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Abstract

The term sarcopenia refers to the loss of muscle mass that occurs with ageing. On the basis of

study results showing that muscle mass is only moderately related to functional outcomes,

international working groups have proposed that loss of muscle strength or physical function

should also be included in the definition. Irrespective of how sarcopenia is defined, both low

muscle mass and poor muscle strength are clearly highly prevalent and important risk factors for

disability and potentially mortality in individuals as they age. Many chronic diseases, in addition

to ageing, could also accelerate decrease of muscle mass and strength, and this effect could be a

main underlying mechanism by which chronic diseases cause physical disability. In this Review,

we address both age-related and disease-related muscle loss, with a focus on diabetes and obesity

but including other disease states, and potential common mechanisms and treatments.

Development of treatments for age-related and disease-related muscle loss might improve active

life expectancy in older people, and lead to substantial health-care savings and improved quality of

life.

Introduction

Ageing is accompanied by major changes in body composition that can negatively affect

functional status in older adults, including a progressive decrease in muscle mass, strength,

and quality, accompanied by an increase in fat mass.1,2 Changes in skeletal muscle are

especially important because muscle is essential for locomotion. Loss of muscle mass has
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commonly been termed sarcopenia, which is rooted in the Greek words meaning loss of

flesh.3

Sarcopenia is distinct from muscle wasting, which more broadly refers to involuntary loss of

body mass (both muscle mass and fat).4 Baumgartner and colleagues5 described sarcopenia

as a skeletal mass index (dual energy x-ray absorptiometry-derived appendicular skeletal

mass divided by body height squared in metres) that is two or more standard deviations

below the reference values for young adults. Janssen and colleagues6 later proposed to

convert absolute skeletal muscle mass (kg) to percentage of weight (muscle mass/body mass

× 100), and described sarcopenia as a percentage of skeletal muscle mass that was more than

one standard deviation below reference values for young adults based on bioelectric

impedance analysis. Various other criteria for sarcopenia have also been proposed.7

Dynapenia is a term used specifically to define loss of muscle strength.8 The European

Working Group on Sarcopenia in Older People recommends use of low muscle mass

combined with low muscle function (either strength or physical performance) as criteria for

the diagnosis of sarcopenia.9 An international committee proposed a definition of sarcopenia

on the basis of a decline in muscle mass and walking speed.10 No standardly used definition

exists for assessment of sarcopenia, and consensus definitions based on critical analyses of

large databases are being developed.

Irrespective of operational definitions used to define sarcopenia, high prevalence of low

muscle mass and poor muscle strength with ageing is very clear. Sarcopenia might affect up

to half of people aged 80 years and older, but, without a standard definition, no real

estimates of prevalence and incidence are possible.11,12 Age-related muscle loss is a strong

risk factor for disability, hospitalisation, and death in older adults.10,13 The contribution of

chronic diseases such as diabetes and obesity, the prevalence of which also increase with

ageing, to age-related muscle loss is unclear; arguably, definitions of sarcopenia that have

been developed cannot necessarily differentiate the effects of ageing on muscle loss

independent of other age-associated disease conditions that are prevalent in older

individuals. Notwithstanding uncertainties, it has been estimated that a 10% reduction in

age-related muscle loss would result in savings of US$1·1 billion per year in health-care

costs in the USA.14 Thus, reduction of the burden of muscle loss in ageing potentially has

broad but substantial public health benefits. In addition to ageing, many chronic diseases

might cause accelerated decline of muscle mass and strength and, through this mechanism,

increase the risk of physical disability. In this Review we address both age-related and

disease-related muscle loss, with a focus on diabetes and obesity, in addition to potential

common mechanisms and treatments.

Age-related muscle loss

Lean muscle mass generally contributes up to about 50% of total bodyweight in young

adults, but decreases with age to be about 25% of total bodyweight by age 75–80 years.15

Declining muscle mass in the lower extremities with ageing is most significant to mobility

status, and the cross-sectional area of the vastus lateralis (quadriceps) muscle decreases by

up to 40% between the ages of 20 and 80 years.16 Decreases in muscle function have been
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thought to be largely due to parallel changes in muscle mass.17 However, it has become

clear that decreases in muscle strength exceed what is expected on the basis of the decline in

muscle mass during ageing,18 especially after the age of 60–70 years.19 The progressive

mismatch between mass and strength probably occurs because of a deterioration of muscle

quality.20 Results of studies have also suggested that muscle strength might be more

important than muscle mass as a determinant of functional limitations and mobility status in

older age.13

Many factors contributing to age-related loss of muscle mass and strength have been

