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some overlap between the hallmarks of aging and cellular 
processes that lead to COPD. Hence, it is also possible that 
normal aging facilitates the development of COPD.

In this review, we will discuss physiologic changes that 
occur with healthy aging that are similar to or contribute 
to those that occur in COPD. We will then examine 
each hallmark of aging and how it contributes to COPD 
pathology.

Physiological changes in the lung with aging
Several physiological changes occur in the lung as a part 
of the normal aging process. Pulmonary function naturally 
declines as we age. In normal healthy subjects, there is 

INTRODUCTION

Aging is a complex, heterogeneous process that can vary 
from organism to organism and from organ system to organ 
system. Despite this heterogeneity, several “hallmarks 
of aging” have been identified.[1] These include genetic 
instability, telomere attrition, epigenetic alterations, loss of 
proteostasis, dysregulated nutrient sensing, mitochondrial 
dysfunction, cellular senescence, stem cell exhaustion, and 
altered intercellular communications.

Older age is an established risk factor for the development 
of chronic obstructive pulmonary disease  (COPD),[2] in 
part, because COPD develops gradually. Most exposures 
such as cigarette smoking, biomass smoke, or occupational 
exposures take time to induce COPD. However, there is 

Review Article

Aging is characterized by progressive deterioration of physiological integrity, decline in homeostasis, and degeneration 
of the tissues that occurs after the reproductive phase of life is complete, leading to impaired function. This deterioration 
is an important risk factor for chronic lung pathologies such as chronic obstructive pulmonary disease (COPD). COPD is 
a disease that develops gradually. Emphysematous changes in the lung take years to develop after exposure to cigarette 
smoke; hence, the vast majority of patients are elderly. There has been a dramatic increase in the life expectancy 
of the general population, resulting in an increased burden of chronic lung diseases. There is growing evidence that 
molecular mechanisms involved in aging may also play a role in COPD pathogenesis. Recently, the nine hallmarks of 
aging were identified. In this article, we will review the nine hallmarks of aging and how each hallmark contributes to 
the pathogenesis of COPD.

KEY WORDS: Cellular senescence, dysregulated nutrient sensing, emphysema, epigenetic alterations, genetic instability, 
loss of proteostasis, mitochondrial dysfunction, smoking, stem cell exhaustion and altered intercellular communications, 
telomere attrition

Chronic obstructive pulmonary disease and the hallmarks of 
aging

Shweta P. Kukrety, Jai D. Parekh, Kristina L. Bailey1,2

Department of Internal Medicine, Creighton University, 1Department of Internal Medicine, University of Nebraska Medical Center, 
2Research Service,Veterans Affairs Nebraska‑Western Iowa Health Care System, Omaha, NE, USA

ABSTRACT

Address for correspondence: Dr. Kristina L. Bailey, 985910 Nebraska Medical Center, Omaha, NE 68198‑5910, USA. E‑mail: kbailey@unmc.edu

How to cite this article: Kukrety SP, Parekh JD, Bailey KL. Chronic 
obstructive pulmonary disease and the hallmarks of aging. Lung 
India 2018;35:321-7.

This is an open access journal, and articles are distributed under the terms of 
the Creative Commons Attribution‑NonCommercial‑ShareAlike 4.0 License, 
which allows others to remix, tweak, and build upon the work non‑commercially, 
as long as appropriate credit is given and the new creations are licensed under 
the identical terms.

For reprints contact: reprints@medknow.com

Access this article online
Quick Response Code:

Website: 

www.lungindia.com

DOI: 

10.4103/lungindia.lungindia_266_17



Kukrety, et al.: COPD and aging

322	 Lung India • Volume 35 • Issue 4 • July-August 2018

an annual decrease in forced expiratory volume in 1 s of 
approximately 20 mL/year in those aged 25–39 years and 
up to 38 mL/year in those 65 years or older.[3] Compounding 
those changes, there is a decrease in the static elastic recoil 
of the lung, which occurs because of progressive dilatation 
of the alveolar ducts along with loss of supporting tissues 
for the peripheral airways. This leads to a condition termed 
senile emphysema.[4] However, senile emphysema leads to 
homogeneous airspace dilation, compared to the irregular 
distribution of airspace dilatation in emphysema.[5] 
Another important distinguishing characteristic is the 
absence of alveolar wall destruction in the normal aging 
process.[5] In addition, there is also a decrease in chest wall 
compliance and a decline in the strength of the respiratory 
muscles.[4] This decrease in chest wall compliance and loss 
of elastic recoil of the lung results in increased residual 
volume (air trapping) and increased functional residual 
capacity in the elderly.[4]

Telomere attrition
Telomeres are repetitive nucleotide sequences on the 
ends of chromosomes, which protect chromosomes from 
deterioration and fusion with neighboring chromosomes. 
This helps protect chromosomal stability. With each 
deoxyribonucleic acid  (DNA) replication, there is a 
progressive shortening of the telomeres due to the inability 
of DNA polymerase to replicate completely the ends of 
the DNA molecule. Natural aging results in telomere 
shortening.

