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ABSTRACT

Introduction. Nitrogen dioxide is one of the most common anthropogenic air pollutants that initiates oxidative stress and an
inflammatory response. In recent years, there has been increased interest in the use of acetylcysteine as a means of preventing and
treating conditions accompanied by oxidative stress.

Material and methods. The aim of the study was to evaluate the protective effect of oral administration of acetylcysteine on the in rats
exposed to long-term inhalation nitrogen dioxide. The protective effect of oral administration of acetylcysteine on the immunological
profile and cellular composition of bronchoalveolar lavage fluid in rats during prolonged inhalation exposure to nitrogen dioxide
was evaluated. Exposures to nitrogen dioxide (30—40 mg/m?) were carried out for 60 days (three times a day for 30 minutes with
a half-hour interval between them). Every day, half an hour before exposure to nitrogen dioxide, the experimental group was
administered a solution of acetylcysteine (50 mg/kg) through an esophageal tube, and the control group was administered a 0.9%
sodium chloride solution. The cellular composition of bronchoalveolar lavage fluid, the content of pro-inflammatory mediators
(TNF-a, IL-8), neutrophil elastase (NE), matrix metalloproteinase-12 (MMP-12), secretory immunoglobulin A (sIgA) and
surfactant protein D (SP-D) were determined.

Results. Under the influence of 60-day exposure to nitrogen dioxide, the cytoimmunological profile of the bronchoalveolar space
changed. The influx of neutrophils increased. The content of pro-inflammatory cytokines (TNF-a, IL-8) and proteases with
destructive activity (NE, MMP-12) increased. The content of local immune defense markers (SP-D, sIgA) decreased due to a
violation of the structural integrity of the bronchoalveolar epithelium. Daily oral administration of acetylcysteine for 60 days of
nitrogen dioxide exposure contributed to the preservation of the basic structural and functional status of the lungs, which prevented
the development of the in flammatory process and aberrant remodeling of lung tissue.

Limitations. the parameters of bronchoalveolar lavage fluid of animals were analyzed after exposure to nitrogen dioxide
(30—40 mg/m?) for 60 days (three times a day for 30 minutes with a half-hour interval between them): the data obtained may
differ under different experimental conditions.

Conclusion. The results show that acetylcysteine can serve as an effective prophylactic agent, preventing the negative consequences
associated with lung exposure to the oxidative pollutant nitrogen dioxide.

Keywords: nitrogen dioxide; acetylcysteine; bronchoalveolar lavage fluid; proinflammatory cytokines, neutrophil elastase; matrix
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PE3IOME

Besedenue. /[uoxcuo azoma omuocumcs k Hauboaee pacnpocmpanéHHbIM AHMPONOLEHHbIM 3a2PA3HUMENTIM AMMOCPhepHo20 8030yXa,
UHULUUPYIOUUM 8 OP2AHU3ME OKUCAUMENbHbLIL CIPece U 60CNAAUMENbHYI0 peakyuio. 3a nocaedHue 200bl 603p0C UHMeEPeC K UCN0Ab3084-
HUIO QUemUALUCMeUuna 6 Kavecmee cpedcmea npoduAGKMUKU U Ae4eHlis COCIOSIHUIL, CONPOBOICOAIOUUXCS OKUCAUMENbHBIM CHPECCOM.
Mamepuaa u memodst. B pabome oyenuganu npomexKmugHbwLil dghghekm nepopanbHo20 88e0eHUs AUeMUAYUCIEUHA HA UMMYHO-
A02u4ecKuil npopUAbL U KAeMOYHbLIL COCMA8 OPOHX0ANbEEOAAPHOU NABAICHOL HCUOKOCMU KPbIC NPU OAUMEAbHOM UHRANSAYUOHHOM
6o30eticmeuu ouokcuda azoma. Dxcnozuyuu ouokcudom azoma (30—40 me/m?) nposodunu na npomsicernuu 60 oneil (mpu pasza
6 denb no 30 mun ¢ noayuacogsim unmepsanom). Excednesrno 3a noauaca 0o sxcnosuyuu 0uoxcudom azoma onvlmHoL epynne
ACUBOMHDBIX Hepe3 NULEe800HbLI 30H0 6600UAU pacmeop ayemuayucmeuna (50 me/ke), konmpoavHoi epynne — 0,9%-ii pacmeop
Hampus xa0puda. B 6poHxoanbeonspHoll 1a8aXNCHOL JCUOKOCIU ONnpedesinu KAemo1Hblll cOCMas, cooepicane nposocnanu-
menvHbix meduamopos (TNF-a, IL-8), neitmpoguasnoii snacmasst (NE), mampukcuoit memanronpomeunaswi-12 (MMP-12),
cekpemopHoeo ummynoanobyauna A (sIgA) u cyppakmanmuoeo npomeura D (SP-D).

