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Abstract: Chronic obstructive pulmonary disease (COPD) is a common respiratory disease that is
characterized by functional and structural alterations primarily caused by long-term inhalation of harmful
particles. Cigarette smoke (CS) induces airway inflammation in COPD, which is known to persist even
after smoking cessation. This review discusses the basic pathogenesis of COPD, with particular focus on an
endogenous protective mechanism against oxidative stress via Nrf2, altered immune response of the airway
inflammatory cells, exaggerated cellular senescence of the lung structural cells, and cell death with expanded
inflammation. Recently, CS-induced mitochondria autophagy is reported to initiate programmed necrosis
(necroptosis). Necroptosis is a new concept of cell death which is driven by a defined molecular pathway
along with exaggerated inflammation. This new cell death mechanism is of importance due to its ability to
produce more inflammatory substances during the process of epithelial death, contributing to persistent
airway inflammation that cannot be explained by apoptosis-derived cell death. Autophagy is an auto-cell
component degradation system executed by lysosomes that controls protein and organelle degradation for
successful homeostasis. As well as in the process of necroptosis, autophagy is also observed during cellular
senescence. Aging of the lungs results in the acquisition of senescence-associated secretory phenotypes
(SASP) that are known to secrete inflammatory cytokines, chemokines, growth factors, and matrix
metalloproteinases resulting in chronic low-grade inflammation. In future research, we intend to highlight
the genetic and epigenetic approaches that can facilitate the understanding of disease susceptibility. The goal
of precision medicine is to establish more accurate diagnosis and treatment methods based on the patient-
specific pathogenic characteristics. This review provides insights into CS-induced COPD pathogenesis,
which contributes to a very complex disease. Investigating the mechanism of developing COPD, along with

the availability of the particular inhibitors, will lead to new therapeutic approaches in COPD treatment.
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Introduction in response to constant levels of harmful inhalants leads to
irreversible morphological and functional alterations in the

The lungs are a complex organ comprising numerous cells lungs.

that are continually exposed to infectious agents, cigarette The molecular pathology underlying chronic obstructive

smoke (CS), and pollutants. The disruption of homeostasis pulmonary disease (COPD) is influenced by genetic
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Figure 1 Keap-1 and Nrf-2 pathways. Under normal conditions, Nrf-2 is localized in the cytoplasm and is bound to Keap-1. Keap-1 can

also combine with cul3 and Rbx1 to form the core ubiquitin 3 ligase complex, which results in ubiquitination and proteasomal degradation

of Nrf-2. Under oxidative stress conditions, Nrf-2 and Keap-1 dissociate, which allows Nrf-2 to translocate to the nucleus, where it forms

a heterodimer with Maf and binds to ARE to induce the gene expression of antioxidant and detoxifying enzymes. Nrf-2, nuclear factor-

erythroid 2 related factor 2; Keap-1, Kelch-like ECH-associated protein 1; Cul3, culin-3; Rbx1, ring box 1; ARE, antioxidant response

element; EpRE, electrophile responsive element.

background, cellular senescence, and chronic inhalation
of harmful particles, such as those present in CS. Toxic
particles of inhaled smoke induce airway inflammation that
is exacerbated in COPD patients; such chronic inflammation
is known to persist even after smoking cessation (1).
CS contains numerous toxic chemical substances (2),
including oxygen-derived metabolites or reactive oxygen
species (ROS) which play an essential role in antimicrobial
activity, cell signaling, and other mechanisms necessary for
maintaining homeostasis. However, excessive accumulation
of ROS leads to harmful modifications in proteins, lipids,
and DNA (3). Oxidative stress markers, such as lipid
peroxides, including hydrogen peroxide, nitric oxide, and
8-isoprostane, as well as nitrotyrosine and nitrogen oxides,
are elevated in the respiratory tract, lungs, and blood of
COPD patients (3).

