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Abstract

Introduction:

Diaphragm weakness is a strong predictor of poor outcome in patients. Acute hypoxia
is a feature of respiratory conditions such as acute respiratory distress syndrome and
ventilator-associated lung injury. However, the effects of acute hypoxia on the

diaphragm are largely unknown despite the potential clinical relevance.

Methods:

C57BL6/J mice were exposed to 8hr of acute hypoxia (FiO2 = 0.10) or normoxia. A
separate group of mice were administered N-acetyl cysteine (NAC; 200mg/kg, 1.P.)
immediately prior to acute hypoxia exposure. Ventilation was assessed using whole-
body plethysmography. Oxygen consumption and carbon dioxide production were
measured as indices of metabolism. Diaphragm muscle contractile performance was
determined ex-vivo. Gene expression was examined at 1, 4, and 8 hrs using
quantitative real-time reverse transcription PCR (qRT-PCR). Protein and
phosphoprotein content was assessed using a sandwich immunoassay. Proteasome

activity was measured using a spectrophotometric assay.

Results:

Acute hypoxia decreased diaphragm peak force, force-frequency relationship, and
fatigue. Minute ventilation during acute hypoxia was initially increased during the
first 10 minutes, but quickly returned to normoxic levels for the duration of gas
exposure. CO2 production (VCO2) throughout gas exposure and post-mortem body
temperature (metabolism) following gas exposure, were reduced by acute hypoxia,
and gene expression driving mitochondrial uncoupling was increased. Acute hypoxia
increased atrophic gene expression and signalling protein content. However,
proteasome activity was unaffected by acute hypoxia. Acute hypoxia increased
hypertrophic and hypoxia protein signalling. NAC pre-treatment prevented the acute

hypoxia-induced diaphragm weakness.
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Conclusions:

Diaphragm weakness is reported in mechanically ventilated patients, which is
primarily attributed to inactivity (unloading) of the muscle, although this is
controversial. The potential role of hypoxia in the development and/or exacerbation of
ICU-related weakness is unclear and perhaps underestimated. Our data reveals that
acute hypoxia is sufficient to cause diaphragm muscle weakness, which may relate to
atrophy, as evident from increased pro-atrophy signalling. Muscle weakness likely
relates to direct hypoxic stress, as there was no persistent change in ventilation
(muscle activity) during hypoxic exposure. Moreover, muscle weakness was
prevented by antioxidant supplementation, independent of the hypoxia-induced
hypometabolic state. These findings highlight a potentially critical role for hypoxia in
diaphragm muscle dysfunction observed in patients with acute respiratory diseases.
Moreover, the work highlights the potential benefits of NAC in preventing acute

hypoxia-induced diaphragm dysfunction.
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Chapter 1: Introduction
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1.1 Hypoxia

Hypoxia represents an imbalance between oxygen supply and demand, where the
oxygen supply to a tissue is outweighed by the metabolic demand for oxygen in that
tissue. This can occur in health, upon exposure to high altitude or during endurance
exercise. Hypoxia can also occur in disease, in particular respiratory conditions, and it
is a feature of chronic respiratory disease that is known to affect skeletal muscle
structure and function (Gamboa and Andrade, 2012, 2010; Lewis et al., 2015c;
McMorrow et al., 2011).

The normal partial pressure of oxygen in arterial blood (PaO>) is in the range of 90-
100 mmHg, while a drop in PaO> below 60mmHg is considered clinically to be
hypoxaemic and can lead to tissue hypoxia due to its effect on the oxyhaemoglobin
curve (see below), and this can be seen in patients with respiratory diseases.
Remarkably PaO; as low as 28mmHg has been reported near the summit of Mount
Everest (West et al., 1983), and at the summit of Mount Everest, the highest point on
the earth’s surface (8848 m), the partial pressure of inspired oxygen (PiOy) is believed
to be very close to the limit that is tolerable to acclimatised humans while maintaining
functionality (Grocott et al., 2009). From the oxyhaemoglobin curve, we can deduce
that once PaO; is above 60mmHg the curve is relatively flat and there is little change
in the oxygen saturation of haemoglobin (Sa0O.). However, once PaO, drops below
60mmHg, the curve becomes very steep such that a small change in PaO. can

translate into a large change in SaO,.

Hypoxia can be further subdivided into several distinct types based on the etiology.
There are primarily 4 categories. (1) Hypoxic hypoxia occurs when there is
inadequate O in the inspired environmental air, decreased O partial pressure (PO2)
in the alveolus or insufficient O transfer from the alveoli to the pulmonary
capillaries. Situations of hypoxic hypoxia can arise during ascent to high altitude,
hypoventilation, gas diffusion abnormalities at the alveoli, pulmonary shunting or a
mismatched ventilation/perfusion ratio. (2) Anaemic hypoxia is a situation where the
0. carrying capacity of the blood is too low. This can occur due to either a lack of

