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ABSTRACT

Sarcopenia, the loss of skeletal muscle mass and function, can have serious
consequences for health and quality of life. With increasing life expectancy and an
ageing population, the problem of sarcopenia as a public health issue continues to
grow. Resistance exercise and protein ingestion are two of the main drivers of
anabolism, and may potentially be targets for interventions to alleviate the effects of

sarcopenia.

In Chapter 2 the existing literature was systematically reviewed to determine whether
the effects of resistance exercise training (RET), which is known to improve muscle
related outcomes in older adults, can be augmented by the addition of a protein
supplement in adults aged =70 years. Contrary to previous reviews, evidence from 15
studies (n = 917 participants) indicated no evidence of an effect of supplementation.
Chapter 3 examined the effects of timing and distribution of protein intake on older
muscle, again using a systematic review. The identification of just six eligible studies
(n = 135 participants) indicate a lack of data in this area, although evidence from two
studies investigating daily protein distributions suggested a significant effect in favour

of a skewed distribution.

There is a saturable dose-response relationship between protein intake and muscle
protein synthesis (MPS) which is thought to plateau at a protein dose of 0.4 g.kg™ in
older adults. It is suggested that the distribution of daily protein intake may be
optimised by considering this threshold; a distribution in which the protein content of
each of the three daily meals reaches this threshold would theoretically stimulate
greater MPS than other distributions. The aim of Chapter 4 was to analysis habitual

dietary protein intake in adults aged =70 years relative to this theory. Average daily



protein intake (1.14 g.kg*.day?') was adequate according to recommendations,
however per meal intake data revealed that protein content failed to reach 0.4 g.kg"
1. day?in at least two out of three daily meals for 79% of participants. Dietary protein
distribution was identified as an area with potential for improvement, and therefore a

target for intervention.

Chapter 5 reports the results of an intervention study, comparing the effects of even
and uneven protein distribution diets alongside RET over two weeks, in women aged
=265 years. Muscle biopsy and saliva samples were taken and participants consumed
150ml deuterated water, to measure myofibrillar muscle protein synthesis (MPS).
Twelve participants (mean age 72.7 years) were recruited, and assigned to consume
either an even or an uneven protein distribution for two weeks, and both groups
completed unilateral RET throughout. There was no significant difference in MPS
between the even and uneven diets in the trained leg (1.02 (0.30) %.day* vs 1.16
(0.26) %.day™) or the untrained leg (1.05 (0.24) vs 1.17 (0.29) %.day™'). Knee-
extension strength increased by 31 (14) % in the trained leg and 18 (18)% in the

untrained leg, with no effect of distribution.

These results do not support the theory of an optimal protein distribution based on
the maximal MPS threshold dose. However, it is suggested that there is scope for

further research in this area, and a proposed trial design is presented in Chapter 6.
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1. GENERAL INTRODUCTION

1.1 Sarcopenia

1.1.1 Definition

Sarcopenia is defined as the age-related decline of skeletal muscle mass and
function [1], recently recognised as a disease entity by the Centre for Disease
Control and Prevention (ICD-10-CM (M62.84)). The rate of loss of muscle mass has
been estimated as 0.47% and 0.37% per year in men and women respectively. Loss

of muscle strength is more rapid at a rate of 2-4% per year [2].

As well as describing the process of muscle decline, individuals may also be
diagnosed as sarcopenic using muscle mass cut-off points. Sarcopenia has
previously been defined as having appendicular skeletal muscle mass which is more
than two standard deviations below the average of a healthy young reference
population [3]. More recently, the European Working Group on Sarcopenia in Older
People (EWGSOP) has developed an algorithm to define sarcopenia in adults aged
>65 years, which again includes low muscle mass, in combination with low muscle

function identified as low gait speed and/or low grip strength [4].

1.1.2 Prevalence

As an ageing condition, the problem of sarcopenia is growing as the population ages.
Data from the Office for National Statistics show an increase in the proportion of the
UK population aged 265 years from 15.9% in 2006 to 18% in 2016 [5]; with the total
UK population also growing, this translates into an increase of over 2 million

individuals aged =265 years in 10 years. Population projections indicate further



increases in the coming years, predicting that the 265 age group will make up 24.7%

of the population by 2046, and that the =85 age group will double in numbers [6].

