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ABSTRACT  Ageing is associated with a progressive degeneration of the tissues, which has a negative
impact on the structure and function of vital organs and is among the most important known risk factors
for most chronic diseases. Since the proportion of the world’s population aged >60 years will double in the
next four decades, this will be accompanied by an increased incidence of chronic age-related diseases that
will place a huge burden on healthcare resources.

There is increasing evidence that many chronic inflammatory diseases represent an acceleration of the
ageing process. Chronic pulmonary diseases represents an important component of the increasingly
prevalent multiple chronic debilitating diseases, which are a major cause of morbidity and mortality,
particularly in the elderly. The lungs age and it has been suggested that chronic obstructive pulmonary
disease (COPD) is a condition of accelerated lung ageing and that ageing may provide a mechanistic link
between COPD and many of its extrapulmonary effects and comorbidities. In this article we will describe
the physiological changes and mechanisms of ageing, with particular focus on the pulmonary effects of
ageing and how these may be relevant to the development of COPD and its major extrapulmonary
manifestations.
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Introduction

Ageing is characterised by a progressive degeneration of the tissues that has a negative impact on the
structure and function of vital organs [1]. Loss of physiological integrity, resulting in a progressive decline
of homeostasis and reduced capacity to respond to environmental stimuli with age, contributes to an
incremental risk of disease and death. The age demographic of the world’s population is changing.
According to the World Health Organization, “Between 2000 and 2050, the proportion of the world’s
population over the age of 60 years will double from around 11% to 22%. The absolute number of people
aged over 60 years is expected to increase from 605 million to 2 billion over the same period” [2]. This
poses a challenge to society in the years to come and, in particular, there will be an incremental need for
healthcare for chronic diseases in the more fragile portion of the population.

Ageing is among the most important known risk factors for most chronic diseases [3, 4] (fig. 1). Around
100 000 people worldwide die each day of age-related causes [5].

The number of changes in the body that occur with age is remarkably long and include changes in
appearance, such as wrinkled skin, gradual reduction in height and weight loss due to loss of muscle and
bone mass, decline in sexual activity (and menopause in women), and decline in the function of most
organs such as renal, pulmonary, cardiac and cerebral. Immune and endocrine functions are also affected
[6]. It has been suggested that ageing results from a range of intrinsic phenomena that affect the whole
organism and consequently leads to the “weakest link” organ failing, culminating in death. However, the
ageing process does not share its core features with any particular disease and, as suggested by HayFLICK [7],
it is not a disease in itself, but increases vulnerability to disease. All organs tend to lose function with age and
this is well described in the lung where there is a progressive decline in lung function after the age of
25 years. Chronic obstructive pulmonary disease (COPD) represents an important component of the
increasingly prevalent multiple chronic debilitating disease epidemic that becomes more prevalent with age
and is a major cause of morbidity and mortality [8]. There is increasing evidence that chronic inflammatory
conditions such as COPD represent an acceleration of the ageing process [9].

In this article we will describe the physiological changes associated with ageing and the proposed
mechanisms of ageing. We will then focus on the pulmonary effects of ageing and how these may be relevant
to the development of the chronic lung disease; COPD and the role of ageing in the multimorbidities
associated with COPD.

Physiological changes and mechanisms of ageing

Three groups of physiological changes associated with age have been defined [10]: 1) changes in cellular
homeostasis mechanisms (body temperature, blood and extracellular fluid volumes); 2) decrease in organ
mass; and 3) decline in and loss of the functional reserve of the body. Age-associated changes are largely
determined by genetics and are influenced by environmental factors (diet, exercise, exposure to
microorganisms, cigarette smoke, air pollutants and ionising radiation). Other factors can also influence
the ability to live longer. Longevity differs between sexes, with females living 7-10 years longer than males
[11]. Childhood, personality, education and behavioural factors also contribute to longevity [12].

There are a number of cellular and molecular mechanisms that are thought to be involved in the ageing
process and determine the ageing phenotype (fig. 2). These mechanisms will be discussed later in this
article; however a detailed discussion of all of these mechanisms is provided elsewhere [13].
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In general, ageing is determined by the interaction between injury and repair, and the balance between cell
death and cell replacement in order to maintain organ integrity [14—16].

If cells die faster than they can be replaced, the remaining cells need to respond to greater demands that can
eventually lead to pathological changes and deterioration in cell health. Intrinsic and extrinsic factors that
modify the balance between cell death and replacement have considerable impact on the ageing process. Cell
division and programmed cell death (apoptosis) are regulated by genetic factors and subject to extra- and
intracellular molecular factors.

One common factor underlying the process of ageing is the accumulation of molecular damage. Therefore,
ageing may be considered to result from the accumulation of cellular damage, consequent changes in gene
expression and epigenetic factors related to DNA damage, and structural modifications of the DNA by the
intrinsic biological clock that regulates the number of cell divisions, such as telomere shortening [17]. Thus,
ageing is influenced by the interaction of genetic and environmental factors. Two of the main theories of
ageing are the free radical theory and the replicative senescence theory.

Free radical theory of ageing

According to the endosymbiotic theory articulated in 1910 by the Russian botanist MERESCHOWSKI [18] and
advanced later in 1967 by SAGAN [19], the mitochondria were once free-living prokaryotic cells, following
the evolution of aerobic metabolism, and were acquired symbiotically by protozoans to form eukaryotic
cells. Whether this theory is true or not, the presence of the mitochondria in the cytosol has remarkable
implications for the production of energy by eukaryotic cells. However, there is a downside to this
arrangement [20]. Although the mitochondrial production of energy (ATP) through oxidative
phosphorylation is efficient, a small percentage of electrons may “leak” during normal respiration and
prematurely reduce oxygen, forming reactive oxygen species (ROS) [21]. As cells and organisms age, the
function of the mitochondria tends to diminish, thus increasing electron leakage that in turn increases the
production of ROS. ROS are highly unstable and can interact with lipids, proteins and nucleic acid, thus
damaging vital cell components, including further damage to mitochondria. This is the basis of the free
radical theory of ageing, originally proposed in 1956 by HARMAN [22], which focuses on the mitochondria as
an increasing source of free radicals with ageing. However, age-associated mitochondrial dysfunction can
contribute to ageing independent of ROS as a result of aberrant mitochondrial biogenesis, caused by
impaired retrograde signalling that is regulated by nuclear genes and factors dependent on mitochondrial
metabolism [23].

