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Chronic obstructive pulmonary disease (COPD) has a high prevalence and is an important cause of hospitalization,
disability, and mortality worldwide. The development and progression of COPD are characterized by airway inflammation
and subsequent damage to the lung parenchyma. Prolonged exposure to particles and gases in cigarette smoke is a
major risk factor for COPD development.
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| 1. Introduction

Smoking is a global health problem in modern medicine 2, Epidemiological studies have shown a relatively high
prevalence of smoking in many countries worldwide, especially among male populations. According to the World Health
Organization (WHO), the number of smokers worldwide is approximately 1.3 billion people, and smoking causes about 8
million deaths per year Bl. Smoking is a major cause of many diseases and preventable deaths worldwide, including
respiratory and cardiovascular diseases, cancer, and other health problems.

Numerous studies have focused on the respiratory effects of smoking. The pioneering work of Fletcher and Peto,
published in 1977, underpinned the current understanding of the role of smoking in impaired lung function and the clinical
importance of smoking cessation 1. Smoking is considered the leading cause of chronic obstructive pulmonary disease
(COPD). COPD has a high prevalence and is an important cause of hospitalization, disability, and mortality worldwide.
The disease also carries a heavy economic and social burden on society and nations B8IZ The problem of COPD is
further complicated by the fact that it rarely occurs in isolation but is often associated with several comorbidities, of which
atherosclerotic cardiovascular disease (ASCVD) is an important one BI2],

The development and progression of COPD are characterized by airway inflammation and subsequent damage to the
lung parenchyma. Prolonged exposure to particles and gases in cigarette smoke is a major risk factor for COPD
development. This process leads to epithelial cell damage and the infiltration of immune cells in the lung tissue, including
macrophages and neutrophils 2221,

| 2. Disorders of the Innate Immune System in Smoking

A growing body of evidence supports the importance of impairments of the innate immune system in the development and
progression of COPD 12 The innate immune system includes many different mechanisms in which various cells such as
macrophages are involved. Smoking cigarettes led to a significant increase in the number of macrophages present in the
bronchoalveolar lavage. Moreover, the number of macrophages in the airways correlates with the severity of inflammation,
the degree of airflow limitation, and thus the severity of COPD [13I14]. Alveolar macrophages are key participants in the
innate lung immune system E3I28] They coordinate inflammatory reactions and directly phagocytose pathogens. It is
important to note that despite the increase in the total number of macrophages in the airways in smoking and COPD,
phagocytosis and the elimination of microorganisms and apoptotic cells are impaired, indicating defective functional
properties of macrophages 7. Impaired phagocytosis in COPD is considered to be an important cause of disease
progression, increased bacterial colonization of the airways and, accordingly, the frequency and severity of exacerbations
of the disease 18119,

Macrophages are heterogeneous in their origin and functions. The current concept suggests several polarized phenotypes
that demonstrate different roles in inflammation 29, While the “classically activated” type (M1) of macrophages is known
to have a proinflammatory role, the “alternatively activated” type (M2, including subtypes M2a, M2b, and M2c) of
macrophages is considered anti-inflammatory, as their function is related to tissue repair 2122231 M1 macrophages
produce interleukin (IL)-1, IL-6, IL-12, and tumor necrosis factor (TNF)-a, and express the enzymes cyclooxygenase 2
(COX 2) and inducible nitric oxide synthase (iINOS), which produce nitric oxide (NO) 24l It should be noted that this