Pezyavmameot. [100 eausnuem 60-0HesHOI sKcno3uyuy OUOKCUOOM A30MA UBMEHSACS YUMOUMMYHOA02UHECKUL NPpoduab OPOH-
X0aNb8€0AAPHO20 NPOCMPAHCMEA: YBEAUHUBAACS NPUMOK Helimpouaos, Hapacmano cooepicanue npogocnarumenvHblx yu-
moxurnoe (TNF-a, IL-8) u obaadarouux decmpykmuesHoii akmusrocmoio npomeas (NE, MMP-12), cuuicanocs codepicarue
Mapképoe mecmuoil ummyrHoul 3auumot (SP-D, sIgA), 00ycroerernHoe HapyuieHuem CmpyKmypHOU 4ea0CMHOCIU OPOHX0ANbEe-
onsaproeo snumenust. Excednesnoe nepopanvroe 6sedenue ayemuayucmeuna Ha npomsxcenuu 60 oneil SKCno3uyulU Kpbic OUOK-
cudom azoma cnocoocmensano Coxpaneruro 6a3o06020 CMpyKmypHo-QYHKYUOHAAbHO20 CIMAMYCA A€2KUX, YO NPensmcmeosano
PA368UMUI0 80CNAAUMENbHO20 NPOUecca U abeppanmHo20 pemooeiupo8anus A€204HO MKAHU.

Ocpanuuenus uccaedosanus. [lokazamenu 6poHxoanbeeoNsipHOLL NABANCHOL HCUOKOCMU JHCUBOMHBIX AHAAUZUPOBAAU NOCAE 803~
deticmeus ouokcudom azoma (30—40 me/m?) na npomsaxcernuu 60 oueil (mpu pasza é denv no 30 MuH ¢ NOAYHACOBLIM UHMEPBA-
aom). Toayuennoie danHble Mo2ym omauMamsCs NPU UHbIX YCAOBUSX IKCHEPUMEHMA.

Saxarouenue. Pesynsmamobr nokaszsiearom, ymo auemuaytCImeut Mojcem CAYICUMb IPDeKmuHbIM NPOYUAGKMUYECKUM CPeOCBOM,
npedomepawarouUM HeeamuegHble H0CA1e0CMBUsl, CEI3aHHbIe C 8030elicCmaUeM Ha Aé2Kie OKCUOGHMHO20 NOAIOMAHMA OUOKcU0a azoma.

Karouesvie caosa: duokcuo azoma; ayemunyucmeut; GPOHX0ANbEE0AAPHAS NABANCHASL HCUOKOCHb, NPOBOCNANUMENbHbIE UUMOKUHDL
HelimpoguAbHAs 21acMA3a; MampuKCHAs MEManionpomeunasa- 12; cekpemophulii ummyHoenooyaut A; cypgpaxmanmmuoiii npomeur D
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Introduction

Air pollution is a serious public health problem
[1, 2]. One of the most common anthropogenic
air pollutants remains nitrogen dioxide, which is
produced during various combustion processes,
especially in industrial areas and megacities with
heavy traffic, as well as during the detonation of
explosives [3, 4]. In recent years, there has been
increased research interest in the role of nitrogen
dioxide not only as a component of complex air
pollutant mixtures, but also as an independent risk
factor for public health [5—8]. In epidemiological
studies, changes in nitrogen dioxide levels are a
reliable predictor of health risks and an indicator of
air quality [9]. Exposure to nitrogen dioxide, even at
low levels for short periods, impairs lung function.
Prolonged exposure raises the risk of respiratory
ailments (especially chronic obstructive pulmonary
disease and bronchial asthma), irreversible lung
damage, including pulmonary fibrosis, and mortality
rates [10—13]. The potentiating effect of nitrogen
dioxide on SARS-CoV-2 infection, which increases
the risk of mortality, has been proven [14, 15]. Based
on growing knowledge of the detrimental effects of
nitrogen dioxide on human health, the World Health
Organization reduced the annual airborne nitrogen
dioxide exposure limit by 75% (from 40 ug/m? to
10 ug/m?) in 2021 [7].