This progressive telomere shortening is responsible for 
“replicative senescence.” Replicative senescence was 
described for the first time by Hayflick. He demonstrated 
that human cells in vitro could undergo a limited number 
of cell divisions and then arrest.[6] Telomere length is not 
only related to aging but also it is influenced by oxidative 
stress and inflammation.[7]

Savale et  al. demonstrate that peripheral leukocytes of 
COPD patients have excessive telomere shortening as 
compared to age‑matched controls with normal lung 
function. They did not, however, find any association 
between telomere length and tobacco use. Telomere 
length did not vary among smokers, nonsmokers, current 
smokers, or former smokers. They also did not find any 
relationship between telomere shortening and the degree 
of airway obstruction.[8] One of the major drawbacks of 
this study was its small size. However, other studies show 
that smoking increases telomere shortening in peripheral 
leukocytes. In contrast to the smaller study, Valdes et al. 
demonstrate a relationship between shorter telomere 
length and increasing number of cigarettes smoked. Each 
pack‑year smoked is equivalent to a loss of an additional 
5 bp from the telomere.[9] Type II alveolar and endothelial 
cells in patients with emphysema have telomere length 
significantly shorter than asymptomatic nonsmokers.[10] 
Telomere length has also been shown to be related to 
mortality. COPD patients with shorter telomeres are at an 
increased risk of all‑cause and cancer mortality.[11]

Cellular senescence
Cellular senescence is strongly associated with aging and 
the development of COPD. Cellular senescence is a process 
in which cells stop dividing and undergo phenotypic 
changes. The goal of senescence is to prevent propagation 
of damaged cells and to enhance their immune clearance. 
It is also thought to help prevent unchecked replication 
associated with cancer.[12] Senescent cells often show 
an enlarged and flattened morphology, histochemical 
staining positive for senescence‑associated B‑galactosidase 
(SA B‑gal),[13] and an increased expression of p16INK4a.[14] 
Another important characteristic of senescent cells is 
the senescence‑associated secretory phenotype, which 
includes various pro‑inflammatory cytokines, which 
may promote chronic inflammation in tissues.[15] Cells 
undergo senescence in response to several stimuli, 
including telomere attrition  (replicative senescence) 
and stress‑induced senescence in response to genomic 
damage (stress‑induced premature senescence).[16] Due to 
this, cellular senescence is associated with several other 
hallmarks of aging including telomere attrition and DNA 
damage. Once telomeres reach a critical length, they 
elicit a persistent DNA damage response  (DDR). This 
DDR activates p53, a tumor suppressor, thereby resulting 
in cell cycle arrest and senescence.[17,18] Many cells also 
undergo senescence in response to DNA damage such 
as those induced by oxidative stress.[19] These stimuli 
induce senescence through activation of two major tumor 
suppressor pathways such as p53/p21 and p16INK4a/pRB.[20]

Cigarette smoking, the most important risk factor for 
COPD, is known to induce senescence in alveolar epithelial 
cells. Tsuji et al. demonstrate that cigarette smoke extract 
exposure of normal human type  II alveolar epithelial 
cells induces changes associated with senescence. 
The cells demonstrate a flat, enlarged morphology, 
increased expression of SA B‑gal, and irreversible growth 
arrest.[21] Patients with emphysema have been shown 
to have accelerated senescence of Type  II alveolar and 
endothelial cells as compared to asymptomatic smokers 
and nonsmokers.[10]

Tsuji et  al. propose cellular senescence as a potential 
pathogenic mechanism of COPD.[10] Smoking results in 
apoptosis of the alveolar cells. To compensate for this loss, 
there is an increased proliferation of the alveolar cells. This 
compensatory increase in cell turnover causes telomere 
attrition and induces replicative senescence. In addition 
to this, increased oxidative stress caused by cigarette 
smoking results in stress‑induced premature senescence. 
When senescence occurs, regenerative capacity is lost, but 
the chronic damage continues resulting in the formation 
of emphysematous lesions.[10]

Genomic instability
Genomic instability is defined as an increased susceptibility 
to DNA mutations. Throughout life, we accumulate genetic 
damage. This is related to defects in DNA repair that have 
been strongly linked to the aging process.
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Studies in humans and mice show that deficiencies in DNA 
repair mechanisms result in accelerated aging in mice and 
are also responsible for several human progeria syndromes 
such as Bloom and Werner syndromes.[22] Bloom syndrome 
is characterized by short stature, predisposition to early 
development of cancers, infertility, and immunodeficiency. 
Patients with Werner syndrome demonstrate premature 
aging: growth retardation, short stature, wrinkling, and 
alopecia. Bloom syndrome is caused by mutations in the 
BLM gene, which encodes RecQ helicase. RecQ helicase 
unwinds the DNA, which is necessary to initiate DNA 
repair. Werner syndrome is caused by mutations in the 
WRN gene, which encodes Werner protein. Werner protein 
assists in the replication of DNA in preparation for cell 
division. Low levels of Werner protein have been measured 
in fibroblasts isolated from emphysema patients, along 
with increased senescence.[23] Cigarette smoke extract 
also decreases Werner’s protein in cultured fibroblasts 
and epithelial cells. In addition, fibroblast with low levels 
of Werner’s protein was more susceptible to cigarette 
smoke‑induced cellular senescence. In contrast, exogenous 
overexpression of Werner’s syndrome protein attenuated 
the cigarette smoke effects.

