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Abstract Some of the most serious consequences

of ageing are its effects on skeletal muscle. The term

‘sarcopenia’ describes the slow but progressive loss

of muscle mass with advancing age and is character-

ised by a deterioration of muscle quantity and quality

leading to a gradual slowing of movement and a

decline in strength. The loss of muscle mass and

strength is thought to be attributed to the progressive

atrophy and loss of individual muscle fibres associ-

ated with the loss of motor units, and a concomitant

reduction in muscle ‘quality’ due to the infiltration of

fat and other non-contractile material. These age-

related changes in skeletal muscle can be largely

attributed to the complex interaction of factors

affecting neuromuscular transmission, muscle archi-

tecture, fibre composition, excitation–contraction

coupling, and metabolism. Given the magnitude of

the growing public health problems associated with

sarcopenia, there is considerable interest in the

development and evaluation of therapeutic strategies

to attenuate, prevent, or ultimately reverse age-

related muscle wasting and weakness. The aim is to

review our current understanding of some of the

cellular and molecular mechanisms responsible for

age-related changes in skeletal muscle.
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Introduction: description of the problem

Sarcopenia—age-related muscle wasting is charac-

terised by not only the loss of skeletal muscle mass,

but also the gradual decline in muscle function,

including a decrease in force producing capacity,

maximum velocity of shortening, and a general

slowing of contraction and relaxation (Fig. 1a).

Intimately linked to the decrease in muscle mass is

a ‘metabolic dysregulation’, which includes a reduc-

tion in insulin sensitivity, impaired oxidative defense,

and decreased mitochondrial function (Giresi et al.

2005; Dela and Kjaer 2006).

Sarcopenia affects all elderly and does not dis-

criminate based on ethnicity, gender, or wealth. It can

deprive a person of their functional independence,

and increase their risk for sudden falls and fractures

(Szulc et al. 2005). As the number and proportion of

older persons in the population continues to escalate,

sarcopenia will impact dramatically on quality of life

and place ever-increasing demands on public health

care (see Lynch 2004a for review). During ageing,

the loss of muscle mass and strength is hypothesised

to be due to the progressive atrophy (decrease in

myofibre cross-sectional area) and loss of muscle
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fibres (Einsiedel and Luff 1992; Brooks and Faulkner

1994; McNeil et al. 2005) (Fig. 1b), and a reduction

in muscle ‘quality’ due to the infiltration of fat and

other non-contractile material such as connective

tissue as well as changes in muscle metabolism and

insulin resistance (Conley et al. 1995; Cree et al.

2004). These changes are attributed to a complex

interaction of many factors that affect neuromuscular

transmission, muscle architecture, fibre composition,

excitation–contraction (E–C) coupling, and muscle

metabolism (Larsson et al. 1979; Edström and Lars-

son 1987; Plant and Lynch 2002).

With ageing there is also a slowing of movement

that affects stability and balance during walking and

other activities, which contributes to the increased

risk for falls and subsequent fractures in the elderly

(Yu et al. 2007). The age-related slowing of

contraction has been reported to occur well before

the onset of severe muscle wasting indicating that

changes intrinsic to the muscle fibres cannot be

excluded (Narayanan et al. 1996). Although these

age-related changes in skeletal muscle structure and

function are influenced by reduced levels of physical

activity concomitant with advancing age, it must also

be recognised that some of these changes can be

attributed specifically to biological processes such as

oxidative stress (Hagen et al. 2004). This theory

states that a proportion of the age-related changes to

skeletal muscle are due to the accumulation of

intracellular damage caused by free radical genera-

tion across the lifespan (Nagley et al. 1992; Sohal

and Weindruch 1996). Based on the findings from

numerous studies, Hagen et al. (2004) concluded that

‘‘oxidative damage over time leads to mitochondrial

Fig. 1 Representative

isometric twitch contractile

responses (a) and myosin

ATPase stained cross-

sections (b) of EDL

muscles from adult

(16-month-old), and aged

(28-month-old) rats

(modified from Schertzer

et al. 2005; Ryall et al.

2007). Note the reduction in

maximum force, the

slowing of twitch response

and the increase in the

proportion of dark stained

type I fibres in old muscles.

Adapted from Schertzer

et al. 2005 with permission
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DNA mutation deletions that result in dysfunctional

mitochondria, and that skeletal muscle is one tissue

that is particularly susceptible to this phenomenon

(Hagen et al. 2004; Hepple et al. 2006). Thus,

independent of age-related changes in physical

activity patterns, other deleterious effects of advanc-

ing age on skeletal muscle structure, function and

metabolism, can be attributed to oxidative damage

and other biological processes. These other mecha-

nisms will not be discussed in detail in this review.

Thus, while physical activity can help slow the

rate of these neuromuscular impairments, it should

be recognised that even very active older adults,

such as ‘Master’ athletes who train and compete

regularly throughout their adult life, also exhibit a

progressive loss of muscle mass and strength that

affects sports performance (for review see Faulkner

et al. 2007). Therefore, exercise alone cannot pre-

vent age-related changes in skeletal muscle function.