In this review, we provide an overview of airway
inflammation, morphological changes, and cellular
senescence observed in the lungs during CS-induced
COPD, with a focus on aberrant autophagy and cell
death, which are new and important concepts in COPD
pathogenesis.

© Journal of Thoracic Disease. All rights reserved.

Protection from oxidative stress in the lungs

In healthy lungs, antioxidants, such as superoxide dismutase,
catalase, and glutathione peroxidase, provide an endogenous
biological defense against oxidative stress caused by CS.
An imbalance between the oxidants and antioxidants leads
to increased expression of genes involved in inflammation,
increased secretion of airway mucus, and inactivation of
anti-proteases (3).

Nuclear factor E2-related factor 2 (Nrf2) facilitates
antioxidant gene expression (4). Under non-stressed
conditions, Nrf2 is retained in the cytoplasm by direct
binding to the Kelch-like ECH-associated protein 1 (Keapl)
(Figure 1). The Keapl gene also binds to cullin-3-ring box 1
to form the core ubiquitin E3 ligase complex. Consequently,
Keapl-bound Nrf2 is ubiquitinated and degraded by the
26S proteasome that prevents its accumulation in the
cytoplasm (4,5). In contrast, ROS impairs the bonding of
Keap1-Nrf2 and allows Nrf2 to translocate into the nucleus
where it escapes the homeostatic protein degradation. In
the nucleus, Nrf2 heterodimerizes with small Maf proteins
and binds to the antioxidant-responsive or electrophile-
responsive elements. Thus, the transcription of target genes,
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Figure 2 Airway inflammation in COPD. Inhaled irritants activate epithelial cells and alveolar macrophages, which play a central role in

type 1 airway inflammation by releasing cytokines and chemokines. Alveolar macrophages and neutrophils release proteases, such as MMPs

and neutrophil elastase, which cause elastin degradation that results in alveolar wall destruction. Dendritic cells are an important link

between innate immunity and adaptive immunity, locating near the epithelium surface to sense the entry of inhaled irritants. ROS, reactive

oxygen species; DAMPs, damage-associated molecular patterns; PAMPs, pathogen-associated molecular patterns; TNF-o, tumor necrosis
factor-o; IL, interleukin; TGF-1, transforming growth factor-pl; CCL, C-C motif chemokine; CXCL, chemokine (C-X-C motif) ligand;
NK cell, natural killer cell; ILC3, innate lymphoid cell 3; Th, helper T lymphocyte; Tc, cytotoxic T lymphocyte; G-CSF, granulocyte

colony-stimulating factor; IFN-y, interferon-gamma; MMPs, matrix metalloproteinases; COPD, chronic obstructive pulmonary disease.

such as those encoding antioxidant proteins and xenobiotic-
metabolizing enzymes, is activated to mount a biological
defense (4,5).

More than 500 genes are regulated by the Nrf2/
antioxidant-responsive element signaling, including target
genes of oxidative stress (heme oxygenase, y-glutamyl
cysteine ligase), inflammation [transforming growth
factor B (TGF-B) and nuclear factor (NF)-kB], xenobiotic
metabolism (nicotinamide adenine dinucleotide phosphate
quinone oxidoreductase, aldo-keto reductase family 1
member C1, and multidrug resistance-associated protein 1),
apoptosis (BCL2 and BCL-XL), and autophagy (p62) (6).
Therefore, the genes involved in antioxidant and anti-
inflammatory responses, xenobiotic metabolism,
detoxification, and anti-proliferation are expressed
downstream of the Nrf2 pathway (6,7).

© Journal of Thoracic Disease. All rights reserved.

Significant evidence shows that oxidative stress damages
the lungs and contributes to COPD pathogenesis. It
is possible that therapeutic administration of multiple
antioxidants will be effective in the management of COPD
(8-10).