These changes in population age structure are reflective of increases in life
expectancy. There is a discrepancy between life expectancy and healthy life
expectancy, with estimates of just 80% and 77% of total lifetime spent in ‘good’
health for men and women respectively, and changes in health life expectancy failing
to match those of life expectancy [7]. Estimates of prevalence of sarcopenia vary by
population and according the criteria used to define sarcopenia. Analysis of predicted
appendicular skeletal muscle mass relative to younger reference data from the New
Mexico Elder Health Survey estimated prevalence to be 13-24% in 50-70 year olds,
increasing to more than 50% in the over 80s [3]. UK data from the Hertfordshire
Sarcopenia Study (n = 103, mean age 73 years) and the Hertfordshire Cohort Study
(n = 1787, mean age 67 years) analysed using the EWGSOP definition reported

prevalence between 5-8% [8].

1.1.3 Consequences

Sarcopenia has a range of consequences, both on a personal and societal level.
Decline in muscle function impacts upon overall functional ability, which can impair a
person’s ability to complete activities of daily living such as walking and carrying [9,
10], making it more difficult to maintain physical independence. Hence, sarcopenia
increases the likelihood of developing disability in older age; a study of sarcopenia
and disability incidence in a study of 5036 men and women aged >65 indicated a
79% greater likelihood of disability at baseline in those with severe sarcopenia
compared with normal muscle mass, and 27% greater chance of developing disability

over an eight year follow-up [11]. Those with sarcopenia may also an increased risk



of falls, as the likelihood of falls has been shown to be twice as likely in men with
sarcopenia [12], and low muscle density and function increase the likelihood of being
hospitalised by ,15% and 70% respectively [13]. Furthermore, once hospitalised, a
study of infection following hospitalisation has shown twice the risk in patients who
were sarcopenic upon admission [14], and hospital stays are typically longer, with
one study of 432 patients indicating a mean stay of 13.4 days in sarcopenic patients
compared with 9.4 days for those without sarcopenia [15]. It is clear that sarcopenia
can have significant effects on daily living and general health, and may greatly

decrease quality of life.

The impact on society of this spiral of declining physical function and health takes the
form of a significant financial burden, as a result of increased living assistance and
healthcare requirements. It was estimated that $18.5 billion of the US healthcare
expenditure in 2000 could be attributed to sarcopenia and related conditions,
accounting for 1.5% of total expenditure [16]. Hence, sarcopenia is considered a
significant public health issue, and the development of interventions to reduce its

effects is an important research goal.

1.1.4 Aetiology

The aetiology of sarcopenia is complex and multifactorial. It could be suggested that
changes in lifestyle with increasing age, namely the reduction in physical activity,
may be responsible for muscle loss. However, observations of performance in
Masters weightlifting events indicate a progressive decline in performance with
increasing age [17, 18], and data collected from Master weightlifters and untrained
controls show a similar decline in both groups; in one study, the power results were

comparable between an 85-year-old athlete and a 65-year-old control [19, 20]. These



results indicate a continuing effect of physical activity into older age, however the
presence of a performance decline even in these highly active older adults indicate

an underlying ageing process.

An overview of the aetiology of sarcopenia is represented in Figure 1.1, which
illustrates the decreases in muscle fibre number (hypoplasia) and fibre size (atrophy)
as key processes [21]. It has been shown that the greatest difference between
younger and older muscle is a loss of motor units as a result of neuropathic process
[22, 23]. Electromyography data indicate a decrease in motor units of 40-60% by age
70 [24, 25], which is not attenuated by exercise [26]; some abandoned muscle fibres
are re-innervated, increasing the size of the remaining motor units, which may
negatively affect fine motor control in older age [27]. The decrease in muscle fibre
size which is also observed in older age shows greater atrophy of Type Il fibres
rather than Type | [28], and, combined with decreased numbers of motor unit and
muscle fibres, causes a reduced muscle cross sectional area in older adults, While
the causes of this decline are unclear, a number of factors have been implicated in
these processes. A mechanism of many ageing process is the presence of chronic
low-grade inflammation; a comparison of inflammatory cytokine production in older
and younger adults indicated higher levels of inflammation in the older group (mean
age 79 years) [29], and these inflammatory cytokines have the potential to interfere
with the signalling pathways which lead to anabolism and catabolism [30, 31]. Also
implicated are hormonal changes, specifically factors such as serum testosterone
and insulin-like growth factor 1 (IGF-1) which are thought to influence body
composition in older men [32, 33], and nutritional factors, for example reduced
energy intake in older adults presents a higher risk of malnutrition [34] While the