Nitrogen dioxide, as a free radical, acts as a
powerful oxidant, triggering oxidative stress by
generating excess reactive oxygen species. This process
depletes the body’s antioxidant stores, intensifies
the inflammatory response, and damages cells,
primarily lung alveolar epithelial cells. In recent years,
there has been an increased interest in the use of
acetylcysteine, a mucolytic drug that has been known
since the 1960°, as a potential treatment for many
diseases and disorders associated with oxidative stress
[16—18]. Acetylcysteine molecules can effectively
neutralize reactive forms of oxygen and nitrogen,
including nitrogen dioxide due to the presence of
thiol groups [19]. However, clinical studies on the
use of acetylcysteine for the treatment and prevention
of a wide range of pathological conditions often give
conflicting results, and experimental studies have
mainly been performed in vitro [18].

The aim of this study was to evaluate the protective
effect of oral administration of acetylcysteine on the
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immunological profile and cellular composition of the
bronchoalveolar lavage fluid of rats exposed to long-
term inhalation nitrogen dioxide.

Material and methods

The experiments were performed on male
Wistar rats weighing 160—180 g (6—7 weeks old)
bred at the Federal State Budgetary Institution
“Rapolovo Laboratory Animal Nursery” of the
Kurchatov Institute National Research Center
(Vsevolozhsk District, Leningrad Region). The study
was conducted in accordance with the European
Convention for the Protection of Vertebrate
Animals used for Experimental and other Scientific
Purposes (ETS No. 123), Directive 2010/63/EU
of 22 September 2010 of the European Parliament
and of the Council on the Protection of Animals
Used for Scientific Purposes, and was approved
by the independent Ethics Committee of the
S.M. Kirov Military Medical Academy of the
Ministry of Defense of the Russian Federation
(Protocol No. 273 of December 20, 2022).

The rats were kept in a room that met the hygienic
requirements for keeping this species of laboratory
animal (air temperature 20-26 °C, relative
humidity 60—70%, 12-hour light/dark cycle). To
perform inhalation priming with nitrogen dioxide,
the rats were placed in a chamber connected to a
laboratory nitrogen dioxide generator and mounted
in an exhaust hood. A chemical reaction between
sodium nitrite and sulfuric acid produced a mixture
of nitrogen oxides, which was pumped through a
discharge tube into the chamber containing the
animals. When exposed to atmospheric oxygen,
the colorless nitrogen oxide converted to the
more stable yellow-brown dioxide. Gase mixture
sampling from the chamber was performed through
a special branch pipe at the beginning and end of
the exposure to determine the nitrogen dioxide
concentration, which was 30—40 mg/m? (15—19 ppm).
Monitored nitrogen dioxide levels in the chamber
using a gas analyser. Inhalations were performed
intermittently (three times a day for 30-minute,
with half-hour intervals) for 60 days. Three groups
of animals were formed to estimate the effect of oral
acetylcysteine administration on the immunological
profile and cellular content of bronchoalveolar
lavage fluid.
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1. Every day, 30 minutes before exposure to
nitrogen dioxide, the experimental group of animals
(n = 11) was administered with a freshly prepared
acetylcysteine solution (ACC, Sandoz, Germany) in
0.9% sodium chloride solution (50 mg/kg body weight
in 1.5 mL) through an esophageal tube.

Daily dose was calculated based on the dose of 600
mg recommended for chronic daily administration
in humans, taking into account interspecies
recalculation [20]. After oral administration, peak
plasma concentrations are reached within 30 minutes
to one hour [21].

2. Every day, 30 minutes before exposure to
nitrogen dioxide, the control group of animals (n = 11)
was administered with 1.5 ml of 0.9% sodium chloride
solution per os to simulate intragastric administration.

