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Abstract 

Introduction. Traumatic brain injury (TBI) is a neurotrauma widespread in animals. TBI causes a complex cascade of 

pathological processes: primary brain injury turns into secondary brain injury associated with inflammation, oxidative 

stress, excitotoxicity and apoptosis. Secondary injury aggravates the condition after injury. In this regard, the role of 

hydrogen sulfide (H₂S) as a gasotransmitter involved in neuromodulation, anti-inflammatory, antioxidant and anti-apop-

totic processes in the central nervous system is of particular interest. Caspase-3 is an important element in TBI-induced 

apoptosis. H₂S has a potential to modulate the expression and activity of caspase-3 affecting the survival of nerve cells 

and brain recovery after TBI. However, H₂S-dependent mechanisms of caspase-3 regulation in traumatic injury are not 

fully investigated. The aim of the research is to study the role of H₂S in the expression and localization of caspase-3 in 

neurons and astrocytes of mice with TBI. 

Materials and Methods. The research was conducted at the Bioengineering Department of DSTU (Rostov-on-Don) from 

April 20 to June 1, 2024 in conditions compliant with the international and national standards. The objects of the study 

were 36 adult male mice divided into three groups: control group and two experimental ones. TBI was simulated by 

dropping a weight (200 g) on the intact skulls of mice anesthetized with chloral hydrate. During 7 days after the TBI, the 

animals were daily administered the sodium sulfide (Na₂S), a donor of H₂S, which can efficiently release H₂S, or the 

aminooxyacetic acid (AOAA), an inhibitor of cystathionine β-synthase (CBS), an enzyme responsible for the endogenous 

synthesis of H₂S, until the animals were withdrawn from the experiment. The use of Na₂S and AOAA enabled efficient 

modulation of the level of endogenous H₂S in the brain. The control group was administered physiological saline solution. 

Brain sections fixed in 4% paraformaldehyde (PFA) solution were incubated with antibodies to caspase-3 and to the 

neuronal nuclear antigen (NeuN) or to the astrocytic marker (GFAP). Colocalization was assessed using the ImageJ soft-

ware. Caspase-3 expression in the brain penumbra was analysed by Western blotting using primary antibodies against 

caspase-3 and β-actin and secondary antibodies IgG conjugated to horseradish peroxidase. For detection, the chemilumi-

nescence method was used. 

Results. The initial level of caspase-3 in the brain cells of mice under study was low. Seven days after injury, TBI had 

induced caspase-3 expression in neurons and glial cells of the ipsilateral injured hemisphere in animals of all groups. 

Administering the donor Na₂S led to decrease of caspase-3 level in neurons by 32%, whereas administering the inhibitor 

AOAA led to its increase by 31% compared to the injured nerve cells of animals from the control group, which were 

administered the physiological saline solution. This was confirmed by the values of the M1 colocalization coefficient 

demonstrating colocalization of caspase-3-positive cells with the neuronal nuclear antigen (NeuN). Similar effects were 

demonstrated in astrocytes, which were visualized using the astrocyte-specific marker GFAP. Western blot analysis con-

firmed these data and showed a significant decrease of caspase-3 level with administering Na₂S and its increase with that 

of AOAA 7 days after TBI. 

Discussion and Conclusion. The results of the study demonstrate that TBI leads to significant activation of caspase-3 in 

neurons and astrocytes of the injured hemisphere of mice brain, which means development of apoptosis in response to 

traumatic injury. Administering Na₂S has efficiently decreased caspase-3 level, which indicates its neuroprotective and 
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anti-apoptotic effect. Whereas, administering the AOAA has induced an increase in caspase-3 expression, which confirms 

the important role of CBS and, therefore, of H₂S in regulation of cell death after TBI. The reliability of these findings was 

ascertained by both immunohistochemical and Western blot analysis. The obtained data contribute to better understanding 

the fundamental H₂S-dependent signaling mechanisms of survival and death of neurons and glial cells during traumatic 

injury of the nervous system. The CBS inhibitor and H₂S donor used in our study may serve a basis for development of 

the clinically efficient neuroprotective agents. 

