
Introduction 
According to the World Health Organization, 

brain diseases account for one-third of all diseases 
in developed countries, and cerebrovascular disor-
ders are the second leading cause of death in a 
group of cardiovascular diseases  [1]. The brain 
mostly depends on energy metabolism, which is 
driven by an adequate supply of glucose and oxygen 
in the bloodstream and follows mainly aerobic gly-
colysis pathways. Disturbances in gas exchange or 
blood supply to the brain trigger neurometabolic 
and neurotransmitter processes that lead to ischemic 
damage of neuronal tissue. Similar pathophysio-
logical responses can occur as a result of traumatic 
brain injury, tumor-associated brain compression, 
cardiac arrest, or surgical intervention [2, 3]. Ischemic 
brain injury is multi-component, with excitotoxicity 
mediated by upregulation of NMDA receptors being 
a key factor  [4, 5]. The cascade of subsequent re-

sponses is complex and not fully understood, with 
glycogen synthase kinase-3 (GSK-3) playing a key 
role [6]. Its uniqueness in regulating cellular functions 
is due to its effect on the activity of about fifty pro-
teins, whereas activity of the enzyme is mediated 
by numerous extracellular stimuli [7]. 

GSK-3 enzyme is a serine/threonine protease 
with multiple functions, including participation in 
cell division, proliferation, differentiation and ad-
hesion  [8]. Impaired function of GSK-3 has been 
found in cancer, diabetes mellitus, Alzheimer's dis-
ease and several other diseases. For example, GSK-3, 
together with phosphodiesterase type 4 (PDE-4), 
was found to regulate the activity of type 2 dopamine 
receptors, which play a role in the pathogenesis of 
schizophrenia. This kinase has also been implicated 
in mood regulation and in the mechanisms of affec-
tive disorders [9]. In mammals, GSK-3 exists in two 
isoforms, alpha (α) and beta (β), which are encoded 
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Summary 
Aim of the study. To determine the effects of xenon exposure at a dose of 0.5 MAC of different duration on 

the content and enzyme-inactivating phosphorylation of the glycogen synthase kinase-3β (GSK3β) in the per-
ifocal zone of ischemic cerebral infarction in an experimental setting. 

Materials and methods. The Long method was used for modelling brain ischemia/reperfusion in 39 rats 
weighing 300–350 g. Study group animals was exposed to xenon at a dose of 0.5 MAC during 30, 60 and 120 min-
utes whereas control group animals received an oxygen-air mixture. Sham-operated animals served as a com-
parison group. The levels of GSK3β and phospho-GSK3β in brain homogenates were determined by blotting 
using specific antibodies.  

Results. In ischemic stroke model, the content of GSK3β did not significantly change in control animals 
compared to comparison group. However, control group animals exhibited significant (2.7-fold, P�0.001) de-
crease in the content of its phospho-GSK3β in the perifocal zone of ischemic cerebral infarction. Inhalation of 
0.5 MAC xenon during 30 minutes did not lead to an increase in phosphorylation of the GSK3β enzyme (P=0.9), 
however, 60 and 120 minutes of 0.5 MAC xenon exposures resulted in the increase in phosphorylated form of 
the enzyme by a factor of 2.1 (P=0.005) and 2.3 (P=0.001), respectively, compared to the control group. 

Conclusion. The results reveal a possible molecular mechanism (i. e., execution of neuroprotective and 
anti-inflammatory effects of xenon due to GSK-3β inactivation) and show the prospects for using 60 and 
120 minutes of 0.5 MAC xenon exposures in ischemic brain damage after a stroke, traumatic brain injury 
and other brain lesions. 

Key words: glycogen synthase; GSK3ß; brain ischemia model; ischemic stroke; xenon; neuroprotection 
Conflict of interest. The authors declare no conflict of interest. 



61w w w . r e a n i m a t o l o g y . c o mG E N E R A L  R E A N I M AT O L O G Y,  2 0 2 3 ,  1 9 ;  2

by different genes. In the brain, GSK-3β is found in 
both neurons and glial cells in almost all regions. 
In the cell, GSK-3 is mainly found in the cytoplasm, 
predominantly in the active form, but is also present 
in nuclei and mitochondria, where its activity is 
higher. Prolonged kinase activation leads to neu-
rodegeneration  [7]. GSK-3 inactivation occurs 
through its phosphorylation under the influence of 
various stimuli (e. g., neurotransmitters, growth 
factors, cytokines, etc.) [7, 8]. The basal activity of 
GSK-3β depends on the phosphorylation at tyrosine 
216  [10]. Phosphorylation at serine 9 inactivates 
GSK-3β representing the main mechanism of regu-
lation [11]. In addition, its phosphorylation at serine 
389 by the protein kinase p38 is an important path-
way of GSK-3β inhibition in the brain [12]. 