3. The intact group of animals (» = 9) did not
undergo any treatment (neither nitrogen dioxide
exposure nor oral administration of drugs).

Animals were sacrificed using cervical dislocation.
Immediately after euthanasia, the animal was placed
on the operating table, the trachea was exposed
through a midline incision and cannulated with a
sterile catheter. Lungs were removed from the chest.
Bronchoalveolar lavage performed on isolated lungs: 4
ml of sterile saline at room temperature were injected
once into the lungs using a syringe, and repeated the
procedure 4—5 times. Collected the freely flowing
lavage fluid after each administration in a siliconized
tube and centrifuged for 10 minutes at 1000 rpm.
To determine the bronchoalveolar lavage fluid
(BALF) cytogram in Romanovsky-Giemsa-stained
smears, counted various cellular elements per 200
cells, and their percentage using light microscopy.
Levels of tumor necrosis factor (TNF-alpha),
interleukin-8 (IL-8), neutrophil elastase (NE),
matrix metalloproteinase-12 (MMP-12), secretory
immunoglobulin A (sIgA), and surfactant protein
D (SP-D) in BALF samples were determined using
species-specific ELISA kits of Cusabio Biotech
(China).

Statistical data analysis was performed using
Statistica 6.0 software package. Quantitative data
presented as mean values (M) * standard error (SE).
The significance of the differences between the two
compared values was determined using the Student’s
t-test. The differences were considered as significant
at p <0.05.

Tokcukoaormueckui BectHuk - Tom 34 - N2 2 . 2026

Results

After 60 days of nitrogen dioxide exposure,
the TNF-a content in the BALF of control rats
increased by 2.3 times, and the IL-8 content by 2.4
times, compared with the intact group (p < 0.05)
(Table 1). The neutrophil population in the BALF
of the control group increased by 6.6 times (p < 0.05)
(Table 2) compared with the group of intact animals,
which could be due to increased production of
IL-8, which has chemoattractant activity against
neutrophils.

The elevation of neutrophils and a 1.8-fold
increase in the lymphocyte population in BALF
compared with control animals (p < 0.05) (Table 2)
reflect the development of an inflammatory
reaction in lung tissue. TNF-alpha and IL-8
induced secretion of neutrophil’s proteases to the
extracellular space, including NE, the content of
which in the BALF of the control group exceeded
the value of this marker in the intact group by
almost two times (p < 0.05) (Table 1). Activated
alveolar macrophages and bronchial epithelial cells
produce matrix metalloproteinase-12 (p < 0.05)
(Table 1), which, like neutrophil elastase, has
high catalytic activity with respect to elastin of the
extracellular matrix of the lungs, which contributes
to the degradation of the lung parenchyma and the
formation of emphysema areas. MMP-12 can also
activate the latent form of TNF-a on the surface of
macrophages and thus enhance chronic respiratory
inflammation. In case of activated inflammation
in the BALF of control rats, the content of innate
immune defense components-surfactant protein
D and secretory IgA-decreased almost twofold
compared to the intact group (p < 0.05) (Table 1).

Daily oral administration of acetylcysteine for
60 days of nitrogen dioxide exposure contributed to
restoration of the BALF cytoimmunological profile.
The content of TNF-a, IL-8, neutrophil elastase,
and MMP-12 significantly decreased compared
to the control (p < 0.05) and remained virtually
unchanged from the corresponding values in the
intact group (Table 1). The production of factors
characterizing the state of local immune protection
and functional integrity of the bronchoalveolar
epithelium increased significantly. Thus, the SP-D
content in the BALF of the experimental group

153



NEW INFORMATION ABOUT THE TOXICITY AND HAZADS OF CHEMICALS

https://doi.org/10.47470/0869-7922-2026-34-2-150-156

Original article

Table 1/ Tabauya 1

Effect of oral administration of acetylcysteine on the immunological profile of rat bronchoalveolar lavage fluid
after 60 days of exposure to nitrogen dioxide
Bangunue NnepopajibHOro BBEACHUA AllETUINMCTEUHA HA PlMMyl-IO.]IOl‘l/l'leCKl/lﬁ l'[pO('l)l/I.]'lb 6p0HXOﬂﬂbBeOJISIpHOﬁ JIaBaKHOM

