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Ageing leads to loss of respiratory muscle function, mostly through changes in respiratory mechanics,
oxidative stress, probable mild muscle atrophy, excitation/contraction uncoupling and impaired
bioenergetics. Premature senescence can also be present. https://bit.ly/32n4gkR
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ABSTRACT Ageing is a progressive condition that usually leads to the loss of physiological properties.
This process is also present in respiratory muscles, which are affected by both senescent changes occurring
in the whole organism and those that are more specific for muscles. The mechanisms of the latter changes
include oxidative stress, decrease in neurotrophic factors and DNA abnormalities. Ageing normally
coexists with comorbidities, including respiratory diseases, which further deteriorate the structure and
function of respiratory muscles. In this context, changes intrinsic to ageing become enhanced by more
specific factors such as the impairment in lung mechanics and gas exchange, exacerbations and hypoxia.
Hypoxia in particular has a direct effect on muscles, mainly through the expression of inducible factors
(hypoxic-inducible factor), and can result in oxidative stress and changes in DNA, decrease in
mitochondrial biogenesis and defects in the tissue repair mechanisms. Intense exercise can also cause
damage in respiratory muscles of elderly respiratory patients, but this can be followed by tissue repair and
remodelling. However, ageing interferes with muscle repair by tampering with the function of satellite
cells, mainly due to oxidative stress, DNA damage and epigenetic mechanisms. In addition to the normal
process of ageing, stress-induced premature senescence can also occur, involving changes in the expression
of multiple genes but without modifications in telomere length.

Ageing and muscles
Ageing is a universal and progressive condition that usually leads to the loss of physiological properties in
cells, tissues, organs, systems and individuals. The progressive ageing of the overall population in
developed countries gives it a special importance, and also entails the association with numerous
comorbidities. Among the various tissues that undergo changes with ageing is the skeletal muscle, which is
characterised by its contractile properties and essentially by resulting in limb movements by bringing bone
elements closer through the joints. However, there is a group of muscles whose contractile function
produces a different effect, the generation of changes in intrathoracic pressures that allows the airflow:
these are the respiratory muscles, which are also skeletal muscles. This means that their structure includes
fascicles, and these in turn are composed of muscle fibres (which are multinucleate and post-mitotic cells),
containing myofibrils and the contractile units (sarcomere) [1]. The main molecules that make up the
sarcomere and participate in the contraction are myosin (sarcomere thick filament) and actin (sarcomere
thin filament), although other proteins are also very important. Muscle fibres can be divided into type I
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and type II, the latter in turn being subdivided into IIa and IIx. This classification depends on their
molecular components (mostly the predominant myosin heavy chain (MyHC) isoform) and metabolic and
functional properties. Thus, type I fibres (with MyHC-I) have predominantly aerobic metabolism, show a
relatively slow contraction and are highly resistant to fatigue. Type IIx (with MyHC IIx) in contrast, are
fundamentally anaerobic, have a fast and powerful contraction, although they become easily fatigued.
Characteristics of type IIa fibres are intermediate between those of type I and type IIx. Interestingly, type
IIb fibres (and their corresponding MhHC-IIb), which have a very fast contraction, are present in rodents
and other mammals but not in humans. Muscle fibres, being cells without the ability to divide, depend on
a special group of stem cells called satellite cells for their maintenance and repair, which are usually
inactive (quiescent) unless required [1].