The free radical/mitochondrial theory of ageing proposed that ageing results from accumulated damage
inflicted by ROS [24]. However, this simplistic view has been challenged [25, 26]. Evidence is accumulating
that an optimal amount of ROS are required for successful ageing, which can trigger proliferative and
survival signals in response to physiological and stress signals [27]. Thus, with ageing, the levels of ROS
increase in an attempt to maintain survival [28] until they reach a level where they enhance, rather than
alleviate, age-related damage [29]. ROS can also be formed by exogenous processes such as irradiation,
environmental pollutants and inflammation, as well as normal cell metabolism. Free radicals can: accelerate
replicative senescence via the shortening of telomeres; activate inflammatory redox-sensitive transcription
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factors such as nuclear factor-kB (NF-xB) and activator protein-1, which regulate the transcription of
several genes encoding pro-inflammatory cytokines; and induce DNA damage [30].

Chronic inflammation, characterised by higher levels of pro-inflammatory cytokines and the infiltration of
inflammatory cells into tissues, is a feature of ageing and most age-related diseases including COPD,
cardiovascular disease, osteoporosis, rheumatoid arthritis, cataract and Alzheimer’s disease [31].

Replicative senescence theory of ageing

The other major theory of ageing is the replicative senescence theory [32, 33]. This is based on the fact that
with every cell division there is incomplete duplication of the telomeres. Telomeres are regions at the ends
of chromosomes containing 1-5 kb of (TTAGGG) repeats that protect DNA against degradation and
recombination, thus supporting chromosomal stability [34]. In most somatic cells telomeres shorten with
every cell cycle since replicative DNA polymerases lack the capacity to completely replicate the terminal
ends of linear DNA molecules, which is a property of the specialised DNA polymerase known as telomerase.
However, most mammalian somatic cells do not express telomerase and this leads to progressive loss of
telomere protective sequences from the ends of chromosomes. Therefore, telomere length reflects the length
at birth and its rate of attrition thereafter. The latter is a result of the replication history, but is also a
reflection of a number of factors, such as cumulative oxidative stress and chronic inflammation, acting on
progenitor cells [33]. Successive cell divisions result in telomere shortening of chromosomes until cells are
no longer capable of dividing. Therefore, the balance between cell death and cell replication is affected and
defence, maintenance and repair of the body becomes increasingly impaired. Telomere length has been
considered as a measure of biological rather than chronological age or, more recently, as a biomarker of
somatic redundancy that is the body’s capacity to absorb damage [35]. There is a strong relationship
between short telomeres and the risk of mortality.

Recent studies have begun to unite the free radical and replicative senescence theories of ageing (fig. 3). In
fact, shortened telomeres are associated with ageing and elevated oxidative damage. Shortened telomeres
induce p53, which in turn suppress two gene products (the proliferator-activated receptor-gamma co-
activator -1o and - genes) whose expression is necessary for mitochondrial function and survival. This
results in mitochondrial dysfunction with elevated free radical production, potentially resulting in the
appearance of several age-associated diseases.

Cellular senescence

The cell responses to stress, such as ROS, are directed toward cell arrest or, if the damage is beyond repair,
toward cell death. Cellular senescence is a process in which cellular stresses converge to promote cell cycle
arrest, associated with stereotyped phenotypic changes [36]. In addition to replicative senescence, in which
progressive telomere shortening leads to senescence [37], oxidative stress-induced DNA damage can
similarly promote cell arrest; stress-induced premature senescence [38, 39].

There is a close relationship between cellular senescence and inflammation. Unlike apoptotic cells,
senescence cells remain metabolically active and exhibit what is termed a “senescence-associated secretory
phenotype” (SASP) [40]. Senescent cells demonstrate activation of NF-kB, a major transcription factor in
the regulation of inflammation. Senescent cells also release increased amounts of various inflammatory
cytokines resulting in enhanced inflammation [41]. These pro-inflammatory mechanisms associated with
senescence have been shown in human lung tissue, where the expression of phosphorylated inhibitor of
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NF-kB and tumour necrosis factor (TNF)-o were found to be increased in p16™**-positive type II alveolar

epithelial cells, a marker of cellular senescence, suggesting that senescent alveolar cells promote
inflammation at the cellular level [42]. With advancing age, senescent cells accumulate in tissues resulting
in SASP-elicited inflammation that is believed to influence the development of age-related conditions.

In youth, cellular senescence prevents the proliferation of damaged cells, thus protecting against cancer and
contributing to homeostasis. With ageing, enhanced damage and deficient clearance and replenishment of
senescent cells results in their accumulation and consequently a number of deleterious effects on tissue
homeostasis that contribute to ageing (fig. 4).

Epigenetic mechanisms in ageing

A range of epigenetic mechanisms are involved in ageing. Epigenetic changes involve alterations in DNA
methylation, post-translational modifications of histones and chromatin remodelling. The histone
deacetylases (HDACs) sirtuin (Sir2 proteins) is involved in these epigenetic mechanisms and have been
extensively studied as potential anti-ageing factors. Within the group of HDAC:s, sirtuin proteins maintain a
special position as they are structurally different from other HDACs and are inhibited by different
compounds since they have the unique characteristic of being NAD"-dependent [43]. Seven sirtuin
homologues (SIRT1-SIRT7) are found in mammals [44]. Sirtuins are type IIIl HDACs and act on histone
residues in DNA that are essential for maintaining silent chromatin during histone deacetylation. SIRT6 and
SIRT?7 are localised in the nucleus, SIRT3, SIRT4 and SIRT5 are localised in the mitochondria while SIRT1
and SIRT2 are localised in the nucleus and distributed in the cytosol. These seven isoforms display
differential specificity toward acetylated substrates, which translates into an expanding range of physiological
functions, such as gene expression, cell cycle regulation, apoptosis and metabolism, as well as ageing.

Other so called anti-ageing molecules include HDAC2 [45] and a group of molecules responsible for DNA
repair, such as DNA-dependent protein kinase and Ku86 [46]. The imbalance between pro- and anti-ageing
molecules contributes to accelerate the molecular features responsible for the changes associated with ageing.

