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Abstract

Background: Oxidative and nitrosative stress is well
believed to play a role in the pathogenesis of ischemic
stroke. This study aims to evaluate the time course of oxi-
dative and nitrosative stress in ischemic stroke.

Methods: In total, 27 healthy individuals, 22 individuals
with high risk of ischemic stroke due to hypertension and
diabetes mellitus, and 20 patients with acute ischemic
stroke hospitalized at the Neurology Department of the
Kirikkale University School of Medicine were enrolled
in the study. Venous blood was collected at admission
(hour 0) and again at hours 24, 48, 72, and 96. Nitric oxide
(NO), malondialdehyde (MDA), total oxidative stress
(TOS), oxidative stress index (OSI), and total antioxidant
status (TAS) were measured and compared among stroke
patients and control groups.

Results: Blood NO was significantly higher in the patient
group at 0, 24, 48, and 72 h compared to the healthy and
high-risk control groups, and lower at 96 h than at early
times within the patient group (p<0.001). MDA was
higher in patients than the healthy control group at all
times. Conversely, TOS and OSI were significantly lower
in the patient group than the healthy control group at 96 h
and the high-risk control group at 72 and 96 h (p <0.05).
There was a significant correlation between initial NO
(0 h) and duration of hospitalization (r=0.71; p=0.0003).
Conclusions: These findings suggest a substantial early
increase in oxidative and nitrosative stress in ischemic
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stroke patients during the first 2 days post-admission.
However, TOS was lower by days 3-4, likely due to patho-
logical recovery and local/systemic defense systems. The
correlation between elevated serum NO during the acute
phase of stroke and duration of hospitalization suggests
NO as a potentially valuable predictor of ensuing oxida-
tive damage and clinical outcome.

Keywords: antioxidant status; ischemic stroke; malon-
dialdehyde; nitric oxide; oxidative stress; total oxidative
stress.

Introduction

Stroke is the most frequent cause of mortality and mor-
bidity in developed countries. While stroke is a hetero-
geneous syndrome, studies have suggested that ischemic
stroke accounts for 70%-80% of all stroke cases [1]. Brain
ischemia is defined as cerebral hypoperfusion and is asso-
ciated with cellular bioenergy deficiency, which leads
to excessive formation of free radicals regardless of the
source through damage to nucleic acids, lipids, proteins,
and other biomolecules, e.g. polysaccharides [2].
Oxidative stress plays a major role in the physiopa-
thology of stroke by inducing the generation of cytotoxic
free oxygen radicals, and is an independent risk factor for
poor outcome. During stroke, reactive oxygen oxidative
stress develops in the case of increased steady-rate con-
centrations of species (ROS) and reactive nitrogen species
(RNS) are produced both enzymatically and non-enzymat-
ically. Oxidative stress develops when pro-oxidant activity
exceeds endogenous antioxidant defense capacity [3].
Increased oxidative stress may affect nitric oxide (NO),
which has an important role in the control of cerebral blood
flow, thrombogenesis, and modulation of neuronal activity,
and plays an important role in the pathogenesis of cerebral
ischemic stroke. Increased NO concentrations associated
with ischemia give peroxynitrite through enhanced bio-
degradation of NO by superoxide radical [4]. NO is pro-
duced by nitric oxide synthases (NOSs) neuronal NOS
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(nNOSs), inducible NOSs, and endothelial NOSs (eNOSs).
The isoform of NOSs determines whether it functions as
neuroprotective (eNOSs) or neurodestructive (nNOSs and
iNOSs) [4, 5]. Irrespective of the type of NO, the effects of
NO in ischemic stroke are controversial [5].

The brain is particularly vulnerable to the increases
in ROS and RNS due to the lower neuronal antioxidant
capacity, high concentrations of sensitive polyunsatu-
rated membrane lipids, greater basal O, consumption,
and higher levels of iron, which acts to catalyze the con-
version of H,0, to highly reactive hydroxyl radicals [6].

