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The main reasons for the unsatisfactory outcome of surgical treatment of patients with non-traumatic subarachnoid hemorrhage (SAH)
due to ruptured cerebral aneurysms are vascular spasm (VS) and delayed cerebral ischemia. Lysis of blood clots in the subarachnoid space leads to the
release of a large number of various vasoactive factors that stimulate cytotoxic, inflammatory reactions and oxidative stress, which may be one of the
reasons for the development of VS and secondary ischemic brain damage.

Study of the dynamics of oxidative stress indicators and factors of endogenous vascular regulation in patients with non-traumatic
SAH due to ruptured cerebral aneurysms.

A total of 80 patients in the acute period of SAH due to ruptured cerebral aneurysms were treated and examined. The average
age of the patients was 51.7 years. The control group (norm) included 25 practically healthy people, whose average age was 32.7£8.6 years. The study
used the blood serum and cerebrospinal fluid of the patients. The study points were 0, 1, 3, and 7 days after the patient’s admission to the hospital. The
severity of oxidative stress was assessed by the level of malonic dialdehyde (MDA) and total antioxidant activity of blood serum (TAA); vasotonic function
of vascular endothelium by the content of stable metabolites of nitric oxide (NOx) and the concentration of angiotensin-converting enzyme (ACE).
Biochemical studies were carried out on the biochemical analyzer “Olympus AU 2700” (Beckman Coulter, USA).

It was revealed that patients with SAH already had pronounced oxidative stress upon admission to the hospital (increased MDA level, decreased
TAA level), which led to an imbalance in the endogenous regulation of vascular tone (decreased NOx level, increased ACE concentration) and increased
by the 7th day after admission to the hospital. High lactate dehydrogenase (LDH) activity was observed, the peak of which was on the 7th day of
observation. Determination of LDH activity may be promising as a biomarker of ischemic brain injury and a prognostic indicator of the development of an
unfavorable outcome.

The obtained data indicate the need for a comprehensive approach to the treatment of patients with subarachnoid hemorrhage. The most
relevant therapeutic goal is the removal of blood from the subarachnoid space of the brain to prevent increased oxidative stress and angiospasm.
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INTRODUCTION

The incidence of non-traumatic subarachnoid
hemorrhage (SAH) due to ruptured cerebral -
aneurysms ranges from 2 to 20 cases per 100,000
people per year [1]. The need for surgeries for
cerebral aneurysms in the Russian Federation is 5 per
100,000 population per year, i.e. approximately 7,325
surgeries per year [2]. The main cause of
unsatisfactory surgical outcomes in this category
of patients is cerebral vascular spasm (CVS) and

NOx - stable metabolites of nitric oxide
SAH - subarachnoid hemorrhage

TAA - total antioxidant activity

TG - triglycerides

VS - vascular spasm

delayed cerebral ischemia [3]. Cerebral CVS is a
specific complication of SAH that occurs in response
to blood entering the cisterns of the base of the brain
[1]. Subsequent lysis of blood clots in the
subarachnoid space leads to the release of a large
number of various vasoactive factors (erythrocytes,
hemoglobin, blood coagulation factors), which
stimulate cytotoxic, inflammatory reactions and
oxidative stress, which leads to the development of
SAH and secondary ischemic brain injury [3-7]. One
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of the mechanisms of SAH development is the
disruption of the nitric oxide/nitric oxide synthase
(NO/NOS) metabolic pathways [8-10]. Thus,
understanding the role of oxidative stress, in
particular, lipid peroxidation, the antioxidant
system, endothelial dysfunction (factors of
endogenous vascular regulation of nitric oxide and
angiotensin-converting enzyme) in the pathology of
SAH may become a new target for therapeutic
intervention.

The aim of the study was to investigate the
dynamics of oxidative stress indicators and factors of
endogenous vascular regulation in patients with
non-traumatic SAH due to rupture of cerebral
aneurysmes.

MATERIAL AND METHODS

The study included 80 patients in the acute
period of SAH due to rupture of an aneurysm of the
cerebral arteries, who were treated at the N.V.
Sklifosovsky Research Institute for Emergency
Medicine.

