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Abstract

The aging of the population in the United States and throughout
the developed world has increased morbidity and mortality
attributable to lung disease, while the morbidity and mortality
from other prevalent diseases has declined or remained stable.
Recognizing the importance of aging in the development of lung
disease, the American Thoracic Society (ATS) highlighted this
topic as a core theme for the 2014 annualmeeting. The relationship
between aging and lung disease was discussed in several oral
symposiums and poster sessions at the annual ATSmeeting. In this
article, we used the input gathered at the conference to develop
a broad framework and perspective to stimulate basic, clinical,

and translational research to understand how the aging process
contributes to the onset and/or progression of lung diseases. A
consistent theme that emerged from the conference was the need
to apply novel, systems-based approaches to integrate a growing
body of genomic, epigenomic, transcriptomic, and proteomic
data and elucidate the relationship between biologic hallmarks
of aging, altered lung function, and increased susceptibility to
lung diseases in the older population. The challenge remains to
causally link the molecular and cellular changes of aging with
age-related changes in lung physiology and disease susceptibility.
The purpose of this review is to stimulate further research
to identify new strategies to prevent or treat age-related lung
disease.

From 2000 to 2010, the proportion of the
U.S. population aged 65 years or older
increased from 12 to 15% and it is expected
to increase to 20% by 2030 (1). Worldwide,
life expectancy has dramatically increased
from 47 years in 1950–1955, to 69 years
in 2005–2010, and is expected to increase
to 76 years by 2050 (2). The aging of the
population in the United States and
throughout the developed world has been
associated with increases in morbidity and
mortality attributable to lung disease,
whereas the morbidity and mortality from
other prevalent diseases has declined or

remained stable. For example, chronic
obstructive pulmonary disease (COPD) has
risen to become the fourth leading cause
of death worldwide and the third leading
cause of death in the United States (3).
There is growing recognition that aging
contributes to the pathogenesis of a number
of chronic lung diseases; indeed, most lung
diseases are either largely restricted to
the elderly or are more severe in older
individuals. For example, in the United
States, the prevalence of COPD was
estimated at 3.2% among those aged 25–44
years and 10.3% among those 65–74 years

(4). Similarly, the mortality attributable to
COPD and pneumonia and the incidence
of idiopathic pulmonary fibrosis (IPF) all
increase with age (Figure 1). Advancing age
(i.e., aging) has been associated with
increased susceptibility to, and severity of,
both viral and bacterial pneumonia (5, 6).
Older patients are at increased risk for
developing the acute respiratory distress
syndrome (ARDS), likely reflecting
increased severity of both pneumonia and
sepsis, major risk factors for ARDS in
elderly patients (7, 8). Advanced age
increases the risk for nontuberculous
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mycobacterial infections and venous
thromboembolism, and an expanding body
of literature describes a surprisingly high
incidence and severity of asthma associated
with airway remodeling in elderly patients
(9–11).

Aging research has attracted the
curiosity and imagination of the scientific
research community throughout the history
of humankind. “Biological aging” is
characterized by a progressive loss of
physiological integrity, leading to impaired
function, increased frailty, and increased
vulnerability to death, which is common to
most living organisms (12). This disruption
is often associated with the slow and
gradual buildup of molecular damage from
environmental and metabolic stressors,
leading to a decrease in fitness and greater
susceptibility to disease. Aging researchers
debate whether these processes are
inevitable; at conception, two cells that are
chronologically decades old combine to
form a cell with a chronological age of zero,
suggesting the presence of biological
mechanisms for cellular rejuvenation,
a finding confirmed by experimental
success in cloning and in the generation
of induced pluripotent stem cells (13).
Investigators have been further energized
by discoveries in model organisms
suggesting that the rate of aging is at least
partially controlled by genetic pathways
and biochemical processes conserved in
evolution that can be manipulated to
extend the life span (14). More importantly,
many of these life span–extending
interventions are associated with
improvements in physiological function,
offering the promise of improving both
health span and life span (14, 15). Rapid
advances in new technologies including
high-throughput tools and systems-based

analyses are likely to lead to new
discoveries, including the identification of
key nodes in aging pathways that can be

targeted to slow down or treat age-related
lung diseases. We are in an era of resetting
the aging clock (13).