Other factors, such as age-related changes in

circulating levels of muscle anabolic hormones and

growth factors, must also be considered as contrib-

uting mechanisms underlying the sarcopenic

phenotype. Factors such as general health status

and nutrition in conjunction with appropriate phys-

ical activity can help attenuate the rate of physical

decline, preserve functional independence and main-

tain quality of life. Although it is generally accepted

that age-related changes in skeletal muscle structure

and function are inevitable, whether these deleteri-

ous effects on skeletal muscle can be stopped or

reversed is debatable.

The aim of this brief review is to provide a

description of our current understanding of some of

these mechanisms including age-related changes to

the systemic environment and changes intrinsic to

skeletal muscle.

Age-related impairments in neuromuscular

function

Muscle contraction is initiated and sustained through

the successive recruitment of motor units; a motor unit

defined as an alpha-motor neuron and all the muscle

fibres it innervates. Motor unit remodelling, whereby

muscle fibres are progressively denervated and either

lost completely or subsequently reinnervated by

sprouting of remaining neurons, is considered a major

contributing factor to the age-related loss of muscle

force and power, and studies on animals and humans

have demonstrated a preferential loss of fast motor

units with advancing age (reviewed in Faulkner et al.

2007). However, the extent of these motor unit losses

appears to vary considerably, and could influenced by

the neurotrophic effects of circulating growth factors

[e.g. insulin-like growth factor-I (IGF-I)] that can

promote motor neuron survival (Messi and Delbono

2003). Recent evidence indicates that these motoneu-

ron losses might be relatively small, in the order of

*10–15% even in advanced age (Edstrom et al.

2007). Regardless, the deleterious changes to the

neuromuscular system are progressive and can impact

severely on motor performance.

The neuromuscular junction (NMJ) has been

observed to undergo significant periods of remodel-

ling during early development and during ageing.

While the remodelling of the NMJ during embryo-

genesis is required for successful development, the

remodelling during advancing age often results in

detrimental changes that can impair neuromuscular

transmission (for review see Delbono 2003). Inter-

estingly, fast-twitch skeletal muscles appear to

experience a greater level of NMJ remodelling than

slow-twitch muscles (Rosenheimer and Smith 1985;

Prakash and Sieck 1998).

Cohen et al. (2007) found that histone deacetylase

4 (HDAC4) played an important role in connecting

neural activity to skeletal muscle gene expression,

and that HDAC4 was localised to the NMJ. When

innervation was compromised (either through surgi-

cal denervation or as a consequence of neuromuscular

disease) HDAC4 translocated to the nucleus, which

resulted in altered transcription of genes regulating

synaptic proteins (such as nicotinic acetylcholine

receptors), and the ubiquitin ligase atrogin-1 (also

known as muscle atrophy F-box, MAFbx). It is

interesting to speculate on a potential role for

HDAC4 in the age-related changes in skeletal

muscle.

Age-related changes to the systemic environment

Age-related alterations in circulating (blood-borne)

endocrine factors have been the main focus of

research linking hormones, growth factors and cyto-

kines to the sarcopenic phenotype (Fig. 2a). The
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systemic environment of an aged organism appears to

be a critical factor for changes in the function of

skeletal muscles. However, it must be noted that

since ageing affects fast- and slow-twitch skeletal

muscles differentially, intrinsic changes to the muscle

must also be considered.

Classic experiments in mammalian muscle regen-

eration revealed that the reduced regenerative

potential of cross-transplanted muscle grafts was

dictated largely by the age of the host rather than of

the donor (Carlson and Faulkner 1989, 1996; Cederna

et al. 2001). More recently, this effect was confirmed

in a model of parabiosis where young and old mice

had a shared circulation (Conboy et al. 2005).

Exposure of old muscle to the blood supply from a

young mouse restored the regenerative potential that

was normally impaired with ageing and increased the

efficacy of muscle regeneration without the recruit-

ment of young cells from the shared circulation

(Conboy et al. 2003, 2005).

In humans, several hormonal systems show a

gradual decline in activity during ageing, as defined

by their bioactive hormone concentrations (van den

Beld and Lamberts 2002; Chahal and Drake 2007).

A Anterior pituitary 
( growth hormone release)

Liver 
( IGF-I release, and 
altered IGFBP production)

Leydig/Thecal cells 
( testosterone release)

Adrenal glands 
( adrenaline release)

Skeletal muscle 
(altered myokine release)

Thyroid 
( T3 release)

B

IGF-I
Delta

Numb

Notch

Proliferation

Activin
receptor

Myostatin (?)