Muscle function
From a functional point of view, skeletal muscles have two main characteristics, the strength or the
mechanical expression of its maximum contractile capacity, and the resistance or ability to maintain a
submaximal effort over time [2]. Strength depends fundamentally on muscle mass, while resistance is a
function of the aerobic capacity of the muscle, which in turn requires the adequate participation of various
elements: total blood volume and local blood flow; haemoglobin concentration; fibre type predominance;
capillary and mitochondrial density; myoglobin; and aerobic enzyme content. Failure of one or both of
these physiological characteristics is known as muscle dysfunction, where it is possible to differentiate
between weakness and fatigue [2]. The former is a relatively permanent state that can only be reversed with
medium or long-term measures, while the latter is a transitory dysfunction that can be easily solved with
rest (figure 1). Although other definitions of fatigue exist, they are not very operative from a clinical point
of view. The weakness and/or fatigue of limb muscles leads to difficulties in the exercise capacity and
physical activity of patients, with important limitations in their daily life. However, respiratory muscle
dysfunction is even more serious, since it not only leads to dyspnoea, impairment in the mechanics of the
respiratory system, hypoxia and hypercapnia, with an important limitation in the physical activity of the
patient, but can also lead to their death. If the involvement of these muscles is mild-to-moderate, their
condition can be improved with nutritional supplements, specific training (such as programmes providing
adequate loads through a threshold valve), or even anabolic drugs, although the latter have not shown clear
results. Nevertheless, when respiratory muscle weakness or fatigue leads the patient to a critical situation, it
is possible to obtain their rest through the various modalities of respiratory support [1, 2]. This includes
invasive and noninvasive mechanical ventilation as well, and most probably high flow nasal cannula.

Ageing
Ageing also occurs in muscle tissue, being determined by genetic factors (including general genetic
background, sex and ethnicity), body development in the early stages of growth, lifestyle (toxic habits such
as tobacco and alcohol, physical activity, diet, etc.) and the presence of comorbidities, among which
respiratory diseases and associated circumstances (e.g. hypoxia, systemic inflammation, oxidative stress) [3, 4]
can be found (figure 2). All these factors can condition a greater or lesser degree of structural and
functional changes, leading to a reduction in the subject’s physiological capacity, and potentially to
disability, frailty, loss of independence and a marked impairment in the quality of life [3]. It is obvious
that there is a physiological process of senescence, the so-called healthy ageing (figure 3). This is also
characterised by muscle functional loss but within limits considered as normal. In this regard, it is known
that, especially from the age of 50 years, subjects lose up to 2% of their muscle mass and up to 3% of their
contraction force per year [5]. The loss of muscle mass is not always evident through changes in body
weight, as it can be disguised by a parallel increase in fat mass (sarcopenic obesity) [5]. Hence the
importance of determining the percentage of lean mass in clinics for detection of sarcopenia, and not
limiting the control of the nutritional status only to the assessment of body weight [2]. It is accepted that
9–18% of subjects are sarcopenic at the age of 65 years, reaching 30% from the age of 80 years [6].
Regarding the loss of strength, functional limitations appear when it attains a 30% decrease, and disability
if it is >70% [3]. Fortunately, these declines can be positively modulated with a good level of physical
activity and/or training. In contrast, sedentary lifestyle or immobilisation (e.g. that due to bone fractures)
determine a more rapid negative evolution [7, 8]. A relevant aspect that should be mentioned here is that
the metabolic cost of contraction is higher in older than in younger healthy subjects [9]. It is worth noting
that most of the previous information has been obtained and refers to limb muscles since specific
information on respiratory muscles is almost lacking.

