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Aging is often viewed as a progressive decline in fitness due to cumulative deleterious alterations of biological functions
in the living system. Recently, our understanding of the molecular mechanisms underlying aging biology has significantly
advanced. Interestingly, many of the pivotal molecular features of aging biology are also found to contribute to the
pathogenesis of chronic lung disorders such as chronic obstructive pulmonary disease and idiopathic pulmonary
fibrosis, for which advanced age is the most crucial risk factor. Thus, an enhanced understanding of how molecular
features of aging biology are intertwined with the pathobiology of these aging-related lung disorders has paramount
significance and may provide an opportunity for the development of novel therapeutics for these major unmet medical
needs. To serve the purpose of integrating molecular understanding of aging biology with pulmonary medicine, in this
review, recent findings obtained from the studies of aging-associated lung disorders are summarized and interpreted

through the perspective of molecular biology of aging.
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Introduction

The expansion of the elderly population has profound
implications for society. In medicine, chronic diseases affect
older adults disproportionately, rendering aging itself a root
of disability, reduced quality of life and increased health care
costs. As aging itself has emerged as the greatest risk factor for
almost every major causes of morbidity and mortality in the
modern world, efforts have been spurred to understand the
molecular mechanisms which underlie the biology of aging
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and gain insights into potential interventions to delay aging
and promote healthy longevity'.

Aging is thought to be caused by imperfections inherent in
the living system which lead to progressive decline in fitness
due to cumulative deleterious alterations of biological func-
tions in the living system™’. Similar to other organ systems,
biological aging of the pulmonary system (lung aging) is as-
sociated with structural changes leading to a progressive de-
cline in function™’. These characteristics include (1) increased
diameter of alveolar ducts and alveoli with loss of alveolar sur-
face area, leading to diminished gas exchange; (2) decreased
capillary density contributing to lower diffusion capacity; and
(3) changes in inflammatory processes and alteration in im-
mune cell functions*’. The genetic, molecular, and cellular
mechanisms involved in lung aging, however, are still poorly
understood ™.

Recently, an increasing body of evidence suggests that
many of the important biologic features of aging biology are
also found in lung aging, and that these changes contribute
to the high incidence of lung diseases in the elderly”". In line
with this, a joint workshop sponsored by the National Heart,
Lung, and Blood Institute (NHLBI) and National Institute of
Aging (NTA) of the United States asserted that enhanced un-
derstanding of how the aging process contributes to the devel-
opment and/or the progression of lung diseases is urgently re-
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quired”. In addition, it advocated for further research wherein
biological hallmarks of aging in the lung are integrated with
the pathobiology of lung diseases with divergent pathologies,
for which advanced age is the most important risk factor”.

Numerous articles are available in which various aspects
of aging biology are covered comprehensively. Avoiding an
exhaustive summary, recent excellent reviews are referenced
in the text. Instead, this review is constructed to serve the
purpose of integrating recent molecular understanding of ag-
ing biology with pulmonary medicine. For this, first, current
conceptual hallmarks of aging biology are briefly summarized.
Then, recent scientific advancements obtained from studies
of aging-associated lung diseases are interpreted through the
prism of aging biology.

Hallmarks for Molecular Understanding
of Aging Biology

Key features of aging have been conceptualized as ‘hall-
marks of aging’ in order to capture the essence of molecular
understanding of aging biology''. These conceptual hallmarks
are genomic instability, telomere attrition, epigenetic altera-
tions, loss of proteostasis, deregulated nutrient sensing, mito-
chondrial dysfunction, cellular senescence, stem cell exhaus-
tion, and altered intercellular communication''.

Genomic instability refers to an increased tendency of
alterations in the genome during the life cycle of cells. Since
the first publication of Somatic Mutation Theory of Aging",
the DNA damage theory of aging, which argues that genomic
instability plays a causal role in aging, has continuously pro-
pelled molecular understanding of aging biology*"".

The telomere protects the genomic DNA through various
mechanisms; thus, telomere attrition can lead to potentially
maladaptive cellular changes, block cell division, and interfere
with tissue replenishment. The roles of telomere biology, es-
pecially in diseases of human aging and in some aging-related
processes, are well established .

Epigenetic changes, resulting in alterations of gene expres-
sion and disturbances in broad genome architecture and the
epigenomic landscape, are known to be associated with ag-
ing'®. General loss of histones and the consequent transcrip-
tional deregulation, imbalance of activating and repressive
histone modifications, site-specific losses and gains of hetero-
chromatin, alteration in DNA methylation levels and patterns
are considered as evidence for epigenetic changes in aging'".

Eukaryotic protein homeostasis, or proteostasis, is main-
tained by a diverse and complex network of integrated func-
tions, and overwhelming evidence supports the maintenance
of cellular proteostasis as one of the key processes in ensuring
longevity"®. Currently, many age-related disorders are investi-
gated in the context of proteostasis failure, given that the phys-
iological deterioration of the proteostasis networks with age is
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an important factor for the development and/or progression
of these aging-related disorders".

Calorie restriction (CR), a nutritional intervention of re-
duced energy intake but with adequate nutrition, has been
shown to extend the healthspan and lifespan in rodent and
primate models". In addition, a recent human study supports
this notion®. Nutrient sensing pathways become deregulated
and lose effectiveness with age; accumulating evidence re-
veals that various nutrient sensing pathways are fundamental
to the aging process™”.

A decline in mitochondrial quality and activity has been as-
sociated with normal aging and correlated with the develop-
ment of a wide range of age-related diseases™. Contributing
to other hallmarks of the aging process such as cellular senes-
cence, inflammaging, and the age-dependent decline in stem
cell activity, mitochondrial dysfunction is continuously being
highlighted as a foundation of aging biology™*’.

