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Abstract

The regulation of branched—chain amino acids in metabolic and respiratory diseases

and in response to exercise

Mariwan Hashim Sayda

Introduction

The increased life expectancy and global epidemic of diseases such as obesity and
chronic obstructive pulmonary disease (COPD) in the last three decades has resulted
in burgeoning socioeconomic burdens. Features of metabolic diseases (such as
obesity) are commonly associated with insulin resistance (IR), reduced muscle mass
and function, which is also observed in those with COPD. The heterogeneity of
disease in individuals requires biomarkers as a diagnostic and prognostic marker
which, ideally respond to nutritional and exercise-based interventions. Plasma
branched chain-amino acids (BCAAs), leucine, isoleucine and valine represent such
potential candidate since they are abundant in the circulation due to bypassing of the
gut and liver and have accordingly shown promise in identifying as a signature of
diseases, such as insulin resistance and obesity. The present thesis mostly describes
the impacts of non-pharmacological interventions (nutrition, exercise) on branched-
chain amino acids (BCAA) in plasma and muscle, which have long standing
associations with scores of insulin resistance and obesity, despite being essential for

whole body and muscle health.

Chapter three, published in Nutrients (2020), focuses on the impacts of a longitudinal
resistance exercise (RET) programme across age and the response of plasma BCAAs
with exercise, and reveals firstly no association with age and BCAA. Secondly, BCAAs

did not associate with IR at any point, and instead displayed significantly positive



associations with strength and lean mass. This suggests that the BCAA/ IR paradigm
does not hold within healthy individuals and demonstrates for the first time a unique

relationship with muscle health providing a novel finding to build upon.

Chapter four describes the effects of severe calorie restriction (~600kcal) in obese,
non-diabetic men for six-weeks, with a selection of individuals undergoing RET and
high intensity interval training (HIIT) programmes. Despite profound weight loss,
plasma BCAAs did not change with diet-alone or track with scores of IR (despite
significant reductions following the intervention) at any point in either group. Calorie
restriction alone was not sufficient to reduce plasma BCAAs, although those who
performed exercise in addition to VLCD experienced a decrease in BCAAs. Further,
although significant loss in fat mass was observed, this was concomitant with
reductions in lean mass which is an unfavourable outcome. Future studies of this
nature may benefit from increased protein content within the diets to negate the losses

of lean mass.

Chapter five describes the effects of 8 weeks endurance exercise (EE) in those with
stable COPD. This study, with retrospective analysis, found that aerobic capacity and
strength was not improved in those with COPD, suggesting an intolerance to exercise,
compared to their healthy, age-matched counterparts in which improvements in
aerobic capacity and strength were seen. This was reflected in the BCAA profiles of
the groups, whereby those with COPD showed no response, whereas the healthy
individuals demonstrated increased BCAAs post-EE. The relationship between
increased strength and BCAAs was observed again, however only in the healthy

control group, supporting the results produced in the RET study (chapter three)



In chapter six, individuals admitted to hospital with an exacerbation of COPD were
enrolled into a study comparing standard care following exacerbation, to an early
rehabilitation programme comprised of various aerobic and resistance-based
exercises for six weeks to attempt to alleviate the effects of an acute exacerbation.
Measures of lung function, quadriceps size, thickness and strength were measured,
however there was no response to the intervention. Plasma BCAAs were also
guantified in these participants since increased catabolism of AA is a common feature
in severe COPD compared to those with stable COPD (participants the EE study),
however, there were no response in BCAAs in either group. Plasma BCAAs in
exacerbated COPD patients are however decreased compared to stable state. In the
3-month follow-up period, the plasma BCAA concentrations reached the range values
expected in the healthy. Unsurprisingly, BCAAs did not associate with quadriceps
function, size, or thickness in either group. This study suggests that the time of
admission is not optimum in assigning unique interventions and that perhaps it is more
effective for routine care to take place to ensure a more stable state is established

prior to further interventions aimed at improving exercise tolerance and quality of life.

In conclusion, the data from the present thesis challenges the commonly reported
associations of IR and BCAAs in conditions of normal health as well as in obesity, and
reveals a novel association with lean mass and strength following RET. The
association of increased strength and BCAAs are also observed in healthy individuals
undergoing both RET and EE, however not in those with COPD undergoing the same
intervention suggests a novel finding that warrants further investigation. Taken
together, these data suggest plasma BCAAs as markers of improved metabolic health
following both resistance and endurance-based exercise, as opposed to insulin

resistance.
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1.1. Why study branched chain amino acids (BCAA) in health and
disease

Branched chain amino acids (BCAAS), leucine, isoleucine and valine, are the most
abundant amino acids in protein (Dill 1990). As with all other essential AA, BCAAs
are diet-derived meaning they cannot be synthesised endogenously by humans,
therefore are of fundamental importance for cell survival maintenance and turnover of
proteins. Thus, their utilisation/metabolism must be balanced by their intake. The
molar relative abundance of BCAAS in protein to each other is approximately 1.6: 2.2:
1.0 (valine: leucine: isoleucine) (Neinast, Murashige, and Arany 2019), which reflects
the linked nature of their metabolism. BCAAs are almost always consumed and initially
oxidised together (unless isolated for nutritional supplementations; Bassit et al. 2000;
Marchesini et al. 2003), hence why they are regularly investigated together despite
distinct differences in their biological effects e.g., leucine is ketogenic, valine is
glucogenic and isoleucine is both (Yoshiharu Shimomura et al. 2001; Brosnan and
Brosnan 2006). Although most AA are metabolised in the liver, BCAAs are three of six
AA (asparagine, aspartate and glutamate) which are initially metabolised within
skeletal muscle (Harper, Miller, and Block 1984), and can be used for maintaining the
nitrogen in muscle pools of glutamate, alanine and glutamine for subsequent release
and uptake by the liver, kidneys and intestines for energy that can be returned to
peripheral tissues . The initial site of BCAA metabolism is skeletal muscle, largely due
to the high activity of regulatory enzyme, BCAA aminotransferase (BCAT), which
catalyses the first step to form each respective keto-acid (Lynch and Adams 2014)
therefore BCAA in the bloodstream appear rapidly following ingestion of protein and
become readily available to peripheral tissues. The second, irreversible step, is via the
branched chain a-keto acid dehydrogenase complex (BCKDH) (Sitryawan et al. 1998),
and since BCKDH catalyzes an irreversible flux-controlling step, the initial oxidation
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rates of all three are linked. Figure 1 outlines the expression of BCAA-related enzymes
in multiple organs and highlights the nitrogen recycling which occurs with BCAA
oxidation. As such, BCAAs are key regulators in the synthesis of body proteins, energy
metabolism and are major nitrogen donors for glutamate, glutamine and alanine
synthesis (Blomstrand et al. 2006; Brosnan and Brosnan 2006). For example, BCAAs
(particularly leucine) are known growth-regulatory signals to skeletal muscles (largely
via promotion of mMTORC1 activity) following feeding, exercise or both, resulting in cell
growth (Rennie et al. 2006; Atherton, Smith, et al. 2010), through phosphorylation of
the eukaryotic initiation factor 4E (elF4E)-binding protein (4E-BP1) and the p70
ribosomal S6 kinase (p70-S6K1) to promote mMRNA translation (Laplante and Sabatini
2009). BCAAs also regulate de novo glutamine synthesis in peripheral tissues (Sakai
et al. 2004), particularly skeletal muscle (Harper, Miller, and Block 1984). The most
abundant free AA in the bloodstream, glutamine, contains two nitrogen groups
therefore serving also as a nitrogen ‘shuttle’ between tissues taking excess ammonia
to the liver to form urea for excretion. In addition, BCAA-derived nitrogen sources are
also particularly important for the synthesis of alanine, which, when catabolised by the
muscle is utilised as a key protein-derived gluconeogenic substrate (Felig 1973).
Glutamine and alanine are concentrated in muscle (GIn 20mM (Rennie et al. 1981),
Ala 2.8mM (Adibi et al. 1973)) and are the two major AA released by the muscles
during instances of prolonged fasting, when de novo formation of these AA are
increased (Chang and Goldberg 1978). This highlights the importance of BCAAs and
related AA in healthy muscle metabolism, energy production. However they are also
implicated in conditions of ill-health, and although crucial for protein synthesis,
catabolic intermediates (such as 3-HIB; Jang et al. 2016) formed during BCAA

metabolism can be toxic at high concentrations within the plasma, therefore efficient
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clearance of excess BCAAs are equally important for maintaining normal physiological
function. Chronic elevation of blood concentration of BCAAs in conditions such as
cardiovascular disease (Ruiz-canela et al. 2016), cancers (Mayers et al. 2014,
Budhathoki et al. 2017), obesity, IR and T2DM (Newgard 2017; Wang et al. 2011) and
their role in inborn errors of metabolism are also documented (Mackenzie and Woolf
1964) whereby aberrations in a subunit of the BCKDH multi-enzyme complex results
in increased plasma concentrations (Mitsubuchi, Owada, and Endo 2005). Thus, the
present thesis aims to investigate the role of plasma and intracellular BCAAs, during
ageing, obesity and chronic obstructive pulmonary disease (COPD), and in response
to exercise interventions. The relationship between BCAAs and insulin sensitivity is
investigated, and whether changes in circulating concentrations of BCAAs correlate
with IR improvements in response to exercise interventions known to promote good

health.
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BCATm

FIGURE 1. REGULATION OF BCAA-METABOLISING ENZYMES THROUGHOUT THE BODY AND ACROSS
MULTIPLE ORGANS. SOURCE: HUTSON ET AL 2005.LOCALIZATION OF BCAA-RELATED ENZYMES
THROUGHOUT THE BODY. BCATC (BCAT1) IS FOUND PRIMARILY IN THE BRAIN, HOWEVER ALSO IN
THE PERIPHERAL NERVES, WHEREAS BCATM (BCAT2) ISFOUND IN ALL TISSUES (EXCEPT LIVER). THE
EXPRESSION OF REGULATORY ENZYMES THROUGHOUT THE BODY PERMITS NITROGEN CYCLING
AND ALLOWS FOR ENERGY PRODUCTION VIA CARBON SKELETON OF CERTIN AA. BCAT, BRANCHED-
CHAIN AMINOTRANSFERASE; BCKD BRANCHED CHAIN KETO ACID DEHYDROGENASE; BCATM, BCAT
MITOCHONDRIAL; BCATC, BCAT CYTOSOLIC
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1.2. BCAA structure and function

Branched-chain amino acids, with an amino and carboxyl group and functional R
groups in their chemical structures are branched hence their name (Dill 1990), make
up ~35 % of the nine amino acids that are essential to whole-body health (Brosnan
and Brosnan 2006), and must be obtained from the diet as opposed to non-essential
amino acids which can be synthesised within the body (Reeds 2000). As well as
established biochemical regulators and precursors of complex metabolic reactions,
BCAAs also serve as essential substrates in the initiation of muscle protein synthesis
(MPS; (Wilkinson et al. 2013), for example leucine is a known stimulator of mammalian
target of rapamycin (MTOR) (Atherton, Smith, et al. 2010), and is also a potent insulin
secretagogue. BCAAs serve also as a metabolic fuel during times of injury (Askanazi
et al. 1980) starvation (Felig et al. 1969), and exercise (Rennie et al. 2006).
Administration of BCAAs has also shown therapeutic benefits in treating cognitive
impairment following injury (Cole et al. 2010), sepsis (De Bant and Cynober 2006) and
chronic liver disease (Kawaguchi et al. 2011). In the gastrointestinal tract and fat
depots, BCAA (along with glucose; Delgado et al. 1995) can influence the regulation
and release of hormones (e.g., GLP-1 and ghrelin) which affect food intake and
glycaemic control (Potier, Darcel, and Tomé 2009; Salehi et al. 2012; Chen and
Reimer 2009). In addition, supplementation of BCAAs as an ergogenic aid is
commonplace in the context of exercise recovery, performance and muscle growth (Y
Shimomura et al. 2010; Crowe, Weatherson, and Bowden 2006; Watson, Shirreffs,

and Maughan 2004; Duan, et al. 2016).

Unlike other AA which are oxidised in the liver (Harper, Miller, and Block 1984), BCAAs
are uniguely metabolised in muscle by branched-chain aminotransferase (BCAT) to

form a—ketoglutarate (yielding glutamate) and respective keto acids (o—
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ketoisocaproate, KIC; a—keto——methylvalerate, KMV and a—ketoisovalerate, KIV)
which is the first enzyme in the BCAA metabolism pathway (figure 2). BCAT1 (or
BCATCc) encodes the cytoplasmic protein and is primarily expressed in the brain. Once
keto—acids are formed, the multi-enzyme branched-chain keto—acid dehydrogenase
complex (BCKDH), located on the inner mitochondrial membrane and ubiquitously
expressed in all tissues, is responsible for the oxidative decarboxylation, to form acyl-
CoA esters for entry into the citric acid cycle (TCA). It is at this rate-limiting second
step where deficiency of BCKDH enzyme leads to an increase in plasma BCAAs and
accumulation of harmful by-products that are implicated in diseases such as maple
syrup urine disease (MSUD); whereby a build-up of BCAAs and BCAA-related keto-
acids are seen in the blood and urine (Yudkoff et al. 2005; Burrage et al. 2014; Lynch
and Adams 2014). These reactions occur within the mitochondrial matrix, rendering
all intermediate metabolites ‘trapped’ within the matrix as an acetyl-CoA adduct with
the exception of the valine catabolite, 3-HIB, which can be secreted and is detected at

10-40uM concentrations in plasma (Neinast, Murashige, and Arany 2019).
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FIGURE 2. THE SIMPLIFIED PATHWAY OF BCAA METABOLISM IN MUSCLE. THE FIRST TWO STEPS OF
BCAA METABOLISM ARE THE SAME WITH ALL THREE BCAA. INITIAL TRANSMINATION TO RESPECTIVE
KETO-ACIDS BY BCAT IS FOLLOWED BY DECARBOXYLATION BY THE BCKDH MULTI-ENZYME
COMPLEX, WHICH IS RATE-LIMITING FOR BCAAS A-KIC, ALPHA-KETO-ISOCAPROATE; A-KMV, ALPHA-
KETO METHYL VALERATE; A-KIV, ALPHA-KETO ISOVALERATE; 3-HIB, 3-HYDROXYISOBUTYRATE;
BCAT, BRANCHED-CHAIN AMINOTRANSFERASE; BCKDH, BRANCHED-CHAIN KETO-ACID

DEHYDROGENASE.
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1.3. Skeletal muscle and AA

In humans, skeletal muscle comprises ~40 % total body weight and as the largest
organ of the body has a significant impact on whole body homeostasis and
metabolism. As the largest reservoir of protein in the body, skeletal muscle therefore
characterises the major storage of AA, including BCAA (Bergstrom et al. 1974). Not
only are AA essential for providing energy, but they are also in a constant state of
turnover and metabolic flux to meet demands (e.g., precursors for protein synthesis in
muscle, and other tissues, as energy substrates) placed on the body and are sensitive

to factors such as hormonal imbalance, physical activity, injury and disease.

From a mechanical perspective, skeletal muscles main function is to convert chemical
potential into energy to generate force and power (Walter R. Frontera and Ochala
2015) i.e., muscle contraction that is largely governed by sliding contractile flaments

(actin and myosin) (Herzog et al. 2015; Huxley and Simmons 1971).

Accordingly, skeletal muscles are crucial for locomotion and supporting posture in
everyday activities. In contrast, age-related declines in muscle mass and function, as
demonstrated by ~40 % decline of total muscle cross-sectional area (CSA) between
the ages of 20-80 years with the decline accelerated more so at 50 years of age
(Lexell, Taylor, and Sjostrom 1988), lead to functional dependence and impaired
guality of life. Significant losses of muscle also occur with various diseases including,
COPD (Bernard et al. 1998), cachexia (Evans 2010) and critical illness (Preiser et al.
2014). The loss of muscle also occurs in other settings, which necessitate continued
muscle disuse, for example recovery from injury or illness which require prolonged
bed rest (Dirks et al. 2016), where muscle atrophy is significantly accelerated (~3.5 %
decline by day 5 and 8.4 % by day 14; Wall et al. 2014), with accompanied declines

in strength ~0.3 % (Paddon-Jones et al. 2004) to 4.2 %/ day (Thom et al. 2001). It is
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unsurprising then that of relevance to reducing risk of disease and optimising health,
maintenance of muscle mass is crucial, and reduced muscle mass impairs the body’s
response to counter the effects of stress and chronic illness. The most effective, non-
pharmacological counterbalance for preserving or restoring loss of muscle mass in
young and older populations is physical activity (Law, Clark, and Clark 2016; DeFreitas
et al. 2011). The physiological benefits of chronic bouts of exercise effects on muscle
mass, strength and quality are well-defined (Binder et al. 2005; Moore et al. 2005;
Halverstadt et al. 2007), in addition to the benefits on whole body metabolism (Brook
et al. 2016), optimising fuel oxidation (Van Loon et al. 2001), body composition (Slentz
et al. 2004) and mental health (Deslandes et al. 2009). Thus, preservation of skeletal
muscle integrity is paramount in maintaining health and quality of life (Woods et al.
2012) particularly in old age where a progressive decline in muscle mass (Lexell,

Taylor, and Sjostrom 1988), termed sarcopenia (Rosenberg 1997), is common.

1.3. The role of AA in skeletal muscle protein turnover

BCAAs are implicated in several features of skeletal muscle homeostasis, for example
as a stimulatory effect on translation initiation and subsequent muscle protein
synthesis (MPS), in addition to exerting inhibitory effects of muscle protein breakdown
(MPB) although mechanisms responsible for this are not yet fully elucidated (Abdulla
et al. 2016). Over the years, studies have shown that feeding of essential AA’s as the
core driver of stimulating muscle protein synthesis (Rennie 1985; Atherton, Smith, et
al. 2010) and work from the early 1990’s (Smith et al. 1992) confirmed certain EAA,
particularly leucine are the most potent stimulators of MPS. This was evidenced when
in contrast, large boluses of arginine, glycine and serine (all non-essential) did not
elicit an anabolic response, highlighting the importance of EAA in stimulating MPS

(Smith et al. 1998).
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Above the other EAA’s, leucine stimulates MPS (approximately ~1.6-fold greater than
other EAA; Atherton, Smith, et al. 2010) through the activation of mammalian target of
rapamycin pathway (MmTOR; Norton and Layman 2006) and subsequent
phosphorylation of 4E binding protein-1 (4EBP1) and ribosomal s6 kinase (p70S6K1)
(Buse and Reid 1975; Baar and Esser 1999). Furthermore, an ergogenic role for
metabolites related to leucine, namely p—hydroxy—B—methylbutyrate (HMB) has also
been described, whereby ~2.4 g supplementation of pure free-acid HMB resulted in
acute myofibrillar protein synthesis (150 min) and p70SK61 phosphorylation to a
similar extent as leucine (Wilkinson et al. 2013) in the acute post prandial stage.
Although other pathways have been described (Proud 2007), the mTOR pathway is
an established significant regulator of muscle protein translation and synthesis. The
regulation of skeletal muscle is determined by the relative turnover rate of its
constituent processes (i.e., MPS and MPB) (Atherton and Smith 2012) which follows
as part of a diurnal equilibrium. In conditions of anabolism, for example as that seen
within resistance-based exercise or anabolic agents, the net balance of MPS exceeds
that of MPB, whereas in situations of prolonged inactivity such as bed rest or critical

illness, net MPB is greater than MPS resulting in muscle loss.
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1.4. Whole-body oxidation of BCAAs

Stable isotope infusions of BCAAs over the years have determined the rate of flux of
BCAA transamination and oxidative decarboxylation in humans. When a protein meal
is ingested, oxidation of BCAAs can triple basal levels and thus accounts for a greater
fraction of BCAA disposal (Boirie et al. 1997). The appearance of free BCAASs in
circulation is determined by dietary intake and the rate of proteolysis and processes
that remove i.e., MPS or oxidation/catabolism. Dietary BCAA are typically taken up by
the small intestine, however unlike most other AA, BCAAs bypass metabolism in the
liver and gut due in part to the low transamination activity within the liver (Hutson,

Wallin, and Hall 1992).

Briefly, digestion of protein begins with chewing to increase the surface area of the
foods (Rémond et al. 2007), and after swallowing, gastric mixing induced by stomach
contractions facilitates further breakdown by gastic acids and pepsin enzyme before
subsequent gastric emptying and delivery to the small intestine (duodenum, jejunum
and ileum) (Hellstrom, Gryback, and Jacobsson 2006). Following absorption, a
substantial quantity of ingested AA escape first-pass splanchnic extraction and the
majority of absorbed AA are released into the circulation for peripheral tissue uptake
(Volpi et al. 1999; Gorissen et al. 2020). The fraction AA which are not absorbed by
the small intestine, reaches the large intestine where although not absorbed, they are
deaminated and metabolised by the microbiota (Smith and MacFarlane 1998; van der
Wielen, Moughan, and Mensink 2017). The rate of digestibility of the protein consumed
(e.g., whey, soy, casein) is dependent on the quality and content of EAA, which is an
important factor with regards to the transport across the gut, and subsequent
availability to peripheral tissues and extraction by the splanchnic tissues (i.e., liver,

gut, pancreas, etc).
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The rate of AA absorption has been studied in a variety of protein sources; revealing
fast absorption and release from consumption of whey/ milk protein compared with
less soluble casein fraction (Luiking et al. 2016). In addition, soy-protein, which despite
more rapid digestibility and uptake in the gut, results in a greater proportion of AA from
soy sequestered by the splanchnic tissues. Thus, greater urea production is observed
— reducing the availability of AA to peripheral tissues such as skeletal muscle (Fouillet

et al. 2002; 2009).

Upon consumption, absorption follows two phases, an initial fast absorption and
delayed slow due to the casein element (Boirie et al. 1997). Casein, a “slow”
absorption source (Boirie et al. 1997) results in gastric coagulation in the acidic
environment, requiring further hydrolysis and thus slowing gastric emptying rates and
subsequent plasma AA availability (Symons et al. 2009). Accordingly, studies of
human digestion models reveal coagulation of casein with no coagulation of whey
within the gut (Luiking et al. 2016), and despite containing similar amount of EAA,
appearance of EAA in plasma increase faster and to a higher level upon dietary intake
of whey. This highlights the marked differences in the kinetics of absorption and so
consideration is needed when selecting protein source. Further, whey protein has
been shown to induce greater AA absorption (as measured by appearance in
circulation), whereby the MPS response was greater (0.15%h) compared to casein
(0.08 %h) and casein hydrolysate (0.1 %h) (Pennings et al. 2011). Further, a special
case has been made for leucine, whereby comparison of low-dose (3 g) leucine
enriched AA and a large (20 g) bolus of whey has been shown to elicit similar response

in myofibrillar FSR following RET (Bukhari et al. 2015).

Most organs are capable of BCAA oxidation, however skeletal muscle, liver and brown

fat are the sites where the majority of BCAA oxidation occurs (Neinast et al. 2019).
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That the liver, gut and skeletal muscle are well-known BCAA sites, adipose is a more
recent revelation for its capacity to catabolise BCAA (Herman et al. 2010). More
recently, a role for brown fat as a novel contributor to BCAA metabolism has also
been described, whereby genetic disruption of BCKDH or of a brown fat specific BCAA
transporter detail results in increased plasma levels of BCAA (Yoneshiro et al. 2019).
This highlights the heterogeneity of global BCAA metabolism in healthy individuals. In
situations of perturbed metabolism however, such as underfeeding (Pedrini et al.
1996), overfeeding (Fraipont and Preiser 2013) and metabolic disease e.g. obesity
and diabetes (Solon-Biet et al. 2019; Tai et al. 2010; Karusheva et al. 2019) alterations

in BCAA metabolism and circulating BCAA have been described.

1.5. Regulation of BCAA metabolism: nutrition, exercise and ageing
1.5.1. Nutrition

Ingestion of dietary protein, and constituent AA, provide the key stimulus for increased
muscle protein synthesis (Blomstrand et al. 2006) particularly when combined with
exercise which results in a prolonged net balance leading to eventual protein accretion
(Phillips et al. 1997; Kumar et al. 2009). Nitrogen balance studies have been employed
over the years to determine dietary requirements, for example the recommended daily
allowance (RDA) of proteinis ~0.65 g *kg'+d?',08g+kgt+d?! and1.2-1.7 g+ kg
1« d1inyoung, adult and athletic populations, respectively (Rand, Pellett, and Young
2003; ACSM and ADA 2009). In the postabsorptive state, muscle protein breakdown
(0.08-0.11 %/ h; (Tipton et al. 1999; Phillips et al. 1997) dominates rates of MPS (0.04-
0.07 %/h; Kumar et al. 2009; Cuthbertson et al. 2005; Welle, Thornton, and Statt 1995)
creating a negative net balance of protein turnover and thus representing loss of

muscle protein and eventual loss of muscle, if prolonged.
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Consumption of a protein-containing meal, and ensuing bioavailability of AA in the
bloodstream, results in acute (~2h) increases in MPS and suppression of breakdown
(MPB) (Atherton, Etheridge, et al. 2010; Bohé et al. 2001), which ensures the
replacement of muscle protein lost during postabsorptive conditions, and maintains a
general equilibrium despite diurnal fluctuations i.e. periods of fasting and feeding. As
mentioned, the potency of MPS increases can be attributed to essential AAs,
particularly leucine. The anabolic capacity of MPS is finite and thus begins to decline
~ 1.5 h after protein consumption (Atherton, Etheridge, et al. 2010), irrespective of
continued nutrient availability i.e., “muscle full” effect (Bohé et al. 2001; Atherton,
Etheridge, et al. 2010). At rest, no observed differences in net muscle protein turnover
are present between young and old (Phillips et al. 2017; Brook, Wilkinson, Mitchell, et
al. 2016), however with ageing, resistance to feeding (i.e., amino acids) becomes
apparent and this anabolic resistance may result in loss of muscle over time
(Cuthbertson et al. 2005; Phillips et al. 2017; Smeuninx et al. 2017). Prior to this, it
was thought that reduced postabsorptive rates of MPS were responsible for the
muscle loss with ageing (Welle, Thornton, and Statt 1995; Yarasheski, Zachwieja, and
Bier 1993). This phenomenon has been extended to show that regulatory signals
which maintain muscle mass and muscle protein homeostasis are dysregulated
irrespective of nutrition or exercise (Kumar et al. 2009) — and that increases in MPS to
exercise stimuli are less in older compared to young individuals (Atherton and Smith
2012) — this metabolic blunting has been implicated as a potential driver of muscle
loss in ageing and the progression towards sarcopenia. Whilst the idea of muscle
nutrient resistance is poorly understood, it is understood that physical activity can work

as a tool to influence this ‘set’ point (Atherton and Smith 2012).
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1.5.2. Exercise

Although the age-related loss of muscle (sarcopenia), and strength is inevitable,
several factors (rate of muscle loss and age that decline starts) may determine the
impact sarcopenia has on functional ability and quality of life. Typically, muscle loss
begins around the fifth decade of life and thereafter proceeds at a rate of 0.6 % yearly
(Janssen 2010; Lexell, Taylor, and Sjostrom 1988). This rate is perhaps made more
concerning, since sedentary lifestyles involving muscle disuse or periods of confined
bedrest (via illness or hospitalisation) can exacerbate the degree of muscle loss,
thereby rendering recovery of lost muscle difficult. Undoubtedly, exercise, in particular
resistance exercise training (RET) holds potent anabolic potential and has been
shown to increase muscle mass and function in various populations, including older
adults (Law, Clark, and Clark 2016) and cachectic cohorts (Strasser et al. 2013). RET
been shown to stimulate up to 3-fold increase in MPS following a single bout of training
(Phillips et al. 1997; Kumar et al. 2009). Unsurprisingly, there is a homologous
relationship between RET and MPS, whereby in the 4 h following RET at near maximal
efforts (~70-80 %) the rate of MPS peaks (Kumar et al. 2009; 2012) representing a
nutrient sensitive window for EAA to promote protein accretion. Alternative modes of
promoting greater muscle accretion have also been described such as low-load and
high volume RET either alone (Burd et al. 2010; Ogasawara et al. 2013) or in
conjunction with vascular occlusion techniques (Yasuda et al. 2015; Sieljacks et al.
2019) that have described comparable rates of MPS. Promisingly, this suggests a
range of RET protocols which provide a means to stimulate MPS, however it is
important to note that volitional fatigue may be necessary to facilitate maximal muscle
fibre recruitment in order for the stimulatory threshold to be surpassed (Henneman,

Somjen, and Carpenter 1965). Therefore, maintaining independence is important for
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healthy ageing and adequate nutrition combined with physical activity represents an
excellent approach to mitigate the physiological challenges facing individuals as they

age.

1.5.3. Ageing

In coming years, ageing populations will represent a major socioeconomic and
healthcare burden in society, due to increased life expectancy as a result of healthcare
and technological (Christensen et al. 2009a; Rice and Fineman 2004). One of the
major changes from an anthropometric standpoint is the loss of muscle mass with age,
whereby beyond the fifth decade of life, a progressive decline in skeletal muscle mass
and strength is observed (Lexell, Taylor, and Sjostrom 1988). Despite well—
orchestrated mechanisms regulating nutrient-intake in young individuals, an alteration
the balance between MPS and MPB likely contributes to muscle loss in older age. As
such, it has been shown that supplementation with protein is needed in older
populations to maximise the anabolic response to feeding (Moore et al. 2015; Volpi et
al. 2000). Explanations to the less pronounced capacity of MPS in older individuals
have included decreased capacity of digestion and absorption of AA’s (Boirie et al.
1997), concomitant with greater AA retention by splanchnic tissues after intestinal
absorption (Volpi et al. 1999) resulting in less AA availability for MPS stimulation.
Indeed, work from our lab has defined a role for ‘anabolic resistance’ in older age
(Brook, Wilkinson, Mitchell, et al. 2016; Kumar et al. 2009; Cuthbertson et al. 2005) in
the face of continued nutrient availability (Atherton, Etheridge, et al. 2010; Bohé et al.
2001). However, an attractive prospect for protein (whey) supplementation with RET
in older populations has been shown. Pennings and workers (Pennings et al. 2012)
report RET combined with post-exercise protein supplementation (40 g whey) results

in higher MPS (91 % greater myofibrillar MPS over placebo) while those consuming
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just 20 g of whey displayed 44 % increase compared to volunteers who performed
without supplementation. Other workers (Rondanelli et al. 2016) have shown positive
results with EAA supplementation with regular physical activity in 130 sarcopenic
individuals (mean age 80 years) and 22 g whey (~4 g leucine) 68 % of the elderly
participants became non-sarcopenic through gains in fat free mass (~1.7 kg). These
data demonstrate that whilst ageing is an inevitable event in the natural course of life,
and concomitant reductions in muscle mass are to be expected, there is a potential
therapeutic intervention by way of nutrition/ exercise to slow the declines commonly

observed in those with more sedentary behaviours.

1.6. BCAAs in genetic metabolic diseases

Thus far, the regulation of BCAAs in healthy humans has been discussed and the
decades of investigations has generated a deeper understanding of how BCAAs are
metabolised in humans. Inborn errors of metabolism, such as maple syrup urine
disease (MSUD), highlight the potential importance of orderly regulation of BCAA
metabolism and the potential impact of elevated BCAA. A consistent finding however,
aside from hereditary diseases has been the association of concentrations of plasma

and intracellular BCAA activity with metabolic comorbidities.

1.7. BCAAs in obesity and diabetes

Despite the beneficial effects of BCAAs on whole-body health, there exists relationship
with elevated circulating AA, including BCAA and obesity, which was first reported in
the 1960’s (Felig, Marliss, and Cahill 1969b), and which has re-emerged more recently
and has been further supported using highly accurate analytical approaches, such as
metabolomics (Newgard et al. 2009; David et al. 2019; She, Reid, Bronson, et al.

2007). Further, a role for BCAA-metabolites, particularly of valine (3-HIB), has been
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shown to be elevated in diabetic individuals and facilitates increased fatty acid
transport within skeletal muscle leading to glucose intolerance (Jang et al. 2016).
Then, other workers showed that not only are BCAAs elevated in obese and type-2
diabetic (T2DM) individuals (Mihalik et al. 2010; Tai et al. 2010), but that they are also
strong predictors of future risk of these conditions regardless of ethnicity (Wurtz et al.
2013; Wang et al. 2011; Lu et al. 2016). A proposed model of how elevated BCAAs

contribute to IR is displayed in figure 3
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FIGURE 3. GENERAL OVERVIEW OF HOW INCREASED PLASMA BCAAS ARE IMPLICATED IN THE
PATHOGENESIS OF IR, HEALTHY OXIDATION OF BCAAS ISDISPLAYED BY THE DIAGRAM ON THE LEFT.
IN INSULIN RESISTANT INDIVIDUALS, INEFFICIENT CLEARANCE OF PLASMA BCAAS RESULTS IN
INCREASED APPEARANCE OF BCAAS, AND RELEASE OF HYDROXYACIDS SUCH AS 3-HIB, WHICH
FACILTATE ENTRANCE OF EXCESS LIPIDS IN THE MUSCLE. FIGURE ADAPTED FROM NEINAST ET AL
2019.
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A number of studies in this area has led to evidence around two central themes. Firstly,
that chronic activation of mTOR (of which, leucine is a potent stimulator; Yang et al.
2010; Melnik 2012), which promotes cellular growth in most cells, was demonstrated
(Newgard et al. 2009). In this study, rats were fed with a high-fat diet enriched in BCAA
which led to significant increase plasma levels of BCAA and increased mTOR
phosphorylation with concomitant reduced Akt expression in muscle. The same rats
were insulin resistant compared to their counterparts (who were fed standard chow)
despite equal body weights. The IR and impaired glucose tolerance of the non-obese
BCAA/ high fat rats were equal to those of obese high-fat diet-fed rats, an effect which
was counteracted by mTOR inhibitor rapamycin — indicating an interaction between
BCAA and dietary fat (Newgard et al. 2009). In support of this, BCAA deprivation in
mice has been shown to increase liver AKT activation leading to improved insulin
sensitivity (Xiao et al. 2014; 2011). Sustained activation of mTOR is known to promote
IR through serine phosphorylation of insulin receptor substrate (IRS-1) and IRS-2
which may be caused by aminoacidemia, especially leucine (Macotela et al. 2011) i.e.,
sustained nutrient availability associated with obesity. The basic premise here
suggests that increased demand of insulin over time elicits hyperinsulinemia and
exhaustion of pancreatic B-cells to the point where euglycaemia is no longer
maintained and T2DM ensues (Lynch and Adams 2014). However, it is unclear how
other potential mediators besides BCAAs contribute to this mechanism. Importantly,
although BCAAs are associated with the mTOR activation, exercise is also a potent
stimulator which is a known measure of counteracting the obesity and T2DM
characteristics, through improvements in IS (Holloszy 2005). Indeed, data
demonstrating that supplementation of BCAAs improves metabolic markers of health

despite increased mTOR activity (Macotela et al. 2011; She, Reid, Bronson, et al.
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2007). Further, studies have shown normalised levels of plasma BCAA following
gastric bypass surgery (She, Reid, Huston, et al. 2007; Laferrere et al. 2011; Magkos
et al. 2013) and others have shown this has no effect on mTOR activation
longitudinally (Magkos et al. 2013). Isoleucine alone has been reported to reduce
plasma glucose levels via skeletal muscle stimulation of glucose uptake by an
undefined mechanism (Doi et al. 2005; 2007). Taken together, these studies raise
doubts about the notion of chronic mMTOR activation promoting IR or T2DM. Indeed,
plasma BCAAs are consistently shown to be elevated in these individuals and the
cause of this is not well-defined. An obvious observation would be that in general
participants of this demographic consume more food (and protein), however higher
plasma BCAAs have been observed in individuals even after matching protein and
BCAA intake or after an overnight fast (Newgard et al. 2009; Tai et al. 2010; Wang et
al. 2011), and are complimented by studies demonstrating that whole body protein
breakdown measurements do not seem to differ to healthy counterparts (Luzi,

Petrides, and De Fronzo 1993; Biolo et al. 1992).

The second theme is that impaired BCAA catabolism could contribute to the increased
build-up of BCAAs in circulation. In support of this, is evidence of lower BCKDH protein
expression in the liver or adipose tissue of obese, diabetic or diet-induced obese mice
(She, Reid, Huston, et al. 2007). An elegant study by Zhou et al (Zhou et al. 2019)
demonstrated that treating obese mice or diet induced mice with 3,6,-
dichlorobenzo[b]thiopene-2-carboxylic acid (BT2) which is a pharmacological inhibitor
of BCKDH reduces plasma BCAA (and BCKA), attenuates IR and thus suggesting that
catabolic capacity of BCAA s critical decreasing plasma concentrations.
Unfortunately, few studies exist in which regulatory BCAA mechanisms are

investigated to establish cause—effect. Others have explored systemic
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hyperinsulinemia, by intravenous and/ or hyperinsulinemic euglycemic clamp lowers
circulating BCAA to a lesser extent in obese or diabetic individuals, suggesting IR may
be involved in elevating BCAAs (Schauder et al. 1983; Caballero and Wurtman 1991,
Forlani et al. 1984). More recently, an elegant study by Jang et al (2016) provide
important data linking 3-HIB (valine metabolite) as a paracrine regulator of cellular fatty
acid uptake into skeletal muscle. These authors found that, like BCAAs, 3-HIB was
elevated in db/db mice and in humans with T2DM, and by administering to rodents,
resulted in increased vascular fatty acid transport into skeletal muscles leading to
muscle lipotoxicity. Although supporting data is lacking, these aforementioned
processes are likely exacerbated by accumulation of fatty acids induced by IR
contributing to lipoxicity in the muscle tissues. Therefore, it has been proposed that
development of IR is driven by the reduced catabolic capacity of BCAA across multiple
organs (Newgard 2012). Indeed, this is supported by studies demonstrating
attenuated postabsorptive rate of MPS compared to healthy controls (Murton et al.
2015), accompanied by greater mTOR activity (Tran et al. 2018), suggesting the

muscles display an altered response to MPS despite continued AA availability.

It is important to note however that the increase seen in aforementioned studies are
not due to recent (e.g., within a few hours) of eating, as studies cited were measured
following an overnight fast. However, that is not to say that overeating and sustained
nutrient disposal per se is not important in obesity. Although numerous studies over
the years have promoted BCAA supplementation in promotion of lean body mass and
as an ergogenic aid for promoting weight loss in the obese, the negative associations
with increased levels of BCAA in metabolic disease have been demonstrated and this
raises important questions as the cause-effect relationship between BCAA and

metabolic disease and muscle health.
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1.8. Role muscle health and BCAAs in chronic respiratory diseases

COPD is the manifestation of a multifactorial and complex interplay of long-term
exposure to noxious gases and particles leading to chronic, irreversible airflow
limitation (Ghosh et al. 2016b; Singh et al. 2017), and a host of systemic effects
(discussed in section 1.8.4). Inhalation tobacco smoke is the most common risk factor
of developing COPD, has been consistent in numerous investigations in both animals
(Churg, Cosio, and Wright 2008) and humans (Celli and Macnee 2004; Buist et al.
2007). It is defined by the Global Initiative for COPD (GOLD), as a preventable and
treatable disease characterised by progressive airflow limitation caused by prolonged
exposure to noxious particles or gases (Strategy et al. 2017; Celli et al. 2015). In
2001, the World Health Organisation (WHO) predicted COPD to be the fifth leading
cause of death, and this is expected to rise to the third leading cause of death by 2020
(Lopez, Shibuya, et al. 2006; Lopez, Mathers, et al. 2006). Moreover, approximately 3
million people died as a consequence of COPD in 2012, which accounts for 6% of
deaths worldwide (Strategy et al. 2017). The onset of COPD is gradually progressive
in its nature, with patients typically diagnosed during midlife (Buist et al. 2007), and is
responsible for a growing cause of morbidity and mortality worldwide, largely due to
its association extra pulmonary effects (Strategy et al. 2017; Lopez, Shibuya, et al.

2006; Lopez, Mathers, et al. 2006).

Patients with COPD display dominant features, chronic bronchitis (Pauwels and Rabe
2004) and emphysema, which are often referred together with airflow obstruction
being the cardinal feature (Fischer, Pavlisko, and Voynow 2011). Further, the natural
course of COPD is accelerated with frequent bouts of exacerbations (Gulcev et al.
2016), which accelerate lung function decline and thus limits physical activity.

Consequently, quality of life is reduced and the risk of death is increased (Scioscia et
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al. 2016). In addition, episodes of exacerbations represent the second most common
cause of emergency hospital admissions (Bartolome R Celli et al. 2015; Guarascio et
al. 2013), placing a great strain on healthcare professionals. Taken together, with an
ageing population (Lopez, Shibuya, et al. 2006) and continued exposure to COPD risk
factors (Strategy et al. 2017), the burden is substantial and predicted to increase in
coming decades, and therefore places a significant economic burden on healthcare

systems worldwide (Gulcev et al. 2016; Pauwels et al. 2001).

1.8.1. Methods of assessment of COPD

To date, classification of patients with COPD has relied upon measurement of airflow
limitation through forced expiratory volume in 1 second (FEV1) (Barton 2011), which
is traditionally used to evaluate its diagnosis, progression and subsequent treatment
(Vestbo and Anderson 2008). Pulmonary function mechanics such as FEV1 and FVC
provide a snapshot which only reflects the cumulative changes in all affected biological
compartments (Fischer, Pavlisko, and Voynow 2011). However, COPD is now widely
recognised as a heterogeneous disease, and so FEV: is unable to capture many
features such as perturbed BCAA metabolism, and including disease progression,
especially in the early stages (Vestbo and Anderson 2008). For example, similar FEV1
results between patients may show different underlying pathologies, e.g., increased
inflammation, muscle dysfunction and cardiovascular disease are all features
associated with COPD which cannot be detected by spirometry (Ghosh et al. 2016a),
therefore identifying biomarkers reflecting the underlying pathology of different COPD
subtypes, and in response to therapeutic interventions (exercise or nutrition) are

needed.

36



1.8.2. Causes of COPD

1.8.3. Genetic susceptibility to COPD

The risk of developing emphysema is increased with a rare (Pauwels and Rabe 2004),
but well-known genetic disorder resulting in plasma deficiency of protease inhibitor,
az-anti-trypsin (ATT) (Laurell and Eriksson 1963). The deficiency is a result of a
mutation in the alAT gene, and is a potent anti-protease produced in the liver which

functions as an inhibitor of neutrophil elastase (NE), released by the leukocytes.

1.8.4. Systemic effects of COPD

As mentioned in section 1.8. COPD causes hallmark features such as progressive
airflow limitation as a consequence of inflammation and remodelling of airways,
however there are systemic features accompanying the disease such as reduced

body/ muscle mass and undernutrition resulting in a greater disease burden.

1.8.5. Skeletal muscle wasting

Health outcomes and survival rates of patients with COPD are adversely affected by
concomitant chronic comorbidities such as skeletal muscle wasting and reduced
functional capacity. As such, a large number of COPD patients die from non-
respiratory failures (Fabbri and Rabe 2007). Indeed, there is an appreciation of these
clinically relevant systemic consequences such as weight loss, accompanied muscle
loss, reduced strength and malnutrition (Wilson et al. 1989; Creutzberg et al. 2003;
Nishimura et al. 1995) often leading to reduced functional capacity, and how they may
contribute to better understanding and management of the disease. Of these systemic
features, reduced skeletal muscle mass is a prominent and important one because it
exacerbates the declines in muscle mass comprises physical activity (Fabbri and Rabe

2007; Agusti 2007) which predicts morbidity and mortality independent of lung
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deterioration (Marquis et al. 2002; Swallow et al. 2007; Vestbo et al. 2006). A
significant portion of COPD patients are characterised by fat-free mass (FFM) wasting
and altered muscle (and plasma) amino acid profiles, which suggest perturbations at
the metabolic level (M. P. K. J. Engelen, Deutz, et al. 2000; Yoneda et al. 2001). This
is important because skeletal muscle represents the largest organ in the body,
(Bonaldo and Sandri 2013) and earlier sections highlighted its important roles, such
as in insulin-mediated glucose disposal and muscle protein turnover, and as a
reservoir of amino acids that can be utilised during times of stress and starvation
(Rennie 1985; Rennie 1990). Indeed, studies on patients with severe COPD have
reported reduced thigh cross-sectional area, and significant loss of skeletal muscle
represent a contributing factor to developing metabolic diseases and impaired glucose
tolerance (Parr, Coffey, and Hawley 2013), as well reduced oxidative capacity making

physical activity an arduous task (Wagenmakers 1999).

