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ABSTRACT: Chronic Obstructive Pulmonary Disease (COPD) is
a progressive, age-dependent, and unmet chronic inflammatory
disease of the peripheral airways, leading to difficulty in exhalation.
Several biomarkers have been tested in general towards the
resolution for a long time, but no apparent success was achieved.
Ongoing therapies of COPD have only symptomatic relief but no
cure. Reactive oxygen species (ROS) are highly reactive species
which include oxygen radicals and nonradical derivatives, and are the
prominent players in COPD. They are produced as natural
byproducts of cellular metabolism, but their levels can vary due to
exposure to indoor air pollution, occupational pollution, and
environmental pollutants such as cigarette smoke. In COPD, the
lungs are continuously exposed to high levels of ROS thus leading to
oxidative stress. ROS can cause damage to cells, proteins, lipids, and
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DNA which further contributes to the chronic inflammation in

COPD and exacerbates the disease condition. Excessive ROS production can overwhelm cellular antioxidant systems and act as
signaling molecules that regulate cellular processes, including antioxidant defense mechanisms involving glutathione and sirtuins
which further leads to cellular apoptosis, cellular senescence, inflammation, and sarcopenia. In this review paper, we focused on
COPD from different perspectives including potential markers and different cellular processes such as apoptosis, cellular senescence,
inflammation, sirtuins, and sarcopenia, and tried to connect the dots between them so that novel therapeutic strategies to evaluate

and target the possible underlying mechanisms in COPD could be

1. INTRODUCTION

COPD is an obstructive airway condition wherein a person
feels difficulty exhaling the lungs’ air. As per the Global
Initiative for Chronic Obstructive Lung Disease (GOLD), a
person having forced expiratory volume 1% (FEV1%) < 0.7 is
regarded as COPD. COPD is the third leading cause of the
death in USA and second leading cause of death in India as per
World Health Organiation (WHO) 2019 data.

Emphysema and chronic bronchitis are two such chronic
conditions of the lungs that are commonly associated with
COPD. Alveoli are the primary sites that are affected in
emphysema. Interalveolar septa and elastic tissues of alveoli get
destroyed due to protease—antiprotease imbalance, namely
elastase-ar1-antitrypsin (AAT)." Bronchial tubes, on the other
hand, are a cause of concern in chronic bronchitis.
Inflammation and remodeling of the bronchial tubes, chronic
cough, and hypermucus secretion are the hallmarks of chronic
bronchitis. Mucus plugging or mucus pooling is the prominent
cause of air obstruction, which further impairs mucociliary
clearance and is mainly observed due to hyperplasia and
hypertrophy of goblet cells and submucosal glands, respec-
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explored.

tively. In short, emphysema deals with structural issues,
whereas chronic bronchitis deals with mucus issues (Figure 1).

COPD develops and is diagnosed later in life, typically in
those over the age of 65. COPD has also been observed in
younger patients, those under the age of 5S. In these cases, the
severity distribution and disease progression are comparable to
those reported in older patients.” Numerous factors have been
reported so far, such as indoor air pollution, outdoor air
pollution, and genetic factors such as deficiency of the al-
antitrypsin (AAT) gene, a person’s lifestyle, and many more.
Cigarette smoke, on the other hand, is the major cause of
COPD in which good lifestyle roles in curbing COPD’s
underlying cause are even less. ROS generated from cigarette
smoke destroys the cilia due to which cilia fails to push the
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Figure 1. | Schematic representation of COPD.
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mucus.’ In turn, mucus buildup results in impaired mucociliary
clearance, greater work of breathing, dyspnea, deteriorating
airway resistance, and an inability to exercise. In severe
situations, this stretchy mucus can create mucus plugs that are
difficult to remove from the airways and are likely to lead to
infection or localized atelectasis.”” Millions of people have
been diagnosed with COPD, but millions are unaware of
having COPD.

Mitochondria are the major source of ROS in the
mammalian cells.” In COPD, mitochondrial dysfunction can
occur due to oxidative stress. The increased production of
ROS and reduced antioxidant defenses in COPD lead to
mitochondrial dysfunction. As a result, apoptosis can be
dysregulated and leads to increased cell death in lung tissues.
The deterioration of lung parenchyma and the development of
emphysema, a common feature of COPD, can be attributed to
excessive apoptosis of lung epithelial and endothelial cells,
which further spills systemically as chronic inflammation. This
chronic inflammation along with fasting, physical inactivity,
and malnutrition, leads to the development of sarcopenia
which reduces the respiratory function and exercise capacity in
individuals with COPD.” In addition to apoptosis, oxidative
stress also leads to nondividing senescent cells (SNCs). These
SNCs further secretes senescence-associated secretory pheno-
types (SASP) factors such as cytokines, chemokines, growth
factors, and proteases, which further remodels the extracellular
matrix (ECM), induces inflammation and fibrosis, triggers
unwanted cell death, and directly mimics the process of natural
aging.8

This Review will discuss the mechanism underlying the
mitochondrial dysfunction, reduced antioxidant machinery,

apoptosis, cellular senescence, DNA-associated inflammation,
antiaging markers, and muscle wasting through a deeper
understanding of the supporting literature and will try to
develop the interplay between these components so that novel
therapeutic strategies to curb COPD could be explored.

2. MITOCHONDRIA AND CYTOPLASM INTERPLAY

2.1. Reactive Oxygen Species (ROS) Generation.
Mitochondria are not only the powerhouse of a cell but also
the site of ROS generation. ROS generation in mitochondria is
a natural process that usually happens due to oxidative
phosphorylation that gives rise to ATP production within a
cell. In general, ROS species such as superoxide (0,*”) and
hydrogen peroxide (H,0,) get neutralized by superoxide
dismutase and glutathione peroxidase using glutathione as a
cofactor. Under stress conditions of exaggerated ROS such as
cigarette smoke and many more, functionalities of the
mitochondrial enzymes get impaired, and mitochondrial
GSH (mGSH) gets reduced. As a result, ROS does not get
neutralized by the mitochondrial machinery, leading to
mitochondrial dysfunction and, eventually, cell death®® (Figure
2).

