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A B S T R A C T   

The term GETomics has been recently proposed to illustrate that human health and disease are actually the final 
outcome of many dynamic, interacting and cumulative gene (G) – environment (E) interactions that occur 
through the lifetime (T) of the individual. According to this new paradigm, the final outcome of any GxE in-
teractions depends on both the age of the individual at which such GxE interaction occurs as well as on the 
previous, cumulative history of previous GxE interactions through the induction of epigenetic changes and im-
mune memory (both lasting overtime). 

Following this conceptual approach, our understanding of the pathogenesis of chronic obstructive pulmonary 
disease (COPD) has changed dramatically. Traditionally believed to be a self-inflicted disease induced by tobacco 
smoking occurring in older men and characterized by an accelerated decline of lung function with age, now we 
understand that there are many other risk factors associated with COPD, that it occurs also in females and young 
individuals, that there are different lung function trajectories through life, and that COPD is not always char-
acterized by accelerated lung function decline. 

In this paper we discuss how a GETomics approach to COPD may open new perspectives to better understand 
its relationship with exercise limitation and the ageing process.   

1. Introduction 

Chronic Obstructive Pulmonary Disease (COPD) is a major public 
health problem [1] traditionally understood as a self-inflicted disease 
caused by tobacco smoking, occurring in old males and characterized by 
enhanced lung function decline over time [2], the latter being often 
interpreted as evidence of accelerated lung ageing in COPD [3]. 
Research over the past few years, though, has challenged this traditional 
understanding [4]. First, a substantial proportion of COPD patients 
around the world are never smokers [5], and many different environ-
mental [6] and genetic risk factors for COPD [7] have now been un-
covered. Second, it is now well established that there is a range of lung 
function trajectories through the life time, some of which lead to COPD 
in adulthood [8]. On the one hand, there are those characterized by 

accelerated lung function decline (the traditional understanding of 
COPD pathophysiology). On the other, however, now we know that 
those related to abnormal lung development early in life can cause 
reduced peak lung function in young adults and can lead to COPD later 
in life with a normal rate of lung function decline with age [4,8–11]. A 
direct consequence of this new pathogenic understanding of COPD [4] is 
that it is now accepted that there are COPD patients younger than 50 
years of age (both males and females) [1,12], and that anticipating the 
diagnosis and treatment of the disease in these young patients can pre-
vent disease progression and unhealthy ageing [13,14]. 

The term GETomics has been recently proposed to highlight the 
importance of the dynamic, complex and cumulative gene (G) – envi-
ronment (E) interactions that occur during the lifetime (T) of an indi-
vidual as a key pathogenic driver of COPD [10]. This approach proposes 
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that the end clinical result of any G-E interaction (health or disease) 
depends on both the age of the individual at which that G-E interaction 
occurs (during phases of organ development or organ ageing), as well as 
the cumulative history of previous G-E interactions that the individual 
might have encountered before in her/his life [10]. Of note, this 
GETomics approach goes beyond COPD and can be applied to human 
health and disease at large [10]. In fact, aging is the main risk factor for 
major non-communicable chronic diseases [15] that accompany COPD 
almost invariably [16,17]. 

Ageing is characterized by a progressive impairment of tissue/organ/ 
organism functions, resulting in increased vulnerability to environ-
mental challenges and a growing risk of disease and death [18]. In a 
seminal paper published in 2013, Lopez-Otin et al. described nine 
hallmarks of aging [19]. Now, ten years later, as discussed below, these 
same authors extended these hallmarks to twelve and have also identi-
fied other hallmarks of health in what they describe as “an expanding 
universe” [20]. 

Exercise (or lack of) is a well-established environmental factor 
influencing human health and ageing [21]. Epidemiological studies 
have clearly shown that regular exercise improves human longevity [22, 
23]. Of note, however, the relationship between exercise and premature 
mortality follows a reverse J shaped curve, where premature mortality 
decreases in a dose-dependent fashion, until a threshold of physical 
activity is exceeded, and health benefits are attenuated [21]. Although 
extreme exercise can have detrimental health effects, regular moderate 
exercise can influence several of the hallmarks of aging mentioned 
above and contribute to maintain functional capacity, delay aging, and 
prevent or post-pone the onset of age-associated chronic diseases [21]. 
In fact, in patients with COPD regular exercise is encouraged and, in 
those with moderate-severe disease, participation in a formal rehabili-
tation program is strongly recommended [1].Whether regular exercise 
can stimulate lung regeneration in COPD is unclear but certainly an 
exciting possibility [24–26] that we address below. 

