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a  b  s  t  r  a  c  t

From  50 years  of  age, postmenopausal  women  are  at an  increased  risk  of  developing  sarcopenia  and  osteo-
porosis  as a result  of  deterioration  of musculoskeletal  health.  Both  disorders  increase  the  risk  of  falls  and
fractures.  The  risk  of developing  sarcopenia  and  osteoporosis  may  be  attenuated  through  healthy  lifestyle
changes,  which  include  adequate  dietary  protein,  calcium  and  vitamin  D  intakes,  and  regular  physical
activity/exercise,  besides  hormone  replacement  therapy  when  appropriate.  Protein  intake  and  physical
activity  are  the  main  anabolic  stimuli  for muscle  protein  synthesis.  Exercise  training  leads  to  increased
muscle  mass  and  strength,  and  the  combination  of optimal  protein  intake  and  exercise  produces  a greater
degree  of  muscle  protein  accretion  than  either  intervention  alone.  Similarly,  adequate  dietary  protein
intake  and  resistance  exercise  are  important  contributors  to the  maintenance  of  bone  strength.  Vitamin
D  helps  to  maintain  muscle  mass  and  strength  as  well  as  bone  health.  These  findings  suggest  that  healthy
lifestyle  measures  in women  aged  >50  years  are  essential  to allow  healthy  ageing.  The  European  Soci-
ety  for  Clinical  and Economic  Aspects  of Osteoporosis  and  Osteoarthritis  (ESCEO)  recommends  optimal

dietary  protein  intake  of 1.0–1.2 g/kg  body  weight/d  with  at least  20–25  g  of high-quality  protein  at  each
main  meal,  with  adequate  vitamin  D intake  at 800  IU/d  to maintain  serum  25-hydroxyvitamin  D  lev-
els  >50 nmol/L  as  well  as calcium  intake  of  1000  mg/d,  alongside  regular  physical  activity/exercise  3–5
times/week  combined  with  protein  intake  in close  proximity  to exercise,  in  postmenopausal  women  for
prevention  of  age-related  dete
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. Introduction

Age-related alterations in musculoskeletal health include a
ecline in muscle mass and strength, known as sarcopenia [1],
nd reductions in bone mineral density (BMD) and bone strength,
nown as osteoporosis [2]. Both phenomena are responsible for a
igher risk of falls and fractures, and resulting disability, loss of

ndependence, decreased quality of life (QoL) and increased mor-
ality [3,4]. The loss of muscle mass and strength with ageing is
ssociated with multiple factors including reduced dietary protein
ntake, resistance of muscle protein synthesis to anabolic stimuli,
ow vitamin D intake, reduced physical activity, and the menopause
n women [5,6]. Sarcopenia is now recognized as a major clinical
roblem in the older population. Estimates of the prevalence of
arcopenia in older people worldwide have varied from 3% to 30%
ccording to the operational definition implemented [7]. Recent
onvergence of the operational definition of sarcopenia combines
easures of muscle mass and strength or physical performance

3,8–10]. Accordingly, the prevalence of sarcopenia in community-
welling older people in the UK was found to be between 5% and 8%

n men  and women (mean age 73 and 67 years) [7], which is consis-
ent with other population-based studies that found the prevalence
f sarcopenia in those aged >60 years to be 7–12% [11–13]. A sig-
ificantly higher prevalence of sarcopenia approaching 30% was

ound among those aged >80 years [11,12]. Men  and women  with
arcopenia were found to be shorter than those without, weighed
ess, and had worse physical performance and poorer self-reported
eneral health and physical functioning scores [7]. The socioeco-
omic relevance of sarcopenia has been demonstrated by direct
ealthcare costs caused by this syndrome, which were estimated
t $18.5 billion for the USA in 2000 [14]. Strikingly, a decrease in
he prevalence of sarcopenia by only 10% would save $1.1 billion
er year in US healthcare expenditures.

Osteoporosis, another age-related disease, is associated with
ow BMD, microarchitectural disruption of the bone, bone tissue
ragility and an increased risk of fractures [15]. Osteoporosis is

ore common in women, affecting over 22 million women aged
50 years in Europe, or 22% of the female population in 2010 [4].
t the age of 50 years, the lifetime probability of a hip fracture is
–25%, and is close to 50% for major osteoporotic fractures among
uropean women. In 2010, 3.5 million new fragility fractures were
ustained. The resulting total direct cost of osteoporosis in 2010
as estimated at D 37 billion, posing a large burden on healthcare

esources [4].
Between 2000 and 2050, the proportion of the world’s popula-

ion aged >60 years is predicted to double from 11% to 22%. The
bsolute number of people aged ≥60 years is expected to increase
rom 605 million to 2 billion by 2050, and the number of people
ged ≥80 years will quadruple to 395 million by 2050 [16]. Many
f the very old lose their ability to live independently because of
imited mobility and frailty. With increasing age, it is important
o maintain health and independence, which in turn keeps the
ecessary level of care low and QoL high. Osteoporotic fracture
isk increases sharply during the seventh decade of life, and the
revalence of sarcopenia rises sharply with increasing age, which
ontributes to the fracture risk, thus preventive therapy beforehand
s important in those likely to be at increased risk of future fracture.

Osteoporosis and sarcopenia share many of the same risk factors
nd both directly or indirectly cause an increased risk of mobil-
ty limitations, falls, fractures and disability. This is not surprising
ince bones adapt their morphology and strength to the long-term
oads exerted by muscle during anti-gravitational and physical

ctivities. Non-mechanical systemic and local factors also modu-
ate the mechanostat’s effect of muscle on bone by affecting the
idirectional osteocyte–muscle crosstalk, but the specific mecha-
isms that regulate these homeostatic mechanisms are not fully
Fig. 1. Age-related alteration in musculoskeletal health.
Source: Barry et al. J Gerontol A: Biol Sci Med  Sci; 2004 [1].

understood [17]. A better understanding of the muscle–bone physi-
ological interaction and of lifestyle factors that influence sarcopenia
and osteoporosis may  help in the development of preventive
strategies that reduce the burden of musculoskeletal diseases and
consequent disability in older persons and limit the financial bur-
den associated with such conditions.