2.2. Glutathione and Its Role. Glutathione (GSH) is a
potent thiol-based antioxidant that normalizes the ROS levels
in mitochondria. GSH is also essential for cell growth and
other metabolic activities. GSH is synthesized in the cytoplasm
via the y-glutamyl cycle utilizing Adenosine triphosphate
(ATP). Apart from mitochondria, GSH is also localized in
the endoplasmic reticulum (ER) and nucleus. In the
mitochondria and the nucleus, GSH is present in the reduced
form, where it accounts for 10—15% of the total GSH pool and
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Figure 2. | Mitochondria functionality. Reduced GSH due to ROS is translocated into the mitochondria, where it acts as a cofactor for GPx for the
conversion of hydrogen peroxide into water. Due to reduced levels of GSH, H,0, keeps on accumulating in the mitochondria, which diffuses from
the mitochondria and starts causing cellular damage. Adaptor protein p66shc under stress conditions translocates into the mitochondria and starts
producing H,O, on its own in the absence of superoxide dismutase, which further leads to higher levels of H,0,. Stress conditions generated due to
lower mitochondrial glutathione levels cause the oxidation of the cardiolipin—cytochrome ¢ complex. As a result, cytochrome c diffuses through the
mitochondria via BAX/BAK created pores and starts the apoptosis via caspase-3. P66shc also reduces the membrane potential to release cyt ¢ into
the cytosol. Upper head arrows show increased expression, while lower head arrows represent a decreased expression. Green circles with negative
symbol represents membrane negative potential whereas green circles with plus symbol presents reduction in the membrane potential. O,°7,
superoxide; SOD, superoxide dismutase; H,0,, hydrogen peroxide; GPx, glutathione peroxidase; GSH, glutathione; GSSG, glutathione disulfide;
CLOOH, oxidized cardiolipin; BAX, B-cell lymphoma-2(Bcl-2)-associated X protein; BAK, Bcl-2 antagonist/killer; cty c, cytochrome c; p66shc, 66

kDa adaptor protein and member of the Src homologous-collagen homologue.

functions as redox stabilizer and DNA repair moiety,
respectively.'”'" However, in ER, GSH is present in the
oxidized form, where it forms disulfide bond in proteins and
helps in protein folding."”

Mitochondria do not have the machinery for the GSH
synthesis, as GSH is synthesized exclusively in the cytosol. So,
in order to neutralize ROS to normal levels, GSH is imported
from the cytoplasm. GSH is anionic at physiological pH, and
mitochondria, too, have a negative membrane potential
because of oxidative phosphorylation. As a result, GSH cannot
cross the mitochondrial membrane on its own. Therefore, it is
transported by electroneutral antiport carriers or polypeptides
such as 2-oxoglutarate and dicarboxylate to neutralize the ROS
in the mitochondria. Imported GSH is regarded as
mitochondrial GSH (mGSH). Mitochondrial enzymes such
as glutathione peroxidase prevent lipid peroxidation and
oxidative damage to the cell components by converting
H,O, into the water using GSH as a cofactor. Disulfide
GSH (GSSG) formed after conversion of H,0, into the water
cannot cross the mitochondrial membrane, so it gets converted
back to GSH by GSH reductase (GR) using nicotinamide
adenine dinucleotide phosphate (NADPH) as a coen-
zyme'"°7'% which is further reused as a cofactor in H,O,
neutralization (Figure 2).

Therefore, the role of gluathione is of utmost importance in
COPD as it acts as a free radical scavenger and detoxifies the
harmful molecules which contribute to the inflammation in the
airways and also prevents the lung damage exacerbations.
Additionally, it maintains the fluidity of the airway mucus to
allow for the propulsion of the foreign substances, thus
reducing infection susceptibility.

2.3. Apoptosis. Apoptosis or programmed cell death is the
cascade of events that leads to dysfunctional cells’ death.
Caspases are known to be critical enzymes involved in
apoptosis. Caspases are further categorized into initiator
caspases and executioner or effector caspases. Caspases-2, 8,
9, and 10 are among the initiator caspases that initiate
apoptosis, whereas caspases-3, 6, and 7 are among the
executioner caspases that executes apoptosis.w_21 Apoptosis,
as a whole, works in two different pathways, namely, the
intrinsic pathway and the extrinsic pathway.

Intrinsic or the mitochondrial pathway of apoptosis is a
mitochondrial associated event involving the mitochondrial
outer membrane’s permeabilization. As mitochondria lack
catalase enzyme for the metabolism of H,O,. So, it mainly
utilizes imported GSH for the breakdown of H,O, via
glutathione peroxidase.'' Under normal circumstances, GSH
neutralizes ROS. Under stress conditions of cigarette smoke
and exaggerated ROS, the amount of cholesterol increases,

https://doi.org/10.1021/acsomega.3c07480
ACS Omega 2023, 8, 46376—46389


https://pubs.acs.org/doi/10.1021/acsomega.3c07480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07480?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07480?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

REVIEY

Eysosome Smad2.-3 | P

[Protein synthesis ]