exact mechanisms of sarcopenia may not yet be fully understood, developments in



this area have helped to identify various risk factors for sarcopenia. Some of these

risk factors are modifiable, and are therefore important as potential targets for

intervention in combatting sarcopenia.
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Figure 1.1: Schematic representation of the aetiology of sarcopenia (adapted from Narici and Maffulli

[27]).

1.2 Responsiveness of older muscle to anabolic stimuli

1.2.1 Definition

Immunological factors
Increased IL-18, IL-6, TNF-a

A

Skeletal muscle proteins are in a constant state of flux, exhibiting a typical turnover

rate of 1.2 %.day [35]. Muscle protein balance is maintained by a combination of

muscle protein synthesis (MPS) and muscle protein breakdown (MPB), which form a

dynamic equilibrium. When MPB exceeds MPS, as occurs in the fasted or post-

absorptive state, there is an overall net loss of muscle proteins, and the muscle is

said to be in a catabolic state. As described in subsequent sections, this balance




shifts in response to stimuli such as feeding and exercise, so that MPS exceeds
MPB, resulting in an overall net gain known as an anabolic state. Changes in this
balance are responsible for plasticity of the muscle, and are the main drivers of

adaptation.

1.2.2 Muscle protein synthetic response to resistance exercise and

protein intake in younger adults

Muscle proteins lost to catabolism in the post-absorptive state must be replaced, and
this occurs in response to feeding, specifically in response to the ingestion of protein.
Following a protein meal there is an increase in amino acid (AA) availability in the
blood, which stimulates a transient increase in MPS until approximately two hours
after feeding [36]. Another effect of a protein meal is an increase in the production of
insulin; this does not influence the rate of MPS, as demonstrated by a study using
insulin clamps in healthy young men, which reported no changes in MPS in response
to fixed plasma insulin between 5 and 167 mU/I while constant AA availability was
maintained [37]. However, this study also measured leg protein breakdown (LPB),
and reported an increase in LPB in response to increasing insulin concentration with
fixed AA availability up to plasma insulin concentration of 30 mU/I, but no effect of AA
dose on MPB when insulin was clamped at 5 mU/I. Hence, protein consumption can
cause both increased MPS and reduced MPB. This combination of increased
synthesis and decreased breakdown produces the net muscle protein gain seen in
the anabolic state, thereby replacing the proteins lost when fasted. This loss-gain
cycle between post-absorptive and post-prandial periods is illustrated in Figure 1.2

[38].
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Figure 1.2: Cycle of muscle protein synthesis and breakdown in fed and fasted states [38].

Another stimulus which may increase MPS is activity, in particular resistance
exercise (RE). During the period following a bout of RE, MPS has been shown to
increase up to threefold compared with baseline [39-41], an effect which may persist
for up to 48 hours after exercise. However, Phillips et al. (1997) also measured
breakdown in response to RE in the fasted state, and identified an increase of 31%
above resting three hours after RE which remained elevated at 18% above resting
after 24 hours, although with increases with MPS at these time points, net muscle
protein balance was also raised above resting [41]. While these results reflect
responsiveness to RE in the fasted state, the combined effects of protein feeding and

RE are also important, and shall be discussed in Section 1.5.

