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Abstract

Sarcopenia is characterized by the reduction in muscle mass and may contribute to
immunosenescence, as it is thought that muscle provides an important reservoir of heat
shock proteins (HSP) and glutamine as well as act as a site for the action of insulin.

HSPs are the cellular link, which activate T lymphocyte proliferation. Exercise can
activate HSPs and may provide the ‘danger signal’ for T lymphocyte re-activation after a
period of quiescence. Muscle glutamine appears to be important for inter-organ transport
as well being a precursor for anti-oxidant activity. Dose specific exercise is thought to
improve immune function through an improved ratio of TNF-a: IL-6, which may
promote the anabolic effects of IGF-1 and insulin thereby possibly improving muscle
mass, leading to enhanced mechanical loading tolerance. Additionally, older people with
preserved muscle mass have the highest number of NK cells. The weight of evidence
suggests that the preservation of muscle mass and/or reversal of sarcopenia through
exercise could be a useful anabolic method to provide a protein reservoir for later use

when the older person is exposed to infection, inflammation and/or severe trauma.



Introduction

Sarcopenia is characterized by reduced muscle mass [1]. This is significant as skeletal
muscle contains 50-75% of all proteins in the human body and represents a store of
energy and nitrogen which becomes a vital supply of fuel for the immune system, as well
as a substrate for wound healing during malnutrition, injury and disease [2]. Loss of
muscle mass may result in immunosenescence, which is characterized by impaired
cellular immune function concomitant with increased inflammatory activity [3]. Little is
known about the effects of exercise on the senescent immune system [3]. Moreover,
exercise has been suggested as a prototype for studying the effects of stress factors on the
cellular immune system, because several other physical stressors, such as burns, surgery,

acute myocardial infarction and hyperthermia induce similar immune responses [3].

Muscle accounts for 90% of the cross sectional area in active young men, but only 30%
of that area in frail older women [4]. The prevalence of clinically significant sarcopenia is
estimated to range from 8.8% in ‘young old’ women to 17.5% in ‘old old’ men [1]. This
review will entertain the notion that the loss of muscle mass due to sarcopenia attenuates
the inflammatory-immune response due to the lack of protein stores (glutamine [5], heat
shock protein [HSP] [6]). Cytokines such as Interleukin-6 (IL-6) could enhance the
immune response through inhibition of Tumor Necrosis Factor alpha (TNF-a)) production
and insulin resistance [7]. TNF-a is considered to enhance protein degradation through
the activation of HSP [8], whereas Insulin [9, 10] and Insulin like Growth Factor (IGF-1)

[11] are thought to enhance protein synthesis. Additionally, it will be hypothesized that



dose specific exercise training can ameliorate some of the effects of sarcopenia as well as

enhance immune function by balancing protein synthesis with proteolysis.

T lymphocyte immune responses

Cytokines are a group of low molecular weight regulatory proteins secreted by white
blood cells and a variety of other cells which generally function as intercellular
messenger molecules [12]. Proliferation of T lymphocytes is essential for the first step in
an adaptive immune response [3]. Essentially there are 2 types of immune cells, the
‘memory cells’ and ‘virgin cells’. With age, the percentage of memory cells increases
with a corresponding decrease in virgin cells [3]. Consequently, a reduction in naive cell
responses, and a resulting shift to memory cell proliferative response has been shown in
the older person [13]. Fortunately, with advancing age a progressive increase in natural
killer (NK) cell number appears to compensate for a decreased number and function of T
lymphocytes [14]. More importantly, these findings suggest that cells from older
individuals do not suffer from a quantitative decline in cytokine production on a per cell
basis [13]. Indeed, centenarians and nonagenarians who presented with the highest
number of NK cells and best preserved cytolytic function, also had preserved integrity of
muscle mass [14]. Therefore, this suggests that the maintenance of muscle cell mass

could preserve the immune response to environmental stressors.