~

[ Proteolyfis ]‘r\ /l'
\~ ~,

S
SN

Figure 3. | Interplay of signaling pathway and COPD biomarkers. Myostatin on binding to its receptor ActRIIB causes the phosphorylation of the
Smad2 and Smad3, which further recruits Smad4 and forms a trio-complex which via gene transcription in the nucleus results in sarcopenia. On the
other hand, myostatin binding also reduces the Akt activity, which usually keeps the FOXO in the cytosol by phosphorylating it under normal
conditions. FOXO on dephosphorylation due to reduced Akt activity translocates into the nucleus and transcribes the genes involved in sarcopenia
via proteolysis. Activated FOXO also reduces the expression of PGC-1a, which via atrophy leads to sarcopenia. ROS causes a reduction in the levels
of SIRT1 and the endogenous antioxidant GSH. SIRT1 inhibits NF-kf8 signaling under normal conditions, but under stress conditions, it is unable
to do so; thus, NF-kf translocates into the nucleus and starts its downstream effects, such as a reduction in the PGC-1a expression. SIRT1 under
normal circumstances increases the PGC-la expression, but under stress conditions, it cannot do so; thus, the expression of PGC-la gets
suppressed. ROS also increases the lysosomal SA-8-gal, and tumor suppressors pl16INK4A and p53 levels associated with cellular senescence, which
further secrete SASP. ROS mediated inflammation is caused by reduction in the levels of HDAC2 under stress conditions via activated NF-kf}. ROS
also reduces the level of PI3K/Akt/mTOR pathway expression, typically involved in protein synthesis. However, under stress conditions, protein
synthesis is reduced and causes the skeletal muscle protein desmin’s proteolysis, which is involved in muscle wasting via atrophy. Upper head
arrows show increased expression, while lower head arrows represent the decreased expression. Different colored arrows are used to indicate the
paths of different markers and their outcomes. N represents no significant change. ActRIIB, activin A receptor, type IIB; PI3K, phosphatidylinositol
3-kinase; Akt, serine/threonine protein kinase B; mTOR, mammalian target of rapamycin; NF-kf, nuclear factor kappa light chain enhancer of
activated B cells; SASP, senescence associated secretory phenotype; HDAC2, histone deacetylase 2; HAT, histone acetyltransferase; p16INK4A,
cyclin-dependent kinase inhibitor 2A; pS3, 53 kDa tumor protein; PGC-1a, peroxisome proliferator-activated receptor ¢ coactivator 1; SIRT1,

sirtuin 1; Smad2, mothers against decapentaplegic homologue 2; FOXO, forkhead box protein O; GSH, glutathione.

which may decrease the membrane fluidity and increase the
membrane rigidity.”> As a result, GSH may not be imported
much from the cytosol to compensate for the mitochondria’s
ROS. Due to this, H,0O, does not get neutralized by
glutathione peroxidase. As a result, accumulated H,0, diffuses
into the cytosol and starts damaging the DNA and cell
components through the Fenton process.””> Another phenom-
enon is also reported that involves adaptor protein p66shc.
Under normal circumstances, p66shc resides in the cytosol, but
under stress conditions, it translocates into the mitochondria
and generates H,0, in the absence of superoxide through
cytochrome ¢ oxidation.”** It is also believed that p66shc
drops the membrane potential to release cytochrome c into the
cytoplasm™® (Figure 2).

Lower mGSH loosens the electrostatic bond between
positively charged cytochrome c at physiological pH and
anionic phospholipid, cardiolipin, in the inner mitochondrial
membrane. Cardiolipin provides fluidity and stability to the
mitochondrial membrane, but once cardiolipin is oxidized due
to lower mGSH. Association between cardiolipin and

cytochrome c gets broken. As a result, cytochrome c diffuses
into the cytoplasm. Cardiolipin is also observed to be oxidized
by phospholipase A, cytochrome ¢ and cardiolipin complex
itself, and ROS. Calcium also interferes with the electrostatic
interaction between the cardiolipin and cytochrome c, resulting
in the detachment of cytochrome ¢ from the cardiolipin.
Cytochrome ¢ detachment results in the disruption of the
electron transport chain, which causes the burst in ROS, thus
further amplifies the oxidative stress loop.”” "

B-cells lymphoma protein-2 (Bcl-2) keeps the pore-forming
proteins such as BAX/BAK in the cytosol under normal
conditions. Under an apoptotic environment, tumor suppres-
sor protein, pS3, blocks activity of Bcl-2 protein and recruits
BAX/BAK in the mitochondria.”* BAX/BAK translocates into
the outer mitochondrial membrane and forms a pore through
which cytochrome ¢ gets released into the cytosol’>** (Figure
2). Cytochrome c, along with apoptotic protease activating
factor-1 (Apaf-1) and ATP, activates caspase-9, thus forming a
complex known as the apoptosome. Apoptosome further
activates executioner caspase-3,3’5 which leads to the activation
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of proteases and nucleases, leading to cell fragmentation and
other structural changes such as flipping of phosphatidylserine
on the outer leaflet of cells, which serves as a signal for
phagocytes to perform opsonization. This phosphatidylserine is
usually detected under early apoptosis by flow cytometry using
Annexin V staining.’ °

In the extrinsic or death-receptor pathway, the apoptotic
signal is associated with an extracellular ligand binding to a
transmembrane receptor. A death-inducing signaling complex
(DISC) is formed after receiving the apoptotic signal, which
further activates caspase-8. Caspase-8 then activates caspase-3,
which serves as the same function as caspase-3 does in the
intrinsic pathway'' (Figure 2). Thus, caspase-3 is the common
caspase in both apoptotic pathways. Caspase-8 also turns
truncated BID (tBID) into the proapoptotic protein BID. BID
further activates BAX and BAK. In this way, caspase-8 cross-
talks with an intrinsic pathway.””*'

Apoptosis dysregulation has been linked to the etiology of
COPD. Apoptosis normally maintains tissue integrity by
removing damaged cells, but in COPD, this integrity is
disrupted by an imbalance between cell survival and cell death,
which results in the exaggerated death of structural cells like
fibroblasts and epithelial cells in the lungs. This results in the
disruption of normal lung tissue repair and matrix remodeling
processes, which causes the progressive loss of lung function
that is typically observed in COPD. The main factor for the
deregulation of apoptosis is increased ROS-mediated oxidative
stress. Understanding apoptosis and its dysregulation is crucial
for identifying the precise apoptotic pathway components that
can be targeted as therapeutic targets to reduce lung tissue
damage and slow the progression of COPD.