JKHAKOCTH KpPbIC HA (oHe 60-1HEBHOTO BO3EHCTBHS JUOKCH]IA A30TA

MutakTHas rpynna | KoHTpoJbHad rpynma OnpiTHag rpynma (ALLLT)
IToka3zaTenn . .
Intact group Control group Experimental group (Acetylcysteine)
Parameter
n=9 n=11 n=11
TNF-a, nr/mi | pg/ml 10.23 £ 1.04 2321 £ 1.19* 12.34 &+ 1.53 **
IL-8, rir/mi | pg/ml 13.11 £ 1.12 3142+ 2.02* 17.12 £ 1.64 **
NE, ur/mi | ng/mL 18.34 £ 2.18 3513 +£231 % 22.17 £2.08 **
MMP-12, ar/mi | ng/mL 0.98 £ 0.07 1.56 £ 0.16 * 1.26 £ 0.09
SP-D, rir/mi | pg/ml 78.45 £ 6.74 3521 +£7.19* 92.48 * 8.44 **
sIgA, MKI/Mr Gerka | sIgA, ug/mg of protein 16.12 £ 1.08 928+ 1.12* 31.59 £4.23 **

Ipumeuanue. * — pa3numumrie OTHOCUTEbHO MHTAKTHOM rpymsl, p < 0,05; ** — paznuune OTHOCUTENBHO KOHTPOJBHOMU TpyTI-

sl p < 0,05.

Note. * — difference relative to the intact group, p < 0.05; ** — difference relative to the control group, p < 0.05.

Table 2 / Tabauya 2

Effect of oral administration of acetylcysteine on the bronchoalveolar lavage fluid cellular composition in rats exposed
to nitrogen dioxide for 60 days (M * m)

BiusHue nepopaabHOro BBeJeHUs aleTHINMCTENHA HA KJIETOYHbINA COCTAB OPOHX0A/IbBEOJIAPHOI JaBAKHOI JKUIKOCTH KPbIC
Ha (hone 60-1HEBHOrO BO3/1eiiCTBUS TMOKCHAA a30Ta (M t m)

I'pynna Makpodaru, % Heiirpoduisi, % Jlumdonutsl, %

Group Macrophages, % Neutrophils, % Lymphocytes, %
WNurtakTHas / Intact (n = 9) 86.7 £ 1.6 42x0.5 9.1+ 1.6
KontponbHas / Control (n = 11) 556 £4.7* 27.8 £ 4.1* 16.6 £2.1*
OmnprtHas (ALILL) / Experimental (Acetylcysteine) 80.4 £2.5%* 7.8 £ 1.1 ** 11.8 £ 0.9 **

n=11

Ipumeuanue. * — oTmmane OT MHTAaKTHOU Tpymibl, p < 0.05; ** — oTamune oT KOHTpoabHOU Tpynsl, p < 0.05.
Note. * — difference relative to the intact group, p < 0.05; ** — difference relative to the control group, p < 0.05.

of animals increased by 2.6 fold compared to the
control group (p < 0.05) (Table 1). The secretory
IgA content was 3.4 fold higher than in the control
group (p < 0.05) (Table 1) and almost twice as high
as in the intact group (p < 0.05) (Table 1). In the
case of acetylcysteine administration, the cellular
composition of the BALF returned to normal levels
(Table 2). The percentage of neutrophils decreased
significantly compared to the control (p < 0.05)
(Table 2), although it remained slightly higher in
comparison with the intact animals.

Discussion

Inhaled nitrogen dioxide can reach the level of
the bronchioles and alveolar ducts and causes direct
damage to the bronchoalveolar epithelium by reacting
with substrates in the fluid of the mucous membrane
of the respiratory tract. The resulting toxic oxidized
compounds have a modulating effect on the alveolar
population of cells — the effectors of inflammation —
by changing their activation status and the profile
of proinflammatory cytokines produced, thereby
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increasing the influx of inflammatory cells into the
bronchoalveolar space. The most numerous immune
cells on the surface of the bronchoalveolar epithelium
are alveolar macrophages, which express and produce
proinflammatory mediators in response to inhaled
aggressive agents (TNF-a, IL-8, etc.) [22]. Exposure
to nitrogen dioxide is associated with an increased
permeability of the pulmonary epithelium due to the
desquamation of epithelial cells with exposure of the
basement membrane and disruption of intercellular
tight junctions, which leads to the infiltration of
neutrophils into the bronchoalveolar space [23, 24].

