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ASSOCIATIONS BETWEEN GLUTAMATE CYSTEINE LIGASE CATALYTIC SUBUNIT GENE
POLYMORPHISMS AND CLINICAL CHARACTERISTICS OF ISCHEMIC STROKE
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An imbalance between the production of reactive oxygen species and their neutralization lies at the core of oxidative stress implicated in ischemic stroke (IS) and
the subsequent brain tissue damage. The aim of this study was to investigate the effects of common polymorphic variants of the glutamate cysteine ligase catalytic
subunit gene on the extent of brain damage and clinical manifestations in patients with ischemic stroke. A total of 589 ischemic stroke survivors were genotyped
for 6 single nucleotide polymorphisms (SNPs) of the GCLC gene, including rs12524494, rs17883901, rs606548, rs636933, rs648595 and rs761142, using a
MassARRAY-4 analyzer. The study found that genotypes rs636933-G/A-A/A (p = 0.009) and rs761142-A/C-C/C (p = 0.015) were associated with an enlargement
of the cerebral lesion size. Genotypes rs12524494-G/G (p = 0.05) and rs606548-T/T (p = 0.003) were associated with a risk of 2 or more IS episodes. Genotype
rs17883901-G/A was associated with early onset of IS (p = 0.004). The study revealed multiple associations of GCLC SNPs with the clinical manifestations of
ischemic stroke. Thus, GCLC polymorphisms are important DNA markers affecting the size of the cerebral lesion in patients with ischemic stroke and are associated
with age at onset, the number of past strokes and the clinical manifestations of the disease.
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ACCOLVALNSA MOJIMMOP®HbIX BAPUAHTOB MEHA KATAJINTUYMECKOW CYEbEAVUHULIBI
MYTAMATUNCTEUHITUTA3bI C KTMHUHYECKUMUWN XAPAKTEPUCTUKAMU NLLEMWYECKOIO MHCYJIbTA

tO. A. Bovaposa'? =

" BenropoacKuii rocyaapCTBEeHHbIV HaLMOHabHBIN MCCnenoBaTenbCKuin yHBepceuTeT, Benropon, Poccus
2 Kypckasi obnactHas KnnHudeckas 6onbHmua, Kypek, Poccust

[ucbanaHc Mexay o6pas3oBaHneM akTVBHbIX (hOPM KUCIOPOoAa 1 1x 06e3BPEXMBAHNEM NIEXWT B OCHOBE OKVCIIUTENIBHOrO CTpecca — MnaTofiorniyeckoro
npoLiecca, NaToreHeTUHECKN CBA3aHHOMO C PasBUTMEM ULLIEMMNYECKOrO MHCymbTa (M) 1 nocnepytolMm atanamy MOCTULLEMUHECKOTO MOBPEXIAEHNS TKaHen
ronoBHOro Mosra. Llensto HacTosiLLero nccnefoBaHvst b0 U3ydYeHre BAUSHUS HacTbiX MOMMMOPMHbIX BapunaHToB reHa GCLC KaTanuTuyeckon cybbeanHmLbl
ryTaMaTUMCTEMHNIa3bl Ha CTEMNEeHb MOPavKEHWs! FOMIOBHOMO MO3ra U KIMHUYECKUE MPOSIBAEHUS Y OOMbHBIX C ULLEMUYECKUM MHCYNLTOM. Y 589 naumpeHToB
C VLLEMWYECKVM UHCYNIETOM 6bIIO MPOBEAEHO MEHOTUMMPOBAHME LLIECTU OOHOHYKIEOTUAHbIX MonmMopdmamoB (SNP) rs12524494, rs17883901, rs606548,
rs636933, rs648595 n rs761142 reHa GCLC c MoOMOLLbIO reHeTndeckoro aHanmsatopa MassARRAY-4. YcTaHOBNEHO, YTO reHoTurMbl rs636933-G/A-A/A
(o = 0,009) 1 rs761142-A/C-C/C (p = 0,015) accoummpoBaHbl C yBeM4eHeM 30Hb! MHapkTa Moara. feHoTunbl rs12524494-G/G (p = 0,05) n rs606548-T/T
(o = 0,003) accoummpoBanCb C BO3HVKHOBEHVEM ABYX 1 6onee anmdonos V. MeHoTun rs17883901-G/A 6bin accoummpoBaH ¢ 6onee paHHUM aebtotom Vi
(o = 0,004). BbisiBneHbl MHoro4mcneHHble accoumaumm SNP reHa GCLC ¢ KIMHUYECKMU NPOSIBREHNAMN 601e3HM. Takum 06pa3oM, nonmmopHble BapuaHTbl
reHa GCLC asnstoTcs 3HauvMbiMn JHK-Mapkepamu, BAUSIOLLMMI Ha 30HY MH(apKTa MO3ra 'y 60/bHbIX MLLEMUHECKIM UHCYIETOM, aCCOLMMPOBaHbI C BO3PaCTOM
[neboTa NepBoro NHCYNLTa, YACIOM NMEPEHECEHHBIX MHCYMBTOB U KIMHUYECKMMM MPOSIBNEHVSIMM OONE3HN.

