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Abstract

Objective: Glutathione (GSH) is a major intracellular thiol-containing antioxidant. We tried to determine whether
blood plasma GSH level is a marker for the severity of the two subtypes of acute stroke (large-artery atherosclerosis,
LA and cardioembolic, CE). Forty-three patients with LA and 36 patients with CE aged 65 (47-82) years were included
in the study. Thirty-one patients with cerebral microangiopathy were included for comparison. Total (t) and reduced
(r) GSH levels were determined at admission. Neurological deficit was assessed by the National Institutes of Health
Stroke Scale (NIHSS) on the first day, functional outcome and independence were assessed by the modified Rankin
scale (mRs) and Bartel index (Bl), respectively, after 21 days.

Results: The tGSH and rGSH levels in acute stroke were significantly lower than cerebral microangiopathy patients.

Low tGSH (< 1.45 uM) and rGSH (< 30 nM) levels were risk markers for stroke severity at admission (NIHSS > 10)

in patients with LA: age and gender adjusted odds ratio (AOR) was 4.95, 95% coincidence interval (Cl) 1.31-18.7,
AOR=09.141, Cl 1.84-45.3 for t- and rGSH, respectively. A low level of rGSH (< 30 nM) was found as risk marker for
functional independence (Bl <60: AOR=15.9, Cl 2.22-114.2) in patients with LA. Low tGSH level (< 1.1 uM) was asso-
ciated with the reduction of poor outcome risk (mRs >2: AOR=0.154, Cl 0.029-0.809) in CE group.

Conclusions: Low t- and rGSH levels may be considered potential risk markers for severity and insufficient functional
independence in LA. Conversely, low tGSH level reduce the risk of poor stroke outcome only for CE.
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Background

Ischemic stroke (IS) remains one of the most significant
problems of healthcare; therefore, an important task
is to search for markers and factors associated with its
severity and prognosis. Atherothrombotic (large-artery
atherosclerosis, LA) and cardioembolism (CE) subtypes
account for almost half of the cases of ischemic stroke
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in the European population [1]. Oxidative stress plays an
important role in the pathogenesis of both ischemic brain
damage and the response to it [2, 3]. Majority of antioxi-
dants are reduced immediately after an acute ischemic
stroke [4]. Diagnostic and prognostic capabilities of vari-
ous indicators of oxidative stress and antioxidant defense
potential (total antioxidant capacity, F2-isoprostanes,
oxygen radical absorbance capacity, glutathione peroxi-
dase, malonedialdehyde, advanced glycation end prod-
ucts, and protein oxidation products etc.) in stroke are
being intensively studied [5-8]. Glutathione (y-glutamyl-
cysteinyl-glycine tripeptide, GSH) is the main low
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molecular weight aminothiol in cells, participating in a
variety of vital processes, including protecting the thiol
groups of proteins from oxidative damage and neutral-
izing reactive oxygen species. Glutathione peroxidase-
sensitive reactive oxygen species play an important role
in regulation of cell death during cerebral ischemia—rep-
erfusion by modulating intrinsic neuronal sensitivity, as
well as brain inflammatory reactions [9]. In the brain, it
is predominantly in a reduced form in high concentra-
tion (~1-3 mM, [10]), as a result of which GSH may be a
physiologic reservoir of glutamate neurotransmitter [11].
At the same time, its level in blood plasma is much lower
(approximately 3 puM [12]) and is represented mainly by
forms oxidized to disulfides [13].