Significantly reduced FFM in COPD patients suggest perturbations in intermediary
metabolism, and several studies report significant disturbances in plasma AA of
patients with stable and severe COPD. For example, Schols and workers (Schols et
al. 1993) demonstrated reduced FFM in COPD patients, despite being of normal whole
body mass. Bernard et al. (1998) examined thigh CSA of COPD (~83 cm?) patients
and found a significantly reduced mass compared to healthy controls (~110 cm?).
Reduced CSA was shown to be accompanied with reduced skeletal muscle strength,
contributing to exercise intolerance whilst also shown to be associated with healthcare
utilisation (Decramer et al. 1997). Specifically, a role for decreased plasma levels of
BCAA in COPD has been described (Yoneda et al. 2001), whereby they have

significantly associated with weight loss, decreased muscle mass % FEV:1.
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To this end, studies by Ubhi and co-workers (Ubhi, Cheng, et al. 2012; Ubhi, Riley, et
al. 2012) report metabolomic data in support of increased muscle loss (measured by
increased 3-methylhistidine concentration) in COPD patients of various stages, i.e.,
markers of increased protein turnover in all patients, however losses were most
profound in those with predominant emphysema and accompanied with decreased
concentrations of (BC)AA’s. For example, well-characterised COPD patients with
predominant emphysema (as per CT scan) were revealed to have significantly lower
BCAAs and 3HIB compared to severe (GOLD IlI) COPD patients. In addition, these
same workers (Ubhi, Riley, et al. 2012) used partial least squares (PLS) multivariate
analysis to reveal increased CRP (suggestive of systemic) inflammation in all patients
which uniquely correlated with selected AA (i.e. phenylalanine, histidine and valine).
Further, they were able to stratify COPD patients with cachexia who had significantly
increased concentration of phenylalanine, glutamine and serine (p < 0.0001 compared
to non-cachectic; Ubhi et al. 2012). A common feature in both studies were the
increased concentrations of 3-MH, a surrogate marker suggesting of increased MPB

(Elia et al. 1981).

Several authors (Ubhi, Riley, et al. 2012; Ubhi, Cheng, et al. 2012), plus others before
them (Yoneda et al. 2001; Pouw et al. 1998) have consistently shown losses of lean
mass associate with COPD across varying stages, as well as lower BCAAs in plasma
compared to age-matched controls (M. P. K. J. Engelen et al. 1998; Engelen et al.
1999). In particular, low leucine concentrations in plasma have been shown by
Engelen et al (M. P. K. J. Engelen, Deutz, et al. 2000) and Hofford et al (Hofford et al.
1990) which was the main driver of decreased sum total BCAA. The majority of
BCAAs and glutamine reside in the muscle free amino acid pool, and are therefore

key to regulating lean mass, protein metabolism and degradation. Since muscle loss

39



is a prominent feature in COPD patients, it is unsurprising that we observe consistent
features, such as increased AA, including BCAA and markers of increased protein
breakdown in plasma (discussed below). BCAA are not only important in whole-body
health (key players in protein turnover (Neinast et al. 2019) but may also offer
prognostic value (i.e., metabolic ‘signature’; Newgard et al. 2009) and these more
accurate techniques of disease classification provide a basis to work upon, since
traditional measures of disease classification (such as FEV1) do not fully capture

systemic manifestations (Engelen, Schols, et al. 2000; Schols et al. 1993).

1.10. Impacts of exercise on muscle mass and function in COPD

Loss of Skeletal muscle function leads to reduced activity in COPD patients, therefore
various exercise training modalities may be an essential component in pulmonary
rehabilitation, especially since muscle is a potential therapeutic target to alleviate

dyspnea, fatigue and exercise intolerance (Man et al. 2009).

1.12. Endurance exercise

Endurance exercise (EE) training, for example ground walking or cycling, improves
peak oxygen uptake in healthy individuals, in young and old (Kohrt et al. 1991; Wibom
and Hultman 1990) to 4.9 mlskg*min in comparison to untrained controls (Milanovic,
Sporis, and Weston 2015). Unsurprisingly, EE has recognised benefits for those
suffering with COPD (McConnell and Gosselink 2014). The magnitude of
improvements in aerobic capacity are limited in these individuals due to reduced
ventilatory capacity (Plankeel, McMullen, and Macintyre 2005), however even in those
who are unable to reach their peak, submaximal capacity stands to improve,
independent of lung function (Spruit et al. 2002). A major concern in the use of EE in
COPD patients is selection of intensity, since sufficient (usually high) intensities are
problematic for patients to complete (LeBlanc et al. 1996). Negating this limitation,

40



Vogiatzis and coworkers (2005) report interval training in conjunction with pulmonary
rehabilitation resulted in increases in peak power, quadriceps capillary: fibre ratio and
citrate synthase activity in comparison to work-matched continuous cycling,
suggesting that adaptation occurs however with lower reports of leg discomfort and
dyspnoea. Others have shown that unilateral training in COPD patients to be superior
compared to bilateral cycling (Dolmage and Goldstein 2008; Bjgrgen et al. 2009). The
likely explanation here is the less relative burden on ventilation and therefore more

stimulation of cardiovascular system to aid in exercise adaptation.

1.13. Resistance exercise

Resistance exercise training (RET) has shown some promise in COPD patients, and
may be preferred since cross-over (aerobic capacity) effects are observed (Frontera
et al. 1990). The specificity of resistance exercise exploits the plasticity of skeletal
muscle remarkably well, representing an effective and therapeutic strategy to counter
the loss of muscle mass seen in chronic diseases, even in old age (Fiatarone et al.
1990). Implementation of RET programmes has demonstrated consistently positive
results regarding lung function (Clark, Cochrane, and Mackay 1996; Richard Casaburi
et al. 2004), which is also reflected in muscle strength and CSA (Bolton, Bevan-Smith,
and Blakey 2014). Other works detail promising interventions involving
supplementation of testosterone (Richard Casaburi et al. 2004) and ergogenic
(leucine, vitamin D and omega-3 fatty acids) aids (van de Bool et al. 2017) in the
context of increasing muscle mass, strength and aerobic capacity. Studies looking at
the role of cell signalling proteins in muscular hypertrophy in COPD patients has
shown promising results. Constantin et al (2013) provide supportive findings with
temporal data of a range of molecular signalling targets response to resistance (knee

extension) exercise. These authors found thigh lean mass increased from baseline
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(6.2 %-fold-change) and was maintained up until the final time point (8-weeks) in
COPD, which was matched by healthy controls (5.4 %-fold-change). This was
supported by an exercise—induced increases in the ratio of phosphorylated: total
protein expression in those regulating MPS (AKT, P70S6K, 4EBP1, Reddl1) and MPB
(20sproteoasome, MAFbx, MuRF1) from baseline compared to 8-weeks, although the
magnitude of increase was greater in the healthy controls suggesting an impairment
of the protein synthetic machinery in COPD patients, despite the similar increases in
strength and thigh lean mass. These data suggest that the responsiveness to RET in
COPD is preserved (albeit from a depleted baseline), and that physical inactivity
resulting in disuse is a key factor in muscle wasting and deconditioning in COPD, a
notion which has been supported by other workers (Vonbank et al. 2012; O’ Shea,

Taylor, and Paratz 2009).

Undoubtedly, low levels of physical activity is common in COPD cohorts (Pitta,
Troosters, and Probst 2006; Pitta et al. 2005; Walker, Burnett, and Flavahan 2008)
and a positive association between reduced physical activity and increased mortality
has been shown (Waschki et al. 2011). In contrast, increasing physical activity is
associated with more favourable outcomes in COPD cohorts, such as increased
independence and reduced risk of hospital admission (Garcia-Aymerich et al. 2003;
2006). However, it is important to recognise that since individuals with COPD are
generally more sedentary compared to age-matched controls (Cavalheri et al. 2016),

exercise will likely induce improvements in muscle function and adaptation.

1.9. Summary and aims
Skeletal muscle and constituent proteins/ amino acids, serve important metabolic and

physiological roles both during normal health but also when the body is perturbed such
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as in disease states. In these instances, such as with COPD, and advancing age,
patient outcomes will worsen, for example reduced muscle size is a risk factor from
hospitalisation of an exacerbation of chronic respiratory diseases (Greening 2014). As
discussed, BCAAs are indispensable in their role as key players in protein
homeostasis, for exercise-induced muscle gains and fuel where required. The
rationale for measuring BCAAs is that since loss of mass, particularly of muscle in
those with COPD, and poor nutritional behaviours commonly observed in the those
with IR and obesity, plasma BCAAs are ideal to measure since they have been shown
to relate to markers of disease and respond to functional outcomes (such as increased
mass and function) as well as metabolic markers such as insulin sensitivity.
Furthermore, exercise responses have been well-studied in those with COPD, the
response of plasma BCAAs under such interventions are yet to be defined. Consistent
reports of BCAA association with obesity and insulin resistance, a marker of muscle/

protein loss in COPD cohorts suggests their role is not fully elucidated.

Therefore, present thesis will make attempts to add knowledge in this area, principally
by investigating plasma concentrations of BCAAs in separate studies, during normal
health, ageing, calorie restriction (+/-) exercise regimes and also in two distinct COPD

phenotypes (stable vs exacerbated). The specific aims of each chapter are as follows:

43



Chapter 3 (Longitudinal RET study): The aims of this retrospective study were to
evaluate the effects of a longitudinal exercise intervention on advancing age with
regards to lean mass and strength. A further aim was to determine whether a
relationship between IS and BCAA holds in healthy individuals, and if there exists an
association between advancing age and plasma BCAAs. Finally, the effects of a
structured RET regime was tested to determine whether this would impact a
relationship between BCAAs and markers of metabolic health. The hypothesis of this
study was that ageing would be associated with increased BCAA, and that RET would
reduce BCAA. It was also hypothesised that reduced BCAA would be associated with

improvements in IR.

Chapter 2 (Six-weeks calorie restriction, alone or combined with exercise): Next,
we sought to confirm the relationship between plasma BCAAs and IS in a separate
study in a cohort of obese men. Additionally, the relationship between IS and BCAA-
related handling enzymes and candidate genes were investigated, both following a
period of severe calorie restriction. Further, the cohort was divided into groups
comprising of severe calorie restriction (VLCD) alone and VLCD + RET and VLCD +
HIIT to investigate the effects of weight loss and exercise on BCAAs and its
association with IS. The hypothesis of this study was that BCAA would be elevated in
the obese, and that ensuing weight loss and reductions in IR would be associated with

a ‘normalisation’ of BCAA, which would relate to improvements in IS.

Chapter 5 (Eight weeks of endurance exercise in individuals with stable COPD):
Next, the aim of this study with retrospective analyses was to evaluate the effects of
8-weeks supervised EE in the form of cycling exercise on markers of lung function and
aerobic capacity in individuals with stable COPD compared to age-matched controls.

Since selective wasting of lean mass and alterations in BCAAs commonly observed
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in those with COPD, a further aim was to evaluate whether plasma BCAAs can reflect
changes in respiratory health in patients with chronic respiratory disease. A further aim
was to determine whether an exercise response would correlate to changes in plasma
BCAAs, and whether these would relate to lean mass and aerobic capacity. The
hypothesis of this study was that individuals with COPD will experience smaller
changes to aerobic capacity compared to control, and this exercise response would

be reflected in the plasma BCAA.

Chapter 6 (Six-week early rehabilitation programme commenced in individuals
admitted to hospital with an acute exacerbation of COPD): The aims of this study,
a retrospective analysis, was to determine whether a novel, early rehabilitation
programme, consisting of RET and aerobic-based exercises (supervised initially)
would improve functional outcomes in patients with COPD (muscle CSA, thickness,
strength), whom had been admitted to hospital following a bout of exacerbation.
Secondly, since muscle wasting is a dominant feature of individuals who experience
exacerbations, and decreased BCAAs have been reported compared to stable COPD
and healthy individuals, it was investigated whether improvements in plasma BCAAs
would reflect changes in functional improvements with a more severe form of chronic
respiratory disease. The hypothesis of this study was that those with severe COPD
would display decreased BCAAs compared to stable COPD, and an early
rehabilitation intervention would elicit greater improvements in muscle function and

size resulting in normalisation of plasma BCAAs
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CHAPTER TWO: GENERAL METHODS
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2.1. Participant recruitment and medical screening

With the exception of the results presented chapter 4 (VLCD intervention), the thesis
contains data generated from retrospective analyses — two of which, chapter 3 (Phillips
et al. 2017) and chapter 6 (Greening et al. 2014), have been published. Prior to
commencement onto any studies, all participants had the study explained to them,
including any risks, before providing written consent. Participants of chapters 3 and 4
performed activities of daily living and were recruited from the Derbyshire and
Nottinghamshire areas by poster advertisements and letters sent to individuals of
required age and health categories. Participants in these two studies were excluded if
they had had evidence of cardiovascular disease, cerebrovascular diseases including
previous stroke, respiratory disease including pulmonary hypertension or COPD,
T2DM, musculoskeletal diseases or any disease requiring long-term drug treatment.
Participants of chapter 5 (COPD) were who had obstructive spirometry with lung
function FEV1 <80 % predicted, MRC grade 3-5 but stable COPD with no episodes of
exacerbation in the last 4 weeks were enrolled into the cycling exercise intervention.
Participants of chapter 5B were enrolled within 48 h of admission to hospital for an
episode of exacerbation of COPD and randomised into one of two groups. Exclusion
criteria for the COPD studies were the presence of acute cardiac events, any
musculoskeletal, neurological or psychiatric comorbidities and all participants had

capacity to consent to study interventions.

2.2. Participant characteristics and ethical approval

In the RET study, three participants consisting of young (18-28, n = 8, BMI: 24+1
kg/m?), middle—aged (45-55 years, n =9, BMI: 27+1 kg/m?) and older (65—75 years, n

= 15, BMI: 27+1 kg/m?) were recruited for 20-weeks progressive RET (men and
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women, ~50:50were screened by medical questionnaire and physical examination,

where clinical chemistry blood profiles and ECG were conducted.

The VLCD study consisted of a total of 26, non-diabetic men whom followed 6-weeks
VLCD (mean age 43.9 + 9 y BMI 32.2 + 2.9 kg/m?) intended for weight loss and
improvements in metabolic health. Participants were overweight, but non-diabetic and
participants who suffered from any cognitive or metabolic disorders were not enrolled
on this study. Individuals for both of the aforementioned studies were not taking any
prescribed medications, were normotensive (< 140/ 90 mmHg) and were instructed to
continue activities of daily living but not participate in any formal exercise. Study
sessions for both chapters 3 and 4 were performed at the University of Nottingham
Medical School at the Royal Derby Hospital centre and were fully supervised by a
single member of research staff. The University of Nottingham Faculty of Medicine
and Health Sciences Research Ethics Committee (D/2/2006-B12092016) reviewed

and approved these studies, and both complied with the 2013 Declaration of Helsinki.

With the exception of the healthy, older controls, all participants of chapter 5 suffered
from COPD of varying severity (MRC grade 3-5) with a selection enrolled onto the
study after 48 h of admission to hospital following a bout of exacerbation (Greening et
al. 2014). These COPD studies were reviewed by the NHS National Research Ethics
Services (West Midlands — Coventry and Warwickshire; 13/WM/0075) and Nottingham
REC1 committees (09/H0403/76), steady COPD and exacerbated individuals,
respectively. Elderly, steady state COPD (n = 18 6 male and 12 females, mean age
68.8 + 5.6 years, BMI: 31.1 £ 6.6) were recruited via pulmonary rehabilitation waiting
lists and mailshot respondents. Patients were clinically diagnosed with COPD and
obstructive spirometry with lung function FEV1 <80& predicted, with no episodes of

exacerbation of COPD in the last 4 weeks. Patients who had episodes of exacerbation
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were randomised within 48 h to a usual care group (n = 10, mean age 68.2 + 12.1,
BMI: 23.8 + 5.9 kg/m?) or early rehabilitation group (n = 10, mean age 72.4 + 3.7, BMI:
25 + 6.3 kg/m?). Participants who were unable to consent to these studies, or had
acute cardiac events or the presence of any musculoskeletal or neurological
comorbidities were excluded from the study. In addition, participants were excluded if
more than four emergency hospital admissions had occurred in the previous 12

months of the study enrolment.

2.3. Conduct of the studies
2.3.1. Progressive RET programme

The progressive RET programme required all participants to report to the laboratory
at 090:00 h, following overnight fast from 21:00 h the evening before. Participants were
instructed to refrain from strenuous exercise (72 h prior), alcohol or caffeine (24 h
prior). The RET programme was designed to achieve muscular hypertrophy following
previously published recommendations (Singh 2002) for exercise intensity and
duration. Therefore, supervised members of the research team were present at every
session to deliver 60-minute sessions for 3 times a week over the course of 20 weeks.
These sessions included two sets of 8-12 repetitions for three upper and three lower
body exercises. To adhere to progressive overload principles and maintain 70 %

intensity, testing of 1-RM was conducted every 4 weeks.

2.3.2. Six-weeks of VLCD +/- exercise

A total of 26 volunteers participated in a 6-week calorie restriction study (VLCD), with
n = 16 of those randomised into RET and HIIT arms of the VLCD study. Every
participant followed a diet consisting of 4 meals per day, which totalled ~600 kcal/ day
with an additional 200kcal/ day permitted (in the form of fruit, vegetables or meat) to

maintain motivation of adherence. The meal replacement diets were provided by
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Lighter life (Harlow, Essex, U.K.), and provided a total of 50 g protein, 50 g
carbohydrate, and ~17.3 g fat which delivered 100 % RDA of vitamins and minerals.
Those in the RET group were tested for 1RM at baseline and prescribed a combination
of machine-based upper and lower body exercise (3 each), following a warmup,
supervised by a member of research staff. The frequency of sessions were three times
per week, with strength tests carried out every 14 days to ensure relative intensity
remained constant. Baseline CPET was conducted on a cycle ergometer (Lode
Croival, Groningen) with inline gas analysis system (ZAN 680, nSpire Health,
Colorado, USA) using a standard 15 w/ min ramp protocol following two min period of
unloaded cycling. Participants were instructed to maintain ~55 RPM cadence and
verbally encouraged throughout. The test was complete once the participant had
indicated their maximum has been reached, via the Borg scale. ECG, blood pressure
and pulse were monitored throughout. HIIT training sessions were performed on the
same cycle ergometer and were prescribed a protocol involving 60 seconds of high
intensity cycling at ~95 % watt max, repeated 5 times and interspersed with 90 s of
recovery. Sessions started with 2 minutes of warm up and cool down, and the intensity
was calculated from pre-determined maximal aerobic capacity. Session frequency

was 3 times/ week and supervised by a trained member of research staff.

Collection of muscle biopsy

Participants of the VLCD study described in chapter 4 had baseline fasting biopsies of
m. vastus lateralis taken under sterile conditions via the conchotome biopsy method
(Dietrichson et al. 1987) under local anaesthetic conditions (1 % lidocaine; B. Braun
Melsungen, Melsungen, Germany). Once collected, muscle was rapidly dissected free

of fat and connective tissue, washed in ice-cold phosphate-buffered saline (PBS),
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blotted dry before it was frozen in liquid nitrogen. All samples were stored at -80°C

until further analysis.

2.3.3. Endurance cycling intervention in stable COPD patients

Patients with stable COPD attended Glenfield Medical centre for baseline
assessments and familiarisation split over two days. Testing included quadriceps
strength (MVC) and CPET measurements. Exercise tests were separated by a
minimum of 30 minutes recovery time, which is in-line with published guidelines
(Holland et al. 2016), i.e. heart rate, ventilation and respiratory capacity exchange ratio
returned to resting values before commencement of a second test. Peak exercising
capacity was achieved by a ramp protocol of 5 W/ minute to 30 W/ minute with
increments of 1 W until exhaustion. Tests were terminated if participant was unable to
maintain a 60 RPM cadence. VO2PEAK was defined as the highest oxygen uptake (L/
min) during loaded pedalling. Participants then commenced an 8-week (three sessions
a week) of aerobic cycling, with a gradient of 1 w/ minute to a maximum of 65 %
intensity with cadence encouraged to be maintained at 60 RPM. Cycling resistance
was adjusted at 4 weeks to ensure intensity remained constant. Measurements of
body composition, where described, were achieved via DXA (Lunar Prodigy I, GE
Medical systems, Buckinghamshire, United Kingdom) and regions automatically
assessed by integrated software packages (Encore software, GE Healthcare). Fasted
blood samples were obtained from the antecubital vain and collected into vacutainers
containing lithium-heparin. Once collected, samples were centrifuged at 2000 g of

force for 20 minutes at 4 °C.
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2.3.4. An early rehabilitation programme in COPD patients following an episode
of acute exacerbation

Exacerbated COPD patients who were randomised in the usual care group received
standard hospital care delivered by a respiratory physiotherapist which included
techniques for airway clearance, assessment and supervision of mobility and advice
on smoking cessation. Participants within the early rehabilitation group commenced
the intervention within 48 hours of admission. Accompanied by the standard usual
care, they also received daily supervised volitional (strength and aerobic) training.
These were performed by the patient bedside and following discharge participants
were provided with a home-based programme and monitored by telephone
consultations. The exacerbated patients received 7 days of supervised delivery, with

the remaining 5 weeks performed by the patient, unsupervised by research staff.

2.4 Analytical methods

Determination of plasma AA concentrations of each participant were determined by
the addition of stable isotopically labelled internal standards and prepared according
to previously published protocols from our lab (Wilkinson et al. 2013). Fasted plasma
samples (100-200pL) were precipitated with 1 ml ice-cold ethanol and centrifuged at
10000 rpm for 5-min, the supernatant removed and evaporated to dryness under
nitrogen at 90°C, followed by re-suspension in 0.5M HCI. Ethyl acetate was then
added to aid in separation, and samples were vortexed thoroughly before the upper
ethyl acetate layer (containing lipids) was removed. The agqueous AA-containing layer
was decanted and evaporated to dryness under a steady flow of nitrogen at 90°C. A
pooled plasma QC sample was prepared with each batch and injected throughout to
monitor instrument performance. This was achieved by pooling small aliquots of each

study sample and thoroughly mixing. Aliquots of study-specific samples were used to
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closely mimic metabolite composition of samples being measured, with the aim to

account for analyst and analytical intra- and inter- batch variations.

To permit GC-MS analysis, AAs were derivatized as their t-BDMS forms. Dried residue
samples were suspended in equal volumes of acetonitrile and N-Methyl-N-(tert-
butyldimethylsilyl)trifluoroacetamide (MTBSTFA), followed by thorough vortex.
Samples were then allowed to react by incubation at 90°C for 45 min, thus converting
the AA’s to their t-BDMS derivatives (Wilkinson et al. 2013). Amino acid samples were
then ready for GC-MS analysis, and concentrations determined with reference to a
calibration curve of standard amino acids of known concentration. A representative

example of the chromatogram searching for masses of BCAAs is displayed in figure 4
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CORRESPONDING ISOTOPICALLY LABELLED INTERNAL STANDARDS, NORLEUCINE WAS USED FOR QUANTIFICATION OF ISOLEUCINE.
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2.5. GC-MS conditions

A total of 0.5ul of sample (t-BDMS) was injected into an ISQ Trace 1300 single
quadrupole GC-MS (ThermoFisher Scientific Hemel Hempstead, UK) for plasma total
AA. BCAAs from stable COPD patients were determined using a TSQ 9000 Triple
quadrupole GC-MS (ThermoFisher Scientific Hemel Hempstead, UK). Split injection
mode (1:10) was used, at an initial oven temperature of 100°C, held for 1 min, with a
temperature ramp of 12°C/ min to 300°C and held for 5 min. Helium was used as a
carrier gas at a flow rate of 1.5mL/ min, and separation was achieved on a 30 m RXxi-
5MS (0.25mm internal diameter, 0.25um film-thickness) fused silica column (Restek,
Bellafonte, Pennsylvania). A selected ion monitoring scan (SIM) was created to search
specifically for amino acid standards for Leucine (m/z 302), isoleucine (m/z 302) and
valine (m/z 288), with corresponding isotopically labelled internal standards (304 and
289 for leucine and valine, respectively), or Norleucine (m/z 302) for isoleucine

guantitation, included in the SIM.

2.6. Immunoblotting procedures

Immuoblotting was performed on muscle samples for participants in the VLCD studies
only. For BCAA-related enzymes, muscle samples (~10 mg were muscle) were used
to extract muscle protein content in radioimmunoprecipitation (RIPA) buffer (50 mM
Tris HCI pH 7.4, 150 mM NacCl, 1 % Triton X-100, 0.5 % Sodium deoxylcholate, 0/1 %
sodium dodecyl sulfate). To prepare samples, 50 ul of RIPA buffer was added per mg
of wet weight muscle and homogenised with scissors, followed by sonication and
centrifugation. Supernatant was carefully collected for protein quantification using the
bicinchoninic acid (BCA) assay (Smith et al. 1985) with a commercially available BCA

assay kit (Thermo Finnigan, Thermo Scientific, Hemel Hempstead, U.K.). Once
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protein concentrations were determined, samples were standardized to 1 mg/ by
dilution with x3 Laemmli loading buffer and heated for 5 min at 95 °C. Samples
containing 10 pg / ml protein and cross-gel quality controls were loaded on to a
Criterion XT Bis-Tris 12 % SDS-PAGE precast gel (Bio-Rad, Hemel Hempstead, U.K.)
for electrophoresis at 200 V for 60 min. Following protein separation (Bass et al. 2016),
samples were transferred to polyvinylidene difluoride (PVDF) membranes for electro-

transfer at 100 V for 45 min.

Membranes were subsequently blocked with non-fat dry milk (2.5 % diluted in Tris-
buffered saline Tween 20 [TBST]) 1 hour at ambient temperature. Membranes were
then incubated overnight at 4 °C under gentle agitation, in the presence of the following
antibodies (all diluted 1:200 in 2.5 % bovine serum albumin in TBST) branched chain
amino acid transaminase 1 (BCAT1), branched chain amino acid transferase
mitochondrial (BCAT2), branched chain alpha-keto acid dehydrogenase complex
(BCKDH-Ela) and Phospho-BCKDH-Ela (p-BCKDH)Se?%3 (all Cell-Signaling
technology, Leiden, The Netherlands). The following day, membranes were washed
(3 x 5 minutes) with TBST and incubated for 1 hour at room temperature soaked in
horseradish peroxidase-conjugated anti-rabbit secondary antibody (New England
Biolabs’ 1:200 in 2.5 % BSA in TBST). Finally, membranes washed for 3 X 5 min in
TBST and incubated for exactly 5 min with enhanced Chemiluminescent HRP reagent
(Millipore Corp., Billerica, MA, USA). Bands were quantified on a Chemidoc MP (Bio-
Rad, Hemel Hempstead, U.K.) by peak density and normalized to Coomassie brilliant
blue staining of the membranes (Welinder and Ekblad 2011) and software measures
were taken to prevent band saturation and protein-loading anomalies were corrected
to total Coomassie protein (Welinder and Ekblad 2011). Values were subsequently

normalised to corresponding baseline value before statistical analysis. An example of
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the immunoblotting images is displayed in figure 5.
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FIGURE 5. REPRESENTATIVE EXAMPLE OF IMMUNOBLOT OF BCAA-RELATED ENZYMES
2.7. Muscle gene expression analysis

To investigate changes in muscle gene expression following VLCD, ~10-15 mg of
muscle tissue was homogenised for RNA content in TRIzol™ (Invitrogen, Thermo
Fisher Scientific) with the addition of a stainless-steel bead (Tissue Lyser I, Quigen,
U.K.) for 2 minutes at the frequency of 30 s, according to manufacturer’s instructions.
RNA quality and quantity were then measured by spectrophotometry (NanoDrop 2000,
Thermo Scientific). A high-capacity cDNA reverse transcription kit (Applied
Biosystems, Thermo Fisher Scientific) was used to reverse transcribe 500 ng of total
RNA which were then diluted 1:10. Precisely 1 ul of 1:10 diluted cDNA (in triplicate)
was individually added onto a 384 optical well plate (Life Technologies). Exon-exon
boundary specific primers were mixed with SYBR Select Master Mix (Thermo Fisher
Scientific), and RNase-free water and addition of 6 ul mixed solution with 1 ul of each
cDNA, were added to the wells. Real-Time quantitative PCR (qPCR) was performed
on a ViiATM 7 PCR System (Life Technologies). The AACt method (Schmittgen and
Livak 2008) was used to quantify target mRNA expression, with RPL13A being used

for normalisation. Primer sequences for each of the probed genes are listed in table
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1. Primer validation of target genes were carried out prior to analysis and a melt curve
plot of this is displayed in figure 6. Serial dilutions of cDNA were performed in triplicate
(1:5-1:80) to generate a standard curve before efficiency of each amplification was
calculated based on the slope of the curve generated by each primer. Primers

reaching 90-110 % were accepted for subsequent analysis.
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Table 3. The following primer sequences were used to measure gene expression described above.

RPL13A Fwd 5'-TAAACAGGTACTGCTGGGCCG-3’
Rev 5'-CTCGGGAAGGGTTGGTGTTC-3
BCAT 1 Fwd 5’-GGCTACGACCCTTGGGATCT-3’
Rev 5-GTCCCCACCACCTCTTTTGA-3’
NDUFB3 Fwd 5’-GCTGGCTGCAAAAGGGCTAA-3’
Rev 5’-CAGCTCCTACAGCTACCACAA-3’
PPM1K Fwd 5’-CCGCTTTGACTGCTTGCTTC-3'
Rev 5-GAGGAGCTTTCTTGGTCGGT-3'
PCCB Fwd 5’-AGGAGTGGAGTCTTTGGCTG-3’
Rev 5-TCTGTTAGGGCTGGGGAGTA-3’
SDHB Fwd 5’-GCTACTGGTGGAACGGAGAC-3’
Rev 5’-GCGCTCCTCTGTGAAGTCAT-3’
ALDH6A1 Fwd 5’-GAGCTGATCTTGGCCCTCTG-3’
Rev 5’-GCTCCCTCCTTTGTTCCACT-3’
HIBADH Fwd 5’-ATGGATGCCCCTGTTTCTGG-3'
Rev 5’-CCACAGTACACCACGTTGGA-3’
KLF15 Fwd 5’-GGGAGAGAGGTGAAAAGCGT-3'
Rev 5’-TTGTCTGGGAAACCGGAGGA-3’
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2.8. Insulin and glucose concentrations

Plasma insulin and glucose concentrations were determined for RET and VLCD
studies, as well as lipoprotein in RET study only. Samples were analyzed at baseline
and following respective interventions, as reported (Phillips et al. 2017). In brief,
plasma insulin and glucose were measured in duplicate, using undiluted samples.
Insulin was assessed via a high-sensitivity human insulin ELISA (DRG Instruments
GmbH, Marburg, Germany) according to the manufacturer's instructions. Plasma
glucose was measured using a clinical chemistry analyser (ILAB 300 Plus Clinical
Chemistry System, Warrington, Cheshire, UK) against commercial standards. Plasma
glucose was measured using a separate clinical chemistry analyser (YSI 2950,

Biochemistry analyser, YSI Life Sciences, Ohio, USA) in results described in RET
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study. Insulin sensitivity was calculated using the homeostatic model assessment of

insulin resistance (HOMA-IR) and the following Formula:

(HOMA-IR=plasma glucose concentration (mmol.I™?) x plasma

insulin concentration (mU.I7%))/22.5
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CHAPTER THREE: ASSOCIATIONS BETWEEN FASTING PLASMA BRANCHED CHAIN
AMINO ACIDS AND HEALTH BIOMARKERS IN RESPONSE TO 20 WEEKS RESISTANCE
EXERCISE TRAINING ACROSS AGE

Published chapter: Nutrients, MDPI (2020)
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3.1. Abstract

Background: Leucine, isoleucine and valine (i.e., the branched chain amino acids,
BCAA) play a key role in the support of tissue protein regulation and can be mobilized
as energy substrates during times of starvation. However, positive relationships exist
between elevated levels of BCAA and insulin resistance (IR). Thus, we sought to
investigate the links between fasting plasma BCAA following a progressive resistance
exercise training (RET) programme, an intervention known to improve metabolic

health.

Methods: Fasting plasma BCAA were quantified in adults (young: 18-28 y, n = 8;
middle-aged: 45-55 y, n = 9; older: 65-75 y, n = 15; BMI: 23-28 kg/m?, both males
and females (~50:50), in a cross-sectional, intervention study. Participants underwent
20-weeks whole-body RET. Measurements of body composition, muscle strength (1-
RM) and metabolic health biomarkers (e.g., HOMA-IR) were made at baseline and

post-RET.

Results: BCAA concentrations were determined by gas-chromatography mass
spectrometry (GC-MS). No associations were observed across age with BCAA,
however, RET elicited (p < 0.05) increases in plasma BCAA (all age-groups), while
HOMA-IR scores reduced (p < 0.05) following RET. After RET, positive correlations in
lean body mass (p = 0.007) and strength gains (p = 0.001) with fasting BCAA levels

were observed.

Conclusions: BCAA do not correlate with age, nor are elevated BCAA a robust
marker of IR in those with a healthy BMI; rather, despite decreasing IR, RET was
unexpectedly associated with increased BCAA. A novel link with increased BCAA and

LDL warrants further investigation.
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3.2. Introduction

Insulin resistance (IR) is a core pathophysiological mechanism which manifests in
concert with B-cell failure, leading to type 2 diabetes mellitus (T2DM) (Guariguata et
al. 2013) a disease that is expected to increase in prevalence to affect 592 million by
2035 (382 million in 2013;Wild et al. 2004). Given that this disease is most apparent
in older individuals (>65 years) (Harper, Miller, and Block 1984) in whom life
expectancy has increased (Wang et al. 2016), this has, and will continue, to result in
a burgeoning healthcare burden. While the aetiology of IR and T2DM are complex,
there has been long-standing curiosity in relation to a potential link between the
branched chain amino acids (BCAA) leucine, isoleucine and valine, which account for
35% of the essential amino acids (EAA) in muscle proteins (Wang et al. 2016), and

IR.

In pioneering studies, Felig et al. (Felig, Marliss, and Cabhill 1969b) demonstrated
strong correlations between elevated circulatory BCAA concentrations and insulin
levels in human obesity, that were corrected by weight loss. More recently, reports of
elevated BCAA in obese and/or IR individuals have been substantiated in longitudinal
(Wang et al. 2011) and cross-sectional (Huffman et al. 2009) studies, as well as across
various ethnic groups (Tillin et al. 2015). For example, Newgard and colleagues
(Newgard et al. 2009) reported positive associations between circulating BCAA
concentrations and increased risk of IR and T2DM, and metabolomic profiling of >100
plasma analytes revealed elevated levels of BCAA and select other metabolites as a
metabolic “footprint” of IR (Newgard et al. 2009). This was based on five principle
components that accounted for the greatest differences between obese and lean

subjects; a combination of BCAA, aromatic AA (AAA, phenylalanine and tyrosine), GIx
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(glutamine and/or glutamate) and acyl-carnitines (C3 and C5), indicating interplay
between AA and lipid metabolism (Newgard 2012). Moreover, the role of BCAA in IR
was further cemented with observations that lower BCAA levels correlated with
improved markers of insulin sensitivity (IS) following weight-loss interventions
enhancing glycaemic control (Shah et al. 2012; Wang et al. 2017). In addition to this,
more recent studies have reported that BCAA-mediated IR may be compounded by
IR, further exacerbating BCAA accumulation (Mahendran et al. 2017; Batch et al.
2013). Finally, pre-clinical (Huffman et al. 2009; Yamakado et al. 2015; Wurtz et al.
2013) and clinical (Newgard 2012; Neinast et al. 2019) studies have shown that BCAA-
mediated IR, at least in part, lies at the level of skeletal muscle (Shah et al. 2012;

Smith et al. 1992).

Nonetheless, that circulatory BCAA positively links to IR does not alter the positive
effects that dietary BCAA have upon skeletal muscle metabolism. The role of BCAA
in stimulating muscle protein synthesis and supporting muscle hypertrophy following
resistance exercise training (RET; Kumar et al. 2009; Atherton, Smith, et al. 2010) is
well-documented. Further, leucine acts not only as a substrate for newly synthesised
proteins and as a regulatory signalling metabolite activating anabolic pathways
(Drummond et al. 2009; Flakoll et al. 1989), but is also a potent insulin secretagogue
with the potential to enhance peripheral glucose uptake and to inhibit whole-body and
muscle protein degradation via inducing insulin secretion (Fryburg et al. 1990;
Petrides, Luzi, and DeFronzo 1994; Moller-Loswick et al. 1994; Chow et al. 2006;
Lynch and Adams 2014). These properties of BCAA demonstrate the importance of
their role in maintaining and increasing skeletal muscle mass (Petrides, Luzi, and
DeFronzo 1994; Moller-Loswick et al. 1994). Yet despite these key metabolic roles,

sustained elevated levels of circulating plasma BCAA remain widely implicated in the
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pathophysiology of IR (Newgard et al. 2009; Mahendran et al. 2017; Yoon 2016), and

the ensuing development of T2DM.

Collectively, previous studies implicate BCAA in the pathogenesis of IR and T2DM.
Nonetheless, there remain few intervention-type studies (weight-loss, drugs, exercise,
etc.) examining such links under circumstances promoting IS and metabolic health,
e.g., exercise. Specifically, RET is one such powerful countermeasure to improve
metabolic health and to mitigate age-associated declines in muscle mass and function
across the lifespan (Phillips et al. 2017), even in frail elderly individuals (Yarasheski et
al. 1999; Binder et al. 2005). As such, we investigated the effects of 20 weeks of fully
supervised RET in relation to fasting plasma BCAA and AAA concentrations and
metabolic/physiological health parameters. We hypothesised that: (1) ageing would
be associated with increased BCAA, AAA (2) RET would reduce BCAA, AAA and (3)
that this would be associated with improvements in IR (i.e., HOMA-IR) and/or or other

indices of metabolic health.

3.3. Materials and Methods
3.3.1. Ethical Approval

The present study samples originated from previously published work by our research
group (Phillips et al. 2017). This study was reviewed and approved by the University
of Nottingham Faculty of Medicine and Health Sciences Research Ethics Committee
(D/2/2006) and complied with the 2013 Declaration of Helsinki. All procedures and
risks were thoroughly explained to volunteers and written consent was obtained prior

to participation.
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3.3.2. Participant Characteristics

Three participant cohorts were studied, consisting of young (18-28 years, n = 8, BMI:
24+1 kg/m?), middle-aged (45-55 years, n = 9, BMI: 27 + 1 kg/m?) and older (65-75
years, n = 15, BMI: 27 + 1 kg/m?) men and women (~50:50). All participants were
screened by a medical questionnaire (past and existing medical conditions, lifestyle
choices), physical examination, clinical chemistry blood profiles (liver function tests
(LFTs), thyroid function tests (TFTs), full blood count (FBC), urea and electrolytes (U
and E’s), fasting glucose, fasting insulin, clotting factors and lipid profiles) and a resting
ECG. Participants were not taking any medication at the time of study, had normal
blood chemistry, were normotensive (BP <139/89) and did not smoke (nor had they in
the past 5 years). Participants were excluded from the study for any metabolic,
respiratory or cardiovascular disorders including insulin resistance, dyslipidaemia,
uncontrolled asthma, or family history of heightened cardiovascular disease risk
(cardiovascular event <55 years). Participants performed activities of daily living but
did not participate in formal aerobic exercise training and had not participated in
structured RET in the last 2 years. All study sessions were performed at the University
of Nottingham Medical School at the Royal Derby Hospital Centre. The exercise
intervention was conducted at two sites, based on geographical proximity to the
volunteers. All exercise sessions were fully supervised by a single member of research

staff.

3.3.3. Participation Overview

Before study days (before and after RET), volunteers were instructed to refrain from
strenuous exercise (including the RET intervention) for 72 h and from alcohol or

caffeine for 24 h. On each study day, volunteers reported to the laboratory at 09:00 h,
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following an overnight fast (water ad libitum) from 21:00 h the evening before. Body
composition was assessed via dual-energy X-ray absorptiometry (DXA; Lunar Prodigy
II, GE Medical Systems) with all regions automatically assessed by the integrated
software package (Encore software, GE Healthcare). Blood samples were taken from
the antecubital vein and collected into lithium-heparin containing vacutainers for
measures of plasma metabolites, insulin and glucose concentrations, with the plasma-

fraction collected following centrifugation at 2000 x G for 20 min at 4 °C. All samples

were stored at —80 °C from collection until further analysis.

The RET programme was designed to achieve muscle hypertrophy based on previous
recommendations (Singh 2002). As such, the RET programme comprised fully
supervised exercise sessions, 3 times each week, with each session lasting
approximately 60 min. Two sets of 8-12 repetitions of three upper and three lower
body exercises were performed in each session. To achieve progressive overload,
training intensity was increased from 40% to 60% 1-RM (repetition maximum) during
4 weeks of induction training (to ensure adoption of correct technique and exercise
familiarisation) and was then set at 70% 1-RM for the remainder of the training with 1-
RM re-assessment every 4 weeks to ensure progression and consistency of training

intensity.

3.3.4. Analytical Methods

To determine plasma AA concentrations, we added stable isotopically labelled internal
standards and prepared samples according to our standard methods (Wilkinson et al.
2013). Briefly, heparinized plasma proteins were precipitated with 1 mL ice-cold
ethanol and centrifuged at 10,000 rpm for 5 min, the supernatant was removed and

evaporated to dryness under nitrogen at 90 °C, followed by re-suspension in 0.5M
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HCI. Ethyl acetate was then added, and samples were vortexed thoroughly before the
upper, ethyl acetate layer (containing lipids) was extracted. The aqueous AA-
containing layer was evaporated to dryness under a steady flow of nitrogen at 90 °C.
Derivatization of the dry residue was achieved via addition of equal volumes of
acetonitrile and N-Methyl-N-(tert-butyldimethyilsilyl)trifluoroacetamide (MTBSTFA),
and incubated at 90 °C for 45 min, thus converting the AA to their t-BDMS derivatives
[19]. A pooled plasma QC sample was prepared with each batch and injected
throughout the batch run to monitor instrument performance over time. This was
achieved by pooling small aliquots of each study sample and thoroughly mixing.
Aliquots of study-specific samples were used to closely mimic metabolite composition
of the samples being tested, with the purpose being to account for analyst and
analytical variation during sample preparation and batch run, respectively. AA
concentrations were determined with reference to a calibration curve composed of a

standard AA mix of known guantity and analysed by GC-MS.

3.3.5. GC-MS Conditions

To quantify plasma AA concentrations, 0.5 pl of sample was injected into an ISQ Trace
1300 single quadrupole GC-MS (ThermoFisher Scientific, Hemel Hempstead, UK). A
split injection mode (1:10) was used, at an initial oven temperature of 100 °C held for
1 min, with a temperature ramp of 12 °C/ min to 300 °C and held for 5 min. Helium
was used as a carrier gas at a flow rate of 1.5 mL/min, and sample separation was
achieved on a 30 m Rxi-5MS (0.25 mm internal diameter, 0.25 um thickness) fused
silica column (Restek, Bellafonte, Pennsylvania). A selected ion monitoring scan (SIM)
was created to search AA standards for leucine (mass 302), isoleucine (mass 302)

and valine (mass 288), with corresponding isotopically labelled internal standards (304
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and 289 for leucine and valine, respectively), or norleucine for isoleucine quantitation,

included in the SIM.