Smoking is shown to cause DNA damage in the form 
of DNA double‑strand breaks  (DDSBs).[24] DDSBs play a 
role in the pathogenesis of COPD by inducing apoptosis, 
cellular senescence, and pro‑inflammatory changes.[25] 
COPD patients have increased foci of DDSBs in Type  I 
and Type II alveolar and endothelial cells as compared to 
asymptomatic smokers and nonsmokers. This DNA damage 
has been shown to extend beyond the lungs into peripheral 
blood. Ceylan et al. found that peripheral blood leukocytes 
of COPD patients had a significantly higher number of 
DDSBs as compared to healthy controls.[26]

Microsatellites are very short nucleotide repeats found 
scattered throughout the human genome. Microsatellite 
instability  (MSI) results from impaired DNA mismatch 
repair and correlates with a high mutational rate and 
has been linked to various malignancies. MSI has been 
detected in the sputum of COPD smokers when compared 
to non‑COPD smokers.[27] MSI did not seem to be related 
to the severity of illness. MSI appears to be specific 
for the target organ of COPD, i.e.,  the lungs. Although 
inflammation is present in the nasal mucosa of COPD 
patients, no MSI was noted in the nasal cytological sample 
of COPD patients.[28] These mutations persevere even after 
individuals have quit smoking,[29] possibly explaining 
why inflammation in COPD continues even after smoking 
cessation.

Epigenetic alterations
Epigenetic alterations are heritable alterations to the 
genetic code that are not due to changes in DNA sequence. 
Epigenetic marks alter DNA accessibility and chromatin 
structure. There are three main classes of epigenetic 
marks: DNA methylation, histone tail modifications, and 
noncoding microRNA. Aging is associated with global 

DNA hypomethylation as well as hypermethylation of 
various tumor suppressor genes, increasing susceptibility 
to malignancies as we age.[30] Histone acetylation and 
methylation induce epigenetic changes that contribute to 
the aging process.[31]

Acetylation of histones opens the chromatin structure, 
initiating gene transcription. Histone acetylation is 
reversed by histone deacetylases (HDACs) inducing gene 
repression. In COPD patients, HDAC 2 activity is decreased 
in peripheral lung tissue, airway epithelia, and alveolar 
macrophages. This causes an increased acetylation of 
histones in the promoter region of pro‑inflammatory 
genes, resulting in increased production of cytokines 
and chemokines, which are responsible for chronic 
inflammation.[32,33] In addition to HDAC2, HDAC 3, 5, and 
8 are also decreased in lung tissue and macrophages.[32] 
There is also a link between the increasing disease severity 
and reduction in HDACs.[32] Nuclear factor erythroid 
2‑related factor 2 (Nrf2) plays a crucial role in inducing 
the expression of antioxidant genes. Mercado et  al. 
demonstrate that reduced HDAC2 activity in COPD may 
be responsible for the increased acetylation of Nrf2, 
resulting in impaired antioxidant defenses, playing a role 
in the pathogenesis of COPD.[34] Corticosteroids reduce 
inflammation by recruiting HDAC2 to the activated 
NF‑kB‑stimulated inflammatory gene complex, thus 
silencing them. Reduction of HDAC2 activity in COPD may 
account for the corticosteroid insensitivity.[33]

Sirtuins are HDACs that are important in the regulation 
of acetylation of DNA. In mammals, the sirtuin family has 
been implicated in aging. Sirtuin 1 (SIRT1) is thought to 
be an “antiaging” molecule.[35] Deficiencies in SIRT1 are 
associated with increased oxidative stress, as well as COPD 
onset[36] and progression.[37] Lungs of patients with COPD 
have been shown to have decreased levels of SIRT1.[38]

Likewise, the large and small airways have decreased 
levels of SIRT1.[39] Exposure of monocyte‑macrophages 
to cigarette smoke extract results in decreased SIRT1 and 
increased acetylation of nuclear factor‑kappa B (NF‑κB). 
NF‑κB is the master regulator of inflammation and 
increased acetylation results in release of IL8 from the 
cells.[38]

DNA methylation may also play a role in the pathogenesis 
of COPD. There are variable changes in DNA methylation 
in peripheral leukocytes from patients with and without 
COPD. The majority of the genes that show differential 
methylation are hypomethylated in COPD patients. The 
gene segments affected includes several genes responsible 
for immune and inflammatory pathways. This is similar 
to the global hypomethylation seen in aging. DNA isolated 
from small airways of COPD patients have also been shown 
to have aberrant DNA methylation affecting hundreds 
of genes. This results in altered expression of genes and 
pathways involved in small airway remodeling, wound 
healing, and in mediating cellular response to polycyclic 
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aromatic hydrocarbon (a component of cigarette smoke) 
exposure.[40]

Loss of proteostasis
Proteostasis, or protein homeostasis, refers to the systems 
in place to help maintain functional proteins in the cell. 
This involves stabilization of correctly folded proteins 
and degradation of misfolded proteins by the proteasome 
or the lysosome. Two main systems exist to perform this 
task, chaperones such as heat shock proteins (HSP) and 
proteolytic systems such as the ubiquitin‑proteasome and 
the lysosome‑autophagy system. Both systems function to 
prevent accumulation of damaged proteins.

