Chapter 12
Aging and IPF: What Is the Link?

Moisés Selman, Yair Romero, and Annie Pardo

Abstract Idiopathic pulmonary fibrosis (IPF) is a progressive and usually lethal
interstitial lung disease of unknown etiology that is characterized by epithelial cell
injury and aberrant activation, expansion of the mesenchymal cell population with the
formation of fibroblast/myofibroblast foci, and exaggerated extracellular matrix accu-
mulation. IPF is an aging-related disease, and most patients are over 60 years of age
at the time of clinical presentation and diagnosis. Age also influences mortality, and
the median survival time is significantly shorter in older individuals compared with
younger patients. However, the fundamental mechanisms linking aging to IPF remain
unclear. In this chapter, we will discuss some of the modifications naturally occurring
in the elderly that may be implicated in the pathogenesis of IPF, including endoplas-
mic reticulum stress, oxidative stress, mitochondrial dysfunction, dysregulated
autophagy, telomere attrition, and a number of epigenetic changes.
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Introduction
Aging

Aging is a complex process that is characterized by the progressive decline of the
capacity to properly resolve the interaction between injury and repair, leading to pro-
gressive multi-organ deterioration and an elevated risk of disease. Aging is associated
with the accumulation of damage to molecules, cells, and tissues over a lifetime,
which leads to frailty and malfunction [1]. Two theories prevail regarding the aging
process; specifically these include the programmed and the damage theories. The pro-
grammed concept holds the notion that cells or systems have a biological clock that is
responsible for switching on deterioration (programmed longevity, telomere shorten-
ing, and immunological changes). The damage theory includes the cumulative effects
of oxidative stress caused by free radicals, DNA damage, and other perpetuators.
However, no single universal theory fully explains the aging process [2].

Molecular Mechanisms of Aging

Currently, there are multiple modifications that appear to be involved in aging.
These include oxidative stress, telomere shortening, heterochromatin loss, autoph-
agy, senescence, and epigenetic changes. Multilevel combinations and interactions
of these processes may participate in the normal aging process and explain the
development of age-related diseases.

Epigenetic Changes

Epigenetic modifications, including DNA methylation, histone modifications, non-
coding RNA, nucleosome positioning, and chromatin arrangement, play central roles
in controlling changes in gene expression and genome instability during aging [3].

DNA Methylation

DNA methylation is the epigenetic change most frequently studied. In this process,
DNA methyltransferases transfer a methyl group from S-adenosyl-methionine to
the C5 position of the pyrimidine ring of cytosine residues in genomic CpG dinucle-
otides [4]. Hypermethylation in gene promoter or CpG island regions has been
shown to repress, while hypomethylation enhances, gene expression [5, 6].
Importantly, DNA methylation does not occur exclusively at CpG islands but also in
the so-called CpG island shores (regions of lower CpG density that lie in close prox-
imity (~2 kb) of CpG islands), which are also closely associated with transcriptional
inactivation.
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Different methylation patterns have far-reaching implications for human biol-
ogy and age-related diseases. With aging, a global hypomethylation process
together with hypermethylation of a number of specific loci has been described.
Loss of global DNA methylation over time has also been reported in cancer, but
this loss is in repetitive sequences, and its effects on aging are unclear [7]. Likewise,
multiple genes from tumor suppressor factors, DNA-binding factors, and tran-
scription factors are increasingly methylated with age [8, 9]. In general, cancer
cells are characterized by a massive global loss of DNA methylation, while spe-
cific patterns of hypermethylation at the CpG islands of certain promoters are often
acquired [10].

Histone Modifications

Histones are basic proteins that interact with DNA, and their posttranslational modi-
fications affect accessibility of diverse transcription factors to the genome. Normally,
the nucleosome is composed of a histone octamer with two groups of H2A, H2B,
H3, and H4. Histone H1 is located between each nucleosome, which is subject to
many types of posttranslational modifications (e.g., methylation, acetylation, phos-
phorylation, ubiquitination, SUMOylation), especially on their flexible amino-
terminal tails [11].

The main histone modifications are acetylation and methylation. Histone hyper-
acetylation is characterized by a relaxed chromatin structure and active gene tran-
scription, while deacetylation is linked with a compact and inactive chromatin
structure. Histones can become mono-, di-, or trimethylated, and the functional
consequences depend on the number of methyl groups, the residue itself, and its
location within the histone tail. Repression marks could play a pivotal role in
aging. Loss of H3K27 trimethylation via downregulation of the histone methyl-
transferase, EzH2, in humans could be associated with aging [12]. Likewise,
H4K 16 hypoacetylation, which is caused by the reduced association of a histone
acetyltransferase, leads to early onset of cellular senescence [13].