The GSK-3β enzyme plays a fundamental role 
in neuroplasticity and neurodegeneration. Active 
GSK-3β has been shown to inhibit axonal growth. 
Exposure to growth factors inhibits this kinase, 
which enables the synthesis of cytoskeletal proteins 
and promotes axon growth and branching [13]. Ac-
tivation and blockade of GSK-3β in glutamatergic 
synapses plays an important role in synaptic plasticity 
underlying sleep, learning and memory process-
es [14]. Inhibition of this kinase has also been shown 
to stimulate the production of neuroprotective 
chaperones and block pro-apoptotic caspase-3. 
These effects are generally considered to be neuro-
protective [15]. 

In addition, GSK-3β is a key enzyme that reg-
ulates the permeability of the mitochondrial pore, 
the opening of which during ischemia leads to the 
entry of water and solutes, contributing to matrix 
swelling and rupture of the outer mitochondrial 
membrane. Meanwhile, cytochrome C is released 
from the intermembrane space, triggering the 
process of apoptosis and ferroptosis. GSK-3β phos-
phorylation decreases its activity, which prevents 
pore opening and protects the cell from ischemic 
damage [16, 17]. 

In addition to neurons, high levels of GSK-3 
have been found in neutrophils, and high levels of 
phosphorylated GSK-3 indicate their activation and 
participation in the inflammatory response through 
increased production of proinflammatory inter-
leukins (IL-1β, IL-6, IL-12) and decreased anti-in-
flammatory IL-10 [19-20].  

Given the important role of GSK-3β in cell and 
tissue function, it can be considered a promising 
biological target for pharmacotherapy [7]. Synthetic 
inhibitors of GSK-3β have been developed that ex-
hibit antidepressant, mood stabilizing, and neuro-
protective effects in experimental studies [21, 22].  

According to literature data, halogenated anes-
thetics also inactivate GSK-3 through its phospho-
rylation, which results in reduction of systemic in-
flammatory response due to inhibition of proin-

flammatory cytokine production, leukocyte activity 
and tissue infiltration, maintenance of intercellular 
endothelial contacts and endothelial barrier integrity, 
and also due to normalization of cellular antioxidant 
enzyme levels, which reduces cellular damage [23].  

The use of inert xenon gas to protect the brain 
during ischemia from stroke, traumatic brain injury, 
and other causes is a promising avenue of research. 
Recent studies have shown that 30 min exposure to 
0.5 MAC xenon increases the levels of phosphorylated 
GSK-3β and antioxidant protective enzymes such 
as catalase, superoxide dismutase, heme oxygenase 
in rat brain homogenates, suggesting a novel mo-
lecular mechanism of its neuroprotective activity [24]. 
Thoresen M. et al. experimentally demonstrated a 
reduction in the extent of damage and an improve-
ment in neurological outcome after xenon inhalation 
following traumatic brain injury  [25]. Campos-
Pires R. et al. found that 50% xenon can reduce the 
severity of secondary brain damage during is-
chemia [26]. In addition, this concentration of xenon 
has a marked analgesic effect and has been suc-
cessfully used in inhalation for pain after injury 
and burns [27], as well as for post-traumatic stress 
disorder  [28]. Xenon has been shown to increase 
the neutrophil apoptosis potential. This confirms 
the anti-inflammatory properties of this gas [29].  

The pathological cascade of glutamate excito-
toxicity is implemented in the first minutes and 
hours after ischemic brain injury. During the first 
three days, neuronal and glial apoptosis occurs in 
the penumbra zone, often leading to the subsequent 
development of postischemic encephalopathy [30], 
so the study of the molecular mechanisms of neu-
roprotection during this period and the search for 
its pharmaceutical correction are essential for in-
tensive care medicine.  

Aim of the study: To determine the effect of 
different times of exposure to 0.5 MAC xenon on 
the level and phosphorylation (inactivation) of the 
enzyme glycogen synthase kinase-3β in the perifocal 
area of experimental ischemic stroke. 