The study included patients who underwent
microsurgical surgery at the Department of
Emergency Neurosurgery of the N.V. Sklifosovsky
Research Institute for Emergency Medicine due to
ruptured arterial aneurysms (AA) within the first 72
hours from the onset of the disease. This study was
conducted with the approval of the Ethics Committee
of the N.V. Sklifosovsky Research Institute for
Emergency Medicine. The inclusion criteria for the
study were:

— the presence of AA, confirmed by angiography;

— the period of surgical intervention is no later
than 72 hours from the moment of hemorrhage;

— severity of the condition upon admission
according to the Hunt—Hess classification I-1V st.;

— massive basal SAH according to the Fisher
classification type III-IV, higher than score 15
according to the A. Hijdra classification;

— absence of signs of vascular spasm according
to preoperative examination methods (CT
angiography,
angiography, transcranial Doppler ultrasound).

digital subtraction cerebral

Translated by A.P. Strelkova

Before  surgical treatment, a  physical
examination (with assessment of the respiratory,
cardiovascular, digestive and genitourinary systems)
was mandatory, neurological status was assessed,
transcranial Doppler sonography, CT of the brain
(with assessment of the severity of hemorrhage
according to the Fisher and A. Hijdra classifications),
CT angiography or digital subtraction cerebral
angiography, and laboratory examination were
performed.

Among the patients, there were 42 men (52.5%)
and 38 women (47.5%). The average age was 51.7
years (from 30 to 75). Distribution of patients by
severity of the condition according to the Hunt—Hess
scale was as follows: severity stage II — 21 patients
(26.25%), severity stage III — 47 patients (58.75%),
severity stage IV — 12 patients (15%). There were no
patients with severity stage I among these patients.
The severity of hemorrhage according to the Hijdra
classification averaged score 22.7 (minimum score 15,
maximum score 30).

The control group (norm) included 25 healthy
people, whose average age was 32.7%8.6 years, the
male/female ratio was 17/8.

Blood serum and cerebrospinal fluid of patients
were used for the study. The study points were: 0 —
admission (before surgery), 1 —day 1,3 —day3,7 —
day 7 after the patient's admission to the hospital.

The severity of oxidative stress was assessed by
the level of malondialdehyde (MDA) using a
fluorimetric method [11], and the total antioxidant
activity (TAA) of blood serum and cerebrospinal fluid
using a photometric method with a biochemical
analyzer “Olympus AU 2700” (Beckman Coulter, USA)
using reagents of Randox (UK), and the oxidative
stress coefficient MDA/OAA, calculated using the
formula:

(MDA ,: MDA () : (OAA ;: OAA (),

where MDA ,, OAA ,are the values of MDA and
OAA in the examined patients; MDA ., OAA .are the
average values of MDA and OAA in the control group
(normal).
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of the
endothelium was assessed by the content of stable
(NOx) and the
concentration of angiotensin-converting enzyme
(ACE). NOx was determined using the Griess reaction
[12], ACE — by a photometric method on a
biochemical analyzer “Olympus AU 2700 (Beckman
Coulter, USA). Reagents of Audit Diagnostics, Ireland,

The vasotonic function vascular

metabolites of nitric oxide

were used. The coupling of the interaction of NOx
and ACE was assessed by the NOx/ACE coefficient,
reflecting the imbalance between endothelium-
dependent vasodilation and vasoconstriction, which
was calculated using the formula:

(NOx p: NOx ) : (ACE ,: ACE ),

where NOx ,, ACE ,are the values of NOx and ACE
in the examined patients; NOx ., ACE . are the
average values of NOx and ACE in the control group
(normal).

Biochemical studies were carried out with a
biochemical analyzer “Olympus AU 2700 (Beckman
Coulter, USA) using reagents of “Beckman Coulter”
(USA).

Statistical processing was performed using the
Statistica 13.3 TIBCO Software Inc. program. The data
were presented as median (Me) and interquartile range
(Q1; Q3). The study groups were compared with each

Table 1

Translated by A.P. Strelkova

other using the Mann-Whitney U test. The level of
statistical significance was considered to be p<0.05.