Immunity in COPD
Activation of innate immunity

Inhaled particles and pathogens are recognized with pattern
recognition receptors (PRRs) on the plasma membrane of
the alveolar epithelial cells and macrophages (Figure 2).
There are several types of PRRs: toll-like receptors,
cytosolic NOD-like receptor (NLRs), and RIG-I-like
receptors (11). PRRs are activated by damage-associated
molecular patterns (DAMPs) released after tissue damage,
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resulting in the production of inflammatory cytokines
via a caspase 1-dependent mechanism and the formation
of the nucleotide-binding oligomerization domain like
receptor (NLR) P3 inflammasome. NLRP3 inflammasome
leads to the secretion of interleukin (IL)-1a, IL-1p, IL-33,
and IL-18 (12,13). The induced IL-1p and I1.-18 activate
neutrophils, macrophages, helper T (Th) 1, and Th17
lymphocytes leading to Typel airway inflammation (12,13).
Research has shown that inflammasome-dependent cytokines
are involved in COPD pathogenesis; however evidence
that NLRP3 inflammasome is indeed driving COPD
pathogenesis remains inconclusive. Increased expression of
NLRP3 and IL-1 are observed in COPD lungs (14,15). CS-
exposed NLRP3 knock-out mice exhibit decrease production
of caspase-1, IL-1B and IL-18 (16). Apoptosis-associated
speck-like protein containing a caspase recruitment domain
(ASC) are found to play an important role in inflammasome
to recruit pro-caspase-1. ASC specks get phagocytosed
by macrophages and promote the production of IL-18 by
these cells (17). In patients with COPD, ASC specks are
found abundant in bronchoalveolar lavage (BAL) fluid
and peripheral blood mononuclear cells (17). In contrast,
Di Stefano et al. examined the expression of NLRP3
inflammasome-associated factors in bronchial mucosa and
BAL fluid collected from patients with stable COPD (18).
Interestingly, they found that no increment in the levels
of NLRP3, caspase-1 and IL-1p observed in patients with
COPD when compared to control smokers (18). Pauwels
et al. reported that CS-induced pulmonary inflammation
was independent of NLRP3 inflammasome or caspase-1
deficiency (19), indicating the inflammation was mediated in
a NLRP3-independent manner. Some randomized clinical
trials that target inflammasome-relating effectors have been
performed on COPD patients, but did not present positive
results (20,21). Several studies support the involvement
of NLRP3 inflammasome in the pathogenesis of COPD,
there are still controversies in this field that need further
investigation.

Alveolar macrophages play a central role in airway
inflammation. These cells secrete multiple chemokines and
cytokines, such as tumor necrosis factor-o. (NF-a), that
induce the expression of adhesion molecules on endothelial
cells, facilitating the migration of a variety of inflammatory
cells (Figure 2) (22). Alveolar macrophages also produce
ROS, metalloproteinases (MMPs), and cathepsins to disrupt
alveolar structures and induce fibrosis mediators such as
TGF-B1 to trigger airway remodeling (22).

In COPD, neutrophil apoptosis is inhibited and

© Journal of Thoracic Disease. All rights reserved.
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phagocytic function of alveolar macrophages that treat
apoptotic neutrophils are decreased. This leads to
neutrophil-induced inflammation by causing secondary
necrosis (23). The phagocytic function of alveolar
macrophages can be improved by sulforaphane via Nrf2
signaling (24).

Several recent studies have focused on the various
macrophage phenotypes in COPD (25). Macrophages
metabolize L-arginine to nitric oxide via inducible nitric
oxide synthase (iNOS) or to ornithine via arginase-1. M1
macrophages express iNOS and secrete pro-inflammatory
cytokines, such as interferon y and IL-22, to mediate type 1
inflammation (26,27). In contrast, M2 macrophages express
arginase-1 and secrete Th2 cytokines, such as IL-4, IL-13,
and IL-10, to mediate tissue fibrosis, perform repair, and
create an anti-inflammatory response in the airways (28).
Eapen er al. reported that healthy nonsmokers harbored
macrophages that were not polarized to the M1 or M2
phenotype. In contrast, patients with COPD and healthy
smokers harbored higher numbers of M1 macrophages in
the small airway walls and M2 macrophages in the BAL
fluid. This shows the difference in the macrophage polarity
between the interior and exterior of the airway walls (29).
It is noteworthy that macrophages in the BAL fluid
samples collected from COPD patients exhibited increased
expression in Th2 cytokines (IL-4, IL-13, and IL-5) and
decreased expression in interferon vy, suggesting impaired
protection from infections (29).

