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A prevalent illness among older
adults, sarcopenia entails the
loss of muscle mass, strength
and function. Research
indicates its onset around 40
with profound repercussions
after approximately 75 years of
age. The world now witnesses
an unprecedented trend in
population aging, bearing
significant implications for
the healthcare industry
and the labor force.

The American Association of Retired
Persons predicts that 20-25% of the
population in the EU, Japan and the
United States will be 65 or older by
2030. Also, life expectancy in these
countries has increased by 7-10 years
for men and by 8 to nearly 13 years
for women since the early 60s.
Governments in industrialized nations
recognize the importance of a higher
participation rate for individuals aged
65 and older in the workforce.
This development redefines the global
perspective on aging, demanding a
healthy, independent individual
with the potential to make valuable
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contributions well into their 60s and
70s. Hence, age related illnesses such
as sarcopenia warrants attention due
to their effect on one out of five older
individuals. Increasing awareness of
sarcopenia and promoting health
enhancing strategies to combat the
illness possess numerous benefits;
these preventional measures may
considerably impact healthcare costs.
Studies also demonstrate multiple
factors for the etiology of sarcopenia,
including loss of motor neurons,
degradation in muscle protein
synthesis, fluctuations in hormonal
levels and a sedentary lifestyle.
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This report provides the most recent
findings on lifestyle strategies that may
prevent/treat sarcopenia; the unexplainable,
age-related loss of muscle mass that has
a negative impact on strength, power,
functional ability and daily living. To fully
ascertain the unique potential of whey
proteins (WP) in the management of
sarcopenia, the reader is provided
firstly with a clear understanding
of its physiological and metabolic
repercussions. This is followed by a
brief discussion of the mechanisms
thought to underline sarcopenia.
The latest findings on the impact of WP
supplementation on protein metabolism
are presented in this report and the unique
attributes of WP for the prevention and
treatment of sarcopenia are also identified.
Although sarcopenia is a multifaceted
phenomenon, it is clear that only two
aspects positively affect protein turnover
to promote the maintenance/increase of
human muscle mass. Those factors are,
resistance exercise and the intake of
macronutrients namely, protein. Therefore,
this report features the latest developments
on dietary and exercise interventions
aimed at the treatment and prevention
of sarcopenia.
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PHYSIOLOGIC AND METABOLIC
IMPLICATIONS OF SARCOPENIA
Athletic performance and vanity aside, there
are many important reasons for wishing to
know more about how to build muscle. Not
the least being the underestimated role of
muscle mass in healthy aging. Sarcopenia is
the unexplainable, age-related loss of muscle mass which has a negative impact on
strength, power, functional ability and daily
living (Nair 2005). This phenomenon
is wide spread among apparently healthy
older adults; recent estimates indicate
that approximately 45% of people 65 years
or older in the United States exhibit
sarcopenia (Janssen et al., 2004) and 20%
are functionally disabled (Manton 2001).
An accumulating amount of evidence
suggests that sarcopenia underlines
many of the undesirable conditions
that are associated with aging, such as
osteoporosis, diabetes, unwanted weight
gain, an increased susceptibility to illness,
falls and related injuries (Dutta 1997; Evans
1997; Doherty 2003). The direct healthcare
costs attributed to sarcopenia each year in
the United States may be as high as
US $18.5 billion (Janssen et al., 2004).

While there is a clear relationship between
a quantitative net loss of muscle mass and
diminished functional capacity (Frontera
et al., 2001), of even greater concern is the
longitudinal data (spanning 10-12 years) that
shows the decline in leg muscle strength
can be 60% greater than estimates from
a cross-sectional analysis in the same
population (Hughes et al., 2001). The rate
of muscle mass decline with age is thought
to be fairly consistent; approximately
1-2% per year past the age of 50 years
(Sehl et al., 2001). However, a reduction
of 30% or more is thought to limit normal
function (Bortz 2002). A major problem
is that the minimal amount required to
maintain health and independent living
with advancing age is unknown.
Some researchers suggest that sarcopenia
may be reversible (at least to a certain
extent) (Roubenoff 2003). Others believe
that tomorrow’s older adults should be
concerned with building a greater “starting
reserve capacity” of lean body mass (LBM)1
today to ensure they avoid the unknown
threshold that precedes physical frailty and
compromised health (Marcell 2003).
An age-related decrease in LBM is also
associated with unfavorable changes in
body composition, and these changes
have severe metabolic repercussions. While
there is a dramatic decline in muscle mass
between the age of 50 and 75 years (by
approximately 25%), this is accompanied
by a substantial increase in body fat. Crosssectional data suggests that the average
adult can expect to gain approximately
1 pound (2.2kg) of fat every year between
ages 30 to 60, and lose about a half pound
of muscle per year; a change that is
equivalent to a 15 pound loss of muscle
and a 30 pound gain in fat (Baumgartner
et al., 1995; Forbes 1999; Gallagher et al.,
1997). These changes in body composition
have metabolic repercussions.

1

Muscle mass constitutes approximately 60%
of lean body mass. These terms are often used
interchangeably, particularly with regard to
changes in body composition.