RESULTS

When assessing the severity of oxidative stress in
the examined patients, it was found that the initial
level of MDA in the blood serum upon admission
(3.507 umol/l) was 1.5-fold (p<0.05) higher than the
normal MDA values (2.27 umol/l). The level of TAA
in the blood serum (1.37 mmol/l) was 1.2-fold lower
than the normal value (1.61 mmol/l) (Table 1). The
coefficient MDA/TAA (0.96),
reflecting the balance in the prooxidant/antioxidant

oxidative stress
system, was 3.4-fold (p<0.05) higher than the normal
values (3.27) (Table 1). In the study of endogenous
factors of vascular regulation, it was found that the
concentration of NOx in the blood serum (6.4 pmol/1)
of patients with non-traumatic SAH was 2.9-fold
lower than the normal value (18.61 umol/l), while the
concentration of ACE (62.4 pmol/l) was 1.4-fold
higher than the normal values of this indicator (45
umol/l)  (p<0.05). The NOx/ACE
reflecting the ratio between vasodilating and

coefficient,

vasoconstrictor components of the blood, was
reduced 4.8-fold (p<0.05) (Table 1).

Dynamics of oxidative stress indices and endogenous factors of vascular regulation in blood serum of patients with

non-traumatic subarachnoid hemorrhages in critical condition

Day, Me (Q1; Q3)

Indicators Norm, Me (01; Q3)

0 1 3 7
MDA, pmol/L 2.27 (2.11; 2.47) 3.507 (3.130; 3.592)" 3.766 (3.507; 3.781)" 4.112 (3.652; 4.113)" 4.559 (4.535; 4.583)"
OAA, mmol/L 1.61 (1.56; 1.68) 1.37 (1.23; 2.74) 1.39 (1.1; 2.78) 1.42 (1.2; 2.86) 1.31(1.1; 2.51)
MDA/OAA ratio 0.96 (0.91; 1.11) 3.27 (2.39; 4.43)" 3.74 (2.9; 4.55) 3.22 (2.33;5.36)" 3.02 (2.31; 5.06)"
NOX, umol/L 18.61 (17.70; 23.62) 6.40 (3.33; 6.47)" 4.84 (3.19; 6.24)" 5.34 (4.09; 6.79)" 5.85 (4.89; 6.80)"
ACE, umol/L 45.00 (36.45; 55.15) 62.4 (60.7; 62.7)" 40.9 (39.6; 43.6) 37.7 (36.3; 40.2) 31.1(30.4; 31.9)

NOx/ACE ratio

1.02 (0.85; 1.25)

021 (0.11; 0.21)*

0.24 (0.16; 0.29)"

0.31(0.22; 0.38)"

0.38 (0.32; 0.43)"

Albumin, g/L

43.12 (41.69; 44.53)

38.11 (37.99; 40.06)"

42.29 (37.86; 42.44)

35.53 (35.41; 35.79)"

34.38 (33.98; 34.78)"

Glucose, mmol/L

5.00 (4.55; 5.26)

438 (3.58; 5.15)

3.96 (3.72; 4.93)

5.38 (3.46; 6.82)

13.32 (12.65; 13.98)"

LDH, U/L

155.40 (140.19; 177.20)

243.05 (196.35; 247.85)

213.29 (191.89; 244.09)"

205.70 (181.22; 231.77)

261.50 (252.06; 270.95)"

Notes: * — p<0.05 relative to the Control group (norm). ACE — angiotensin-converting enzyme; LDH — lactate dehydrogenase; MDA — malonic dialdehyde; TAA —

total antioxidant status; NOx — nitrogen oxide
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Thus, this study revealed that in patients with
SAH, activation of oxidative stress and disruption of
the vasotonic function of the endothelium already
occurs upon admission.

By the 3rd-7th day of observation, an increase in
free radical processes was noted, which was
manifested by an increase in the MDA level on the
3rd and 7th days relative to the norm (p<0.05) (Table
1). Also during this period, a statistically significant
decrease in the NOx level in the blood serum and the
NOx/ACE coefficient (p<0.05) was recorded, which
indicated the development of vascular dysfunction in
patients with SAH.

