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Introduction

Chronic respiratory diseases are the third leading cause of death and affect more than 450 million people
worldwide [1]. Major risk factors such as cigarette smoking have long been studied in their pathogenesis,
but as the global population ages, increasing attention must now be paid to the contributory role of ageing
[2]. Epidemiological evidence indicates a decline in lung health over time with lung function classically
reaching its peak between 20-30 years of age and starting an inevitable descent thereafter [3]. Modern
paradigms suggest that this rise and descent may occur at different rates along the lifespan, which may
indicate that the links between age and lung function may be variable between individuals [4]. Deciphering
how lung ageing influences the development of chronic respiratory diseases may hold powerful clues into
novel therapeutics and management strategies.

Epigenetic regulation, including DNA methylation, evolves as the lung ages [5] and is one mechanism of
ageing that may be particularly relevant for lung disease given its dynamic responsiveness to exposures
over a lifetime [6]. DNA methylation, which involves the addition of methyl groups to cytosine residues
(located next to guanine residues) in the DNA sequence (CpG sites), can alter gene expression, thereby
potentially disrupting pathways implicated in disease pathogenesis [7, 8]. Particular DNA methylation
patterns have since emerged linking ageing with common lung diseases. For instance, in patients with
asthma, altered blood DNA methylation has been observed along ageing-related genes [9]. Airway
epithelial cell CpG sites differentially methylated in COPD enrich specific ageing-related pathways such as
longevity regulation, cellular senescence and mTOR signalling [10]. These findings underscore the role of
epigenetic regulation in lung ageing and disease. How we can leverage the enormous potential of the DNA
methylome to better understand and treat chronic respiratory diseases is the subject of this summary. Here,
we propose that epigenetic ageing biomarkers can be utilised as powerful indicators of disease and disease
progression in pulmonary medicine.

Epigenetic clocks: estimations of biological ageing

DNA methylation predictably changes over a lifespan [11], making it an attractive mechanism for
quantifying biological age. Markers of epigenetic age, also known as DNA methylation or epigenetic clocks,
have since been developed, with the most widely applied one created by HorvaTH [11]. An epigenetic clock
is a composite calculation of the methylation of age-associated CpG sites calibrated in “healthy” tissues; thus,
epigenetic age reflects an individual’s underlying biological age. These clocks were derived by applying an
elastic net regression model to select CpGs associated with chronological age. The deviation of epigenetic
age from chronological age is interpreted as biological age acceleration (when epigenetic age is greater than
chronological age) or deceleration (when epigenetic age is less than chronological age) (figure 1).
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FIGURE 1 Leveraging the DNA methylome for respiratory health. Epigenetic clocks measure biological ageing.
The deviation of biological from chronological age (represented by the linear plot) can represent an unhealthy
state. Age acceleration (red dots) can be caused by environmental factors such as smoking, vaping, pollution,
and chronic viral infections. In contrast, age deceleration (blue dots) could potentially result from lifestyle
changes such as smoking cessation, a healthy diet and increased physical activity. Epigenetic clocks can be
used to stratify risk for respiratory diseases, predict significant clinical outcomes, and evaluate the relationship
between the exposome and lung health. Efforts to understand what might slow the ageing rate down may
allow for novel therapeutics for patients with chronic respiratory diseases. Figure created using BioRender.com

A summary of the most frequently used epigenetic clocks is provided in table 1. Epigenetic clocks can be
categorised into two generations. The first-generation clocks were exclusively trained on chronological age
and include DNAmAge, a pan-tissue clock trained on the chronological age of 51 tissues from healthy
individuals [11]; DNAmAgeHannum, a blood-specific clock trained on chronological age [12]; and
DNAmAgeSkinBlood, a fibroblast and blood-specific clock [13]. Second-generation clocks further capture
hallmarks of ageing (e.g. chronic inflammation) along with chronological age. The most widely studied
second-generation clocks include DNAmPhenoAge, which incorporates clinical measurements of
phenotypic ageing (e.g. albumin, creatinine, glucose, C-reactive protein, lymphocytes, cell volume, red cell
distribution, alkaline phosphatase and white blood cell counts) [14]; DNAmGrimAge (versions 1 [15] and
2 [16]), which is considered a biomarker of mortality (lifespan and healthspan) and captures inflammatory
proteins associated with mortality, cigarette smoking, gender, and chronological age in its training
algorithm; and DNAmTL [17], which was trained on leukocyte telomere length. As testament to their
promise in the study of ageing, these clocks display stronger correlations with chronological age when
compared to other ageing biomarkers such as telomere length [18], and have been shown to be associated
with mortality in the general population [19].