2
e3.8.2

A P P L I C AT IONS MONO GR A P H
Muscle tissue has a large working range
of ATP turnover rates and tremendous
potential to consume energy. Due to
its mass, muscle is a highly important
thermogenic tissue and a prime determinant
of basal metabolic rate (BMR) (which for
most of us is the largest single contributor
to daily energy expenditure) (Elia et al.,
2003). Therefore, muscle tissue is not
only important for maintenance of a
healthy weight, by virtue of its mass and
mitochondrial content, muscle tissue is the
largest site of lipid oxidation (Heilbronn et
al., 2004). Muscle is also the primary site
of glucose disposal in the post-prandial
(fed) state (Perez-Martin et al., 2001), and
exercised muscle promotes healthy glucose
metabolism (Henriksen, 2002). Therefore,
maintenance of this metabolically active
tissue (with elevated mitochondrial
potential) may also reduce the risk for
the development of type-II diabetes
(Perez-Martin et al., 2001). To confirm these
metabolic assumptions, cross-sectional
data shows that older men and women
generally have a decreased ability to
mobilize and oxidize fat, as well as possess
a slower BMR in comparison to their
younger counterparts (Levadoux et al.,
2001; Calles-Escandon et al., 1995; Nargy
et al., 1996).
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Additionally, this age-related decline in
BMR and fat metabolism is suggested to
be related more to a reduction in LBM
than aging per se (Levadoux et al., 2001;
Calles-Escandon et al., 1995; Nargy et al.,
1996). In fact, the preservation of muscle
mass throughout aging may reduce
the decline in BMR and possibly reduce
the degree of body fat accumulation that is
characteristically observed in older adults
(Evans 1997; Marcel 2003). Unlike aerobic
fitness capacity (Broeder et al., 1992),
LBM is an important determinant of BMR
(Levadoux et al., 2001; Calles-Escandon
et al., 1995; Nargy et al., 1996). For this
reason, strategies that preserve LBM
are thought to be the cornerstone of
any successful attempt at weight loss
(Poehlman et al., 1998). Therefore, lifestyle
and dietary strategies that focus on
maintaining muscle mass throughout the
lifespan will enhance the health of a wide
sector of the population and may prevent
or reduce the severity of many aging-related
illnesses, as well as reduce a significant
economic burden on the healthcare system
(Janssen et al., 2004).
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FACTORS THAT REGULATE THE
SIZE OF HUMAN SKELETAL
MUSCLE MASS
The mechanisms that underline sarcopenia
are complex and are yet to be fully
elucidated. Essentially, sarcopenia is the
end result of a malfunction in the regulatory
mechanisms that maintain the size of
human muscle mass. The quality and
quantity of muscle protein is fundamentally
maintained through a continuous
remodeling process (protein turnover)
that involves continuous synthesis and
breakdown (Rasmussen & Phillips 2003).
The regulation of protein turnover is
multifaceted, but this process is basically
controlled by the initiation of protein
synthesis and degradation (via proteolytic
pathways) (Rennie et al., 2004). Regulators
of muscle protein turnover work specifically
by stimulation (acceleration) or inhibition of
protein synthesis and protein degradation;
these are identified in Figure 1.
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For example, (shown in red in Figure 1)
insulin and insulin-like growth factor (IGF-1)
prevent contractile protein degradation
(IGF-1 inhibits degradation via the
ubiquitin pathway).
The ubiquitin pathway is one of the major
protein degradation pathways cells rely
upon to eliminate cellular proteins. Proteins
that are damaged or are no longer needed
by a cell are ‘tagged’ with the protein known
as ubiquitin and this targets the tagged
protein to a large protein complex known as
the proteasome for hydrolysis by proteases.
The stress-induced hormone cortisol and
the growth factor myostatin are known
inhibitors of protein synthesis (Rennie et al.,
2004). Cortisol, cytokines (small signaling
peptides secreted by cells) and ubiquitin
proteins (shown in green) activate protein
degradation whereas insulin, amino acids,
mechanical loading and the anabolic
hormones such as testosterone, growth
hormone (GH), IGF-1 and mechno-growth
factor (a splice variant of IGF-1 that is
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produced in muscle); all stimulate muscle
protein synthesis to varying degrees (Florini
et al., 1996; Bhasin 2003; Rennie et al.,
2004;). It is the balance between these
factors, among others, that determine
muscle loss or gain as they are regulated
temporally throughout a person’s life;
however, several of these factors also
respond to stimuli such as the availability
of certain nutrients.
Perhaps the best example of nutrients
affecting muscle synthesis and breakdown
is that of the anabolic hormone insulin.
Binding of insulin to its receptor on cellular
membranes initiates a signaling cascade
involving phosphorylation/activation
of numerous proteins including those
required for protein synthesis. One of the
rate-limiting steps in the synthesis of cellular
protein is that of translation initiation and
the assembly of the translation complex.
Numerous molecules are involved including
ribosomal subunits, tRNAs, mRNA
and multiple protein factors known as
elongation Initiation Factors (eIF).