Keywords: traumatic brain injury, hydrogen sulfide, H₂S, sodium sulfide, Na₂S, aminooxyacetic acid, AOAA, cystathi-

onine β-synthase, CBS, caspase-3, apoptosis 
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мозга мышей при черепно-мозговой травме 
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Аннотация 

Введение. Черепно-мозговая травма (ЧМТ) является распространенной нейротравмой среди животных. ЧМТ вы-

зывает сложный каскад патологических процессов: первичное повреждение мозга переходит во вторичное, свя-

занное с воспалением, окислительным стрессом, эксайтотоксичностью и апоптозом. Вторичное повреждение 

усугубляет состояние после травмы. В этой связи особый интерес представляет роль газотрансмиттера сероводо-

рода (H₂S), который участвует в нейромодуляции, противовоспалительных, антиоксидантных и антиапоптотиче-

ских процессах в центральной нервной системе. Важным элементом апоптоза при ЧМТ является каспаза-3.  

H₂S потенциально может модулировать экспрессию и активность каспазы-3, влияя на выживание нервных клеток 

и восстановление мозга после ЧМТ. Однако H₂S-зависимые механизмы регулирования каспазы-3 при травмати-

ческом повреждении до конца не изучены. Цель статьи — исследовать роль H₂S в экспрессии и локализации 

каспазы-3 в нейронах и астроцитах головного мозга мышей при ЧМТ.  

Материалы и методы. Исследования проводились на кафедре «Биоинженерия» ДГТУ (г. Ростов-на-Дону) в 

условиях, соответствующих международным и национальным стандартам, в период c 20 апреля по 1 июня 2024 г. 

Объект исследования — 36 взрослых самцов мышей, поделенных на три группы: контрольную и две экспери-

ментальные. Моделирование ЧМТ проводилось путем сброса груза (200 г) на необнаженный череп под анесте-

зией хлоралгидратом. Донор H₂S сульфид натрия (Na₂S), способный эффективно высвобождать H₂S, либо инги-

битор (аминооксиуксусная кислота, AOAA) цистатионин-β-синтазы (CBS), фермента, ответственного за эндо-

генный синтез H₂S, — вводились ежедневно после ЧМТ в течение 7 дней до выведения животных из экспери-

мента. Использование Na₂S и AOAA позволяло эффективно модулировать уровень эндогенного Н2S в головном 

мозге. Контрольной группе вводили физиологический раствор. Срезы мозга, фиксированные в 4 % PFA, инкуби-

ровались с антителами к каспазе-3 и нейрональному ядерному маркеру NeuN либо к астроцитарному маркеру 

GFAP. Колокализация оценивалась с помощью программы ImageJ. Анализ экспрессии каспазы-3 проводился в 

пенумбре мозга методом вестерн-блота с использованием первичных антител к каспазе-3 и β-актину и вторичных 

антител IgG, конъюгированных с пероксидазой хрена, детекция — хемилюминесцентным методом. 

Результаты исследования. Изначальный уровень каспазы-3 в клетках головного мозга исследуемых мышей был 

низким. ЧМТ индуцировала экспрессию каспазы-3 в нейронах и глиальных клетках ипсилатерального повре-

жденного полушария через 7 дней во всех группах после травмы. Использование донора Na₂S приводило к сни-
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жению уровня каспазы-3 в нейронах на 32 %, тогда как ингибитор AOAA вызывал его увеличение на 31 % отно-

сительно травмированных нервных клеток контрольной группы, которой вводили физиологический раствор, об 

этом свидетельствуют показатели коэффициента M1 колокализации каспазы-3-положительных клеток с марке-

ром нейрональных ядер NeuN. Аналогичные эффекты были продемонстрированы и на астроцитах, которые ви-

зуализировались с помощью специфичного астроцитарного маркера GFAP. Вестерн-блот анализ подтвердил эти 

данные, показывая значительное снижение уровня каспазы-3 при использовании Na₂S и его увеличение при вве-

дении AOAA через 7 дней после ЧМТ. 