A key mechanism implicated in the anabolic response is the mammalian target of
rapamycin (mTOR) pathway, specifically the mTORC1 complex. When this pathway
is activated in response to an anabolic stimulus, a number of elements of

translational machinery, namely initiation and elongation factors, are phosphorylated,



which promotes the translation of messenger RNA (mRNA). For example, initiation of
MRNA translation requires the binding of three eukaryotic initiation factors, elF4E,
elF4G, and elF4A, which form the eukaryotic initiation factor complex. However, the
formation of this complex in prevented by elF4E binding protein 1 (4E-BP1), which
binds to elF4E, thereby preventing translation initiation. One of the mechanisms by
which mTORC1 promotes translation when activated is to bring about the
phosphorylation of 4E-BP1, which prevents it from binding to elF4E and allows the
complex of elFs to form [42, 43]. Another role of mMTORC1 is the regulation of
elongation during translation; the activity of elongation factor 2 (eEF2) is inhibited
when phosphorylated by elongation factor 2 kinase (eEF2k). P70 ribosomal protein
S6 kinase 1 (P70S6K1) is activated as part of the mTOR signalling pathway, and can
regulate translation elongation by phosphorylating eEF2k which prevents the

inhibition of eEF2 [44]

There is evidence in the literature from in vivo studies which does indicate
involvement of the mTOR pathway in hypertrophy. Bodine et al. (2001) applied
rapamycin to a rodent model; rapamycin is a known inhibitor of mTOR activity, and
indeed downstream components of the pathway, such as p70S6K1 phosphorylation,
were blocked. Crucially, hypertrophy, as measured by muscle weight and cross-
sectional area, did not occur with rapamycin [45]. In humans, Drummond et al. (2009)
administered rapamycin to 15 healthy young men prior to exercise and compared
MPS and downstream mTORC1 components with a non-rapamycin control group.
Again, there were indications that the mTOR pathway had been inhibited as p70S6K
phosphorylation increased and eEF2 phosphorylation decreased significantly in the
control group only, and while MPS in the control group increased by 40% in the two

hours after while there was no change in the rapamycin group [46]. However, in this



particular study, components of the MAPK/ERK pathway were also measured and
were unexpectedly blocked by the rapamycin treatment; it is plausible that the
blocking of this pathway contributed to the inhibition of MPS, and therefore this study
cannot definitively isolate the effects of the mTOR pathway. In a similar study,
Dickinson et al. (2011) investigated the effects of 10g essential amino acids (EAA)
with and without rapamycin in a crossover design in young adults, and again reported
elevated MPS and mTOR signalling in the control group with was blocker in the
rapamycin group, although this study did not measure components of other pathways
potentially influence by rapamycin [47]. Furthermore, studies of muscle protein
synthetic response to anabolic stimuli have also measured components of the mTOR
pathway and found similar change profiles [36, 39, 40]. However, Atherton et al.
(2010) reported similar changes in MPS and signalling profiles until 90 minutes after
exercise, before a decrease in MPS despite the persistence of elevated signalling

levels, indicating some disparity between signalling and response [48].

While much of the existing evidence indicating the importance of mTOR in humans
involves signalling as an indicator of pathway activity and MPS as the hypertrophic,
Phillips et al. (2013) utilised genetic transcript profiles to identify associations
between the expression of mTOR sensitive genes and gains in lean mass [49]. Forty-
four participants aged 18-78 years completed 20 weeks of resistance exercise
training (RET) and changes in lean mass were between -3% and 28%; conversely to
much of the previous data, participants who exhibited the greatest gains exhibited
suppressed expression of MTOR sensitive genes. It is suggested that baseline levels
of rRNA may factor into this response, however the effects of the mTOR pathway and

mechanisms of the anabolic response to yet to be fully elucidated.