sufficient functional haemoglobin (Hgb), as can occur during hypovolaemia, or poor
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Hgb-O> binding capacity, as can occur during carbon monoxide poisoning. (3)
Stagnant/Ischaemic hypoxia can present when blood O is normal but the perfusion of
blood in a tissue is reduced or uneven and is insufficient to meet local metabolic
demand. This can arise in several cardiovascular conditions which affect blood flow
and/or the microcirculation. (4) Histotoxic/Cytopathic hypoxia occurs when blood
supply of O2 may be normal but cells cannot effectively metabolise this Oz. This type
of hypoxia can be occur under conditions of poisoning, such as cyanide poisoning
(McLellan and Walsh, 2004; Ward, 2006; Wheeler, 2011), as well as being a feature
in sepsis (Berdichevsky et al., 2010; Fink, 2002; Fink, 2001; Fink, 2001b; Schwartz et
al., 1998; van boxel et al., 2012). As well as these four main categories, genetic
hypoxia can also occur due to mutations in genes involved in the regulation of oxygen
homeostasis, such as those involved in the degradation of hypoxia-responsive proteins
under normoxic conditions, mitochondrial genetic disease and congenital
polycythaemia, and can give rise to dysfunctional oxygen utilisation and homeostasis
in cells (Cortopassi et al., 2006; Gordeuk et al., 2004). Demand for hypoxia may also
supervene when there is over-utilisation of oxygen within the cells. This condition can
present in hyperthyroidism, seizures and cases of severe burn (Ash, 1956; Varney et
al., 1998).

Sustained hypoxia causes apparently unique adaptations in the muscles of respiration.
There remains however a general paucity of information concerning the molecular
mechanisms underpinning respiratory muscle remodelling in hypoxia, including the
manifestation and progression of these adaptations over time. Aberrant remodelling,
and dysfunction of the respiratory muscles, is known to occur in the respiratory
muscles of patients with chronic obstructive pulmonary disease (COPD), and it is
thought that this may, at least in part, be due to hypoxic adaptation (Barreiro et al.,
2005; McMorrow et al., 2011; Nguyen et al., 2005; Ottenheijm et al., 2008), though
this is often under-appreciated in the context of disease-related changes in loading and
systemic inflammation. Indeed, many studies have reported similar functional and
molecular changes in respiratory and limb muscle in animal models of chronic
hypoxia to those seen in COPD patients (Gamboa and Andrade, 2012; Lewis et al.,
2016, 2015d, 2014; Lewis and O’Halloran, 2016; McMorrow et al., 2011).
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1.1.1 Altitude Hypoxia

Pathophysiological conditions aside, hypoxia also occurs during exposure to high
altitude. The first ascent to the summit of Mount Everest was achieved by Hillary and
Tenzing in 1953 using supplemental oxygen. It was a further quarter century after
their ascent before the summit was reached without supplemental oxygen by Messner
and Habeler, and less than 4 % of people who climb Mount Everest do so without
supplemental oxygen (Grocott et al., 2009), due to the effects of high altitude
hypoxia. High altitude/hypobaric hypoxia is known to affect skeletal muscle,
including the diaphragm, and the effects of exercise on the diaphragm differ when

performed at high altitude or at sea level (Bigard et al., 1992; Levett et al., 2012).

The first written report of high altitude effects on humans was documented in 37-32
B.C., when Chinese official Too Kin wrote of Big Headache Mountain, where he
experienced mountain sickness while travelling over the western edge of the
Himalayan Karakoram Range, while travelling from Kashi to Kabul (Gilbert, 1983).

Later, in a record breaking attempt in 1875, three French balloonists ascended from
Paris in the Zenith balloon to around 8,500 meters. They failed to breathe from bags
containing 65% oxygen, which they had brought with them under the advice of
French physiologist Paul Bert, due to a feeling of intense hypoxia-induced euphoria
before losing consciousness. Two of the men died. The third man, M. Gaston
Tissandier, although in a delirium, was able to start a descent and lived to tell the tale.
In the same year, Bert published La Pression Barometrique, in which he included the
story of the Zenith tragedy and proposed that the reduced partial pressure of oxygen
in the air, and thus in the blood, was a vitally important effect of altitude on humans.
This sparked the beginning of our understanding of altitude (patho)physiological and

respiratory science (Severinghaus, 2016).

1.2 Skeletal Muscle

Skeletal muscle mass alone accounts for 40 — 50 % of total human body weight,
making it the largest tissue mass in the body (Sanchez et al., 2014). This combined

skeletal muscle mass consumes roughly 20% of available oxygen in the body under
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normal resting conditions, and this percentage increases under exercise conditions.
Skeletal muscle is a syncytium, and has a variety of roles in the human body such as
movement of the skeleton, posture, speech, respiration, and aiding in blood
circulation. The motor unit is the functional unit of the skeletal muscle system, and is
comprised of a motor neuron and the bundle of muscle fibres which it innervates,
which all have similar, if not identical, structural and functional properties (Schiaffino
and Reggiani, 2011). Many distinct motor units are assembled together to form a
muscle, and selective recruitment of units allows appropriate muscle response to a
given functional demand (Schiaffino and Reggiani, 2011). The motor nerve branches
in the muscle, with each branch innervating a single muscle fibre. One nerve
innervates only a few muscle fibres where fine control is involved, such as the
muscles of the eye, whereas in large, strong muscles, such as those involved in

posture, hundreds of fibres are innervated per nerve.