Muscle as a source of protein for immune function
Since muscle represents approximately 40% of body weight, it is thought to be an
important reservoir of proteins [8], which may be called upon by the immune system in

response to injury [10]. Even a 10% loss in lean body mass (LBM) corresponds with



impaired immune function [15] and a loss of approximately 30% of the body proteins can
result in death [2]. During severe trauma, such as burns, the need for essential amino
acids drives the catabolic loss of protein from skeletal muscle, which can be as high as
1% per day of illness [16]. Accelerated muscle proteolysis is the primary cause of this
loss of lean body mass characteristic of many diseases [17]. Some peptides generated by
the breakdown of cell proteins are transported to the cell surface where they are presented
to cytotoxic lymphocytes, which destroy cells presenting foreign (eg viral) peptides [17].
This may partially explain why successful aging has been associated with the
preservation of muscle mass [14] as this would endow these individuals to draw on their

store of protein for inflammatory-immune responses.

Increased cytokine activity has been associated with aging and muscle weakness [18],
possibly resulting in inactivity. This age associated progressive dysregulation of immune
response [19], is seen in older women with high IL-6 serum levels who have a higher risk
of developing physical disability and experience steeper declines in walking ability than
those with lower levels [18]. However, the statistical interaction of IL-6 concentration
with disability was non-linear and the progression of disability and IL-6 concentration
over time was not investigated [18]. Therefore, it is difficult to conclude whether
elevated levels of IL-6 are the cause or the effect of skeletal muscle weakness, as the
progressive withdrawal of a number of anabolic stimuli, also causes skeletal muscle
weakness [18]. Furthermore, high levels of TNF-a and IL-6 have been shown to be
associated with classical risk factors such as smoking, physical inactivity and body mass

index (BMI) [20]. It is difficult to conclude whether the high levels of cytokines lead to



inactivity or whether they are the result of reduced skeletal muscle loading capacity from
inactivity. However a cycle of inactivity and chronic inflammatory-immune response is

plausible.

Heat shock protein (HSP)

Numerous attempts to link exercise to meaningful alterations in immune function have
been largely unconvincing [21]. It has been argued that it is local as opposed to the
global immune system activation by HSPs, which is at the core of immune effects of
exercise [21]. It is thought that HSPs on a cells surface activate T lymphocyte
proliferation when accompanied by a co-stimulatory ‘danger signal’ [21]. These T
lymphocytes can switch between the active and quiescent memory states, to be later re-
activated in the presence of an antigen and co-stimulatory ‘danger signal’ [21].
Decreases in HSP72, a heat shock protein specifically related to skeletal muscle [22], is
considered to promote apoptosis [23] possibly due to the lack of this secondary ‘danger
signal’ [21]. Not surprisingly, apoptosis has been linked with sarcopenia [24]. HSP are
involved in protein folding and sorting, in the assembly of protein complexes as well as
binding of denatured proteins and are primarily induced in response to stress [6].
Impaired recovery from acute complications and the reduced renewal of damaged and
toxic proteins are potential undesired consequences of low-protein turnover [25]. Indeed,
critically ill patients have been shown to have low protein synthesis in skeletal muscle
correlating with metabolic status and clinical indices of the severity of the disease [26].
Specific adaptation in muscle associated with enhanced proteolysis can occur [17],

whereby HSPs provide a link between immune response to infection and autoimmunity



during fever [27]. In fact older people have been shown to have a reduced incidence of
fever in response to injury [28]. Although, exercise induced HSP activity has been
described [6, 22] it is uncertain what level of exercise can provide the ‘danger signal’

required to enhance immune function [21].