Nitro-oxidative stress is induced by excessive produc-
tion of ROS, which is associated with increased synthesis
of NO by inducible NOS (iNOS). The increased production
of reactive species might be associated with a decrease in
antioxidant capacity. This is why nitro-oxidative stress
should be evaluated by measuring ROS (including lipid
peroxides malondialdehyde [MDA]) NO, total oxidative
stress (TOS), total antioxidant status (TAS) and oxidative
stress index (OSI).

The present study compared blood MDA, NO, TOS,
TAS, and OSI levels in ischemic stroke patients during
the early acute period and through a 4-day period with
increased cerebral edema with two different control
groups (healthy and high stroke risk) to examine how
oxidant levels and antioxidant systems are affected.

Materials and methods

The study was planned for 30 patients as well as
30 healthy and 30 pathological control subjects consid-
ering likely exclusions in the course of the study. Upon
re-evaluation of the exclusion criteria, 20 patients,
27 healthy control subjects, and 22 pathological control
subjects were involved in the study.

This prospective study enrolled a total of 20 patients
without previous history of cerebrovascular disease, cer-
ebral hemorrhage, transient ischemic attack, or stroke, who
were diagnosed with ischemic stroke upon clinical and neu-
roradiological examination. All presented to the hospital
within the first 24 h of rapid onset focal or global cerebral
ischemic symptoms. The first blood sample was collected
prior to commencement of any medical treatment (defined
as hour 0). Additional blood samples were collected at
hours 24, 48, 72, and 96. The present study did not involve
any comparison of location, volume, or etiology of stroke.

Two different control groups were recruited; 27 healthy
individuals were presented to the hospital for health check
without previous stroke history or systemic diseases. Fur-
thermore, the control group was not on any antioxidant
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vitamins and medicines and did not smoke or use alcohol,
In total, 22 individuals were with elevated risk of ischemic
stroke due to hypertension and diabetes mellitus. Patients
with diabetes mellitus and hypertension, who were being
followed-up at our hospital, were involved in the study.
The pathological control group was involved in the study
to differentiate whether the data collected from the patient
group were associated with the stroke process or with
such pathologies, e.g. diabetes mellitus and hypertension.
Blood NO, MDA, TOS, and TAS were measured, and the OSI
was calculated at each time point.

The study protocol was conducted in accordance with
the Helsinki Declaration and was approved by the Ethics
Committee of Kirikkale University Medical School (No.
2009/046). All the subjects were informed about the study.

Blood NO levels were measured by the method of
Miranda et al. which is based on reduction of nitrate, a
product of NO, via the Griess reaction [7]. Lipid peroxida-
tion was measured by total peripheral blood MDA levels [8].

TOS and TAS were measured by Erel’s method [9, 10]
using TOS and TAS kits (Rel Assay Diagnostics, Baran
Medical, Turkey) on an Beckmann Coulter Olympus AU 400
(Beckmann Coulter, USA) biochemistry automated ana-
lyzer. The TOS results are reported in umol H,0, equivalent
per liter and TAS in umol trolox equivalent per liter. OSI was
calculated by the formula

OSI=TOS (umol H,0, Eq/L)/TAS (pmol trolox Eq/L).

Statistical analyses

Statistical evaluation of the findings were performed using
Statistical Package for Social Science (SPSS) for Windows
13.0 for all statistical calculations. Chi-square, one way-
analysis of variance (ANOVA), and post hoc Tukey HSD
tests were utilized for intergroup comparisons, and Pear-
son’s test was used for analysis of correlations between the
parameters. Time-dependent changes within the patient
group were evaluated by repeated measures ANOVA and
the paired T-test. p-Values <0.05 were considered signifi-
cant. Parametric tests were used on the grounds that all
parameters had normal distribution, as demonstrated by
the Kolmogorov-Smirnov test.

