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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, H.S-dependent mechanisms of caspase-3 regulation in traumatic injury are not
fully investigated. The aim of the research is to study the role of HzS 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 (NazS), a donor of H.S, which can efficiently release H-S, or the
aminooxyacetic acid (AOAA), an inhibitor of cystathionine 3-synthase (CBS), an enzyme responsible for the endogenous
synthesis of H-S, until the animals were withdrawn from the experiment. The use of Na.S and AOAA enabled efficient
modulation of the level of endogenous HaS 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 B-actin and secondary antibodies 1gG 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 Na:S 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 Na.S 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 Na.S has efficiently decreased caspase-3 level, which indicates its neuroprotective and

© Rodkin SV, Kirichenko EYu, 2025

Animal pathology, morphology, physiology, pharmacology and toxicology

19


https://doi.org/10.23947/2949-4826-2025-24-2-19-28
mailto:rodkin_stas@mail.ru
https://orcid.org/0000-0003-4036-5410
https://orcid.org/0000-0003-4703-1616
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2949-4826-2025-24-2-19-28&domain=pdf&date_stamp=2025-06-30

https://www.vetpat.ru

20

Rodkin SV, et al. H.S-Dependent Mechanisms of Caspase-3 Expression and Localization in Brain Cells of...

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 H.S-dependent signaling mechanisms of survival and death of neurons and glial cells during traumatic
injury of the nervous system. The CBS inhibitor and H=S donor used in our study may serve a basis for development of
the clinically efficient neuroprotective agents.

Keywords: traumatic brain injury, hydrogen sulfide, H-S, sodium sulfide, NazS, aminooxyacetic acid, AOAA, cystathi-
onine B-synthase, CBS, caspase-3, apoptosis
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OpMZMHa]leOQ amnupudeckoe uccneoosamnue

H2S-3aBucHMBbIe MeXaHH3Mbl IKCIPECCHH M JIOKAJIM3AIUM Kacnasdbl-3 B KJIETKaX roJIOBHOIO
MO03ra Mbllleil PU YepenHo-M03roBoii TpaBme
C.B. Ponbkun D4, E.FO. Kupuuenko

JloHCKOM TroCyAapCTBEHHbIN TEXHUUECKUI YHUBEpCUTET, T. PocToB-Ha-Jlony, Poccuiickas deneparus
P rodkin_stas@mail.ru

AHHOTANUA

Beseoenue. Yepenno-mosrosas Tpasma (UMT) sBrisercs pacipocTpaHeHHON HelpoTpaBMoi cpenu )KUBOTHEIX. YMT BBI-
3BIBAET CJIOXKHBIM KacKaJ| IaTOJIOTHYECKUX MPOIECCOB: IEPBUYHOE MTOBPEXKICHHE MO3Ta MEPEXOAUT BO BTOPUYHOE, CBS-
3aHHOE C BOCHAJICHHEM, OKHCIUTEIbHBIM CTPECCOM, IKCAUTOTOKCHYHOCTBIO U alonTo30M. BTopuuHoe moBpexacHue
yCyTryOIsieT COCTOsTHUE TTociie TpaBMbI. B 3To# CBsI31 0cOOBI HHTEpEC MPEACTaBIISET POJIb TA30TPAHCMUTTEPA CEPOBOJIO-
poxna (HzS), koTopslii y4acTByeT B HEHPOMOAYIISAINH, IIPOTHBOBOCIIATTUTEIBHBIX, AHTHOKCHIAHTHBIX M aHTHATIONITOTHYC-
CKHX TIpoIleccax B IICHTPaJbHON HEpBHOH cucTeme. BakHpIM amemeHTOM amomnTosa npu UMT sBistetcs xacmasa-3.
H.S moTeHImantsHo MOKET MOTYTHPOBATE SKCIPECCHIO M aKTUBHOCTH KaCIa3bl-3, BIHSSI Ha BEBDKHUBaHUE HEPBHBIX KIETOK
u BoccTaHoBjeHue Mosra nocie UYMT. Ognako H2S-3aBrcuMble MEXaHU3MBI pETYJIUPOBAaHUS Kaclasbl-3 MpU TPaBMaTHU-
YeCKOM TOBPEXKACHUH IO KOHIIA He M3ydeHbl. Llenp crathm — uccnenoBath ponb H2S B SKCIpeccHu W JIOKAIH3aluu
Kacmasbl-3 B HEHpPOHAX U aCTPOIUTAX TOJIOBHOTO Mo3ra Mbleit mpu UMT.

