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RESUME

Background. Chronic Obstructive Pulmonary Disease (COPD) remains a global medi-
cal and social problem. The ion channel TRPMS, a cold receptor, is known to be involved
in the pathogenesis of the disease. However, existing experimental COPD models often
exclude verification of changes in its expression.

Objective. To model COPD-like changes in rats exposed to cigarette smoke and tobac-
co aerosol, with a comprehensive assessment of morphological changes in lung tissue
and the expression level of the TRPM8 gene, as well as key COPD marker genes.
Materials and methods. Male Wistar rats were divided into one control and two ex-
perimental groups (n = 30). For 42 days, the first experimental group was subjected
to daily inhalation exposure to cigarette smoke (CS), and the second group to tobacco
aerosol (TA). On day 42, histological analysis of the lungs and assessment of the ex-
pression of COPD marker genes (CCR3, CCL13, COL4A2, IL2RA, VWF) and TRPM8 were
performed using RT-PCR.

Results. CS exposure caused significant morphological changes: sclerosis (73.3 %
of animals), infiltrate (100 %), emphysema (56.7 %), and goblet cell hyperplasia (90 %)
compared to control (p < 0.001). TA led to less pronounced changes, and emphysema
was absent. In the CS group, a significant increase in expression was observed: COL4A2
by 63.5-fold, IL2RA by 7.9-fold, CCL13 by 4.7-fold, and TRPM8 by 2.2-fold. In the TA
group, expression also increased significantly: COL4A2 by 9.6-fold, IL2RA by 3.0-fold,
CCL13 by 7.0-fold, and TRPM8 by 2.6-fold. CS induced a stronger expression of COL4A2
and IL2RA compared to TA.

Conclusion. The model with 42-day CS exposure most adequately reproduces
the COPD-like phenotype. Importantly, both experimental models caused a signifi-
cant increase in the transcription of the cold receptor gene TRPM8, confirming its role
in the pathogenesis and revealing new targets for therapy.

Keywords: COPD, TRPM8, CCR3, CCL13, COL4A2, IL2RA, VWF, differential gene ex-
pression
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PE3IOME

O6ocHosaHue. XpoHudyeckasa obcmpykmugHas 6osne3Hb nezkux (XOBJI) ocmaem-
€A 2/106a/16HOU MeduKo-coyuanbHol npobnemol. M38eCmHO, YUMo UOHHbIU KAHAs
TRPM8, ssnsrowulica peyenmopom xo/100d, 808/1e4eH 8 namoeeHe3 3a60/1e8dHUS.
OdHako cywecmsyrowue skcnepumeHmarsHele modenu XObJ1 yacmo He sk/oqarom
sepughuKkayuio usmeHeHul e20 3Kcnpeccuu.

Leno. Cmodenuposame XOBJI-no0o6HbIe U3MeHeHUA Y KpbIC npu UH2AAAYUOHHOM
8030elicmeuu cuzdpemHo20 ObiIMd U mAba4yHo20 d3p030/i8, KOMNIEKCHO OueHU8
MopeghonozuyecKue U3MeHeHUs 8 1e204HOU MKAHU U ypo8eHb SKkchpeccuu 2eHa TRPMS,
a makxe Ksro4egbix 2eHog-mapkepos XObJI.

Mamepuansl u memodbi. Camyos Kpeic nuHuu Wistar paszdenusiu Ha KOHMPOJIbHYO
u 0se 3KcnepumeHmasnbHele 2pynnesl (n = 30). ExxeOHe8HO 8 meyeHue 42 OHeli nposo-
Ounu UH2anAYUOHHOe 8030elicmaue: Ha hepayio 2pynny — cueapemHsim obimom (CJ),
Ha emopylo — mabayHeim aspo3sosem (TA). Ha 42-(i OeHb 8bINOIHANU 2UCMOI02U-
yeckul aHanu3 J1e2KUx U OUeHKy sKcnpeccuu mapkepHoix 2eHos XObJ1 (CCR3, CCL13,
COL4A2, IL2RA, VWF) u TRPM8 memodom OT-TILJP.