Another important molecule in the signaling
pathway for translation initiation is mTOR
(mammalian target of the drug rapamycin),
a protein kinase that activates several
eIFs and rpS6 (ribosomal protein S6) by
activating the rpS6 kinase p70s6K. rpS6
activation is associated with increased
translational capacity in a cell. The insulin
signaling pathway activates mTOR which
then increases levels of active rpS6 and eIFs
thereby increasing cellular translation of
proteins. In the case of muscle cells, a
major result is the increased translation of
contractile proteins. Moreover, the BCAA
leucine has also been shown to up regulate
protein synthesis through activation of
mTOR and eIFs. Specific studies that
describe the effects of dietary carbohydrate
and leucine on cellular protein synthesis
are included in the following text.
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A number of regulators (shown in red and
green) affect muscle protein turnover within
muscle. This ultimately influences the size of
lean body mass. Each of these regulators
exerts their effects via the stimulation or
inhibition of protein synthesis and protein
degradation. Sarcopenia may be the
result of a malfunction in some or all
of these regulators.
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Aside from the regulators of muscle mass
described in Figure 1, a clear understanding
of the processes that lead to sarcopenia is
exacerbated by muscle tissue’s multifaceted
role in the regulation of whole body protein
metabolism. Besides its locomotive and
metabolic implications, muscle tissue is
the body’s largest reservoir of bound and
unbound proteins (amino acids) (muscle
constitutes 50-75% of all proteins in the
human body) (Phillips et al., 2005). While
quantitative estimates suggest that about
1-2% of muscle is synthesized and broken
down on a daily basis, the mass of this
tissue means that it accounts for up to 50%
of whole body protein turnover (Rennie &
Tipton 2000). This impact (on whole body
protein turnover) is a clear reflection of
the essential role that muscle tissue plays
in the regulation of whole body amino
acid metabolism.
Muscle is the reservoir and synthesis site
of a number of amino acids (AA) that are
constantly exported to meet an array of
physiological demands. One example is
the amino acid glutamine — the essential
fuel that powers many aspects of immune
function and cell turnover (Curi et al., 2005).
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However, when considering all aspects that
may influence the size of human muscle
mass, one must keep in mind that the
regulatory network that controls this process
may not reside exclusively within muscle.
There is a substantial amount of evidence
that suggests the regulation of whole
body protein metabolism (and the size of
muscle mass) involves a regulatory circuit
between muscle, blood (plasma) and liver
metabolism of AA (see Figure 2). One
proposed mechanism of regulation is a link
between levels of the amino acid cysteine
and muscle catabolism. Both longitudinal
(Kinscherf et al., 1996; Hilderbrant et al.,
2004) and cross-sectional studies on adults
aged 28-70 years suggest that the amount
of cysteine in plasma is a regulator of whole
body protein metabolism that ultimately
influences changes in body composition
(Hack et al., 1996; 1997; 1998; Holm et al.,
1997). The amount of this “non-essential”
AA in plasma regulates whole body protein
metabolism via the hepatic catabolism
of cyst(e)ine (i.e., both cysteine and its
disulphide twin, cystine) into sulphate
(SO42-) and protons (H+), an essential

process that inhibits the rate limiting step
in hepatic urea production (the end product
of protein degradation) and shifts whole
body nitrogen disposal toward glutamine
biosynthesis. (The conversion of AA into glucose

is linked to the rate at which ammonium ions in the
liver are converted into either urea or glutamine,
therefore, hepatic cysteine catabolism serves to
retain the AA reservoir in muscle).
The term “controlled catabolism” is used
to explain the regulatory circuit presented
in Figure 2 (Hack et al., 1997). The most
important function of this regulatory circuit
is to ensure that any time urea production
is too high and plasma AA are accordingly
too low, controlled muscle catabolism is
triggered. This leads to export of cyst(e)ine
from muscle, an increase in plasma
cyst(e)ine and a down regulation of hepatic
urea production (and preservation of LBM).

Figure 2. Regulatory Circuit Between Muscle, Blood (plasma) and Liver Metabolism of AA
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low plasma amino acid levels

The regulation of whole body protein
metabolism (and the size of muscle mass)
may involve a regulatory circuit between
muscle, blood (plasma) and liver cysteine
AA metabolism. A process that promotes
glutathione (GSH) synthesis and a down
regulation of urea production that in turn,
shifts whole body nitrogen economy towards
muscle preservation.
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However, a few studies have suggested
that in cachectic conditions (illnesses that
promote muscle wasting such as HIV and
various forms of cancer), but also aging, this
regulatory process appears to be disturbed.
That is, a failure to conserve muscle proteins
and convert abnormally large amounts
of AA into glucose, and release large
amounts of nitrogen as urea. The availability
of cyst(e)ine in the blood stream could
determine the threshold at which other AA
are converted into other forms of chemical
energy, which in turn may influence body
composition in humans (Hack et al.,
1996; 1997; 1998; Kinscherf et al., 1996;
Holm et al., 1997).
Cross-sectional investigations on AA
exchange rates in adults aged from 28-70
years have reported the following:
• Firstly, plasma cysteine levels show by far,
the strongest age-dependant change of
any AA. (Hack et al., 1997; 1998; Holm et
al., 1997; Kinscherf et al., 1996).
• Secondly, older adults (60 years and over)
exhibit significantly lower glutamine
exchange rates and glutamine/ cystine
ratios than their younger counterparts
(Hack et al., 1997; 1998).
• Thirdly, a highly significant (P < 0.001)
correlation between a low glutamine/
cystine ratio and increased body fat has
been observed across all age groups
(Hack et al., 1997).
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An increase in circulatory cytokines
increases the requirements not only
for glutamine but also glutathione
(L-gamma-glutamyl-L-cysteinylglycine).
Glutathione (GSH) is the centerpiece of all
cellular antioxidant defenses that regulate
many aspects of metabolism such as re-dox
status, synthesis of DNA and protein, cell
proliferation and apoptosis as well as
cytokine production (Townsend et al., 2003;
Wu 2004). Cysteine is the rate limiting AA
in GSH synthesis (Wu 2004). Conditions
related to chronic inflammation (excessive
cytokine production) such as cancer, HIV
and also aging, create an unfavorable
competition for GSH via a limited hepatic
cyst(e)ine reservoir. A situation that leads
to oxidative stress and an environment
that promotes the loss of muscle tissue
(Bounous & Molson 2003; Hack et al.,
1997; Townsend et al., 2003).
Collectively, this research underlines the
importance of maintaining an adequate
supply of bioavailable cysteine in the blood
during aging. Dietary intervention with
cysteine-rich compounds is shown to
increase plasma cysteine concentrations,
boost GSH production and improve body
composition in adults (Kinscherf et al.,