From the tissue and cellular points of view, skeletal muscle ageing mainly entails the reduction of its
overall mass due to both atrophy and decrease in the number of fibres (especially type II, which become
partly replaced by fat and connective tissue), as well as loss of elasticity, mitochondrial content and
capillary fibre ratio, and the disruption of coupling between excitation and contraction (figure 3) [10–12].
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FIGURE 2 Determinants and consequences of muscle ageing. HIF-1: hypoxia-inducible factor-1.
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FIGURE 1 Muscle weakness (permanent state) versus muscle fatigue (transient state, solved with rest). NIMV:
noninvasive mechanical ventilation; ETIxMV: endotracheal intubation and mechanical ventilation.
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All these changes have primarily been studied in human limb muscles or in animal models, since
obtaining samples of human respiratory muscles is much more difficult and has numerous ethical and
methodological limitations. We know, however, especially from studies in rodents, that the aged
diaphragm does not seem to lose excessive muscle mass, but its type IIb and IIx fibres are atrophic,
neuromuscular transmission is impaired and its capacity to generate force is therefore reduced [13–15].
The causes of physiological impairment in respiratory muscle function with healthy ageing are multiple
and could be classified as either secondary to changes within the respiratory system or those modifications
that can be considered as more intrinsic to respiratory muscles, although the latter are in some way often
linked to the former. Among the changes occurring with age in the respiratory system, those inherent to
the emphysema-like process undergone by the lungs should be highlighted [16]. Therefore, there may be
some increase in airway resistances and in static lung volumes, which in turn will lead to greater resistive
and elastic work of breathing [17, 18]. In parallel, ventilation/perfusion (V′/Q′) relationships become wider
and oxygen diffusion capacity worsens, so gas exchange deteriorates and normal values for arterial oxygen
tension are lower than in young individuals (figure 3) [17, 19, 20]. Therefore, the respiratory muscles cope
with an increase in loads but under unfavourable geometric dispositions (fundamentally of the diaphragm
that would mildly depart from its optimal contraction length) in the presence of a probable lower
oxygenation than that of young individuals. Nevertheless, these are not the only deleterious influences
present in the elderly; there are other factors that can also be modified by ageing such as the supply of
oxygen to the tissues (depending in turn on the haemoglobin content, local blood flow, and vasodilator
response to exercise, among others) and its balance with the gas consumption. Moreover, the oxygen flow
between capillaries and mitochondria is also very important, and can be affected when there is a decrease
in the number of blood vessels or an increase in the distance between them and mitochondria, and/or
changes in the number and distribution of the latter, as well as in the amount of myoglobin, all of them
potentially occurring with ageing [12, 21, 22]. Furthermore, at the tissue level, there are some studies that
demonstrate that older people show higher levels of oxidative and nitrosative stress in their respiratory
muscles than in young subjects. A phenomenon that was much more evident in women and not so
evident in limb muscles [23]. Another factor that has been involved in the impairment of respiratory
muscle function with ageing is the loss of motoneurons in the diaphragm. There is indirect evidence of
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FIGURE 3 Healthy versus premature ageing. V′/Q′: ventilation/perfusion ratio; PaO2
: arterial oxygen tension; PA–aO2
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this loss based on the fibre type clustering observed in elderly rodents, and some authors have proposed
that this effect could be due to a decrease in the effects of different neurotrophic factors such as the
brain-derived neurotrophic factor and neuroregulins, which in normal conditions have anabolic effects on
muscle fibres and facilitate neuromuscular transmission [24]. It is interesting to note that, unlike that
occurring in the limb muscles, no clear evidence has been found in respiratory muscles of a marked
increase in proteolysis, changes in the fibre/capillary ratio, or satellite cell dysfunction.

Comorbidities and ageing
With regard to respiratory diseases that can normally coexist with ageing, COPD is probably the one
where respiratory muscle function and structure have been studied the most. Muscle dysfunction,
characterised by the reduction in strength and/or endurance has been repeatedly reported in COPD
patients [1, 2, 25, 26]. Its causes are multiple and could also be classified as secondary to changes in the
respiratory system and those modifications that can be considered as more intrinsic to the muscle. The
situation of respiratory muscles in COPD is somewhat similar to that previously mentioned for ageing, but
in a much more pronounced way. In other words, changes in the mechanics of the respiratory system and
gas exchange impairment will influence it (higher resistances, increased lung volumes with diaphragm
shortening, V′/Q′ mismatching, worse oxygen supply to the muscles, etc.), with the possible addition of
more specific factors such as tobacco, nutritional abnormalities, exacerbations, marked reduction in
physical activity due to respiratory symptoms, systemic inflammation, acidosis and the use of drugs
harmful to striated muscles, such as corticosteroids [2]. This accumulation of negative factors can even be
enhanced by the concomitant ageing process. Furthermore, as is the case in ageing, it has been
consistently described that limb muscles of COPD patients have increased metabolic cost for their activity
[27]; an alteration that is not reversible with training. Similar findings have occasionally been observed for
respiratory muscles [28].