3.3.6. Insulin and Glucose Concentrations

Plasma insulin and glucose concentrations, as well as lipoprotein content, was
assessed in samples from before and after RET, as reported (Phillips et al. 2017). In
brief, plasma insulin and glucose were measured in duplicate, using undiluted
samples. Insulin was assessed via a high-sensitivity human insulin ELISA (DRG
Instruments GmbH, Marburg, Germany) according to the manufacturer’s instructions.
Plasma glucose was measured using a clinical chemistry analyser (ILAB 300 Plus
Clinical Chemistry System, Warrington, Cheshire, UK) against commercial standards.
Insulin sensitivity was calculated using the homeostatic model assessment of insulin

resistance (HOMA-IR) and the following Formula:

(HOMA-IR=plasma glucose concentration (mmol.I"%) x plasma

insulin concentration (mU.I7%))/22.5

Circulating plasma lipoprotein concentrations (low-density lipoprotein (LDL) and high-
density lipoprotein (HDL)) were analysed by the Clinical Pathology Laboratory at the

Royal Derby Hospital.

3.3.7. Statistical Analysis

Principal component analysis (PCA) was used as multivariate analysis, firstly to
reduce the number of variables to principal component clusters with scores of IS
(HOMA-IR) and then with the addition of additional clinical variables (i.e., insulin,
glucose, HDL, LDL, etc). Multiple linear regression (MLR) analyses were first used to

identify which variables correlated with scores of IS, and then stepwise regression
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analyses were performed to reveal any potentially novel associations with BCAA
concentrations. These correlations were performed at baseline and post-RET.
Relationships that were identified were then isolated and further correlation was
determined to describe the strength and significance of the interaction. Statistical
analysis was performed in R-Studio employing in-house R scripts. Subsequent
statistical analyses were confirmed in Prism v8.3 (GraphPad, La Jolla, California,
USA) version 7. All data are reported as mean + SEM, with significance set at p <
0.05. Data were tested for normality to determine appropriate analysis. Paired t-tests
were used to assess the effects of RET, with Pearson’s correlation used to explore
relationships between fasting plasma BCAA concentrations and clinical parameters,

such as body composition, fat mass, fat free mass and IS.
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3.4 Results

3.4.1. Muscle Mass and Function

The characteristics of our participants at baseline and following RET are listed in table
1. As previously reported, 20 weeks of our whole-body RET programme elicited
improvements in strength irrespective of age. However, whole-body lean mass gains
were only seen in the young and middle-aged groups (Phillips et al. 2017), with a

significant negative correlation between age and hypertrophy (Phillips et al. 2012).

TABLE 1. PARTICIPANT DEMOGRAPHICS M: F DENOTES N OF MALES TO FEMALES PER GROUP

Participant ID Baseline (BL) Post-RET
Sex Young (4: 4 M: F) Middle (5: 4 M: F) Old (8: 7 M: F)
Age (years) 53+19
BMI (kg/m?) 26 + 3 26 + 2
Fasting Glucose (mg/dL) 56+0.6 53+£0.7
Fasting Insulin (uU/mL) 49+2 45+15
HOMA-IR (AU) 1.4+0.9 1.1+04*

3.4.2. Circulating BCAA Levels

No correlation was seen with age and BCAA concentrations either at baseline or post-
RET (figure 7A and figure 7B, respectively). Additionally, no relationship existed
between HOMA-IR and age either at baseline (6C) or post-RET (6D). For each of the
invididual age-groups, and when all age-groups were collapsed into a single cohort,

RET resulted in significantly elevated BCAA concentrations (leucine, P = 0.0011;
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isoleucine, P = 0.0004; valine, P = 0.03 (Figure 8). Pooled QC throughout the

instrumental run yielded ~5 % CV for each AA. Furthermore, there were no apparent

sex interactions, with both sexes responding similarly to the RET programme.

Therefore, data from all the age groups were collapsed into a single cohort (n = 32)
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Figure 7 The relationship between circulating BCAA concentrations ang age at baseline (A) and after (B)

20-weeks supervised RET, and in distinct age groups at baseline and post-RET (D)
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Figure 8 Circulating plasma leucine (A), isoleucine (B) valine (C), tyrosine (D) and phenylalanine (E) at
baseline and after 20-weeks of RET (n = 32). Bars represent mean and SEM. Statistical analysis via paired

t-tests. * p < 0.05; *** p < 0.001 vs. baseline.

3.4.3. HOMA-IR and Fasting Plasma BCAA and AAA Concentrations

Both body mass index (BMI) and HOMA-IR were significantly reduced (P < 0.05) after
RET, suggesting improved IS in our volunteers (Figure 9A). However, there was no
correlation between BCAA concentrations and HOMA-IR in any group either before
(Figure 9B) or after RET (Figure 9C), despite significant alterations in each. To
investigate whether other AA’s which are associated with increased prevalence of IR
and obesity, Pearson’s correlation was performed on HOMA IR and aromatic AA’s
(phenylalanine and tyrosine), however these again showed no significant associations
(figure 9D-G). Although a negative trend with phenylalanine at baseline was observed

(figure 9E), this diminished with RET (figure 9G).
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Figure 9 Insulin resistance (via homeostatic model assessment of insulin resistance; HOMA-IR) at baseline

and after 20-weeks, whole-body resistance exercise training RET (A) and the relationship between IR and

circulating BCAA concentrations at baseline (B) and after (C) RET. * p < 0.05 vs. baseline.

3.4.4. Relationships between BCAAs and Clinical Variables of Health

To visually explore whether there were any novel relationships from our study, data

were log transformed for PCA analysis (Figure 10A) to investigate whether there were
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metabolite clusters which could illustrate differences in variables either at baseline or
with RET, however this revealed that there was no distinct clustering of metabolites
that co-vary (at baseline or post-RET). Using the same variables and fasting plasma
BCAA concentrations, we aimed to explore potential links that may be of interest with
a correlational matrix in the form of a heatmap (Figure 10B). MLR was first used to
test whether HOMA-IR or other clinical variables of health could predict BCAA
concentrations in our healthy participants. At baseline, the results of the linear model
predictors explain 29% of the variance with a residual standard error (RSE) of 40.06
on 9 degrees of freedom (DOF) and of 21 (adjusted R?=-0.006, F = 0.978 {on 9 and
21 DOF}, p = 0.484). Following RET, the results describe 73% of the variance with a
RSE of 30.15 on 21 DOF (adjusted R?= 0.616, F = 0.653 {on 9 and 21 DOF}, p =
0.0002) which revealed strength as a significant (p = 0.002) associated variable with
BCAA and other co-variates. Following this, stepwise regression was used to uncover
which combination of our measured co-variates would best predict post-RET levels of
plasma BCAA, and the stepwise regression model explains 69% of the variance with
an RSE of 28.42 on 27 DOF (adjusted R?=0.659, F = 20.37 {on 3 and 27 DOF}, p =
4.19) which revealed strength (p = 0.001), LDL (p = 0.001) and BMI (p = 0.1) as

significant and promising variables in predicting post-RET levels of BCAA.

76



0.2~

ﬁ TestVar
(= r "
= 00- o] o
5 ]
o
0.1
-0.2-
0.3~
-C;.4 D:O D.'Il
PC1 (71.82%)
& e 0 T @ AN
B & & K Q¥ C K7 P < o
& &
& P FEF S OEE SF PN TP P FESEE
Isol .. BodyFat . C A
Val . 08 Glucose . @] 08
Leu . 0.6 Leu . . 0.6
LM @ @ [ ) 04 el @ 04
strength @) ® . LDL on
Gl Isol
ucose . . so .. o0 .
v @ @ val @) ® ®
oL @ 0.2 Lem @@ 02
BodyFat .. -0.4 Strength . -0.4
HDL . 06 HDL . 06
insuin @) @ W, . insulin @@ B .

HOMA @ HOMA @

-1 -1
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3.4.5. Muscle Mass, Strength, and Circulating BCAA

Although there was no relationship between plasma BCAA concentrations and muscle

strength (r

=-0.04, p = 0.846) or mass (r = 0.14, p = 0.447) prior to RET (Figure 11A,

C), increases in muscle strength and mass with RET resulted in significantly positive

relationships between BCAA concentrations and both strength (r = 0.53, p = 0.001)

and mass (r = 0.47, p = 0.007) post-RET (Figure 11B, D).
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muscle strength (A, B) and mass (C, D) at baseline and after 20-weeks, whole-body RET.

78



3.4.6. HDL, LDL and Plasma BCAA

LDL and HDL levels were unchanged by RET. However, a positive trend between
fasting plasma BCAA concentrations and LDL was observed at baseline (r =0.3, p =
0.08; Figure 12A), which was significant following RET (r = 0.48, p = 0.008; Figure

12B). A summary of the findings from this chapter are displayed in figure 13.
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Figure 12. The relationship between circulating BCAA levels and low-density lipoprotein (LDL) before (A)

and after 20-weeks of RET (B).
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FIGURE 13. ASUMMARY OF THE FINDINGS OF THE PRESENT CHAPTER
3.5. Discussion

In the present study, we did not observe the commonly reported associations between
HOMA-IR and BCAA or AAA’s (Newgard et al. 2009; Wurtz et al. 2013). These data
likely demonstrate that whilst elevated BCAA (Newgard et al. 2009) and AAA (Menge
et al. 2010) have been linked to increased risk of T2DM and are a hallmark of obesity
(Newgard 2012; Huffman et al. 2009), this relationship may not hold in individuals
within a healthy BMI range. We also did not detect any relationships between IS and
the AAA, phenylalanine and tyrosine which have been implicated in IR pathogenesis
(Newgard et al. 2009; Mook-Kanamori et al. 2014), despite significantly elevated
concentration post-RET. Elevated plasma AAA are a common trait in those with inborn
errors of metabolism such as phenylketonuria (PKU) (Williams, Mamotte, and Burnett
2008) and have been postulated to contribute to IR by way of competing for cell
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transport through large amino acid transporter (LAT1; Fernstrom 2005), with
concomitant elevations in BCAA said to impair this transport. However, participants in
the present study were within healthy BMI ranges and following an intervention
promoting improved health, therefore it may be that hypoinsulinemia during fasting
collection of samples contributes to the increased rate of appearance of AAA
(Pozefsky et al. 1976). Further, since majority of phenylalanine metabolism occurs in
the liver (hydroxylation to form tyrosine; Moss and Schoenheimer 1940), and the only
metabolic fate of AAA in muscle is MPS or MPB, and that net muscle AA release
increases with fasting (Pozefsky et al. 1976; Fryburg et al. 1990), and this is evidenced
by the lack of relationship of AAA to strength and lean mass (as opposed to BCAAS)
shown here. Moreover, our data do point to the notion that elevated BCAA are not an
inevitable hallmark of “healthy ageing”. In support of this, in a previous study
investigating the links between BCAA and cardio-metabolic risk factors, it was noted
that reduced, rather than increased BCAA were evident in very old age (Sun et al.

2017).

While this may be due to chronic alterations in diet, the ageing gastrointestinal system,
and dietary behaviours may have some influence, it once again highlights that
elevated fasted plasma BCAA are not an all-encompassing biomarker of metabolic
risk. Interestingly, recent studies (Le Couteur et al. 2019) have shown that BCAAs
robustly correlate with HOMA-IR, as well as cardio(metabolic) risk factors and
mortality, and so it has been proposed that lowered BCAAs (particularly in older
individuals) are inversely associated with health risk factors. This has further been
expanded by other studies showing that short-term (28 days) dietary overconsumption
increases plasma BCAAs (namely driven by isoleucine and valine) in line with weight

gain (Elshorbagy et al. 2018). However, nutritional intervention studies alone are not
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able to account for the perturbation in BCAA metabolism which RET can induce,
although clearly the link between circulating BCAAs and health continues to remain a
paradoxical one. Promisingly, studies have shown that the relationship between
plasma BCAAs, dietary intake and their regulation on whole-body weight are
comparable in both humans and mice (Ribeiro et al. 2019), which may provide the
potential for future studies examining the role of BCAAs in human health. Although,
clearly BCAAs are essential for humans and exercise is beneficial to overall health,
therefore caution ought to be taken when proposing whether plasma BCAAs are a
positive or negative marker of health, as this relationship is likely to be dependent on

context and the demographics of the individuals studied.

It is noted that lean mass gains were not evident in our older participants, and work
from our lab shown this may indeed be due to anabolic resistance (Brook, Wilkinson,
Mitchell, et al. 2016), which itself is multi-faceted (reduced translational capacity,
hormonal efficiency and MPS with increased MPB), however RET still remains the
most effective method of counteracting the age-related declines in loss of lean mass
(Peterson, Sen, and Gordon 2011), particularly if it is combined with, for example,
exogenous testosterone administration (Gharahdaghi et al. 2019) or protein

supplementation (Esmarck et al. 2001; Tieland et al. 2012).

Based on previous correlations between BCAA and IR, we predicted that RET would
improve biomarkers of metabolic risk and concomitantly reduce BCAA concentrations.
Instead, we noted a reduction in HOMA-IR, in the face of a systematic increase in
each of the BCAAs. The lack of this relationship was first highlighted in our principal
components’ analyses, and its absence was confirmed with Pearson’s regression.
These findings demonstrate that lowering of BCAA is not an inevitable consequence

of improved metabolic health, i.e., HOMA-IR. Instead, following RET, our PCA matrix
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plots comparing a number of variables with plasma BCAA levels revealed the most
positively correlated facets to circulatory BCAA to be muscle mass and strength, thus
illustrating novel positive links between muscle mass and circulatory BCAA (following
RET). Basal (i.e., not under circumstances of exposure to a muscle growth regime)
relationships have also been reported; Borg et al. (Borg et al. 2019) report data on 227
older (>65 y) volunteers from a cross-sectional study showing reduced levels of BCAA
correlating with lower skeletal muscle mass, strength and longer sit-to-stand times.
These data were also consistent with previous studies (Mcdonald et al. 2016)
supporting the notion that low BCAA concentrations, particularly leucine, correlate with
diminishing lean mass and sarcopenia. Our data in healthy individuals are in-line with
studies suggesting that BCAA are a marker of muscle mass/strength (Borg et al. 2019;
Mcdonald et al. 2016), and may also indicate that relationships with obesity could in
fact reflect the notion that obese individuals have greater anti-gravity muscle mass
than healthy weight counterparts (Bosco, Rusko, and Hirvonen 1986; Hulens et al.
2001; Maffiuletti et al. 2007). In other words, links to fat mass may be a misconception,

i.e., with heightened fat mass reflecting heightened lean mass in obese individuals.

An interesting finding of this study was a positive correlation between BCAA and LDL
after RET. Increased plasma LDL, particularly in older individuals, is a recognised risk
factor for the development of conditions such as metabolic dyslipidaemia and coronary
heart disease (Seals et al. 1984), particularly in the face of reduced HDL levels
(Fukushima et al. 2019), making this link between elevated BCAA and LDL in the
present study an intriguing, though paradoxical, finding given the improvements in
other markers of metabolic health. A potential explanation for elevated LDL may be
the established link between leucine and valine and cholesterol metabolism. Leucine

and valine constituent metabolites (such as a-ketoisocaproate (a-KIC), B-Hydroxy [3-
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methylbutyric acid (HMB), mevalonate and 3-hydroxyisobutyrate (3-HIB)) contribute
to an increased cholesterol metabolism (Wilkinson et al. 2013; Nissen and Abumrad
1997; Duan et al. 2016; Rudney and Ferguson 1957), which may be the case with our
study participants given the increased concentration of BCAA following RET.
Increased BCAA concentrations are reported to increase insulin action in hepatic cells
(Xiao et al. 2011), resulting in prolonged gluconeogenesis leading to impaired hepatic
lipid homeostasis, and subsequent accumulation of triglycerides and other fatty acids
(Donnelly et al. 2005). Given that adipose tissue is effective in converting BCAA
carbon skeletons to de novo fatty acid synthesis ex-vivo (Rosenthal, Angel, and
Farkas 1974) and constitutes a major site where excess BCAA may be converted to
lipid species, it would be reasonable to propose that inter-organ metabolism is
implicated in the rise of lipid species in plasma. Both liver (Xiao et al. 2011) and
adipose tissue (Herman et al. 2010) may therefore be important organs in defining the
relationship between BCAA and dyslipidemia due to their central roles in glucose and
lipid metabolism, respectively. Positive associations between plasma BCAA and
dyslipidaemia have been reported previously, particularly for circulating LDL
(Fukushima et al. 2019), and in both diabetic and non-diabetic follow-up studies
(Yamakado et al. 2015; Mook-Kanamori et al. 2014). Moreover, even when adjusted
for BMI, BCAA remain significantly correlated to triglyceride levels (Mook-Kanamori et
al. 2014), suggesting at least a partial role of BCAA on circulating lipid species.
Alternatively, the changes seen with LDL here could be due in part to the training
modality used in the present study because, while the effects of endurance exercise
in eliciting reduction of plasma LDL is well-known (Halverstadt et al. 2007), the effects

of RET on the same parameters are not as well established.
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The present study is not without its limitations. For example, although our participants
are well-matched in terms of lean mass at baseline, our low sample size is an
acknowledged limitation, although performing much larger highly controlled
interventional trials are clearly a major undertaking. In addition, intra-group variability
with regards to daily activity levels may pose potential confounding variables, as high
levels of physical activity can lead to inadvertent stimulation of muscle remodelling
(Aoyagi and Shephard 2013; DiPietro 2001). Also, since our participants were healthy
and within a normal BMI range, our results should be extrapolated to cohorts fitting of
similar criteria. Additionally, investigation into the effects of dietary intake in both sexes
would provide some insight into the regulation of plasma BCAAs; however, absorption
rates as well as the quantity of ingested dietary BCAA that eventually reaches blood
circulation (Rietman et al. 2014; Cortiella et al. 1988; Biolo et al. 1992; Meguid et al.
1986) is unclear, as is whether plasma levels of BCAAs reflect short-term or long-term
dietary intake (Rietman et al. 2014). Rodent studies (Solon-Biet et al. 2019) looking
into the long-term effects of dietary BCAA control on health and lifespan have
proposed mechanisms that exist for the elevation of BCAAs which involve notable
interactions with tryptophan and threonine. Thus, studies looking into the temporal
basis of dietary BCAA intake, and the influence of the gut microbiome (Meslier et al.

2020), could provide an insight into the causal relationships of this link.

3.6. Conclusions

In summary, twenty weeks RET in a tightly controlled and longitudinal intervention
elicits significant increases in aromatic AA’s and all of the BCAA, which are commonly
reported to be markers of poor IS. These increases do not correlate with indices of IS.

However, BCAAs alone significantly correlate to strength and lean whole-body mass

85



changes (post-RET) irrespective of age or sex, highlighting a novel link that warrants

further investigation.
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CHAPTER FOUR: RELATIONSHIPS BETWEEN FASTED PLASMA BRANCHED-CHAIN AMINO
ACIDS AND INSULIN SENSITIVITY AFTER 6-WKS VERY-LOW CALORIE DIET (VLCD) ALONE OR
ADJUVANT TO EXERCISE
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4.1. Abstract

Background: Elevated levels of plasma fasting branched-chain amino acids (BCAA:
isoleucine, leucine and valine) are associated with an increased risk of obesity, insulin
resistance (IR) and type 2 diabetes. Here, we evaluated the effects of 6-weeks very-
low calorie diet (VLCD) with or without exercise training upon fasting BCAA levels in
overweight non-diabetic individuals, to explore possible causal associations between

elevated BCAA levels, weight loss and IR.

Methods: Fasting plasma BCAAs, muscle BCAA enzyme protein and muscle gene
expression were quantified in twenty-six overweight, non-diabetic men (mean BMI
32.2 £ 2.9 kg/m2), middle-aged men (mean age 43.9 + 9 y). Fasting plasma BCAA
was also determined in a separate control group of non-obese healthy volunteers (n =
26, mean age 32 + 12.3 y, BMI 24 £ 3.1). Participants were randomised into three
groups and underwent 6-weeks of VLCD (600 kcal/day allocated, with the option of
additional 200 kcal/day), VLCD + resistance exercise training (RET) or VLCD + high-
intensity interval training (HIIT) exercise regimes. Measurements of BCAA, insulin
sensitivity (HOMA-IR) and body weight/composition (DXA) were made at baseline and
post VLCD. BCAA concentrations were determined by gas-chromatography mass

spectrometry.

Results: BCAAs (isoleucine: p = 0.03; valine: p = 0.003) and sum circulating BCAA
were higher (p = 0.01) in individuals who were obese. Following VLCD, significant
losses in body weight (all p < 0.0001) and fat mass (kg) loss were observed (all p <
0.0001). Despite significant weight loss in all groups (diet-alone 13 %, VLCD+RET 14
%, VLCD+HIIT 15 9%, all p < 0.0001), no changes were observed in sum BCAA
concentrations in diet-only group. However, significant reductions were observed in
BCAA concentrations following VLCD+RET (Leucine, p = 0.03; Isoleucine, p = 0.04;
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Valine, p = 0.03) and VLCD+HIIT (Leucine, p = 0.01; Valine, p = 0.01). Although
HOMA-IR (diet-only 1.2 + 0.6, VLCD + RET 2.3 + 1.2, VLCD + HIIT 1.9 £ 1.3) was
reduced across all groups (VLCD alone 0.5 +0.21, p=0.002; VLCD+ RET 1.2+ 1p
=0.0002; VLCD + HIIT 1 £ 0.6, p = 0.04) there were no associations with BCAAs and
HOMA-IR at baseline or after VLCD/exercise interventions. Muscle gene expression
revealed increased expression of in muscle SDHB (p = 0.04) and muscle HIBADH (p

= 0.002) genes in VLCD +RET group.

Conclusion: VLCD, coupled with RET or HIIT result in reductions in body-mass and
plasma BCAAs, and though expectedly VLCD improves insulin sensitivity, no
correlations were observed between plasma BCAAs and HOMA-IR. Possible causal
links between BCAA and IR in the context of weight loss by means of calorie restriction

and exercise training are lacking.
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4.2. Introduction

Advances in medicine and technology have led to improved healthcare contributing to
increased life expectancy (Wagner and Brath 2012). However, individuals are
becoming less physically active in their lifestyles and adopting poor nutritional
behaviours leading to increased instances of obesity and insulin resistance (IR;
Warram et al. 1990; Lillioja et al. 1988). For example, the global prevalence of obesity
(BMI of 230 kg/m2) among adults is predicted to rise from 33% in 2005 to ~58% by
2030 (Kelly et al. 2008), leading to an estimated doubling in the prevalence of T2DM,
from ~7.7 % in 2010 (285 million) to ~439 million in 2030 (Shaw, Sicree, and Zimmet
2010). Moreover, obesity in older populations (>65 years of age) has also increased,
which decreases the probability of good health and promotes disability in old age, as
well as reducing the chances of recovery from diseases (Doblhammer and Hoffmann
2009; Reynolds, Saito, and Crimmins 2005), including COVID-19 (Cai et al. 2020).
Additionally, the ageing demographic is the fastest growing subgroup of our population
and is becoming a significant challenge to maintaining overall global health
(Christensen et al. 2009b). Alarmingly, the effect of obesity on the lifetime risk of
developing T2DM in paediatric populations (Narayan et al. 2007; Chen, Magliano, and
Zimmet 2011) is also strong and has emerged as major public health issue (Wang et
al. 2016; Flegal et al. 2016), thus novel insights into the pathophysiology of IR and

effective treatments are needed.

While the pathophysiology of obesity and IR are multifactorial (Stumvoll, Goldstein,
and van Haeften 2005; Defronzo 2004), recent and historic evidence suggest a role
for plasma branched-chain (BCAAs; leucine, isoleucine, valine). BCAAs are diet-
derived nutrients that are established regulators of skeletal muscle proteostasis, and

act as critical anabolic signals positively regulating muscle and whole-body protein
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synthesis (Lynch and Adams 2014; Wang et al. 2011).Yet, excess circulating BCAA
have been associated with adverse metabolic health; for example several studies
have shown that dietary BCAA restriction (White et al. 2016) and pharmacological
reduction of plasma BCAAs (White et al. 2018). can improve insulin sensitivity (1S).
Over decades, studies have consistently shown that elevated blood concentrations of
BCAAs are common diagnostic and prognostic features for IR and risks of T2DM, with
historical (Felig, Marliss, and Cabhill 1969b), and more recent data (Newgard et al.
2009; Tobias et al. 2021), proposing BCAA to be a root-cause of IR across liver,
skeletal muscle and adipose tissue sites (Newgard 2012). The proposed mechanisms
by which BCAA-induce insulin resistance centre upon two themes: (i) that excess
dietary BCAA lead to sustained activation of mTORC1 (of which, leucine is a trigger
(Wilkinson et al. 2013)) via serine phosphorylation of insulin receptor substrate (IRS-
1) and IRS-2 , and (ii) that impaired BCAA metabolism results in accumulation of
metabolic intermediates (such as a-ketoisocaproate (KIC) a-ketoisovaleric (KIV) and
3-hydroxyisobutyrate (3HIB); Bridi et al. 2005; Jang et al. 2016), suppressing insulin
action and resulting in lipid accumulation (Newgard 2012). It may thus seem
paradoxical since BCAAs are also indispensable in their role in promoting metabolic
and muscle preservation. For example, BCAAs, in healthy individuals are known to
improve metabolic health, particularly in older individuals (D’Antona et al. 2010) and
as presence of nutrient availability for increased MPS following exercise (Phillips et al.
1997; Kumar et al. 2012). Irrespective of these apparent positive or negative effects
(e.g., IR conditions), relationships between elevated BCAA and prognostic risk have

been derived from cross-sectional studies.

However, a limitation of this area of research is the lack of an observed “cause-effect”

relationship between elevated BCAA and IR in humans. Longitudinal weight loss
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studies which improve aspects of IS, whilst tracking BCAA abundance, may provide
greater insight. Non-pharmaceutical approaches are an important first step in the
management of obesity and diabetes. Reflecting this, lifestyle modifications, such as
very low-calorie diets (VLCD) represent a safe and effective means to reduce IR with
short-term (~8 week) VLCD being sufficient to normalise hepatic IS and 3-cell function
in people with T2DM (Lim et al. 2011), whilst also proving efficacious in obese (Hong

et al. 2005) and adolescents (Willi et al. 2004) individuals.

As such, the aim of this study was to investigate the relationship between fasting
plasma BCAA and measures of IS following 6 weeks of VLCD. We further examined
the effects between plasma BCAAs and related gene and intracellular targets in
participants who underwent 6-weeks of VLCD with and without exercise. We
hypothesised that BCAA would be elevated in the obese volunteers, and that ensuing
weight loss and reductions in IR would be associated with a normalisation of BCAA,

that would be correlated with improved IS.

4.3. Methods
4.3.1. Ethical approval
This study was reviewed and approved by the University of Nottingham Faculty of
Medicine and Health Sciences Research Ethics Committee (D/2/2006) and complied
with the 2013 Declaration of Helsinki. All procedures and risks were thoroughly

explained to volunteers and written consent was obtained prior to participation.

4.3.2. Participant characteristics
Twenty-six overweight, middle-aged men (mean BMI 32.2 + 2.9 kg/m?, mean age 43.9
+ 9 y) without diabetes were recruited to participant in this 6-week calorie restricted

study. Volunteers who suffered from respiratory, cardiovascular or metabolic

92



disorders, or any cognitive impairments that precluded exercise training were not
enrolled in this study. Individuals were not taking any prescribed medications and were
normotensive (< 140/ 90 mmHg). Prior to enrolling on the study, participants were
screened by means of a medical questionnaire and physical examination, including
resting ECG and blood chemistry tests. Participants were instructed to continue
activities of daily living but not participate in any formal exercise. Study exercise
sessions were performed at the University of Nottingham Medical School at the Royal

Derby Hospital centre and supervised by a trained member of research staff.

4.3.3. Study procedures
On study days, volunteers were nil-by-mouth (except for clear water) from midnight
and reported to our research laboratory ~09:00 h. Fasting blood samples were taken
from the antecubital vein and collected into lithium-heparin containing vacutainers for
measures of plasma BCAA, insulin and glucose concentrations, with the plasma-
fraction collected following centrifugation at 2000 x G for 20 min at 4°C. We also
compared our VLCD participants at baseline with age-matched, healthy control
volunteer plasma, samples of which were from a participants decribed in the RET
study of chapter 3 (Phillips et al. 2017).. Baseline fasting biopsies of m. vastus lateralis
were taken under sterile conditions via the conchotome biopsy method (Dietrichson et
al. 1987) under local anaesthetic conditions (1 % lidocaine; B. Braun Melsungen,
Melsungen, Germany). Once collected, muscle was rapidly dissected free of fat and
connective tissue, washed in ice-cold phosphate-buffered saline (PBS), blotted dry
before it was frozen in liquid nitrogen. All samples were stored at -80°C until further

analysis.
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4.3.4. Conduct of the study

In this 6-week VLCD study, participants (n=26) were randomly assigned to a VLCD
only group (n = 10), a VLCD + Resistance exercise training for 6 weeks (VLCD+RET,
n=8) group and a VLCD + High Intensity Interval Training for 6 weeks (VLCD+HIIT,
n=8) group. All three groups followed meal replacement diets (Total VLCD), designed
to aid in weight management, provided by Lighter Life (Harlow, Essex, U.K.). The diet
consisted of 4 meals per day, providing ~600 kcal/ day (participants were permitted
200 kcall/ day extra, in the form of fruit, vegetables or meat), providing a total of 50 g
protein, 50 g carbohydrate and ~17.3 g fat, complete with 100 % RDA of vitamins and

minerals.

4.3.5. Exercise test

Prior to commencement of RET, participants were tested for 1 repetition maximum
(1RM). A combination of upper and lower body movements (3 of each) was selected,
on weight training machines. Following a warm-up, participants were verbally
encouraged to perform maximally. Baseline cardiopulmonary exercise tests (CPET)
were conducted to determine each individual's fithess and set the appropriate intensity
for subsequent HIT exercise. CPET was performed on a cycle ergometer (Lode
Corival, Lode, Groningen) with inline gas analysis system (ZAN 680, nSpire Health,
Colorado, USA), using a standard 15 W/min ramp protocol, following a 2-min period
of unloaded cycling and instructed to maintain a ~55 revolutions per minute (RPM)
cadence. Participants were verbally encouraged to exercise to a respiratory exchange
ratio (VCO2/VO2) above one and the test was complete once the participant indicated,
via the Borg scale, their maximum effort had been reached. ECG, blood pressure and

pulse were monitored throughout CPET sessions.
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RET comprised of 6-weeks of fully supervised whole-body exercises involving upper
and lower body exercises, adopting a progressive overload model and calculated from
their pre-determined 1RM. The format of the exercises were 8 sets of 12 repetitions at
70 % 1RM, with 2 minutes rest between sets following a thorough warm up. The
frequency of the sessions was 3 times/ week, with muscle strength assessed (via
1RM) every ~14 days to ensure relative intensity of sessions remained constant
throughout. The HIIT training sessions were performed on a cycle ergometer. The
protocol used involved 60 seconds of high intensity cycling at ~95 % watt max,
repeated 5 times, interspersed with 90 seconds of recovery following 2 minutes of
warm up and a cool-down. The intensity was calculated based on pre-determined
maximal aerobic capacity and performed 3 times per week, supervised by a trained

member of the research staff.

4.3.6. Analytical methods
To determine plasma AA concentrations, we added stable isotopically labelled internal
standards and prepared samples according to our standard methods (Wilkinson et al.

2013), which are described in detail in chapter two (2.4).

4.3.7. GC-MS conditions
Plasma concentration of AA were determined by GC-MS and the conditions of the

instrument were according to methods described in chapter two (2.5).

4.3.8. Immunoblotting procedures for BCAA handling enzymes
Approximately 10 mg of wet muscle weighed was used to extract muscle protein
content in radioimmunoprecipitation (RIPA) buffer (50 mM Tris HCI pH 7.4, 150 mM
NaCl, 1 % Triton X-100, 0.5 % Sodium deoxylcholate, 0/1 % sodium dodecyl sulfate).

To prepare samples, 50 ul of RIPA buffer was added per mg of wet weight muscle and
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homogenised with scissors. Once homogenate consistency was achieved, samples
were vortexed before gentle agitation for 5 minutes followed by sonication for 5
minutes. Samples were then centrifuged for 5 minutes at 7000 x g to pellet matrix
debris. The supernatant was then carefully collected for protein quantification. Protein
concentration was determined via the bicinchoninic acid (BCA) assay (Smith et al.
1985) using a commercially available BCA assay kit (Thermo Finnigan, Thermo
Scientific, Hemel Hempstead, U.K.). From each sample, 25 pl was pipetted into a 384
well plate (Life Technologies) in triplicate, with reference to a 9-point calibration curve
with a working range of 20 — 2 000 pg/mL). The plates were then sealed with foil,
before incubation for 30 min at 37 °C and the cooled for 5 minutes at room temp.
Absorbance was measured at 562 nm. Immunoblotting was performed on RIPA buffer
extracted muscle samples following protein quantification with BCA assay, after which
they were diluted and boiled with 3x Laemmli loading buffer (Laemmli 1970). Samples
(20 pg/ ml), and cross-gel quality controls (QC) made up of study-specific samples,
were loaded on to a Criterion XT Bis-Tris 12 % SDS-PAGE precast gel (Bio-Rad,
Hemel Hempstead, U.K.) for electrophoresis at 200 V for 60 min. Following protein
separation (Bass et al. 2016), samples were transferred to polyvinylidene difluoride
(PVDF) membranes for electro-transfer at 100 V for 45 min. Then, PVDF membranes
were subsequently blocked with non-fat dry milk (2.5 % diluted in Tris-buffered saline
Tween 20 [TBST]) 1 hour at ambient temperature. Membranes were then incubated
overnight at 4 °C under gentle agitation, in the presence of the following antibodies (all
diluted 1:200 in 2.5 % bovine serum albumin in TBST) branched chain amino acid
transaminase 1 (BCATL1), branched chain amino acid transferase mitochondrial
(BCAT?2), branched chain alpha-keto acid dehydrogenase complex (BCKDH-Ela) and

Phospho-BCKDH-Ela (p-BCKDH)S¢293 (all Cell-Signaling technology, Leiden, The
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Netherlands). The following day, membranes were washed (3 x 5 minutes) with TBST
and incubated for 1 hour at room temperature soaked in horseradish peroxidase-
conjugated anti-rabbit secondary antibody (New England Biolabs’ 1:200 in 2.5 % BSA
in TBST). Finally, membranes washed for 3 X 5 min in TBST and incubated for exactly
5 min with enhanced Chemiluminescent HRP reagent (Millipore Corp., Billerica, MA,
USA). Bands were quantified on a Chemidoc MP (Bio-Rad, Hemel Hempstead, U.K.)
by peak density and normalized to Coomassie brilliant blue staining of the membranes
(Welinder and Ekblad 2011) and software measures were taken to prevent band
saturation. Values were subsequently normalised to corresponding baseline value

before statistical analysis.

4.3.9. Gene expression analysis of BCAA metabolism-related enzymes
To determine muscle RNA content, approximately 10 — 15 mg of muscle tissue was
homogenised in TRIzol™ (Invitrogen, Thermo Fisher Scientific) with the addition of a
stainless steel bead (Tissue Lyser Il, Quigen, U.K.) for 2 minutes at the frequency of
30 s, according to manufacturer’s instructions. RNA quality and quantity were then
measured by spectrophotometry (NanoDrop 2000, Thermo Scientific). A high-capacity
cDNA reverse transcription kit (Applied Biosystems, Thermo Fisher Scientific) was
used to reverse transcribe 500 ng of total RNA which were then diluted 1:10. Precisely
1 pl of 1:10 diluted cDNA (in triplicate) was individually added onto a 384 optical well
plate (Life Technologies). Exon-exon boundary specific primers were mixed with
SYBR Select Master Mix (Thermo Fisher Scientific), and RNase-free water and
addition of 6 pl mixed solution with 1 ul of each cDNA, were added to the wells. Real-
Time quantitative PCR (qPCR) was performed on a ViiATM 7 PCR System (Life

Technologies). The AACt method (Schmittgen and Livak 2008) was used to quantify
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target mMRNA expression, with RPL13A being used for normalisation. Primer

sequences for each of the probed genes are listed in table 1.

TABLE 2 GENE NAMES AND PRIMER SEQUENCES USED IN PCR

Gene code

Forward

Reverse

RPL13A

BCAT 1

NDUFB3

PPM1K

PCCB

SDHB

ALDH6A1

HIBADH

KLF15

5-TAAACAGGTACTGCTGGGCCG-
37

5-GGCTACGACCCTTGGGATCT-3

5-GCTGGCTGCAAAAGGGCTAA-3

5-CCGCTTTGACTGCTTGCTTC-3

5-AGGAGTGGAGTCTTTGGCTG-3

5-GCTACTGGTGGAACGGAGAC-3’

5-GAGCTGATCTTGGCCCTCTG-3’

5-ATGGATGCCCCTGTTTCTGG-3’

5-GGGAGAGAGGTGAAAAGCGT-
3!

5-CTCGGGAAGGGTTGGTGTTC-
3'
5-GTCCCCACCACCTCTTTTGA-
3!
5’-
CAGCTCCTACAGCTACCACAA-3

5-GAGGAGCTTTCTTGGTCGGT-
31

5-TCTGTTAGGGCTGGGGAGTA-
3!

5-GCGCTCCTCTGTGAAGTCAT-
3’

5-GCTCCCTCCTTTGTTCCACT-3’

5-CCACAGTACACCACGTTGGA-
3’

5-TTGTCTGGGAAACCGGAGGA-
31

4.3.10.

Insulin and glucose concentrations

Plasma insulin and glucose concentrations, were assessed in duplicate samples from

before and after VLCD interventions, as reported (Phillips et al. 2017), Insulin

sensitivity was calculated using the homeostatic model assessment of insulin

resistance (HOMA-IR) and the following formula:

(HOMA-IR=plasma glucose concentration (mmol.I"!) x plasma insulin concentration (mU.I))/22.5
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4.3.11. Statistical analysis
Fasting BCAA concentrations of obese participants were compared with healthy-
weight controls using Student’s unpaired t-test. BCAA concentrations of obese
participants who underwent 6-weeks of VLCD were compared using Student’s paired
t-test. Data were tested for normality before Student’s paired t-test was used in obese
participants to detect changes in plasma BCAA levels at baseline or following VLCD.
One-way ANOVA was performed using Tukey’s post-hoc analysis to determine
whether insulin sensitivity following VLCD intervention declined to within the range
observed in healthy-weight control volunteers. The relationship between HOMA-IR
and BCAAs at baseline and following VLCD were investigated using Pearson’s
correlation. The significance level was set to P< 0.05 and presented as mean + SEM.

All analyses were performed using GraphPad Prism 8.3 (La Jolla, CA, USA).
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4.4. Results

4.4.1. Effects of VLCD on body weight and BMiI

The effects of VLCD on body mass and effects of exercise on strength and

cardiovascular improvements are shown in table 3. Significant weight loss (VLCD-only

~13 %; VLCD + RET ~14 %; VLCD + HIIT ~15 %) was observed across the groups.

Therefore, unsurprisingly BMI was also reduced in all participants (p< 0.0001) of all

three groups. Uniform improvements in VO2 max were also achieved in the VLCD-

only (p=0.01), VLCD + RET (p =0.006) and VLCD + HIIT groups (p = 0.009). Strength

gains were observed in the VLCD + RET group only (p = 0.007)

TABLE 3 PARTICIPANT CHARACTERISTICS AND FUNCTIONAL IMPROVEMENTS FOLLOWING VLCD +
EXERCISE INTERVENTIONS

VLCD (only) VLCD + RET VLCD + HIIT

Baseline Post-VLCD Baseline Post-RET Baseline Post-HIIT
Body mass (kg) 103.9+12.3| 92.9+ 9.6 **** 98.6 +9.7 87.8 £ 9.2 *xxx 100.6 £ 12.4| 89.0 % 12.3 **xx
BMI kg/m? 32.2+4.02 | 28.9 + 3.6 ***x 32.0+1.5 28.5 +1.5 **** 32.9+2.9 29.1 + 3.2 **%*x
Lean mass (kg) 65.2+6 60.9 + 4.8 *xxx* 61.1+3.7 57.2 £ 3.3 **x* 59.9+5.1 55.9 + 4,3 ****
Fat mass (kg) 35.3+7.46 | 28.54 + 6.9%x** 341+7.1 27.2 & 7. 5%*xx 37.9+7.9 30.1 + 8.7 ***x*
Strength (N) 4624 £ 774 4882 + 640 4567 + 814 | 5831+ 1063 ** 4401 £ 903 4699 + 1102
VO2max 28.3+8.5 31.2+9.3+* 29.6+5.7 33.3+6.5** 24.77 +5.3 29.9 + 8.1 **
(mL/kg/min)
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4.4.2. Circulating BCAA
In order to determine whether our participants have elevated circulating BCAA
concentrations, in line with the literature, we compared them to age-matched healthy
(normal weight, normal BMI) controls. Table 4 shows that at baseline, the BCAA
concentrations of our VLCD participants were significantly higher than their healthy,
age-matched counterparts (p = 0.018) with the changes driven primarily by valine (p

= 0.003) and isoleucine (p = 0.036).

TABLE 4. COMPARISON OF INDIVIDUAL BCAAS OF VLCD STUDY PARTICIPANTS COMPARED TO BCAAS
OF HEALTHY, AGE-MATCHED CONTROLS

Concentration (uM) VLCD Age-matched control
Leucine 134 + 30 121 + 30
Isoleucine 7020 53+ 18 (*)

Valine 253 + 38 193 + 45 (**)
Total BCAA 457 + 85 365 + 78 ()

In addition, we saw no significant changes in individual BCAA in the VLCD only group.
However, significant reductions in individual leucine (p = 0.034), isoleucine (p = 0.047)
and valine (p = 0.039) figure 14C and BCAA (figure 14D) were observed following
VLCD+RET; while significant reductions in leucine (p = 0.0167, Figure 14A) and valine
(p = 0.0163, Figure 14C) were also observed following VLCD+HIIT and sum BCAA

(figure 14D).
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FIGURE 14. COMPARISON OF BRANCHED-CHAIN AMINO ACIDS IN ALL GROUPS AT BASELINE AND
FOLLOWING VLCD INTERVENTIONS ALONGSIDE RET AND HIIT EXERCISES.