1996; Lands et al., 1999; Hilderbrandt et al.,
2004). Therefore, dietary intervention with
cysteine-rich compounds may also be an
effective strategy that influences whole body
protein metabolism in older adults to offset
the age-related loss of muscle mass. This
is an important topic that is yet to receive
investigation by the scientific community.
However, no matter how tempting it is to
speculate, the mechanism(s) that underline
sarcopenia is likely to be multifaceted
and involve some or all of the regulators
identified in Figures 1 and 2. Despite the
complexity of sarcopenia, a review of the
literature clearly shows that there are only
two factors that positively affect protein
turnover to promote the maintenance/
increase of human muscle mass. Those
factors are resistance exercise (RE) and the
intake of macronutrients, namely protein
and carbohydrates. Therefore, the focus of
this report now shifts to the most recent
findings on the effects of macronutrient
consumption and exercise in older
adults on protein metabolism and body
composition. In particular, how these two
important aspects interact to positively
affect the size of human muscle mass and
therefore, offer an intervention to minimize
the effects of sarcopenia.

It is also important to note that the data
presented in these studies suggests an
age-related decrease in the efficiency
of hepatic cyst(e)ine to regulate urea
production (Hack et al., 1997). That is, the
liver of an older person with a given plasma
cysteine level converts less AA to glutamine
than a young, healthy individual. Therefore,
muscle stores are relied upon increasingly
with advancing age to meet the metabolic
demands for glutamine. These researchers
suggest the end result is a steady but
aggressive catabolism of muscle tissue
throughout the lifespan (Hack et al.,
1997; 1998).
The regulatory circuit presented in Figure 2
may be disturbed by circulating cytokines
such as interleukin-6 (IL-6) and tumor
necrosis factor-alpha (TNF-a). High levels
of these cytokines are characteristic of
condition that promote muscle wasting
(Strassmann et al., 1992; Kotler 2000).
However, high levels of these cytokines
are also a characteristic of older adults
(Visser et al., 2002; Krabbe et al., 2004).
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EXERCISE IN AGING MUSCLE:
THE LATEST RESEARCH
The results of recent studies now confirm
that a lifelong exercise program offers real
protection against the increasing levels
of oxidative stress that damage cellular
structures and cause aging of tissues and
organs (Rosa et al., 2005). However, RE
particularly is regarded as fundamental
to the development and maintenance of
muscle mass in adults (Rasmussen &
Phillips 2003). This is based on two recent
confirmations. Firstly, RE is a most effective
form of mechanical loading and therefore,
a potent stimulus to increase the rate of
protein synthesis within muscles (Phillips
et al., 2005). Secondly, the stimulation of
muscle protein synthesis (MPS) is now
recognized as the facilitating process that
underlines changes in the size of muscle
mass (Rennie et al., 2004; Cuthbertson et
al., 2005). That is, a high stimulation of MPS
is essential not only to increasing muscle
mass (Baar & Esser 1999) but also the
preservation of muscle mass in aging
humans (Rennie et al., 2004).
Conventional RE typically involves the
controlled movement of weighted devices
such as barbells, dumbbells and machines
(with fulcrums and loaded weight stacks).
During conventional RE, muscles undergo
concentric (shortening), isometric (static)
and eccentric (lengthening) actions against
a constant external load; the magnitude
of which is limited by the individual's
concentric strength. Conventional RE
training typically involves the use of heavy
loads lifted in sets of 1 to 12 maximum
effort repetitions. This activity is shown
to be a safe and effective intervention
that stimulates MPS and promotes the
maintenance of muscle mass in older
populations (Barry & Carson 2004; Hunter
et al., 2004) including the frail elderly
(90+ years old) (Fiatarone et al., 1994).

Advancing age appears to reduce
resting MPS rates, the amount of anabolic
hormones in circulation, maximum
voluntary muscle strength and power as
well as the expression of muscle-specific
genes (Short & Nair 2001; Yarasheski 2003).
However, it is truly fascinating that RE
training is capable of reversing (or at
least improving) each of these aspects
(Yarasheski et al., 2001; Hunter et al., 2004;
Hasten et al., 2000; Jubrias et al., 2001;
Newton et al., 2002). In line with these
findings, other studies have shown that
aging per se does not diminish the capacity
to increase muscle size (Frontera et al.,
1988; Hikida et al., 2000) or the ability to
gain muscle mass during RE (Frontera et al
1988; Binder et al., 2005). While a major
contributor to the age-related decline in
muscle mass is thought to be the loss of
alpha-motor neuron input (Candow &
Chilibeck 2005), the research available
suggests that older adults respond with
strength and power improvements in a
similar manner to young adults (Hakkinen
et al., 2001; Newton et al., 2002).
As discussed in the previous section, some
evidence suggests that the age-related
decline in muscle mass may be associated
with chronic inflammation and the increased
levels of cytokines (such as TNF-a and IL-6)
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(Visser et al., 2002; Krabbe et al., 2004; Toth
et al., 2005). However, RE training has been
shown to reduce cytokine levels in the
muscles of older adults (Greiwe et al., 2001).
Additionally, this reduction was associated
with an increased rate of MPS. Others have
shown that RE training can induce favorable
changes in heat-shock proteins (Hsp70) in
monocytes and lymphocytes in older adults,
and these changes were associated with
improvements in strength and a reduction
in circulating cytokines (Bautmans et al.,
2005). The Hsp’s protect cellular integrity
during stressful situations such as the
production of excessive amounts of free
radicals (that damage cells and cause illness
and infection). Hsp70 is thought to play a
role in the muscle regeneration process
during RE-training (Kilgore et al., 1998).
However, production decreases with age
as cytokine levels increase (Njemini et al.,
2002). Nevertheless, RE-training appears
to induce positive changes in cytokine and
Hsp production that reduce age-related
chronic inflammation and promotes the
maintenance of muscle mass (Greiwe et al.,
2001; Bautmans et al., 2005). Despite these
clear benefits of RE to an aging population,
when responses in young (20-30 years)
and older adults (60 years and over) are
compared directly, some clear differences
have been observed.