Mamepuanvt u memoowt. ViccnenoBanus nposoauinck Ha kKadenpe «buommxkenepus» AI'TY (r. PoctoB-Ha-/[oHy) B
YCIIOBUSX, COOTBETCTBYIOIIUX MEXTYHAPOIHBIM U HAITMOHATILHBIM CTaHJapTaM, B iepuon C 20 ampens mo 1 utons 2024 r.
OO0BeKT uccineqoBaHus — 36 B3pOCTBIX CAMIIOB MBIIIEH, TOAETICHHBIX HA TPH TPYMIIBI: KOHTPOJIBHYIO U JIBE SKCIIEpHU-
MeHTanbHble. MonenmupoBanne UYMT npoBoausiock mytem cOpoca rpy3a (200 r) Ha Heo OHaXKEHHBIN Yepen Mol aHeCTe-
3ueit xnopanruaparom. loHop HoS cymedun vatpus (Na:S), cnocoOHbIH 3ddexkTnBHO BrICBOOOXKAATh H2S, 1100 MHrH-
ourop (aMmmHOOKCcHyKCycHas kuciora, AOAA) nucratnoHuH-f-cuaTasel (CBS), depMenTa, OTBETCTBEHHOTO 32 3HIO-
reHHbld cunte3 HaS, — BBoaunuch exenneBHo nocie UMT B Teuenue 7 qHeil 10 BbIBEAECHHUS )KMBOTHBIX M3 SKCIIEPH-
MmeHTa. Mcronb3oBanue Na.S n AOAA no3Bossiio 3¢ peKTHBHO MOAYJIMPOBATh YPOBEHb dHIO0reHHOTO H2S B rosioBHOM
Mo3re. KoHTponbHO# rpyrine BBOAMIN pHU3HOJI0OTHIecKuit pacTBop. Cpesbl Mosra, pukcupoBanHble B 4 % PFA, nakyou-
pOBAJIHICh C aHTHTEIAMHU K Kacrase-3 U HeHpoHaIbHOMY saepHoMy Mapkepy NeuN aubo K acTpOIUTapHOMY MapKepy
GFAP. Komokanu3aius OIEHHBAIaCch C IIOMOIIBI0 MporpaMMbl ImageJ. AHaiin3 3KCIIPECCHH Kacmas3bi-3 MPOBOAMICS B
eHyMOpe Mo3ra METOOM BECTEPH-0JI0TA C HCIIOTIB30BAHNEM IEPBUYHBIX aHTHUTEIN K Kacmasze-3 1 $-akTHHY U BTOPUYHBIX
anTHTen IgG, KOHBPIOTHPOBAHHBIX C MIEPOKCUIA3011 XpeHa, AETEKIUS — XEeMHUIIOMHUHECIICHTHBIM METOIO0M.
Pesynvmamol uccnedosanus. VI3HadanbHBIA ypOBEHb Kaclasbl-3 B KJIETKaX TOJIOBHOT'O MO3Ta HCCIIEAYEMBIX MBI ObLT
Hu3kuM. UMT mHAynHMpoBaza SKCIPECCHIO Kaclas3bl-3 B HEHPOHAX W TIIHANBHBIX KIETKaX UICHIATEPaIbHOTO TOBpE-
XKJICHHOTO TIOJTyIIapys 4epe3 7 JHeH BO BCeX IpyMmax rnocie TpaBMbl. Vicrons3oBanue qoHopa Na»S nIpruBOANIO K CHU-
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JKCHHIO YPOBHS Kacmasbl-3 B HelipoHax Ha 32 %, Torna kak nHrHOuTOp AOAA BBEI3BIBaX eT0 yBenunueHnue Ha 31 % oTHO-
CHUTEJIbHO TPaBMHUPOBAHHBIX HEPBHBIX KIETOK KOHTPOJIBHOM IPYIIBI, KOTOPOH BBOAMIHN (PU3HOIOTHUECKUN pacTBOp, 00
5TOM CBHAETENBCTBYIOT MOKazaTenu koddduipenta M1 xojokanu3anuy Kacnasbl-3-TI0JI0KUTENBHBIX KIETOK C MapKe-
poM HelipoHanbHbIX siep NeuN. Ananoruunsie 3¢ GeKThl ObLIH MPOJIEMOHCTPUPOBAHBI U HAa aCTPOLMTAaX, KOTOPHIE BU-
3yaJIM3UPOBAIIUCH C MOMOIIBIO crielin(UIHOTo acTporurapHoro Mmapkepa GFAP. BectepH-0110T aHanu3 oATBEpANI 3TH
JIaHHBIE, TOKA3bIBasl 3HAUUTEILHOE CHIKEHUE YPOBHS Kacmasbl-3 MPU MCIONIb30BaHuK Na:S 1 ero yBennueHue pyu BBe-
nenuu AOAA uepes 7 aueii mocne UYMT.