1.2.1 Respiratory Muscle

The act of breathing depends on the coordinated activity of many respiratory muscles.
The striated muscles involved in breathing are made up of skeletal muscle tissue and
can be broadly categorised into two classes; (1) ventilatory pump muscles (the
diaphragm being the primary inspiratory pump muscle) and (2) those muscles that
modulate upper airway patency and calibre (the sternohyoid muscles are important
upper airway dilator muscles). The diaphragm has a mixed muscle fibre type
composition (22% type 1, 24% type 2a, 19% type 2b and 28% type 2x), comprising
all fibre types grouped together into motor units of common muscle type (McMorrow
et al., 2011; Rowley et al., 2005). The sternohyoid muscles are fast glycolytic muscles
(77% type 2b) and as such they are very fatigable, which has implications for the
control of airway patency (O’Halloran, 2016; O *Halloran et al., 2016). Respiratory
muscles face unique physiological demands due to the continuous rhythmic activity of
breathing, making them among the most active skeletal muscles in the human body.
Many of these muscles also participate in a variety of other (non-respiratory)
functions including swallowing, sneezing, coughing and phonation (Rowley et al.,
2005).
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1.2.1.1 Sternohyoid Muscles

The upper airway is surrounded by a complex anatomical arrangement of skeletal
muscle and soft tissue, allowing the necessary dynamic changes in airway size for
varying respiratory patterns as well as a variety of non-respiratory functions such as
swallowing, phonation, etc., mentioned above. There are 20 or more upper airway
muscles surrounding the airway that play active roles in constriction and dilation of
the airway lumen (Ayappa and Rapoport, 2003). The sternohyoid is a primary upper
airway dilator muscle involved in maintaining the calibre and patency of the upper
airway. It is made up primarily of fast glycolytic type 2b muscle fibres. The
sternohyoid muscle is an excellent representative upper airway dilator muscle and one
which has been the focus of much of the research into upper airway muscle
physiology (Bavis et al., 2007; Bradford et al., 2005; Carberry et al., 2014a; El-
Khoury et al., 2012, 2003; Gamboa and Andrade, 2012; Lewis et al., 2015c; McGuire
et al., 2002; O’Halloran et al., 2003, 2002, Skelly et al., 2012a, 2012b, 2011, 2010;
van Lunteren et al., 2010; Williams et al., 2015).

1.2.1.2 The Diaphragm

The diaphragm is the primary pump muscle of inspiration and, as such, it is active
throughout life — due to breathing as well as other activities such as airway clearance
manoeuvres and speech. Thus, normal function of the diaphragm muscle, much like
that of the heart muscle, is essential to life. The diaphragm is an extremely adaptable
and malleable muscle, comprised of a mixed muscle fibre type composition,
containing the four major myosin isoform subtypes (McMorrow et al., 2011). This
mixed muscle fibre type composition is fundamental to the balance between force
generating capacity and endurance necessary for normal diaphragm function.

During quiet breathing, the diaphragm is the primary muscle of respiration. During
inspiration the diaphragm contracts and moves downward, lowering pleural pressure,
which lowers alveolar pressure, and air is drawn into the expanding lungs.
Meanwhile, expiration during quiet breathing is predominantly a passive mechanical
process. The diaphragm relaxes and returns to resting position, restoring the thoracic
cavity to pre-inspiratory volume, and the elastic lungs return passively to resting
volume (functional residual capacity). During exercise or forced/active respiration,

many other muscles are involved. During active inspiration, the external intercostal
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muscles raise the lower ribs up and out, and the scalene muscles and sternomastoids
are recruited, raising and pushing out the upper ribs and sternum. During active
expiration, the most important respiratory muscles are those of the abdominal wall,
including the rectus abdominus, internal and external obliques, and transverse
abdominus, raising intra-abdominal pressure and pushing up the diaphragm, raising
pleural pressure and driving air out of the lungs. The internal intercostal muscles also
play a role in active expiration, pulling the ribs down and in, decreasing thoracic

volume.

The effects of hypoxia on the diaphragm are poorly understood, despite the clinical
relevance of such an understanding. Indeed, hypoxia is a feature of many respiratory-
related disorders, both acute and chronic. Our laboratory group, and others, have
examined some of the effects of chronic hypoxia exposure on the respiratory muscles
(Carberry et al., 2014a; Chaudhary et al., 2012; EI-Khoury et al., 2012, 2003, Gamboa
and Andrade, 2012, 2010, Lewis et al., 2015a, 2015c; McMorrow et al., 2011; Shortt
et al., 2014; Skelly et al., 2012a, 2012b), with relevance to certain chronic respiratory
conditions in which hypoxia features, such as chronic heart failure (CHF),chronic
obstructive pulmonary disease (COPD) and bronchopulmonary dysplasia (Gosker et
al., 2000; Testelmans et al., 2010). Indeed hypoxia may also play a prominent role in
early life disorders such as sudden infant death syndrome (SIDS), where critical
diaphragm failure (CDF) is a postulated cause of SIDS, and early life exposures to
hypoxia can have long lasting developmental effects on respiratory muscle (Carberry
et al., 2014a; Neary and Breckenridge, 2013; Siren, 2016; Siren and Siren, 2011).
Acute hypoxia features in many acute respiratory conditions such as acute lung injury
(ALI), ventilator-induced/associated lung injury (VILI/VALI) and hypoxaemic
respiratory failure or acute respiratory distress syndrome (ARDS). However, very
little to nothing is currently known about the effects of acute hypoxia on the
respiratory muscles, and this knowledge gap is one which needs to be addressed,

given its clinical relevance.

1.2.2 Hind-limb Muscles
Two muscles of the hind-limb, namely the extensor digitorum longus (EDL) and the

soleus muscles, are useful muscles to use as comparators to the respiratory muscles,
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the diaphragm and sternohyoid muscles, when aiming to assess whether certain
induced effects are respiratory muscle specific or global in skeletal muscle. Both of
these muscles have very different functions and fibre type make-ups. The EDL is a
fast, powerful, glycolytic muscle (76% type 2b) which lies along the anterolateral side
of the hind-leg, deep to the tibialis anterior, and functions in dorsiflexion of the foot.
The soleus, however, is composed of slow, highly endurant, oxidative fibres (96%
type 1), and is positioned deep in the gastrocnemius muscle, posterior to the leg, and
is employed in the maintenance of posture. These two muscles provide two distinct
comparative view-points to respiratory muscle adaptations to hypoxia, which may be

linked to muscle activity, fibre type composition, or simply muscle specific responses.

