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Chapter

Smoking and COPD: 
Endothelium-Related and 
Neuro-mediated Emphysema 
Mechanisms
Vera Nevzorova, Tatiana Brodskaya and Eugeny Gilifanov

Abstract

This chapter describes endothelium-related and neuro-mediated mechanisms 
of emphysema development in chronic obstructive pulmonary disease (COPD) 
and smoking on the basis of previously completed studies, literature data, and 
own researches. As components of neurogenic inflammation in the processes of 
tissue remodeling in emphysema, we describe the distribution and activity of the 
substance P, neurokinin-1 and its receptor, tissue metalloproteinases and their 
tissue inhibitors in the lungs during the entire experimental period, the modeling 
of COPD in rats with a smoking model. We also analyzed the content of neuroki-
nin system markers, the localization, and markers of tissue metalloproteinases in 
human lung tissue structures. We have confidence that there is a special morpho-
functional continuum of development of lower respiratory tract remodeling in 
response to chronic exposure to tobacco smoke and the development of inflamma-
tion in COPD. New data suggest that imbalance of neuro-mediated interactions, 
alteration of vasomotoric signaling mechanisms, secretion, mucociliary clearance, 
cytoprotection involving substance P-dependent components with impaired 
content, and development of dystopia of matrix metalloproteinases and their tissue 
inhibitors are involved in the initiation of morphological restructuring. Research 
in this direction should be continued to allow approaches to the development of 
preventive and therapeutic strategies for emphysema.

Keywords: COPD, smoking, emphysema, remodeling, neuro-mediated, 
endothelium, neurokinins, metalloproteinases

1. Introduction

Emphysema, or destruction of the gas-exchanging surfaces of the alveoli, is one 
of the typical manifestations of chronic obstructive pulmonary disease (COPD). 
Emphysema is a pathological term that is often used clinicaly, has great medical 
significance and describes only one of several structural abnormalities present 
in patients [1]. Many previous definitions of COPD have emphasized the terms 
“emphysema” and “chronic bronchitis,” which are not included in the definition 
used in the last GOLD report. In GOLD 2018, COPD was defined as a common, 
preventable, and treatable disease that is characterized by persistent respiratory 
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symptoms and airflow limitation that is due to airway and/or alveolar abnormali-
ties usually caused by significant exposure to noxious particles or gases [1]. It 
was mentioned that chronic respiratory symptoms also exist in individuals with 
normal spirometry and a significant number of smokers without airflow limitation 
have structural evidence of lung disease manifested by the varying presence of 
emphysema, airway wall thickening, and gas trapping [2–4]. Really, smoking is a 
major risk factor for COPD, and it plays an important role in lung tissue destruc-
tion development. Some experiments prove that aggressive pollutants of tobacco 
smoke (benzopyrene, peroxynitrite, acrolein, cyanides, peroxides, etc.) can cause 
direct damage to endothelial cells due to expression of adhesion molecules on their 
surface and intensification of lipid peroxidation [2, 5–7]. But the main underly-
ing cause of structural changes is chronic inflammation, which is confirmed 
by numerous studies [1, 4–6]. Even in mild COPD, or in smokers susceptible to 
emphysema [7, 8], there are significant abnormalities in pulmonary microvascular 
blood flow that worsen with disease progression [9].

It was proven that vascular endothelium actively participates in inflammatory 
reactions in COPD [10–13]. It was a systemized data about cigarette smoke as an 
endothelial toxin and activator [14]. Endothelium is one of the direct participants 
of development and maintenance of chronic inflammation. Oxidized lipoproteins 
in the tunica intima of the vessel work as attractants for chemotaxis of leukocytes 
and monocytes that start to produce pro-inflammatory cytokines in big amounts. 
These processes trigger systemic inflammatory response that leads to irreversible 
thickening of the vessel walls and deterioration of their mechanical properties. 
Chronic exposure to tobacco smoke and the products of combustion of tobacco lead 
to chronic system inflammatory reaction, oxidative stress, endothelial dysfunction, 
and morphofunctional damage of target organs. Nowadays the connection between 
endothelium-related mechanisms and emphysema forming, and progression in 
COPD is well known. Recent studies are approaching the description of the neuro-
mediated mechanisms of emphysema development in COPD.

In this chapter we have analyzed data from researchers and shared our own 
research on the study of endothelium and the neuro-mediated mechanisms of 
emphysema development  in COPD and smoking.

2.  Endothelium-related and neuro-mediated mechanisms of emphysema 
development in COPD and smoking: research data

The participation of endothelial dysfunction and injury in emphysema develop-
ment in COPD has been described since 2000 and early [15, 16]. And the inter-
est of researchers to the problem of the involvement of the endothelium in the 
pathogenesis of COPD has not decreased over the past decades. So, for the request 
“endothelium + emphysema” (in the title and/or abstract), the well-known online 
resource of the library PubMed offers 117 publications, of which 23 after 2015. For 
the request “endothelium + COPD,” it offers 335 publications, of which 72 after 
2015, and for the request “endothelium + smoking,” it offers 1859 publications, 
of which 188 after 2015. This indicates the relevance of this area of research and 
demonstrates the hopes of researchers finding new opportunities for therapeutic 
and prophylactic effects on this relationship in the pathogenesis of tobacco-related 
lesions, COPD, and emphysema [17–23].

All disorders begin with local and systemic inflammation, hypoxia and oxidative 
stress, and lead to an imbalance of proteases-antiproteases, loss of recovery and 
destruction of lung tissue. Activation and dysfunction of the endothelium involves, 
first of all, imbalance of the endothelium and its associated mechanisms, which 
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are due to the following disorders in the pathogenesis of COPD [4]. Separately, we 
would like to pay attention on some endothelium-dependent factors.

Prolonged damage to endotheliocytes by aggression factors (persistent inflam-
mation, hypoxia, oxidative stress, an imbalance in the protease-antiprotease system, 
etc.) leads to their death and anatomical reduction of the capillary bed, which is a 
component of emphysematous lung changes. Pathobiology of small vessels in COPD, 
in addition to inflammatory and hypercoagulative changes, is characterized by 
intimal thickening, arteriole muscularization, a decrease in the number of capillar-
ies, and a decrease in blood vessels [13, 15]. Delivering a VEGF receptor (VEGFR) 
antagonist to rats led rapidly to air space enlargement and pruning of the pulmonary 
arterial tree [23, 24]. VEGF is a trophic factor that is crucial for the survival of 
endothelial cells. The experiment demonstrated that prolonged blockade of VEGF 
receptors leads to apoptosis of septal endothelial cells and emphysema [16, 25]. 
Subsequent studies of emphysematous lungs confirmed that COPD patients have 
decreased lung levels of VEGF, reduced expression of VEGFR in pulmonary endo-
thelial cells and apoptotic alveolar septal cells, and reduced expression of hypoxia-
inducible factor-1α (HIF-1α), a transcription factor that drives the expression of 
genes involved in endothelial function including VEGFRs [26, 27]. It has been shown 
that along with the progression of emphysema, degenerative changes in the walls of 
the aorta develop, including its dilatation and aneurysmatization [28, 29]. These facts 
indicate that among other circumstances, an important role in the pathogenesis of 
emphysema belongs to endotheliocytes and VEGF. Moreover, it has been described 
that the presence of emphysema in patients with COPD is associated with a reduced 
content of сirculated endothelial cells, an endothelial repair factor [11, 30].