In this perspective paper we discuss the relationship of exercise and 
ageing in patients with COPD from a GETomics perspective. 

2. Hallmarks of aging and health: An expanding universe 

Fig. 1 presents these twelve hallmarks of aging very recently 
described by Lopez-Otin et al. [20], stratified by different levels of 
organismal organization. From bottom to top, these include molecular 
(telomere attrition, genomic instability, epigenetic alterations, and loss 
of proteostasis), organelle (disabled autophagy, mitochondrial dysfunc-
tion), cellular (senescence), supracellular (stem cell exhaustion), organ 
(chronic inflammation), organ systems (deregulated nutrient-sensing), 
systemic circuitries (altered intercellular communication) and 

meta-organism (dysbiosis [27]) hallmarks, which are functionally related 
among each other and also interconnected to eight hallmarks of health 
(Fig. 1), including spatial compartmentalization (integrity of barriers and 
containment of local perturbations), maintenance of homeostasis over 
time (recycling and turnover, integration of circuitries, and rhythmic 
oscillations), and an array of responses to stress (homeostatic resilience, 
hormesis (i.e., a biphasic dose response to an environmental agent 
characterized by a beneficial effect at low dose and a detrimental effect 
at high dose [28]), and repair and regeneration) thus creating a multi-
dimensional space of interactions that contribute to better understand 
the aging process [20]. 

3. Exercise: a polypill to target ageing 

Exercise can be considered a polypill because it confers pleiotropic 
benefits in multiple organ systems [29,30]. As an example, a single 
session of aerobic exercise changes the expression of about 10.000 
molecular analytes in the systemic circulation, including transcripts, 
proteins, metabolites, and lipids [21,31], many of which can in turn 
influence several of the hallmarks of ageing described above. 

Telomere attrition. Telomere attrition during somatic cell division 
relates to chronological aging [32]. Importantly (see below) telomere 
shortening induces cell senescence [19]. In experimental animals and in 
young healthy individuals, exercise upregulates endogenous telomere 
repair mechanisms, but no studies have yet demonstrated this in older 
humans [33]. 

Genomic instability. Genomic instability of both the nuclear and 
mitochondrial DNA is a key hallmark of aging since DNA damage may 
lead to apoptosis or cell senescence of stem-cells that compromise tissue 
homeostasis and renewal [20]. There is some evidence that exercise can 
reduce genomic instability in older people [34]. 

Epigenetic drift. The term “epigenetic drift” refers to the observa-
tion that epigenetic differences in monozygotic twins increase with age 
[31]. The accumulation of epigenetic modifications during the lifespan 
is a key component of the GETomic approach to health and disease [10]. 
To date, however, the evidence that lifetime exercise results in differ-
ential DNA methylation status is weak [35]or negative [36,37]. 

Loss of proteostasis. The term proteostasis refers to the regulation 
of de novo protein synthesis, folding, assembly, as well as its export, 
breakdown, and degradation [20]. A disruption in proteostasis is inti-
mately linked to aging and age-related diseases [21]. Exercise activates 
several mechanisms involved in proteostasis, including the mitochon-
drial unfolded protein response (UPRmt), the unfolded protein response 
in the endoplasmic reticulum (UPRer) and the heat shock response 
(HSR) [38,39]. 

Mitochondrial dysfunction. The control of mitochondrial quality 

Fig. 1. The 12 hallmarks of aging are interconnected to the 8 hallmarks of health, creating a multidimensional space that may contribute to explain the aging 
process. For further information, see text. Reproduced with permission from Ref. [20]. 
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and quantity (mitostasis) is tightly regulated in mammalian cells [21]. 
Mitochondrial biogenesis and mitochondrial adaptations (mitohormesis) 
require the crosstalk between the master transcriptional factor, PGC-1α, 
and the redox-sensitive transcription factor, NRF-2 [40]. Aerobic exer-
cise upregulates PGC-1α phosphorylation and activation in skeletal 
muscle thus stimulating mitochondrial biogenesis [21]. On the other 
hand, age-related increases in ROS production, and poor scavenging of 
ROS due to diminished antioxidative capacity can result in mitochon-
drial damage with age. Damaged mitochondria can fuse with healthy 
counterparts to alleviate stress and continue to supply the ATP needed 
by the cell or, if irreparable, be degraded through the 
autophagosome-lysosomal pathway (mitophagy) [41]. The effects of 
exercise on mitophagy are less well-understood [42]. 