Loss of proteostasis
Ageing and some age-related diseases have been linked to impaired protein homeostasis or proteostasis
[47]. Proteostasis includes a range of processes by which cells stabilise correctly folded proteins or restore or
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remove and degrade misfolded, unfolded or damaged proteins by the proteasome or the lysosome [48].
Cytosolic and organelle-specific chaperones are involved in protein folding and stability. Proteins damaged,
for example as a result of free radical activity, need to be repaired or removed and replaced by functional
proteins. The two principal proteolytic systems involved in degrading and removing damaged proteins are
the autophagy-lysosomal system and the ubiquitin—proteosome system. Both of these systems have been
shown to decline with age [49, 50]. Thus the normal protein turnover is impaired with age, which can lead to the
accumulation of altered proteins that contribute to the physiopathology of a number of age-related conditions.

Inflammation

There is an increase in low-grade systemic inflammation characterised by higher levels of circulating pro-
inflammatory cytokines, such as interleukin (IL)-1, IL-6, IL-8 and TNF-q, in elderly people, which may
contribute to several age-related disorders [51, 52]. This has led to the inflamm-ageing hypothesis [53] as a
common biological factor responsible for the decline and onset of disease in the elderly [54].

Inflamm-ageing may result from a variety of causes, such as the accumulation of pro-inflammatory tissue
damage, failure of a dysfunctional immune system to effectively clear pathogens and dysfunctional host
cells, the pro-inflammatory effect of senescent cells, enhanced activation of the pro-inflammatory
transcription factor NF-kB or a defective autophagy response [55].

Other mechanisms involved in ageing include: 1) stem cell exhaustion as a result of multiple age associated
damage, which reduces the regenerative potential of tissues; 2) dysregulated nutrient sensing; and
3) changes in anabolic signalling, particularly involving the insulin and insulin-like growth hormone,
insulin-like growth factor-1 [56].

Pulmonary effects of ageing

Lung function deteriorates progressively with age [57]. As a result, elderly people have increased risk of
developing shortness of breath and there is an increased prevalence of various pulmonary diseases in older
individuals [58]. To more accurately establish an underlying respiratory disease, the reduction in
pulmonary function must be distinguished from the reduction that is due to normal ageing [59]. Aged
lungs are characterised by a progressive reduction of the forced expiratory volume in 1s (FEV1) of
~20 mL-year ', together with a reduction of the FEV1/forced vital capacity ratio and an increment in the
residual volume (RV), with preserved total lung capacity [60]. The changes in the ageing lung also result in
lower oxygen levels and decreased ability to eliminate carbon dioxide, due to decreases in chest wall
compliance, lung elastic recoil [61], respiratory muscle strength [62, 63] and also alveolar enlargement
(without alveolar wall destruction), resulting in a decrease in the area for gas exchange in the lungs.

Ageing and COPD

Similarities between features of COPD and the ageing lung suggest that COPD may be a condition related to
accelerated ageing [64]. Moreover, animal models of premature ageing show structural changes in the lungs
and skeletal muscle that resemble those in COPD [65]. As shown by FLETCHER and PETO [57] in their classic
epidemiological studies, an accelerated decline in lung function with age (50-100 mL of FEV1 per year)
occurs in susceptible smokers who develop COPD. However, recent studies have shown that there is
individual variability in the decline in FEV1 in COPD subjects and that the development of chronic airflow
limitation, characteristic of COPD, is not always as a result of an accelerated decline in FEV1 [66], but can
be due, for example, to sub-optimal lung growth in childhood [67]. This suggests that accelerated lung
ageing may be a pathogenic mechanism in some but not all COPD subjects.

Similarly, RV is increased and respiratory muscle strength is also decreased in patients with COPD [68], as
occurs with ageing. Furthermore, there is a good correlation between facial wrinkling, a feature of ageing,
and emphysema [69]. The latter is probably due to changes in collagen and elastin degradation in both the
skin and the lungs. Moreover, elastin degradation in the skin is related to emphysema and arterial stiffness
in patients with COPD [70], providing a link between skin ageing, COPD and cardiovascular risk.

It has been proposed that a decline in organ function (such as the lung) is a feature of ageing in response to
the accumulation of molecular and cell damage until the balance between cell death and cell replication
(regeneration) is affected by the “intrinsic biological clock”, which regulates the number of cell divisions.
Therefore, any noxious exposure that increases cellular damage has the potential to accelerate the process of
ageing in a particular organ. Thus, noxious inhalants, such as cigarette smoke, accelerate these age-related
events in the lung due to increased modification of proteins, reduction in anti-ageing molecules and/or
stimulation of pro-ageing molecules [71].
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Increased oxidative stress, which is thought to play a key role in ageing [72] and the pathogenesis of COPD
[73], is present in the lungs, blood and muscle in COPD patients. In the muscle it has been shown that
mitochondria dysfunction results in increased release of ROS and oxidative damage to mitochondrial DNA
[74, 75]. Oxidative stress can lead to shortening of telomeres and shortened telomeres have been described
in current and former smokers compared with nonsmokers, probably due to increased oxidative stress from
the inhalation of cigarette smoke. There is also a dose-dependent relationship between telomere length and
pack-years smoked [76]. Moreover, circulating leukocytes from COPD patients have shorter telomeres,
compared with control subjects in any age range [77]. Parenchymal lung cells from emphysematous lungs
also show shortened telomeres and this is associated with increased cell senescence [78]. These events
may enhance lung inflammation [79], since telomere shortening leads to cellular senescence and, as a
consequence, enhanced inflammation in these lungs [42]. Exposure of human epithelial cells to cigarette
smoke, the major aetiological factor in COPD, results in cell senescence as shown by an increase in the
senescent markers senescence-associated [-galactosidase and p21 protein [80]. Increased markers of cell
senescence have been found in type II epithelial cells and fibroblasts from emphysematous lungs [79, 81]
that contribute to the pathogenesis of COPD. Epithelial and endothelial apoptosis occurs in emphysema
[82, 83] and is thought to result in loss of cells from the alveolar walls. Cellular senescence results in the loss
of cell proliferation to replace cells lost by apoptosis. Senescent cells show activation of NF-kB and
consequently release of inflammatory cytokines, thus enhancing inflammation [41]. A direct relationship
has been shown between the extent of p16™4* positive cell senescence and the severity of inflammation in
emphysematous lungs [78].

Cigarette smoking has also been shown to suppress sirtuin expression in the large airways and, moreover,
COPD is characterised by suppression of sirtuin expression both in large and small airway epithelial cells as
a result of post-translational oxidative modification of the molecule that would result in enhanced
inflammation and cell senescence [84].