Endothelial dysfunction and damage are also caused by the acute effects of 
cigarette smoke long before the development of emphysema in animal models. 
Brief exposure of mice to cigarette smoke exacerbates lipopolysaccharide- and 
Pseudomonas aeruginosa-induced acute lung injury in vivo, and cigarette smoke 
extract increases the permeability of endothelial monolayers in vitro [14, 27]. 
Moreover, a recent study identified cigarette smoke-induced apoptosis of endo-
thelial cells in the lungs of mice exposed chronically to cigarette smoke and COPD 
patients [11]. Thus, data from both animal models of COPD and COPD patients 
and controls support the hypothesis that endothelial dysfunction and injury are key 
processes in the pathogenesis of emphysema.

In Table 1 we composed information on key endothelium-related agents that 
take into account the mechanisms of emphysema development in COPD, well 
described previously [4, 10–13, 18–20, 22, 23, 26, 27].

The mechanisms of the inclusion of neurokinins and related substances in 
neurogenic inflammation and destruction at different stages of COPD are much less 
known. Moreover, in recent studies, descriptions of the neuro-mediated mecha-
nisms for the development of emphysema in COPD and smoking have become 
recognized.

It is known that tobacco smoke is a powerful inducer of the destruction of the 
respiratory epithelium throughout, followed by its morphofunctional remodeling 
[4, 31, 32]. Initiation of cell and tissue injury processes in prolonged exposure to 
smoking can take place due to excess release of neurotransmitters from sensitive 
afferent nerve fibers of the nervous vagus system. A large proportion (75%) of 
such fibers belong to the type of nonmyelinated or C-fibers, the sources of which 
are small neurons of the knotted and jugular ganglia, which synthesize neuropep-
tide transmitters or neurokinins (such as substance P (SP), a peptide genetically 
related to calcitonin (CGRP) and neurokinin (A)) [33, 34]. Afferent influences 
are primarily aimed at maintaining the structural and functional homeostasis of 
the respiratory system by stimulating the secretion of mucus from the submucous 
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glands and goblet cells, contractility of smooth muscles, vascular permeability, 
modulation of immune cascades, etc. [34–36]. It is known that afferent fibers 
(C-fibers) are extremely sensitive to the effects of irritants that make up tobacco 
smoke [37]. In a situation of prolonged and/or intense stimulation of sensory 

Components Origin, localization Physiological effects and potential role at 

pathogenesis emphysema in COPD

Nitric oxide (NO) In main, endothelial cells and 

other cells

Vasorelaxation, vasoprotection, anti-

inflammatory, anti-adhesion, reparation. 

Endothelin antagonist

Endothelinum-1 (ET-1) Endothelial cells, bronchial 

epithelium, alveolar 

macrophages

Activates receptors on smooth cells, 

encouraging stable vasoconstriction and 

increase of endothelium adhesively

sPECAM-1 Endothelial cells, 

lymphocytes, platelets, 

macrophages, granulocytes, 

T/NK-cell megakaryocytes, 

fibroblasts, osteoclasts

Plays a basic role in lymphocyte adhesion to 

vascular wall with followed effects

Selectins: E-selectin 

(CD62Е), Р-selectin 

(CD62Р), L-selectin 

(CD62L)

Activated endothelial cells Regulation of leukocyte adhesion 

(strengthens the capacity to migration, 

leukocyte adhesion to activated 

endothelium in inflammation)

Thrombomodulin 

(CD141)

Endothelial cells Interacts with thrombin, activates protein 

C, acts as anticoagulant across activation 

factors fVa, fVIIIа, fXa, and fXIIIa

Circulated endothelial 

cells

Endothelial cells from 

vascular wall, activated bone 

marrow

Can be as the factor of reparation according 

to inflammatory processes and as the factor 

of injury to the endothelium and other 

tissues due to activated phenotype

Vascular endothelial 

growth factor (VEGF)

Endothelial cells Main inductor of angiogenesis, VEGF, 

provides their effects across receptors’ 

endothelial cell and expression of 

VEGF regulated by hypoxia, chronic 

inflammation, hypercoagulation, etc. 

In chronic processes, function can be an 

imperfect character

Stimulates apoptosis and phagocytosis and 

promotes development of emphysema

Neutrophil elastase 

(catepsin G, proteinase 3)

Neutrophils, monocytes, Т 

lymphocytes, endothelial cells, 

vascular smooth muscles cells

Decreases migration of T lymphocytes and 

neutrophil to inflammation area, factor of 

decelerating of phagocytosis. Function from 

protection to damaging. Can cause damage 

to tissues, development of emphysema, and 

mucus hypersecretion

Involved in normal degradation of matrix 

proteins elastin, collagen, fibronectin, 

laminin, and proteoglycans

Matrix 

metalloproteinases 

(ММP-1, ММP-2, 

ММP-9)

Endothelial cells, 

macrophages, neutrophils, 

monocytes, fibroblasts, 

keratinocytes, osteoblasts

Contributes to release TNF-α from 

macrophages, that results to neutrophils 

recruiting and production neutrophil 

elastase, that leads to damage tissues, 

development emphysema. Involved 

in degradation of type IV collagen, 

fibronectin, and elastin

Table 1. 
Endothelium-related Components of emphysema development in COPD and smoking [4, 10–13, 18–20, 22, 23, 26, 27].
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Agents Origin, localization Physiological effects and potential role 

in emphysema pathogenesis in COPD

References

Neurokinins 

Substance P 

(SP)

Sensitive nerve 

endings. SP receptors 

on respiratory and 

glandular epithelial 

cells and endothelial 

cells.

Neurokinin receptor-1 

affixed to SP is found 

in submucous glands, 

and SP release from 

nociceptive nerves 

is responsible for 

secretion of glands

Belongs to the family of tachykinins, 

sensory peptides. Induces vasodilation 

and transudation of blood plasma in the 

respiratory tract.

Induces chemotaxis of monocytes, 

neutrophils, and eosinophils and 

stimulates macrophages to produce 

mediators of inflammation and 

neutrophil elastase.

Powerful mast cell stimulator, causing 

their degranulation. Sources and release 

of histamine and cytokine synthesis 

(IL-6). Takes part in neurogenic 

inflammation when stimulating the 

production of IgA from B lymphocytes 

and cytokines from T-helper cells.

Enhances the release of acetylcholine 

from the postganglionic cholinergic 

nerves of the respiratory tract

It causes smooth muscle contraction, 

secretion of submucous glands, 

vasodilation, and increased vascular 

permeability.

Tobacco smoking inhibits the activity 

of the enzyme endopeptidase, which 

enhances the activity of SP

[40, 45,  

48, 49]

Neurokinins 

Neurokinin А
The highest density 

in the nerve fibers 

around the arteries. 