Sarcopenia is characterized by reductions in muscle mass and 
strength and frequently occurs in older individuals [43] and COPD pa-
tients, particularly those with emphysema [44]. Mitochondria 
dysfunction seems to be a key pathogenic process in sarcopenia and 
exercise can attenuate sarcopenia through still unclear mechanisms that 
regulate mitochondrial function including mitochondrial biogenesis, 
fusion, fission and mitophagy [43]. 

Stem cell exhaustion. Stem cell exhaustion is a well-recognized 
hallmark of aging (Fig. 1). Exercise can potentially mobilize hemato-
poietic stem cells (HSCs) and other progenitor cells (e.g., endothelial 
progenitor cells —EPCs) and, as discussed in more detail below, 
potentiate tissue repair and remodeling [45]. 

Cellular senescence. Cellular senescence is a cellular state charac-
terized by irreversible growth arrest and secretion of the so-called 
senescence associated secretory phenotype (SASP) [46]. Cellular 
senescence plays a role in organ development and ageing [46]. Senes-
cent cells can arise throughout the lifespan (not only in the elderly) and, 
if persistent, can have deleterious effects on tissue function due to SASP 
[47]. Unhealthy lifestyles, such as physical inactivity, unhealthy diet, 
and cigarette smoking, are associated with the accumulation of senes-
cent cells in human tissues, independent of chronological age [48]. By 
contrast, a systematic review of published literature indicates that ex-
ercise can have senolytic effects in healthy humans [49]. 

Immunosenescence and inflammaging. The term immunose-
nescence describes the deterioration of the immune system with age [15, 
50]. It is often accompanied by low-grade, persistent, systemic inflam-
mation (inflammaging) [51]. The latter contributes to sarcopenia of the 
elderly through the ubiquitin proteosome pathway and the mammalian 
target of rapamycin (mTOR)-Akt signaling pathway, which controls 
protein synthesis and stress response pathways [52]. Conversely, 
circulating concentrations of anti-inflammatory cytokines, such as 
IL-10, decrease with age [53]. Chronic low- and moderate-intensity 
physical exercise reduces inflammaging and enhance immune function 
through the involvement of toll-like receptors (TLR)s, particularly TLR2 
and TLR4, which modulate phosphoinositide 3-kinase (PI3K)/protein 
kinase B (AKT)/mTOR signaling causing the release of 
anti-inflammatory cytokines, including IL-10 [54]. Immunosenescence 
and inflammageing are reduced in elderly adults who cycle regularly 
[55]. 

Metabolic dysregulation. Metabolic dysregulation (e.g., hypergly-
cemia and insulin resistance) increase with age, likely in relation to 
defective mitochondria [56]. Deregulated nutrient sensing in ageing 
involves altered growth signaling via the evolutionary conserved 
IGF-1/AKT/mTOR axis [21]. Exercise mitigates metabolic dysregula-
tion, with aerobic and resistance exercise targeting specific but also 
overlapping molecular pathways [21]. 

Dysregulated stress response. The stress response is an evolu-
tionarily conserved, adaptive mechanism that mobilizes a variety of 
cellular processes to counteract different stressors and promote cell 
survival [21]. The stress response declines with age and augmenting 
stress adaptation correlates with lifespan extension across species [19]. 
Importantly, while mild stressors increase resilience, strong acute (or 
mild chronic) stressors exhaust or alter an efficient stress response 

(hormesis). Exercise-induced oxidative stress fits the hormesis paradigm 
since regular moderate-intensity exercise training upregulates cellular 
concentrations of antioxidants enzymes and their activity, which miti-
gates exercise-induced oxidative stress, whereas prolonged intense ex-
ercise can increase oxidative stress that damage skeletal muscle fibers as 
well as their cellular components [21]. The efficacy of long-term treat-
ment with antioxidants is unclear [21]. 

4. Hallmarks of ageing in COPD 

There is evidence that some hallmarks of ageing are abnormal in 
(some) patients with COPD [57]. Further, many of the features of aging 
in the lungs closely resemble those seen in the lungs of COPD patients, 
but at a relatively younger age, supporting a role for accelerated aging in 
the pathogenesis of COPD [58]. These changes are discussed in more 
detail below. 

Telomere attrition. In patients with COPD, telomere length is 
reduced in alveolar, endothelial, and smooth muscle cells, as well as in 
circulating lymphocytes, and relates to disease severity, smoking status 
and lung function decline [57,59,60]. Telomere shortening is seen both 
in old and young (<50yr.) patients with severe COPD [61]. Whether 
these changes are cause or consequence of COPD is unclear [57]. 