Existing evidence indicates the potential importance of diets of
adequate quality, to ensure sufficient intakes of protein, calcium
and vitamin D, and regular physical activity [18,19]. At every stage
of life, adequate dietary intakes of key bone nutrients including cal-
cium, vitamin D and protein contribute to muscle and bone health,
thereby reducing the risk of falls, osteoporosis and fractures in
later life [20]. Recent guidelines have focused on steps to reduce
risk in elderly populations [21–23]; however, no clear consen-
sus has been given to guide healthy nutrition and lifestyle among
postmenopausal women to optimize musculoskeletal health in
later life. The Task Force of the European Society for Clinical and
Economic Aspects of Osteoporosis and Osteoarthritis (ESCEO) has
sought to provide consensus recommendations for optimal daily
intake of dietary protein and vitamin D, and physical activity and
exercise.

2. Loss of muscle mass and strength with ageing

Sarcopenia is a syndrome characterized by progressive and gen-
eralized loss of skeletal muscle mass and strength, with a risk of
adverse outcomes such as physical disability, poor QoL and death
[3]. Muscle mass and to a greater extent muscle strength and power
decline with age (Fig. 1) [1], and age-associated changes in muscle
strength lead to a deterioration of functionality. A steep decline
in muscle mass has been detected in men and less prominently
in women, while a significant increase in fat mass is noted for
both sexes [24–26]. Age-related alterations in skeletal muscle [27]
include changes of fat and collagen content as well as structural
changes. After about age 50, muscle mass decreases at an annual
rate of 1–2% [28]. Muscle strength declines by 1.5% between 50
years and 60 years and by 3% thereafter. The reasons for these
changes include denervation of motor units and a net conversion of
fast type II muscle fibres into slow type I fibres with resulting loss in
muscle power necessary for activities of daily living. Once muscle
mass in elderly people falls below 2 standard deviations of the mean
of a young control cohort and the gait speed falls below 0.8 m/s, a
clinical diagnosis of sarcopenia can be reached [28]. Studies have
shown that the risk of falls is significantly elevated in individuals
with reduced muscle strength [27].

A more accelerated loss of muscle mass and strength has

been suggested to occur in various clinically compromised older
populations, such as those who  are obese, have type 2 diabetes
mellitus, or cardiovascular disease, and has been referred to as a
sort of accelerated ageing. For example, older patients with type
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 diabetes mellitus show an accelerated decline in leg lean mass,
uscle strength, and functional capacity when compared with non-

iabetic controls [29]. A decline in lean muscle mass over a 7-year
eriod may  be detected in an ageing population (70–85 years) even
ith high fitness levels [30]. In contrast, low fitness in old age was

ssociated with greater weight loss and loss of lean mass than
ith high fitness. A correlation between muscle mass index and
egree of disability has been demonstrated, with the results for
lder women (age >60 years) forming a U-shaped curve for skeletal
uscle index (kg/m2) versus degree of disability [31]. The incidence

f physical disability was increased in women with both low and
ery high skeletal muscle index values. Women  with low skeletal
uscle mass had odds for physical disability of >3, while women
ith very high skeletal muscle index had physical disability risk

hat may, in part, reflect the increased fat mass and obesity in these
omen [31]. Leg muscle mass could be expected to correlate with
uscle strength [32]; however, the age-related decline in muscle

trength is greater than the loss of muscle mass [33]. In a meta-
nalysis, Manini has found a poor correlation between muscle mass
nd strength [34]. Loss in muscle strength is reflected by tests of
unctionality such as gait speed, which decreases with age, and that
orrelates with the risk of institutionalization and survival [35,36].
hus, it appears that muscle strength is more important than mus-
le mass. Additionally, sarcopenia may  be optimally defined using a
ombination of measures of muscle mass and physical performance
9]. Based on these observations strength and/or tests of function-
lity have been included in the recently proposed definitions of
arcopenia [3,8,10].

. Impact of menopause on musculoskeletal health

The onset of the menopause is associated with a natural decline
n oestrogen that increases visceral fat mass, and decreases BMD,

uscle mass, and strength. The rapid decline in BMD  after the
enopause results in an increased risk of fractures in the clas-

ic sites of vertebrae, distal forearm and proximal femur [37]. The
nset of menopause and loss of ovarian function is associated with a
ignificant increase in the prevalence of osteoporosis, which contin-
es to increase through the postmenopausal period [15]. Hormone
eplacement therapy (HRT) has been demonstrated to reverse the
oss in BMD  associated with the menopause [38] and reduce the risk
f wrist, hip and spine fractures [39]. HRT can be recommended
s effective and appropriate for the prevention of osteoporosis-
elated fractures in at-risk women before age 60 years or within 10
ears of menopause [40–42]. However, initiating HRT after the age
f 60 years for the sole purpose of the prevention of osteoporotic
ractures is not recommended [41].

In women, an accelerated loss of muscle mass and strength
ccurs at an earlier age than in men, around the time of menopause
5]. Loss of muscle strength, and to a greater degree muscle power,
s of a higher magnitude than the changes observed in muscle

ass [1], showing the importance of muscle quality and neuro-
uscular function when considering sarcopenia. Muscle strength

nd/or power are correlated with oestrogen levels [43], and a signif-
cant decrease in muscle power is demonstrated in postmenopausal

omen [44]. Oestrogen receptors are present in human mus-
les located in the nuclei of muscle fibres and capillaries, and
he number of oestrogen receptors found in muscle is higher
mong men, young women and children than in postmenopausal
omen [5]. Experimental studies indicate that skeletal muscle

s an oestrogen-responsive tissue, with estradiol acting through

estrogen receptors in skeletal muscle to cause an improvement
n the function of myosin and ultimately improvement in muscle
trength [43]. Oestrogen replacement improves myosin function
nd strength in muscle that is devoid of sex hormones and the
 79 (2014) 122–132

content of oestrogen receptors in muscle also increases. HRT
appears to be associated with greater muscle power, regulation
of muscle contraction, and favourable muscle composition among
younger postmenopausal women (50–65 years) [45,46]. Whether
HRT is a preventive agent for muscle weakness and mobility limi-
tation in older postmenopausal women requires further long-term
studies. HRT in combination with resistance exercise may help to
improve muscle strength in postmenopausal women [43].