Nucleosome Positioning and Chromatin Arrangement in the Nucleus

Chromatin involves DNA and all associated proteins, but their configuration and
distribution along the nucleus are still poorly characterized. The fundamental unit
of chromatin is the nucleosome, and ATP-dependent chromatin-remodeling com-
plexes, which alter nucleosome composition and positioning, are necessary to
increase DNA accessibility and to carry out transcription as well as DNA repair
[14]. In terms of its transcriptional state, euchromatin is transcriptionally active
and is characterized by high levels of acetylation and trimethylated H3K4, H3K36,
and H3K79. In contrast, heterochromatin contains low levels of acetylation and
high levels of H3K9, H3K27, and H4K20 methylation and is related to transcrip-
tional repression.
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A heterochromatin loss model of aging has been proposed, which suggests that
heterochromatin domains that were established during embryogenesis decline with
the aging process [15]. Recent observations indicate a significant interdependence
between heterochromatin, epigenetic landscape, and aging [16]. Evidence indicates
that epigenetics have a fundamental role in aging; mainly, H3K27me3 and acetyla-
tion on H4K 16, which are both repressive marks, decline over time [17]. However,
detection of numerous noncoding RNAs from heterochromatic regions challenges
the concept of heterochromatin as a transcriptionally inactive region [18].

Noncoding RNA

Recent evidence supports the notion that noncoding RNAs play a critical and dynamic
role in transcriptional regulation and epigenetic signaling [19]. Based on its length, non-
coding RNAs can be divided into at least three groups: short ncRNA, including
microRNA (miRNA; 22-23 nts) and piwi-interacting RNA (piRNA; 26-31 nts);
medium ncRNA (50-200 nts); and long ncRNA (>200 nts). miRNAs are the best char-
acterized and are primarily involved in posttranscriptional regulation of mRNA [20].

Recent studies demonstrate that diverse miRNAs are differentially expressed
during aging. In general, the patterns of miRNA expression during aging appear to
be tissue specific. For example, miR-669¢ and miR-709 levels are increased in mid-
age (18-month to 33-month) murine liver tissue, whereas miR-93 and miR-214 are
increased in extremely old (33-month) mice compared with 4- or 10-month-old
mice [21]. Likewise, upregulation of miR-143 induces senescence in human fibro-
blasts [22]. Actually, many miRNAs seem to be key modulators of cellular senes-
cence and influence specific senescence-regulatory proteins [23].

Oxidative Stress, Autophagy, and Caloric Restriction

Accumulation of damage contributes to the aging phenotype and to age-related dis-
eases. Three key processes, oxidative stress, autophagy, and caloric restriction, can
increase, reduce, or prevent damage that causes cellular dysfunction.

Oxidative Stress

Reactive oxygen species (ROS) are mainly produced in the mitochondria and affect
cell function when an imbalance occurs between the production of ROS and the
activity of detoxification enzymes such as superoxide dismutases, catalases, gluta-
thione peroxidases, and peroxiredoxins. Strong evidence supports that the average
life span is inversely correlated with the rate of mitochondrial superoxide anions
and hydrogen peroxide generation. Moreover, the rates of ROS production from
mitochondria increase with age in the brain, heart, and kidney of mice [24]. In addi-
tion, a wide spectrum of alterations in mitochondria and mitochondrial DNA have
been observed with aging, including disorganization of mitochondrial structure,
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decline in mitochondrial oxidative phosphorylation function, and accumulation of
mtDNA mutations [24].

Autophagy

Autophagy is a homeostatic process of self-degradation of cellular components.
There are three general types of autophagy: microautophagy, chaperone-mediated
autophagy (CMA), and macroautophagy. Macroautophagy is the most widely stud-
ied process and represents the major pathway of degradation under basal cellular
activity. It is usually upregulated by several stimuli that include starvation, hypoxia,
microbial infection, endoplasmic reticulum (ER) stress, and oxidative stress [25].
Damaged, superfluous macromolecules or organelles must be isolated from cytosol
by autophagosomes. The formation of phagophores requires generation of phospho-
lipid “PtdIns3p” and involvement of two ubiquitin-like systems: LC3 and ATGS5-
12-16. Phagophores expand to form complete autophagosomes with a double
membrane, and the external membrane merges with the lysosome membrane to
degrade internal vesicles. CMA is a selective autophagy of soluble proteins that
requires unfolding of the cargo protein before entering lysosomes and interacting
with a receptor protein, lysosome-associated protein type 2A (LAMP-2A). In
microautophagy, the lysosomal membrane itself invaginates to trap the cargo.

Importantly, autophagy declines with age and causes accumulation of toxic
metabolites in the cell, which may be due to a specific CMA failure and to an unsat-
isfactory degradation of lysosomes [26, 27].

Microautophagy represents the specific degradation of mitochondria, which are
very susceptible to damage in aging, and it is involved with the unfolding protein
response (UPR) in the endoplasmic reticulum that can activate apoptosis [28, 29].