A P P L I C AT IONS MONO GR A P H
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• In response to a single bout of RE (of the
same relative intensity), the stimulation
of protein synthesis is shorter-lived in
older adults (Sheffield-Moore et al.,
2005). This response is accompanied
by a greater release of muscle AA and a
more vigorous acute-phase (immune)
response of plasma proteins (particularly
albumin). These results suggest a
differential hepatic and muscle protein
response to RE in older adults as
compared to younger adults (SheffieldMoore et al., 2005).

• Aside from a diminished response to
anabolic stimuli, other age-related
aspects that may influence the capacity
to build and/or preserve muscle include
a higher concentration of circulating
cytokines that retard protein synthesis
rates (Visser et al., 2002; Toth et al.,
2005), lower concentrations of anabolic
hormones in circulation (Bhasin 2003;
Kraemer & Ratamass 2005; Toth et al.,
2005), and differences in muscle gene
expression in response to exercise
(Welle et al., 2003).

• Some, (Balagopal et al., 1997; Toth et al.,
2005) but not all (Volpi et al., 2001)
studies report that older adults possess
basal (resting) MPS rates that are 19-40%
lower than younger adults. While aging
may or may not affect resting protein
turnover rates, it is clear that older
mammals (including humans) possess
a diminished capacity to synthesize
new muscle in response to anabolic
stimuli (such as RE) when compared
directly to their younger counterparts
(Alway et al., 2005).

• Finally, although aging may reduce
the capacity to build and replace muscle
protein, no studies have attempted to
assess at what stage in life this starts to
take place. Also, it is not known what the
main instigators are that cause these
chemical and physical alterations. For
example, it is unclear whether it is a
person’s level of physical activity, or
quality of nutrition. It is also uncertain
if these aspects have a combined effect
on gene regulation. Additionally, is not
known whether a life-long commitment
to RE training may provide a preventative
effect against this age-related decline
in muscle mass. These are important
considerations that will need to be
addressed in the near future before wide
scale intervention recommendations can
be made to an aging population.

• This is supported by longitudinal RE
training studies that have compared
chronic adaptations (such as
hypertrophy, strength and LBM
gains) in older and younger adults
directly (Lemmer et al., 2001; Hakkinen
et al., 1998). For example, Dionne et al.,
(2004) assessed the impact of a 6-month
controlled RE program on LBM, resting
energy expenditure (REE) and glucose
disposal (insulin sensitivity) in 19 younger
(18-35 years) and 12 older (55-70 years)
non-obese caucasian women. In younger
women, the RE program increased body
weight due to an increase in LBM. The
exercise program also increased REE and
glucose disposal in the younger women.
On the other hand, the older women lost
fat mass and showed a lesser capacity to
gain LBM. No improvement in insulin
sensitivity or REE was detected in the
older women. Thus, younger women
showed greater metabolic changes in
body composition, REE and insulin
sensitivity in response to RE than older
women (Dionne et al., 2004).

The main reason RE is thought to be
so important for the prevention and
treatment of sarcopenia is that it has a
remarkable impact on protein turnover.
A single bout of RE results in the acute
stimulation of MPS (up to 100% above
basal values) that peaks within 3-24
hours but remains elevated (at a
diminishing rate) for up to 48 hours
post-exercise (Phillips et al., 2002;
Kim et al., 2005). However, studies that
have assessed both muscle protein
breakdown (MPB) and MPS rates report
that both processes are accelerated after
RE so that net protein balance (NPB)
remains negative until an exogenous
source of protein is supplied (Biolo
et al., 1995; 1997). The combination of
protein-containing meals and RE act
synergistically; they provide a net gain
in muscle protein that is much greater
than the sum of either aspect alone.
This is why nutritional intervention with
protein-rich dietary sources during RE
is considered essential in any attempt
to maintain or increase muscle mass
(Phillips et al., 2005). The combination
of RE and strategic intake of nutrients
after this activity appears to be the only
way to increase the amount of protein
within the muscles of both younger
(Phillips et al., 2005) and older adults
(Esmark et al., 2001).
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THE EFFECTS OF
MACRONUTRIENT INTAKE
ON MUSCLE PROTEIN
METABOLISM
In healthy adults, earlier studies (that
utilized isotope labeled AA and tracer
hind limb exchange methods) established
that the large increase in whole-body
synthesis observed after the consumption
of a meal is due mainly to the changes in
protein synthesis rates in muscle. In fact,
in response to feeding, muscle mass
contributes more than half of the total
increase in whole body protein synthesis
(Rennie et al., 1982). More recent studies
have used similar methods to establish
the following:
1. The consumption of a meal (a
combination of protein, carbohydrate
and fats) stimulates an increase in MPS.
This anabolic response is due primarily to
the protein (or AA) content of the meal
(Svanberg et al., 1996; 1997; 1999; 2000).
2. Most of this stimulatory effect is due to
the essential amino acids (EAA) (Volpi
et al., 2003). Of these, the branch chain
amino acids (BCAA) are most potent
(Anthony et al., 2002).
3. The consumption of a meal stimulates
muscle anabolism via an increase in MPS
and inhibition of MPB. However, a net
gain of muscle protein observed after a
meal is due mostly to the large increase in
MPS; inhibition of MPB contributes but to
a lesser extent (Rennie et al., 2002).
4. This anabolic response to a meal is
transient. During the post-prandial phase
(1-4 hours after the meal) MPS is elevated
while MPB is reduced. MPB increases
in the post-absorptive state (4 hours
after the meal) and MPS rates decline.
Therefore, frequent consumption of
protein-rich meals (throughout the day)
is necessary for muscle protein accretion.
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5. The recommended dietary allowance
for protein appears not to be adequate
for older people to maintain skeletal
muscle mass (Campbell et al., 2001).
While some renowned scientists in this
area recommend that high protein intakes
are not necessary to build muscle (Rennie
et al., 2004), they suggest that protein
quality may be a key aspect (Rennie
2005). Other experts caution that the
underlying biology of maintenance AA
needs may be much more complicated
than simply the support of protein
metabolism itself; there are so many
gaps in our knowledge of this subject
that until the various functions of AA
are better understood at both the
mechanistic and quantitative level, the
current dietary recommendations for
both healthy and sick humans will
remain at an intellectually unsatisfactory
empirical level (Reeds & Biolo 2002).
6. An individual’s habitual protein intake
may prove to be one of the more
important variables that influence
the size of human muscle mass since
recent work has confirmed that the
concentration of EAA in the blood
(plasma) regulate protein synthesis rates
within muscle (Bohe et al., 2003). That is,
when plasma EAA levels are low, MPS
rates decline (Kobayashi et al., 2003).
Conversely, MPS rates increase in a linear
fashion with increased EAA availability
(Bohe et al., 2001). Therefore, dietary
intervention with protein sources that
are rich in EAA may create and maintain
a high concentration of EAA in the blood.
This would activate a key mechanism
(i.e., the stimulation of MPS) that
preserves muscle mass.
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The important role of dietary protein
supplementation in promoting muscle
gains has recently been highlighted
(Paddon-Jones et al., 2005a).
Supplementation (15g of EAA and
30g of glucose) was shown to produce
a greater anabolic effect in muscle
(increase in net phenylalanine balance)
than ingestion of a regular meal, despite
the fact that both contained a similar
dose of EAA. Furthermore, the
consumption of the supplement did
not interfere with the normal anabolic
response to the meal consumed 3 hours
later. The findings from this study
suggest that protein supplements could
be used in between regular meals to
stimulate a higher rate of MPS and
muscle anabolism. Other studies have
already shown that the anabolic effects
of daily protein supplementation are
accumulative; they provide a higher
net increase in muscle mass over time
(Paddon-Jones et al., 2004b).