suggested, with physical inactivity probably being the most important.3 A disruption could

occur in several positive regulators (eg, the interlinked protein kinase B [Akt] and

mammalian target of rapamycin [mTOR] pathways) of muscle hypertrophy.21 However, the

true mechanisms are unclear and probably include primary muscle factors such as

mitochondrial dysfunction, oxidative stress, a pro-inflammatory state, or metabolic

inefficiencies; non-muscle factors such as loss of motor neurones, alteration of the

neuromuscular plaque, or imbalance between denervation and reinnervation; and hormonal

changes (eg, insulin, testosterone, oestrogen, GH, insulin-like growth factor 1 [IGF-1],

vitamin D, parathyroid hormone).17,21

As a result of skeletal muscle loss, the basal metabolic rate decreases by about 30% between

the ages of 20 and 70 years.22 Lower energy expenditure with ageing is due to not only

decreased basal metabolic rate but also probable decreased intensity and duration of physical

activity, and decreased postprandial energy expenditure due to decreased fat oxidation.

However, caloric intake does not necessarily decrease over the lifespan.23 Instead,

inadequate dietary protein during even a short period can result in loss of muscle mass even

in the setting of adequate energy intake, especially in the presence of a pro-inflammatory

state.24

At the cell and tissue level, age-associated muscle loss is characterised by preferential type

II myofibre atrophy, fibre necrosis and fibre-type grouping, expanded motor units, increased

intramyocellular lipids, increased collagen, impaired neurological modulation of contraction,

enhanced reactive oxygen species, reduced mitochondrial function and biogenesis, increased

mitochondrial apoptosis, and altered satellite cell function.16,25 Intrinsic contractility is also

reduced in the intact fibres in older adults.26 An important process that characterises ageing

muscle is fat infiltration, which occurs both at a macroscopic level between muscle groups,

and at a microscopic level between and inside myocytes. Evidence exists that the amount of

intramyocellular lipid deposition is correlated with the percentage fat mass used as a proxy

measure of adiposity.27 However, the causal link from adiposity to intramyocellular lipid

deposition is unclear, and results of studies have suggested that it might be related to

reduced oxidative capacity of mitochondria and stagnation of unused fuel. This theory is

consistent with the age-related changes in mitochondrial function and biogenesis that have

been consistently described in human beings and rodents.28

To retain their anatomical integrity and function, muscles need continuous repair and

maintenance, and some evidence exists that the repair mechanism is dysfunctional in older

individuals. For example, in rodent studies, older (aged 19–25 months) compared with
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younger (aged 3–8 months) mice show impaired muscle regenerative capacity due to

reduced satellite cell proliferation and differentiation, and this deficit can be substantially

reduced in parabiotic experiments when older animals are exposed, by cross-transfusion of

blood, to the circulation of a genetically identical younger animal.29-31 There is also some

evidence that defects in repair are related to the tendency of ageing satellite cells to acquire

an adipocytic phenotype.

The potential mechanisms described have been identified in the context of ageing, but

several lines of evidence suggest that some are also targeted by diseases characterised by

accelerated decline of muscle mass and strength with ageing. Understanding of the extent to

which age-related and disease-related muscle loss share common mechanisms could help to

indicate new potential targets for intervention.

Muscle loss in endocrine diseases

Diabetes

The global prevalence of diabetes is projected to rise exponentially during the next few

decades, with the greatest burden in older individuals (aged >65 years).32,33 Up to 70% of

adults with diabetes have difficulty carrying out routine physical tasks, with lower extremity

mobility limitations particularly evident, and diabetes is a potent risk factor for most

geriatric syndromes.34 Although comorbidities—such as cardiovascular disease and obesity

—probably contribute to physical disability in diabetes, evidence is emerging that part of the

mobility reduction process in older individuals with diabetes is mediated by a direct effect of

diabetes on skeletal muscle.34 For example, studies have suggested that impaired muscle

function potentially mediates the association of diabetes with impaired gait and low walking

speed in older adults (aged 65 and older).35 In both cross-sectional and longitudinal studies,

accelerated loss of muscle mass and strength is recorded in individuals with diabetes, is

greater with longer diabetes duration or higher HbA1c, and is attenuated by use of insulin

sensitisers.36-38 Longer duration of diabetes is also associated with proportionally lower

quadriceps strength in older adults (aged 50 and older).39

High fasting and post-challenge concentrations of both glucose and insulin also

independently associate with muscle loss in individuals without diabetes, suggesting that

dysglycaemia or insulin resistance, or both, could be risk factors for accelerated muscle