Obcyscoenue u 3aknrouenue. Pe3ynbTaTel HCCIENOBAaHNA JEMOHCTPUPYIOT, 4TO YMT NpHBOANT K 3HAUUTENLHON aKTH-
BaIMHM Kacla3bl-3 B HEHPOHAX M aCTPOIMTAX MOBPEKACHHOTO MOTyIIapHs TOJOBHOTO MO3Ta MBIIIEH, OTpaxkas pa3BUTHE
amonTo3a B OTBET Ha TpaBMaTHUecKoe MoBpekaeHue. [Ipumenenne Na.S 3¢ (eKkTHBHO CHIDKANIO ypOBEHb Kacmasbl-3,
yKa3bIBast Ha €r0 HEHPOIPOTEKTOPHOE W aHTHAIIONITOTHIECKOe AeiicTBUe. B To ke Bpems BBemeHne AOAA WHAYIHPO-
BaJIO yBEIHMUYCHHE YKCIPECCHH Kacmas3bl-3, MOATBEepKaas BakHyro poib CBS u, coorBeTcTBeHHO, H2S B perymsamnuu xie-
ToyHo# rubenu nocie YMT. HagexHocTh 5THX HaOIr0JeHNI ObUIA MTOATBEPIKACHA KAK MMMYHOTUCTOXMMHUYECKH, TaK U
METOJIOM BECTEpH-OJI0T aHanmn3a. [lomydyeHHble TaHHBIE MMOMOTYT JIy4lle MOHATh (QyHIameHTanbHble H2S-3aBHCHMBIC
CUTHAJIbHbIE MEXaHU3MbI BHDKUBAHUS M IMOEIN HEHPOHOB M IIMAIBHBIX KJIETOK MPH TPABMATHYECKOM IOBPEXKICHUH
HepBHOI1 cucteMsbl, a uaruouTop CBS n nonop H>S, ncnons3oBaHHbIE B HAallleM HCCIICAOBAHUM, MOTYT JieYb B OCHOBY
pa3paboTKu KIMHUYECKH 3((EKTUBHBIX HEHPOIIPOTEKTOPHBIX MPENapaToB.

KiroueBble cj10Ba: YeperHO-MO3TOBast TpaBMa, cepoBonopoa, H=S, cynedun Hatpus, Na.S, aMHHOOKCHYKCYCHAsI KHC-
mora, AOAA, mucrtatnoHnH-B-cuHTa3a, CBS, kacmaza-3, anonTos

Hexnapanus o codonennu npuHuunos EBponeiickoii KOHBeHIMH 0 3alIUTe I03BOHOYHBIX KUBOTHBIX, HCII0JIb-
3yeMbIX JJIfl JKCIEPUMEHTOB U JAPYTHX HAYYHBIX HeJiei: aBTOPHI 3asdBIAIOT, YTO BCE MPOBEICHHBIE HCCIEIOBAHUA
COOTBETCTBOBAJIH MPUHIIUIIAM KOHBCHIINH U TIPAaBUIIaM HaJ[IexkKalIei 1a00paTOpHOH MPAKTHUKH.

®dunancupoBanue. PaboTa BbInosHeHa Npy (GUHAHCOBOM MOJIEPKKE TpaHTa MUHHUCTEPCTBA HAYKH U BBICILIET0 00pa3o-
Bauus PO Ne FZNE-2024-0004.

