
Chapter 2
Pulmonary Diseases, a Matter of Time

Cecilia G. Sanchez

Abstract Age-related progressive loss of lung function contributes to disability
and premature death. How the circadian clock regulates the development and
progression of age-related lung diseases, and the underlying molecular mechanisms,
are still largely unknown. The chronobiology of the lung and the role of the cir-
cadian clock in the pathophysiology of age-related lung disease will be discussed in
this chapter. We describe the molecular links between the circadian clock and the
specific hallmarks of aging to provide a better understanding of healthy lung aging
and age-related lung disease. Furthermore, the impact of external factors in the
intrinsic circadian regulation will be integrated into the complex profiling of
age-related lung diseases as well as chrono-therapeutic approaches. Finally, gaps in
our knowledge and future directions will be discussed.
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2.1 Introduction

The mammalian circadian system is organized in a hierarchical manner. A central
pacemaker located in the suprachiasmatic nucleus of the brain’s hypothalamus is
responsible for the synchronization of cellular circadian oscillators in most
peripheral body cells, including the cells in the lung. Furthermore, cell-autonomous
oscillators control cellular functions in response to specific stimuli (Albrecht 2012;
Bando et al. 2007; Reilly et al. 2007).

Circadian rhythms are generated at the cellular level by an autoregulatory
feedback loop of interconnected transcription factors referred to collectively as
clock genes (Hirota and Fukada 2004; Mohawk et al. 2012). In mammals, the
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BMAL1:CLOCK activator complex regulates expression of period (PER1–3) and
cryptochrome (CRY1–2) genes. The heterodimers PER and CRY, are phosphory-
lated. Upon translocation to the nucleus, PER and CRY proteins associate with the
BMAL1:CLOCK complex and suppress their own transcription by blocking the
activity of the BMAL1:CLOCK complex (Grimaldi et al. 2009). Nuclear receptors
REV-ERBa (NR1D1; nuclear receptor subfamily 1, group D, member 1) and
retinoic acid-related orphan receptor-a (RORa) regulate the timing and amplitude
of BMAL1 expression. Circadian disruption, defined as changes in amplitude or
timing of clock gene expression, can alter clock-controlled output genes and,
consequently, mechanical and physiological processes in the lung (Sundar et al.
2014; Dong et al. 2016b; Hadden et al. 2012). Much of the current evidence
demonstrating adverse health outcomes from circadian rhythm disruption comes
from studies with shift workers. Circadian rhythms synchronize the sleep-wake
cycle and also play a major role in the onset and severity of diseases. A lack of
synchrony between central and peripheral oscillators increases the risk of metabolic,
endocrine, and cardiovascular disease. In murine studies, a single 6-h advance
repeated over 8 weeks can increase mortality in older mice (Davidson et al. 2006).
A daily 4-h advance for 10 weeks leads to metabolic, endocrine, and neurophysi-
ological disease (Karatsoreos et al. 2011). Moreover, in humans, prolonged sleep
restriction was shown to alter lipid and carbohydrate metabolism, insulin resistance,
growth hormone and corticosteroid secretion. In consequence, it may increase the
risk of obesity, diabetes, and cancer (Buxton et al. 2012; Karlsson et al. 2001; Van
Cauter et al. 1997; Hennig et al. 1998; Grundy et al. 2013). Similar to shift workers,
patients in the intensive care unit experience circadian rhythm disruption due to
noise, interaction with caregivers, mechanical ventilation, pain, medications, arti-
ficial light, and the illness itself, accompanied by sleep fragmentation and delirium
(Madrid-Navarro et al. 2015; Figueroa-Ramos et al. 2009). Internal desynchro-
nization may also arise in response to other environmental perturbations, including
feeding time, viral infection, and cigarette exposure (Evans and Davidson 2013;
Hirota and Fukada 2004; Wolff et al. 2013). Nevertheless, a temporary misalign-
ment, like jet lag, doesn’t have significant consequences.

Posttranslational modifications can also affect the molecular clock regulators
(Hirayama et al. 2007; Nakahata et al. 2008). Nevertheless, the changes in those
modifications and their effect on clock-dependent cellular functions in the lung are
largely unknown. Recent studies revealed that TGFb1, a pro-fibrotic mediator,
increases the amplitude of Bmal expression and the rhythmicity of other circadian
clock regulators. Those studies also showed that TGFb1 regulates the
post-translational changes in BMAL1 and that BMAL1 promotes the effects of
TGFb1 in epithelial cells and duringmyofibroblast differentiation (Dong et al. 2016a).
Nevertheless, there is a need to identify the impact of circadian disruption at the tissue
level and the associated relevant posttranslational modifications in specific patho-
physiological conditions. It is also important to determine the use of clock regulators
as biomarkers of pulmonary dysfunction in specific lung pathologies, as well as the
potential for novel Chrono- pharmacology agents and strategies to improve vaccine
efficacy and to treat and/or prevent the progression of age-related lung disease.
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2.2 Chronobiology of the Lung

The human organism shows an intricate temporal structure consisting of rhythmic
variations, at multiple frequencies, of most biologic variables such as development
and aging. Rhythms are also externally synchronized by environmental factors such
as light-darkness, social routine, work schedule, and food intake (Smolensky et al.
1999; Haus et al. 1993). The clock modulates stress responses and physiological
processes unique to each organ (Ko and Takahashi 2006; Panda et al. 2002;
Stangherlin and Reddy 2013; Gossan et al. 2013; Patel et al. 2014). In consequence,
circadian variations are found in respiratory volume (RV), respiratory minute
volume (RMV), vital capacity (VC) and forced expiratory value per sec (FEV1)
(Zaslavskaia et al. 2004). Airway caliber and inflammation also follow circadian
patterns. Airway resistance peaks in the morning, reaches its lowest point at noon,
and increases in the afternoon (Hruby and Butler 1975). The circadian clock also
modulates the intrinsic properties of each cell at the levels of mRNA and protein
expression, metabolism, and responsiveness to extracellular stimuli (Fig. 2.1). In
addition, the direct exposure to high concentrations of oxygen, pollutants, partic-
ulates, smoke, and pathogens, as well as the cumulative effects of sleep disruption,

Fig. 2.1 The dark-light cycle is the most important synchronizer of the circadian rhythms. Other
environmental factors include sleep–wake and activity cycles, meal timing as well as direct lung
exposure to infections, drugs, cigarette smoke and particles. Intrinsic circadian oscillations in the
brain (SCN) and the periphery organs. In this case, the lung is synchronized via humoral signals
and the autonomic nervous system. The circadian system actively synchronizes the temporal
sequence of biological functions with the environment. Airway caliber, RV, RMV, VC and FEV1
are circadian regulated. Cellular oscillators regulate mRNA/protein expression, hallmarks of
biological aging, metabolism, inflammation and response to stimuli. SCN suprachiasmatic nuclei.
Respiratory volume (RV), respiratory minute volume (RMV), vital capacity (VC), forced expiratory
value per sec (FEV1)
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alters the circadian clock in the lung (Gebel et al. 2006; Hwang et al. 2014; Hu et al.
2011; Sundar et al. 2014; Vasu et al. 2009; Pilorz et al. 2014) (Fig. 2.1).

In an elegant work, Haspel et al.(2014) determined that approximately 1067
genes exhibit reproducible rhythmic expression in healthy lung and that 321 of
these are uniquely rhythmic in mouse lung (Haspel et al. 2014). An important
observation of the authors was that immune processes are heavily represented in the
circadian transcriptome of the healthy mouse lung, a finding not emphasized in
published meta-analyses of other mouse solid organs (Yan et al. 2008). As a result,
they concluded that the mouse lung might be a valuable tool in examining how
inflammation affects organ-wide circadian regulation.

Sex-based disparities occur in sleep disorders and chronic lung diseases.
Therefore, it becomes critical to determine sex-based differences in circadian reg-
ulation of the lung transcriptome in a healthy lung. It is known that gonadal steroids
in both male and female rodents modify the amplitude, movement, and phase of
daily rhythms (Fitzgerald and Zucker 1976; Morin et al. 1977; Albers 1981; Davis
et al. 1983; Iwahana et al. 2008). Recent studies in rats revealed a direct effect of
progesterone on pineal melatonin release and strongly suggest a temporal effect of
this ovarian hormone on pineal function (San Martin and Touitou 2000). Therefore,
we can expect that significant changes occur in the central and peripheral clocks
during the menstrual cycle. In fact, Forced vital capacity (FVC) and Forced expi-
ratory volume (FEV1) were found to change during the menstrual cycle in studies
of cystic fibrosis patients; the same study found significantly higher FVC and FEV1
during the luteal phase than during ovulation and menstruation, probably due to
changes in progesterone level (Johannesson et al. 2000). Besides, exposure to
constant light was shown to upregulate follicle-stimulating hormone and estradiol
levels and downregulate progesterone level in both the maternal and fetal circula-
tion (Gao et al. 2016). Expression of clock genes was also studied in female, and
male mice maintained on a 12 h light/12 h dark cycle (control) or exposed for four
weeks to a regimen of shifting light mimicking chronic jet lag (CJL). Interestingly,
among CJL females, expression of clock genes Bmal1 and Rev-erba decreased and
expression of their repressors, Per2 and Cry2, increased. In contrast, among CJL
males, expression of Clock was decreased, whereas Per2 and Rev-erba expression
increased. Those changes correlated with alterations in lung mechanics, leading to
the conclusion that circadian disruption alters lung mechanics and clock gene
expression in a sexually dimorphic manner (Hadden et al. 2012). Future under-
standing of the role of neuroendocrine mediators, sex differences, and environ-
mental factors in biological rhythms is central to advancing our understanding of
age-related lung disorders.

There are rhythms of about seven days duration (circaseptan rhythms), known as
the rhythmic response to an environmental load, antigen, or therapeutic agents, and
poorly studied in the context of lung therapies. A study in 26 elderly patients with
chronic obstructive pulmonary disease (COPD) analyzed the circadian, circaseptan,
and circasemiseptan (3.5-day) rhythms of external respiratory function
(ERF) before and after routine treatment (RT). In this study, Circasemiseptan
variations were found in respiratory volume (RV), vital capacity (VC), and FEV1
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before RT. After RT, these were detected in respiration rate (RR), RMV, and VC
(Zaslavskaia et al. 2004). Circaseptan rhythms were also studied in an animal model
of urethane-induced lung cancer. In this model, powerful high-amplitude of cir-
caseptan oscillations arose after injection of the carcinogen in the targeted lungs
(Riabykh et al. 1994).

Rhythms of approximate 1-year duration are called circannual rhythms, this type
of rhythm is observed experimentally in animals kept under experimental laboratory
conditions and never exposed to variations in day length or temperature. Seasonal
variation observed in the immune response may be due to environmental factors
including differences in day length or in the function of the pineal gland
(light/dark-related) or the thyroid gland (temperature-related) and the prolactin
levels. Also, differences in exposure to drugs and a variety of antigens, including
microorganisms can induce seasonal variation. Various biological processes with
immunological roles show seasonal variation in humans. Nevertheless, how seasons
might broadly impact human pathophysiology is still unknown (Dopico et al.
2015).

Importantly, seasonal variations were found in 9 of the 16 clock genes, BMAL1,
CLOCK, CRY1, CSNK1D, CSNK1E, NR1D2, RORA, TIMELESS30, and NFIL3.
BMAL1 was found to be a common seasonal gene with increased summer
expression in each peripheral blood mononuclear cell (PBMC) data set.
Interestingly, the glucocorticoid receptor (NR3C1), which has anti-inflammatory
properties, showed a strong positive correlation with BMAL1 expression, with
lowest expression level in winter. By contrast, receptors for the prostaglandins
(PTGDR, PTGIR, and PTGER4), leukotrienes (CYSLTR1), and oxoeicosanoids
(OXER1) were expressed at a higher level in the winter. Receptors for adiponectin
(ADIPOR1), estradiol (ESR2), and antidiuretic hormone (CUL5) were expressed at
a higher level in the summer (Dopico et al. 2015). This study also revealed that
5136 unique genes out of 22,822 genes tested showed significant seasonal differ-
ences in expression (Dopico et al. 2015). Therefore, seasonal changes in expression
of circadian genes might impact the immune responses. In fact, the circadian
rhythms influence the immune functions of natural killer cell activity, lymphocyte
proliferation, monocyte and macrophage gene expression, as well as the levels of
inflammatory mediators, IL-6, tumor necrosis factor and IFN-c (Boivin et al. 2003;
Thompson et al. 2014; Hwang et al. 2014; Martin 1999).

2.3 A Time for Pulmonary Diseases

The lung is constantly responding to insults during chronological aging.
Consequently, older individuals have an increased risk of developing respiratory
impairment. Dysfunction in the molecular clock mediates changes in the immune,
inflammatory, and DNA-damage responses that correlate with exacerbation of some
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pathological respiratory conditions, such as pulmonary edema, asthma, and allergic
attacks (Froy 2010). Nevertheless, the effects of environmental exposures on
circadian-clock regulation and the impact of circadian disruption on various
pathophysiological lung conditions are not completely understood. Here, we will
review some of the literature concerning abnormalities in the circadian clock and
their association with lung disease. We expect that research in the next decade will
determine the concurrence of rhythm-related risk factors leading to pathologic
events and the development of chronic lung diseases. We also hope that the study of
the circadian regulation will provide a better understanding of the onset and pro-
gression of those diseases and identify effective treatments. Furthermore, we expect
that future research will also result in the use of clock molecules as biomarkers of
pulmonary dysfunction.

2.3.1 Chronic Obstructive Pulmonary Disease (COPD)

COPD is characterized by the loss of lung elasticity due to emphysema and airway
obstruction as a result of inflammatory narrowing and fibrosis. At the cellular level,
COPD represents a complex interplay between lung epithelial cells, endothelial
cells, neutrophils, macrophages, and multiple subpopulations of both CD8+ and
CD4+ T cells (Bosken et al. 1992; Lams et al. 1998; Saetta et al. 1999; Amin et al.
2003; Lee et al. 2011). In spite of recent advances, there is still a fundamental lack
of knowledge about the cellular, molecular, epigenetic, and genetic causes of
COPD (Sanchez 2016a). Considering that smoking tobacco alters major compo-
nents of the circadian clock and constitutes a major risk factor for COPD, an
understanding of the role of the circadian clock in the pathogenesis of COPD is a
critical need (Vestbo et al. 2013; Mannino 2003). Cigarette smoke (CS) can affect
circadian secretion of corticosterone (CORT), an adrenal steroid and a major
component of the stress response, and serotonin (5-hydroxytryptamine; 5-HT),
leading to sleep and mood disorders in smokers and patients with COPD (Sundar
et al. 2014).

In patients with COPD, airway obstruction progresses with time and exacerba-
tions of the disease tend to arise about once per year (Tashkin 2013). Patients with
COPD experience sleep abnormalities, including symptoms of insomnia, daytime
sleepiness, and nocturnal oxygen desaturation due to hypoventilation. These defects
were determined in early studies on sleep quality using overnight polysomnography
(Fleetham et al. 1982; Cormick et al. 1986). The studies with morning-symptom
diaries confirm that morning is the most difficult time of day for many patients with
COPD (Globe et al. 2016). Sleep disruption also causes significant neuropsycho-
logical changes, and its impact is perceived in the quality of life of the patients with
diverse chronic lung diseases (Lewis 2001). The severity of the symptoms during
COPD exacerbations varies diurnally and shows elevated risk for intubation during
early morning hours (Tsai et al. 2007; Truong et al. 2016).
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Smoking is the greatest risk factor for COPD (Vestbo et al. 2013; Mannino
2003). Exciting research is emerging showing the effects of tobacco smoking on the
components of the circadian clock. Gene expression analysis of the lung from rats
exposed to CS revealed a CS–exposure-dependent shift in the cyclical expression of
genes involved in the inflammatory response and those controlling the circadian
rhythm. (Gebel et al. 2006). Another study using whole CS (WS) and filtered CS
(FS) revealed a differential CS-mediated modulation of genes related to circadian
pathways in the lung. For example, Rev-Erb alpha expression is downregulated by
WS and FS compared to controls. Interestingly, WS was more efficient than FS in
decreasing Rev-Erb alpha expression (Vasu et al. 2009).