Neutrophils are an important component of type 1
inflammation. Elevated neutrophils levels in sputum is
associated with COPD severity (30). Neutrophil migration
to the lungs is caused by the accumulation of ROS induced-
phosphatidylinositol 3,4,5-triphosphate at the injury site (31).
In addition, chemokine C-X-C motif ligand (CXCL) 1,
CXCLS8, and leukotriene B4 produced by macrophages
and IL-22, IL-17A produced by Th, lymphocytes and
innate lymphoid cell ILC) 3 (32,33) are involved in the
determination of neutrophil motility. Airway neutrophils
secrete myeloperoxidase, neutrophil elastase (NE),
cathepsins, proteinase, and MMPs and are directly involved
in the destruction of alveoli and promote mucus production
in the submucosal glands and goblet cells (34-38).
These proteolytic substance and neutrophilic DNA with
dimensions as small as 2 nm consist neutrophil extracellular
traps (NETs). NETs play an important role in host defense
against infection by trapping microbes that are too large to
be involved in the phagocytosis process and are potentially
cytotoxic (39). A recent report reveals that CS induces NET
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component. In stable COPD patients, abundant NETs are
observed in the sputum, correlating with severity of airflow
limitation (40). In the innate immunity process, LL-37 and
o defensins, the intracellular components of NETs, promote
NLRP3 inflammasome in response to CS (41).

The shift toward adaptive immunity

Antigens released by cell and tissue injury are recognized
by the dendritic cells and presented to T-lymphocytes to
activate adaptive immunity. CS-induced NETs can enhance
plasmacytoid dendritic cells, generating naive CD4-positive
T cells into Thl and Th17 (42). In healthy subjects,
regulatory T (Treg) cells, M2 macrophages, and myeloid-
derived suppressor cells create immune tolerance that
suppresses immune activation to facilitate a shift toward
adaptive immunity (43). This process is impaired in COPD,
enabling the development of adaptive immune response (43).

Treg cells are a subset of CD4-positive T' lymphocytes
that play a role in immune suppression. Naturally occurring
Treg cells differentiate functionally in the thymus, while
inducible Treg cells differentiate from naive T lymphocytes
in the periphery. TGF-p is required for the differentiation
of Treg cells, with FoxP3 acting as the master transcription
factor (44). Treg cells are believed to suppress excessive
immune response by producing the inhibitory cytokines
TGF-P1 and IL-10 and expressing the cytotoxic T
lymphocyte-associated protein 4 (44). In COPD, the Th17/
Treg ratios in the blood and sputum are shifted toward the
Th17 cells; further, the absence of an anti-inflammatory
response in the respiratory tract is considered to contribute
to persistent airway inflammation in COPD (45,46).
Furthermore, CD8-positive cytotoxic T lymphocytes and
CD4-positive Thl lymphocytes as well as natural killer
cells comprise the innate immunity and release perforin
and granzyme B to induce apoptosis of the epithelial cells,
followed by alveolar destruction (22,47). Although the
molecular mechanisms of amplified airway inflammation in
COPD remain unclear, alteration in the innate and adaptive
immune response could be a possible explanation.

Morphological change of the airway epithelium

Chronic exposure to CS directly affects the morphology
and function of the airway epithelium. Impaired epithelial
function and shortening of the cilia on the epithelium
are observed through histone deacetylase 6-dependent,
autophagy-mediated mechanisms induced by CS (48,49).