Why the specific CpGs that constitute epigenetic clock algorithms are so tightly linked with ageing is still
a matter of speculation. In silico analyses have shown that the 353 CpGs that make up the original
pan-tissue Horvath clock enriched cell death/survival, cellular growth/proliferation, organismal/tissue
development, and cancer pathways [11]. Experiments in primary human cells designed to better understand
the underlying biology of epigenetic clocks have also been performed in which various methods to induce
different ageing processes were tested to determine their relative impact on epigenetic age. Indeed, not all
mechanisms of ageing were linked with epigenetic age. For instance, cellular senescence, telomere attrition
and genomic instability did not in fact increase epigenetic age, but impaired nutrient sensing, stem cell
exhaustion, altered cell-cell communication, and mitochondrial dysfunction did [20]. Other clocks, such as
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TABLE 1 Summary of epigenetic clocks

Epigenetic clock Tissue Training parameters CpGs Prediction Year
derivation n
DNAmAge [11] Pan-tissue Chronological age of healthy tissue samples 353 Ageing rate 2013
(51 healthy
tissues)
DNAmAgeHannum [12] Blood Chronological age of healthy tissue samples 71 Ageing rate 2013
DNAmAgeSkinBlood [13]  Skin, blood and  Chronological age of healthy tissue samples 391 Ageing rate 2015
saliva
DNAmPhenoAge [14] Blood Chronological age and clinical biomarkers (albumin, 513 Lifespan and health 2018
creatine, glucose, C-reactive protein, lymphocyte span (mortality and
percentage, mean cell volume, red cell distribution morbidity)
width, alkaline phosphatase, white blood cell count)
DNAmMGrimAge [15] Blood Time to death regression on chronological age, gender, 1031 Lifespan and health 2019
CpGs estimates for smoking pack-years and seven span (mortality and
plasma proteins (adrenomedullin levels, beta-2 morbidity)

microglobulin, cystatin C, growth differentiation factor
15, leptin, plasminogen activation inhibitor 1, tissue
inhibitor metalloproteinase 1)

DNAmMGrimAge2 [16] Blood Time to death regression on chronological age, gender, 1331 Lifespan and health 2022
CpGs estimates for smoking pack-years and nine span (mortality and
plasma proteins (adrenomedullin levels, beta-2 morbidity)

microglobulin, cystatin C, growth differentiation factor
15, leptin, plasminogen activation inhibitor 1, tissue
inhibitor metalloproteinase 1, high sensitivity C-reactive
protein and haemoglobin A1C)
DNAmTL [17] Blood Leukocyte telomeric length 140 Replicative history of 2019
cells and health
outcomes

DNAmGrimAge, may be linked with immune reconstitution, as thymic regeneration has been shown to
decrease DNAmMGrimAge [21]. Until further experiments are performed, it is conceivable that the different
iterations of the epigenetic clock might also reflect different ageing mechanisms.

What accelerates the lung’s epigenetic age?

As a key mechanism linking gene and environment, DNA methylation may fundamentally change
depending on an individual’s particular exposures (figure 1), offering insight into which risk factors may
accelerate lung ageing. The impact that traditional risk factors for lung disease such as smoking and air
pollution have on epigenetic age has largely been studied in peripheral blood. Toxic inhaled particles,
particularly those from tobacco smoking, likely result in the acceleration of peripheral blood epigenetic
age [22]. Similar observations have been made in individuals exposed to cannabis smoke [23]. While both
cannabis and tobacco are likely detrimental to epigenetic ageing, the effect of the latter is greater [23],
suggesting that the relative ageing risk may be specific to each exposure. Both indoor air pollution,
particularly exposure to polycyclic aromatic hydrocarbons following indoor coal combustion [24], and
outdoor air pollution [25, 26] have also been linked with blood epigenetic age acceleration. Studies
evaluating epigenetic age in lung tissue, however, remain scarce. To date, investigations in
bronchoscopy-derived lung epithelial cells demonstrate that both cigarette and e-cigarette use [27, 28],
ozone exposure [29] and infection with HIV [10, 30] can significantly raise epigenetic age. Even less is
known, though, about what might slow down the lung’s epigenetic ageing rate and whether such
deceleration could improve clinical outcomes (or might even have its own pathophysiological
consequences). Cigarette smoking cessation at least appears to somewhat attenuate airway epigenetic age
acceleration [28], while cannabis smoking cessation may have a similar effect in the blood [23]. Lifestyle
modifications such as diet [31] and exercise [32] may also reduce epigenetic age, although studies
specifically evaluating this in lung tissue have yet to be performed. Understanding the full scope of the
exposome’s effects on lung ageing is crucial for developing comprehensive strategies to mitigate these
risks and promote strategies for respiratory well-being.