The question of the possible association of the GSH
level in blood plasma with the risk and prognosis of
ischemic stroke of various subtypes is still very poorly
studied, despite the important role of this metabolite. A
decrease in reduced and an increase in oxidized GSH was
shown in the brain on rat models of temporary global and
focal cerebral ischemia [14, 15]. In patients with acute
stroke, in general, there was no significant change in rela-
tion to the GSH content in the stroke region compared
with the corresponding measurement from the contralat-
eral hemisphere [16]. However, in the blood plasma, an
increase in GSH levels was previously found in patients
with acute stroke on the first day; however, no statistically
significant correlation between GSH levels and Canadian
Neurological Scale (CNS) scores was detected [17, 18].
It has recently been shown that the reduced GSH con-
centration in stimulated whole saliva decreased with a
high degree of confidence (p<0.0001) at subacute stroke
phase [19]. In the present work, we studied the effect of
the total and reduced forms of GSH (tGSH and rGSH
correspondingly) in blood plasma on the risk of increased
neurological deficit and unfavorable functional outcome
in patients with primary acute LA and CE stroke.

Methods

Patients

The study included 79 patients with primary IS in the
carotid artery basin who were admitted in the first
10-24 h after the development of neurological disor-
der. Thirty-one patients with cerebral microangiopa-
thy were included in the comparison group. Neither
the patients nor the controls had a previous cerebro-
vascular event (IS, cerebral hemorrhage, or transient
ischemic attack). Patients were admitted to the neurol-
ogy department of the Research Center of Neurology.
All procedures performed in the study involving human
participants were in accordance with the ethical stand-
ards of our institutional research committee and with
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the 1964 Helsinki declaration and its later amendments
or similar ethical standards. This study was approved
by the local ethics committee of the Scientific Center of
Neurology and was conducted with the informed con-
sent of patients or their first-line relatives.

The diagnosis was based on clinical findings, neuro-
logic examination, magnetic resonance imaging (MRI)
of the brain, color duplex examination of cerebral arter-
ies, and transthoracic echocardiography. The diagnosis
of cerebral microangiopathy was based on anamnestic
data on the long course of mild and moderate non cri-
sis arterial hypertension over 5-year duration period,
hypertensive cerebral crises, impaired cognitive func-
tions (cognitive impairment), MRI data: silent small
deep brain infarctions in the subcortical structures,
and the silent small deep infarcts in the microstructural
damage of white mater.

All stroke patients underwent magnetic resonance
(MR) imaging of the brain using the Magnetom Verio
(Siemens) and Magnetom Symphony (Siemens) devices
with magnetic induction values of 3, 1.5, and 1.5 Tesla,
respectively. MR angiography was performed in a
3D-TOF mode to detect the intracranial artery pathol-
ogy. Brain infarction was defined as a focus of increased
MR signal intensity in the T2, T2 d—f, and DWI modes
with a reduced diffusion coefficient on the ADC map.

The stroke subtype has been classified according to
the TOAST (Trial of ORG 10,172 in Acute Stroke Treat-
ment) classification [20]. The main criteria for inclusion
in the study were: acute LA and CE; hospitalization
within the first 24 h from the onset of a neurological
symptom; and age 45-85 years. The exclusion criteria
were: a delay of more than 24 h between onset of symp-
toms and diagnosis of ischemic stroke; lacunar infarct;
undetermined causes of stroke; hemorrhagic stroke;
epilepsy; pregnancy; type 1 diabetes; acute myocardial
infarction; permanent cardiac pacing; decompensated
renal, hepatic, or respiratory failure; congestive heart
failure of a III-IV functional class; oncological diseases;
chronic inflammatory, autoimmune, and hematological
disorders; and infectious diseases within 15 days after
a stroke. Neurologic impairment severity was evalu-
ated using National Institutes of Health Stroke Scale
(NIHSS) on the first day [21], and evaluation of func-
tional recovery was performed using modified Rankin
scale (mRs) on the 21st day of ischemic stroke [22]. An
mRs score of >2 was used to define a poor functional
outcome. The patients’ activities of daily living were
evaluated using the Barthel Index (BI) [23] on the 21st
day. A BI score of <60 was consistent with a decline in
functional independence. The patients underwent basic
treatment with antihypertensive drugs, antiplatelet
agents, anticoagulants, statins.
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Aminothiols determination

Venous blood was collected on admission into tubes
containing sodium citrate (0.38%) and centrifuged at
3000x g for 3 min. The plasma samples were collected,
frozen at —80 °C, and stored until analysis. Determi-
nation of the total and reduced forms of blood plasma
aminothiols (GSH, cysteine, and homocysteine) was
carried out by liquid chromatography (Acquity UPLC
H-class system, Waters, Milford, Massachusetts, USA)
as described previously [13].