© Journal of Thoracic Disease. All rights reserved.
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The reduction in mucociliary clearance leads to goblet cell
hyperplasia that affects the epithelial microenvironment
(34,50). In COPD lungs, decreased activity of Nrf2 is
reported (51,52). The importance of Nrf2 is confirmed
by CS-exposed Nrf2-deficient mice demonstrating a
development of emphysematous lesion in the lungs (53).

Adherens and tight junctions comprise the epithelial
barrier that limits the invasion of the inhaled harmful
particles. CS-mediated ROS has been shown to disrupt the
tight junctions via an epidermal growth factor receptor-
dependent mechanism (54). Moreover, ROS breaks
hyaluronic acid into small particles, 70 kDa in size, allowing
these particles to bind to the layilin receptor and activate
the Rho-associated protein kinase. This ultimately leads
to the reduction in E-cadherin gene expression and the
disruption of the adherens junctions (55). The disruption
of the epithelial barrier and the reduction in E-cadherin
expression induces epithelial-mesenchymal transition,
consequently inducing the aberrant production of MMPs
and growth factors, airway destruction, and remodeling
(56,57). These alterations in structural cells are important
for understanding the mechanism of morphological changes
of the lungs and various symptoms present in COPD.

Cellular senescence and cell-repair mechanisms

The incidence of COPD is high among the elderly. During
healthy aging, reduced elasticity and alveolar dilation are
accompanied by low-level inflammation; however, these
changes are not associated with emphysematous changes
or the destruction of the alveolar walls observed in the lung
tissue samples of COPD patients (58). These age-related
alterations are abnormally increased in COPD patients owing
to several reasons, including telomere shortening, cellular
senescence, activation of the phosphatidylinositol-3-kinase
(PI3K)/mammalian target of rapamycin (nTOR) signaling
pathway, defective DNA repair, abnormal microRNA
patterns, epigenetic alterations, decreased anti-aging
molecules, mitochondrial dysfunction, impaired autophagy,
immunosenescence, and stem cell exhaustion (59,60).

The most probable explanation for the age-associated
changes in COPD is the intracellular and extracellular
production of ROS. Appropriate ROS levels are necessary
for normal aging, while excessive ROS levels lead to cell
cycle arrest and cell senescence via activation of the tumor
suppressor protein p53 (60). The PI3K/AKT/mTOR
pathway is at the core of the accelerated aging observed in
COPD (Figure 3). PI3K is activated by ROS, followed by
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Figure 3 Mechanisms of accelerated aging and inflammation
in COPD. Oxidative stress reduces sirtuin-1 through PI3K/
AKT/mTOR signaling. Decreased sirtuin-1 results in cellular
senescence. Acquisition of SASP, result in accelerated lung
aging and inflammation. ROS, reactive oxygen species; PI3K,
phosphatidylinositol-3 kinase; mTOR, mammalian target of
rapamycin; NF-kB, nuclear factor-xB; FOXO, Forkhead box
O; TNF-o, tumor necrosis factor-a; IL, interleukin; T GF,
transforming growth factor; VEGE, vascular endothelial growth
factor; MMPs, matrix metalloproteinases; SASP, senescence-
associated secretory phenotype; COPD, chronic obstructive

pulmonary disease.

the activation of AKT and mTOR, with the subsequent
inhibition of sirtuin-1 (SIRT1). SIRT1 is a histone
deacetylase that regulates numerous transcription factors
and is closely related to oxidative stress, inflammation,
and cellular senescence (61). Compared to apoptotic cells,
senescent cells produce numerous inflammatory proteins
which can affect other tissues and cells. These senescent
cells are referred as senescence-associated secretory
phenotype (SASP) (62). SASP is activated by p21, leading

to the activation of p38 mitogen-activated protein kinase
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and Janus-activated kinase. This is followed by the release
of inflammatory cytokines (IL-1pB, IL-6, and TNF-a),
growth factors (vascular endothelial growth factor,
TGF-B1), chemokines, and MMPs, downstream from
NF-«B activation (63). Furthermore, SASP contributes to
the activation of the NRLP3 inflammasome that induces
prolonged, low-grade airway inflammation (64). Studies
have also reported decreased expression of SIRT1 and
increased expression of cellular senescence markers in
the lung tissue samples of COPD patients and the airway
epithelial cells exposed to CS (61,65,66).