classification of macrophage subtypes is simplistic, but it allows us to evaluate the significance of the complex function of
these cells and the cross-linkages between the immune system and cellular metabolism 24, Macrophage polarization is
associated with a switch in cellular metabolism. These macrophage subtypes use arginine in different ways. Pro-
inflammatory M1 macrophages metabolize arginine using iINOS to produce NO, which provides cytotoxic activity of
macrophages against viruses, bacteria and tumor cells 22, At the same time, M2 macrophages metabolize arginine
predominantly through arginase 1 to form ornithine, which can be used to synthesize polyamines and proline necessary
for tissue repair after inflammation 281271 Different pathways of arginine metabolism in immune cells may correspond to
different phases of inflammatory activity. Interestingly, cigarette smoke extract decreases the macrophage production of
NO and reactive oxygen species (ROS) and stimulates M2 macrophage polarization 2829, The polarization of pulmonary
macrophages toward the M2 phenotype in smoking may be mediated by activation of the Janus kinase 2/signal
transducer and activator of transcription 3 (JAK2/STAT3) pathway 2. An imbalance in the ratio of M1 and M2
macrophages and correspondingly disrupted phases in inflammation may contribute to chronic inflammation in COPD.

2.1. Immune Mechanisms Associated with Smoking in COPD

Considering the data on the polarization of macrophages and their differential role in NO production, data on the biological
functions of this mediator in the lungs and their disturbances in smoking are of interest. NO produced by various NOS
isoforms plays an important and diverse physiological role in the airways. It contributes to the mucociliary function of the
airway epithelium by upregulating the ciliary beat frequency, regulating epithelial ion transport, and maintaining epithelial
integrity BB This important mechanism is part of the immune defense of the airways, which is of important clinical
importance and can be impaired by smoking and COPD. However, in COPD, NO biosynthesis is impaired in the
endothelium of the pulmonary arteries B3l In contrast, airway epithelial and immune cells overexpress inducible NOS
(iNOS and neuronal nitric oxide synthase (nNOS)), which contributes to increased NO production and increased
inflammation 435, |ncreased expression of INOS and nNOS was observed in the lung tissues of COPD patients 28!,
Moreover, nNOS was the main source of NO at severe stages of COPD, and iNOS was involved in its production at less
severe stages of the disease. Reduced eNOS expression is observed in more severe stages of COPD, which may be
linked to alveolar destruction and loss of epithelial and endothelial cells. Exposure to cigarette smoke for 3 months causes
selective endothelial dysfunction in guinea pig pulmonary arteries as well as decreased eNOS expression and the
proliferation of smooth muscle cells in small pulmonary vessels. These changes precede the development of emphysema
7 |n eNOS™ mice, exposure to cigarette smoke for 6 months resulted in increased pulmonary artery pressure due to
vascular remodeling 28!,

The lungs of patients with severe COPD have increased the expression of nNOS in alveolar epithelial cells, induced by
nitrosative stress, oxidative stress, and inflammatory cytokines. This increased nNOS expression leads to the production
of peroxynitrite, which in turn causes further nitrosative stress 8. Peroxynitrite is formed by the reaction of NO with
superoxide anion, which is released by inflammatory cells. Peroxynitrite has a potent inflammatory effect and activates
matrix metalloproteinases (MMPs) released by inflammatory cells such as neutrophils and macrophages. MMPs
contribute to emphysema by destroying the extracellular matrix of the lung parenchyma 51,

Another immune mechanism in which cigarette smoke is involved is related to the activation of Toll-like receptors (TLRS),
which are part of the innate immune system. Toll-like receptor 4 (TLR4) recognizes lipopolysaccharides (LPS) of Gram-
negative bacteria. In the lungs, TLR4 can be activated by LPS, which is associated with bacterial colonization of the
airways, including exacerbations of COPD, or by exogenous oxidants. Components of tobacco smoke that include LPS
are involved in the activation of TLR4 and downstream signaling pathways that contribute to cytokine production (Figure
1) [39149N41] Acyte exposure to cigarette smoke increases TLR4 expression in the lungs of mice and rabbits. In addition,
by activating TLR4, cigarette smoke increases the expression of MMP-1 in primary small airway epithelial cells in humans
(42 On the other hand, it has been shown that the functional polarization of alveolar macrophages can lead to decreased
TLR2 expression in smokers and patients with COPD, which may lead to a locally impaired immune response that
contributes to bacterial colonization of the airways 4.
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Figure 1. Involvement of components of tobacco smoke in the activation of proinflammatory mechanisms. Abbreviations:
ABCA1—ATP binding cassette subfamily A member 1, eNOS—endothelial nitric oxide synthase, IL-1p—interleukin-1
beta, ICAM-1—intercellular adhesion molecule 1, INOS—inducible nitric oxide synthase, KLF4—Kruppel-like factor 4,
NLRP3—NLR family pyrin domain containing 3, NO—nitric oxide, TLR4—Toll-like receptor 4, VCAM-1—vascular cell
adhesion molecule 1.