4.4.3. Relationships between fasting BCAAs and HOMA-IR
Given significant reductions in total body mass, including fat mass, it was anticipated
that HOMA-IR would significantly reduce in all VLCD cohorts (VLCD-only figure 15A,
p =0.002; RET group figure 15B, p = 0.0002; HIIT group figure 15C, p = 0.046). There
were however no associations between HOMA-IR and BCAA concentrations in either
of the three groups, neither at baseline nor following our dietary and exercise
interventions, figures 15 D — F). To further determine whether the small n within each
group may limit the opportunity to detect this relationship, we collapsed all of our VLCD
participants into one group (n = 26) to assess if there was a correlation with HOMA-IR
and baseline BCAA concentrations at baseline. Still, there was no relationship
between HOMA-IR or BCAAs (figure 15 G). To further investigate if the expectant
correlation to BCAA and insulin sensitivity may exist across a broad range of BMI, we

compared our collapsed VLCD groups at baseline, with a healthy BMI cohort of a
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range of ages (Sayda et al. 2020) from our lab (total n = 58). Still, there were no

associations with HOMA-IR and circulating BCAAs (figure 15 H).
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FIGURE 15. PAIRWISE COMPARISONS OF HOMA-IR SCORE AFTER VLCD, DIET-ONLY (15A), VLCD + RET
(15B) AND VLCD + HIIT (15C). BCAA ASSOCIATIONS WITH INSULIN SENSITIVITY WERE INVESTIGATED
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DISPLAYED IN FIGURE 15H (N = 58).
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4.4.4. BCAA metabolising enzyme expression

Skeletal muscle is the main site of BCAA metabolism (hamely due to the presence of
the BCAT enzyme) which initiate reversible transamination reaction to facilitate
transfer of an a-amino group to a-ketoglutarate yielding glutamate and each of the
BCAAs respective keto-acid (Brosnan and Brosnan 2006). As such, BCAT1
contributes to catabolism of BCAA by generating nitrogen required for glutamate
synthesis and accounts for BCAT activity particularly in the brain (Hall et al. 1993) and
peripheral nerves (Sweatt et al. 2004). BCAT2, which plays a main role in peripheral
BCAA catabolism and is expressed ubiquitously but especially in skeletal muscle
(Lynch and Adams 2014a; Papathanassiu et al. 2017). Therefore, we studied whether
expression and activity of these enzymes (increased flux) could provide insight into
differences between plasma BCAAs that would emerge following VLCD. Further, total
BCKDH (known to increase following exercise) and its phosphorylation of BCKD Ela
provide rate-limiting steps giving rise to acyl coenzyme A adducts eventually feeding
into the TCA cycle (She, Reid, Huston, et al. 2007; White et al. 2018). For BCAT 1
expression, our intervention resulted in a trend towards increased BCAT 1 content in
all study groups (figure 16A). In contrast, BCAT 2 content remained unchanged in all
groups (figure 16B). BCKDH expression was similar at baseline post-VLCD only
(figure 14C; p = 0.99) and in VLCD+HIIT (figure 16C; p = 0.99) but showed a strong
trend towards increasing in the VLCD+RET group (figure 16C; p = 0.11). VLCD alone
was unable to induce any changes in phospho-BCKDH (figure 16D; p = 0.96), whereas
an increased trend was observed for both VLCD+RET (figure 16D; p = 0.083) and

VLCD+HIIT (figure 16D; p = 0.093) cohorts.
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Figure 16. RIPA extracted western blot analyses on muscle in VLCD, VLCD + RET and VLCD + HIIT
interventions.
4.4.5. Muscle BCAA-related gene expression

The expression of a number of genes intimately involved in branched-chain amino
acid metabolism were also probed (listed in table 2). In total, 8 BCAA-related genes
were analysed, significantly increased expression of mitochondrial respiratory chain
complex subunit succinate dehydrogenase complex subunit B (SDHB) and 3-
hydroxyisobutyrate dehydrogenase (HIBADH), which is implicated in valine
catabolism, were observed only in the VLCD+RET group (figure 17 E & G). The other
6 genes remained unchanged pre- and post-6-weeks of VLCD, figure 17. A summary

of this chapter’s findings is displayed in figure 18.
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Figure 17. Muscle gene expression analyses of BCAA-related genes pre- and post-intervention in the VLCD

groups. Data were analysed via two-way ANOVA and Tukey’s post-hoc test (p <0.05).
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4.5. Discussion

In accordance with numerous other studies (Newgard et al. 2009; Felig, Marliss, and
Cahill 1969b; Le Couteur et al. 2019; Siddik and Shin 2019), including in monozygotic
twins (Pietilainen et al. 2008), BCAA were elevated in our obese participants, and they
decrease following VLCD and exercise, but not VLCD alone. To account for potential
limitations in statistical power, we combined our entire study population baseline
BCAA measures (which are elevated compared to healthy (BMI) controls of a similar
age range to IS scores to determine if there is a trend towards the commonly reported
associations, however, again this was unfounded. Further, we also included BCAA
concentrations from a previous study of our lab (Phillips et al. 2017) to increase the
spectrum of BMI, as well as study numbers, however this also failed to uncover any
robust relationship between fasting plasma BCAA and variables of HOMA-IR. Indeed,
combing recent data from our lab reveals that this relationship with HOMA-IR and
BCAA does not appear to hold with normoglycemic, non-obese and healthy
populations either, but rather the relationship appears to track more closely with
increases lean body mass and strength following a period of RET (Sayda et al. 2020).
The present study supports this, in the context that BCAAs are not a robust marker
that track with changes in HOMA-IR, despite our exercise and nutritional interventions
significantly reducing the circulating plasma BCAA levels of our volunteers undergoing

a stringent weight loss programme.

The magnitude of weight loss (~11 %) in this study was comparable to those in other
calorie restriction studies (~9.5-16 %; Colleluori et al. 2019; La Vignera et al. 2020)
and was accompanied by improvements in insulin sensitivity across all groups,
reduction of whole-body mass and BMI, which is indicative of compliance with the

intervention and overall improved metabolic health. Our data suggest that whilst the
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role of BCAAs in IR (Newgard et al. 2009) are routinely reported, these relationships
do not hold in our obese participants at baseline nor following VLCD or VLCD with
exercise training. However, the possibility of low n as a contributing factor cannot be

ruled out.

Recent studies indicate BCAA alone or in combination with other metabolites (Wang
et al. 2011), such as aromatic AA (Phe/Tyr) and acylcarnitine species (Newgard et al.
2009) alanine and proline (Tai et al. 2010) may hold value as metabolic ‘signatures’
of obesity and as predictors of T2DM. Nonetheless, relationships between plasma
BCAA and metabolic ‘signature’ have been shown to vary across the lifespan. For
example, elevated BCAA are not associated with obesity in adolescents (Mihalik et al.
2012), indicating that any relationship with plasma BCAA may be context-dependant
(Le Couteur et al. 2019). Further these associations have also been shown to differ
between sexes. Reflecting this, in females, it was shown that BCAAs, and
phenylalanine, BCAA metabolite, 3-methyl-2-oxovalerate (Menni et al. 2013) when
combined revealed strongest associations with IR; conversely, in males it was BCAA,
alanine, proline, glutamine and aromatic AA that associated most strongly (Tai et al.
2010). Therefore, elevations in BCAA do not wholly indicate underlying metabolic

dysfunction and show variability across the lifespan and between genders.

We conclude that while BCAA in conjunction with other metabolites may robustly relate
to IR, a causal relationship is lacking despite recent studies suggesting a ‘clogging’
model of impaired BCAA catabolism, including 3-hydroxyisobutyrate (3-HIB) a valine
catabolite (Jang et al. 2016). These authors report increased muscle 3-HIB secretion
in IR facilitates fatty acid uptake resulting in lipid accumulation, a ‘synergistic’ viewpoint
which is supported by other workers (Newgard 2012). Indeed, genetic markers (e.g.

reduced BCAA dehydrogenase complex and its regulatory phosphatase PPM1K in
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obese individuals; Wang et al. 2017) have been suggested as mechanistic
explanations to describe the variation in studies of the long-standing associations
between BCAA and IR/ T2DM. Taken together, the lack of correlation between
reductions in IR and BCAA seen here, despite improved overall metabolic health of
expected weight/ fat loss, suggests that reductions in BCAA per se is not required to
improve IS, but rather a metabolic reprogramming of insulin-sensitive tissue(s) in
response to VLCD causes improvement in IS which precede detectable changes in
plasma BCAAs, particularly since no correlation was observed between total mass/

fat loss and indices of IS.

Contrary to previous observations between food over-consumption with increases in
BCAA, we observed that BCAA levels was not reduced following 6-weeks of VLCD-
induced weight loss. This observation is in-line with some reports (Lips et al. 2014;
Laferrere et al. 2008) but is in contrast with other reports of calorie restriction induced
weight loss via bariatric surgery (Shah et al. 2012; Magkos et al. 2013). While it is
likely that subject characteristics may account for these contrasting results, some
evidence suggest that reduction in BCAA occurs directly as a result of bariatric surgery
per se, independent of weight loss due to increase in BCAA catabolic gene expression
in adipose tissue (She et al. 2007). Therefore, while the causes of elevated plasma
levels of BCAA are incompletely elucidated (i.e. the impact of age, dietary intake, or
impaired catabolism; (Elshorbagy et al. 2018; Jang et al. 2016)), the present study
suggests improvements in body composition and HOMA-IR occur independently of

changes in plasma BCAA.

That BCAAs reduced with exercise may not be particularly surprising, given the
demand placed on the body of those within exercise groups i.e., increased catabolism

(Refsum and Stromme 1974; Haralambie and Berg 1976) without sufficient nutrient
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availability and delivery to working muscles; particularly since the anabolic capacity of
food/ exercise is dose-dependent (Witard et al. 2014; Rennie and Tipton 2000). It
could be argued that by the data presented here and elsewhere (Magkos et al. 2013)
diet alone is not enough to reduce plasma BCAAs and the introduction of exercise,
and ensuing hyperaminoacidemia, is crucial in normalising BCAA metabolism
particularly in obese individuals. Although BCAAs were significantly lowered with
VLCD = RET/ HIIT, and a significant increase in IS was observed, despite no

association between BCAAs or HOMA-IR, or even when all data were combined.

One aim was to determine whether there was a mechanistic or genetic component in
this study. For example, studies have shown decreased expression of the main BCAA
enzyme, BCAT2 which deaminates BCAAs to their corresponding keto-acids, and
BCKDH Ela in muscle from insulin resistant participants (Serralde-Zaiiga et al. 2014).
In the present study, no change was observed in measured enzymes, in either total or
phosphorylated form, in any groups after VLCD. Given that our participants are obese,
it may be possible that changes in adipose tissue BCAA metabolism contribute to the
change in circulating fasting BCAA (Herman et al. 2010), a site of BCAA

transamination and decarboxylation described recently

Additionally, PCR analyses revealed higher expression higher expression of
mitochondrial genes SDHB and HIBADH in the VLCD+RET group only. SDHB, a
subunit of the succinate dehydrogenase complex (SDH), is a membrane protein which
plays a key role in glucose and FA metabolism and is thought to be an important site
of mitochondrial reactive oxygen species production (Anderson et al. 2009), and been
shown to influence insulin action in animal models. Therefore, it may be that bouts of
RET, coupled with low calorie intake, are primarily responsible for the increase in

SDHB expression changes seen here. Muscle HIBADH, a gene implicated in 3-HIB
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degradation (valine metabolite) has also been shown to increase expression following
exercise (Jang et al. 2016). Decreased expression of HIBADH has been observed in
the muscle of diabetic individuals, whilst changes in expression in the liver has not
been reported (Chen et al. 2013), thereby offering a possible explanation as to the
decrease in the plasma BCAAs observed in this group. The potential for gene
expression analyses in offering mechanistic insight is promising, notably, genome-
wide association studies have revealed PPM1K (Goni et al. 2017) and BCKDHA (Tiffin
et al. 2006) as candidate genes with causal links to obesity and IR. In support, studies
in weight-discordant monozygotic twins reveal differential expression of a range of
genes involved in BCAA metabolism, including BCAT2, HIBADH and ALDH6A1
(Pietilainen et al. 2008). Alongside this, recent studies (Zhou et al. 2019) have centred
on defects in BCAA catabolism and provide evidence of the importance of BCAA
dysregulation in obesity-associated IR and T2DM, which propose keto-acids (namely
3-HIB; Jang et al. 2016) metabolites giving rise to a ‘clogging” model to explain that
the accumulation and reduced clearance capacity of metabolic by-products of BCAA

metabolism

There are some study limitations that warrant discussion, including low sample
numbers reducing statistical power that make it difficult to detect mild associations
between HOMA-IR and BCAA. Further, it may be that the ‘low severity’ of our
volunteers IR was a factor. Previous studies which have shown correlations with
BCAA, document HOMA-IR of ~3.5 — 5.5 in individuals with obesity (Newgard et al.
2009; Tai et al. 2010) compared to ~1.7 in this study. Further, a means to mitigate the
loss of muscle mass in interventions of this nature are crucial to maximise the
therapeutic benefits, with the manipulation of protein intake one such option. Six

weeks VLCD resulted in significant weight loss and improved metabolic health in the
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form of reduced IR. Moreover, despite the observation of elevated fasting BCAA in the
overweight group, neither reductions in BCAA nor correlations between BCAA and
HOMA-IR were observed following VLCD or VLCD + exercise. That VLCD alone does
not markedly reduce circulating BCAA, questions this association. Furthermore, it
should be noted that whilst whole body, fat and lean mass, including BMI significantly
reduced (28.8 + 2.9 kg.m?), the reduction was not to within the healthy BMI range (~25
kg. m?). Indeed, others have shown reduction of BMI to healthy ranges with VLCD
(Hammer et al. 2008) suggesting a longer duration or repeated bouts of VLCD would

be required to observe normalisation of BMI and possible plasma BCAAs.

4.6. Conclusion
Our study shows that 6-weeks VLCD alone or with RET or HIIT leads to significant
weight loss and improvements in HOMA-IR and that all improve aerobic capacity, likely
because of weight loss alone. Despite observations of elevated fasting BCAA in the
obese confirmed at baseline, VLCD alone does not markedly reduce circulating
BCAAs which questions this seemingly established association. These data suggest
that elucidating the role of catabolic by-products in plasma and the enzymatic activity
in adipose tissue may be potential underlying causes for this elevated BCAA

phenotype commonly observed in the obese.
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CHAPTER FIVE: 8-WEEKS OF ENDURANCE EXERCISE IMPROVES CIRCULATING BCAAS IN
HEALTHY OLD INDIVIDUALS IN CONTRAST TO INDIVIDUALS WITH COPD
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5.1. Abstract

Introduction: Chronic obstructive pulmonary disease (COPD) is characterised by
lung injury which causes progressive airflow limitation because of lung inflammation
and destruction of alveoli. The most prominent characteristic in COPD is chronic
dyspnea (shortness of breath) in addition reduced muscle function and strength,
resulting in reduced quality of life. Studies of exercise endurance (EE) training in
COPD cohorts has shown promise in improving functional capacity and the role of
plasma branched-chain amino acids (BCAA) in these patients are not well-defined but
could provide a more reliable marker of disease severity and responsiveness to

rehabilitation interventions.

Methods: COPD patients (n = 14 men and women, mean age 70.4 + 6, BMI, 28.1 +
27.8, FEV1 1.2 £ 0.3) with stable COPD underwent EE on a cycle ergometer,
comprising of 65 % 1-RM, 3 times per week. Load was adjusted throughout to maintain
intensity, and the intervention lasted for a total of 8 weeks. Measurements of lean body
mass, strength and lung function were collected. Plasma BCAA profiles were

determined using gas chromatography-mass spectrometry (GC-MS)

Results: COPD patients displayed a blunted response to 8-weeks EE as
demonstrated by VOzpeak 13.95 L/min/kg at baseline which remained unchanged. In
contrast, age-matched controls displayed improvements (+ 3.3 L/min/kg, p = 0.001).
Similarly, no strength improvements were seen within the COPD group, in contrast to
age-matched control who demonstrated strength improvements (baseline 127 nM,
post-EE 144 nM, P = 0.01). Unsurprisingly, no BCAA changes were observed within
the COPD group, in contrast to control group who displayed significant elevations of

sum BCAA (343uM = 61 at baseline, compared to post-EE 389 + 57 uM p = 0.02)
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Conclusion: Eight weeks of progressive EE was not sufficient to improve aerobic
capacity in stable COPD participants. Age-matched, older controls maintain the

capacity to response to EE interventions.

116



5.2. Introduction

COPD is a disease which is characterised by alveolar abnormalities that cause
progressive airflow limitation and often result in breathing difficulty (Vestbo et al. 2013).
Two main terms are used to broadly define COPD, that is chronic bronchitis (long-term
inflammation of the airways) and emphysema (destruction of the alveolar walls within
the lungs) (Snider 1989), leading to the presence of a persistent cough, wheezing and
sputum production (Millerova et al. 2015). The diagnosis of airflow obstruction can be
typically measured by forced expiratory volume in 1 second (FEV1) and forced vital
capacity (FVC), and the global initiative for obstructive lung diseases (GOLD)
suggests a ratio of 0.70, based on post-bronchodilator FEV1 to define airflow limitation
(Rodriguez-Roisin et al. 2017). The most obvious characteristic symptom of COPD is
chronic dyspnoea (Ferguson et al. 2000), however despite clear deleterious effects on
the lungs, COPD is also widely recognised as a systemic disease (Bernard et al. 1998)
that includes (but not limited to) skeletal muscle dysfunction e.g. low muscle mass and
strength, metabolic diseases (obesity, cardiovascular disease), gastroesophageal
reflux and clinical depression (Barnes and Celli 2009). These extrapulmonary co-
morbidities contribute significantly to the decline in quality of life and result in multiple
symptoms, placing a significant burden on both the patient and healthcare systems
(Donaldson et al. 2015). Skeletal muscle dysfunction in particular is associated with a
poor quality of life, for example reduced quadricep muscle force in COPD patients are
a significant factor associated with increased hospital admissions over a 6 month
period (Decramer et al. 1997) and mortality (Celli et al. 2015). Decreased proportion
of type | muscle fibers, reduced oxidative capacity, muscle cross-sectional area and
endurance are hallmark features of COPD patients, which culminate in overall reduced

working capacity and exercise tolerance (Casaburi 2001; Zeng et al. 2018). Exercise
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training is regarded as the cornerstone of pulmonary rehabilitation and is a common
clinical intervention to improve mobility and limb function. In addition to obvious roles
in locomotion, skeletal muscle mass serves as a reliable prognostic marker of
mortality, independent of either FEV1, BMI or age (Swallow et al. 2007). Fat free mass
(FFM) is therefore often used as a surrogate marker for skeletal muscle mass, and
unsurprisingly lower FFM is associated with greater risk of both COPD and all-cause
mortality (Vestbo et al. 2006), therefore improving muscle mass and function, may
serve as an attractive therapeutic target, since there are few alternative interventions

that can directly reverse the damage that has occurred or remodel of lung tissue.

As COPD progresses, advancing age becomes another risk factor for COPD, in a
population where physical inactivity is already a prominent feature (Kohl et al. 2012),
however exercise is arguably the most effective intervention at increasing exercise
tolerance and quality of life (Spruit et al. 2002), including in those suffering from COPD

regardless of disease severity (Vestbo et al. 2013; Neder et al. 2019).

For example, despite progressive loss of muscle with age (sarcopenia; Rosenberg
1997) and strength (dynapenia; Skelton et al. 1994), skeletal muscle maintains
remarkable responsiveness to exercise stimuli (Goldspink 1999). Studies investigating
the role of exercise in COPD patients have shown that maximal aerobic capacity
(VO2zmax) is up to ~50 % lower, when compared to healthy counterparts of similar age
(LeBlanc et al. 1996; Vaes et al. 2011). Despite this, there is evidence to suggest
efficacy in aerobic training in COPD patients whereby it has been shown exercise
capacity (VO2zmax) can be increased following tailored exercise regimes (Gosker et al.
2006; Brgnstad et al. 2012), hence exercise as a nonpharmacological intervention is
a cornerstone of clinical pulmonary rehabilitation programmes (Bolton, Bevan-Smith,
and Blakey 2014; Singh 2002). Some studies investigating the impact of endurance

118



exercise in COPD cohorts have shown no improvements in aerobic capacity
compared to healthy controls (Radom-Aizik et al. 2007), whereas others have shown
that, when matched for relative intensity, COPD patients experience reduced VO2max
gains compared to their health age-matched counterparts (Sala et al. 1999;
Rabinovich et al. 2001; Radom-Aizik et al. 2007). Further, Gouzi et al. (2013) have
shown, following 6-weeks moderate endurance exercise, the response is significantly
blunted (+0.96 mL+ kg* « mint) compared to age-matched healthy controls (+2.9 mLe
kg e min?), whereas others have shown that 12-weeks of HIIT (2 times p/week) is
effective in increasing peak power and increased quadriceps thickness and CSA,
suggesting adaptation to exercise is preserved in the muscles in individuals with

COPD.

As presented in chapter 1.8.1, measurement of airflow obstruction represents a
simplistic diagnostic in a complex, multifactorial pulmonary disease. Therefore, there
is an urgent need for more accurate diagnostic (and prognostic) measures of disease
status and progression, because intervention during the early stages of COPD disease
development likely represents an opportunity when interventions are likely to be most

effective (Vestbo and Anderson 2008).

Studies of circulating plasma branched chain amino acids (BCAA) have revealed
significant perturbations in the metabolism of these compounds, wherein patients with
COPD present with decreased concentrations when compared to healthy age-
matched non-smoker controls (Ubhi, Riley, et al. 2012), particularly for leucine
(~107uMI/L, compared to 147uM non-smoker control; Morrison et al. 1988). As shown
in chapter 3, plasma BCAAs track with improvements in lean mass and strength
following exercise interventions, even in older individuals, which provides us with a
relatively accessible fluid to sample and from which to gather information on, and an
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alternative means to measure functional changes of an intervention. Therefore, the
aims of this chapter are firstly to determine how patients with COPD, and healthy age-
matched men and women respond to 8-weeks of supervised endurance exercise (EE).
Secondly, in addition to investigating EE responses in aerobic capacity and lean mass,
the aim is to also determine whether these changes which are driven by the
intervention reflect in the plasma BCAA profiles of these individuals which could

predict clinical markers of health.
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5.3. Materials and Methods
5.3.1. Ethical approval

Ethical approval for this study was granted by the NHS National Research Ethics

Service (West Midlands — Coventry and Warwickshire, Reference 13/WM/0075).

5.3.2. Participant characteristics

A total of n = 14 (5 males and 9 females, mean age 70.4 = 6 years, BMI: 28.1 + 5.2)
with existing COPD (MRC grade >3 ex-smokers, mean smoking pack years 40.6 *
14.3) were recruited for this study. Participant recruitment was achieved through
Pulmonary Rehabilitation waiting lists and mailshot respondents, performed by
researchers at the University of Leicester and Glenfield Hospital, Leicester, U.K.
Additional inclusion criteria were age >60 and <80 years with clinical diagnosis of
COPD and obstructive spirometry with lung function FEV1 <80% predicted, FEV1/FVC
<70% Medical research council grade >3 and clinically stable with no exacerbation
within last 4-weeks. COPD patients were excluded if participating in any regular
exercise regime. Age-matched healthy volunteers n = 8 (50: 50, male: female, mean
age 70.6 £ 5.8, BMI: 28.2 + 3.6) were included with normal lung function FEV1 >80%
predicted, FEV1/ FVC >70% with no history of respiratory diagnosis. No participants
engaged in any structured exercise regime and were excluded from the study if any
metabolic comorbidities were present (such as type Il diabetes) or inflammation (e.g.,
rheumatoid arthritis), or had impaired muscle function. Participants were also not
receiving any medication, such as systemic corticosteroid, anticoagulation therapy or
current smoker (ex-smokers > 1 year were accepted). All participants had the capacity
to provide informed consent and all exercise sessions were supervised by a member

of research staff.
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5.3.3. Conduct of the study

Volunteers of the study attended Glenfield Medical Centre for baseline physiological
assessments and testing split over two-days to allow familiarisation. Baseline testing
included incremental cardiopulmonary testing (CPET) and quadriceps strength
(maximal voluntary contraction; MVC) tests for adjustment of intensity for subsequent
exercise sessions. Exercise tests were separated by a minimum of 30 minutes
recovery time, in-line with guidelines for exercise testing in COPD cohorts (Spruit et
al. 2013), whereby it was ensured that heart rate, ventilation and respiratory exchange
ratio had returned to resting values before commencement of second test. CPET tests
were performed on a calibrated Lode cycle ergometer (Groningen, Netherlands) and
monited using a CPET card (Ergocard Professional, Medisoft, Sorinnes, Belgium).
Continuous cardiac monitoring was achieved using 12 lead electrocardiogram (ECG),
oxygen saturation (SPO2) measured by pulse oximetry (Nonin Medical B.V. Europe,
Amsterdam, Netherlands) and blood pressure monitored using an automatic
sphygmomanometer, all connected to the computer coordinating the CPET. Peak
exercising capacity was measured using incremental cycling to voluntary exhaustion.
Pedalling resistance was progressively increased by increments of 1 watt, with a ramp
protocol of 5 W/ minute to 30 W/ minute. Participants were instructed to maintain 60
revolutions per minute (RPM) until local muscular fatigue or dyspnoea prevented them
from continuing. Tests were terminated if participant was unable to maintain a 60 rpm
cadence. VO2"FAKwas defined as the highest oxygen uptake (L / min) acheived during

loaded pedalling.

Body composition was measured using Dual Energy X-ray absorptiometry (DXA) scan
(Lunar Prodigy; GE Healthcare, Buckinghamshire, United Kingdom) and regions of

the body were automatically integrated by the software package (Encore softwards,
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GE Healthcare). QMVC was measured on an isokinetic dynamometer (Cybex NORM
[I; CSMi, Stoughton, United States). The QMVC protocol was conducted in a seated
position with knee and hip flexion at 90° and one set of three repetitions at a rotational
velocity of 60°/ s performed at 50 % effort to ensure familiarisation. Then, two sets of
three maximal repetitions were performed separated by 30 seconds recovery with
verbal encouragement — the highest value for peak torque was recorded as isokinetic
QMVC. Blood samples were taken from the antecubital vein and collected into
heparinized vacutainers for measures of plasma AA, with the plasma fraction collected
following centrifugation at 2000 x g for 20 min at 4 °C. These measures were collected

at baseline and again following successful completion of training programme.

5.3.4. Endurance exercise intervention

Following a minimum of seven days recovery, participants commenced aerobic
training for a total of eight weeks and three sessions per week on a Lode cycle
ergometer (Groningen, Netherlands). Training commenced with 3 minutes of resting
recordings, and 3 minutes of unloaded pedalling. Work rate was then ramped up by 1
W / minute to reach a 65 % intensity of what maximum, with cadence being maintained
at 60 rpm. Physiological measures were taken during the test and averages calculated
which excluded the first three minutes of pedalling to produce data representative of
steady state exercise. Where a participant was unable to complete 30 minutes
continuously, they were allowed a short break (< 5 minutes) before resuming to
achieve 30 minutes. Cycling resistance was adjusted at 4-weeks to ensure intensity
of the sessions were maintained. Once 8-weeks of exercise sessions were reached,

participants were instructed to resume their habitual physical activity levels.
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5.3.5. Analytical methods

To determine plasma AA concentrations, samples were prepared according to the

methods described in chapter two.

5.3.6. GC-MS conditions
Plasma AA concentrations were determined according to methods previously

described in chapter two.

5.3.7. Statistical analyses

Once data had passed normality, Student’s t-test were used to determine plasma
BCAA changes at baseline and following 8-week EE. Pearson’s correlation was used
to determine associations between plasma BCAAs and measures of exercise and

health were present at baseline or following the intervention.

5.4. Results
5.4.1. Participant characteristics

Baseline and post-EE characteristics, including lung function and strength
measurements are displayed in table 5 for those participants who completed the study.
As shown, the older healthy control group had normal lung function (average 2.3 L
Residual volume; RV) capacity whereas the COPD counterparts demonstrated

obstructive lung spirometry (average 3.4 L RV).
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Table 5 Baseline characteristics of individuals who underwent 8-wks endurance exercise

COPD (n=14) Age-matched (n = 8)
Sex 5:9 (M: FM) 4: 4 (M: FM)
Age (years) 70.4+6 70.6 +5.8
Height (m) 1.6+0.1 1.7+0.1
Weight (kg) 73.7+16.3 78.8+15.4
FEV1 (L) 1.2+0.3 2.6+£0.4 ***
FEV1% predicted 542 +15.7 114 + 22 5****

Smoking history

Current (n = 14)

Current: Ex (4: 4)

Pack years 38.8+17.6 18.3+21.5

MRC grade 32+04 1.1+£0.4 ***

RV (L) 3.46+1.2 23+0.6*

TLC (L) 6.5+15 59+1.1

Alcohol (units/ wk) 43+6.8 10.6 £9.4
Baseline Post-EE Baseline Post-EE

BMI (kgem?) 28.1+£5.2 27.8+5.1 28.5+3.7 28.2+ 3.6

Lean mass (kg) 453+11.4 453+11.4 50.3+10.1 49.7 +£10.0

Strength (Nm) 95+ 42 99 + 43 127 + 34 144 + 48 *

VOzpeak (L/min/kg) 14.0+ 4.5 13.9+4.1 17.8+3.1 21.2+2.8

VOzpeak (L/Min/kg) 242+8.1 239+7.3 295+3 354+21

Lean mass

Heart rate (max) 127+ 14 132 £ 16 137 +£12 142 + 10

RER 1.05+0.1 1.04 £ 0.09 1.19+0.1 1.21 £ 0.05

*Data are mean (SD). BMI, body mass index; COPD, Chronic obstructive pulmonary disease. FEV1,
forced expiratory volume in 1 s; RV, residual volume; TLC, total lung capacity; HR, heart rate; RER,

respiratory exchange ratio
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5.4.2. Exercise response

The response of both groups to the same EE protocol, is shown in Table 5. Individuals
with COPD were not able to improve upon exercise capacity from baseline
measurement (baseline 14 + 4.5, post-EE 13.9+4.1L/min/kg, P = 0.82), in contrast to
the older healthy control cohort in whom exercise capacity showed significantincrease
following EE (17.8 £ 3.1 post-EE 21.2+2.8 L/min/kg, P = 0.001). A similar trend is
observed for changes in strength, as measured by isometric torque, whereby the
COPD group did not differ after the intervention (baseline 95 + 42, post-EE 99 + 42
nM, P = 0.38), whereas their healthy counterparts showed significant improvements
(baseline 127 + 34 post-EE 144 + 48 nM, P = 0.01). In terms of changes in lean mass,
neither the COPD group (p = 0.84), nor the age-matched controls (P = 0.08), showed
any significant changes (table 1). At 8 weeks, older participants were able to exercise
at a higher heart rate max compared to COPD (132 compared to 142 BPM: ~10 %

difference). There were no significant changes of RER at VOzpeak between the groups.

5.4.3. Circulating BCAA levels

Next, we assessed whether changes seen in aerobic capacity were matched by
changes in plasma BCAAs. In COPD volunteers, baseline (leucine 113 = 31 uM;
isoleucine 64 = 20 uM; 205 + 56 uM; valine 205 = 56 uM; sum BCAA 381 + 105 pM)
and post-EE (leucine 111 + 26uM, p = 0.89; isoleucine 60 = 15uM, p = 0.47; valine
205 £ 56uM, p = 0.97; sum BCAA 376 + 94uM, p = 0.86) remained unchanged (figure
19). In contrast, age-matched healthy controls showed marked increases in all BCAA
following EE figure 19 baseline leucine (102 + 18 uM), isoleucine (51 £12 uM), valine
(190 £ 33 uM) and sum BCAA (343 = 61 pM) all increased with endurance exercise
(leucine 115 + 20uM, p = 0.05; isoleucine 62 + 12uM, p = 0.02; valine 212 £+ 27uM, p

= 0.03; sum BCAA 389 £ 57uM, p = 0.02), figure 19.
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FIGURE 19. BCAA RESPONSES TO 8 WEEKS ENDURANCE TRAINING IN N = 14 COPD PATIENTS AND N
=8 HEALTHY, AGE-MATCHED CONTROLS.

5.4.4. Associations between BCAAs and variables of lung function, lean mass
and strength

Pearson’s correlation between BCAAs and FEV: was performed to determine if
BCAAs could be an associative variable with some measures of lung function as
potential for a surrogate biomarker for function, however no associations were present
in the COPD group, however a positive trend was noted in the healthy control group,
although it is likely the lack of statistical power limits the validity of this association

(figures 20).
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FIGURE 20. ASSOCIATION BETWEEN BCAAS AND FEV:i IN COPD AND HEALTHY CONTROL
PARTICIPANTS.

Pearson’s correlation was also used to determine if BCAAs could predict the changes
in lean mass, however no significant relationship was detected either at baseline or
post EE in either group (figure 21B& figure 21D). With regards to strength changes,
COPD group showed no significant associations with strength and BCAA (figure 21A),
which is unsurprising given lack of changes in each variable with EE. In contrast, age-
matched controls showed significant positive associations with BCAA and strength,
which remained significant throughout (figure 21C). A schematic summary of this

chapter’s findings is also displayed in figure 22.
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FIGURE 21. THE RELATIONSHIPS BETWEEN BCAA LEAN MASS AND STRENGTH IN COPD PATIENTS
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* EE did not result in exercise capacity or strength in COPD

* Age-matched controls demonstrated improved aerobic capacity and strength
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* Increases in BCAA's correlated with strength, in controls only
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FIGURE 22. SUMMARY OF THE FINDINGS OF THIS CHAPTER

5.5. Discussion

The main aims of this study were to examine the effects of endurance exercise training
on aerobic capacity, lower limb strength and lean mass, in individuals with COPD and
compared to in age-matched controls without COPD. At baseline, those with COPD
had lower (-27+ %) oxygen uptake compared to age-matched healthy counterparts
and no increase was observed in response to 8 weeks of supervised EE. In contrast,
older age-matched individuals demonstrated an increase in peak oxygen uptake
following EE (19 %). These values (24.2 mL-min-kg lean mass) are similar to previous
studies (Vaes et al. 2011) defining oxygen uptake in COPD patients (24.6 mL-min-kg

lean mass) of similar age and BMI. That COPD patrticipants did not respond to exercise
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training is concerning; however, this is likely due to exercise intolerance, caused by
low muscle mass and dysfunction of the lower limbs, over the course the 8-week
training intervention. Indeed, studies have shown that even in patients with normal
body weight (Vermeeren et al. 2006), muscle atrophy remains present, and given that
strength is mostly determined by muscle size (Bernard et al. 1998; Hamilton et al.

1995), weakness of the muscles are highly prevalent in COPD populations.

Several workers (Bernard et al. 1998; Schols et al. 1993; Simpson et al. 1992;
Hamilton et al. 1995), have shown that skeletal muscle dysfunction, underpinned by
morphological and biochemical abnormalities and correlating with functional
impairments, are largely responsible for exercise intolerance in COPD cohorts,
however, unlike the impairments in lung function common in COPD (hence no
improvement in FEV1 seen here), deficits in muscular function are amenable to
therapy by rehabilitative strategies, at least in age matched, and otherwise healthy
individuals. Indeed, the healthy individuals demonstrated clear adaptation to the
intervention as evidenced by increases in muscle strength, aerobic capacity, and
increased max heart rate. Although the mechanisms responsible for these
improvements were not measured herein, it is likely due to increased cardiovascular
adaptation and oxygen delivery to the exercising muscles (Murias, Kowalchuk, and
Paterson 2010) as well as neural adaptations (Gabriel, Kamen, and Frost 2006) given
the controls were untrained at baseline. The present study is in accordance with other
studies in sedentary populations i.e. ‘trainability’ of individuals persists in older age
(Houmard et al. 1996; Fujimoto et al. 2010; Milanovi¢, Spori§, and Weston 2015),
therefore, these data suggest that the traditional VOzpeak as an all-conquering marker
of healthy ageing is context-dependent (Pollock et al. 2015). The lack of increases in

lean mass seen in the both COPD and older controls are a concern given the
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importance muscle mass in advancing age, therefore efforts (such as alternative
exercise modalities, calorie restriction) to maintain or reduce the rate of losses in
strength and lean mass (Peterson, Johannsen, and Ravussin 2012). For example,
alternative exercise modes i.e. RET/, implementation of ‘concurrent’ training
paradigms as well as nutritional manipulation (i.e., protein; van de Bool et al., 2017)
have shown promise. When compared with EE, resistance training combined with EE
twice weekly for twelve weeks has been shown to produce similar gains in maximal
strength, power and 6-minute walk test in COPD (Zambom-Ferraresi et al. 2015), a
notion which is supported by other researchers (Mador et al. 2004; Ortega et al. 2002).
The caution related with abrupt increases in heart rate and arterial pressure associated
with isometric contractions (such as RET) are acknowledged, however several studies
have reported strength training to be well tolerated in COPD patients (Clark, Cochrane,
and Mackay 1996; Simpson et al. 1992), in addition to being effective in reducing the
strength deficits of COPD patients compared to healthy, age-matched participants

(Clark et al. 2000).

Given the lack of changes in strength, lean mass, or exercise capacity in the COPD
group, itis perhaps unsurprising that no changes were seen in plasma BCAA following
EE. In contrast, given the beneficial changes in exercise performance and strength in
the older, healthy controls, BCAAs show increases following 8 weeks EE in the
absence of COPD. Uniquely, this correlated with strength gains in the older cohort and
is in accordance with other researchers (Borg et al. 2019; Mcdonald et al. 2016), as
well as the data presented in the RET chapter (three) of this thesis, where BCAAs
show a positive association with strength across the lifespan. Therefore, it seems that
in the context strength and lean mass gains with exercise, BCAAs do indeed hold

potential in reflecting the response of muscle to RET (when adequately stimulated),
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which are sensitive to improvements in metabolic health compared changes in aerobic

capacity (VO2max) in the presence COPD.

The present study reports improvements in aerobic capacity and strength of older
individuals in comparison to patients with COPD, despite this, sample size limitations
(n =8 in control group) are acknowledged as are limitations regarding the extrapolation
of the results to more general populations. However, the associations with strength
and BCAA in the control participants show clear promise for BCAAs as a potential
marker of functional gains. The results of this chapter are supportive of the findings
presented in chapter 3, where strength gains correlated with changes in BCAA
following an exercise intervention. These results support the work of others, in that in
untrained individuals, advancing age should not be a barrier to exercise participation
for the purpose of aerobic improvements which is an important conclusion of this

study.

This chapter has described on the impact of exercise in elderly individuals with stable
COPD and compared them to age and BMI matched controls. The next chapter (6)
will investigate a larger cohort of COPD patients, who present to hospital with an acute
exacerbation of COPD and their response to an alternative (relative to disease
severity) exercise intervention, evaluating a novel, early rehabilitation programme
consisting of aerobic, resistance exercises, in addition to neuromuscular electrical

stimulation, designed to enhance recovery from a bout of exacerbation from COPD.

133



CHAPTER SIX: PLASMA BRANCHED CHAIN AMINO ACID RESPONSES TO AN EARLY
REHABILITATION INTERVENTION UPON HOSPITAL ADMISSION OF AN EXACERBATION
oF COPD
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6.1. Abstract

Introduction: The progressive nature of COPD results in sudden worsening of
symptoms, i.e., exacerbations (sudden worsening of COPD symptoms) which are
characterised by prolonged bedrest, associated muscle loss due to inactivity, and
consequently increased risk of mortality. This retrospective, randomized control trial
used a progressive exercise-based rehabilitation programme initiated immediately

following an exacerbation of COPD.

Methods: Individuals were enrolled on to this study, 48 h following admission to
hospital for an acute exacerbation and randomised into standard care (mean age 68.2
+13.9, mean BMI 23.8 + 5.9 kg/m?, FEV1 1.3 + 0.3) or early rehabilitation (Mean age
72.4 + 3.7, mean BMI 25 * 6.3 kg/m?, FEV1 1.0 £ 0.5), n = 10 each. The early
rehabilitation received standard care plus 6-weeks additional exercises, including
knee extensions, sit-to-stand and step-ups. Participants were followed up at 3 months.
Measures of strength, thickness, and cross-sectional area (CSA) of the quadriceps
and circulating fasting plasma BCAAs were determined by gas chromatography-mass

spectrometry.

Results: Usual care group showed no significant changes in muscle strength,
thickness or CSA over the 6 weeks, or at 3 months follow-up. Similarly, early
rehabilitation group showed no significant changes in strength or thickness, however
a significant increase in muscle /quadriceps CSA (+ 0.8 uM + 1.1) was observed at 3
months. No changes were seen in plasma BCAA levels after the intervention at 6
weeks. However, at 3 months follow up, only those in standard care showed increases
in plasma BCAAs (316 + 58uM at baseline, 449 = 134 uM at 3 months). Baseline
comparisons demonstrate exacerbated COPD patients with significantly lower plasma
BCAAs compared to those with stable COPD.
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Conclusion: These data suggest enrolment onto novel a rehabilitative programme is
not optimal during the acute stage. From a depleted baseline, usual care is sufficient
in increasing plasma BCAAs at 3 months follow-up to within a normal range, however

it is not clear whether this is due to 6-weeks standard care.
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6.2. Introduction

Chronic obstruction pulmonary disease (COPD), characterised by progressive airway
limitation which is not fully reversible (Rodriguez-Roisin et al. 2017) and comprising of
chronic bronchitis and emphysema, is a leading cause of chronic morbidity and
mortality worldwide (Halbert et al. 2006). For example, the Global Burden of Disease
(GBD) study estimate that 328 million individuals worldwide suffer from COPD (Vos et
al. 2012), and predicted that COPD was the sixth leading cause of mortality in 1990
(Murray and Lopez 1997), fourth in 2000 (Lopez, Shibuya, et al. 2006) and projected
to rise to third leading cause by 2030 (Murray et al. 2007) supported by recent World
Health Organization (WHO) estimates. COPD affects lung function by a variety of
mechanisms, for example oxidants present in tobacco smoke once inhaled can
stimulate production of reactive oxygen species (ROS) from macrophages and
neutrophils, which have been shown to be highly present in smokers compared to non-
smokers (Rahman and Adcock 2006; Rahman and MacNee 1996). The progression
of disease severity is punctuated by sudden worsening of symptoms such as
increased sputum or dyspnoea, termed exacerbations (Scioscia et al. 2016), important
events in the course of COPD associate with a more rapid decline in lung function,
reduced exercise capacity whilst representing a significant (Vestbo et al. 2013;
Mullerova et al. 2015). Most exacerbations are triggered by infections, either bacteria
or viral infections (including COVID-19 [Algahtani et al., 2020]). These episodes
represent a particularly worrying situation as they become more frequent with time,
increase in inflammation, already present in the stable-state, leading to an accelerated
decline in lung function loss of muscle mass — and worsening of health-related quality
of life (Donaldson and Wedzicha 2014; Donaldson et al. 2002). In addition to sudden

worsening, hospital admission will often include prolonged periods of reduced mobility
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and functional movement, i.e., bedrest., resulting in reduced muscle mass and
strength (Dirks et al. 2016). The prescription of antibiotics or bronchodilators to
decrease respiratory symptom intensity and duration of exacerbation are cornerstones

of COPD treatment (Donaldson et al. 2015).

As in other chronic inflammatory conditions, alterations of body composition including
muscle and fat wasting is a significant cluster of systemic manifestations contributing
to COPD disease burden. Specifically, muscle wasting and altered amino acid profiles
is a frequent occurrence, the prevalence of which also increases airflow severity and
suggest perturbations at the metabolic level (Yoneda et al. 2001). For example,
Seymour et al (2010) reported that prevalence of muscle weakness increased from 25
% to 38 % in patients with GOLD severity 1 to GOLD severity 5. Further, profound
weight loss, including selective wasting of fat free mass has been reported in COPD
patients, and has been shown to adversely affect peripheral muscle function and
exercise capacity (Baarends et al. 1997; Palange et al. 1998; Engelen, Schols, et al.
2000). The presence of muscle wasting suggests perturbations in intermediary
metabolism; accordingly studies have demonstrated reduced BCAA profiles in COPD
patients which associate with weight loss, arm-muscle circumference and % FEV1
(Yoneda et al. 2001). Further, others have shown BCAAs are decreased in COPD
patients with predominant emphysema (characterised by computed tomography),
whereas other AA (phenylalanine and glutamine were increased (Ubhi, Riley, et al.
2012). Further, the same study found a combination of AA could even predict levels
of C-reactive protein and fibrinogen, which are clinically relevant biomarkers of low-
grade systemic inflammation (Leuzzi et al. 2017; Gan et al. 2004) further
demonstrating the utility of blood-born biomarkers in helping to define individual

phenotypes. Finally, other studies have proposed biomarkers of episodes of
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exacerbation including decreased plasma levels of tryptophan (Gulcev et al. 2016),
further highlighting the potential use of blood-born biomarkers of disease state and

progression.

As demonstrated in chapters the previous chapter, as well the RET chapter (three)
three, plasma BCAAs hold promise in tracking with changes in strength and lean mass
(following RET), which are reliable markers of adverse health outcomes, even in
individuals who experience exacerbations who require hospital admission (Greening
et al. 2014). Therefore, the aim of this retrospective, randomised control trial was to
investigate whether an early rehabilitation programme, compared to usual care,
ameliorates plasma BCAA profiles in patients who had been admitted to hospital
following an acute exacerbation of COPD, and whether these would relate to indices
of health such as muscle strength, thickness, and size in the quadriceps. The
hypothesis of this study was that early rehabilitation would improve muscle function

and strength, and that these would be accompanied by increases in plasma BCAAs.

6.3. Materials and methods

6.3.1. Ethical approval

COPD REACH trial (Current controlled trials ISRCTN05557928).

This was a prospective, single-blinded randomised control trial conducted at the
Glenfield and Kettering general hospitals, which some samples of the present study
originate from (Greening et al. 2014). This study was reviewed and approved by the
National Research Ethics Service, Nottingham REC 1 committee (09/H0403/76).
Participants enrolled on this study were all admitted to hospital following an

exacerbation of COPD and randomised within 48 hours of admission into two groups:
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a usual care group and an early rehabilitation group. Participants in the early

rehabilitation group underwent a six-week exercise intervention.