loss.40 Notably, relatively severe hyperglycaemia and insulin resistance have also been

linked to slower walking speed.41

Diabetes and insulin resistance are more common in older than in younger individuals, and

are associated with frailty—a geriatric condition of physiological vulnerability to stressors,

associated with adverse outcomes such as disability and mortality.42,43 Hyperglycaemia is

associated with the development of frailty and incident mobility limitations, potentially

mediated by loss of muscle.44

Insulin resistance results in decreased stimulation of protein synthesis pathways and

increased activation of protein degradation pathways that might ultimately lead to muscle

loss in type 2 diabetes (figure 1). Insulin is a powerful anabolic signal and substantially
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stimulates muscle protein synthesis in young people but not in older people. The age-related

insulin resistance of muscle protein synthesis might be overcome by supraphysiological

insulin concentrations.45

The physiological intracellular insulin signalling cascade activates the mTOR pathway and

inhibits autophagy, including lysosomal degradation of proteins and organelles. These

effects of insulin are dysfunctional in the presence of insulin resistance and might contribute

to accelerated muscle loss in diabetes.46 The balance between muscle hypertrophy and

atrophy is also altered in diabetes. In insulin resistance, insulin or IGF-1 signalling is

suppressed, leading to downregulation of the phosphatidylinositol 3 kinase/Akt pathway and

decreased protein synthesis, as well as to forkhead box protein O1 phosphorylation.

Phosphorylated forkhead box protein O1 stimulates expression of the E3 enzymes atrogin-1

and muscle ring finger-1 via increased activation of the ubiquitin-proteasome proteolytic

pathway. Increased expression of these E3 enzymes in insulin resistant individuals

contributes to muscle protein degradation, a mechanism not shared by age-related

sarcopenia.47 Myofibre size in skeletal muscle is also reduced in people with type 2

diabetes.53

Skeletal muscle, mitochondrial function, and bio-energetic capacity could also be impaired

in diabetes. Some studies showed that muscle mitochondria are smaller and have less

defined internal membranes (with presence of vacuoles) in patients with obesity or type 2

diabetes versus in patients of healthy weight. Low mitochondrial size correlates with low

glucose disposal rate and insulin sensitivity.48,49 However, some studies did not detect any

significant effect of diabetes on muscle mitochondria.54 Thiazolidinediones are drugs that

improve insulin sensitivity but also suppress proteolysis pathways and stimulate

mitochondrial biogenesis,47 in part via induction of peroxisome proliferator-activated

receptor gamma coactivator 1 α (PGC-1α). PGC-1α is a transcriptional coactivator that has

reduced gene expression in muscles of patients with type 2 diabetes,55 and might have a role

in preventing muscle atrophy.53,56

Diabetes is also characterised by reduced mitochondrial electron transport chain activity,50

which results in energetic inefficiency. Whether muscle mitochondrial dysfunction in type 2

diabetes is the primary cause of insulin resistance or vice versa is unclear.51 Nonetheless,

skeletal muscle ATP production increases in response to exogenous insulin in people

without diabetes, but this increment is reduced in individuals with diabetes and is related to

impaired insulin response.52 In-vivo mitochondrial function (measured with phosphorus-31

magnetic resonance spectroscopy) is also lower in muscle of patients with type 2 diabetes

compared with age-matched and BMI-matched controls.57 Many of the changes in skeletal

muscle mitochondrial function recorded in individuals with diabetes are similar to those also

noted in ageing.16

Obesity

Obesity is defined as abnormal or extensive fat accumulation that negatively affects health.

The BMI cut-points used to define obesity were derived from results of studies that explored

the relationship between BMI and mortality and detected a steep increase in all-cause

mortality at BMIs higher than 30 kg/m2. However, loss of height and lean body mass and
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increasing fat mass that occur with ageing uncouple the relationship of BMI and obesity, and

attenuate associations with mortality. Loss of height results in a higher BMI, or

overestimation of fatness, whereas a decrease in lean body mass underestimates fatness.58