In addition to TLR4 activation, cigarette smoke contributes to the activation of the signaling pathways of the NLR family
pyrin domain containing 3 (NLRP3), which plays an important role in the development of COPD “4l45] The NLRP3
inflammasome is known to be a molecular protein complex that promotes the maturation of proinflammatory cytokines
such as interleukin (IL)-1p and IL-18 (Figure 1 and Figure 2). ROS are involved in the activation of the inflammasome in
COPD 48, Cigarette smoke exposure to epithelial cells in an in vitro model has been shown to promote NLRP3
inflammasome activation; furthermore, NLRP3 inflammasome activity is increased in the COPD exacerbation model 48,
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Figure 2. Mechanisms of emphysema development in smoking. Abbreviations: ABCA1—ATP binding cassette subfamily
A member 1, CXCL—chemokine (C-X-C motif) ligand, eNOS—endothelial nitric oxide synthase, INOS—inducible nitric
oxide synthase, IL-1B—interleukin-1 beta, MMP—matrix metalloproteinases, NE—neutrophil elastase, NLRP3—NLR
family pyrin domain containing 3, nNOS—neuronal nitric oxides synthase, TLR4—Toll-like receptor 4, VEGF—vascular
endothelial growth factor, VEGFR2—vascular endothelial growth factor receptor 2.

In addition, high levels of extracellular adenosine triphosphate (eATP), which acts through binding to the purinergic
receptor P2 x 7, can induce NLRP3 inflammasome activation 43471, e ATP can be released from different cells due to cell
damage or cell death and acts as a damage-associated molecular pattern (DAMP). This is consistent with the evidence
that extracellular ATP accumulates in the airways in both animal models and in patients with COPD 8. |n addition, eATP
was significantly elevated in the plasma of COPD patients compared with control subjects, with eATP concentrations
increasing significantly with the severity of airflow limitation 2. Moreover, smokers had higher plasma eATP



concentrations compared with nonsmokers, although levels were lower than in COPD patients 2. It is important to note
that eATP causes vascular inflammation and atherosclerosis through the activation of P2Y2 B9,

Tobacco leaves and cigarette smoke condensate have previously been shown to contain tobacco glycoprotein (TGP),
which is a phenol-rich glycoprotein. TGP activates the immune system, which is characterized by increased mRNA levels
of IL-1a, IL-1B, IL-6 and platelet-derived growth factor (PDGF)-A in alveolar cells 2152,

Cigarette smoke-activated macrophages released IL-1f3, tumor necrosis factor-alpha (TNFa), and chemokine (C-X-C
motif) ligand (CXCL), which additionally attracted monocytes, neutrophils, and lymphocytes from the bloodstream into the
lungs (Figure 2). IL-1( levels were elevated in mice even during a single acute smoke exposure. Importantly, IL-1pB is
involved in the development of emphysema and small airway remodeling in mice, with effects comparable to TNF-alpha
B3] |n turn, TNF-a is one of the most significant cytokines in COPD. Its serum levels were elevated in smokers compared
to nonsmokers 24, Elevated levels of TNF-a in lung tissue, induced sputum, and serum are found in patients with COPD
[BSIS6I57158] TNF-a1, also called cachexin (or cachectin), may be associated with physical frailty in COPD patients.
Physical frailty is a multidimensional syndrome associated with an adverse prognosis based on skeletal muscle
hypotrophy primarily of the lower extremities. In addition, TNF-a is associated with the development of emphysema in
mice when exposed to cigarette smoke. TNF-a promotes the increased production of MMPs, which are involved in the
development of emphysema 9. Activated macrophages and neutrophils release proteases such as MMPs, elastases,
and collagenases, which contribute to extracellular matrix damage and emphysema development €. |n addition,
systemic elevation of MMP-9 is found in COPD, which may reflect the production of MMP-9 by blood monocytes and is a
marker of inflammation and may also be a predictor of decreased pulmonary function B2 MMP-9 is also involved in
atherogenesis, with MMP-9 levels being higher in vulnerable than in stable plagues. These data allowed us to identify
MMP-9 as a predictor of atherosclerotic plaque instability and to consider its levels as a risk factor for adverse
cardiovascular events in the future [62],