Differentiation

MyoD/Myf5 MyogeninId

IGF-I 
receptor

CSL dependent 
signalling

Smad protein 
signalling

PI3K/Akt mediated 
signalling

[Ca2+]i

-calpain activity

Ca2+-channel

Proteolysis

Fig. 2 Simplified figure

indicating age-related

changes to the systemic (a)

and local (b) environments

which may be involved in

age-related muscle wasting

and weakness (see text for

details)
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Of particular interest to sarcopenia is the decline in

circulating levels of muscle anabolic hormones such

as testosterone, dehydroepiandrosterone (DHEA),

growth hormone (GH) and IGF-I and the terms

‘‘andropause’’ and ‘‘somatopause’’, relate to the

decrease in testosterone and its precursors, and

somatostatins, respectively (van den Beld and Lam-

berts 2002). In addition to the well-documented

decline in these anabolic hormones, other endocrine

systems (including circulating levels of catechola-

mines) and paracrine/autocrine systems (including

local IGF-I production) may play an important role in

sarcopenia (Solomon and Bouloux 2006).

Testosterone and its precursors

Well-controlled, double-blinded studies have demon-

strated unequivocally that androgens, such as

testosterone, regulate muscle mass in humans (Herbst

and Bhasin 2004). Testosterone is secreted primarily

by testicular Leydig cells in males and ovarian thecal

cells in females, and in skeletal muscle bind directly

to androgen receptors (ARs) resulting in transforma-

tion and dimerisation of the receptor, nuclear

localization and subsequent DNA binding (for review

see Chen et al. 2005).

Satellite cells and myonuclei are the predominant

sites of AR expression (Altuwaijri et al. 2004; Sinha-

Hikim et al. 2004) and androgen administration

increases satellite cell numbers in animals and

humans in a dose-dependent manner (Sinha-Hikim

et al. 2004, 2006). Currently, the mechanisms by

which androgens increase satellite cell number are

unknown but it is thought that they may potentially

regulate satellite cell proliferation and differentiation

(Chen et al. 2005).

In healthy males, bioavailable testosterone levels

drop by as much as 64% between the ages of 25 and

85 years, while in women it falls by 28% (Vermeulen

1991; Morley et al. 1997; Khosla et al. 1998). In

addition, the plasma concentration of the testosterone

precursor DHEA is *5 times lower at age 85 than at

age 30 years (Herbert 1995; Nair et al. 2006).

Interestingly, the progressive decline in anabolic

hormones during ageing is not associated with

declines in transcript levels of their respective

receptors in skeletal muscle (Marcell et al. 2001).

Therefore, the results to date, support the hypothesis

that the progressive decline in specific anabolic

hormones during ageing is mediated by post-tran-

scriptional alterations.

Several studies have demonstrated a relationship

between serum testosterone levels and muscle

strength in older men, whereas DHEA levels have

not been linked directly to muscle mass or strength.

In contrast, a decrease in bioavailable testosterone

has not been linked to a decline in muscle mass or

strength in women (Iannuzzi-Sucich et al. 2002;

Waters et al. 2003; Schaap et al. 2005), indicating a

divergent influence of testosterone during ageing. An

attractive hypothesis for these disparate results relates

to the fact that the sex hormone-binding globulin

(SHBG) increases by more than twofold over the

male lifespan, and remains unchanged in women

(Khosla et al. 1998; van den Beld et al. 2000).

Growth hormone

The circulating (blood-borne) levels of GH declines

progressively after *30 years of age at an average

rate greater than 1% per annum (Zadik et al. 1985;

Hermann and Berger 2001). GH predominantly

synthesised in the anterior pituitary, is secreted in

response to GH releasing hormone (GHRH) and is

inhibited by somatostatin (Giustina and Veldhuis

1998). The actions of GH are mediated via the GH

receptor (GHR), which subsequently activates the

janus kinase 2 (JAK2)—signal transducer and acti-

vator of transcription (STAT) pathway (for review

see Lanning and Carter-Su 2006).

One of the downstream targets for GH/STAT5b

mediated transcription is liver derived IGF-I (Chia

et al. 2006). It is therefore not surprising that the age-

related decline in GH was believed initially to be

indirectly responsible for age-related changes in

skeletal muscle via IGF-I (see Sherlock and Toogood

2007 for review). However, GH also has a number of

IGF-I independent actions. Sotiropoulos et al. (2006)

used mutant mice lacking the GHR to demonstrate

that GH signalling promotes skeletal muscle growth

by increasing nuclear factor of activated T-cells

(NFAT)c2-dependent myogenic precursor cell fusion

to existing myotubes, independent of changes to IGF-

I. Due to many and varied signalling cascades

activated by GH, it is likely that its age-related

decline has numerous outcomes for skeletal muscle

structure and function. The hypertrophic effects of

the GH–IGF-I growth axis are well documented
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(Isgaard et al. 1988; Turner et al. 1988) and despite a

widely held belief that sarcopenia was directly

associated with an age-related decline in GH secre-

tion, this view has been contested and studies in

humans do not support GH administration as a means

for stimulating muscle protein synthesis (for review

see Lynch 2004b). However, GH also affects other

cellular processes in skeletal muscle, which may be

important during ageing. For example, GH acutely

regulates muscle mitochondrial function by increas-

ing the transcript levels of several key mitochondrial

proteins and shifting fuel utilisation toward increased

fat oxidation (Short et al. 2008). Similarly, when

recombinant IGF-I was administered exogenously to

mice (for several weeks) there was an increase in

muscle oxidative enzymes and increased fatigue

resistance (Gregorevic et al. 2002, 2004; Schertzer

et al. 2006).