Defects in the cellular machinery that mediate autophagy are present in almost
all age-related diseases, including cancer, metabolic disorders, and neurodegenera-
tive diseases. Evidence shows that autophagy activity must be maintained in order
to extend life span in various genetically modified organisms, and autophagy-related
proteins have been shown to directly mediate longevity pathways [30].

Senescence and Telomere Shortening

Cellular senescence is synonymous with an irreversible arrest of cell growth.
In normal replicative senescence, the cell simply enters senescence after a certain
number of replications, which is primarily related to a progressive shortening of
telomeres [31]. In addition, differential expression of p53 isoforms and of the reti-
noblastoma tumor suppressor protein and its signaling partners including
pl6INK4A (a cyclin-dependent kinase inhibitor) has been linked to replicative
senescence [32]. However, premature senescence can be induced in the absence of
any detectable telomere loss or dysfunction by a variety of stresses. In general, if
DNA damage exceeds a certain threshold, cells are destined to undergo either
apoptosis or senescence.
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Telomere Shortening

Telomeres are tandem arrays of duplex 5'-TTAGGG-3' repeats located at the ends
of eukaryotic chromosomes that protect them from degradation and DNA repair
activities. The maintenance of telomeres depends on a specialized ribonucleopro-
tein, telomerase, which is an RNA-dependent DNA polymerase that can synthesize
telomeric repeats and extend telomeres de novo during cell division [33].
Telomerases have two essential components: telomerase reverse transcriptase
(TERT) and RNA template (TR). After birth, telomerase is silenced in most somatic
cells, and telomeres progressively shorten with aging [31, 34]. Critically short telo-
meres cannot be repaired by any of the known DNA repair mechanisms, and short-
ened telomeres consequently trigger a persistent DNA damage response that leads
to cellular senescence and/or apoptosis that eventually compromises tissue regen-
erative capacity and function, which contributes to organismal aging [34].

Aging Lung

Most of the age-related functional changes in the respiratory system involve altera-
tions in the lung itself as well as a decrease in compliance of the chest wall and a
decrease in the strength of the respiratory muscles, which affects control of breath-
ing. However, the rate of progression of these changes can differ greatly from per-
son to person.

The aging lung is characterized by decreased static elastic recoil, dilatation of
alveolar ducts and alveoli with a loss of gas exchange surface area, and a decline in
the number of capillaries per alveolus, which is often referred to as “senile emphy-
sema.” This goes along with a decrease in the diameter of small airways that
increases their tendency to close at a given lung volume, which leads to a decrease
in expiratory flows and elicits an increase in residual volume at the expense of vital
capacity [35]. Concomitantly, there is an increase in lung compliance while chest
wall compliance progressively declines, which is presumably related to calcification
and other structural changes within the rib cage and its articulations [36].

Extracellular Matrix

The decrease in the lung elastic recoil has been associated with structural and func-
tional alterations in the extracellular matrix (ECM) of the lung parenchyma.
Collagens and elastin are the main proteins in the ECM that comprise the scaffold
of the alveolar structures and are central in determining the mechanical properties
of lung parenchyma. In general, elastic fibers primarily influence lung compliance
at the lower pressure range, while collagen fibrils become more important at high
lung volumes where inflation becomes limited. Several studies have demonstrated
that changes in lung mechanics are associated with structural modifications of the
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lung ECM. Collagens are the most abundant proteins of the ECM, and collagens
represent 15 % to 20 % of the total dry weight of lung tissue. The collagen family is
constituted by 28 different types of collagen proteins that together with other ECM
components organize a complex network in the lung tissue. Fibrillar types I and III
collagens are the most abundant and represent 90 % of the total lung collagen.

Many age-associated alterations of organs and tissues are associated with
changes of the ECM proteins. Such changes include differences in posttranslational
modifications of glycoproteins such as advanced glycation end-products (AGEs),
which in turn influence the turnover of other glycoproteins [37].

Glycation, glycoxidation, and cross-linking of collagens are increased in many
aged tissues, which cause changes of physical properties that include fiber stiffness
and higher resistance to degradation [37, 38]. Studies in mice have shown that the
process of aging contributes to an altered lung ECM, including fibrillar collagens
and the AGE load [39].

It is unclear how the total collagen lung content changes with aging. Some bio-
chemical studies in experimental models describe no changes, an increase, or a
decrease in collagen proteins in response to lung aging [40-43]. The different
results might be related to differences in the methodological procedures used to
measure lung collagen content.

Although there is also some debate about the total elastin content in old lung tis-
sue, it appears that functionally intact elastin is reduced with aging, which could
also be influenced by an increased modification with AGEs [44, 45].

Immune Response

The aging lung exhibits an increased susceptibility to infections and inflammation,
and alterations in both the innate and adaptive arms of the immune system have
been implicated.