Another mechanism contributing to COPD exacerbations is related to the ability of cigarette smoke to enhance immune
responses associated with the ingestion of viral pathogen-associated molecular patterns (PAMPs) and viruses €3],
Cigarette smoke has been found to increase airway inflammation and apoptosis induced by viral PAMP [83 These
findings support the links of viral airway infection as a cause of infectious exacerbations of COPD.

2.2. Effects of Smoking on Lipid Metabolism and Immune System Crosslinks

It has also been shown that exposure to cigarette smoke can directly affect fatty acid metabolism in airway epithelial cells,
which can influence the production of lipid mediators of inflammation and lead to changes in the ratio of saturated and
unsaturated fatty acids in the phospholipids of cell plasma membranes 4. |t is important to note that the function of
membrane proteins, including TLR4, is associated with the lipid composition of the macrophage plasma membranes. It
has been shown that smoking can affect the lipid composition of alveolar macrophage membranes, causing a decrease in
plasma membrane fluidity 63!,

The effect of cigarette smoke on lipid transport is another important proinflammatory mechanism. Macrophages exposed
to cigarette smoke are characterized by downregulated ABCA1 (ATP binding cassette subfamily A member 1) expression,
which corresponds to impaired cholesterol efflux and inflammatory activation of macrophages, which corresponds to the
upregulation of the TLR4/Myd88 pathway with the subsequent expression of MMP-9 and MMP-13 [88l. Cholesterol
accumulation in macrophages is associated with their proinflammatory activation through several mechanisms, including
the effect on the structural organization of cell plasma membranes and the structure of lipid rafts. Lipid rafts are specific
membrane domains containing cholesterol that act as a platform for many signaling pathways, including those related to
inflammation 7. ABCAL is a member of a large family of ABC transporters that transport various substances across cell
membranes. ABCAL1 exports cholesterol from the cell to the extracellular acceptor, thus participating in the maintenance of
cellular cholesterol homeostasis.

It is important to note that the function of ABCAL in alveolar macrophages is also associated with its participation in
phagocytosis and efferocytosis. ABCAL is involved in the removal of excess cholesterol formed during the uptake of
apoptotic cells. A decrease in the functional activity of ABCA1, which leads to the formation of cholesterol-loaded
macrophages, corresponds to their lower efficiency as phagocytes, which is consistent with the decrease in efferocytosis
in the lungs of COPD patients. Thus, the lipid-transporting activity of ABCAL is essential for normal lung function but may
be impaired by smoking.

It is important to note that the transport function of high-density lipoprotein (HDL) demonstrates cross-links between
metabolism and immunity, as it is one of the links for LPS utilization.