Women  with a tendency to postural instability may  need power
and high velocity strength to protect themselves from falls, which
are associated with an increased fracture risk in postmenopausal
women because of the decrease in BMD  [5]. Thus, the bone loss and
deterioration in muscle strength and power that occurs in women
after the menopause can have a negative impact on physical func-
tion and QoL.

Section summary:

• Muscle mass and, to a greater extent, muscle strength and
power decline with age, and age-associated changes in mus-
cle strength lead to a deterioration of functionality.

• Sarcopenia is a syndrome characterized by progressive and
generalized loss of skeletal muscle mass and strength with
a risk of adverse outcomes such as physical disability, poor
QoL and death.

• In women, the onset of the menopause is associated with a
natural decline in oestrogen that increases visceral fat mass,
and decreases BMD, muscle mass and strength, which can
have a negative impact on physical function, increase the
prevalence of osteoporosis, and increase fracture risk.

• HRT is demonstrated to reverse the loss in BMD  after the
menopause, and is associated with greater muscle power,
regulation of muscle contraction, and favourable muscle
composition among young postmenopausal women (50–65
years).

4. Regulation of muscle synthesis

Any loss of muscle protein results from an imbalance between
muscle protein synthesis and muscle protein breakdown, although
the cause of the imbalance in age-related sarcopenia is incom-
pletely defined. Lean tissue mass and function depend on
continuous rebuilding of proteins. It has been reported that basal,
fasting whole body and muscle protein synthesis rates are reduced
in the older population [47]; mixed muscle protein synthesis
declines with age at a rate of 3.5% per decade from age 20 years to 90
years [47]. However, differences in basal muscle protein turnover
between old and young men  do not appear to explain the mus-
cle loss that occurs with age [48]. Therefore, more recent research
has focused on the muscle protein synthetic response to the main
anabolic stimuli (i.e. food intake and physical activity in the older
population) [32]. Splanchnic protein metabolism is modified by
age, but this metabolic change is not associated with a lower syn-
thesis rate of muscle protein, provided that high plasma levels of
essential amino acids are maintained [49].

Exercise can enhance muscle protein synthesis irrespective of
age. In one study, exercise training increased mixed muscle pro-
tein synthesis by 22% with no effect of age on the response [47].
The ingestion of protein and amino acids stimulates muscle pro-
tein synthesis [50]. A marked increase in whole-body protein

synthesis is observed upon feeding and is partly attributed to an
increase in muscle protein accretion. However, the anabolic sensi-
tivity of skeletal muscle tissue to protein feeding seems to become
reduced with ageing [51], and has led to the concept of anabolic
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Fig. 2. Age-related causes of protein shortfall, leading to impairment of muscle,
skeletal and immune function.

Source: Bauer et al. JAMDA; 2013 [21].

1,25-(OH)2D3

Intestinal 
absorption
Ca2+ and Pi

pPi

TmPi/GFR

Dietary proteinGH

mTOR

Muscle

Bone growth

IGF-I

Fig. 3. Pathways through which dietary protein influences muscle anabolism and
bone growth. A dietary protein-mediated increase in the circulating level of IGF-
I  enhances the renal production of 1,25-(OH)2D3, which stimulates the intestinal
absorption of calcium and inorganic phosphate, and increases the tubular reab-
sorption of inorganic phosphate. This indirectly influences bone mineralization.
Dietary protein influences muscle anabolism through amino acids and IGF-I medi-
ated  effects on muscle mass and strength. 1,25-(OH)2D3, 1,25-dihydroxyvitamin-D3

(biologically active form); Ca++, calcium; GH, growth hormone; IGF-I, insulin-like
growth factor-I; mTOR, mammalian target of rapamycin; Pi, inorganic phosphate;
R. Rizzoli et al. / Mat

esistance occurring with advanced age [52]. Anabolic resistance
ay  be affected by a number of factors including dietary protein

igestion rate, amino acid absorption, plasma amino acid availabil-
ty, hormonal response, postprandial perfusion, and myofibrillar
rotein synthesis [52].

The impact of postprandial protein digestion on muscle syn-
hesis has been studied. The more amino acids become available
ollowing meal ingestion, the greater postprandial muscle protein
ynthesis rates are generally observed. Besides protein digestion
nd absorption kinetics, different protein sources may  vary in their
apacity to stimulate postprandial muscle protein synthesis rate
53]. This is likely to be attributed to differences in amino acid
omposition, with different amino acids eliciting different anabolic
esponses. Whey protein ingestion stimulates postprandial muscle
rotein accretion more effectively than the ingestion of intact or
ydrolysed casein in older men  [54]. This effect probably results

rom both the more rapid digestion and absorption of whey pro-
ein and also the higher leucine content of whey compared with
asein [54]. Leucine is a key anabolic amino acid that exerts a
ose response effect on muscle protein synthesis [53]. Leucine
o-ingestion with a bolus of dietary protein can further augment
ostprandial muscle protein synthesis rates in elderly men [55,56].
lderly people have a decreased ability to respond to anabolic
timuli such as insulin and amino acids compared with young peo-
le. Following the administration of mixed meals the stimulation of
uscle protein synthesis is reduced in elderly people, due to insulin

esistance, and the anabolic effect of amino acids appears blunted at
ow doses. Recent studies have highlighted that these age-related
lterations in amino acid metabolism may  be overcome by the pro-
ision of excess leucine, changes in the daily protein intake pattern,
r increased exercise, which improve muscle protein synthesis [57].

