SE p B SE p
log conjugated dienes 0.5517 0.1145 <0.0001 0.4517 0.1170 0.0002
(umol/g protein)
log total thiols 0.2655 0.07069 0.0003 0.1772 0.06884 0.0120
(umol/g protein)
log non-protein thiols 0.1608 0.05007 0.0019
(umol/g protein) ’ ’ '
log superoxide dismutase
(KU/g protein) 0.2165 0.05246 0.0001

Abbreviations: B-unstandardised coefficient (»slope«), SE-standard error, B-standardised coefficient, log-values of independent
variables are logarithmically transformed.
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The measure of interdependence of logarithmi-
cally transformed values of variables from neutrophil
lysates was examined. Logarithmic transformation
was performed to establish a normal distribution of
the data and to calculate the Pearson correlation
coefficient. The analysis was conducted in a group of
patients with acute coronary syndrome. Significant
positive correlations (p<0.05) were observed (Table
V) between the conjugated dienes and: non-protein
thiols, total thiols, superoxide dismutase (SOD),
myeloperoxidase (MPO), chlorinating activity, and
chloramines. Further, positive correlations (p<0.05)
were observed between chloramines and non-protein
thiols, total thiols, superoxide dismutase, glutathione
reductase (GRed), and MPO chlorinating activity.
Positive correlations (p<0.05) were observed
between MPO chlorinating activity and: non-protein
thiols, total thiols, superoxide dismutase, and glu-
tathione reductase.

Multiple linear regression was performed to
identify independent predictors of oxidative stress
markers. Variables with prior significant correlations
(Pearson’s r between 0.3 and 0.7) were included.

For log-transformed conjugated dienes (Table
VI), the final regression model included log SOD
activity and log chloramine levels as significant pre-
dictors (p<0.001). The model explained 40.36% of
the total variance (adjusted R?=0.4036; F=26.72,
p<0.001).

For log-transformed chloramine levels (Table
Vi), significant predictors were log conjugated dienes
and log total thiols. The model accounted for 28.04%
of the variance (adjusted R?=0.2804; F=15.81,
p<0.001).

Discussion

This study provides a detailed evaluation of
oxidative stress markers and antioxidant defences in
neutrophils from patients with acute coronary syn-
drome (ACS). The results reinforce the hypothesis
that neutrophil-derived oxidative imbalance con-
tributes significantly to the pathophysiology of ACS.

Neutrophils, beyond their inflammatory role, are
key sources of reactive oxygen species (ROS) and
chlorinating agents, particularly through NADPH oxi-
dase and myeloperoxidase (MPO) activation (4, 5).
The observed increase in superoxide dismutase
(SOD) activity suggests enhanced conversion of
superoxide to hydrogen peroxide in neutrophils dur-
ing ACS, consistent with previous reports of neu-
trophil priming in ischemic conditions (36).

Interestingly, while SOD activity was elevated,
catalase and glutathione peroxidase-1 (GPx-1) levels
remained unchanged. This imbalance may result in
hydrogen peroxide buildup, driving increased oxida-
tive pressure within the cell. MPO utilises hydrogen

peroxide to produce hypochlorous acid (HOCI), and
our findings of elevated MPO chlorinating activity
support increased oxidative conversion under
ischemic stress. The unchanged MPO peroxidase
activity may indicate selective activation of its chlori-
nating function in ACS, as previously documented

(6).

The study also revealed significantly increased
levels of non-protein and total thiol groups in neu-
trophils from ACS patients. This could reflect a com-
pensatory response to oxidative stress, or potentially a
state of reductive stress — a condition characterised by
excessive reducing equivalents such as glutathione.
An excess of reducing agents, termed reductive
stress, is associated with impaired mitochondrial
activity and altered redox-dependent signalling path-
ways, paradoxically contributing to oxidative damage
(37, 38). Increased thiol concentrations without par-
allel upregulation of detoxifying enzymes may exacer-
bate redox imbalance and support prolonged neu-
trophil viability, a phenomenon noted in ACS (39).

Lipid peroxidation products, particularly conju-
gated dienes and chloramines, were significantly ele-
vated, indicating increased oxidative burden in neu-
trophils. However, the lack of change in total
hydroperoxides suggests that oxidative events may be
transient or compartmentalised, potentially limited by
reduced oxygen availability during ischemia (40).

A key finding is the robust correlation between
MPOQO chlorinating activity, SOD activity, and chlo-
ramine levels. This indicates a sequential oxidative
cascade: SOD generates hydrogen peroxide, which
fuels MPO activity and subsequent chlorination of
biomolecules. This pathway is thought to contribute
to endothelial dysfunction and the destabilisation of
atherosclerotic plaques during ACS (9).

Furthermore, the positive association between
MPO activity and thiol concentrations supports the
idea that reduced thiol compounds, such as glu-
tathione, enhance MPO chlorination by maintaining
redox potential for HOCI production. This is consis-
tent with prior studies on thiol-mediated regulation of
MPO activity (12, 41).

Overall, these findings suggest that oxidative
and reductive stresses coexist and interact within neu-
trophils during ACS. While ROS excess is well recog-
nised in ACS pathology, the role of excessive reducing
equivalents in sustaining oxidative enzyme activity and
inflammatory signalling warrants further investigation.

This study has several limitations. First, its cross-
sectional design precludes causal inference between
redox changes and clinical outcomes. Second, the
absence of NADPH oxidase measurements limits the
complete characterisation of ROS sources. Third,
results were normalised to protein concentration,
which may not account for cell-to-cell variability.
Fourth, only a single time point was analysed, limiting
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insight into the dynamic evolution of redox markers.
Lastly, potential confounders such as comorbidities,
medications, and lifestyle factors were not fully con-
trolled and may influence oxidative stress parameters.

Conclusion

This study demonstrates that neutrophils from
patients with acute coronary syndrome (ACS) exhibit
a profoundly altered redox state, marked by
enhanced lipid peroxidation, elevated thiol content,
and increased chlorinating activity of myeloperoxi-
dase (MPO). These changes reflect a dysregulated
interplay between oxidative and reductive stress
mechanisms.

The findings highlight neutrophil redox dysregu-
lation as a critical component of ACS pathophysiolo-
gy. Elevated superoxide dismutase activity alongside
unaltered catalase and glutathione peroxidase levels
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