Genomic instability. There is little evidence that genomic insta-
bility is an important pathogenic driver of COPD [57] although some 
papers have shown that COPD patients have increased DNA-double 
strand breaks in lung and blood cells and that this increases their risk 
of lung cancer [62]. 

Epigenetic alterations. Epigenetic alterations, including DNA 
methylation, histone modification and noncoding RNAs, have been 
described in COPD [10,63]. Epigenetic changes induced by smoking 
lead to hyperplasia of basal and goblet cells, squamous metaplasia, loss 
of club and ciliated cells, decrease in the periciliary layer, ciliary dam-
age, junctional barrier loss and reduces pIgR expression which, in turn, 
leads to a deficiency in localized secretory IgA, bacterial colonization 
and chronic airway inflammation [64]. 

Loss of proteostasis. In COPD patients due to α1-antitrypsin defi-
ciency there is loss of protein quantity and function, and misfolded 
proteins also accumulate in the endoplasmic reticulum, triggering an 
unfolded protein response (UPR) and promoting lung inflammation and 
damage [57]. In smoking-related COPD there is also loss of proteostasis 
because oxidated cellular proteins from cigarette smoke suffer acceler-
ated degradation by the proteasome or autophagy pathways [57]. 

Mitochondrial dysfunction. Cigarette smoke alters mitochondrial 
structure and function [57] and can induce mitochondrial fragmentation 
in bronchial epithelial cells in patients with COPD [65], which then lead 
to enhanced ROS production and induces cellular senescence. Likewise, 
mitochondria induced skeletal muscle apoptosis has been shown in pa-
tients with COPD and low body mass index and is associated with lower 
exercise tolerance despite similar degree of lung function impairment 
[66]. 

Stem cell exhaustion. Lung basal epithelial cells and endothelial 
progenitor cells have reduced regenerative capacity in COPD [57]. It has 
been shown that bone marrow derived MSCs express decreased levels of 
cytokine and chemokine receptors affecting their capacity of activation 
and mobilization to the site of injury [67]. Some studies have also re-
ported decreased circulating hematopoietic progenitors in COPD pa-
tients [68]. Finally, a study on bone marrow tissue showed that impaired 
repair capacity in COPD patients, particularly in those with more 
emphysema and/or higher circulating eosinophils [69]. 

Cellular senescence. There is evidence of at least two mechanisms 
by which cell senescence, can contribute to COPD: loss of cell prolifer-
ation impairs renewal of epithelial and endothelial cells resulting in loss 
of cells in the alveolar walls and, consequently, in emphysema; and the 
release of increased amounts of inflammatory cytokines by senescent 
cells, resulting in enhanced inflammation [15]. 

Deregulated nutrient sensing. The IGF-1/AKT/mTOR axis 
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(involved in nutrient sensing) can contribute to the pathogenesis of 
emphysema since lung overexpression of the mTOR suppressor Rtp801 
promotes lung inflammation and apoptosis of alveolar epithelial cells, 
suppresses autophagy and counteracts activation of forkhead box “O” 
(FOXO) transcription factors, which are central regulators of meta-
bolism, stress resistance, cell cycle progression and programmed cell 
death [70,71]. 

Altered intercellular communication. Altered intercellular 
communication (e.g. changes in the innate as well as adaptive immune 
responses) is well-established in COPD [72]. 

Extracellular matrix (ECM) dysregulation. Dysregulated 
protease/anti-protease balance contributes to the loss of alveolar septae 
and emphysema formation [73,74]. Dysregulated matrix metal-
loproteases (MMP) also contribute to COPD [73,74]. 

Dysregulated autophagy. Animal models with partial autophagy 
deficiency have shown reduced emphysema [75], and an enhance 
resistance to mucociliary disruption [76] suggesting that the degrada-
tion of bronchial cilia due to autophagy (ciliophagy) may contribute to 
COPD. Besides, stimulation of autophagy increases neutrophil death 
resulting in release of harmful amount of elastase in the lung [77]. 

Age-dependent chronic inflammation (Inflammaging). It results 
from a variety of stimuli that induces aberrant activation of the innate 
immune system with age [78]. These stimuli include oxidative stress, 
abnormal senescent immune cells, accumulation of DAMPs from se-
nescent cells and decreased autophagy, all of them present in the lungs 
of smokers, thus with the potential to lead to COPD [79,80]. 

Dysbiosis. Repeated insults such as respiratory infections, cigarette 
smoke, and particulate matter exposure alter the lung microbiome 
composition [81]. Airway bacterial infections during early childhood 
alters lung growth [82–84]. Dysbiosis can cause chronic airway 
inflammation [85] and contribute to lung damage and impaired lung 
function [86]. 

