Pre prints.org

Article Not peer-reviewed version

Plasma Glutathione and Cystine as Risk
Markers for Severity and Disability in the
Acute Hemorrhagic Stroke

Alexander Vladimirovich Ivanov *, Mikhail Aleksandrovich Popov , Polina Alexandrovna Pudova ,
Ruslan Andreevich Maslennikov , Valery Vasil'evich Aleksandrin , Maria Pavlovna Galdobina,
Maria Petrovna Kruglova , Ekaterina Vladimirovna Silina , Victor Aleksandrovich Stupin,

Marina Yurievna Maksimova , Aslan Amirkhanovich Kubatiev

Posted Date: 24 October 2025
doi: 10.20944/preprints202510.1947v1

Keywords: cysteine; disability; glutathione; hemorrhage stroke; neurological deficit

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC, OpenAlex.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/523492
https://sciprofiles.com/profile/1714072
https://sciprofiles.com/profile/4836612
https://sciprofiles.com/profile/4721664
https://sciprofiles.com/profile/3028833
https://sciprofiles.com/profile/1021099
https://sciprofiles.com/profile/3104125
https://sciprofiles.com/profile/1330836
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2025 d0i:10.20944/preprints202510.1947.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from
any ideas, methods, instructions, or products referred to in the content.

Article

Plasma Glutathione and Cystine as Risk Markers for
Severity and Disability in the Acute Hemorrhagic
Stroke

Alexander Vladimirovich Ivanov 1*, Mikhail Aleksandrovich Popov 12,

Polina Alexandrovna Pudova !, Ruslan Andreevich Maslennikov 2,

Valery Vasil'evich Aleksandrin !, Maria Pavlovna Galdobina !, Maria Petrovna Kruglova 3,
Ekaterina Vladimirovna Silina 3, Victor Aleksandrovich Stupin ¢, Marina Yurievna Maksimova 5
and Aslan Amirkhanovich Kubatiev !

1 Institute of General Pathology and Pathophysiology, Baltiyskaya St., 8, 125315 Moscow, Russia
2 Moscow Regional Research and Clinical Institute n.a. M.F. Vladimirskiy, Shchepkin St., 61/2, 129110

Moscow, Russia

3 Department of Human Pathology, I.M. Sechenov First Moscow State Medical University (Sechenov
University), Trubetskaya St., 8, 119991 Moscow, Russia

¢ Department of Hospital Surgery No. 1, Pirogov Russian National Research Medical University,
Ostrovityanova St., 1, 117997 Moscow, Russia

5 Research Center of Neurology, Volokolamskoye Shosse, 80, 125367 Moscow, Russia

* Correspondence: ivanov_av82@mail.ru; Tel.: +7-965-372-5301; Fax: +7-495-601-2366

Abstract

Background/Objectives: Glutathione (GSH) and its precursor cysteine (Cys) plays an important role
in the neuronal injury process in stroke. We evaluate the association of cysteine and glutathione forms
in blood plasma with the severity and disability of acute hemorrhagic stroke. Methods: A total of 64
patients (39-59 years old) with intracerebral (n=12) or subarachnoid hemorrhage (n=52) were
examined. The patients' conditions were estimated using the National Institutes of Health Stroke
Scale (NIHSS) and the modified Rankin Scale (mRS). Results: The median levels of plasma cystine
(CysS) and reduced glutathione (rGSH) were 51.1 and 1.04 uM, respectively. Patients with high levels
(=50 uM) of CysS had a significantly higher frequency of mild or moderate neurological impairment
(NIHSS<10) than patients with levels of CysS<50 uM (OR=7.73, CI95% 2.19-27.28). Also, patients with
high levels (1.9 uM) of rGSH had a significantly higher frequency of mild disability (mRS<2)
compared to patients with rGSH<1.9 uM (OR=12.35, CI95% 3.43-44.5). Conclusions: CysS and rGSH
levels are associated with a reduced risk of high neurological deficit and disability, respectively, in
the acute period of hemorrhagic stroke. These indicators could be used to evaluate neurologic
impairment severity of stroke patient. Further research is needed to determine potential of circulating
free thiols as biomarkers and to evaluate the usefulness of GSH-targeting therapy in acute
hemorrhagic stroke.

Keywords: cysteine; disability; glutathione; hemorrhage stroke; neurological deficit

1. Introduction

Hemorrhagic stroke (HS) is a non-traumatic intracranial hemorrhage occurring in the space
between the pia mater and arachnoid mater (subarachnoid hemorrhage, SAH) or in the brain tissue
itself (intracerebral hemorrhage, ICH). According to various data, HS accounts for 15 to ~ 40% of all
strokes and has an incidence of 10-30/100,000 [1-3]. HS is characterized by a higher incidence of
complications associated with cerebral edema and hydrocephalus, mortality and disability than
ischemic stroke, as well as a higher risk of relapse.
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Numerous studies have demonstrated that oxidative damage is a critical pathological
mechanism involved in brain injury, and the diagnostic role of oxidative stress (OS) markers has been
actively studied [4,5]. Low molecular weight aminothiols (cysteine, Cys; homocysteine, Hcy;
glutathione, GSH) are present in blood plasma in oxidized (to disulfides) and native forms, the
dynamic equilibrium of which is ensured by oxidation reactions, disulfide exchange, and their
transmembrane transfer from/into cells. Aminothiols play an active role in both protective and
damaging mechanisms that are directly related to oxidative damage. Thus, Hcy, an intermediate
product of methionine metabolism, is actively studied as a pathogenetic factor and a marker of HS
risk and outcome [6-9].