A P P L I C AT IONS MONO GR A P H
NUTRITIONAL INTERVENTION
IN OLDER ADULTS: RECENT
DEVELOPMENTS
In addition to other age-related causes of
muscle loss, there also appears to be a
diminished acute response to anabolic
stimuli such as RE or meal consumption.
• For example, in both old rats and
humans aged between 60-70 years, a
diminished anabolic response to protein
supplementation was shown to be due to
a decreased activation of the molecular
signaling proteins within muscle that
initiate protein synthesis (Cuthbertson
et al., 2005; Guillet et al., 2004). However,
this finding is controversial. Other
research groups have shown that oral
consumption of EAA (15g) stimulates
MPS similarly in both elderly and young
adults (Volpi et al., 1999; Paddon-Jones
et al., 2004a). Nonetheless, other
age-related differences in the response
to meal/supplement consumption have
been identified.
• First-pass splanchnic extraction of AA in
response to oral protein supplementation
is higher in older adults, but the delivery
of AA to muscles appears to be the same
in both young and older adults (Volpi et
al., 1999). This difference in intestinal
absorption may be due to the increased
importance of the splanchnic tissues
in the regulation of protein turnover in
aging (Fukagawa & Young 1987).
• In young adults the combination of
carbohydrate (CHO) (in the form
of glucose) and EAA elicits an anabolic
response greater than achieved by AA
supplementation alone (Miller et al.,
2003). However, when this macronutrient
combination is given to elderly subjects,
the anabolic response is blunted by the
addition of CHO (Volpi et al., 2000).
Therefore, dietary supplementation
with protein only may provide a more
calorie-efficient means of stimulating
protein synthesis in older populations
(Paddon Jones et al., 2004a).

■
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• It has been reported that smaller
amounts of protein (approx. 7g) do
not stimulate an anabolic response
in the muscles of older adults (Katsanos
et al., 2005). This not only confirms
a diminished anabolic sensitivity to
protein-containing meals in older adults,
it also suggests that larger doses of
protein (15g or more) may need to be
consumed by older adults to ensure
that they obtain an anabolic response
to feeding.
• However, a recent study indicated that
enrichment of a 7g EAA mixture with a
higher percentage of leucine increased
the level of protein synthesis in elderly
subjects. In contrast, enrichment with
leucine did not result in an increase in
muscle protein synthesis in young adults.
These findings suggest leucine has
a unique and crucial role for protein
synthesis in the elderly even when the
amount of EAA consumed is relatively
small (Katsanos et al., 2006).
• Another important finding is that the
inhibitory effect of protein-containing
meals on protein breakdown appears to
be reduced in older adults (Boirie et al.,
2001). An age-related difference in the
inhibitory effect of protein meals on
(whole body) protein breakdown was
confirmed in a recent study. Using old
(22 month) and young (8 month) rats, this
research demonstrated that the normal
feeding-related reduction in MPB was
much less prominent in the older rats.
However, when the old rats were fed a
diet supplemented with leucine, the
ability of meals to block protein breakdown was rejuvenated. (Combaret et al.,
2005). While some discrepancies are
evident, recent studies generally confirm
that aging “blunts” the normal anabolic
response to meals.