6.3.2. Study population

Inclusion criteria were diagnosis of chronic respiratory disease, self-reported
breathlessness on exertion when stable (Medical Research Council dyspnoea grade
3 or worse), and over 40 years or older in age. Exclusion criteria were inability to
consent to study, acute cardiac events, presence of any musculoskeletal, neurological
or psychiatric comorbidities which would prevent delivery of the rehabilitation

intervention or more than four emergency hospital admissions in the past 12 months.

6.3.3. Usual care group

Participants in this group (n = 10, mean age 68.2 + 12.1, BMI: 23.8 + 5.9 kg/m?, MRC
grade >3) received standard care from the clinical physiotherapy ward, as directed by
responsible clinical team. Care for this group were delivered by a respiratory
physiotherapist with techniques included for airway clearance, assessment and
supervision of mobility and advice on smoking cessation. No supervised or
progressive exercise programme was provided during the admission or immediately
after discharge, however outpatient pulmonary rehabilitation was offered to all

participants three months after discharge as per standard care.

6.3.4. Early rehabilitation group

Participants in this group (MRC grade >3) started early rehabilitation within 48 hours
of hospital admission. In addition to usual care, they also received daily, supervised
volitional (strength and aerobic training) and non-volitional (neuromuscular electrical
stimulation techniques; NMES) techniques. Early rehabilitation was performed on the

acute medical ward and by patient bedsides. Following discharge, participants were
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provided with a home-based programme which was performed unsupervised but
supported by telephone consultations. Those readmitted after the six-week

intervention period did not receive a further early rehabilitation intervention.

6.3.5. Aerobic and strength training

Daily walking was performed at a set walking speed predetermined by the endurance
shuttle walk test at 85 % oxygen consumption (VOz2) max which was calculated from
predetermined incremental shuttle walk test. Walking time was progressed at the
prescribed walking speed to achieve and maintain a Borg breathlessness score of
between 3 —5 (0 for no breathlessness to 10 for the most severe breathlessness) and
a Borg exertion score for rating perceived exertion <13 (from 6 for no exertion at all to
20 for maximal exertion). Participants in this group also completed daily strength
training, comprising three sets of eight repetitions with weights. This consisted of bicep
curls, tricep curls, knee extension, sit-to-stand, and step-ups, based on predetermined
one repetition max (1RM). Once the rate of perceived exertion was <13, the weight
was increased to maintain intensity. Participants further received neuromuscular
electrical stimulation (NMES, Empi 300PV, Minnesota, USA), which was initially
supervised until participants were competent to use independently. NMES was applied
to both quadriceps for 30 minutes daily, consisting of biphasic pulse at 50 Hz, pulse
duration 300 ms, 15 seconds on 5 seconds off. Intensity was increased according to

tolerance and continued throughout the inpatient and outpatient intervention periods.

6.3.6. Post-discharge training

Following discharge, participants were advised to follow a progressive walking-based
home exercise programme and to continue daily NMES. Post-discharge training was

supported by telephone consultations from the pulmonary rehabilitation intervention

141



team using motivational interviewing techniques, at 48 hours, two weeks and four

weeks.

6.3.7. Analytical methods

To determine plasma AA concentrations, stable isotopically labelled internal standards
were added and prepared samples according to standard methods (Wilkinson et al.

2013), described in detail in chapter two.

6.3.8. GC-MS conditions

To quantify plasma AA concentrations, 0.5 ul of sample was injected into an ISQ Trace
1300 single quadrupole GC-MS (ThermoFisher Scientific, Hemel Hempstead, UK),

and performed according to the methods described in chapter two.

6.3.8. Statistical analyses

To determine whether baseline plasma BCAAs would change with 6-weeks early
rehabilitation and at 3 months follow up, two-way ANOVA was used. Pearson’s
correlation was used to determine any associations which could predict BCAA levels
in usual care, or early rehabilitation groups. Statistical analyses were performed in
Prism v8.3 (GraphPad, La Jolla, California, USA) version 7. All data are reported as

mean + SEM, with significance set at p < 0.05.

6.4. Results
6.4.1. Participant characteristics

Baseline and post-intervention characteristics, including lung function and strength
measurements are displayed in table 6 for those who completed the study. As
expected, both groups display similar characteristics in terms of lung function (FEV1)
smoking history and MRC grades of disease severity, as well as sex distribution

between the two groups.
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TABLE 6. BASELINE CHARACTERISTICS OF PATIENTS ENROLLED INTO THE REACH TRIAL (GLENFIELD,

LEICESTER).
Usual care (n = 10) Early Rehab (n = 10)
Sex 3: 7 (M:F) 5:5 (M:F)
Age (years) 68.2+12.1 72.4+3.7
Height (m) 1.6+0.1 1.7+0.1
Weight (kg) 62.3 +13.9 70.7 £ 23.5

Smoking history Current: Ex (2: 8) Current: Ex (1: 9)

Pack years 48.9 + 535 50.8 £13.3
MRC grade 46+0.7 48+0.4

Baseline 6 weeks 3 Months Baseline 6 weeks 3 Months
BMI (kg/m?) 23.8+5.9 23.8+£6.1 241+6.2 249+6.3 255+6.8 25.7+£6.7
FEV1 (L) 1.3+0.5 11+04 0.99+0.35| 1.02+0.51 1.02 £ 0.47 1.01 £ 0.42
FEV1 % predicted 60 = 15 47 £ 15 48 + 19 44 + 15 46 + 16 46 = 15
Q-strength (nM) 144 +5 143 +5.8 13.8+5.7 17.8+6.8 183x7.4 20.8+10.9
Q-Thickness (mm) 21.6 £6.5 17447 19.8+5.3 18.2+4.8 184+4.1 179+49
Q-CSA (uM) 4.7+1 46+0.6 51+13 41+1.2 47+14 49+11

Data are mean (SD). BMI, body mass index; FEV1, forced expiratory volume in 1 s. Q, quadriceps; Q-CSA, quadriceps

cross-sectional area. MRC, medical research council.

6.4.2. Changes in quadricep size, strength, and thickness

Despite the acute sickness of these patients, all completed the study. However, not all

responded positively to the intervention. Those in the usual care group showed no

significant changes in quadriceps strength (baseline 14.4 + 5, post 13.7 £ 5.7 Nm),

thickness (baseline 21.6 £ 6.5, post 19.8 £ 5.3 mm) or CSA (baseline 4.7 £ 1 uM, post

5.1 £ 1.3 puM). Similarly, in the early rehabilitation group, baseline quadriceps strength

(17.8 £ 6.8 Nm) or thickness (18.2 £ 4.8 mm) did not differ to post-intervention

(strength 20.8 + 10.9; thickness 17.9 = 4.9). However, a significant increase in
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guadriceps CSA was seen in the early rehabilitation group (baseline 4.1 + 1.2, post

4.9+ 1.1 uM, p = 0.01). But no change in strength or thickness.

6.4.3. Changes in plasma BCAAs from admission and 3 months follow up

The first aim was to determine whether exacerbated plasma BCAA profiles (all
participants, n = 20) were significantly different to those with stable COPD at baseline.
Participants admitted to hospital with an acute exacerbation of COPD displayed
significantly decreased BCAAs (leucine 100 = 28uM, valine 179 = 40uM, sum BCAA
332 + 77uM) compared to those with stable COPD (leucine 115 + 21uM P = 0.04,
valine 204 £ 44uM P = 0.05, sum BCAA 378 £ 79uM P = 0.04), figure 23. No significant

differences between isoleucine were observed at baseline stable vs exacerbated.

Next, we looked at the temporal effect of training and standard care on BCAA levels
to determine the effects of standard care and early rehabilitation on plasma BCAAs
over 3 months. No differences between the groups existed at baseline, or at week 6
(cessation of intervention). In the standard care group, however, significant increases
in from baseline (leucine, 95 + 20uM; isoleucine, 51 £ 10uM; valine 171 £ 32uM, total
BCAA, 316 + 58uM) and 3 months of follow up (leucine, 136 + 40uM; isoleucine, 76 £
25uM; valine 237 = 71uM, total BCAA, 449 + 134uM) were measured, figure 24.
Concurrently, no changes were observed in the early rehabilitation group, figure 24,

at any time point.
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6.4.4. Associations of plasma BCAA to lung function or quadricep size, function
or strength

Next, we aimed to determine associations between plasma BCAAs and measures of

guadriceps size and functionality. In the usual care group, no significant associations

existed either at baseline, or at 3 months follow up (figure 25). Similarly, in the early

rehabilitation group, no significant associations existed with BCAAs or strength or

thickness (figure 25A & B). A significantly positive association was present at baseline

(figure 26C) with BCAAs and quadriceps CSA which weakened with early

rehabilitation (figure 26D). In both groups, BCAAs were not associated to measures

of airflow obstruction (FEV1). A summary of this chapter’s findings is displayed in figure

40
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6.5. Discussion

The main aims of this study were first to determine whether plasma BCAAs of
exacerbated COPD patients are significantly decreased at baseline compared those
with stable state COPD, and secondly whether 6 weeks of an early intervention
programme would result in ‘normalisation’ of BCAAs measured at 3-months follow-up.
This study suggests that a 6 weeks of usual standard care programme may be more
effective in restoring BCAAs closer to normal values in those who have been admitted
to hospital with an exacerbation of COPD, compared to those partaking in a structured

early rehabilitation programme.

Interestingly, the baseline BCAA concentrations in exacerbated COPD patients (310
KUM) are significantly lower than BCAA concentrations of those with stable COPD (381
MM). Since involuntary weight loss and associated muscle wasting is a common
extrapulmonary feature of COPD (Morrison et al. 1988), especially in severe stage, it
is possible these differences are attributed to increased loss of muscle in severe
COPD, particularly for leucine (Hofford et al. 1990), which could be due to increased
proteolysis related to hyperaminoacidemia (Castellino et al. 1987). Firstly, because
the instances of hospitalisation from an episode of exacerbation results in periods of
reduced mobility and functionality (Brown, Friedkin, and Inouye 2004) a known
contributor of muscle wasting (i.e., bedrest; Atherton et al., 2016; Dirks et al., 2016).
Further, selective wasting of fat free mass commonly seen COPD (Engelen et al.
1999), combined with and increased mobilisation of AA as substrates (Brosnan and
Brosnan 2006) suggests an imbalance caused by inadequate dietary intake, inactivity
or both. In support, lower levels of BCAA, patrticularly leucine have consistently shown
to be lower in COPD patients (Morrison et al. 1988; Hofford et al. 1990; Kutsuzawa et

al. 2009), the rate of appearance of which has been shown to be significantly lower
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compared to other AA (e.g., phe) suggesting a disproportion of release from body
proteins to the plasma contrary to the behaviour of EAA’s under normal conditions. In
support, arteriovenous balance studies demonstrate a fall in muscle protein synthesis
in individuals with severe emphysema (Morrison et al. 1988) and higher post-
absorptive muscle protein turnover rate in stable COPD patients (M. P. K. J. Engelen,

Deutz, et al. 2000) compared to age-matched controls.

Although plasma BCAAs have shown considerable potential to be able to discriminate
between disease severity (e.g., decreased BCAA and increased 3-methylhistidine,
glutamine and arginine in GOLD stage IV compared to control; Ubhi, Riley, et al.
2012), temporal data (sampling over a prolonged period or with disease progression)
are lacking, therefore it is difficult to draw unequivocal conclusions from ‘snapshot’
measurements. Further, COPD is a disease with several systemic manifestations at
varying stages of severity (e.g., severity of airflow limitation, malnutrition), and it is not

known whether plasma BCAAs track accordingly.

The lack of change in in quadriceps function and strength in COPD patients
undertaking a structured RE regime is a concern and may explain why no associations
were observed with plasma BCAAs, unlike previous associations between RET and
BCAA (chapter three), wherein fasting plasma BCAAs appear to track with strength
and mass improvements, following exercise interventions. Given that the intervention
was delivered during acute phase of recovery (~48 h from admission), it was not in
keeping with pulmonary rehabilitation guidelines (Spruit et al. 2013), i.e., intensity
could have adjusted to be lower to ensure tolerance and completion. This is reflected
in the bedside measures of quadriceps, whereby no significant difference was
observed in quadriceps strength, or thickness in either group. Previous studies have
demonstrated that assessment of skeletal muscle function is an important prognostic
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measure to predict mortality, independently from the severity of the lung function
impairment (Decramer et al. 1997; Swallow et al. 2007), for example patients with
reduced quadriceps muscle size (CSA) at time of admission are more likely for
unscheduled readmission to hospital over the subsequence twelve months (Greening
et al. 2015). Troosters and co-workers (2010) provide promising data in delivery of
resistance training intervention, whereby daily knee extension exercises at 70 % max
combined by usual care resulted in significant improvements in 6-minute walk test
(6MWT) and quadriceps force (supported by upregulation of anabolic markers) and
therefore may offer protection against the loss of skeletal muscle function associated
with exacerbations. They also found that muscle force remained higher at 1 month
follow up, compared to the control group, with no adverse effects on readmission,
therefore it is plausible to suggest altered behavioural patterns with regards to physical
activity, since muscle force and 6MWT are a marker of physical activity in COPD (Pitta
et al. 2005). Since resistance training has a relatively low ventilatory stimulus
compared to EE (Probst et al. 2006), this provides an alternative and perhaps

preferred form of muscle loading during an episode of exacerbation.

Hospital admissions, and readmissions (Donaldson et al. 2002) remain a significant
healthcare burden, as well as a high risk scenario for increased muscle wasting (i.e.,
reduced quadriceps thickness; McAuley et al., 2020), the frequency of which can be
reduced by pulmonary rehabilitation. Although, results of the present study suggest
timing is an important factor in the delivery and efficacy of interventions. Accordingly,
the results demonstrated here i.e., lack of improvements in physical function suggest
some intolerance to exercise and potential harm considering the early rehabilitation

group did not show any promising advantages.
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In conclusion, the present study found that an early rehabilitation programme,
commenced soon after hospital admission was not effective in improving markers of
muscle health. Interventions of this nature would probably benefit in those who have
exacerbated, once they have had sufficient time to research stable state of disease,
thus the timing of the present intervention was not optimal. Standard Usual care seems
more appropriate in COPD patients of this severity in the context of normalising
plasma BCAAs by the 3-month follow up, however the explanations for this are not

clear.

152



CHAPTER SEVEN: OVERVIEW AND FUTURE DIRECTIONS
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Dysregulated plasma BCAAs are a common feature of ageing, metabolic, cardiac, and
respiratory diseases. However, they are also indispensable in their role of muscle
health and as supportive nutrition in maximising benefits of exercise, particularly
resistance exercise, thus our understanding of the regulation of BCAAs in these
conditions are incompletely understood. With no signs of declining, obesity and
obesity-related comorbidities will remain in epidemic proportions particularly in
developed countries, continuing to pose a significant socioeconomic burden. In 2020,
the Sars-CoV-2 (COVID 19) and obesity pandemics collided, and soon after the
outbreak, IR (Apicella et al. 2020), obesity (Simonnet et al. 2020) as well as T2DM
(Cai et al. 2020) were recognised as strong independent determinants of ‘severe’
COVID and recovery from infection. Whilst the risk of infection from such diseases are
difficult to avoid without social isolation, the onset of obesity and its host of
comorbidities represent a stage whereby an intervention such as exercise or nutrition
may thrive. Particularly, since paediatric (~8-fold increase in age-standardised
prevalence since 1975), and adult (>30 kg.m? estimates of 10.8 % men and 14.9%
women in 2014; (Bentham et al. 2017)) obesity, combined with increased life
expectancy) represent significant healthcare challenges for the future (Christensen et
al. 2009b; Rice and Fineman 2004; Harper 2014). Therefore, promotion of lifestyle
modifications such as exercise inclusion and supportive nutrition are powerful and
cost-effective measures by which to promote good health and reduce the risk of

metabolic diseases such as obesity and IR.

Despite many changes in body composition throughout life, a significant feature is the
loss of muscle mass and strength with ageing, displaying a gradual and progressive
decline, typically from the fifth decade of life (Lexell, Taylor, and Sjostrom 1988). The

mechanisms underlying this loss are multifactorial (e.g., anabolic resistance, reduced
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MPS response to exercise/ nutrition; Cuthbertson et al., 2005; Kumar et al., 2009;
Atherton and Smith, 2012), consequences of which include reduced independence
and greater risk of falls (Janssen 2006; Janssen and Ross 2005), resulting in a
reduced quality of life. Although we will all experience muscle loss with age, the rate
of loss is a potentially modifiable factor. As such, the most effective strategy to
counterbalance this decline in exercise and supportive nutrition (Fiatarone et al. 1994).
Accordingly, the present thesis supports the prescription of exercise in conditions of
normal health, obesity and in COPD, albeit with a lesser response compared to those

free of disease.

The aims of the present thesis were to probe the longstanding association of BCAAs
with IS under various conditions, including their regulation in individuals within a
healthy BMI range during a longitudinal RET programme, in obese individuals.
Further, the regulation of BCAAs and their association to variables of lung and muscle
health were evaluated in those with stable COPD, and acutely exacerbated COPD
patients. The major conclusions of this thesis were that a relationship between plasma
BCAAs and IS across age did not exist, either at baseline or following RET in healthy
individuals. Further, no relationship existed with IS at baseline or following a
longitudinal RET programme, despite improvements in IS. Interestingly however, a
novel positive association with plasma BCAAs, lean mass and strength was described.
Further, the relationship between IS and plasma BCAAs was not present even in our
obese participants, nor did any association appear throughout the six-week
intervention period despite significant reductions in BMI and improvements in IS.
Although, consistent with other studies, elevated BCAAs are indeed present in obese
individuals. In the presence of COPD, the response to eight weeks endurance exercise

is blunted compared to individuals without COPD, and this was reflected by the
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response in plasma BCAAs. For example, BCAAs did not change in COPD
participants, however, increases in BCAAs were observed in healthy controls, which
positively correlated to the increase in strength as a result of the endurance exercise
intervention. During episodes of acute exacerbation, patients were shown to present
with depleted baseline BCAAs when compared to those with ‘stable’ COPD, and an
early rehabilitation programme was not sufficient to normalise BCAAs either during
the six-week intervention or indeed in the three-month follow-up period. In contrast,
standard, routine care was shown to increase plasma BCAAs to within normal range
over the same duration, although it is not clear from the present study whether the
standard care was responsible for the normalisation of plasma BCAAs. This suggests
timing of interventions in severely sick individuals is an important consideration for
future studies since the benefits of the exercise are not maximised if they are unable
to efficiently perform. Future studies in patients with acute sickness may benefit
strategical timing of interventions, such as commencement when disease is more
stable. The present thesis suggests that evaluation of plasma BCAAs as markers of
disease or in tracking with variables to measure efficacy of an intervention (such as
RET) are context dependent. For example, in individuals with IR and obesity, BCAAs
are known to be elevated, whereas in those who have experienced an exacerbation
of COPD display significantly reduced BCAAs compared to those with more stable
COPD. Therefore, the decrease in plasma BCAAs seen with severely sick COPD
patients likely point to altered protein metabolism, which is typically associated with

low FFM (Engelen et al. 2000; Yoneda et al. 2001)

The mechanisms underlying IR and the association with BCAA have been recently
revisited, and their role in diseases beyond obesity and T2DM are also well-

documented. However, how elevations in IR associate to elevations in BCAAS, and
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whether elevated circulating BCAAs are a contributing cause, or a secondary effect of
IR progression remains unclear. Despite providing useful insight into the role of plasma
and muscle BCAAs in under distinct circumstances of health, the present thesis is not
without limitations, particularly the lack of direct quantification of BCAA kinetics in the
studied conditions. Although the retrospective nature of the studies (besides VLCD),
and original primary endpoints limited this possibility. In the case of results presented
in chapter 3 (RET ageing study), only samples with sufficient volume of plasma were
used for the analysis, which perhaps creates an unintentional bias in that it is not
representative of the entire cohort recruited to the original study. Additionally, the
baseline comparisons of plasma BCAAs between healthy and obese individuals made
in chapter 4 (VLCD study) would ideally be from samples collected at a similar time to
ensure greater control of the study with regards to sample collection, storage, and
freeze-thaw cycles, providing a more robust analysis. Further limitations are sample
size, particularly in the stable COPD study (chapter five), where the association
between strength and increased BCAAs within the healthy controls were consistent
with the RET ageing study (chapter three), however with a low n, which lacks adequate

statistical power.

The association between elevated circulatory BCAAs and IR has been reinvigorated
since the initial studies within the area in the 1960s and remains an area of active
investigation since the role of BCAA regulation in conditions of IR are incompletely
understood. Recent data point towards tissue-specific suppression of catabolites, both
in adipose and hepatic tissues, suggesting that a ‘snapshot’ of global BCAA changes
in plasma does not necessarily reveal underlying mechanisms. For example, in
adipose tissue of obese individuals, enzymes involved in the catabolic pathway of

BCAAs are suppressed at the transcriptional level (She et al. 2007; Herman et al.
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2010) a mechanism which does not seem active within the other BCAA catabolising
sites such as liver, whereby instead hepatic BCAA catabolism is suppressed by
increased inhibitory phosphorylation of BCKDH (She et al. 2007). Interestingly, these
two mechanisms do not appear consistent within skeletal muscle, where BCKDH
activity is in fact increased obese compared to lean rats (White et al. 2016). Rodent
studies have also revealed a role for BCAA catabolic intermediates, such as 3-HIB,
into the contribution of IR via excess accumulation of lipid species within skeletal
muscle (Jang et al. 2016; Nilsen et al. 2020), suggesting the critical role of both BCAAs
and BCAA-related metabolites in maintaining BCAA homeostasis. Further, genetic
links between BCAA catabolic pathways and IR (BCKDHA and protein phosphatase
2Cm; PP2Cm) have also been described in the context of dysregulated glucose
metabolism (Tiffin et al. 2006; Taneera et al. 2012; Xu et al. 2013; Goni et al. 2017),
as well as a genetic Mendelian randomisation study that identified the PPM1K gene
which associated with increased BCAA and incidences of diabetes, suggesting
increased BCAA levels lead to disease prediction (Lotta et al. 2016). These studies
demonstrate that additional upstream targets, in addition to plasma information should
be considered for future studies investigating the complex relationship between

BCAAs and IR.

Determination of the mechanisms underlying the pathophysiology of obesity and IR
are therefore crucial in the potential use of BCAAs as robust biomarkers diagnosis and
prognosis. Other biomarkers such as C-reactive protein, gamma-glutamyl
transpeptidase or adiponectin are established as risk factors in the development of IR
and T2DM (Lee et al. 2009; Pradhan et al. 2001; Li et al. 2009; Fraser et al. 2009;
Sattar et al. 2008). The heterogeneity of obesity, IR and T2DM and the lack of

determining the exact mechanisms contributing to these states, and how they
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associate with plasma levels of BCAAs are likely limiting universal adoption of elevated
BCAAs as clinical biomarkers. Studies are needed which aim to determine the
magnitude of association between BCAAs and IR/ obesity, and this should include
factors such as age, sex, ethnicity, and family history of such diseases and whether
BCAAs as biomarkers remain predictive when all factors are combined for
consideration. Early identification via potential biomarkers represents an opportunity
for the introduction of preventative interventions (such as exercise) to halt or delay
disease onset (Abbasi et al. 2012; Knowler et al. 2002) or to inform development of
new therapeutic drug targets for preventative or therapeutic interventions (Atkinson et
al. 2001). Nonetheless, in addition to the reflection of IS, BCAAs have also shown
promise in feedback of drug effects, an important criterion when proposing
biomarkers. In a randomized, double-blinded control study (Irving et al. 2015), patients
using insulin sensitiser therapy displayed improved IS and reduced metabolites
including BCAA, compared to placebo treatment over three months. Further, Walford
et al (Walford et al. 2013) demonstrated that administration of glipizide and metformin
(drug therapies for T2DM) can influence acute response of BCAA: aromatic AA ratio,
with the magnitude of change dependent on the IR state of participants. These
demonstrate utility of elevated plasma BCAAs as promising candidates for monitoring
the early response of therapeutic interventions. Thus, elevations in plasma BCAAs
and associated metabolites (Newgard et al. 2009; Felig, Marliss, and Cahill 1969a)
are noteworthy observations in individuals with IR, since unbiased metabolomics
studies have shown these increases can be detected in individuals over a decade
before development of T2DM (Wang et al. 2011) which other longitudinal follow—up
studies have supported (Liu et al. 2017). Future work is needed to elucidate the role

of BCAA clearance and how BCAA intermediates contribute to the progression of IR
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and obesity in humans. Strategies aimed at manipulating BCAAs and trace of their
kinetics in conditions of IR or obesity are lacking, and the use of stable isotopes in
elucidating the relative contribution of each tissue is useful. Indeed, in vivo tracing of
BCAA—kinetics using stable isotopes demonstrates that specific rates of BCAA
oxidation occur in most tissues, including muscle, brown fat, pancreas, and the heart
(Neinast et al. 2019), which all likely have a role to play in resulting changes of
circulatory BCAAs, suggesting future studies investigating the role of BCAAs and IS
require analysis of several tissues. These additional insights may identify new targets
to increase our understanding of mechanisms leading to IR and contribute to this

burgeoning field.
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COVID Impact statement

The outbreak of the COVID-19 pandemic posed unforeseeable impacts on the
research activity of many PhD students including myself. Since much of my work was
retrospective, bench-side analyses and conducted on samples already collected, the
impact of lockdown on the university closures ruled out the prospect of any further
experiments taking place. As discussed above, the area of BCAA-related catabolic
products (such as keto and hydroxy-acids) have shown promise in elucidating the
mechanisms contributing to insulin resistance in obese individuals. Analytical method
development for such experiments were underway when the nationwide lockdown was
imposed, for example standards for analysis of branched-chain hydroxy-acids had
been bought, individually weighed out and run through GC-MS for peak identification
(mass-to-charge ratio) and retention time adjustment. Further, established methods
within our lab to quantify branched-chain keto-acids (such as KIC) were practised prior
to analytical run on VLCD plasma samples, however the lockdown halted the
progression of this experiment. Further, despite quantification of BCAAs in the plasma
of those who had experienced an episode of exacerbation of COPD, untargeted/
unbiased metabolomics experiments were agreed with supervisors to be performed
on these precious samples for hypothesis generation and global comprehensive
metabolite analysis, studies of this nature are lacking and would have proved highly
valuable for inclusion into the present thesis. Data of which would be novel, resulting
in contention for an additional first-author publication resulting from this thesis. In
addition, the mental health challenges posed by the pandemic in general impacted on
my focus during writing (working from home was patrticularly challenging in the initial
stages) and preparation for the viva examination as it was not how | envisaged the

conclusion of my doctoral studies or time at the University of Nottingham.

161



REFERENCES

162



Abbasi, Ali, Linda M. Peelen, Eva Corpeleijn, Yvonne T. Van Der Schouw, Ronald P. Stolk, Annemieke M.W.
Spijkerman, Daphne L. Van Der A, et al. 2012. “Prediction Models for Risk of Developing Type 2 Diabetes:
Systematic Literature Search and Independent External Validation Study.” BMJ (Online) 345 (7875): 1-16.
https://doi.org/10.1136/bmj.e5900.

Abdulla, Haitham, Kenneth Smith, Philip J. Atherton, and Iskandar Idris. 2016. “Role of Insulin in the Regulation
of Human Skeletal Muscle Protein Synthesis and Breakdown: A Systematic Review and Meta-Analysis.”
Diabetologia 59 (1): 44-55. https://doi.org/10.1007/s00125-015-3751-0.

ACSM, and ADA. 2009. “Nutrition and Athletic Performance : Position Statement.” Medicine & Science in Sports
& Exercise Special Co: 709-31. https://doi.org/10.1249/MSS.0b013e318190eb86.

Adibi, T. A. Modesto, E. L. Morse, and P. M. Amin. 1973. “Amino Acid Levels in Plasma, Liver, and Skeletal Muscle
during  Protein  Deprivation.”  American  Journal of Physiology 225 (2): 408-14.
https://doi.org/10.1152/ajplegacy.1973.225.2.408.

Agusti, Alvar. 2007. “Systemic Effects of Chronic Obstructive Pulmonary Disease What We Know and What We
Don ' t Know ( but Should ).” Proceedings of the American Thoracic Society 4: 522-25.
https://doi.org/10.1513/pats.200701-004F M.

Algahtani, Jaber S., Tope Oyelade, Abdulelah M. Aldhahir, Saeed M. Alghamdi, Mater Almehmadi, Abdullah S.
Algahtani, Shumonta Quaderi, Swapna Mandal, and John R. Hurst. 2020. “Prevalence, Severity and
Mortality Associated with COPD and Smoking in Patients with COVID-19: A Rapid Systematic Review and
Meta-Analysis.” PLoS ONE 15 (5): 1-13. https://doi.org/10.1371/journal.pone.0233147.

Anderson, Ethan J., Mary E. Lustig, Kristen E. Boyle, Tracey L. Woodlief, Daniel A. Kane, Chien Te Lin, Jesse W.
Price, et al. 2009. “Mitochondrial H202 Emission and Cellular Redox State Link Excess Fat Intake to Insulin
Resistance in Both Rodents and Humans.” Journal of Clinical Investigation 119 (3): 573-81.
https://doi.org/10.1172/1CI137048.

Aoyagi, Yukitoshi, and Roy J. Shephard. 2013. “Sex Differences in Relationships between Habitual Physical
Activity and Health in the Elderly: Practical Implications for Epidemiologists Based on
Pedometer/Accelerometer Data from the Nakanojo Study.” Archives of Gerontology and Geriatrics 56 (2):
327-38. https://doi.org/10.1016/j.archger.2012.11.006.

Apicella, Matteo, Maria Cristina Campopiano, Michele Mantuano, Laura Mazoni, Alberto Coppelli, and Stefano
Del Prato. 2020. “COVID-19 in People with Diabetes: Understanding the Reasons for Worse Outcomes.”
The Lancet Diabetes and Endocrinology 8 (9): 782-92. https://doi.org/10.1016/52213-8587(20)30238-2.

Askanazi, J., Y. A. Carpentier, C. B. Michelsen, D. H. Elwyn, P. Furst, L. R. Kantrowitz, F. E. Gump, and J. M. Kinney.
1980. “Muscle and Plasma Amino Acids Following Injury. Influence of Intercurrent Infection.” Annals of
Surgery 192 (1): 78-85. https://doi.org/10.1097/00000658-198007000-00014.

Atherton, Etheridge, Peter W. Watt, Daniel Wilkinson, Anna Selby, Debbie Rankin, Ken Smith, and Michael J.
Rennie. 2010. “Muscle Full Effect after Oral Protein: Time-Dependent Concordance and Discordance
between Human Muscle Protein Synthesis and MTORCL Signaling.” American Journal of Clinical Nutrition
92 (5): 1080-88. https://doi.org/10.3945/ajcn.2010.29819.

Atherton, Philip J, Paul L Greenhaff, Stuart M Phillips, Sue C Bodine, Christopher M Adams, and Charles H Lang.
2016. “Control of Skeletal Muscle Atrophy in Response to Disuse : Clinical / Preclinical Contentions and
Fallacies of Evidence *.” American Journal of Physiology. Endocrinology and Metabolism 311: 594-604.
https://doi.org/10.1152/ajpendo.00257.2016.

Atherton, and Smith. 2012. “Muscle Protein Synthesis in Response to Nutrition and Exercise.” Journal of
Physiology 590 (5): 1049-57. https://doi.org/10.1113/jphysiol.2011.225003.

Atherton, Ken Smith, Timothy Etheridge, Debbie Rankin, and Michael J. Rennie. 2010. “Distinct Anabolic
Signalling Responses to Amino Acids in C2C12 Skeletal Muscle Cells.” Amino Acids 38 (5): 1533—39.
https://doi.org/10.1007/s00726-009-0377-x.

163



Atkinson, A. J., W. A. Colburn, V. G. DeGruttola, D. L. DeMets, G. J. Downing, D. F. Hoth, J. A. Oates, et al. 2001.
“Biomarkers and Surrogate Endpoints: Preferred Definitions and Conceptual Framework.” Clinical
Pharmacology and Therapeutics 69 (3): 89-95. https://doi.org/10.1067/mcp.2001.113989.

Baar, Keith, and Karyn Esser. 1999. “Phosphorylation of P70(S6k) Correlates with Increased Skeletal Muscle Mass
Following Resistance Exercise.” American Journal of Physiology - Cell Physiology 276 (1 45-1): 120-27.
https://doi.org/10.1152/ajpcell.1999.276.1.c120.

Baarends, A. M.W.J. Schols, R. Mostert, and E. F.M. Wouters. 1997. “Peak Exercise Response in Relation to Tissue
Depletion in Patients with Chronic Obstructive Pulmonary Disease.” European Respiratory Journal 10 (12):
2807-13. https://doi.org/10.1183/09031936.97.10122807.

Bant, Jean-Pascal De, and Luc Cynober. 2006. “Therapeutic Use of Branched-Chain Amino Acids in Burn, Trauma
and Sepsis.” The Journal of Nutrition 136 (15): 269-73.

Barnes, P J, and B R Celli. 2009. “Systemic Manifestations and Comorbidities.” European Respiratory Journal 33
(5): 1165-85. https://doi.org/10.1183/09031936.00128008.

Barton, Richard H. 2011. “Perspective A Decade of Advances in Metabonomics.” Expert Opinion on Drug
Metabolism and Toxicology 7: 129-36.

Bass, J. J., D.J. Wilkinson, D. Rankin, B. E. Phillips, N. J. Szewczyk, K. Smith, and P. J. Atherton. 2016. “An Overview
of Technical Considerations for Western Blotting Applications to Physiological Research.” Scandinavian
Journal of Medicine and Science in Sports, 1-22. https://doi.org/10.1111/sms.12702.

Bassit, Reinaldo A., Leticia A. Sawada, Reury Frank P. Bacurau, Francisco Navarro, and Luis Fernando B.P. Costa
Rosa. 2000. “The Effect of BCAA Supplementation upon the Immune Response of Triathletes.” Medicine
and Science in Sports and Exercise 32 (7): 1214-19. https://doi.org/10.1097/00005768-200007000-00005.

Batch, Bryan C., Svati H. Shah, Christopher B. Newgard, Christy B. Turer, Carol Haynes, James R. Bain, Michael
Muehlbauer, et al. 2013. “Branched Chain Amino Acids Are Novel Biomarkers for Discrimination of
Metabolic Wellness.” Metabolism 62 (7): 961—69. https://doi.org/10.1016/j.metabol.2013.01.007.

Bentham, James, Mariachiara Di Cesare, Ver Bilano, Honor Bixby, Bin Zhou, Gretchen A. Stevens, Leanne M.
Riley, et al. 2017. “Worldwide Trends in Body-Mass Index, Underweight, Overweight, and Obesity from
1975 to 2016: A Pooled Analysis of 2416 Population-Based Measurement Studies in 128-9 Million Children,
Adolescents, and Adults.” The Lancet 390 (10113): 2627-42. https://doi.org/10.1016/50140-
6736(17)32129-3.

Bergstrom, J., P. Furst, L. O. Noree, and E. Vinnars. 1974. “Intracellular Free Amino Acid Concentration in Human
Muscle Tissue.” Journal of Applied Physiology 36 (6): 693-97.
https://doi.org/10.1152/jappl.1974.36.6.693.

Bernard, Sarah, Pierre Leblanc, Frangois Whittom, Guy Carrier, Jean Jobin, Roger Belleau, and Frangois Maltais.
1998. “Peripheral Muscle Weakness in Patients with Chronic Obstructive Pulmonary Disease.” American
Journal of Respiratory and Critical Care Medicine 158 (2): 629-34.
https://doi.org/10.1164/ajrccm.158.2.9711023.

Binder, EF, KE Yarasheski, K Steger-May, Sinacore DR, Brown M, KB Schechtman, and JO Holloszy. 2005. “Effects
of Progressive Resistance Training on Body Composition in Frail Older Adults: Results of a Randomized,
Controlled Trial.” Journals of Gerontology 60 (11): 1425-31.

Binder, Ellen F., Kevin E. Yarasheski, Karen Steger-May, David R. Sinacore, Marybeth Brown, Kenneth B.
Schechtman, and John O. Holloszy. 2005. “Effects of Progressive Resistance Training on Body Composition
in Frail Older Adults: Results of a Randomized, Controlled Trial.” Journals of Gerontology - Series A
Biological Sciences and Medical Sciences 60 (11): 1425-31. https://doi.org/10.1093/gerona/60.11.1425.

Biolo, G., P. Tessari, S. Inchiostro, D. Bruttomesso, L. Sabadin, C. Fongher, G. Panebianco, M. G. Fratton, and A.
Tiengo. 1992. “Fasting and Postmeal Phenylalanine Metabolism in Mild Type 2 Diabetes.” American

164



Journal of Physiology - Endocrinology and Metabolism 263 (5 26-5).
https://doi.org/10.1152/ajpendo0.1992.263.5.e877.

Biolo, P. Tessari, S. Inchiostro, D. Bruttomesso, C. Fongher, L. Sabadin, M. G. Fratton, A. Valerio, and A. Tiengo.
1992. “Leucine and Phenylalanine Kinetics during Mixed Meal Ingestion: A Multiple Tracer Approach.”
American  Journal of Physiology - Endocrinology and Metabolism 262 (4 25-4).
https://doi.org/10.1152/ajpendo0.1992.262.4.e455.

Bjgrgen, Siri, Jan Hoff, Vigdis S. Husby, Morten A. Hgydal, Arnt E. Tjgnna, Sigurd Steinshamn, Russell S.
Richardson, and Jan Helgerud. 2009. “Aerobic High Intensity One and Two Legs Interval Cycling in Chronic
Obstructive Pulmonary Disease: The Sum of the Parts Is Greater than the Whole.” European Journal of
Applied Physiology 106 (4): 501-7. https://doi.org/10.1007/s00421-009-1038-1.

Blomstrand, Eva, Jorgen Eliasson, K R Karlsson, and Kohnke Rickard. 2006. “Branched-Chain Amino Acids :
Metabolism , Physiological Function , and Application Branched-Chain Amino Acids Activate Key Enzymes
in Protein Synthesis.” The Journal of Nutrition 136 (15): 269-73.

Bohé, Julien, J. F. Aili Low, Robert R. Wolfe, and Michael J. Rennie. 2001. “Latency and Duration of Stimulation
of Human Muscle Protein Synthesis during Continuous Infusion of Amino Acids.” Journal of Physiology 532
(2): 575-79. https://doi.org/10.1111/j.1469-7793.2001.0575f.x.

Boirie, Yves, Martial Dangin, Pierre Gachon, Marie Paule Vasson, Jean Louis Maubois, and Bernard Beaufrere.
1997. “Slow and Fast Dietary Proteins Differently Modulate Postprandial Protein Accretion.” Proceedings
of the National Academy of Sciences of the United States of America 94 (26): 14930-35.
https://doi.org/10.1073/pnas.94.26.14930.

Bolton, CE, EF Bevan-Smith, and JD Blakey. 2014. “British Thoracic Society Guideline on Pulmonary Rehabilitation
in  Adults: Does Objectivity Have a Sliding Scale?” Thorax 69 (4): 387-88.
https://doi.org/10.1136/thoraxjnl-2013-204684.

Bonaldo, Paolo, and Marco Sandri. 2013. “Cellular and Molecular Mechanisms of Muscle Atrophy.” Disease
Models & Mechanisms 6 (1): 25-39. https://doi.org/10.1242/dmm.010389.

Bool, Coby van de, Erica P.A. Rutten, Ardy van Helvoort, Frits M.E. Franssen, Emiel F.M. Wouters, and Annemie
M.W.J. Schols. 2017. “A Randomized Clinical Trial Investigating the Efficacy of Targeted Nutrition as
Adjunct to Exercise Training in COPD.” Journal of Cachexia, Sarcopenia and Muscle 8 (5): 748-58.
https://doi.org/10.1002/jcsm.12219.

Borg, Ter S., Y. C. Luiking, A. van Helvoort, Y. Boirie, J. M.G.A. Schols, and C. P.G.M. de Groot. 2019. “Low Levels
of Branched Chain Amino Acids, Eicosapentaenoic Acid and Micronutrients Are Associated with Low
Muscle Mass, Strength and Function in Community-Dwelling Older Adults.” Journal of Nutrition, Health
and Aging 23 (1): 27-34. https://doi.org/10.1007/s12603-018-1108-3.

Bosco, Carmelo, Heikki Rusko, and Juhani Hirvonen. 1986. “The Efffect of Extra-Load Conditioning on Muscle
Performance in Athletes.” Medicine and Science in Sports and Exercise 18 (4): 415-20.

Bridi, Raquel, César A. Braun, Giovanni K. Zorzi, Clévis M.D. Wannmacher, Moacir Wajner, Eduardo G. Lissi, and
Carlos Severo Dutra-Filho. 2005. “A-Keto Acids Accumulating in Maple Syrup Urine Disease Stimulate Lipid
Peroxidation and Reduce Antioxidant Defences in Cerebral Cortex From Young Rats.” Metabolic Brain
Disease 20 (2): 155—67. https://doi.org/10.1007/s11011-005-4152-8.

Brgnstad, Eivind, Oivind Rognmo, Arnt Erik Tjonna, Hans Henrich Dedichen, Idar Kirkeby-Garstad, Asta K. Haberg,
Charlotte Bjgrk Ingul, Ulrik Wislgff, and Sigurd Steinshamn. 2012. “High-Intensity Knee Extensor Training
Restores Skeletal Muscle Function in COPD Patients.” European Respiratory Journal 40 (5): 1130-36.
https://doi.org/10.1183/09031936.00193411.

Brook, M. S., D. J. Wilkinson, B. E. Phillips, J. Perez-Schindler, A. Philp, K. Smith, and P. J. Atherton. 2016. “Skeletal
Muscle Homeostasis and Plasticity in Youth and Ageing: Impact of Nutrition and Exercise.” Acta
Physiologica 216 (1): 15-41. https://doi.org/10.1111/apha.12532.

165



Brook, Daniel J Wilkinson, William K Mitchell, Jonathan N Lund, Bethan E Phillips, Nathaniel J Szewczyk, Paul L
Greenhaff, Kenneth Smith, and Philip J Atherton. 2016. “Synchronous Deficits in Cumulative Muscle
Protein Synthesis and Ribosomal Biogenesis Underlie Age-Related Anabolic Resistance to Exercise in
Humans Key Points.” Journal of Physiology 24: 7399-7417. https://doi.org/10.1113/JP272857.

Brosnan, John T, and Margaret E Brosnan. 2006. “Branched-Chain Amino Acids : Metabolism , Physiological
Function , and Application Branched-Chain Amino Acids Activate Key Enzymes in Protein Synthesis.” The
Journal of Nutrition 136 (15): 269-73.

Brown, Cynthia J, Rebecca J Friedkin, and Sharon K Inouye. 2004. “Prevalence and Outcomes of Low Mobility in
Hospitalized Older Patients.” American Geriatrics Society 52 (1): 1263-70.

Budhathoki, S., M. Iwasaki, T. Yamaji, H. Yamamoto, Y. Kato, and S. Tsugane. 2017. “Association of Plasma
Concentrations of Branched-Chain Amino Acids with Risk of Colorectal Adenoma in a Large Japanese
Population.” Annals of Oncology 28 (4): 818-23. https://doi.org/10.1093/annonc/mdw680.

Buist, A Sonia, Mary Ann Mcburnie, William M Vollmer, Suzanne Gillespie, Peter Burney, David M Mannino, Ana
M B Menezes, et al. 2007. “Articles International Variation in the Prevalence of COPD ( The BOLD Study ):
A Population-Based Prevalence Study.” Lancet.

Bukhari, Syed S.I., Bethan E. Phillips, Daniel J. Wilkinson, Marie C. Limb, Debbie Rankin, William K. Mitchell,
Hisamine Kobayashi, Paul L. Greenhaff, Kenneth Smith, and Philip J. Atherton. 2015. “Intake of Low-Dose
Leucine-Rich Essential Amino Acids Stimulates Muscle Anabolism Equivalently to Bolus Whey Protein in
Older Women at Rest and after Exercise.” American Journal of Physiology - Endocrinology and Metabolism
308 (12): E1056-65. https://doi.org/10.1152/ajpendo.00481.2014.