Much less clinical research has been conducted to identify the association of other aminothiols,
GSH and Cys, with HS, although they play an even more important role in the pathogenesis of
neuronal injury. GSH is the main cytoplasmic component of the cell defense system against OS and
it could provide mechanisms of adaptation to OS during stroke. This is the fundamental difference
between GSH and other low-molecular markers of OS, which are by-products of reactions involving
reactive  oxygen species (malonic dialdehyde, @ 4-OH-nonenal, 8-isoprostane, 8-
hydroxydeoxyguanosine, 8-hydroxyguanine, etc.). The disturbance of the GSH redox balance plays
an important role in key mechanisms of HS (apoptosis, ferroptosis and pyroptosis) [5,10]. Under
ischemic conditions, a decrease in the GSH content or its redox status in the brain is observed [11,12],
and maintaining its level makes it possible to attenuate the negative effects of ischemia observed in
experimental models [13,14]. GSH synthesis is critically dependent on the extracellular level of Cys
as the rate-limiting substrate [15]. The level of Cys consumption was inversely associated with the
risk of HS [16].

Thus, the above arguments suggest that Cys and GSH may be of interest as potential markers of
severity or prognosis of HS. Typically, only total aminothiols are measured in clinical studies.
However, these metabolites are present in the blood in various forms (bound and free), and have
different activities. Of particular interest here may be the free forms, such as cystine (CysS) and
reduced GSH (rGSH). CysS is the most bioavailable form of Cys for brain cells [17]. Experimental and
clinical studies have shown that rGSH levels are most susceptible to decreases in acute cerebral
ischemia [18,19]. However, to our knowledge, no targeted clinical studies on the diagnostic role of
these aminothiols in HS have been published yet. Therefore, the aim of the present study was to
search for an association of free forms of Cys in blood plasma, namely its reduced form (rCys) and
CysS and the reduced form of GSH in blood plasma (rGSH) and whole blood (bGSH), as well as its
disulfide in whole blood (GSSG), with severity and disability in the acute period of HS.

2. Materials and Methods

2.1. Patients

This study was conducted from November 2023 to May 2024 in accordance with the ethical
principles of the Declaration of Helsinki of the World Medical Association (1964 and 2004) and the
written voluntary informed consent of all patients. The study protocol was developed in accordance
with CONSORT 2010 recommendations and was approved by the ethics committee of the Moscow
Regional Research Clinical Institute (protocol No. 7 from 13 July 2023). In February-March 2025, an
oral survey of patients was conducted in order to determine the state of their vital functions, the
occurrence of a recurrent stroke or the death of the patient.

The study included 64 patients (aged 39-59) with HS who were admitted in the first 10-72 h after
the development of neurological disorders. Patients were admitted to the neurology department of
Moscow Regional Research Clinical Institute and selectively included in the cohort. The subtype of
stroke was determined according to the TOAST (Trial of ORG 10172 in Acute Stroke Treatment)
classification criteria. Information on hypertension, type 2 diabetes mellitus and heart disease (i.e.
coronary heart disease, myocardial infarction, valvular disease and atrial fibrillation) was based on
the medical history and clinical data.
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The criteria for the non-inclusion of patients in the study include an inability of the patient to
undergo a CT/MRI procedure; the presence of neuroimaging signs (brain tumor, arteriovenous
malformation, brain abscess, edema of the infarct zone) leading to dislocation of brain structures
(malignant course of cerebral infarction); repeated ischemic or hemorrhagic stroke; traumatic brain
injury lasting 6 months; a history of surgical intervention on the brain or spinal cord; epilepsy; and
severe cognitive impairment in the anamnesis.

Criteria for excluding patients from the study were a positive blood test for HIV, syphilis,
hepatitis B and/or C, detected at the start of the study; the appearance of any diseases or conditions
during the study that worsened the patient's prognosis, or made it impossible for the patient to
continue participating in the clinical trial; violation of the study protocol, such as erroneous inclusion
of a patient who does not meet the inclusion and/or non-inclusion criteria; taking drugs for prohibited
therapy; other protocol violations that, in the opinion of the investigator, were significant; and a
patient's refusal to participate in the study.

The severity of the neurological disorders was rated on the National Institutes of Health Stroke
Scale (NIHSS), and the degree of disability and functional independence on the modified Ranking
Scale, mRS [20,21].

All patients underwent magnetic resonance imaging of the brain using Magnetom Verio
(Siemens) and Magnetom Symphony (Siemens) devices with magnetic induction values of 3 and 1.5
T, respectively. MRI angiography was performed in a 3D-TOF mode to detect intracranial artery
pathology. Intracerebral hematoma was identified as a round area with a high-intensity signal in T2,
T2-FLAIR, and hypointense in T2*. Confirmation of subarachnoid hemorrhage was performed by
lumbar puncture. CT was used to determine the intensity and extent of subarachnoid hemorrhage
[22].