1.3 Acute Hypoxia

As stated previously, a knowledge gap exists concerning whether acute hypoxia is
implicated in the pathophysiology of conditions in which it features, and this must be
addressed. Acute hypoxia can occur as a result of airway obstruction/occlusion,
blockage of the alveoli by pulmonary oedema or infectious exudate, or acute
haemorrhage (Chapman et al., 1989; Cook and Macdougall-Davis, 2012; Gutierrez et
al., 2004; Safar, 1969; Schaible et al., 2010). Acute hypoxia also features in many
(acute) respiratory-related disorders, which shall be discussed in greater detail in the
next section (1.4 Clinical Relevance). At present, while much work has been
conducted in the area of skeletal muscle adaptations to chronic sustained hypoxia,
very little is known about the early/acute adaptations of skeletal muscle, including the
respiratory and upper airway muscles, to sustained hypoxia (Lundby et al., 2009).
This is particularly true in the time frame of a number of hours in humans and animal
models. However, it has been reported that mechanisms of gene expression regulation
are distinct in acute and chronic exposure to hypoxia and that the cellular response to
acute hypoxia is dynamic over time (Koritzinsky et al., 2006). Understanding the
temporal effects of hypoxia over both the short- and long-term is essential to
understanding the pathophysiological progression of respiratory-related disorders in
which hypoxia features. It is also essential to understand how quickly maladaptations
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to hypoxia can arise in order to intervene with therapeutic strategies in a timely

manner. However, knowledge in this area is currently lacking and underexplored.

Modulation of metabolism attributed to chronic hypoxia has also been reported in
skeletal muscle (Hoppeler et al., 2003; Levett et al., 2012; Palma and Ripamonti,
2007), and alterations in mitochondrial content and distribution specific to the
diaphragm have been seen in chronic hypoxia (Gamboa and Andrade, 2010). While
little work in this area has focused on the acute metabolic or mitochondrial response
to hypoxia, mitochondrial UCP-3 messenger RNA (mRNA) and protein expression
were found to be increased in rat skeletal muscle after only 30 minutes of hypoxia
(Zhou et al., 2000), demonstrating the potential for acute hypoxia to alter skeletal
muscle mitochondrial programming in a relatively short period of time, which may
have functional outcomes in terms of muscle performance. This evidence further
bolsters the argument that there is a need to explore hypoxic effects on the diaphragm

within an acute timeframe.

Chronic hypoxia generally leads to a negative regulation of protein balance and an
overall loss in skeletal muscle mass, or atrophy (Deldicque and Francaux, 2013),
likely contributing to chronic hypoxia induced muscle weakness, while acute hypoxia
has been reported to have a positive effect on human skeletal muscle protein balance
(D’Hulst et al., 2013), although this area is, as of yet, largely under studied and under
explored. This is further evidence of how the effects of hypoxia on skeletal muscle
can differ based on the temporal profile of exposure, and how it cannot necessarily be
inferred that hypoxia has a defined set of effects on skeletal muscle no matter the
length of exposure. Rather, it is emerging to be a dynamic process, which warrants
further exploration, particularly in acute timeframes where information is most scarce

and the potential role of hypoxia is understated.
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1.4 Clinical Relevance

1.4.1 Acute Respiratory-Related Disorders

The effects of acute hypoxia on diaphragm form and function are largely unknown
despite the fact that hypoxia is a prominent feature of many respiratory conditions,
and while some inroads have been made regarding hypoxia’s role in diaphragm
dysfunction under chronic conditions, its role in acute respiratory-related disorders is
as of yet unexamined. Two acute respiratory conditions often encountered in the
intensive care unit (ICU), and in which acute hypoxia features, are VILI and ARDS.
These two pathophysiological conditions can give rise to a recognised phenomenon
known as ICU acquired weakness (ICUAW). ICUAW includes weakness of the
skeletal muscle, and that extends to the respiratory muscles, which is of particular
significance due to diaphragm muscle weakness being a strong predictor of poor
outcome in patients (Batt et al., 2013; Callahan et al., 2015; Callahan and Supinski,
2013; Sieck, 2015; Supinski and Callahan, 2013). ALI and ARDS are syndromes of
acute respiratory failure that result from acute pulmonary oedema and inflammation.
The development and/or progression of ALI/ARDS is associated with several clinical
disorders including direct pulmonary injury from pneumonia and aspiration as well as
indirect pulmonary injury via trauma, sepsis and disorders such as acute pancreatitis
and drug overdose (Matthay et al., 2003). Whether hypoxia, which features in these
acute respiratory-related disorders, contributes to or causes diaphragm weakness in

patients is as of yet unknown.