Healthy lungs possess regenerative capacity and can
replace injured airway epithelial cells with new epithelial
cells differentiated from the airway basal progenitor cells.
However, the basal progenitor cells in the lungs of COPD
patients are reduced in number and have lost the self-
renewal ability and multipotentiality. Moreover, basal
and mucus goblet cells are most common amongst post-
differentiated cells with decreased ciliated cells, which
contributes to COPD pathogenesis after tissue repair (67).
Dysfunction of basal progenitor cells correlates with COPD
severity (67).

Cellular senescence also occurs in stem cells. In normal
stem cells, the preservation of a quiescent state is essential
to maintain replication competence. Many stem cells
prevent oxidative phosphorylation by mitochondria and are
often dependent on metabolism via the anaerobic glycolytic
pathway to avoid cellular senescence induced by the
intracellularly produced ROS. In the presence of excessive
ROS, activated proliferation in the stem cells leads to
further production of ROS that results in cellular senescence
and loss of replication competence (68). Senescence of the
mesenchymal stem cells (fibroblasts and endothelial cells)
and alveolar type II cells that are differentiated into alveolar
type I cells are reported to develop emphysematous lesions
and COPD (69,70). Thus, accelerated aging in the lungs
of COPD patients results in the secretion of inflammatory
proteins and loss of lung repairing system.

A new cell death concept in COPD
Necroptosis: a new concept of regulated necrosis

Emphysematous changes in COPD have mainly been
discussed in the context of apoptosis of lung epithelial
cells, wherein cell death occurs with a limited release of
DAMPs in the absence of an inflammatory response. The
molecular pathogenesis of COPD is characterized by airway
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inflammation; however, evidence on the relationship between
airway inflammation and epithelial apoptosis is lacking. For
decades, necrosis was considered as an accidental form of cell
death that did not require any specific molecular signaling
pathways. Recent studies have demonstrated that a certain
degree of necrosis is a well-designed form of cell death; the
receptor-interacting protein kinase (RIPK) 3-dependent
and caspase-independent programmed necrosis is currently
defined as necroptosis (71). Compared to apoptosis,
necroptosis is considered to be a type of programmed cell
death involving greater DAMPs release and inflammatory
response (72).

However, several upstream signaling elements of apoptosis
and necroptosis are shared, and sensitivity to each death
pathway is regulated by the overlapping cluster of regulatory
molecules (71). One of the most well-analyzed necroptosis
pathway starts from TNF receptor (I'NFR) 1 activation.
After TNF-o binding, TNFR1 binds to various molecules
including caspase 8 and RIPK1. RIPK1 ubiquitination leads
to the activation of mitogen-activated protein kinase and
NF-«B signaling, resulting in inflammatory response and
cell survival. While activation of caspase 8 leads to apoptosis,
inactivation of caspase 8 results in initiating necroptosis.
In necroptosis, RIPK1 forms an intracellular complex
with RIPK3 to assemble the necrosome—an amyloid-
like structure that serves as a necroptotic signal transducer.
RIPK3 phosphorylates mixed lineage kinase domain-like
protein (MLKL) and translocates phosphorylated MLKL to
the cell membrane, resulting in direct pore formation with
DAMP release (73,74).

Pouwels et al. revealed that CS-induced necroptosis and
the release of DAMPs trigger neutrophilic inflammation
in mice that was reduced with a necroptosis inhibitor,
necrostatin-1 (75). Moreover, Wang et al. reported that
endoplasmic reticulum chaperone GRP78 promoted a CS-
induced inflammatory response and mucus hyperproduction
in airway epithelial cells. This may occur through the
upregulation of necroptosis and subsequent activation
of the NF-«xB and activator protein-1 pathways (76),
indicating that necroptosis playing a crucial role in COPD
development.