Tachykinin receptor 

subtypes NK1, NK2, 

and NK3

Belongs to the family of tachykinins, 

sensory peptides. Contraction of smooth 

muscles; secretion of submucous 

glands; vasodilation; increased 

vascular permeability; stimulation of 

cholinergic nerves, mast cells, B and 

T lymphocytes, and macrophages; 

eosinophil chemoattraction; and adhesion 

of neutrophils in the vessels of the 

respiratory tract with activation following

[44, 50, 51]

Neuropeptide 

-γ

It is produced in some 

of the upper cervical 

ganglia and the bodies 

of the main palatine 

cells

Sympathetic nerves 

contain either 

norepinephrine or 

norepinephrine and 

neuropeptide Y

Reduces the frequency of vibrations 

of ciliary cells induced by cholinergic 

nerves, providing an inhibitory effect on 

these nerves

Sympathetic reflexes cause 

vasoconstriction and can also stimulate 

the secretion of certain glands in the 

trachea and bronchi

[38, 39, 48]

Receptor NK1 NK1 tachykinin 

receptor mRNA 

is found in the 

pulmonary arteries, 

veins, and human 

bronchi, in the 

endothelium of the 

veins and arteries, and 

in the smooth muscles 

of the bronchi, as well 

as in lymphocytes, 

macrophages, and 

mastocytes

The tachykinin receptor NK1, with the 

highest affinity for SP. SP, in turn, is a 

powerful mast cell stimulator, causing 

their degranulation, and induces the 

chemotaxis of monocytes, neutrophils, 

eosinophils, and stimulates macrophages 

to produce inflammatory mediators and 

neutrophilic elastase

[40, 42, 45]
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fibers, excessive release of neuropeptide mediator is accompanied by a number 
of plastic and destructive processes due to a cascade of pathological reactions of 
neurogenic inflammation [38, 39]. In addition to substance P of neuronal origin, 
neuropeptides from cells of the immune system—eosinophils, basophils, mono-
cytes, macrophages and lymphocytes—join the realization of neurogenic inflam-
mation [38, 40, 41]. The obtained data indicate the role of the disturbance of the 
activity of the neurokinin system in the development and maintenance of mor-
phofunctional changes in the pathology of the respiratory tract associated with 
smoking [42–46]. Chronic exposure to cigarette smoke has been shown to increase 
SP expression in neurons of the central nervous system [35–37] and simultane-
ously inhibits the activity of enzymes that metabolize neurokinins [39, 40, 43].  
According to experimental study, even low concentrations of cigarette smoke 
significantly reduce the topical activity of neuronal endopeptidase and increase 
the concentration of CP in the respiratory tract [35]. The contribution of excessive 
sensitivity of NK1 receptors in the airways to the development of bronchocon-
striction under the influence of tobacco smoke irritants and/or during bronchial 
asthma has been proven [42, 43, 47]. At the same time, the components and 
mechanisms of neurogenic inflammation in the development of emphysema 
associated with prolonged exposure to tobacco smoke are poor and fragmentary in 
the literature.

In Table 2 we have tried to compose information about potential neuro-medi-
ated mechanisms of emphysema development in COPD and tobacco smoking.

3.  Mechanisms of neurogenic inflammation in the tissue remodeling 
processes in emphysema: own researches

3.1  Study of the neurogenic inflammation mechanisms in the emphysema 
formation in the experiment

To study the contribution of the components of neurogenic inflammation 
to the processes of tissue remodeling in pulmonary emphysema associated with 
smoking, an experimental model of long-term tobacco smoking in vivo in rats 
was reproduced. The experiment was performed in appliance with the model 
D. According to Zheng [53] in our own modification [54], the duration of expo-
sure to tobacco smoke in terms of human life is 12 years. The features of the 

Agents Origin, localization Physiological effects and potential role 

in emphysema pathogenesis in COPD

References

Receptor NK2 

Receptor NK3

NK2 receptor mRNA 

is abundantly 

expressed in the 

human bronchi 

and weakly in the 

pulmonary veins and 

arteries

NK3 tachykinin 

receptor mRNA 

is found in the 

pulmonary arteries, 

veins, and human 

bronchi

The tachykinin receptor NK2, with the 

highest affinity for neurokinin A.

Tachykinin receptor NK3, with the 

highest affinity for neurokinin B

The release of histamine from mouse 

mast cells is mediated through tachykinin 

NK2 receptors

[40, 42,  

45, 52]

Table 2. 
Potential neuro-mediated mechanisms of emphysema development in COPD and tobacco smoking.
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distribution and activity of SP, NK1, MMP-2, MMP-9, and TIMP-2 in the tissues 
of the mucous membrane of the lungs were performed using the immunoper-
oxidase method on cryostat sections of 15 μm in thickness according to standard 
methods. The following primary antibodies were used: anti-SP (Abcam, ab 14184, 
1:200, США), anti-NK1 (Chemicon AB 5060, 1:500, USA), anti-MMP2 (rabbit 
polyclonal, ThermoScientific), anti-MMP9 (rabbit polyclonal, ThermoScientific, 
rb-9234-p, 1:200), anti-TIMP2 (rabbit polyclonal, Abcam, ab61224, 1:100), second-
ary biotinylated antibodies (ThermoScientific, 1:200), streptavidin peroxidase 
(ThermoScientific), and chromogen (Peroxidase Substrate Kit, VectorNovaRED, 
SK-4800). Morphological studies were performed in the laboratory of the Pacific 
State Medical University.

The results of morphological studies of the bronchopulmonary system of rats in 
the control group and with the model of long-term tobacco smoking are presented 
in Figure 1.

Morphological changes in the lungs of rats with a long-term tobacco smoking 
model are focal. Over the entire area of the slice of the lungs, there are fields with 
pronounced emphysematous changes, accompanied by loss of the integrity of the 
alveoli and the formation of large emphysematous expansions, an increase in the 
thickness of the interalveolar septa (Figure 1B, D). In other parts of the lung paren-
chyma, there are signs of swelling and/or hemorrhagic impregnation in peribron-
chial spaces. Cellular composition contains cells of immune inflammation—plasma 
cells, lymphocytes, and macrophages.

The distribution of the components of the neurokinin system of rats obtained 
by morphological examination of the bronchi and lungs coincides with the previ-
ously described data [55] and is shown in Figure 2. Nerve fibers secreting SP are 
presented in the subepithelial zones of the bronchi (Figure 2A); their penetration is 
recorded in the epithelial layer (Figure 2B), pulmonary parenchyma (Figure 2D), 
and adventitia of pulmonary vessels (Figure 2E).

The morphometry of the components of the neurokinin system in the bron-
chopulmonary system of rats was compared with the model of long-term tobacco 
smoking and control animals (Table 3).

Figure 1. 
The lung (A, B) and bronchi (C, D) of animals in the control group (A, C) and rats with the DTC model 
(B, D). Coloring: hematoxylin-eosin. Scale: A, B (500 microns); C, D (100 microns).