1.4.2 Acute Lung Injury

ALl is a significant source of morbidity and mortality in critically ill patients,
characterised clinically by an acute onset of bilateral pulmonary infiltrates,
hypoxaemia and oedema, with an absence of left arterial hypertension, in
predominantly young, previously healthy people (Johnson and Matthay, 2010; Parekh
et al., 2011). Sepsis, a clinical syndrome caused by systemic inflammation responses
to infection and to molecular mechanisms of cell injury, is a common cause of ALI
and ARDS (Campos et al., 2012; Matthay et al., 2003; Wheeler and Bernard, 1999).
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1.4.3 Acute Respiratory Distress Syndrome

In the United States, patients with ARDS occupy 1 in 10 critical care beds (Powers,
2007). ARDS is a condition of the alveoli characterised by widespread inflammation
in the lungs. It is a manifestation of acute lung injury, often due to sepsis, trauma and
severe pulmonary infection, characterised clinically by dyspnoea, profound hypoxia,
decreased lung compliance, and diffuse bilateral infiltrates on chest radiography
(Udobi et al., 2003). Hypoxaemia occurs largely due to pulmonary shunt and
ventilation/perfusion mismatch (M. J. Tobin, A. Jubran, 1998). ARDS affects around
200,000 patients annually in the USA (Fuller et al., 2014; Salman et al., 2013). The
prevalence rate of ALI/ARDS is around 7.1% of patients admitted to an ICU and
16.1% of all mechanically ventilated patients in the ICU (Fuller et al., 2014; Goyal et
al., 2012; Saguil and Fargo, 2012) and the mortality associated with the condition
varies based on disease severity, age, and the presence or absence of confounding
conditions, but is high at around 40%. Survivors of ARDS exhibit long-term
morbidity across a wide range of important clinical outcomes, impacting significantly
on public health and quality of life (Bernard, 2005; Fuller et al., 2014; Rubenfeld and
Herridge, 2007; Salman et al., 2013). Mechanical ventilation of patients, in
conjunction with supplemental oxygen therapy, is a strategy commonly employed in
the management of ARDS (Udobi et al., 2003). However, whether hypoxia, featured
in this condition, causes diaphragm dysfunction leading to worsened patient prognosis
is understudied, which is surprising given the prevalence and severity of the condition

and the fact that mechanical ventilation is often a necessary intervention.

1.4.4 Mechanical Ventilation

The use of mechanical ventilators, in the form of negative-pressure ventilation, first
appeared early in the 1800s, later followed by positive-pressure devices around 1900,
and finally the typical ICU ventilator of today began to be developed in the 1940s
(Kacmarek, 2011). Modern positive-pressure mechanical ventilator strategies involve
complicated feedback systems, matching ventilation to patient respiratory effort,
attempting to provide sufficient ventilation and diaphragm unloading while causing
minimal damage to the lungs, controlling for pressure and volume, and maintaining
phrenic neural drive to the diaphragm, thus maintaining a level of stimulation of the

diaphragm, helping to limit diaphragm atrophy. The number of patients that required
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mechanical ventilation in hospital ICUs in the USA in 2005 was estimated at around
800,000 with an estimated national cost of $27 billion, 12% of all hospital costs
(Wunsch et al., 2010). The number of patients mechanically ventilated has risen
drastically in the past 25 years. Indeed mechanical ventilation is an essential
component of general anaesthesia for surgery, and it can be a life-saving intervention,
particularly in critically ill patients. However, mechanical ventilation can also have
negative influences on the respiratory system, being associated with various short-
and long-term complications including lung injury, infection, inflammation,
diaphragm atrophy and weakness, and possibly leading to conditions such as
VILI/VALI, ARDS and ventilator-induced diaphragmatic dysfunction (VIDD)
(Callahan et al., 2015; Jaber et al., 2011a; Petrof et al., 2010; Serpa Neto et al., 2014;
Supinski and Callahan, 2013). Mechanical ventilation has also been shown to induce
collagen accumulation within two hours in the rat lung (Chen et al., 2015),
interestingly, a complication which can be alleviated by pre-treatment with the thiol
antioxidant NAC, suggesting that NAC may be useful in aiding the prevention of
ventilator-induced lung fibrosis. Problematically, it can often become difficult to
wean patients off mechanical ventilators after prolonged periods of time or when

complications and confounding factors arise.

Respiratory muscle weakness is reported in ICU patients on mechanical ventilation
(Azuelos et al., 2015; Batt et al., 2013; Godoy et al., 2015; Hooijman et al., 2015;
Jaber et al., 2011b; Jubran, 2006; Kallet, 2011; Petrof et al., 2010; Powers et al., 2013;
Supinski and Callahan, 2013; Watson et al., 2001) and in animal models of VIDD
(Mrozek et al., 2012; Powers et al., 2013, 2011, 2009, Smuder et al., 2015, 2012).
Indeed, when a hypoxaemic respiratory patient in the ICU is placed on a mechanical
ventilator, due to respiratory failure, diaphragm atrophy and dysfunction (VIDD)
occurs in a matter of hours (Bruells et al., 2013), and there is recent evidence to
suggest that the ubiquitin-proteasome pathway, as well as mitochondrial
abnormalities, may be involved (Hooijman et al., 2015; Picard et al., 2015).Whilst
inactivity of the diaphragm, due to the mechanical ventilator performing the work of
breathing, is widely accepted as a major cause of this weakness (Jaber et al., 2011a;
Levine et al., 2008; Supinski and Callahan, 2013), often compounded by infection
(Petrof et al., 2010; Supinski and Callahan, 2013), the potential role, if any, that

hypoxia may play in the development and/or exacerbation of this weakness is unclear.
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Indeed, there now exists some controversy as to whether inactivity per se induces
diaphragm muscle atrophy, and it has been suggested that other factors such as
neurone-derived trophic factors may be at play (Sieck and Mantilla, 2013), which
warrants further exploration. Thus, while there is much evidence of VIDD (Azuelos et
al., 2015; Jaber et al., 2011a; Petrof et al., 2010; Petrof and Hussain, 2016; Powers et
al., 2013), the exact mechanisms by which this weakness manifests are unknown.
Acute hypoxia — as a feature of the initial illness which led to a patient requiring
mechanical ventilation and/or persistent hypoxaemia — may play a part in the

development of this weakness, and this area requires further elucidation.