Autophagy

Recent studies have focused on the involvement of
autophagy in COPD. Autophagy is an umbrella term
that defines an auto-cell component degradation system
executed by the lysosomes. In various models, the notion
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of autophagy as induced by cell starvation is shown to be
a pro-survival process during nutrient shortage, with the
cells undergoing partial self-degradation and recycling (77).
Recently, autophagy has been detected not only in response
to starvation stimuli, but also in conditions of stress and
hormonal changes that reflect its significance in the
progression and regulation of multiple disease processes (78).

Autophagy is regulated by a complex signaling network
of various nutrient signals (amino acids and glucose), growth
factors (insulin), and inhibitory inputs. mTOR plays a
central role in autophagy by its inhibition. Autophagy is up-
regulated in the circumstance of energy charge depletion,
and is associated with a suppression of mTOR complex 1.
Execution of autophagy is initiated with nucleation and
phagophore formation regulated by beclin-1. This is
followed by the elongation of the nascent autophagosomal
membrane to capture cargos, such as organelles and
proteins. Finally, following the maturation of the double-
membrane autophagosomal structure, the autophagosome
fuses with the lysosome and degrades autolysosomal
contents (79-81).

Previous studies that have analyzed comprehensive
gene expression profiles in Global Initiative for Chronic
Obstructive Lung Disease stage 2 versus stage 0 smokers
have shown that microtubule-associated protein 1 light
chain (LC) 3, the autophagosome molecule, may be a
potential molecular target in COPD (82). Lung tissue
samples of COPD patients and alveolar epithelial cells
exposed to CS extracts exhibit increased expression of
LC3B-I1, leading to the Fas-mediated induction of apoptosis
through the activation of autophagy (83). In addition, CS-
induced emphysema was suppressed in mice knocked out for
Le3b or beclinl, two important regulators of autophagy (83);
thus, the activation of autophagy was correlated with COPD
pathogenesis. However, these findings do not explain the specific
details on how autophagy regulates CS-induced cell death.

Autophagy was previously considered to act as a
nonselective self-degradation system; however, accumulating
evidence indicates the presence of selective autophagy that
includes the selective degradation of specific organelles and
pathogens. Recently, autophagy that selectively targets the
mitochondria (mitophagy) is reported to regulate cellular
senescence in COPD. The protein levels of mitophagy
markers are decreased in COPD lungs compared with
non-COPD lungs (84). Genetically inhibiting mitophagy
resulted in an enhancement of CS-induced mitochondrial
ROS production and cellular senescence in airway epithelial
cells (84).
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The relationship between necroptosis and autophagy in
COPD

Autophagy has recently been redefined in the framework
of “cell death accompanied by autophagy” instead of “cell
death induced by autophagy” (85); this has left the issue
regarding the contribution of autophagy to cell death
unresolved.

Mizumura et al. demonstrated the role of mitophagy in
COPD pathogenesis (72). In this study, exposure to CS
extract caused significant mitochondrial depolarization and
induced mitophagy in pulmonary epithelial cells (72,85). A
mitophagy inhibitor, Mdivi-1, reduced phosphorylation of
MLKL in the necroptosis pathway and showed protection
against CS-induced cell death. PTEN induced kinase 1
(PINK1) is a mitophagy regulator. CS-exposed PINK1-
deficient mice showed a reduction in mitochondrial
dysfunction as well as protection against airspace
enlargement and mucociliary clearance disruption. This
result suggested that activation of mitophagy may alter
mitochondrial membrane integrity and lead to necroptosis
in experimental COPD model (72).