Cellular senescence, a permanent state of cell cycle arrest
that occurs in proliferating cells subjected to different stresses,
is a state implicated in various physiological processes and
a wide spectrum of age-related diseases™*. In this regard, a
pharmacologic approach called senotherapy, which refers to
the selective killing of senescent cells by senolytic agents, has
recently gained momentum to improve healthy aging and
age-related diseases™™.

The decline in the regenerative potential of tissues is one
of the most obvious characteristics of aging, and stem cell ex-
haustion is widely accepted as a contributor to the decline in
health during aging”. In accordance with this concept, aging
phenotypes have been described for stem cells of multiple tis-
sues, including those of the hematopoietic system, intestine,
muscle, brain, skin, and germline. Various research efforts are
currently being undertaken to test interventions that delay
stem cell aging and improve both health and lifespan®.

Beyond cell-autonomous alterations, aging also involves
changes at the level of intercellular communication which
could be endocrine, neuroendocrine, or neuronal commu-
nication networks of an organism''. Obviously, an organ-
ism’s health is orchestrated by a multitude of molecular and
biochemical networks responsible for ensuring homeostasis
within cells and tissues. Upon aging, a progressive failure in
the maintenance of this homeostatic balance occurs in re-
sponse to a variety of endogenous and environmental stress-
es, allowing the accumulation of damage, the physiological
decline of individual tissues, and susceptibility to diseases™.

Of note, inflammaging, which refers to a low-grade proin-
flammatory phenotype that accompanies aging in mammals,
is often remarked as an additional conceptual hallmark of
aging”'. Major age-related diseases share a common inflam-
matory pathogenesis, which is evidently seen in dementia,
depression, atherosclerosis, cancers, diabetes and even mor-
tality”™”. As such, “inflammaging’” is often identified and inves-
tigated as an independent conceptual entity in aging biology.
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Overall, these 10 conceptual hallmarks of aging are widely
accepted to represent common denominators of aging, and
provide a systemic perspective of how we can understand the
molecular and cellular basis of aging biology.

Intersection of Aging Biology and the
Pathobiology of Chronic Lung Diseases

Among the expert panels of aging biology researchers, there
was a consensus in relation to which strategies could be pro-
moted for the development of safe interventions to slow aging
and increase healthy lifespan in humans”. These approaches
comprise of (1) dietary interventions mimicking chronic
dietary restriction (periodic fasting mimicking diets, protein
restriction, etc.); (2) drugs that inhibit the growth hormone/
insulin-like growth factor 1 (IGF-I) axis; (3) drugs that inhibit
the mechanistic target of rapamycin (mTOR)-S6K pathway;
(4) drugs that activate AMP-dependent kinase (AMPK) or
specific sirtuins; (5) chronic metformin use; or (6) pharmaco-
logical inhibition of inflammation™.

Of note, the molecular pathways targeted by these ap-
proaches are intricately connected with each other to regulate
the hallmarks of aging biology. For example, CR is known to

Calorie restriction

produce a pleiotropic effect and improves multiple metabolic
pathways, generating benefits to the whole organism®®. As
illustrated in Figure 1, among the effects of CR, modulation
of mitochondrial activity and a decrease in oxidative damage
are well known. In addition, an intricate network of signaling
pathways including IGF-1, mTOR, and AMPK molecules have
been identified to mediate CR-induced beneficial effects on
aging™”. The anti-inflammatory effect of CR is also an inter-
esting emerging factor to be taken into consideration™.

Given the significance of these molecules/signaling path-
ways in human aging, it is not surprising that the salient
points related to each of the above strategies are continuously
highlighted in the studies of chronic obstructive pulmonary
disease (COPD) and idiopathic pulmonary fibrosis (IPF), two
exemplar diseases associated with aging. In this section, these
recent findings are integrated into the context of aging biology,
focusing on the strategies noted above.

1. Calorie restriction

To date, the most reliable, best-researched way to extend
life span is through the practice of CR, which involves reduc-
ing calorie intake while simultaneously maintaining good
nutritional status. Indeed, epidemiological and experimental

Figure 1. Major molecules and signaling pathways leading to hallmarks of aging. Among a plethora of molecules identified to be involved in
aging biology, key signaling pathways leading to hallmarks of aging are illustrated. This illustration, in particular, focuses on the molecules
which are currently targeted for the discovery of safe interventions to slow aging and increase healthy lifespan in humans. Please see the main
text for the explanation in detail. 4E-BP: eukaryotic translation initiation factor 4E (eIF4E)-binding protein; AKT: protein kinase B (PKB), also
known as AKT; AMP: adenosine monophosphate; AMPK: 5" adenosine monophosphate-activated protein kinase; ATP: adenosine triphos-
phate; FOXO: forkhead family of transcription factor; HIF1a: hypoxia-inducible factor 1a; IGF-1: insulin-like growth factor 1; IRS-1/2: insulin
receptor substrate 1 & 2; mTOR: mechanistic target of rapamycin; PI3K: phosphoinositide 3-kinase; S6K1: ribosomal protein S6 kinase beta-1.
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data indicate that diet plays a central role in the pathogenesis
of many age-associated chronic diseases, as well as in the
biology of aging itself (see Figure 1). Human studies indicate
that long-term CR with adequate intake of nutrients results in
several metabolic adaptations that reduce the risk of develop-
ing type 2 diabetes, hypertension, cardiovascular disease, and
cancer”,