5. Exercise and lung regeneration in COPD 

Contrary to what is generally believed, de novo lung tissue formation 
can occur in the adult lung, both in experimental animals (e.g., after 
refeeding following alveolar septal apoptosis induced by prolonged 
calorie restriction) [87] and in humans (e.g., after surgical lung volume 
reduction) [88]. In fact, the adult lung contains numerous progeni-
tor/stem cell populations, including basal cells, bronchioalveolar stem 
cells (BASCs), distal airway stem cells (DASCs), and type II pneumo-
cytes, although it is also generally thought that, in patients with COPD, 
these cells are “exhausted” [25]. Yet, when removed from their extra-
cellular milieu, they are capable of de novo lung tissue formation, indi-
cating that they remain viable but likely in a state of hibernation in 
clinical COPD [89,90]. The latter, in turn, appears related to cellular 
senescence of many components of the pulmonary mesenchyme, 
including fibroblasts, pericytes, and endothelial cell lineages, which are 
needed for ECM deposition and organization, angiogenesis, and ulti-
mately de novo lung tissue formation, due to the chronic inflammatory 
milieu in the airways and pulmonary parenchyma that characterizes 
COPD, as well to the loss of mechanical strain on these cells caused by 
ECM remodeling, since the mesenchyme is remarkably mechanosensi-
tive [25]. Recent studies have identified mesenchymal senescence in 
lung tissue of COPD patients and suggest that maladaptive angiogenesis 
is an early critical event in the development and progression of the 
disease [91,92]. This maladaptive angiogenesis would then result in a 
progressive reduction in microvascular density, followed by progressive 
alveolar destruction and the development of emphysema [91]. 

Regular exercise can theoretically influence several of these mech-
anisms and, by doing so, contribute to lung regeneration in COPD, 
including an anti-inflammatory effects of exercise on low grade systemic 
inflammation [26,93], the lung mechanical strain during exercise, and 
exercise-induced hypoxemia, which can potentially improve mesen-
chymal senescence [25]. Available evidence of the potential 

pro-regenerative effects of exercise in COPD is lacking but potential 
future studies in humans need to consider the duration and nature of the 
training intervention, since alveologenesis is a slow process in humans 
that probably occurs over the course of months to years [25]. Such 
studies may facilitate the development of treatments that specifically 
target the structural and functional regeneration of the pulmonary 
vasculature [25]. 

6. Putting it all together: GETomics, aging, exercise and COPD 

GETomics proposes that health and disease are the end-result of 
many dynamic, complex and cumulative gene-environment interactions 
occurring since conception to death [10]. A clinically relevant conse-
quence of this GETomic approach in respiratory medicine is the reali-
zation that, in the general population, there is a range lung function 
trajectories through the lifetime (i.e., a trajectome) characterized by 
different developmental and aging phases (Fig. 3) [4,8]. Both phases 
allow for some individual plasticity, catch-up and/or growth failure 
during lung development [94] and different rates of lung function 
decline at older ages [9], in general trajectories below the normal range 
are associated with a higher prevalence and earlier incidence of 
multi-morbidity and premature death [95], whereas those above the 
normal range are associated with healthier ageing, fewer cardiovascular 
and respiratory events, as well as with a survival benefit [96,97]. 

Aging is inevitable. However, different people age differently (better 
or worse). This indicates that there are genetic, epigenetic and envi-
ronmental factors that, as reviewed above, contribute to healthy or 
unhealthy ageing. From a GETomics perspective, it is of note that there 
are pleiotropic genes with opposite effects at different ages; while being 
beneficial at early stages, these genes are detrimental at a later age [57]. 
They include p53 and mammalian target of rapamycin (mTOR) pathway 
and some key developmental signaling pathways, such as Wnt signaling 
[57]. Interestingly, aberrant activity of the latter pathways has been 
demonstrated in COPD patients, particularly in those with emphysema 
[98]. 

Regular exercise has pleiotropic effects in many hallmarks of aging 
and health [29,30] (Figs. 1 and 2). As reviewed above, this may occur 
not only in healthy subjects but also in COPD patients. Interestingly, in 
keeping with the GETomics paradigm [10], evidence is stronger in 
younger individuals. It makes entire sense that to prevent aging you 
have to be young! Besides, it has been suggested (albeit not yet proven) 
that maladaptive angiogenesis is an early (the time axis again!) critical 
event in the development and progression of COPD [91,92] and that 
regular exercise may have pro-regenerative effects in the lungs of these 
patients [25]. Importantly, in real life practice COPD does not exist in 
isolation since it is almost invariable accompanied by multimorbidity 
[99]. Ageing is also a key factor in the development of multimorbidity 
and, while waiting for the appropriate evidence, in the context of 

Fig. 2. Potential effects of exercise in seven pillars of aging. For further in-
formation, see text. Reproduced with permission from Ref. [21]. 
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GETomics, exercise can very well have pleiotropic effects not only on 
COPD but also on the frequently accompanying multimorbid diseases, 
thus contributing to improve the health status and prognosis of these 
patients [16,100,101]. 