In addition to sirtuins, HDAC2 has been shown to be an anti-ageing molecule since knockdown of HDAC2
induces cellular senescence [45]. HDAC2 has been shown to be reduced in the lungs of COPD patients
compared with smokers who have not developed the disease [85] due to oxidative modification of the
molecule [86]. This would lead to both increased cell senescence and enhanced inflammation as a result of
increased histone acetylation and consequent unwinding of DNA, allowing enhanced pro-inflammatory
gene expression [87, 88]. Other features of premature ageing that have been described in patients with
COPD are summarised in table 1.

Extrapulmonary effects of ageing

Although predominantly a lung disease, COPD is associated with significant extrapulmonary manifestations
[109]. These extrapulmonary manifestations are very prevalent in COPD patients and contribute to the
overall morbidity and mortality in this condition [110]. Many of these extrapulmonary manifestations are
considered to be comorbidities of COPD. However, whether these co-existing conditions occur by chance
or because they share risk factors (such as smoking), or occur as a consequence of the lung disease is
unknown. Ageing may be a factor that links COPD to its extrapulmonary manifestations and it has been
suggested that COPD should be considered as one of the multimorbidities related to ageing [8].

We will now discuss the major extrapulmonary effects of COPD (cardiovascular disease, skeletal muscle
dysfunction and osteoporosis) in relation to ageing.

Cardiovascular effects of ageing

With increasing age the prevalence of cardiovascular disease increases several fold, and is the leading cause
of death in people aged >65 years. More than 80% of coronary artery disease cases and >75% of
congestive heart failure cases occur in people aged >65 years [111]. Thus, understanding the changes that
occur in the cardiovascular system with advancing age may provide insight into the pathogenic mechanisms
in cardiovascular disease and the relationship to COPD [112].

Ageing is associated with several molecular, biophysical and biochemical changes in the heart [113, 114].
The predominant change that occurs in the cardiovascular system with ageing is a reduction in elasticity of
the vasculature and consequently increased arterial stiffness [112, 115]. This results from increased
elastolytic activity in the vascular wall leading to elastin degradation and increased smooth muscle tone.
These effects are particularly important in the large vessels such as the aorta, which demonstrates reduced
compliance with ageing. This increased vascular stiffening leads to an increased afterload on the left
ventricle, increased systolic blood pressure and changes in the left ventricular wall including hypertrophy. A
further consequence of these changes is to lengthen the relaxation time of the left ventricle in diastole
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TABLE 1 Mechanisms of ageing in the pathogenesis of chronic obstructive pulmonary disease (COPD)

Mechanism

Ageing

COPD

Oxidative stress

Telomere length

Tissue-specific cellular
senescence

Inflammatory cytokines

Neutrophils
Macrophages/monocytes

Dendritic cells

T-cells

B-cells

Neutrophils, macrophages and monocytes
show enhanced ROS production [89, 90]

Telomere shortening is enhanced by oxidative
stress [33, 93]

Decreased telomere length in peripheral
blood leukocytes [94]

Induced when a critical telomere length
is reached [96]

Persistent low-level inflammation: IL-6, TNF-a
and acute-phase reactants [97]

Unchanged numbers and impaired killing [100]

Deficient TLR signalling, less production of
pro-inflammatory cytokines [90, 101, 102]

Changed phenotype, increased levels of
pro-inflammatory cytokines [103, 104]

The proportion of memory cells that are CD28™"
(senescent phenotype) increases and decreases
the numbers of naive T-cells [106]

Decreased B-cell production and impaired ability

Increased oxidative stress in the lungs
promoting inflammation [74, 75, 91, 92]

Telomere length is smoking dose-dependent;
telomere length is shorter in peripheral
blood leukocytes in COPD and
emphysema [76, 77, 93, 95]

Elevated SA-B-Gal, p21C/P1/WAPYsdI 5 g
pro-inflammatory cytokine production in lung
parenchyma and type Il alveolar cells [78, 80]

Increased systemic and pulmonary levels
of IL-6, TNF-o and CRP [98, 99]

Increased in BALF and lung parenchyma [100]

Increased in airways and lung parenchyma, and
production of pro-inflammatory cytokines [100]

More active in COPD [105]

Senescent T-cell phenotype and repertoire
contraction [107]; less ability to fight infections

to undergo immunoglobulin class switch [108]

ROS: reactive oxygen species; SA-B-Gal: senescence-associated p-galactosidase; IL: interleukin; TNF: tumour necrosis factor; CRP: C-reactive
protein; BALF: bronchoalveolar lavage fluid; TLR: Toll-like receptor.

thereby leading to diastolic dysfunction. Figure 5 summarises the cardiovascular consequences of arterial
stiffening during ageing and the possible pathological implications of this process.

Ageing also changes the cardiac responsiveness to physiological and pharmacological f-adrenergic stimuli.
The heart rate and myocardial contractility responses to both catecholamines and exercise are blunted in
elderly subjects [116]. This is also a consequence of an age-related reduction in the inherent activity of the
atrial pacemaker cells, leading to a decrease in the intrinsic heart rate [112]. In addition, there is increased
fibrosis of the myocardium along with a decrease in the number and change in morphology of the
cardiomyocytes [117]. Associated with these changes there is calcification at the base of the aortic valve and
damage to the His bundle. All of these changes lead to a reduction in cardiac output, which is, to some
extent, maintained by the ageing heart as a result of a marked increase in both end-diastolic and end-systolic
ventricular volumes [117]. This in turn can lead to delayed relaxation as a result of heightened duration of
contraction (negative lusiotropic effect) and consequently can precipitate diastolic dysfunction and heart
failure as can occur in elderly individuals [117, 118].

A decrease in early diastolic filling rate occurs in the elderly resulting from a prolonged contraction time,
but is also caused by a protracted relaxation time between aortic valve closure and mitral valve opening.
This may be an effect of a reduction in the rate of calcium sequestration from the myoplasm to the
sarcoplasmic reticulum [119].

Cellular changes

The cardiac myocytes are reduced in number and become elongated in shape with ageing [120, 121]. This is
associated with enhanced expression in the cardiac myocytes of molecules such as atrial natriuretic peptide
(ANP) and growth factors such as angiotensin II [122, 123]. This leads to a decay in myosin calcium ATPase
activity, resulting in a change in intracellular calcium homeostasis and consequent prolonged contractibility
of the cardiac muscles and possibly diastolic dysfunction.