Insulin is a key hormone in the
regulation of whole body protein
metabolism. However, the role of
insulin in the regulation of muscle
protein during aging is complex and
yet to be fully elucidated (Wolfe & Volpi
2001). The effects of age on insulin
sensitivity and b-cell function are
also controversial; some investigators
suggest that insulin sensitivity declines
with age (DeFronzo 1979), others report
that insulin sensitivity is maintained
while b-cell function is impaired with
age in glucose-tolerant individuals
(Chiu et al., 2000). Insulin only appears
to stimulate MPS when AA are present,
even then, only small amounts are
needed (Kimball et al., 2002). Insulin’s
main effect on protein metabolism is its
ability to reduce protein breakdown in
many tissues, including muscle (Bennet
et al., 1990; O'Brien & Granner 1996;
Wolfe 2000). With regards to the impact
of aging, a recent study (Paddon Jones
et al., 2004a), reported that although a
15g dose of EAA stimulates muscle
anabolism, it failed to stimulate insulin
secretion in older adults (unlike
younger adults). This may be one
reason why older adults demonstrate
a slower uptake of AA. In general, insulin
plays only a permissive role in the
regulation of MPS, its main role in
protein metabolism is related to nutrient
transport but also the ability to reduce
the breakdown of protein in tissue.

10
e3.8.10

A P P L I C AT IONS MONO GR A P H
BCAA AND PROTEIN
METABOLISM
• The BCAA leucine has been established
as a regulator of whole body and
skeletal muscle protein metabolism in
humans (Nair et al., 1992). Furthermore,
leucine supplementation has been
reported to stimulate MPS through
both insulin dependent and insulin
independent mechanisms, via activation
(phosphorylation) of key proteins
involved in the regulation of protein
synthesis in muscle. This has been
consistently observed in both rat
(Anthony 2000; 2002) and human skeletal
muscle (Karlsson et al., 2004; Lui et al.,
2002). However, as mentioned previously,
the presence of leucine also appears
to play a role in minimizing protein
breakdown (Combaret et al., 2005).
• Diets that are rich in the BCAA but
particularly leucine, are now considered
to be effective for treatment of many
age-related conditions such as obesity,
type 2 diabetes and Metabolic Syndrome
X (Layman et al., 2006) as well as
sarcopenia (Rennie 2005).

■

For these reasons, several leading research
groups suggest that a diet rich in the
BCAA would play an important role in
the prevention and treatment of many
age-related conditions such as obesity, type
2 diabetes, and sarcopenia (Layman 2006;
Rennie 2005).
What does all of this research tell us about
nutrient intervention against sarcopenia?
It tells us that the quality of protein intake
is important. Other studies have already
clarified that various dietary protein sources
have different effects on whole body protein
anabolism and accretion (Boirie et al.,
1997; Dangin et al., 2003; Bos et al., 2003),
and therefore, have the potential to
influence changes in muscle mass.
In light of these recent findings on
leucine, a protein’s leucine content is
now considered a determinant of quality.
Even conservative scientists now suggest
that the consumption of leucine-rich protein
sources may be a key strategy that helps
prevent/reduce sarcopenia (Rennie 2005).

The BCAA play a pivotal role in muscle
metabolism in several ways:
• Firstly, they serve as direct precursors
for glutamine production (Holecek 2002)
which is the essential fuel that powers
many aspects of immune function and
cell turnover (Curi et al., 2005).
• Secondly, the BCAA, but leucine in
particular, is thought to be primarily
responsible for the activation of MPS via
activation (phosphorylation) of several
translation initiation factors (eIFs)
(Anthony et al., 2002).
• However, leucine also appears to
regulate oxidative use of glucose by
muscle through stimulation of glucose
recycling via the glucose-alanine cycle
(Layman et al., 2006). This promotes
protein sparing and provides a stable
glucose environment with low insulin
responses during energy-restricted
periods (Layman et al., 2006).
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WP’s EFFECTS ON MUSCLE
PROTEIN METABOLISM:
THE LATEST RESEARCH
• The consumption of macronutrients close
to RE is consistently shown to provide a
positive NPB (Levenhagen et al., 2002;
Miller et al., 2003; Rasmussen et al., 2000)
and promote muscle gains in older adults
(Esmarack et al., 2001). A recent study
(Koopman et al., 2005) attempted to
extend these findings by investigating
whether additional leucine to a (whey)
protein-CHO supplement could further
promote muscle protein anabolism.
The study by Koopman et al., (2005)
used healthy young males given repeated
doses of a whey/CHO supplement (0.2g
of whey/kg of body weight each hour)
with or without additional leucine
(0.1g/kg) for 5 hours after an RE workout.
This study simultaneously assessed
whole body protein turnover as well as
the fractional synthesis rates in muscle
(by the incorporation of labeled
phenylalanine). The results obtained
suggest that the addition of the leucine
significantly increased whole body net
protein balance and provided a higher
anabolic response within muscle.
However, it is important to note that
the total amount of leucine administered
in the trials was very different. The
whey/CHO supplement provided only
0.02g/kg/hr (a 1.6g dose per hour for
an 80kg individual); much lower than
leucine-enriched supplement which
provided a total of 0.12g/kg/hr (or 9.6g
per hour for an 80kg person).
• Another recently published study
(Paddon-Jones et al., 2005b) quantified
net MPS in healthy elderly individuals
(65-79 years) following oral consumption
of WP (15g) or EAA (15g). Results showed
that both supplements significantly
stimulated MPS in older adults. This
confirms previous work that a dose of
whole dairy proteins (20g) (casein or
whey) are capable of stimulating MPS in
young adults in a manner comparable to
that achieved with free form AA (Tipton
et al., 2004). The study by Paddon-Jones
et al. (2005b) concluded that compared
to the isocaloric quantity of WP, the dose
of EAA provided a more energetically
efficient stimulation of MPS. However,
this was due to the fact that the EAA
supplement contained more than
twice the dose of EAA than the WP.