Statistical analysis

Data collection and primary processing (identification
and integration of the chromatographic peaks) were
performed using MassLynx v4.1 (Waters, USA). Statis-
tical data analysis was performed using SPSS Statistics
v. 22 (IBM, USA). Intergroup comparisons were per-
formed using the ANOVA Tamhane’s T2 and binomial
tests, the association of indicators with each other was
identified using the Spearman’s rank correlation coeffi-
cient (p). To identify risk relative risk (RR), unadjusted
odds ratio (OR), age-, and gender-adjusted odds ratio
(AOR) were calculated. Differences were considered
significant at a significance level of p <0.05.

Table 1 General characteristics of patients
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Results

A total of 79 IS and 31 cerebral microangiopathy patients
were examined, and their general characteristics have
been shown in Table 1. IS patients showed significant
reductions in tGSH and, exceptionally, rGSH levels. In
addition, CE patients had lower total cysteine and homo-
cysteine levels than LA. Significant differences were
found between groups CE and LA with regards to age,
sex, and the incidence of chronic cerebral ischemia.

The levels of tGSH and rGSH were associated with
each other, both in the LA group (p=0.412, p=0.007)
and in the CE group (p=0.55, p=0.001). In the CE
group, there was a significant positive association of
tGSH with total cysteine (p=10.49, p=0.002) and homo-
cysteine (p=0.472, p=0.004), which was absent in the
LA group. There were no significant differences in rGSH
levels among LA and CE.

On dividing both groups into subgroups with low
(<145 uM) and high (>1.45 pM) levels of tGSH, it
was found that an increased risk of stroke severity
(NIHSS >10) is characteristic only of patients with LA
with low tGSH, and in the case of CE this is not observed
in unadjusted and adjusted models (Table 2). With a
decrease in the tGSH threshold to 1.1 uM, which corre-
sponds to the median of its level in the group of patients
with CE, again, there was no increase in this risk in CE
patients (data not shown).

Variables Cerebral microangiopathy LA CE p**

N 31 43 36

Age, years 69 [60; 75] 62 [55; 66]* 68 [60; 75 0.01
Sex, % man 39 79* 39 0.00014
Chronic cerebral ischemia 31 [100%] 11 [25.6%]* 18 [50.0%]* 0.025
NIHSS on admission - 9[5;12] 1217;13]

NIHSS > 10, n - 19 (44.2%) 19 (52.8%)

mRs (21st day) - 301;4] 3[2;4]

mRs>2,n - 24 (55.8%) 21 (58.3%)

Bl (21st day) - 60 [45; 86] 75 [30; 85]

BI<61,n - 22 (51.1%) 19 (52.8%)

tGSH, uM 3.1[2.1;3.7) 1601.1;27" 1.1[0.8; 2.2 0.00001
total cysteine, uM 267 [230; 322] 325 [287; 363] 172 [135; 336)%¢ 0.00009
total homocysteine, UM 13.0[114;159] 144112.2;19.8] 8.75.3;14.11% 0.0017
rGSH, nM 240 [180; 370] 42 [25; 68]* 39 [25;57] * <0.00001

All values represented as median [Q1; Q3]

Bl Bartel index, mRs modified Rankin scale, NIHSS National Institutes of Health Stroke Scale, rGSH reduced glutathione, tGSH total glutathione

*p <0.05 (binomial test)
**Tamhane test for all groups
#Tamhane test p <0.05, **p <0.005 compared to cerebral microangiopathy group

&Tamhane test p <0.05, *p <0.001 compared to LA group
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Similar results were obtained with a division of
patients by the level of rGSH. On dividing patients
according to the 30 nM rGSH threshold level, it was
found that the risk of stroke severity increased in
patients with low rGSH levels in group LA, but not in
group CE (Table 3).