1.2.3 Anabolic resistance in older age

Given that the balance between muscle protein synthesis and breakdown is
responsible for the plasticity of skeletal muscle, it is logical to suggest that age-
related muscle decline may be a result of long-term changes to this balance. Firstly, if
the basal catabolic state is considered, it was initially thought that basal MPS was
lower and MPB higher in older age [50-53]. In a comparison of eight young (<35
years) and eight older (>60 years), Welle et al. (1993) reported 44% lower rate of
MPS in the older group [50]; Balagopal et al (1997) measured MPS in 24 individuals
between the ages of 20 and 92 years, and results indicated a significant decline
between young and middle age (52 years) [53]. However, these results are
problematic, as the magnitude of the changes in muscle protein balance would cause
the decline in muscle mass with age to exceed that which is actually observed [54].
More recently, Volpi et al. reported no significant difference in basal muscle protein
turnover between younger and older men [55], and this result has been corroborated
by baseline data in several studies measuring responses to anabolic stimuli [40, 56].
Protein losses in the fasted phase of the of the muscle protein loss-gain cycle do not
appear to drive age-related muscle decline. Examination of the other side of this
cycle, the anabolic fed state, has yielded different results. As first demonstrated by
Dardevet et al. (2000) in muscle from young, adults, and old rats in vitro, the older
muscle showed a diminished response to leucine [57]. In humans, Cuthbertson et al.
(2005), measured MPS in a group of 20 young and 24 older men (mean ages 28 and
70 years respectively) in response to EAA doses of 0, 5, 10, and 20g, and also 40g
for the older group, reporting significantly lower responses in the older men [56],
demonstrating a blunting of the anabolic response to protein feeding. Known has

anabolic resistance, this age-related blunting has been identified in a number of other

10



studies [58-61], however several studies by Symons et al., in which older and
younger participants consumed equal servings of lean beef, found no such
impairment of MPS [62, 63]. One potential explanation for this is the use of a whole
food as the protein source rather than isolated EAA, this demonstrates the

complexity of the subject of anabolic resistance, and its application to whole foods.

A similar pattern of anabolic resistance has been reported in response to resistance
exercise. In a study by Kumar et al. (2009), two groups of 25 young and older men
(mean age 24 and 70 years) performed resistance exercise at one of five intensities
between 20% and 90% of their 1-repetition maximum (1-RM) for leg extensions and
flexions, with the numbers of sets and repetitions set to equalise the volume of work
across each intensity, and MPS was measured at 1, 2 and 4 hours after exercise
[40]. Results indicated a sigmoidal dose-response relationship between exercise
intensity and MPS, with the greatest increase between 40% and 60% 1-RM, and
crucially MPS was significantly lower in the older group. Basal MPS was identical in
the younger and older groups, the 1-2 hour timepoint represented both the peak MPS
for both groups and the only point where the groups were statistically significantly
different, and the return to basal values by the 2-4 hour time indicates that this
measurement period was sufficient to detect the MPS response to the exercise.
These results indicate that responsiveness to resistance exercise is also subject to
anabolic resistance. This phenomenon of anabolic resistance has been implicated as
a potential cause of sarcopenia. It is suggested that the optimisation of anabolic
responsiveness to ‘rescue’ this effect may be achieved using modifiable lifestyle

factors, thereby presenting an effective target for intervention.

References to anabolic resistance generally focus on MPS, and as described in the

following section, one of the reasons for the dearth of research into the MPB
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response is the difficulty of its measurement. There is some evidence of anabolic
blunting of MPB in older adults, Wilkes et al. (2009) measured MBP in younger and
older adults (mean ages 24.5 and 65.0 years), basally and in response to a plasma
insulin concentration of 15 plU/ml [64]. While there was no significant difference
between the groups in terms of basal MPB, in response to insulin, the younger group
exhibited suppression of MPB of 47% from baseline, but only 12% in the older group
which was not statistically significant. Hence, anabolic resistance appears to affect
both elements of muscle protein balance, however it is generally considered the MPS
is the predominant driver of changes in muscle mass [65-69], and in terms of

anabolic resistance the main focus of this thesis is therefore MPS.

1.2.4 MPS measurement

A vital component of understanding the influence of external factors on MPS is the
ability to measure MPS, which is achieved using stable isotope technology. Isotopes
are elements which contain the same number of protons and electrons, but differ in
the number of neutrons, so share chemical properties but have a different atomic
mass. The “heavier” isotopes are usually rarer, for example *2C is the most abundant
carbon isotope on Earth, while 13C is a stable isotope which only account for 1.1% of
the Earth’s carbon [70]. Stable isotopes are safe for use in humans, as opposed to

radioactive isotopes, such as “C, which are subject to radioactive disintegration.