3. CELLULAR SENESCENCE-ASSOCIATED AGING
MARKERS

Cellular senescence is a condition of permanent cell cycle
arrest in response to irreparable damage, typically DNA
damage. Senescent cells (SNCs) gets accumulated over time
and damage the nearby tissues, which are associated with the
features of natural aging, by releasing the metalloproteinases,
cytokines, growth factors, chemokines, and many more factors,
collectively known as senescent-associated secretory phenotype
(SASP)*"~* (Figure 3). Senolysis, or the selective removal of
SNCs, increases “healthspan”, or the amount of time an
organism can survive without developing chronic illnesses of
aging. It is now being thought of as a potential treatment
option for diseases of aging to interfere with the pro-aging
effects of SNCs, either by completely deleting SNCs or by
turning off the SNC secretory machinery.

3.1. Cyclin-Dependent Kinase Inhibitor 2A or
P16™KA, Universal markers to detect SNCs have not been
reported so far. Tumor suppressors such as P16™<* is known
to be an inhibitor of cyclin-dependent kinases (CDKs) such as
CDK4/6, which are essential for the cell to enter from one
phase to another phase of the cell cycle. These tumor
suppressors promote wound healing and inhibit the abnormal
cells from dividing and entering into S phase from the GI1
phase of the cell cycle by binding to cyclin-D.**~>'

SNCs diminish the stem cell pool in COPD. As a result, the
alveolar type I cells with a gaseous exchange role do not renew
once they get damaged under stress condition of cigarette
smoke. Around 10-fold increase was observed in the expression
of p16 mRNA in p16*/* mice compared to p16~/~ mice upon
four months of cigarette smoke exposure. It was found that p16

was increased by 30% in COPD patient lungs compared to the
healthy patients across interstitial, alveolar, and bronchial
samples, resulting in a reduced number of alveolar type II cells.
Thus, it was observed found that p16~/~ mice promote the
stem cell pool and further increase alveolar regeneration.’!
Human bronchial epithelial cells (BEAS2B) showed a 5-fold
increase in the pl6 mRNA expression after induction with
0.5% cigarette smoke extract (CSE). Thus, apart from natural
senescence, external stress factors such as cigarette smoke also
trigger cellular senescence rather than natural phenomena.”

Other tumor suppressors, such as p19** (tumor suppressor
in mouse) and p14*** (tumor suppressor in humans), are also
reported for cellular senescence. In mice, around 4-fold
increase in the expression of pl9*"F was reported using
cigarettes smoke exposure in the epithelial cells of mice
lungs.>® More extensive research is still needed to understand
its potential in cellular senescence. So far, no significant
information about p14*** has been reported in COPD patients
and in BEAS2B cell lines by using cigarette smoke exposure.

3.2. Senescence-Associated p-Galactosidase (SA-B3-
gal) Activity. SA-B-gal is another biomarker used to stain
SNC:s both in vitro and in vivo. SA-B-gal is a hydrolase enzyme
of the lysosome, which shows its optimal activity at pH 6 while,
on the other hand, peak enzymatic activity at pH 4—4.5 of 8-
galactosidase was reported for its common isoforms."”

Four months cigarette smoke-exposed mice showed a ~1.4
fold increase in the SA-B-gal activity in lung homogenate
against room air-exposed mice.”’ BEAS2B cell showed a 2- and
4-fold increase in the SA-B-gal activity for 5% and 10% CSE
exposure, respectively’””> while on the other hand, lung
fibroblast cells from COPD patients showed 2-fold higher SA-
B-gal activity against healthy patients.”® The levels of SA-B-gal
are not significantly increased as P16™** even after more
extended duration studies of cigarette smoke, thus indicating
that other cell cycle arrest points need to be checked for better
insights into cellular senescence associated with SA-83-gal
activity.

Senolytics must have negligible off-target effects in non-
SNCs in order to be considered safe. Though the possibility of
therapeutically targeting SNCs is just beginning to become
apparent, our knowledge of how SNCs may actively contribute
to aging and age-related disorders is still in its infancy.
Traditional thinking has not viewed aging as an illness per se,
and there have been no studies done to date that have
specifically examined how various treatments affect aging as a
whole.

However, a number of technical obstacles must be removed
in order to make therapies a reality. First off, cellular
senescence is not always harmful and can assist a number of
positive processes, such as the prevention of tumors, the
speedy healing of wounds, the development of embryos®™ >’
and tissues,”’ and the stimulation of pancreatic-88 cells’" ability
to secrete insulin as they get older. Second, despite the fact
that numerous moieties have been found to eradicate SNCs in
vivo, some of these substances have unfavorable side effects,
like thrombocytopenia.”> Third, the vulnerabilities of SNCs
from various tissue origins vary, necessitating the development
of special compounds that not only target the right cell type in
vivo but also accumulate in the tissue where these SNCs are
found. Finally, as SNCs would persist even after treatment, it
would be necessary to continuously ingest chemicals that
inhibit the SNC secretome. Because these compounds have
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been found to be immunosuppressive,”* long-term use of them
could pose safety issues.

4. INFLAMMATORY MARKERS

4.1. Histone Acetylation and Deacetylation. Histone
belongs to the class of basic proteins that gives a structural role
to the DNA. Nearly six feet long DNA wraps around the
histone octamer thus forming the nucleosome assembly®*®®
and further condenses to form chromatin. DNA with its
negatively charged phosphate group winds tightly around the
positively charged histone lysine residues, thus acting as a
barrier for transcription. Histone acetylation and deacetylation
are associated with gene regulation. Histone acetyltransferase
(HAT) and histone deacetylase (HDAC) are the two major
nuclear enzymes that are involved in gene transcription and
gene silencing, respectively,’*®” and thus are involved in
modifying the expression of the genes involved in inflamma-
tion by regulating the chromatin structure.®®