Pesynemamel. Bo3oeticmaue C/] 8bi3b18a/10 3Ha4UMesbHblE MOPOIo2UHecKUe U3-
MeHeHUA: cknepo3 (73,3 % xusomHsix), uHgunempam (100 %), smepusema (56,7 %)
U 2unepnnasus 60kanosuoHbix Kinemok (90 %) npomue koHmpons (p < 0,001). TA npu-
800UJT K MeHee 8bIpaXXeHHbIM U3MeHeHUAM, d 3Mgpu3ema omcymcmeosand. B 2pynne
C/] ommeyanu 0ocmosepHoe noswieHue 3xkcnpeccuu: COL4A2 e 63,5 pa3sa, IL2RA
8 7,9 pasa, CCL13 6 4,7 pasza u TRPMS8 & 2,2 pasa. B epynne TA skcnpeccua makxe 3Ha-
yumo yeenuyusnace: COL4A2 6 9,6 pasa, IL2RA 6 3,0 pasa, CCL13 & 7,0 pa3a u TRPM8
8 2,6 pasa. C/] sbi3bigasn b6osnee cusbHyro skcnpeccuto COL4A2 u IL2RA, uem TA.
3aknoyeHue. Moodenb ¢ 42-0HegHbiM 8030eticmeuem C/] Haubosiee adek8amHo
socnpoussodum XObBJI1-nodobHwbIl heHomun. BaxHo, ymo obe ucnosb308aHHble
3KChepuMeHMaseHble MOOesIU 8bi3bI8AIOM 3HAYUMOE y8esludeHuUe MpaHcKpunyuu
2eHa x0710008bix peyenmopos TRPMS8, umo nodmeepx0aem e2o poJib 8 NaMozeHe3e
U OomKpbleaem Ho8ble MUlEHU 0718 mepanuu.

Knroueswie cnoea: XObJI, TRPMS8, CCR3, CCL13, COL4A2, IL2RA, VWF, ducppepeH-
UuanbHas 3Kkcnpeccus 2eHo8

Ana yntuposanuna: TumkuH M.14., Kncenés M.A., Wanosanosa [.A., Haymos [.E., JInk-
ckaa MN.M., bopogumH E.A. CpaBHUTENbHBIN aHanu3 sKkcnpeccun reHa TRPM8 n mapkepos
XOBJ1 B Nerkux KpbIiC NpY MHTOKCMKALMU CUTAPETHBIM [IbIMOM U TabauHbIM a3po30/em.
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INTRODUCTION

According to WHO data, as of 2019, chronic ob-
structive pulmonary disease (COPD) became the cause
of 3.3 million deaths, ranking third in the causes of mor-
tality. The main risk factors for this disease include ge-
netic and epigenetic alterations, as well as exposure
to environmental factors, in particular cigarette smoke
[1]. COPD is characterized by significant heterogene-
ity, which manifests in a diversity of clinical symptoms
and endotypes, complicating diagnosis and treatment.
Currently, the molecular targets for COPD therapy in-
clude B2-adrenergic receptors, M-cholinoreceptors,
glucocorticoid receptors, cyclic nucleotide phosphodi-
esterases specific to cAMP, as well as interleukin-4, -13,
-33 receptors and CFTR ion channels [2]. Traditional
universal approaches to treatment do not take into ac-
count the individual characteristics of patients, which
reduces its effectiveness [3].

Cold receptors TRPMS, belonging to the melastatin
subfamily of transient receptor potential ion channels
[4], may represent a promising alternative for both
therapy and diagnosis of COPD, since they play a role
in various pathological processes characteristic of this
disease. The spectrum of activating temperatures
for TRPM8 varies somewhat according to different au-
thors, but on average is 8-28°C, with an activity opti-
mum at 10°C. It is known that exposure to low tem-
peratures on the respiratory tract can lead to damage
to the respiratory epithelium, as well as TRPM8-me-
diated excessive release of inflammatory mediators
and recruitment of inflammatory cells into the respi-
ratory tract [5]. In addition, stimulation of TRPM8 can
cause increased production of mucin MUC5AC through
a signaling cascade including an increase in intracellu-
lar Ca?* concentrations, activation of phospholipase C
(PLC), which carries out the hydrolysis of phosphatidy-
linositol-4,5-bisphosphate (PIP2) into inositol trisphos-
phate (IP3) and diacylglycerol (DAG), activating pro-
tein kinase C (PKC). A decrease in PIP2 and activation
of PKC lead to the dissociation of the myristoylated
alanine-rich C-kinase substrate (MARCKS) from the cell
membrane, which weakens the epithelial barrier and fa-
cilitates the exocytosis of vesicles with mucin [6].

It is noteworthy that TRPM8 can also be activat-
ed under the action of dust particles and cigarette
smoke - exogenous etiological factors of COPD. In this
process, the main role, apparently, is played by reac-
tive oxygen species initially contained in the smoke
and secondarily formed in cells upon its action [5, 71.