In patients with SAH, a statistically significant
increase in lactate dehydrogenase (LDH) levels was
observed on the 1st and 7th days of observation
(p<0.05) (Table 1).

On day 7, patients with SAH showed a
statistically significant increase in serum glucose
levels.

When studying the oxidative stress indices and
endogenous factors of vascular regulation in the
cerebrospinal fluid, an increase in the MDA level was
revealed, with the maximum increase in this index
recorded on the 1st and 7th days of the study (p<0.05)
(Table 2). The NOx index statistically significantly
increased by day 7 (p<0.05), while ACE did not
statistically significantly differ from the norm
(Table 2).

Table 2

Translated by A.P. Strelkova

When studying LDH activity in the cerebrospinal
fluid, a statistically significant increase was found on
the 1st and 7th days of observation (p<0.05) (Table
2). It should also be noted that LDH activity on day 7
was 13.1-fold higher than normal (p <0.008).

Thus, the obtained data indicate that in patients
with SAH due to rupture of cerebral aneurysm there
is a marked increase in oxidative stress, which leads
to an imbalance in the endogenous regulation of
vascular tone. These changes can be markers of the
development of cerebral angiospasm (CA) and
secondary cerebral ischemia. An increase in LDH
activity both in the blood serum and in the
cerebrospinal fluid indicates the development of a
hypoxic state in patients with SAH, which is most
pronounced by the day 7 from the moment of
admission to the hospital.

DISCUSSION

The presented results indicate significant
metabolic disturbances occurring in patients with
non-traumatic SAH due to ruptured -cerebral
aneurysms. A number of studies emphasize the
important role of the coagulation cascade, oxidative
stress, neuroinflammation and hemolysis in the
pathogenesis of secondary brain injury, which affects
the clinical outcome of diseases accompanied by
spontaneous intracerebral hemorrhage [13, 14].
Studying the pathophysiology of secondary brain

Dynamics of oxidative stress indices and endogenous factors of vascular regulation in cerebrospinal fluid in patients
with non-traumatic subarachnoid hemorrhage in critical condition

Day, Me (Q1; 03)

Indicators Norm, Me (Q1; Q3)

0 1 3 7
MDA, pmol/L 0.248 (0.184; 0.257) 0.317 (0.291; 0.371)* 0.538 (0.371; 0.644)" 0.317 (0.283; 0.348)" 0.471(0.429; 0.512)*
NOX, umol/L 5.16 (2.66; 8.97) 18.61(11.37; 18.95)" 14.55 (8.56; 17.92) 19.42 (11.39; 20.91)" 20.04 (19.55; 20.53)*
ACE, umol/L 4.3(4.2;4.5) 6.8 (5.2;7.7)" 4.4 (3.9;4.6) 2.7 (2.6; 3.4) 4.8 (4.5;5.0)
Albumin, g/l 0.08 (0.07; 0.11) 0.43 (0.40; 1.10)" 0.18 (0.17; 0.28)" 0.10 (0.08; 0.11) 0.25 (0.13; 0.36)"
Glucose, mmol/L 4.17 (3.89; 4.28) 3.46 (3.43; 3.84) 4.20 (4.18; 4.45) 3.53(3.27; 3.64) 3.65 (3.15; 4.16)
LDH, U/L 5.48 (4.75; 7.46) 12.69 (11.29; 14.10) 12.25(7.71;12.82) 10.92 (7.65; 16.33)* 72.01 (53.80; 90.21)"

Notes: * — p<0.05 relative to the Control group (norm). ACE - angiotensin-converting enzyme; LDH - lactate dehydrogenase; MDA - malonic dialdehyde; NOx -