Insulin and insulin-like growth factors

Skeletal muscle contains a population of heterotetra-

meric transmembrane receptors that bind insulin,

IGF-I and/or IGF-II to regulate various stages of

myogenesis, including proliferation, differentiation

and fusion of muscle precursor cells (Florini et al.

1986; Allen and Boxhorn 1989). In addition to the

mature IGF-I produced by the liver, skeletal muscle is

an important source of this hormone. Studies have

revealed at least two different kinds of IGF-I

produced by skeletal muscle, which are derived from

the IGF-I gene by alternative splicing (Goldspink and

Yang 2004). One of the splice variants is expressed in

response to physical activity and is called ‘mechano

growth factor’ or MGF and the other is similar to the

systemic or liver type (IGF-IEa) important for

providing the mature IGF-I required to up-regulate

protein synthesis (Musarò et al. 2001; Barton et al.

2002; Goldspink and Harridge 2004; Petrella et al.

2006).

In skeletal muscle IGF-I acts via binding to

heterotetrameric transmembrane receptors that act

as tyrosine protein kinases and subsequently activate

complex intracellular signals, including (but not

limited to) phosphoinositol 3-kinase (PI3Kinase)/

Akt, extracellular signal-regulated kinase (ERK)/

mitogen-activated protein kinase (MAPK) and pro-

tein kinase C (PKC) (Rommel et al. 2001; Czifra

et al. 2006). Activation of one or more of these

pathways has been linked to anabolic, anti-catabolic,

chemotactic, and anti-apoptotic responses (Firth and

Baxter 2002). Thus, disruption of this important

signalling molecule could have serious implications

for the regulation of skeletal muscle mass and force

production (Janssen et al. 1998).

Associated with the age-related decline in GH is a

decrease in the production of liver derived IGF-I

(Benbassat et al. 1997), which has been linked to

deleterious changes in predictive physical health

parameters, such as body mass index (O’Connor

et al. 1998). The age-related decline in GH and liver-

derived IGF-I has been studied extensively and is

reviewed elsewhere (Veldhuis et al. 1997).

Similar to liver-derived IGF-I, MGF levels are

altered with age. However, to date, all work exam-

ining MGF levels with ageing have been conducted at

the mRNA level, which can often be unreliable when

predicting changes at the protein level. Owino et al.

(2001) found that the increase in skeletal muscle

mRNA levels of MGF after mechanical overload was

significantly less in old compared with young rats. In

another study, Hameed et al. (2003) found a similar

increase in skeletal muscle MGF mRNA levels in

young but not old men, after a single bout of

resistance exercise. These findings indicate an age-

related decrease in both systemic and locally derived

IGF-I, which may be responsible, at least in part, for

the age-related decline in skeletal muscle structure

and function.

In addition to its direct actions on skeletal muscle,

IGF-I enhances motor neuron survival and proteins

involved in E–C coupling. Messi and Delbono (2003)

using wildtype and S1S2 transgenic (IGF-I over-

expressing) mice reported that IGF-I overexpression

prevented the detrimental age-related changes in the

nerve terminal and the NMJ. Zheng et al. (2002) and

more recently Schertzer et al. (2007), demonstrated

that IGF-I can regulate the transcription of the

dihydropyridine receptor (DHPRa1S), a protein that

plays a key role in the transformation of an action

potential to the release of Ca2+ from the sarcoplasmic

reticulum. These findings suggest that the age-related

decline in E–C coupling may result from the reduced

concentrations of both local and systemic IGF-I

(Table 1).

The cellular actions of IGF-I are modulated

through the actions of a family of six IGF binding

proteins (IGFBP1-6), which also have a number of
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IGF-I independent actions (for review see Firth and

Baxter 2002). While the predominant source of

circulating IGFBPs is the liver, skeletal muscle

myoblasts undergoing differentiation produce and

release IGFBP-2, 3, 4 and 5 (Foulstone et al. 2003;

Pampusch et al. 2003). While the precise role of

these IGFBPs in the control of skeletal muscle growth

and development has yet to be elucidated, the

disruption of IGFBP expression has been found to

impair myoblast proliferation, differentiation and

maturation (Fligger et al. 1998; Foulstone et al.

2003; Pampusch et al. 2003, 2005).

Benbassat et al. (1997) examined the protein

levels of circulating IGFBPs and reported a two-fold

increase in IGFBP1 and an *15% decrease in

IGFBP3, in old compared with young men (Table 1).