In spite of the decrease in the early diastolic filling phase with age, the preload is still maintained to some
extent because of forceful atrial contraction in late diastole [120, 122]. This dependence of the aged heart on
atrial systole for ventricular filling increases the risk of developing heart failure when atrial fibrillation is
present, since atrial contractility is lost. Exercise training can reverse the effect of ageing on cardiac

DOI: 10.1183/09031936.00134014 1339



MULTIMORBIDITY AND THE LUNG | W. MacNEE ET AL.

Arterial stiffening

1 Systolic and T Pulse wave velocity 1 Aortic root diameter
pulse pressure Early reflected waves 1 Aortic wall thickness
Late peak systolic pressure

!

1 Aortic impedance
t LV afterload

T LV wall tension

=|| 1 Myocardial contraction time

LV hypertrophy

A 4 A
| LV compliance Normalisation of Maintained | Early diastolic
P LV wall tension ejection time filling rate
A4 A 4 A 4 A
Impaired diastolic function Improved myocardial oxygen Preserved Impaired
1 Left atrial size/pressure supply/demand balance systolic function diastolic function

FIGURE 5 Cardiovascular changes with age. LV: left ventricular. Reproduced from [114] with permission from the
publisher.

contractility and on the function of the sarcoplasmic reticulum, but not on the prolonged action potential
and altered myosin isoform expression [124].

Changes in baroreflex sensitivity

One of the primary roles of the baroreflex is to prevent wide fluctuations in arterial blood pressure and to
conserve the physiological cardiovascular homeostasis under basal resting conditions in reaction to acute
stress [125, 126]. Compared with younger subjects, older subjects show attenuated potentiation of the
pressor responses, indicating that ageing is associated with impaired baroreflex buffering [127].

Arterial baroreceptors are stretch receptors that are predominantly present in the wall of the carotid sinus
and in the aortic arch. These receptors and the associated nerve endings are sensitive to mechanical
distortion of the vessel wall and change their rate of firing with changes in transmural pressure. Several
factors, including circulating catecholamines, endothelial-dependent mediators and neural nitric oxide
release, can modulate baroreceptor responses at the peripheral level by increasing or decreasing the
sensitivity of the arterial baroreceptors [126].

Multiple studies have shown an age-related decline in the chronotropic activity of the heart is
predominantly due to increased arterial stiffness [117, 128]. This dampened cardiovagal baroreflex
sensitivity is a risk factor for life-threatening arrhythmias and is a predictor of sudden cardiac death
[128-130]. With age there is also diminished respiratory sinus arrhythmia suggesting diminished
parasympathetic activity on the sinus node activity [114, 131]. In addition, there are increased
concentrations of circulating catecholamine with age, associated with increases in the basal rate of
sympathetic neural firing [117, 132], all suggesting an increase in sympathetic activity.

Thus age-related impairment of the arterial baroreflex may alter the sympathovagal homeostasis of the
heart. This has a multitude of clinical implications in elderly individuals, as reduced vagal control of the
heart relates to increased cardiac and cerebrovascular mortality, independent of the classical risk factors
[130, 133]. This is of clinical importance as various studies have demonstrated the role of exercise,
particularly aerobic exercise of moderate intensity, as a potent stimulus to attenuate the age-associated
decline in cardiovagal baroreflex sensitivity [130, 134].

Vascular changes

With increasing age there is predominant thickening of the vessel media and intima [135]. Intimal
thickening is characterised by irregular and elongated endothelial cells and proliferation of vascular smooth
muscle cells, which is associated with elastin degradation and infiltration of the sub-endothelial space with
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collagen, proteoglycans and inflammatory leukocytes. Several pro-inflammatory and atherogenic mediators,
such as adhesion molecules, matrix metalloproteinases, transforming growth factor-f, metalloproteinase-2,
intercellular adhesion molecule and pro-inflammatory cytokines, have been implicated in these processes
[117, 136]. Transforming growth factor-f release activates tissue inhibitors of metalloproteinase reducing
protease activity and resulting in the accumulation of matrix proteins, leading to fibrosis of the intimal wall
[137]. The collagen content in the media is increased together with increased calcium and cholesterol
deposition in the elastin fibres, leading to further enhanced elastase activity, with progressive ageing [138].
This results in reduced glycoprotein content in elastin, making it more susceptible to degradation [138].

As discussed previously, age-associated increase in intimal thickening is accompanied by luminal dilatation,
vascular stiffening and endothelial dysfunction [139]. Table 2 summarises the effects observed and
associated with increased arterial stiffness [144].

As indicated previously, increased arterial stiffness contributes to the increase in systolic blood pressure and
an initial levelling off of the diastolic blood pressure, followed by a decrease in diastolic blood pressure
around 6065 years of age. This further enhances the risk of isolated systolic hypertension and an elevated
pulse pressure, both of which are associated with increased risk of cardiovascular events [141, 145]. The
morphological changes, linked to arterial stiffness and arteriosclerosis, are measurable as the carotid-
femoral pulse wave velocity and thus may be a noninvasive biomarker of increased cardiovascular risk [146,
147]. The Framingham Heart study confirmed that the prevalence of increased arterial stiffness, as
measured by an elevated carotid-femoral pulse wave velocity (=12 m-s™ increases from <5% before
50 years of age to >60% over 70 years of age, and is associated with increased risk of developing
hypertension and cardiovascular events [145, 148].

Cardiovascular disease is highly prevalent in COPD patients and is a major cause of morbidity and mortality
[110, 149, 150]. Although smoking is a common risk factor for both COPD and cardiovascular disease,
COPD appears to be a risk factor for cardiovascular disease independent of smoking. Thus, atherosclerotic
burden, as measured by carotid intimal medial thickness [151] or coronary artery calcification [152], is
significantly greater in COPD patients compared with age-matched smokers without COPD.

Some of the changes in the cardiovascular system that occur with age are present in COPD patients. COPD
patients have increased arterial stiffness compared with age-, sex- and smoking-matched control subjects
[153, 154] and arterial stiffness in COPD patients is associated with increased systemic inflammation
[153, 155] and the extent of emphysema [156]. Elastin degradation in the vessel wall may be the mechanism
for the increased arterial stiffness that occurs with ageing and in COPD [70, 157].