Burd, Nicholas A., Daniel W.D. West, Aaron W. Staples, Philip J. Atherton, Jeff M. Baker, Daniel R. Moore, Andrew
M. Holwerda, et al. 2010. “Low-Load High Volume Resistance Exercise Stimulates Muscle Protein Synthesis
More than High-Load Low Volume Resistance Exercise in Young Men.” PLoS ONE 5 (8).
https://doi.org/10.1371/journal.pone.0012033.

Burrage, Lindsay C., Sandesh C.S. Nagamani, Philippe M. Campeau, and Brendan H. Lee. 2014. “Branched-Chain
Amino Acid Metabolism: From Rare Mendelian Diseases to More Common Disorders.” Human Molecular
Genetics 23 (R1): 1-8. https://doi.org/10.1093/hmg/ddu123.

Buse, M. G., and S. S. Reid. 1975. “Leucine. A Possible Regulator of Protein Turnover in Muscle.” Journal of
Clinical Investigation 56 (5): 1250-61. https://doi.org/10.1172/JCI108201.

Caballero, Benjamin, and Richard J. Wurtman. 1991. “Differential Effects of Insulin Resistance on Leucine and
Glucose Kinetics in Obesity.” Metabolism 40 (1): 51-58. https://doi.org/10.1016/0026-0495(91)90192-Y.

Cai, Qingxian, Fengjuan Chen, Tao Wang, Fang Luo, Xiaohui Liu, Qikai Wu, Qing He, et al. 2020. “Obesity and
COVID-19 Severity in a Designated Hospital in Shenzhen, China.” Diabetes Care 43 (7). 1392-98.
https://doi.org/10.2337/dc20-0576.

Casaburi, R. 2001. “Skeletal Muscle Dysfunction in Chronic Obstructive Pulmonary Disease.” Med Sci Sports Exerc
33 (7): S662-70. https://doi.org/10.1097/00005768-200107001-00004.

Casaburi, Richard, Shalender Bhasin, Louis Cosentino, Janos Porszasz, Attila Somfay, Michael I. Lewis, Mario
Fournier, and Thomas W. Storer. 2004. “Effects of Testosterone and Resistance Training in Men with
Chronic Obstructive Pulmonary Disease.” American Journal of Respiratory and Critical Care Medicine 170
(8): 870-78. https://doi.org/10.1164/rccm.200305-6170C.

Castellino, P, L Luzi, DC Simonson, M Haymond, and RA DeFronzo. 1987. “Effect of Insulin and Plasma Amino
Acid Concentration on Leucine Metabolism in Man.” Journal of Clinical Investigation 80 (3): 432-41.
https://doi.org/10.1002/hep.1840140306.

Cavalheri, Vinicius, Leon Straker, Daniel F. Gucciardi, Paul A. Gardiner, and Kylie Hill. 2016. “Changing Physical
Activity and Sedentary Behaviour in People with COPD.” Respirology 21 (3): 419-26.

166



https://doi.org/10.1111/resp.12680.

Celli, B R, and W Macnee. 2004. “Standards for the Diagnosis and Treatment of Patients with COPD : A Summary
of the ATS / ERS Position Paper.”  European  Respiratory  Journal,  932-46.
https://doi.org/10.1183/09031936.04.00014304.

Celli, Bartolome R, Marc Decramer, Jadwiga A Wedzicha, Kevin C Wilson, Alvar Agusti, Gerard J Criner, William
Macnee, et al. 2015. “An Official American Thoracic Society / European Respiratory Society Statement :
Research Questions in COPD.” European Respiratory Journal, 879-905.
https://doi.org/10.1183/09031936.00009015.

Chang, T. W., and A. L. Goldberg. 1978. “The Metabolic Fates of Amino Acids and the Formation of Glutamine in
Skeletal Muscle.” Journal of Biological Chemistry 253 (10): 3685-93. https://doi.org/10.1016/s0021-
9258(17)34855-x.

Chen, Junhui, Yuhuan Meng, Jinghui Zhou, Min Zhuo, Fei Ling, Yu Zhang, Hongli Du, and Xiaoning Wang. 2013.
“Identifying Candidate Genes for Type 2 Diabetes Mellitus and Obesity through Gene Expression Profiling
in Multiple Tissues or Cells.” Journal of Diabetes Research 2013. https://doi.org/10.1155/2013/970435.

Chen, Lei, Dianna J Magliano, and Paul Z Zimmet. 2011. “The Worldwide Epidemiology of Type 2 Diabetes
Mellitus — Present and Future Perspectives.” Nature Reviews Endocrinology 8 (4): 228-36.
https://doi.org/10.1038/nrendo.2011.183.

Chen, and Raylene A. Reimer. 2009. “Dairy Protein and Leucine Alter GLP-1 Release and MRNA of Genes Involved
in Intestinal Lipid Metabolism in Vitro.” Nutrition 25 (3): 340-49.
https://doi.org/10.1016/j.nut.2008.08.012.

Chow, Lisa S., Robert C. Albright, Maureen L. Bigelow, Gianna Toffolo, Claudio Cobelli, and K. Sreekumaran Nair.
2006. “Mechanism of Insulin’s Anabolic Effect on Muscle: Measurements of Muscle Protein Synthesis and
Breakdown Using Aminoacyl-TRNA and Other Surrogate Measures.” American Journal of Physiology -
Endocrinology and Metabolism 291 (4): 729-36. https://doi.org/10.1152/ajpendo.00003.2006.

Christensen, Gabriele Doblhammer, Roland Rau, and James W. Vaupel. 2009a. “Ageing Populations: The
Challenges Ahead.” The Lancet 374 (9696): 1196-1208. https://doi.org/10.1016/50140-6736(09)61460-4.

Christensen, Kaare, Gabriele Doblhammer, Roland Rau, and James W. Vaupel. 2009b. “Ageing Populations: The
Challenges Ahead.” The Lancet 374 (9696): 1196—1208. https://doi.org/10.1016/50140-6736(09)61460-4.

Churg, Andrew, Manuel Cosio, and Joanne L Wright. 2008. “Mechanisms of Cigarette Smoke-Induced COPD :
Insights from Animal Models.” American Journal of Physiology. Lung, Cellular and Molecular Physiology
294: 612-31. https://doi.org/10.1152/ajplung.00390.2007.

Clark, C. J., L. M. Cochrane, E. Mackay, and B. Paton. 2000. “Erratum: Skeletal Muscle Strength and Endurance
in Patients with Mild COPD and the Effects of Weight Training (European Respiratory Journal (2000) 15
(92-97)).” European Respiratory Journal 15 (4): 816.

Clark, C. J., L. Cochrane, and E. Mackay. 1996. “Low Intensity Peripheral Muscle Conditioning Improves Exercise
Tolerance and Breathlessness in COPD.” European Respiratory Journal 9 (12): 2590-96.
https://doi.org/10.1183/09031936.96.09122590.

Cole, Jeffrey T., Christina M. Mitala, Suhali Kundu, Ajay Verma, Jaclynn A. Elkind, Itzhak Nissim, and Akiva S.
Cohen. 2010. “Dietary Branched Chain Amino Acids Ameliorate Injury-Induced Cognitive Impairment
(Proceedings of the National Academy of Sciences of the United States of America (2009) 107, (366-371)
DOI: 10.1073/Pnas.0910280107).” Proceedings of the National Academy of Sciences of the United States
of America 107 (5): 2373. https://doi.org/10.1073/pnas.1000184107.

Colleluori, Georgia, Lina Aguirre, Uma Phadnis, Kenneth Fowler, R. Armamento-Villareal, Z. Sun, Lorenzo

Brunetti, et al. 2019. “Aerobic Plus Resistance Exercise in Obese Older Adults Improves Muscle Protein
Synthesis and Preserves Myocellular Quality Despite Weight Loss.” Cell Metabolism 30 (2): 261-273.e6.

167



https://doi.org/10.1016/j.cmet.2019.06.008.

Constantin, Despina, Manoj K MK Menon, Linzy Houchen-Wolloff, Michael D Morgan, Sally J Singh, Paul
Greenhaff, and Michael C Steiner. 2013. “Skeletal Muscle Molecular Responses to Resistance Training and
Dietary Supplementation in COPD.” Thorax 68 (7): 1-19. https://doi.org/10.1136/thoraxjnl-2012-202764.

Cortiella, Joaquin, Dwight E Matthews, Robert A Hoerr, Dennis M Bier, and Vernon R Young. 1988. “Leucine
Kinetics at Graded Intakes in Young Men: Quantitative Fate of Dietary Leucine.” American Journal of
Clinical Nutrition 48: 998-1009.

Couteur, David G Le, Rosilene Ribeiro, Alistair Senior, Benjumin Hsu, Vasant Hirani, Fiona M Blyth, Louise M
Waite, et al. 2019. “Branched Chain Amino Acids, Cardiometabolic Risk Factors and Outcomes in Older
Men: The Concord Health and Ageing in Men Project.” The Journals of Gerontology: Series A XX (Xx): 1-6.
https://doi.org/10.1093/gerona/glz192.

Creutzberg, Eva C., Emiel F.M. Wouters, Rob Mostert, Clarie A.P.M. Weling-Scheepers, and Annemie M.W.J.
Schols. 2003. “Efficacy of Nutritional Supplementation Therapy in Depleted Patients with Chronic
Obstructive Pulmonary Disease.” Nutrition 19 (2): 120-27. https://doi.org/10.1016/S0899-
9007(02)00841-9.

Crowe, Melissa J., Jarrad N. Weatherson, and Bruce F. Bowden. 2006. “Effects of Dietary Leucine
Supplementation on Exercise Performance.” European Journal of Applied Physiology 97 (6): 664—72.
https://doi.org/10.1007/s00421-005-0036-1.

Cuthbertson, Daniel, Kenneth Smith, John Babraj, Graham Leese, Tom Waddell, Philip Atherton, Henning
Wackerhage, Peter M. Taylor, and Michael J. Rennie. 2005. “Anabolic Signaling Deficits Underlie Amino
Acid Resistance of Wasting, Aging Muscle.” The FASEB Journal 19 (3): 1-22. https://doi.org/10.1096/fj.04-
2640fje.

D’Antona, Giuseppe, Maurizio Ragni, Annalisa Cardile, Laura Tedesco, Marta Dossena, Flavia Bruttini, Francesca
Caliaro, et al. 2010. “Branched-Chain Amino Acid Supplementation Promotes Survival and Supports
Cardiac and Skeletal Muscle Mitochondrial Biogenesis in Middle-Aged Mice.” Cell Metabolism 12 (4): 362—
72. https://doi.org/10.1016/j.cmet.2010.08.016.

David, Jérémie, Dominique Dardevet, Laurent Mosoni, Isabelle Savary-Auzeloux, and Sergio Polakof. 2019.
“Impaired Skeletal Muscle Branched-Chain Amino Acids Catabolism Contributes to Their Increased
Circulating Levels in a Non-Obese Insulin-Resistant Fructose-Fed Rat Model.” Nutrients 11 (2): 1-13.
https://doi.org/10.3390/nu11020355.

Decramer, M, R Gosselink, T Troosters, M Verschueren, and G Evers. 1997. “Muscle Weakness Is Related to
Utilization of Health Care Resources in COPD Patients.” European Respiratory Journal 10: 417-23.
https://doi.org/10.1183/09031936.97.10020417.

DeFreitas, Jason M., Travis W. Beck, Matt S. Stock, Michael A. Dillon, and Paul R. Kasishke. 2011. “An Examination
of the Time Course of Training-Induced Skeletal Muscle Hypertrophy.” European Journal of Applied
Physiology 111 (11): 2785-90. https://doi.org/10.1007/s00421-011-1905-4.

Defronzo, Ralph A. 2004. “Pathogenesis of Type 2 Diabetes Mellitus.” The Medical Clinics of North America 88:
787-835. https://doi.org/10.1016/j.mcna.2004.04.013.

Delgado, E., M. A. Luque, A. Alcantara, M. A. Trapote, F. Clemente, C. Galera, |. Valverde, and M. L. Villanueva-
Pefiacarrillo. 1995. “Glucagon-like Peptide-1 Binding to Rat Skeletal Muscle.” Peptides 16 (2): 225-29.
https://doi.org/10.1016/0196-9781(94)00175-8.

Deslandes, Andréa, Helena Moraes, Camila Ferreira, Heloisa Veiga, Heitor Silveira, Raphael Mouta, Fernando
A.M.S. Pompeu, Evandro Silva Freire Coutinho, and Jerson Laks. 2009. “Exercise and Mental Health: Many
Reasons to Move.” Neuropsychobiology 59 (4): 191-98. https://doi.org/10.1159/000223730.

Dietrichson, P., J. Coakley, P. E.M. Smith, R. D. Griffiths, T. R. Helliwell, and R. H. Tedwards. 1987. “Conchotome

168



and Needle Percutaneous Biopsy of Skeletal Muscle.” Journal of Neurology, Neurosurgery and Psychiatry
50 (11): 1461-67. https://doi.org/10.1136/jnnp.50.11.1461.

Dill, Ken A. 1990. “Dominant Forces in Protein Folding.” Biochemistry 29 (31): 7133-55.

DiPietro, Loretta. 2001. “Physical Activity in Aging : Changes in Patterns and Their Relationship to Health and
Function.” Journals of Gerontology 56 (li): 13-22.

Dirks, Marlou L., Benjamin T. Wall, Bas Van De Valk, Tanya M. Holloway, Graham P. Holloway, Adrian Chabowski,
Gijs H. Goossens, and Luc J. Van Loon. 2016. “One Week of Bed Rest Leads to Substantial Muscle Atrophy
and Induces Whole-Body Insulin Resistance in the Absence of Skeletal Muscle Lipid Accumulation.”
Diabetes 65 (10): 2862—75. https://doi.org/10.2337/db15-1661.

Doblhammer, Gabriele, and Rasmus Hoffmann. 2009. “Gender Differences in Trajectories of Health Limitations
and Subsequent Mortality. a Study Based on the German Socioeconomic Panel 1995-2001 with a Mortality
Follow-up 2002-2005.” Journals of Gerontology 65 B (4): 482—-91. https://doi.org/10.1093/geronb/gbp051.

Doi, Masako, Ippei Yamaoka, Mitsuo Nakayama, Shinji Mochizuki, Kunio Sugahara, and Fumiaki Yoshizawa. 2005.
“Isoleucine, a Blood Glucose-Lowering Amino Acid, Increases Glucose Uptake in Rat Skeletal Muscle in the
Absence of Increases in AMP-Activated Protein Activity.” Journal of Nutrition 135 (9): 2103-8.
https://doi.org/10.1093/jn/135.9.2103.

Doi, Masako, Ippei Yamaoka, Mitsuo Nakayama, Kunio Sugahara, and Fumiaki Yoshizawa. 2007. “Hypoglycemic
Effect of Isoleucine Involves Increased Muscle Glucose Uptake and Whole Body Glucose Oxidation and
Decreased Hepatic Gluconeogenesis.” American Journal of Physiology - Endocrinology and Metabolism
292 (6): 1683-93. https://doi.org/10.1152/ajpendo.00609.2006.

Dolmage, Thomas E., and Roger S. Goldstein. 2008. “Effects of One-Legged Exercise Training of Patients with
COPD.” Chest 133 (2): 370-76. https://doi.org/10.1378/chest.07-1423.

Donaldson, G. C.,, T. A.R. Seemungal, A. Bhowmik, and J. A. Wedzicha. 2002. “Relationship between Exacerbation
Frequency and Lung Function Decline in Chronic Obstructive Pulmonary Disease (Thorax (2002) 57, (847-
852)).” Thorax 63 (8): 753. https://doi.org/10.1136/thorax.57.10.847corr1.

Donaldson, Gavin C., Martin Law, Beverly Kowlessar, Richa Singh, Simon E. Brill, James P. Allinson, and Jadwiga
A. Wedzicha. 2015. “Impact of Prolonged Exacerbation Recovery in Chronic Obstructive Pulmonary
Disease.” American Journal of Respiratory and Critical Care Medicine 192 (8): 943-50.
https://doi.org/10.1164/rccm.201412-22690C.

Donaldson, Gavin C, and Jadwiga A Wedzicha. 2014. “The Causes and Consequences of Seasonal Variation in
COPD Exacerbations.” The International Journal of CcoPD 9 (2): 38-45.
https://doi.org/10.1183/09031936.00194610.

Donnelly, Kerry L., Coleman |. Smith, Sarah J. Schwarzenberg, Jose Jessurun, Mark D. Boldt, and Elizabeth J. Parks.
2005. “Sources of Fatty Acids Stored in Liver and Secreted via Lipoproteins in Patients with Nonalcoholic
Fatty Liver Disease.” Journal of Clinical Investigation 115 (5): 1343-51. https://doi.org/10.1172/1CI23621.

Drummond, Micah J., Christopher S. Fry, Erin L. Glynn, Hans C. Dreyer, Shaheen Dhanani, Kyle L. Timmerman,
Elena Volpi, and Blake B. Rasmussen. 2009. “Rapamycin Administration in Humans Blocks the Contraction-
Induced Increase in Skeletal Muscle Protein Synthesis.” Journal of Physiology 587 (7): 1535-46.
https://doi.org/10.1113/jphysiol.2008.163816.

Duan, Yehui, Fengna Li, Yinghui Li, Yulong Tang, Xiangfeng Kong, Zemeng Feng, Tracy G. Anthony, et al. 2016.
“The Role of Leucine and Its Metabolites in Protein and Energy Metabolism.” Amino Acids 48 (1): 41-51.
https://doi.org/10.1007/s00726-015-2067-1.

Elia, M., A. Carter, S. Bacon, C. G. Winearls, and R. Smith. 1981. “Clinical Usefulness of Urinary 3-Methylhistidine
Excretion in Indicating Muscle Protein Breakdown.” British Medical Journal 282 (6261): 351-54.
https://doi.org/10.1136/bmj.282.6261.351.

169



Elshorbagy, Amany K., Dorit Samocha-Bonet, Fredrik Jernerén, Cheryl Turner, Helga Refsum, and Leonie K.
Heilbronn. 2018. “Food Overconsumption in Healthy Adults Triggers Early and Sustained Increases in
Serum Branched-Chain Amino Acids and Changes in Cysteine Linked to Fat Gain.” The Journal of Nutrition
148 (7): 1073-80. https://doi.org/10.1093/jn/nxy062.

Engelen, Mariélle P.K.J., Annemie M.W.J. Schols, Guido A.K. Heidendal, and Emiel F.M. Wouters. 1998. “Dual-
Energy X-Ray Absorptiometry in the Clinical Evaluation of Body Composition and Bone Mineral Density in
Patients with Chronic Obstructive Pulmonary Disease.” American Journal of Clinical Nutrition 68 (6): 1298—
1303. https://doi.org/10.1093/ajcn/68.6.1298.

Engelen, Mariélle P K J, Nicolaas E P Deutz, Emiel F M Wouters, and Annemie M W J Schols. 2000. “Enhanced
Levels of Whole-Body Protein Turnover in Patients with Chronic Obstructive Pulmonary Disease.”
American Journal of Respiratory and Critical Care Medicine 162: 1488-92.

Engelen, P KJ, Emiel F M Wouters, Nicolaas E P Deutz, Paul P C A Menheere, and Annemie M W J Schols. 2000.
“Factors Contributing to Alterations in Skeletal Muscle and Plasma Amino Acid Profiles in Patients with
Chronic Obstructive.” The American Journal of Clinical Nutrition 72 (1): 1480-87.

Engelen, A. M.\W.J. Schols, R. J.S. Lamers, and E. F.M. Wouters. 1999. “Different Patterns of Chronic Tissue
Wasting among Patients with Chronic Obstructive Pulmonary Disease.” Clinical Nutrition 18 (5): 275-80.
https://doi.org/10.1016/50261-5614(98)80024-1.

Engelen, Annemie M.W.J. Schols, Joan D. Does, and Emiel F.M. Wouters. 2000. “Skeletal Muscle Weakness Is
Associated with Wasting of Extremity Fat- Free Mass but Not with Airflow Obstruction in Patients with
Chronic Obstructive Pulmonary Disease.” American Journal of Clinical Nutrition 71 (3): 733-38.
https://doi.org/10.1093/ajcn/71.3.733.

Esmarck, B., J. L. Andersen, S. Olsen, E. A. Richter, M. Mizuno, and M. Kjaer. 2001. “Timing of Postexercise Protein
Intake Is Important for Muscle Hypertrophy with Resistance Training in Elderly Humans.” Journal of
Physiology 535 (1): 301-11. https://doi.org/10.1111/j.1469-7793.2001.00301.x.

Evans, William J. 2010. “Skeletal Muscle Loss: Cachexia, Sarcopenia, and Inactivity.” American Journal of Clinical
Nutrition 91 (4): 1123-27. https://doi.org/10.3945/ajcn.2010.28608A.

Fabbri, Leonardo M, and Klaus F Rabe. 2007. “From COPD to Chronic Systemic Infl Ammatory Syndrome ?”
Lancet, 797-99.

Felig, E. Marliss, and G. F. Cahill. 1969a. “Plasma Amino Acid Levels and Insulin Secretion in Obesity.” The New
England Journal of Medicine 281 (15): 811-16. https://doi.org/10.1056/NEJM196910092811503.

Felig, Errol Marliss, and George F Cahill. 1969b. “Plasma Amino Acid Levels and Insulin Secretion in Obesity.” The
New England Journal of Medicine 1 (9): 39-42. https://doi.org/10.1093/labmed/1.9.39.

Felig, O. E. Owen, J. Wahren, and G. F. Cahill. 1969. “Amino Acid Metabolism during Prolonged Starvation.” The
Journal of Clinical Investigation 48 (3): 584-94. https://doi.org/10.1172/JCI106017.

Felig, Philip. 1973. “The Glucose-Alanine Cycle.” Metabolism 22 (2): 179-207. https://doi.org/10.1016/0026-
0495(73)90269-2.

Ferguson, Gary T., Paul L. Enright, A. Sonia Buist, and Millicent W. Higgins. 2000. “Office Spirometry for Lung
Health Assessment in Adults: A Consensus Statement from the National Lung Health Education Program.”
Chest 117 (4): 1146-61. https://doi.org/10.1378/chest.117.4.1146.

Fernstrom, JD. 2005. “Branched-Chain Amino Acids and Brain Function.” The Journal of Nutrition 135 (101):
1547-52.

Fiatarone, Evelyn, O’Neill, Clements, Lipsitz, and Evans. 1994. “Exercise Training and Nutritional

Supplementation for Physical Frailty in Very Elderley People.” New England Journal of Medicine 330 (25):
977-86.

170



http://content.nejm.org/cgi/content/abstract/329/14/977%5Cnhttp://www.nejm.org/doi/abs/10.1056/
NEJM199309303291401.

Fiatarone, Maria A., Elizabeth C. Marks, Nancy D. Ryan, Carol N. Meredith, Lewis A. Lipsitz, and William J. Evans.
1990. “High-Intensity Strength Training in Nonagenarians: Effects on Skeletal Muscle.” JAMA: The Journal
of the American Medical Association 263 (22): 3029-34.
https://doi.org/10.1001/jama.1990.03440220053029.

Fischer, Bernard M, Elizabeth Pavlisko, and Judith A Voynow. 2011. “Pathogenic Triad in COPD : Oxidative Stress
, Protease — Antiprotease Imbalance , and Inflammation.” International Journal of COPD, 413-21.

Flakoll, Paul J, L Brown, James Hill, N Abumrad, J Paul, Mahmoud Kulaylat, Maria Frexes-, Hisham Hourani, and
Laurel L Brown. 1989. “Amino Acids Augment Insulin ’s of Whole Body Proteolysis.” American Journal of
Physiology - Endocrinology and Metabolism 89.

Flegal, Katherine M, Deanna Kruszon-moran, Margaret D Carroll, Cheryl D Fryar, and Cynthia L Ogden. 2016.
“Trends in Obesity Among Adults in the United States, 2005 to 2014.” The Journal of the American Medical
Association 315 (21): 2284-91. https://doi.org/10.1001/jama.2016.6458.

Forlani, G., P. Vannini, G. Marchesini, M. Zoli, A. Ciavarella, and E. Pisi. 1984. “Insulin-Dependent Metabolism of
Branched-Chain Amino Acids in Obesity.” Metabolism 33 (2): 147-50. https://doi.org/10.1016/0026-
0495(84)90127-6.

Fouillet, Barbara Juillet, Claire Gaudichon, Frangois Mariotti, Daniel Tomé, and Cécile Bos. 2009. “Absorption
Kinetics Are a Key Factor Regulating Postprandial Protein Metabolism in Response to Qualitative and
Quantitative Variations in Protein Intake.” American Journal of Physiology - Regulatory Integrative and
Comparative Physiology 297 (6): 1691—-1705. https://doi.org/10.1152/ajpregu.00281.2009.

Fouillet, F. Mariotti, C. Gaudichon, C. Bos, and D. Tomé. 2002. “Peripheral and Splanchnic Metabolism of Dietary
Nitrogen Are Differently Affected by the Protein Source in Humans as Assessed by Compartmental
Modeling.” Journal of Nutrition 132 (1): 125-33. https://doi.org/10.1093/jn/132.1.125.

Fraipont, Vincent, and Jean Charles Preiser. 2013. “Energy Estimation and Measurement in Critically Ill Patients.”
Journal of Parenteral and Enteral Nutrition 37 (6): 705—13. https://doi.org/10.1177/0148607113505868.

Fraser, Abigail, Ross Harris, Naveed Sattar, Shah Ebrahim, George Davey Smith, and Debbie A. Lawlor. 2009.
“Alanine Aminotransferase, y-Glutamyltransferase, and Incident Diabetes.” Diabetes Care 32 (4): 741-50.
https://doi.org/10.2337/dc08-1870.

Frontera, W. R., C. N. Meredith, K. P. O’Reilly, and W. J. Evans. 1990. “Strength Training and Determinants of
VO2(Max) in Older Men.” Journal of Applied Physiology 68 (1) 329-33.
https://doi.org/10.1152/jappl.1990.68.1.329.

Frontera, Walter R., and Julien Ochala. 2015. “Skeletal Muscle: A Brief Review of Structure and Function.”
Behavior Genetics 45 (2): 183-95. https://doi.org/10.1007/s00223-014-9915-y.

Fryburg, D. A., E. J. Barrett, R. J. Louard, and R. A. Gelfand. 1990. “Effect of Starvation on Human Muscle Protein
Metabolism and Its Response to Insulin.” American Journal of Physiology - Endocrinology and Metabolism
259 (4 22-4). https://doi.org/10.1152/ajpendo.1990.259.4.e477.

Fujimoto, Naoki, Anand Prasad, Jeffrey L. Hastings, Armin Arbab-Zadeh, Paul S. Bhella, Shigeki Shibata, Dean
Palmer, and Benjamin D. Levine. 2010. “Cardiovascular Effects of 1 Year of Progressive and Vigorous
Exercise Training in Previously Sedentary Individuals Older than 65 Years of Age.” Circulation 122 (18):
1797-1805. https://doi.org/10.1161/CIRCULATIONAHA.110.973784.

Fukushima, Keiko, Sei Harada, Ayano Takeuchi, Ayako Kurihara, Miho lida, Kota Fukai, Kazuyo Kuwabara, et al.
2019. “Association between Dyslipidemia and Plasma Levels of Branched-Chain Amino Acids in the
Japanese Population without Diabetes Mellitus.” Journal of Clinical Lipidology 13 (6): 932-939.e2.
https://doi.org/10.1016/j.jacl.2019.09.002.

171



Gabriel, David A., Gary Kamen, and Gail Frost. 2006. “Neural Adaptations to Resistive Exercise: Mechanisms and
Recommendations for Training Practices.” Sports Medicine 36 (2): 133-49.
https://doi.org/10.2165/00007256-200636020-00004.

Gan, W. Q,, S. F.P. Man, A. Senthilselvan, and D. D. Sin. 2004. “Association between Chronic Obstructive
Pulmonary Disease and Systemic Inflammation: A Systematic Review and a Meta-Analysis.” Thorax 59 (7):
574-80. https://doi.org/10.1136/thx.2003.019588.

Garcia-Aymerich, Farrero, J Félez, R M Izquierdo, ] M Marrades, and Antd. 2003. “Risk Factors of Readmission to
Hospital for a COPD Exacerbation: A Prospective Study.” Thorax 58.

Garcia-Aymerich, J, P Lange, M Benet, P Schnohr, and JM Anto. 2006. “Regular Physical Activity Reduces Hospital
Admission and Mortality in Chronic Obstructive Pulmonary Disease: A Population Based Cohort Study.”
Thorax 61: 772-78. https://doi.org/10.1136/thx.2006.060145.

Gharahdaghi, Nima, Supreeth Rudrappa, Matthew S. Brook, Iskandar Idris, Hannah Crossland, Claire Hamrock,
Muhammad Hariz Abdul Aziz, et al. 2019. “Testosterone Therapy Induces Molecular Programming
Augmenting Physiological Adaptations to Resistance Exercise in Older Men.” Journal of Cachexia,
Sarcopenia and Muscle 10 (6): 1276-94. https://doi.org/10.1002/jcsm.12472.

Ghosh, Nilanjana, Mainak Dutta, Brajesh Singh, Rintu Banerjee, Parthasarathi Bhattacharyya, and Koel
Chaudhury. 2016a. “Transcriptomics, Proteomics and Metabolomics Driven Biomarker Discovery in COPD:
An Update.” Expert Review of Molecular Diagnostics 16 (8): 897-913.
https://doi.org/10.1080/14737159.2016.1198258.

———. 2016b. “Transcriptomics , Proteomics and Metabolomics Driven Biomarker Discovery in COPD : An
Update.” Expert Review of Molecular Diagnostics. https://doi.org/10.1080/14737159.2016.1198258.

Goldspink, Geoffrey. 1999. “Changes in Muscle Mass and Phenotype and the Expression of Autocrine and
Systemic Growth Factors by Muscle in Response to Stretch and Overload.” Journal of Anatomy 194 (3):
323-34. https://doi.org/10.1017/50021878298004439.

Goni, Leticia, Lu Qi, Marta Cuervo, Fermin I. Milagro, Wim H. Saris, lan A. MacDonald, Dominique Langin, et al.
2017. “Effect of the Interaction between Diet Composition and the PPM1K Genetic Variant on Insulin
Resistance and B Cell Function Markers during Weight Loss: Results from the Nutrient Gene Interactions
in Human Obesity: Implications for Dietary Guidelines (NUGEN.” American Journal of Clinical Nutrition 106
(3): 902-8. https://doi.org/10.3945/ajcn.117.156281.

Gorissen, Stefan H.M., Jorn Trommelen, Imre W.K. Kouw, Andrew M. Holwerda, Bart Pennings, Bart B.L. Groen,
Benjamin T. Wall, et al. 2020. “Protein Type, Protein Dose, and Age Modulate Dietary Protein Digestion
and Phenylalanine Absorption Kinetics and Plasma Phenylalanine Availability in Humans.” Journal of
Nutrition 150 (8): 2041-50. https://doi.org/10.1093/jn/nxaa024.

Gosker, Harry R., Patrick Schrauwen, Roelinka Broekhuizen, Matthijs K.C. Hesselink, Esther Moonen-Kornips,
Kimberly A. Ward, Frits M.E. Franssen, Emiel F.M. Wouters, and Annemie M.W.J. Schols. 2006. “Exercise
Training Restores Uncoupling Protein-3 Content in Limb Muscles of Patients with Chronic Obstructive
Pulmonary Disease.” American Journal of Physiology - Endocrinology and Metabolism 290 (5): 976-81.
https://doi.org/10.1152/ajpendo.00336.2005.

Gouzi, Fares, Christian Préfaut, Aldjia Abdellaoui, Emilie Roudier, Philippe De Rigal, Nicolas Molinari, Dalila
Laoudj-Chenivesse, Jacques Mercier, Olivier Birot, and Maurice Hayot. 2013. “Blunted Muscle Angiogenic
Training Response in COPD Patients versus Sedentary Controls.” European Respiratory Journal 41 (4): 806—
14. https://doi.org/10.1183/09031936.00053512.

Greening, Neil J., Theresa C. Harvey-Dunstan, Emma J. Chaplin, Emma E. Vincent, Mike D. Morgan, Sally J. Singh,
and Michael C. Steiner. 2015. “Bedside Assessment of Quadriceps Muscle by Ultrasound after Admission
for Acute Exacerbations of Chronic Respiratory Disease.” American Journal of Respiratory and Critical Care
Medicine 192 (7): 810-16. https://doi.org/10.1164/rccm.201503-05350C.

172



Greening, Neil J., Johanna E.A. Williams, Syed F. Hussain, Theresa C. Harvey-Dunstan, M. John Bankart, Emma J.
Chaplin, Emma E. Vincent, et al. 2014. “An Early Rehabilitation Intervention to Enhance Recovery during
Hospital Admission for an Exacerbation of Chronic Respiratory Disease: Randomised Controlled Trial.” BMJ
(Online) 349 (July): 1-12. https://doi.org/10.1136/bmj.g4315.

Guarascio, Anthony J, Shaunta M Ray, Christopher K Finch, and Timothy H Self. 2013. “The Clinical and Economic
Burden of Chronic Obstructive Pulmonary Disease in the USA.” ClinicoEconomics and Outcomes Research.

Guariguata, L, D R Whiting, | Hambleton, and J Beagley. 2013. “Global Estimates of Diabetes Prevalence for 2013
and Projections for 2035.” Diabetes Research and Clinical Practice 103 (2): 137-49.
https://doi.org/10.1016/j.diabres.2013.11.002.

Gulcev, Makedonka, Cavan Reilly, Timothy J Griffin, Corey D Broeckling, Brian J Sandri, Bruce A Witthuhn, Shane
W Hodgson, Prescott G Woodruff, and Chris H Wendt. 2016. “Tryptophan Catabolism in Acute
Exacerbations of Chronic Obstructive Pulmonary Disease.” International Journal of COPD 11: 2435-46.

Halbert, R. J., J. L. Natoli, A. Gano, E. Badamgarav, A. S. Buist, and D. M. Mannino. 2006. “Global Burden of COPD:
Systematic Review and Meta-Analysis.” European Respiratory Journal 28 (3): 523-32.
https://doi.org/10.1183/09031936.06.00124605.

Hall, T. R., R. Wallin, G. D. Reinhart, and S. M. Hutson. 1993. “Branched Chain Aminotransferase Isoenzymes.
Purification and Characterization of the Rat Brain Isoenzyme.” Journal of Biological Chemistry 268 (5):
3092-98. https://doi.org/10.1016/s0021-9258(18)53663-2.

Halverstadt, Amy, Dana A. Phares, Kenneth R. Wilund, Andrew P. Goldberg, and James M. Hagberg. 2007.
“Endurance Exercise Training Raises High-Density Lipoprotein Cholesterol and Lowers Small Low-Density
Lipoprotein and Very Low-Density Lipoprotein Independent of Body Fat Phenotypes in Older Men and
Women.” Metabolism: Clinical and Experimental 56 (4): 444-50.
https://doi.org/10.1016/j.metabol.2006.10.019.

Hamilton, Alan L., Kieran J. Killian, Edie Summers, and Norman L. Jones. 1995. “Muscle Strength, Symptom
Intensity, and Exercise Capacity in Patients with Cardiorespiratory Disorders.” American Journal of
Respiratory and Critical Care Medicine 152 (6 1): 2021-31. https://doi.org/10.1164/ajrccm.152.6.8520771.

Hammer, Sebastiaan, Marieke Snel, Hildo J. Lamb, Ingrid M. Jazet, Rutger W. van der Meer, Hanno Pijl, Edo A.
Meinders, Johannes A. Romijn, Albert de Roos, and Johannes W.A. Smit. 2008. “Prolonged Caloric
Restriction in Obese Patients With Type 2 Diabetes Mellitus Decreases Myocardial Triglyceride Content
and Improves Myocardial Function.” Journal of the American College of Cardiology 52 (12): 1006-12.
https://doi.org/10.1016/j.jacc.2008.04.068.

Haralambie, G., and A. Berg. 1976. “Serum Urea and Amino Nitrogen Changes with Exercise Duration.” European
Journal  of Applied  Physiology and  Occupational  Physiology 36 (2): 39-48.
https://doi.org/10.1007/BF00421632.

Harper. 2014. “Economic and Social Implications of Aging Societies.” Science 346 (6209): 587-91.
https://doi.org/10.1126/science.1254405.

Harper, Miller, and Block. 1984. “Branched-Chain Amino Acid Metabolism.” Annual Reviews of Nutrition 4.

Hellstrom, Per M., Per Gryback, and Hans Jacobsson. 2006. “The Physiology of Gastric Emptying.” Best Practice
and Research: Clinical Anaesthesiology 20 (3): 397—-407. https://doi.org/10.1016/j.bpa.2006.02.002.

Henneman, Elwood, George Somjen, and David O Carpenter. 1965. “Excitability and Inhibitibility of
Motoneurons of Different Sizes.” Journal of Neurophysiology 28 (3): 599—-620.

Herman, Mark A, Pengxiang She, Odile D Peroni, Christopher J Lynch, Barbara B Kahn, Beth Israel Deaconess,
and The Pennsylvania State. 2010. “Adipose Tissue Branched Chain Amino Acid (BCAA) Metabolism
Modulates  Circulating BCAA  Levels.” Journal of Biological = Chemistry 21: 1-19.
https://doi.org/10.1074/jbc.M109.075184.

173



Herzog, Walter, Krysta Powers, Kaleena Johnston, and Mike Duvall. 2015. “A New Paradigm for Muscle
Contraction.” Frontiers in Physiology 6 (MAY): 1-11. https://doi.org/10.3389/fphys.2015.00174.

Hofford, J. M., L. Milakofsky, W. H. Vogel, R. S. Sacher, G. J. Savage, and S. Pell. 1990. “The Nutritional Status in
Advanced Emphysema Associated with Chronic Bronchitis. A Study of Amino Acid and Catecholamine
Levels.” American Review of Respiratory Disease 141 (4 ): 902-8.
https://doi.org/10.1164/ajrccm/141.4_pt_1.902.

Holland, Anne E, Ajay Mahal, Catherine J Hill, Annemarie L Lee, Angela T Burge, Narelle S Cox, Rosemary Moore,
et al. 2016. “Home-Based Rehabilitation for COPD Using Minimal Resources : A Randomised , Controlled
Equivalence Trial,” 1-9. https://doi.org/10.1136/thoraxjnl-2016-208514.

Holloszy. 2005. “Invited Review: Exercise-Induced Increase in Muscle Insulin Sensitivity.” Journal of Applied
Physiology 99 (1): 338-43. https://doi.org/10.1152/japplphysiol.00123.2005.

Hong, K., Z. Li, H. J. Wang, R. Elashoff, and D. Heber. 2005. “Analysis of Weight Loss Outcomes Using VLCD in
Black and White Overweight and Obese Women with and without Metabolic Syndrome.” International
Journal of Obesity 29 (4): 436—42. https://doi.org/10.1038/sj.ij0.0802864.

Houmard, Joseph A., Gilian L. Tyndall, Jack B. Midyette, Matthew S. Hickey, Patricia L. Dolan, Karen E. Gavigan,
Melinda L. Weidner, and G. Lynis Dohm. 1996. “Effect of Reduced Training and Training Cessation on
Insulin  Action and Muscle GLUT-4.” Journal of Applied Physiology 81 (3): 1162-68.
https://doi.org/10.1152/jappl.1996.81.3.1162.

Huffman, Kim M, Svati H Shah, Robert D Stevens, James R Bain, Michael Muehlbauer, Cris A Slenz, Charles J
Tanner, et al. 2009. “Metabolic Intermediates and Insulin Action in Overweight to Obese , Inactive Men
And.” Diabetes Care 32 (9): 1678—83. https://doi.org/10.2337/dc08-2075.Clinical.

Hulens, M., G. Vansant, R. Lysens, A. L. Claessens, E. Muls, and S. Brumagne. 2001. “Study of Differences in
Peripheral Muscle Strength of Lean versus Obese Women: An Allometric Approach.” International Journal
of Obesity 25 (5): 676—81. https://doi.org/10.1038/sj.ijo.0801560.

Hutson, S, R. Wallin, and T. R. Hall. 1992. “Identification of Mitochondrial Branched Chain Aminotransferase and
Its Isoforms in Rat Tissues.” Journal of Biological Chemistry 267 (22): 15681-86.
https://doi.org/10.1016/s0021-9258(19)49589-6.

Huxley, A. F., and R. M. Simmons. 1971. “Proposed Mechanism of Force Generation in Striated Muscle.” Nature
233 (5321): 533-38. https://doi.org/10.1038/233533a0.

Irving, Brian A., Rickey E. Carter, Mattias Soop, Audrey Weymiller, Husnain Syed, Helen Karakelides, Sumit
Bhagra, et al. 2015. “Effect of Insulin Sensitizer Therapy on Amino Acids and Their Metabolites.”
Metabolism: Clinical and Experimental 64 (6): 720-28. https://doi.org/10.1016/j.metabol.2015.01.008.

Jang, Cholsoon, Sungwhan F. Oh, Shogo Wada, Glenn C. Rowe, Laura Liu, Mun Chun Chan, James Rhee, et al.
2016. “A Branched-Chain Amino Acid Metabolite Drives Vascular Fatty Acid Transport and Causes Insulin
Resistance.” Nature Medicine 22 (4): 421-26. https://doi.org/10.1038/nm.4057.

Janssen. 2006. “Influence of Sarcopenia on the Development of Physical Disability: The Cardiovascular Health
Study.” Journal of the American Geriatrics Society 54 (1): 56-62. https://doi.org/10.1111/j.1532-
5415.2005.00540.x.

Janssen, lan. 2010. “Evolution of Sarcopenia Research.” Applied Physiology, Nutrition and Metabolism 35 (5):
707-12. https://doi.org/10.1139/H10-067.

Janssen, and R. Ross. 2005. “Linking Age-Related Changes in Skeletal Muscle Mass and Composition with
Metabolism and Disease.” Journal of Nutrition, Health and Aging 9 (6): 408-19.

Karusheva, Yanislava, Theresa Koessler, Klaus Strassburger, Daniel Markgraf, Lucia Mastrototaro, Tomas Jelenik,
Marie Christine Simon, et al. 2019. “Short-Term Dietary Reduction of Branched-Chain Amino Acids

174



Reduces Meal-Induced Insulin Secretion and Modifies Microbiome Composition in Type 2 Diabetes: A
Randomized Controlled Crossover Trial.” American Journal of Clinical Nutrition 110 (5): 1098-1107.
https://doi.org/10.1093/ajcn/nqz191.

Kawaguchi, Takumi, Namiki Izumi, Michael R. Charlton, and Michio Sata. 2011. “Branched-Chain Amino Acids as
Pharmacological Nutrients in Chronic Liver Disease.” Hepatology 54 (3): 1063-70.
https://doi.org/10.1002/hep.24412.

Kelly, T., W. Yang, C. S. Chen, K. Reynolds, and J. He. 2008. “Global Burden of Obesity in 2005 and Projections to
2030.” International Journal of Obesity 32 (9): 1431-37. https://doi.org/10.1038/ijo.2008.102.

Knowler, WC, E Barrett-Connor, SE Fowler, RF Hamman, and EA Walker. 2002. “Reduction of the Incidence of
Type 2 Diabetes with Lifestyle Intervention or Metformin.” New England Journal of Medicine 34 (1): 162—
63. https://doi.org/10.1097/01.0gx.0000055759.75837.e7.

Kohl, Harold W., Cora Lynn Craig, Estelle Victoria Lambert, Shigeru Inoue, Jasem Ramadan Alkandari, Grit
Leetongin, Sonja Kahlmeier, et al. 2012. “The Pandemic of Physical Inactivity: Global Action for Public
Health.” The Lancet 380 (9838): 294—305. https://doi.org/10.1016/50140-6736(12)60898-8.