During the aging process, the lungs usually exhibit some degree of inflammation,
even in healthy individuals. Thus, there is evidence for an augmented proinflamma-
tory milieu, with increased levels of cytokines and acute-phase molecules in associa-
tion with functional decline, a phenomenon that has been termed the “inflamm-aging”
[46]. Furthermore, increased levels of interleukin (IL)-1, IL-6, IL-8, IL-18, IL-1
receptor antagonist, and tumor necrosis factor (TNF)-alpha are found in plasma,
serum, and mononuclear blood cell culture from elderly subjects [47].

Additionally, a number of alterations in the T-cell-mediated immune response
that affect the function and proportions of T-cell subsets are associated with advanc-
ing age. Immunosenescence, characterized by a reduction of naive T-cells and a
shrinking T-cell repertoire, is a well-recognized phenomenon in humans and ani-
mals and is likely responsible for the increased susceptibility to infections and can-
cer in older individuals [48]. Numerous studies indicate that aging is associated
with impaired influenza virus-specific T-cell responses that may be related to a
decreased frequency of naive T-cells as well as diminished function of memory and
effector T-cells [49]. A decreased memory CD4+ T-cell response to the influenza
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vaccine has been reported in the elderly, and the CD8+ T-cell response to the influ-
enza virus also diminishes with advancing age [50, 51].

Specifically relevant to the fibrotic response, normal aging is associated with a
shift in T lymphocytes from a predominantly Thl phenotype to a predominantly
Th2 phenotype, which is especially evident in frail older people. The Th2-like
response promotes the expression of profibrotic factors, and Th2-biased animals are
more susceptible to lung injury and fibrosis [52]. Humans with chronic fibrotic lung
disease also demonstrate a Th2-biased phenotype [52].

Toll-like receptors (TLRs), initially described as pattern-recognition receptors
that identify and protect against microbes, can display impaired function with aging.
Specifically, TLR4 function declines with age or cigarette smoke exposure in
humans. Furthermore, mice deficient in TLR4 exhibit age-related lung enlargement
that is similar, both histologically and functionally, to human lung emphysema.
Additionally, TLR4 deficiency is associated with increased reactive oxygen species
generation, collectively referred to as oxidant stress, via the upregulation of the
NADPH oxidase, Nox3 [53].

Oxidative Stress

Increased oxidative stress, resulting from an imbalance of pro-oxidants and antioxi-
dants, occurs with aging, and the excessive, destructive presence of reactive oxygen
species can adversely affect the lung. Senescence of the pulmonary endothelium is
implicated in susceptibility to oxidative stress, impaired nitric oxide signaling, and
insufficient tissue repair and regeneration [54]. In general, enzymes implicated in
the cytoprotective reduction of ROS, such as Cu/Zn superoxide dismutase and
NADPH oxidase (among others), tend to have decreased levels in aged pulmonary
endothelial cells [55].

Epigenetic Changes in the Aging Lung

Age-related changes in DNA methylation, as described above, have been implicated
in cellular senescence and longevity, although the causes and functional conse-
quences in the lungs remain unclear. Lepeule et al. examined the relationships
between DNA methylation in nine genes related to inflammation and lung function
in a cohort of 756 elderly men (73.3 + 6.7 years old) [55]. They found that older
people had decreased DNA methylation in the carnitine O-acetyltransferase
(CRAT), coagulation factor-3 (F3), and Toll-like receptor-2 (TLR2) genes that was
significantly associated with lower values for forced vital capacity (FVC) and forced
expiratory volume in 1 s (FEV1). This decline in lung function is considered to be
related to changes in the large airways. By contrast, decreased methylation in
interferon-gamma (IFNy) and IL-6 genes was paradoxically associated with better
lung function. This finding might be explained by the varying roles of IFNy and
IL-6, which may display pro- and anti-inflammatory activities [55].
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In summary, the cellular and molecular mechanisms of physiological aging and
their association with various lung diseases are still not well understood. Oxidative
stress, telomere length regulation, cellular immunosenescence, epigenetic changes,
and ECM modifications probably represent some of the key mechanisms that
account for declining lung function with advanced age.

Aging in the Pathogenesis of Idiopathic
Pulmonary Fibrosis (IPF)

IPF is a progressive and lethal lung disease of unclear etiology that primarily affects
older patients. Symptoms usually occur between ages 50 and 70, and most patients
are older than 60 years at the time of clinical presentation and diagnosis. Both the
prevalence and incidence of IPF increase markedly with advancing age, particularly
after the sixth decade, with a prevalence that has been estimated to exceed 175 cases
per 100,000 individuals over 75 years of age [56]. Age also influences mortality,
and the median survival time is significantly shorter in older individuals compared
with younger patients [57].