2.2. Laboratory Studies

Patients” venous blood was collected in 3 mL K3EDTA tubes (Lab-Vac, Heze, China) at
admission. A volume of 0.35 mL 0.5 M citrate Na (pH 4.3) was added to blood immediately. After
mixing, the samples were cooled at 4°C for 34 h. The plasma (1 mL) was obtained via blood
centrifugation at 350 g for 10 min at room temperature. After collecting the blood plasma, a mixture
(1 ml) containing 0.5 M Na citrate (pH 4.3) and phosphate-buffered saline in a ratio of 1:9 was added
to the remainder of the sample. The content of free forms of aminothiols in blood plasma (rGSH, rCys
and CysS), as well as native and oxidized GSH in the blood (bGSH, GSSG), was determined by
capillary electrophoresis with 200 nm ultraviolet detection (CE-UV), as described in [23] and [24],
respectively. A capillary electrophoresis system, Capel-205 (Lumex, Russia), was used with an
unbound silica capillary of 50 um i.d. and 42 cm total (35 cm effective) length.

Briefly, plasma samples (200 puL) were mixed with 20 mM N-ethylmaleimide (200 pL) and
filtered at 12 000 g for 10 min using Amicon Ultra-0.5 mL 3 K cartridges (Millipore) for free
aminothiols determination. Filtrates (200 pL) were mixed with internal standard (5 mM glycyl-
asparagine, 10 uL) and water (10 pL) case of prior analysis. A plug of 50 mM triethanolamine with
7.5% polyethyleneglycole-600 was injected (900 mbares) before the sample in capillary filled with
0.115 M Na phosphate with 7.5% (v/v) polyethyleneglycole-600 (pH 2.3). The sample was injected for
1200 mbares. Phosphoric acid (0.1 M) with 7.5% polyethyleneglycole-600 was injected (125 mbares)
after the sample. A positive polarity (25 kV) was applied for CE for 11 min.

A mixture of water (100 ul), acetonitrile containing 30 mM N-ethylmaleimide (300 ul), and 95%
ethanol (300 ul) was added to 200 pl of blood for bGSH, GSSG determination. The mixture was
centrifuged for 5 min at 15 000 g. Then, the supernatant (250 ul) was mixed with glycyl-asparagine
(50 pl, 1 mM) and diethyl ester (270-pl). This mixture was stirred vigorously for 1 min and centrifuged
for 2 min at 4000 g. The upper phase was discarded, and the lower phase was concentrated in vacuo
(25 min at 45°C), and 150 pl of water was added prior to analysis. A plug of 75 mM citric acid was
injected (1000 mbares) before the sample in capillary filled with 75 mM citrate Na (pH 5.8) with 0.2
mM cetriltrimethylammonium bromide and 5 uM sodium dodecyl sulfate. The sample was injected
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over 1000 mbares. Tricitrate Na (75 mM) was injected (1000 mbares) after the sample. A negative
polarity of 14 kV was applied for CE for 5.5 min.

LODs for rGSH, 1Cys, CysS, GSSG and bGSH were 0.5, 0.9, 1.6, 0.5 and 0.6 uM, correspondingly;
inter-assay and intra-assay variability were within 2.0-4.5 and 2.6-5.0 %, correspondingly; and
accuracy was 96.4-98.9 % for rGSH, rCys, CysS and 101.2-103.7 % for GSSG and bGSH. The total Hcy
plasma level was determined by liquid chromatography, as described in [25].

Blood samples for the study of hemostasis parameters were obtained by venipuncture from the
ulnar veins (~12 mL) using disposable vacuum systems containing 2.5% sodium citrate. To study the
biochemical parameters, blood was taken into a test tube with a coagulation activator. Samples were
processed no later than 30 min after venipuncture. An ACL TOP 700 hemostasis analyzer (IL Werfen,
Barcelona, Spain), an AU 680 biochemical analyzer (Beckman Coulter, Brea, CA, USA), and a
PENTRA 120 hematology analyzer (Horiba ABX, Montpellier, France) were used. The determination
of IL-6 in plasma was carried out using test systems from Bender Medsystems GmbH (Vienna,
Austria), according to the manufacturer’s instructions [26].

The atherogenicity coefficient was calculated using the formula (Total cholesterol - High-Density
Lipoprotein Cholesterol) / Low-Density Lipoprotein Cholesterol [27]. In women under 40 years of
age, the normal value of this indicator is less than 2.5, and at an older age, it is up to 3.5. In men before
and after 40 years of age, the normal level of this indicator was less than 2.4 and 3.5, respectively.

2.3. Data Processing

Data collection and primary processing (identification and integration of the chromatographic
peaks) were performed using MassLynx v4.1 (Waters, Milford, MA, USA) and Elforun software v.
4.2.5 (Lumex, St. Petersburg, Russia). Statistical data analysis was performed using SPSS Statistics v.
22 (IBM, Armonk, NY, USA). Quantitative indicators were expressed as medians (and 1st and 3rd
quartiles). Optimal cut-off values for variables were determined by receiver operating characteristic
(ROC) analysis. Logistic regression analysis was employed to evaluate the influence of variables on
the NIHSS and mRS score. To separate severe and mild stroke, a cut-off NIHSS <10 was used, and to
separate the cohort according to the functional state criterion, a cut-off mRS < 2 was used. The
comparison of binomial indicators (variable analysis) was carried out via the relative risk ratio (RR)
and odds ratio (OR); p < 0.05 was considered to indicate a significant difference. The relationships
between the studied parameters were analyzed and a comparison of patient subgroups was
performed using rank analysis methods. Correlation analysis was performed using Spearman's rank
correlation coefficient. When comparing variables between groups, the Mann-Whitney criterion was
used. For all comparisons and tests, a two-sided critical significance level (p) was used. In the case of
multiple comparisons, the Holm—Bonferroni method was used to correct p values.