KntoyeBble CNoBa: NLLIEMUHECKIIA VHCYNBT, MH(aPKT MO3ra, PEAOKC-TOMEOCTAa3, MyTaTUOH, MyTaMaTUMCTEVHMIa3a, OAHOHYKIEOTUAHbIN NOMMOPHU3M
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Cerebrovascular disease or, more specifically, ischemic stroke
(IS) is among the leading causes of death and disability in high-
income countries [1]. The etiology of IS is multifactorial, i.e.
the disease is driven by the complex interplay of genetic and
environmental factors [2]. Multiple studies have demonstrated
that redox homeostasis disturbances manifesting as an
imbalance between the production of reactive oxygen species
and their neutralization lie at the core of oxidative stress
implicated in IS and the subsequent brain tissue damage [3]. It
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is a well-known fact that oxidative stress plays a significant
role in the pathogenesis of IS, especially in the acute stroke
phase [4, 5]. Glutathione is a powerful body antioxidant;
disorders of glutathione metabolism often result in disrupted
redox homeostasis and oxidative stress, possibly contributing
to postischemic brain damage [6, 7]. In patients predisposed
to IS, glutathione deficiency might be associated with genetic
variation that affects the activity of enzymes involved in
glutathione synthesis [8, 9]. Glutamate cysteine ligase is the key
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enzyme that catalyzes the first step of glutathione synthesis. It
is composed of a catalytic and a modifier subunits encoded
by several genes. Their polymorphic variants determine the
variability in glutamate cysteine ligase activity and glutathione
levels. However, so far no research studies have explored the
effects of polymorphisms in glutathione metabolism genes on the
extent of ischemic brain damage and the clinical manifestations
of stroke. The aim of this study was to investigate the effects of
common polymorphic variants of the glutamate cysteine ligase
catalytic subunit gene on the extent of brain damage and the
clinical manifestations of stroke in patients with IS.

METHODS

The study was carried out in 589 ischemic stroke survivors
(830 men and 270 women; mean age 61.1-9.8 years) admitted
to Kursk Regional Clinical Hospital between 2007 and 2017.
The following inclusion criteria were applied: IS confirmed
by clinical examination and imaging tests; Caucasian origin;
voluntary informed consent to participate. Patients of non-
Caucasian origin, with hemorrhagic stroke or those who
did not give voluntary consent to participate were excluded
from the study. Of all patients included in the study, 75% were
Russian, i.e. at least 2 previous generations of the probands
were Russian. IS was confirmed by qualified neurologists of
Kursk Regional Clinical Hospital; the diagnosis was based on
the neurological examination and imaging tests, including brain
CT and MRI scans.

The patients were genotyped for 6 GCLC polymorphisms:
rs12524494, rs17883901, rs606548, rs636933, rs648595,
and rs761142. Candidate SNPs available in the HapMap
catalogue were selected using the GenePipe tool [10]. Only
those tagSNPs were selected that had at least 5% minor allele
frequency and were in linkage disequilibrium with 2 or more
SNPs. The functional significance of SNPs was assessed using
the FuncPred software (SNPinfo Web Server) [11].