Jost uutupoBanus. Ponskun C.B., Kupuuenko E.JO. H2S-3aBucrMBble MEXaHU3MBI SKCIIPECCHH U JIOKAIN3ALNH KacIias3bl-
3 B KJIETKax TOJOBHOTO MO3ra MBIIICH MPH YeperrHO-MO3TOBOM TpaBMme. Bemepunapnas namonozus. 2025;24(2):19-28.
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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 (H-S), in the pathophysiology of TBI is be-
coming an object of growing interest. For a long time H-S
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, HzS 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

H-S and its active derivatives. However, information about
the role of H-S-dependent mechanisms in the regulation of
caspase-3 is contradictory. Some studies show that H>S can
decrease the expression of this enzyme [6-8], while other
scientific papers demonstrate H.S-dependent expression of
caspase-3 and a cytotoxic effect [9-11]. Thus, the mecha-
nisms enabling H.S to affect the expression and localiza-
tion of caspase-3 in TBI are still poorly understood [9].

The research aims to investigate H.S-dependent mecha-
nisms of caspase-3 regulation during TBI. We expect HzS 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
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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 (NazS, 0.1 mg/kg; Khimikon,
Russia) — the donor of H:S, or the aminooxyacetic acid
(AOAA, 5.0 mg/kg; Tianjin Xidian Chemical Technol-
ogy Co., Ltd., China) — the inhibitor of cystathionine-p-
synthase (CBS), respectively. The use of Na.S and
AOAA made it possible to efficiently modulate the level
of endogenous H-S in the brain: Na.S is capable of effi-
cient release of H.S; and AOAA is an inhibitor of CBS,
the enzyme responsible for the endogenous synthesis of
H.S. 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-um-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-
iesanti-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 1gG (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
EXCCDO01400KPA (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:

Imean - Iback

Inorm - 4

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

the mean background intensity.

Immunoblotting (Western blotting)

The expression of caspase-3 in conditions of activa-
tion or inhibition of the H.S 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 pg of protein in 20 pl 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 f3-actin and second-
ary antibody anti-Rabbit 1gG 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-

CASP3

o
=
S
2
-
=
o
S

Na,S7d

AOAA7d

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).
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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 um. 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

¢ — 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

Animal pathology, morphology, physiology, pharmacology and toxicology

23



https://www.vetpat.ru

24

Rodkin SV, et al. H.S-Dependent Mechanisms of Caspase-3 Expression and Localization in Brain Cells of...

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
Na.S 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
NazS 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 Na.S 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 Na:S 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 Na>S 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 Na.S 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 Na.S
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 Na.S 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 Na»S
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 Na.S 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 NaxS.

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 Na.S decreased the expression of
caspase-3 in the damaged area, while AOAA fostered its in-
crease. These data indicate an important role of HzS in the reg-
ulation of apoptosis in neurons and glial cells after TBI.
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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 time

after injury

Discussion and Conclusion. Currently, H2S is known
as a powerful regulator of the apoptosis in neurotrauma.
H-S-dependent mechanisms of cell death regulation have
been studied in many experimental models using different
donors of H:S and inhibitors of enzymes responsible for
HaS synthesis. However, the role of H.S-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 H-S 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. Na.S — the fast
donor of hydrogen sulfide, and AOAA — the traditional
inhibitor of the key enzyme of H.S 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 Na.S made it possible to decrease the ex-
pression of this enzyme. The opposite effect was observed
when CBS was inhibited by AOAA.

H-S 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 ¢ from mitochondria. This
is an important step in the apoptotic process, as Cyt ¢ is
involved in formation of the Apaf-1 apoptosome complex
[16], which activates caspases and initiates cell death. HzS,
by increasing the level of Bcl-2, stabilizes mitochondrial
membranes and prevents apoptosis

Additionally, H>S 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 H.S 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, HzS 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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H-S 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 H.S 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 H>S 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, H.S 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

References

functions, thereby decreasing the oxidative stress and pro-
tecting cells from apoptotic damage [21, 22].

It should also be noted that H-S 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 H.S 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 HaS 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 NazS can become the ba-
sis for the development of clinically efficient neuropro-
tective agents.

1. Maas AIR, Menon DK, Manley GT, Abrams M, Akerlund C, Andelic N, et al. Traumatic Brain Injury: Progress

and Challenges in Prevention, Clinical Care,
https://doi.org/10.1016/S1474-4422(22)00309-X

and Research.

Lancet Neurology. 2022;21(12):1004-1060.

2. Capizzi A, Woo J, Verduzco-Gutierrez M. Traumatic Brain Injury: An Overview of Epidemiology, Pathophysiol-

ogy, and Medical Management.  Medical

https://doi.org/10.1016/j.mcna.2019.11.001

Clinics  of

North  America.  2020;104(2):213-238.