Interestingly, predominantly subpleural basal reticular abnormalities on high-
resolution computed tomography (HRCT) have been identified in a large number of
asymptomatic individuals over 75 years of age, whereas these findings are virtually
absent in those under 55 years old [58]. In addition, cysts can be seen in 25 % of subjects
in the older age group. Bronchial dilation and wall thickening are also seen significantly
more often in older individuals compared to a those in a younger age group. Importantly,
all these findings have been demonstrated as independent of pack-year smoking history
and indicate that some older individuals may develop interstitial lung abnormalities sug-
gestive of possible UIP without apparent clinical significance. However, uncertainty still
remains regarding the relevance of these findings to lung health and whether there are
any long-term prognostic implications. In the same context, it has been demonstrated
that subclinical interstitial lung disease (ILD) with subpleural distribution is present in a
significant proportion of older smokers (5672 years) screened for the development of
COPD [59]. In this study, as compared with participants without interstitial changes on
HRCT, those with abnormalities were more likely to have a restrictive lung deficit, sug-
gesting that subclinical ILD may represent an early disease stage for a subset of indi-
viduals who will progress to clinically significant ILD.

Mechanisms Linking IPF to Aging

The fundamental molecular mechanism linking aging to IPF is unknown, but sev-
eral modifications naturally occurring in the elderly may be implicated including
oxidative stress, mitochondrial dysfunction, deregulated autophagy, telomere attri-
tion, and others (Fig. 12.1).
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Fig. 12.1 Putative mechanisms linking aging to the development of IPF. A variety of modifica-
tions naturally occurring in the elderly may affect the behavior of alveolar epithelial cells (in yel-
low) or fibroblasts (in green), increasing the susceptibility to develop IPF

Oxidative Stress

Reactive oxygen species (ROS) induce cellular dysfunction (such as stress-induced
premature senescence), which is believed to contribute to normal aging and play a
role in age-related diseases. In aging, systemic imbalance between the antioxidant
system (e.g., superoxide dismutases, glutathione) and ROS results in the generation
of excess free radicals that can overwhelm cellular antioxidant defenses. Several
studies have associated excessive oxidative stress with IPF. Thus, for example,
mitochondrial generation of ROS has been suggested to be linked to increased cel-
lular oxidative stress and apoptosis of alveolar epithelial cells [60]. Moreover, there
is evidence suggesting that ROS can increase the release of TGF-f from alveolar
epithelial cells [61] and can directly activate TGF-f in cell-free systems by disrupting
its interaction with latency-associated peptide [62].

Strong evidence has shown that the transcription factor called nuclear factor
(erythroid-derived 2)-like 2, or Nrf2, is a “master regulator” in the antioxidant
response through the coordinated induction of antioxidant and phase II detoxi-
fying enzymes that are under the regulatory influence of the antioxidant response
mechanism [63]. Importantly, however, Nrf2 modulates the expression of hun-
dreds of genes including not only antioxidant enzymes but a large number of
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genes that control tissue remodeling and fibrosis [63]. Mice that lack Nrf2 are
highly susceptible to bleomycin-induced pulmonary inflammation and fibrosis,
likely by inducing a Thl to Th2 switch [64]. However, the expression of Nrf2
has been found to be increased in IPF lungs, which may represent an unsuccess-
ful adaptive attempt to compensate for the increased oxidant burden [65]. Of
particular interest, the increased expression of Nrf2 in IPF lungs was localized
to alveolar epithelial cells whose chronic injury/activation is a crucial patho-
genic event in IPF. More recently, however, decreased expression of nuclear
Nrf2 was demonstrated in lung fibroblasts from patients with IPF, which was
associated with the appearance of a myofibroblast phenotype [66]. Moreover,
Nrf2 inhibition with siRNA induced myofibroblastic differentiation that was
associated with increased oxidative stress, while conversely, Nrf2 activation
with Keapl knockdown restored the oxidant/antioxidant balance and reversed
the myofibroblastic differentiation [66].

Endoplasmic Reticulum (ER) Stress

Several recent reports have demonstrated that ER stress and apoptosis occur
frequently in alveolar epithelial cells (AECs) from IPF lungs [67, 68]. To better
understand the putative implication of ER stress in the pathogenesis of lung fibrosis,
Lawson et al. developed a transgenic mouse model in which the inducible mutant,
L188Q SFTPC, was expressed in type II AECs in the adult mouse. Interestingly, the
expression of L188Q SFTPC in type II AECs resulted in ER stress and unfolded
protein response (UPR) activation but did not result in fibrotic remodeling. However,
after a second profibrotic stimulus (bleomycin) was administered, increased epithe-
lial cell death and fibroblast accumulation with an enhanced lung fibrotic response
was found [69]. Similar findings were observed in mice treated with the ER stress-
inducing agent tunicamycin. These findings indicate that dysfunctional type II
AECs predispose the lung to excessive and dysregulated remodeling after injury.