Обсуждение и заключение. Результаты исследования демонстрируют, что ЧМТ приводит к значительной акти-

вации каспазы-3 в нейронах и астроцитах поврежденного полушария головного мозга мышей, отражая развитие 

апоптоза в ответ на травматическое повреждение. Применение Na₂S эффективно снижало уровень каспазы-3, 

указывая на его нейропротекторное и антиапоптотическое действие. В то же время введение AOAA индуциро-

вало увеличение экспрессии каспазы-3, подтверждая важную роль CBS и, соответственно, H₂S в регуляции кле-

точной гибели после ЧМТ. Надежность этих наблюдений была подтверждена как иммуногистохимически, так и 

методом вестерн-блот анализа. Полученные данные помогут лучше понять фундаментальные H₂S-зависимые 

сигнальные механизмы выживания и гибели нейронов и глиальных клеток при травматическом повреждении 

нервной системы, а ингибитор CBS и донор H2S, использованные в нашем исследовании, могут лечь в основу 

разработки клинически эффективных нейропротекторных препаратов. 

Ключевые слова: черепно-мозговая травма, сероводород, H₂S, сульфид натрия, Na₂S, аминооксиуксусная кис-

лота, AOAA, цистатионин-β-синтаза, CBS, каспаза-3, апоптоз 
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Introduction. Traumatic brain injury (TBI) is one of 

the most widespread causes of deaths and disabilities in an-

imals. TBI leads to a complex cascade of pathophysiologi-

cal processes, including primary mechanical injury of brain 

tissue and subsequent secondary injury due to inflamma-

tion, oxidative stress, excitotoxicity and apoptosis. Second-

ary injury developing after trauma significantly affects the 

progression of the severity of condition, therefore, scien-

tists worldwide stive to find efficient treatment strategies 

and neuroprotective agents [1–3].  

In recent years, the role of gasotransmitters, such as hy-

drogen sulfide (H₂S), in the pathophysiology of TBI is be-

coming an object of growing interest. For a long time H₂S 

was deemed to be just a toxic gas but now it is recognized 

as an important bioactive molecule capable of participating 

in a number of physiological and pathological processes, 

including neuromodulation, vascular regulation, anti-in-

flammatory activity and antioxidant protection. In the cen-

tral nervous system, H₂S acts as a neuromodulator and neu-

roprotector, affecting various signaling pathways, includ-

ing pathways of apoptotic cell death [4, 5]. 

One of the key pro-apoptotic proteins is caspase-3 — a 

cysteine protease that cleaves proteins specifically after as-

partate and is an important effector of apoptosis. It has been 

demonstrated that caspase-3 can be a potential target for 

H₂S and its active derivatives. However, information about 

the role of H₂S-dependent mechanisms in the regulation of 

caspase-3 is contradictory. Some studies show that H₂S can 

decrease the expression of this enzyme [6–8], while other 

scientific papers demonstrate H₂S-dependent expression of 

caspase-3 and a cytotoxic effect [9–11]. Thus, the mecha-

nisms enabling H₂S to affect the expression and localiza-

tion of caspase-3 in TBI are still poorly understood [9].  

The research aims to investigate H₂S-dependent mecha-

nisms of caspase-3 regulation during TBI. We expect H₂S to 

be capable of modulating caspase-3 expression and localiza-

tion, thereby affecting the intensity and duration of the neu-

roinflammatory response during TBI. Study of these mecha-

nisms can contribute to better understanding the complex 

pathogenesis of TBI and open new perspectives for develop-

ing therapeutic strategies aimed at modulating neuroinflam-

mation and improving recovery processes in the brain. 

Materials and Methods 

Ethical Approval 

All studies were approved by the DSTU Ethics Com-

mittee and were held in compliance with the international 

bioethics requirements. 