Exercise may provide a hormonal stimulus to regulate HSP proteolysis. Recently, rodent
investigations have demonstrated that Insulin-Like Growth Factor 1 (IGF-1) inhibits both
lysosomal and ubiqitin-proteasome dependent stress protein breakdown in skeletal
muscle [11] thus suggesting a hormonal regulating mechanism. Increased IGF-1
concentrations have been demonstrated near the Z-bands in the elderly after resistance
training regime [29]. In particular, eccentric exercises have been associated with damage
to these Z-bands [30]. Therefore, IGF-1 production in muscle may be responsible for the
regulation of protein synthesis after HSP induced proteolysis as a result of exercise

induced trauma.

Muscle glutamine and inflammatory-immune response

Skeletal muscle may represent an important source of anti-oxidants. Alterations of
respiration in mitochondria of muscle cells has been associated with aging and sarcopenia
[10, 31-34]. Interestingly, the muscle protein glutamine is a substrate for glutathione,
which acts as an endogenous scavenger with an ability to counteract oxidative injury
from oxygen free radicals [16]. This may be particularly important, as the level of
oxidative stress imposed on the aging muscle is influenced by two fundamental biological

processes: the increased generation of reactive oxygen species (ROS) and age-associated



changes in antioxidant defense [33, 35]. Therefore, since glutamine accounts for nearly
two thirds of the free intracellular amino acid pool and is abundant in skeletal muscle

[16] it is likely to be an important source of anti-oxidants.

It is thought that TNF may mediate protein degradation in cachexia through a ubiquitin-
proteasome pathway [8]. This skeletal muscle proteolysis seen in response to severe
injury has been speculated to be for the provision of precursors for glutamine synthesis
[16]. Glutamine is also thought to be a significant inter-organ nitrogen and carbon
transporter as well as being important in glycogen metabolism and therefore can
presumably affect mitochondrial oxidative responses [16]. Additionally, in the fasting
state, an increase in glucocorticoids and reduction in insulin results in muscle proteolysis
[17] presumably through an inter-organ mechanism. During acidosis, some amino acids
from muscle protein are converted to glutamine, which is used by the kidneys in acid
excretion and energy metabolism [17] (figure 1). Therefore, muscle may represent an
important anti-oxidative organ during an inflammatory-immune response. Hence, in the
presence of sarcopenia, reduced ability to counteract damage by oxidative radicals may

be expected due to reduced glutamine stores.
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Figure 1: Interaction of catabolic cytokines, Natural killer (NK) cells, tumor necrosis factor
(TNF), heat shock protein (HSP), glutamine during inflammation and the anabolic pathway of
protein synthesis through Insulin-like Growth Factor (IGF-1), Interleukin (IL-6) and insulin

through exercise
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Implications for exercise training and immune function

Investigators have recently demonstrated that muscle contractions induce the production
and release of IL-6 but not TNF-a into the circulation [7]. Contrary to the conclusions of
Ferrucci et al (2002) [18], other authors suggested that muscle-derived IL-6 contributes
to mediate the beneficial metabolic effects of exercise and may inhibit TNF-a production
and insulin resistance [7]. Administration of insulin has been shown to promote protein
synthesis [9]. Furthermore, resistance exercise training has been shown to attenuate the
catabolic effect of TNF by suppressing skeletal muscle TNF-a expression [36].
However, a 12 week high intensity progressive resistance training program did not affect
immune function in healthy older people or subjects with systemic inflammation [37].
Yet, eccentric exercise is associated with an increase in pro-inflammatory cytokines [3,
30]; whereas concentric exercise has been associated with inflammation from oxidative
stress [32] and hydrogen ion accumulation due to hypoperfusion [5]. Furthermore, a
recent review concluded that older people have a preserved ability to recruit T
lymphocytes and NK cells in response to exercise [3]. However, the cells recruited had a
replicative history suggesting they were memory cells. Additionally, a lack of
investigations into circulating levels of pro-inflammatory cytokines during eccentric
exercise in older versus young populations was lamented by these authors [3].
Nevertheless, it would appear that resistance training could be beneficial for IL-6

