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EXPERIMENTAL RESEARCHES

ABSTRACT

Background. Overweight and obesity are key factors for the occurrence of many
morphofunctional disorders in organs and tissues, including bronchopulmonary
system.

The aim. To study the influence of metabolic disorders that occur against the back-
ground of obesity on the state of the airways tone in rats.

Materials and methods. Obesity in male Wistar rats was induced using a high-fat
and high-carbohydrate diet. In animals, body weight and fat mass were measured,
and the heart-lung complex was extracted. In blood serum, the levels of glucose, insu-
lin, leptin, triglycerides, and cholesterol were assessed. Bronchoalveolar lavage fluid
was obtained by an open method, in which the concentration of protein, interleukin
(IL) 6 and IL-10 was determined. The contractile activity of the isolated bronchial
smooth muscle segments was studied using mechanographic method. The effect
of acetylcholine (10~7-10~* M), indomethacin (10~ M), and forskolin (107-10~> M)
on the changes in the tone of airway smooth muscles was assessed.

Results. High-fat and high-carbohydrate diet caused an increase in body weight,
visceral obesity, hyperglycemia, insulin resistance, leptinemia, dyslipidemia in rats
of the experimental group. In the bronchoalveolar lavage fluid of experimental
animals, an increase in the content of protein and IL-6 was found, which positively
correlated with the level of leptin and the fat mass. In obese rats, the contractile
responses of bronchial smooth muscle segments increased in response to the effect
of the cholinergic agent acetylcholine. The bronchoconstrictor effect of acetylcholine
was reduced by the cyclooxygenase inhibitor indomethacin. In turn, the adenylate
cyclase activator forskolin caused relaxation of the airway segments smooth mus-
cles in rats of both groups, which was more pronounced in the experimental group.
Conclusion. Theobtained resultsindicate thatthe change in the reactivity of the res-
piratory tract can be the cause of bronchospastic conditions in obesity and of the in-
flammatory reaction in the respiratory system induced by obesity.
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PE3IOME

O6ocHoBaHue. VI36bImoYHas Macca meJsa u OXXupeHue A8J/AMCs K/lo4esbiMu
hakmopamu 0715 B03HUKHOBEHUA MHOXeCm8ad MoppOopyHKUUOHAIbHbIX Hapyie-
HUll 8 pas/IuUYHbIX OP2aHAX U MKAHAX, 8 MOM YucJsie 8 BpOHX01E204HOU cucmeme.

Lens uccnedoeanus. V3ydyums snusHue memabonudeckux HapyuleHut, 803HU-
Kaouwux Ha hoHe OXXupeHUs, Ha COCMOAHUE MOHYCa 8030yXOHOCHbIX NymeU Kpbic.
Mamepuanel u memoodsl. OxupeHue y kpeic-camyos Wistar uHoyyuposanu
C UCNOJ1b308AHUEM 8bICOKOXUPOBOU U 8bICOKOY2/1e800HOU Ouemol (BXKBY/]).
Y XuBomHbIX U3MepAIU MACCy meJsid U XUpo8oU MKAHU, U38J1eKanu KOMNJ1eKc
cepoue-nézkue. B cblsopomke Kposu oyeHUBaIU COOePXKaHUE 2J1I0K03bl, UHCY/TUHA,
JslenmuHa, mpuaauyepudos, xonecmeposad. OmkpseimelM cnocobom nosay4yanu
6POHX0AsbBEOSIAPHYIO IABAXKHYI0 KUOKOCMb, 8 KOMOPOU 0Npedesisiu KOHYeHmpa-
yuto besnika, uHmepnelikura (IL) 6 u IL-10. CokpamumesibHyto akmugHOCMb U30/1U-
POBAHHbIX 2/TA0KOMbIUEYHbIX Ce2MEHMO08 OPOHX08 U3y4asiu MexaHo2pagpuyeckum
memodom. OyeHusanu enusHue auemusaxonura (107-10~4 M), uHdomemayuHa
(107° M), popckonura (107107 M) Ha usmeHeHue MOHyca 21adKuUX MblUY 803-
OYXOHOCHbIX nymed.