Recognizing the importance of aging
in the development of lung disease, the
American Thoracic Society (ATS) chose this
topic as the basic science core theme for the
2014 annual meeting, held in San Diego,
California. The relationship between
aging and lung disease, including COPD,
emphysema, and others, was discussed in
both oral symposiums and poster sessions at
the ATS meeting. In this article, we used the
input gathered from the participants to
develop a broad framework designed to
stimulate basic, clinical, and translational
research into how the aging process
contributes to the genesis and/or
progression of lung diseases. A consistent
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Figure 1. Lung disease is more common in the elderly. Estimates of annual U.S. death rates for
chronic obstructive pulmonary disease (COPD) and pneumonia and the estimated annual incidence
rate for idiopathic pulmonary fibrosis (IPF) are shown. Data from References 4, 107, and 108.
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Figure 2. Understanding aging hallmarks at the molecular level. Environmental factors including
infections, environmental toxins, and dietary risk factors can act through signaling pathways to
directly alter the structure and function of cellular proteins or can affect the proteome indirectly by
damaging genomic DNA or modulating gene transcription. In addition, signaling pathways activated
in response to environmental stress alter metabolism, which supplies energy and biosynthetic
intermediates for genome maintenance, gene transcription, and proteostasis. Some of the hallmarks
of aging (genomic instability, telomere attrition, epigenetic alterations, changes in noncoding RNAs
including microRNAs and alterations in proteostasis) are known to act primarily at the level of DNA,
RNA, or protein; however, their integrated effects on the genome, transcriptome, proteome, and
metabolome are not known. A similar approach combining fundamental mechanistic biology
with systems-based strategies is needed to understand how aging hallmarks including cellular
senescence, stem cell dysregulation, immune dysregulation and extracellular matrix dysfunction
contribute to the development of age-related lung disease. COPD= chronic obstructive pulmonary
disease; miRNA =micro-RNA; MODS=multiple organ dysfunction syndrome.
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theme that emerged from the ATS meeting
was the need to apply novel, systems-
based approaches, which can integrate
a growing body of genomic, epigenomic,
transcriptomic, and proteomic data to
explain the relationship between biologic
hallmarks of aging, altered lung function,
and lung diseases (Figure 2).

Several outstanding reviews in aging
biology have been published (16–19). In one
of these, the authors identified “tentative
hallmarks” characteristic of mammalian
aging: genomic instability, telomere
attrition, epigenetic alterations, loss of
proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular
senescence, stem cell exhaustion, and
altered intercellular communication (16).
We have begun to see incorporation of
these hallmarks into the studies of lung
aging. As shown in Figure 2, genomic
instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated
nutrient sensing, and mitochondrial
dysfunction directly alter the genome,
transcriptome, proteome, or metabolome
to drive biological phenotypes including
cellular senescence, stem cell dysfunction,
and immune dysregulation. We suggest
that extracellular matrix (ECM) alterations
represent another consequence of the
cellular changes of aging with particular
relevance to the lung (Figure 2). In this
article, we discuss these aging hallmarks to
elucidate the biology of aging, with special
emphasis on lung pathophysiology. The
need to causally link these molecular
and cellular hallmarks of aging with the
physiological changes seen in age-related
lung diseases represents an important
challenge in aging research.

Molecular Damage and
Subcellular Changes
with Aging

The molecular basis for some of the
hallmarks of aging has been described;
however, the interaction between these
molecular events and their contributions to
aging phenotypes in the complex milieu of
the lung remain obscure. Over the past two
decades, we have witnessed the complete
descriptions of the human genome, the
transcriptome down to the level of an
individual cell and, most recently, an early
draft of the proteome (20). New and faster
bioinformatics allow investigators to

develop and organize large datasets to
identify molecular signatures and networks
that can be examined over the life span at
the systems level. Although these studies
are in their infancy, current technology
allows examination of the interaction
between age-related telomere attrition,
epigenetic changes (DNA methylation,
histone acetylation, and miRNA
alterations), and proteostasis at the level of
the genome, transcriptome, and proteome,
using systems-based approaches (21).
A challenge for lung researchers will be
understanding how discrete changes at the
cellular and molecular levels that underlie
these hallmarks of aging affect intracellular,
intercellular, and endocrine networks and
their dynamic integration into the function
of the cell, lung, and the entire organism,
respectively (21). Doing so will help us
define the complex interrelated events that
occur during aging and develop potential
new approaches and therapeutics to
prevent, diagnose, and treat the many lung
diseases that disproportionately affect the
elderly.