Results

A total of 20 first-time ischemic stroke patients were
enrolled in the study as well as two control groups consist-
ing of 27 healthy individuals and 22 pathological controls
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with diabetes and hypertension. Of the 20 ischemic stroke
patients, 11 (55%) were males and nine (45%) were
females. Of the 27 healthy control subjects, 12 (44%) were
males, 15 (56%) were females. Of the 22 pathological con-
trols, 12 (55%) were males and 10 were (45%) females. The
mean age of the patients was 64.2+14.04 years, that of
the healthy control was 59.2+8.74 years, and that of the
pathological control was 59.1+12.09 years. There were no
statistically significant differences between the ischemic
stroke and the control groups with gender and age
(p=0.246 and p=0.704). Of the total patients, 18 individu-
als (90%) had a history of hypertension, whereas 18 (90%)
individuals had a history of diabetes mellitus. Next, three
(15%) patients were smoking and four (20%) patients were
using alcohol.

The blood MDA, NO, TOS, TAS, and OSI values of the
patient and control groups were monitored over 4 days
(Table 1). All patients were discharged from hospital
within 28 days.

In patients, there were significant changes in NO,
TOS, and OSI values over time after admission. The mean
hour 96 NO level was significantly lower than at hours 0,
24, 48, and 72 (p < 0.05, Table 2). The TOS and OSI levels
of the patients were significantly higher at hour 24 than
that at hours 48, 72, and 96, and the hour 48 level was
significantly greater than at hour 72 (p <0.05, Figure 1).
There were no significant changes in MDA and TAS levels
with time. Daily changes in MDA, NO, TOS, TAS, and OSI
levels are summarized in Table 2.
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Figure 1: Correlation between NO-0 and hospitalization duration
(r: 0.71; p: 0.0003).

There was also a significant positive correlation
between NO at hour O and duration of hospitalization
(r=0.71, p=0.0003; Figure 1).

Discussion

In this study, we found higher concentrations of MDA at
all times and higher NO in patients within 0, 24, 48, 72 h in
comparison with those in healthy control and pathologi-
cal control groups. Conversely, TOS and OSI were lower
than those in healthy control group at 96 h and those in
pathological control group at 72 and 96 h. There was a
positive correlation between NO at O h and duration of
hospitalization.

Table 1: Oxidative stress metrics of patient, healthy control, and pathological control groups (mean + SD).

Tests H. control P. control 0Oh 24 h 48 h 72h 96 h
MDA, nmol/L 5.99+2.28 6.99+2.37 8.47 £2.46° 7.951+1.94° 8.171+2.14° 8.39+3.13? 7.93+2.35?
NO, umol/L 13.75+4.27° 8.54+3.66 18.70+6.58%> 18.72+4.52%P 20.21+4.692° 19.05+8.21%" 12.63+3.24"
TOS, umol/L 3.44+1.93 3.74+1.59 3.30£2.54 4,14%+2.33 2.88+1.83 2.12+1.54° 2.12+1.47%"
TAS, mmol/L 1.45+£0.22 1.46+0.32 1.47£0.26 1.424+0.28 1.39+0.27 1.45+0.27 1.36+0.29
0Sl, % 0.25+0.17 0.27+0.13 0.22+0.16 0.30%+0.18 0.21+0.14 0.15+0.09° 0.16+0.10%°

H. control, healthy control; P. control, pathological control; MDA, malondialdehyde; NO, nitric oxide; TOS, total oxidative stress; TAS, total
antioxidant status; OSI, oxidative stress index. 2p <0.05 compared with healthy controls. ®p <0.05 compared with pathological controls.

Table 2: Comparison of serum oxidative stress metrics levels in patients according to days.