At the posttranslational level, it was found that Bmal1 is preferentially acetylated
and degraded in the lungs of mice exposed to CS and in patients with COPD,
compared with lungs of the nonsmoking controls, linking it mechanistically to
CS-induced reduction in Sirt1. In fact, the targeted deletion of Bmal1 in lung
epithelium confirmed an increase in CS-mediated inflammation (Hwang et al.
2014).

Lung function in COPD patients is also altered following viral infection,
including infection with influenza A. Chronic CS exposure combined with infec-
tions with influenza A, changed the timing of clock gene expression in parallel with
increased lung inflammation (Sundar et al. 2015). As future studies elucidate the
interrelationship between circadian rhythm and COPD, new therapeutic targets and
approaches will likely emerge.

2.3.2 Idiopathic Pulmonary Fibrosis (IPF)

IPF is a chronic, progressive, and irreversible idiopathic interstitial pneumonia of
unknown origin. The mean survival is approximately 3–5 years from the time of
diagnosis with a rate of progression that is highly variable and heterogeneous
(Raghu et al. 2011; Bjoraker et al. 1998; Flaherty et al. 2002; Nicholson et al.
2000). IPF is an interstitial lung disease that is primarily associated with advanced
age (Thannickal 2013). The disease is characterized by temporal heterogeneity of
fibrosis characterized by clusters of actively proliferating fibroblasts/myofibroblasts,
fibroblastic foci”, and honeycomb structures (Raghu et al. 2011). TGF-b1 is a key
regulator of myofibroblast differentiation and collagen deposition. Studies using
animal models of pulmonary fibrosis, as well as in vitro studies using human
epithelial cells and normal lung fibroblasts, revealed that TGF-b1 alters circadian
rhythmicity and promotes Bmal expression while reducing Bmal1 acetylation
(Dong et al. 2016a). Importantly, Bmal1 acetylation occurs in vivo and is regulated
in a circadian manner. Bmal1 acetylation facilitates Cry1 interaction with the
Clock–Bmal1 complex (Hirayama et al. 2007). The studies suggest that fibrogen-
esis occurs concomitant with significant changes in Bmal1, leading to dysfunctional
clock regulation (Dong et al. 2016a). Furthermore, reduction of Bmal1 damped the
effects of TGF-b1 on epithelial-mesenchymal transition and cell migration (Dong
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et al. 2016a). The results support the role of the circadian clock in the expression of
profibrotic genes involved in mesenchymal transition and invasion, relevant for
lung cancer and pulmonary fibrosis.

2.3.3 Obstructive Sleep Apnea (OSA)

Ten percent of the U.S. population is affected by Obstructive Sleep Apnea (OSA),
defined by repetitive episodes of obstruction in the upper airway during sleep,
leading to chronic intermittent hypoxemia, sleep fragmentation, and chronic fati-
gue. Remarkably, OSA patients experience few or no problems with their breathing
or airway patency while awake (Dempsey et al. 2010). Enlargement of soft-tissue
structures both within and surrounding the airway contributes significantly to
pharyngeal airway narrowing in most cases of OSA. Accumulation of even rela-
tively small amounts of edematous fluid enlarges upper-airway soft-tissue structures
in OSA patients and snorers, especially in the soft palate, which may be tugged
caudally and constricted during apnea. Obesity also contributes indirectly to upper
airway narrowing, and a broad range of candidate genes that might link genetic
mechanisms of obesity with OSA are under investigation (Patel 2005; Young et al.
2002; Dempsey et al. 2010). Recent studies in mice revealed that obesity does not
predispose mice to increased occurrence of central or obstructive apnea during
sleep, but does lead to more pronounced circadian variability in respiration (Davis
et al. 2013). Importantly, sleep-disordered breathing is recognized as a risk factor
for the development of hypertension and other cardiovascular diseases. Sleep dis-
ruption per se increases sympathetic nerve activity and blood pressure (Morgan
et al. 1996). Cardiovascular structure and function also change via neurohumoral
activation, oxidative stress, and inflammation in OSA-induced cardiovascular
morbidity and mortality (Dempsey et al. 2010). COPD and OSA have detrimental
effects that are synergistic. Their comorbid association leads to compromised gas
exchange (hypoxia and hypercapnia) and higher rates of morbidity and death
(Khatri and Ioachimescu 2016). In animal models, OSA has been linked to meta-
bolic syndrome, inflammation, hypertension, stroke, and cancer (Truong et al.
2016; Arias et al. 2006; Arble 2015, #6506). The prevalence of OSA is increasing,
especially in the middle-aged population.

Sleep loss induces tissue-specific epigenetic and transcriptional alterations to
circadian clock genes (Cedernaes et al. 2015). Therefore, it is expected that sleep
disruption in patients with OSA leads to further changes in the circadian clock
genes and their target genes. Recent population studies reveal that advancing age
uniquely and robustly predicts OSA in females and reinforces the understanding
that age-related changes in sex hormones play a role in the development and/or
manifestation of sleep-disordered breathing (Cairns et al. 2016). There is a need for
future studies to determine the circadian rhythms and sex differences in
co-morbidity incidence in patients with OSA.
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2.3.4 Infectious Disease and Vaccine Efficacy in the Elderly

It is possible that infectious agents exploit the circadian clock machinery. Circadian
regulation has been shown to be altered in patients with pulmonary tuberculosis, as
indicated by circadian deregulation of plasma hormones, including adrenocorti-
cotropic hormone, which regulates the levels of cortisol; follicle-stimulating hor-
mone; luteinizing hormone; hydrocortisone; testosterone; progesterone; and
estradiol. The results of a study of 12 healthy subjects and 32 patients with infil-
trative lung tuberculosis indicate that healthy subjects show fluctuations in the
hormones that come to an acrophase in the morning hours, with stable time and
amplitude structure. In contrast, tuberculosis patients exhibited impaired circadian
cycling of the hormones, with acrophase in day and evening hours, reduced mean
levels and amplitude in fluctuation, and non-coincidence in time (Karimdzhanov
et al. 1993; Singh et al. 1991). Plasma melatonin levels are also lower in patients
with pulmonary tuberculosis (Ozkan et al. 2012).

Recent work with influenza virus suggests that the virus directly exploits the
deregulation of the clockwork (Edgar et al. 2016). Influenza virus infection is a
public health problem that is generally more severe in individuals greater than
65 years of age. Respiratory infections can constitute major triggers of exacerba-
tions of asthma and COPD through a robust host inflammatory response and an
increase in bronchial hyper-responsiveness (Murray et al. 2004; Traves and Proud
2007). A recent study indicates that influenza virus infection promotes chronic
CS-mediated inflammation and fibrosis (Sundar et al. 2015). Innate immune
pathogen recognition mechanisms are under circadian control, as demonstrated by
TLR9 expression and function (Silver et al. 2012). Conversely, viral and bacterial
infection can alter the timing and amplitude of clock gene expression in the lungs.
Viral respiratory infection mediated by influenza A causes molecular clock dys-
function in the lungs and increases mortality in Bmal1 knockout mice, suggesting a
deficiency in the immune response to respiratory infection (Sundar et al. 2015).
Mice with deficits in growth hormone releasing hormone signaling respond to
influenza virus challenge with a progressive decrease in sleep and lower survival
rates. The sleep response to influenza infection is mediated, in part, by regulation of
hypothalamic sleep-related transcripts and enhanced corticosterone secretion
(Alt et al. 2007).

Circadian clock regulation is critical for bronchial immune responses and the
function of bronchial glucocorticoid receptors. The targeting of Bmal1 in bron-
chiolar exocrine cells (Clara cells), leads to an exaggerated but apparently inef-
fective neutrophilic inflammatory response to bacterial infection, including to
Streptococcus pneumoniae (Gibbs et al. 2014; Nouailles et al. 2014). At the
molecular level, deficiency in Bmal 1 contributes to altered glucocorticoid receptor
occupancy at the Cxcl5 locus and leads to enhanced Cxcl5 expression, implicated in
tissue remodeling and polymorphonucleocyte-driven destructive inflammation in
pulmonary tuberculosis (Gibbs et al. 2014; Nouailles et al. 2014).
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A recent work revealed that Bmal1 selectively contributes to granulocyte cir-
cadian regulation in the endotoxemic lung (Haspel et al. 2014). Endotoxemia can
also disrupt the circadian expression and periodicity of core molecular clock genes
in murine lung, with some becoming arrhythmic and others showing a distorted but
rhythmic pattern compared with baseline (Haspel et al. 2014). In consequence,
endotoxins reprogram the circadian lung metabolome. The authors demonstrated in
the lungs, a rhythmic accumulation of urate, a terminal product of purine meta-
bolism, which was found to correlate with rhythmic infiltration of granulocytes
producing myeloperoxidase, a catalytic enzyme responsible for the conversion of
urate to allantoin.

Taking into account that light and daily rhythms are thought to have a strong
influence on immune function (Roberts 2000) and that events affecting the immune
system can alter the response to vaccination, it is plausible that vaccination
administered in the morning or in the evening might influence the immune response
to the vaccine. Few published human studies have addressed this question. Studies
concerning flu shot efficacy do not show an association between vaccination time
and subject response, similar to the results of studies with hepatitis B vaccine
(Langlois et al. 1995; Karabay et al. 2008). However, it was demonstrated that the
feelings of stress and loss of sleep become locked into a feed-forward circuit that
ultimately diminishes the immune response against influenza virus after vaccination
(Pedersen et al. 2009; Miller et al. 2004).

2.3.5 Lung Cancer

Dysfunction of the circadian clock is involved in tumorigenesis, and altered
expression of some clock genes has been found in cancer patients and may be
related to the process of tumorigenesis (Mazzoccoli et al. 2011).

Prolonged subjection to unstable work or lighting schedules, particularly in
rotating–shift-workers, is associated with an increased risk of immune-related
diseases, including several cancers. In 2007, The International Agency for Research
on Cancer (IARC) concluded, “Shiftwork that involves circadian disruption is
probably carcinogenic to humans” (Group 2A classification) (Straif et al. 2007).
Lung cancer is one of the most deadly cancers, contributing to over a quarter of all
cancer deaths in the United States. Lung cancer is considered an age-associated
disease, whose progression is in part due to the accumulation of genomic instability
and the age-related decline in system integrity and function (Levine et al. 2015).
Association of clock genes with lung cancer was determined in 78 Brazilian
patients with non-small cell lung cancer (NSCLC) (Couto et al. 2014). Those
studies revealed that polymorphisms in the clock control gene nocturnin
(CCRN4L/NOC) and PER3 may represent a risk factor in the occurrence and
development of NSCLC in Brazilian patients (Couto et al. 2014).

Chronic shift-lag can alter the circadian expression of clock genes Per2 and
Bmal1, and the cytolytic factors perforin and granzyme B, as well as the cytokine
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IFN-c. These alterations correlate with suppressed circadian expression of natural
killer cell cytolytic activity and promotion of lung tumor growth (Logan et al. 2012).
There is also evidence that a severe alteration in growth hormone-insulin-like growth
factor axis function in patients with lung cancer is concomitant with loss of circadian
rhythmicity of hormone secretion (Mazzoccoli et al. 2012).

Finally, it seems that adenocarcinoma of the lung functions as a potent
endogenous circadian organizer in other tissues, rewiring the pathophysiological
dimension of a distal tissue such as the liver. This was recently demonstrated by
high-throughput transcriptomic and metabolomics studies, revealing a unique sig-
nature of transcripts and metabolites cycling exclusively in livers of tumor-bearing
mice (Masri et al. 2016).

For this reason, it has been proposed that behavioral, hormonal, and/or
light-based strategies to improve circadian organization may help patients suffering
from advanced lung cancer to increase the quality of life, as a consequence of
profound circadian disruption. (Grutsch et al. 2011). Future investigations will be
important to strengthen current knowledge and shed light on the pathophysiology of
circadian disruption on cancer risk in humans.

2.3.6 Asthma

The prevalence of asthma in the elderly affects more than 10% of patients of
60 years of age or older, while the estimated prevalence for COPD represents a 20–
30% in patients older than 70 years of age (Hardie et al. 2005; Murtagh et al. 2005).
Approximately 70% of adult asthma-related deaths occurred between 12:00 A.M
and 6:00 A.M (Litinski et al. 2009).

Lung function varies in a circadian rhythm in healthy individuals. An episode of
nocturnal asthma exacerbates the normal variation in lung function from daytime to
night-time (Calhoun 2003). At night, a significant change in b-adrenergic receptor
density and function occurs in patients with nocturnal asthma (Szefler et al. 1991).
Decreased serum epinephrine levels, increased vagal nerve tone and cholinergic
activity, esophageal reflux, and increased circulating eosinophils are known as
contributors of the late-night/early-morning deterioration of lung function in asthma
patients (Martin et al. 1990; Bates et al. 1994). The airflow obstruction correlates
with an increase in inflammatory cells specifically associated with an increase in the
number of airway CD4+ lymphocytes and their capacity to generate IL-5 (Kelly
et al. 2004).

Bonnet and colleagues identified the circadian rhythms of airway responsiveness
to histamine and methacholine and correlation with airway tone in patients with
mild asthma (Bonnet et al. 1991). Asthma patients also have disordered circadian
rhythms of salivary melatonin and cortisol (Fei et al. 2004). Other factors, such as
late-phase response to allergen exposure, sleep apnea, and lung volume changes
during sleep, may also play a role in nocturnal asthma symptoms. Some early
studies underscore the effects of sleep per se in worsening asthma and increased
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airway resistance in asthmatic shift workers. Those studies observed that a decline
in the peak expiratory flow rate was related to the change in sleep schedule, as
opposed to the time of day (Clark and Hetzel 1977). Taking in account that the
peripheral clocks of the lung and the immune system seems to be strongly inter-
related, it is expected that the timing of an attack on the lung immune system by an
allergen, virus or a therapeutic intervention might eventually affect the asthma
symptoms, by altering the immune response. Future research is needed to elucidate
the role of the circadian clock in asthma.

2.4 The Circadian Clock Regulates the Markers of Aging.
Implications for the Pathophysiology of Age-Related
Lung Disease

The effects of chronology on molecular rhythms in the human lung are not well
understood. Early studies using rat tissue explants demonstrated that, whereas no
significant change occurred in some tissues, 50% of explants from the lung and the
retrochiasmatic area of the suprachiasmatic nucleus showed major circadian
deregulation with age. Nevertheless, circadian rhythms were initiated in these
arrhythmic tissues by forskolin stimulation, indicating that the aged tissues retained
the capacity to oscillate (Yamazaki et al. 2002). Human studies revealed that the
elderly population shows various circadian disturbances, including dampened
amplitude of rhythmicity and decreased responsiveness to light (Mitteldorf 2013).
On the other hand, changes in the expression of circadian clock genes alter bio-
logical aging. Evidence shows that disruption of the circadian system is associated
with premature aging in mice, but the molecular basis of this phenomenon is still
unclear (Grosbellet et al. 2015). In this section, we will explore the current
understanding of the relationship between chronological aging, circadian clock, and
biologic lung aging, taking into consideration that the lung is a vital organ con-
stantly responding to insults.

The idea that circadian clock regulation can modulate the rate of aging is sup-
ported by earlier studies in which transplantation of pineal gland from young to old
mice prolonged life span (Lesnikov and Pierpaoli 1994). Between 10 and 20% of
the genes in any given cell are regulated by the circadian machinery, so it is
expected that the hallmarks of aging can be regulated by circadian rhythms.

The term “hallmarks of aging” was first coined by Lopez-Otin et al. (2013) to
describe cellular and molecular factors that contribute to the aging process. Those
hallmarks are manifested during normal aging. Experimental aggravation acceler-
ates aging; and conversely, its experimental amelioration can retard the aging
process and increase life span (Lopez-Otin et al. 2013). The hallmarks include
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem
cell exhaustion, and altered intercellular communication (Lopez-Otin et al. 2013).
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We now recognize that those hallmarks are tightly interconnected and act as
mediators of the development and progression of age-related diseases. A major
question remaining is how circadian systems regulate the hallmarks of biological
aging, and how they influence “healthy aging” or age-related lung diseases
(Fig. 2.2).