HSPs are strongly upregulated in aging to preserve 
proteostasis.[41] Genetically modified mice deficient in 
HSP demonstrates accelerated aging.[42] Function of the 
proteolytic systems also diminishes with aging.[43] Similar 
to aging, several HSPs are upregulated in COPD. Serum 
HSP27 and HSP70 have been shown to be elevated in 
COPD, compared to healthy smokers.[44] Airway epithelial 
cells also have higher levels of HSP70 in chronic 
bronchitis/COPD.[45] Sputum HSP70 and HSP90 have also 
been shown to be elevated in COPD.[46]

Cigarette smoking may be one of the early triggers for 
the dysregulation of proteostasis in COPD. Oxidative 
stress created by cigarette smoke induces protein 
damage and causes accumulation of misfolded proteins 
in the endoplasmic reticulum  (ER) resulting in the ER 
stress response. The unfolded protein response  (UPR) 
is a compensatory cellular response to ER stress. It 
attempts to restore homeostasis by decreasing protein 
synthesis, increasing production of chaperones, and 
enhancing degradation of misfolded proteins by the 
ubiquitin‑proteasomal pathway. If UPR fails to resolve 
the stress, apoptosis may be initiated.[47] In addition to 
protein damage, cigarette smoke also reduces proteasomal 
activity in the alveolar epithelial cells,[48] resulting in poor 
clearance of damaged proteins. Prolonged accumulation 
of dysfunctional proteins eventually causes apoptosis and 
triggers chronic inflammation, possibly contributing to the 
pathogenesis of COPD.[49]

Aggresome bodies are formed when the protein degradation 
system of the cell is overwhelmed by misfolded and 
damaged proteins. Cigarette smoke‑induced accumulation 
of aggresome bodies and ubiquinated proteins in human 
bronchial epithelial cells is demonstrated by numerous 
studies.[50,51] Vij et al. found a significant increase in the 
number of aggresome bodies in COPD patients as compared 
to nonsmoker controls. The level of aggresome bodies 
statistically correlated with the severity of COPD. They 
concluded that smoking exposure accelerated lung aging 
by impairing autophagy.[50]

Autophagy defects are also identified in the alveolar 
macrophages of smokers.[52] Decreased autophagy results 
in dysfunctional mitochondria and impaired bacterial lysis 

by the lysosomes, which in turn may be responsible for 
the repeated infections in smokers.[52]

Dysregulated nutrient sensing
Nutrient sensing is the cell’s ability to recognize and 
respond to fuel sources such as glucose. A rapid, efficient 
response to fluctuations in nutrient levels is essential 
for cell survival. With aging, cells lose their ability to 
sense and respond to these changes. A  central figure 
in nutrient sensing is the kinase, mammalian target of 
rapamycin (mTOR). It has the ability to sense a variety 
of essential nutrients and respond by altering cellular 
metabolism. In aging, mTOR is upregulated. Inhibition 
of mTOR by rapamycin is also shown to extend lifespan 
in mammals.[53]

Like aging, increased mTOR signaling is measured in the 
lungs of COPD patients as compared to controls. In addition, 
inhibiting mTOR ex vivo decreases cellular senescence in 
COPD.[54] Yoshida et al. demonstrate that rtp801, an mTOR 
inhibitor, is increased in the lungs of patients with COPD as 
compared to controls. Upregulation of rtp801 is associated 
with increased activation of NF‑KB, resulting in increased 
inflammation, while mice with rtp801 deficiency were 
resistant to cigarette smoke‑induced lung injury.[55]

Mitochondrial dysfunction
Mitochondrial dysfunction plays a role in aging, 
independent of increased production of reactive oxygen 
species  (ROS).[56,57] As we age, mitochondria acquire 
mitochondrial DNA damage and have diminished 
the capacity to produce energy through oxidative 
phosphorylation.[58] In some cases, uncoupling of 
mitochondrial oxidative phosphorylation can lead to 
increased production of ROS and oxidative stress.

DNA damage of the mitochondria is associated with COPD. 
In normal cells, mitochondria have 2–10 copies of their 
genome.[59] Leukocytes from COPD patients are shown to 
have lower mitochondrial DNA copy numbers compared 
to healthy smokers and controls. This also correlates with 
a lower glutathione level.[60]

Airway smooth muscle (ASM) cells from COPD patients 
and smokers demonstrate mitochondrial dysfunction 
when compared to healthy controls. This mitochondrial 
dysfunction was related to increase mitochondrial ROS. 
Mitochondria‑specific antioxidants such as MitoQ, 
directed against ROS, reduce the cytokine secretion and 
ASM proliferation.[61]

Bronchial epithelial cells in COPD patients demonstrate 
fragmented mitochondria. Cigarette smoke extract induced 
mitochondrial fragmentation and mitochondrial ROS 
production, both of which resulted in the acceleration of 
cellular senescence in human bronchial epithelial cells.[62] 
Abnormal mitochondrial function has also been seen in 
skeletal and respiratory muscles of COPD patients.[63]
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Stem cell exhaustion
Telomere attrition, accumulation of DNA damage, and 
other types of aging‑associated changes all result in stem 
cell exhaustion causing a decline in the regenerative 
potential of tissues. Many different types of progenitor 
populations are seen in the lungs. Basal cells found in 
the airway epithelium can self‑renew and differentiate 
into ciliated and secretory cells.[64] Club cells in the 
bronchioles can give rise to ciliated and secretory cells; 
however, they do not contribute descendants to the 
alveoli.[65] In the distal lung, alveolar Type II epithelial 
cells can give rise to alveolar Type I cells and function 
as progenitor cells.[66]