Update in Respiratory Diseases

8

The content of SP-containing fibers and NK1-positive structures in the control 
group and in the model of long-term tobacco smoking shows an ambiguous pattern. 
An increase in the distribution area of SP-immunopositive nerve fibers in the lungs 
and bronchi of experimental animals was found to be 10.7 and 9.4%, respectively, 
compared with the control group. The most significant increase in fiber density was 
observed in the adventitia of pulmonary parenchyma vessels compared with other 
structures. Being a vasodilator, substance P increases vascular permeability and 
promotes adhesion and penetration of leukocytes into the surrounding tissues for the 
realization of local immune reactions involved in the development of destructive pro-
cesses in the pulmonary parenchyma. Regarding NK1-positive elements, it should be 
noted that there is no change in their content in the lung tissue and a moderate increase 
in the density in the bronchial wall against the background of a decrease in the total 
number and NK1-immunoreactive tissue basophils. Obviously, substance P plays a key 
role in the implementation of neurogenic inflammation processes in chronic exposure 
to tobacco smoke. The established pattern of changes in NK1-positive structures can 
be explained by the ability of SP to cause mast cell degranulation and NK1 receptor-
dependent release of histamine and serotonin involved in local inflammatory answer.

Figure 2. 
Distribution of SP- and NK1-reactive structures in the bronchopulmonary system of rats. Coloring: 
immunoperoxidase reaction on SP; repainting, hematoxylin-eosin. Scale: A, 100 microns; B–E, 50 microns.
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One of the leading stimulators of the synthesis of substance P in the model 
of long-term tobacco smoking is hypoxia which changes the humoral regulation 
of blood flow [55]. SP can adjust the change in vessel diameter at the unchanged 
vascular wall using an axon reflex for adequate blood flow at a given point in time. 
However, when the architectonics of the vascular wall changes, the SP loses its func-
tion as a regulator and can participate in both excessive vasodilation and paradoxi-
cal vasoconstriction.

In the development of the structural remodeling of the respiratory system, there 
are several morphological phenomena that accompany this process and are the basis 
for the development of reversible and irreversible morphofunctional changes. These 
include thinning of the epithelial layer, development of subepithelial fibrosis, an 
increase in smooth muscle thickness, an increase in the number and/or size of the 
submucosal glands, and the activation of angiogenesis processes [56]. In the patho-
genesis of the changes taking place, great importance is attached to the activity of the 
enzymes of the extracellular matrix, which ensure the degradation of its interstitial 
proteins. Modern advances in proteomics have shown that for normal development, 
physiological renewal, restoration of healthy tissues, and the formation of pathological 
changes in tissue morphology, two groups of proteins are leading—MMPs and their 
tissue inhibitors [57, 58]. MMPs are a family of 20 zinc and calcium-dependent endo-
peptidases capable of cleaving almost all components of the extracellular matrix of 
connective tissues [59]. The level of synthesis and secretion of MMP into the extracel-
lular space is regulated by transcription factors, and their proteolytic activity depends 
on the chemical transformations of the enzyme molecule in the interstitial space. As 
a result, either activation of the proenzymes or inhibition of their active forms can be 
observed. Depending on the type of protein metabolized, MMP can be divided into 
collagenases (MMP-1, MMP-8, and MMP-13), gelatinase (MMP-2 and MMP-9), stro-
malins (MMP-3 and MMP-10), etc. [60, 61]. In mammals there are four known TIMPs 
that inhibit all MMPs in a 1:1 ratio by strong covalent bonding [62]. It is believed that 
the balance of proteolytic and antiproteolytic mechanisms maintained in different 
tissues and organs is carried out by a specific set of intercellular matrix enzymes and 
their inhibitors [59, 63]. On the other hand, each process has a specific set of depressed 
matrix proteolytic enzymes. In this regard, great prospects in creating targeted therapy 
for many pathological processes are associated with the determination of the tissue 
specificity of the enzymes of the extracellular matrix and the identification of patterns 
of changes in their activity during the development of pathology.

Indicator Bronchi Lungs

Control Experiment 

(long-term 

smoking model)

Control Experiment (long-

term smoking model)

SP distribution area (%) 5.11 ± 

0.36

5.59 ± 0.14* 4.60 ± 

0.29

5.10 ± 0.34*

NK1 distribution area (%) 0.27 ± 

0.03

0.31 ± 0.03* 0.16 ± 

0.016

0.16 ± 0.02

NK1-positive mast cells (in 

1 mm3 of the tissue)

92.68 ± 

19.26

76.39 ± 15.74*

General population of tissue 

basophils (in 1 mm3 of the 

tissue)

129.53 ± 

19.64

106.93 ± 7.64*

*The differences are significant with р < 0.05.

Table 3. 
Morphometric characteristics of SP- and NK1-immunoreactive structures in the bronchopulmonary system of rats.
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A number of studies have shown the role of individual types of MMP in the 
development of nicotine-associated pathology of the lungs and bronchi [57, 58]. 
To clarify the role of the leading MMP—MMP9 related to the inducible form and 
MMP2—considered as a constitutive variant of the enzyme in the development of 
pulmonary emphysema associated with long-term smoking, we studied the immu-
nohistochemical and biochemical content of enzymes in the tissues and homog-
enates of rats with long-term smoking patterns (Figure 3).

In the bronchopulmonary system of rats, prolonged exposure to tobacco smoke 
is accompanied by ambiguous dynamics of the content of matrix metalloproteinases 
and their inhibitors. Normally, the activity of MMP-2 and MMP-9 is recorded in the 
cytoplasm and processes of bronchial and pulmonary fibroblasts, which form a thin 
MMP-positive strip in the lamina propria of the bronchial mucosa (Figure 3A, B) 
and in the interalveolar septa (Figure 3C). In the lungs and bronchi of rats with the 
long-term tobacco smoking model, a marked decrease in the immunohistochemical 
activity of MMP-2 and MMP-9 was observed. At the same time, in the acute phase of 
the experiment, the number and intensity of coloring of immunopositive structures on 
MMP-2 and MMP-9 are higher than in the control group. According to the quantitative 

Figure 3. 
Immunohistochemical (A–C) and biochemical determination of MMP in the bronchopulmonary system of rats 
with a model of long-term tobacco smoking. Coloring—immunohistochemical reaction to MMP-2 and MMP-9. 
Scale: A, B, B—50 μm. Localization of MMP-2 in the wall of the bronchus (A, B) and interalveolar septa (C). 
(D) Zymogram of MMP-2 and MMP-9. Lanes 1–4, lung homogenates of rats of the control group; lanes 5–8, 
lung homogenates of rats with a model of long-term tobacco smoking.

Indicators Control Experiment (long-

term smoking model)

Control Experiment (long-term 

smoking model)

ММР-9 ММР-2

Conventional 

density units

742689.75 450081.25* 367243.25 246414.75*

ММР-9/ММР-2 2.02 (control) 1.83 (experiment (long-term smoking 

model))

*The differences are significant with р < 0.05.

Table 4. 
The contents of MMP-2 and MMP-9 in the homogenates of the lungs of rats.
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determination of enzymes in the homogenates of lung tissue (Figure 3D, Table 4),  
the resulting trend is confirmed. That is, with the development of pulmonary 
emphysema associated with prolonged smoking in the lung tissue, the content of both 
MMPs decreases evenly.

An analysis of the immunohistochemical composition of the tissue inhibitor 
of both MMP and TIMP-2 showed a marked decrease in its representation in the 
structures of the bronchopulmonary system of animals on a model of long-term 
smoking (Figure 4).