nitrogen oxide
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injury after SAH will help identify promising cellular
and molecular targets for treatment, identify the
most sensitive biomarkers of blood serum and
cerebrospinal fluid to predict the development and
assess the effect of various types of therapy (surgical
or pharmacological) on the development of
secondary brain injury after SAH. Our study found
that patients with SAH had a statistically significant
increase in the MDA level and the MDA/OAA ratio,
recorded immediately upon admission and persisting
up to 7 days of observation. Increased lipid
peroxidation contributes to the destabilization and
damage of cell membranes and may be one of the
causes of the development of vasogenic, cytotoxic or
mixed cerebral edema. One of the main mechanisms
of activation of free radical processes and the
development of CA is an increase in the
concentration of metals of variable valence, in
particular, trivalent iron is formed during the
breakdown of hemoglobin, which is a powerful
activator of free radical processes. Both divalent (Fe
) and trivalent (Fe 3*) iron can generate a very
destructive hydroxyl radical (OH - *) through the
Fenton reaction and the Haber-Weiss cycle,
respectively. The production of oxygen radicals
catalyzed by free iron can also disrupt the blood-
brain barrier (BBB), leading to increased vasogenic
edema and increased intracranial pressure [15]. This
fact proves the increase of albumin level in
cerebrospinal fluid immediately upon admission and
its decrease in blood serum of patients with SAH
already upon admission, which may indicate the
violation of BBB. On the first day of the study, the
decrease of NOx level and the increase of ACE were
also observed, which indicated the violation of
vasotonic function of the endothelium already upon
admission. The prevalence of vasoconstriction
processes over vasodilation was also indicated by the
statistically significant decrease of NOx/ACE
coefficient. The development of delayed cerebral
ischemia is a multifactorial process that develops
over time. This hypothesis is confirmed by the

Translated by A.P. Strelkova

dynamics of LDH activity, which statistically
significantly increases on the 1t and 7% days of
observation (p<0.05). LDH is a cytoplasmic enzyme
involved in the anaerobic metabolic pathway and is
present in almost all tissues of the body in the form
of various isomers. High serum LDH levels may be
observed in the presence of organ injury, hypoxic
conditions, and some well-defined diseases. High
serum LDH values have been associated with the area
of brain injury in patients [16]. In a population of
patients with SAH, high serum LDH values before
microsurgical clipping were found to be associated
with poor neurological outcome at 3 months [17],
and in another cohort of patients with SAH, high
serum LDH values were associated with early
mortality [18]. Thus, determination of LDH activity
in serum and cerebrospinal fluid may be promising as
a biomarker of ischemic brain injury and a prognostic
indicator for the development of poor outcome,
which requires further study.

CONCLUSION

The results obtained in this work are of a general
pathophysiological nature and can be extrapolated to
other pathologies. Understanding the role of
oxidative stress, in particular, lipid peroxidation, the
antioxidant system and endothelial dysfunction
(factors of endogenous vascular regulation of nitric
oxide and angiotensin-converting enzyme) in the
pathology of SAH may become a new target for
therapeutic intervention. In addition, recently there
has been an active search for new diagnostic systems
and therapeutic drugs for the diagnosis and
treatment of tumors with high vascularization, such
as glioblastoma. In particular, vascular endothelial
growth factor (VEGF) has been identified as a critical
regulator of angiogenesis. The researchers' data
convincingly indicate that vascular remodeling
induced by anti-VEGF treatment leads to a more
hypoxic tumor microenvironment. This contributes
to a metabolic change in tumor cells towards
glycolysis, which leads to a decrease in their invasion
into the brain.
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The data obtained in our study indicate the need
for a comprehensive approach to the treatment of
patients with subarachnoid hemorrhages. The most
relevant therapeutic goals are the removal of blood
from the subarachnoid space of the brain to prevent
increased angiospasm

oxidative stress and

(surgically and with pharmaceuticals).

FINDING

1. In patients with subarachnoid hemorrhages, a
statistically significant increase in the level of
blood
cerebrospinal fluid 1.5- and 1.3-fold, respectively
(p<0.05), and the oxidative stress coefficient 3.4-fold
(p<0.05) was revealed, which indicates the activation
of free radical processes in this category of patients
already upon admission to the hospital.

2. The maximum increase in the level of
blood
cerebrospinal fluid in patients with subarachnoid

malondialdehyde in the serum and

malondialdehyde in the serum and
hemorrhages is noted on the 3 and 7™ days of
observation (p<0.05 relative to the norm), which may
indicate the important role of oxidative stress in the
development of cerebral angiospasm.
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