2.4.1 Telomere Attrition

Recent studies in humans and mice revealed that telomerase activity exhibits
endogenous circadian rhythmicity. Specifically, those studies revealed that
expression of telomerase reverse transcriptase (TERT) mRNA is under the control
of CLOCK-BMAL1 heterodimers and that a loss of rhythmic telomerase activity
leads to shortened telomere length. Furthermore, the authors described an increase
in phosphorylation of histone H2A variant H2AX, a marker of DNA damage, in
Clock-deficient mouse embryo fibroblasts (MEFs) after stimulation with stau-
rosporine (Chen et al. 2014).

Several studies indicate that disease severity and smoking status in COPD,
including perpetuation of lung inflammation, correlate directly with reduced
telomere length in alveolar, endothelial, and smooth muscle cells, as well as in
circulating lymphocytes (Amsellem et al. 2011; Tsuji et al. 2004; Albrecht et al.
2014). Concerning IPF, telomere attrition is a known driving factor in lung fibrosis.
Mutations in telomerase genes have been found in 8–15% of familial and in 1–3%
of sporadic cases of pulmonary fibrosis (Armanios 2013; Satoh 2016; Meiners et al.
2015). A negative slope in a plot of telomere length against age was found to be
steeper in IPF patients than in controls, suggesting an accelerated rate of telomere

Fig. 2.2 Representation of the circadian clock regulation of biological aging
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erosion in IPF patients. Furthermore, telomere length was found to be an inde-
pendent predictor of survival in IPF (Dai and Gao 2016).

In asthma, telomere shortening was recently found to correlate with bronchial
cell senescence. Those studies provide evidence that fibroblasts of adult asthmatic
patients show significantly accelerated aging, which suggests a potential role of the
continuous production of inflammatory mediators (Hadj Salem et al. 2015).
With OSA, shorter telomere length was found in circulating leukocytes in patients
compared to subjects without OSA (Barcelo et al. 2010). In patients with lung
cancer, reduced telomere length is associated with poor prognosis (Frias et al.
2008). Specific studies are needed to understand the role of clock and telomere
attrition in the development and progression of age-related lung diseases.

2.4.2 Genomic Instability

The clock gene machinery controls DNA-damage recognition and repair (Manzella
et al. 2015; Kang et al. 2010). The circadian clock protein cryptochrome 2 interacts
with TIMELESS, a primary regulator of the DNA replication machinery (Benna
et al. 2010), and partner of the cell-cycle checkpoint protein Chk1 playing a major
role in the DNA-damage checkpoint response (McFarlane et al. 2010). TIMELESS
is critical for lung morphogenesis and correlates with poor survival of patients with
lung cancer (Xiao et al. 2003; Yoshida et al. 2013).

Smoking is one of the most important environmental factors known to cause
DNA damage and change the expression of circadian clock genes (Wistuba et al.
2002; Hwang et al. 2014). Nevertheless, alveolar epithelial cells and endothelial
cells in patients with COPD and IPF have higher levels of DNA damage and
damage response than those in asymptomatic smokers and nonsmokers (Aoshiba
et al. 2012; Korfei et al. 2011; Kuwano et al. 1996), suggesting progression of DNA
damage during disease progression. Dust mite-induced asthma causes oxidative
damage and DNA double-strand breaks in the lungs (Chan et al. 2016). Thus, DNA
damage can have a potential role in the pathogenesis of asthma (Chan et al. 2016).
Unfortunately, little is known about the possible role of allergen-induced DNA
damage and DNA repair as modulators of asthma-associated pathology.

2.4.3 Epigenetic Alterations

Whole-blood DNA methylation patterns change with chronological age, and mul-
tiple CpG sites with replicable associations with age have been identified (Florath
et al. 2014). Epigenetic regulation is also regulated by the circadian clock, as
indicated by recent observations that histone and DNA methylation are highly
dynamic processes with more than 100 DNA methylation sites that oscillate in
synchrony with the cell cycle (Brown et al. 2007), a cycle that is gated by the

40 C.G. Sanchez



circadian clock (Merrow and Roenneberg 2004; Nagoshi et al. 2004). The results of
recent studies suggest that epigenetic age acceleration, based on DNA methylation
age at 351 loci in 1820 subjects, is correlated with frailty, a clinically relevant
aging-related phenotype, through pathways unrelated to cellular senescence as
assessed by telomere length (Breitling et al. 2016). Several studies link epigenetic
alterations with chronic lung disease. Using data on 2029 females from the
Women’s Health Initiative, a national survey that began in 1993 and enrolled
postmenopausal women between the ages of 50 and 79 years (1998), one study
identified DNA methylation age of blood as a predictor for future onset of lung
cancer, and this association was even stronger in older individuals. The results
indicated that epigenetic marks can be used as biomarkers for lung cancer sus-
ceptibility (Levine et al. 2015). Nevertheless, the value of the epigenetic clock in
age-related lung diseases is currently unknown.

2.4.4 Loss of Proteostasis

The autophagy-lysosomal system and the ubiquitin-proteasomal system are regu-
lators of protein quality control. Basal autophagy and other metabolic pathways are
also rhythmically activated in a clock-dependent manner (Ma and Lin 2012).
Recent studies indicate that proteolytic systems contribute to chronic lung diseases.
Specifically, aberrant proteostasis contributes to COPD, severe emphysema, and
pulmonary fibrosis (Bouchecareilh and Balch 2011; Sosulski 2015).

Autophagy has significant physiological significance for the lung, and alterations
in autophagy have been implicated in the pathogenesis of various pathological lung
conditions, including COPD and IPF (Sanchez 2016b). Autophagy has been shown
to be reduced in IPF. Deficient autophagy induces acceleration of epithelial cell
senescence and myofibroblast differentiation of lung fibroblasts and the progression
of IPF (Patel et al. 2012; Araya et al. 2013; Ricci et al. 2013). The role of
autophagy in the pathogenesis of COPD/emphysema appears to be complex and
cell–type-specific. Mitophagy in alveolar epithelial cells contributes to the patho-
genesis of COPD (Mizumura et al. 2014) and autophagy-deficient mice are pro-
tected from CS-associated ciliary dysfunction (Cloonan et al. 2014). Nevertheless,
recent studies indicate that impairment of CS-induced autophagy accelerates lung
aging, COPD-emphysema exacerbations, and pathogenesis (Vij et al. 2016).

Rhythmic autophagic induction may be essential for temporal remodeling of
proteomes and organelles. Periodic removal of mitochondria and other organelles
may facilitate the adjustment of the bioenergetic properties throughout different
circadian phases (Ma et al. 2012). Circadian regulation of several transcriptional
regulators of autophagy genes is mediated by transcription factor CEBPB, linking
the circadian clock to autophagy and maintenance of nutrient homeostasis in mice
(Ma et al. 2011). In addition to the role of transcription factors, studies in zebrafish
indicate that the circadian clock directly regulates autophagy genes, specifically
Nr1d1 and Per1b, which are critical for maintaining autophagic rhythms in
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zebrafish (Huang et al. 2016). Furthermore, pathways involved in autophagic
regulation, such as the mTOR and AMPK pathways, appear to undergo circadian
regulation; however, their roles in driving rhythmic autophagy activation in lung
tissue remains to be explored. Interestingly, studies in MEFs revealed that treatment
with lysosomal inhibitors significantly enriches the protein Bmal1 to a degree
comparable to that achieved with MG132 treatment, indicating that autophagy and
the proteasome plays a major role in Bmal1 degradation (Jeong et al. 2015).

Another mechanism of proteostasis is the proteasome, which regulates
Bmal1/Clock function but also exhibits circadian rhythmicity in expression level
and activity (Stratmann et al. 2012; Desvergne et al. 2016). The healthy aging of the
lung does not involve impairment of proteasome function (Caniard et al. 2015). By
contrast, COPD and direct exposure to cigarette smoke alter pulmonary proteasome
expression and activity which inversely correlate with lung function (van Rijt et al.
2012).

The rhythms match the circadian oscillations in oxidative protein damage
(Desvergne et al. 2014). Using synchronized human embryonic kidney (HEK) 293
cells and primary dermal fibroblasts, it was shown that the levels of carbonylated
protein and proteasome activity vary rhythmically following a 24-h period, in part
due to the circadian expression of a nuclear factor, erythroid 2 like 2 (NRF2) and
the proteasome activator PA28a/b. Interestingly, no circadian modulation of pro-
teasome activity or carbonylated protein level was observed in senescent fibroblasts
compared to control fibroblasts (Desvergne et al. 2016). Therefore, it is plausible
that age-associated alterations in the circadian systems may contribute to altered
proteasome activity and accumulation of oxidized proteins in age-related lung
diseases.

Stress signals lead to selective activation of downstream signaling cascades,
including activation of PERK, a type I membrane protein located in the endo-
plasmic reticulum, which phosphorylates the translation initiation factor eIF2a,
leading to attenuation of global protein synthesis (Harding et al. 2000). Inhibition
of eIF2a allows selective expression of ATF4, a regulator of genes involved in
protein folding, antioxidant responses, autophagy, amino acid metabolism, and
apoptosis (Harding et al. 2003). Active PERK phosphorylates and activates NRF2,
a master regulator that promotes cell survival by counteracting oxidative stress
and modulating redox signaling (Niture et al. 2010; Hybertson et al. 2011).
Altered NRF2 expression has been associated with the pathogenesis of chronic
lung diseases, such as asthma, COPD, and IPF, contributing to excessive oxida-
tive stress in the lung (Cho and Kleeberger 2007; Cho et al. 2006). Importantly,
NRF2 is known to be regulated in a circadian manner (Pekovic-Vaughan et al.
2014). Therefore, circadian control of the NRF2/glutathione pathway plays a
significant role in combating oxidative/fibrotic lung damage, which might prompt
new chronotherapeutic strategies for the treatment of human lung diseases,
including IPF (Pekovic-Vaughan et al. 2014; Malhotra et al. 2011; Kumar et al.
2011).
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2.4.5 Deregulated Nutrient Sensing

NAD+ is a promising candidate to be an integrator of circadian-rhythm and
nutrient-sensing pathways. Several studies have demonstrated that the circadian
clock regulates the synthesis of the essential metabolic cofactor nicotinamide
adenine dinucleotide (NAD+), which plays a central role in redox reactions and is
an important cofactor of the class III histones and protein deacetylases (sirtuin
family of NAD+-dependent deacetylases). CLOCK:BMAL1 directly regulates
nicotinamide phosphoribosyltransferase (NAMPT) transcripts and NAD+ levels
(Peek et al. 2012; Ramsey et al. 2009; Nakahata et al. 2009). In circadian mutant
mice, NAD+ supplementation restores protein deacetylation and enhances oxygen
consumption (Peek et al. 2013).

Class III deacetylases participate in both protein deacetylation and
ADP-ribosylation and constitute a rapid means of upregulating mitochondrial
energy production during nutrient deprivation. SIRT1 and SIRT3 are members of
the sirtuin family that regulates a range of metabolic processes, senescence, and life
span (Saunders and Verdin 2007; Donmez and Guarente 2010; Haigis and Sinclair
2010; Peek et al. 2012). Sirt1 and Sirt3 have been implicated in the pathogenesis of
age-related lung diseases, such as COPD and IPF. Sirt1 is decreased in macro-
phages and lungs of smokers and COPD patients, leading to an increase in NF-jB–
dependent proinflammatory mediators in lung and markers of oxidative and
nitrosative stress (Rajendrasozhan et al. 2008). Others showed that the progressive
decline in Sirt1 is accompanied by increasing levels of IL-8 and MMP9 with
increasing disease severity, whereas induction of SIRT1 protects against
COPD/emphysema in animal models and contributes to correcting the imbalance in
the TIMP-1/MMP-9 ratio (Yao et al. 2013). Bmal1 is acetylated and degraded in the
lungs of mice exposed to CS and in patients with COPD, compared with lungs of
nonsmoking controls, linking it mechanistically to CS-induced reduction in SIRT1
(Hwang et al. 2014).

Circadian control of the activity of SIRT3 generates rhythms in the acetylation
and activity of oxidative enzymes and respiration in isolated mitochondria. In liver
of Bmal1−/− mice, acetylation is increased at specific lysine residues of the
antioxidants MnSOD (Lys122) (Tao et al. 2010) and IDH2 (Lys413) (Yu et al. 2012),
known targets of Sirt3. Thus, it was demonstrated that Sirt3 activity is under the
control of the circadian clock (Peek et al. 2013). Aging and TGF-b treatment lead to
Sirt3 deficiency, acetylation of MnSOD and IDH2, and promotion of pulmonary
fibrosis (Sosulski et al. 2016).

2.4.6 Mitochondrial Dysfunction and Oxidative Stress

In mitochondria, both metabolic and cellular defense mechanisms are carefully
regulated. Mitochondrial instability has been reported in lung cancer, suggesting
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that mitochondrial dysfunction contributes to the progression of lung cancer and
multidrug resistance (Mambo et al. 2005; Kamp et al. 2011; Lee et al. 2015; Ma
et al. 2015).

Abnormal clock function with aging might influence mitochondrial function.
Mutations in mtDNA and oxidative DNA damage have been observed to accu-
mulate in the lung and other tissues during human aging. Several studies suggest
that the increase in mtDNA content of aging tissues may be effected through a
feedback mechanism to compensate for the functional decline of mitochondria in
human aging, and that smoking may modulate the mechanism (Lee et al. 1998,
1999). It is also possible that aging is concomitant with deficient autophagic
degradation of mitochondria, a mechanism that can itself be circadian regulated,
leading to accumulation of dysfunctional mitochondria (Sosulski et al. 2015; Jacobi
et al. 2015). Similarly, exposure to CS impairs mitophagy (Ahmad et al. 2015).
There are few studies connecting asthma with mitochondrial dysfunction; however,
a recent study demonstrates a significant reduction in mitochondrial glucocorticoid
and estrogen receptors in human bronchial epithelial cells from fatal asthma cases
(Simoes et al. 2012).

During aging, autophagic clearance of mitochondria declines and dysfunctional
mitochondria provoke chronic oxidative stress, which disturbs the cellular redox
balance (Salminen et al. 2012b). Reduced mitochondrial oxidative capacity and
abnormal coupling are also evident as a consequence of perinatal nicotine exposure,
but the mechanisms need to be elucidated (Cannon et al. 2016). Exposure to air-
borne particulate matter, as well as to profibrotic factor TGF-b, leads to a decrease
in mitochondrial respiratory function (Delgado-Buenrostro et al. 2013; Sosulski
et al. 2015). It is possible that the environmental induced mitochondrial dysfunction
can be associated to circadian changes. According to the circadian gene expression
database (http://expression.gnf.org/circadian), several respiratory chain compo-
nents, including subunits of complex I, appear to display a circadian expression
pattern in mice, and a number of others that remain to be analyzed contain E‐box
motifs for clock transcription factor complexes in their promoters (Hogenesch et al.
1998). Deficiency in Sirt3 also alters antioxidant response and mitochondrial
dynamics and function. Therefore, changes in the circadian regulation of Sirt3
might have significant consequences for mitochondrial function and response to
injury.

It is also evident that mitochondrial proteins, such as prohibitins, can modulate
the internal circadian clock. Prohibitins are versatile proteins located in the inner
mitochondrial membrane and involved in mitochondrial function and morphology.
Prohibitin 2 (PHB2) is a modulator of period length (Kategaya et al. 2012).
Downregulation of PHB2 increases circadian-driven transcription, thus revealing
that PHB2 acts as an inhibitor in the molecular clock. Even if no significant dif-
ferences are found in PBH2 expression in COPD, prohibitin 1 (PHB1) was pre-
viously found to be significantly downregulated in bronchial epithelial cells of
patients with COPD and likely contributes to oxidative stress in the COPD lung
(Soulitzis et al. 2012).
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Several defects in mitochondrial dynamics, including mitophagy, have been
reported in chronic lung diseases (Sosulski et al. 2015). Reduced expression of
PINK1 is observed in the lungs of aging mice and IPF patients and is associated
with pulmonary fibrosis (Sosulski et al. 2015; Bueno et al. 2014). Changes in
mitochondrial dynamics may also be relevant to the pathogenesis of COPD (Hara
et al. 2013; Hoffmann et al. 2013; Aravamudan et al. 2014). It has been shown that
mitochondria of primary bronchial epithelial cells from COPD patients show
elongation and fragmentation, swelling, and depletion of cristae (Hoffmann et al.
2013). Mitochondrial dysfunction is also linked to inflammatory responses
(Escames et al. 2013; Lopez-Armada et al. 2013). Thus, strategies aimed at con-
trolling excessive oxidative stress within mitochondria might have a therapeutic
purpose against inflammation (Lopez-Armada et al. 2013, Yue and Yao 2016).