In intact animals, the enzyme localization occurs in the respiratory epithelial 
cells of the bronchial membrane (Figure 4C, indicated by arrows) and fibroblasts 
of the interalveolar septa (Figure 4B). In animals of the main group, the overall 
intensity of immunohistochemical staining of lung tissue decreases, and at high 
magnifications of the microscope, it is possible to fix a significant depression of the 
color or complete disappearance of the enzyme content in the epithelial lining cells 
of the bronchi and lung parenchyma tissue (Figure 4, indicated by arrows).

According to the data obtained, the immunolocalization of MMP-2, MMP-9, 
and TIMP-2 repeats the basic pattern of distribution of pro-inflammatory cells 
and coincides with the foci of the most noticeable rearrangements of the connec-
tive tissue of the bronchi and the pulmonary parenchyma. In the acute phase of 
the experiment, the activity of the markers is significantly higher compared to the 
control; after 6 months of exposure to smoke, there is a decrease of the proteolytic 
activity and at the same time the processes of its inhibition.

3.2  Study of the neurogenic inflammation mechanisms of the emphysema 
formation in humans

In addition to studying the processes of neurogenic inflammation and the 
contribution of matrix metalloproteinases to the development of emphysema in the 

Figure 4. 
The distribution of the content of TIMP-2 in the lungs of rats of the control (A–C) and with the model of long-
term tobacco smoking (D) groups. Coloring—immunohistochemical reaction to TIMP-2. Scale A, 100 microns; 
GD, 50 microns. A total enzyme content in the tissues of the bronchopulmonary system. B-TIMP-2-positive 
fibroblasts of the interalveolar septa. B-content of the enzyme in the epithelial cells of the small bronchus 
(indicated by arrows). G-reduction of the enzyme content in epithelial cells of the bronchus of rats with a 
model of prolonged smoking (indicated by arrows).
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experiment, we analyzed the content of neurokinin system markers, the localiza-
tion, and the content of MMP-2, MMP-9, and TIMP-2 in human lung tissue struc-
tures. Morphological studies of autopsy material were performed on 12 individuals 
aged 51–65 years and 3 women and 9 men, average age 61.5 ± 4.14 years, who died 
a sudden death outside the hospital. The long-term history of tobacco smoking was 
clarified from the close relatives and on the basis of the data of the outpatient card. 
Features of the distribution and activity of SP, NK1, MMP-9, and TIMP-2, in lung 
tissues were investigated using the immunoperoxidase method on cryostat sections 

Figure 5. 
Distribution of the content of SP (A, C, E, G) and NK1 (B, D, F, H) in the bronchopulmonary system in 
persons with emphysema. Coloring: immunohistochemical reaction to SP and NK1, stained with hematoxylin. 
Scale: A, B, E, G (50 microns); C, D (100 microns); and F, H (20 microns). Nerve fibers innervating the 
wall of the bronchus (A) and interalveolar partitions (C). Localization of SP-positive macrophages in 
peribronchial infiltrates (E). SP-positive glandulocytes of the bronchial glands (G). Localization of neurokinin 
receptors on the surface of peribronchial macrophages (B), dust macrophages (D), vascular endothelial cells 
(F), and chondrocytes of the fibrocartilage membrane of the bronchi (H).
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of 15 μm in thickness according to the standard procedure using the primary 
antibody line described above.

In lung tissue and bronchial wall of patients with pulmonary emphysema, 
positive SP immunoreactivity is found mainly in the nerve fibers (Figure 5). More 
common are single conductors having a uniform ribbonlike course and numerous 
varicose thickenings. With a successful coincidence of the cut plane with the spatial 
geometry of the fibers, it is possible to observe beams extending 300–500 μm. Fibers 
penetrate through the walls of the bronchi of medium and small caliber, spread 
around the perimeter of the submucosa (Figure 5A, B). In the interstitial tissue, 
lightweight fibers have a diameter of 0.5–1 microns, and sometimes they are grouped 
into clusters with the formation of numerous terminals. Probably, the latter are 
areas of the most dense accumulation of neuromuscular and glandular contacts. The 
morphological characteristics of the colored conductors allow them to be treated as 
mixed (afferent and motor) fibers. High SP expression is also detected in peribron-
chial leukocyte infiltrates (Figure 5D). Here, high immunoreactivity is observed 
for neurokinin receptors of type 1 (Figure 5B, D). The preferential localization of 
the NK1 surface of the membranes of the secretory epithelial cells of the bronchial 
glands, alveolar and stromal macrophages, microvascular endothelial cells, and ele-
ments of the fibrocartilage membrane (Figure 5B, D, E, H) should be emphasized.

Prolonged pathological effects of tobacco combustion products entail the forma-
tion of structural changes with the active involvement of the neurokinin innerva-
tion apparatus localized in the mucous membranes of the respiratory system. The 
increase in the number of macrophage cells and NK1-positive macrophages, and 
the direct interaction between them and afferent fibers, through terminals, sug-
gests the involvement of sensory nerve fibers in the regulation of local immune, 

Figure 6. 
Localization of MMP-9 in the lungs (A, B) of a person. Coloring: immunohistochemical reaction to MMP-9, 
stained with hematoxylin. Scale: A (50 microns); B (100 microns).

Figure 7. 
Localization of TIMP-2 pulmonary parenchyma in individuals with emphysema. Coloring: 
immunohistochemical reaction to TIMP-2, stained with hematoxylin. Scale: 100 microns.
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inflammatory, and destructive processes in the lung tissue during smoking-induced 
emphysema.

In contrast to the experimental data, in individuals with long periods of smok-
ing and emphysema, there is an increase in the immunohistochemical density of 
MMP-9 in the pulmonary parenchyma (Figure 6), while TIMP-2 is practically 
undetermined (Figure 7).

In this way, from the presented data of experimental modeling of emphysema 
associated with long-term smoking, as well as studies in people with pulmonary 
emphysema and long-term tobacco smoking experience, neurogenic inflamma-
tion takes an active part in the processes of remodeling of lung tissue. Markers of 
neuro-mediated inflammation activity are overexpression of SP-containing nerve 
fibers, the presence of NK-1-tagged macrophages, mast cell degranulation, and an 
immune-mediated pattern of inflammatory infiltrate. Pathomorphosis of pulmo-
nary parenchyma destruction in nicotine-associated pulmonary emphysema is 
associated with dysregulation in the state of the family of matrix metalloprotein-
ases. In the acute period of exposure to tobacco combustion products, overexpres-
sion of MMP-9 is observed with suppression of the activity of the tissue inhibitor 
TIMP-2, followed by depression of the tissue content of both MMP-2 and MMP-9 
and an inhibitor of their activity TIMP-2. In individuals with pulmonary emphy-
sema, the MMP-9 tissue pattern retains its excessive representation.

4. Conclusions and future directions

Results from human and animal studies indicate that endothelial dysfunction 
and injury contribute not only to the genesis and progression of pulmonary lesions 
in COPD (especially emphysema development) but may also contribute to some of 
the common comorbidities and systemic effects reported in COPD patients. Vascular 
endothelium initiates and modulates the main pathomorphic processes in COPD and 
smoking. In particular, endothelium activation is an important factor of initiation, 
development and persistence of inflammation, and vessel and tissue remodeling, 
in particular emphysema. It is not by chance that the relationship of emphysema 
of the lungs is described in violation of the mechanical properties of the aorta and 
excessive stiffness of other exponents’ bloodstream [4, 6, 64]. At the basis of these 
pathological processes are common (genetically determined and pathologically 
determined) mechanisms associated with impaired collagen-elastin metabolism.