3. Ladak AA, Enam SA, Ibrahim MT. A Review of the Molecular Mechanisms of Traumatic Brain Injury. World
Neurosurgery. 2019;131:126-132. https://doi.org/10.1016/j.wneu.2019.07.039

4. Rodkin S, Nwosu C, Sannikov A, Raevskaya M, Tushev A, Vasilieva I, et al. The Role of Hydrogen Sulfide in
Regulation of Cell Death Following Neurotrauma and Related Neurodegenerative and Psychiatric Diseases. International

Journal of Molecular Sciences. 2023;24(13):10742. https://doi.org/10.3390/ijms241310742
5. Rodkin S, Nwosu C, Sannikov A, Tyurin A, Chulkov VS, Raevskaya M, et al. The Role of Gasotransmitter-
Dependent Signaling Mechanisms in Apoptotic Cell Death in Cardiovascular, Rheumatic, Kidney, and Neurodegenera-

tive Diseases and Mental Disorders.
https://doi.org/10.3390/ijms24076014

International

Journal of Molecular Sciences. 2023;24(7):6014.

6. SunJ, Li X, Gu X, Du H, Zhang G, Wu J, et al. Neuroprotective Effect of Hydrogen Sulfide against Glutamate-
Induced Oxidative Stress Is Mediated via the p53/Glutaminase 2 Pathway after Traumatic Brain Injury. Aging.
2021;13(5):7180—7189. https://doi.org/10.18632/aging.202575

7. ZhangJ, Zhang S, Shan H, Zhang M. Biologic Effect of Hydrogen Sulfide and Its Role in Traumatic Brain Injury.
Oxidative Medicine and Cellular Longevity. 2020;2020(1):7301615. https://doi.org/10.1155/2020/7301615

8. Chen D, Fang Y-L, Zhang L-L, Niu X-Y, Sun X-R, Niu X-Z, et al. Hydrogen Sulfide Ameliorates Isoflurane-
Induced Cognitive Impairment in Mice: Implication of Caspase-3 Activation. Tropical Journal of Pharmaceutical Re-
search. 2020;19(4):773-780. https://doi.org/10.4314/tjpr.v19i4.14

9. Yang G, Sun X, Wang R. Hydrogen Sulfide-Induced Apoptosis of Human Aorta Smooth Muscle Cells via the

Activation of Mitogen-Activated Protein Kinases and Caspase-3.

https://doi.org/10.1096/fj.04-2279fje

FASEB Journal. 2004;18(14):1782-1784.

10. Kobayashi C, Yaegaki K, Calenic B, Ishkitiev N, Imai T, li H, et al. Hydrogen Sulfide Causes Apoptosis in Human
Pulp Stem Cells. Journal of Endodontics. 2011;37(4):479-484. https://doi.org/10.1016/j.joen.2011.01.017

11. Ryazantseva NV, Novitsky V'V, Starikova EG, Kleptsova LA, Jakushina VD, Kaigorodova EV. Role of Hydrogen
Sulfide in the Regulation of Cell Apoptosis. Bulletin of Experimental Biology and Medicine. 2011;151:702-704.

https://doi.org/10.1007/s10517-011-1420-y



https://doi.org/10.1016/S1474-4422(22)00309-X
https://doi.org/10.1016/j.mcna.2019.11.001
https://doi.org/10.1016/j.wneu.2019.07.039
https://doi.org/10.3390/ijms241310742
https://doi.org/10.3390/ijms24076014
https://doi.org/10.18632/aging.202575
https://doi.org/10.1155/2020/7301615
https://doi.org/10.4314/tjpr.v19i4.14
https://doi.org/10.1096/fj.04-2279fje
https://doi.org/10.1016/j.joen.2011.01.017
https://doi.org/10.1007/s10517-011-1420-y

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

12.Rodkin S, Nwosu C, Raevskaya M, Khanukaev M, Bekova K, Vasilieva I, et al. The Role of Hydrogen Sulfide in
the Localization and Expression of p53 and Cell Death in the Nervous Tissue in Traumatic Brain Injury and Axotomy.
International Journal of Molecular Sciences. 2023;24(21):15708. https://doi.org/10.3390/ijms242115708