Section summary:

• Food intake and physical activity are key anabolic stimuli
for muscle protein synthesis. Exercise can enhance muscle
protein synthesis irrespective of age.

• The ingestion of protein and amino acids stimulates muscle
protein synthesis; however, the anabolic sensitivity of skele-
tal muscle tissue to protein intake is reduced with ageing,
leading to the concept of anabolic resistance.

• Different protein sources may  vary in their capacity to stim-
ulate the rate of postprandial muscle protein synthesis.
Leucine is a key anabolic amino acid that exerts a dose
response effect on muscle protein synthesis, and is demon-
strated to increase rates of postprandial muscle protein
synthesis in elderly men.

. Dynamic relationship between protein, muscle and bone
ealth

Mechanisms for alterations of protein use in older persons
re threefold: inadequate intake of protein (anorexia of ageing),
educed ability to use available protein (e.g. anabolic resistance,
issue redistribution of amino acids), and a greater need for pro-
ein (inflammatory diseases) (Fig. 2) [21]. There is evidence that
ietary proteins have a direct effect on key regulatory proteins and
rowth factors involved in muscle and bone growth, such as mam-
alian target of rapamycin (mTOR) and insulin-like growth factor-I

IGF-I). Branched-chain amino acids lead to activation of mTOR and

romatic amino acids (which are particularly prevalent in dairy
rotein) lead to increased IGF-I resulting in greater muscle mass
nd strength [58,59] (Fig. 3). Guidelines for dietary protein intake
dvise similar intake for all adults, regardless of age, at around 0.8 g
pPi, plasma inorganic phosphate; TmPi/GFR, maximum tubular reabsorption of Pi
per  unit volume of glomerular filtration rate.

of protein per kilogram of body weight each day (g/kg BW/d) (or
46–52 g/d) [60–62]. A low dietary intake of protein (0.45 g/kg BW)
in elderly women is associated with a reduction in plasma IGF-I lev-
els and skeletal muscle fibre atrophy [63]. Both high and moderate
protein intake in the elderly are associated with reduced mortal-
ity, suggesting that protein intake representing at least 10% of the
calories consumed may  be necessary after age 65 years to prevent
age-related weight loss and reduction in IGF-I and of other impor-
tant factors [64]. Protein intake representing 17–21% of total daily
calories is recommended among adults of all ages [65].

Data from the National Health and Nutrition Examination
Survey (NHANES) 2003–2004 demonstrates that protein intake
(g/kg BW/d) decreases with increasing age, with daily protein
intake averaging 91 ± 22 g/d among adults aged 19–30 years,
decreasing to approximately 66 ± 17 g/d in the elderly [65]. Among
women included in the NHANES survey, 8% of adolescent females

and 7–9% of older adult women  reported consuming protein lev-
els below their estimated average requirement [65]. Among the
elderly, protein intake is found to be below the estimated average
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aily requirement in 35% of institutionalized elderly people and in
0% of community-dwelling frail elderly people [66]. Institutional-

zed elderly people have especially low nutritional protein intake
t breakfast [66]. The distribution of protein intake over the day
ay  be important, and it is proposed that 20–25 g of dietary pro-

ein per meal is required to allow an appropriate stimulation of
ostprandial muscle protein synthesis over a 24-h period, which

s more effective than skewing protein intake towards an evening
eal [32,54,67,68]. However, other studies support the concept of

rotein pulse feeding (e.g. a main high protein meal, usually at mid-
ay) [69]. The results from muscle protein anabolism studies, along
ith appetite regulation and satiety research suggest that meet-

ng a protein threshold at each meal (of approximately 30 g/meal)
epresents a promising strategy for middle-aged and older adults
oncerned with maintaining muscle mass while controlling body
at [70].

Dietary protein intake correlates with appendicular lean mass;
n community-dwelling adults, participants in the highest quintile
f protein intake lost 40% less lean mass than did those in the low-
st quintile over 3 years [71]. The least muscle loss was  seen in the
lderly (aged 70–79 years) consuming protein at 1.1 g/kg/BW/d or
8% of total energy intake [71]. Further, increased protein intake

n postmenopausal women is correlated with high lean body mass
72]; compared with those in the lowest tertile of protein intake
<66 g/d), women in the top tertile (>87 g/d) had 5–6% higher whole
ody and appendicular lean mass and 5–6% higher whole body
nd appendicular bone mineral content. High protein intake is
lso correlated with increased physical function [73]. While pro-
ein supplementation in frail elderly people has no impact on total
ean mass, an improvement in muscle mass gain during exer-
ise training in frail elderly people has been observed and an
ncrease in functional ability demonstrated [74,75]. Protein energy
upplementation is seen to reduce functional decline in frail older
dults [76] and improve physical performance [74]. Elderly per-
ons who have osteoporotic hip fracture are often undernourished,
articularly with respect to protein, and protein malnutrition may
ontribute to the occurrence and outcome of hip fracture. In a
tudy of elderly persons with recent osteoporotic hip fracture, pro-
ein supplementation was associated with increased serum IGF-I,
ttenuation of proximal femur bone loss, and shorter stay in reha-
ilitation hospitals [77].

Dietary protein may  positively impact bone health by increasing
uscle mass, increasing calcium absorption, suppressing parathy-

oid hormone, and increasing IGF-I production [78]. IGF-I is a potent
one anabolism stimulator. Protein intake has been correlated
ith markers of bone resorption: high excretion of deoxypyridino-

ine was associated with low dietary protein intake [79], whereas
igh protein intake was correlated with lower levels of urinary
-telopeptide excretion and higher levels of circulating IGF-I [80].