The latest studies are conducted in the direction of studying not simple, 
associated with the endothelium, but specific neuro-mediated mechanisms of 
emphysema development in COPD and smoking. Our studies presented in this 
chapter describe the study of the processes of neurogenic inflammation and the 
contribution of matrix metalloproteinases to the development of emphysema in the 
experiment and in humans.

We are confident that there is a special morphofunctional continuum in the 
development of lower respiratory tract remodeling in response to chronic exposure 
to tobacco smoke and the development of inflammation in COPD. New data suggest 
that imbalance of neuro-mediated interactions, alteration of vasomotoric signaling 
mechanisms, secretion, mucociliary clearance, cytoprotection involving substance 
P-dependent components with impaired content, and development of dystopia of 
matrix metalloproteinases and their tissue inhibitors are involved in the initiation of 
morphological restructuring. Future studies should also assess the extent to which 
endothelial dysfunction and injury, particularly neuro-mediated mechanisms, 
underlie emphysema in COPD and smoking as target to therapeutic and prophylac-
tic impacts.



15

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

Smoking and COPD: Endothelium-Related and Neuro-mediated Emphysema Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.85927

Conflict of interest

No any conflict of interests.

Acronyms and abbreviations

COPD Chronic obstructive pulmonary disease
VEGF Vascular endothelial growth factor
VEGFR VEGF receptor
NO Nitric oxide
ET-1 Endothelinum-1
sPECAM-1 Soluble platelet endothelial cell adhesion molecule
VEGF Vascular endothelial growth factor
ММP Matrix metalloproteinases
SP Substance P

Author details

Vera Nevzorova, Tatiana Brodskaya* and Eugeny Gilifanov
Pacific State Medical University, Vladivostok, Russia

*Address all correspondence to: brodskaya@mail.ru



16

Update in Respiratory Diseases

References

[1] Global Initiative for Chronic 
Obstructive Pulmonary Disease 
[Internet]. 2018. Available from: http://
www.goldcopd.org

[2] Woodruff PG, Barr RG, Bleecker E, 
et al. Clinical significance of symptoms 
in smokers with preserved pulmonary 
function. The New England Journal of 
Medicine. 2016;374(19):1811-1821. DOI: 
10.1056/NEJMoa1505971

[3] Regan EA, Lynch DA, Curran-
Everett D, et al. Clinical and radiologic 
disease in smokers with normal 
spirometry. JAMA Internal Medicine. 
2015;175(9):1539-1549. DOI: 10.1001/
jamainternmed.2015.2735

[4] Nevzorova V, Brodskaya T, 
Zakharchuk N. Smocking, respiratory 
diseases and endothelial dysfunction. 
In: Lenasi H, editor. Endothelial 
Dysfunction: Old Concepts and New 
Challenges. London: IntechOpen; 2018.  
pp. 307-326. ISBN 978-953-51-5698-7. 
DOI: 10.5772/intechopen.73555

[5] Sakao S, Voelkel NF, Tatsumi K. The 
vascular bed in COPD: Pulmonary 
hypertension and pulmonary vascular 
alterations. European Respiratory 
Review. 2014;23(133):350-355. DOI: 
10.1007/978-3-662-47178-4_14

[6] Brodskaya TA, Geltser BI, Nevzorova 
VA. Arterial Stiffness and Respiratory 
Deseases (Pathophysiological 
Mechanisms and Clinical Significance). 
Vladivostok: Dalnauka; 2008. 248 p. 
ISBN 978-5-8044-0928-0

[7] Alford SK, van Beek EJ, McLennan 
G, Hoffman EA. Heterogeneity of 
pulmonary perfusion as a mechanistic 
image-based phenotype in emphysema 
susceptible smokers. Proceedings of 
the National Academy of Sciences 
of the United States of America. 
2010;107(16):7485-7490. DOI: 10.1073/
pnas.0913880107

[8] Iyer KS, Newell JD Jr, Jin D, et al. 
Quantitative dual-energy computed 
tomography supports a vascular etiology 
of smoking-induced inflammatory 
lung disease. American Journal of 
Respiratory and Critical Care Medicine. 
2016;193(6):652-661. DOI: 10.1164/
rccm.201506-1196OC

[9] Peinado VI, Pizarro S, Barbera 
JA. Pulmonary vascular involvement 
in COPD. Chest. 2008;134(4):808-814. 
DOI: 10.1378/chest.08-0820

[10] Brodskaya ТA, Nevzorova VA, 
Geltser BI, Motkina EV. Endothelial 
dysfunction and respiratory disease. 
Terapevticheskij Arkhiv. 2007;79(3): 
76-84. PMID: 17526203

[11] Polverino BR, Celli CA. Owen 
COPD as an endothelial disorder: 
Endothelial injury linking 
lesions in the lungs and other 
organs? Pulmonary Circulation. 
2018;8(1):2045894018758528. DOI: 
10.1177/2045894018758528. PMID: 
29468936

[12] Moro L, Pedone C, Scarlata S, et al. 
Endothelial dysfunction in chronic 
obstructive pulmonary disease. 
Angiology. 2008;59:357-364. DOI: 
10.1177/0003319707306141

[13] Vukic DA, Ruzic A, Samarzija M, 
et al. Persistent endothelial dysfunction 
turns the frequent exacerbator COPD 
from respiratory disorder into a 
progressive pulmonary and systemic 
vascular disease. Medical Hypotheses. 
2015;84:155-158. DOI: 10.1016/
S2213-2600(17)30236-9

[14] Voelkel NF. Cigarette smoke is 
an endothelial cell toxin. American 
Journal of Respiratory and Critical Care 
Medicine. 2018;197:274. DOI: 10.1164/
rccm.201706-1123LE

[15] Kasahara Y, Tuder RM, 
Taraseviciene-Stewart L, et al. 