DNA was isolated from the frozen venous blood samples of
the participants according to the standard protocol of phenol-
chloroform extraction and ethanol precipitation. Molecular-
genetic procedures, including SNP genotyping, were carried
out at the Research Institute for Genetic and Molecular
Epidemiology of Kursk State Medical University in 2016-2017.
SNPs genotyping was performed using the iPLEX technology and
a MALDI-TOF MassARRAY 4 analyzer (Agena Bioscience; USA).

The associations between the studied SNPs and the clinical
manifestations of IS were analyzed by calculating the odds
ratio and 95% CI using logistic regression with adjustments
for age and sex; the statistical analysis was carried out in
SNPStats (Catalan Institute of Oncology; Spain). Effects of
the studied SNPs on the size of cerebral lesions measured
by MRI and expressed in millimeters, on age at stroke onset
and the number of previous cerebrovascular episodes were
analyzed in SNPStats. The functional annotation of GCLC
polymorphisms and the assessment of their regulatory potential
from tissue-specific expression were performed using a battery
of bioinformatic tools, including GTEx portal [12] and eQTLGen
[13]. These databases host genomic and transcriptomic data
that can be used to assess the effects of the analyzed SNPs on
the levels of GCLC expression in the brain, arteries and blood.

RESULTS
The analysis of genotype frequencies revealed that only one

GCLC polymorphism (rs648595) significantly deviated from the
Hardy-Weinberg equilibrium due to a decrease in heterozygosity

(p < 0.05). In patients with IS, genotype frequencies of the studied
GCLC polymorphisms were as follows (the numbers represent
genotypes homozygous for the reference allele, heterozygous,
and homozygous for the minor allele, respectively): 93.5,
5.8, 0.7 (rs12524494); 85.4, 13.7, 1.0 (rs17883901); 93.7,
6.0, 0.3 (rs606548); 63.5, 31.6, 4.8 (rs636933); 16.3, 52.1,
31.6 (rs648595); 57.2, 37.8, 4.9 (rs761142). Clinically, it was
interesting to explore the potential involvement of the studied
polymorphisms in cerebral infarction growth, necrotic cell death
and inflammation due to cerebral artery occlusion, and in some
processes related to postischemic repair of damaged tissue.
Using linear regression, we analyzed associations between the
studied GCLC polymorphisms and the size of cerebral lesions
(S, mm) in patients with IS. We found that polymorphisms
rs636933 and rs761142 were significantly associated with
the size of the cerebral lesion in patients with ischemic stroke
regardless of their age or sex. Specifically, genotypes G/A-
A/A of the rs636933 polymorphism (the dominance effect of
SNP) were associated with a statistically significant (oy 196.36 mm;
p = 0.009) increase in the infarction size, in comparison with
the wild type (G/G). Genotypes A/C-C/C of the rs761142
polymorphism also had a significant impact (p = 0.015) on
the size of the lesion: we detected an increase in the lesion
size by 173.92 mm in comparison with the A/A genotype (the
dominance effect of SNP).

Then, we studied the associations of GCLC polymorphisms
with the number of IS survived by the patients (Table 1). The
participants were divided into two subgroups: group 1 included
patients with a history of one stroke, group 2 comprised
patients with a past history of 2 or more strokes. We were
able to establish statistically significant associations between
2 SNPs and the number of past ischemic strokes. Carriers of
the rs12524494-G/G and rs606548-T/T genotypes were at a
higher risk of 2 or more IS than carriers of alternative genotypes
(see Table 1).

It is known that the early onset of any multifactorial disease
may be associated with genetic factors [14]. So, we attempted
to investigate whether GCLC polymorphisms might affect
age at ischemic stroke onset. Using linear regression with
adjustments for age and sex, we discovered that rs17883901
was significantly associated with age at IS onset. Polymorphism
rs17883901, and more specifically, the G/A genotype, was
associated with earlier (56.8 + 1.65 vs. 60.52 + 0.42 years)
onset of the first IS episode (p = 0.0038; see Figure).