The recently released 2023 report by the Global Initiative for Chronic 
Obstructive Lung Disease (www.goldcopd.org) acknowledges that 
COPD is a complex disease that can have roots early in life and can occur 
in young individuals, thus opening new windows of opportunity for the 
prevention and early diagnosis and treatment of the disease. From the 
above discussion, regular exercise may be an excellent therapeutic 
recommendation not only to rehabilitate patients with advanced disease 
(as prescribed currently) but to prevent disease progression in younger 
ones (in coupling with avoidance of major risk factors (such as tobacco 
smoking) and appropriate pharmacological treatment if needed). 
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E. Passegué, FOXO3A directs a protective autophagy program in haematopoietic 
stem cells, Nature 494 (7437) (2013) 323–327. 

[72] M. Cosio, M. Saetta, A. Agusti, Immunological aspects of COPD, N. Engl. J. Med. 
360 (2009) 2445–2454. 

[73] S.D. Shapiro, E.P. Ingenito, The pathogenesis of chronic obstructive pulmonary 
disease: advances in the past 100 years, Am. J. Respir. Cell Mol. Biol. 32 (5) 
(2005) 367–372. 

[74] H. Yao, J.W. Hwang, I.K. Sundar, A.E. Friedman, M.W. McBurney, L. Guarente, 
W. Gu, V.L. Kinnula, I. Rahman, 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 (9) (2013) L615–L624. 

[75] Z.H. Chen, H.C. Lam, Y. Jin, H.P. Kim, J. Cao, S.J. Lee, E. Ifedigbo, 
H. Parameswaran, S.W. Ryter, A.M. Choi, Autophagy protein microtubule- 
associated protein 1 light chain-3B (LC3B) activates extrinsic apoptosis during 
cigarette smoke-induced emphysema, Proc. Natl. Acad. Sci. U. S. A. 107 (44) 
(2010) 18880–18885. 

[76] H.C. Lam, S.M. Cloonan, A.R. Bhashyam, J.A. Haspel, A. Singh, J. 
F. Sathirapongsasuti, M. Cervo, H. Yao, A.L. Chung, K. Mizumura, C.H. An, 
B. Shan, J.M. Franks, K.J. Haley, C.A. Owen, Y. Tesfaigzi, G.R. Washko, 
J. Quackenbush, E.K. Silverman, I. Rahman, H.P. Kim, A. Mahmood, S.S. Biswal, 
S.W. Ryter, A.M. Choi, Histone deacetylase 6-mediated selective autophagy 
regulates COPD-associated cilia dysfunction, J. Clin. Invest. 123 (12) (2013) 
5212–5230. 

[77] X.X. Lv, S.S. Liu, K. Li, B. Cui, C. Liu, Z.W. Hu, Cigarette smoke promotes COPD by 
activating platelet-activating factor receptor and inducing neutrophil autophagic 
death in mice, Oncotarget 8 (43) (2017) 74720–74735. 

[78] J.L. Schneider, J.H. Rowe, C. Garcia-de-alba, C.F. Kim, A.H. Sharpe, M.C. Haigis, 
Ll the aging lung : physiology , disease , and immunity, Cell (2021) 1–30. 

[79] W.K. Cho, C.G. Lee, L.K. Kim, COPD as a disease of immunosenescence, Yonsei 
Med. J. 60 (5) (2019) 407–413. 

[80] G. John-Schuster, S. Günter, K. Hager, T.M. Conlon, O. Eickelberg, A. Yildirim, 
Inflammaging increases susceptibility to cigarette smoke-induced COPD, 
Oncotarget 7 (21) (2016) 30068–30083. 

[81] R.P. Dickson, F.J. Martinez, G.B. Huffnagle, The role of the microbiome in 
exacerbations of chronic lung diseases, Lancet 384 (9944) (2014) 691–702. 

[82] D.J. Barker, K.M. Godfrey, C. Fall, C. Osmond, P.D. Winter, S.O. Shaheen, 
Relation of birth weight and childhood respiratory infection to adult lung 
function and death from chronic obstructive airways disease, BMJ 303 (6804) 
(1991) 671–675. 