1.4.5 Ventilator-Induced Diaphragmatic Dysfunction (VIDD)

Diaphragmatic function is a primary determinant of the ability to successfully wean a
patient from mechanical ventilation, but animal models have demonstrated that the
use of mechanical ventilation itself results in a major reduction in the force-generating
capacity of the diaphragm as well as structural injury and atrophy of diaphragm
muscle fibres. This leads to the condition termed ventilator-induced diaphragmatic
dysfunction, or VIDD (Jaber et al., 2011a). Diaphragm weakness may also increase
the risk of fatal airway obstruction incidents, due to the decreased peak force
generating capacity limiting the ability of a patient to inspire the volume of air needed
to perform the necessary expiratory airway clearance manoeuvre to clear the airway
and restore pulmonary ventilation. As well as the other factors which contribute to
VIDD, discussed earlier in this chapter, NF-kB signalling contributes to mechanical
ventilation-induced diaphragm weakness in the rat. Furthermore, in this model
oxidative stress is an upstream activator of NF-xB, and the authors suggest that
prevention of mechanical ventilation-induced oxidative stress in the diaphragm could
be a useful therapeutic strategy used clinically to prevent VIDD (Smuder et al., 2012).
Indeed, it has been demonstrated that targeting of mitochondrial ROS with
mitochondrial targeted antioxidants protects against VIDD (Powers et al., 2011),

suggesting that mitochondrial ROS may play a causative role in VIDD.

Prolonged mechanical ventilation alters the structure and function of the diaphragm
(Powers et al., 2009), primarily manifesting in diaphragmatic atrophy (increased

protein breakdown and decreased protein synthesis) and dysfunction. Patients who
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undergo prolonged mechanical ventilation have a high mortality rate within the first
12 months post-weaning, with COPD, cardiac and renal failure and respiratory muscle
weakness all being factors recognised to contribute to this mortality (Johnson and
Johnson, 2012). Interestingly, there may also be a high prevalence of under-
recognised sleep-disordered breathing (SDB) conditions such as obstructive sleep
apnoea (OSA) in patients who wean from prolonged mechanical ventilation (Diaz-
Abad et al., 2011; Johnson and Johnson, 2012), which might relate to weakness in
upper airway dilator muscles such as the sternohyoid muscles.

1.4.6 Ventilator-Induced/Associated Lung Injury

VILI and VALI both represent an acute injury to the lung, occurring during
mechanical ventilation. VILI is caused by the act of mechanical ventilation itself, with
an inadequate ventilator mode used to mechanically ventilate initially healthy lungs,
while VALI is an injury to already disease-affected lungs during mechanical
ventilation. In both cases, the lung injury primarily results from the differences in
transpulmonary pressure, which consequently create an imbalance in lung stress and
strain (Kuchnicka and Maciejewski, 2013). The incidence of VALI is around 24% of
mechanically ventilated patients who do not have ALI from the outset, with a likely
higher incidence in patients also suffering from ARDS/ALI (Gajic et al., 2004). This
lung injury may lead to systemic hypoxia which, if it is a cause of diaphragm
dysfunction, could exacerbate and perpetuate the need for mechanical ventilation
causing further lung injury and the initiation of a vicious circle of ventilation, injury

and hypoxia.

1.4.7 Confounding Factors

Through over-distension of the lung, mechanical ventilation induces substantial
inflammation that is thought to increase mortality among critically ill patients, and
may have relevance for the development of multisystem organ failure (Chiumello et
al., 1999; Ranieri et al., 1999; Woods et al., 2015).

Obesity has been suggested to independently increase the risk of developing ARDS
(Karnatovskaia et al., 2014). Obese patients display alterations in baseline pulmonary

mechanics, including airflow obstruction, decreased lung volumes, and impaired gas
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exchange, which can have implications for many diseases including ARDS (Hibbert
et al., 2012). However obesity does not, somewhat surprisingly, impact on the length
of time a patient is likely to require mechanical ventilation, although it does increase
the length of the ICU stay (Boles et al., 2007).

Infection can be a major confounding factor in VIDD. Lower respiratory tract
infections often present as severe sepsis or septic shock with respiratory dysfunction
in mechanically ventilated patients (Rello et al., 2014). Pneumonia is the second most
common nosocomial infection occurring in critically ill patients, presenting in
approximately 27% of all critically ill patients (Koenig and Truwit, 2006). Severe
sepsis and multiorgan failure invariably leads to muscle dysfunction. Reduced
diaphragm muscle force generation, associated with deranged mitochondrial
bioenergetics and hypometabolism, was observed in a rodent model of sepsis
(Zolfaghari et al., 2015a). Although there was also an increase in UCP-3 expression in
this model, these functional and metabolic changes were also present in a UCP-3
knockout version of the same model, suggesting that these alterations are independent
of the increase in UCP-3 expression seen in this model, and that reduced
mitochondrial coupling efficiency by increased uncoupling (i.e. increased proton

leak), potentially limiting mitochondrial ROS production, did not play a role.

Given the prevalence of conditions featuring acute hypoxia discussed above, insight
into the acute adaptations of the respiratory muscles to hypoxia may be clinically
relevant. Respiratory muscle plasticity is reported in animal models of chronic
hypoxia (Carberry et al., 2014; Gamboa and Andrade, 2012, 2010; Lewis et al.,
2015a,b; McMorrow et al., 2011); however, very little is known about the effects of

an acute hypoxic stress on diaphragm muscle performance.