The basis of MPS measurement is to use these stable isotopes as a tracer, which is

introduced to the subject within a precursor, and incorporated into the muscle as new
muscle proteins are synthesised. Enrichment of the samples can be measured using
isotope ratio mass spectrometry (IRMS), which distinguishes different isotopes based

on the difference in atomic mass [71]. Measurement of the precursor/product
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labelling ratio provides a basis for the calculation of the fractional synthesis rate

(FSR) of muscle proteins.

The most well-established method of measuring MPS involves the provision of a
combination of labelled and unlabelled amino acids as the tracer and tracee
respectively. Amino acids are provided as either a primed constant infusion or as a
flooding dose, and are incorporated into the endogenous supply where they are
available for the synthesis of new muscle proteins [71]. One of the more commonly
used tracers is leucine labelled with 13C ([1, 2-*3C2]leucine), as used in several of the
studies described previously in this section; Kumar et al. (2009) supplied a primed
continuous tracer infusion, obtained blood samples to measure precursor enrichment
and muscle biopsies for product enrichment [40]. In this case, samples were taken
before and after a bout of resistance exercise, to provide data for baseline and
exercise response; an outline of the experimental methodology is shown in Figure
1.3. Another commonly used amino acid is phenylalanine, which may be labelled
using 13C or °H [72, 73].However, a significant limitation of this technique is the need
for continued invasive procedures, in particular cannulation for tracer infusion and
repeated blood samples. Hence, studies are restricted to controlled laboratory
conditions. Furthermore, this method can only be used for relatively short studies

(less than 24 hours).
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Figure 1.3: Example of amino acid tracer infusion protocol for measurement of MPS [40]; primed
infusion of labelled amino acids throughout the protocol, with regular blood samples to measure
precursor labelling, and muscle biopsies to measure product labelling and the start of the protocol, and

prior to and following a stimulus (i.e. resistance exercise).

An alternative technique has been developed which overcomes these limitations. A
stable isotope of hydrogen (H) is deuterium (D or 2H), which has a natural abundance
of 0.02% [70]. Deuterium oxide (D20), also known as heavy water, was first proposed
for use in measurement of protein synthesis in 1941 [74], and the technique has
been developed in recent years. The tracer, D20, can be ingested orally, and is
rapidly incorporated into the body water pool. Via the process of transamination,
amino acids such as alanine are labelled, as D atoms equilibrate with H atoms in free
amino acids [75, 76]. Significantly, this labelling can occur intracellularly, unlike
amino acids tracer methods in which the labelled amino acids must be transported

into the cells.
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When using stable isotope techniques, MPS is presented as a fractional synthesis
rate (FSR), which refers to the rate of precursor incorporation of the project per unit
of product. For D20 measurement of MPS, FSR can be calculated using the

following equation [71]:

FSR = [(MPEa)] X (n X MPEsw X t) X 100

MPEaia and MPEsw (mole percent excess) refer to D labelling of protein-bound
alanine and of body water respectively. The former is measured in muscle biopsy
samples, and the latter from saliva samples. n is the mean number of D molecules

incorporated per alanine (3.7 in mammals) and t is the time between biopsies.

Given that the tracer can be given orally rather than as an infusion, and precursor
incorporation measured from saliva rather than blood samples, this method is
significantly less invasive than previous protocols and is therefore more suitable for
measurement of MPS in free-living participants. The technique also allows the
measurement of MPS over a longer duration not feasible with infusion protocol

methods, although this may also be considered a limitation in terms of loss of

resolution and sensitivity; measurement over a time course of days rather than hours

eliminates the ability to measure the response to specific stimuli.