Experimental blocking of TRPM8 significantly re-
duced the number of cells and the concentration
of MIP-2 in the bronchoalveolar lavage, the expres-
sion of phosphorylated forms of kinases regulated
by the extracellular signal (ERK), and N-terminal ki-
nases of the transcription factor c-Jun (JNK), as well
as the levels of inflammatory infiltration and damage
in the lung tissues of mice against the background
of 7-day exposure to cigarette smoke. Moreover, all
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the listed changes were more pronounced when ex-
posed to cigarettes with menthol (a TRPM8 agonist)
compared with conditions in which smoke from regu-
lar cigarettes was used [8].

Apparently, cigarette smoke can increase the ex-
pression of TRPM8 in the respiratory tract, which was
recorded in experiments in mice with subchronic expo-
sure (1.5 cigarettes per day, 7 days) [8], as well as in rats
with intensive exposure (10 cigarettes per hour, 6 hours
a day, 40 days) [9]. Increased expression of TRPM8
mRNA and protein was also recorded in the bron-
chial epithelium of patients with COPD compared
with healthy individuals [6].

As is known, one of the approaches to studying
the mechanisms of disease development is the mod-
eling of the disease in laboratory animals through pro-
longed exposure of cigarette smoke to the respiratory
organs [10]. Such models allow reproducing COPD-like
pathological processes in the lung tissue of animals,
which allows studying the features of the pathogen-
esis of COPD under controlled conditions, including
conducting an analysis of the differential expres-
sion of genes [11-13]. In this case, the effectiveness
of modeling the pathology can be assessed not only
by morphological criteria but also by specific changes
in the expression of marker genes in the lung paren-
chyma. The following key marker genes can be used
as such: the C-C chemokine receptor type 3 gene
(CCR3),the C-C chemokine ligand type 13 gene (CCL13),
the a2-chain of type IV collagen (COL4A2), the a-sub-
unit of the interleukin 2 receptor (/L2RA), and the von
Willebrand factor (VWF), the differential expression
of which was previously detected in patients with COPD
using transcriptomic sequencing and subsequently
confirmed in a rat model of the disease by real-time
PCR with reverse transcription [14].

Taking into account the absence of existing
COPD models with documented increased expression
of TRPMS, the aim of the study was to model COPD-like
changes in the respiratory system of rats under expo-
sure to cigarette smoke or tobacco aerosol with veri-
fication of specific molecular and morphological bio-
markers of the disease, as well as the level of TRPMS8
gene expression in each of the models.

MATERIALS AND METHODS

The experiment was conducted on the basis
of the Amur State Medical Academy in compliance
with the ethical principles of conducting scientific med-
ical research (excerpt from protocol No. 2 dated June
26, 2023). Exposure of animals to smoke and aerosol
was carried out in a sealed plastic chamber with a vol-
ume of 9 liters, equipped with two ventilation open-
ings 1 cm in diameter each, located on a removable lid
to ensure air exchange and prevent excessive pressure.

Three groups of rats participated in the experiment:
control, first experimental, and second experimental,



each group consisting of 30 animals. The control group
was not exposed. Animals from the first experimental
group received cigarette smoke (filter cigarettes “Mak-
sim krasny”, Imperial Tobacco LLC, nicotine - 0.7 mg/
cig), and in the second experimental group, exposure
to tobacco aerosol was performed (nicotine — 0.7 mg/
stick peo™, tobacco heating system glo™, ITMS Group
of Companies).

Smoke/aerosol was obtained from one cigarette
or one stick using a self-made syringe pump. The puff
volume was 35 mL, duration - 2 s. After each puff,
the cigarette was extinguished, and the stick was
held for cooling of the heating element. The obtained
smoke/aerosol was introduced into the exposure
chamber. The procedure was repeated with an interval
of 3 minutes (12 puffs) for the cigarette and 2 minutes
50 seconds (14 puffs) for the stick, which ensured com-
plete use of one product with the same total exposure
time of 40 minutes for all animals.

Heating tobacco to 350°C in special systems does
not lead to the formation of new compounds that were
not present in cigarette smoke when burning the same
tobacco. The chemical differences between aerosol
and smoke are mainly quantitative rather than qualita-
tive: the aerosol contains the same set of compounds,
but in significantly smaller amounts, with the excep-
tion of a small group of substances whose elevated lev-
el in tobacco aerosol is explained mainly by the pres-
ence of glycerol in the formulation [15].