Whether these criteria for obesity are appropriate for older individuals, though, is unclear,59

with some authors suggesting that increased BMI (ie, in the overweight range) might not

necessarily be associated with an increased risk of mortality in elderly people.60 In healthy

young and older individuals, bone and muscle tend to be correlated with bodyweight,

probably because gravity and inertial forces during movement stimulate mechano-receptors

in both bone and muscle that modulate the production of growth factors.61 However, results

of studies of body composition have shown that this adaptive mechanism might be impaired

in older individuals who are obese. As a result, obese individuals might have relatively low

muscle strength in view of their body size and have an increased risk of disability.62 Fat

infiltration of muscle (both intramuscular and intermuscular) is further related to poor lower

extremity physical performance.63 There might also be cross-talk between muscle and fat

where contracting skeletal muscles release myokines that exert endocrine effects on visceral

fat.64

Age-related loss of muscle mass is typically offset by gains in fat mass. As a result,

bodyweight in men and women might be quite stable in middle age, or slightly increased

even though the relative amount of body fat actually increases in comparison with lean

tissue—an important step in the development of sarcopenic obesity.65 After the age of 70

years, fat-free mass and fat mass tend to decrease in parallel.21

Other criteria for sarcopenic obesity have been put forward. Baumgartner and colleagues66

first described sarcopenic obesity as a skeletal mass index that was less than two standard

deviations below the sex-specific reference for a young, healthy population, with a

percentage of body fat greater than 27% in men and 38% in women (roughly a BMI of 27

kg/m2). An alternative description by Davison and colleagues67 included criteria of body fat

in the upper two quintiles and muscle mass in the lower two quintiles using bioelectric

impedance. Other criteria for sarcopenic obesity have also been put forward,68 but are so

heterogeneous that a systematic literature review that compared eight different definitions

projected prevalences of sarcopenic obesity in older US adults ranging from 4·4–84% in

men and 3·6–94% in women.69 Generally, irrespective of definition, the prevalence

increased with each decade of age and was lower in non-Hispanic black people than in white

people. The absence of a standardised definition for sarcopenic obesity and different body

composition indices and proposed cut-offs represents a major clinical and research

limitation.

Sarcopenia and obesity can co-occur, and synergistically are associated with worse

functional decline and outcomes than is either condition alone.70 Findings from few studies

suggest that obesity alone might contribute more to lower physical function than does

sarcopenia alone, but this probably depends on the degree of muscle loss.71 Baumgartner

and colleagues66 showed that both men and women older than 60 years with sarcopenic

obesity had a significantly increased risk of having three or more physical disabilities

compared with non-obese individuals after adjustment for age, and this association was

stronger than with either sarcopenia or obesity alone.66 Results of further studies showed
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that sarcopenic obesity might predict onset of instrumental activities of daily disability in

older adults72—an algorithm to screen for sarcopenic obesity clinically has been proposed.58

Many of the proposed mechanisms for sarcopenic obesity overlap with those proposed for

age-related sarcopenia.58 Net contractile mass might be smaller than estimated because of

myosteatosis, namely infiltration of skeletal muscle with fat and connective tissue.

Abnormal protein synthesis rates and anabolic resistance to exercise are especially evident

in sarcopenic obesity.73 It has been argued that, in the presence of obesity, muscles function

in the higher range of their capacity spectrum, which might be less energy efficient and, in

the long run, lead to accumulated damage.

The development of sarcopenic obesity might be related to several processes (figure 2). In

obesity, senescent, pro-inflammatory cells in fat might contribute to development of

sarcopenia.74 The increased presence of enhanced reactive oxygen species and chronic

inflammation related to an increased fatty-acid load could also result in mitochondrial

damage in skeletal muscle.75 A high-fat diet might result in reduced expression of PGC-1α

(a driver of mitochondrial biogenesis), and of genes necessary for mitochondrial oxidative

phosphorylation, establishment of oxidative myofibres, and vascularisation.76 However,

further research is needed to better understand the mechanisms underlying sarcopenic

obesity.

Hypogonadism in men

Several hormones are dysregulated with ageing, and androgen effects on body composition

including muscle mass are well documented.77 In men, total testosterone concentrations

decrease by 1% per year and bioavailable testosterone by 2% per year from the age of 30

years. Dihydroepiandrosterone sulphate is a precursor to testosterone, with concentrations

that also decrease with ageing—in men aged 70–80 years, dihydroepiandrosterone sulphate

concentrations are only about 20% of their peak concentrations at the age of 20 years.78

One disease-related model of hypogonadism in older men is the use of androgen-deprivation

therapy for prostate cancer. After 6 months of treatment, androgen-deprived older men have

decreased appendicular skeletal muscle, decreased lean tissue, and increased body fat

compared with untreated controls.79 Results of randomised trials have also shown that

supraphysiological doses of testosterone in men result in increased fat-free mass, muscle

size, and strength.80

Findings from studies have shown an association of low free testosterone concentrations

with limited mobility in older men.81 Results of a randomised controlled trial of older men

with mobility limitations and hypogonadism showed improvements in muscle strength and

stair-climbing power in the androgen-treated group.82 However, not all studies have had

positive outcomes on functional status with testosterone treatment.83 Additionally,

testosterone replacement is not without potential risks, including increased respiratory

disorders (eg, cough, shortness of breath, asthma or chronic obstructive pulmonary disease