[83] S.O. Shaheen, D.J. Barker, A.W. Shiell, F.J. Crocker, G.A. Wield, S.T. Holgate, The 
relationship between pneumonia in early childhood and impaired lung function 
in late adult life, Am. J. Respir. Crit. Care Med. 149 (3 Pt 1) (1994) 616–619. 

[84] I.D. Johnston, D.P. Strachan, H.R. Anderson, Effect of pneumonia and whooping 
cough in childhood on adult lung function, N. Engl. J. Med. 338 (9) (1998) 
581–587. 

[85] S. Sethi, Bacterial infection and the pathogenesis of COPD, Chest 117 (5 Suppl 1) 
(2000) 286S–291S. 

[86] A. Kayongo, N.M. Robertson, T. Siddharthan, M.L. Ntayi, J.C. Ndawula, O. 
J. Sande, B.S. Bagaya, B. Kirenga, H. Mayanja-Kizza, M.L. Joloba, S.K. Forslund, 
Airway microbiome-immune crosstalk in chronic obstructive pulmonary disease, 
Front. Immunol. 13 (2022), 1085551. 

[87] K.R. Parekh, J. Nawroth, A. Pai, S.M. Busch, C.N. Senger, A.L. Ryan, Stem cells 
and lung regeneration, Am. J. Physiol. Cell Physiol. 319 (4) (2020) C675–C693. 

[88] J.P. Butler, S.H. Loring, S. Patz, A. Tsuda, D.A. Yablonskiy, S.J. Mentzer, Evidence 
for adult lung growth in humans, N. Engl. J. Med. 367 (3) (2012) 244–247. 

[89] Q. Ma, Y. Ma, X. Dai, T. Ren, Y. Fu, W. Liu, Y. Han, Y. Wu, Y. Cheng, T. Zhang, 
W. Zuo, Regeneration of functional alveoli by adult human SOX9(+) airway basal 
cell transplantation, Protein & cell 9 (3) (2018) 267–282. 

[90] X. Wang, Y. Zhao, D. Li, Y. Feng, Y. Xie, Y. Zhou, M. Zhou, Y. Wang, J. Qu, 
W. Zuo, Intrapulmonary distal airway stem cell transplantation repairs lung 
injury in chronic obstructive pulmonary disease, Cell Prolif. 54 (6) (2021), 
e13046. 

D. Pellegrino et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0954-6111(23)00182-8/sref40
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref40
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref40
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref41
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref41
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref42
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref42
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref42
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref43
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref43
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref43
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref43
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref44
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref44
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref44
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref45
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref45
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref46
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref46
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref47
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref47
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref48
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref48
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref48
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref49
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref49
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref49
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref50
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref50
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref51
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref51
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref51
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref51
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref51
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref52
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref52
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref53
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref53
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref53
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref53
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref54
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref54
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref54
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref55
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref55
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref55
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref56
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref56
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref56
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref57
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref57
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref59
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref59
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref59
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref60
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref61
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref61
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref61
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref61
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref62
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref62
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref63
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref63
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref63
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref63
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref64
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref65
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref65
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref65
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref66
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref66
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref66
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref67
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref67
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref67
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref67
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref67
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref68
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref68
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref68
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref68
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref69
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref69
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref69
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref69
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref70
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref70
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref71
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref71
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref71
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref72
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref72
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref73
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref73
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref73
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref74
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref74
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref74
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref74
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref74
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref75
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref75
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref75
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref75
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref75
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref76
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref77
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref77
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref77
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref78
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref78
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref79
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref79
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref80
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref80
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref80
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref81
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref81
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref82
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref82
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref82
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref82
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref83
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref83
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref83
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref84
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref84
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref84
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref85
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref85
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref86
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref86
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref86
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref86
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref87
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref87
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref88
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref88
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref89
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref89
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref89
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref90
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref90
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref90
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref90


Respiratory Medicine 216 (2023) 107294

7

[91] M.E. Summers, B.W. Richmond, S. Menon, R.M. Sheridan, J.A. Kropski, S. 
A. Majka, M.M. Taketo, J.A. Bastarache, J.D. West, S. De Langhe, P. Geraghty, D. 
J. Klemm, H.W. Chu, R.S. Friedman, Y.K. Tao, R.F. Foronjy, S.M. Majka, Resident 
mesenchymal vascular progenitors modulate adaptive angiogenesis and 
pulmonary remodeling via regulation of canonical Wnt signaling, Faseb. J. 34 (8) 
(2020) 10267–10285. 