Similarly, van den Beld et al. (2003) found an age-

associated increase in the circulating protein levels of

IGFBP1 and a decrease in IGFBP3. These authors

also found an age-associated increase in the serum

levels of IGFBP2. IGFBP1 is a 30 kDa protein

produced predominantly by the liver and plays a role

in the acute regulation of IGF-I bioavailablity.

IGFBP2 appears to primarily inhibit the actions of

IGF-I and IGF-II, while the majority of circulating

IGF-I is bound in a ternary complex with IGFBP3

and an acid-labile subunit which limits the metabolic

effects of large amounts of IGF-I (Firth and Baxter

2002).

While IGFBP4 and IGFBP5 have yet to be

examined in human models of ageing, Spangenburg

et al. (2003) examined mRNA and protein levels of

IGFBP3, 4 and 5 in soleus muscles from young,

adult and old rats. In that study, IGFBP4 mRNA

was not altered with age (protein was not detect-

able); IGFBP3 protein levels were elevated in

adult, but not old rats; and IGFBP5 protein levels

were reduced by *50% compared with young and

adult rats (Table 1). These findings indicate the

need to measure IGFBP protein levels in both the

systemic circulation, as well as the local (skeletal

muscle) environment, and indicate that their expres-

sion is significantly altered by the ageing process.

What effect this may have on skeletal muscle has

yet to be elucidated fully.

Thyroid hormone

Thyroid hormones modulate transcription through

binding nuclear receptors and are key regulators of

many cellular processes, particularly those related to

metabolism (Viguerie and Langin 2003). A number

of changes in thyroid hormone concentrations have

been described with ageing, including a decrease in

thyroid-stimulating hormone (TSH) and triiodothy-

ronine (T3). In contrast, thyroxine (T4) levels remain

unchanged (for review see Mariotti et al. 1995).

Hypothyroidism has been linked to muscular weak-

ness and a shift in myosin heavy chain isoforms (from

fast to intermediate isoforms, Salviati et al. 1985).

Thus, it appears likely that the age-related decrease in

thyroid function plays an important role in the

sarcopenic phenotype. In addition to its actions on

myosin heavy chain isoforms, thyroid hormone is

Table 1 Age-related changes in IGF and their binding proteins

Model Systemic or local Effect of aging References

IGF-I Human Systemic ; van den Beld et al. (2003), Amin et al. (2004),

Petrella et al. (2006)

Human Local ; Petrella et al. (2006)

IGF-II Human Systemic $ Benbassat et al. (1997), Amin et al. (2004)

IGFBP1 Human Systemic : Benbassat et al. (1997), van den Beld et al. (2003),

Petrella et al. (2006)

IGFBP2 Human Systemic : van den Beld et al. (2003), Amin et al. (2004)

IGFBP3 Human Systemic ; Benbassat et al. (1997), Amin et al. (2004)

Rat (F344 9 BN) Local $ Spangenburg et al. (2003)

IGFBP4 Rat (F344 9 BN) Local $ Spangenburg et al. (2003)

IGFBP5 Rat (F344 9 BN) Local ; Spangenburg et al. (2003)

IGFBP6 Not determined
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known to regulate the transcription of other proteins

involved in E–C coupling including the expression of

the sarco/endoplasmic reticulum Ca2+ ATPase

(SERCA1), since the SERCA1 gene promoter con-

tains thyroid hormone response elements (van der

Linden et al. 1992; Simonides et al. 1996).

Catecholamines and b-adrenoceptors

Catecholamines and the b-adrenoceptor signalling

pathway have been implicated in skeletal muscle

growth and regeneration (for review see Lynch and

Ryall 2008). As b-adrenoceptors are endogenously

stimulated by adrenaline and have been implicated in

skeletal muscle regeneration (Beitzel et al. 2004,

2007), it is interesting to postulate a role for this

pathway in conditions where muscle wasting and

weakness are indicated.

While there has been much conjecture as to the

exact changes in catecholamine levels as a conse-

quence of ageing, it is now accepted that there is an

increase in the plasma level of noradrenaline and a

decrease in adrenaline, in both rats and humans (Esler

et al. 1995; Larkin et al. 1996; Kaye and Esler 2005).

In addition, work from our laboratory has demon-

strated an age-related change in b-adrenoceptor

signalling in skeletal muscle (Ryall et al. 2007).

Chronic administration of the b-adrenoceptor agonist

formoterol for 4 weeks increased the mass of the

slow-twitch soleus muscle in young (3 months), but

not adult (16 months) or old (27 months) rats. In

contrast, formoterol increased the mass of the fast-

twitch extensor digitorum longus muscle in rats of all

three age groups tested (Ryall et al. 2007). These

findings suggest that the b-adrenergic signaling

pathway and especially stimulation of that pathway

leading to striated muscle hypertrophy, is altered by

age in slow- but not in fast-twitch skeletal muscles,

an effect independent of b-adrenoceptor density.