Stem cell population size depends on an equilibrium 
between self‑renewal and cell differentiation. When the 
rate of differentiation is greater than self‑renewal, the 
population declines. Increased ROS forces the stem cell 
into replication.[67] Persistent oxidative stress in COPD may 
result in excessive differentiation of stem cells causing 
stem cell exhaustion.[68] Teixeira et al. demonstrate that the 
rate of progenitor cell replacement and loss is increased in 
the airway of smokers, most likely due to rapid turnover 
of smoker’s airway.[69] Senescence has been demonstrated 
in the alveolar Type II cells.[70]

Circulating progenitor cells have also been implicated 
in COPD. Increased DNA damage and senescence were 
observed in endothelial progenitor cells isolated from 
peripheral blood, in smokers and COPD patients. These 
dysfunctional endothelial progenitors displayed impaired 
angiogenesis and increased apoptosis.[71]

Altered intercellular communication
Aging also leads to changes in intercellular communication 
including endocrine, neuroendocrine, and neuronal 
signaling. Inflammation is one way that cells communicate 
with each other. “Inflammaging” is an important 
aging‑associated alteration in intercellular communication. 
Chronic low‑grade inflammation associated with aging 
occurs due to an increased secretion of pro‑inflammatory 
cytokines by senescent cells and progressive dysfunction 
of the immune system, which fails to clear pathogens and 
senescent cells.[72]

Chronic inflammation plays a key role in the pathogenesis 
of COPD. Cigarette smoking, the most important risk factor 
for COPD, is known to induce senescence in the alveolar 
epithelial cells.[21] These senescent cells release increased 
amounts of pro‑inflammatory cytokines,[15] resulting 
in chronic inflammation in the lungs. COPD patients 
also have increased levels of circulatory inflammatory 
markers which may contribute to the extrapulmonary 
manifestations of the disease.[73]

A general decline in the function of various immune cells 
is seen with aging, which results in increased susceptibility 
to infection and cancer.[74] This decline in immune function 
is termed as “immunosenescence.” COPD patients and 

smokers have suppressed innate immunity, which is 
like the immunosenescence phenotype associated with 
aging.[75] This suppression in the immune response results 
in the defective elimination of viruses and bacteria, a 
common cause of COPD exacerbations.

CONCLUSIONS

COPD and aging share many overlapping hallmarks of 
aging, which has led to the hypothesis that COPD is a 
disease of accelerated aging. Much more research is needed 
to help identify how the lung changes with normal aging 
and how that process is altered in COPD. COPD is projected 
to become the third leading cause of death worldwide in 
2030.[1] This coupled with the fact that nearly 25% of the 
world’s population in 2030 is projected to be over the age 
of 65[76] provides an urgency to better understand the 
intersection between aging and lung disease.

Financial support and sponsorship
This study was financially supported by R01 AG053553 
to KLB.

Conflicts of interest
There are no conflicts of interest.

REFERENCES

1.	 Burden of COPD, “Chronic Respiratory Disease”. Available from: http://
www.who.int/respiratory/copd/burden/en. [Last accessed on 2017 Jul 11].

2.	 Mannino  DM, Buist  AS. Global burden of COPD: Risk factors, 
prevalence, and future trends. Lancet 2007;370:765‑73.

3.	 Brandstetter RD, Kazemi H. Aging and the respiratory system. Med Clin 
North Am 1983;67:419‑31.

4.	 Janssens JP, Pache JC, Nicod LP. Physiological changes in respiratory 
function associated with ageing. Eur Respir J 1999;13:197‑205.

5.	 Verbeken  EK, Cauberghs  M, Mertens  I, Clement  J, Lauweryns  JM, 
Van de Woestijne KP, et al. The senile lung. Comparison with normal 
and emphysematous lungs 1. Structural aspects. Chest 1992;101:793‑9.

6.	 Hayflick L. The limited in vitro lifetime of human diploid cell strains. 
Exp Cell Res 1965;37:614‑36.

7.	 von Zglinicki T. Oxidative stress shortens telomeres. Trends Biochem 
Sci 2002;27:339‑44.

8.	 Savale  L, Chaouat  A, Bastuji‑Garin  S, Marcos  E, Boyer  L, Maitre  B, 
et  al. Shortened telomeres in circulating leukocytes of patients with 
chronic obstructive pulmonary disease. Am J Respir Crit Care Med 
2009;179:566‑71.

9.	 Valdes AM, Andrew T, Gardner JP, Kimura M, Oelsner E, Cherkas LF, 
et al. Obesity, cigarette smoking, and telomere length in women. Lancet 
2005;366:662‑4.

10.	 Tsuji T, Aoshiba K, Nagai A. Alveolar cell senescence in patients with 
pulmonary emphysema. Am J Respir Crit Care Med 2006;174:886‑93.