HAT reduces the positive charge on the histone lysine by
transferring its acetyl group, resulting in DNA unwrapping
around the histones. As a result, DNA gets relaxed. Thus, gene
transcription sites on the relaxed DNA are then accessible to
the RNA polymerase and the transcription factors, whereas
HDAC performs opposite functions of compressing the DNA
around the histone so that gene transcription sites are not
accessible to RNA polymerase for transcription. Resistance
towards corticosteroids in COPD is mainly contributed to the
reduced expression of HDAC2. Peroxynitrite (ONOO™)
formed from the combination of superoxide radical (O,"”)
and nitric oxide (NO) from cigarette smoke leads to the
nitration of the tyrosine residue of HDAC2, resulting in the
inactivation of the HDAC2 and thus the relaxation of the
DNA %71

In COPD patients, peripheral lung tissues showed around 7-
fold lower HDAC2 levels against healthy patients. These levels
further decrease with increasing COPD severity. This reduced
HDAC?2 trend was also observed in the alveolar macrophages,
and bronchial biopsy samples from COPD patients.””

Reduced HDAC2 expression was also observed even after 4
h in BEAS2B cell lines after induction with 5% cigarette smoke
extract (CSE), and a similar trend also followed in rat COPD
model of lipopolysaccharide (LPS) and cigarette smoke
exposure model for 30 days.”>~”> HAT, on the other hand,
did not show significant differences among all the stages of
COPD and even in alveolar macrophages and bronchial
biopsies samples from COPD patients.”” Thus, decreased
HDAC?2 expression is associated with increased expression of
inflammatory genes via NE-k pathway’' (Figure 3).

4.2. Granulocyte-Colony Stimulating Factor (G-CSF).
G-CSF is known to be the principal regulator involved in the
development, ;)roduction, and release of neutrophils from the
bone marrow.”® Neutrophils are short-lived, terminally differ-
entiated, and abundantly present leukocytes in humans. For
bacterial and fungal infections, neutrophils are considered as
the first-line defense support to the body.””

Interleukin 6 (IL-6), along with IL-23, triggers the release of
stromal IL-17 from Th-17 cells. This IL-17, in turn, releases
neutrophils from the G-CSFE. G-CSF deficient mice model
showed reduced lung tissue destruction, systemic inflamma-
tion, bone osteoporosis, reduced airway inflammation, and
attenuated right heart hypertrophy. Bronchoalveolar lavage
fluid (BALF) from COPD patients showed around a 3-fold
increase in the G-CSF levels.”® Neutrophils, on arrival at the

site of inflammation, release their genomic DNA, which
increases the viscosity and viscoelasticity of the sputum, which
causes airway obstruction and thus impairs the mucociliary
clearance. This form of genomic DNA extrusion serves as a
trap known as neutrophil extracellular traps (NETs), which
traps and kills bacteria.”” Tt also plays prominent roles in
inflammatory diseases.”” NETosis (NET formation) is
associated with gasdermin D, neutrophil elastase, peptidylargi-
nine deaminase 4 (PAD4), and and myeloperoxidase (MPO).
Thus, these four constituents of NETs are the targets for
inflammatory conditions.*' ~* Thus, G-CSF and neutrophils’
play prominent in inflammation”’ and may serve as a
distinguished marker in differentiating the different stages of
COPD.

5. OXIDATIVE STRESS ASSOCIATED ANTIAGING
MARKERS

5.1. Sirtuins (SIRTs). Sirtuins or SIRTSs are nicotinamide
adenine dinucleotide (NAD) dependent protein deacetylases
that mainly belongs to class Il HDACs.*¥** SIRTSs are known
for their antioxidant and oxidative stress antagonism involved
in longevity, mitochondrial functions, metabolism, and DNA
damage repair.”

Seven SIRTs family members have been reported in the
literature and are known for their different roles. SIRT1, 3, and
S are anti-ROS agents, whereas SIRT2, 6, and 7 are involved in
the modulation of oxidative stress genes and metabolism.
Interestingly, SIRT4 has both ROS inducing and antioxidant
properties as well.””

SIRT1 is a well-studied member of the mammalian SIRTs
family. They are found in both nuclei as well as in the
cytoplasm.**®” They are known for their role in cellular
senescence, development, cell death, calorie restriction, DNA
repair, and longevity.”””’ Increased matrix metalloproteinase-9
(MMP-9) mRNA expression was directly correlated with
reduced SIRT1 in emphysema.”" SIRT1 also promotes muscle
mass, growth, maintenance, and repair. Attenuation in the NF-
k3 transcription activity was also observed by deacetylating the
p53 subunit of NFE-kB at lysine 310 residue.”” The 2-fold
decrease in the levels of SIRT1 was seen in the COPD serum
patients and rat lung tissues from the LPS and cigarette smoke-
induced model which was strongl}r correlated with the stress
condition generated in COPD”*”* and levels may increase
with disease severity. To confirm the role of SIRT1 as an
oxidative stress antagonist, BEAS2B cells were pretreated with
buthionine sulfoximine (BSO), which is an intracellular
glutathione depeletor, before induction with cigarette smoke
extract. As anticipated, SIRT1 levels were decreased by 7-fold
than the normal, thus proved the fact that SIRT1 has an
antioxidant role as well”> (Figure 3). SIRT1 also increases the
expression of PGC-1a which further results in the mitochon-
drial and peroxisome biogenesis87 (Figure 3).

SIRT2 is found in the cytoplasm and nucleus.” It is
expressed in the organs related to metabolism, such as the
brain, kidneys, liver, testes, pancreases, and mice’s fat tissues. It
has been found that SIRT2 has a role in cell’s fuel detection,
and its expressions are based on the cell's energy state:
suppressed in high energy state while expressed in low energy
state.”” Under stress conditions, SIRT2 deacetylases and
activates the key enzymes of pentose phosphate pathway
involved in NADPH production as NADPH is essential to
comb§17t98the oxidative stress by keeping GSH in reduced
form.””
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SIRT3 is a nucleus sirtuin, but it gets translocated to the
mitochondria under stress conditions of DNA damage, where
it gets activated by the mitochondrial peptidase, thus
designated as the mitochondrial sirtuin as it is localized in its
active form in mitochondria.”” SIRT3 is also believed to have
antitumor activities through ROS modulation. SIRT3, on the
other hand, is also known for repairing the mitochondrial DNA
by replenishing the activity of human 8-oxoguanine-DNA
glycosylase 1 (OGG1) that repairs the damaged DNA.'” In
antioxidant and redox signaling (ARS), SIRT3 is known as a
genotoxic and oxidative stress antagonist.””