The Aging Genome
The maintenance of the approximately 3
billion base pairs of DNA in lung cells
that constitute the human genome over
thousands of cell divisions over a lifetime
represents a remarkable achievement.
The lung is continuously exposed to
environmental stressors and toxins,
including air pollution, biomass particles,
cigarette smoke, and inhaled occupational
toxins, which damage the genome via the
generation of oxidative stress and other
mechanisms. There is substantial evidence
that the efficiency of DNA repair processes
declines with age, resulting in the
development of genomic instability,
a major aging hallmark (16, 22).
Nevertheless, our understanding of the
consequences of this genomic instability
on gene expression and protein function is
incomplete.

One of the first molecular mechanisms
of aging was discovered by researchers
asking how the ends of chromosomal
DNA could be reliably replicated, as the
mammalian DNA polymerase complex
cannot replicate DNA sequences at the
termini of chromosomes. In work that was
recognized by the Nobel Prize in Physiology
in 2009, Elizabeth Blackburn, Carol Greider,
and Jack Szostak discovered that to prevent
the loss of genetic information during

replication, cells are equipped with
repetitive DNA sequences that cap the ends
of the chromosomes, referred to as telomeres
(23). The progressive shortening of
telomeres with each cell division limits
the replicative life span of the cell (24). Cells
in the germline and stem cells express
telomerase, which allows the regeneration
of telomeres after cell division, extending
the replicative life span. Telomere attrition
has been implicated in the pathogenesis of
chronic lung diseases of aging; in particular,
patients with shortened telomeres are at
increased risk of developing pulmonary
fibrosis (25, 26) and telomere shortening
has been noted in patients with emphysema
(27), and the syndrome of combined
pulmonary fibrosis and emphysema (28).
Although telomere shortening has been
strongly associated with these disorders, the
underlying molecular mechanisms remain
obscure. Interestingly, shortening of
telomeres does not affect the fibrotic
response after an acute lung injury in
a commonly used animal model of fibrosis
(29, 30). Researchers are challenged to
understand the specific lung cell types in
which telomere attrition is limiting for
renewal, and the impact of telomerase-
related cellular phenotypes on the
histopathological, morphological, and
physiological changes seen in chronic
lung diseases.

Modification of the Transcriptome
during Aging
All of the cells in the body contain the same
complement of DNA, yet the phenotype of
each cell differs substantially. These changes
are in part attributable to epigenetic
alterations, which are mediated by DNA
methylation and histone modifications
through acetylation (histone
acetyltransferase) and deacetylation
(histone deacetylase), and noncoding RNAs
such as micro-RNAs. Epigenetic changes
can be induced by environmental factors,
many of which have been associated with
the development of lung disease including
diet, cigarette smoke, and air pollution
exposure. Some epigenetic changes may
be long lasting and can be passed on
to daughter cells, thereby providing
a mechanism by which environmental
exposures early in life, even in utero, can
influence the pattern of gene expression
decades later or in offspring of the exposed
individual. Aging is associated with marked
alterations in gene expression (31, 32),
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which is at least partly attributable to
epigenetic alterations (13). For example,
pioneering work in stem cell biology is
providing hints that the accumulation of
epigenetic changes in resident tissue stem
cells might represent an “aging clock” and,
even more importantly, that this clock
can be manipulated to produce more
youthful phenotypes (13, 33, 34). As lung
researchers study epigenetic changes in
the aging lung, it will be important to
understand whether they represent
signatures/biomarkers of disease or
whether they influence the dynamics of
aging and age-associated diseases such as
COPD, emphysema, and fibrosis. For
example, changes in histone acetylation
have been suggested to increase the risk of
pulmonary fibrosis and alter the response
to therapy in patients with COPD (35–37).
Epigenomic studies of other age-related
chronic lung diseases are underway, with
more recent studies reporting the results of
global DNA methylation in patients with
IPF (38–40). Understanding the impact of
these epigenetic changes on functional
networks in the lung and determining
whether reversing them could delay lung
aging or age-associated lung diseases is
an active area of investigation. Certain
epigenetics-modifying drugs (e.g., SIRT1
activators) are in development for COPD
and some agents currently used in the
treatment of COPD may exert their effects
by inhibiting histone deacetylase activity
(35–37, 41).