Cytokines and inflammatory pathways

The ageing process in skeletal muscle is associated

with an increased rate of protein degradation

(Yarasheski 2003). Irreparably damaged skeletal

muscle will undergo autolysis with cellular debris

removed to allow for the growth and replacement of

lost myofibres. Skeletal muscle autolysis is predom-

inantly dependent on Ca2+-activated processes, such

that if the magnitude of the injury results in an

increase in intracellular [Ca2+] that cannot be

buffered adequately, muscle fibre autolysis will

ensue (Gissel 2005). The subsequent highly syn-

chronised inflammatory response is critical for

efficient muscle regeneration. A number of studies

have suggested a link between aberrant inflamma-

tory/cytokine signalling and sarcopenia (Visser et al.

2002; Hamada et al. 2005; Przybyla et al. 2006;

Thompson et al. 2006). Tumor necrosis factor alpha

(TNFa) and interleukin-6 (IL-6) have been impli-

cated in the inflammatory response in skeletal

muscle and an age-related increase in the expression

of these inflammatory markers is thought to con-

tribute to the sarcopenic phenotype (see Roubenoff

2003 for review).

Elevated TNFa levels in aged muscle has been

postulated to increase apoptosis and impair the

inflammatory response to injury (Dirks and Leeu-

wenburgh 2006). TNFa activates nuclear factor

kappa B (NFjB), resulting in the expression of genes

involved in pro-inflammatory responses and cell

survival (Dirks and Leeuwenburgh 2006). However,

apoptosis (after chronic exposure to high levels of

TNFa), can be induced in skeletal muscle via the

cleavage and subsequent activation of procaspase 8

(Stewart et al. 2004).

IL-6 is a recently identified myokine that is

increased in the skeletal muscles of aged humans

(Roubenoff et al. 1998; Visser et al. 2002). When

expressed at low levels IL-6 can act as a skeletal

muscle growth factor, but at higher levels it can

initiate muscle wasting (Tsujinaka et al. 1996).

Serrano et al. (2008) used IL-6 deficient mice to

demonstrate a clear role for IL-6 in satellite cell

proliferation, and in the regulation of skeletal muscle

growth.

IL-6 also plays a role in metabolic signalling

following exercise, via phosphorylation of the fuel-

sensing enzyme AMP activated protein kinase

(AMPK) (Kelly et al. 2004). While resting levels of

systemic IL-6 increase with ageing in humans

(Roubenoff et al. 1998; Visser et al. 2002), local

skeletal muscle IL-6 levels at rest appear similar

between young and old subjects (Pedersen et al.

2004). Immunohistochemical detection of IL-6 in

skeletal muscles of healthy young humans revealed

higher expression in type I than type II muscle fibres

(Plomgaard et al. 2005). Whether this fibre specificity
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(in IL-6 levels) is affected by age has not been

determined. Results are equivocal as to whether there

is a difference in the local increase of IL-6 in skeletal

muscle in response to injury and/or exercise (Peder-

sen et al. 2004; Hamada et al. 2005; Sacheck et al.

2006).

It is interesting to note that the muscle atrophy

observed in mice overexpressing systemic IL-6 can

be reversed completely after treatment with an IL-6

neutralising antibody (Tsujinaka et al. 1996). To

date, no study has examined the potential of IL-6

inhibition to prevent or reverse sarcopenia but this

might also not be helpful since recent evidence

suggests that IL-6, especially that released by

contracting muscles during exercise, may facilitate

an anti-inflammatory milieu that inhibits the pro-

inflammatory actions of TNF-a (Pedersen and Fischer

2007).

Intrinsic changes to skeletal muscle with old age

While the underlying causes of sarcopenia have yet

to be elucidated completely, one potential mecha-

nism involves the age-related decline in muscle

regenerative capacity, possibly as a consequence of a

decreased number and/or function of quiescent

skeletal muscle precursor cells (satellite cells) (Con-

boy et al. 2003, 2005; Kadi et al. 2004) (Fig. 2b).

Satellite cells represent the endogenous source of

muscle precursor cells which undergo activation,

proliferation and differentiation to form ‘new’

muscle fibres, a process regulated by the myogenic

regulatory factors (MRFs) (for review see Chargé

and Rudnicki 2004). The myogenic basic helix-loop-

helix (bHLH) proteins; myogenic determination fac-

tor (MyoD), myogenin, myogenic factor 5 (myf-5)

and myogenic regulatory factor 4 (MRF4) are

members of the MRF family of transcription fac-

tors, and have been implicated in the process of

muscle growth and development (for review see

Buckingham 2006). Myf5 and MyoD, in addition to

the paired-box transcription factor Pax7, have been

implicated in the process of satellite cell specifi-

cation, while myogenin appears important for

differentiation and MRF4 in maturation (Chargé

and Rudnicki 2004).