(COPD) exacerbation, sleep apnoea) and skin and subcutaneous tissue disorders (eg,

application site reactions, itching, erythema, foot ulcers, and increased hair growth).84
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Perhaps most importantly, adverse cardiovascular outcomes with testosterone replacement

have also been shown, but further study is needed in this area.84

Testosterone increases muscle protein synthesis, probably through increased use of

intracellular aminoacids in skeletal muscle. Additionally, enhanced expression of androgen

receptors occurs in response to supraphysiological amounts of testosterone, which might

also contribute to increased muscle hypertrophy.85 Another possible pathway might involve

augmentation of the GH axis, creating an anabolic state.86 Dual therapy with testosterone

and GH in older men who have normal testosterone concentrations results in improvements

in lean body mass, compared with placebo or either treatment alone.87 However, despite

significant increases in lean mass after treatment with testosterone and GH, tests of muscle

performance do not necessarily show substantial improvements after 8 weeks.88

Hypogonadal states are also associated with increased truncal obesity, which might

contribute to high concentrations of cytokines that further contribute to sarcopenia.89

Overall, although the potential benefits of androgen therapy in sarcopenia have not been

fully explored, there is no definitive evidence that androgen stimulation in men increases

functional status.

Growth hormone deficiency

GH is a pituitary hormone that regulates development and coordinates the postnatal growth

of several target tissues, including skeletal muscle. GH secretion occurs in a pulsatile

manner, with a major surge at the onset of slow-wave sleep, and a lesser surge a few hours

after meals. The secretion of GH is highest at puberty. It has anabolic and lipolytic effects

mediated by IGF-1, which is predominantly produced in the liver.90 After the age of 30

years, GH secretion steadily declines at a rate of about 1% per year.91,92 Increased adiposity

and circulating concentrations of free fatty acids inhibit GH production and decrease plasma

concentrations of IGF-1. This decrease in IGF-1 is associated with decreased muscle size

and strength, decreased protein synthesis, and increased cell death,93 which in turn leads to

increased visceral fat and decreased lean body mass.94

GH treatment in adults with hypopituitarism and associated GH deficiency can improve

body composition and increase lean body mass.95 A systematic review noted that

individuals treated with GH had a significant decrease in fat mass (−2·08 kg, 95% CI −1·35

to −2·80 kg) and a significant increase in lean body mass (+2·13 kg, 95% CI 1·32 to 2·94

kg). However, no overall change was noted in bodyweight comparing treated participants

with those taking placebo or doing exercise. Participants who received GH therapy were

also more likely to have side-effects including soft tissue oedema, arthralgias, carpal tunnel

syndrome, and gynaecomastia, and to develop fasting hyperglycaemia or diabetes,96 which

limits its use in the clinical setting.

Hyperthyroidism

Hyperthyroidism can also be associated with muscle loss and decreased physical function.

Hyperthyroidism is associated with increased muscle protein breakdown and resulting

increased aminoacid release.97 Muscle mass can be reduced by up to 20% and muscle

strength by 40% in patients with severe thyrotoxicosis. With normalisation of thyroid
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concentrations, muscle mass and strength are re-established, but this can take up to 9 months

to occur.98

Hypercortisolism

Hypercortisolism can present clinically with proximal muscle weakness due to endogenous

glucocorticoid excess. Glucocorticoids inhibit protein synthesis and stimulate protein

degradation in skeletal muscles. IGF-1 is decreased and myostatin is increased.99 Together,

these changes result in protein catabolism, muscle atrophy, and, ultimately, weakness. More

than half of patients with Cushing’s syndrome (from exogenous or endogenous

glucocorticoid excess) can develop muscle weakness.100 Treatment for Cushing’s syndrome

that lowers cortisol concentrations might lead to improvement of muscle function.