Noncoding micro-RNAs recognize
specific sequences in mRNA molecules,
reducing the expression of the proteins they
encode. Each micro-RNA may modulate the
expression of hundreds of genes. Increased or
decreased expression of micro-RNAs has
been implicated in the pathogenesis of
both COPD (42–44) and IPF (45–50). Of
particular interest is micro-RNA-29, which
is down-regulated in IPF (51), and targets
a number of genes encoding extracellular
matrix proteins while inducing fibroblast
proliferation (52). Large-scale sequencing
analyses have revealed the presence of
hundreds of other noncoding RNAs;
determining their function and role in
the development of lung disease is an
important area of investigation.

Maintenance of the Aging Proteome
through Proteostasis
Before the last decade, gene expression was
seldom considered beyond the translation

of mRNA into protein; however, the goal
of gene transcription and the ultimate
determinant of cellular phenotype and
function is the generation of a functional
proteome. This is a massive undertaking
requiring the synthesis of close to 6 amino
acids per second from 3 million ribosomes
in each cell and requiring on average 3,000
ATP molecules for each protein (53). These
nascent proteins must be folded and
transported to the proper intracellular
location to function, and rigorous quality
control mechanisms must be present to
remove proteins that are improperly
synthesized or folded, aggregated, or
damaged. This generation and destruction
of proteins is dynamically regulated
through a series of interconnected pathways
that collectively maintain protein
homeostasis, referred to as “proteostasis”
(54). Proteostasis begins during nascent
protein synthesis on the ribosome, where
a coordinated system of molecular
chaperones ensures proper folding to
achieve the native state. Cytosolic and
compartmentalized (exocytic and endocytic)
pathways are managed by distinct
proteostasis networks reflecting their roles in
cell, tissue, and host biology. With aging,
some proteins are mistranslated, misfolded,
or incorrectly trafficked and their function is
compromised either spontaneously or in
response to posttranslational modifications
induced by environmental or intrinsic
metabolic stressors (55). These proteins are
sequestered and targeted for degradation
through three major protein degradation
hubs in the cell: the ubiquitin–proteasome
system (UPS), cytosolic autophagy
pathways, and the compartmentalized
lysosomal pathway, the latter serving as
the ultimate end point of autophagy.
Failure of these pathways can result in the
accumulation of misfolded or damaged
proteins, which can compete with nascent
proteins for folding chaperones and form
toxic aggregates. Environmental factors,
including cigarette smoke or air pollution
exposure, and diet, either directly or via
changes in metabolism, can accelerate
protein damage and induce proteostatic
stress.

Disordered proteostasis plays
a fundamental role in neurodegeneration
during aging and is becoming an active area
of investigation in the lung (56). The
function of the proteasome, which is
responsible for the ubiquitin-mediated
destruction of proteins, may be impaired

by environmental challenges, disrupting
proteostasis and contributing to COPD
pathogenesis (57). Consistent with these
findings, the function of the UPS declines
during aging and may contribute to the
development of disease (58). The activation
of autophagy pathways has been implicated
in the life span–extending effects of
nutrient deprivation; paradoxically,
increased autophagy has been shown to
contribute to the development of COPD
(59) and acute lung injury (60), whereas
decreased autophagy has been reported in
IPF (61). Genetic mutations in the cystic
fibrosis transmembrane conductance
regulator that underlie the development of
cystic fibrosis result in improper folding
and trafficking of the protein (62).
Similarly, mutations in the gene encoding
a1-antitrypsin result in the accumulation
of toxic intracellular aggregates (63).
Mutations in surfactant protein C that
result in the accumulation of misfolded
protein, and defects in intracellular
trafficking pathways in patients with
Hermansky–Pudlak syndrome, have been
shown to play a critical role in familial
fibrotic disorders (64). In each of these
examples, chaperone and degradative
systems attempt to maintain proteostasis,
which may be overwhelmed by additional
challenges imposed by environmental
stressors such as cigarette smoke,
suggesting a possible genetic and
environmental age limit for proteostasis
management. Consistent with this view,
stress responses designed to combat the
accumulation of misfolded proteins in the
aging cell, collectively referred to as the
“heat shock response,” were suggested to
paradoxically worsen the trapping of
slightly misfolded or nonfunctional
proteins, creating a vicious cycle of
proteostatic stress and functional decline
(65). The publication of the draft human
proteome and ongoing technological
advances in proteomics will allow
investigators to systematically examine
changes to the proteome and its response to
stress with advancing age (20).