A P P L I C AT IONS MONO GR A P H
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THE UNIQUE ROLE OF
WP IN THE MANAGEMENT
OF SARCOPENIA
When considering nutritional interventions
in the prevention and treatment of
sarcopenia, it should be remembered
that WPs provide a number of unique
advantages.

However, the percentage of phenylalanine
taken up by the leg was consistent with
the relative proportion of EAA in each
supplement. Therefore, relative to the
dose of EAA contained within each
supplement, the WP was just as efficient
at promoting muscle anabolism.
• The ability of WP to stimulate MPS
and promote muscle anabolism has
been confirmed at the molecular level
(Farnfield et al., 2005). In this research,
supplementation with WP (isolate) (25g)
after RE activated key proteins in the
translation initiation complex that
leads to MPS (Farnfield et al., 2005).
Supplementation resulted in significantly
greater (eccentric) strength after training
(25% greater than placebo) in young
but not in older adults. However, the
whey-supplemented older participants
demonstrated greater phosphorylation
(activation) of the translational protein
kinase p70s6K1 after 12 weeks of RE
when compared to the placebo group.
This effect was not observed in the
younger groups. Also, the older adults
given WP demonstrated a 17.3 fold
increase in the Pax7 gene (marker of
muscle-growth activation) compared to
a 2.6 fold increase in the placebo group.
These findings provide molecular
evidence of WP's ability to augment
MPS after RE.

• WP is a rich, rare source of bioavailable
cyst(e)ine. Most WPs (80%+ protein
concentrates and isolates) contain at
least a 3 to 4 fold higher concentration
of cysteine compared to other protein
sources, including casein and soy (Bucci
& Unlu 2000). As identified previously in
this report, cysteine plays a key role in the
synthesis of GSH and regulation of whole
body protein metabolism that may result
in improvements in body composition.

Important: unlike other protein sources
(such as casein or soy), supplementation
with WP is shown in research to augment this
pathway of protein metabolism, boost GSH
production and provide a positive influence on
body composition (more muscle and less fat
mass). This has been confirmed in both rodent
(Bouthegourd et al., 2002; Belobrajdic et al.,
2004; Marriotti et al., 2004) and human trials
(Lands et al., 1999; Bounous & Molson 2003;
Middleton et al., 2004; Moreno et al., 2005;
Cribb et al., 2006).
• WPs provide all the correct AA (the
building blocks of protein) in approximate
proportion to their ratios in skeletal
muscle (Ha & Zemel 2003).

Important: the synthesis of protein within
muscle is a continuous activity that requires
not only leucine but also a balanced supply of
twenty different AA (Rennie et al., 2004).
• Also, WPs generally contain a higher
concentration of the EAA than other
protein sources (Bucci & Unlu 2000) and
have rapid absorption kinetics (Dangin
et al., 2001; 2003). Supplementation
results in a higher blood AA peak
and stimulation of protein synthesis
compared to other protein sources such
as casein and soy (Bos et al., 2003;
Dangin et al., 2003). When consumed as
part of a mixed-macronutrient meal, WP’s
unique absorption kinetics (and ability
to stimulate muscle protein synthesis)
remain unaffected (Dangin et al., 2003).
In fact, when WPs are consumed in
mixed-macronutrient meals, they provide
a stronger anabolic effect via stimulation
of protein synthesis and inhibition of
protein breakdown (Dangin et al., 2003).

Important: the concentration of EAA in the
blood (plasma) is now considered by many to
be a key regulator of protein synthesis rates
within muscle, (Bohe et al., 2003) which is
the facilitating process that underlines changes
in the size of muscle mass (Cuthbertson et al.,
2005). Recent work has confirmed that a
single dose of WP (15-20g) stimulates MPS
comparative to free form EAA (Tipton et al.,
2004; Paddon-Jones et al., 2005b). Therefore,
supplementing the diet with WP can create and
maintain a high concentration of EAA in the
blood and stimulate an important mechanism
that preserves muscle mass.
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• WP is the richest known source of BCAA;
the BCAA comprise up to 30% of WP’s AA
profile (Bucci & Unlu 2000). In particular,
80%+ WP concentrates and isolates
provide up to 14g of leucine, per
100g of protein.

Important: this is a particularly important
attribute when the multifaceted role of the
BCAA is considered. Supplementing
the diet with WP will not only provide valuable
precursors for glutamine synthesis, but also
the AA that activate protein synthesis and
prevent excessive protein breakdown as well as
promote stable blood glucose/insulin metabolism
that is conducive to fat loss.
• Last but definitely not least, it is
important to remember that unlike
other protein sources, whey (both native
and hydrolyzed) is shown in research to
modulate an array of immune functions
that improve immune responses and
maintain competence (as detailed
in the Whey Proteins and Immunity
monograph).
In conclusion, sarcopenia exacerbates with
age, resulting in muscle loss and muscle
strength. Since many of its causes appear to
be uncontrollable, treatments to decelerate
its effects include resistance exercise and
consumption of whey proteins (aside
from proteins derived from meals).
Whey proteins not only appear to be
biochemically tailored to preserve valuable
muscle mass and maintain immune
competence, now evidence suggests that
whey proteins have a very favorable affect
on protein metabolism and have the
capacity to promote the mechanisms that
preserve muscle mass and improve body
composition. Therefore, supplementing
the diet with whey proteins, particularly
in combination with activities such
as resistance training, represent a
research-based, non-pharmaceutical
strategy that can be easily incorporated
into the lifestyles of adults to help maintain
valuable muscle mass that preserves health
throughout the aging process.

■
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