Vitamin D deficiency

Strong observational evidence exists that vitamin D deficiency causes muscle weakness with

muscle fibre atrophy, impairment of muscle quality, and increased intramuscular fat.101

Older adults are more vulnerable to vitamin D deficiency than are younger adults. Vitamin

D supplementation might also have wide-ranging beneficial effects in reducing falls and

improving muscle strength, but evidence is inconclusive; large randomised controlled trials

are addressing this hypothesis.102

Osteoporosis

Osteoporosis is also associated with the loss of muscle function and mobility limitations,

although the direction of this association is unclear.103 Muscle biopsy specimens from

patients with osteoporosis show atrophy of type II muscle fibres. The degree of fibre atrophy

is proportional to the degree of bone mineral density loss.104

Muscle loss in other disease states

Muscle loss might also occur in other disease states, including rheumatoid arthritis,

peripheral arterial disease, COPD, congestive heart failure, advanced kidney disease,

cirrhosis, cancer, and HIV, which we describe briefly here; however, other disease states

might also be associated with muscle loss. Cachexia is a separate condition in which the

prominent clinical feature is weight loss, and muscle wasting is associated with severe

illness that occurs much more rapidly than does age-related or disease-related muscle

loss.105

Muscle mass and strength are commonly decreased in patients with rheumatoid arthritis.

Several factors are likely to contribute to muscle loss, including the presence of pro-

inflammatory cytokines in rheumatoid arthritis. Additionally, reduced protein synthesis in

myocytes, physical activity limitations, insulin resistance, and inadequate protein ingestion

could occur.106

Peripheral arterial disease can also be associated with reduced muscle power and poor

physical function.107 The severity of peripheral arterial disease might correlate with the

degree of both muscle strength and muscle mass.108 Repeated episodes of ischaemia-

reperfusion might be a common pathway associated with muscle loss in many medical
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conditions—including peripheral arterial disease, congestive heart failure, and COPD—that

cause damage necessitating frequent regeneration, and exhaust the repairing capacity of

resident satellite cells. Chronic or intermittent hypoxaemia could also affect mitochondrial

function in a similar way to age-related muscle loss, leading to oxidative stress, reduced

energy availability, and decreased protein synthesis. Hypoxia and persistent damage can also

induce a pro-inflammatory state that leads to muscle loss.109

Uraemia in chronic kidney disease also leads to accelerated muscle protein breakdown, and

involves mechanisms similar to other catabolic conditions such as cancer cachexia,

starvation, insulin deficiency, and sepsis via the ubiquitin-proteasome proteolytic

pathway.110 Notably, expression of the ubiquitin ligases atrogin-1 and MuRF-1 in muscle

increases dramatically in catabolic states. Atrogin-1 and MuRF-1 could serve as a biomarker

for rates of proteolysis and muscle loss.111 Vitamin D supplementation in patients who are

deficient might also improve muscle strength and functional status in those with chronic

kidney disease.112

In patients with advanced liver cirrhosis, skeletal muscle protein synthesis is also reduced,

and muscle protein breakdown is increased, leading to reduced muscle mass. Poor nutrition,

hormonal and metabolic abnormalities, and inflammatory factors could also contribute to

muscle loss in cirrhosis.113 Patients with cirrhosis also have significantly reduced exercise

capacity and muscle strength that might adversely affect clinical outcomes.114

Cancer could result in muscle loss that develops slowly compared with critical illness.

Tumour-induced inflammation can lead to increased production of tumour necrosis factor

alpha, interleukin 6, interferon gamma, and other cytokines, which results in increased

protein catabolism, decreased protein anabolism, insulin resistance, and lipolysis.115

Although decreased caloric intake and anorexia associated with cancer might contribute to

muscle loss, this is not the only factor; aggressive caloric supplementation alone cannot

reverse the skeletal muscle loss.116 Both aerobic and resistance exercise might improve

upper and lower body muscle strength in patients with cancer.117

HIV is also associated with increased circulating concentrations of pro-inflammatory

cytokines that can alter protein balance similarly to cancer.109 Additionally, individuals with

HIV can have reduced testosterone concentrations.118 Patients with HIV have lower muscle

strength than do healthy individuals; however, resistance exercise can safely increase the

strength of older patients with HIV to equal that of counterparts.119 Oxandrolone is an

anabolic steroid treatment that has been used to treat muscle loss in diseases such as HIV,

and also in patients with other catabolic disorders such as neuromuscular diseases, or in

individuals who have had severe trauma, burn injury, or infections, with notable

improvements in muscle function and faster recovery.120

Treatments for age-related and disease-related muscle loss

Exercise

Ageing and chronic disease have many common mechanisms that could contribute, in an

additive or synergistic way, to the development of muscle loss (figure 3). Consequently,
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exercise and dietary interventions have been explored in both ageing and diseases such as

diabetes and obesity to preserve muscle mass and strength.