Kohrt, W. M., M. T. Malley, A. R. Coggan, R. J. Spina, T. Ogawa, A. A. Ehsani, R. E. Bourey, W. H. Martin, and J. O.
Holloszy. 1991. “Effects of Gender, Age, and Fitness Level on Response of V{O(2max)) to Training in 60-71
Yr Olds.” Journal of Applied Physiology 71 (5): 2004—11. https://doi.org/10.1152/jappl.1991.71.5.2004.

Kumar, Vinod, Philip J. Atherton, Anna Selby, Debbie Rankin, John Williams, Kenneth Smith, Natalie Hiscock, and
Michael J. Rennie. 2012. “Muscle Protein Synthetic Responses to Exercise: Effects of Age, Volume, and
Intensity.” Journals of Gerontology - Series A Biological Sciences and Medical Sciences 67 (11): 1170-77.
https://doi.org/10.1093/gerona/gls141.

Kumar, Vinod, Anna Selby, Debbie Rankin, Rekha Patel, Philip Atherton, Wulf Hildebrandt, John Williams, et al.
2009. “Age-Related Differences in the Dose-Response Relationship of Muscle Protein Synthesis to
Resistance Exercise in Young and OIld Men.” Journal of Physiology 587 (1): 211-17.
https://doi.org/10.1113/jphysiol.2008.164483.

Kutsuzawa, Tomoko, Sumie Shioya, Daisaku Kurita, and Munetaka Haida. 2009. “Plasma Branched-Chain Amino
Acid Levels and Muscle Energy Metabolism in Patients with Chronic Obstructive Pulmonary Disease.”
Clinical Nutrition 28 (2): 203-8. https://doi.org/10.1016/j.clnu.2009.01.019.

Laemmli, Ulrich K. 1970. “Cleavage of Structural Proteins during the Assembly of the Head of Bacteriophage T4.”
Nature 228: 726-34. http://www.mendeley.com/research/discreteness-conductance-chnge-n-
bimolecular-lipid-membrane-presence-certin-antibiotics/.

Laferrére, Blandine, David Reilly, Sara Arias, Nicholas Swerdlow, Baani Bawa, Mousumi Bose, Julio Teixeira, et
al. 2011. “Differential Metabolic Impact of Gastric Bypass Surgery versus Dietary Intervention in Obese
Diabetic Subjects despite Identical Weight Loss.” Science Translational Medicine 3 (80).
https://doi.org/10.1126/scitranslmed.3002043.Differential.

Laferrére, Blandine, Julio Teixeira, James McGinty, Hao Tran, Joseph R. Egger, Antonia Colarusso, Betty Kovack,
et al. 2008. “Effect of Weight Loss by Gastric Bypass Surgery versus Hypocaloric Diet on Glucose and
Incretin Levels in Patients with Type 2 Diabetes.” Journal of Clinical Endocrinology and Metabolism 93 (7):
2479-85. https://doi.org/10.1210/jc.2007-2851.

Laplante, Mathieu, and David M. Sabatini. 2009. “MTOR Signaling at a Glance.” Journal of Cell Science 122 (20):
3589-94. https://doi.org/10.1242/jcs.051011.

Laurell, B'Y C, and S Eriksson. 1963. “The Electrophoretic A1-Globulin Pattern of Serum in Al-Antitrypsin
Deficiency.” Scandinavian Journal of Clinical & Lab Investigation 15 (1955).

Law, Timothy D, Leatha A Clark, and Brian C Clark. 2016. “Resistance Exercise to Prevent and Manage Sarcopenia
and Dynapenia.” Annual Review Pf Gerontology and Geriatrics 176 (1): 139-48.

175



https://doi.org/10.1891/0198-8794.36.205.Resistance.

LeBlanc, Pierre, F. Maltais, J. Jobin, and R. Belleau. 1996. “Intensity of Training and Physiological Adaptation in
Patients with Chronic Obstructive Pulmonary Disease (COPD).” Chest 110 (4 SUPPL.).
https://doi.org/10.1097/00008483-199801000-00013.

Lee, C. C,, A. . Adler, M. S. Sandhu, S. J. Sharp, N. G. Forouhi, S. Erqou, R. Luben, S. Bingham, K. T. Khaw, and N.
J. Wareham. 2009. “Association of C-Reactive Protein with Type 2 Diabetes: Prospective Analysis and
Meta-Analysis.” Diabetologia 52 (6): 1040-47. https://doi.org/10.1007/s00125-009-1338-3.

Leuzzi, Giovanni, Carlotta Galeone, Francesca Taverna, Paola Suatoni, Daniele Morelli, and Ugo Pastorino. 2017.
“C-Reactive Protein Level Predicts Mortality in COPD: A Systematic Review and Meta-Analysis.” European
Respiratory Review 26 (143). https://doi.org/10.1183/16000617.0070-2016.

Lexell, Jan, Charles C Taylor, and Michael Sjostrom. 1988. “What Is the Cause of Ageing Atrophy?”

Li, Shanshan, Hyun Joon Shin, Eric L. Ding, and Rob M. van Dam. 2009. “Adiponectin Levels and Risk of Type 2
Diabetes.” Jama 302 (2): 179. https://doi.org/10.1001/jama.2009.976.

Lillioja, Stephen, David M Mott, Barbara V Howard, Boyd Swinburn, and Clifton Bogardus. 1988. “Impaired
Glucose Tolerance as a Disorder of Insulin Action; Longitudinal and Cross-Sectional Studies in Pima
Indians.” The New England Journal of Medicine 318.

Lim, K Lim, K G Hollingsworth, and B S Aribisala. 2011. “Reversal of Type 2 Diabetes : Normalisation of Beta Cell
Function in Association with Decreased Pancreas and Liver Triacylglycerol.” Diabetologia 54: 2506—14.
https://doi.org/10.1007/s00125-011-2204-7.

Lips, Mirjam A., Jan B. Van Klinken, Vanessa Van Harmelen, Harish K. Dharuri, Peter A.C. ‘T Hoen, Jeroen F.J.
Laros, Gert Jan Van Ommen, et al. 2014. “Roux-En-Y Gastric Bypass Surgery, but Not Calorie Restriction,
Reduces Plasma Branched-Chain Amino Acids in Obese Women Independent of Weight Loss or the
Presence of Type 2 Diabetes.” Diabetes Care 37 (12): 3150-56. https://doi.org/10.2337/dc14-0195.

Liu, Jun, Sabina Semiz, Sven J. van der Lee, Ashley van der Spek, Aswin Verhoeven, Jan B. van Klinken, Eric
Sijbrands, et al. 2017. “Metabolomics Based Markers Predict Type 2 Diabetes in a 14-Year Follow-up
Study.” Metabolomics 13 (9): 1-11. https://doi.org/10.1007/s11306-017-1239-2.

Loon, Luc J.C. Van, Paul L. Greenhaff, D. Constantin-Teodosiu, Wim H.M. Saris, and Anton J.M. Wagenmakers.
2001. “The Effects of Increasing Exercise Intensity on Muscle Fuel Utilisation in Humans.” Journal of
Physiology 536 (1): 295—-304. https://doi.org/10.1111/j.1469-7793.2001.00295.x.

Lopez, Alan D, Colin D Mathers, Majid Ezzati, Dean T Jamison, and Christopher J L Murray. 2006. “Global and
Regional Burden of Disease and Risk Factors , 2001 : Systematic Analysis of Population Health Data.” The
Lancet, 1747-57.

Lopez, Shibuya, C. Rao, C.D. Mathers, A. L. Hansell, Held, and S. Buist. 2006. “Chronic Obstructive Pulmonary
Disease : Current Burden and Future Projections.” European Respiratory Journal 27 (2): 397-412.
https://doi.org/10.1183/09031936.06.00025805.

Lotta, Luca A, Robert A Scott, Stephen J Sharp, Stephen Burgess, Jian Luan, Therese Tillin, Amand F Schmidt, et
al. 2016. “Genetic Predisposition to an Impaired Metabolism of the Branched-Chain Amino Acids and Risk
of Type 2 Diabetes: A Mendelian Randomisation Analysis.” PLoS Medicine 44: 1-22.
https://doi.org/10.1371/journal.pmed.1002179.

Lu, Yonghai, Yeli Wang, Choon Nam Ong, Tavintharan Subramaniam, Hyung Won Choi, Jian Min Yuan, Woon
Puay Koh, and An Pan. 2016. “Metabolic Signatures and Risk of Type 2 Diabetes in a Chinese Population:
An Untargeted Metabolomics Study Using Both LC-MS and GC-MS.” Diabetologia 59 (11): 2349-59.
https://doi.org/10.1007/s00125-016-4069-2.

Luiking, Yvette C., Evan Abrahamse, Thomas Ludwig, Yves Boirie, and Sjors Verlaan. 2016. “Protein Type and

176



Caloric Density of Protein Supplements Modulate Postprandial Amino Acid Profile through Changes in
Gastrointestinal  Behaviour: A  Randomized Trial.”  Clinical ~ Nutrition 35 (1): 48-58.
https://doi.org/10.1016/j.clnu.2015.02.013.

Luzi, L., A. S. Petrides, and R. A. De Fronzo. 1993. “Different Sensitivity of Glucose and Amino Acid Metabolism
to Insulin in NIDDM.” Diabetes 42 (12): 1868-77. https://doi.org/10.2337/diab.42.12.1868.

Lynch, Christopher J, and Sean H Adams. 2014a. “Banched-Chain Amino Acids in Metabolic Signalling and Insulin
Resistance.” Nature Reviews Endocrinology 10 (12): 723-36.
https://doi.org/10.1038/nrendo.2014.171.Branched-chain.

———. 2014b. “BCAA in Metabolic Signalling and Insulin Resistance.” Nature Reviews Endocrinology 10 (12):
723-36. https://doi.org/10.1038/nrendo.2014.171.Branched-chain.

Mackenzie, DY, and LI Woolf. 1964. “Maple Syrup Urine Disease.” British Medical 1: 3-5.
https://doi.org/10.5005/jp/books/11937_19.

Macotela, Yazmin, Brice Emanuelli, Anneli M. Bang, Daniel O. Espinoza, Jeremie Boucher, Kirk Beebe, Walter
Gall, and C. Ronald Kahn. 2011. “Dietary Leucine - an Environmental Modifier of Insulin Resistance Acting
on Multiple Levels of Metabolism.” PLoS ONE 6 (6). https://doi.org/10.1371/journal.pone.0021187.

Mador, M. Jeffery, Erkan Bozkanat, Ajay Aggarwal, Mary Shaffer, and Thomas J. Kufel. 2004. “Endurance and
Strength Training in Patients with COPD.” Chest 125 (6): 2036-45.
https://doi.org/10.1378/chest.125.6.2036.

Maffiuletti, Nicola A., Marc Jubeau, Urs Munzinger, Mario Bizzini, Fiorenza Agosti, Alessandra De Col, Claudio L.
Lafortuna, and Alessandro Sartorio. 2007. “Differences in Quadriceps Muscle Strength and Fatigue
between Lean and Obese Subjects.” European Journal of Applied Physiology 101 (1): 51-59.
https://doi.org/10.1007/s00421-007-0471-2.

Magkos, Faidon, David Bradley, George G. Schweitzer, Brian N. Finck, J. Christopher Eagon, Olga llkayeva,
Christopher B. Newgard, and Samuel Klein. 2013. “Effect of Roux-En-y Gastric Bypass and Laparoscopic
Adjustable Gastric Banding on Branched-Chain Amino Acid Metabolism.” Diabetes 62 (8): 2757-61.
https://doi.org/10.2337/db13-0185.

Mahendran, Yuvaraj, Anna Jonsson, Christian T. Have, Kristine H. Allin, Daniel R. Witte, Marit E. Jgrgensen, Niels
Grarup, Oluf Pedersen, Tuomas O. Kilpeldinen, and Torben Hansen. 2017. “Genetic Evidence of a Causal
Effect of Insulin Resistance on Branched-Chain Amino Acid Levels.” Diabetologia 60 (5): 873-78.
https://doi.org/10.1007/s00125-017-4222-6.

Man, William D, Paul Kemp, John Moxham, and Michael | Polkey. 2009. “Exercise and Muscle Dysfunction in
COPD: Implications for  Pulmonary Rehabilitation.”  Clinical  Science  117: 281-91.
https://doi.org/10.1042/CS20080660.

Marchesini, Giulio, Giampaolo Bianchi, Manuela Merli, Piero Amodio, Carmine Panella, Carmela Loguercio,
Fillipo Rossi Fanelli, and Roberto Abbiati. 2003. “Nutritional Supplementation with Branched-Chain Amino
Acids in Advanced Cirrhosis: A Double-Blind, Randomized Trial.” Gastroenterology 124 (7): 1792—-1801.
https://doi.org/10.1016/50016-5085(03)00323-8.

Marquis, Karine, Richard Debigaré, Yves Lacasse, Pierre Leblanc, Jean Jobin, Guy Carrier, and Frangois Maltais.
2002. “Midthigh Muscle Cross-Sectional Area Is a Better Predictor of Mortality than Body Mass Index in
Patients with Chronic Obstructive Pulmonary Disease.” American Journal of Respiratory and Critical Care
Medicine 166 (36331): 809—13. https://doi.org/10.1164/rccm.2107031.

Mayers, Jared R., Chen Wu, Clary B. Clish, Peter Kraft, Margaret E. Torrence, Brian P. Fiske, Chen Yuan, et al.
2014. “Elevation of Circulating Branched-Chain Amino Acids Is an Early Event in Human Pancreatic
Adenocarcinoma Development.” Nature Medicine 20 (10): 1193-98. https://doi.org/10.1038/nm.3686.

McAuley, Hamish J.C., Theresa C. Harvey-Dunstan, Michelle Craner, Matthew Richardson, Sally J. Singh, Michael

177



C. Steiner, and Neil J. Greening. 2020. “Longitudinal Changes to Quadriceps Thickness Demonstrate Acute
Sarcopenia Following Admission to Hospital for an Exacerbation of Chronic Respiratory Disease.” Thorax,
1-3. https://doi.org/10.1136/thoraxjnl-2020-215949.

McConnell, Alison K., and Rik Gosselink. 2014. “British Thoracic Society Guideline on Pulmonary Rehabilitation
in  Adults: Does Objectivity Have a Sliding Scale?” Thorax 69 (4): 387-88.
https://doi.org/10.1136/thoraxjnl-2013-204684.

Mcdonald, Cameron Keith, Mikkel Z. Ankarfeldt, Sandra Capra, Judy Bauer, Kyle Raymond, and Berit Lilienthal
Heitmann. 2016. “Lean Body Mass Change over 6 Years Is Associated with Dietary Leucine Intake in an
Older Danish Population.” British ~ Journal  of  Nutrition 115 (9): 1556-62.
https://doi.org/10.1017/50007114516000611.

Meguid, M. M., D. E. Matthews, D. M. Bier, C. N. Meredith, and V. R. Young. 1986. “Valine Kinetics at Graded
Valine Intakes in Young Men.” American Journal of Clinical Nutrition 43 (5): 781-86.
https://doi.org/10.1093/ajcn/43.5.781.

Melnik, Bodo C. 2012. “Leucine Signaling in the Pathogenesis of Type 2 Diabetes and Obesity.” World Journal of
Diabetes 3 (3): 38. https://doi.org/10.4239/wjd.v3.i3.38.

Menge, Bjoern A., Henning Schrader, Peter R. Ritter, Mark Ellrichmann, Waldemar Uhl, Wolfgang E. Schmidt,
and Juris J. Meier. 2010. “Selective Amino Acid Deficiency in Patients with Impaired Glucose Tolerance and
Type 2 Diabetes.” Regulatory Peptides 160 (1-3): 75—80. https://doi.org/10.1016/j.regpep.2009.08.001.

Menni, Cristina, Eric Fauman, Idil Erte, John R.B. Perry, Gabi Kastenmdiiller, So Youn Shin, Ann Kristin Petersen,
et al. 2013. “Biomarkers for Type 2 Diabetes and Impaired Fasting Glucose Using a Nontargeted
Metabolomics Approach.” Diabetes 62 (12): 4270-76. https://doi.org/10.2337/db13-0570.

Meslier, Victoria, Manolo Laiola, Henrik Munch Roager, Francesca De Filippis, Francesca De Filippis, Hugo
Roume, Benoit Quinquis, et al. 2020. “Mediterranean Diet Intervention in Overweight and Obese Subjects
Lowers Plasma Cholesterol and Causes Changes in the Gut Microbiome and Metabolome Independently
of Energy Intake.” Gut 69 (7): 1258-68. https://doi.org/10.1136/gutjnl-2019-320438.

Mihalik, Stephanie J., Bret H. Goodpaster, David E. Kelley, Donald H. Chace, Jerry Vockley, Frederico G.S. Toledo,
and James P. Delany. 2010. “Increased Levels of Plasma Acylcarnitines in Obesity and Type 2 Diabetes and
Identification of a Marker  of  Glucolipotoxicity.” Obesity 18  (9): 1695-1700.
https://doi.org/10.1038/0by.2009.510.

Mihalik, Stephanie J., Sara F. Michaliszyn, Javier De Las Heras, Fida Bacha, So Jung Lee, Donald H. Chace, Victor
R. Delesus, Jerry Vockley, and Silva A. Arslanian. 2012. “Metabolomic Profiling of Fatty Acid and Amino
Acid Metabolism in Youth with Obesity and Type 2 Diabetes: Evidence for Enhanced Mitochondrial
Oxidation.” Diabetes Care 35 (3): 605-11. https://doi.org/10.2337/DC11-1577.

Milanovié, Zoran, Goran Sporis, and Matthew Weston. 2015. “Effectiveness of High-Intensity Interval Training
(HIT) and Continuous Endurance Training for VO2max Improvements: A Systematic Review and Meta-
Analysis of Controlled Trials.” Sports Medicine 45 (10): 1469-81. https://doi.org/10.1007/s40279-015-
0365-0.

Mitsubuchi, Misao Owada, and Fumio Endo. 2005. “Markers Associated with Inborn Errors of Metabolism of
Branched-Chain Amino Acids and Their Relevance to Upper Levels of Intake in Healthy People: An
Implication from Clinical and Molecular Investigations on Maple Syrup Urine Disease.” Journal of Nutrition
135 (6 SUPPL.): 1565-70. https://doi.org/10.1093/jn/135.6.1565s.

Moller-Loswick, A. C., H. Zachrisson, A. Hyltander, U. Korner, D. E. Matthews, and K. Lundholm. 1994. “Insulin
Selectively Attenuates Breakdown of Nonmyofibrillar Proteins in Peripheral Tissues of Normal Men.”
American  Journal of Physiology - Endocrinology and Metabolism 266 (4 29-4).
https://doi.org/10.1152/ajpendo.1994.266.4.e645.

Mook-Kanamori, D. O., W. Romisch-Margl, G. Kastenmdiller, C. Prehn, A. K. Petersen, T. lllig, C. Gieger, et al.

178



2014. “Increased Amino Acids Levels and the Risk of Developing of Hypertriglyceridemia in a 7-Year Follow-
Up.” Journal of Endocrinological Investigation 37 (4): 369—74. https://doi.org/10.1007/s40618-013-0044-
7.

Moore, Daniel R., Tyler A. Churchward-Venne, Oliver Witard, Leigh Breen, Nicholas A. Burd, Kevin D. Tipton, and
Stuart M. Phillips. 2015. “Protein Ingestion to Stimulate Myofibrillar Protein Synthesis Requires Greater
Relative Protein Intakes in Healthy Older versus Younger Men.” Journals of Gerontology - Series A
Biological Sciences and Medical Sciences 70 (1): 57-62. https://doi.org/10.1093/gerona/glu103.

Moore, Daniel R, Stuart M Phillips, John a Babraj, Kenneth Smith, and Michael J Rennie. 2005. “Myofibrillar and
Collagen Protein Synthesis in Human Skeletal Muscle in Young Men after Maximal Shortening and
Lengthening Contractions.” American Journal of Physiology. Endocrinology and Metabolism 288 (6):
E1153-9. https://doi.org/10.1152/ajpendo.00387.2004.

Morrison, W. L., J. N.A. Gibson, C. Scrimgeour, and M. J. Rennie. 1988. “Muscle Wasting in Emphysema.” Clinical
Science 75 (4): 415-20. https://doi.org/10.1042/cs0750415.

Moss, A.R., and Rudolf Schoenheimer. 1940. “The Conversion of Phenylalanine To Tyrosine in Normal Rats.”
Journal of Biological Chemistry 135 (2): 415-29. https://doi.org/10.1016/s0021-9258(18)73111-6.

Miillerova, Hana, Diego J. Maselli, Nicholas Locantore, Jgrgen Vestbo, John R. Hurst, Jadwiga A. Wedzicha, Per
Bakke, et al. 2015. “Hospitalized Exacerbations of COPD: Risk Factors and Outcomes in the ECLIPSE
Cohort.” Chest 147 (4): 999—-1007. https://doi.org/10.1378/chest.14-0655.

Murias, Juan M., John M. Kowalchuk, and Donald H. Paterson. 2010. “Mechanisms for Increases in VO O2max
with Endurance Training in Older and Young Women.” Medicine and Science in Sports and Exercise 42 (10):
1891-98. https://doi.org/10.1249/MSS.0b013e3181dd0bba.

Murray, Christopher J, and Alan D. Lopez. 1997. “Alternative Projections of Mortality and Disability by Cause
1990-2020: Global Burden of Disease Study Christopher.” The Lancet 349: 1498-1504.
https://doi.org/10.4028/www.scientific.net/AMM.615.194.

Murray, Christopher J, Alan D. Lopez, Robert Black, Colin D Mathers, Kenji Shibuya, Majid Ezzati, Joshua A.
Salomon, Catherine Michaud, Neff Walker, and Theo Vos. 2007. “Global Burden of Disease 2005: Call for
Collaborators.” Lancet 370 (9582): 110-12. https://doi.org/10.1016/50140-6736(07)60985-4.

Murton, Kanagaraj Marimuthu, Joanne E. Mallinson, Anna L. Selby, Kenneth Smith, Michael J. Rennie, and Paul
L. Greenhaff. 2015. “Obesity Appears to Be Associated with Altered Muscle Protein Synthetic and
Breakdown Responses to Increased Nutrient Delivery in Older Men, but Not Reduced Muscle Mass or
Contractile Function.” Diabetes 64 (9): 3160-71. https://doi.org/10.2337/db15-0021.

Narayan, K.M.V, James.P Boyle, Theodore.J Thompson, Edward. W Gregg, and David.F Williamson. 2007. “Effect
of BMI on Lifetime Risk for Diabetes In The U.S.” Diabetes Care 30 (6): 1562-66.
https://doi.org/10.2337/dc06-2544.Additional.

Neder, J. Alberto, Mathieu Marillier, Anne Catherine Bernard, Matthew D. James, Kathryn M. Milne, and Denis
E. O’Donnell. 2019. “The Integrative Physiology of Exercise Training in Patients with COPD.” COPD: Journal
of Chronic Obstructive Pulmonary Disease 16 (2): 182-95.
https://doi.org/10.1080/15412555.2019.1606189.

Neinast, Michael, Cholsoon Jang, Sheng Hui, Danielle S. Murashige, Qingwei Chu, Raphael J. Morscher, Xiaoxuan
Li, et al. 2019. “Quantitative Analysis of the Whole-Body Metabolic Fate of Branched-Chain Amino Acids.”
Cell Metabolism 29 (2): 417-429.e4. https://doi.org/10.1016/j.cmet.2018.10.013.

Neinast, Michael, Danielle Murashige, and Zoltan Arany. 2019. “Branched Chain Amino Acids.” Annual Review
of Physiology 81: 139-64. https://doi.org/10.1146/annurev-physiol-020518-114455.

Newgard, Christopher B. 2012. “Interplay between Lipids and Branched-Chain Amino Acids in Development of
Insulin Resistance.” Cell Metabolism 15 (5): 606—14. https://doi.org/10.1016/j.cmet.2012.01.024.

179



———. 2017. “Metabolomics and Metabolic Diseases: Where Do We Stand?” Cell Metabolism 25 (1): 43-56.
https://doi.org/10.1016/j.cmet.2016.09.018.

Newgard, Christopher B., Jie An, James R. Bain, Michael J. Muehlbauer, Robert D. Stevens, Lillian F. Lien, Andrea
M. Haqq, et al. 2009. “A Branched-Chain Amino Acid-Related Metabolic Signature That Differentiates
Obese and Lean Humans and Contributes to Insulin Resistance.” Cell Metabolism 9 (4): 311-26.
https://doi.org/10.1016/j.cmet.2009.02.002.

Nilsen, Mona S., Regine A. Jersin, Arve Ulvik, André Madsen, Adrian McCann, Per-Arne Svensson, Maria K.
Svensson, et al. 2020. “3-Hydroxyisobutyrate, A Strong Marker of Insulin Resistance in Type 2 Diabetes
and Obesity That Modulates White and Brown Adipocyte Metabolism.” Diabetes 69 (9): 1903-16.
https://doi.org/10.2337/db19-1174.

Nishimura, Y., M. Tsutsumi, H. Nakata, T. Tsunenari, H. Maeda, and M. Yokoyama. 1995. “Relationship between
Respiratory Muscle Strength and Lean Body Mass in Men with COPD.” Chest 107 (5): 1232-36.
https://doi.org/10.1378/chest.107.5.1232.

Nissen, Steven L, and N Abumrad. 1997. “Nutritional Role of the Leucine Metabolite P=hydroxy P-
Methylbutyrate (HMB).” Nutritional Biochemistry 2863 (97).

Norton, Layne E., and Donald K. Layman. 2006. “Leucine Regulates Translation Initiation of Protein Synthesis in
Skeletal Muscle after Exercise.” The Journal of Nutrition 136 (2): 533S-537S.
https://doi.org/10.1093/jn/136.2.533s.

O’ Shea, Simone D, Nicholas F Taylor, and Jennifer D Paratz. 2009. “Improves Muscle Strength and May Improve
Elements of Performance of Daily Activities for People With COPD A Systematic Review.” CHEST 136 (5):
1269-83. https://doi.org/10.1378/chest.09-0029.

Ogasawara, Riki, Jeremy P. Loenneke, Robert S. Thiebaud, and Takashi Abe. 2013. “Low-Load Bench Press
Training to Fatigue Results in Muscle Hypertrophy Similar to High-Load Bench Press Training.”
International Journal of Clinical Medicine 04 (02): 114-21. https://doi.org/10.4236/ijcm.2013.42022.

Ortega, Francisco, Javier Toral, Pilar Cejudo, Rafael Villagomez, Hildegard Sanchez, José Castillo, and Teodoro
Montemayor. 2002. “Comparison of Effects of Strength and Endurance Training in Patients with Chronic
Obstructive Pulmonary Disease.” American Journal of Respiratory and Critical Care Medicine 166 (5): 669—
74. https://doi.org/10.1164/rccm.2107081.

Paddon-Jones, Douglas, Melinda Sheffield-Moore, Randall J. Urban, Arthur P. Sanford, Asle Aarsland, Robert R.
Wolfe, and Arny A. Ferrando. 2004. “Essential Amino Acid and Carbohydrate Supplementation Ameliorates
Muscle Protein Loss in Humans during 28 Days Bedrest.” Journal of Clinical Endocrinology and Metabolism
89 (9): 4351-58. https://doi.org/10.1210/jc.2003-032159.

Palange, Silvia Forte, Paolo Onorati, Vincenzo Paravati, Felice Manfredi, Pietro Serra, and Stefano Carlone. 1998.
“Effect of Reduced Body Weight on Muscle Aerobic Capacity in Patients with COPD.” Chest 114 (1): 12-18.
https://doi.org/10.1378/chest.114.1.12.

Papathanassiu, Adonia E., Jeong Hun Ko, Martha Imprialou, Marta Bagnati, Prashant K. Srivastava, Hong A. Vu,
Danilo Cucchi, et al. 2017. “BCAT1 Controls Metabolic Reprogramming in Activated Human Macrophages
and Is Associated with Inflammatory Diseases.” Nature Communications 8 (May): 1-13.
https://doi.org/10.1038/ncomms16040.

Parr, Evelyn B, Vernon G Coffey, and John A Hawley. 2013. “Maturitas ‘ Sarcobesity ’: A Metabolic Conundrum
Sa Rcopenia.” Maturitas 74 (2): 109—13. https://doi.org/10.1016/j.maturitas.2012.10.014.

Pauwels, Romain A, A Sonia Buist, Peter M A Calverley, Christine R Jenkins, and Suzanne S Hurd. 2001. “Global
Strategy for the Diagnosis , Management , and Prevention of Chronic Obstructive Pulmonary Disease
NHLBI / WHO Global Initiative for Chronic Obstructive Lung Disease ( GOLD ) Workshop Summary.”
American Journal of Respiratory and Critical Care Medicine 163: 1256-76.

180



Pauwels, Romain A, and Klaus F Rabe. 2004. “Burden and Clinical Features of Chronic Obstructive Pulmonary
Disease ( COPD ).” The Lancet 364.

Pedrini, Michael T., Andrew S. Levey, Joseph Lau, Thomas C. Chalmers, and Ping H. Wang. 1996. “The Effect of
Dietary Protein Restriction on the Progression of Diabetic and Nondiabetic Renal Diseases: A Meta-
Analysis.” Annals of Internal Medicine 124 (7): 627-32. https://doi.org/10.7326/0003-4819-124-7-
199604010-00002.

Pennings, Bart, Bart Groen, Anneke de Lange, Annemie P. Gijsen, Antoine H. Zorenc, Joan M.G. Senden, and Luc
J.C. van Loon. 2012. “Amino Acid Absorption and Subsequent Muscle Protein Accretion Following Graded
Intakes of Whey Protein in Elderly Men.” American Journal of Physiology - Endocrinology and Metabolism
302 (8): 992-99. https://doi.org/10.1152/ajpendo.00517.2011.

Pennings, Yves Boirie, Joan M.G. Senden, Annemie P. Gijsen, Harm Kuipers, and Luc J.C. Van Loon. 2011. “Whey
Protein Stimulates Postprandial Muscle Protein Accretion More Effectively than Do Casein and Casein
Hydrolysate in Older Men.” American Journal of Clinical Nutrition 93 (5): 997-1005.
https://doi.org/10.3945/ajcn.110.008102.

Peterson, Courtney M., Darcy L. Johannsen, and Eric Ravussin. 2012. “Skeletal Muscle Mitochondria and Aging:
A Review.” Journal of Aging Research 2012. https://doi.org/10.1155/2012/194821.

Peterson, Mark D., Ananda Sen, and Paul M. Gordon. 2011. “Influence of Resistance Exercise on Lean Body Mass
in Aging Adults: A Meta-Analysis.” Medicine and Science in Sports and Exercise 43 (2): 249-58.
https://doi.org/10.1249/MSS.0b013e3181eb6265.

Petrides, A. S., L. Luzi, and R. A. DeFronzo. 1994. “Time-Dependent Regulation by Insulin of Leucine Metabolism
in Young Healthy Adults.” American Journal of Physiology - Endocrinology and Metabolism 267 (3 30-3).
https://doi.org/10.1152/ajpendo.1994.267.3.e361.

Phillips, Bethan, John Williams, Philip Atherton, Kenneth Smith, Wulf Hildebrandt, Debbie Rankin, Paul
Greenhaff, lan MacDonald, and Michael J. Rennie. 2012. “Resistance Exercise Training Improves Age-
Related Declines in Leg Vascular Conductance and Rejuvenates Acute Leg Blood Flow Responses to Feeding
and Exercise.” Journal of Applied Physiology 112 (3): 347-53.
https://doi.org/10.1152/japplphysiol.01031.2011.

Phillips, Bethan, John P. Williams, Paul L. Greenhaff, Kenneth Smith, and Philip J. Atherton. 2017. “Physiological
Adaptations to Resistance Exercise as a Function of Age.” JCI |Insight 2 (17): 1-16.
https://doi.org/10.1172/jci.insight.95581.

Phillips, Kevin D. Tipton, Asle Aarsland, Steven E. Wolf, and Robert R. Wolfe. 1997. “Mixed Muscle Protein
Synthesis and Breakdown after Resistance Exercise in Humans.” American Journal of Physiology -
Endocrinology and Metabolism 273 (1 36-1). https://doi.org/10.1152/ajpendo.1997.273.1.e99.

Pietildinen, Kirsi H., Jussi Naukkarinen, Aila Rissanen, Juha Saharinen, Pekka Ellonen, Heli Kerdnen, Anu
Suomalainen, et al. 2008. “Global Transcript Profiles of Fat in Monozygotic Twins Discordant for BMI:
Pathways behind Acquired Obesity.” PLoS Medicine 5 (3): 0472-83.
https://doi.org/10.1371/journal.pmed.0050051.

Pitta, Fabio, Thierry Troosters, and Vanessa S Probst. 2006. “Physical Activity and Hospitalization for
Exacerbation of COPD *.” CHEST 129 (3): 536—44. https://doi.org/10.1378/chest.129.3.536.

Pitta, Fabio, Thierry Troosters, Martijn A Spruit, Vanessa S Probst, Marc Decramer, and Rik Gosselink. 2005.
“Characteristics of Physical Activities in Daily Life in Chronic Obstructive Pulmonary Disease.” American
Journal of Respiratory and Critical Care Medicine 171: 972—77. https://doi.org/10.1164/rccm.200407-
8550C.

Plankeel, John F., Barbara McMullen, and Neil R. MacIntyre. 2005. “Exercise Outcomes after Pulmonary
Rehabilitation Depend on the Initial Mechanism of Exercise Limitation among Non-Oxygen-Dependent
COPD Patients.” Chest 127 (1): 110-16. https://doi.org/10.1378/chest.127.1.110.

181



Pollock, Ross D., Scott Carter, Cristiana P. Velloso, Niharika A. Duggal, Janet M. Lord, Norman R. Lazarus, and
Stephen D.R. Harridge. 2015. “An Investigation into the Relationship between Age and Physiological
Function in Highly Active Older Adults.” Journal of Physiology 593 (3): 657-80.
https://doi.org/10.1113/jphysiol.2014.282863.

Potier, Nicolas Darcel, and Daniel Tomé. 2009. “Protein, Amino Acids and the Control of Food Intake.” Current
Opinion in Clinical Nutrition and Metabolic Care 12 (1): 54-58.
https://doi.org/10.1097/MC0.0b013e32831b9%e01.

Pouw, Ellen M., Annemie M.W.J. Schols, Nicolaas E.P. Deutz, and Emiel F.M. Wouters. 1998. “Plasma and Muscle
Amino Acid Levels in Relation to Resting Energy Expenditure and Inflammation in Stable Chronic
Obstructive Pulmonary Disease.” American Journal of Respiratory and Critical Care Medicine 158 (3): 797—
801. https://doi.org/10.1164/ajrccm.158.3.9708097.

Pozefsky, T., R. G. Tancredi, R. T. Moxley, J. Dupre, and J. D. Tobin. 1976. “Effects of Brief Starvation on Muscle
Amino Acid Metabolism in Nonobese Man.” Journal of Clinical Investigation 57 (2): 444-49.
https://doi.org/10.1172/JCI108295.

Pradhan, Aruna D., Joann E. Manson, Nader Rifai, Julie E. Buring, and Paul M. Ridker. 2001. “C-Reactive Protein,
Interleukin 6, and Risk of Developing Type 2 Diabetes Mellitus.” Journal of the American Medical
Association 286 (3): 327-34. https://doi.org/10.1001/jama.286.3.327.

Preiser, J. C., C. Ichai, J. C. Orban, and A. B.J. Groeneveld. 2014. “Metabolic Response to the Stress of Critical
lliness.” British Journal of Anaesthesia 113 (6): 945-54. https://doi.org/10.1093/bja/aeul87.

Probst, V. S., T. Troosters, F. Pitta, M. Decramer, and Rik Gosselink. 2006. “Cardiopulmonary Stress during
Exercise Training in Patients with COPD.” European Respiratory Journal 27 (6): 1110-18.
https://doi.org/10.1183/09031936.06.00110605.

Proud, Christopher G. 2007. “Signalling to Translation: How Signal Transduction Pathways Control the Protein
Synthetic Machinery.” Biochemical Journal 403 (2): 217-34. https://doi.org/10.1042/BJ20070024.

Rabinovich, Roberto A., Esther Ardite, Thierry Troosters, Neus Carbo, Juli Alonso, José Manuel Gonzalez De Suso,
Jordi Vilaro, et al. 2001. “Reduced Muscle Redox Capacity after Endurance Training in Patients with Chronic
Obstructive Pulmonary Disease.” American Journal of Respiratory and Critical Care Medicine 164 (7):
1114-18. https://doi.org/10.1164/ajrccm.164.7.2103065.

Radome-Aizik, Shlomit, Naftali Kaminski, Shlomo Hayek, Hillel Halkin, Dan M. Cooper, and Issahar Ben-Dov. 2007.
“Effects of Exercise Training on Quadriceps Muscle Gene Expression in Chronic Obstructive Pulmonary
Disease.” Journal of Applied Physiology 102 (5): 1976-84.
https://doi.org/10.1152/japplphysiol.00577.2006.

Rahman, Irfan, and I. M. Adcock. 2006. “Oxidative Stress and Redox Regulation of Lung Inflammation in COPD.”
European Respiratory Journal 28 (1): 219-42. https://doi.org/10.1183/09031936.06.00053805.

Rahman, Irfan, and William MacNee. 1996. “Role of Oxidants/Antioxidants in Smoking-Induced Lung Diseases.”
Free Radical Biology and Medicine 21 (5): 669—81. https://doi.org/10.1016/0891-5849(96)00155-4.

Rand, William M., Peter L. Pellett, and Vernon R. Young. 2003. “Meta-Analysis of Nitrogen Balance Studies for
Estimating Protein Requirements in Healthy Adults.” American Journal of Clinical Nutrition 77 (1): 109-27.
https://doi.org/10.1093/ajcn/77.1.109.

Reeds, Peter J. 2000. “Dispensable and Indispensable Amino Acids for Humans.” Journal of Nutrition 130 (7):
1835-40.

Refsum, H. E., and S. B. Stromme. 1974. “Urea and Creatinine Production and Excretion in Urine during and after
Prolonged Heavy Exercise.” Scandinavian Journal of Clinical and Laboratory Investigation 33 (3): 247-54.
https://doi.org/10.1080/00365517409082493.

182



Rémond, Didier, Marie Machebeuf, Claude Yven, Caroline Buffiére, Laurence Mioche, Laurent Mosoni, and
Philippe Patureau Mirand. 2007. “Postprandial Whole-Body Protein Metabolism after a Meat Meal Is
Influenced by Chewing Efficiency in Elderly Subjects.” American Journal of Clinical Nutrition 85 (5): 1286—
92. https://doi.org/10.1093/ajcn/85.5.1286.

Rennie. 1985. “Muscle Protein Turnover and the Wasting Due to Injury and Disease.” British Medical Bulletin 41
(3): 257-64.

Rennie, Julien Bohé, Ken Smith, Henning Wackerhage, and Paul Greenhaff. 2006. “Branched-Chain Amino Acids
as Fuels and Anabolic Signals in Human Muscle.” Journal of Nutrition 136 (1): 264-68.
https://doi.org/10.1093/jn/136.1.264s.

Rennie, R. H.T. Edwards, S. Krywawych, C. T. Davies, D. Halliday, J. C. Waterlow, and D. J. Millward. 1981. “Effect
of Exercise on Protein Turnover in Man.” Clinical Science 61 (5): 627-39.
https://doi.org/10.1042/cs0610627.

Rennie, Michael J. 1990. Protein Turnover and Amino Acid Metabolism in Human Skeletal Muscle. Vol. 4.

Rennie, MJ, and KD Tipton. 2000. “Protein and Amino Acid Metabolism during and after Exercise and the Effects
of Nutrition.” Annual Review of Nutrition 20.

Reynolds, Sandra L., Yasuhiko. Saito, and Eileen M. Crimmins. 2005. “The Impact of Obesity and Arthritis on
Active Life Expectancy in Older Americans.” The Gerontologist 45 (4): 363-69.
https://doi.org/10.1038/0by.2008.534.

Ribeiro, Rosilene V, Samantha M Solon-biet, Tamara Pulpitel, Alistair M Senior, Victoria C Cogger, Ximonie Clark,
John O Sullivan, et al. 2019. “Of Older Mice and Men: Branched-Chain Amino Acids and Body
Composition.” Nutrients 11.

Rice, and Fineman. 2004. “Economic Implications of Increased Longevity in the United States.” Annual Review
of Public Health 25: 457-73. https://doi.org/10.1146/annurev.publhealth.25.101802.123054.

Rietman, A., J. Schwarz, D. Tomé, F. J. Kok, and M. Mensink. 2014. “High Dietary Protein Intake, Reducing or
Eliciting Insulin  Resistance?” European Journal of Clinical Nutrition 68 (9): 973-79.
https://doi.org/10.1038/ejcn.2014.123.

Rodriguez-Roisin, Roberto, Klaus F. Rabe, Jgrgen Vestbo, Claus Vogelmeier, and Alvar Agusti. 2017. “Global
Initiative for Chronic Obstructive Lung Disease (GOLD) 20th Anniversary: A Brief History of Time.”
European Respiratory Journal 50 (1). https://doi.org/10.1183/13993003.00671-2017.

Rondanelli, Mariangela, Catherine Klersy, Gilles Terracol, Jacopo Talluri, Roberto Maugeri, Davide Guido, Milena
A. Faliva, et al. 2016. “Whey Protein, Amino Acids, and Vitamin D Supplementation with Physical Activity
Increases Fat-Free Mass and Strength, Functionality, and Quality of Life and Decreases Inflammation in
Sarcopenic  Elderly.”  American  Journal  of Clinical  Nutrition 103 (3):  830-40.
https://doi.org/10.3945/ajcn.115.113357.

Rosenberg, Irwin H. 1997. “Symposium: Sarcopenia: Diagnosis and Mechanisms Sarcopenia: Origins and Clinical
Relevance 1.” J. Nutr 127: 990-91.

Rosenthal, J., A. Angel, and J. Farkas. 1974. “Metabolic Fate of Leucine: A Significant Sterol Precursor in Adipose
Tissue and Muscle.” American Journal of Physiology 226 (2): 411-18.
https://doi.org/10.1152/ajplegacy.1974.226.2.411.

Rudney, Harry, and James J. Ferguson. 1957. “The Biosynthesis of 8-Hydroxy-3-Methylglutaryl Coenzyme A.”
Journal of the American Chemical Society 79 (20): 5580-81. https://doi.org/10.1021/ja01577a070.

Ruiz-canela, Miguel, Estefania Toledo, Clary B Clish, Liming Liang, Dolores Corella, Emilio Ros, Miquel Fiol, et al.
2016. “Plasma Branched-Chain Amino Acids and Incident Cardiovascular Disease in the PREDIMED Trial
Miguel.” Clinical Chemistry 62 (4): 582-92. https://doi.org/10.1373/clinchem.2015.251710.Plasma.

183



Sakai, Ryosei, David M. Cohen, Joseph F. Henry, Douglas G. Burrin, and Peter J. Reeds. 2004. “Leucine-Nitrogen
Metabolism in the Brain of Conscious Rats: Its Role as a Nitrogen Carrier in Glutamate Synthesis in Glial
and Neuronal Metabolic Compartments.” Journal of Neurochemistry 88 (3): 612-22.
https://doi.org/10.1111/j.1471-4159.2004.02179.x.

Sala, Ernest, Josep Roca, Ramdén M. Marrades, Juli Alonso, José M. Gonzalez De Suso, Angel Moreno, Joan Albert
Barbera, et al. 1999. “Effects of Endurance Training on Skeletal Muscle Bioenergetics in Chronic
Obstructive Pulmonary Disease.” American Journal of Respiratory and Critical Care Medicine 159 (6):
1726-34. https://doi.org/10.1164/ajrccm.159.6.9804136.

Salehi, Albert, Ulrika Gunnerud, Sarheed J. Muhammed, Elin Stman, Jens J. Holst, Inger Bjorck, and Patrik
Rorsman. 2012. “The Insulinogenic Effect of Whey Protein Is Partially Mediated by a Direct Effect of Amino
Acids and GIP on B-Cells.” Nutrition and Metabolism 9: 1-7. https://doi.org/10.1186/1743-7075-9-48.