Materials and Methods 
Experiments were performed on male Wistar 

rats weighing 300–350 g (N=49). The animals were 
deprived of food on the eve of the experiment, but 
had free access to water. The study protocol was 
approved by the local ethics committee. The ex-
periments were performed in accordance with the 
requirements of Directive 2010/63/EU of the Euro-
pean Parliament and of the Council of the European 
Union on the protection of animals used for scientific 
purposes. 

Under intraperitoneal anesthesia with 12% 
chloral hydrate 300 mg/kg, focal ischemia was sim-
ulated using the Long method. After a midline cer-
vical incision and separation of the common carotid 
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artery from the right side, it was clamped with a 
vascular clip and a Vicryl 3–0 ligature was applied 
to the internal carotid artery. A 0.25-mm diameter 
silicone-coated nylon thread was inserted through 
a section of the external carotid artery into the in-
ternal carotid artery to a depth of 19–21 mm until it 
was occluded and fixed to the internal carotid artery 
with a vascular clip. Blood flow was occluded for 
60 minutes, after which the suture was removed from 
the vessel, restoring blood supply to the area of the 
middle cerebral artery. Immediately after suture re-
moval, the animals were randomly divided into 
4 groups based on postoperative inhalation therapy: 

— control group (N=10) with ischemic stroke 
received the oxygen-air mixture;  

— study groups — 0.5 MAC xenon with ex-
posures of 30 (N=10), 60 (N=9), and 120 (N=10) 
minutes. 

The control group also consisted of sham-op-
erated animals (N=10) that were anesthetized and 
underwent all phases of surgery except for blood 
flow occlusion and inhalation therapy. 

On day 7 after ischemia, euthanasia was per-
formed (decapitation under chloral hydrate anes-
thesia), brains were extracted and lysed in hot buffer 
(62.5 mM Tris-HCl, pH 6.8; 2% SDS; 10% glycerol; 
50 mM DTT, 0.01% bromophenol blue) at 94°C for 
4 minutes. Proteins were separated on a 12% poly-
acrylamide gel and transferred to PVDF membranes 
(Amersham, USA). Subsequently, 5% BSA in Tris 
buffer (25 mM Tris pH 7.4, 0.15M NaCl, 0.1% 
Tween20) blocked the nonspecific binding sites. 
The membranes were then incubated for 12 hours 
at +4°C with antibodies in 5% BSA/tris-buffer solution 
(antibodies against GSK-3β and phospho-GSK-3β 
(Cell Signaling, USA)). The membranes were incu-
bated for 1 hour with the second antibodies (anti-
mouse or rabbit immunoglobulins conjugated to 
horseradish peroxidase and diluted in 5% BSA/tris-
buffer solution). Visualization was performed using 
a SuperSignal West Pico blotting panel (Ther-
moFisher, USA) on a Hitachi-557 spectrophotometer 
(Hitachi Ltd., Japan). ImageJ software was used for 
densitometric analysis. Levels of GSK-3β and the 
phosphorylated form of GSK-3β were expressed in 
arbitrary units (AU). 

Statistical analysis was performed using Sta-
tistica 10.0 (StatSoft, Inc.) and MedCalc 12.5.0.0 
(MedCalc Software bvba). The Shapiro-Wilk criterion 
was used to determine the type of distribution of 
the variables. Considering the non-normal distri-
bution, the median with interquartile range was 
used for descriptive statistics. Intergroup differences 
in independent groups were assessed by the Kruskal-
Wallis H-criterion with Dunn's a posteriori test (to 
address multiple hypothesis testing), and to compare 
GSK-3β and phospho-GSK-3β in related groups, 
the Wilcoxon test was used. Differences were con-
sidered significant at P�0.05. 

Results and Discussion 

Thrombolysis is the most effective treatment 
for ischemic stroke according to controlled trials; 
however, reperfusion therapy is performed in only 
10% of cases due to potential contraindications [31]. 
Therefore, the search for neuroprotective therapies 
aimed at preventing, slowing down or interrupting 
molecular and biochemical processes during is-
chemic damage, such as mitochondrial dysfunction, 
overproduction of reactive oxygen species, produc-
tion of pro-apoptotic proteins, apoptosis or neuronal 
necrosis, becomes important [32–36].  