3. Results

The demographic characteristics and laboratory data of patients are presented in Table 1. The
median age of patients was 55 years, and the range 39-59 years. Only 12 (18.8%) patients had ICH;
the rest had SAH. Most patients were men. The cohort had a high frequency of stroke risk factors,
such as smoking, arterial hypertension, ischemic heart disease, atrial fibrillation and regular alcohol
consumption. Interestingly, only 21.3% of patients had hyperhomocysteinemia (Hcy > 15 oM). After
correction for multiple comparisons, we found no significant differences in any of the above
parameters between patients with ICH and SAH. CysS, GSSG and bGSH levels were reliably
determined in almost all patients (95.3-98.4%), rCys was determined in 92.2% of samples, and the
rGSH level was only determined in 90.6% of cases. Among all aminothiols, only rCys and Hcy (oo=-
0.450, p = 0.0057) showed a reliable correlation with each other.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 1. Characteristics of patients with HS.
Characteristics Whole cohort ICH SAH
Number of patients 64 12 52
Age, years 55 (49; 58) 50.5 (47; 55) 55.5 (49.3; 58)
Man (%) 51 (79.7) 10 (83.3) 41 (78.8)
NIHSS 8.5 (7.0; 15.5) 9.0 (6.25; 16) 8.0 (7.0; 13.3)
mRS 3(2:3) 3(2;3.75) 3(2;3)
Risk factors
Hypertension, n (%) 36 (56.3) 6 (50) 30 (57.7)
CAD, n (%) 34 (53.1) 9(75) 25 (48.1)
Atrial fibrillation, n (%) 36 (56.3) 6 (50) 30 (57.7)
High atherogenic 35 (54.7) 5(41.7) 29 (55.8)
coefficient, n (%)
Current cigarette smoking, 57 (89.1) 9 (75) 48 (92.3)
1 (%)
Alcohol drinker, 1 (%) 34 (53.1) 8 (66.7) 26 (50)
Hyperhomocysteinemia 20.3 25 19.2
(Hey > 15 pM), %
Laboratory findings
Total cholesterol, mM 3.5(1.5;3.9) 3.5(1.7; 3.6) 3.5 (1.5; 4.0)
TG, mM 2.1(1.7,2.7) 1.95 (1.1; 2.68) 2.1(1.85;2.7)
HDL-C, mM 1.2(1.1;1.4) 1.35(1.2;1.7) 1.2 (0.98; 1.3)
LDL-C, mM 24(2.1;3.4) 2.05(1.9; 2.4) 24(2.2;3.6)
Glucose, mM 48(4.7;5.1) 4.8 (4.8, 5.75) 48(4.7,5.1)
aPTT, s 33 (27; 35) 32 (27; 36.5) 33 (27; 35)
Fibrinogen, g/L 3.9(3.7;3.9) 3.9 (3.83; 3.9) 3.8(3.7;3.9)
WBC,109/L 7 (6; 8) 7 (7;9.5) 7 (6; 8)
PLT,109L 278 (234; 311) 278 (278; 300) 278 (234; 311)
Ferritin, pg/L 75 (45; 80) 75 (39; 76.5) 75 (45; 82.5)
Hcy, uM 9.8 (7.5; 14.6) 8.7 (6.2; 15.0) 10.1 (7.8; 14.5)
Free plasma thiols
rCys, uM 15.1 (7.4; 18.7) 13.8 (8.1;17.4) 15.6 (6.3; 19.0)
CysS, uM 51.1 (36.5; 63.1) 57.3 (37.2; 66.8) 50.2 (35.7; 62.1)
rGSH, uM 1.04 (0.33; 2.00) 0.79 (0.34; 1.96) 1.09 (0.33; 2.04)
Blood GSH
bGSH, uM 827 (689; 994) 812 (739; 984) 846 (678; 994)
GSSG, uyM 3.35(2.12; 4.38) 2.57 (2.18;4.18) 3.41 (2.03; 4.43)

aPTT, activated partial thromboplastin time; bGSH, blood reduced glutathione; CAD, coronary artery disease;

CysS, plasma cysteine; GSSG, blood oxidized glutathione; Hcy, plasma total homocysteine; HDL-C, high-density

lipoprotein cholesterol; HS, hemorrhagic stroke; ICH, intracerebral haemorrhage; LDL-C, low-density
lipoprotein cholesterol; mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke Scale; PLT,
platelets; rCys, plasma reduced cysteine; rGSH, plasma reduced glutathione; SAH, subarachnoid hemorrhage;
TG, triglycerides; WBC, white blood cells..
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When dividing patients by the criterion of disability (Table 2), only rGSH demonstrated a
reliable difference. Thus, patients with a minor degree of disability (mRS < 2) were characterized by
a significantly higher level of rGSH. Other aminothiol parameters did not have reliable differences.
No significant differences were found between these subgroups in the distribution of HS subtypes,
risk factors and comorbidities, except for a higher frequency of CAD in the subgroup of patients with
mRs > 2 (65.1 vs. 28.6%, p=0.027; see Supplementary Materials, Table S1).