Object of Research and Procedures 

The research was conducted in the “MedTsifra” labor-

atory of the Bioengineering Department, Bioengineering 

https://doi.org/10.23947/2949-4826-2025-24-2-19-28
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and Veterinary Medicine Faculty of DSTU, from April 20 

to June 1, 2024. In total, 36 adult male CD-1 mice aged 14 

to 15 weeks and weighing 20–25 g were included in the 

experiment. The mice were kept under standard vivarium 

conditions: in plastic cages with sawdust bedding, at a 

temperature of 22 ± 2 °C, relative humidity of 50–60%, and 

a 12-hour light-dark regime. They were fed standard granu-

lated feed for laboratory rodents, with free access to water. 

 The mice were divided into three groups: the control 

group, which was injected with physiological saline solu-

tion, and two experimental groups, which were injected 

with the sodium sulfide (Na₂S, 0.1 mg/kg; Khimikon, 

Russia) — the donor of H₂S,  or the aminooxyacetic acid 

(AOAA, 5.0 mg/kg; Tianjin Xidian Chemical Technol-

ogy Co., Ltd., China) — the inhibitor of cystathionine-β-

synthase (CBS), respectively. The use of Na₂S and 

AOAA made it possible to efficiently modulate the level 

of endogenous H₂S in the brain: Na₂S is capable of effi-

cient release of H₂S; and AOAA is an inhibitor of CBS, 

the enzyme responsible for the endogenous synthesis of 

H₂S. After injury, the drugs were administered intraperi-

toneally daily during 7 days until the animals were with-

drawn from the experiment. 

One and the same version of the standard protocol for sim-

ulating TBI was used for all groups. Mice were anesthetized 

by intraperitoneal injection of chloral hydrate (300 mg/kg). A 

weight was then dropped from a height of 3 cm on the intact 

skull. The coordinates of the weight drop were set as follows: 

2 mm dorsal to bregma, 1 mm lateral to the midline. A weight-

drop device consisting of a metal rod (with a tip of 3 mm in 

diameter, 5 mm in length) weighing 200 g was used to per-

form a stroke. After awakening from anesthesia, the mice re-

turned to their usual place of staying [12].  

Immunofluorescence Analysis  

The following protocol was used to identify caspase-3 

localization 7 days after TBI. The brain area around the fo-

cus of necrosis resulting from the stroke by a weight and 

the area from the left undamaged hemisphere were excised. 

The excised piece of cerebral cortex of a mouse was fixed 

in 4% PFA for 12 hours at +4°C with constant stirring. 

Then, 20-μm-thick sections were obtained using a Leica 

VT1000 S automatic vibrating blade microtome (Leica Bi-

osystems Nussloch, Germany). To ensure background 

blocking, the sections were incubated for 60 min at +24°C 

in a 5% BSA and 0.3% Triton X-100 solution.  

Then the sections were incubated with primary antibod-

ies anti-CASP3 (1:100, Rabbit, AF6311, Affinity, China, an-

tibody against caspase-3) and anti-NeuN (1:1000, Mouse, 

FNab10266, Fine Test, China, antibody against the neuronal 

nuclear antigen NeuN) for 48 hours at +4 °C. After repeated 

washing in PBS, the sections were incubated with secondary 

antibodies anti-Rabbit IgG (H+L) Fluor 488-conjugated 

(1:500; S0018, Affinity Biosciences, China) and anti-Mouse 

IgG (H+L) Fluor 594-conjugated (1:500; S0005, Affinity 

Biosciences, China). The sections were then immersed 

into glycerol and used as the specimens for analysis car-

ried out by means of the Altami LUM 1 Fluorescent Mi-

croscope (Ningbo Haishu Honyu Opto-Electro Co., LTD, 

China in collaboration with “Altami” Co., Russia) 

equipped with a high-resolution digital camera 

EXCCD01400KPA (Hangzhou Toup Tek Photonics Co., 

Ltd., China).  