13. Fletcher PA, Scriven DRL, Schulson MN, Moore EDW. Multi-Image Colocalization and Its Statistical Signifi-
cance. Biophysical Journal. 2010;99(6):1996-2005. https://doi.org/10.1016/j.bpj.2010.07.006

14.Zhang L-M, Jiang C-X, Liu D-W. Hydrogen Sulfide Attenuates Neuronal Injury Induced by Vascular De-
mentia  Via  Inhibiting  Apoptosis in  Rats. Neurochemical  Research.  2009;34:1984-1992.
https://doi.org/10.1007/s11064-009-0006-9

15. Mooney SM, Miller MW. Expression of Bcl-2, Bax, and Caspase-3 in the Brain of the Developing Rat. Develop-
mental Brain Research. 2000;123(2):103-117. https://doi.org/10.1016/S0165-3806(00)00081-X

16. Alam M, Alam S, Shamsi A, Adnan M, Elasbali AM, Al-Soud WA, et al. Bax/Bcl-2 Cascade Is Regulated by the
EGFR Pathway: Therapeutic Targeting of Non-Small Cell Lung Cancer. Frontiers in Oncology. 2022;12:869672.
https://doi.org/10.3389/fonc.2022.869672

17.Luo Y, Yang X, Zhao S, Wei C, Yin Y, Liu T, et al. Hydrogen Sulfide Prevents OGD/R-Induced Apoptosis via
Improving Mitochondrial Dysfunction and Suppressing an ROS-Mediated Caspase-3 Pathway in Cortical Neurons. Neu-
rochemistry International. 2013;63(8):826—831. https://doi.org/10.1016/j.neuint.2013.06.004

18. Thayyullathil F, Chathoth S, Hago A, Patel M, Galadari S. Rapid Reactive Oxygen Species (ROS) Generation
Induced by Curcumin Leads to Caspase-Dependent and -Independent Apoptosis in L929 Cells. Free Radical Biology and
Medicine. 2008;45(10):1403-1412. https://doi.org/10.1016/j.freeradbiomed.2008.08.014

19. Rodkin SV, Nwosu CD. Role of Nitric Oxide and Hydrogen Sulfide in Neuronal and Glial Cell Death in Neuro-
degenerative Processes. Biologiceskie membrany. 2023;40(5):306-327. https://doi.org/10.31857/S0233475523050067

20.Ye X, Li Y, Lv B, Qiu B, Zhang S, Peng H, et al. Endogenous Hydrogen Sulfide Persulfidates Caspase-3 at
Cysteine 163 to Inhibit Doxorubicin-Induced Cardiomyocyte Apoptosis. Oxidative Medicine and Cellular Longevity.
2022;(1):6153772. https://doi.org/10.1155/2022/6153772

21. Corsello T, Komaravelli N, Casola A. Role of Hydrogen Sulfide in NRF2- and Sirtuin-Dependent Maintenance of
Cellular Redox Balance. Antioxidants. 2018;7(10):129. https://doi.org/10.3390/antiox7100129

22.Yang G, Zhao K, Ju 'Y, Mani S, Cao Q, Puukila S, et al. Hydrogen Sulfide Protects Against Cellular Senescence
via S-Sulfhydration of Keapl and Activation of Nrf2. Antioxidants and Redox Signaling. 2013;18(15):1906-1919.
https://doi.org/10.1089/ars.2012.4645

23.Huang Y-Q, Jin H-F, Zhang H, Tang C-S, Du J-B. Interaction among Hydrogen Sulfide and Other Gasotransmit-
ters in Mammalian Physiology and Pathophysiology. In: Zhu YC. (Ed.) Advances in Hydrogen Sulfide Biology. Advances
in Experimental Medicine and Biology. Vol 1315. Singapore: Springer; 2021. P. 205-236. https://doi.org/10.1007/978-
981-16-0991-6_9

About the Authors:
Stanislav V. Rodkin, Cand.Sci. (Biology), Associate Professor of the Bioengineering Department, Head of the La-

boratory “Digital Medical Imaging Using the Basic Model”, Don State Technical University (1, Gagarin Sq., Rostov-on-
Don, 344003, Russian Federation), SPIN-code, ORCID, rodkin_stas@mail.ru
Evgeniya Yu. Kirichenko, Dr.Sci. (Biology), Professor, Head of the Bioengineering Department, Don State Technical

University (1, Gagarin Sq., Rostov-on-Don, 344003, Russian Federation), SPIN-code, ORCID, kiriche.evgeniya@yandex.ru

Claimed Contributorship:
SV Rodkin: formulating the main concept, aim and objectives of the research, conducting laboratory experiments,

analysis of the obtained results, writing the manuscript.
EYu Kirichenko: analysis of the obtained results and validation thereof, writing the manuscript.