Table 2. Comparative characteristics of patients by the degree of disability after stroke.

Indicator mRS <2 (N=21) mRS > 2 (N=43) pMaonU
Age,y 55 (49; 58) 55 (49; 57) >.05
Man (%) 17 (81) 34 (79.1) >.05

rGSH, uM 2.06 (0.93; 3.24) 0.61 (0.16; 1.34) 0.0026
GSSG, uM 2.78 (2.24; 4.00) 3.35(1.79; 4.37) >.05
bGSH, uM 804 (690; 936) 839 (689; 1003) >.05
CysS, uM 56.8 (45.7; 64.6) 44.3 (32.5;59.4) >.05
rCys, uM 15.4 (8.6; 21.9) 14.7 (7.4; 18.1) >.05

bGSH, blood reduced glutathione; CysS, plasma cysteine; GSSG, blood oxidized glutathione; modified Rankin

Scale; rCys, plasma reduced cysteine; rGSH, plasma reduced glutathione.

Having conducted the ROC analysis of the cohort of patients by the outcome criterion mRS <2,
we identified the cut-off level of tGSH = 1.9 eM (Figure 1A). In the group of patients with rGSH>1.9
oM, a minor degree of disability was observed significantly less frequently than in patients with rGSH
<1.9 oM (RR=4.15, p=0.00003). When dividing the cohort by the cutoff criterion of rGSH > 1.9 oM,
Mann-Whitney analysis revealed that patients with high rGSH levels were characterized by a
significantly higher frequency of mRS < 2 compared to patients with low levels of rGSH (72.2 vs.
17.4%, p =3-10%). Also, in the subgroup with high rGSH levels, the frequency of CAD was lower (27.8
vs. 63%, p=0.0495, Supplementary Materials, Table S2). Accordingly, the rGSH level in patients with
CAD was lower (0.59 (0.11; 1.47) vs 1.52 (0.5; 2.96) uM, p=0.007). Therefore, in the group of patients
with CAD, the rGSH level > 1.9 uM was associated with the outcome mRS < 2 (RR=7.0, p=0.0036;
OR=13, CI 95% 1.5-111.8). But this association was also observed in the group of patients without
CAD (RR=3.33, p=0.005; OR=8.0, CI95% 1.5-42.0).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A Outcome: mRs <2 Outcome: NIHSS < 10
Predictior: rGSH > 1.9 uM Predictior: CysS> 50 uM
SENSITIVITY SENSITIVITY
1 1
0.84 0.8
0.6 0.6
0.44 0.44
AUC=0.775 AUC=0.717
0.2 (0.649-0.901) 0.2 (0.584-0.851)
' p =0.00038 ' p =0.0057
0 ; ; T 0+
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1-SPECIFICITY 1-SPECIFICITY
rGSH rGSH Total CysS CysS Total
=19uM  <19uM Z50uM | <50uM
mRs <2 13 8 21 NIHSS <10 29 15 44
mRs > 2 5 38 43 NIHSS > 10 4 16 20
Total 18 46 64 Total 31 33 64

RR=4.15, p=3-10°

OR=12.35, CI95% 3.43-44.5
¥2=17.6,p=3-10°

RR=1.82,p=3.3-10*

OR = 7.73, C195% 2.19-27.28
¥ =11.6,p=6.6-10*

Figure 1. Association of disability with rGSH level (A) and neurological deficit with CysS level (B) in patients
with acute HS. At the top are the ROC curves with the corresponding AUCs (and its CI95%). Below are the
contingency tables corresponding to the splitting criteria, RR or OR values. AUC, area under curve; CysS, plasma
cysteine; HS, hemorrhagic stroke; mRS, modified Rankin Scale; NIHSS, National Institutes of Health Stroke
Scale; OR, odds ratio; rGSH, plasma reduced glutathione; RR, relative ratio.

When dividing patients by the severity of neurological deficit (Table 3), it was found that in
patients with more severe HS (NIHSS > 10), the CysS level was lower than in patients with NIHSS <
10. The other aminothiol indices also did not differ significantly. ROC analysis for the outcome
criterion NIHSS < 10 revealed a cut-off at CysS =50 oM (Figure 1B). In patients with mild neurological
deficit, the frequency of CysS =50 oM was significantly higher than in patients with severe
neurological deficit (RR=1.82, p=0.00033). Also, comparing groups of patients with high (= 50 eM)
and low (<50 eM) CysS levels, it was found that in the first group, the vast majority of patients had a
mild stroke (NIHSS < 10), while in the second group, this indicator was significantly lower (87.9 vs.
48.4%, p =0.0057). No significant differences were found between these subgroups in the distribution
of HS subtypes, risk factors and comorbidities when dividing the cohort into subgroups according to
the above criteria (Supplementary Materials, Tables S3 and S4).

Table 3. Comparative characteristics of patients by neurological deficit after stroke.