Mitochondrial dysfunction in muscle cells may contribute to the loss of muscle
strength, leading to a decline in physical function, which is a systemic manifestation
of COPD (Lloreta et al. 1996; Mayer et al. 2013). Currently, mitochondria-targeted
interventions are being developed in studies to elucidate the role of mitochondrial
metabolism and recycling in lung aging, COPD, and pulmonary fibrosis.

2.4.7 Cellular Senescence

Cellular senescence and the inflammatory profile of senescent cells play significant
roles in the pathogenesis of chronic lung diseases, including COPD and lung
fibrosis (Tsuji et al. 2010; Aoshiba and Nagai 2009; Bartling 2013; Chilosi et al.
2013). Senescent cells recruit the immune system to facilitate their removal from
tissues. Nevertheless, during ageing, their senescence-associated secretory pheno-
type (SASP) drives major pro-inflammatory consequences (Ovadya and
Krizhanovsky 2014). On one hand, senescence decreases the ability of cells to
transmit circadian signals to their clocks. Conversely, the introduction of telomerase
completely prevents this reduction of clock gene expression associated with
senescence (Kunieda et al. 2006). On the other hand, deficiency in circadian clock
regulation can result in senescence. In fact, deficiency of Bmal1 results in the
development of premature aging in mice, with an increase in the number of
senescent cells in different tissues (lungs, liver, and spleen). However, it appears
that Bmal1 doesn’t play a significant role in replicative senescence, as demonstrated
by similar rates of proliferation and senescence in primary fibroblasts isolated from
wild-type and Bmal1−/− mice (Khapre et al. 2011).

2.4.8 Stem Cell Exhaustion

The influence of circadian rhythm on the regulation of stem cells has recently begun
to be evaluated. Clocks have been suggested to underlie heterogeneity in stem cell
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populations to optimize cycles of cell division during wound healing (Brown 2014).
A link is also emerging between the circadian clock and metabolic transcriptional
regulation by epigenetic mechanisms, implying a role of this interaction in stem-cell
homeostasis (Avitabile et al. 2016). Nevertheless, little is known about the role of
circadian rhythm in human mesenchymal bone marrow stem cell (BMSC) prop-
erties. Rev-erba and the Wnt/b-catenin signaling pathway are known to play
important roles in BMSC aging, and it has been suggested that Rev-erba may
promote BMSC aging and function as a negative regulator during late-stage
osteogenesis (He et al. 2015). Recent data confirm that circadian rhythms also play
a role in the regulation of mesenchymal stem cell differentiation and division, key
factors in maintaining mesenchymal stem cell properties (Boucher et al. 2016).
Stem cell-based therapy is being proposed for the treatment of chronic lung diseases
(Gore et al. 2016; Lin et al. 2015; Zhang et al. 2014; Pierro and Thebaud 2010). In
consequence, there is a need to determine the role of the circadian clock in the
maintenance of lung progenitor cells, specifically, the role the circadian clock
regulators play in stem cell maintenance to preserve lung integrity during aging and
tissue repair. The identification of factors that potentiate the regenerative capacity of
stem cells is crucial for the development of next-generation therapeutics for chronic
lung diseases.

2.4.9 Intercellular Communication

A prominent aging-associated alteration in intercellular communication is the
proinflammatory phenotype that accompanies aging in mammals (Salminen et al.
2012a, b). Circadian rhythms mediated by light/dark cycles influence the immune
functions of natural killer cell activity, lymphocyte and monocyte proliferation and
their secretome (Boivin et al. 2003). Eight percent of all mRNA transcripts in
macrophages show oscillation of expression over a 24-h period. Bronchiolar
epithelium is part of the cell-specific timing mechanism that regulates overall
homeostasis of immunological responses (Gibbs et al. 2014). Conversely, cytokines
in the lung can also reprogram the circadian rhythm (Haspel et al. 2014; Dong et al.
2016b).

Intercellular communications are also highlighted by exosome secretion.
Exosomes exhibit pleiotropic biological functions, including immune regulatory
functions, antigen presentation, intracellular communication, and intercellular
transfer of RNA and proteins. Exosomal protein and microRNA (miR) content
reflects the physiological condition of the cells of origin, as presented in an inter-
esting study with lung adenocarcinoma cells (Choi et al. 2014). Importantly, sleep
fragmentation induces alterations in biosynthesis and cargo of plasma exosomes
that affect tumor cell properties (Khalyfa et al. 2016). Exosomes can also enhance
the transcriptional activity and abundance of b-catenin, a primary regulator of
epithelial-mesenchymal transition (Choi et al. 2014). CS can modify the
extra-vesicular components from bronchial epithelial cells, such as exosomes carry
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miR-210 as paracrine mediators of myofibroblast differentiation (Fujita et al. 2015).
To our knowledge, no studies have been done concerning the circadian regulation
of exosome secretion and content in chronic lung diseases. Conversely, it appears
that exosomes can regulate circadian gene expression, as shown in studies in
Neurospora (Guo et al. 2009). It will be important to determine if exosomes have a
circadian regulatory potential in the lung.

Intercellular communication can also lead to inter-tissue communication. This is
highlighted by a recent study revealing that adenocarcinoma lung functions as a
circadian organizer that rewires a distal tissue, such as the liver, through an altered
proinflammatory response via the STAT3-Socs3 pathway. Future studies will need
to address how aging regulates inter-tissue communication (Cairns and Mak 2016;
Masri et al. 2016).

2.5 Chrono-Therapy for Age-Related Lung Diseases

Chrono-pharmacology, or circadian regulation of drug function, as well as chrono-
tolerance and chrono- nutrition, are likely to become important research fields in
chronobiological studies (Mitteldorf 2013; Tahara and Shibata 2014).

Melatonin. A crucial observation was the decline of the nocturnal melatonin
peak in elderly persons and the capacity of melatonin to prolong life span. Different
subtypes of melatonin receptors may address the issue of the various physiological
actions of melatonin reported in individual tissues within the same species or
similar tissues in different species. Beneficial effects of melatonin in attenuating
aging-related deterioration have been demonstrated in several publications
(Armstrong and Redman 1991; Jenwitheesuk et al. 2014). In fact, melatonin
modulates the inflammatory and apoptosis status of the aging lungs, exerting a
protective effect on age-induced damage (Puig et al. 2016). One study, aiming to
determine whether melatonin administration can prevent the hyper-oxidative state
that occurs in lung mitochondria with age, concluded that melatonin protects lung
mitochondria from aging with similar benefits in male and female mice
(Acuna-Castroviejo et al. 2012). Melatonin also reduces lung injury in bleomycin
models of pulmonary fibrosis regarding mortality rate, the degree of inflammation,
and fibrosis (Karimfar et al. 2015; Zhao et al. 2014; Yildirim et al. 2006; Genovese
et al. 2005). Melatonin was found to be significantly reduced during the exacer-
bation period in patients with COPD (Gumral et al. 2009). In contrast, a daily dose
of melatonin has been shown to protect lungs from histopathological changes in
rabbits exposed to smoke (Unlu et al. 2006). A 4-week study revealed that mela-
tonin could improve sleep in patients with asthma; however, long-term studies are
needed to resolve conflicting data (Campos et al. 2004; Luo et al. 2004).
Concerning cancer cells, melatonin has an inhibitory effect on the reduction in
mitochondrial membrane potential that occurs upon doxorubicin treatment and the
development of premature senescence at the cellular level and protects adenocar-
cinomic human alveolar basal epithelial cells (A549 cells), from
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doxorubicin-induced senescence (Song et al. 2012). Melatonin orally administered
to reset the circadian clock reduces the toxicity of various chemotherapeutic agents
(Lewy et al. 1999; Lewy and Sack 1997; Lissoni et al. 1994; Lissoni 2000).
Melatonin also enhanced the antitumor activity of berberine through activation of
caspase/cyto C and inhibition of AP-2b/hTERT, NF-jB/COX-2, and Akt/ERK
signaling pathways (Lu et al. 2016). Other positive results in animal studies suggest
that melatonin prevents the increase in glucose levels that usually follows inter-
mittent exposure to hypoxia seen in OSA (Kaminski et al. 2015). Exogenously
administered melatonin can also protect lungs from reperfusion injury after pro-
longed ischemia in transplant models (Inci et al. 2002).

Chrono-toxicity has been evaluated for some therapies, particularly cancer
therapies. One early study demonstrated that cisplatin-based chronotherapy has the
advantage of relieving side effects of the chemotherapy in patients with advanced
NSCLC and that the metabolism of cisplatin is circadian regulated (Li et al. 2015).
Nevertheless, little is known about chrono- pharmacology and chrono- toxicity of
most drugs currently used to treat chronic lung conditions.

Small molecules in chronotherapy. Approximately 200,000 compounds have
already been screened and characterized as circadian regulators acting as modifiers
of period length, phase delay, phase advance, phase attenuation, and amplitude
(Tahara and Shibata 2014). Through chemical-screening approaches, a number of
compounds that affect circadian rhythms have been discovered, including those
presented in Table 2.1, such as casein kinase I inhibitors and synthetic ligands for
the nuclear receptors REV-ERB and ROR (Sprouse et al. 2010; Badura et al. 2007;
Gibbs et al. 2012; Cho et al. 2012; Solt et al. 2012). Some of those compounds had
been proposed previously as therapeutic alternatives for diseases such as lung
cancer (Hung et al. 2013; Tang et al. 2016; Parajuli et al. 1999; Schwandt et al.
2012; Ferguson et al. 2015; Hayashi et al. 2006) and exacerbated inflammation in
models of acute lung inflammation and COPD (Ratcliffe and Dougall 2012; Brando

Table 2.1 Summary of small molecules as circadian regulators

Circadian effect Molecules

Period-lengthening activity Casein kinase 1 inhibitor (Sprouse et al. 2010; Badura et al.
2007); MAP kinase p38 inhibitor (Dusik et al. 2014; Pizzio et al.
2003; Hayashi et al. 2003); JNK inhibitor (Pizzio et al. 2003);
PP2A inhibitor (Yang et al. 2004)

Period-shortening activity DNA topoisomerase II inhibitor, PKC agonist, CDK inhibitor,
and GSK3b inhibitor (Hirota et al. 2008)

Attenuation of phase shifts Kinase inhibitors, including U0126 (ERK) (Coogan and Piggins
2003), KN-62 (CaMKII) (Golombek and Ralph 1994), KT5823
(PKG), and SB431542 (ALK) (Kon et al. 2008)

Phase delay and amplitude
enhancement

Inducer of cellular cAMP, phosphodiesterase inhibitor
(rolipram), and secondary inducer of cAMP (Chen et al. 2012;
Hirota et al. 2012)

Amplitude reduction Agonists of Rev-erba or Rev-erbb (Gibbs et al. 2012; Cho et al.
2012; Solt et al. 2012)
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Lima et al. 2011; Arndt et al. 2005). It will be critical in the near future to determine
whether strategies known to facilitate synchronization of the circadian clocks in
younger individuals can do so in older individuals, and whether doing so allows
patients with chronic lung disease to experience improved quality of life and/or live
longer. Thus, it will be beneficial to determine whether the use of the small
molecules capable of manipulating the clock leads to beneficial effects in chronic
lung diseases.

2.6 Future Directions

The potential for novel chrono-pharmacological approaches for the treatment of
lung disease needs to be determined in the near future in agreement with recent
lines of evidence indicating that aging proceeds under control of a master clock or
several redundant clocks (Mitteldorf 2016). It is plausible that resetting the clocks
with biochemical interventions might regulate the hallmarks of aging and make an
old lung behave like a young lung. Developing strategies to prevent circadian
disruption effectively with aging to prevent the onset of age-related lung diseases
and to provide effective strategies to diminish circadian disruption among patients
with chronic lung diseases are worthwhile and accomplishable goals.

Acknowledgements I am grateful for the support of the Tulane Center for Aging and
NIGMS-NIH Award Number P20GM103629, which made our studies of age-related lung diseases
possible. I also apologize to investigators whose work may not have been cited due to space
limitations.

References

Acuna-Castroviejo D, Carretero M, Doerrier C, Lopez LC, Garcia-Corzo L, Tresguerres JA,
Escames G (2012) Melatonin protects lung mitochondria from aging. Age (Dordr) 34:92–681

Ahmad T, Sundar IK, Lerner CA, Gerloff J, Tormos AM, Yao H, Rahman I (2015) Impaired
mitophagy leads to cigarette smoke stress-induced cellular senescence: implications for chronic
obstructive pulmonary disease. FASEB J 29:29–2912

Albers HE (1981) Gonadal hormones organize and modulate the circadian system of the rat. Am J
Physiol 241:R62–R66

Albrecht U (2012) Timing to perfection: the biology of central and peripheral circadian clocks.
Neuron 74:60–246

Albrecht E, Sillanpaa E, Karrasch S, Alves AC, Codd V, Hovatta I, Buxton JL, Nelson CP, Broer L,
Hagg S,ManginoM,WillemsenG, Surakka I, FerreiraMA,AminN,Oostra BA, BackmandHM,
Peltonen M, Sarna S, Rantanen T, Sipila S, Korhonen T, Madden PA, Gieger C, Jorres RA,
Heinrich J, Behr J, Huber RM, Peters A, Strauch K, Wichmann HE, Waldenberger M,
Blakemore AI, de Geus EJ, Nyholt DR, Henders AK, Piirila PL, Rissanen A, Magnusson PK,
Vinuela A, Pietilainen KH, Martin NG, Pedersen NL, Boomsma DI, Spector TD, van Duijn CM,
Kaprio J, Samani NJ, Jarvelin MR, Schulz H (2014) Telomere length in circulating leukocytes is
associated with lung function and disease. Eur Respir J 43:92–983

2 Pulmonary Diseases, a Matter of Time 49



Alt JA, Bohnet S, Taishi P, Duricka D, Obal F Jr, Traynor T, Majde JA, Krueger JM (2007)
Influenza virus-induced glucocorticoid and hypothalamic and lung cytokine mRNA responses
in dwarf lit/lit mice. Brain Behav Immun 21, 60–7

Amin K, Ekberg-Jansson A, Lofdahl CG, Venge P (2003) Relationship between inflammatory
cells and structural changes in the lungs of asymptomatic and never smokers: a biopsy study.
Thorax 58:42–135

Amsellem V, Gary-Bobo G, Marcos E, Maitre B, Chaar V, Validire P, Stern JB, Noureddine H,
Sapin E, Rideau D, Hue S, le Corvoisier P, le Gouvello S, Dubois-Rande JL, Boczkowski J,
Adnot S (2011) Telomere dysfunction causes sustained inflammation in chronic obstructive
pulmonary disease. Am J Respir Crit Care Med 184:66–1358

Aoshiba K, Nagai A (2009) Senescence hypothesis for the pathogenetic mechanism of chronic
obstructive pulmonary disease. Proc Am Thorac Soc 6:596–601

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

Aravamudan B, Kiel A, Freeman M, Delmotte P, Thompson M, Vassallo R, Sieck GC,
Pabelick CM, Prakash YS (2014) Cigarette smoke-induced mitochondrial fragmentation and
dysfunction in human airway smooth muscle. Am J Physiol Lung Cell Mol Physiol 306:
L840–L854

Araya J, Kojima J, Takasaka N, Ito S, Fujii S, Hara H, Yanagisawa H, Kobayashi K, Tsurushige C,
Kawaishi M, Kamiya N, Hirano J, Odaka M, Morikawa T, Nishimura SL, Kawabata Y,
Hano H, Nakayama K, Kuwano K (2013) Insufficient autophagy in idiopathic pulmonary
fibrosis. Am J Physiol Lung Cell Mol Physiol 304:L56–69

Arble DM, Bass J, Behn CD, Butler MP, Challet E, Czeisler C, Depner CM, Elmquist J,
Franken P, Grandner MA, Hanlon EC, Keene AC, Joyner MJ, Karatsoreos I, Kern PA, Klein S,
Morris CJ, Pack AI, Panda S, Ptacek LJ, Punjabi NM, Sassone-Corsi P, Scheer FA, Saxena R,
Seaquest ER, Thimgan MS, Van Cauter E, Wright KP (2015) Impact of sleep and circadian
disruption on energy balance and diabetes: a summary of workshop discussions. Sleep
38(12):1849–1860