Metabolomics and Aging
The synthesis and maintenance of the
genome, transcriptome, and proteome
require high-energy intermediates and
biosynthetic substrates provided by a group
of biochemical pathways collectively
referred to as metabolism (66). In the
genomic era, metabolism has been
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considered to play a passive role relative to
signaling, gene transcription, and cellular
function through the production of
substrates and energy. It is increasingly
recognized, however, that many
environmental factors that drive disease
pathogenesis, for example, diet and
exercise, act primarily by changing the
activity of metabolic pathways. Indeed,
many of the interventions that prolong
the life span in model organisms activate
signaling through metabolic pathways. In
mice, manipulating the levels of dietary
folate can alter the level of gene methylation
(discussed previously) to cause observable
phenotypes. These results suggest that
alterations in metabolism might play
a primary role in the onset and
development of age-related lung disease.

Mitochondria serve as metabolic hubs
of the cell, providing ATP and metabolic
intermediates required for DNA, RNA, and
amino acid synthesis, and as signaling
organelles important for cellular adaptation
to environmental challenges. Changes in
mitochondrial function have been
implicated in regulating the life span of
model organisms (14). Aging is associated
with a decline in the number of
mitochondria, mitochondrial DNA copy
number, and mitochondrial protein levels
in rodents and humans (67–71). This may
lead to a loss of mitochondrial capacity and
place a metabolic limit on cellular function,
resulting in increased susceptibility to
catastrophic metabolic failure in response
to genomic and proteomic stress, thereby
contributing to lung frailty during aging.
Other investigators have challenged this
paradigm, suggesting that reduced
mitochondrial capacity is an adaptive
strategy undertaken by the cell to create an
imbalance between mitochondrial proteins
encoded by the nuclear and mitochondrial
DNA and/or promote the generation of
nanomolar concentrations of reactive
oxygen species to induce regenerative or
reparative processes (72, 73). A possible
resolution comes from the observation that
both reduced and increased mitochondrial
capacity can activate the mitochondrial
unfolded protein response, a coordinated
stress response that activates transcription
of nuclear DNA–encoded mitochondrial
chaperones to preserve proteostasis
and resilience (73). A more detailed
understanding of the impact of the complex
metabolic changes that occur with aging
on subcellular, cellular, and organismal

genomic and proteomic signaling networks
may explain why some therapies, for
example, dietary antioxidants, have failed to
show direct benefit, or may even be harmful
in the prevention and treatment of age-
related lung disease.

Cellular Phenotypes of Aging

Environmental factors and changes in
gene expression alter the proteome and
metabolome over the life span to induce
profound changes in cellular phenotypes
that are strongly associated with lung aging.
These cellular phenotypes include cellular
senescence, stem cell dysfunction, immune
dysregulation, and ECM alterations among
others. The molecular pathways that drive
many of these phenotypes have been
described in detail; however, we are only
beginning to understand how these
processes contribute to age-related lung
disease in the context of intracellular and
intercellular functional and signaling
networks.

Cellular Senescence and Aging
Cellular senescence is broadly defined
as a state of stable growth arrest in
combination with distinctive phenotypic
changes that include profound alterations in
chromatin and in the secretome (74, 75).
A number of stimuli, both intrinsic and
extrinsic, can mediate senescence via well-
described signaling networks that converge
on tumor suppressor pathways to induce
stable cell cycle arrest (75). There is an
emerging view that cellular senescence may
mediate beneficial or detrimental effects
depending on its contextual roles in
embryogenesis, tissue repair, tumor
suppression, aging, and age-related diseases
(74, 75). There is evidence for senescence of
a variety of cell types in lungs of patients
with both emphysema (76, 77) and IPF (78,
79). The differences in tissue remodeling in
these clinical syndromes may ultimately
be dependent on the specific cell types
involved (80), or on the resulting fate of
senescent cells, for example, apoptosis (81)
versus apoptosis resistance (79).