Using logistic regression, we analyzed association between
GCLC polymorphisms and the clinical manifestations of IS,
including motor and sensory impairments. Multiple statistically
significant associations were established between GCLC
polymorphisms and the clinical manifestations of IS. Sensory
symptoms were associated with rs636933 (OR =2.72; 95% Cl:
1.01-7.33; p = 0.032). The loss of temperature sensation was
associated with rs17883901 (OR = 0.27; 95% Cl: 0.09-0.86;
p = 0.006) and rs12524494 (OR = 2.25; 95% Cl. 1.13-4.46;
p = 0.032). The loss of sense of touch was associated with
rs12524494 (OR = 2.51; 95% Cl: 1.27-4.99; p = 0.016) and
rs606548 (OR = 2.36; 95% Cl: 1.08-5.16; p = 0.04). Facial
muscle impairment was associated with rs648595 (OR = 0.53; 95%
Cl: 0.34-0.81; p = 0.0029). Gait disturbances were associated
with 3 GCLC SNPs: rs648595 (OR = 1.67; 95% Cl: 1.03-2.71;
p = 0.039), rs761142 (OR = 1.50; 95% ClI: 1.11-2.01;
p = 0.007) and rs636933 (OR = 1.39; 95% ClI: 1.03-1.88;
p = 0.03). Muscle weakness was associated with rs761142
(OR = 1.46; 95% CI: 1.02-2.10; p = 0.037). Diplopia was
associated with rs17883901 (OR = 0.12; 95% ClI: 0.02-0.88;
p= 0.0028). Strabismus was associated with 2 different SNPs:
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p=0,004

56,8 + 1,6 years

G/G-A/A

G/A

Fig. Associations between the rs17883901 polymorphism of the GCLC gene and age at ischemic stroke onset

rs606548 (OR = 7.68; 95% Cl: 1.32-44.56; p = 0.04) and
rs12524494 (OR = 6.67; 95% Cl: 1.23-36.24; p = 0.05).
Dysarthria was associated with rs636933 (OR = 0.69; 95% Cl:
0.48-0.99; p = 0.04). Vision impairment was associated with
rs636933 (OR = 0.61; 95% CI: 0.39-0.94; p = 0.023).

The analysis of genomic and transcriptomic data on the
GCLC gene extracted from the GTEx database allowed us
to establish statistically significant cis-eQTLs (expression
Quantitative Trait Loci) linked to changes in the transcriptional
activity of GCLC. Table 2 illustrates the effects of GCLC
polymorphisms on the expression of this gene in different
brain regions, arteries, and whole blood. We found that
the rs648595-G allele was associated with reduced GCLC
expression in basal ganglia (p = 0.00002), cerebral cortex
(p = 0.000001) and blood (p = 1.2 x 10-70). The rs636933-A
allele was associated with reduced GCLC in basal ganglia
of the brain (p = 0.00005) and blood (p = 2.1 x 10-26). The
rs761142-C allele was associated with reduced GCLC
expression in the blood (p = 5.2 x 10-52), basal ganglia
(o = 0.000002) and cerebral cortex (o = 0.000004). However,
rs17883901 was not associated with GCLC expression in any
of the analyzed tissue types involved in the pathogenesis of IS.

DISCUSSION

Our pilot study looked into the effects produced by the
polymorphic variants of the gene encoding the key enzyme
of glutathione synthesis (the catalytic subunit of glutamate
cysteine ligase) on the extent of cerebral damage and the
clinical manifestations of IS. The study found that the rs636933
and rs761142 polymorphisms of the GCLC gene are important