Applying the epigenetic clock to respiratory health
The striking ability of epigenetic clocks to capture biological ageing [11] and poor health outcomes [33]
has led to an increased interest in their application in chronic respiratory diseases, particularly in COPD,
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where the greatest number of studies have been performed. Previous work has demonstrated that airway
epithelial cell epigenetic age is increased in COPD, even after adjusting for confounders such as cigarette
smoking [10]. Furthermore, the strong correlation between airway epithelial cell and blood epigenetic age
[34] raises the possibility that the epigenetic clock could serve as an accessible blood biomarker to predict
important clinical outcomes in COPD. For instance, BReen et al. [35] found that a greater increase in the
difference between blood extrinsic epigenetic age (which measures both epigenetic age and age-related
changes in blood cell composition) and chronological age is associated with a higher odds ratio (1.02, 95%
CI 1.01-1.03; p=0.04) of incident COPD over a mean follow-up time of 7 years. Weaker, yet still
significant, associations were observed between this difference and decreased forced expiratory volume in
1 s to forced vital capacity ratio. In people living with HIV, higher baseline blood DNAmMGrimAge
acceleration was also detected in participants who would ultimately develop airflow limitation over a
6-year follow-up period [36], demonstrating the potential of the epigenetic clock for risk stratification. For
patients already with COPD, epigenetic age can also predict those at high risk for poor clinical outcomes.
Short blood DNAmTL is associated with higher St George’s Respiratory Questionnaire scores (p=0.026),
an increased risk for an acute exacerbation of any severity (p=0.03), and hospitalisations (p=0.03) [37].
Both short blood DNAmMTL (p=0.024) and higher blood DNAmGrimAge (p=0.031) are also associated
with a greater risk of death over a 1-year period [38]. Although additional replication in larger (and
longitudinal) cohorts are needed, these findings suggest that in the search for personalised medicine
approaches for patients with COPD, epigenetic clocks could represent a novel avenue to identify those at
greatest risk for clinical worsening.

Although the investigation of the epigenetic clock in other respiratory diseases remains in the nascent
stages, similar epigenetic age acceleration has been reported in asthma, where a 1-year increase in blood
DNAmAge at mid-childhood was associated with a 1.16 (95% CI 1.00-1.34; p=0.044) higher odds of
asthma [39]. Nasal epithelial age acceleration in children is also associated with asthma, with a 10-fold
increase in exhaled nitric oxide fraction accelerating epigenetic age by 1.11 years and a 10-fold increase in
total IgE accelerating epigenetic age by 0.58 years [40]. Efforts to quantify the ability of epigenetic age to
predict lung cancer remain mixed, though, with some studies suggesting a strong association between
certain epigenetic clocks and incident lung cancer [41] and others suggesting no association at all [42].
How the epigenetic clock may be utilised in other chronic respiratory diseases, such as cystic fibrosis,
bronchiectasis and pulmonary fibrosis, will require further investigation.

Transitioning the epigenetic clock from theory to practice

Epigenetic markers of ageing have shown potential as tools for understanding respiratory diseases and
predicting clinical outcomes. However, several limitations must be overcome prior to their successful
integration into clinical practice [43]. If, at least in COPD, epigenetic age acceleration denotes poor
prognosis, we still do not yet understand what interventions might slow down and/or reverse epigenetic
ageing and, moreover, whether epigenetic age deceleration can even improve these outcomes in the first
place. The field is still hampered by a lack of longitudinal evaluation of epigenetic age in chronic respiratory
diseases, which also means we still do not yet know how many years in epigenetic age constitutes a
clinically meaningful difference for a patient. Second, the currently available epigenetic clocks were derived
from an array of healthy tissues of which the lung comprised only a small proportion [11]. A reasonable
assumption is that an effective epigenetic clock responsive to the inherent dynamics of respiratory diseases
and their interventions may require training on much larger sample sizes reflecting a wider variety of lung
diseases. Derivation of a lung-specific epigenetic clock may enhance our ability to utilise these tools more
effectively in respiratory medicine. Third, further investigation on the mechanisms behind the epigenetic
clocks is needed to target the specific pathways that affect lung health. Fundamentally, we still do not
understand the specific biology represented by each clock and what deviations of epigenetic age might
imply when it comes to aberrant lung pathology. Fourth, epigenetic age can be significantly affected by cell
type composition [44]; therefore, improved deconvolution methods that can help to correct for cell type
differences as well as study designs that focus on specific cell populations are still required. Finally, lung
ageing is a complex multifaceted process in which DNA methylation represents only a single mechanism.
Integrating epigenetic clocks with additional ageing biomarkers derived from transcriptomic, metabolomic
and microbiome platforms [45] may be one approach that could boost their performance metrics and provide
the necessary validation required for successful biomarker development. These strategies may be critical
steps in taking what is now the promise of the epigenetic clock to its full potential as a biomarker that can
diagnose, predict and manage patients with chronic respiratory diseases.
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