1.4.8 A Potential Role for Hypoxia

The role of acute hypoxia in the development, progression and exacerbation of acute
respiratory related disorders, particularly diaphragmatic dysfunction as a feature of
such disorders, is currently under-recognised, despite the clinical relevance of critical
diaphragm failure, leading to respiratory failure and poor patient outcomes. In nature,

a state of hypoxic tolerance is achieved through the integration of 1) a reduction in
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metabolic state, 2) protection against hypoxic cell death/injury and 3) the maintenance
of functional integrity (Ramirez et al., 2007). Knowledge of the mechanisms at play
in all three of these areas is essential in order to develop novel therapeutic strategies
for clinically hypoxic patients. Hypoxia has been shown to significantly decrease
diaphragm end-expiratory length in awake canines (Ji et al., 2014), which may exert
influence over the force generating capacity of the contracting diaphragm in vivo.
This may be relevant to respiratory failure patients in an ICU setting and may be
another hypoxia-induced factor affecting diaphragm function, as well as those effects
exerted at a cellular level. The need to explore whether acute hypoxia contributes to
diaphragm muscle weakness is currently most pertinent given the debate as to
whether inactivity per se causes diaphragm muscle atrophy in mechanically ventilated
patients.

1.5 Skeletal Muscle Plasticity

Skeletal muscle fibres are not regarded as fixed units but as highly versatile,
adaptable, and malleable tissues. Skeletal muscle has huge capacity for remodelling
and shows plasticity to adapt to a variety of stimuli including contractile activity (use
and disuse, frequency of activity, etc.), loading conditions, substance supply and
environmental conditions, such as hypoxia — the focus of this thesis (Flick and
Hoppeler, 2003). Functional adaptations appear to involve alterations in contractile
properties of the muscle, metabolic capacity of the mitochondria and regulatory
mechanisms/intracellular signalling (Flick and Hoppeler, 2003; Hoppeler et al., 2003;
Hoppeler and Fluck, 2003). Adaptations include alterations in muscle fibre size (e.g.
hypertrophy, atrophy) and distribution (Bigard et al., 2000; Faucher et al., 2005;
McMorrow et al., 2010), oxidative capacity (Faucher et al., 2005), contractile
performance (EIl-Khoury et al., 2003; Faucher et al., 2005), angiogenesis (Deveci et
al., 2002) and fibre type (e.g. slow-to-fast fibre type switching) (Pette and Staron,
1997; Schiaffino and Reggiani, 2011). Indeed the diaphragm muscle atrophies in a
mere matter of hours when a patient is put on a mechanical ventilator (Levine et al.,

2008), demonstrating remarkable structural maladaptive plasticity.
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Respiratory muscles continually undergo remodelling as they adapt to the changing
demands of respiration e.g. exercise, altitude changes, pathophysiology, etc.
Respiratory muscle remodelling is a feature of COPD and may be the result in part of
hypoxic adaptation (McMorrow et al., 2011). Dysfunction of respiratory muscle,
particularly the diaphragm, is known to occur in patients with severe COPD (Heunks
and Dekhuijzen, 2000; Polkey et al., 1996) and muscle oxidative capacity and
bioenergetics are disturbed in COPD patients (Hoppeler et al., 2003; Mador &
Bozkanat, 2001). However, the exact mechanisms by which skeletal muscle can alter
its phenotypic profile are still unclear and under-explored. Furthermore, it is thought
that the diaphragm, and other respiratory muscles, may adapt differently than most
skeletal muscles due to the fact that, unlike limb skeletal muscle, its activity may be
increased in some cases in response to hypoxia, and this needs to be addressed
further. Translational animal models of hypoxia allow the examination of the effects
of hypoxia on respiratory skeletal muscle without the influence of other confounding
factors, which may present in disease states. They also offer an opportunity to explore
the underlying molecular mechanisms contributing to adaptation and maladaptation in
respiratory muscle. lllumination of such mechanisms could have enormous clinical
relevance to conditions in which hypoxia features, and would contribute significantly

to this field of research and the development of future therapeutic strategies.

1.5.1 Structural and Function Plasticity in Hypoxia

Some previous studies have looked at various structural and functional changes using
animal models of hypoxia, both chronic hypoxia (sustained) and chronic intermittent
hypoxia (CIH). McMorrow et al. (2011), using a translational animal model, found
that chronic hypoxia decreased diaphragm muscle force and fatigue concomitant with
increased sodium-potassium ATPase pump content, which plays a dynamic role in
muscle fibre excitability during contractile activity. Moreover, the study suggested
that this effect is NO dependent, and also that chronic hypoxia-induced muscle
plasticity is time-dependent, further underlining the need to examine the effects of
acute hypoxia to determine whether it has a role in diaphragm dysfunction in acute
respiratory-related disorders. In another study by Skelly et al. (2010), it was found
that CIH caused a significant decrease in sternohyoid muscle force, while chronic