Inhalational anesthetics are widely used in 
medical practice, but the mechanisms of their 
anesthetic action, as well as their neuroprotective 
and neurotoxic effects when acting on the central 
nervous system remain incompletely studied and 
are the subject of active research [37, 38]. The neu-
roprotective effect of xenon has been demonstrated 
in a number of experimental works, but the mo-
lecular mechanisms of this phenomenon are still 
under investigation [3]. The protective properties 
of xenon have been shown to occur in ischemia 
even at preconditioning doses [39, 40], as demon-
strated in an experiment in neonatal rats that had 
a reduced area of ischemic damage after gas in-
halation [41], as well as in clinical studies of sub-
anesthetic doses of 50% xenon in perinatal hypox-
ia-ischemia [42]. One of the key enzymes involved 
in neuroprotection may be GSK-3β  [7, 8]. The 
Kruskal–Wallis test showed no significant differences 
in GSK-3β levels between all groups of animals 
studied (P=0.765). Thus, we found that ischemic 
stroke had no significant effect on GSK-3β levels, 
which increased by only 2.3% in the perifocal area 
compared to sham-operated animals (P=0.765). 
The inhalation of 0.5 MAK xenon with an exposure 
time of 30 minutes after restoration of brain blood 
flow also had no effect on GSK-3β levels, which 
were 0.7% higher than the control and 3% higher 
than the same parameter in the sham-operated 
animals (P=0.765). 

Inhalation of 0.5 MAK xenon at 60 min exposure 
after restoration of brain blood flow did not result 
in a decrease in GSK-3β compared to the 30 min 
exposure: GSK-3β levels remained only 0.4% higher 
compared to control and 1.9% higher compared to 
sham-operated animals (P=0.765). Inhalation of 
0.5 MAK xenon at 120 min exposure did not result 
in a decrease of GSK-3β compared to 60 min expo-
sure, control and sham-operated animals (P=0.765). 
Thus, no significant differences were found between 
all groups studied, indicating the lack of effect of 
0.5 MAK xenon on GSK-3β levels. 

Phosphorylation of GSK-3β through a cascade 
of sophisticated reactions is known to limit inflam-
mation and reduce neuronal apoptosis in the is-
chemic zone [19, 20].  
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We found significant differences in the levels 
of phosphorylated GSK-3β in the groups of animals 
studied (P<0.001, Kruskal-Wallis test). 

The level of phosphorylated GSK-3β was 29.1% 
lower in sham-operated animals compared to its 
active form (Wilcoxon test, P=0.005). Ischemic stroke 
in control animals resulted in a marked decrease in 
phosphorylated GSK-3β in the perifocal area com-
pared to sham-operated animals (2.7-fold, Dunn's 
test, P�0.001), with the level of phosphorylated 
GSK-3β being 74.3% lower compared to GSK-3β 
(Wilcoxon test, P=0.005), all indicating activation 
of the enzyme in the penumbral area.  

Inhalation of 0.5 MAC xenon for 30 minutes 
after restoration of cerebral blood flow did not in-
crease phosphorylated GSK-3β in the penumbra 
compared to controls (Dunn's test, P=0.9), but it 
remained 48.4% lower than in sham-operated ani-
mals (Dunn's test, P�0.001). The level of phospho-
rylated GSK-3β was 64.5% lower compared to its 
active form (Wilcoxon test, P=0.003). Sixty minutes 
of inhalation of 0.5 MAC xenon after restoration of 
cerebral blood flow resulted in a 2.1-fold increase 
in the level of phosphorylated GSK-3β in the penum-
bral area compared with controls (Dunn's test, 
P=0.005), but its level did not differ from that ob-
served after 30 minutes of exposure to 0.5 MAC 
xenon (Dunn's test, P=0.177) or from that in sham-
operated animals (Dunn's test, P=0.461). The level 
of phosphorylated GSK-3β was 47.1% lower than 
that of the active form (Wilcoxon test, P=0.008). 

Inhalation of 0.5 MAC xenon after 120 minutes 
of exposure resulted in a 2.3-fold increase in phos-
phorylated GSK-3β in the perifocal area of ischemic 
stroke compared to controls (Dunn's test, P=0.001), 
but no increase in phosphorylated GSK-3β compared 
to 60 minutes of exposure (Dunn's test, P=0.9) and 
compared to sham-operated animals (Dunn's test, 
P=0.9). The level of phosphorylated GSK-3β in this 
group was 38.7% lower than its active form (Wilcoxon 
test, P=0.005). 