Each rat was daily exposed to smoke from one cig-
arette or one stick for 40 minutes. On day 42, the ani-
mals were withdrawn from the experiment by cervical
dislocation under chloroform anesthesia.

The choice of the 42-day period of intoxication
of rats is based on the need to model stable patho-
physiological changes characteristic of the early stages
of COPD in humans. This period is minimally sufficient
for the development of pronounced inflammation, ox-
idative stress, and the onset of airway remodeling [16].

The smoking dose (1 cigarette per day) was deter-
mined as a result of previous pilot observations, which
established that a higher dose (= 2 cigarettes per day)
under the tested conditions led to frequent premature
mortality in animals. We did not use lipopolysaccha-
rides and infectious pathogens in modeling COPD
in order to achieve etiological relevance and recreate
the natural course of the pathology without significant
distortion of the inflammatory response [171].

The lungs were removed for histological evaluation
and analysis of the expression levels of CCR3, CCL13,
COL4A2,IL2RA, VWF,and TRPMS8. Lung tissues were fixed
in 10 % formalin, dehydrated in alcohols of increasing
concentration, and embedded in paraffin. Staining
was performed with hematoxylin and eosin. The ob-
tained preparations were examined using microscopy.
During microscopy of sections stained with hematoxy-
lin and eosin, characteristic histopathological markers
of chronic inflammation of lung tissue were assessed:
inflammatory infiltration (lymphocytes, neutrophils,

macrophages) peribronchially and perivascularly, air-
way remodeling (thickening of bronchial walls, goblet
cell hyperplasia), destruction of alveolar septa (em-
physema), and the development of interstitial fibrosis.
Statistical analysis of the frequency of morphological
changes was performed in the R environment (version
4.4.2; R Foundation for Statistical Computing). To iden-
tify general differences in the frequency of occurrence
of morphological changes between the three experi-
mental groups, the Fisher-Freeman-Halton exact test
was used (the fisher.test function from the stats pack-
age), which is the preferred method for 2 x 3 contin-
gency tables in the presence of zero or small expect-
ed frequencies. In the case of detecting statistically
significant differences (p < 0.05), pairwise post hoc
comparisons were performed using Fisher’s exact test
for 2 x 2 tables with Bonferroni correction for multiple
comparisons.

Total RNA was isolated from the remaining lung tis-
sues using the RNA Solo kit (Evrogen, Russia). The con-
centration of total RNA after DNase treatment was
measured on a NanoDrop spectrophotometer (Ther-
moFisher Scientific, USA). Assessment of the quality
of the isolated RNA was performed using gel elec-
trophoresis in a 2 % agarose gel, visualizing the 28S
and 18S rRNA bands using the Gel Doc™ EZ Imager
gel documentation system (Bio-Rad, USA). Quality
samples without signs of RNA degradation had clearly
pronounced intact 28S and 185 rRNA bands and a ra-
tio of their intensities close to 2:1. cDNA was obtained
from the isolated RNA by reverse transcription (RT)
using the OT-MULV kit (Biolabmix, Russia). Subse-
quently, quantitative PCR was performed for all genes
using the HS-qPCR SYBR-BLUE kit (Biolabmix, Russia).
As a result of reverse transcription with oligo(dT)
primers, a sufficient amount of cDNA was obtained
for CCR3, CCL13, and 18S, and for the genes COL4A2,
IL2RA, TRPMS8, VWF, gene-specific RT was performed.
The 18S locus served as a constitutive (reference)
gene, as the most stable in inflammatory processes
in the lungs [14], and was subsequently used to calcu-
late normalized expression values of the genes of in-
terest. Real-time PCR included analysis of the melting
curve after completion of the reaction (Fig. 1). Analysis
of melting peaks was performed to confirm the spec-
ificity of amplification and the absence of nonspecific
products or primer dimers. Amplification of six target
genes was performed in separate tubes. After comple-
tion of the elongation stage, the amplifier recorded
the fluorescence intensity with subsequent construc-
tion of derivative melting curves. The presence of a sin-
gle narrow peak on each derivative curve for all six
analyses indicated amplification of a specific product
and the absence of side PCR products.

The presence of a single peak for each of the six
genes indicates that the primers predominantly ampli-
fy the target DNA region.

The obtained samples were analyzed in four rep-
licates on a CFX96 amplifier (BioRad, USA), using
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the oligonucleotides specified in Table 1 [14]. As noted
earlier, the marker genes CCR3, CCL13, VWF, COL4A2,
and IL2RA were selected based on the results of a study
in which differential analysis of the expression of vari-
ous genes in lung tissue associated with the develop-
ment of a COPD-like state was performed.