SIRT4 is designated as the mitochondrial sirtuin, whose
primary function is to ribosylate the adenosine diphosphate
(ADP).”>'°" SIRT4 may have enhanced roles in the kidneys,
brain, liver, and heart, as it is predominantly found in these
organ tissues.'*> All of the sirtuins except SIRT4 have a role in
mitigating the mitochondrial stress through the calorie
restriction process. Knockout and overexpression of SIRT4
decreased and increased the ROS levels in angiotensin II-
induced cardiac hypertrophy in mice. It was also found that
SIRT4 reduced the activity of SOD?2 as it inhibits the binding
of SOD2 to SIRT3.'” In one of the studies conducted in
2010, SIRT4 knockdown resulted in enhanced oxygen
consumption and fatty acid oxidation, possibly in primary
mouse hepatocytes, by regulating the expression of SIRT1. As
fatty acid oxidation leads to mitochondrial ROS and is also
linked to the kidney damage in diabetes.'”*"* Due to its role
as an oxidative metabolism, SIRT4 is being evaluated as a
biomarker in coronary artery disease, but more studies need to
be conducted to verify this finding. More robust studies are
needed to clarify the role of SIRT4 in ARS.

SIRTS is a mitochondrial sirtuin where it demalonylates,
deacetylate, and desuccinylates various proteins.””'’° They are
known for their roles in regulating oxidative stress, a mediator
in the apoptosis pathway, detoxification, energy production,
and cellular metabolism.'”” SIRTS is involved in converting
ammonia into nontoxic urea by increasing the activity of
carbamoyl phosphate synthetase (CPS1), which is involved in
the detoxification of ammonia in the urea cycle. As ammonia is
a ROS inducer and involved in decreasing the antioxidant GSH
content. Increased levels of ammonia were seen in SIRTS
knockout mice during fasting, thus indicating its essential role
in ARS,108-110

SIRT6 is designated as the nuclear sirtuin whose primary
function is to deacetylase the lysine 9 and 56 residues on
histone 3 abbreviated as H3K9 and H3K56."''~"'® The first
evidence of SIRT6 in regulating mammalian aging was
observed in SIRT6 knockout mice.”””® SIRT6 overexpression
curbs the cellular senescence and inhibits fibrosis in COPD.""”
Reduced SIRT6 expression was found in the lung homogenate.
SIRT6 overexpression inhibits cigarette smoke-induced sen-
escence in human bronchial epithelial cells. It was also seen
that SIRT6 overexpression induces autophagy through the
attenuation of the insulin-like growth factor-Akt-mammalian
target of rapamycin (IGF-Akt-mTOR) signaling. Thus,
implying that increased expression of the IGF-Akt-mTOR
pathway leads to insufficient autophagic elimination of
dysfunctional cellular components, which may be involved in
COPD development, thus making the role of SIRT6 important
in mitigating the development and progression of
COPD.""”"'® SIRT6 not only works as chromatin regulator
and recruiter of transcription factors such as NF-k8 but also

involved in DNA repair, gene expression, and glucose
homeostasis.' "> 77>

The last member of the sirtuin family, SIRT7, is designated
as the nucleoli sirtuin. This protein directly attaches to the
histones and is involved in the 9positive regulation of the
transcription of rDNA (rDNA). ® SIRT7 is differentially
expressed in all tissues with enhanced expression in higher
metabolic activities and reduced expression as the age
progresses.'>*'** Very little is known about the role of
SIRT7 as it is a recent area of research and needs more robust
studies to understand its substrates on which it acts and its
proper mechanism of action. Although, the past few pieces of
research indicated its minor role in the regulation of oxidative
stress.”” Further studies are needed to explore the deeper
understanding of SIRT7.

6. SARCOPENIA MARKERS

Sarco in Greek is “flesh”, and -penia is “deficiency”. So,
sarcopenia refers to muscle wasting or the gradual loss of
skeletal muscle with age. The possible reason for the muscle
mass is excessive proteolysis with reduced protein synthesis. It
is predominantly observed in older people or due to factors
such as fasting or malnutrition. Sarcopenia is also associated
with specific disease conditions such as COPD, diabetes, renal
failure, cardiac failure, cancer-associated cachexia, and many
more.”

6.1. Myostatin and Myogenin. Myostatin, a member of
the transforming growth factor-beta (TGF-8) family, is
expressed predominantly in skeletal muscles and expressed in
low levels in cardiac and adipose tissues.">> Myostatin is
known as an autocrine inhibitor for normal muscle growth.
Enhanced levels of myostatin and its homologue activin A
causes the rapid loss of muscle mass.'”>~"*” Myostatin is the
negative regulator of satellite cells which are the muscle stem
cells required in repair and regeneration of the muscle after
injury.'”*~"*" Myostatin on binding to its receptor, activin A
receptor, type IIB (ActRIIB) on muscle cells activates Smad2
and Smad3 by phosphorylation. Activated Smad2 and Smad3
complexes recruit Smad4 in their complexes and form the trio-
complex. This complex translocates into the nucleus and starts
the transcription of genes, resulting in muscle wasting. PI3K/
Akt/mTOR pathway promotes protein synthesis and prevents
proteolysis, but myostatin on binding to its receptors on
muscle cells reduces the PI3K/Akt/mTOR pathway expres-
sion. Akt keeps forkhead box protein O (FOXO) in the cytosol
by phosphorylating it. However, due to reduced activity of Akt,
FOXO gets dephosphorylated and translocates into the
nucleus and start the transcription of the Atrogin 1, muscle-
specific RING-finger 1(MURF 1), autophagy-related genes
(ATGs) which via the ubiquitin-proteasome system (UPS)
and autophagy promotes the muscle wasting”'*> (Figure 3).
NF-kB is also known as the potent inducer of myostatin or the
inhibitor of myogenesis.” Although myostatin is a skeletal
muscle marker but a 2-fold decrease in the serum of COPD
patients was also reported.'”” A S-fold decrease in the
myostatin levels in COPD patients’ diaphragm was reported
thus indicating its potential of muscle wasting in COPD
patients."”> Around 10-fold decreases in myostatin levels in
gastrocnemius muscle (lower leg muscle) were reported in the
16-week cigarette smoke-induced rat model by immunohis-
tochemistry. In contrast, a 4-fold decrease in myogenin was
observed in the gastrocnemius muscle, which is the tran-
scription factor involved in the development of muscles/
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myogenesis.">* These findings are a proof of concept that
muscle wasting is predominantly present in COPD and thus
represents a therapeutic potential in treating COPD.