Unadjusted model analysis also showed that low tGSH
level (<1.1 uM) at admission was associated with a risk of
3-week poor outcome (mRs>2) for LA stroke (Table 4).
However, taking into account gender and age, these
results turned out to be insufficiently reliable, despite the
rather high value of AOR. In contrast, reduced risk of
poor outcome was observed in patients with low tGSH
levels in CE group on adjusted model (Table 4). In turn,
a rather pronounced association of low rGSH levels
(<30 nM) with insufficient functional state of patients
was found in group LA, but not in group CE (Table 4).
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Due to the fact that patients in the CE group were gen-
erally older than patients in the LA group, we analyzed
the association of t- and rGSH levels with age. In the
whole cohort of patients, the level of tGSH had a slight
negative association with age (p=— 0.237, p=0.035), but
it was not found in the LA group (p=— 0.061, p=0.698),
and in the CE group it was not significant (p=— 0.201,
p=0.239). Morever, there was no significant asso-
ciation between rGSH level and age in the LA group
(p=—0.112, p=0.481), and in the CE group it was nega-
tive (p=— 0.357, p=0.038). Thus, we have no reason to
believe that age may be a significant factor affecting GSH
levels in patients with LA.

We also conducted a comparative analysis of t- and
rGSH levels among women and men, because the latter
significantly prevailed in the group with LA. In total, 11
of 48 men had a tGSH < 1.1 uM, while of 31 women there

Table 2 Impact of tGSH on the risk of increased neurologic deficits (NIHSS) on admission in stroke patients

tGSH, M LA CE

NIHSS<11 NIHSS>10 OR(Cl95%) AOR (Cl 95%) NIHSS<11 NIHSS>10 OR(Cl95%) AOR (C195%)
<145 6 12 5.14(1.38-19.1) 4.952(1.31-18.7) 8 13 142 (0.568-2.64) 1.166 (0.281-4.83)
>145 18 7 8

AOR adjusted odds ratio, CE cardioembolic stroke, C/ 95% 95% coincidence interval, LA large-artery atherosclerosis, NIHSS National Institutes of Health Stroke Scale, OR

odds ratio, tGSH total glutathione

Table 3 Impact of rGSH on the risk of increased neurologic deficits on admission in patients with acute stroke

rGSH,nM LA CE

NIHSS<11 NIHSS>10 OR(Cl95%) AOR (C195%) NIHSS<11 NIHSS>10 OR(Cl95%) AOR (C1 95%)
<30 3 9 6.3 (1.39-28.5) 9.141(1.84-45.3) 3 8 3.39(0.725-159)  4.64 (0.783-27.5)
>30 21 10 14 il

AOR adjusted odds ratio, CE cardioembolic stroke, C/ 95% 95% coincidence interval, LA large-artery atherosclerosis, NIHSS National Institutes of Health Stroke Scale, OR

odds ratio, rGSH reduced glutathione

Table 4 Influence of t- and rGSH levels on the risk of poor functional outcome and dependence in daily care in stroke patients

(21 days after stroke)

GSH LA CE

mRs<3 mRs>2  OR(CI95%) AOR (C1 95%) mRs<3 mRs>2  OR(CI 95%) AOR (C1 95%)
<11 8 9.0 (1.01-80.0) 9288 (0.859-1004) 10 7 0.25 (0.061-1.02) 0.154 (0.029-0.809)
>1.12 18 16 5 14
GSH LA CE

BI<61 BI>60 OR (Cl 95%) AOR (C1 95%) BI<61 BI>60 OR (Cl 95%) AOR (C1 95%)
<30° 2 10 8.64(1.59-46.8)  15.9(2.22-114.2) 6 6 0692 (0.168-2.85) 0602 (0.132-2.73)
>30° 19 1 9 13