Indicator NIHSS <10 (N=44) NIHSS > 10 (N=20) pMannU
Age, y 55 (49; 57) 55 (49.5; 58) > 05
Man (%) 36 (81.8) 15 (75) > .05
CysS, uM 54.7 (41.3; 64.6) 43.0 (32.6; 49.4) 011
rGSH, uM 1.12 (0.32; 2.08) 0.59 (0.33; 1.83) > .05
GSSG, uM 3.36 (2.06; 4.26) 3.28 (1.98; 4.53) > .05
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bGSH, uM 839 (701; 994) 817 (611; 877) > 05
rCys, UM 16.5 (7.8; 19.1) 10.8 (5.9; 17.5) > 05

bGSH, blood reduced glutathione; CAD, coronary artery disease; CysS, plasma cysteine; GSSG, blood oxidized
glutathione; NIHSS, National Institutes of Health Stroke Scale; rCys, plasma reduced cysteine; rGSH, plasma
reduced glutathione.

Additionally, a questionnaire was conducted on the patients' vital functions 9-14.5 months
(mean 11.8 months) after the stroke. Only 54 of 64 (84.4%) patients had data obtained during the
questionnaire. During this time, nine cases of death and two cases of recurrent stroke were identified.
No significant association was found between aminothiol levels and stroke outcome.

4. Discussion

At present, it is known from clinical and experimental studies that HS is accompanied by an
increase in the level of various OS-associated low molecular markers such as malondialdehyde, 4-
OH-nonenal, isoprostaglandines and 7,8-dihydro-8-oxoguanine, and some of them have shown an
association with hematoma volume, adverse outcome and mortality in HS [4]. Changes in the
aminothiol system in HS and their diagnostic role have so far been studied fragmentarily and
insufficiently. Our results, although they do not provide grounds for using rGSH and CysS as
prognostic indicators, did reveal their rather close association with disability and neurological deficit
in the acute period of stroke.

On average, the normal content of CysS and rCys in blood plasma is 30-60 and rCys 5-15 pM,
respectively [23,28-30]. The total GSH content in plasma is 5.5-8 uM. The normal level of rGSH,
according to various sources, is in the range of ~2.0-5.5 pM [23,28-31]. In whole blood, the level of
reduced GSH is significantly higher (~ 1 mM), and GSSG is about ~2.5~5 uM [24]. It has previously
been shown that decreased plasma total GSH levels may be a risk factor for CVD, including ICH [32].
A low total GSH level has also been found in the acute period in patients with ICH [33]. Reduced
GSH is the most reactive fraction of GSH and may therefore be a more sensitive indicator in
conditions associated with OS. However, a study found no significant differences in rGSH levels
between ischemic stroke patients and controls, although total GSH levels were lower in the former
group [29]. However, this study did not clearly indicate the time of blood collection from the onset
of the disease, and therefore the results obtained cannot be unambiguously attributed to the acute
period of stroke. According to our data, rGSH levels in acute HS have not yet been determined in
clinical studies. Our data show that while the average Cys, rCys, bGSH and GSSG levels in patients
with HS were close to previously published normal ranges, the rGSH level in most patients with
acute HS was apparently significantly lower than normal [23].

Although the total level of serum GSH may increase in patients with stroke during the acute
period, according to some studies [37,41], the total level of SH-groups and reduced aminothiols are
subject to a significant decrease in blood plasma according to both experimental and clinical studies
[11,22,40,42,43]. Therefore, it can be assumed that changes in circulating rGSH in acute ischemic and
hemorrhagic strokes are unidirectional.

According to our data, the diagnostic and prognostic role of rGSH in HS has not yet been
studied. Our study revealed that a smaller proportion of patients (28.1%) with HS had a plasma rGSH
level of more than 1.9 uM, and in such patients, a minor degree of disability (mRS 0-2) at admission
was significantly more common than in patients with an rGSH level of less than 1.9 uM (OR=12.35,
see Figure 1A). Although mRS has traditionally been used as an outcome measure for stroke, mRS at
admission also finds a place in patient characterization and as a prognostic marker [44-47]. Thus,
rGSH here acts as a protective marker of patient vital activity in the acute period of HS.

The incidence of CAD was significantly higher in the group of patients with mRS > 2. rGSH
levels were also somewhat lower in patients with CAD. This suggests the important role of GSH and
its redox balance in the pathogenesis of arterial atherosclerosis. This result is generally consistent
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with a number of clinical observations that have shown that patients with CAD have lower levels of
reduced GSH in the blood (erythrocytes) [25,48,49] and in serum [50]. Moreover, low plasma rGSH
levels (as well as high CysS levels) are associated with the risk of future death in a high-risk
population with CAD, which supports the use of these aminothiols as key biomarkers of OS [51]. At
the same time, according to our data, rGSH was also associated with mRS in patients without a
history of CAD, although it was less pronounced. Therefore, CAD appears to only partially contribute
to the association of rGSH with mRS, and larger studies are needed to more confidently answer the
question of whether rGSH is an independent marker.

The level of rGSH is determined by the balance of its synthesis, oxidation and hydrolysis. GSH
and related enzymes participate in oxidative processes, and changes in the GSH system are complex
and multi-faceted. On the one hand, in animal stroke models, an increase in GSH synthetase in the
brain (which facilitates GSH synthesis) was revealed [34]. On the other hand, enzymes that use GSH,
such as GSH peroxidase 4, may also be increased [35] or, conversely, decreased [10]. However, clinical
data on its activity are ambiguous. Thus, the increased activity of this enzyme in the blood plasma of
patients with SAH was detected in clinical observations [36,37], but its activity in the brain or at
plasma level did not differ significantly between the HS and control groups in others [38,39]. Another
reason for the decrease in plasma rGSH levels may be the intensification of its hydrolysis by e-
glutamyltranspeptidase. As was shown in the study [40], in patients with stroke, there is an increase
in the activity of this enzyme at admission.