Tests 0h 24 h 48 h 72h 96 h
MDA, nmol/L 8.47 £2.46 7.95£1.94 8.17+2.14 8.39+3.13° 7.93+2.35
NO, umol/L 18.70+6.58 18.72+4.52 20.21+4.69 19.05+8.21 12.63+3.247
TOS, umol/L 3.30+2.54 4,14+2.33° 2.88+1.83¢ 2.12+1.54 2.12+1.47
TAS, mmol/L 1.47+0.26 1.42+0.28 1.39+0.27 1.45+0.27 1.36%+0.29
0Sl, % 0.22+0.16 0.30+£0.18° 0.21+0.14° 0.15+0.09° 0.16£0.10%>

MDA, malondialdehyde; NO, nitric oxide; TOS, total oxidative stress; TAS, total antioxidant status; OSI, oxidative stress index. ?p <0.05
compared with 0, 24, 48, and 72 h. °p <0.05 compared with 48, 72, and 96 h. °p <0.05 compared with 72 h.
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Ischemic stroke is among the most prevalent causes
of death throughout the world, and its incidence increases
markedly with age. Oxidative/nitrosative stress is a well-
established pathogenic mechanism in the development of
neurological deficits following ischemic stroke [11].

Oxidative stress induces oxidation of lipids in blood
as well as neurons, resulting in accumulation of lipid per-
oxides than can be measured from blood samples. This
lipid peroxidation is a well-established mechanism of cel-
lular damage and blood MDA is a reliable indicator of oxi-
dative stress [12].

Several studies have investigated MDA levels in
patients with ischemic stroke. These studies have shown
that MDA levels were significantly higher in patients with
ischemic stroke compared to those of controls. Ozkul et al.
[13] reported higher MDA levels in patients who presented
to the hospital for 48 h and suggested deleterious effects
of oxidative stress on clinical outcome. In accordance with
our results, however, Cojocaru et al. [14] found higher MDA
levels at hour 24 and on day 7 in patients with ischemic
stroke compared to a control group. Conversely, Zimmer-
mann et al. found no significance in plasma MDA levels in
patients [15]. Paspalj et al. [16] found that MDA levels were
higher than those of the control group and observed that
there was no time-dependent change as with our study.

While these studies [13-16] indicate substantial oxi-
dative stress starting within days of stroke onset, the very
early changes in oxidative status are less clear. Thus, in
the present study, MDA levels were measured at hours O,
24, 48, 72, and 96 post-admission. At all times, levels were
significantly higher than in a healthy control group, indi-
cating substantial lipid peroxidation due to free oxygen
radical generation in the hours following stroke onset.
However, there were no time-dependent changes in MDA
levels over subsequent days, so MDA does not appear to
be a useful index of pathogenesis or prognosis.

It is now generally accepted that NO production is
enhanced at all stages of cerebral ischemia [16]. The free
radical NO is an important mediator in a variety of biologi-
cal processes in the brain, e.g. vascular integrity, cerebral
blood flow, cerebral vasodilation, and autoregulation [17].
The role of NO at specific times after cerebral ischemia is
unclear, and similar studies have yielded highly dispa-
rate results. Many previous studies have suggested that
in comparison with healthy controls, NO levels were sig-
nificantly greater in patients with acute stroke [13, 18-20].
Rashid et al. reported that in stroke patients the nitrate/
nitrite (NO) levels were lower compared to that in the
control group [21]. Samdani et al. [22] found that NO was
generated by nNOSs in the acute phase of stroke but trig-
gered by iNOS in long-term cell death, that iNOS started to
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increase at 12 h post-stroke reaching a maximum at hour
48, and declined to normal levels by day 7.

In the present study, the NO levels in patients with
ischemic stroke were significantly higher at hours 0, 24,
48, and 72 than those in healthy and pathological control
groups (p <0.001). Furthermore, there was a positive cor-
relation between initial (0 h) NO and the duration of hos-
pital stay. Thus, early NO appears to exacerbate damage,
resulting in extended hospital stay in these non-fatal
cases. The fact that NO levels returned to normal levels
by hour 96 indicates that protective mechanisms are ulti-
mately activated, which begin to limit oxidative damage
by hour 72. This correlation also suggests that the early NO
increase is a promising target for therapy.