6.2. Forkhead Box Protein O (FOXO). Forkhead box
protein O and FOXOs are the transcription factors involved in
regulating oxidative stress resistance, cell-cycle progression,
and apoptosis. The expression of FOXO is majorly regulated
by Akt-mediated phosphorylation in response to growth
factors."”> Akt inactivates the FOXO1 and -3 by phosphorylat-
ing it, and as a result, FOXO1 and -3 remain sequestered from
the nucleus in the cytosol (Figure 3) to prevent the
transcription of the muscle-specific E3 ubiquitin ligases
gene.’"*” A 4-fold increase in the FOXOI in quadriceps
femoris mRNA expression was observed in COPD patients
associated with muscle loss via proteolysis, which ultimately
leads to muscle atrophy.'’® Cigarette smoke condensate
(CSC) induced autophagy leads to around a 7-fold increase
in the levels of acetylated FOXO3a. Smokers’ lung and mice
lungs exposed to cigarette smoke also showed increased
expression of acetylated FOXO3a."*”"*” FOXOs are mediators
in the pathway of oxidative stress, as other pathways or factors
may be associated with its activation. More extensive research
is needed to obtain more precise information about the FOXO
proteins in COPD.

6.3. PGCla. The peroxisome proliferator-activated receptor
c coactivator 1 (PGCl) is a family of transcription factors
involved in metabolism. The family consists of three members
known as PGCla, PGC18, and the PGC related coactivator
(PRC). Among three members, PGCla protein (encoded by
PPARGCI1A) is the well-studied member who is known for
mitochondrial biogenesis and increased respiration for the
detoxification of ROS, gluconeogenesis, and adaptive thermo-
genesis.'*' 71

The primary organelle that supports the functions of the
mitochondria during oxidative metabolism is the peroxisome.
Peroxisomes are known for the metabolism of complex fatty
acids that cannot be metabolized by mitochondria. They do
not fully metabolize the fatty acids, but they export the short-
chained fatty acids to the mitochondria for complete
breakdown. Thus, mitochondria and peroxisome aids each
other in oxidative metabolism.'*> Muscle cell PGCla enhances
the SOD2 and glutathione peroxidase expression to remove
the superoxide and hydrogen peroxide, respectively.'*”
Elevated PGCla levels enhance peroxisome and mitochondrial
biogenesis, increasing the number of mitochondria and ROS-
associated detoxification enzymes. In particular, PGCla acts as
a coactivator for nuclear respiratory factor 1 (NRF1) which is a
regulator of antioxidant response elements (AREs) which
encodes antioxidant associated enzymes.'*”'*” In other words,
PGCla gives increased respiration to tackle the ROS and helps
attenuates the process of aging.'** Reduced levels of PGCla is
associated with atrophy by activating NF-k8 and FOXO
transcription factors (Figure 3), which in turn accelerates
protein degradation induced by fasting or denervation.'**'*°
PGCla also activates the expression of the mitochondrial
sirtuins, such as SIRT3.">"">* Deacetylation and methylation
increase the activity of PGCla while, on the other hand;
acetylation and sumoylation decrease its activity. There is
growing evidence of organelle remodeling via PGCla. It is
believed that the mitochondria and the peroxisomes that are
newly produced from the biogenesis via PGC-1a have different
intrinsic compositions and properties as compared to the
original organelles."** Enhanced levels of PGC-1a in muscles

could delay the kick-off of the aging process linked with
sarcopenia. PGCla is a recent area of research working
towards the mitigation of the mitochondrial ROS. PGCla
could be one of the markers to resolve sarcopenia associated
with COPD.

6.4. Desmin. Desmin proteins are the intermediate
filaments of the sarcomere architecture that are required for
the mechanochemical signaling, efficient force transmission,
and maintenance of cell integrity within the myocytes.
Proteolysis causes the collapse of the muscle architecture,
thus reducing the force generation ability and the force
transmission capacity along and across the muscle fiber. As a
result, muscles become weak and prone to damage.'>*">*
Desmin associated atrophy can be explained with two ubiquitin
ligases, such as ubiquitin tripartite motif-containing protein 32
(TRIM32) and MURF1. MURF1 catalyzes the breakdown of
the thick myosin filament’s proteins, whereas TRIM32
catalyzes the Z-band and the desmin cytoskeleton’s break-
down. TRIM32 reduces the PI3K/Akt/mTOR pathway
expression, thus triggering the proteolysis via FOXO,
ultimately leading to atrophy.” Other muscle proteins might
also be prone to proteolysis under stress/diseased conditions,
but not much work is reported in that area. Desmin could be
one of the potential markers to study the sarcopenia associated
tremor in COPD.