Numerous studies have demonstrated an age-

associated decrease in satellite cell number in rodents

(Snow 1977; Brack et al. 2005) and humans (Renault

et al. 2002; Kadi et al. 2004). Verdijk et al. (2007)

reported that the mean number of satellite cells

decreased in type II, but not type I fibres of the vastus

lateralis muscle of healthy elderly men which may

help to explain the differential response of fast type II

fibres compared with slow type I fibres with ageing

(Larsson et al. 1978; Lexell 1997; Luff 1998; Dedkov

et al. 2003a). However, it should be noted that the

notion of changes in satellite cell number with ageing

is controversial since many studies in humans have

reported either no change, or even a slight increase in

satellite cell number with age (Roth et al. 2000;

Dreyer et al. 2006). If an age-related decline in

satellite cell number does occur, or if their ability to

activate, proliferate and differentiate is reduced, this

would likely impair skeletal muscle structure and

function, particularly in response to injury.

MRF co-regulators

A number of studies in rats have reported that

expression of MyoD and myogenin mRNA (and

protein) are increased in old age (Musarò et al. 1995;

Kostrominova et al. 2000; Alway et al. 2002a; Ded-

kov et al. 2003b). While these results could indicate a

compensatory mechanism for the age-related decline

in skeletal muscle mass, studies examining the MRF

response to muscle functional overload have found

that the increase in MRF expression in muscles from

young rats is not observed in old rats (Alway et al.

2002a; Gallegly et al. 2004). A similar response has

been observed in humans, with impaired differenti-

ation of myoblasts in the elderly (Bigot et al. 2008),

which was attributed to reduced and delayed expres-

sion of MyoD, Myf5 and myogenin. Thus, it appears

that the impaired plasticity or adaptability of aged

skeletal muscle is associated with aberrations in the

transcriptional hierarchy required for myogenesis,

possibly due to changes in the expression of MRF co-

regulators.

A family of related HLH proteins, inhibitors of

DNA binding (Id), bind to and negatively regulate the

function of numerous bHLH proteins, including MRF

proteins (Zebedee and Hara 2001). Alway et al.

(2002a, b) reported an increased expression of Id-1,

Id-2 and Id-3 in skeletal muscles of aged compared

with young rats. These results indicated that while

aging was associated with an increase in the basal
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level of MRF proteins, a concomitant increase in the

expression of proteins that negatively repress MRF

activity was also observed; a possible explanation for

the impaired or delayed response of MRF proteins to

injury.

Notch signalling pathway

The expression of the MRF family of transcription

factors is regulated carefully by a number of

morphogenic signalling pathways, including the

evolutionarily conserved Notch pathway (Conboy

and Rando 2002). Notch signalling is initiated

through the binding of either Delta or Jagged ligands

(or Serrate in invertebrates) to one of the Notch

family of transmembrane receptors. Ligand binding

to Notch initiates cleavage of the receptor and release

of the active Notch intracellular domain (NICD),

which in turn translocates to the nucleus where it

binds members of the Cp-binding factor (CBF1, also

known as recombination signal sequence-binding

protein-J, RBP-J), Suppressor of Hairless (Su(H)),

and Lag-1 family of transcriptional repressors

(together forming the CSL family of regulators),

converting them to transcriptional activators to ulti-

mately increase satellite cell proliferation (Luo et al.

2005).

The first study to examine a link between the age-

related impairment in satellite cell proliferation and

Notch signalling was conducted by Conboy et al.

(2003). The expression of the Notch ligand Delta and

an endogenous inhibitor of Notch, termed Numb,

were measured in satellite cells from regenerating

skeletal muscles in young, adult and old rats. Satellite

cells from regenerating old muscles exhibited a

decreased expression of Delta and increased expres-

sion of Numb, likely resulting in reduced activation

of Notch and ultimately, impaired proliferation

(Conboy et al. 2003). Administration of a Jagged

fusion protein (Jagged-FC) to inhibit Notch signalling

in regenerating skeletal muscles of young and old

rats, decreased satellite cell proliferation and

impaired muscle regeneration.

In another study, Conboy et al. (2005) utilized

parabiotic pairings of young and old mice to examine

the role of the systemic environment on satellite cell

proliferation. Exposure of old muscles to a young

systemic environment resulted in a significant

increase in proliferation of the resident satellite cell

pool. Increased satellite cell proliferation was asso-

ciated with an increase in the activation of the Notch

signalling pathway, reinforcing the importance of

systemic environment in age-related muscle wasting

(Conboy et al. 2005).

In a follow up study, Brack et al. (2007) demon-

strated that exposure of aged muscle to a youthful

systemic environment not only enhanced regenera-

tion but reduced fibrosis, an effect associated with

increased proliferation of muscle progenitor cells.

The age-related increase in fibrotic tissue was attrib-

uted to an increased conversion of myogenic cells

into non-myogenic cells, possibly mediated through

increased activation of the Wnt signalling pathway

(Brack et al. 2007).