The analysis of colocalization of caspase-3 and NeuN 

was carried out using a special Image J software package 

supplemented with the JACoP plugin [13]. Mean Fluores-

cence Intensity of caspase-3 was evaluated based on 10 pho-

tographs of sections for each mouse (from experimental and 

control groups) according to the following formula: 
 

𝐼𝑛𝑜𝑟𝑚 =
𝐼𝑚𝑒𝑎𝑛 − 𝐼𝑏𝑎𝑐𝑘

𝐼𝑏𝑎𝑐𝑘

 , 

where Imean is the mean intensity in the studied area, Iback is 

the mean background intensity. 

Immunoblotting (Western blotting)  

The expression of caspase-3 in conditions of activa-

tion or inhibition of the H₂S signaling pathway in the pe-

numbra of the cerebral cortex of mice after TBI was stud-

ied using the method of Western blotting. Seven days af-

ter injury, the animals were decapitated, the brain was re-

moved, and the infarcted area was excised on ice using a 

hollow cutter. Next, a 2-mm-wide ring corresponding to 

the penumbra area was excised using another cutter. 

These rings were compared with control cortex speci-

mens taken from the other side of brain of the same 

mouse. Specimens were homogenized using the Tissue 

Lysis Buffer solution with protease and phosphatase in-

hibitors added. The resulting homogenate was then cen-

trifuged to obtain a supernatant. The protein concentra-

tion in the supernatant was determined using the Bradford 

method. Then, 25 μg of protein in 20 μl were added to the 

wells in a polyacrylamide gel and subjected to electro-

phoresis in the presence of sodium dodecyl sulfate. Mini-

PROTEAN Tetra (Bio-Rad, USA) was the equipment 

used. After electrophoresis, proteins were transferred to a 

nitrocellulose membrane by the semi-dry transfer using 

the Trans-Blot Turbo Transfer System (Bio-Rad, USA). 

Then, primary antibodies against caspase-3 (1:100, 

AF6311, Affinity, China) and against β-actin and second-

ary antibody anti-Rabbit IgG conjugated to horseradish 

peroxidase (HRP) (1:1000; S0001, Affinity Biosciences, 

China) were used. Then, chemiluminescent protein detec-

tion was carried out. Chemiluminescence was detected 

using the SH-Advance523 gel documentation system 

(Shenhua Science Technology Co., Ltd., China). 
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Statistical analysis  

For statistical processing and analysis of the obtained 

results, the method of single-factor analysis of variance 

was used. Pairwise multiple comparisons were made using 

the Tukey's Honest Significant Difference (HSD). The par-

ametric tests were used if the rules of normality and homo-

geneity of variances were met, which were assessed by the 

Shapiro-Wilk and Brown-Forsythe tests, respectively. If 

the assumption about normality and homogeneity of vari-

ances was not confirmed, the nonparametric Kruskal- 

Wallis test was used. Statistically significant reliability was 

considered at p<0.05. The SigmaPlot software package, 

version 12.5 (Systat Software, Inc., USA), was used for sta-

tistical analysis. 

Results. Immunofluorescence microscopy demon-

strated that caspase-3 localized in nerve and glial cells. 

Their nucleoplasm was visualized using the fluorochrome 

Hoechst 33342. Also, the analysis revealed colocalization 

of caspase-3 and NeuN — a neuronal nuclear antigen, and 

GFAP — an astrocyte marker (Fig. 1 a). 

Fig. 1. Immunofluorescence microscopy: 

a — expression of caspase-3 (Casp3, green fluorescence) in neurons and astrocytes in the brain of mice from the control 

group and experimental groups 7 days after injury. Scale bar: 20 μm. NeuN is a marker of neuronal nuclei (red fluorescence); 

NeuN+Casp3 and Hoechst+Casp3 — colocalization. GFAP is a marker of astrocytes (red fluorescence); GFAP+Casp3 and 