Increased systemic inflammation that occurs with age is also present in a proportion of COPD patients
[158, 159] and is associated with an increased risk of cardiovascular disease [98, 158] and mortality [158, 160].

Endothelial cellular senescence is believed to play a role in endothelial dysfunction and atherogenesis [159].
Shortened telomere length has been associated with increased arterial stiffness [161] and is a predictor of
future acute coronary events [162]. Thus, mechanisms leading to accelerated ageing in the lungs and in the
vasculature may provide a mechanistic link between COPD and its associated vascular dysfunction.

Ageing and the bones

Advanced age is a well-established risk factor for osteoporosis [163]. During the process of ageing
significant amounts of bone are lost. This is due to increased bone resorption and decreased bone formation
that is opposite to the normal turnover of bone occurring in a healthy young skeleton, in which the rate of
bone resorption and matrix degradation is matched by bone formation and matrix mineralisation.

Bone remodelling is controlled by several mechanisms such as the osteoprotegerin/receptor activator of NF-
kB (RANK)/RANK ligand (RANKL) system. RANKL expression on the surface of osteoblasts increases in
response to a variety of pro-resorptive signals, such as parathyroid hormone and inflammatory cytokines.
RANKL binds to the RANK receptor, expressed on osteoclasts and their precursors, stimulating the
differentiation and activation of osteoclasts and promoting bone resorption.

TABLE 2 Vascular implications of increased arterial stiffness

Enhanced blood pressure variability and associated increased cardiovascular mortality [140]

Compromised baroreceptor function, leading to orthostatic hypotension and increased cardiovascular mortality [141]
Diminished endothelial function associated with reduced vasodilation and increased macrovascular complications [87, 142]
Reduced heart rate variability associated with increased cardiovascular mortality [88, 143]
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Osteoporosis is a condition characterised by bone fragility and increased risk of fracture [164] due to low
bone mineral density or micro-architectural deterioration. It is diagnosed by a dual energy X-ray
absorptiometry scan based on the lowest T-score (number of standard deviations from the average bone
mineral density of a young adult) of the hip or the lumbar spine. A T-score < -2.5 defines osteoporosis
while a score between -1.0 to -2.5 defines osteopenia. A score >-1.0 is considered to be representative of a
normal bone mass. The main risk factors for osteoporosis are advanced age, smoking, low body weight and
physical inactivity, among others [164, 165].

The underlying pathophysiology of bone loss in advanced age has been widely studied [166]. Several factors
seem to be involved, including decreased levels of sexual hormones and insulin-like growth factor-1 and
nutrition lacking minerals, as well as a side-effect of drugs, particularly corticosteroids [166]. Moreover,
ageing affects the formation of the active form of vitamin D which, in turn, affects the adequate absorption
of calcium [167-169].

Similarly to the aged population, the prevalence of osteoporosis is high in patients with COPD in
comparison to healthy age-matched control subjects [168]. 23% of the 658 patients included in the TORCH
(Towards a Revolution in COPD Health) study had osteoporosis, while 43% had osteopenia [169]. When
taking vertebral fractures into account, the prevalence of osteoporosis is even greater (51%) [170].
Osteoporosis-related fractures may contribute to the morbidity and mortality of COPD patients, as
vertebral compression fractures in these patients further reduce the already compromised pulmonary
function by 4% to 8% [171, 172]. Thus, osteoporosis impacts health status and prognosis in COPD patients.
In turn, fractures in patients with COPD have ominous prognostic implications [173].

Many of the risk factors for osteoporosis in the general population are features of COPD including
advanced age, smoking, low physical activity levels, and low body weight. Thus the prevalence of
osteoporosis is higher in patients with COPD and low body mass index [174] and the same is true of
sarcopenia, the main cause of weight loss in COPD, suggesting a common factor for these two
extrapulmonary manifestations of COPD [175].

Reduced physical activity, a common feature of COPD [176] is a common pathogenic mechanism for
muscle wasting and osteoporosis [177]. Moreover, there is evidence supporting an endocrine loop
connecting muscle and bone [178, 179]. Specific factors such as vitamin D deficiency, systemic
inflammation, oxidative stress, the use of corticosteroids and lung function impairment may contribute to
increase the risk of osteoporosis in COPD.

Markers of systemic inflammation, that are elevated in COPD patients [180, 181], are also observed in many
or the systemic manifestations of COPD, such as cardiovascular disease, muscle wasting and osteoporosis,
providing evidence that systemic inflammation is the possible the common link between them [182]. Bone
density in COPD is also related to the extent of emphysema [183] and to both arterial stiffness [153] and
coronary artery calcification [184] as markers of cardiovascular disease, suggesting a common link between
these extrapulmonary manifestations of COPD that may be ageing.

Malnutrition caused by inflammation and hormonal changes have been postulated as mechanisms involved
in the pathogenesis of osteoporosis in chronic inflammatory diseases [185]. In turn, nutrition deficiency,
physical inactivity and the use of corticosteroids have been related to osteoporosis in COPD [186-189].
High concentrations of TNF-oo have been associated with osteopenia, independent of the use of
corticosteroids [190]. TNF-o and other T-cell cytokines such as IL-1 and IL-6 may induce the expression of
RANKI, leading to osteoporosis [191]. Free radical damage, a key component of tissue degeneration
associated with ageing, has also been related to the pathogenesis of osteoporosis [192].

Skeletal muscle

Age-related decrement in muscle performance is associated with physical impairment and is explained by
the loss of muscle mass (sarcopenia) and a reduction in muscle strength (dynapenia). Therefore, two
different but related phenomena occur with age: 1) the loss of muscle bulk, and 2) an impairment of the
quality of the skeletal muscle. Thus, skeletal muscle function deficit is the term that better describes the
impairment in muscle performance associated with age [193]. Reduced muscle function is an independent
predictor of disability, hospitalisation and mortality [194]. Sarcopenia was first defined as an age-related
phenomenon in 1989 by ROSENBERG [195]. The loss of muscle bulk associated with age is now well
established [196, 197].