Myostatin

In a now seminal study, McPherron et al. (1997)

identified a novel member of the transforming growth

factor b (TGF-b) superfamily that was a potent

inhibitor of muscle growth and development. Orig-

inally termed growth and differentiating factor 8

(GDF-8), but later renamed myostatin, this factor

inhibits satellite cell proliferation and differentiation

(Langley et al. 2002; McCroskery et al. 2003).

Myostatin is believed to mediate its actions on

skeletal muscle via the activin type II receptors

(ActRIIA and ActRIIB) and subsequent phosphory-

lation of Smad proteins (Fig. 2b), which appear to be

key regulators of myostatin signalling (for review see

Lee 2004). Myostatin inhibits satellite cell prolifer-

ation through up-regulation of p21, and decreases in

the levels of cyclin-dependent kinase 2 (Cdk2) and

phosphorylated retinoblastoma protein (Rb, Langley

et al. 2002). In contrast, myostatin-mediated inhibi-

tion of myoblast differentiation is believed to occur

due to downregulation of specific muscle regulatory

factors including MyoD and myogenin (Langley

et al. 2002).

While much work has focussed on the potential

therapeutic benefits of myostatin inhibition in animal

models of muscle wasting and weakness, it is only

recently that studies have examined a role for this

protein in sarcopenia. Kawada et al. (2001) examined

the myostatin protein content in male mice from 5 to

92 weeks of age, and found that myostatin protein

levels remained constant in gastrocnemius and soleus

muscles after 11 weeks of age. In contrast, Baumann
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and colleagues (2003) found an increase in the

amount of myostatin protein in the gastrocnemius

muscle as rats aged from 1.5 to 27 months. These

different findings suggested that myostatin regulation

with age varied between species. In more recent

studies using myostatin-null mice, a lack of myostatin

attenuated age-related muscle wasting and enhanced

muscle fibre regenerative capacity, indicating that

antagonism of myostatin had therapeutic potential for

sarcopenia (McCroskery et al. 2005; Wagner et al.

2005; Siriett et al. 2006, 2007).

While a wealth of data exists on the function of

myostatin in animal models of muscle wasting

(Kawada et al. 2001; Baumann et al. 2003; Siriett

et al. 2007), our understanding of this important

protein in human conditions of muscle wasting is still

incomplete. Welle et al. (2002) examined myostatin

mRNA expression in the vastus lateralis muscle of

young (21–31-year-old) and old (62–77-year-old)

men, and found no change in myostatin expression.

In contrast Raue et al. (2006) found a 56% increase in

myostatin mRNA expression in the vastus lateralis

muscles of old (80–89-year-old) compared to young

(18–30-year-old) women. These results indicate a

potential sexual dimorphism in the role of myostatin

in sarcopenia, however, further investigation of

myostatin in ageing is warranted, particularly in

relation to myostatin protein levels.

Intracellular calcium

One mechanism implicated in the ageing of skeletal

muscle is that of age-related alterations in Ca2+

homeostasis. In addition to its role in force produc-

tion, Ca2+ plays an important role as a second

messenger. While a detailed description of Ca2+-

mediated signalling in skeletal muscle is beyond the

scope of this review, the reader is referred to a number

of excellent reviews (Berchtold et al. 2000; Berridge

et al. 2003). Important for the current discussion is the

finding that resting intracellular [Ca2+] has been found

to increase in skeletal muscle fibres with advancing

age (Fulle et al. 2005; Fraysse et al. 2006).

Dargelos et al. (2007) examined the protein levels

and activity of calpain (calcium-dependent cystein

proteases) and calpastatin (a specific endogenous

inhibitor of calpain) in skeletal muscles from young

and old rats. Ageing was associated with an overall

increase in calpain and a concomitant decrease in

calpastatin protein and activity levels, indicating an

overall age-related increase in calcium-dependent

proteolysis.

Conclusions

As the proportion of older persons in the world’s

population continues to increase, sarcopenia will

dramatically impact many lives and place ever-

increasing demands on health care systems. To

address these issues, therapeutic strategies are needed

to ameliorate the effects of ageing on skeletal muscle

structure and function. While the exact cellular and

molecular mechanisms for the age-related loss of

protein have yet to be elucidated fully, they are likely

highly complex and involve multiple cell signalling

pathways. This review has highlighted some of the

important age-related changes to the systemic envi-

ronment (testosterone, GH/IGF-I axis, thyroid

hormones, catecholamines and cytokines) and those

changes intrinsic to skeletal muscle (MRFs, notch,

myostatin and calcium). Considerable research

efforts are needed to better understand the mecha-

nisms underlying sarcopenia and to help identify

novel treatments.
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Musarò A, Cusella De Angelis MG, Germani A, Ciccarelli C,

Molinaro M, Zani BM (1995) Enhanced expression of

myogenic regulatory genes in aging skeletal muscle. Exp

Cell Res 221:241–248
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