Hoechst+Casp3 — colocalization. Hoechst fluorescence is Hoechst 33342 (blue fluorescence) visualizing the nuclei of all cells 

b — M1 colocalization coefficient of caspase-3 and NeuN in contralateral and ipsilateral neurons in mice from the control 

group and experimental groups 7 days after injury 

c — correlation of the Mean Fluorescence Intensity of caspase-3 in the cytoplasm of neurons of the contralateral and 

ipsilateral cortex in mice from the control group and experimental groups 7 days after injury 

d — M1 colocalization coefficient of caspase-3 and GFAP in astrocytes of contralateral and ipsilateral cortex in mice from 

the control group and experimental groups 7 days after TBI. Contra — contralateral cortex; Ipsi — ipsilateral cortex. One-way 

ANOVA. M±SEM. n=6 

Note: **p<0.05, **p<0.01 — ipsilateral cortex relative to the contralateral cortex of one animal; #p<0.05 — ipsilateral cortex of mice 

from the experimental group compared to the ipsilateral cortex of mice from the control group during the same period of time after injury 
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Herewith, the expression of caspase-3 in neurons of the 

ipsilateral and contralateral cerebral cortex in mice from the 

control group and experimental groups differs significantly. 

This is confirmed by the M1 coefficient values reflecting the 

degree of colocalization of NeuN and the target protein, 

namely, caspase-3. In the contralateral cortex, the level of 

caspase-3 was insignificant in all groups throughout all time 

intervals after the simulation of TBI. However, traumatic 

impact led to the rapid increase of caspase-3 expression in 

neurons of the damaged brain area relative to the contrala-

teral area by 2.2 times 7 days after TBI (p<0.01). The use of 

Na₂S led to a decrease of caspase-3 level by 32% in the ipsi-

lateral cortex relative to the ipsilateral hemisphere of the an-

imals from the control group (p<0.05) (Fig. 1 b). 

The use of the inhibitor of CBS had the opposite effect. 

Thus, 7 days after the injury, in the damaged neurons in the 

brain of animals that were injected with AOAA the M1 co-

efficient value of caspase-3 increased by 31% (p<0.05) rel-

ative to the damaged cells in the control group. Also, the 

expression of caspase-3 increased by 2.5 times (p<0.01) in 

neurons of ipsilateral hemisphere in the group of animals 

injected with AOAA relative to the neurons of the opposite 

hemisphere in the same animal (Fig. 1 b). 

Analysis of caspase-3 fluorescence in the cytoplasm 

of neurons also showed that the level of this enzyme in-

creased in the damaged nerve cells. The fluorescence in-

tensity in the cytoplasm of neurons in animals from the 

control group and in experimental animals administered 

Na₂S and AOAA increased by 2.7 times (p<0.01), by 56% 

(p<0.01), and by 2.4 times (p<0.01), respectively, relative 

to the contralateral cortex. At the same time, 7 days after 

TBI, the level of caspase-3 decreased in the ipsilateral 

cortex of animals administered Na₂S and increased in the 

group of animals administered AOAA relative to the ip-

silateral cortex of animals from the control group by 26% 

(p<0.05) and 21% (p<0.05), respectively. (Fig. 1 c). 

Next, we examined the level of caspase-3 in astrocytes, 

which were identified using the specific marker GFAP. 

The colocalization analysis allowed us to establish the ex-

pression of caspase-3 in this type of glial cells after TBI. 

Moreover, the donor Na₂S and the inhibitor AOAA had op-

posite effect on the dynamics of caspase-3 expression in 

astrocytes after TBI (Fig. 1 d). Thus, it was shown that the 

level of this enzyme increased in the ipsilateral cortex of 

animals from the control group and experimental groups 

administered Na₂S and AOAA relative to the contralateral 

cortex by 2.2 times (p<0.01), 65% (p<0.01), and by 3 times 

(p<0.01), respectively. Also, 7 days after TBI, the level 

of caspase-3 decreased in the ipsilateral cortex of ani-

mals administered Na₂S and increased in the group of 

animals administered AOAA, relative to the ipsilateral 

cortex of animals from the control group, by 19% 

(p<0.05) and by 41% (p<0.05), respectively. (Fig. 1 c). 