Resistance exercise stimulates protein synthesis and results in increased muscle mass and

strength.121 The increase in muscle strength occurs almost immediately, after a few days of

exercise, and much before a noticeable increase in muscle mass, suggesting that the primary

effect of exercise might not be on hypertrophy but rather on muscle quality. The

combination of progressive resistance training and aerobic exercise results in maximum

benefits to weight loss, skeletal muscle mass and strength gain, and improvements in insulin

resistance in trials of older individuals aged 60–80 years with obesity.122 The highest muscle

gains of up to about 1 kg after 6 months were observed in the resistance exercise group.122

Resistance exercise is effective and safe to prevent muscle loss even in old (mean age 87

years) and frail individuals, potentially by also decreasing skeletal muscle apoptosis and

improving mitochondrial function.123 Methodological considerations for the design of future

clinical trials targeting mitochondrial dysfunction to treat sarcopenia have been proposed.124

Villareal and colleagues125 showed that 6 months of weekly behavioural therapy for weight

loss (of no more than 10%) combined with exercise three times per week (each session

lasting 90 min) can improve function and frailty in older obese individuals (aged >65 years).

Further, resistance training can improve body composition independent of weight loss. In a

hallmark study, Fiatarone and colleagues123 showed that an 8 week resistance training

programme could significantly increase muscle mass in frail men and women (mean age 87

years) living in nursing home care.

Additionally, increases in muscle mass are accompanied by increased resting metabolic rate,

and induce positive changes in muscle fibres. In as little as 12 weeks, resistance training for

2 or 3 days a week can lead to muscle hypertrophy.126 Resistance training increases muscle

fibre size to similar degrees in old and young untrained adults.127 In frail adults older than

85 years, 3 months of resistance training selectively increased type II fibres, which are

preferentially lost with ageing.128

In parallel, increased contractile activity promotes oxidative fibre type transformation,

PGC-1α expression, mitochondrial biogenesis, and muscle protein synthesis, and could lead

to reduced inflammation and oxidative stress.56 Satellite cells in muscle might also be

activated by exercise.129

Additionally, findings from several studies have shown the benefits of exercise (aerobic and

resistance) for improvement of glucose metabolism and insulin sensitivity in people with

type 2 diabetes.130 Further, in overweight and obese individuals with diabetes, an energy-

restricted high-protein diet combined with resistance training achieved greater weight loss

and more favourable changes in body composition than did either intervention alone after 16

weeks.131 After exercise, the ability of insulin to stimulate GLUT4-mediated glucose

transport is substantially improved.132 Exercise might also stimulate translocation of

GLUT4 in skeletal muscle through a mechanism distinct from insulin,133 perhaps through

direct effects on the insulin-signalling cascade.
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Diet

Contrary to the clear beneficial effects of exercise on muscle health, whether changes in diet

are effective to prevent sarcopenia has not been definitively shown in adequately sized

randomised controlled trials. The timing of protein supplementation either before or

immediately after exercise could have benefits on muscle protein synthesis compared with

delayed protein ingestion, probably indicating greater delivery of aminoacids to actively

exercising muscle.134 Even without the stimulus of resistance exercise, a high-protein diet

might also promote muscle anabolism. In preliminary studies of older men and women with

sarcopenia, oral supplementation with 16 g per day of essential aminoacids was associated

with increased lean mass at 6 months and a further increase at 18 months, along with

improved insulin sensitivity.135

Dietary treatments for sarcopenic obesity might include a smaller energy deficit (200–750

kcal reduction) than usual weight-loss programmes. Moderate weight loss of about 5% in

older women was found to improve insulin resistance, fat distribution, and muscle lipid

infiltration, and preserve thigh muscle mass, with only a slight decrease in appendicular lean

mass.136 Some authors have proposed that, to counter the effects of sarcopenic obesity,

healthy older adults with adequate renal function should have a dietary protein intake that

reaches or even exceeds the recommended daily allowance to prevent muscle protein

catabolism during weight loss.137 Increased protein intake might maintain muscle mass

during calorie-restricted diets to a greater extent than does usual protein intake. Ageing does

not necessarily impair the anabolic response to a protein-rich meal.138 High-quality protein

sources such as lean meat, fish, non-fat dairy products, and soy might be preferable.23

However, effects of protein supplementation, especially at high levels, need to be better

investigated over the long term. Supplementation with high-protein meal replacements, or

specifically with essential or branched-chain aminoacids, or both, might be beneficial but

needs further study. Conversely, low protein intake has been associated with decreased

muscle strength in individuals with high concentrations of inflammatory markers.24