hypoxia has been shown to cause both diaphragm and sternohyoid muscle dysfunction
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(Lewis et al., 2016, 2014). Fibre size, distribution and oxidative capacity were shown
to be altered in hypoxia studies (Faucher et al., 2005; McMorrow et al., 2011), and it
was also found that hypoxia induces prolonged angiogenesis in skeletal muscle in the
rat (Deveci et al., 2002). The adaptation of skeletal muscle to hypoxia includes the
loss of oxidative capacity (mitochondrial content) and a decreased fibre size and cross
sectional area. The fatigue resistance of a skeletal muscle is proportional to its
mitochondrial content, and so fatigue resistant muscles have a higher mitochondrial
content than those with more fatigable fibres. Gamboa & Andrade (2010) stated that
chronic hypoxia reduces aerobic capacity, and mitochondrial content, in limb skeletal
muscles, and one of the causes seems to be decreased physical activity. Thus, they
believed that diaphragm, and other respiratory muscles, may have a different pattern
of adaptation as hypoxia may increase the work of breathing and so their activity may
increase in response to hypoxia. However, they found that chronic hypoxia was
associated with a reduction in mitochondrial volume density (content) in mouse
diaphragm. Reduced mitochondrial biogenesis and increased mitophagy seemed to be
responsible. Then in 2012, the same group uncovered evidence to suggest that the
diaphragm muscle retains its endurance during chronic hypoxia due to a combination
of morphometric changes and optimisation of mitochondrial energy production.
Changes include reduction in fibre size, increased surface contact between the
capillary and fibre, increased mitochondrial complexes IV & V, and reduced
mitochondrial uncoupling protein — 3 (UCP-3) content, allowing the muscle to remain
highly fatigue resistant (Gamboa and Andrade, 2012). There are also some conflicting
results in this area, such as the effects of hypoxia on diaphragm muscle force and
endurance in the rat (EI-Khoury et al., 2003; McMorrow et al., 2011). McMorrow et
al. (2011) found chronic hypoxia decreased force and increased endurance of the
diaphragm muscle, while EI-Khoury and colleagues found twitch force was increased,
tetanic force was unchanged, and there was little effect on endurance in the
diaphragm muscle following chronic hypoxia. However, this may relate to differences
in protocol, such as muscle bath temperature (30°C and 25°C in each set up,
respectively) during the in vitro muscle function tests (Ranatunga and Wylie, 1983),
& barometric pressure of the chambers during CH treatment (380mmHg and
450mmHg respectively), and as such the intensity of the hypoxic stimulus. Indeed, it
is clear from work performed by our group that chronic hypoxia (380mmHg or FiO; =

0.1) results in substantial diaphragm muscle weakness in rat (McMorrow et al., 2011)
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and mouse (Lewis et al., 2016; Lewis and O’Halloran, 2016), presumably a functional
trade-off to molecular changes that subserve other apparent advantages such as
improved endurance (Gamboa and Andrade, 2012; Lewis et al., 2016; McMorrow et

al., 2011) and hypoxic tolerance (Lewis et al., 2015a) .

Recently, the previously unknown function of a protein involved in the cellular
response to hypoxia was discovered. When activated by hypoxia, the protein
(p75NTR) initiates a cascade of events resulting in increased blood vessel production
to replenish oxygen supply in disease (Le Moan et al., 2011). Rowley et al. (2005)
stated that muscle plasticity, which occurs following perturbations in the load and/or
activity, includes changes in myosin heavy chain (MHC) isoform expression, MHC
content per half-sarcomere, fibre cross-sectional area, mitochondrial density, and
actomyosin ATPase activity, and that these structural changes are tied to functional
plasticity, reflected by changes in some or all of the following: ECC, force, velocity
of shortening, and susceptibility to fatigue. The relevance of this is that hypoxia can
induce a perturbation of activity in respiratory muscle in humans, and one different to
that of other skeletal muscles i.e. altered muscle activity due to increased ventilation.
However, it has been demonstrated in humans that hypoxia itself, rather than activity
changes, exacerbates diaphragm and indeed abdominal muscle fatigability (Verges et
al., 2010).

The mitochondria are the primary location of oxygen consumption and reactive
oxygen species (ROS) production, and are becoming recognised as playing a pivotal
role in oxygen sensing (Cummins and Taylor, 2005). It is established that in long-
term exposure to severe hypoxia there is a decrease in mitochondrial content of
skeletal muscle fibres, oxidative muscle metabolism is shifted towards a greater
reliance on carbohydrates as fuel, and intramyocellular lipid substrate stores are
reduced (Hoppeler et al., 2003). Transcription of genes encoding the mitochondrial
proteins involved in beta oxidation can be regulated separately from the genes of the
Krebs cycle and the respiratory chain (Hoppeler and Fluck, 2003). Zhou & Lin (2000)
demonstrated hypoxia and exercise induced mRNA expression for the mitochondrial
transporter protein UCP-3 after only 30minutes in rat EDL muscle, and a
corresponding UCP-3 protein increase. Changes in mRNA expression for proteins

involved in energy production, as well as muscle structure, function and performance
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in response to hypoxia is an important area in understanding hypoxia-induced
alterations in respiratory muscle. Muscle fibre mitochondrial function and energy
production is clearly a very malleable component contributing to muscle performance
and an area that warrants investigation when examining how a stimulus such as

hypoxia affects skeletal muscle.

1.6 Skeletal Muscle Signalling

Skeletal muscle is an extremely adaptable and malleable tissue responding
functionally, structurally and molecularly to a variety of stimuli and, as such, requires
a complex network of signalling pathways to guide these changes. Hypoxia has a
profound impact on the cellular transcriptome and triggers a multifaceted cellular
response that plays important roles in both normal physiology and pathophysiological
disease states. The signalling pathways associated with transcriptional activation in
CIH differ from those in chronic hypoxia (Nanduri et al., 2008). Tavi & Westerblad
(2011), state that a major part of the activity-dependent plasticity of skeletal muscle
relies upon transcriptional 