Conflict of Interest Statement: the authors declare no conflict of interest.

All authors have read and approved the final manuscript.

Animal pathology, morphology, physiology, pharmacology and toxicology

27


https://doi.org/10.3390/ijms242115708
https://doi.org/10.1016/j.bpj.2010.07.006
https://doi.org/10.1007/s11064-009-0006-9
https://doi.org/10.1016/S0165-3806(00)00081-X
https://doi.org/10.3389/fonc.2022.869672
https://doi.org/10.1016/j.neuint.2013.06.004
https://doi.org/10.1016/j.freeradbiomed.2008.08.014
https://doi.org/10.31857/S0233475523050067
https://doi.org/10.1155/2022/6153772
https://doi.org/10.3390/antiox7100129
https://doi.org/10.1089/ars.2012.4645
https://doi.org/10.1007/978-981-16-0991-6_9
https://doi.org/10.1007/978-981-16-0991-6_9
mailto:SPIN-код
https://orcid.org/0000-0003-4036-5410
mailto:rodkin_stas@mail.ru
https://elibrary.ru/author_profile.asp?authorid=878355
https://orcid.org/0000-0003-4703-1616
mailto:kiriche.evgeniya@yandex.ru

https://www.vetpat.ru

28

Rodkin SV, et al. H.S-Dependent Mechanisms of Caspase-3 Expression and Localization in Brain Cells of...

006 asmopax:

Cranucnas Baragumuposud PoabKuH, KaHAUIAT OMOIOTHIECKUX HAYK, JOUEHT Kadeapsl OMOMHKEHEpUH, 3aBe-
Iyloumii 1aboparopueil MequUMHCKUX M(POBBIX M300paxkeHnit Ha ocHOBe Oa3ucHOIl Moxenu JloHCcKoro rocyaap-
CTBEHHOTO TeXHUUYecKoro yHuBepcutera (344003, Poccuiickas ®enepanus, T. Pocros-ua-J{ony, mwr. [arapuna, x. 1),
SPIN-kozx, ORCID, rodkin_stas@mail.ru

EBrenunsi IOpseBHa Kupuuenko, T0KTOp OMOIOTHYIECKUX HayK, mpodeccop, 3aBemyromas kadeapoil OnonmxeHe-
pun JIoHCKOro rocyaapcTBeHHOro TexHuueckoro yHusepcureta (344003, Poccuiickas @eneparnus, r. Pocros-Ha-/lony,
. Tarapuna, 1. 1), SPIN-kox, ORCID, kiriche.evgeniya@yandex.ru

3asneneHHbLIl 6K1A0 A6MOPOE:

C.B. Poabkun: popMupoBaHre OCHOBHOI KOHIETIIHH, IEJH W 33a4ad MCCIEIOBaHUSA, IPOBEIEHIE Jab0opaTOpHBIX
HCCIICIOBAHMIA, aHAIH3 MTOJYYSHHBIX PE3yJIbTATOB, HATUCAHUE PYKOIHUCH.

E.}O. KupuueHnko: aHaIU3 MOJTYYCHHBIX PE3YJIbTATOB, BAMJANNS, HATNCAHUE PYKOIHICH.

Kongpnukm unmepecog: aBTopbl 3aiBJISIOT 00 0TCYTCTBHH KOH(INKTAa HHTEPeCoB.
Bce asmopul npouumanu u 0006punu okonuamensulil 6apuanm pykonucu.

Received / loctynuia B pexaknuio 15.02.2025
Reviewed / IToctynuia mocjie penenzupoBanus 13.03.2025
Accepted / ITpunsita k myoaukanun 19.03.2025


https://elibrary.ru/author_profile.asp?authorid=1064663
https://orcid.org/0000-0003-4036-5410
mailto:rodkin_stas@mail.ru
https://elibrary.ru/author_profile.asp?authorid=878355
https://orcid.org/0000-0003-4703-1616
mailto:kiriche.evgeniya@yandex.ru