Regarding the structural and functional findings observed within the respiratory muscles of COPD patients
it is known that the diaphragm, intercostal and parasternal muscles show an overall loss of muscle mass
[29–31], which seems proportional to respiratory functional deterioration [30, 31]. However, the
diaphragm shows a high level of oxidative stress and proteolysis, muscle damage, apoptosis, mitochondrial
dysfunction and epigenetic changes [1, 2]. Though, in parallel it also shows apparent beneficial
adaptations such as an increase in the proportion of type I fibres (with a predominant aerobic
metabolism), capillary/fibre ratio, number of mitochondria, oxidative capacity and myoglobin, as well as
shorter sarcomeres [2, 32–34]. These latter changes probably result from a certain “training effect” due to
the increased mechanical loads of the system, and would partially compensate for the aforementioned
negative factors [2, 25]. Similarly, hypoxia that is often associated with respiratory diseases and will be
later, also has effects in both directions: on the one hand it can cause oxidative stress and proteolysis,
atrophy and fibrillary dysfunction (especially in type II fibres), although on the other hand it also seems to
be able to improve mitochondrial efficiency and fatigue tolerance [2, 35–37]. In contrast, in other
respiratory conditions, including the critically ill, mechanically ventilated or cancer patients, as well as
their corresponding animal models, the diaphragm only shows deleterious effects, with oxidative stress, a
high rate of proteolysis, subsequent fibrillar atrophy and functional failure [38–41].

Tissue hypoxia can be present in different respiratory diseases, mainly due to alterations in V′/Q′
relationships and diffusion limitation, but it can also appear in elderly subjects due to other causes such as
heart failure or anaemia. The effects of hypoxia on striated muscles are very dependent on the intensity,
duration and pattern of the exposure. Upon hypoxia detection by central and arterial chemoreceptors, the
expression of inducible factors (hypoxia-inducible factor (HIF), especially HIF-1α) increase. These factors
control the response of multiple genes, whose task is to adapt tissues to the scarce oxygen available and
facilitate the obtaining of energy through the anaerobic pathways. These genes are fundamentally involved
in processes such as erythropoiesis, angiogenesis, cell proliferation and survival, inflammation, immune
response and autophagy [42]. A variety of molecules, including transcription factors such as nuclear
factor-κB, signal transducer and activator of transcription 3, phosphatidylinositol 3 kinase,
mitogen-activated protein kinase (MAPK), as well as reactive oxygen species (ROS) and members of the
calcium signalling pathways among others, are involved in HIF-1α regulation [42, 43]. The production of
HIF is also modulated by ageing and associated morbidities and circumstances (e.g. diseases such as
respiratory disorders, exercise, altitude, etc.), resulting in a further increase in ROS and subsequent
oxidative stress, with changes in DNA and in the mechanisms of cellular and tissue repair, decrease in
mitochondrial biogenesis, as well as abnormalities in calcium homeostasis and cell signalling [42, 44]. In
fact, HIF-1α specifically has been involved in premature cellular senescence. Regarding respiratory
muscles, in hypoxic conditions they compete for available oxygen with the rest of the body including limb
muscles. This can actually lead to different situations depending on the final tissue oxygenation status.If
respiratory muscles become hypoxicthe HIF-1α content will increase, activating MAPK, mTOR, Akt, and
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FoxO3 signalling pathways, which in turn will result in the above mentioned negative effects or in a
potential and relatively surprising increase in protein synthesis. Moreover, hypoxia can also increase
diaphragm lipid peroxidation [37], redox-sensitive chymotrypsin-like proteasome activity (and proteolysis),
and phospho-p38 mitogen-activated protein kinase content [45].