Although the effects of diet on lung aging per se has thus far
been rarely studied, several studies suggest a significant role
of dietary modulation on lung aging. When a study examined
the effects of aging on lung epithelial and stem cells and the ef-
fect of CR on young and old lungs, CR was identified to induce
several potentially beneficial changes in lung epithelial cells,
even when it is initiated at an older age, including reversal of
some aging-induced changes™. Another study evaluated the
effects of high-fat diet (HFD) in relation to lung aging"'. As
known, HFD decreases the lifespan of mice and is a risk factor
for several human diseases. Indeed, this study revealed that
HFD induces several histological, inflammatory, and func-
tional changes in the lung, and exacerbates aging-induced
lung inflammation and mitochondrial deterioration"'. Of note,
although a body of literature suggested the development of
emphysema following severe CR and led to the notion of
“nutritional emphysema’ that might have relevance in COPD
patients, neither the mechanics nor the histology showed any
evidence of emphysema-like changes with severe CR in a mu-
rine study™.

Resveratrol (a substance found in red grapes and other
plants), is one potential CR mimetics that may have beneficial
effects against numerous diseases such as type 2 diabetes, car-
diovascular disease, and cancer in tissue culture and animal
models. Interestingly, a recent discovery suggested that the
metabolic effects of resveratrol may be mediated by inhibiting
cAMP phosphodiesterases (PDEs), particularly PDE4 ™. Roflu-
milast, belonging to the class of PDE4 inhibitors, is currently
used to treat COPD due to its ability to inhibit inflammatory
cell responses*’. Combined together, these findings may sug-
gest that PDE4-related molecular pathways might be involved
both in the biology of lung aging and COPD pathogenesis.

2. Growth hormone/IGF-1 axis

The growth hormone/IGF axis can be manipulated in ani-
mal models to promote longevity; IGF-related proteins includ-
ing IGF-I and IGF-binding protein-3 (IGFBP-3) have also been
implicated in risk of aging-associated diseases in humans®.
Indeed, a recent study which evaluated lung function param-
eters in a large cohort of patients with acromegaly, revealed
that these patients showed signs of small airway obstruction™.
However, the idea of inhibiting the growth hormone/IGF-I
axis for the management of COPD may not be straightfor-
ward. Many patients with COPD are malnourished, and this
affects respiratory muscle function and prognosis for survival

110

adversely. Previously, there were attempts to use recombinant
human growth hormone treatment which has been proposed
to improve nitrogen balance and to increase muscle strength
in patients with COPD", although significant beneficial effects
were not observed ™.

It is well established that multiple mesenchymal growth
factors have been shown to be exaggerated in several fibrotic
lung disorders including IPE sarcoidosis, and bronchopul-
monary dysplasia, as well as pulmonary manifestations of
systemic diseases such as rheumatoid arthritis or progressive
systemic sclerosis™. These growth factors include transform-
ing growth factor (TGF)-B, IGF-I, platelet-derived growth fac-
tor, connective tissue growth factor, fibroblast growth factors,
and keratinocyte growth factors. Another study demonstrated
IGFBPs may play an important role in the development of
fibrosis in [PF”.

3. mTOR signaling

A highly conserved protein kinase, mTOR (originally known
as mammalian target of rapamycin), is continuously highlight-
ed as a key modulator of aging in evolutionarily divergent or-
ganisms, ranging from yeast to rodents, and it is likely that this
function has been conserved to some extent in humans’">.
A series of studies showed that rapamycin extended lifespan
in yeast, nematodes, fruit flies and mice, firmly establishing
mTOR signaling as a central, evolutionarily conserved regula-
tor of longevity. Accordingly, much effort has been applied to
defining the underlying mechanisms as to how mTOR signal-
ing plays as a key modulator of aging-associated lung disor-
ders.

Rtp801, a stress-related protein triggered by adverse envi-
ronmental conditions and inhibits mTOR, has recently been
identified to represent a major molecular sensor and mediator
of cigarette smoke-induced lung injury™. In this study, Rtp801
mRNA and protein were overexpressed in human emphyse-
matous lungs and in lungs of mice exposed to cigarette smoke.
Mechanistic experiments found that Rtp801 was necessary
and sufficient for nuclear factor-«B activation, alveolar inflam-
mation, oxidative stress and apoptosis of alveolar septal cells,
which have been identified to be key molecular mechanisms
for COPD pathogenesis™. Demonstrating that mTOR activa-
tion was sufficient to induce lung cell senescence and mimic
COPD lung alterations, with the rapid development of lung
emphysema, pulmonary hypertension, and inflammation, the
results from this study support a causal relationship between
mTOR activation, lung cell senescence, and lung alterations in
COPD™. In line with this, it was recently shown that lamin B1
protein levels are reduced in COPD lungs, contributing to the
process of cigarette smoke (CS)-induced cellular senescence
via dysregulation of mTOR and mitochondrial integrity™. Con-
trasting data exist, however. A study demonstrated that mTOR
suppresses CS-induced inflammation through modulation of
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autophagy, apoptosis, and necroptosis, suggesting that activa-
tion of mTOR may represent a novel therapeutic strategy for
COPD™. Another study suggested that particulate matter (PM)
may inactivate mTOR signaling and promote the subsequent
autophagy-mediated epithelial injury in PM-induced airway
inflammation””. This apparent discrepancy may be due to the
complex and heterogenic enzymatic pathway of mTOR sig-
naling, implying that translation on the use of mTOR inhibi-
tors to COPD therapy requires a more in-depth knowledge of
mTOR signaling™.