A growing body of evidence is increasing interest in the anti-inflammatory properties of HDL, although the data are not as
unequivocal. There is also conflicting evidence on the role of HDL in lung function. On the one hand, impaired lung
function has been found to be associated with low HDL levels [€8l. On the other hand, a negative correlation between HDL
level and lung function has been shown 89 In addition, in a large sample of adults, it was shown that patients with high
HDL cholesterol levels had a greater rate of decline in forced expiratory volume in the first second (FEV1) (p < 0.0001)
and FEV1/forced vital capacity (FVC) (p < 0.0001) 29, Moreover, the rate of decline in pulmonary function in terms of
effect size was comparable to the increase in the pack-years index by 10. In another study, higher HDL cholesterol levels
among male adolescents were found to be associated with decreased pulmonary function (FVC and FEV1) [,
Interestingly, higher levels of HDL may be associated with muscle condition in patients with COPD and can be considered
as a biomarker of muscle volume and function 21281,

A growing body of evidence strengthens the understanding of the importance of lipid mediators of inflammation in the
pathogenesis of COPD. An imbalance between the production of proinflammatory factors and specialized pro-resolving
lipid mediators contributes to the persistence of inflammation. Resolvin E1, which belongs to the group of specialized pro-
resolving lipid mediators, plays an important role in preserving macrophage function during oxidative stress induced by
cigarette smoke 4, At the same time, cigarette smoke can induce an unbalanced release of lipid mediators that is
characterized by a reduced prostacyclin (prostaglandin 12 or PGI2)/thromboxane A2 (TXAZ2) ratio, which may contribute to
pulmonary vascular remodeling 3. In this experiment, it was shown that cigarette smoke extract induced COX-2
expression while decreasing PGI2 and prostaglandin E2 (PGE2) production and increasing the production of the
vasoconstrictor and proliferative mediator TXA2 3. Disturbances of lipid mediators’ production contribute to the
development of endothelial dysfunction in COPD. While PGI2 has a protective effect on the pulmonary vasculature in
response to cigarette smoke exposure, PGI2 expression is reduced in pulmonary endothelium in pulmonary emphysema
78] Cigarette smoke extract has been shown to induce COX-2 expression in various cell types, such as endothelial cells
and small airway epithelial cells R8I | addition, exposure to components of cigarette smoke induces COX-2
expression in normal human lung fibroblasts with the subsequent synthesis of proinflammatory prostaglandins 9. At the
same time, it has been suggested that COX-2 may play a protective role against apoptosis in vascular endothelial cells
caused by cigarette smoking 4.

| 3. Effect of Smoking on Apoptosis

Another important mechanism for the negative effect of cigarette smoke is its effect on apoptosis. Cigarette smoke extract
induces apoptosis in mouse Ana-1 macrophages, which is accompanied by an increased release of lactate
dehydrogenase, mitochondrial damage, and oxidative stress. Cigarette smoke extract also inhibited the expression of the

anti-apoptotic protein Bcl-2 (B-cell lymphoma 2) and stimulated the expression of the pro-apoptotic protein Bax and Bad
l80]

Cigarette smoke induced the activation of neutral sphingomyelinase 2 (nSMase2), which promotes the hydrolysis of
membrane sphingomyelin to ceramides (Figure 1) Bl Ceramides are members of a large family of sphingolipids and
consist of sphingosine and various fatty acids. Ceramides can be included in the structure of the lipid bilayer of plasma
membranes and also participate as a signaling molecule for apoptosis, due to which they can participate in the
development of various diseases 283, |ncreased levels of ceramides have been observed in patients with COPD, which
may contribute to the development of emphysema due to their role in apoptosis [BLIB4ESIEE] | addition to increased
ceramide levels in the lungs, the damaging effect of cigarette smoke leads to the release of ceramide-rich microparticles
from the cells, resulting in increased ceramide levels in the systemic bloodstream B4, The production of ceramide-rich
microparticles during smoking is associated with the enzyme acid sphingomyelinase (aSMase), which exhibits high
activity in the plasma of patients with COPD or mice exposed to cigarette smoke B4, At the same time, elevated ceramide
levels may contribute to endothelial dysfunction and coronary heart disease as well as being a prognostically unfavorable
factor in cardiovascular mortality (B8],

Thus, COPD is characterized by persistent chronic airway inflammation followed by bronchial remodeling, the
development of airflow limitation, and increased tissue hypoxia. In addition to inflammation in the airways, the disease is
characterized by systemic inflammation, the severity of which can be related to the frequency of COPD exacerbations.