The fluorescence microscopy data confirmed the re-

sults obtained during the Western blot analysis of the total 

fraction of the brain nervous tissue of animals from the 

control group and experimental groups administered Na₂S 

and AOAA (Fig. 2). 

It was shown that 7 days after TBI, caspase-3 expression 

in the ipsilateral cortex of animals from the control group 

and experimental groups administered Na₂S and AOAA in-

creased relative to the contralateral cortex by 2 times 

(p<0.001), by 36% (p<0.05), and almost by 2.6 times 

(p<0.001), respectively. At the same time, caspase-3 expres-

sion in the ipsilateral cortex of animals administered Na₂S 

and AOAA relative to the ipsilateral cortex of animals from 

the control group decreased by 24% (p<0.05) and increased 

by 44% (p<0.05), respectively (Fig. 2).  

Summarizing the obtained results, based on the immu-

nofluorescence microscopy, it can be concluded that 

caspase-3 colocalizes with NeuN (neuronal nuclear anti-

gen) and GFAP (astrocyte marker) in neurons and glial 

cells. In the control group and experimental groups, differ-

ences in caspase-3 expression were observed between the 

ipsilateral (injured) and contralateral (uninjured) cerebral 

cortex. Injury led to a significant increase of caspase-3 ex-

pression in neurons and glial cells in the injured area 7 days 

after TBI, which indicated activation of apoptosis. 

The use of the donor Na₂S decreased the level of 

caspase-3 in neurons of the ipsilateral cortex, and the in-

hibitor AOAA caused the opposite effect, increasing the 

expression of caspase-3. Similar results were obtained 

when studying caspase-3 in astrocytes, where increased ex-

pression was observed in the group administered AOAA 

and decreased — in the group administered Na₂S.  

Western blot analysis of the total fraction of the brain nerv-

ous tissue of animals from the control group and experimental 

groups confirmed the results of immunofluorescence micros-

copy. Administering Na₂S decreased the expression of 

caspase-3 in the damaged area, while AOAA fostered its in-

crease. These data indicate an important role of H₂S in the reg-

ulation of apoptosis in neurons and glial cells after TBI. 



Russian Journal of Veterinary Pathology. 2025;24(2):19–28.  еISSN 2949-4826 

 

  

A
n
im

al
 p

at
h
o

lo
g

y
, 

m
o

rp
h
o

lo
g

y
, 

p
h

y
si

o
lo

g
y
, 

p
h
ar

m
ac

o
lo

g
y
 a

n
d

 t
o

x
ic

o
lo

g
y

 

25 

 

Fig. 2. Western blotting. Caspase-3 expression in the contralateral and ipsilateral cortex of animals from the control group and 

experimental groups 7 days after injury. One-way ANOVA. M±SEM. n=6. 

Note: *p<0.05, ***p<0.001 — ipsilateral cortex relative to contralateral cortex of one animal; #p<0.05 — ipsilateral cortex of 

animals from the experimental group relative to ipsilateral cortex of animals from control group during the same period of ti me 

after injury 

Discussion and Conclusion. Currently, H₂S is known 

as a powerful regulator of the apoptosis in neurotrauma. 

H₂S-dependent mechanisms of cell death regulation have 

been studied in many experimental models using different 

donors of H₂S and inhibitors of enzymes responsible for 

H₂S synthesis. However, the role of H₂S-dependent signal-

ing mechanisms in regulating the expression and localiza-

tion of caspase-3 in neurons and glial cells in TBI has not 

been sufficiently studied. 

In our study, it was shown that H₂S is an important link 

in control of the caspase-3 level in brain cells in the settings 

of TBI-simulating induced mechanical injury. The inten-

sity of cell death during TBI-induced secondary injury di-

rectly correlates with the level of pro-apoptotic proteins. 