Aging may affect adaptive responses to stress decreasing
autophagy through activation of mTORC1 in lung fibroblasts,
and this mTOR activation may contribute to the resistance to
cell death in IPF lung fibroblasts™. In addition, a recent meta-
analysis of genome-wide studies across three independent
cohorts reported the importance of mTOR signaling in lung
fibrosis™. Interestingly, by demonstrating that the alteration
of canonical mTOR/phosphoinositide 3-kinase (PI3K)/AKT
signaling is causally associated with increased Yes-associated
protein (YAP) activity in respiratory epithelial cells in lungs
of patients with IPE a recent study expanded the functional
significance of mTOR into Hippo/YAP signaling”. As known,
Hippo/YAP pathway is a recently identified signaling cascade
that plays an evolutionarily conserved role in the regulation of
cell proliferation and differentiation during organogenesis and
tissue repair®. Thus, YAP and mTOR/p-S6 signaling pathways
may interact to induce cell proliferation and migration and
inhibit epithelial cell differentiation that may contribute to the
pathogenesis of IPE

Of note, a recent study suggested that the mTORC1/4E-BP1
axis may represent a critical signaling node during fibrogen-
esis™. In this study, rapamycin-insensitive mTORC1 signaling
via 4E-BP1 was shown to be a critical pathway for TGF-B1
stimulated collagen synthesis in human lung fibroblasts,
whereas canonical PI3K/AKT signaling was not required”.
This observation may have significant implication because,
currently, pan-PI3K/mTOR inhibition is under clinical evalua-
tion to test a therapeutic potential of targeting mTOR signaling
in subjects with IPF**®.

Taken together, alterations in mTOR signaling, which are
associated with dysregulation of autophagy, inflammation,
cell growth, and survival, may lead to the development of
lung fibrosis®. Given complicated nature of mTOR signaling,
it would be critical to continue basic research to elucidate
this further and refine specific molecular targets involved in
mTOR signaling for the development of novel IPF therapeu-
tics.

4. AMPK signaling and sirtuins
Eukaryotes have evolved a very sophisticated system to

sense low cellular ATP levels via the serine/threonine kinase
AMPK complex. This energy switch controls cell growth and
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several other cellular processes, including lipid and glucose
metabolism and autophagy, positioning the AMPK complex
as a central mediator of the cellular response to energetic
stress and mitochondrial insults leading to the coordination of
multiple features of autophagy and mitochondrial biology®".

Sirtuins (SIRTs) are well-known mediators of aging™. Sup-
pression of cellular senescence by SIRTs is mainly mediated
through delaying age-related telomere attrition, sustaining ge-
nome integrity and promotion of DNA damage repair”. In ad-
dition, SIRTs modulate the organismal lifespan by interacting
with several lifespan regulating signaling pathways including
insulin/IGF-1 signaling pathway and AMPK®. For example,
AMPK was known to control the expression of genes involved
in energy metabolism by acting in coordination with another
metabolic sensor, the NAD+-dependent type III deacetylase
SIRT1, indicating the AMPK-induced SIRT1-mediated deacet-
ylation may explain many of the convergent biological effects
of AMPK and SIRT1™. As such, recent data obtained from
lung aging-associated disorders in relation to AMPK or SIRTs
are discussed under the same sub-section, although the func-
tional roles of these two molecules are not entirely dependent
each other in the regulation of aging hallmarks.

SIRT1 has been identified to be reduced in lungs of patients
with COPD™. In addition, SIRT1 activation attenuated stress-
induced premature cellular senescence and protected against
emphysema induced by CS and elastase in mice, implicat-
ing that activation of SIRT1 may be an attractive therapeutic
strategy in COPD/emphysema’. Another member of the
SIRT family, SIRTS, a histone deacetylase, antagonizes cellular
senescence, through the attenuation of IGF-AKT signaling. In
line with this, a study demonstrated that SIRT6 expression lev-
els were decreased in lung homogenates from COPD patients,
and SIRT6 expression levels correlated significantly with the
percentage of forced expiratory volume in 1 sec/forced vital
capacity, implicating that SIRT6 might be involved in COPD
pathogenesis via its regulation of cellular senescence which
can be attributed to IGF-AKT-mTOR signaling™.

A study suggested that accelerated epithelial senescence
which can be antagonized by SIRT6 might play a role in IPF
pathogenesis through perpetuating abnormal epithelial-
mesenchymal interactions™. When the mRNA and protein
levels of all seven known sirtuins (SIRT1-7) were assessed in
primary lung fibroblasts from patients with IPF and systemic
sclerosis-associated interstitial lung disease in comparison
with lung fibroblasts from healthy controls, these unbiased
tests revealed a tendency for all SIRTS to be expressed at lower
levels in fibroblasts from patients compared with controls, but
the greatest decrease was observed with SIRT7”.

Overall, SIRTs have been identified to regulate inflamma-
tion, aging (life span and health span), mitochondrial biogen-
esis, stress resistance, cellular senescence, endothelial func-
tions, apoptosis/autophagy, and circadian rhythms through
deacetylation of transcription factors and histones. Hence,
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various novel ways to activate sirtuins, either directly or indi-
rectly, may have therapeutic potential in attenuating inflam-
mation and premature senescence involved in chronic lung
diseases™.

5. Metformin

Metformin has been shown to significantly increase lifespan
and delay the onset of age-associated decline in several exper-
imental models, and a growing body of evidence from clinical
trials suggests that metformin can effectively reduce the risk of
many age-related diseases and conditions, including cardio-
metabolic disorders, neurodegeneration, cancer, chronic in-
flammation, and frailty”". Regarding its pharmacologic action,
it is important to note that metformin-induced activation of
the energy-sensor AMPK is well documented, but may not ac-
count for all actions of the drug, requiring further elucidation
of the underlying mechanisms of its action™.