The results showed that ischemic stroke in 
control animals led to a remarkable (2.7-fold, Dunn's 
test, P�0.001) decrease in the level of phosphorylated 
GSK-3β in the perifocal area of ischemic stroke, in-
dicating activation of the enzyme in the penumbra 

and activation of neuronal apoptosis. The level of 
phosphorylated GSK-3β increased with prolonged 
exposure, whereas the level of the major form of 
GSK-3β did not change significantly. Inhalation of 
0.5 MAC xenon for 30 minutes had no effect on 
phosphorylation (inactivation) of GSK-3β enzyme, 
whereas inhalation of xenon for 60 and 120 minutes 
resulted in increased phosphorylation of GSK-3β 
enzyme, decreased ratio of phosphorylated and 
active forms, and probably inhibition of neuronal 
apoptosis in the perifocal area of ischemic stroke. 

Cytokines, NO derivatives, hormones, and ox-
idation products of nucleic acids and proteins are 
known to be involved in the initiation of apopto-
sis [34, 43]. Resolution of excitotoxicity plays a key 
role in primary neuroprotection in the acute phase 
of stroke [44]. Secondary neuroprotection includes 
reduction of delayed neuronal death and the severity 
of remote sequelae of ischemia, such as inactivation 
of NO synthase, blockade of oxidative stress, inhi-
bition of proinflammatory cytokine production, 
mitochondrial protection, normalization of protein 
synthesis, and interruption of neuroapoptosis path-
ways  [45]. In general, neuroprotective therapy 
should aim to both preserve and restore affected 
neurons as well as other cell populations that may 
have suffered ischemia, such as macro- and mi-
croglia, endothelial cells, and neutrophils [44, 46]. 
According to Smith W.S., therapeutic exposure to 
xenon reduces the severity of perivascular inflam-
mation and decreases infarct volume, leading to 
improved neurological outcome  [43]. Xenon in-
halation has been found to disrupt abnormal func-
tional connections between neurons and alter their 
metabolism by improving microcirculation and 
oxygen delivery [48, 49].  

The observed increase in the level of phos-
phorylated GSK-3β confirms the possibility of its 
inactivation upon exposure to xenon. Kuzovlev A. N. 
et al. found that inhalation of 50% xenon for 30 min-
utes did not affect the level of GSK-3β enzyme, but 
caused an almost twofold increase in its phospho-
rylated form  [24]. Likhvantsev V. V. et al. showed 
that the increase of phosphorylated GSK-3β can be 
observed after administration of sevoflurane and 
desflurane after experimental ischemia/reperfusion 

Animal groups (n) and exposure time                                                                                  Levels, arbitrary units 
                                                                                                                                               GSK-3β                                                Phospho-GSK-3β  
Sham-operated (n=10)                                                                    2058917 (1887323; 2587112)              1458767 (1287333; 1785132)# 
Control (n=10)                                                                                     2105765 (1907123; 2754439)                  540277* (487337; 685111) 
30 min exposure (n=10)                                                                   2121112 (1888543; 2659531)                  752112 (598344; 878444) 
60 min exposure (n=9)                                                                     2098155 (1785548; 2444768)               1109375* (998376; 1289335) 
120 min exposure (n=10)                                                                 2020334 (1831546; 2567731)               1239325* (989444; 1315128) 
Kruskal–Wallis H test                                                                                           #P=0.765                                                     *P�0.001 

Table. Densitometric analysis of Western blots for GSK-3β and phospho-GSK-3β enzyme levels in the perifocal 
zone of ischemic stroke on exposure to 0.5 MAC xenon, Me (LQ; HQ). 

Note. P — when comparing GSK-3β and Phospho-GSK-3β within groups.
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simulation  [23, 37]. Grebenchikov O. A. et al. 
demonstrated that phosphorylation of GSK-3β 
in neutrophils downregulates the expression of 
CD66b and CD11b degranulation markers on 
their surface [29, 50, 51]. 

Conclusion 
Our results reveal a possible molecular mech-

anism of the neuroprotective and anti-inflammatory 

effect of xenon during brain ischemia/reperfusion 
through the inactivation of GSK-3β, which leads to 
the inhibition of neuroapoptosis in the perifocal 
area of ischemic stroke by reducing the ratio of 
phosphorylated to active forms of the enzyme. The 
results of the study show the prospects for clinical 
use of 0.5 MAC xenon inhaled for 60 and 120 minutes 
in ischemic and reperfusion brain damage due to 
stroke, traumatic brain injury and other causes.
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