Pesynomamel. B)KBY/] npusoousna Kk ygenudeHuUto Maccsl mesa, 8UcyepasbHoMy
OXUpeHUIo, 2unep2IuKeMul, UHCYSIUHOpe3UCMeHmMHOCMU, ienmuHeMuu, OUuc/1u-
nudemuu y KpbiC 0nblMHOU 2pynnsl. B 6poHxoanbeeonsapHol 1a8axxHoU Xuokocmu
3KCNepuUMeHMasnbHbIX XUBOMHbIX O6HAPYXeHO NosblueHUe co0epXaHusa beska
u IL-6, komopoe nonoxumesIbHO KOppeauposaso C ypo8HEM IENMUHA U Maccou
XKUPOBOU MKAHU. Y KpbIC C OXXUpEHUEM NpouCXoousI0 ycuieHue CoKpamumersibHbIX
0maeemoa 2/1a0KOMbILWEYHbIX Ce2MeHMo8 6pOHX08 8 0maem Ha Oelicmaue XOUHO-
MUMemuKa ayemuJsixoauHd. bpoHXokoHCMpuUKMopHoe delicmaue ayuemusixosuHa
CHUXAocb npu 8030elicmauu UH2UbUMopa YUK100KCU2eHAa3bl UHOOMeMAuuHa.
B cgoto o4epeds, akmusamop adeHUIamuyuK/1assl (hopCKOIUH 8bi3bl8as pacc/ia-
6s1eHUe 2/1a0KUX MblWY ce2MeHmo8 8030yXOHOCHbIX nymel Kpbic 0beux 2pynn,
6os1ee 8bipaxkeHHoe 8 ONbIMHoU 2pynne.

3akmoueHue. [losyyeHHble pe3ybmamel ceudemebCmayom o mom, 4mo usme-
HeHue peakmugHOCMU OblXxamesibHblx Nymeti Moxem A8/19mbCA NPU4UHoOU 6pOHXO-
cnacmuyeckux cocmosHUU Npu oXupeHuU U UHOyyupyemoU um socnaiumessHol
peakyuu 8 pecnupamopHou cucmenme.

Knroueasble cnosa: 6poHxu, 2/iadkue Mulliybl, OXXUpeHue, 80cnanaeHue, UHCYu-
Hope3UucmeHMHoOCMb
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INTRODUCTION

Chronic non-communicable respiratory diseas-
es represent an urgent medical and social problem
due to high morbidity and early disability of patients
[1,2]. Overweight and diet-induced obesity are consid-
ered by researchers as risk factors for the development
of bronchopulmonary pathology [3, 4]. Current evidence
suggests a close relationship between chronic systemic
inflammation induced by nutrients, metabolites, and bi-
oactive substances of adipose tissue cellular elements
and the development of increased airway reactivity [1,
5]. Several clinical studies have reported that patients
with bronchial asthma and obesity have higher exacer-
bation rates, impaired response to corticosteroid treat-
ment, and poor quality of life [6, 7].

The regulatory mechanisms underlying such abnor-
malities are a matter of debate, but have been shown
to be directly related to dysfunction of contractile activ-
ity of smooth muscle cells of the airway wall [8, 9]. A re-
cent study has demonstrated that airway smooth muscle
cells in obesity are characterized not only by increased
generation of contractions due to calcium-mediated
mechanism, but also by a change in their bioenergetic
profile accompanied by an increase in the rate of glyco-
lysis [10]. Along with this, it has been noted that exces-
sive adipose tissue accumulation and associated meta-
bolic disorders can alter cellular composition and con-
tribute to airway remodeling through various molecu-
lar mechanisms that form the basis of systemic inflam-
mation [11, 12].

Since the pathological processes in the bronchopul-
monary system is formed slowly, and clinical manifes-
tations of respiratory failure are significantly delayed,
it is difficult to study the pathogenesis of respiratory dys-
function in obese patients. Therefore, it is of particularin-
terest to use biological models to evaluate the role of di-
et-induced obesity in the development and progression
of the pathological process in the organs of the respira-
tory system [12, 13].

In this regard, the aim of the work was to study
the influence of metabolic disorders that occur against
the background of obesity on the state of the airways
tone in rats.