COPD is often associated with type 2 diabetes mellitus
(T2DM). Because metformin is a first-line treatment for most
patients with T2DM, a study was aimed at investigating the
effect of metformin on health care utilizations in patients with
coexisting COPD and diabetes mellitus (DM). Interestingly,
the use of metformin in patients with coexisting COPD and
DM was associated with fewer COPD-specific emergency
room visits and hospitalizations™. Another systematic review
of pubic databases found also that metformin may benefit
patients with COPD and T2DM by improving overall health
status including symptoms, hospitalizations, and mortality™.

A therapeutic potential of metformin in IPF was implicated
in a recent study™. This study demonstrated that, in humans
with IPF and in an experimental mouse model of lung fibrosis,
AMPK activity was lower in fibrotic regions associated with
metabolically active and apoptosis-resistant myofibroblasts®'.
Pharmacological activation of AMPK in myofibroblasts from
lungs of humans with IPF displayed lower fibrotic activity,
along with enhanced mitochondrial biogenesis and normal-
ization of sensitivity to apoptosis. In addition, in a bleomycin
model of lung fibrosis in mice, metformin therapeutically
accelerated the resolution of well-established fibrosis in an
AMPK-dependent manner, further supporting a role for met-
formin to reverse established fibrosis by facilitating deactiva-
tion and apoptosis of myofibroblasts”’. Similar evidence was
provided by another report which demonstrated that metfor-
min exerts potent antifibrotic effects in the lung by modulating
metabolic pathways, inhibiting TGF-B1 action, suppressing
collagen formation, and inducing lipogenic differentiation in
lung fibroblasts derived from IPF patients™. When a post hoc
analysis was undertaken to assess the effect of metformin on
clinically relevant outcomes in patients with IPE however,
metformin showed no effect on clinically relevant outcomes
in patients with IPF”.

112

6. Inflammaging, cellular senescence, and organismal
aging

An age-associated increase in chronic, low-grade sterile in-
flammation termed “inflammaging” is a characteristic feature
of mammalian aging that shows a strong association with
occurrence of various age-associated diseases. Although the
mechanism(s) responsible for inflammaging and its causal
role in aging and age-related diseases are still elusive, emerg-
ing evidence suggests that one of basic processes that may
contribute to age-related dysfunction and chronic sterile
inflammation is cellular senescence™. Indeed, it has been
demonstrated that chronic inflammation may derive, at least
in part, from senescent cells: senescent cells secrete proin-
flammatory cytokines, chemokines, and proteases, termed
the senescence-associated secretory phenotype™’. In addition,
age-associated accumulation of damage-associated molecu-
lar patterns has been proposed as a potential driver of inflam-
ma gl n: g25,85-

Although it is not clearly defined whether the pulmonary
environment becomes inflammatory with increasing age in
humans, an in vivo study using a murine model organism sug-
gests this possibility™. The lungs of old mice have elevated lev-
els of proinflammatory cytokines and a resident population of
highly activated pulmonary macrophages that are refractory
to further activation by interferon-y*. Another study suggested
that inflammaging per se, which is induced over aging, could
increase susceptibility to cigarette smoke-induced COPD"".
The data from this murine experimental study revealed that
age-induced lung inflammation is further elevated after CS
exposure in old mice. An age-induced change in immune cells
might play as a susceptibility factor to CS exposure, accelerat-
ing the pathophysiological hallmarks of COPD".

Conclusion

Aging remains a grand mystery of biology. Although recent
investigations have made key insights that provide molecular
mechanisms underlying aging biology, our understanding
remains elusive about how these age-related molecular and
cellular alterations lead to the physiologic decline and loss of
resilience at the level of an organ or an individual. This may
be particularly true for the biology of lung aging. The body of
scientific knowledge related to lung aging and its contribu-
tion to the pathobiology of chronic lung diseases is lagging far
behind the recent advances in other areas of aging biology. As
remarked at the recent NHLBI/NIA workshop, how scientific
advances in molecular and cellular insights of aging biology
can be integrated and constructed into a conceptual frame-
work that describes mechanistic explanation of lung aging
and its related chronic lung disorders represents a major chal-
lenge in pulmonary medicine®. The strong clinical association
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between advanced age and the steadily increasing morbidity
and mortality attributable to chronic lung diseases signifies a
fundamental link between the biology of aging and these lung
diseases. Certainly, a much larger community of researchers
or physician scientists beyond just “aging researchers” should
be invited to ponder upon this mystery.

Conflicts of Interest

No potential conflict of interest relevant to this article was
reported.

Funding

This work was supported by NHLBI RO1HL130283 (MJK)
and NIA RO1AG053495 (MJK).

10.

11

12.

www.e-trd.org

References

. Kaeberlein M, Rabinovitch PS, Martin GM. Healthy aging: the

ultimate preventative medicine. Science 2015;350:1191-3.

. Gladyshev VN. Aging: progressive decline in fitness due to the

rising deleteriome adjusted by genetic, environmental, and
stochastic processes. Aging Cell 2016;15:594-602.

. Kirkwood TB. Understanding the odd science of aging. Cell

2005;120:437-47.

. Fukuchi Y. The aging lung and chronic obstructive pulmo-

nary disease: similarity and difference. Proc Am Thorac Soc
2009;6:570-2.

. Lowery EM, Brubaker AL, Kuhlmann E, Kovacs EJ. The aging

lung. Clin Interv Aging 2013;8:1489-96.

. Skloot GS. The effects of aging on lung structure and function.

Clin Geriatr Med 2017;33:447-57.

. Thannickal VJ, Murthy M, Balch WE, Chandel NS, Meiners

S, Eickelberg O, et al. Blue journal conference: aging and
susceptibility to lung disease. Am J Respir Crit Care Med
2015;191:261-9.