7. THERAPEUTIC INTERPLAY OF POTENTIAL
MARKERS

COPD is an age-specific disease, and its underlying cause is
still not fully understood. Current medications are sympto-
matic relievers. Maintaining the ROS equilibrium while
treating COPD could be a breakthrough in the disease’s
management. Therapies such as antioxidants or the factors that
can raise the downregulated expression of the nuclear factor
erythroid 2 (NFE2)-related factor 2 (Nrf2) under diseased
conditions would be beneficial. Different strategies were
devised to target the dysfunctional mitochondria, such as
targeting mitochondria based on its biophysical properties of
high membrane negative potential, targeting locations within
the mitochondria that are specific for particular enzymes that
convert prodrugs into active drugs, and targeting the
transporter-based delivery of prodrugs.> Antioxidant-based
mitochondrial targeting may prevent cardiolipin oxidation,
thereby maintaining cardiolipin—cytochrome c association and
further preventing apoptosis (Figure 2). Heat-shock proteins
(HSP) such as HSP27 prevent the release of the cytochrome ¢
into the cytoplasm and prevent its downstream effects.””'>*'>”
Therapies that can address these issues will be able to control
apoptosis and the underlying ROS that are common in age-
related illnesses.

Senotherapies are being evaluated to prevent the proaging
effects associated with SNCs. Senotherapies are classified into
three categories: senolytics to selectively kills the SNCs,
senomorphics that modulate the SNC associated morphology
and functions, delayed progression of young cells to SNCs, and
the immune system based clearance of SNCs.'*® Senotherapies
are based mostly on the optimistic premise that the harmful
effects of SASPs connected to SNCs might be eliminated and
there will be no risk of tumor escape from senescence once
SNCs are eliminated which is otherwise possible if SNCs are
allowed to linger indefinitely, and clearance of SNCs extends
the healthspan which is a global measure of aging in mice*"">”
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thus it is suggested that senotherapies retards aging and
reduces the age-related illnesses.””

Anti-inflammatory therapies cannot reverse COPD. Poor
clinical response was observed for corticosteroids in COPD
patients.'®” Bronchodilators also fail to target the underlying
inflammatory cause of COPD patients. The magnitude of
inflammation in COPD progresses with the disease stage with
a higher number of lymphocytes, neutrophils, and macro-
phages.'®" This inflammation “spillover” into the systemic
circulation from the peripheral airways, thus giving rise to the
systemic inflammation, which is associated with several
comorbidities such as cardiovascular disease.'”> The lower
respiratory tract of severe COPD patients is colonized with
Streptococcus pneumoniae and Haemophilus influenzae, and this
bacterial colonization is associated with defective phagocytosis
of bacteria and thus may be the cause of persistent
inflammation and immune response in COPD.'® Targeting
specific cytokines gave disappointing results in COPD patients.
Emphysema escalates the lung aging, thus giving rise to the
faulty endogenous antiaging mechanism involving sirtuins and
FOXO.'* Thus, targeting oxidative stress could have the
therapeutic potential against the inflammatory factors such as
increased expression of NF-kf3, p38 mitogen-activated protein
kinase (p38 MAPK), a higher amount of autoantibodies'®®
against carbonylated proteins'® and reduced aging factors
such as reduced expression of SIRT1, HDAC2 (Figure 3), and
the reduced expression of antiproteases that leads to fibrosis
and emphysema with overexpressed transforming growth
factor-beta (TGF-B).

Reduced expression of proteins associated with atrophy
leads to a decreased muscle mass. Proteins such as SIRTI,
PGCla'*”"" and many more are among those that induce
during exercise and promote hypertrophy, and maintains the
skeletal muscle mass. Therapies that block the wasting of these
proteins or increase the level of these proteins could be
promising to prevent COPD associated sarcopenia (Figure 3).
Myostatin—activin A-growth differentiation factor 11 (GDF11)
signaling inhibitions could have therapeutic potential in muscle
wasting associated diseases. Antagonists such as follista-
tin'®”'%® soluble forms of activin A receptor, type IIB
(ActRIIB)'®’ myostatin antibodies that can block its
receptors'’” and many more could be the potential antagonists
for myostatin or activin A. The loss of cytoskeletal proteins,
such as desmin, is activated by phosphorylation. The agents
that can block desmin phosphorylation could help stop
atrophy by preventin7g the collapse of the desmin and the
myofibrils (Figure 3).”'”" During fasting, TRIM32 reduces the
expression of the PI3K/Akt/FOXO signaling pathway that is
associated with protein synthesis and prevents the proteol-
ysis.'”"'”* Thus, TRIM32 inhibitors could prevent the
cytoskeletal collapse associated with desmin and myofibrils,
but so far, no success has been attained in developing the
TRIM32 inhibitor. Such inhibitors, once developed, may have
good potential for COPD treatment.

8. CONCLUSION AND FUTURE DIRECTIONS

COPD has become a burden for older people and economy.
Current COPD treatments, including bronchodilators, vac-
cines, corticosteroids, phosphodiesterases (PDEs), and long-
term antibiotics, give symptomatic relief but cannot halt the
progression of COPD due to it is progressive nature. Due to
age factor, targeting, reduced antioxidant capacity, increased
cellular senescence, and enhanced sarcopenia would be among

those factors that may be beneficial in treating COPD. Daily
chore or exercise is decisive for COPD patients as there are
some essential biomarkers such as PGC-la whose levels get
increased during exercise thus, giving beneficial downstream
effects by raising the levels of NRF-1 factors associated with
endogenous antioxidant mechanisms. Patients with heart, joint,
liver, kidney, brain, and gastrointestinal (GI) tract problems
should also be mandatedly checked for COPD using a
pulmonary function test (PFT) to validate the health of the
lungs in order to lessen the worldwide burden of COPD. This
strategy would be ideal for detecting COPD at an early stage
since early stage COPD treatments, such as corticosteroids, are
most effective; however, as the disease progresses, these
treatments lose their effectiveness. The early detection and
treatment of COPD may be possible with these strategies.
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