Importantly, the cell has evolved an adaptive coordinated response to limit accu-
mulation of unfolded proteins in the ER through a series of cell protective responses
known collectively as the UPR. With advanced age, however, many of the key com-
ponents of the UPR (such as the chaperones and enzymes) display reduced expres-
sion and activity resulting in ER dysfunction. Moreover, those proteins that remain
are more vulnerable to oxidation by ROS [70]. In fact, several recent studies exam-
ining the effect of age on the ER stress response support the notion of a diminished
protective response and more robust proapoptotic signaling with aging [71].

Therefore, it is possible to speculate that older individuals may have ER stress
induced by multiple environmental injuries. Furthermore, because the UP is less
efficient in AECs, these cells may respond with apoptotic pathway activation or
induced changes in cell phenotype that can occur through epithelial to mesenchy-
mal transition, which may increase the risk to develop IPF.
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Autophagy

Autophagy, one mechanism by which the cell rids itself of misfolded proteins,
declines with age and contributes to cellular senescence. The role of autophagy in
fibrosis has recently being examined, but results from different models have given
contradictory results. Therefore, the role of autophagy in disease pathogenesis
remains unclear and may involve either impaired or accelerated autophagic activity
or imbalances in the activation of autophagic proteins. For example, recent findings
suggest that autophagy represents a cytoprotective mechanism that negatively regu-
lates and limits excess collagen accumulation in the kidney, thereby mitigating
experimental renal fibrosis [72]. Thus, reduced beclin-1 expression in primary
mouse mesangial cells results in increased levels of type I collagen (Col-I). Inhibition
of autolysosomal protein degradation by bafilomycin A(1) also increased Col-I pro-
tein levels, whereas treatment with trifluoperazine, an inducer of autophagy, results
in decreased induction of Col-I levels by TGF-p1 (without alterations in Col-I al
mRNA). By contrast, autophagy of activated stellate cells has been found to be a
necessary requirement for hepatic fibrogenesis in mice [73]. In this case, loss of
autophagic function in cultured mouse stellate cells and in mice following hepatic
injury was associated with reduced fibrogenesis and matrix accumulation. According
to these results, autophagy provides energy that is essential to support stellate cell
activation and maintain energy homeostasis in the face of increasing cellular energy
demands conferred by fibrogenesis and cell proliferation [73].

It has been shown that genetic or pharmacologic inhibition of Toll-like receptor
4 (TLR4) exacerbates bleomycin-induced pulmonary inflammation and fibrosis by
attenuating autophagy-associated degradation of collagen and cell death in fibrotic
lung tissues [74]. Moreover, rapamycin, an autophagy activator, reverses the effects
of TLR4 antagonism, while attenuation of autophagy by 3-methyladenine reverses
the pro-resolving and antifibrotic roles of TLR4 agonists and was associated with
reduced survival.

Similarly, lung tissues from patients with IPF demonstrate evidence of decreased
autophagic activity as assessed by LC3, p62 protein expression and immunofluores-
cence, and numbers of autophagosomes [75]. In addition, this report provided evi-
dence that autophagy is not activated in the setting of IPF despite well-described
elevations in ER stress, oxidative stress, and (HIF)-1a, which are all known to
induce autophagy. Moreover, in vitro experiments demonstrate that the profibrotic
mediator, TGF-B1, is likely responsible for the decreased autophagy [75].

Recent evidence has described a potential role of autophagy in aging-associated
organ deterioration. Thus, cardiac hypertrophy and fibrosis have been found in aged
mice compared with young mice. Levels of beclin-1, Atg5, and the LC3-II/LC3-I ratio
were decreased in aged hearts. The involvement of autophagy in cardiac aging was fur-
ther substantiated by the induction of in vitro autophagy with rapamycin alleviating
aging-induced cardiomyocyte mechanical and intracellular Ca2+ derangements [76].

The above findings in various models indicate that the function of autophagy in
fibrotic processes remains unclear and may involve either impaired or accelerated
autophagic activity. In chronic obstructive pulmonary disease (COPD), another
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aging-related disease, there is an increase of several autophagic proteins in the lung
tissue, while ultrastructural analysis of COPD tissue reveals an increased abundance
of autophagosomes relative to normal lung tissue [77]. By contrast, in the case of
IPF, the autophagic response seems to be impaired.