MATERIALS AND METHODS

The experiment was performed on 18-week-old male
Wistar rats (n = 18) that were on a high-fat and high-car-
bohydrate diet for 3 months [14]. Animals of the control
group (n = 15) received standard laboratory diet dur-
ing this period. When working with experimental ani-
mals, we adhered to the principles of humanity set forth
in the European Community Directive (86/609/EEC)
and the Declaration of Helsinki; the study was approved
by the Ethics Committee of the Siberian State Medical Uni-
versity (protocol No. 8201 dated 27.03.2020).
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At the end of the experiment, the animals were CO,-
euthanized. Blood was drawn from the heart,
which was then centrifuged for 10 min at 2,000 g to obtain
serum. Visceral adipose tissue, heart-lung complex were ex-
tracted. To determine the specific gravity of adipose tis-
sue, samples were weighed on analytical balance (Pioneer
PX224; OHAUS, PRQ).

Bronchoalveolar lavage was performed by the open
method on the isolated heart-lung complex [15]. Pro-
tein concentration in lavage fluid was determined spec-
trophotometrically (BCA Protein Assay Kit; Sigma-Al-
drich, USA) and cytokines interleukin (IL) 6 and IL-10
by ELISA (Bender MedSystems GmbH kits, Austria).
The concentration of glucose (Glucose-TR; Chronolab,
Spain), triglycerides, cholesterol (Triglycerides, Choles-
terol kits, respectively; Chronolab, Spain) was determined
in serum by a colorimetric method, insulin (Insulin Rat
ELISA Kit; Thermo Fisher Scientific, USA) and leptin (Rat
Leptin ELISA Kit; ELK Biotechnology, PRC) - by ELISA.
The HOMA-IR (Homeostasis Model Assessment of Insulin
Resistance) index was calculated as serum insulin X se-
rum glucose / 22.5.

The mechanical tension of isolated smooth muscle
segments of rat airways (up to the 2nd order) was record-
ed using a mechanographic method (Myobath II; WPI, Ger-
many). The resulting preparations were incubated in aer-
ated chambers (95 % 0,,5% C0,) filled with Krebs phys-
iological solution (37 °C, pH = 7.35-7.40). Segment con-
tracture was induced with potassium chloride (30 mM)
or acetylcholine (107> M), the amplitude of contractile re-
sponses to which was taken as 100 %. The effects of ace-
tylcholine (1077-107* M), indomethacin (10~> M), and for-
skolin (107-10~> M) (all Sigma-Aldrich, USA) on contrac-
tile responses of airway segments were studied.

Data analysis of the study results was performed
in SPSS Statistics 23 program (IBM Corp., USA). The ob-
tained data are presented as mean (M) and standard
deviation (+ SD), median (Me) and 25t™ and 75t per-
centiles (Q,s: Q,0). Student’s t-test or Mann — Whitney
U test was used to analyze differences between sam-
ples. Differences were considered statistically signifi-
cant at p < 0.05. The Spearman’s Rank Correlation Co-
efficient was determined to assess the relationship be-
tween the indicators.

RESULTS

Animals administrated for 12 weeks on a special
high-fat and high-carbohydrate diet had an increase
in body weight, specific gravity of visceral adipose tis-
sue. This high-fat and high-carbohydrate diet promoted
the increase of glucose, insulin and leptin levels in the se-
rum of rats belonging to the experimental group (Table 1).
The value of insulin resistance index HOMA-IR in animals
receiving high-fat and high-carbohydrate diets was sta-
tistically significantly higher than in the control group
(Table 1). The rats of the experimental group also showed



TABLE 1

PHYSIOLOGICAL AND BIOCHEMICAL PARAMETERS IN RATS FROM CONTROL AND EXPERIMENTAL GROUPS (M + SD)

Parameters

Control group (n=15)

Experimental group (n = 18)

Body weight, g 4333+394 489.1 +47.9 (p=0.01)
Specific gravity of visceral adipose tissue, g 22+0.2 4.3+0.6 (p <0.001)
Fasting glucose, mM 4.7+0.5 6.6 +0.4 (p <0.001)
Insulin, pM 112408 242 +56 (p=0.001)
HOMA-IR 04£0.1 1.3+ 0.4 (p =0.004)
Leptin, ng/ml 31+£03 45+0.1 (p=0.01)
Cholesterol, mM 1.7+0.2 23+£0.3(p=0.001)
Triglycerides, mM 0.7+0.2 1.7+ 0.5 (p=0.001)

Note. p — statistically significant differences with the control group.

a statistically significant increase in the blood content
of triglycerides and cholesterol compared to control an-
imals (Table 1).