11.	 Lee J, Sandford AJ, Connett JE, Yan J, Mui T, Li Y, et al. The relationship 
between telomere length and mortality in chronic obstructive pulmonary 
disease (COPD). PLoS One 2012;7:e35567.

12.	 van Deursen  JM. The role of senescent cells in ageing. Nature 
2014;509:439‑46.

13.	 Dimri  GP, Lee  X, Basile  G, Acosta  M, Scott  G, Roskelley  C, et  al. 
A biomarker that identifies senescent human cells in culture and in aging 
skin in vivo. Proc Natl Acad Sci U S A 1995;92:9363‑7.

14.	 Collins  CJ, Sedivy  JM. Involvement of the INK4a/Arf gene locus in 
senescence. Aging Cell 2003;2:145‑50.

15.	 Kuilman  T, Michaloglou  C, Mooi  WJ, Peeper  DS. The essence of 
senescence. Genes Dev 2010;24:2463‑79.

16.	 Campisi J. Aging, cellular senescence, and cancer. Annu Rev Physiol 
2013;75:685‑705.



Kukrety, et al.: COPD and aging

326	 Lung India • Volume 35 • Issue 4 • July-August 2018

17.	 Fumagalli M, Rossiello F, Clerici M, Barozzi S, Cittaro D, Kaplunov JM, 
et  al. Telomeric DNA damage is irreparable and causes persistent 
DNA‑damage‑response activation. Nat Cell Biol 2012;14:355‑65.

18.	 von Zglinicki T, Saretzki G, Ladhoff J, d’Adda di Fagagna F, Jackson SP. 
Human cell senescence as a DNA damage response. Mech Ageing Dev 
2005;126:111‑7.

19.	 Chen QM, Prowse KR, Tu VC, Purdom S, Linskens MH. Uncoupling 
the senescent phenotype from telomere shortening in hydrogen 
peroxide‑treated fibroblasts. Exp Cell Res 2001;265:294‑303.

20.	 Adams PD. Healing and hurting: Molecular mechanisms, functions, and 
pathologies of cellular senescence. Mol Cell 2009;36:2‑14.

21.	 Tsuji T, Aoshiba K, Nagai A. Cigarette smoke induces senescence in 
alveolar epithelial cells. Am J Respir Cell Mol Biol 2004;31:643‑9.

22.	 Gregg SQ, Gutiérrez V, Robinson AR, Woodell T, Nakao A, Ross MA, 
et al. A mouse model of accelerated liver aging caused by a defect in 
DNA repair. Hepatology 2012;55:609‑21.

23.	 Nyunoya  T, Monick  MM, Klingelhutz  AL, Glaser  H, Cagley  JR, 
Brown  CO, et  al. Cigarette smoke induces cellular senescence via 
Werner’s syndrome protein down‑regulation. Am J Respir Crit Care Med 
2009;179:279‑87.

24.	 Hecht  SS. Progress and challenges in selected areas of tobacco 
carcinogenesis. Chem Res Toxicol 2008;21:160‑71.

25.	 Aoshiba K, Zhou F, Tsuji T, Nagai A. DNA damage as a molecular link 
in the pathogenesis of COPD in smokers. Eur Respir J 2012;39:1368‑76.

26.	 Ceylan  E, Kocyigit  A, Gencer  M, Aksoy  N, Selek  S. Increased DNA 
damage in patients with chronic obstructive pulmonary disease who had 
once smoked or been exposed to biomass. Respir Med 2006;100:1270‑6.

27.	 Siafakas  NM, Tzortzaki  EG, Sourvinos  G, Bouros  D, Tzanakis  N, 
Kafatos  A, et  al. Microsatellite DNA instability in COPD. Chest 
1999;116:47‑51.

28.	 Karatzanis  AD, Samara  KD, Tzortzaki  E, Zervou  M, Helidonis  ES, 
Velegrakis GA, et al. Microsatellite DNA instability in nasal cytology of 
COPD patients. Oncol Rep 2007;17:661‑5.

29.	 Wistuba II, Lam S, Behrens C, Virmani AK, Fong KM, LeRiche J, et al. 
Molecular damage in the bronchial epithelium of current and former 
smokers. J Natl Cancer Inst 1997;89:1366‑73.

30.	 Maegawa  S, Hinkal  G, Kim  HS, Shen  L, Zhang  L, Zhang  J, et  al. 
Widespread and tissue specific age‑related DNA methylation changes 
in mice. Genome Res 2010;20:332‑40.

31.	 Fraga MF, Esteller M. Epigenetics and aging: The targets and the marks. 
Trends Genet 2007;23:413‑8.

32.	 Ito K, Ito M, Elliott WM, Cosio B, Caramori G, Kon OM, et al. Decreased 
histone deacetylase activity in chronic obstructive pulmonary disease. 
N Engl J Med 2005;352:1967‑76.

33.	 Barnes PJ. Role of HDAC2 in the pathophysiology of COPD. Annu Rev 
Physiol 2009;71:451‑64.

34.	 Mercado  N, Thimmulappa  R, Thomas  CM, Fenwick  PS, Chana  KK, 
Donnelly  LE, et  al. Decreased histone deacetylase 2 impairs Nrf2 
activation by oxidative stress. Biochem Biophys Res Commun 
2011;406:292‑8.