High protein intake may  positively impact bone health by
everal mechanisms involving increases in IGF-I, calcitriol, intesti-
al calcium absorption, and urinary calcium excretion, as a
onsequence of increased calcium intestinal absorption, and
nhancement of lean body mass, while low protein intake leads
o decreases in these factors, secondary hyperparathyroidism and
ncreased bone turnover [81]. There is some evidence that essential
mino acids have a positive effect on bone formation. Higher IGF-I
evels, as well as greater bone formation and reduced bone resorp-
ion as assessed by biochemical markers of bone remodelling, are
ound following essential amino acid supplementation [82].

In the Framingham Osteoporosis Study, mean protein intake
as 68 g/d (± 24; range, 14–175 g/d), and mean percent of energy
rom protein was 16% (± 3; range, 7–30%) among 391 women and
24 men  (mean age 75 years) [83]. Lower protein intake over 4 years
as significantly associated with bone loss at the proximal femur

nd spine in women aged 68–91 years [83]. In a systematic review
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and meta-analysis, a positive association between protein intake
and BMD, bone mineral content, and a reduction in bone resorp-
tion markers was  found [84]. A positive association of dairy protein
intake with appendicular bone mineralization and muscle mass
has been found in elderly women (aged 80–92 years) [85]. Many
fractures in this age group are of the appendicular skeleton, often
associated with falls. The associations with bone measures were
dependent on dairy protein and calcium intakes, whereas the asso-
ciation with appendicular muscle mass was  not totally dependent
on dairy protein intake. Some studies show that the positive effect
of protein on bone health is augmented by increased calcium intake
[78]. There is evidence that diets high in protein and dairy may
help attenuate bone loss during weight loss [86]. Protein may  help
preserve bone mass during weight loss by stimulating IGF-I and
increasing intestinal calcium absorption. However, the standard
measure of BMD  is dual-energy X-ray absorptiometry (DXA), which
does not take into account bone microstructure. Furthermore, DXA
measurement of bone area can be affected by soft tissue thickness
and body composition changes, which could thus influence bone
DXA assessment [86].

In terms of functional outcomes, there is only weak evidence of a
possible link between protein intake and osteoporotic fracture and
a lack of long-term interventional studies. There are many longitu-
dinal/observational studies with mixed findings for either positive,
negative or no association [84]. Cohort studies indicate either a ben-
efit or no effect of protein intake on the relative risk of hip fracture.
However, overall there is insufficient evidence from interventional
studies to correlate high protein intake with reduced fracture risk
[84]. A prospective analysis of 144,580 women aged 50–79 years
included in the Women’s Health Initiative has found that higher
biomarker-calibrated protein intake (at 20% higher intake incre-
ments) within the range of usual intake (mean protein intake 15%
of total energy intake) was  inversely associated with forearm frac-
ture and was associated with better maintenance of total and hip
BMDs. These data suggest higher protein intake is not detrimental
to bone health in postmenopausal women  [87]. Protein intake cou-
pled with calcium intake of 800 mg/d was  shown to protect against
hip fracture in the Framingham Offspring cohort, whereas the effect
appeared to be reversed for those with lower calcium intake [88].
Thus, there is evidence that calcium intake modifies the association
of protein intake and the risk of hip fracture, which may explain the
lack of concordance seen in other studies.

A recent epidemiological study of 6381 US men and women
aged ≥50 years from NHANES III has explored the link between
the level and source of proteins and amino acids, ageing, diseases,
and mortality [64]. Low protein intake (<10% of total kcal, or around
41 g/d) among respondents aged >65 years was  associated with a
10% increased risk of cancer mortality over the following 18 years,
although an inverse association was  found among people aged
50–65 years [64].

5.1. Acid-ash hypothesis

There has been much focus on the ‘acid-ash hypothesis’, which
theorizes that high protein intake (of animal origin) leads to
increased acid production and increased bone resorption, leading to
hypercalciuria, bone loss and osteoporosis. In support of the the-
ory, there is limited evidence that administration of bicarbonate
leads to increase in muscle performance and BMD in healthy post-
menopausal women [89,90]. However, acid production is high in
many non-animal protein foods and while an alkaline diet leads
to an increase in urinary pH, blood pH is not affected. Thus, it is

unlikely that the bone is exposed to more acid [91].

The findings of a meta-analysis do not support the concept
that calciuria is associated with higher net acid excretion and
reflects a net loss of whole body calcium. There is no evidence from



uritas

b
b
a
a
a
d
b
n
i
o

6
m

r
m

S

R. Rizzoli et al. / Mat

alance studies that increasing the diet acid load promotes skeletal
one mineral loss or osteoporosis. Changes of urine calcium do not
ccurately represent calcium balance. Further, a systematic review
nd meta-analysis has uncovered several weaknesses regarding the
cid-ash hypothesis [92]. None of the intervention studies provided
irect evidence of osteoporosis progression (fragility fractures, or
one strength), and the supporting prospective cohort studies were
ot controlled regarding important osteoporosis risk factors includ-

ng: weight loss, family history of osteoporosis, baseline BMD, and
estrogen status.

Section summary:

• Dietary proteins have a direct effect on key regulatory pro-
teins and growth factors involved in muscle and bone
growth. For example, aromatic amino acids (prevalent in
dairy protein) lead to increased IGF-I resulting in greater mus-
cle mass and strength.

• Low dietary intake of protein (below the recommended
daily allowance level of 0.8 g/kg/BW/d) in elderly women
is associated with a reduction in plasma IGF-I levels and
skeletal muscle fibre atrophy. The least muscle loss was
seen in the elderly (aged 70–79 years) consuming protein
at 1.1 g/kg/BW/d or 18% of total energy intake.

• The distribution of protein intake over the day may  be impor-
tant, and it is proposed that 20–25 g of dietary protein per
meal is required to allow an appropriate stimulation of post-
prandial muscle protein synthesis over a 24-h period.

• Dietary protein may positively impact bone health by increas-
ing calcium absorption, suppressing parathyroid hormone,
and increasing production of IGF-I, a potent bone anabolism
stimulator.

• A positive association between protein intake and BMD,
bone mineral content, and a reduction in bone resorption
markers has been demonstrated in a meta-analysis.