Sattar, N., N Sattar, S. G. Wannamethee, and N. G. Forouhi. 2008. “Novel Biochemical Risk Factors for Type 2
Diabetes: Pathogenic Insights or Prediction Possibilities?” Diabetologia 51 (6): 926-40.
https://doi.org/10.1007/s00125-008-0954-7.

Sayda, Mariwan H., Bethan E. Phillips, John P. Williams, Paul L. Greenhaff, Daniel J. Wilkinson, Ken Smith, and
Philip J. Atherton. 2020. “Associations between Plasma Branched Chain Amino Acids and Health
Biomarkers in Response to Resistance Exercise Training Across Age.” Nutrients 12 (10): 3029.
https://doi.org/10.3390/nu12103029.

Schauder, Peter, Karsten Schroder, Dieter Matthaei, Hans V. Henning, and Ulrich Langenbeck. 1983. “Influence
of Insulin on Blood Levels of Branched Chain Keto and Amino Acids in Man.” Metabolism 32 (4): 323-27.
https://doi.org/10.1016/0026-0495(83)90038-0.

Schmittgen, Thomas D., and Kenneth J. Livak. 2008. “Analyzing Real-Time PCR Data by the Comparative CT
Method.” Nature Protocols 3 (6): 1101-8. https://doi.org/10.1038/nprot.2008.73.

Schols, A. M.W.J., P. B. Soeters, A. M.C. Dingemans, R. Mostert, P. J. Frantzen, and E. F.M. Wouters. 1993.
“Prevalence and Characteristics of Nutritional Depletion in Patients with Stable COPD Eligible for
Pulmonary Rehabilitation.” American Review of Respiratory Disease 147 (5): 1151-56.
https://doi.org/10.1164/ajrccm/147.5.1151.

Scioscia, Giulia, Isabel Blanco, Ebymar Arismendi, Felip Burgos, Concepcién Gistau, Maria Pia, Foschino Barbaro,
Bartolome Celli, Denis E O Donnell, and Alvar Agusti. 2016. “Different Dyspnoea Perception in COPD
Patients with Frequent and Infrequent Exacerbations.” Thorax 0: 1-5. https://doi.org/10.1136/thoraxjnl-
2016-208332.

Seals, Douglas R., William K. Allen, Ben F. Hurley, Gail P. Dalsky, Ali A. Ehsani, and James M. Hagberg. 1984.
“Elevated High-Density Lipoprotein Cholesterol Levels in Older Endurance Athletes.” The American Journal
of Cardiology 54 (3): 390-93. https://doi.org/10.1016/0002-9149(84)90203-0.

Serralde-Zufiga, Aurora E., Martha Guevara-Cruz, Armando R. Tovar, Miguel F. Herrera-Hernandez, Lilia G.
Noriega, Omar Granados, and Nimbe Torres. 2014. “Omental Adipose Tissue Gene Expression, Gene
Variants, Branched-Chain Amino Acids, and Their Relationship with Metabolic Syndrome and Insulin
Resistance in Humans.” Genes and Nutrition 9 (6): 1-10. https://doi.org/10.1007/s12263-014-0431-5.

Seymour, M. A. Spruit, N. S. Hopkinson, S. A. Natanek, W. D.C. Man, A. Jackson, H. R. Gosker, et al. 2010. “The
Prevalence of Quadriceps Weakness in COPD and the Relationship with Disease Severity.” European
Respiratory Journal 36 (1): 81-88. https://doi.org/10.1183/09031936.00104909.

Shah, Crosslin, Haynes, S. Nelson, C. B. Turer, R. D. Stevens, M. J. Muehlbauer, et al. 2012. “Branched-Chain
Amino Acid Levels Are Associated with Improvement in Insulin Resistance with Weight Loss.” Diabetologia
55 (2): 321-30. https://doi.org/10.1007/s00125-011-2356-5.

Shaw, J E, R A Sicree, and P Z Zimmet. 2010. “Global Estimates of the Prevalence of Diabetes for 2010 and 2030.”
Diabetes Research and Clinical Practice 87: 4—14. https://doi.org/10.1016/j.diabres.2009.10.007.

184



She, Pengxiang, Tanya M. Reid, Sarah K. Bronson, Thomas C. Vary, Andras Hajnal, Christopher J. Lynch, and Susan
M. Hutson. 2007. “Disruption of BCATm in Mice Leads to Increased Energy Expenditure Associated with
the Activation of a Futile Protein Turnover Cycle.” Cell Metabolism 6 (3): 181-94.
https://doi.org/10.1016/j.cmet.2007.08.003.

She, T Reid, SM Huston, RN Cooney, and CJ Lynch. 2007. “Obesity-Related Elevations in Plasma Leucine Are
Associated with Alterations in Enzymes Involved in Branched Chain Amino Acid (BCAA) Metabolism.”
American  Journal of Physiology - Endocrinology and  Metabolism 293 (1): 1-7.
https://doi.org/10.1161/CIRCULATIONAHA.110.956839.

Shimomura, Y, Yoshiharu Shimomura, Asami Inaguma, Satoko Watanabe, Yuko Yamamoto, Yuji Muramatsu,
Gustavo Bajotto, et al. 2010. “Branched-Chain Amino Acid Supplementation Before Squat Exercise and
Delayed-Onset Muscle Soreness.” International Journal of Sport Nutrition and Exercise Metabolism 20:
236-44. https://pdfs.semanticscholar.org/afda/a44f461716f3004f69d6a639d0adcaafee26.pdf.

Shimomura, Yoshiharu, Mariko Obayashi, Taro Murakami, and Robert A. Harris. 2001. “Regulation of Branched-
Chain Amino Acid Catabolism: Nutritional and Hormonal Regulation of Activity and Expression of the
Branched-Chain a-Keto Acid Dehydrogenase Kinase.” Current Opinion in Clinical Nutrition and Metabolic
Care 4 (5): 419-23. https://doi.org/10.1097/00075197-200109000-00013.

Siddik, Md Abu Bakkar, and Andrew C. Shin. 2019. “Recent Progress on Branched-Chain Amino Acids in Obesity,
Diabetes, and Beyond.” Endocrinology and Metabolism 34 (3): 234-46.
https://doi.org/10.3803/EnM.2019.34.3.234.

Sieljacks, Peter, Jakob Wang, Thomas Groennebaek, Emil Rindom, Jesper Emil Jakobsgaard, Jon Herskind, Anders
Gravholt, et al. 2019. “Six Weeks of Low-Load Blood Flow Restricted and High-Load Resistance Exercise
Training Produce Similar Increases in Cumulative Myofibrillar Protein Synthesis and Ribosomal Biogenesis
in Healthy Males.” Frontiers in Physiology 10 (MAY). https://doi.org/10.3389/fphys.2019.00649.

Simonnet, Arthur, Mikael Chetboun, Julien Poissy, Violeta Raverdy, Jerome Noulette, Alain Duhamel, Julien
Labreuche, et al. 2020. “High Prevalence of Obesity in Severe Acute Respiratory Syndrome Coronavirus-2
(SARS-CoV-2) Requiring Invasive Mechanical Ventilation.” Obesity 28 (7): 1195-99.
https://doi.org/10.1002/0by.22831.

Simpson, K., K. Killian, N. McCartney, D. G. Stubbing, and N. L. Jones. 1992. “Randomised Controlled Trial of
Weightlifting Exercise in Patients with Chronic Airflow Limitation.” Thorax 47 (2): 70-75.
https://doi.org/10.1136/thx.47.2.70.

Singh. 2002. “Exercise Comes of Age: Rationale and Recommendations for a Geriatric Exercise Prescription.”
Journals of Gerontology - Series A Biological Sciences and Medical Sciences 57 (5): 262-82.
https://doi.org/10.1093/gerona/57.5.M262.

Singh, Brajesh, Saikat K Jana, Nilanjana Ghosh, Soumen K Das, Mamata Joshi, Parthasarathi Bhattacharyya, and
Koel Chaudhury. 2017. “Journal of Pharmaceutical and Biomedical Analysis Metabolomic Profiling of
Doxycycline Treatment in Chronic Obstructive Pulmonary Disease.” Journal of Pharmaceutical and
Biomedical Analysis 132: 103-8. https://doi.org/10.1016/j.jpba.2016.09.034.

Sitryawan, Agus, John W. Hawes, Robert A. Harris, Yoshiharu Shimomura, Anne E. Jenkins, and Susan M. Hutson.
1998. “A Molecular Model of Human Branched-Chain Amino Acid Metabolism.” American Journal of
Clinical Nutrition 68 (1): 72—-81. https://doi.org/10.1093/ajcn/68.1.72.

Skelton, Dawn A., Carolyn A. Greig, Janet M. Davies, and Archie Young. 1994. “Strength, Power and Related
Functional Ability of Healthy People Aged 65-89 Years.” Age and Ageing 23 (5): 371-77.
https://doi.org/10.1093/ageing/23.5.371.

Slentz, Cris A., Brian D. Duscha, Johanna L. Johnson, Kevin Ketchum, Lori B. Aiken, Gregory P. Samsa, Joseph A.
Houmard, Connie W. Bales, and William E. Kraus. 2004. “Effects of the Amount of Exercise on Body Weight,
Body Composition, and Measures of Central Obesity: STRRIDE - A Randomized Controlled Study.” Archives
of Internal Medicine 164 (1): 31-39. https://doi.org/10.1001/archinte.164.1.31.

185



Smeuninx, Benoit, James McKendry, Daisy Wilson, Una Martin, and Leigh Breen. 2017. “Age-Relatedanabolic
Resistance of Myofibrillar Protein Synthesis Is Exacerbated in Obese Inactive Individuals.” Journal of
Clinical Endocrinology and Metabolism 102 (9): 3535—45. https://doi.org/10.1210/jc.2017-00869.

Smith, E. A., and G. T. MacFarlane. 1998. “Enumeration of Amino Acid Fermenting Bacteria in the Human Large
Intestine: Effects of PH and Starch on Peptide Metabolism and Dissimilation of Amino Acids.” FEMS
Microbiology Ecology 25 (4): 355—68. https://doi.org/10.1016/50168-6496(98)00004-X.

Smith, K, M Scrimgeour, J Rennie, Peter W Watt, Charles M Scrimgeour, and J Rennie. 1992. “Flooding with L- [
113C ] Leucine Stimulates Human Muscle Protein Incorporation of Continuously Infused L- [ F3C ] Valine.”
American Journal of Physiology - Endocrinology and Metabolism 262.

Smith, R. I. Krohn, G. T. Hermanson, A. K. Mallia, F. H. Gartner, M. D. Provenzano, E. K. Fujimoto, N. M. Goeke,
B. J. Olson, and D. C. Klenk. 1985. “Measurement of Protein Using Bicinchoninic Acid.” Analytical
Biochemistry 150 (1): 76-85. https://doi.org/10.1016/0003-2697(85)90442-7.

Smith, Nigel Reynolds, Shaun Downie, Ayyub Patel, and Michael J. Rennie. 1998. “Effects of Flooding Amino
Acids on Incorporation of Labeled Amino Acids into Human Muscle Protein.” American Journal of
Physiology - Endocrinology and Metabolism 275 (1 38-1): 73-78.
https://doi.org/10.1152/ajpendo.1998.275.1.e73.

Snider, Gordon L. 1989. “Chronic Obstructive Pulmonary Disease: Risk Factors, Pathophysiology and
Pathogenesis.” Annual Reviews of Medicine 40: 411-29.

Solon-Biet, Samantha M., Victoria C. Cogger, Tamara Pulpitel, Devin Wahl, Ximonie Clark, Elena E. Bagley,
Gabrielle C. Gregoriou, et al. 2019. “Branched-Chain Amino Acids Impact Health and Lifespan Indirectly via
Amino Acid Balance and Appetite Control.” Nature Metabolism 1 (5): 532-45.
https://doi.org/10.1038/s42255-019-0059-2.

Spruit, M. A., R. Gosselink, T. Troosters, K. De Paepe, and M. Decramer. 2002. “Resistance versus Endurance
Training in Patients with COPD and Peripheral Muscle Weakness.” European Respiratory Journal 19 (6):
1072-78. https://doi.org/10.1183/09031936.02.00287102.

Spruit, Martijn A., Sally J. Singh, Chris Garvey, Richard Zu Wallack, Linda Nici, Carolyn Rochester, Kylie Hill, et al.
2013. “An Official American Thoracic Society/European Respiratory Society Statement: Key Concepts and
Advances in Pulmonary Rehabilitation.” American Journal of Respiratory and Critical Care Medicine 188
(8). https://doi.org/10.1164/rccm.201309-1634ST.

Strasser, Barbara, Karen Steindorf, Joachim Wiskemann, and Cornelia M. Ulrich. 2013. “Impact of Resistance
Training in Cancer Survivors: A Meta-Analysis.” Medicine and Science in Sports and Exercise 45 (11): 2080—
90. https://doi.org/10.1249/MSS.0b013e31829a3b63.

Strategy, Global, F O R The, Prevention Of, Chronic Obstructive, and Pulmonary Disease. 2017. “2017 REPORT
Global Initiative for Chronic Obstructive Lung.”

Stumvoll, Michael, Barry J. Goldstein, and Timon W. van Haeften. 2005. “Type 2 Diabetes : Principles of
Pathogenesis and Therapy Pathophysiology of Hyperglycaemia.” The Lancet 365: 1333-46.
https://doi.org/10.1016/50140-6736(05)61032-X.

Sun, Liang, Caiyou Hu, Ruiyue Yang, Yuan Lv, Huiping Yuan, Qinghua Liang, Benjin He, et al. 2017. “Association
of Circulating Branched-Chain Amino Acids with Cardiometabolic Traits Differs between Adults and the
Oldest-Old.” Oncotarget 8 (51): 88882—-93. https://doi.org/10.18632/oncotarget.21489.

Swallow, Elisabeth B, Diana Reyes, Nicholas S Hopkinson, William D-c Man, Edward J Cetti, Alastair ) Moore, John
Moxham, and Michael | Polkey. 2007. “Quadriceps Strength Predicts Mortality in Patients with Moderate
to Severe Chronic Obstructive Pulmonary Disease.” Thorax 62: 115-21.
https://doi.org/10.1136/thx.2006.062026.

Sweatt, Andrew J., Mac Wood, Agus Suryawan, Reidar Wallin, Mark C. Willingham, and Susan M. Hutson. 2004.

186



“Branched-Chain Amino Acid Catabolism: Unique Segregation of Pathway Enzymes in Organ Systems and
Peripheral Nerves.” American Journal of Physiology - Endocrinology and Metabolism 286 (1 49-1): 64-76.
https://doi.org/10.1152/ajpendo.00276.2003.

Symons, T. Brock, Melinda Sheffield-Moore, Robert R. Wolfe, and Douglas Paddon-Jones. 2009. “A Moderate
Serving of High-Quality Protein Maximally Stimulates Skeletal Muscle Protein Synthesis in Young and
Elderly Subjects.” Journal of the American Dietetic Association 109 (9): 1582-86.
https://doi.org/10.1016/j.jada.2009.06.369.

Tai, E. S., M. L.S. Tan, R. D. Stevens, Y. L. Low, M. J. Muehlbauer, D. L.M. Goh, O. R. llkayeva, et al. 2010. “Insulin
Resistance Is Associated with a Metabolic Profile of Altered Protein Metabolism in Chinese and Asian-
Indian Men.” Diabetologia 53 (4): 757-67. https://doi.org/10.1007/s00125-009-1637-8.

Taneera, Jalal, Stefan Lang, Amitabh Sharma, Joao Fadista, Yuedan Zhou, Emma Ahlqvist, Anna Jonsson, et al.
2012. “A Systems Genetics Approach Identifies Genes and Pathways for Type 2 Diabetes in Human Islets.”
Cell Metabolism 16 (1): 122—-34. https://doi.org/10.1016/j.cmet.2012.06.006.

Thom, J. M., M. W. Thompson, P. A. Ruell, G. J. Bryant, J. S. Fonda, A. R. Harmer, X. A.K. De Janse Jonge, and S.
K. Hunter. 2001. “Effect of 10-Day Cast Immobilization on Sarcoplasmic Reticulum Calcium Regulation in
Humans.” Acta Physiologica Scandinavica 172 (2): 141-47. https://doi.org/10.1046/j.1365-
201X.2001.00853.x.

Tieland, Michael, Marlou L. Dirks, Nikita van der Zwaluw, Lex B. Verdijk, Ondine van de Rest, Lisette C.P.G.M. de
Groot, and Luc J.C. van Loon. 2012. “Protein Supplementation Increases Muscle Mass Gain During
Prolonged Resistance-Type Exercise Training in Frail Elderly People: A Randomized, Double-Blind, Placebo-
Controlled Trial.” Journal of the American Medical Directors Association 13 (8): 713-19.
https://doi.org/10.1016/j.jamda.2012.05.020.

Tiffin, Nicki, Euan Adie, Frances Turner, Han G. Brunner, Marc A. van Driel, Martin Oti, Nuria Lopez-Bigas, et al.
2006. “Computational Disease Gene ldentification: A Concert of Methods Prioritizes Type 2 Diabetes and
Obesity Candidate Genes.” Nucleic Acids Research 34 (10): 3067—81. https://doi.org/10.1093/nar/gkl381.

Tillin, Therese, Alun D. Hughes, Qin Wang, Peter Wirtz, Mika Ala-Korpela, Naveed Sattar, Nita G. Forouhi, et al.
2015. “Diabetes Risk and Amino Acid Profiles: Cross-Sectional and Prospective Analyses of Ethnicity, Amino
Acids and Diabetes in a South Asian and European Cohort from the SABRE (Southall And Brent REvisited)
Study.” Diabetologia 58 (5): 968—79. https://doi.org/10.1007/s00125-015-3517-8.

Tipton, Kevin D., Arny A. Ferrando, Stuart M. Phillips, David Doyle, and Robert R. Wolfe. 1999. “Postexercise Net
Protein Synthesis in Human Muscle from Orally Administered Amino Acids.” American Journal of
Physiology - Endocrinology and Metabolism 276 (4 39-4): 628-34.
https://doi.org/10.1152/ajpendo0.1999.276.4.e628.

Tobias, Deirdre K., Samia Mora, Subodh Verma, Filio Billia, Julie E. Buring, and Patrick R. Lawler. 2021. “Fasting
Status and Metabolic Health in Relation to Plasma Branched Chain Amino Acid Concentrations in Women.”
Metabolism: Clinical and Experimental 117: 154391. https://doi.org/10.1016/j.metabol.2020.154391.

Tran, Katon A. Kras, Nyssa Hoffman, Jayachandran Ravichandran, Jared M. Dickinson, Andrew D’Lugos, Chad C.
Carroll, et al. 2018. “Lower Fasted-State but Greater Increase in Muscle Protein Synthesis in Response to
Elevated Plasma Amino Acids in Obesity.” Obesity 26 (7): 1179-87. https://doi.org/10.1002/oby.22213.

Troosters, Thierry, Vanessa Suziane Probst, Tim Crul, Fabio Pitta, Ghislaine Gayan-Ramirez, Marc Decramer, and
Rik Gosselink. 2010. “Resistance Training Prevents Deterioration in Quadriceps Muscle Function during
Acute Exacerbations of Chronic Obstructive Pulmonary Disease.” American Journal of Respiratory and
Critical Care Medicine 181 (10): 1072—77. https://doi.org/10.1164/rccm.200908-12030C.

Ubhi, K K Cheng, J Dong, T Janowitz, D Jodrell, R Tal-Singer, W MacNee, et al. 2012. “Targeted Metabolomics
Identifies Perturbations in Amino Acid Metabolism That Sub-Classify Patients with COPD.” Mol Biosyst 8
(12): 3125-33. https://doi.org/10.1039/c2mb25194a.

187



Ubhi, John H. Riley, Paul A. Shaw, David A. Lomas, Ruth Tal-Singers, William MacNeef, Julian L. Griffin, and Susan
C. Connor. 2012. “Metabolic Profiling Detects Biomarkers of Protein Degradation in COPD Patients.”
European Respiratory Journal 40 (2): 345-55. https://doi.org/10.1183/09031936.00112411.

Vaes, Anouk W., Emiel F.M. Wouters, Frits M.E. Franssen, Nicole H.M.K. Uszko-Lencer, Koen H.P. Stakenborg,
Marlies Westra, Kenneth Meijer, Annemie M.W.J. Schols, Paul P. Janssen, and Martijn A. Spruit. 2011.
“Task-Related Oxygen Uptake during Domestic Activities of Daily Life in Patients with COPD and Healthy
Elderly Subjects.” Chest 140 (4): 970-79. https://doi.org/10.1378/chest.10-3005.

Vermeeren, M. A.P., E. C. Creutzberg, A. M.W.J. Schols, D. S. Postma, W. R. Pieters, A. C. Roldaan, and E. F.M.
Wouters. 2006. “Prevalence of Nutritional Depletion in a Large Out-Patient Population of Patients with
COPD.” Respiratory Medicine 100 (8): 1349-55. https://doi.org/10.1016/j.rmed.2005.11.023.

Vestbo, J, and W Anderson. 2008. “Evaluation of COPD Longitudinally.” European Respiratory Journal 31 (4):
869-73. https://doi.org/10.1183/09031936.00111707.

Vestbo, Jgrgen, Suzanne S. Hurd, Alvar G. Agusti, Paul W. Jones, Claus Vogelmeier, Antonio Anzueto, Peter J.
Barnes, et al. 2013. “Global Strategy for the Diagnosis, Management, and Prevention of Chronic
Obstructive Pulmonary Disease GOLD Executive Summary.” American Journal of Respiratory and Critical
Care Medicine 187 (4): 347-65. https://doi.org/10.1164/rccm.201204-0596PP.

Vestbo, J@rgen, Eva Prescott, Thomas Almdal, Morten Dahl, Bgrge G Nordestgaard, Teis Andersen, Thorkild | A
Sgrensen, and Peter Lange. 2006. “Body Mass , Fat-Free Body Mass , and Prognosis in Patients with Chronic
Obstructive Pulmonary Disease from a Random Population Sample Findings from the Copenhagen City
Heart Study DISEASE ACCORDING TO STAGING OF SEVERITY BY.” American Journal of Respiratory and
Critical Care Medicine 173: 79-83. https://doi.org/10.1164/rccm.200506-9690C.

Vignera, Sandro La, Rossella Cannarella, Fabio Galvano, Agata Grillo, Antonio Aversa, Laura Cimino, Cristina M.
Magagnini, Laura M. Mongiol, Rosita A. Condorelli, and Aldo E. Calogero. 2020. “The Ketogenic Diet
Corrects Metabolic Hypogonadism and Preserves Pancreatic SS-Cell Function in Overweight/Obese Men:
A Single-Arm Uncontrolled Study.” Endocrine. https://doi.org/10.1007/s12020-020-02518-8.

Vogiatzis, loannis, Gerasimos Terzis, Serafeim Nanas, Grigoris Stratakos, Davina C.M. Simoes, Olga Georgiadou,
Spyros Zakynthinos, and Charis Roussos. 2005. “Skeletal Muscle Adaptations to Interval Training in
Patients with Advanced COPD.” Chest 128 (6): 3838—45. https://doi.org/10.1378/chest.128.6.3838.

Volpi, Elena, Bettina Mittendorfer, Blake B. Rasmussen, and Robert R. Wolfe. 2000. “The Response of Muscle
Protein Anabolism to Combined Hyperaminoacidemia and Glucose-Induced Hyperinsulinemia Is Impaired
in the Elderly.” Journal of Clinical Endocrinology and Metabolism 85 (12): 4481-90.
https://doi.org/10.1210/jc.85.12.4481.

Volpi, Elena, Bettina Mittendorfer, Steven E. Wolf, and Robert R. Wolfe. 1999. “Oral Amino Acids Stimulate
Muscle Protein Anabolism in the Elderly despite Higher First-Pass Splanchnic Extraction.” American Journal
of Physiology - Endocrinology and Metabolism 277 (3 40-3): 513-20.
https://doi.org/10.1152/ajpendo0.1999.277.3.e513.

Vonbank, Karin, Barbara Strasser, Jerzy Mondrzyk, Beatrice A Marzluf, Bernhard Richter, Stephen Losch, Herbert
Nell, Ventzislav Petkov, and Paul Haber. 2012. “Strength Training Increases Maximum Working Capacity in
Patients with COPD e Randomized Clinical Trial Comparing Three Training Modalities.” Respiratory
Medicine 106. https://doi.org/10.1016/j.rmed.2011.11.005.

Vos, Theo, Abraham D. Flaxman, Mohsen Naghavi, Rafael Lozano, Catherine Michaud, Majid Ezzati, Kenji
Shibuya, et al. 2012. “Years Lived with Disability (YLDs) for 1160 Sequelae of 289 Diseases and Injuries
1990-2010: A Systematic Analysis for the Global Burden of Disease Study 2010.” The Lancet 380 (9859):
2163-96. https://doi.org/10.1016/50140-6736(12)61729-2.

Wagenmakers, Anton J M. 1999. “Tracers to Investigate Protein and Amino Acid Metabolism in Human
Subjects.” Proceedings of the Nutrition Society 58: 987—1000.

188



Wagner, Karl Heinz, and Helmut Brath. 2012. “A Global View on the Development of Non Communicable
Diseases.” Preventive Medicine 54: 38—41. https://doi.org/10.1016/j.ypmed.2011.11.012.

Walford, Geoffrey A., Jaclyn Davis, A. Sofia Warner, Rachel J. Ackerman, Liana K. Billings, Bindu Chamarthi,
Rebecca R. Fanelli, et al. 2013. “Branched Chain and Aromatic Amino Acids Change Acutely Following Two
Medical Therapies for Type 2 Diabetes Mellitus.” Metabolism: Clinical and Experimental 62 (12): 1772-78.
https://doi.org/10.1016/j.metabol.2013.07.003.

Walker, PP, A Burnett, and PW Flavahan. 2008. “Lower Limb Activity and Its Determinants in COPD.” Thorax 63.

Wall, B. T., M. L. Dirks, T. Snijders, J. M.G. Senden, J. Dolmans, and L. J.C. Van Loon. 2014. “Substantial Skeletal
Muscle Loss Occurs during Only 5 Days of Disuse.” Acta Physiologica 210 (3): 600-611.
https://doi.org/10.1111/apha.12190.

Wang, H., M. Naghavi, C. Allen, R. M. Barber, A. Carter, D. C. Casey, F. J. Charlson, et al. 2016. “Global, Regional,
and National Life Expectancy, All-Cause Mortality, and Cause-Specific Mortality for 249 Causes of Death,
1980-2015: A Systematic Analysis for the Global Burden of Disease Study 2015.” The Lancet 388 (10053):
1459-1544. https://doi.org/10.1016/50140-6736(16)31012-1.

Wang, Martin G. Larson, Ramachandran S. Vasan, Susan Cheng, Eugene P. Rhee, Elizabeth McCabe, Gregory D.
Lewis, et al. 2011. “Metabolite Profiles and the Risk of Developing Diabetes.” Nature Medicine 17 (4): 448—
53. https://doi.org/10.1038/nm.2307.

Wang, Qin, Michael V. Holmes, George Davey Smith, and Mika Ala-Korpela. 2017. “Genetic Support for a Causal
Role of Insulin Resistance on Circulating Branched-Chain Amino Acids and Inflammation.” Diabetes Care
40 (12): 1779-86. https://doi.org/10.2337/dc17-1642.

Warram, J. H., B. C. Martin, A. S. Krolewski, J. S. Soeldner, and C. R. Kahn. 1990. “Slow Glucose Removal Rate and
Hyperinsulinemia Precede the Development of Type Il Diabetes in the Offspring of Diabetic Parents.”
Annals of Internal Medicine 113 (12): 909-15. https://doi.org/10.7326/0003-4819-113-12-909.

Waschki, Benjamin, Anne Kirsten, Olaf Holz, Kai-Christian Miiller, Thorsten Meyer, Henrik Watz, and Helgo
Magnussen. 2011. “Physical Activity Is the Strongest Predictor of All-Cause Mortality in Patients With
COPD.” Chest 140: 331-42. https://doi.org/10.1378/chest.10-2521.

Watson, Susan M. Shirreffs, and Ronald J. Maughan. 2004. “The Effect of Acute Branched-Chain Amino Acid
Supplementation on Prolonged Exercise Capacity in a Warm Environment.” European Journal of Applied
Physiology 93 (3): 306—14. https://doi.org/10.1007/s00421-004-1206-2.

Welinder, Charlotte, and Lars Ekblad. 2011. “Coomassie Staining as Loading Control in Western Blot Analysis.”
Journal of Proteome Research 10 (3): 1416-19. https://doi.org/10.1021/pr1011476.

Welle, S., C. Thornton, and M. Statt. 1995. “Myofibrillar Protein Synthesis in Young and Old Human Subjects
after Three Months of Resistance Training.” American Journal of Physiology - Endocrinology and
Metabolism 268 (3 31-3). https://doi.org/10.1152/ajpendo.1995.268.3.e422.

White, Phillip J., Amanda L. Lapworth, Jie An, Liping Wang, Robert W. McGarrah, Robert D. Stevens, Olga
Ilkayeva, et al. 2016. “Branched-Chain Amino Acid Restriction in Zucker-Fatty Rats Improves Muscle Insulin
Sensitivity by Enhancing Efficiency of Fatty Acid Oxidation and Acyl-Glycine Export.” Molecular Metabolism
5(7): 538-51. https://doi.org/10.1016/j.molmet.2016.04.006.

White, Phillip J., Robert W. McGarrah, Paul A. Grimsrud, Shih Chia Tso, Wen Hsuan Yang, Jonathan M. Haldeman,
Thomas Grenier-Larouche, et al. 2018. “The BCKDH Kinase and Phosphatase Integrate BCAA and Lipid
Metabolism via Regulation of ATP-Citrate Lyase.” Cell Metabolism 27 (6): 1281-1293.e7.
https://doi.org/10.1016/j.cmet.2018.04.015.

Wibom, R., and E. Hultman. 1990. “ATP Production Rate in Mitochondria Isolated from Microsamples of Human
Muscle.” American Journal of Physiology - Endocrinology and Metabolism 259 (2 22-2): 204-9.
https://doi.org/10.1152/ajpendo.1990.259.2.e204.

189



Wielen, Nikkie van der, Paul J. Moughan, and Marco Mensink. 2017. “Amino Acid Absorption in the Large
Intestine  of Humans and Porcine Models.” Journal of Nutrition 147 (8): 1493-98.
https://doi.org/10.3945/jn.117.248187.

Wild, Sarah, Gojka Roglic, Anders Green, Richards Sicree, and Hilary King. 2004. “Global Prevalence of Diabetes:
Estimates for the Year 2000 and Projections for 2030.” Diabetes Care 27 (5): 1047-53.

Wilkinson, D. J., T. Hossain, D. S. Hill, B. E. Phillips, H. Crossland, J. Williams, P. Loughna, et al. 2013. “Effects of
Leucine and Its Metabolite B-Hydroxy-B-Methylbutyrate on Human Skeletal Muscle Protein Metabolism.”
Journal of Physiology 591 (11): 2911-23. https://doi.org/10.1113/jphysiol.2013.253203.

Willi, Steven M., Kelley Martin, Farrah M. Datko, and Bethany P. Brant. 2004. “Treatment of Type 2 Diabetes in
Childhood Using a Very-Low-Calorie Diet.” Diabetes Care 27 (2): 348-53.
https://doi.org/10.2337/diacare.27.2.348.

Williams, Mamotte, and Burnett. 2008. “Phenylketonuria: An Inborn Error of Phenylalanine Metabolism.” The
Clinical Biochemist. Reviews 29 (2): 31-41.
http://www.ncbi.nlm.nih.gov/pubmed/18566668%0Ahttp://www.pubmedcentral.nih.gov/articlerender.
fcgi?artid=PMC2423317.

Wilson, D O, R M Rogers, E C Wright, and N R Anthonisen. 1989. “Body Weight in Chronic Obstructive Pulmonary
Disease.” Am Rev Respir Dis 139: 1435-38.

Witard, Oliver C., Sarah R. Jackman, Leigh Breen, Kenneth Smith, Anna Selby, and Kevin D. Tipton. 2014.
“Myofibrillar Muscle Protein Synthesis Rates Subsequent to a Meal in Response to Increasing Doses of
Whey Protein at Rest and after Resistance Exercise.” American Journal of Clinical Nutrition 99 (1): 86-95.
https://doi.org/10.3945/ajcn.112.055517.

Woods, Jeffrey A., Kenneth R. Wilund, Stephen A. Martin, and Brandon M. Kistler. 2012. “Exercise, Inflammation
and Aging.” Aging and Disease 3 (1): 130-40.

Wourtz, Peter, Pasi Soininen, Antti J. Kangas, Tapani Ronnemaa, Terho Lehtimaki, Mika Kdhénen, Jorma S. Viikari,
Olli T. Raitakari, and Mika Ala-Korpela. 2013. “Branched-Chain and Aromatic Amino Acids Are Predictors
of Insulin Resistance in Young Adults.” Diabetes Care 36 (3): 648-55. https://doi.org/10.2337/dc12-0895.

Xiao, Fei, Zhiying Huang, Houkai Li, Junjie Yu, Chunxia Wang, Shanghai Chen, Qingshu Meng, et al. 2011. “Leucine
Deprivation Increases Hepatic Insulin Sensitivity via GCN2/MTOR/S6K1 and AMPK Pathways.” Diabetes 60
(3): 746-56. https://doi.org/10.2337/db10-1246.

Xiao, Fei, Junjie Yu, Yajie Guo, lJiali Deng, Kai Li, Ying Du, Shanghai Chen, Jianmin Zhu, Hongguang Sheng, and
Feifan Guo. 2014. “Effects of Individual Branched-Chain Amino Acids Deprivation on Insulin Sensitivity and
Glucose Metabolism in  Mice.” Metabolism: Clinical and Experimental 63 (6): 841-50.
https://doi.org/10.1016/j.metabol.2014.03.006.

Xu, Min, Qibin Qj, Jun Liang, George A. Bray, Frank B. Hu, Frank M. Sacks, and Lu Qi. 2013. “Genetic Determinant
for Amino Acid Metabolites and Changes in Body Weight and Insulin Resistance in Response to Weight-
Loss Diets: The Preventing Overweight Using Novel Dietary Strategies (POUNDS LOST) Trial.” Circulation
127 (12): 1283-89. https://doi.org/10.1161/CIRCULATIONAHA.112.000586.

Yamakado, Minoru, Kenji Nagao, Akira Imaizumi, Mizuki Tani, Akiko Toda, Takayuki Tanaka, Hiroko Jinzu, et al.
2015. “Plasma Free Amino Acid Profiles Predict Four-Year Risk of Developing Diabetes, Metabolic
Syndrome, Dyslipidemia, and Hypertension in Japanese Population.” Scientific Reports 5 (July): 1-12.
https://doi.org/10.1038/srep11918.

Yang, Jichun, Yujing Chi, Brant R. Burkhardt, Youfei Guan, and Bryan A. Wolf. 2010. “Leucine Metabolism in
Regulation of Insulin Secretion from Pancreatic Beta Cells.” Nutrition Reviews 68 (5): 270-79.
https://doi.org/10.1111/j.1753-4887.2010.00282.x.

Yarasheski, K. E., J. J. Zachwieja, and D. M. Bier. 1993. “Acute Effects of Resistance Exercise on Muscle Protein

190



Synthesis Rate in Young and Elderly Men and Women (American Journal of Physiology) (August 1993) 265
(E210-E214)).” American Journal of Physiology - Endocrinology and Metabolism 265 (4 28-4).

Yarasheski, Kevin E., Jina Pak-Loduca, Debbie L. Hasten, Kathleen A. Obert, Mary Beth Brown, and David R.
Sinacore. 1999. “Resistance Exercise Training Increases Mixed Muscle Protein Synthesis Rate in Frail
Women and Men 2 76 Yr Old.” American Journal of Physiology - Endocrinology and Metabolism 277 (1 40-
1). https://doi.org/10.1152/ajpendo0.1999.277.1.e118.

Yasuda, Tomohiro, Kazuya Fukumura, Haruko lida, and Toshiaki Nakajima. 2015. “Effect of Low-Load Resistance
Exercise with and without Blood Flow Restriction to Volitional Fatigue on Muscle Swelling.” European
Journal of Applied Physiology 115 (5): 919-26. https://doi.org/10.1007/s00421-014-3073-9.

Yoneda, Takahiro, Masanori Yoshikawa, Akihiro Fu, Katsuhiko Tsukaguchi, Yukinori Okamoto, and Hideaki
Takenaka. 2001. “Plasma Levels of Amino Acids and Hypermetabolism in Patients with Chronic Obstructive
Pulmonary Disease.” Nutrition 17 (2): 95-99. https://doi.org/10.1016/50899-9007(00)00509-8.

Yoneshiro, Takeshi, Qiang Wang, Kazuki Tajima, Mami Matsushita, Hiroko Maki, Kaori Igarashi, Zhipeng Dai, et
al. 2019. “BCAA Catabolism in Brown Fat Controls Energy Homeostasis through SLC25A44.” Nature 572
(7771): 614-19. https://doi.org/10.1038/s41586-019-1503-x.

Yoon, Mee Sup. 2016. “The Emerging Role of Branched-Chain Amino Acids in Insulin Resistance and
Metabolism.” Nutrients 8 (7). https://doi.org/10.3390/nu8070405.

Yudkoff, Marc, Yevgeny Daikhin, llana Nissim, Oksana Horyn, Bogdan Luhovyy, Adam Lazarow, and Itzhak Nissim.
2005. “Brain Amino Acid Requirements and Toxicity: The Example of Leucine.” Journal of Nutrition 135 (6
SUPPL.). https://doi.org/10.1093/jn/135.6.1531s.

Zambome-Ferraresi, Fabricio, Pilar Cebollero, Esteban M. Gorostiaga, Maria Hernadndez, Javier Hueto, José
Cascante, Lourdes Rezusta, Luis Val, and Maria M. Anton. 2015. “Effects of Combined Resistance and
Endurance Training versus Resistance Training Alone on Strength, Exercise Capacity, and Quality of Life in
Patients with COPD.” Journal of Cardiopulmonary Rehabilitation and Prevention 35 (6): 446-53.
https://doi.org/10.1097/HCR.0000000000000132.

Zeng, Yugin, Fen lJiang, Yan Chen, Ping Chen, and Shan Cai. 2018. “Exercise Assessments and Trainings of
Pulmonary Rehabilitation in COPD: A Literature Review.” International Journal of COPD 13: 2013-23.
https://doi.org/10.2147/COPD.S5167098.

Zhou, Meiyi, Jing Shao, Cheng Yang Wu, Le Shu, Weibing Dong, Yunxia Liu, Mengping Chen, et al. 2019.
“Targeting BCAA Catabolism to Treat Obesity-Associated Insulin Resistance.” Diabetes 68 (9): 1730-46.
https://doi.org/10.2337/db18-0927.

191



	Chapter One: Introduction
	1.1. Why study branched chain amino acids (BCAA) in health and disease
	1.2. BCAA structure and function
	1.3. Skeletal muscle and AA
	1.3. The role of AA in skeletal muscle protein turnover
	1.4. Whole-body oxidation of BCAAs
	1.5. Regulation of BCAA metabolism: nutrition, exercise and ageing
	1.5.1. Nutrition
	1.5.2. Exercise
	1.5.3. Ageing

	1.6. BCAAs in genetic metabolic diseases
	1.7. BCAAs in obesity and diabetes
	1.8.  Role muscle health and BCAAs in chronic respiratory diseases
	1.8.1. Methods of assessment of COPD
	1.8.2. Causes of COPD
	1.8.3. Genetic susceptibility to COPD
	1.8.4. Systemic effects of COPD
	1.8.5. Skeletal muscle wasting

	1.10. Impacts of exercise on muscle mass and function in COPD
	1.12. Endurance exercise
	1.13. Resistance exercise

	1.9. Summary and aims

	Chapter Two: General methods
	2.1. Participant recruitment and medical screening
	2.2. Participant characteristics and ethical approval
	2.3. Conduct of the studies
	2.3.1. Progressive RET programme
	2.3.2. Six-weeks of VLCD +/- exercise
	2.3.3. Endurance cycling intervention in stable COPD patients
	2.3.4. An early rehabilitation programme in COPD patients following an episode of acute exacerbation

	2.4 Analytical methods
	2.5. GC-MS conditions
	2.6. Immunoblotting procedures
	2.7. Muscle gene expression analysis
	2.8.  Insulin and glucose concentrations

	Chapter Three: Associations between fasting plasma Branched chain amino acids and health biomarkers in response to 20 weeks resistance exercise training across age
	3.2.  Introduction
	3.3. Materials and Methods
	3.3.1. Ethical Approval
	3.3.2. Participant Characteristics
	3.3.3. Participation Overview
	3.3.4. Analytical Methods
	3.3.5. GC-MS Conditions
	3.3.6. Insulin and Glucose Concentrations
	3.3.7. Statistical Analysis

	3.4 Results
	3.4.1. Muscle Mass and Function
	3.4.2. Circulating BCAA Levels
	3.4.3. HOMA-IR and Fasting Plasma BCAA and AAA Concentrations
	3.4.4. Relationships between BCAAs and Clinical Variables of Health
	3.4.5. Muscle Mass, Strength, and Circulating BCAA
	3.4.6. HDL, LDL and Plasma BCAA

	3.5. Discussion
	3.6. Conclusions

	Chapter Four: Relationships between fasted plasma branched-chain amino acids and insulin sensitivity after 6-wks very-low calorie diet (VLCD) alone or adjuvant to exercise
	4.1. Abstract
	4.2. Introduction
	4.3. Methods
	4.3.1. Ethical approval
	4.3.2. Participant characteristics
	4.3.3. Study procedures
	4.3.4. Conduct of the study
	4.3.5. Exercise test
	4.3.6. Analytical methods
	4.3.7. GC-MS conditions
	4.3.8. Immunoblotting procedures for BCAA handling enzymes
	4.3.9. Gene expression analysis of BCAA metabolism-related enzymes
	4.3.10. Insulin and glucose concentrations
	4.3.11.  Statistical analysis

	4.4. Results
	4.4.1. Effects of VLCD on body weight and BMI
	4.4.2. Circulating BCAA
	4.4.3. Relationships between fasting BCAAs and HOMA-IR
	4.4.4. BCAA metabolising enzyme expression
	4.4.5. Muscle BCAA-related gene expression

	4.5. Discussion
	4.6. Conclusion

	Chapter Five: 8-weeks of endurance exercise improves circulating BCAAs in healthy old individuals in contrast to individuals with copd
	5.1. Abstract
	5.2. Introduction
	5.3. Materials and Methods
	5.3.1. Ethical approval
	5.3.2. Participant characteristics
	5.3.3. Conduct of the study
	5.3.4. Endurance exercise intervention
	5.3.5. Analytical methods
	5.3.6. GC-MS conditions
	5.3.7. Statistical analyses

	5.4. Results
	5.4.1. Participant characteristics
	5.4.2. Exercise response
	5.4.3. Circulating BCAA levels
	5.4.4. Associations between BCAAs and variables of lung function, lean mass and strength

	5.5. Discussion

	Chapter Six: Plasma branched chain amino acid responses to an early rehabilitation intervention upon hospital admission of an exacerbation of COPD
	6.1. Abstract
	6.2. Introduction
	6.3. Materials and methods
	6.3.1. Ethical approval
	6.3.2. Study population
	6.3.3. Usual care group
	6.3.4. Early rehabilitation group
	6.3.5. Aerobic and strength training
	6.3.6. Post-discharge training
	6.3.7. Analytical methods
	6.3.8. GC-MS conditions
	6.3.8. Statistical analyses

	6.4. Results
	6.4.1. Participant characteristics
	6.4.2. Changes in quadricep size, strength, and thickness
	6.4.3. Changes in plasma BCAAs from admission and 3 months follow up
	6.4.4. Associations of plasma BCAA to lung function or quadricep size, function or strength

	6.5. Discussion

	Chapter Seven: Overview and future directions
	References