35.	 Satoh A, Brace CS, Rensing N, Cliften P, Wozniak DF, Herzog ED, et al. 
Sirt1 extends life span and delays aging in mice through the regulation 
of Nk2 homeobox 1 in the DMH and LH. Cell Metab 2013;18:416‑30.

36.	 Barnes PJ. Cellular and molecular mechanisms of chronic obstructive 
pulmonary disease. Clin Chest Med 2014;35:71‑86.

37.	 Yao  H, Rahman  I. Current concepts on oxidative/carbonyl stress, 
inflammation and epigenetics in pathogenesis of chronic obstructive 
pulmonary disease. Toxicol Appl Pharmacol 2011;254:72‑85.

38.	 Rajendrasozhan  S, Yang  SR, Kinnula  VL, Rahman  I. SIRT1, an 
antiinflammatory and antiaging protein, is decreased in lungs of patients 
with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 
2008;177:861‑70.

39.	 Isajevs S, Strazda G, Kopeika U, Taivans I. Different patterns of lung sirtuin 
expression in smokers with and without chronic obstructive pulmonary 
disease. Medicina (Kaunas) 2012;48:552‑7.

40.	 Vucic EA, Chari R, Thu KL, Wilson IM, Cotton AM, Kennett JY, et al. 
DNA methylation is globally disrupted and associated with expression 
changes in chronic obstructive pulmonary disease small airways. Am J 
Respir Cell Mol Biol 2014;50:912‑22.

41.	 Charmpilas N, Kyriakakis E, Tavernarakis N. Small heat shock proteins in 
ageing and age‑related diseases. Cell Stress Chaperones 2017;22:481‑92.

42.	 Min JN, Whaley RA, Sharpless NE, Lockyer P, Portbury AL, Patterson C, 
et  al. CHIP deficiency decreases longevity, with accelerated aging 
phenotypes accompanied by altered protein quality control. Mol Cell 

Biol 2008;28:4018‑25.
43.	 Tomaru U, Takahashi S, Ishizu A, Miyatake Y, Gohda A, Suzuki S, et al. 

Decreased proteasomal activity causes age‑related phenotypes and 
promotes the development of metabolic abnormalities. Am J Pathol 
2012;180:963‑72.

44.	 Hacker  S, Lambers  C, Hoetzenecker  K, Pollreisz  A, Aigner  C, 
Lichtenauer  M, et  al. Elevated HSP27, HSP70 and HSP90 alpha in 
chronic obstructive pulmonary disease: Markers for immune activation 
and tissue destruction. Clin Lab 2009;55:31‑40.

45.	 Vignola AM, Chanez P, Polla BS, Vic P, Godard P, Bousquet J, et al. 
Increased expression of heat shock protein 70 on airway cells in asthma 
and chronic bronchitis. Am J Respir Cell Mol Biol 1995;13:683‑91.

46.	 Holownia A, Mroz RM, Kielek A, Chyczewska E, Braszko JJ. Nuclear 
HSP90 and HSP70 in COPD patients treated with formoterol or 
formoterol and corticosteroids. Eur J Med Res 2009;14 Suppl 4:104‑7.

47.	 Shore GC, Papa FR, Oakes SA. Signaling cell death from the endoplasmic 
reticulum stress response. Curr Opin Cell Biol 2011;23:143‑9.

48.	 Somborac‑Bacura  A, van der Toorn  M, Franciosi  L, Slebos  DJ, 
Zanic‑Grubisic T, Bischoff R, et al. Cigarette smoke induces endoplasmic 
reticulum stress response and proteasomal dysfunction in human alveolar 
epithelial cells. Exp Physiol 2013;98:316‑25.

49.	 Min T, Bodas M, Mazur S, Vij N. Critical role of proteostasis‑imbalance 
in pathogenesis of COPD and severe emphysema. J Mol Med  (Berl) 
2011;89:577‑93.

50.	 Vij N, Chandramani‑Shivalingappa P, Van Westphal C, Hole R, Bodas M. 
Cigarette smoke‑induced autophagy impairment accelerates lung aging, 
COPD‑emphysema exacerbations and pathogenesis. Am J Physiol Cell 
Physiol 2018;314:C73‑87.

51.	 Kim  HP, Wang  X, Chen  ZH, Lee  SJ, Huang  MH, Wang  Y, et  al. 
Autophagic proteins regulate cigarette smoke‑induced apoptosis: 
Protective role of heme oxygenase‑1. Autophagy 2008;4:887‑95.

52.	 Monick MM, Powers LS, Walters K, Lovan N, Zhang M, Gerke A, et al. 
Identification of an autophagy defect in smokers’ alveolar macrophages. 
J Immunol 2010;185:5425‑35.

53.	 Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, et al. 
Rapamycin fed late in life extends lifespan in genetically heterogeneous 
mice. Nature 2009;460:392‑5.

54.	 Houssaini A, Kebe K, Breau M, Marcos E, Abid S, Rideau D, et al. Targeting 
the mTOR signaling pathway to inhibit lung cell senescence in COPD. 
Eur Respir J 2016;48 Suppl 60: pii:93203.  [Doi: 10.1183/13993003.
congress‑2016.PA4024].