. Budinger GR, Kohanski RA, Gan W, Kobor MS, Amaral LA,

Armanios M, et al. The intersection of aging biology and the
pathobiology of lung diseases: a Joint NHLBI/NIA Workshop.
J Gerontol A Biol Sci Med Sci 2017;72:1492-500.

. MacNee W. Is chronic obstructive pulmonary disease an ac-

celerated aging disease? Ann Am Thorac Soc 2016;13 Suppl 5:
§$429-37.

Mora AL, Bueno M, Rojas M. Mitochondria in the spotlight of
aging and idiopathic pulmonary fibrosis. J Clin Invest 2017;
127:405-14.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G.
The hallmarks of aging. Cell 2013;153:1194-217.

Szilard L. On the nature of the aging process. Proc Natl Acad

https://doi.org/10.4046/trd.2020.0003

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

28.

29

30

31

SciU S A 1959;45:30-45.

Moskalev AA, Shaposhnikov MV, Plyusnina EN, Zhavoronkov
A, Budovsky A, Yanai H, et al. The role of DNA damage and
repair in aging through the prism of Koch-like criteria. Ageing
Res Rev 2013;12:661-84.

Niedernhofer LJ, Gurkar AU, Wang Y, Vijg J, Hoeijmakers JH,
Robbins PD. Nuclear genomic instability and aging. Annu
Rev Biochem 2018;87:295-322.

. Blackburn EH, Epel ES, Lin J. Human telomere biology: a

contributory and interactive factor in aging, disease risks, and
protection. Science 2015;350:1193-8.

Brunet A, Berger SL. Epigenetics of aging and aging-related
disease. ] Gerontol A Biol Sci Med Sci 2014;69 Suppl 1:517-20.
Sen P, Shah PP, Nativio R, Berger SL. Epigenetic mechanisms
oflongevity and aging. Cell 2016;166:822-39.

Kaushik S, Cuervo AM. Proteostasis and aging. Nat Med 2015;
21:1406-15.

Most J, Tosti V, Redman LM, Fontana L. Calorie restriction in
humans: an update. Ageing Res Rev 2017;39:36-45.

Redman LM, Smith SR, Burton JH, Martin CK, II'yasova D,
Ravussin E. Metabolic slowing and reduced oxidative dam-
age with sustained caloric restriction support the rate of liv-
ing and oxidative damage theories of aging. Cell Metab 2018;
27:805-15.

Fontana L, Partridge L, Longo VD. Extending healthy life
span: from yeast to humans. Science 2010;328:321-6.

Rizza W, Veronese N, Fontana L. What are the roles of calorie
restriction and diet quality in promoting healthy longevity?
Ageing Res Rev 2014;13:38-45.

Sun N, Youle RJ, Finkel T. The mitochondrial basis of aging.
Mol Cell 2016;61:654-66.

Akbari M, Kirkwood TB, Bohr VA. Mitochondria in the signal-
ing pathways that control longevity and health span. Ageing
Res Rev 2019;54:100940.

Dela Cruz CS, Kang MJ. Mitochondrial dysfunction and dam-
age associated molecular patterns (DAMPs) in chronic in-
flammatory diseases. Mitochondrion 2018;41:37-44.
Calcinotto A, Kohli J, Zagato E, Pellegrini L, Demaria M,
Alimonti A. Cellular senescence: aging, cancer, and injury.
Physiol Rev 2019;99:1047-78.

. Gorgoulis V, Adams PD, Alimonti A, Bennett DC, Bischof O,

Bishop C, et al. Cellular senescence: defining a path forward.
Cell 2019;179:813-27.

He S, Sharpless NE. Senescence in health and disease. Cell
2017;169:1000-11.

. Prata L, Ovsyannikova IG, Tchkonia T, Kirkland JL. Senescent

cell clearance by the immune system: emerging therapeutic
opportunities. Semin Immunol 2018;40:101275.

. Brunauer R, Alavez S, Kennedy BK. Stem cell models: a guide

to understand and mitigate aging? Gerontology 2017;63:84-
90.

Schultz MB, Sinclair DA. When stem cells grow old: phe-
notypes and mechanisms of stem cell aging. Development

113



t do* Tuberculosis and
r Respiratory Diseases
32.

33.

34.

36.
37.

38.

39.

40.
41.

42.
43.

44.

46.

47.

MJ Kang

2016;143:3-14.

Neves ], Sousa-Victor P, Jasper H. Rejuvenating strate-
gies for stem cell-based therapies in aging. Cell Stem Cell
2017;20:161-75.

Riera CE, Merkwirth C, De Magalhaes Filho CD, Dillin A. Sig-
naling networks determining life span. Annu Rev Biochem
2016;85:35-64.

Franceschi C, Bonafe M, Valensin S, Olivieri E De Luca M, Ot-
taviani E, et al. Inflamm-aging: an evolutionary perspective on
immunosenescence. Ann N'Y Acad Sci 2000;908:244-54.

. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A.

Inflammaging: a new immune-metabolic viewpoint for age-
related diseases. Nat Rev Endocrinol 2018;14:576-90.

Fulop T, Witkowski JM, Olivieri E Larbi A. The integration
of inflammaging in age-related diseases. Semin Immunol
2018;40:17-35.

Longo VD, Antebi A, Bartke A, Barzilai N, Brown-Borg HM,
Caruso G, et al. Interventions to slow aging in humans: are we
ready? Aging Cell 2015;14:497-510.

Lopez-Lluch G, Navas P. Calorie restriction as an intervention
in ageing. J Physiol 2016;594:2043-60.