As already mentioned, healthy ageing can produce more mitochondrial dysfunction, ROS production and
oxidative stress in respiratory rather than limb muscles [23, 46], a difference which can be related to the
level of activity/exercise. With respect to the effects of exercise on the respiratory muscles of elderly
patients with respiratory diseases, it is known that if it is intense enough it can cause fibrillary injury,
associated with oxidative stress and the expression of pro-inflammatory cytokines, which are followed by
the expression of markers of regeneration [47]. Moreover, various studies have shown that respiratory
muscle training (which is actually a repeated and controlled exercise of moderate-to-high intensity) can
improve their structural and functional properties, both in healthy elderly people and COPD patients of
similar age [48–50]. It is well known from animal models and human studies that intense exercise can
cause respiratory muscle damage, and that if this injury is limited, tissue repair and remodelling will take
place [47, 51, 52], being the substrate of muscle training. In this scenario, it is important to remember that
the muscle has its own repair stem cells; the satellite cells [38]. However, ageing leads to a higher ROS
production in stem cells in general, with activation of p38 and FoxO, as well as DNA damage and
methylation, leading to the impairment of their functions [53]. Nevertheless, some authors have proposed
that both the state of inactivity (quiescence) and autophagy are protective mechanisms against the
mentioned DNA damage in satellite cells [54, 55], although the first of these processes could be lost with
ageing [56]. As reviewed here, the same abnormalities observed in stem cells also occur in fibres of the
peripheral muscles of older COPD patients [57], and have also been demonstrated in the primary cultures
of their own myoblasts [58]. The latter are actually their satellite cells, since muscle fibres, being
post-mitotic, do not survive in culture. Another interesting topic is that of exercise and training under
hypoxic conditions, a situation that can be quite common in elderly respiratory patients. It is well known
that resistance training performed under hypoxia can have beneficial effects in healthy subjects, since it
favours the enhancement of the aerobic capacity of the skeletal muscles [59], while it can also increase
their strength by increasing protein synthesis and therefore the size of their fibres [60].

Premature senescence
An interesting phenomenon to be analysed is the so-called accelerated ageing or premature senescence
(figure 3). In reality, cells and tissues can undergo three different types of early senescence: 1) replicative;
2) oncogene-induced; and 3) stress-induced premature (SIPS) senescence. The latter is believed to be
predominant in striated muscle, and shares some characteristics such as cellular morphology and activity
with the replicative senescence, but differs in that the length of telomeres remain unchanged. The main
trigger for SIPS is oxidative stress. If this stress is experimentally induced in primary myoblast cultures
from young subjects, the expression of up to 40 genes becomes modified, predominantly those genes
involved in the metabolism of amines, hormonal biosynthesis and activity of lipases [61]. In a relatively
recent study carried out on the peripheral muscles of elderly COPD patients with low weight, an increase
in proinflammatory factors, oxidative stress and fibrillar damage, as well as regeneration markers, was
observed, along with a typical senescent decrease in DNA repair factors, but with no changes in telomere
length [62]. Unfortunately, as yet no results on these same phenomena are available in respiratory muscles
of either healthy old individuals or elderly respiratory patients.

In summary, respiratory muscles are striated muscles whose function is to generate changes in the
intrathoracic pressure to generate airflow. In the process of senescence respiratory muscles become affected
through the general body ageing process and factors that are more specific for these muscles. The former
influences the function of respiratory muscles mainly through changes in the respiratory system (increased
elastic and resistive work of breathing, worsening of alveolar–capillary diffusion and V′/Q′ ratios, etc.), but
also other factors involved in the transport and use of oxygen by the muscles (haematocrit, number of
capillaries and distance from them to fibres, local blood flow, etc.). However, there are direct effects of
ageing on the respiratory muscles, with changes involving both fibres and satellite cells, among which the
presence of oxidative stress, DNA and cellular damage, proteolysis and defects in the repair mechanisms
should be highlighted. There is a physiological ageing process in all striated muscles, characterised by the
loss of their function. However, the presence of factors such as the presence of concomitant diseases or
associated circumstances (such as COPD, lung cancer or hypoxia) can increase the magnitude of these
changes. There is also the concept of accelerated senescence, a process that can affect all organs and
tissues. In the case of striated muscles, this premature ageing seems to be due primarily to oxidative stress,
being considered to be from the SIPS modality. This is characterised by changes in the cellular structure
and functions similarly to those observed in replicative senescence, but with no significant effects on
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telomere length. However, there is still a lack of evidence on the existence of SIPS in ventilatory muscles,
with or without associated respiratory disorders.
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