No definition of sarcopenia has been universally accepted. A widely use definition of sarcopenia is the loss
of relative muscle mass, measured by dual-energy X-ray absorbptiometry, divided by the square of height
expressed in meters that is below two standard deviations of the normal population aged 18—40 years [198].
JANSSEN et al. [199] proposed a definition of sarcopenia that included a classification of its severity, based on
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the skeletal muscle index, calculated by dividing the total muscle mass obtained by bioimpedance by the
total body mass. Normal muscle mass was therefore defined as being within one standard deviation of the
healthy population, while class I and class II sarcopenia were defined as between one and two standard
deviations and more than two standard deviations, respectively [200]. More recently it has been recognised
that the term should describe not only changes in body composition but also in muscle function, and it has
been proposed that the diagnosis of sarcopenia requires both loss of muscle bulk and loss of muscle strength
or muscle performance [198]. This approach is based in the fact that loss of muscle mass alone is not
associated with limitations in activity, but that concomitant loss of muscle strength is necessary to explain
limitations in activity [201].

The incidence of sarcopenia is reported to occur in 15% of males and 24% of females aged 65-70 years,
increasing to 50% in both sexes aged >80 years [202]. Although sarcopenia is common in the elderly, there
is some variation in the prevalence in different populations [202, 203]. The median loss of muscle mass in
relation to age is 0.47% and 0.37% per year in males and females, respectively [204]. Interestingly the rate of
loss is not uniform across muscle groups, being almost twice as rapid in the lower limb, compared with the
upper limb muscles [205].

Muscle strength is the most common way to assess muscle function and is part of the practical clinical
definition and consensus diagnostic criteria for age-related sarcopenia [198]. Muscle strength can be
evaluated as the maximum strength against an immovable object (isometric strength) or against an object
that moves through an arc at a fixed angular speed (isokinetic peak torque strength). The power of the
muscle describes the rate of energy transferred, and is the product of the speed and force of contraction.
These aspects of muscle function can be measured in a concentric (within a shortening muscle that acts
against a load which it overcomes) or eccentric (when the muscle is actively lengthened by external forces)
manner. The fatigability describes the reduction of the ability to exert muscle strength or power after
fatiguing stimuli such as exercise [204].

While isometric and concentric strength are reduced in the elderly population and are associated with
mortality [206], eccentric strength seems to be preserved in the elderly and other conditions associated with
muscle loss and weakness [207]. As with muscle mass, loss of strength is more pronounced with age in the
lower than in the upper limbs [205]. Isometric strength [208] and power [209] are also impaired in this
population, while fatigability seems to be relatively preserved in elderly [210].

These alterations in muscle bulk and function, which are characteristic of ageing, are associated with several
morphological changes described in the muscle of the elderly population. There is a decrease in cross
sectional area of the muscle that is observed in vastus lateralis biopsies, which is partially explained by a loss
of muscle fibres with no particular preference of fibre type. However, the size of type II fibres is significantly
reduced while the diameter of type I fibres is preserved [204]. There is also an increase in the percentage of
hybrid fibres (those expressing two myosin heavy chain isoforms concomitantly), such as myosin heavy
chain I/ITA and IIA/IIx [211]. However, there is controversy regarding changes in fibre type distribution
with some studies showing a shift towards slow myosin isoforms [212] and others failing to reproduce these
findings [213].

An alteration of the capillary density [214] and ratio of capillary/fibres [215] has also been shown to be
altered in the elderly population. This suggests an impairment of the availability of oxygen in the
microcirculation of the muscle.

The mechanisms underlying the skeletal muscle dysfunction that are characteristic of ageing are
multifactorial. To achieve proteostasis, a close match between protein synthesis and breakdown is required.
In the fasted state at rest, 0.05% of the myofibrillar mass is synthesised each hour and there is no difference
between young and older subjects. However, the synthesis rate during either feeding or exercise, which
doubles in youth, seems to be blunted in the elderly [216]. Moreover, the insulin-related suppression of
proteolysis is diminished in older people in comparison to a young population [217].

Interestingly, the number of satellite cells, the pluripotential cells of the muscle responsible for muscle
regeneration, is reduced by 37% and 24% in elderly males and females, respectively, which may lead to a
loss of regeneration capacity of the muscle associated with age [218]. In turn, the loss of limb motor
neurons characteristic of the elderly suggests that denervation significantly contributes to muscle wasting in
this population [219].

If loss of muscle mass is related to an imbalance between protein synthesis and breakdown in favour of the
latter, the loss of muscle quality suggests a change in the profile of protein synthesis. Several proteins show a
differential expression when comparing elderly with young subjects [212]. Most of the enzymes that are

1343



MULTIMORBIDITY AND THE LUNG | W. MacNEE ET AL.

downregulated belong to the anaerobic metabolism, while enzymes participating in the aerobic metabolism
are upregulated.

Several hormonal changes associated with ageing have been found in ageing-related sarcopenia, namely
menopause [220] and andropause [221], decreased levels of dehydroepiandrosterone [222], decreased
activity of pituitary growth hormone [220] and high parathyroid hormone levels [223]. Chronic
inflammation and elevated cytokine levels, which are characteristic of ageing, have been related to the
skeletal muscle function deficit. IL-6 levels are related to quadriceps strength in healthy older people [224].
TNF-a, a markedly catabolic and pro-apoptotic cytokine, has also been shown to be elevated in the elderly
population [225]. Consistent with a role of low grade inflammation within aged muscles is the increased
expression of genes such as FOXO3A, galectin-1 and C1AQ, which are involved in apoptosis signalling
[226]. Furthermore, there is a reduction in the antioxidant capacity and an increase in the generation of
ROS due to dysfunction of the mitochondrial respiratory chain that results in increased oxidative stress in
the elderly muscle [227].

Similar to the parallelism between changes in the ageing lung and COPD, elderly subjects and patients with
COPD both exhibit skeletal muscle dysfunction characterised by alterations in muscle quality and loss of
muscle mass. Muscle mass loss is present in 18-36% of patients with COPD [228, 229], while weight loss is
evident in 17-35% of COPD patients depending on the population studied [228-232]. Muscle wasting can
occur in patients with preserved weight [229]. Moreover, muscle loss relates to muscle strength [233-235]
and exercise tolerance [229, 236-238], independent of the degree of airway obstruction [238]. Muscle
wasting is a better indicator of body cell mass depletion than body weight [229]. Recent longitudinal studies
have shown that changes in muscle bulk are not different when comparing patients with COPD and age-
matched healthy controls (both smokers and never-smokers) [239, 240]. However, in the study by VAN DEN
BORST et al. [239], COPD patients showed lower muscle mass in comparison to smoking controls,
suggesting a common insult earlier in life related to smoking. It is of note that loss of muscle bulk takes
place in phases in COPD and is not necessarily a continuous process. When present, muscle wasting is
associated with worse prognosis [240]. Muscle bulk decline is associated with several factors such as
frequent exacerbations and air trapping [241].