There are many other factors that impact cell death in
COPD. A recent report indicates sphingolipid metabolism
in CS exposure-related mitophagy and necroptosis may
be involved (86). CS-exposed murine models exhibit
accumulation of iron causing programmed necrotic cell
death (ferroptosis), resulting in an airspace enlargement and
small airway thickness in the lungs (87,88).

Cell death patterns are becoming a growing interest in
the pathogenesis of COPD. Understanding the mechanism
of cell death signaling, along with the availability of
inhibitors, is now focused as a new therapeutic target in

COPD.

Future directions: genetic approaches for
understanding disease susceptibility

In this review, we describe CS-induced molecular
pathogenesis in COPD. However, there is a difference
in the individual responsiveness to CS exposure. While
CS remains the most important risk factor among
COPD patients, life-long smokers only have 10-20%
lifetime incidence of COPD, indicating the importance
of genetic susceptibility (89). Advances in genome-wide
association study (GWAS) have resulted in the discovery
of genetic variants and traits via the detection of single-

nucleotide polymorphisms. Major COPD GWAS include
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ECLIPSE, COPDGene and ICGN cohorts (90). The
COPDGene is one of the largest studies to investigate
the underlying genetic factors and natural history of
COPD. With the enrollment of over 10,000 smokers
with or without COPD since 2008, COPDGene aims to
characterize disease-related phenotypes and explore the
associations with susceptibility genes by assessing symptom
scores, comorbidities, pulmonary function, imaging,
biomarker, and genetic profiling data (91,92). This ongoing
longitudinal evaluation asks subjects to return for the third
follow-up visit after enrollment. Recent large-scaled studies
have revealed multiple causal genes and related potential
therapeutic biological pathways (93,94). Recently, there
are advances in gene editing technologies to analyze the
function of the target gene. Upcoming pioneer tools for
genome editing include zinc finger nucleases, transcription
activator-like effector nucleases and clustered regulatory
interspaced short palindromic repeats/CRISPR-associated
protein 9 technologies as well as conventional homologous
recombination (95). Furthermore, numerous studies
have provided evidence of epigenetic modification (DNA
modification, histone modification, and non-coding RNAs)
in the pathogenesis of COPD (95). DNA methylation of
C10o0rf11, a known COPD-associated gene identified via
GWAS, was observed in the airway epithelial cells and lung
tissues of smokers who develop COPD (96). Several recent
reports have suggested microRINAs as potential biomarkers
because they affect the expression of the target genes
associated with structural and inflammatory alternations in
the lungs (97-101). Although further studies are needed to
explore the clinical application, research focusing on disease
susceptibility needs to be conducted to prevent COPD
development and identify potential therapeutic targets.

Conclusions

In this review, we have provided an overview of the molecular
pathophysiological insights of oxidative stress, airway
inflammation, cellular senescence, and cell death caused by
CS in COPD. Many studies have found that CS-induced
excessive ROS damage the lungs and contribute to COPD
pathogenesis. Nrf2 protects the lungs against oxidative
stress, while decrease activity of Nrf2 results in insufficient
production of antioxidant molecules. Oxidative process not
only affects the initiation process of lung injury, but also
induces cellular senescence in the epithelium cells and stem
cells. Lung ageing causes acquisition of SASP that secrete
inflammatory cytokines, chemokines, growth factors, and
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MMPs. Altered immune response in the airways causes
prolonged inflammation and structural modifications.
The relationship between autophagy and programmed
necrosis (necroptosis) involved in CS-induced cell death is
a novel finding that reveals the mechanism of exaggerated
inflammatory response that is not explained by apoptosis-
derived cell death. Finally, we described the genetic
approaches for understanding disease susceptibility in the
development of COPD.

COPD is a complex disease with various molecular
pathogenic mechanisms. A comprehensive understanding
of the heterogeneity in COPD and its etiology is required
in the clinical setting. Successful preventive, diagnostic,
and therapeutic outcomes will closely depend on accurate
evaluation of the underlying pathogenesis. Further research
is needed to develop strategies for therapeutic intervention

in COPD.
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