• There is no evidence to support the theory that high protein
intake (of animal origin) leads to increased bone resorption,
bone loss and osteoporosis.

. Combined effect of protein intake and exercise on
uscle and bone health
There is increasing evidence that bone mass and strength is
elated to muscle function. This intrinsic relationship between
uscle and bone is described by the mechanostat theory (the

Mechanical
challenges

Bone strength

Osteocytes
Strain sensitive cells

Hormonal, nutrition, and e

Modulators (“Help 

Tissue
strain Setpo

Bone deformation

• ↑ bone length
• ↑ muscle force

Fig. 4. Frost’s mechanostat functional mode
ource: Schoenau and Fricke. Eur J Endocrinol 2008;159:S27–31 [93].
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combination of factors that make healthy load-bearing bones),
which postulates that increasing maximal muscle force during
growth or in response to increased loading will affect bone mass,
size, and strength (Fig. 4) [93].

Age-related decline in muscle strength affects functional capac-
ity, metabolic disease and QoL. Resistance exercise training is a
stimulus for muscle protein synthesis, and appears to be beneficial
to rebuild muscle mass, strength, and performance in the elderly.
Exercise training in the elderly can lead to increased muscle mass
and strength, and improved endurance and functional capacity
[94]. Both aerobic activity and resistance training are demonstrated
to be of benefit to older people. The American Heart Association
(AHA) and the American College of Sports Medicine (ASCM) encour-
age older adults to accumulate 30–60 min  of moderate intensity
aerobic exercise per day (150–300 min/week) or 20–30 min  per
day of vigorous intensity exercise (75–150 min/week) [95,96].
In addition, to counteract muscle loss and increase strength,
resistance exercises are strongly recommended for 2 or more
non-consecutive days per week. For healthy older adults, exercise
of 10–15 min per session with 8 repetitions for each muscle group
is a reasonable goal.

Resistance exercise may  have additional beneficial effects on
bone strength. A 12-month community-based randomized con-
trolled trial (RCT) of a progressive resistance training exercise
combined with osteoporosis education and a behavioural change
programme, among 162 older adults (mean age 67 years) demon-
strated modest but significant net gains in femoral neck and lumbar
spine BMD  (1–1.1%, p < 0.05), muscle strength (10–13%, p < 0.05),
functional muscle power (Timed Stair Climb, 5%, p < 0.05) and
dynamic balance (Four Square Step Test 6%, p < 0.01; Sit-to-Stand,
16%, p < 0.001) relative to controls, although this did not translate
into a reduction in the rate of falls [97,98]. Post-exercise nutri-
ent supplementation (containing protein, carbohydrate, calcium,
and vitamin D) in early postmenopausal women is associated with
superior improvements in muscle mass, muscle strength, femoral
neck BMD, and bone formation during 24 weeks of strength train-
ing, as compared with exercise alone [99]. A meta-analysis of
RCTs examining the effect of exercise alone on lower-extremity
bone strength indicated that while programmes incorporating reg-
ular weight-bearing exercise can result in 1–8% improvements in
bone strength among children and adolescents, in premenopausal
women with high exercise compliance improvements range from

0.5% to 2.5% [100].

Resistance exercise and amino acid availability are positive reg-
ulators of muscle protein net balance. Exercise stimulates both
muscle protein synthesis as well as breakdown, albeit the latter to a

Bone mass
Bone structure
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esser extent, thereby improving net protein balance. However, net
uscle protein balance remains negative in the absence of nutrient

ntake [101]. Thus, optimal nutritional status is required to derive
ptimal benefit from resistance exercise training [102]. The combi-
ation of exercise followed by protein ingestion enhances muscle
rotein synthesis further than exercise alone and results in greater
et muscle protein accretion [103,104]. Protein intake and exercise
ombined lead to a greater degree of muscle protein accretion than
ither intervention alone [105,106].

Physical activity is required before eating to improve the effi-
acy by which dietary protein is being used for de novo muscle
rotein synthesis. In contrast, physical inactivity and disuse can

mpair the muscle protein synthesis response to feeding and lead
o rapid muscle loss [55]. The interactive effect of protein intake
nd exercise may  be due in part to exercise-stimulated blood flow
nd increased amino acid delivery to the muscle [104]. Activation
f the mTOR pathway by exercise may  prime the muscle to respond
ore prominently to amino acid ingestion, although this pathway
ay  be impaired in older adults, and the response may  be some-
hat delayed with ageing [107]. Positive effects of dairy proteins

whey, caseinate 0.30 g/kg lean body mass), on protein net bal-
nce, mRNA expression, and regulation of atrogene expression have
een demonstrated in young healthy males after heavy resistance
xercise [108].

The response to exercise training and protein supplementation
s the focus of a meta-analysis that found that protein supplemen-
ation increases muscle mass and strength gains during prolonged
esistance-type exercise training in both young and older subjects
109]. In young women, the consumption of dairy protein after
esistance exercise supports muscle anabolism. In addition, dairy
onsumption after resistance exercise positively impacts on body
omposition by promoting losses in fat, gains or maintenance of
ean mass and preservation of bone (although increases in BMD

easured using DXA may  occur as an artefact of the measure-
ent method) [110,111]. Exercise and protein supplementation

n frail elderly people can lead to an increase in muscle mass and
n increase in strength [75]. Protein or amino acids in combina-
ion with exercise has additive effects on muscle protein synthesis
n older adults, although the response may  be somewhat delayed
n older people [107]. Nonetheless, it has been proposed that
ietary protein supplementation is required to maximize skele-
al muscle mass gain during prolonged resistance-type exercise
raining and, as such, to more effectively counteract sarcopenia
8,112].

Section summary:

• Resistance exercise training is a stimulus for muscle protein
synthesis, and appears to be beneficial to rebuild muscle
mass, strength, and performance in the elderly.