Arias MA, Alonso-Fernandez A, Garcia-rio F (2006) Stroke, obstructive sleep apnea, and
disorders of glucose metabolism. Arch Intern Med 166:1418–9; author reply 1419

Armanios M (2013) Telomeres and age-related disease: how telomere biology informs clinical
paradigms. J Clin Invest 123:996–1002

Armstrong SM, Redman JR (1991) Melatonin: a chronobiotic with anti-aging properties? Med
Hypotheses 34:9–300

Arndt PG, Young SK, Worthen GS (2005) Regulation of lipopolysaccharide-induced lung
inflammation by plasminogen activator Inhibitor-1 through a JNK-mediated pathway.
J Immunol 175:59–4049

Avitabile D, Magenta A, Lauri A, Gambini E, Spaltro G, Vinci MC (2016) Metaboloepigenetics:
the emerging network in stem cell homeostasis regulation. Curr Stem Cell Res Ther 11:69–352

Badura L, Swanson T, Adamowicz W, Adams J, Cianfrogna J, Fisher K, Holland J, Kleiman R,
Nelson F, Reynolds L, ST Germain K, Schaeffer E, Tate B, Sprouse J (2007) An inhibitor of
casein kinase I epsilon induces phase delays in circadian rhythms under free-running and
entrained conditions. J Pharmacol Exp Ther 322:730–8

Bando H, Nishio T, van der Horst GT, Masubuchi S, Hisa Y, Okamura H (2007) Vagal regulation
of respiratory clocks in mice. J Neurosci 27:65–4359

Barcelo A, Pierola J, Lopez-Escribano H, de la PenaM, Soriano JB, Alonso-Fernandez A, Ladaria A,
Agusti A (2010) Telomere shortening in sleep apnea syndrome. Respir Med 104:9–1225

Bartling B (2013) Cellular senescence in normal and premature lung aging. Z Gerontol Geriatr
46:22–613

Bates ME, Clayton M, Calhoun W, Jarjour N, Schrader L, Geiger K, Schultz T, Sedgwick J,
Swenson C, Busse W (1994) Relationship of plasma epinephrine and circulating eosinophils to
nocturnal asthma. Am J Respir Crit Care Med 149:72–667

Benna C, Bonaccorsi S, Wulbeck C, Helfrich-Forster C, Gatti M, Kyriacou CP, Costa R,
Sandrelli F (2010) Drosophila timeless 2 is required for chromosome stability and circadian
photoreception. Curr Biol 20:52–346

50 C.G. Sanchez



Bjoraker JA, Ryu JH, Edwin MK, Myers JL, Tazelaar HD, Schroeder DR, Offord KP (1998)
Prognostic significance of histopathologic subsets in idiopathic pulmonary fibrosis. Am J
Respir Crit Care Med 157:199–203

Boivin DB, James FO, Wu A, Cho-Park PF, Xiong H, Sun ZS (2003) Circadian clock genes
oscillate in human peripheral blood mononuclear cells. Blood 102:5–4143

Bonnet R, Jorres R, Heitmann U, Magnussen H (1991) Circadian rhythm in airway responsiveness
and airway tone in patients with mild asthma. J Appl Physiol 1985(71):605–1598

Bosken CH, Hards J, Gatter K, Hogg JC (1992) Characterization of the inflammatory reaction in
the peripheral airways of cigarette smokers using immunocytochemistry. Am Rev Respir Dis
145:7–911

Bouchecareilh M, Balch WE (2011) Proteostasis: a new therapeutic paradigm for pulmonary
disease. Proc Am Thorac Soc 8:95–189

Boucher H, Vanneaux V, Domet T, Parouchev A, Larghero J (2016) Circadian clock genes
modulate human bone marrow mesenchymal stem cell differentiation, migration and cell cycle.
PLoS One 11:e0146674

Brando Lima AC, Machado AL, Simon P, Cavalcante MM, Rezende DC, Sperandio DA,
Silva GM, Nascimento PG, Quintas LE, Cunha FQ, Barreiro EJ, Lima LM, Koatz VL (2011)
Anti-inflammatory effects of LASSBio-998, a new drug candidate designed to be a p38 MAPK
inhibitor, in an experimental model of acute lung inflammation. Pharmacol Rep 63:1029–39

Breitling LP, Saum KU, Perna L, Schottker B, Holleczek B, Brenner H (2016) Frailty is associated
with the epigenetic clock but not with telomere length in a German cohort. Clin Epigenetics
8:21

Brown SA (2014) Circadian clock-mediated control of stem cell division and differentiation:
beyond night and day. Development 141:11–3105

Brown SE, Fraga MF, Weaver IC, Berdasco M, Szyf M (2007) Variations in DNA methylation
patterns during the cell cycle of HeLa cells. Epigenetics 2:54–65

Bueno M, Lai YC, Romero Y, Brands J, ST Croix CM, Kamga C, Corey C, Herazo-Maya JD,
Sembrat J, Lee JS, Duncan SR, Rojas M, Shiva S, Chu CT, Mora AL (2014) PINK1 deficiency
impairs mitochondrial homeostasis and promotes lung fibrosis. J Clin Invest

Buxton OM, Cain SW, O’connor SP, Porter JH, DUFFY JF, Wang W, Czeisler CA, Shea SA
(2012) Adverse metabolic consequences in humans of prolonged sleep restriction combined
with circadian disruption. Sci Trans Med 4:129ra43

Cairns RA, Mak TW (2016) Lung cancer resets the liver’s metabolic clock. Cell Metab 23:9–767
Cairns A, Poulos G, Bogan R (2016) Sex differences in sleep apnea predictors and outcomes from

home sleep apnea testing. Nat Sci Sleep 8:197–205
Calhoun WJ (2003) Nocturnal asthma. Chest 123:399S–405S
Campos FL, Da Silva-Junior FP, de Bruin VM, de Bruin PF (2004) Melatonin improves sleep in

asthma: a randomized, double-blind, placebo-controlled study. Am J Respir Crit Care Med
170:51–947

Caniard A, Ballweg K, Lukas C, Yildirim AO, Eickelberg O, Meiners S (2015) Proteasome
function is not impaired in healthy aging of the lung. Aging (Albany NY) 7:92–776

Cannon DT, Liu J, Sakurai R, Rossiter HB, Rehan VK (2016) Impaired lung mitochondrial
respiration following perinatal nicotine exposure in rats. Lung 194:8–325

Cedernaes J, Osler ME, Voisin S, Broman JE, Vogel H, Dickson SL, Zierath JR, Schioth HB,
Benedict C (2015) Acute sleep loss induces tissue-specific epigenetic and transcriptional
alterations to circadian clock genes in men. J Clin Endocrinol Metab 100:E1255-61

Chan TK, Loh XY, Peh HY, Tan WN, Tan WS, Li N, Tay IJ, Wong WS, Engelward BP (2016)
House dust mite-induced asthma causes oxidative damage and DNA double-strand breaks in
the lungs. J Allergy Clin Immunol 138:84–96 e1

Chen WD, Wen MS, Shie SS, Lo YL, Wo HT, Wang CC, Hsieh IC, Lee TH, Wang CY (2014)
The circadian rhythm controls telomeres and telomerase activity. Biochem Biophys Res
Commun 451:14–408

2 Pulmonary Diseases, a Matter of Time 51



Chen Z, Yoo SH, Park YS, Kim KH, Wei S, Buhr E, Ye ZY, Pan HL, Takahashi JS (2012)
Identification of diverse modulators of central and peripheral circadian clocks by
high-throughput chemical screening. Proc Natl Acad Sci U S A 109:6–101

Chilosi M, Carloni A, Rossi A, Poletti V (2013) Premature lung aging and cellular senescence in
the pathogenesis of idiopathic pulmonary fibrosis and COPD/emphysema. Transl Res 162:
73–156

Cho HY, Kleeberger SR (2007) Genetic mechanisms of susceptibility to oxidative lung injury in
mice. Free Radic Biol Med 42:45–433

Cho HY, Reddy SP, Kleeberger SR (2006) NRF2 defends the lung from oxidative stress. Antioxid
Redox Signal 8:76–87

Cho H, Zhao X, Hatori M, Yu RT, Barish GD, Lam MT, Chong LW, Ditacchio L, Atkins AR,
Glass CK, Liddle C, Auwerx J, Downes M, Panda S, Evans RM (2012) Regulation of circadian
behaviour and metabolism by REV-ERB-alpha and REV-ERB-beta. Nature 485:7–123

Choi M, Ban T, Rhim T (2014) Therapeutic use of stem cell transplantation for cell replacement or
cytoprotective effect of microvesicle released from mesenchymal stem cell. Mol Cells 37:
9–133

Clark TJ, Hetzel MR (1977) Diurnal variation of asthma. Br J Dis Chest 71:87–92
Cloonan SM, Lam HC, Ryter SW, Choi AM (2014) “Ciliophagy”: The consumption of cilia

components by autophagy. Autophagy 10:4–532
Coogan AN, Piggins HD (2003) Circadian and photic regulation of phosphorylation of ERK1/2

and Elk-1 in the suprachiasmatic nuclei of the Syrian hamster. J Neurosci 23:93–3085
Cormick W, Olson LG, Hensley MJ, Saunders NA (1986) Nocturnal hypoxaemia and quality of

sleep in patients with chronic obstructive lung disease. Thorax 41:54–846
Couto P, Miranda D, Vieira R, Vilhena A, de Marco L, Bastos-Rodrigues L (2014) Association

between CLOCK, PER3 and CCRN4L with nonsmall cell lung cancer in Brazilian patients.
Mol Med Rep 10:40–435

Dai J, Gao Q (2016) Telomere length and survival in IPF patients—reply. Respirology 21:195
Davidson AJ, Sellix MT, Daniel J, Yamazaki S, Menaker M, Block GD (2006) Chronic jet-lag

increases mortality in aged mice. Curr Biol 16:R914–6
Davis EM, Locke LW, McDowell AL, Strollo PJ, O’Donnell CP (2013) Obesity accentuates

circadian variability in breathing during sleep in mice but does not predispose to apnea. J Appl
Physiol 1985(115):82–474

Davis FC, Darrow JM, Menaker M (1983) Sex differences in the circadian control of hamster
wheel-running activity. Am J Physiol 244:R93–105

Delgado-Buenrostro NL, Freyre-Fonseca V, Cuellar CM, Sanchez-Perez Y, Gutierrez-Cirlos EB,
Cabellos-Avelar T, Orozco-Ibarra M, Pedraza-Chaverri J, Chirino YI (2013) Decrease in
respiratory function and electron transport chain induced by airborne particulate matter (PM10)
exposure in lung mitochondria. Toxicol Pathol 41:38–628

Dempsey JA, Veasey SC, Morgan BJ, O’Donnell CP (2010) Pathophysiology of sleep apnea.
Physiol Rev 90:47–112

Design of the Women’s Health (1998) Initiative clinical trial and observational study. The
Women’s Health Initiative Study Group. Control Clin Trials 19:61–109

Desvergne A, Ugarte N, Radjei S, Gareil M, Petropoulos I, Friguet B (2016) Circadian modulation
of proteasome activity and accumulation of oxidized protein in human embryonic kidney HEK
293 cells and primary dermal fibroblasts. Free Radic Biol Med 94:195–207

Desvergne A, Ugarte N, Petropoulos I, Friguet B (2014) Circadian modulation of proteasome
activities and removal of carbonylated proteins. Free Radic Biol Med 75(1):S18

Dong C, Gongora R, Sosulski ML, Luo F, Sanchez CG (2016a) Regulation of transforming
growth factor-beta1 (TGF-beta1)-induced pro-fibrotic activities by circadian clock gene
BMAL1. Respir Res 17:4

Dong C, Gongora R, Sosulski ML, Luo F, Sanchez CG (2016b) Regulation of transforming
growth factor-beta1 (TGF-beta1)-induced pro-fibrotic activities by circadian clock gene
BMAL1. Respir Res 17:4

Donmez G, Guarente L (2010) Aging and disease: connections to sirtuins. Aging Cell 9:90–285

52 C.G. Sanchez



Dopico XC, Evangelou M, Ferreira RC, Guo H, Pekalski ML, Smyth DJ, Cooper N, Burren OS,
Fulford AJ, Hennig BJ, Prentice AM, Ziegler AG, Bonifacio E, Wallace C, Todd JA (2015)
Widespread seasonal gene expression reveals annual differences in human immunity and
physiology. Nat Commun 6:7000

Dusik V, Senthilan PR, Mentzel B, Hartlieb H, Wulbeck C, Yoshii T, Raabe T, Helfrich-Forster C
(2014) The map kinase p38 is part of Drosophila melanogaster’s circadian clock. PLoS Genet
10:e1004565

Edgar RS, Stangherlin A, Nagy AD, Nicoll MP, Efstathiou S, O’neill JS, Reddy AB (2016) Cell
autonomous regulation of herpes and influenza virus infection by the circadian clock. Proc Natl
Acad Sci U S A

Escames G, Diaz-Casado ME, Doerrier C, Luna-Sanchez M, Lopez LC, Acuna-Castroviejo D
(2013) Early gender differences in the redox status of the brain mitochondria with age: effects
of melatonin therapy. Horm Mol Biol Clin Investig 16:91–100

Evans JA, Davidson AJ (2013) Health consequences of circadian disruption in humans and animal
models. Prog Mol Biol Transl Sci 119:283–323

Fei GH, Liu RY, Zhang ZH, Zhou JN (2004) Alterations in circadian rhythms of melatonin and
cortisol in patients with bronchial asthma. Acta Pharmacol Sin 25:6–651

Ferguson DM, Jacobson BA, Jay-Dixon J, Patel MR, Kratzke RA, Raza A (2015) Targeting
topoisomerase II activity in NSCLC with 9-aminoacridine derivatives. Anticancer Res 35:
7–5211

Figueroa-Ramos MI, Arroyo-Novoa CM, Lee KA, Padilla G, Puntillo KA (2009) Sleep and
delirium in ICU patients: a review of mechanisms and manifestations. Intensive Care Med
35:95–781

Fitzgerald K, Zucker I (1976) Circadian organization of the estrous cycle of the golden hamster.
Proc Natl Acad Sci U S A 73:7–2923

Flaherty KR, Toews GB, Travis WD, Colby TV, Kazerooni EA, Gross BH, Jain A,
Strawderman RL, Paine R, Flint A, Lynch JP, Martinez FJ (2002) Clinical significance of
histological classification of idiopathic interstitial pneumonia. Eur Respir J 19:275–83

Fleetham J, West P, Mezon B, Conway W, Roth T, Kryger M (1982) Sleep, arousals, and oxygen
desaturation in chronic obstructive pulmonary disease. The effect of oxygen therapy. Am Rev
Respir Dis 126:33–429

Florath I, Butterbach K, Muller H, Bewerunge-Hudler M, Brenner H (2014) Cross-sectional and
longitudinal changes in DNA methylation with age: an epigenome-wide analysis revealing
over 60 novel age-associated CpG sites. Hum Mol Genet 23:201–1186

Frias C, Garcia-Aranda C, de Juan C, Moran A, Ortega P, Gomez A, Hernando F, Lopez-Asenjo
JA, Torres AJ, Benito M, Iniesta P (2008) Telomere shortening is associated with poor
prognosis and telomerase activity correlates with DNA repair impairment in non-small cell
lung cancer. Lung Cancer 60:25–416

Froy O (2010) Metabolism and circadian rhythms–implications for obesity. Endocr Rev 31:1–24
Fujita Y, Araya J, Ito S, Kobayashi K, Kosaka N, Yoshioka Y, Kadota T, Hara H, Kuwano K,

Ochiya T (2015) Suppression of autophagy by extracellular vesicles promotes myofibroblast
differentiation in COPD pathogenesis. J Extracell Vesicles 4:28388

Gao Q, Lv J, Li W, Zhang P, Tao J, Xu Z (2016) Disrupting the circadian photo-period alters the
release of follicle-stimulating hormone, luteinizing hormone, progesterone, and estradiol in
maternal and fetal sheep. J Reprod Dev