17

Smoking and COPD: Endothelium-Related and Neuro-mediated Emphysema Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.85927

Inhibition of VEGF receptors causes 
lung cell apoptosis and emphysema. 
The Journal of Clinical Investigation. 
2000;106:1311-1319. DOI: 10.1172/
JCI10259

[16] Voelkel NF, Cool CD. Pulmonary 
vascular involvement in chronic 
obstructive pulmonary disease. 
The European Respiratory Journal 
Supplement. 2003;46:28s-32s. DOI: 
10.1183/09031936.03.00000503.  
PMID: 14621104

[17] Huertas A, Guignabert C, Barberà 
JA, Bärtsch P, Bhattacharya J, et al. 
Pulmonary vascular endothelium: The 
orchestra conductor in respiratory 
diseases: Highlights from basic research 
to therapy. The European Respiratory 
Journal. 2018;51(4):1700745. DOI: 
10.1183/13993003.00745-2017. PMID: 
29545281

[18] Letsiou E, Bauer N. Endothelial 
extracellular vesicles in pulmonary 
function and disease. Current Topics 
in Membranes. 2018;82:197-256. DOI: 
10.1016/bs.ctm.2018.09.002. PMID: 
30360780

[19] Green CE, Turner AM. The role of 
the endothelium in asthma and chronic 
obstructive pulmonary disease (COPD). 
Respiratory Research. 2017;18(1):20. 
DOI: 10.1186/s12931-017-0505-1. PMID: 
8100233

[20] García-Lucio J, Peinado VI, de Jover 
L, Del Pozo R, Blanco I, et al. Imbalance 
between endothelial damage and 
repair capacity in chronic obstructive 
pulmonary disease. PLoS One. 
2018;13(4):e0195724. DOI: 10.1371/
journal.pone.0195724. PMID: 29672621

[21] Lu Q , Gottlieb E, Rounds S. Effects 
of cigarette smoke on pulmonary 
endothelial cells. American Journal of 
Physiology Lung Cellular and Molecular 
Physiology. 2018;314(5):L743-L756. 
DOI: 10.1152/ajplung.00373.2017. PMID: 
29351435

[22] Cui M, Cui R, Liu K, Dong JY, 
Imano H, et al. Associations of tobacco 
smoking with impaired endothelial 
function: The circulatory risk in 
communities study (CIRCS). Journal 
of Atherosclerosis and Thrombosis. 
2018;25(9):836-845. DOI: 10.5551/
jat.42150. PMID: 29415955

[23] Skurikhin EG, Krupin VA, 
Pershina OV, Pan ES, Ermolaeva LA, 
et al. Endothelial progenitor cells and 
Notch-1 signaling as markers of alveolar 
endothelium regeneration in pulmonary 
emphysema. Bulletin of Experimental 
Biology and Medicine. 2018;166(2): 
201-206. DOI: 10.1007/s10517-018-4314-4.  
PMID: 30488216

[24] Truong TM, Li H, Dhapare S, Desai 
UR, Voelkel NF, Sakagami M. Sulfated 
dehydropolymer of caffeic acid: In vitro 
anti-lung cell death activity and in vivo 
intervention in emphysema induced by 
VEGF receptor blockade. Pulmonary 
Pharmacology & Therapeutics. 
2017;45:181-190. DOI: 10.1016/j.
pupt.2017.06.007

[25] Tuder RM, Zhen L, Cho CY, 
et al. Oxidative stress and apoptosis 
interact and cause emphysema due 
to vascular endothelial growth factor 
receptor blockade. American Journal 
of Respiratory Cell and Molecular 
Biology. 2003;29(1):88-97. DOI: 10.1165/
rcmb.2002-0228OC

[26] Kasahara Y, Tuder RM, Cool CD, 
et al. Endothelial cell death  
and decreased expression of  
vascular endothelial growth factor  
and vascular endothelial growth  
factor receptor 2 in emphysema. 
American Journal of Respiratory and 
Critical Care Medicine. 2001;163: 
737-744. DOI: 10.1164/
ajrccm.163.3.2002117

[27] Yasuo M, Mizuno S, Kraskauskas 
D, et al. Hypoxia inducible factor-
1alpha in human emphysema lung 
tissue. The European Respiratory 



Update in Respiratory Diseases

18

Journal. 2011;37:775-783. DOI: 
10.1183/09031936.00022910

[28] Buckley C, Wyble CW, Borhani 
M, et al. Accelerated enlargement 
of experimental abdominal aortic 
aneurysms in a mouse model of chronic 
cigarette smoke exposure. Journal of 
the American College of Surgeons. 
2004;199(6):896-903. DOI: 10.1016/j.
jamcollsurg.2004.08.010

[29] Takagi H, Umemoto TJ. How 
cigarette smoke accelerates abdominal 
aortic aneurysm. American College of 
Surgeons. 2005;201(1):149-150. DOI: 
10.1016/j.jamcollsurg.2005.03.011. 
PMID: 15978458

[30] Lee JH. Decreased number of 
circulating endothelial progenitor 
cells in patients with emphysema. 
Proceedings of the American Thoracic 
Society. 2006;3:545-545. DOI: 10.1513/
pats.200603-047ms

[31] Borgas D, Chambers E, Newton 
J, et al. Cigarette smoke disrupted 
lung endothelial barrier integrity 
and increased susceptibility to acute 
lung injury via histone deacetylase 6. 
American Journal of Respiratory Cell 
and Molecular Biology. 2016;54:683-
696. DOI: 10.1165/rcmb.2015-0149OC

[32] U.S. Department of Health and 
Human Services. How Tobacco Smoke 
Causes Disease: The Biology and 
Behavioral Basis of Smoking-Attributable 
Disease, A Report of the Surgeon 
General. Rockville, MD: Office of the 
Surgeon General; 2010. 792 p. ISBN 978-
0-16-084078-4. ISBN 10: 0160840783

[33] Patacchini R, Maggi CA. 
Tachykinins and neurogenic 
inflammation at visceral level. 
Neurogenic Inflammation in Health and 
Disease. 2009;8:289-320. DOI: 10.1016/
S1567-7443(08)10413-6

[34] Boschetto P, Miotto D, Bononi 
I, et al. Sputum substance P and 

neurokinin A are reduced during 
exacerbations of chronic obstructive 
pulmonary disease. Pharmacology & 
Therapeutics. 2005;18(3):199-205. DOI: 
10.1016/j.pupt.2004.12.006. PMID: 
15707854

[35] De Swert KO, Bracke KR, Demoor 
T, Brusselle GG, Joos GF. Role of the 
tachykinin NK1 receptor in a murine 
model of cigarette smoke-induced 
pulmonary inflammation. Respiratory 
Research. 2004;10(1):37.1-37.3712. DOI: 
10.1186/1465-9921-10-37

[36] Almeida TA, Rojo J, Nieto PM, 
et al. Tachykinins and tachykinin 
receptors: Structure and activity 
relationships. Current Medicinal 
Chemistry. 2004;11(15):2045-2081. 
DOI: 10.2174/0929867043364748

[37] Canning BJ, Spina D. Sensory nerves 
and airway irritability. Handbook 
of Experimental Pharmacology. 
2009;194(194):139-183. DOI: 
10.1007/978-3-540-79090-7_5

[38] Joos GF, O'Connor B, Anderson 
SD, et al. Indirect airway challenges. 
The European Respiratory Journal. 
2003;21(6):1050-1068. DOI: 
10.1183/09031936.03.00008403

[39] Mapp CE, Miotto D, Braccioni F, 
et al. The distribution of neurokinin-1 
and neurokinin-2 receptors in human 
central airways. American Journal of 
Respiratory and Critical Care Medicine. 
2000;161:207-215. DOI: 10.1007/
s11882-001-0081-8

[40] de Swert KO, Joos GF. Extending 
the understanding of sensory 
neuropeptides. European Journal of 
Pharmacology. 2006;533(1-3):171-181. 
DOI: 10.1016/j.ejphar.2005.12.066

[41] D'hulst AI, Vermaelen KY, 
Brusselle GG, et al. Time course 
of cigarette smoke-induced 
pulmonary inflammation in 
mice. The European Respiratory 