[92] D. Kruk, A.C.Y. Yeung, A. Faiz, N.H.T. ten Hacken, W. Timens, T.H. van 
Kuppevelt, W. Daamen, D. Hof, M.C. Harmsen, M. Rojas, I.H. Heijink, Gene 
expression profiles in mesenchymal stromal cells from bone marrow, adipose 
tissue and lung tissue of COPD patients and controls, Respir. Res. 24 (1) (2023) 
22. 

[93] C.K. Ryrsø, P. Thaning, C. Siebenmann, C. Lundby, P. Lange, B.K. Pedersen, 
Y. Hellsten, U.W. Iepsen, Effect of endurance versus resistance training on local 
muscle and systemic inflammation and oxidative stress in COPD, Scand. J. Med. 
Sci. Sports 28 (11) (2018) 2339–2348. 

[94] G. Wang, J. Hallberg, R. Faner, H.-J. Koefoed, S.K. Merid, S. Klevebro, 
S. Björkander, O. Gruzieva, G. Pershagen, M.v Hage, S. Guerra, M. Bottai, 
A. Georgelis, U. Gehring, A. Bergström, J.M. Vonk, I. Kull, G.H. Koppelman, 
A. Agusti, E. Melén, Plasticity of individual lung function states from childhood to 
adulthood, Am. J. Respir. Crit. Care Med. 207 (4) (2023) 406–415. 

[95] A. Agustí, G. Noell, J. Brugada, R. Faner, Lung function in early adulthood and 
health in later life: a transgenerational cohort analysis, Lancet Respir. Med. 5 (12) 
(2017) 935–945. 

[96] Y. Çolak, B.G. Nordestgaard, J. Vestbo, P. Lange, S. Afzal, Relationship between 
supernormal lung function and long-term risk of hospitalisations and mortality: a 
population-based cohort study, Eur. Respir. J. (2021), 2004055. 

[97] Y. Çolak, B.G. Nordestgaard, P. Lange, J. Vestbo, S. Afzal, Supernormal lung 
function and risk of COPD: a contemporary population-based cohort study, 
100974-100974, EClinicalMedicine 37 (2021). 

[98] N. Kneidinger, A. Yildirim, J. Callegari, S. Takenaka, M.M. Stein, R. Dumitrascu, 
A. Bohla, K.R. Bracke, R.E. Morty, G.G. Brusselle, R.T. Schermuly, O. Eickelberg, 
M. Königshoff, Activation of the WNT/β-catenin pathway attenuates 
experimental emphysema, Am. J. Respir. Crit. Care Med. 183 (6) (2011) 
723–733. 

[99] L. Vanfleteren, S.A.A. Vikjord, M. Ingvar, L.M. Fabbri, From systemic effects of 
COPD to COPD as pulmonary component of multimorbidity, Barcelona 
Respiratory Network Reviews 6 (2020) 161–178. 

[100] T. Lancet, Making more of multimorbidity: an emerging priority, Lancet 391 
(10131) (2018) 1637. 

[101] The PLOS Medicine Editors, Multimorbidity: addressing the next global 
pandemic, PLoS Med. 20 (4) (2023), e1004229. 

D. Pellegrino et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0954-6111(23)00182-8/sref91
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref91
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref91
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref91
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref91
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref91
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref92
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref92
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref92
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref92
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref92
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref93
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref93
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref93
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref93
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref94
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref94
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref94
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref94
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref94
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref95
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref95
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref95
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref96
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref96
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref96
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref97
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref97
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref97
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref98
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref98
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref98
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref98
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref98
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref99
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref99
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref99
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref100
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref100
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref101
http://refhub.elsevier.com/S0954-6111(23)00182-8/sref101

	When GETomics meets aging and exercise in COPD
	1 Introduction
	2 Hallmarks of aging and health: An expanding universe
	3 Exercise: a polypill to target ageing
	4 Hallmarks of ageing in COPD
	5 Exercise and lung regeneration in COPD
	6 Putting it all together: GETomics, aging, exercise and COPD
	Declaration of competing interest
	References