AOR adjusted odds ratio, Bl Bartel index, CE cardioembolic stroke, Cl 95% 95% coincidence interval, GSH glutathione, LA large-artery atherosclerosis, mRs modified

Rankin scale, NIHSS National Institutes of Health Stroke Scale, OR odds ratio
2Total, uM
b Reduced, nM



Ivanov et al. Egypt J Neurol Psychiatry Neurosurg (2022) 58:15

were 12 who had the same tGSH (RR=0.59, p=0.131).
Of 47 men, 15 had rGSH <30 nM, while of 29 women
there were 8 (RR=1.16, p=0.689). These results show
that there was no significant differences in the incidence
of low levels of t- and rGSH between women and men.
As in the LA group, the incidence of chronic cerebral
ischemia was significantly lower than in the CE group; we
also investigated the effect of this factor on the incidence
of low levels of t- and rGSH in a cohort of patients. There
was no significant association between the presence of
chronic ischemia and low levels (<1.45 pM) of tGSH
(RR=1.43, p=0.28) and rGSH (RR=1.57, p=0.19).

Discussion

Typically, in case—control studies, healthy volunteers
are included in the control group, but in this study we
compared acute stroke with cerebral microangiopathy.
This is due to the following consideration: acute cere-
bral ischemia itself is a factor causing rapid and signifi-
cant changes in thiol homeostasis not only in the brain,
but also in the blood plasma [13, 14]. Therefore, to more
clearly reflect the effect of IS on plasma GSH homeosta-
sis, it was more appropriate to use as a comparison group
not healthy people characterized by a “normal” balance of
thiols, but people at risk of stroke, which include patients
with cerebral microangiopathy.

According to a number of studies, normal levels of
tGSH and rGSH in plasma are ~4.3-9.1 and ~ 1.5-4.3 uM
[24-26]. Our study has shown that in patients with acute
stroke, these indicators are significantly lower than the
normal level, and they are also lower than in patients
with cerebral microangiopathy. This is consistent with
the results of experimental studies, which showed that
acute cerebral ischemia is accompanied by a signifi-
cant decrease in the values of GSH [27]. This is due to a
decrease in its synthesis and / or intensive consumption
by reason of a significant increase in the activity of GSH-
dependent enzymes, for example, glutathione peroxidase
[28]. In addition, it was found that the activity of this
enzyme in erythrocytes significantly decreased the risk
of stroke [29]. In addition, the level of glutathione per-
oxidase was negatively correlated with NIHSS on admis-
sion and after 7 days from stroke [17]. Polymorphism of
another GSH-metabolizing enzyme, glutathione S-trans-
ferase, is also associated with the risk of stroke [30].

It was shown on the rat brain ischemia/reperfusion
model that intensification of GSH synthesis or its con-
sumption attenuated oxidative stress and protected
against the exacerbated brain damage [31, 32]. Part of
GSH reacts with NO to form unstable nitrosoglutathione
(GSNO). Pre-clinical studies showed positive neuro-
protective effect of GSNO in animal stroke models [33].
Other works have shown that glutathione-ethyl ester
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is able to effectively prevent oxidative damage of mito-
chondrial complex I caused by ischemia/reperfusion and
thereby reduces the infarct size and improved neuro-
logical outcome [34, 35]. However, research on the effec-
tiveness of GSH and the significance of its level for the
diagnosis of various subtypes of stroke has not yet been
conducted.