• Optimal nutritional status is required to derive optimal ben-
efit from resistance exercise training. The combination of
exercise followed by protein ingestion enhances muscle pro-
tein synthesis further than exercise alone and results in
greater net muscle protein accretion.

• Dairy protein consumption after resistance exercise posi-
tively impacts on body composition by promoting losses in
fat, gains or maintenance of lean mass and preservation of
bone.
. Effects of vitamin D on muscle and bone

Vitamin D is known to play a role in calcium homeostasis
nd skeletal mineralization through endocrine effects on bone,
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intestine, parathyroid glands and kidney. Vitamin D insufficiency
has well known direct effects on bone health, through deregu-
lation of calcium homeostasis and increased serum parathyroid
hormone, which negatively affects bone remodelling by increased
bone resorption. In elderly or postmenopausal women this may
exacerbate osteoporosis. Serum 25-hydroxyvitamin D (25(OH)D)
levels <50 nmol/L are associated with increased bone turnover,
bone loss and possibly mineralization defects, and poorer outcomes
for frailty, hip fracture and all-cause mortality [23].

Vitamin D has both skeletal and extra-skeletal benefits. There is
growing evidence that vitamin D regulates many other cell func-
tions, and the potential effect of vitamin D on skeletal muscle
mass and strength is receiving recent attention. The biological
actions of vitamin D on muscle cell differentiation, metabolism
and function may  be multiple, acting through direct and indirect,
genomic and non-genomic pathways. Vitamin D increases calcium
uptake in muscle cells and has a regulator effect on the calcium
channel, which is important for muscle contractile activity [113].
Vitamin D promotes protein synthesis and calcium and phosphate
transport in muscle, thus influencing muscle strength [114]. Vita-
min  D appears to optimize the effect of dietary proteins on skeletal
muscle anabolism. Vitamin D is demonstrated to increase mus-
cle protein synthesis in rats with additional effects to enhance
the stimulating effect of leucine and insulin on protein synthe-
sis rate in muscle cells [115]. The identification of vitamin D
receptors (VDR) in skeletal muscle cells provides evidence for a
direct mechanism by which vitamin D acts on skeletal muscle
[116–118].

Vitamin D deficiency is associated with a loss of muscle mass and
strength in older people [119]. Vitamin D status and VDR expression
in skeletal muscle are reduced in elderly people, and vitamin D
deficiency in older people is associated with a significant loss of
muscle function [119]. Analysis of men  and women aged over 60
years who took part in the NHANES III survey found that those
with higher 25(OH)D levels up to 94 nmol/L had faster gait speed
and shorter sit to stand time than those with lower levels. Lower
levels of serum 25(OH)D were found to be predictive of decreased
grip strength and appendicular muscle mass in men and women
over subsequent 3 years [120]. In addition, there is an increased
risk of a decline in physical performance over 3 years in those with
serum 25(OH)D <50 nmol/L as compared with those with levels
≥75 nmol/L [121], which is corroborated by findings of a recent
longitudinal study [122].

Muscle strength and physical performance are linked to risk of
falls in older individuals. Observational studies have shown that
low 25(OH)D levels <25 nmol/L are associated with an increased
risk of falls, and recurrent falls [123,124]. Replenishing vitamin D
stores in an ageing population may  be important for the preserva-
tion of physical function and the reduction in falls risk. Vitamin
D supplementation is demonstrated to have beneficial effects
on muscle health. One study has shown that vitamin D supple-
mentation reverses muscular atrophy and increases strength in
women after stroke [125]. Vitamin D supplementation improves
muscle fibre cross-sectional area [126], and vitamin D supple-
mentation with >800 IU/d significantly increases muscle strength
[119,127,128]. A meta-analysis has shown that whereas vita-
min  D supplementation increases proximal muscle strength of
the lower extremities in adults with vitamin D deficiency, it
does not have a significant effect on muscle strength in adults
with baseline 25(OH)D >25 nmol/L [129]. The effect of vitamin
D supplementation on risk of falls is the subject of numerous
meta-analyses, with some finding that vitamin D doses rang-

ing from 700–1000 IU/d reduce the risk of falling by 14–19%
[130–132]. However, others conclude that there may  be no benefit
on risk of falls, or only benefit in those with low vitamin D status
[133,134].
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Table  1
Summary of guideline recommendations for recommended dietary intakes of vitamin D and protein in women over 50 years of age.

Institute of Medicine [61,133] ESCEO Guidance for Elderly and
Postmenopausal Women  [20,23]

PROT-AGE Guidance
for Older Peoplea [21]

Age Vitamin D
RDA (IU/d)

Protein
RDA (g/kg BW/d)b

Vitamin D RDI
(IU/d)

Protein
RDI (g/kg BW/d)

Protein
RDI (g/kg BW/d)

51–70  years 600 0.8 800 1.0 1.0–1.2
70+  years 800 0.8 800 1.0 1.0–1.2
Osteoporotic patients with

serum vitamin D
<50 nmol/L or <75 nmol/L
in elderly with a high
risk of falls and fractures

n/s 0.8 800–1000 1.0 n/s

 gende
of age
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a PROT-AGE recommendations target older persons aged >65 years regardless of
b Institute of Medicine advises protein RDA 0.8 g/kg BW/d in all adults regardless 

f  population); RDI, recommended daily intake; n/s, not specified.

Section summary:

• Vitamin D is known to play a role in calcium homeosta-
sis and skeletal mineralization, and serum 25(OH)D levels
<50 nmol/L are associated with increased bone turnover,
bone loss, and poorer outcomes for frailty and hip fracture.

• There is growing evidence that vitamin D regulates many
other cell functions, and the potential effect of vitamin D on
skeletal muscle mass and strength is receiving recent atten-
tion.

• Vitamin D promotes protein synthesis and calcium and phos-
phate transport in muscle, thus influencing muscle strength.
Vitamin D deficiency is associated with a loss of muscle mass
and strength in older people, and a decline in physical per-
formance.