Amplification was performed under the following
temperature conditions: initial denaturation - at 96°C
for 2 min, then 32 cycles at a temperature-time re-
gime: denaturation — at 94°C - 30 s, primer annealing
at 60°C - 40 s, elongation — at 70°C for 1 min; final elon-
gation - at 70°C for 2 min.

Statistical calculations of the relative expression
of target genes by the 2-AACq method were per-
formed using the gRAT web service [18], with its plugin
for ddCq analysis [19, 20].

FIG. 1.

RESULTS AND DISCUSSION

The most obvious morphological changes
inthelungsweredetectedinanimalsreceivingcigarette
smoke. Thus, goblet cell hyperplasia was established,
which, apparently, is a consequence of neutrophil in-
filtration during degranulation of which neutrophil
elastase and cathepsin G are released (Fig. 2D) [21].
In the muscular membrane of the submucosal layer
of the bronchi, hypertrophy and hyperplasia of my-
ocytes were observed, which was due to a decrease
in the number of glycogen granules in the muscle
cells of the bronchi (Fig. 3A, 3D) [22]. On the part
of the vessels, significant changes were noted, mani-
festing in the proliferation of intima and fibroelastosis,
leading to a sharp narrowing of the lumen (Fig. 3C).

Melting peaks for CCR3, CCL13, COL4A2, IL2RA, TRPMS, 18S gene products (compilation of six graphs)

TABLE 1
PRIMER SEQUENCES

Locus Forward primer
CCR3 CCTGCTGACAATCGACAGGTA
ccLi3 TCAGTGTTCACCCCAGTCAC
VWF CCTTGTGAAGTGGCTCGTCT
COL4A2 CGAGAGGCGTCTCTGGATTC
IL2RA CCATAGTACCCGGCTGTTGG
TRPM8 GCAGTGGTACATGAACGGAGT
18S CTTAGAGGGACAAGTGGCG

Reverse primer Amplicon length

GCTGCCAATACTGCAAGACC 120
GGACACTGGCTGCTTGTGAT 101
GCAAGTTGCAGTTGACCAGG 88
TGCGTAAGGTTCGCCTTTCT 200
CCGTTCTTGTAGGAGAGGGC 91
TGAAGAGTGAAGCCGGAATAC 109
GGACATCTAAGGGCATCACA 70
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Proliferation of the vascular intima in this case was due
to hyperplasia of smooth muscle cells and accumula-
tion of elastic and collagen fibers, which occurs as a re-
sult of damage to the endothelium of the intima, in-
creased pressure in the system of the left gastric artery

FIG. 2.

and hypoxia [23] (Fig. 3C). Thickening of the bronchus
walls (Fig. 2D, 3A, 3D) is associated with several patho-
logical processes, including inflammation, hypertro-
phy of the mucous glands, fibrosis, and edema. Des-
quamation of the epithelium (Fig. 3B) and squamous

Histological images of the lungs of a rat chronically exposed to cigarette smoke (light microscopy, magnification x4 and x10, stained with
hematoxylin and eosin). All images show serous-leukocytic infiltrate in the alveoli, sclerosis of the lung tissue, plethora and narrowing
of the vascular lumen; A, B, E, F — bronchiectasis; B, C - foci of emphysematous changes in the lung tissue with bronchiectasis, areas of al-

veolar overstretching; D - thickening of the bronchial walls.
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metaplasia (Fig. 3A) are the result of damage caused
by chronic exposure to cigarette smoke and activation
of reparative processes. Hyperplasia and hypertrophy
of the glands, sclerosis of lung tissue were observed
(Fig. 2A, 2E, 3A, 3D). Emphysematous change of lung
tissue occurred, presumably induced by neutrophil
proteases, including neutrophil elastase, proteinase
3, and cathepsin G, leading to damage to surrounding
tissues. In addition, macrophage elastase, the activity
of which increases against the background of smok-
ing, may play a role in the development of emphyse-
ma, while its effect is not suppressed by al-antitryp-
sin, which allows this enzyme to destroy antiproteases
(Fig. 2B and 2C) [24]. Against the background of expo-
sure to tobacco aerosol, the changes in the lungs were
less pronounced: infiltration of inflammatory cells,
plethora, sclerosis of vessels, and remodeling of lung
tissue were observed (Fig. 5A, 5B, 5C). Pathological
changes (sclerosis of lung tissue, emphysematous

FIG. 3.

change, goblet cell hyperplasia) in the lungs of rats
from the intact group were not observed (Fig. 4A, 4B).