| 4. Effect of Smoking on Endothelial Cells in COPD

Systemic inflammation and tissue hypoxia play an important role in the clinically heterogeneous course of COPD. The
clinical heterogeneity of COPD underlies attempts to phenotype patients in order to improve the effectiveness of their
treatment. Emphysema is an important phenotype of COPD that was described before the term COPD itself existed. In



emphysema, there is destruction of the alveolar walls, resulting in a loss of alveolar surface area for gas exchange. The
mechanism explaining why different patients develop emphysematous or bronchitic phenotypes in the presence of
common risk factors is largely unknown. According to the vascular hypothesis, emphysema in COPD develops due to the
loss of endothelial and epithelial cells by apoptosis. This concept is supported by data from histological studies of human
emphysematous lungs described in 1959 by Liebow, who found that in centrilobular emphysema, the number of blood
vessels in the alveolar septa is reduced 2. The pathophysiological mechanisms of the vascular phenotype of COPD
were summarized in Polverino et al. 9, It is assumed that endothelial damage in COPD is associated with a direct toxic
effect of cigarette smoke on endothelial cells, the production of autoantibodies against endothelial cells and inflammation
in vessels. In addition, elevated levels of vascular oxidative stress, increased lipid peroxidation, and decreased activation
of antioxidant pathways in endothelial cells are important 29,

Alveolar destruction has also been shown to include the apoptosis of septal endothelial cells and the decreased
expression of lung endothelial vascular growth factor (VEGF) and its receptor 2 (vascular endothelial growth factor
receptor 2, VEGFR2) (Figure 2) 21, VEGF receptor signaling was found to be essential for maintaining alveolar structure,
which is related to the role of VEGF in endothelial cell survival 22, Cigarette smoke exposure has been shown to reduce
VEGF and VEGFR2 levels in rat lungs and VEGF and VEGFR2 expression in the lungs of both smokers and COPD
patients 231, At the same time, exposure to cigarette smoke disrupts the VEGF165—VEGFR2 receptor signaling complex,
which is an important potential mechanism of emphysema pathogenesis 23l Moreover, in human emphysematous lungs,
increased endothelial cell apoptosis corresponds to decreased expression of VEGF and VEGFR2 compared with healthy
lungs 218311941 However, other studies have found high levels of VEGF in smokers 25l In addition, VEGF levels are
elevated in the airways in both asymptomatic smokers and smokers with COPD (28], Fibroblasts, which are an important
source of VEGF in the lungs, have also been shown to stimulate Smad3-mediated VEGF release when exposed to
cigarette smoke extract 2. These findings suggest the heterogeneous nature of the course of COPD. It was also found
that VEGF expression can vary depending on the severity of COPD [24],

Thus, pulmonary vascular remodeling in COPD is important for the clinical heterogeneity of the disease. Smoking has
been shown to increase Kruppel-like factor 4 (KLF4) expression in the airway epithelium and in pulmonary vessels,
contributing to their remodeling and the development of pulmonary hypertension by stimulating the proliferation of
vascular smooth muscle cells 281291 puimonary hypertension is an important clinical problem in COPD that contributes to
cardiac remodeling, heart failure, and is associated with a negative prognosis.

Endothelial cells play a crucial role in the innate immune response by participating in the recognition of PAMP and DAMP
as well as expressing TLR4 (100101 Remarkably, studies have shown that TLR4 deficiency in mice led to spontaneous
emphysema, without a notable increase in inflammatory cell numbers, while also triggering elevated endogenous Nox3
(NADPH Oxidase 3) activity in endothelial cells (200 These findings highlight the significant contribution of TLR4 to the
preservation of lung structural integrity and the prevention of emphysema.

Thus, COPD is a disease based on chronic persistent inflammation in the airways. Smoking, which has a multifaceted
effect on various biological processes in the respiratory tract and cardiovascular system, is a significant risk factor for
COPD as well as one of the mechanisms contributing to comorbidity.
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