• Muscle strength and physical performance are linked to risk
of falls in older individuals. Low 25(OH)D levels <25 nmol/L
are associated with an increased risk of falls and recur-
rent falls. There is evidence that vitamin D supplementation
(700–1000 IU/d) reduces the risk of falls by 14–19%, although
the benefit may  be limited to those with low vitamin D status.

. Recommendations for optimizing musculoskeletal
ealth

Optimal dietary intake of protein and vitamin D as well
s calcium may  prevent or attenuate age-related alterations in
usculoskeletal health in postmenopausal women. Thus, rec-

mmendations for optimal intake should be considered. Current
uidelines for dietary protein intakes have traditionally advised
imilar intake for all adults regardless of age or sex: 0.8 g/kg BW/d
60–62] while recent guidelines from the PROT-AGE Study Group
nd the European Society for Clinical Nutrition and Metabolism
ESPEN) recommend higher average daily intake in the range of
.0–1.2 g/kg BW/d in healthy older persons aged >65 years [21,22].
uidelines from the ESCEO propose optimized recommended
utrient intakes for calcium (1000 mg/d), vitamin D (800 IU/d) and
rotein (1.0–1.2 g/kg BW/d) for the general management of patients
ith osteoporosis [20]. In addition, the ESCEO recommends vitamin

 supplementation at 800–1000 IU/d to maintain serum 25-(OH)D
oncentration >50 nmol/L in elderly or postmenopausal women  at
isk of vitamin D deficiency [23] (Table 1).

A dietary plan that includes 25–30 g of high-quality protein
er meal may  be considered optimal to maximize muscle pro-
ein synthesis [67]. A high-quality protein diet for older people
ay  be defined as one that has high likelihood of promoting
ealthy ageing or improving age-related problems and diseases.
rotein quality may  be defined by essential amino acid composi-
ion, digestibility and absorption of the protein, and recognizing
r.
 or gender, RDA, recommended daily allowance (intake that covers needs of ≥97.5%

the role of specific amino acids in regulation of cellular processes
[21]. Branched-chain amino acids including leucine have specific
positive effects on signalling pathways for muscle protein synthe-
sis [135]. From available studies, intake of 2.0–2.5 g of leucine may
be beneficial to stimulate postprandial muscle protein synthesis
[55,56]. Milk-derived proteins (whey, casein) are demonstrated
to be more efficient for improving muscle protein synthesis than
plant-derived proteins (soy proteins) [136]. Dairy products includ-
ing milk, yoghourt, and cheese may  represent an excellent dietary
source of bone nutrients, as they provide a rich supply of cal-
cium, phosphorus and high-quality protein at a relatively low cost
[137,138].

In consideration of existing recommendations and the knowl-
edge base on the impact of protein and vitamin D on muscle mass
and strength, and bone health, the ESCEO Task Force recommends
the following targets for maintaining musculoskeletal health in
postmenopausal women  (aged 50–70 years) in addition to ade-
quate calcium intake (1000 mg/d):

• An average daily protein intake of 1.0–1.2 g/kg BW/d, with at least
20–25 g of high-quality protein (such as can be supplied by dairy
protein) with each main meal (breakfast, lunch, dinner) during
the day.

• Regular physical exercise 3–5 times per week should be under-
taken, which may  be combined with protein intake in proximity
to exercise, for optimal muscle reconditioning.

• Vitamin D intake at 800 IU/d to maintain serum 25-(OH)D
concentration >50 nmol/L (>20 ng/mL). There are three main pos-
sibilities to increase vitamin D levels: encourage increased intake
of natural sources, use of fortified foods, and supplementation,
which could all be combined.

• When indicated among women  aged <60 years or within 10 years
after menopause, HRT may  be recommended for additional ben-
efit to musculoskeletal health.

9. Conclusions

Age-related alterations in musculoskeletal health lead to reduc-
tions in muscle mass, strength and power, as well as to reductions in
BMD and bone strength, which are responsible for increased frac-
ture risk, disability, loss of independence, deteriorating QoL and
increased mortality. In women, an accelerated loss of muscle mass
and strength occurs at an earlier age than in men, around the time
of menopause, along with a reduction in BMD  which is associated
with a significant increase in the prevalence of osteoporosis.

Higher protein intake (at 1.0–1.2 g/kg BW/d) and higher vita-

min  D supplementation levels (800–1000 IU/d) are associated with
higher muscle mass, higher muscle strength and improved bone
health. Evidence favouring increased protein intake above the cur-
rent RDA of 0.8 g/kg/BW/d is available. The effect of protein intake
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s augmented by physical activity. Vitamin D status appears to be
mportant for dietary protein efficiency to maintain/increase mus-
le mass and function in older people, and future studies may  better
dentify the role of vitamin D on muscle.

In light of existing recommendations and the knowledge base
n the impact of protein and vitamin D on muscle mass, mus-
le strength and bone health, the ESCEO Task Force has made the
ecommendations summarized in the panel for maintaining mus-
uloskeletal health in postmenopausal women (aged 50–70 years).
ncreased awareness of the consequences of low protein and vita-

in  D intakes on postmenopausal health may  promote improved
ttitudes in women towards dietary sources and change behaviours
eading to better adherence to health recommendations.

Recommendations summary
ESCEO recommendations for maintaining musculoskeletal
health in postmenopausal women (aged 50–70 years)

• An average daily protein intake of 1.0–1.2 g/kg BW/d, with at
least 20–25 g of high-quality protein (such as can be sup-
plied by dairy protein) with each main meal (breakfast, lunch,
dinner) during the day.

• Regular physical exercise 3–5 times per week should be
undertaken, which may  be combined with protein intake in
proximity to exercise, for optimal muscle reconditioning.

• Vitamin D intake at 800 IU/d to maintain serum 25-(OH)D
concentration >50 nmol/L (>20 ng/ml), as well as calcium
(1000 mg/d).

• When indicated among women aged <60 years or within
10 years after menopause, HRT may  be recommended for
additional benefit to musculoskeletal health.
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