There are a number of examples in the literature of the implementation of this
technique in humans [77-83]. For example, Wilkinson et al. (2014) measured MPS i

young men completing an 8-day unilateral RET programme [84]. Participants

n

consumed a 150ml D20 bolus on Day 0. Muscle biopsies were taken on Days 0, 2, 4,

and 8, and saliva was sampled daily; results indicated significantly greater MPS in

the exercised legs across the 8-day protocol (p<.05). A longer study was undertaken

by Brook et al. (2015); participants completed six weeks of unilateral RE, during
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which time they consumed a 150ml D20 bolus on Day 0 with weekly 50ml top-up
doses, and provided regular saliva samples [81]. Muscle biopsies were taken on Day
0, and after 3 and 6 weeks. MPS in the trained leg was 1.6 %.day* between Weeks
0-3, which was significantly greater than the untrained leg (p<.05), however this fell to
1.29 %.day* in Weeks 3-6 which was the same as the untrained leg. This pattern
was also reflected in the mTOR signalling response. Hence, D20 has been shown to

be effective in the measurement of MPS over an intermediate time scale.

Data obtained using these techniques will be referred to throughout the thesis.
However, it should be noted that while muscle protein breakdown is also an
important component of the anabolic response, it is less frequently used as an
outcome measure, as many technical difficulties are associated with its
measurement. For example, indirect methods such as the measurement of urinary 3-
methlyhistidine (3-MH), a product of protein breakdown, has the benefit of being non-
invasive, however requires the assumption that skeletal muscle is the sole source of
excreted 3-MH, which doesn’t consider smooth and cardiac muscle or metabolism of
ingested meat [85]. Measurements involving stable isotope tracers are highly
invasive, requiring catheterisation to obtain venous and arterial blood samples as
well muscle intracellular samples, and require an assumption of a physiological
steady state, which creates difficulties in measuring changes in response to stimuli
[86]. Also, the separation of rates of MPS into different subfractions (myofibrillar,
sarcoplasmic, etc.) is a useful tool which is more problematic when measuring MPB.
Recent advances include the development of a method for MPB measurement using
D20, firstly in rodents before being applied to humans, in which the rate of
disappearance of labelled alanine following deuterium incorporation can be used to

measure the breakdown of proteins with a slow turnover rate [87]. This technique
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allows greater specificity, in that the breakdown of a particular protein can be
selected, and is less invasive so can obtain measurements from free-living
participants. However, as with measurement of MPS using D20, the resolution of the
measurement is such that acute responses to stimuli cannot be measured, and the
MPS and MPB techniques cannot be employed simultaneously to allow calculation of
muscle protein balance [86]. Hence, advancements in the measurement of MPB

continue to develop, but they have not matched those of MPS measurement [35].

1.3 Resistance exercise training

1.3.1 Definition

Section 1.2.2 identifies RE as one of the factors which may stimulate an increase in
MPS, and may therefore have a role in alleviating the effects of sarcopenia.
However, thus far in this chapter only the acute effects have been described, i.e. the
response in the hours immediately after a bout of exercise. To assess its potential as
an intervention which may influence chronic muscle loss or gain, the long-term
effects of repeated bouts of RE, or resistance exercise training (RET), must be

considered.

The relationship between acute anabolic responsiveness and chronic adaption to
RET is still unclear; it is suggested that adaptation may occur through the
accumulation of mMRNA and the encoded protein as a result of repeated increases in
anabolic signalling in response to RE. Associations have been found in rodents and
humans between activity of elements of the anabolic signalling pathway following an
initial bout of RE, such as p70S6K1 phosphorylation [88, 89] and IGF-1 mRNA
expression [90, 91], and subsequent muscle hypertrophy after a period of training.