Exposure to cigarette smoke causes the most pro-
nounced pathological changes in lung tissue (scle-
rosis, infiltrate, emphysema, hyperplasia) compared
with the intact group (p < 0.001). Tobacco aerosol also
leads to significant changes, but to a lesser extent:
it causes sclerosis and infiltrate, but not emphysema,
and its effect is statistically weaker than that of smoke
(p < 0.001 in pairwise comparisons). Thus, traditional
smoking has a more destructive effect on the lungs
than the use of tobacco aerosol (Table 2).

It was not possible to determine the expression
of VWF, probably due to the very low concentration
of transcripts of this gene in the studied sample. De-
spite the performance of gene-specific reverse tran-
scription aimed at increasing the specificity of the reac-
tion, the result remained negative. The obtained results
of the analysis of the relative expression level of other

Histological images of the lungs of a rat chronically exposed to cigarette smoke (light microscopy, 40x magnification, hematoxylin
and eosin staining). A - squamous cell metaplasia of the bronchial epithelium, hypertrophy and hyperplasia of myocytes; B - desqua-
mation of the ciliated epithelium; C - plethora, sclerosis and fibroelastosis of the vessel, increased infiltration of perivascular tissue;
D - goblet cell hyperplasia, leukocyte infiltrate in the bronchial lumen.
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TABLE 2

PREVALENCE OF MORPHOLOGICAL CHANGES IN LABORATORY ANIMALS

p-value Pairwise comparisons
Morphological change Groups (n = 30) % (n) with change (Fisher-Freeman- (p-value with Bonferroni
Halton test) correction)
Intact 0(0) p, <0.001
:i.sichI:rosw g Cigarette smoke 733 (22) <0.001 p,=0.024 (not significant)
Tobacco aerosol 20.0 (6) p, < 0.001
Intact 10.0 (3) p, <0.001
2. Serous-leukocytic .
infiltrate Cigarette smoke 100 (30) < 0.001 p,<0.001
Tobacco aerosol 70.0 (21) p,<0.001
Intact 0(0) p, <0.001
3. Emphysematous . _ A
dimae Cigarette smoke 56.7 (17) <0.001 p, = 1.0 (not significant)
Tobacco aerosol 0(0) p, < 0.001
Intact 0(0) p, <0.001
4. Goblet cell Cigarette smoke 90.0 (27) <0.001 p. < 0.001
hyperplasia 2
Tobacco aerosol 30.0(12) p, < 0.001

Notes. *Intact vs. Smoke (p,), Intact vs. Aerosol (p,), Smoke vs. Aerosol (p,).

FIG. 4.

Histological images of the lungs of rats from the intact group (light
microscopy, 10x magnification, hematoxylin and eosin staining).
A, B-lungs without pathological changes.

genes (with the exception of CCR3) demonstrated
an increase in their transcription in both experimental
groups relative to the control (Fig. 6).

When comparing the experimental groups relative
to each other, the absence of statistically significant
differences was observed for most genes, with the ex-
ception of COL4A2 and IL2RA, which were expressed

to a greater extent in the group exposed to cigarette
smoke (by 1.7 (p < 0.001) and 1.5 times (p = 0.04)).
Such differences indicate a more pronounced effect
of cigarette smoke, compared with tobacco aerosol,
on the proinflammatory reaction mediated through /L-
2RA and increased transcription of COL4A2, which is re-
sponsible for the formation of collagen (Fig. 6).

The CCR3 locus in both experimental groups had
aninsignificant change (Fig.6) in expression. It is known
thatthe CCR3 receptorplaysanimportantroleinthede-
velopment of allergic reactions and bronchial asthma,
showing active expression in basophils, eosinophils,
as well as in Th2 lymphocytes and epithelial cells lining
the respiratory tract. Thus, its low expression indicates
the absence of allergic inflammation in the respirato-
ry tract of rats with a COPD-like state, which, despite
the contradiction with the data of Guan Q,, et al. [14],
is generally characteristic of COPD [25].