The results of our study showed that significant differ-
ences in the content of total aminothiols (cysteine, homo-
cysteine, and GSH) exist between LA and CE groups.
LA was characterized by elevated plasma levels of these
metabolites, but a detailed analysis of these results is
beyond the scope of this article. A lot of studies on the
relationship between plasma total homocysteine level
and stroke subtypes have been published; however, the
results have been varied. Homocysteine has been recog-
nized as an independent risk factor for stroke, and many
studies have found a high incidence of elevated levels
(hyperhomocysteinemia—HHcy) in all stroke subtypes
[36—39]. An early study found no difference in this indi-
cator among the subtypes of stroke [36]. However, later,
larger work and meta-analyses showed that the incidence
of HHcy is higher in LA than in other subtypes, including
CE [37, 38, 40—42], which is consistent with our results.
In addition, CE is generally not characterized by a high
incidence of HHcy [40], and an inverse association of
CE risk with total homocysteine levels was revealed [43].
The high homocysteine level in LA most likely reflects
its proatherogenic role in the pathogenesis of stroke, and
may also explain the increased levels of cysteine and GSH
in plasma, since a significant part of homocysteine is con-
verted to cysteine, and the latter, in turn, is required for
the formation of GSH. In contrast, it was reported that
the homocysteine level was higher in CE than in LA [39].
There is a lack of data regarding the association of tGSH
levels in different subtypes of stroke, which is due to the
low content of this metabolite and the lack of sensitive
routine methods for its determination in blood plasma.
It has only recently been shown that low GSH levels are
associated with neurological deficits in acute ischemic
stroke [44].

Our results showed that low t- and rGSH levels may be
a risk factor for increased neurological deficits in patients
with LA, but not with CE stroke, even though CE was
more commonly characterized by low tGSH level. In
addition, a low level of tGSH is obviously associated with
an increased risk of poor functional outcome in short
term in LA, but in the case of CE this factor may play, on
the contrary, a positive role.

In addition, a low level of rGSH can be considered
a risk marker for decreased independence in patients
with LA, but not CE in short term. It is unlikely that
these results could be due to age, sex differences, or
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the different incidence of chronic cerebral ischemia
between these groups of patients. It is highly likely that
cysteine and/or homocysteine have a significant effect
on the association of low GSH with stroke severity, but
the limited sample size of this study did not allow such
an analysis.

Correction of GSH levels, especially in LA, can have
a positive therapeutic effect. Recently, in a small study,
the positive effect of taking N-acetylcysteine, a com-
pound that intensifies GSH synthesis, was shown on
functional status and neurological deficits 3 months after
acute ischemic stroke [45]. In addition, it was shown that
the infusion of N-acetylcysteine led to a rapid rise in
GSH levels in the brain [46]. However, it is not yet clear
whether its protective effect was caused by the synthe-
sis of GSH or the drug’s own antioxidant activity. The
authors of these works also did not analyze its effective-
ness among patients with LA and CE separately.

An increase in the level of total homocysteine and
cysteine in LA patients may indicate a decrease in the
bioavailability of cysteine as a rate-limiting substrate for
GSH synthesis due to inhibition of the transport and/
or synthesis of cysteine in cells. It is also interesting to
note that in the LA group, in contrast to the CE group,
we did not find significant associations of the total level
of glutathione with cysteine and homocysteine, which
may also indicate that this subtype of stroke is more com-
monly associated with systemic disruption of aminothi-
ols metabolism.

The present work, according to our data, being the
first pilot study to identify the diagnostic and prognostic
potential of GSH in the subtypes of ischemic stroke, was
carried out on a rather limited number of subjects, which
did not allow us to investigate additional factors affecting
the association of GSH with clinical indicators of stroke.
Additional studies are required to help identify in more
detail the role of plasma GSH as a risk marker for the
unfavorable course of atherothrombotic stroke or explain
its involvement in the pathology of stroke.

Conclusions

In our study, significant differences were found in the
composition of blood plasma aminothiols between LA
and CE group. Although both of these stroke subtypes
were characterized by decreased levels of tGSH and
rGSH in plasma, low levels of these analytes were prom-
ising markers of risk for increased neurological deficits
and decreased functional independence only in patients
with LA. In contrast, a low tGSH level can be considered
a marker of a favorable short-term prognosis for cardi-
oembolic stroke.
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