DNA markers associated with the size of the cerebral lesion
in patients with IS. Besides, the study demonstrates that
rs12524494 and rs606548 are significantly associated with an
increase in the frequency of IS episodes in the affected patients.
The study shows that polymorphism rs17883901 is significantly
associated with earlier onset of the first IS episode. The
bioinformatic analysis uncovered the functional significance of
some polymorphic loci associated with the studied phenotypes.
Notably, the alternative alleles of the studied GCLC SNPs have
a loss-of-function effect on GCLC expression, as revealed
by the analysis of genomic and transcriptomic data from the
GTEx database; this suggests a possible association between
the expansion of the cerebral lesion and the reduced GCLC
expression in the affected brain region. Thus, the obtained
data indicate that the studied polymorphic variants of the
glutamate cysteine ligase catalytic subunit gene are important
DNA markers determining the size of the ischemic stroke lesion
and the clinical manifestations of IS. Indeed, the analysis of
possible associations between GCLC polymorphisms and the
clinical manifestations of ischemic stroke is an important aspect
of genetic and epidemiological research and can provide new
evidence supporting the pathophysiological implication of the
gene in ischemic stroke, thereby allowing researchers to deepen
their understanding of molecular mechanisms underlying this
pathology [15].

According to the literature, glutathione deficiency in the
brain may be indirectly linked to the increased susceptibility of
brain tissue to oxidative stress during cerebral artery occlusion.
Experiments conducted in astrocyte cultures demonstrated
that depletion of the glutathione pool in astrocytes did not affect
their viability, at least during the first 24 hours of exposure, but

Table 1. Summary of the associations between GCLC polymorphisms and the number of past ischemic strokes

n (%)
Gene (SNP ID) Genotype, allele P - OR (95%Cl)?
Patients with 1 IS Patients with 2 or more IS
A/A-A/G 518 (99.6) 65 (97) 1.00
GCLC A>G (rs12524494) 0.05
G/G 2 (0.4) 2 (3.0 7.78 (1.07-56.42)
C/C-C/T 470 (100.0) 58 (96.7) 1.00
GCLC C>T (rs606548) 0.003
/T 0(0.0) 2(3.3) 40.2 (1.91-847.9)
Note: ' — indicates the significance of the association with the risk of 2 or more IS adjusted for age and sex; ? — OR and 95% Cl for the associations between the

studied SNPs and the risk of 2 or more IS adjusted for age and sex.
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Table 2. Effects of GCLC polymorphisms on its expression in the brain, arteries and blood (https://www.gtexportal.org)

Whole blood* Arteries Basal ganglia Cerebellum Cerebral cortex
leH Effect. Allele’ SNP ID

p z P beta P beta p beta P beta

GCLC A>G rs12524494 8.5x10"® | -8.59 - - - - - - - -

GCLC G>A rs17883901 - - - - - - - - - -

GCLC C>T rs606548 8.8x10® | -8.04 - - - - - - - -

GCLC G>A rs636933 2.1x10% | -10.63 - - 0.00005 -0.25 - - - -
GCLC T>G rs648595 12x107 | -17.77 - - 0.00002 -024 | - - 0.000001 -0.21
GCLC A>C rs761142 52x10% | —15.04 - - 0.000002 | -0.27 - - 0.000004 -0.23

Note: ' The allele that was analyzed for the possible effect on GCLC expression is shown in bold. Significant effects of SNPs on GCLC expression (o < 0.05) are
shown in bold. * — p — the level of statistical significance and the Z — score describing the effects of a given SNP on GCLC expression in the blood (eQTLGen,

www.eqgtlgen.org).

substantially increased their sensitivity to nitrogen or peroxynitrite
[7]. In vivo, the selective depletion of glutathione develops
during focal brain ischemia and persists during reperfusion [7].
The time and degree of glutathione depletion are associated
with the risk of tissue infarction. A study established that the
lesion size significantly decreased after intracerebroventricular
infusions of glutathione monoethyl ester, the compound
capable of raising mitochondrial glutathione levels [7].
Glutathione monoethyl ester was experimentally proved to have
neuroprotective properties in the setting of focal brain ischemia
[16]. Thus, changes in glutathione levels may contribute to the
severity of tissue damage in patients with ischemic stroke. It
is hypothesized that acrolein (a highly toxic a,B-unsaturated
aldehyde) produced in the setting of oxidative cerebral tissue
damage is one of the factors contributing to neuronal death
linked to the depletion of the reduced intracellular glutathione
pool in stroke patients [17].

CONCLUSION

The polymorphic variants rs636933 and rs761142 of the
GCLC gene are important markers determining the size of
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