Gebel S, Gerstmayer B, Kuhl P, Borlak J, Meurrens K, Muller T (2006) The kinetics of
transcriptomic changes induced by cigarette smoke in rat lungs reveals a specific program of
defense, inflammation, and circadian clock gene expression. Toxicol Sci 93:31–422

Genovese T, di Paola R, Mazzon E, Muia C, Caputi AP, Cuzzocrea S (2005) Melatonin limits lung
injury in bleomycin treated mice. J Pineal Res 39:12–105

Gibbs JE, Blaikley J, Beesley S, Matthews L, Simpson KD, Boyce SH, Farrow SN, Else KJ,
Singh D, Ray DW, Loudon AS (2012) The nuclear receptor REV-ERBalpha mediates
circadian regulation of innate immunity through selective regulation of inflammatory
cytokines. Proc Natl Acad Sci U S A 109:7–582

2 Pulmonary Diseases, a Matter of Time 53



Gibbs J, Ince L, Matthews L, Mei J, Bell T, Yang N, Saer B, Begley N, Poolman T, Pariollaud M,
Farrow S, Demayo F, Hussell T, Worthen GS, Ray D, Loudon A (2014) An epithelial circadian
clock controls pulmonary inflammation and glucocorticoid action. Nat Med 20:26–919

Globe G, Currie B, Leidy NK, Jones P, Mannino D, Martinez F, Klekotka P, O’Quinn S,
Karlsson N, Wiklund I (2016) Development of the chronic obstructive pulmonary disease
morning symptom diary (COPD-MSD). Health Qual Life Outcomes 14:104

Golombek DA, Ralph MR (1994) KN-62, an inhibitor of Ca2
+/calmodulin kinase II, attenuates

circadian responses to light. Neuroreport 5:40–1638
Gore AV, Bible LE, Livingston DH, Mohr AM, Sifri ZC (2016) Mesenchymal stem cells enhance

lung recovery after injury, shock, and chronic stress. Surgery 159:5–1430
Gossan N, Zeef L, Hensman J, Hughes A, Bateman JF, Rowley L, Little CB, Piggins HD,

Rattray M, Boot-Handford RP, Meng QJ (2013) The circadian clock in murine chondrocytes
regulates genes controlling key aspects of cartilage homeostasis. Arthritis Rheum 65:45–2334

Grimaldi B, Nakahata Y, Kaluzova M, Masubuchi S, Sassone-Corsi P (2009) Chromatin
remodeling, metabolism and circadian clocks: the interplay of CLOCK and SIRT1. Int J
Biochem Cell Biol 41:6–81

Grosbellet E, Zahn S, Arrive M, Dumont S, Gourmelen S, Pevet P, Challet E, Criscuolo F (2015)
Circadian desynchronization triggers premature cellular aging in a diurnal rodent. FASEB J
29:803–4794

Grundy A, Richardson H, Burstyn I, Lohrisch C, Sengupta SK, Lai AS, Lee D, Spinelli JJ,
Aronson KJ (2013) Increased risk of breast cancer associated with long-term shift work in
Canada. Occup Environ Med 70:8–831

Grutsch JF, Ferrans C, Wood PA, Du-Quiton J, Quiton DF, Reynolds JL, Ansell CM, Oh EY,
Daehler MA, Levin RD, Braun DP, Gupta D, Lis CG, Hrushesky WJ (2011) The association of
quality of life with potentially remediable disruptions of circadian sleep/activity rhythms in
patients with advanced lung cancer. BMC Cancer 11:193

Gumral N, Naziroglu M, Ongel K, Beydilli ED, Ozguner F, Sutcu R, Caliskan S, Akkaya A (2009)
Antioxidant enzymes and melatonin levels in patients with bronchial asthma and chronic
obstructive pulmonary disease during stable and exacerbation periods. Cell Biochem Funct
27:83–276

Guo J, Cheng P, Yuan H, Liu Y (2009) The exosome regulates circadian gene expression in a
posttranscriptional negative feedback loop. Cell 138:46–1236

Hadden H, Soldin SJ, Massaro D (2012) Circadian disruption alters mouse lung clock gene
expression and lung mechanics. J Appl Physiol 1985(113):92–385

Hadj Salem I, Dube J, Boulet LP, Chakir J (2015) Telomere shortening correlates with accelerated
replicative senescence of bronchial fibroblasts in asthma. Clin Exp Allergy 45:1713–5

Haigis MC, Sinclair DA (2010) Mammalian sirtuins: biological insights and disease relevance.
Annu Rev Pathol 5:95–253

Hara H, Araya J, Ito S, Kobayashi K, Takasaka N, Yoshii Y, Wakui H, Kojima J, Shimizu K,
Numata T, Kawaishi M, Kamiya N, Odaka M, Morikawa T, Kaneko Y, Nakayama K,
Kuwano K (2013) Mitochondrial fragmentation in cigarette smoke-induced bronchial epithelial
cell senescence. Am J Physiol Lung Cell Mol Physiol 305:L737–46

Hardie JA, Vollmer WM, Buist AS, Bakke P, Morkve O (2005) Respiratory symptoms and
obstructive pulmonary disease in a population aged over 70 years. Respir Med 99:95–186

Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, Ron D (2000) Regulated translation
initiation controls stress-induced gene expression in mammalian cells. Mol Cell 6:108–1099

Harding HP, Zhang Y, Zeng H, Novoa I, Lu PD, Calfon M, Sadri N, Yun C, Popko B, Paules R,
Stojdl DF, Bell JC, Hettmann T, Leiden JM, Ron D (2003) An integrated stress response
regulates amino acid metabolism and resistance to oxidative stress. Mol Cell 11:33–619

Haspel JA, Chettimada S, Shaik RS, Chu JH, Raby BA, Cernadas M, Carey V, Process V,
Hunninghake GM, Ifedigbo E, Lederer JA, Englert J, Pelton A, Coronata A, Fredenburgh LE,
Choi AM (2014) Circadian rhythm reprogramming during lung inflammation. Nat Commun
5:4753

54 C.G. Sanchez



Haus E, Nicolau GY, Lakatua DJ, Sackett-Lundeen L, Petrescu E, Swoyer J (1993) Chronobiology
in laboratory medicine. Ann Ist Super Sanita 29:581–606

Hayashi S, Hatashita M, Matsumoto H, Shioura H, Kitai R, Kano E (2006) Enhancement of
radiosensitivity by topoisomerase II inhibitor, amrubicin and amrubicinol, in human lung
adenocarcinoma A549 cells and kinetics of apoptosis and necrosis induction. Int J Mol Med
18:15–909

Hayashi Y, Sanada K, Hirota T, Shimizu F, Fukada Y (2003) p38 mitogen-activated protein kinase
regulates oscillation of chick pineal circadian clock. J Biol Chem 278:71–25166

He Y, Lin F, Chen Y, Tan Z, Bai D, Zhao Q (2015) Overexpression of the circadian clock gene
rev-erbalpha affects murine bone mesenchymal stem cell proliferation and osteogenesis. Stem
Cells Dev 24:204–1194

Hennig J, Kieferdorf P, Moritz C, Huwe S, Netter P (1998) Changes in cortisol secretion during
shiftwork: implications for tolerance to shiftwork? Ergonomics 41:21–610

Hirayama J, Sahar S, Grimaldi B, Tamaru T, Takamatsu K, Nakahata Y, Sassone-Corsi P (2007)
CLOCK-mediated acetylation of BMAL1 controls circadian function. Nature 450:90–1086

Hirota T, Fukada Y (2004) Resetting mechanism of central and peripheral circadian clocks in
mammals. Zoolog Sci 21:359–368

Hirota T, Lewis WG, Liu AC, Lee JW, Schultz PG, Kay SA (2008) A chemical biology approach
reveals period shortening of the mammalian circadian clock by specific inhibition of
GSK-3beta. Proc Natl Acad Sci U S A 105:51–20746

Hirota T, Lee JW, ST John PC, Sawa M, Iwaisako K, Noguchi T, Pongsawakul PY, Sonntag T,
Welsh DK, Brenner DA, Doyle FJ, Schultz PG, Kay SA (2012) Identification of small
molecule activators of cryptochrome. Science 337:1094–7

Hoffmann RF, Zarrintan S, Brandenburg SM, Kol A, de Bruin HG, Jafari S, Dijk F, Kalicharan D,
Kelders M, Gosker HR, ten Hacken NH, van der Want JJ, van Oosterhout AJ, Heijink IH
(2013) Prolonged cigarette smoke exposure alters mitochondrial structure and function in
airway epithelial cells. Respir Res 14:97

Hogenesch JB, Gu YZ, Jain S, Bradfield CA (1998) The basic-helix-loop-helix-PAS orphan
MOP3 forms transcriptionally active complexes with circadian and hypoxia factors. Proc Natl
Acad Sci U S A 95:9–5474

Hruby J, Butler J (1975) Variability of routine pulmonary function tests. Thorax 30:53–548
Hu Y, Spengler ML, Kuropatwinski KK, Comas-Soberats M, Jackson M, Chernov MV,

Gleiberman AS, Fedtsova N, Rustum YM, Gudkov AV, Antoch MP (2011) Selenium is a
modulator of circadian clock that protects mice from the toxicity of a chemotherapeutic drug
via upregulation of the core clock protein, BMAL1. Oncotarget 2:90–1279

Huang G, Zhang F, Ye Q, Wang H (2016) The circadian clock regulates autophagy directly
through the nuclear hormone receptor Nr1d1/Rev-erbalpha and indirectly via Cebpb/
(C/ebpbeta) in zebrafish. Autophagy 12:309–1292

Hung MS, Xu Z, Chen Y, Smith E, Mao JH, Hsieh D, Lin YC, Yang CT, Jablons DM, You L
(2013) Hematein, a casein kinase II inhibitor, inhibits lung cancer tumor growth in a murine
xenograft model. Int J Oncol 43:22–1517

Hwang JW, Sundar IK, Yao H, Sellix MT, Rahman I (2014) Circadian clock function is disrupted
by environmental tobacco/cigarette smoke, leading to lung inflammation and injury via a
SIRT1-BMAL1 pathway. FASEB J 28:94–176

Hybertson BM, Gao B, Bose SK, McCord JM (2011) Oxidative stress in health and disease: the
therapeutic potential of NRF2 activation. Mol Aspects Med 32:46–234

Inci I, Inci D, Dutly A, Boehler A, Weder W (2002) Melatonin attenuates posttransplant lung
ischemia-reperfusion injury. Ann Thorac Surg 73:5–220

Iwahana E, Karatsoreos I, Shibata S, Silver R (2008) Gonadectomy reveals sex differences in
circadian rhythms and suprachiasmatic nucleus androgen receptors in mice. Horm Behav
53:30–422

Jacobi D, Liu S, Burkewitz K, Kory N, Knudsen NH, Alexander RK, Unluturk U, Li X, Kong X,
Hyde AL, Gangl MR, Mair WB, Lee CH (2015) Hepatic Bmal1 regulates rhythmic
mitochondrial dynamics and promotes metabolic fitness. Cell Metab 22:20–709

2 Pulmonary Diseases, a Matter of Time 55



Jenwitheesuk A, Nopparat C, Mukda S, Wongchitrat P, Govitrapong P (2014) Melatonin regulates
aging and neurodegeneration through energy metabolism, epigenetics, autophagy and circadian
rhythm pathways. Int J Mol Sci 15:84–16848

Jeong K, He B, Nohara K, Park N, Shin Y, Kim S, Shimomura K, Koike N, Yoo SH, Chen Z
(2015) Dual attenuation of proteasomal and autophagic BMAL1 degradation in Clock Delta19/
+ mice contributes to improved glucose homeostasis. Sci Rep 5:12801

Johannesson M, Ludviksdottir D, Janson C (2000) Lung function changes in relation to menstrual
cycle in females with cystic fibrosis. Respir Med 94:6–1043

Kaminski RS, Martinez D, Fagundes M, Martins EF, Montanari CC, Rosa DP, Fiori CZ,
Marroni NP (2015) Melatonin prevents hyperglycemia in a model of sleep apnea. Arch
Endocrinol Metab 59:66–70

Kamp DW, Shacter E, Weitzman SA (2011) Chronic inflammation and cancer: the role of the
mitochondria. Oncology (Williston Park) 25:400–10, 413

Kang TH, Lindsey-Boltz LA, Reardon JT, Sancar A (2010) Circadian control of XPA and excision
repair of cisplatin-DNA damage by cryptochrome and HERC2 ubiquitin ligase. Proc Natl Acad
Sci U S A 107:5–4890

Karabay O, Temel A, Koker AG, Tokel M, Ceyhan M, Kocoglu E (2008) Influence of circadian
rhythm on the efficacy of the hepatitis B vaccination. Vaccine 26:1143–1144

Karatsoreos IN, Bhagat S, Bloss EB, Morrison JH, McEwen BS (2011) Disruption of circadian
clocks has ramifications for metabolism, brain, and behavior. Proc Natl Acad Sci U S A
108:62–1657

Karimdzhanov IA, Ginzburg VS, Ubaidullaev AM (1993) Circadian rhythm of pituitary-adrenal
and pituitary-gonadal systems in patients with pulmonary tuberculosis. Probl Tuberk 53–6

Karimfar MH, Rostami S, Haghani K, Bakhtiyari S, Noori-Zadeh A (2015) Melatonin alleviates
bleomycin-induced pulmonary fibrosis in mice. J Biol Regul Homeost Agent 29:34–327

Karlsson B, Knutsson A, Lindahl B (2001) Is there an association between shift work and having a
metabolic syndrome? Results from a population based study of 27,485 people. Occup Environ
Med 58:52–747

Kategaya LS, Hilliard A, Zhang L, Asara JM, Ptacek LJ, FU YH (2012) Casein kinase 1
proteomics reveal prohibitin 2 function in molecular clock. PLoS One 7:e31987

Kelly EA, Houtman JJ, Jarjour NN (2004) Inflammatory changes associated with circadian
variation in pulmonary function in subjects with mild asthma. Clin Exp Allergy 34:33–227

Khalyfa A, Almendros I, Gileles-Hillel A, Akbarpour M, Trzepizur W, Mokhlesi B, Huang L,
Andrade J, Farre R, Gozal D (2016) Circulating exosomes potentiate tumor malignant
properties in a mouse model of chronic sleep fragmentation. Oncotarget

Khapre RV, Kondratova AA, Susova O, Kondratov RV (2011) Circadian clock protein BMAL1
regulates cellular senescence in vivo. Cell Cycle 10:9–4162

Khatri SB, Ioachimescu OC (2016) The intersection of obstructive lung disease and sleep apnea.
Cleve Clin J Med 83:40–127

Ko CH, Takahashi JS (2006) Molecular components of the mammalian circadian clock. Hum Mol
Genet 15(2):R271-7

Kon N, Hirota T, Kawamoto T, Kato Y, Tsubota T, Fukada Y (2008) Activation of
TGF-beta/activin signalling resets the circadian clock through rapid induction of Dec1
transcripts. Nat Cell Biol 10:9–1463

Korfei M, Schmitt S, Ruppert C, Henneke I, Markart P, Loeh B, Mahavadi P, Wygrecka M,
Klepetko W, Fink L, Bonniaud P, Preissner KT, Lochnit G, Schaefer L, Seeger W, Guenther A
(2011) Comparative proteomic analysis of lung tissue from patients with idiopathic pulmonary
fibrosis (IPF) and lung transplant donor lungs. J Proteome Res 10:2185–2205

Kumar V, Kumar S, Hassan M, Wu H, Thimmulappa RK, Kumar A, Sharma SK, Parmar VS,
Biswal S, Malhotra SV (2011) Novel chalcone derivatives as potent NRF2 activators in mice
and human lung epithelial cells. J Med Chem 54:59–4147

Kunieda T, Minamino T, Katsuno T, Tateno K, Nishi J, Miyauchi H, Orimo M, Okada S,
Komuro I (2006) Cellular senescence impairs circadian expression of clock genes in vitro and
in vivo. Circ Res 98:9–532

56 C.G. Sanchez



Kuwano K, Kunitake R, Kawasaki M, Nomoto Y, Hagimoto N, Nakanishi Y, Hara N (1996)
P21Waf1/Cip1/Sdi1 and p53 expression in association with DNA strand breaks in idiopathic
pulmonary fibrosis. Am J Respir Crit Care Med 154:83–477