Telomere Shortening

A number of age-related pathologies (including that found in the IPF lung and in
premature aging syndromes) have been associated with an accelerated rate of telo-
mere shortening. The speed at which telomeres shorten with aging can be influ-
enced by factors considered to accelerate aging and increase the risk of premature
death, such as socioeconomic status, perceived stress, smoking, and obesity (all of
which have been proposed to negatively affect telomere length) [78]. Studies in
patients with familial forms of pulmonary fibrosis have found that the disease
appears to be associated with telomere shortening in a subset of patients. This dis-
ease susceptibility is provoked by mutations in hTERT or hTR, which underlie the
inheritance in 8—15 % of familial cases [79, 80]. In contrast, telomerase mutations
are uncommon in patients with sporadic IPF. However, patients with IPF may show
telomere lengths below the first percentile for their age in circulating leukocytes,
and, importantly, telomeres have been shown to be shortened in alveolar epithelial
cells from IPF lungs [81].

However, shortening of telomeres is also observed in COPD [82]. Moreover,
telomerase-deficient mice that have sequential shortening of telomeres spontane-
ously develop emphysema-like lung lesions [83]. Curiously, telomerase deficiency
in a murine model leads to telomere shortening, but this does not predispose these
animals to enhanced bleomycin-induced lung fibrosis [84].

Epigenetic Changes

As mentioned, environmental factors may contribute to aging-associated diseases
through the induction of epigenetic modifications, such as DNA methylation and
chromatin remodeling, which may induce alterations in gene expression programs.
The definitive corroboration on intraindividual epigenetic variation over time in
humans was recently provided in a longitudinal study of DNA methylation patterns
in which successive DNA samples were collected more than 10 years apart in more
than 100 individuals [7]. Time-dependent changes in global DNA methylation of
greater than 20 % were observed within the same individual over an 11- to 16-year
span within 8—10 % of individuals in two separate study populations that resided in
two widely separated geographic locations. In this study, both losses and gains of
DNA methylation were observed over time in different individuals.

In a recent study in IPF, the global methylation pattern was evaluated using human
CpG island microarrays [85]. Differential methylation in 625 CpG islands was found in
IPF lung tissue samples when compared to control lung tissue samples. Most of these
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methylation changes were located in intronic, exonic, or intergenic areas, but only 8.8 %
were found in gene promoters, where hypomethylation of CpG islands was generally
found. The genes with differentially methylated CpG islands in their promoters were
associated with biological processes such as cellular assembly and organization, cellular
growth and proliferation, cell morphology, cancer, cell signaling, gene expression, and
cell death. Interestingly, this study also revealed that the methylation pattern observed in
IPF shows great similarity to the methylation pattern of lung cancer.

In another recent study, genome-wide DNA methylation and RNA expression
were also examined in IPF and normal control lung tissue [86]. No differences were
observed in global DNA methylation, but higher DNMT3a and 3b expression levels
were noticed in the IPF lung tissue. Several interesting genes were found to be
hyper- or hypomethylated (e.g., TP53INP1, a p53-inducible cell stress response
protein that can upregulate genes, and claudin 5 and ZNF167, which are zinc finger
proteins that enhance nuclear retention and transactivation of STAT3 that can down-
regulate genes) [86].

Hypo- or hypermethylation of some specific genes has been reported in IPF [86].
Thus, for example, hypomethylated DNA seems to contribute to the rapid progres-
sion of IPF through a Toll-like receptor (TLR) 9-dependent process [87]. Under this
mechanism, surgical lung biopsies from rapidly progressive IPF patients clinically
exhibit elevated levels of TLRO gene transcript expression compared to those from
stable IPF patients.

Thy-1(CD90) is a cell-surface glycoprotein expressed in normal lung fibroblasts
that modulates the profibrotic phenotype of fibroblasts by several mechanisms [88,
89]. In fibroblastic foci of IPF lungs, epigenetic silencing of Thy-1 by promoter
region hypermethylation has been demonstrated [90]. After this first report, it was
found that treatment with the histone deacetylase inhibitor, trichostatin A, restored
Thy-1 expression in Thy-1(-) cells in a time-dependent and concentration-dependent
fashion, which was associated with enrichment of histone acetylation [91].
Importantly, restoration of the expression of Thy-1 was associated with both changes
in chromatin marks and demethylation of the Thy-1 promoter region. This supports
the concept that histone modifications and DNA methylation are coordinately regu-
lated to change the biological behavior of fibrotic lung fibroblasts.

More recently, it has been demonstrated that IPF fibroblasts have reduced expres-
sion of the proapoptotic p14ARF due to promoter hypermethylation of CpG islands,
which may explain, at least partially, their likely resistance to apoptosis [92].
P14ARF gene expression was restored by treatment with the DNA methyltransfer-
ase inhibitor, 5-aza, and this result was further corroborated by using restriction
digestion with McrBc, which showed a high level of methylation of the pl14ARF
promoter in IPF fibroblast primary lines.

Chromatin Structural Changes

Defective histone acetylation is responsible for the repression of COX2 expres-
sion, a gene that is likely involved in the antifibrotic response [93]. Using a
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chromatin immunoprecipitation assay, it was revealed that transcription factor
binding to the COX-2 promoter was reduced in IPF fibroblasts compared to that
in normal fibroblasts. This effect was dynamically linked to reduced histone H3
and H4 acetylation due to decreased recruitment of histone acetyltransferases and
recruitment of the NCoR, CoREST, and mSin3a transcriptional corepressor com-
plexes to the COX-2 promoter [93].