Conclusions and future directions

Despite the progress made in characterisation of sarcopenia and its complications, there is

no cure for age-related or disease-related muscle loss. Clearly exercise helps to maintain

muscle mass and strength, but probably does not affect the biological process that ultimately

leads to sarcopenia. Thus, the most effective strategy to treat these conditions is an open

question. Novel therapies are being investigated. Several ongoing clinical trials might offer

evidence for potential therapies to prevent or reverse loss of muscle mass and strength in the

future. The lifestyle interventions and independence for elders (LIFE) study139 is a phase 3

multicentre randomised controlled trial designed to give further evidence about whether

lifestyle modification interventions are effective and practical for preventing major mobility

disability in older adults, and will provide key findings. Results of clinical trials

investigating use of anti-inflammatory therapies for prevention of other outcomes such as

arterial stiffening, and that also assess changes in muscle mass and strength as secondary

outcomes, can provide important insights. Further studies investigating the effects of

testosterone therapy with or without exercise on muscle function are almost complete. Trials
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investigating the effects of vitamin D on muscle fibre type and other parameters of muscle

function and physical performance are underway and proposed. However, these are only a

few examples, and many other promising studies investigating novel therapies to prevent

loss of muscle mass and strength are ongoing.
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Search strategy and selection criteria

We searched Medline and PubMed using the search terms “sarcopenia”, “muscle loss”,

“muscle atrophy”, “muscle wasting”, “muscle mass”, and “muscle strength” in

combination with the terms “diabetes”, “obesity”, “androgen deficiency”,

“hypogonadism”, “growth hormone deficiency”, “IGF-1”, “hyperthyroidism”,

“Cushing’s”, “osteoporosis”, “vitamin D”, “rheumatoid arthritis”, “peripheral arterial

disease”, “congestive heart failure”, “COPD”, “HIV”, “cancer”, “liver cirrhosis”, or

“chronic kidney disease” on Nov 19, 2013, for articles in any language. We did not limit

by date but largely selected publications from the past 10 years, and did not exclude

commonly referenced and highly regarded older publications. We also searched the

reference lists of articles identified by this search strategy and selected those we deemed

relevant. Review articles and book chapters are cited to provide readers with more details

and more references than this Review has room for. Our reference list was modified on

the basis of comments from peer reviewers.
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Figure 1. Pathways of accelerated muscle loss in type 2 diabetes
The presence of insulin resistance in type 2 diabetes leads to autophagy, muscle protein

degradation (ie, via the ubiquitin-proteasome proteolytic pathway), and mitochondrial

dysfunction (solid line). These processes ultimately lead to loss of muscle mass or muscle

strength, or both. A cycle is created in which loss of muscle mass and muscle strength lead

to decreased surface area for glucose transport and potential exacerbation of insulin

resistance (dotted line). The progression of mitochondrial dysfunction might also worsen

insulin resistance (dotted line). Increasing severity of insulin resistance then stimulates

pathways resulting in accelerated loss of muscle, and the cycle starts again.44-51
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Figure 2. Development of sarcopenic obesity
Obesity triggers a cascade of events including increased adipocyte size and number of

macrophages, more pro-inflammatory senescent cells in adipose tissue, increased

inflammatory markers, reactive oxygen species, insulin resistance, and leptin along with

lowered adiponectin, and, ultimately, loss of muscle mass and strength disproportionate to

relatively greater body size. The skeletal muscle, or engine, is insufficient to transport the

obese individual and leads to the development of sarcopenia. Sarcopenia, in turn, is

associated with physical inactivity, reduced energy expenditure, and possibly other

processes that increase obesity. Either sarcopenia or obesity could be the initial step in the

development of sarcopenic obesity, creating a vicious cycle.57,71-74
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Figure 3. Potential mechanisms of age-related and disease-related muscle loss
An almost-unexplored hypothesis is that chronic diseases, many of which increase in

prevalence with age, contribute to the age-related decrease in muscle mass and strength

observed in many older individuals (dashed arrow). The presence of either old age or a

specific disease, or both, has been linked with increasing pro-inflammatory cytokines,

oxidative stress, catabolic hormones, and denervation; and decreasing vascular perfusion,

aminoacid bioavailability, and anabolic hormones. These mechanisms could affect skeletal

muscle characteristics that have been associated with sarcopenia, including increased

myocyte apoptosis, protein degradation, myofibre necrosis, fibre-type grouping, and

intramyocellular lipids; or decreased protein synthesis, motor neurone function,

mitochondrial biogenesis, and satellite cell regeneration. GH=growth hormone.

PAD=peripheral arterial disease. CHF=congestive heart failure. CKD=chronic kidney

disease. COPD=chronic obstructive pulmonary disease.
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