production as well as TNF-a suppression post exercise.
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Although investigators have demonstrated enhanced muscle size with resistance training
in older people [38], there is little evidence to suggest that this change in size is sufficient
to improve immune function [3, 39]. Yet, resistance training has been shown to
significantly increase lean body mass and strength in HIV associated muscle wasting
[40], therefore indicating a role for exercise in the presence of protease inhibitors and
retroviral activity. Additionally, improved lean body mass and reduced fat has been
shown to enhance IGF-1 levels during endurance training [41]. Consensus indicates that
‘moderate exercise’ may enhance immune function and may reduce the incidence of
infection while long term exhaustive exercise results in immuno-suppression and an
increased susceptibility to infections [12, 42-45]. This is consistent with Ji [33] who
suggest that the major benefit of non-exhaustive exercise is to induce a mild oxidative
stress that stimulates the expression of antioxidant enzymes, as well as the induction of
IGF-1 [11] seen in resistance training [29,46]. Additionally, resistance training
accompanied by nutritional supplementation has been shown to result in significant
muscle hypertrophy [47]. Biomechanical principles dictate that for the same force, the
strain in a skeletal muscle is reduced proportional to the skeletal muscle’s cross sectional
area [48]. Therefore, if contractile skeletal muscle mass is maintained or enhanced, then

it is plausible that a greater spectrum of ‘moderate exercise’ can be entertained.

Highly conditioned elderly humans seem to have a better preserved immune system,
although it is not possible to conclude if this is linked to training or other lifestyle-related
factors [3]. Specifically, a bi-directional neuro-immune system has been implicated for

exercise induced modulation of immune function through the autonomic nervous system
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[49]. Importantly, the effect of exercise on immune function requires future investigation
using dose specific criteria [39, 50] as over-training is characterized by reduced
catecholamine levels, decreases in neutrophil function, serum and salivary
immunoglobulin concentrations and NK cell numbers and possibly cytotoxic activity in
peripheral blood, at least in younger individuals [51]. In particular, the 2-4 hours post
exercise have been shown to demonstrate inflammation with concomitant suppression of
immune function, especially after high intensity, eccentric exercise in young populations
[5, 12]. If these findings can be extrapolated to older people then the periodization of
training and careful selection of the type, volume, frequency, duration and intensity of
exercise would appear to be important to gain the maximum anabolic and minimum
catabolic effect. Additionally, if the perception of effort is too great the person is less
likely to exercise [52]. Recently, increases in muscle mass of 1kg in frail older women
and 2.2kg in men was demonstrated using a 3 month resistance training regime
incorporating 8 exercises, commencing with 3 sessions/week, 1-2 sets/session, 6-8
repetitions/set at 65-75% 1RM, which was gradually increased to 3 sessions/week, 3
sets/session, 8-12 repetitions/set at 75-85% 1RM [53]. Whether, this anabolic effect on
muscle mass loss concomitantly ameliorates immunosenescence requires further clinical

research.

Conclusion

Sarcopenia is characterized by the reduction in muscle mass and may contribute to
immunosenescence as muscle is thought to provide an important reservoir of heat shock
proteins and glutamine as well as to represent a site for the action of insulin. HSPs are

the cellular link, which activate T lymphocyte proliferation. Exercise can activate HSPs
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and may provide the ‘danger signal’ for T lymphocyte re-activation after a period of
quiescence. Muscle glutamine appears to be important for inter-organ transport as well
being a precursor for anti-oxidant activity. Gathering evidence suggests that dose
specific exercise could improve immune function through an improved ratio of TNF-a:
IL-6, which promotes the anabolic effects of IGF-1 and insulin thereby improving muscle
mass, which can lead to enhanced mechanical loading tolerance. Additionally, older
people with preserved muscle mass have the highest number of NK cells. Taken together
the evidence suggests that the preservation of muscle mass and/or reversal of sarcopenia
through exercise could improve the protein reservoir for a person to draw upon when they

are exposed to infection, inflammation and/or severe trauma.
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