55.	 Yoshida  T, Mett  I, Bhunia  AK, Bowman  J, Perez  M, Zhang  L, et  al. 
Rtp801, a suppressor of mTOR signaling, is an essential mediator of 
cigarette smoke‑induced pulmonary injury and emphysema. Nat Med 
2010;16:767‑73.

56.	 Hiona  A, Sanz  A, Kujoth  GC, Pamplona  R, Seo  AY, Hofer  T, et  al. 
Mitochondrial DNA mutations induce mitochondrial dysfunction, 
apoptosis and sarcopenia in skeletal muscle of mitochondrial DNA 
mutator mice. PLoS One 2010;5:e11468.

57.	 Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE, 
et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in 
mammalian aging. Science 2005;309:481‑4.

58.	 Payne  BA, Chinnery  PF. Mitochondrial dysfunction in aging: Much 
progress but many unresolved questions. Biochim Biophys Acta 
2015;1847:1347‑53.

59.	 Wallace DC. Mitochondrial DNA sequence variation in human evolution 
and disease. Proc Natl Acad Sci U S A 1994;91:8739‑46.

60.	 Liu  SF, Kuo HC, Tseng CW, Huang HT, Chen YC, Tseng CC, et  al. 
Leukocyte mitochondrial DNA copy number is associated with chronic 
obstructive pulmonary disease. PLoS One 2015;10:e0138716.

61.	 Wiegman  CH, Michaeloudes  C, Haji  G, Narang  P, Clarke  CJ, 
Russell KE, et al. Oxidative stress‑induced mitochondrial dysfunction 
drives inflammation and airway smooth muscle remodeling in patients 
with chronic obstructive pulmonary disease. J Allergy Clin Immunol 
2015;136:769‑80.

62.	 Hara  H, Araya  J, Ito  S, Kobayashi  K, Takasaka  N, Yoshii  Y, et  al. 
Mitochondrial fragmentation in cigarette smoke‑induced bronchial 
epithelial cell senescence. Am J Physiol Lung Cell Mol Physiol 
2013;305:L737‑46.

63.	 Puente‑Maestu  L, Pérez‑Parra  J, Godoy  R, Moreno  N, Tejedor  A, 
González‑Aragoneses  F, et  al. Abnormal mitochondrial function in 
locomotor and respiratory muscles of COPD patients. Eur Respir J 
2009;33:1045‑52.

64.	 Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, et al. Basal 



Kukrety, et al.: COPD and aging

Lung India •  Volume 35 • Issue 4 • July-August 2018	 327

cells as stem cells of the mouse trachea and human airway epithelium. 
Proc Natl Acad Sci U S A 2009;106:12771‑5.

65.	 Rawlins EL, Okubo T, Xue Y, Brass DM, Auten RL, Hasegawa H, et al. The 
role of Scgb1a1+ Clara cells in the long‑term maintenance and repair of 
lung airway, but not alveolar, epithelium. Cell Stem Cell 2009;4:525‑34.

66.	 Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp BR, 
et al. Type 2 alveolar cells are stem cells in adult lung. J Clin Invest 
2013;123:3025‑36.

67.	 Ito  K, Suda  T. Metabolic requirements for the maintenance of 
self‑renewing stem cells. Nat Rev Mol Cell Biol 2014;15:243‑56.

68.	 Mercado N, Ito K, Barnes PJ. Accelerated ageing of the lung in COPD: 
New concepts. Thorax 2015;70:482‑9.

69.	 Teixeira  VH, Nadarajan  P, Graham  TA, Pipinikas  CP, Brown  JM, 
Falzon M, et al. Stochastic homeostasis in human airway epithelium 
is achieved by neutral competition of basal cell progenitors. Elife 
2013;2:e00966.

70.	 Tsuji  T, Aoshiba  K, Nagai  A. Alveolar cell senescence exacerbates 

pulmonary inflammation in patients with chronic obstructive pulmonary 
disease. Respiration 2010;80:59‑70.

71.	 Paschalaki KE, Starke RD, Hu Y, Mercado N, Margariti A, Gorgoulis VG, 
et  al. Dysfunction of endothelial progenitor cells from smokers and 
chronic obstructive pulmonary disease patients due to increased DNA 
damage and senescence. Stem Cells 2013;31:2813‑26.

72.	 López‑Otín C, Blasco  MA, Partridge  L, Serrano  M, Kroemer  G. The 
hallmarks of aging. Cell 2013;153:1194‑217.

73.	 Sinden NJ, Stockley RA. Systemic inflammation and comorbidity in 
COPD: A result of ‘overspill’ of inflammatory mediators from the lungs? 
Review of the evidence. Thorax 2010;65:930‑6.

74.	 Fulop T, Larbi A, Kotb R, de Angelis F, Pawelec G. Aging, immunity, 
and cancer. Discov Med 2011;11:537‑50.

75.	 Shaykhiev  R, Crystal  RG. Innate immunity and chronic obstructive 
pulmonary disease: A mini‑review. Gerontology 2013;59:481‑9.

76.	 Kinsella K, Velkoff VA. The demographics of aging. Aging Clin Exp Res 
2002;14:159‑69.