Epigenetic Control of Epithelial to Mesenchymal Transition (EMT)

EMT is a fundamental developmental process that involves actin cytoskeleton
reorganization with loss of apical-basal polarity and cell-to-cell contact, result-
ing in the conversion of epithelial cells to mesenchymal cells [94]. Although
there is still some controversy, several studies suggest that an EMT-like process
occurs in IPF [95-98]. Recently, global epigenetic reprogramming was observed
during TGF-B(beta)-induced EMT in mouse hepatocytes [99]. In this study, the
dynamic nature of genome-scale epigenetic reprogramming during EMT
induced by this growth factor was demonstrated. Specifically, genome-wide
reprogramming of large heterochromatin domains (LOCKs) to a state of reduced
H3K9Me2, new LOCK-wide modifications of H3K4Me3 at specific GC-rich
LOCKSs, and enrichment of H3K36Me3 at LOCK boundaries and numerous
EMT-related genes was demonstrated across the genome. This reprogramming
appeared to be critical for the EMT induction by TGF-f, because inhibition of
bulk chromatin changes by Lsdl loss of function had marked effects on cell
migration and chemoresistance [99].

However, it is unclear if aging affects EMT of alveolar epithelial cells.
Interestingly, aging-associated cellular senescence may be involved. Thus, accumu-
lating evidence shows that senescent fibroblasts that acquire a senescence-associated
secretory phenotype have the ability to promote tumor progression, in part by induc-
ing EMT in nearby epithelial cells [100]. Moreover, increasing evidence suggests
that EMT and senescence, two processes that seem to operate independently, are in
fact intertwined [101].

MicroRNAs

As mentioned, miRNAs form a particular class of 21- to 24-nucleotide RNAs that
can regulate gene expression posttranscriptionally by affecting the translation and
stability of target messenger RNAs. Importantly, some miRNAs have emerged as
key regulators during cellular senescence.

A growing body of evidence indicates that dysregulated expression of miRNAs
is linked to fibrotic diseases in different organs [102—108]. Recent evidence also
supports the notion that miRNAs can regulate cellular plasticity. For example, miR-
145 expression facilitates the differentiation of fibroblasts to myofibroblasts sug-
gesting that miRNAs may regulate the plasticity of mesenchymal cells [109].
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Regarding lung fibrotic remodeling, several studies have reported disturbed
expression of a number of miRNAs. For example, downregulation of mir-29 has
been found in bleomycin-induced lung fibrosis in mice. In addition, miR-29 is sup-
pressed by TGF-f1 in lung fibroblasts, and miR-29 levels are inversely correlated
with the expression of several profibrotic target genes and with the severity of the
fibrosis [110]. By contrast, lungs of mice with bleomycin-induced fibrosis as well
as IPF lungs show an upregulation of miR-21 primarily localized to myofibroblasts
[105]. Increasing miR-21 levels promote, while reduced levels attenuate, the profi-
brogenic activity of TGF-f1 in fibroblasts, while miR-21 antisense probes attenuate
bleomycin-induced lung fibrosis. Likewise, miR-155 (targeting the angiotensin II
type 1 receptor) and keratinocyte growth factor are upregulated in the lungs of mice
with bleomycin-induced lung fibrosis [111, 112].

The extent of changes of miRNAs in IPF lungs was recently demonstrated when
RNA from IPF and control lungs was extracted and hybridized to miRNA arrays that
contained probes for ~450 miRNAs. In this work, 10 % of the miRNAs on the array
were significantly different between IPF and control lungs [104]. One of the down-
regulated miRNAs, let-7d, was primarily localized in epithelial cells and was directly
inhibited by TGF-p. Let-7d regulates EMT in alveolar epithelial cells (at least par-
tially) due to the overexpression of the high-mobility group, AT-hook 2 (HMGA2), a
member of the nonhistone chromosomal high-mobility group (HMG) protein family.

Summary

Recent research into the mechanisms of aging and IPF has suggested that they share
several common molecular pathways including mitochondrial dysfunction, dysreg-
ulated autophagy, telomere attrition, epigenetic changes, and others. However,
many studies are still necessary to verify the existing findings in larger cohorts and
to establish the mechanisms underlying the putative association between aging and
IPF. Identification of the aging-affected signaling pathways that are implicated in
the pathogenesis of the pulmonary fibrosis also holds promise in furthering our
understanding of IPF. A better knowledge of the age-related changes in lung cells
will also help to elucidate the lung aging process itself and eventually to recognize
which of these modifications are truly involved in the pathogenesis of IPF.
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