Another important finding of our study was the identification of a significantly higher frequency
of mild or moderate neurological deficit (NIHSS < 10) at admission in the group of patients with CysS
levels > 50 uM than in patients with lower CysS levels (OR =7.73, see Figure 1B). This suggests that
CysS may also be considered as a protective marker in the acute phase of HS. Although our study
did not reveal an association of CysS with tGSH or bGSH, as noted above, the bioavailability of Cys
plays a key role in GSH synthesis and in protecting the brain from OS [15]. The depletion of brain
GSH by a reduced supply of dietary Cys may be important during brain ischemia [52]. On the other
hand, there are various mechanisms by which Cys can exert a neurotoxic effect [53]. In particular, the
role of cysteine in disrupting mitochondrial respiration by limiting intracellular iron availability
through an oxidant-based mechanism has been noted [54,55].

Among the numerous mechanisms of action of Cys, its role in the synthesis of H25 by the enzyme
cystathionine-p-synthase (CPS) attracts special attention; however, the results of both experimental
and clinical studies have not allowed us to clearly judge whether it is protective or neurotoxic. On
the one hand, some experimental studies have shown that endogenous production of HxS and C3S
in the brain was significantly inhibited by SAH, while treatment with NaHS or Cys restored H2S
production and the expression of CBS, and has protective effects (attenuate brain edema, neuronal
cell death, improve neurological function and other) [56-59]. However, an increase in the activity of
CPS was noted in other experimental studies of brain ischemia [60-62], the activation of C[3S was
associated with neuronal damage, and the inhibition of C3S had a protective role [61,63-65]. Finally,
inhalation of HaS may cause a protective effect (anti-apoptotic and anti-inflammatory), accompanied
by the inhibition of C[3S [66].

Clinical trial data are also mixed. Thus, the level of CBS in Cerebrospinal fluid was closely
associated with the inflammatory response and neurological deficits after SAH [63,67]. At the same
time, data from a study of Cp3S polymorphism among patients with SAH showed that increased Cf3S
activity may exert its neuroprotective effects and decrease the incidence of delayed cerebral ischemia
[68,69].

Although the total concentration of Cys in plasma is ~120-320 uM [28-31], most of it is bound to
proteins (mainly albumin) and does not penetrate the blood-brain barrier (BBB). The reduced form
of Cys also practically does not penetrate into the brain from the bloodstream. The most accessible
form of cysteine for the brain is CysS [70]. CysS is taken up by astrocytes and, to a lesser extent,
neurons via the xc- transporter in exchange for glutamic acid in a 1:1 ratio [71,72]. A number of studies
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have also revealed a protective effect of enhancing xc- expression [73-75] and a negative effect of xc-
inhibition [74] under hypoxic conditions.

However, the release of glutamate associated with CysS uptake is considered a serious factor in
neuronal death due to the activation of N-methyl-D-aspartate (NMDA) receptors, since xc™ provides
transport for 60-80% of the entire extracellular glutamate pool [76]. In addition, excessive glutamate
around the hematoma inhibits CysS uptake, leading to GSH depletion [10]. A number of studies have
shown that xc- inhibition suppressed neuronal death under conditions of oxygen and glucose
deprivation [77,78]. All this, in the first approximation, contradicts the fact that CysS can play a
protective role, but, at the same time, cause an increase in the intracellular pool of Cys; not only was
the expression of xc- inhibited, but an increase in the expression of the glutamate scavenger
Glutamate transporter-1 (GLT-1) was also observed, which counteracted the increase in the
extracellular pool of glutamate in the brain [70]. Thus, the comparison of the association of CysS levels
with neurological deficit revealed in the present study with the known mechanisms of Cys action
indicates the relevance of studying GSH as a metabolic target in the search for new approaches for
the treatment of acute HS.

Thus, much attention is now being paid to the enzyme GSH peroxidase 4 (GPx4) as a target,
since it plays a crucial role in regulating ferroptosis and stroke pathophysiology [10]. Maintaining the
GSH level in cells is essential for GPx4 function. Although experimental models of HS have shown
that there is a decrease in the amount of this enzyme in the affected area, and its inhibition causes
negative effects [10], to our knowledge, clinical studies in this area have not yet been conducted.

In a number of clinical studies in neurodegenerative and cardiovascular diseases, the
bioavailable form of Cys, N-acetylcysteine (NAC), has been shown to protect against OS and
neuronal death [79,80]. However, to our knowledge, such clinical studies in HS have not yet been
conducted. Of interest here is an experimental study [81] performed on the ICH model. The
intraperitoneal administration of NAC produced therapeutic effects on neurological functions. It was
found that, firstly, the inhibition of ICH-induced upregulation of 5-lipoxygenase was identified as a
key event leading to the improved outcome. Secondly, NAC efficacy required increases in GSH level.
In another study [82], it was found that the intraperitoneal administration of GSH significantly
reduced mortality rate and infarct volume, and also caused an improvement in the neurological
deficits score and impaired motor and sensory functions in a dose-dependent manner in a mouse
model of ICH. The role of up-regulated protein expression of mitochondrial complex I as part of the
protective effect of GSH was also revealed.