CCL13 and IL2RA, like CCR3, are involved in vari-
ous immune mechanisms associated with inflamma-
tion. CCL13, also known as MCP-4 (monocyte chemo-
attractant protein-4), is a CC chemokine possessing
significant chemoattractant activity against mono-
cytes, eosinophils, and basophils. This chemokine
is significantly associated with allergic diseases such
as bronchial asthma, but may not play a role in COPD
[26]. Production of CCL13 can be induced by inflam-
matory cytokines, including interleukin-1 and tu-
mor necrosis factor alpha (TNF-a) [27]. The obtained
data demonstrate statistically significant differences
in the effect of tobacco aerosol and cigarette smoke
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on the expression of the CCL13 chemokine, which
confirms the reliability of the observed effects. More
pronounced expression of CCL13 was observed un-
der the action of tobacco aerosol, a 7.0-fold increase
(p < 0.05), while under the action of cigarette smoke,
a 4.7-fold increase (p < 0.001) was observed.

At the same time, for IL2RA, an opposite pic-
ture was observed: the expression of this gene in-
creased by 7.9 times in the group receiving cigarette
smoke (p < 0.001) (Fig. 6), and by 3.0 times (p < 0.001)
in the group receiving tobacco aerosol (Fig. 6). The al-
pha chain of the interleukin-2 receptor (/L2RA or CD25)

FIG. 5.

plays a key role in the pathogenesis of autoimmune
and oncological diseases, and increased expression
of this protein is a marker of T-lymphocyte activation.
CD25 can also be detected in non-lymphoid tissues,
such as alveolar macrophages, Kupffer cells, and Lang-
erhans cells. The role of this receptor in the develop-
ment of COPD remains to be elucidated, however,
there are studies demonstrating an increased content
of soluble interleukin-2 receptor (sIL-2R) in the serum
of smokers. The increased expression of sIL-2R induced
by cigarette smoke plays a central role in the remodel-
ing of the respiratory tract and damage to lung tissue.

Histological images of the lungs of a rat chronically exposed to tobacco aerosol (light microscopy, magnification x4, x10, x40, stained
with hematoxylin and eosin). A, B, C - lymphoid infiltration, A - perivascular infiltration, thickening of the vascular intima, sclerosis

and vascular congestion.
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FIG. 6.

Graph of gene expression analysis in experimental groups versus control (on the vertical axis Log2(2-ddCq)).
Statistically significant differences *** p < 0,001 ** p < 0,05 - in relation to control; ### p < 0,001, # p < 0,05 - in relation of experimen-

tal groups to each other.

Studies show that even after cessation of smoking, in-
flammatory processes in the lungs continue to persist,
which indicates the possible presence of autoimmune
factors in chronic obstructive pulmonary disease
(COPD). This allows us to suggest that the increased
concentration of sIL-2R in the serum of smokers may
indicate that cigarette smoke contributes to the occur-
rence and progression of COPD through the activation
of T cells [28].

A significant increase in the expression of COL4A2
was observedin both experimental groups:inthe group
receiving cigarette smoke, it was 63.5 times (p < 0.001)
(Fig. 6), and in the group receiving tobacco aerosol -
9.6 times (p < 0.001) compared with the control group
(Fig. 6). This is explained by several pathophysiolog-
ical processes, among which chronic inflammation
and damage to lung tissue are especially significant.
In response to inflammatory signals, collagen synthe-
sisincreases in attempts to restore damaged areas [29].
It is known that COPD can be accompanied by the de-
velopment of fibrosis, in which COL4A2 performs a crit-
ical role as the main component of the extracellular
matrix. Disruption of the structure of the extracellular
matrix can lead to excessive collagen deposition in tis-
sues and thickening of basement membranes. Addi-
tionally, hypoxia, which is often observed in COPD, can
activate signaling pathways responsible for collagen
synthesis, through the activation of hypoxia-induc-
ible transcription factors. Based on the obtained data,
it can be concluded that cigarette smoke had a greater
effect on collagen expression compared with tobacco
aerosol.

An increase in the synthesis of TRPM8 mRNA com-
pared with the control was comparable between

the group receiving cigarette smoke (2.2 times,
p=0.006) (Fig.6) and the group receiving tobacco aero-
sol (2.6 times, p = 0.002) (Fig. 6). It is known that cold
air, menthol, and solid particles contained in cigarette
smoke can initiate inflammatory reactions through
the TRPM8-mediated signaling pathway PKC/NF-kB
in primary epithelial cells of the respiratory tract. In this
case, the result of activation of TRPMS8 is increased
expression of many cytokines and chemokines, such
as IL-1, IL-4, IL-6, IL-8, IL-13, granulocyte-macrophage
colony-stimulating factor, and TNF-a [30].