Stem Cells and Aging
The maintenance of tissues/organs and their
function are intricately coupled to innate
regenerative processes that maintain not
only proper cell numbers (homeostasis), but
also repair and replace damaged cells

after injury. Evidence suggests that the
regenerative potential in most tissues is
dictated by functional stem and progenitor
cells, which respond to cues provided by the
tissue microenvironment to restore tissue
integrity and function. The importance of
the stem cell niche in the development of
aging phenotypes and the susceptibility
of tissues and organs to disease is increasingly
recognized and has been the subject of
several reviews (13, 19). It is hypothesized
that during aging, the maintenance and/or
restorative function of the stem cell pools
progressively declines, perhaps via the
accumulation of epigenetic marks (13).
This concept of stem cell exhaustion has
been suggested to play a role in age-related
diseases including emphysema and IPF;
however, the evidence is not definitive (80,
82). Several groups of investigators have
worked to identify stem cell populations in
the lung and determine their role in tissue
homeostasis and function during lung
aging and disease. Although the low
turnover rate of cells within the mouse
lung makes these studies challenging,
these investigators have identified a
hierarchically arranged system of
partially differentiated self-renewing cells
scattered throughout the airways and the
distal lung epithelium (83) including basal
cells in the trachea and bronchi (84) and
type 2 cells in the alveolar compartment
(85, 86). In addition, investigators have
identified a population of lung-resident
mesenchymal stem cells (MSCs) (87, 88),
which may modulate epithelial stem cell
behavior via interactions in stem cell
niches (89) and serve as stromal cell
progenitors for tissue repair. At present,
the precise identity and/or location of
MSCs and other mesenchymal progenitors
are unclear, even in the mouse lung, and
little is known about the location,
function, and markers of stem cell pools in
the human lung. Emerging data suggest
that mesenchymal cells/fibroblasts in
fibroblastic foci in lungs of patients with
IPF display a senescent phenotype, and
this change may contribute to the
persistent fibrosis observed in the lungs of
aged injured mice (79). Identification of
factors or signals that modulate stem/
progenitor cell proliferation and
quiescence in both the epithelial and
mesenchymal compartments would be
invaluable for the design of stem
cell–based therapies to restore lung
resilience and ameliorate lung disease.
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Immune Dysregulation and Aging
Aging introduces alterations in both innate
and adaptive immunity that negatively
impact cellular defense mechanisms against
pathogens and environmental insults.
Innate immune responses such as
recognition of bacterial antigens through
Toll-like receptors are blunted (90), and the
chemotaxis and phagocytic capacity of
neutrophils and macrophages is reduced
(91). Abnormalities in macrophage
polarization (92) and bioenergetics can lead
to dysregulated inflammation. Adaptive
immune abnormalities are seen in both T
and B cells (93). Antigen-presenting cells
such as dendritic cells demonstrate poor
homing and migration during a viral
challenge such as influenza; both the quality
and quantity of antibody production to
immunizations are inhibited (94, 95).

Immune dysregulation in aging may
also be characterized by nonspecific
inflammation in the absence of an antigenic
challenge; this is often associated with an
increase in circulating cytokines such as
tumor necrosis factor-a, IL-b, and IL-6 and
has been described as inflamm-aging (96).
Inflamm-aging may represent part of the
spectrum of the senescence-associated
secretory phenotype that may exert
a profound influence on neighboring cells
(97). It has been suggested that the chronic
low-level inflammation seen in the elderly
might explain the increased burden of
disease in elderly patients with asthma (98).
Further studies are required to determine the
specific roles for inflamm-aging in chronic
lung diseases associated with aging, and the
role of immunosenescence in the impaired
responses to infections in the elderly.