19

Smoking and COPD: Endothelium-Related and Neuro-mediated Emphysema Mechanisms
DOI: http://dx.doi.org/10.5772/intechopen.85927

Journal. 2005;26(2):204-213. DOI: 
10.1183/09031936.05.00095204

[42] Kwong KL, Wu ZX, Kashon ML, 
et al. Chronic smoking enhances 
tachykinin synthesis and airway 
responsiveness in guinea pigs. American 
Journal of Respiratory Cell and 
Molecular Biology. 2001;25(3):299-305. 
DOI: 10.1165/ajrcmb.25.3.4557

[43] Kharitonov SA, Barnes PJ. Exhaled 
markers of pulmonary disease. American 
Journal of Respiratory and Critical Care 
Medicine. 2001;163(7):1693-1722. DOI: 
10.1164/ajrccm.163.7.2009041

[44] de Swert KO, Bracke KR, 
Demoor T, et al. Role of the 
tachykinin NK1 receptor in a 
murine model of cigarette smoke-
induced pulmonary inflammation. 
Respiratory Research. 2009;10:37. DOI: 
10.1186/1465-9921-10-37

[45] Xu J, Xu F. Lin Y Cigarette smoke 
synergizes lipopolysaccharide-induced 
interleukin-1β and tumor necrosis 
factor-α secretion from macrophages via 
substance P-mediated nuclear factor-κB 
activation. American Journal of 
Respiratory Cell and Molecular Biology. 
2011;44(3):302-308. DOI: 10.1165/
rcmb.2009-0288OC. PMID: 20160043

[46] Xu J, Xu F, Wang R, Seagrave J, 
Lin Y, March TH. Cigarette smoke-
induced hypercapnic emphysema in 
C3H mice is associated with increases 
of macrophage metalloelastase and 
substance P in the lungs. Experimental 
Lung Research. 2007;33(5):197-215. 
DOI: 10.1080/01902140701459514. 
PMID: 17620183

[47] Schelfhout V, Louis R, Lenz W, 
et al. The triple neurokinin-receptor 
antagonist CS-003 inhibits neurokinin 
A-induced bronchoconstriction in 
patients with asthma. Pulmonary 
Pharmacology & Therapeutics. 
2006;19(6):413-418. DOI: 10.1016/j.
pupt.2005.10.007. PMID: 16364669

[48] Tai CF, Baraniuk JN. Upper airway 
neurogenic mechanisms. Current 
Opinion in Allergy and Clinical 
Immunology. 2002;2(1):11-19. DOI: 
10.1097/00130832-200202000-00003

[49] Groneberg DA, Heppt W, Cryer A, 
et al. Toxic rhinitis-induced changes 
of human nasal mucosa innervation. 
Toxicologic Pathology. 2003;31(3):326-
331. DOI: 10.1080/01926230390204379

[50] Dinh QT, Klapp BF, Fischer A. 
Airway sensory nerve and tachykinins 
in asthma and COPD. Pneumologie. 
2006;60(2):80-85. DOI: 10.1055/s-2005-
915587. PMID: 16463247

[51] Hens G, Raap U, Vanoirbeek J, et al. 
Selective nasal allergen provocation 
induces substance P-mediated bronchial 
hyperresponsiveness. American Journal 
of Respiratory Cell and Molecular 
Biology. 2011;44(4):517-523. DOI: 
10.1165/rcmb.2009-0425OC

[52] Vergnolle N, Cenac N, Altier C, 
et al. A role for transient receptor 
potential vanilloid 4 in tonicity-
induced neurogenic inflammation. 
British Journal of Pharmacology. 
2010;159(5):1161-1173. DOI: 10.1007/
s00424-011-1071-x

[53] Zheng H, Liu Y, Huang T, et al. 
Development and characterization of a rat 
model of chronic obstructive pulmonary 
disease (COPD) induced by sidestream 
cigarette smoke. Toxicology Letters. 
2009;189(3):225-234. DOI: 10.1016/j.
toxlet.2009.06.850. PMID: 19524650

[54] Gilifanov EA, Nevzorova VA, 
Artyushkin SA, et al. Method for 
experimental modeling of inflammation 
in the paranasal sinuses in chronic 
tobacco smoking in rats. FSBEI HE 
TSMU Russia. - № 2012121065/14; Pat 
RU, 2522954, IPC G09B 23/28. - Bull. 
2012; No. 20. pp. 1-8

[55] Lee LY, Pisarri TE. Afferent 
properties and reflex functions 



Update in Respiratory Diseases

20

of bronchopulmonary C-fibers. 
Respiration Physiology. 
2001;125(1-2):47-65. DOI: 10.1016/
S0034-5687(00)00204-8

[56] Ramos-Barbón D, Suzuki M, Taha 
R, et al. Effect of alpha4-integrin 
blockade on CD4+ cell-driven late 
airway responses in the rat. American 
Journal of Respiratory and Critical Care 
Medicine. 2001;163(1):101-108. PMID: 
11208633

[57] Nevzorova VA, Golotina OV, 
Shekunova OI, et al. Intracardiac and 
pulmonary hemodynamics and the state 
of the gas composition of blood with 
stable angina of stress associated with 
chronic obstructive pulmonary disease. 
Cardiovascular Therapy and Prevention. 
2011;10(8):19-24

[58] Solovyova NI, Ryzhakova 
OS. Methods for determining the 
activity of matrix metalloproteinases. 
Kliniceskaja Laboratornaja Diagnostika. 
2010;16:17-21

[59] Shoikhet YN, Korenovsky YV, 
Lepilov AV, et al. The role of matrix 
metalloproteinases in inflammatory 
diseases of the lungs. Problems  of  
Clinical  Medicine. 2008;3:99-101

[60] Atkinson JJ, Senior RM. Matrix 
metalloproteinase-9 in lung 
remodeling. American Journal of 
Respiratory Cell and Molecular Biology. 
2003;28(1):12-24. DOI: 10.1165/
rcmb.2002-0166TR

[61] Ziora D, Dworniczak S, Kozielski 
J. Induced sputum metalloproteinases 
and their inhibitors in relation to 
exhaled nitrogen oxide and sputum 
nitric oxides and other inflammatory 
cytokines in patients with chronic 
obstructive pulmonary disease. Journal 
of Physiology and Pharmacology. 
2008;59(6):809-817

[62] Lee WJ, Shin CY, Yoo BK, et al. 
Induction of matrix metalloproteinase-9 

(MMP-9) in lipopolysaccharide-
stimulated primary astrocytes is 
mediated by extracellular signal-
regulated protein kinase 1/2 (Erk1/2). 
Glia. 2003;41(1):15-24. PMID: 12465042

[63] Sobolev GM, Sukhikh GT. The 
family of matrix metalloproteinases: 
General characteristics and 
physiological role. Obstetrics and 
Gynecology. 2007;1:5-8

[64] Brodskaya T, Nevzorova V, 
Zakharchuk N, Repina N. Aortic 
stiffness and polymorphisms of 
collagen-1 type 1a gene in COPD 
patients. Journal of Lung, Pulmonary 
and Respiratory Research. 2018;5(3): 
81-85. DOI: 10.15406/
jlprr.2018.05.00167