Studies devoted to polymorphisms
of the TRPM8 gene also confirm its significant role
in the pathogenesis of COPD. In particular, the TRPM8
polymorphismrs2052030 may influence predisposition
to the development of COPD, and carriers of the C al-
lele of the rs11562975 polymorphism are predisposed
to the formation of progressive bronchial obstruction
[31,32].

The main limitations of this study include the fact
that the expression of COPD markers and TRPM8 was
assessed only at the mRNA level, which cannot reflect
the expression of the corresponding proteins due
to post-transcriptional regulation. In the study, we did
not measure the number of leukocytes and inflamma-
tory markers in the bronchoalveolar lavage, and did
not evaluate the systemic level of inflammation. In ad-
dition, for the obtained histological preparations, we
did not perform a quantitative morphometric analysis.
Nevertheless, the changes in mRNA expression detect-
ed at the molecular level, as well as the morphologi-
cal features of lung tissue after exposure to cigarette
smoke indicate the formation of a pathological pheno-
type relevant to the COPD model.
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CONCLUSION

In the present study, we tested the modeling
of a COPD-like state in rats using inhalation of tobacco
cigarettes and tobacco aerosol generated by tobacco
heating systems. Despite the fact that the creation
of a COPD model in animals using cigarette smoke
often also includes inhalation of lipopolysaccharides
[33], we chose a disease model that develops only un-
der the influence of cigarette smoke, since it is simpler,
less expensive, and better suited for modeling stable
COPD [34]. Some studies show that an increased num-
ber of cells in the bronchoalveolar lavage, increased
expression of IL-6, and emphysematous changes
in the lung parenchyma appear already after 1 month
of exposure to cigarette smoke at an exposure intensi-
ty of 0.00103 cig/L/min and a daily dose of 0.124 cig/L
[35], whereas in our case the intensity and dose values
were 0.00278 cig/L/min and 0.11 cig/L, respectively.

In our experiment, rats receiving tobacco aero-
sol demonstrated moderate morphological changes
in the lungs. Nevertheless, according to Nitta N.A.,
et al.,, with a 6-month exposure of mice to tobacco
aerosol, the changes were comparable to those ob-
served in individuals receiving cigarette smoke inha-
lations. In addition, against the background of expo-
sure to tobacco aerosol, the number of neutrophils
and lymphocytes in the bronchoalveolar lavage sig-
nificantly increased [36]. Thus, it is likely that the in-
duction of a COPD-like phenotype using tobacco aero-
sol should take more time, and a 6-week exposure was
insufficient for the development of pronounced mor-
phological disorders.

Against the background of the action of cigarette
smoke and tobacco aerosol, an increase in the expres-
sion of most COPD marker genes in lung tissues was
recorded. At the same time, unlike other genes, the ex-
pression of CCR3 did not increase. This feature may
be due to the fact that in the work of Guan Q., et al.
[14], for modeling COPD, exposure to cigarette smoke
was combined with nasal instillation of an infectious
pathogen (Klebsiella pneumoniae), whereas our model
did not provide for additional stimulation with live bac-
teria or components of their cell wall. In addition, we
were unable to assess the expression of the VWF gene,
which may be due to the characteristics of the primers
and other reagents used for RT-PCR.

It is important to emphasize that this work was
aimed not only at modeling COPD but also at verifying
the increased transcription of TRPM8 in specific mod-
els in rats, with the aim of further studying the role
of this cation channel in the development of the dis-
ease. It is important to note that earlier overexpres-
sion of TRPM8 was recorded either with short-term
exposure to cigarette smoke, which is not capable
of causing typical COPD-like changes in lung tissue
[8], or, conversely, in a model with probably exces-
sive exposure (60 cigarettes per day, 40 days), al-
though detailed experimental conditions (for example,
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the volume in which the obtained smoke volume was
enclosed) are not specified [37]. We were the first
to show that the expression of TRPM8 mRNA increases
not only upon contact with cigarette smoke but also
against the background of exposure to tobacco aero-
sol. Currently, data on the ability of tobacco aerosol
components to cause TRPM8 activation are absent.
Nevertheless, it is known that this aerosol has an even
more pronounced ability to induce oxidative stress
in bronchial epithelial cells in vitro compared with cig-
arette smoke [38]. Thus, it can be expected that both
cigarette smoke and tobacco aerosol will act as acti-
vators of this cation channel. The discovered increase
in TRPM8 expression represents an important prereg-
uisite for assessing the potential of these channels
as a pharmacological target, which, in turn, creates
a basis for further studies aimed at studying their func-
tional role in the pathogenesis of COPD and the de-
velopment of new approaches to the treatment of this
disease.
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