Fontana L, Partridge L. Promoting health and longevity
through diet: from model organisms to humans. Cell 2015;
161:106-18.

Hegab AE, Ozaki M, Meligy FY, Nishino M, Kagawa S, Ishii
M, et al. Calorie restriction enhances adult mouse lung stem
cells function and reverses several ageing-induced changes. ]
Tissue Eng Regen Med 2019;13:295-308.

Hegab AE, Ozaki M, Meligy FY, Kagawa S, Ishii M, Betsuyaku
T. High fat diet activates adult mouse lung stem cells and
accelerates several aging-induced effects. Stem Cell Res
2018;33:25-35.

Bishai JM, Mitzner W. Effect of severe calorie restriction on
the lung in two strains of mice. Am J Physiol Lung Cell Mol
Physiol 2008;295:1.356-62.

Chung JH, Manganiello V, Dyck JR. Resveratrol as a calorie re-
striction mimetic: therapeutic implications. Trends Cell Biol
2012;22:546-54.

Parikh N, Chakraborti AK. Phosphodiesterase 4 (PDE4) in-
hibitors in the treatment of COPD: promising dug candidates
and future directions. Curr Med Chem 2016;23:129-41.

. Teumer A, Qi Q, Nethander M, Aschard H, Bandinelli S, Beek-

man M, et al. Genomewide meta-analysis identifies loci as-
sociated with IGF-T and IGFBP-3 levels with impact on age-
related traits. Aging Cell 2016;15:811-24.

Stormann S, Gutt B, Roemmler-Zehrer J, Bidlingmaier M,
Huber RM, Schopohl J, et al. Assessment of lung function in
a large cohort of patients with acromegaly. Eur ] Endocrinol
2017;177:15-23.

Burdet L, de Muralt B, Schutz Y, Pichard C, Fitting JW. Admin-
istration of growth hormone to underweight patients with
chronic obstructive pulmonary disease: a prospective, ran-
domized, controlled study. Am J Respir Crit Care Med 1997;

114

48.

49.

50.

51

52.

54.

55.

56.

97]
~

58.

59.

60.

61.

156:1800-6.

Pape GS, Friedman M, Underwood LE, Clemmons DR. The
effect of growth hormone on weight gain and pulmonary
function in patients with chronic obstructive lung disease.
Chest 1991;99:1495-500.

Krein PM, Winston BW. Roles for insulin-like growth factor I
and transforming growth factor-beta in fibrotic lung disease.
Chest 2002;122(6 Suppl):289S-93S.

Pilewski JM, Liu L, Henry AC, Knauer AV, Feghali-Bostwick
CA. Insulin-like growth factor binding proteins 3 and 5
are overexpressed in idiopathic pulmonary fibrosis and
contribute to extracellular matrix deposition. Am J Pathol
2005;166:399-407.

Johnson SC, Rabinovitch PS, Kaeberlein M. mTOR is a key
modulator of ageing and age-related disease. Nature 2013;
493:338-45.

Saxton RA, Sabatini DM. mTOR signaling in growth, metabo-
lism, and disease. Cell 2017;168:960-76.

. 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.

Houssaini A, Breau M, Kebe K, Abid S, Marcos E, Lipskaia L,
et al. mTOR pathway activation drives lung cell senescence
and emphysema. JCI Insight 2018;3:93203.

Saito N, Araya J, Ito S, Tsubouchi K, Minagawa S, Hara H, et
al. Involvement of lamin B1 reduction in accelerated cellular
senescence during chronic obstructive pulmonary disease
pathogenesis. ] Immunol 2019;202:1428-40.

Wang Y, Liu J, Zhou JS, Huang HQ, Li 2, Xu XC, et al. MTOR
suppresses cigarette smoke-induced epithelial cell death and
airway inflammation in chronic obstructive pulmonary dis-
ease. ] Immunol 2018;200:2571-80.

. Wu YE Li ZY, Dong LL, Li W], Wu YP, Wang J, et al. Inactiva-

tion of MTOR promotes autophagy-mediated epithelial
injury in particulate matter-induced airway inflammation.
Autophagy 2020;16:435-50.

Pasini E, Flati V, Comini L, Olivares A, Bertella E, Corsetti G,
et al. Mammalian target of rapamycin: is it relevant to COPD
pathogenesis or treatment? COPD 2019;16:89-92.

Romero Y, Bueno M, Ramirez R, Alvarez D, Sembrat JC, Gon-
charova EA, et al. mTORCI1 activation decreases autophagy
in aging and idiopathic pulmonary fibrosis and contrib-
utes to apoptosis resistance in IPF fibroblasts. Aging Cell
2016;15:1103-12.

Allen RJ, Guillen-Guio B, Oldham JM, Ma SE Dressen A,
Paynton ML, et al. Genome-wide association study of sus-
ceptibility to idiopathic pulmonary fibrosis. Am J Respir
Crit Care Med 2019 Nov 11 [Epub]. https://doi.org/10.1164/
rcem.201905-10170C.

Gokey JJ, Sridharan A, Xu Y, Green J, Carraro G, Stripp BR, et
al. Active epithelial Hippo signaling in idiopathic pulmonary
fibrosis. JCI Insight 2018;3:98738.

Tuberc Respir Dis 2020;83:107-115 www.e-trd.org



Molecular basis of lung aging and its associated diseases

Tuberculosis and t da*
Respiratory Diseases r

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

www.e-trd.org

Moya IM, Halder G. Hippo-YAP/TAZ signalling in organ re-
generation and regenerative medicine. Nat Rev Mol Cell Biol
2019;20:211-26.