Caspase-3 is one of the key apoptotic proteins. The in-

creased level of this proteolytic enzyme indicates the initi-

ation of processes leading to cell death. Na₂S — the fast 

donor of hydrogen sulfide, and AOAA — the traditional 

inhibitor of the key enzyme of H₂S synthesis in nervous 

tissue, used in our research, had opposite effects on the ex-

pression of this protein. The initial level of caspase-3 in the 

undamaged neurons and glial cells in the brain was low. 

However, 7 days after TBI, the level of caspase-3 signifi-

cantly increased, especially in neurons, as well as in glial 

cells. The use of Na₂S made it possible to decrease the ex-

pression of this enzyme. The opposite effect was observed 

when CBS was inhibited by AOAA.  

H₂S regulates caspase-3 level through a variety of mo-

lecular mechanisms, many of which are related to its ability 

to affect the anti-apoptotic and antioxidant systems in cells. 

One of the key pathways is increasing expression of Bcl-2 

family proteins [14], which inhibit the activation of caspa-

ses, including caspase-3 [15]. Bcl-2 interacts with pro-

apoptotic effector proteins such as Bax and Bak and pre-

vents the release of cytochrome c from mitochondria. This 

is an important step in the apoptotic process, as Cyt c is 

involved in formation of the Apaf-1 apoptosome complex 

[16], which activates caspases and initiates cell death. H₂S, 

by increasing the level of Bcl-2, stabilizes mitochondrial 

membranes and prevents apoptosis 

Additionally, H₂S acts as a potent antioxidant effi-

ciently decreasing the level of reactive oxygen species 

(ROS), which play an important role in the induction of 

apoptosis through the activation of caspases [4, 5, 17, 18]. 

An increase in the level of ROS causes mitochondrial dam-

age that leads to the activation of caspases and subsequent 

cell death. However, reducing properties of H₂S can di-

rectly neutralize ROS by decreasing their oxidative poten-

tial. This decreases the cellular stress, including stress on 

mitochondria, and prevents the initiation of the apoptotic 

cascade. Moreover, H₂S can activate a number of antioxi-

dant enzymes, such as superoxide dismutase and catalase, 

protecting cells from excessive levels of ROS [4, 19].  
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H₂S can also directly interact with the caspase-3 en-

zyme. It should be noted that caspase-3 contains an essen-

tial cysteine residue that can become a target for modifica-

tion via the persulfidation process, in which H₂S adds sul-

fur to the thiol group of cysteine. Persulfidation of cysteine 

163 in the active site of caspase-3 leads to inhibition of its 

proteolytic activity, which prevents the cleavage of 

caspase-3 substrates and, accordingly, slows down or stops 

apoptosis [20]. This indicates that H₂S can have a dual ef-

fect on apoptosis: indirect — through the regulation of anti-

apoptotic and antioxidant pathways, and direct — by inhib-

iting caspase activation.  

Additionally, H₂S can modulate other signaling path-

ways related to cell death. For example, it can activate Nrf2 

(nuclear factor erythroid type 2) signaling pathway, which 

is a key regulator of cellular antioxidant defence mecha-

nism. Activation of Nrf2 leads to the transcription of mul-

tiple genes responsible for antioxidant and cytoprotective 

functions, thereby decreasing the oxidative stress and pro-

tecting cells from apoptotic damage [21, 22].  

It should also be noted that H₂S can interact with other 

gasotransmitters, such as nitric oxide (NO) and carbon 

monoxide (CO), forming the complex signaling networks 

that regulate cell survival [23]. Synergistic or antagonistic 

interaction of H₂S with NO and CO can affect various 

stages of apoptosis, including activation or inhibition of 

caspases. Thus, in our study, we examined in detail the 

expression and localization of caspase-3 in neurons and 

astrocytes in the brain in TBI. The results obtained have 

both fundamental and practical importance. Data about 

the role of H₂S in regulation of the key pro-apoptotic pro-

tein caspase-3 expand our understanding of the intracel-

lular signaling processes of nervous system cell survival 

and death, whereas AOAA and Na₂S can become the ba-

sis for the development of clinically efficient neuropro-

tective agents. 
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