Reduced GSH, reacting with nitric oxide (NO) or S-nitrosohemoglobin, forms nitrosoglutathione
(GSNO). NO is an extremely unstable and short-lived molecule but plays a very important role in the
regulation of blood flow and cell inflammation [83]. GSNO has a significantly longer lifetime and
gradually, spontaneously releases NO or participates in the S-nitrosylation of proteins. Thus, rGSH
acts as a carrier of NO, and GSNO makes up a significant part of the circulating pool of NO. The
results of a number of experimental studies show that the introduction of GSNO protects the brain
against ischemia/reperfusion and traumatic injury (reduced brain infarctions, BBB leakage, edema,
improved neurological and sensorimotor function) [84-87]. In the SAH model, it has also been
previously established that GSNO administration can reverse acute vasoconstriction and prevent
brain injury [88]. There have been no clinical studies on the therapeutic effects of GSNO in acute
stroke, but several studies have demonstrated that GSNO is effective in reducing embolic signals in
patients with symptomatic internal carotid artery stenosis undergoing carotid endarterectomy or
stenting [89]. All this provides a basis for more in-depth studies of the role of GSNO in NO
metabolism and the possibility of its use as a diagnostic marker or neuroprotective agent in stroke.
However, its determination requires specific methods and routine blood collection methods are not
suitable due to the fact that level of GSNO in plasma is extremely low (about 100 nM or less), [90].
According to our data, GSNO levels have not yet been determined in either experimental or clinical
studies of stroke, and we cannot yet say whether this metabolite undergoes any changes and whether
they are associated with the severity or prognosis of the disease. In the present study, it was shown
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that, firstly, rGSH levels are significantly lower than normal in patients with acute HS, and, secondly,
patients with low (<1.9 uM) rGSH levels were characterized by a greater degree of impairment of
vital functions. Since rGSH is a NO carrier, it is logical to assume that low rGSH limits the possibility
of GSNO formation and thereby creates a deficit in the circulating NO pool. This makes it relevant to
conduct detailed studies of the relationship between GSH and NO metabolism and studies on rtGSH
as a diagnostic marker of HS.

This study has a number of limitations, firstly due to the size of the cohort of patients, which did
not allow us to study the influence of, for example, traditional stroke risk factors (diabetes mellitus,
dyslipidemia, smoking), hyperhomocysteinemia, age, urine-forming function of the kidneys, etc., on
the detected associations. Special attention should also be paid to CAD here. We also do not have
information on the dynamics of changes in CysS and rGSH levels in acute HS and on the factors that
may have a significant impact on it in the clinic, so we cannot conclude how optimal the time range
for blood collection was. With age come changes in the aminothiol system, as well as an increase in
the Hcy level and a decrease in the GSH level, which can affect the strength of the association of CysS
and rGSH with the severity of HS, but our study did not include elderly people. Thus, additional and
larger studies are required to clarify these issues.

5. Conclusions

CysS and rGSH are associated with a reduced risk of severe neurological deficit and serious
impairment of patients' disability, respectively, in the acute period of HS. These indicators could be
used to evaluate the neurologic impairment severity of stroke patients. On the other hand, it gives
grounds to consider these patients as targets for metabolic therapy for HS. However, in both cases,
this will require larger-scale studies of changes in aminothiols during the course of the disease, a
search for factors that determine the relationship of these metabolites with the clinical characteristics
of stroke, and investigations into various approaches aimed at intensifying GSH synthesis.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Table S1: Comparative characteristics of patients by the degree of disability after
HS; Table S2: Comparative characteristics of patients with low and high rGSH levels; Table S3: Comparative
characteristics of patients by neurological deficit after HS; Table S4: Comparative characteristics of patients with
low and high CysS levels.
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Abbreviations

The following abbreviations are used in this manuscript:

ADC Apparent diffusion coefficient

aPTT Activated partial thromboplastin time
BBB Blood-brain barrier

bGSH Blood glutathione (reduced)

CAD Coronary artery disease

CE-UV Capillary electrophoresis — ultraviolet detection
CT Computer tomography

Cys Cysteine

CysS Cystine

CVD Cardiovascular disease

CBS Cystathionine beta-synthase

GLT-1 Glutamate transporter-1

GPx4 GSH peroxidase 4

GSH Glutathione

GSNO Nitrosoglutathione

GSSG Glutathione disulfide (blood)

Hcy Homocysteine

HDL-C High-density lipoprotein cholesterol
HS Hemorrhagic stroke

ICH Intracerebral hemorrhage

IL-6 Interleukin 6

LDL-C Low-density lipoprotein cholesterol
LOD Limit of detection

MRI Magnetic resonance imaging

mRS Modified Rankin Scale

NAC N-acetyl-L-cysteine

NIHSS National Institutes of Health Stroke Scale
NMDA N-methyl-D-aspartate

OR Odds ratio

oS Oxidative stress

rCys Reduced cysteine

rGSH Reduced glutathione (plasma)

ROC Receiver operating characteristic

RR Relative risk ratio

SAH Subarachnoid hemorrhage

T1 First tertile

T3 Third tertile

TG Triglycerides

tGSH Total glutathione

tHey Total homocysteine

TOAST Trial of ORG 10172 in Acute Stroke Treatment
WBCs White blood cells

Xc” Cystine/glutamate transporter
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