Lams BE, Sousa AR, Rees PJ, Lee TH (1998) Immunopathology of the small-airway submucosa
in smokers with and without chronic obstructive pulmonary disease. Am J Respir Crit Care
Med 158:23–1518

Langlois PH, Smolensky MH, Glezen WP, Keitel WA (1995) Diurnal variation in responses to
influenza vaccine. Chronobiol Int 12:28–36

Lee DH, Lee JH, Kim DK, Keum DY (2015) Nuclear and mitochondrial DNAs microsatellite
instability and mitochondrial DNA copy number in adenocarcinoma and squamous cell
carcinoma of lung: a pilot study. APMIS 123:54–1048

Lee HC, Lim ML, Lu CY, Liu VW, Fahn HJ, Zhang C, Nagley P, Wei YH (1999) Concurrent
increase of oxidative DNA damage and lipid peroxidation together with mitochondrial DNA
mutation in human lung tissues during aging–smoking enhances oxidative stress on the aged
tissues. Arch Biochem Biophys 362:309–316

Lee HC, Lu CY, Fahn HJ, Wei YH (1998) Aging- and smoking-associated alteration in the relative
content of mitochondrial DNA in human lung. FEBS Lett 441:6–292

Lee J, Sandford A, Man P, Sin DD (2011) Is the aging process accelerated in chronic obstructive
pulmonary disease? Curr Opin Pulm Med 17:7–90

Lesnikov VA, Pierpaoli W (1994) Pineal cross-transplantation (old-to-young and vice versa) as
evidence for an endogenous “aging clock”. Ann N Y Acad Sci 719:60–456

Levine ME, Hosgood HD, Chen B, Absher D, Assimes T, Horvath S (2015) DNA methylation age
of blood predicts future onset of lung cancer in the women’s health initiative. Aging (Albany
NY) 7:690–700

Lewis DA (2001) Sleep in patients with asthma and chronic obstructive pulmonary disease. Curr
Opin Pulm Med 7:12–105

Lewy AJ, Cutler NL, Sack RL (1999) The endogenous melatonin profile as a marker for circadian
phase position. J Biol Rhythms 14:36–227

Lewy AJ, Sack RL (1997) Exogenous melatonin’s phase-shifting effects on the endogenous
melatonin profile in sighted humans: a brief review and critique of the literature. J Biol
Rhythms 12:94–588

Li J, Chen R, Ji M, Zou SL, Zhu LN (2015) Cisplatin-based chronotherapy for advanced non-small
cell lung cancer patients: a randomized controlled study and its pharmacokinetics analysis.
Cancer Chemother Pharmacol 76:5–651

Lin HY, Xu L, Xie SS, Yu F, Hu HY, Song XL, Wang CH (2015) Mesenchymal stem cells
suppress lung inflammation and airway remodeling in chronic asthma rat model via PI3K/Akt
signaling pathway. Int J Clin Exp Pathol 8:67–8958

Lissoni P (2000) Modulation of anticancer cytokines IL-2 and IL-12 by melatonin and the other
pineal indoles 5-methoxytryptamine and 5-methoxytryptophol in the treatment of human
neoplasms. Ann N Y Acad Sci 917:7–560

Lissoni P, Barni S, Ardizzoia A, Tancini G, Conti A, Maestroni G (1994) A randomized study
with the pineal hormone melatonin versus supportive care alone in patients with brain
metastases due to solid neoplasms. Cancer 73:699–701

Litinski M, Scheer FA, Shea SA (2009) Influence of the circadian system on disease severity.
Sleep Med Clin 4:143–163

Logan RW, Zhang C, Murugan S, O’Connell S, Levitt D, Rosenwasser AM, Sarkar DK (2012)
Chronic shift-lag alters the circadian clock of NK cells and promotes lung cancer growth in
rats. J Immunol 188:91–2583

Lopez-Armada MJ, Riveiro-Naveira RR, Vaamonde-Garcia C, Valcarcel-Ares MN (2013)
Mitochondrial dysfunction and the inflammatory response. Mitochondrion 13:18–106

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

2 Pulmonary Diseases, a Matter of Time 57



Lu JJ, Fu L, Tang Z, Zhang C, Qin L, Wang J, Yu Z, Shi D, Xiao X, Xie F, Huang W, Deng W
(2016) Melatonin inhibits AP-2beta/hTERT, NF-kappaB/COX-2 and Akt/ERK and activates
caspase/Cyto C signaling to enhance the antitumor activity of berberine in lung cancer cells.
Oncotarget 7:2985–3001

Luo F, Liu X, Li S, Liu C, Wang Z (2004) Melatonin promoted chemotaxins expression in lung
epithelial cell stimulated with TNF-alpha. Respir Res 5:20

Ma D, Li S, Molusky MM, Lin JD (2012) Circadian autophagy rhythm: a link between clock and
metabolism? Trends Endocrinol Metab 23:25–319

Ma D, Lin JD (2012) Circadian regulation of autophagy rhythm through transcription factor
C/EBPbeta. Autophagy 8:124–125

Ma D, Panda S, Lin JD (2011) Temporal orchestration of circadian autophagy rhythm by
C/EBPbeta. EMBO J 30:51–4642

Ma L, Wang R, Duan H, Nan Y, Wang Q, Jin F (2015) Mitochondrial dysfunction rather than
mtDNA sequence mutation is responsible for the multi-drug resistance of small cell lung
cancer. Oncol Rep 34:3238–3246

Madrid-Navarro CJ, Sanchez-Galvez R, Martinez-Nicolas A, Marina R, Garcia JA, Madrid JA,
Rol MA (2015) Disruption of circadian rhythms and delirium, sleep impairment and sepsis in
critically ill patients. Potential therapeutic implications for increased light-dark contrast and
melatonin therapy in an ICU environment. Curr Pharm Des 21:68–3453

Malhotra D, Thimmulappa RK, Mercado N, Ito K, Kombairaju P, Kumar S, Ma J, Feller-Kopman
D, Wise R, Barnes P, Biswal S (2011) Denitrosylation of HDAC2 by targeting NRF2 restores
glucocorticosteroid sensitivity in macrophages from COPD patients. J Clin Invest 121:302–
4289

Mambo E, Chatterjee A, De Souza-Pinto NC, Mayard S, Hogue BA, Hoque MO, Dizdaroglu M,
Bohr VA, Sidransky D (2005) Oxidized guanine lesions and hOgg1 activity in lung cancer.
Oncogene 24:508–4496

Mannino DM (2003) Chronic obstructive pulmonary disease: definition and epidemiology. Respir
Care 48:1185–91; discussion 1191–3

Manzella N, Bracci M, Strafella E, Staffolani S, Ciarapica V, Copertaro A, Rapisarda V, Ledda C,
Amati M, Valentino M, Tomasetti M, Stevens RG, Santarelli L (2015) Circadian modulation of
8-oxoguanine DNA damage repair. Sci Rep 5:13752

Martin RJ (1999) Location of airway inflammation in asthma and the relationship to circadian
change in lung function. Chronobiol Int 16:30–623

Martin RJ, Cicutto LC, Ballard RD (1990) Factors related to the nocturnal worsening of asthma.
Am Rev Respir Dis 141:8–33

Masri S, Papagiannakopoulos T, Kinouchi K, Liu Y, Cervantes M, Baldi P, Jacks T,
Sassone-Corsi P (2016) Lung adenocarcinoma distally rewires hepatic circadian homeostasis.
Cell 165:896–909

Mazzoccoli G, Panza A, Valvano MR, Palumbo O, Carella M, Pazienza V, Biscaglia G, Tavano F,
di Sebastiano P, Andriulli A, Piepoli A (2011) Clock gene expression levels and relationship
with clinical and pathological features in colorectal cancer patients. Chronobiol Int 28:51–841

Mazzoccoli G, Sothern RB, Pazienza V, Piepoli A, Muscarella LA, Giuliani F, Tarquini R (2012)
Circadian aspects of growth hormone-insulin-like growth factor axis function in patients with
lung cancer. Clin Lung Cancer 13:68–74

McFarlane RJ, Mian S, Dalgaard JZ (2010) The many facets of the Tim-Tipin protein families’
roles in chromosome biology. Cell Cycle 9:5–700

Meiners S, Eickelberg O, Konigshoff M (2015) Hallmarks of the ageing lung. Eur Respir J
45:807–827

Merrow M, Roenneberg T (2004) Cellular clocks: coupled circadian and cell division cycles. Curr
Biol 14:R25–6

Miller GE, Cohen S, Pressman S, Barkin A, Rabin BS, Treanor JJ (2004) Psychological stress and
antibody response to influenza vaccination: when is the critical period for stress, and how does
it get inside the body? Psychosom Med 66:23–215

58 C.G. Sanchez



Mitteldorf JJ (2013) How does the body know how old it is? Introducing the epigenetic clock
hypothesis. Biochemistry (Mosc) 78:1048–1053

Mitteldorf J (2016) An epigenetic clock controls aging. Biogerontology 17:65–257
Mizumura K, Cloonan SM, Nakahira K, Bhashyam AR, Cervo M, Kitada T, Glass K, Owen CA,

Mahmood A, Washko GR, Hashimoto S, Ryter SW, Choi AM (2014) Mitophagy-dependent
necroptosis contributes to the pathogenesis of COPD. J Clin Invest 124:3987–4003

Mohawk JA, Green CB, Takahashi JS (2012) Central and peripheral circadian clocks in mammals.
Annu Rev Neurosci 35:62–445

Morgan BJ, Crabtree DC, Puleo DS, Badr MS, Toiber F, Skatrud JB (1996) Neurocirculatory
consequences of abrupt change in sleep state in humans. J Appl Physiol 1985(80):1627–1636

Morin LP, Fitzgerald KM, Zucker I (1977) Estradiol shortens the period of hamster circadian
rhythms. Science 196:305–307

Murray CS, Simpson A, Custovic A (2004) Allergens, viruses, and asthma exacerbations. Proc
Am Thorac Soc 1:99–104

Murtagh E, Heaney L, Gingles J, Shepherd R, Kee F, Patterson C, Macmahon J (2005) Prevalence
of obstructive lung disease in a general population sample: the NICECOPD study. Eur J
Epidemiol 20:443–453

Nagoshi E, Saini C, Bauer C, Laroche T, Naef F, Schibler U (2004) Circadian gene expression in
individual fibroblasts: cell-autonomous and self-sustained oscillators pass time to daughter
cells. Cell 119:693–705

Nakahata Y, Kaluzova M, Grimaldi B, Sahar S, Hirayama J, Chen D, Guarente LP, Sassone-Corsi
P (2008) The NAD+ -dependent deacetylase SIRT1 modulates CLOCK-mediated chromatin
remodeling and circadian control. Cell 134:40–329

Nakahata Y, Sahar S, Astarita G, Kaluzova M, Sassone-Corsi P (2009) Circadian control of the
NAD+ salvage pathway by CLOCK-SIRT1. Science 324:7–654

Nicholson AG, Colby TV, du Bois RM, Hansell DM, Wells AU (2000) The prognostic
significance of the histologic pattern of interstitial pneumonia in patients presenting with the
clinical entity of cryptogenic fibrosing alveolitis. Am J Respir Crit Care Med 162:7–2213

Niture SK, Kaspar JW, Shen J, Jaiswal AK (2010) NRF2 signaling and cell survival. Toxicol Appl
Pharmacol 244:37–42

Nouailles G, Dorhoi A, Koch M, Zerrahn J, Weiner J, Fae KC, Arrey F, Kuhlmann S,
Bandermann S, Loewe D, Mollenkopf HJ, Vogelzang A, Meyer-Schwesinger C,
Mittrucker HW, Mcewen G, Kaufmann SH (2014) CXCL5-secreting pulmonary epithelial
cells drive destructive neutrophilic inflammation in tuberculosis. J Clin Invest 124:1268-82

Ovadya Y, Krizhanovsky V (2014) Senescent cells: SASPected drivers of age-related pathologies.
Biogerontology 15:42–627

Ozkan E, Yaman H, Cakir E, Deniz O, Oztosun M, Gumus S, Akgul EO, Agilli M, Cayci T,
Kurt YG, Aydin I, Arslan Y, Ilhan N, Ilhan N, Erbil MK (2012) Plasma melatonin and urinary
6-hydroxymelatonin levels in patients with pulmonary tuberculosis. Inflammation 35:34–1429

Panda S, Hogenesch JB, Kay SA (2002) Circadian rhythms from flies to human. Nature 417:
35–329

Parajuli P, Yano S, Nishioka Y, Nokihara H, Hanibuchi M, Nishimura N, Utsugi T, Sone S (1999)
Therapeutic efficacy of a new topoisomerase I and II inhibitor TAS-103, against both
P-glycoprotein-expressing and -nonexpressing drug-resistant human small-cell lung cancer.
Oncol Res 11:24–219

Patel SR (2005) Shared genetic risk factors for obstructive sleep apnea and obesity. J Appl Physiol
1985(99):6–1600

Patel AS, Lin L, Geyer A, Haspel JA, An CH, Cao J, Rosas IO, Morse D (2012) Autophagy in
idiopathic pulmonary fibrosis. PLoS ONE 7:e41394

Patel SA, Velingkaar NS, Kondratov RV (2014) Transcriptional control of antioxidant defense by
the circadian clock. Antioxid Redox Signal 20:2997–3006

Pedersen AF, Zachariae R, Bovbjerg DH (2009) Psychological stress and antibody response to
influenza vaccination: a meta-analysis. Brain Behav Immun 23:33–427

2 Pulmonary Diseases, a Matter of Time 59



Peek CB, Ramsey KM, Marcheva B, Bass J (2012) Nutrient sensing and the circadian clock.
Trends Endocrinol Metab 23:8–312

Peek CB, Affinati AH, Ramsey KM, Kuo HY, Yu W, Sena LA, Ilkayeva O, Marcheva B,
Kobayashi Y, Omura C, Levine DC, Bacsik DJ, Gius D, Newgard CB, Goetzman E,
Chandel NS, Denu JM, Mrksich M, Bass J (2013) Circadian clock NAD+ cycle drives
mitochondrial oxidative metabolism in mice. Science 342:1243417

Pekovic-Vaughan V, Gibbs J, Yoshitane H, Yang N, Pathiranage D, Guo B, Sagami A, Taguchi K,
Bechtold D, Loudon A, Yamamoto M, Chan J, van der Horst GT, Fukada Y, Meng QJ (2014)
The circadian clock regulates rhythmic activation of the NRF2/glutathione-mediated antiox-
idant defense pathway to modulate pulmonary fibrosis. Genes Dev 28:548–560

Pierro M, Thebaud B (2010) Mesenchymal stem cells in chronic lung disease: culprit or savior?
Am J Physiol Lung Cell Mol Physiol 298:L732–L734

Pilorz V, Cunningham PS, Jackson A, West AC, Wager TT, Loudon AS, Bechtold DA (2014) A
novel mechanism controlling resetting speed of the circadian clock to environmental stimuli.
Curr Biol 24:766–773

Pizzio GA, Hainich EC, Ferreyra GA, Coso OA, Golombek DA (2003) Circadian and photic
regulation of ERK, JNK and p38 in the hamster SCN. NeuroReport 14:1417–1419

Puig A, Rancan L, Paredes SD, Carrasco A, Escames G, Vara E, Tresguerres JA (2016) Melatonin
decreases the expression of inflammation and apoptosis markers in the lung of a
senescence-accelerated mice model. Exp Gerontol 75:1–7

Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, Colby TV, Cordier JF,
Flaherty KR, Lasky JA, Lynch DA, Ryu JH, Swigris JJ, Wells AU, Ancochea J, Bouros D,
Carvalho C, Costabel U, Ebina M, Hansell DM, Johkoh T, Kim DS, King TE Jr, Kondoh Y,
Myers J, Muller NL, Nicholson AG, Richeldi L, Selman M, Dudden RF, Griss BS, Protzko SL,
Schunemann HJ, Fibrosis AEJACOIP (2011) An official ATS/ERS/JRS/ALAT statement:
idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and management. Am J
Respir Crit Care Med 183:788–824

Rajendrasozhan S, Yang SR, Kinnula VL, Rahman I (2008) SIRT1, an antiinflammatory and
antiaging protein, is decreased in lungs of patients with chronic obstructive pulmonary disease.
Am J Respir Crit Care Med 177:861–870