The study of bronchoalveolar lavage fluid revealed
a 1.5-fold increase in protein concentration in rats
of the experimental group compared to the control group
(1.1 £ 0.3 g/l in the experimental group vs. 0.7 = 0.2 g/I
in the control group; p = 0.037). Also, a statistically sig-
nificant increase in the concentration of IL-6 in lavage
fluid (9.7 (9.4; 15.7) pg/ml in the experimental group
vs. 5.3 (4.7; 9.2) pg/ml in the control group; p = 0.007)
was found in animals of the experimental group, where-
as the level of IL-10 did not differ between the investigat-
ed groups. There was a positive correlation between se-
rum leptin levels and protein (r=0.355; p=0.020) and IL-6
(r=0.573; p = 0.005) concentrations, as well as adipose
tissue mass and IL-6 levels (r = 0.486; p = 0.005) in lav-
age fluid.

As a result of studying the constrictor reactions
of airway smooth muscles, it was found that the action
of the non-selective cholinergic receptor agonist acetyl-
choline (107-10"% M) caused a dose-dependent increase
in the mechanical stress of bronchial segments of rats be-
longing to the control and experimental groups (Fig. 1).
At the same time, the amplitude of contractile responses
of ring segments in animals belonging to the experimen-
tal group was higher than in the control group in the con-
centration range from 5 x 107 to 5 x 10°* M (p < 0.05).
Airway segment pretreatment with the cyclooxygenase
inhibitor indomethacin ((10~> M) for 40 min caused a de-
crease in acetylcholine-induced contraction of segments

in both control and experimental groups (Fig. 1). Statis-
tically significant differences were found with the ac-
tion of acetylcholine at concentrations of 5 x 107%-
10* M (p < 0.05). The effect of indomethacin caused
a greater inhibition of mechanical stress in the segments
of the control group. Activation of adenylyl cyclase by ad-
dition of forskolin (10710~ M) against the background
of pre-contraction of bronchial segments with acetyl-
choline caused a dose-dependent decrease in the ampli-
tude of the contractile response of segments obtained
from animals of both study groups (Fig. 2). Moreover,
a more pronounced drop in mechanical stress was ob-
served in the segments of rats belonging to the experi-
mental group.

DISCUSSION

Visceral obesity is a trigger for multiple metabolic
disorders mediating neuroimmunoendocrine dysfunc-
tion at the systemic level [1, 3]. Current studies show
that chronic inflammation associated with adipocyte
hypertrophy and impaired secretory status is strong-
ly associated with the development of airway hyper-
responsiveness and may be a cause of respiratory pa-
thology [3, 5, 91.

A key linkin the pathogenesis of bronchopulmonary
pathology is inflammation and remodeling of the air-
ways, which are regulated by various cell types includ-
ing immune, epithelial, smooth muscle and fibroblast
cells. In obesity, immunocompetent cells of the airways
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FIG. 1.

The effect of acetylcholine on the contractile responses of bronchial
smooth muscles in rats of control and experimental groups: * — sta-

tistically significant differences with the control group at p < 0.05;

# — statistically significant differences with the control group + indo-
methacin (10~° M) at p < 0.05; * - statistically significant differences
with experimental group at p < 0,05

can change their functional phenotype with a predom-
inance of proinflammatory differentiation, which leads
to hypersecretion of inflammatory cytokines, thickening
of the bronchial wall, subepithelial fibrosis, neovascu-
larization and increased proliferation and hypertrophy
of smooth muscle cells [11, 12]. In the studies of A. Kurok-
awa et al. [8], K. Watanabe et al. [16] showed that the lep-
tin is secreted almost exclusively by adipocytes, can en-
hance airway hyperresponsiveness by increasing the pro-
duction of inflammatory mediators and accelerating the
differentiation of myofibroblasts. Along with this, leptin
increases the expression of intercellular adhesion mole-
cules ICAM-1 in epithelial cells, which promotes the pen-
etration of eosinophils and blood neutrophils into the
airway mucosa [17], and various proinflammatory cy-
tokines (IL-6, IL-8, IL-12, IL-12p40, IL-25, IL-33, CCL, etc.)
produced by epithelial cells aggravate the inflammatory
response of the airways and their hyperresponsiveness
[11]. Activated epithelial cells can also enhance airway
remodeling by promoting migration of airway smooth
muscle cells into the epithelial layer [18]. Smooth mus-
cle cells, in turn, can also maintain a pro-inflammatory
status by secreting cytokines such as IL-1, IL-5, IL-6 and
IL-8, TGF-B1 and VEGF [19]. The study of A. Matoba et al.
[20] showed that an increase in the level of free long
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The effect of forskolin on the contractile responses of bronchial
smooth muscles in rats of control and experimental groups: * — sta-
tistically significant differences with the control group at p < 0,05