[91]. As noted in Section 1.2.2, there may be disparity between changes in signalling
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and MPS, therefore these measures of signalling alone are not sufficient to deduce a
connection between acute increases in MPS and longer-term hypertrophy. Mitchell et
al. (2014) measured MPS at rest and for 1-3 and 3-6 hours after the first session of a
16 week RET programme; while there was evidence of hypertrophy in that
quadriceps volume increased by 7.9%, this did not correlate with acute MPS rates
following the first exercise session [92](Ref Mitchell). However, these studies only
consider anabolic signalling at the start of a training programme, allowing no
distinction to be made between initial and subsequent responses to RET, which may
be particularly pertinent if participants are previously untrained. Damas et al. (2016)
addressed this limitation by considering different phases of a 10-week training
programme, by taking measurements at baseline (T1) and weeks 3 (T2) and 10 (T3)
[93]. Muscle biopsies were collected 24 hours and immediately before exercise at
these timepoints, as well as 24 and 48 hours after, and D20 techniques were used to
measured MPS, while muscle damage was also measured from 0 and 48 hour
samples, and fibre cross sectional area (fCSA) was measured as an indicator of
hypertrophy. Both muscle damage and post-exercise MPS were highest at T1 but not
correlated with fCSA, while MPS was the same at T2 and T3, and both were
correlated with hypertrophy. These results indicate different influence of acute MPS
on hypertrophy at different points in the training programme, and it is suggested that
this may be a result of greater muscle damage after the initial exercise session. While
these findings address the issue of immediate and longer-term MPS responses to
RET, it could be argued that some elements of the response were lost by the use of
D20 rather than a tracer infusion protocol, as the immediate changes in MPS in the

hours after exercise could not be distinguished from the full 24 hours post exercise.
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1.3.2 RET as an intervention improve muscle strength and function in

older adults

It is widely accepted that RET can lead to improvements in skeletal muscle strength,
size, and body composition [94]. As demonstrated by Kumar et al. (2009), resistance
exercise is capable of eliciting an increase in MPS from baseline levels of up to 75%
in older adults, and, as may be expected, this is reflected in the chronic
responsiveness to RET [40]. A systematic review by Liu and Latham (2009), included
121 trials (n = 6700 participants) assessing the effects of RET in adults with a
minimum mean age of 60 years [95]. Significant improvements were reported in
measures of muscle strength and functional ability in response to RET, with
standardised mean differences of 0.84 for lower limb strength (73 trials, n = 3059,
“large” effect), and 0.94 chair rise time (11 trials, n = 384, “moderate to large” effect),
and a mean difference of 0.08 m/s for gait speed (24 trial, n = 1179, “modest” effect).
This result also holds true in the older old; Stewart et al., 2013, identified four studies
which implemented physical training in adults aged =75 years, reporting
improvements in muscle mass of 1.5-15.6% in three trials (with a decrease of 3% in
the fourth), a mean difference of 2.31cm? for thigh muscle cross-sectional area, and a
standardised mean difference of 1.04 for muscle strength from a total of n = 143
participants [96]. This result indicates a greater magnitude of improvement than in
the previous systematic review by Liu and Latham, however with only thee trials
included in the meta-analysis, results may have been influenced by variability in the
trial durations, which ranged from 10 weeks to a year. An additional systematic
review indicates that this can also be applied to frail older adults, with significant
improvements reported in muscle mass, strength and power, as well as physical

capacity and risk of falls [97].
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In fact, despite 30 years of research into effective interventions to protect against
sarcopenia, RET remains the only intervention which has shown any real impact in

terms of improving muscle-related outcomes in older adults.

1.3.3 Blunted chronic responsiveness to RET in older adults

Although the effects of RET on older muscle are well documented, the results are not
equivalent to those observed in younger adults. Kumar et al. (2009) demonstrated
the phenomenon of anabolic resistance in terms of the acute response to RE, and it
has been shown that this translates into blunting of the chronic responsiveness to
RET in older adults compared with younger adults [40]. For example, measurements
of muscle mass and strength in older and younger women (median ages 26 and 80
years) in response to a 12-week RET programme indicated significantly lower gains
in the older group [98]. Analysis of gene expression from muscle biopsies also
indicated lesser ability to upregulate anabolic mTOR signalling in response to
resistance exercise in the older group. Similarly, Brook et al. (2016) reported blunted
hypertrophic responses following six weeks of RET in older adults, and an increase
in leg-extension strength of 25% in older men which was significantly lower than the
35% reported in younger adults (p < .01) [82]. MPS was also measured using D20
throughout the study, and was found to increase in the younger participants only,

between Weeks 0-3.

Hence, RET can be used as an effective intervention to reduce the effects of
sarcopenia, but the improvements do not match those which can