NO levels were lower in the high-risk control group
of diabetic/hypertensive patients. Under physiological
conditions, NO regulates cerebrovascular hemodynam-
ics and has anti-inflammatory, anti-oxidative, and antico-
agulant properties [23]. It is known that the release of free
oxygen types directly damages the endothelial cells and
vascular smooth muscles, inducing several pathological
events, including inflammation [17, 23]. The causes of oxi-
dative stress may lay the foundation for diabetes mellitus
and hypertension, which include interaction of NO with
types of reactive oxygen in oxidative stress, formation of
lipid peroxidation products with vasoconstrictor effects,
endothelial damage, increase in endothelial permeability,
and stimulation of inflammation. As a result, NO levels
decrease over time upon disruption of the endothelial func-
tion [24, 25]. The NO levels were significantly lower in the
pathological control group in comparison with those in the
healthy control group and patient group, which suggests
that increased oxidative stress in hypertension and diabe-
tes mellitus, i.e. the pathological control group, aggravates
the endothelial damage and results in reduced NO levels.

The fact that NO was lower in the pathological control
group suggests that chronic low levels (as well as tran-
siently elevated levels) can contribute to the pathophys-
iology underlying ischemic events. Alternatively, the
decrease in NO to healthy levels after 72 h and chronically
low levels in the pathological group suggest possible acti-
vation of compensatory mechanisms for limiting damage
due to oxidative stress.

Many previous studies have identified parameters
indicative of oxidative stress that are elevated in patients
with ischemic stroke. Recent studies suggest that a com-
bined metric reflecting oxidative stress and antioxidant
capacity is superior to separate indices [26]. In the present
study, we first measured the serum TAS and TOS and then
calculated the OSI as a measure of oxidant/antioxidant
balance. While TAS did not differ among groups, TOS and
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0SI levels were significantly lower in stroke patients than
in the pathological control group at 72 h and lower in both
control groups at 96 h, suggesting that oxidative damage
starts to decrease by hour 72.

TAS reflects the capacities of all endogenous antioxi-
dants. Gariballa et al. [27] and Cherubini et al. [28] found
decreased antioxidant concentrations in ischemic stroke.
Ullegaddi et al. [29] found that antioxidant capacity was
restored and oxidative damage diminished in ischemic
stroke patients who were administered vitamins E and C.
Nanetti et al. [26] found increased total antioxidant capacity
1 month after ischemic stroke. We did not find any change
in TAS levels in intergroup terms and by hours during the
present study. It is possible that compensatory mechanisms
responsible for reduced TOS and OSI at these times are not
reflected by TAS measurement from peripheral blood.

A key consideration is how peripheral blood meas-
ures of oxidative stress reflect the equivalent processes
in ischemic tissue. For instance, the blood-brain barrier
may limit the spread of molecules from ischemic tissue
into the blood. Small oxidant molecules like NO will freely
penetrate the blood-brain barrier, while the penetration
of larger molecules will depend on the degree of barrier
damage. MDA and NO levels increased in the blood as
anticipated; however, there were no notable changes in
the levels of the other parameters. An interesting finding
was that the TOS levels at hours 72 and 96 were lower
in patients than in control groups. TOS values generally
increase during the first 2 days post-stroke then gradu-
ally decrease over the subsequent 2 days. Considering
these changes together with our MDA and NO findings,
it appears that there was a notable increase in oxida-
tive stress immediately after stroke occurrence, but this
declined within 2-4 days, possibly due to tissue recovery
and local/systemic defense mechanisms (although these
were not reflected by increased TAS).

Limitations of this study include measurements of
serum rather than tissue TAS and TOS levels, so additional
studies are required to assess the relationships between
these metrics and the degree of neural tissue damage,
blood-brain barrier disruption, and long-term clinical
outcome.

Conclusions

Additionally, further studies are needed to examine
whether individual antioxidant system activities (as
opposed to TAS) change post-stroke, whether free radical
generation is solely responsible for the induced tissue
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damage, and if downregulation of antioxidant defenses
are also involved. The association between the initial NO
level (0 h) and duration of hospitalization not only impli-
cates early NO accumulation in stroke severity but also
identifies early NO elevation as a target for therapeutic
intervention and a valuable biomarker for prognosis.
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