chain fatty acids (oleic and linoleic) through the MEK/
ERK and PI3K/AKT signaling cascade induces prolifera-
tion and hyperplasia of smooth muscle cells of the air-
ways in vitro.

To study the airway hyperresponsiveness devel-
opment mechanisms and inflammation in obesity,
the use of animal models is appropriate. We performed
experiments on rats maintained for 12 weeks on a high-
fat and high-carbohydrate diet. It was found that a high-
fat and high-carbohydrate diet leads to changes in phys-
iological and biochemical parameters, which are ex-
pressed in the development of diet-induced obesity,
hyperglycemia, insulinemia, insulin resistance, leptine-
mia, dyslipidemia in animals of the experimental group.
The obtained results correlate with the data of literature
sources, which confirms the effectiveness of a high-fat
and high-carbohydrate diet for modeling metabolic dis-
orders, including those caused by increased accumula-
tion of adipose tissue [8, 12]. Thus, biochemical and im-
munological analysis of bronchoalveolar lavage fluid
of experimental animals showed active development
of pathological process in the respiratory system. Rats
of the experimental group showed an increase in protein
and IL-6 concentration, which correlated with leptin lev-
els and adipose tissue mass. In a similar study, mice treat-



ed with a high-fat diet showed increased levels of IL-5,
IL-10, and tumor necrosis factor alphain lavage fluid com-
pared to those of control mice [21]. Thus, it can be con-
cluded that obesity is accompanied by the development
of inflammatory response in the bronchopulmonary sys-
tem of experimental animals.

As it was noted earlier, the processes of airway re-
modeling are closely related to changes in the func-
tional activity of respiratory epithelial cells and smooth
muscles. The epithelium plays a significant role in reg-
ulating the contractile activity of airway smooth mus-
cle by secreting various relaxant and constrictor fac-
tors, including NO, prostaglandin E,, and EpDHF [13,
22]. The results of our study suggest that there is an in-
crease in the contractile responses of bronchial smooth
muscle cells in response to acetylcholine action during
obesity. According to the literature, such cholinomimet-
ic effects may be due to increased release of intracellu-
lar calcium from the sarcoplasmic reticulum and sub-
sequent phosphorylation of myosin light chains [9]
and/or overexpression of M-cholinergic receptors [23].
There is also evidence that bronchial hyperresponsive-
ness during obesity and diabetes is due to epithelial
damage and impaired prostaglandin production [13,
24]. Pretreatment of airway segments with the cycloox-
ygenase inhibitor indomethacin leveled the acetylcho-
line-evoked contraction, but to a lesser extent in rats be-
longing to the experimental group. The decrease in me-
chanical tension of smooth muscles of segments against
the background of indomethacin supports the hypothe-
sis that it can have an inhibitory effect on phosphodies-
terase [25] and thus increase the intracellular concentra-
tion of cyclic adenosine monophosphate. In turn, the ef-
fect of the adenylate cyclase activator forskolin caused
dose-dependent relaxation of smooth muscles of air-
way segments in rats of both groups, more pronounced
- in the experimental group. The obtained results indi-
cate that the change in the reactivity of the respirato-
ry tract can be the cause of bronchospastic conditions
in obesity and of the inflammatory reaction in the res-
piratory system induced by obesity.

CONCLUSION

Overweight and obesity are key factors for a varie-
ty of morphofunctional abnormalities in various organs
and tissues, including the bronchopulmonary system.
This paper shows that high-fat and high-carbohydrate
diet-induced obesity promotes the formation of a lo-
cal inflammatory response and increased airway reac-
tivity in experimental animals. Given the close relation-
ship between obesity and bronchopulmonary dysfunc-
tion, an in-depth study of its pathogenesis is necessary
in order to improve the methods of prevention and
treatment of bronchial obstruction diseases in obese
individuals.
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