Pathophysiological findings responsible for the malfunction of the muscle have been described in the
peripheral muscles of patients with COPD and are as follows: 1) fibre type re-distribution [242];
2) alteration in muscle bioenergetics [243]; and 3) alteration in muscle capillarisation [244, 245].

Despite the relevance of skeletal muscle dysfunction in COPD, the pathogenic mechanisms of this
phenomenon remain unclear. Several potential mechanisms have been related to peripheral muscle
dysfunction/wasting in patients with COPD. Factors considered relevant to the skeletal muscle dysfunction
include: 1) protein synthesis/breakdown balance [246, 247]; 2) nutritional abnormalities [248]; 3) muscle
disuse [176]; 4) systemic corticosteroids [249]; 5) tissue hypoxia and hypercapnia [250]; 6) alterations
in muscle remodelling [251]; 7) inflammation [252]; 8) oxidative/nitrosative stress [253]; and
9) mitochondrial abnormalities [254]. Thus, there are several similarities between the pathophysiological
and pathogenic mechanisms of muscle abnormalities in COPD and ageing. Interestingly, it has recently
been shown that limb muscles of patients with COPD have increased number of senescent satellite cells and
an exhausted muscle regenerative capacity, compromising the maintenance of muscle mass in these
individuals [255]. Thus, suggesting that premature cellular senescence and subsequent exhaustion of the
regenerative potential of the muscles can explain, at least in part, the peripheral muscle abnormalities
characteristic of these patients.

Potential treatment for ageing

Increasing understanding of the mechanisms of ageing may provide new targets for the treatment of
conditions thought to be associated with accelerated ageing, such as COPD. A range of drugs termed
“geroprotectors”" have been identified in reducing oxidative stress, cell senescence and subsequent chronic
inflammation (table 3) [256].

Drugs that activate nuclear factor erythroid 2-related factor 2, a redox-sensitive transcription factor that
induces endogenous anti-oxidant molecules, such as sulforaphane, have been shown to reverse the
nitrosylation of HDAC2 that occurs in COPD and may, therefore, have an anti-inflammatory and anti-
ageing effect [257, 258].

Restoring normal sirtuin activity by sirtuin activators could have a role in autophagy and DNA repair, and
in reducing inflammation and oxidative stress; thus, preventing premature senescence. Resveratrol, a plant
polyphenol found in various plants and red wine, has been shown to activate SIRT1 [256]. Other more
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TABLE 3 Potential geroprotectors and their modes of action

Drug Mode of action

Sulforaphane Nfr2 activation

Resveratol Antioxidant, SIRT activation, AMPK activation, PI3K activation
Metformin AMPK activation, SIRT1 activation, mTOR inhibition, anti-oxidant
Melatonin Anti-oxidant, anti-inflammatory

Rapamycin mTOR inhibition

Low-dose theophylline PI3K3 activation

Nrf2: nuclear factor erythroid 2-related factor2; AMPK: AMP-activated protein kinase; PI3K: phosphatidyl-
inositide 3-kinases; mTOR: mammalian target of rapamycin.

potent selective SIRT1 activators have been shown to be effective in reducing smoking-induced
inflammation [259].

Metformin, which is commonly used to treat type 2 diabetes, can also slow the rate of ageing. Metformin activates
AMP-activated protein kinase thus enhancing the sirtuin-FOXO axis, resulting in extension of life span [260].

Melatonin, a controller of circadian rhythms, is a potent scavenger of ROS and is known to increase lifespan
in animals [256]. In a study in COPD patients, melatonin was shown to reduce markers of oxidative stress,
with improvements in dyspnoea, without any significant changes in lung function [261].

Phosphoinositide 3-kinase (PI3K) & has been shown to be upregulated in the peripheral lung of COPD
patients and is thought to be involved in corticos-teroid resistance [262]. PI3K inhibition has been shown to
extend life span in animal models [263]. PI3K3 inhibitors are not available for clinical use; however, low-
dose theophylline is known to produce functional PI3K$ inhibition. Theophylline has been shown to
reverse the defect in HDAC activity in COPD via PI3K3 inhibition [262]. Since HDAC2 is thought to be an
anti-ageing molecule, theophylline could be considered as an anti-ageing agent.

Mammalian target of rapamycin (mTOR) is a serine/threonine kinase in the PI3K-related kinase family that
forms two distinct complexes; TORCI and TORC 2. TORCI regulates cell cycle progression, mitochondrial
biogenesis and autophagy [264]. Therefore, inhibition of mTOR results in geroprotection. Rapamycin, an
immunosuppressive agent, inhibits TORC1 and has been shown to extend the life span of mice [264], but
has not been studied in COPD.

In order to counteract the negative effects of senescence in elderly individuals, stem cell therapies are now
being investigated as a potential approach [265]. Recently, a randomised, placebo-controlled trial of
mesenchymal stem cells therapy of moderate-to-severe COPD was shown to be safe, but failed to show any
clinical improvement [266]. However, regenerative therapies remain a potential therapy for chronic diseases
associated with ageing.

Besides pharmacological interventions that can potentially have an effect on ageing through different
mechanisms, exercise is the only non-pharmacological intervention associated with an anti-ageing effect.
Exercise training (and physical activity) is capable of reversing some of the effects of ageing, such as loss of
muscle mass or function, by promoting the expression of myofibrillar proteins. Regular exercise is
associated with maintaining longer telomeres [267]. Moreover, exercise improves glucose metabolism and
increases insulin sensitivity [268]. Specifically in COPD, exercise training increase exercise capacity by
improving muscle function and mass, which contributes to an increase in health-related quality of life and a
reduction in the risk of exacerbations and hospitalisations [269].

Conclusions

Ageing is among the most important known risk factor for most chronic conditions and results from a
range of intrinsic phenomena that affects the whole organism. There are many similarities between the
ageing process in the lungs and COPD and its common systemic consequences and comorbidities.

This suggests that premature ageing may constitute a pathogenic mechanism contributing to COPD.
Understanding the mechanisms of ageing may provide a novel target for the treatment of this condition.
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