Woodcock HV, Eley JD, Guillotin D, Plate M, Nanthakumar
CB, Martufi M, et al. The mTORC1/4E-BP1 axis represents
a critical signaling node during fibrogenesis. Nat Commun
2019;10:6.

Lukey PT, Harrison SA, Yang S, Man Y, Holman BE Rashidna-
sab A, et al. A randomised, placebo-controlled study of omi-
palisib (PI3K/mTOR) in idiopathic pulmonary fibrosis. Eur
Respir ] 2019;53:1801992.

5. Mercer PE Woodcock HY, Eley JD, Plate M, Sulikowski MG,

Durrenberger PE et al. Exploration of a potent PI3 kinase/
mTOR inhibitor as a novel anti-fibrotic agent in IPE Thorax
2016;71:701-11.

Lawrence J, Nho R. The role of the mammalian target of ra-
pamycin (mTOR) in pulmonary fibrosis. Int ] Mol Sci 2018;19:
E778.

Herzig S, Shaw RJ. AMPK: guardian of metabolism and mito-
chondrial homeostasis. Nat Rev Mol Cell Biol 2018;19:121-35.
O'Callaghan C, Vassilopoulos A. Sirtuins at the crossroads of
stemness, aging, and cancer. Aging Cell 2017;16:1208-18.

Lee SH, Lee JH, Lee HY, Min KJ. Sirtuin signaling in cellular
senescence and aging. BMB Rep 2019;52:24-34.

Canto C, Gerhart-Hines Z, Feige JN, Lagouge M, Noriega
L, Milne JC, et al. AMPK regulates energy expenditure by
modulating NAD+ metabolism and SIRT1 activity. Nature
2009;458:1056-60.

Rajendrasozhan S, Yang SR, Kinnula VL, Rahman 1. 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.

Yao H, Chung S, Hwang JW, Rajendrasozhan S, Sundar
IK, Dean DA, et al. SIRT1 protects against emphysema via
FOXO03-mediated reduction of premature senescence in
mice. ] Clin Invest 2012;122:2032-45.

Takasaka N, Araya J, Hara H, Ito S, Kobayashi K, Kurita Y, et al.
Autophagy induction by SIRT6 through attenuation of insu-
lin-like growth factor signaling is involved in the regulation
of human bronchial epithelial cell senescence. ] Immunol
2014;192:958-68.

Minagawa S, Araya J, Numata T, Nojiri S, Hara H, Yumino Y,
et al. Accelerated epithelial cell senescence in IPF and the
inhibitory role of SIRT6 in TGF-beta-induced senescence of
human bronchial epithelial cells. Am J Physiol Lung Cell Mol
Physiol 2011;300:1.391-401.

https://doi.org/10.4046/trd.2020.0003

75.

76.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Wyman AE, Noor Z, Fishelevich R, Lockatell V, Shah NG,
Todd NW, et al. Sirtuin 7 is decreased in pulmonary fibrosis
and regulates the fibrotic phenotype of lung fibroblasts. Am J
Physiol Lung Cell Mol Physiol 2017;312:1.945-58.

Hwang JW, Yao H, Caito S, Sundar IK, Rahman I. Redox regu-
lation of SIRT1 in inflammation and cellular senescence. Free
Radic Biol Med 2013;61:95-110.

. Piskovatska V, Stefanyshyn N, Storey KB, Vaiserman AM,

Lushchak O. Metformin as a geroprotector: experimental and
clinical evidence. Biogerontology 2019;20:33-48.

Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metfor-
min: from mechanisms of action to therapies. Cell Metab
2014;20:953-66.

Bishwakarma R, Zhang W, Lin YL, Kuo YE Cardenas V],
Sharma G. Metformin use and health care utilization in
patients with coexisting chronic obstructive pulmonary dis-
ease and diabetes mellitus. Int J] Chron Obstruct Pulmon Dis
2018;13:793-800.

Zhu A, Teng Y, Ge D, Zhang X, Hu M, Yao X. Role of metfor-
min in treatment of patients with chronic obstructive pulmo-
nary disease: a systematic review. ] Thorac Dis 2019;11:4371-
8.

Rangarajan S, Bone NB, Zmijewska AA, Jiang S, Park DW,
Bernard K, et al. Metformin reverses established lung fibrosis
in a bleomycin model. Nat Med 2018;24:1121-7.

Kheirollahi V, Wasnick RM, Biasin V, Vazquez-Armendariz
Al Chu X, Moiseenko A, et al. Metformin induces lipogenic
differentiation in myofibroblasts to reverse lung fibrosis. Nat
Commun 2019;10:2987.

Spagnolo P, Kreuter M, Maher TM, Wuyts W, Bonella E Corte
TJ, et al. Metformin does not affect clinically relevant out-
comes in patients with idiopathic pulmonary fibrosis. Respi-
ration 2018;96:314-22.

Tchkonia T, Zhu Y, van Deursen ], Campisi J, Kirkland JL. Cel-
lular senescence and the senescent secretory phenotype:
therapeutic opportunities. J Clin Invest 2013;123:966-72.
Royce GH, Brown-Borg HM, Deepa SS. The potential role
of necroptosis in inflammaging and aging. Geroscience
2019;41:795-811.

Canan CH, Gokhale NS, Carruthers B, Lafuse WP, Schlesinger
LS, Torrelles JB, et al. Characterization of lung inflammation
and its impact on macrophage function in aging. ] Leukoc
Biol 2014;96:473-80.

John-Schuster G, Gunter S, Hager K, Conlon TM, Eickelberg
O, Yildirim AO. Inflammaging increases susceptibility to ciga-
rette smoke-induced COPD. Oncotarget 2016;7:30068-83.

115