Ramsey KM, Yoshino J, Brace CS, Abrassart D, Kobayashi Y, Marcheva B, Hong HK, Chong JL,
Buhr ED, Lee C, Takahashi JS, Imai S, Bass J (2009) Circadian clock feedback cycle through
NAMPT-mediated NAD+ biosynthesis. Science 324:651–654

Ratcliffe MJ, Dougall IG (2012) Comparison of the anti-inflammatory effects of cilomilast,
budesonide and a p38 mitogen activated protein kinase inhibitor in COPD lung tissue
macrophages. BMC Pharmacol Toxicol 13:15

Reilly DF, Westgate EJ, Fitzgerald GA (2007) Peripheral circadian clocks in the vasculature.
Arterioscler Thromb Vasc Biol 27:1694–1705

Riabykh TP, Modianova EA, Kasatkina NN, Bodrova NB (1994) The carcinogen urethane induces
high-amplitudes circaseptan variations in target tissues and disrupts the rhythm of cell count in
lymphoid organs. Biofizika 39:931–938

Ricci A, Cherubini E, Scozzi D, Pietrangeli V, Tabbi L, Raffa S, Leone L, Visco V, Torrisi MR,
Bruno P, Mancini R, Ciliberto G, Terzano C, Mariotta S (2013) Decreased expression of
autophagic beclin 1 protein in idiopathic pulmonary fibrosis fibroblasts. J Cell Physiol
228:1516–1524

Roberts JE (2000) Light and immunomodulation. Ann N Y Acad Sci 917:435–445
Saetta M, Baraldo S, Corbino L, Turato G, Braccioni F, Rea F, Cavallesco G, Tropeano G,

Mapp CE, Maestrelli P, Ciaccia A, Fabbri LM (1999) CD8 +ve cells in the lungs of smokers
with chronic obstructive pulmonary disease. Am J Respir Crit Care Med 160:711–717

Salminen A, Kaarniranta K, Kauppinen A (2012a) Inflammaging: disturbed interplay between
autophagy and inflammasomes. Aging (Albany NY) 4:166–175

Salminen A, Ojala J, Kaarniranta K, Kauppinen A (2012b) Mitochondrial dysfunction and
oxidative stress activate inflammasomes: impact on the aging process and age-related diseases.
Cell Mol Life Sci 69:2999–3013

60 C.G. Sanchez



San Martin M, Touitou Y (2000) Progesterone inhibits, on a circadian basis, the release of
melatonin by rat pineal perifusion. Steroids 65:206-9

Sanchez CG (2016a) Aging in COPD and idiopathic pulmonary fibrosis. In: Kohanski FSAR
(ed) Advances in geroscience. Springer

Sanchez JLSACG (2016b) Autophagy and metabolism (Jaime L Schneider and Cecilia G
Sanchez). In: LEE RBAPJ (ed) The aging lungs mechanisms and clinical sequelae. World
Scientific

Satoh H (2016) Telomere length and survival in IPF patients. Respirology 21:195
Saunders LR, Verdin E (2007) Sirtuins: critical regulators at the crossroads between cancer and

aging. Oncogene 26:5489–5504
Schwandt A, Mekhail T, Halmos B, O’Brien T, Ma PC, Fu P, Ivy P, Dowlati A (2012) Phase-II

trial of rebeccamycin analog, a dual topoisomerase-I and -II inhibitor, in relapsed “sensitive”
small cell lung cancer. J Thorac Oncol 7:751–754

Silver AC, Arjona A, Walker WE, Fikrig E (2012) The circadian clock controls toll-like receptor
9-mediated innate and adaptive immunity. Immunity 36:251–261

Simoes DC, Psarra AM, Mauad T, Pantou I, Roussos C, Sekeris CE, Gratziou C (2012)
Glucocorticoid and estrogen receptors are reduced in mitochondria of lung epithelial cells in
asthma. PLoS ONE 7:e39183

Singh S, Singh SK, Singh S, Singh RC, Sharma MK (1991) Circadian variation of plasma
17-hydroxycorticosteroid (17-OHCS) in cavitary and non-cavitary pulmonary tuberculosis.
Indian J Physiol Pharmacol 35:286–288

Smolensky MH, Reinberg AE, Martin RJ, Haus E (1999) Clinical chronobiology and
chronotherapeutics with applications to asthma. Chronobiol Int 16:539–563

Solt LA, Wang Y, Banerjee S, Hughes T, Kojetin DJ, Lundasen T, Shin Y, Liu J, Cameron MD,
Noel R, Yoo SH, Takahashi JS, Butler AA, Kamenecka TM, Burris TP (2012) Regulation of
circadian behaviour and metabolism by synthetic REV-ERB agonists. Nature 485:62–68

Song N, Kim AJ, Kim HJ, Jee HJ, Kim M, Yoo YH, Yun J (2012) Melatonin suppresses
doxorubicin-induced premature senescence of A549 lung cancer cells by ameliorating
mitochondrial dysfunction. J Pineal Res 53:335–343

Sosulski ML, Gongora R, Danchuk S, Dong C, Luo F, Sanchez CG (2015b) Deregulation of
selective autophagy during aging and pulmonary fibrosis: the role of TGFbeta1. Aging Cell
14:774–783

Sosulski MGR, Danchuk S, Dong C, Luo F, Sanchez C (2015) Deregulation of selective
autophagy during aging and pulmonary fibrosis. The role of TGFb1. Aging Cell, In Press

Sosulski ML, Gongora R, Feghali-Bostwick C, Lasky JA, Sanchez CG (2016) Sirtuin 3
deregulation promotes pulmonary fibrosis. J Gerontol A Biol Sci Med Sci

Soulitzis N, Neofytou E, Psarrou M, Anagnostis A, Tavernarakis N, Siafakas N, Tzortzaki EG
(2012) Downregulation of lung mitochondrial prohibitin in COPD. Respir Med 106:954–961

Sprouse J, Reynolds L, Kleiman R, Tate B, Swanson TA, Pickard GE (2010) Chronic treatment
with a selective inhibitor of casein kinase I delta/epsilon yields cumulative phase delays in
circadian rhythms. Psychopharmacology 210:569–576

Stangherlin A, Reddy AB (2013) Regulation of circadian clocks by redox homeostasis. J Biol
Chem 288:26505–26511

Straif K, Baan R, Grosse Y, Secretan B, El Ghissassi F, Bouvard V, Altieri A, Benbrahim-Tallaa
L, Cogliano V, Group WHOIAFROCMW (2007) Carcinogenicity of shift-work, painting, and
fire-fighting. Lancet Oncol 8:1065–6

Stratmann M, Suter DM, Molina N, Naef F, Schibler U (2012) Circadian Dbp transcription relies
on highly dynamic BMAL1-CLOCK interaction with E boxes and requires the proteasome.
Mol Cell 48:277–287

Sundar IK, Ahmad T, Yao H, Hwang JW, Gerloff J, Lawrence BP, Sellix MT, Rahman I (2015)
Influenza A virus-dependent remodeling of pulmonary clock function in a mouse model of
COPD. Sci Rep 4:9927

2 Pulmonary Diseases, a Matter of Time 61



Sundar IK, Yao H, Huang Y, Lyda E, Sime PJ, Sellix MT, Rahman I (2014) Serotonin and
corticosterone rhythms in mice exposed to cigarette smoke and in patients with COPD:
implication for COPD-associated neuropathogenesis. PLoS ONE 9:e87999

Szefler SJ, Ando R, Cicutto LC, Surs W, Hill MR, Martin RJ (1991) Plasma histamine,
epinephrine, cortisol, and leukocyte beta-adrenergic receptors in nocturnal asthma. Clin
Pharmacol Ther 49:59–68

Tahara Y, Shibata S (2014) Chrono-biology, chrono-pharmacology, and chrono-nutrition.
J Pharmacol Sci 124:320–335

Tang ZB, Chen YZ, Zhao J, Guan XW, Bo YX, Chen SW, Hui L (2016) Conjugates of
podophyllotoxin and norcantharidin as dual inhibitors of topoisomerase and protein
phosphatase 2A. Eur J Med Chem 123:568–576

Tao R, Coleman MC, Pennington JD, Ozden O, Park SH, Jiang H, Kim HS, Flynn CR, Hill S,
Hayes Mcdonald W, Olivier AK, Spitz DR, Gius D (2010) Sirt3-mediated deacetylation of
evolutionarily conserved lysine 122 regulates MnSOD activity in response to stress. Mol Cell
40:893–904

Tashkin DP (2013) Variations in FEV(1) decline over time in chronic obstructive pulmonary
disease and its implications. Curr Opin Pulm Med 19:116–124

Thannickal VJ (2013) Mechanistic links between aging and lung fibrosis. Biogerontology 14:
609–615

Thompson AA, Walmsley SR, Whyte MK (2014) A local circadian clock calls time on lung
inflammation. Nat Med 20:809–811

Traves SL, Proud D (2007) Viral-associated exacerbations of asthma and COPD. Curr Opin
Pharmacol 7:252–258

Truong KK, Lam MT, Grandner MA, Sassoon CS, Malhotra A (2016) Timing matters: circadian
rhythm in sepsis, obstructive lung disease, obstructive sleep apnea, and cancer. Ann Am
Thorac Soc 13:54–1144

Tsai CL, Brenner BE, Camargo CA Jr (2007) Circadian-rhythm differences among emergency
department patients with chronic obstructive pulmonary disease exacerbation. Chronobiol Int
24:699–713

Tsuji T, Aoshiba K, Nagai A (2004) Cigarette smoke induces senescence in alveolar epithelial
cells. Am J Respir Cell Mol Biol 31:643–649

Tsuji T, Aoshiba K, Nagai A (2010) Alveolar cell senescence exacerbates pulmonary inflammation
in patients with chronic obstructive pulmonary disease. Respiration 80:59–70

Unlu M, Fidan F, Sezer M, Tetik L, Sahin O, Esme H, Koken T, Serteser M (2006) Effects of
melatonin on the oxidant/antioxidant status and lung histopathology in rabbits exposed to
cigarette smoke. Respirology 11:8–422

van Cauter E, Polonsky KS, Scheen AJ (1997) Roles of circadian rhythmicity and sleep in human
glucose regulation. Endocr Rev 18:716–738

Van Rijt SH, Keller IE, John G, Kohse K, Yildirim AO, Eickelberg O, Meiners S (2012) Acute
cigarette smoke exposure impairs proteasome function in the lung. Am J Physiol Lung Cell
Mol Physiol 303:L814–23

Vasu VT, Cross CE, Gohil K (2009) Nr1d1, an important circadian pathway regulatory gene, is
suppressed by cigarette smoke in murine lungs. Integr Cancer Ther 8:321–328

Vestbo J, Hurd SS, Agusti AG, Jones PW, Vogelmeier C, Anzueto A, Barnes PJ, Fabbri LM,
Martinez FJ, Nishimura M, Stockley RA, Sin DD, Rodriguez-Roisin R (2013) Global strategy
for the diagnosis, management, and prevention of chronic obstructive pulmonary disease:
GOLD executive summary. Am J Respir Crit Care Med 187:65–347

Vij N, Chandramani P, Westphal CV, Hole R, Bodas M (2016) Cigarette smoke induced
autophagy-impairment accelerates lung aging, COPD-emphysema exacerbations and patho-
genesis. Am J Physiol Cell Physiol, ajpcell 00110:2016

Wistuba II, Mao L, Gazdar AF (2002) Smoking molecular damage in bronchial epithelium.
Oncogene 21:7298–306

Wolff G, Duncan MJ, Esser KA (2013) Chronic phase advance alters circadian physiological
rhythms and peripheral molecular clocks. J Appl Physiol 1985(115):82–373

62 C.G. Sanchez



Xiao J, Li C, Zhu NL, Borok Z, Minoo P (2003) Timeless in lung morphogenesis. Dev Dyn
228:82–94

Yamazaki S, Straume M, Tei H, Sakaki Y, Menaker M, Block GD (2002) Effects of aging on
central and peripheral mammalian clocks. Proc Natl Acad Sci U S A 99:6–10801

Yan J, Wang H, Liu Y, Shao C (2008) Analysis of gene regulatory networks in the mammalian
circadian rhythm. PLoS Comput Biol 4:e1000193

Yang Y, He Q, Cheng P, Wrage P, Yarden O, Liu Y (2004) Distinct roles for PP1 and PP2A in the
Neurospora circadian clock. Genes Dev 18:60–255

Yao H, Hwang JW, Sundar IK, Friedman AE, Mcburney MW, Guarente L, Gu W, Kinnula VL,
Rahman I (2013) SIRT1 redresses the imbalance of tissue inhibitor of matrix
metalloproteinase-1 and matrix metalloproteinase-9 in the development of mouse emphysema
and human COPD. Am J Physiol Lung Cell Mol Physiol 305:L615–24

Yildirim Z, Kotuk M, Erdogan H, Iraz M, Yagmurca M, Kuku I, Fadillioglu E (2006) Preventive
effect of melatonin on bleomycin-induced lung fibrosis in rats. J Pineal Res 40:27–33

Yoshida K, Sato M, Hase T, Elshazley M, Yamashita R, Usami N, Taniguchi T, Yokoi K,
Nakamura S, Kondo M, Girard L, Minna JD, Hasegawa Y (2013) TIMELESS is overexpressed
in lung cancer and its expression correlates with poor patient survival. Cancer Sci 104:7–171

Young T, Shahar E, Nieto FJ, Redline S, Newman AB, Gottlieb DJ, Walsleben JA, Finn L,
Enright P, Samet JM, Sleep Heart Health Study Research G (2002) Predictors of
sleep-disordered breathing in community-dwelling adults: the Sleep Heart Health Study.
Arch Intern Med 162:893-900

Yu W, Dittenhafer-Reed KE, Denu JM (2012) SIRT3 protein deacetylates isocitrate dehydroge-
nase 2 (IDH2) and regulates mitochondrial redox status. J Biol Chem 287:86–14078

Yue L, Yao H (2016) Mitochondrial dysfunction in inflammatory responses and cellular
senescence: pathogenesis and pharmacological targets for chronic lung diseases. Br J
Pharmacol 173:18–2305

Zaslavskaia RM, Veklenko GV, Teiblium MM (2004) Temporal organization of external
respiratory function in elderly patients with chronic obstructive lung disease. Klin Med (Mosk)
82:36–40

Zhang WG, He L, Shi XM, Wu SS, Zhang B, Mei L, Xu YJ, Zhang ZX, Zhao JP, Zhang HL
(2014) Regulation of transplanted mesenchymal stem cells by the lung progenitor niche in rats
with chronic obstructive pulmonary disease. Respir Res 15:33

Zhao H, Wu QQ, Cao LF, Qing HY, Zhang C, Chen YH, Wang H, Liu RY, Xu DX (2014)
Melatonin inhibits endoplasmic reticulum stress and epithelial-mesenchymal transition during
bleomycin-induced pulmonary fibrosis in mice. PLoS One 9:e97266

2 Pulmonary Diseases, a Matter of Time 63



http://www.springer.com/978-3-319-64542-1


	2 Pulmonary Diseases, a Matter of Time
	Abstract
	2.1 Introduction
	2.2 Chronobiology of the Lung
	2.3 A Time for Pulmonary Diseases
	2.3.1 Chronic Obstructive Pulmonary Disease (COPD)
	2.3.2 Idiopathic Pulmonary Fibrosis (IPF)
	2.3.3 Obstructive Sleep Apnea (OSA)
	2.3.4 Infectious Disease and Vaccine Efficacy in the Elderly
	2.3.5 Lung Cancer
	2.3.6 Asthma

	2.4 The Circadian Clock Regulates the Markers of Aging. Implications for the Pathophysiology of Age-Related Lung Disease
	2.4.1 Telomere Attrition
	2.4.2 Genomic Instability
	2.4.3 Epigenetic Alterations
	2.4.4 Loss of Proteostasis
	2.4.5 Deregulated Nutrient Sensing
	2.4.6 Mitochondrial Dysfunction and Oxidative Stress
	2.4.7 Cellular Senescence
	2.4.8 Stem Cell Exhaustion
	2.4.9 Intercellular Communication

	2.5 Chrono-Therapy for Age-Related Lung Diseases
	2.6 Future Directions
	Acknowledgements
	References