The most vulnerable and sensitive to nitrogen
dioxide are type II alveolar cells, which are involved
in surfactant synthesis and represent a pool of lung
progenitor cells with high reparative potential [25].
A significant decrease in the content of surfactant
protein D in the group of control rats could be
associated with apoptosis of SP-D-secreting type 11
alveolar cells and nonciliary cells of the bronchioles
(Clara cells) and leakage of SP-D into the systemic
circulation through the inflamed or damaged alveolar-
capillary membrane. Another important marker of
local innate immunity is secretory IgA, synthesized by
pulmonary plasma cells located on the surface of the
respiratory epithelium. The decrease in sIgA content
in the BALF observed after 60 days of nitrogen
dioxide exposure is directly related to the disruption of
the structural integrity and immune barrier function
of the bronchoalveolar epithelium.

Despite numerous studies, the mechanisms by which
acetylcysteine exerts its antioxidant, cytoprotective, and
immunomodulatory properties remain unclear [ 16]. It is
believed that, in addition to directly scavenging reactive
oxygen species, it exerts an indirect antioxidant effect
through its ability to replenish depleted glutathione
stores, a key component of the lung’s antioxidant
defense [26]. When administered orally, acetylcysteine
is rapidly absorbed in the small intestine and diffuses
into cells, where it is hydrolyzed to cysteine, which
serves as a substrate for glutathione synthesis [25]. We
have previously shown that due intermittent inhalations
of nitrogen dioxide, the glutathione content in the lung
tissue decreased by the 60" day of exposure by 56%
relative to the baseline level (p < 0.05) [27]. Restoration
of cytosolic and mitochondrial glutathione levels
promotes the inactivation of reactive oxygen species,
peroxynitrites, lipid peroxides and thus prevents cell
damage. Some authors associate the pneumoprotective
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effect of acetylcysteine with the activation of the
transcription factor Nrf2, which acts as a regulator of
antioxidant, cytoprotective and detoxifying enzymes,
representing a powerful cellular defense system, as well
as with increased secretory activity of type II alveolar
cells, which leads to increased surfactant synthesis [17].
Recently, an alternative mechanism has been proposed
to explain the effects of acetylcysteine as a result of
its conversion to hydrogen sulfide and sulfane forms
of sulfur, which have antioxidant and cytoprotective
properties [27].

Limitations of the study The parameters of
bronchoalveolar lavage fluid of animals were analyzed
after exposure to nitrogen dioxide (30—40 mg/m?) for
60 days (three times a day for 30 minutes with a half-
hour interval between them). The data obtained may
differ under different experimental conditions.

Conclusion

The bronchoalveolar epithelium serves as a
protective barrier against inhaled aggressive pollutants.
Damage to this barrier causes a disorganized immune
response and increased inflammatory processes.
Sixty-day exposure to nitrogen dioxide altered the
cytoimmunological profile of the bronchoalveolar
space in experimental animals: increased neutrophil
influx, increased levels of proinflammatory cytokines
(TNF-a and IL-8) and enzymes with proteolytic
activity (NE and MMP-12), and decreased levels of
local immune defense markers (SP-D and sigA),
due to disruption of the structural integrity of the
bronchoalveolar epithelium. Daily oral administration
of acetylcysteine for 60 days of nitrogen dioxide
exposure contributed to restoration of the BALF
cytoimmunological profile (TNF-a, IL-8, neutrophil
elastase, and MMP-12), increased synthesis of local
immune defense factors and functional integrity of
the bronchoalveolar epithelium (SP-D, slgA), and
restoration of the BALF cellular composition. Thus,
daily oral administration of acetylcysteine for 60 days
of nitrogen dioxide exposure could contribute to the
preservation of the structural and functional status of
the lungs, prevent the development of inflammation,
and prevent aberrant lung tissue remodeling.
Acetylcysteine is a safe, inexpensive, and readily
available substance and can serve as an effective
prophylactic agent against the negative consequences
associated with exposure of the lungs to the oxidative
pollutant nitrogen dioxide.
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