Extracellular Matrix Changes
during Aging
Aging is known to be associated with
changes in the ECM and the extracellular
proteome in almost all organs (99), although
the precise alterations and their specific
roles in disorders of tissue remodeling in
the lung are largely unknown. Most chronic
lung diseases, in particular COPD and IPF,
are characterized by alterations in the
expression, deposition, degradation, and/or
turnover of the ECM (100). Initially
considered an end consequence of tissue
injury, ECM remodeling is now recognized
to occur early after lung injury, and is
proposed to render the host susceptible to
disrepair and drive disease progression (51,
101). This is possible because lung cells

express surface receptors (e.g., integrins)
capable of binding ligands in the ECM to
activate biochemical and biomechanical
signals that regulate gene expression and
influence biological processes ranging from
cellular proliferation and differentiation
to inflammation, fibrogenesis, and
carcinogenesis.

The aging lung is characterized by
higher levels of collagen deposition with
decreased elastin expression, among other
findings, which promulgated the long-held
view of “senile emphysema” (102, 103).
Studies in decellularized human lungs and
in aging rodent lungs confirm alterations
in the expression of collagens, fibronectin,
and matrix metalloproteinases (104, 105).
Aging-related biochemical changes of the
ECM may involve differential rates of
collagen fiber biosynthesis, enzymatic or
nonenzymatic cross-linking reactions, and
turnover of ECM components. Such
changes will alter the biomechanical and
topographic properties of the ECM,
resulting in aberrant cell signaling and
phenotypes. Studies designed to evaluate
the relative contribution of distinct ECM
components to tissue physiology (e.g.,
tension) and biological processes during
aging and age-related disease should be
pursued.

Challenges in Studying the
Aging Lung

As chronological aging begins at birth, the first
challenge that aging investigators encounter is
deciding when to begin looking for age-related
functional and cellular/molecular changes in
complex pulmonary systems. Although studies
focused on developmental pathways have
provided remarkable insights, they should be
complemented by studies conducted in aged
organisms. Another challenge is identifying
experimentally tractable model systems for the
study of lung aging. Invertebrate models, with
life spans measured in days or weeks, have
proven invaluable for identifying themolecular
underpinnings of aging. Although the
usefulness of rodent models is limited, the use
of murine models in particular offers the
opportunity to genetically examine the
importance of age-related cellular/molecular
pathways relevant to human aging. These and
other aged mammalian models are necessary
to determine whether the age-related decline
in lung function and the increased severity
of lung disease in older mammals are

driven by stochastic processes that develop
dysynchronously in different organs in
response to accumulating environmental
damage, or by coordinated, genetically
programmed largely synchronous process as
described in model organisms (106). In
recognition of the cost and time needed to age
animals for studies in the laboratory, the
National Institute on Aging (NIA) maintains
several biological and data informatics
resources, including aged rodent colonies, an
aged rodent tissue bank, and a nonhuman
primate tissue bank. These resources are
available for NIA- and NIH-supported
investigators (http://www.nia.nih.gov/
research/scientific-resources). Finally,
researchers are faced with the challenge of
integrating aging pathways or hallmarks
identified in cells, tissues, and model systems
into a conceptual framework to identify
common key nodes in aging biology that
can be targeted for the development of
therapeutics to prevent or treat age-related
lung disease.

Conclusions

Aging is a major risk factor for the
development of virtually every lung disease.
Many of the important hallmarks of aging
are found in the aging lung, and an
increasing body of evidence suggests that
these changes contribute to the high
incidence of lung diseases in the elderly.
In this era of unprecedented technology
framed by the perspectives of personalized
medicine, we are presented with both the
opportunity and challenge of integrating the
hallmarks of aging to define common aging
and disease-relevant pathways in the
lung. Newly evolving technologies and
informatics tools allow for studies of the
genome, transcriptome, and proteome at the
resolution of single cells and their associated
ECM over the life span. These tools will also
allow us to link aging hallmarks with
morphological, metabolic, and cellular
changes that impact lung physiology. More
importantly, these tools offer the promise of
translating findings in isolated cells and
mice to the study of the intact lungs of
elderly and diseased patients in vivo. It is
possible to envision a future in which these
advancements will become the framework
for devising new strategies to prevent,
diagnose, and treat lung diseases that
impact the life span and health span of our
aging population. n
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