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Abstract

Sarcopenia is a major contributor to the
risk of physical frailty, functional decline,
poor health-related quality of life and pre-
mature death in older people. Sarcopenia
can be considered a geriatric syndrome. The
term sarcopenia indicates the loss of muscle
mass that accompanies aging. Muscle mass
declines with aging process with differ-
ences between subjects in relation to the
presence of chronic diseases, to lifestyles
habits (mainly diet and physical activity), to
cognitive status. Sarcopenia in the elderly is
associated with poor health outcomes, such
as falls, disability, loss of independence,
and mortality; however, it is potentially
treatable if recognized and intervened early.
The prevalence of sarcopenia rates between
5% and 13% in community-dwelling older
people aged 65 years and over, and is higher
in those 80 years and older (20-25%). The
cause of sarcopenia is generally thought to
be multifactorial, with environmental caus-
es, disease triggers, inflammatory pathway
activation, and a large number of cellular
and biochemical abnormalities. Resistance
training and amino acid supplementation
are a recommended practice for the preven-
tion of sarcopenia. The essential elements
for the management of the sarcopenic
patient are the recognition of a condition of
frailty, an accurate multidimensional geri-
atric assessment, with attention to cognitive
problems, mood, functional problems, liv-
ing conditions, using standardized instru-
ments. Combining exercise with some phar-
macological compounds such as β-
Hydroxy-β-methylbutyrate (HMB) and
dietary supplements (including proteins,
aminoacids and vitamin D) may exert a
beneficial effect on older adults thus influ-
encing the progress to sarcopenia. The rec-
ommended daily amount of protein is
greater for older people. Vitamin D and
leucine enrichment seems mandatory in

order to improve muscle mass and lower-
extremity function among sarcopenic older
adults. There are some evidences that colla-
gen peptides in this setting might be even
superior to whey protein in promoting mus-
cle growth and increasing the mobility. 

Introduction

Sarcopenia, the syndrome of progres-
sive and generalized loss of muscle mass
and strength, is a major contributor to the
risk of physical frailty, functional decline,
poor health-related quality of life and pre-
mature death in older people.1

The purpose of this article is to review
the definition of sarcopenia, its potential
role in the arising of frailty and disability,
and the potential for intervention, particu-
larly in elderly populations. 

Over the last two decades, new insights
into the etiology of skeletal muscle wast-
ing/atrophy under diverse clinical settings
have been reported in the literature. 

Three factors can initiate the loss of
skeletal muscle mass and they are cachexia,
related to chronic diseases (i.e. diabetes or
COPD), atrophic conditions (i.e. immobi-
lization) and aging. These factors gradually
lead to changes in the skeletal muscle by
accelerating protein degradation.2

Sarcopenia can be considered a geriatric
syndrome; with human aging we may rec-
ognize a progressive decline in skeletal
muscle mass that may lead to decreased
strength and functionality.3

This is a complex phenomenon and it
involves different types of triggers and path-
ways including myostatin, pro-inflammatory
cytokines (i.e. TNF, IL-1, IL-6), IFN gamma
and TNF-like weak inducer of apoptosis
(TWEAK). The final step is the activation of
the NFkB, a common transcription factor in
most of the protein catabolic pathways lead-
ing to proteolysis in skeletal muscles.2

Definitions of sarcopenia
and diagnosis

The term sarcopenia was coined by
Rosenberg to indicate the loss of muscle
mass that accompanies aging.4

Muscle mass declines with aging
process with differences between subjects
in relation to the presence of chronic dis-
eases, to lifestyles habits (mainly diet and
physical activity), to cognitive status.5

Muscle mass is lost at a rate of approx-
imately 8% per decade from the age of 50
years until the age of 70 years, after which

weight loss is coupled with an accelerated
loss of muscle mass, reaching a rate of 15%
per decade.6

Sarcopenia in the elderly is associated
with poor health outcomes, such as falls,
disability, loss of independence, and mortal-
ity; however, it is potentially treatable if
recognized and intervened early.7

The European Working Group on
Sarcopenia in Older People (EWGSOP)
recommended that measures of low muscle
mass and low muscle strength or perform-
ance be utilized in any clinical definition.3

Ongoing debate continues in relation to
the optimal cutoff values for diagnosing sar-
copenia and, more practically, the most
appropriate clinical tool to use for screening.8

Epidemiology and risk factors

Sarcopenia is common, and its preva-
lence rise with aging. The prevalence of sar-
copenia varies widely in different clinical
settings, reflecting divergence in the
approaches used for definition and diagnosis
tools; it rates between 5% and 13% in com-
munity-dwelling older people aged 65 years
and over, and is higher in those 80 years and
older (20-25%) and in elderly resident in
nursing homes or in hospital setting.9

In selected populations the prevalence
of sarcopenia is higher and reflects the rela-
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tionship between chronic condition and sar-
copenia. For example, in cancer patients the
proportion of sarcopenia may exceed the
70% of cases and in patients with chronic
kidney disease in pre-dialytic stage it ranges
between 12 and 30%.10 In patients with hip
fractures the prevalence of sarcopenia is
near to 40% and is associated with older age
and comorbidities.11

The cause of sarcopenia is generally
thought to be multifactorial, with environ-
mental causes, disease triggers, inflamma-
tory pathway activation, and a large number
of cellular and biochemical abnormalities
(the most relevant are: mitochondrial abnor-
malities, loss of neuromuscular junctions,
hormonal changes) (Figure 1). 

Elderly persons frequently decline phys-
ical activity and reduce nutritional intake,
with inadequate protein and caloric intake;
consequently, an accelerated loss of muscle
mass and function is observed.12 These envi-
ronmental influences are superimposed on a
multifactorial, age-related change in biology
that determines the observed declines in
skeletal muscle mass and strength.

Sarcopenia as a geriatric
syndrome

The term geriatric syndromes defines
some clinical conditions in the elderly that
cannot be clearly described with the classic
diagnostic categories.13 A Geriatric syn-
drome may be considered the final common
pathway of several conditions and is the
result of interaction between age-related
changes, co-morbidities, social stress fac-
tors and individual resilience. Geriatric syn-
dromes include many common conditions
such as delirium, falls, frailty, dizziness,
syncope, sarcopenia and urinary inconti-
nence that are the reasons why elderly
patients contact the physician.14

Sarcopenia and frailty may be consid-
ered as part of the same phenomena, even is
difficult to realize if frailty is due to sar-
copenia, or if sarcopenia is a manifestation
of frailty. The term frailty is used to indicate
a geriatric syndrome characterized by
reduced homeostatic reserves, which expos-
es the individual at an increased risk of neg-
ative health-related events (including falls,
hospitalizations, worsening disability, insti-
tutionalization, and mortality).15

Frailty is defined as a clinically recog-
nizable state of higher vulnerability, result-
ing from aging-associated decline in reserve
and function across multiple physiologic
systems such that the ability to cope with
daily or acute stressors is compromised.16 In
the absence of a gold standard, frailty has

been operationally defined by Fried et al. as
meeting three out of five phenotypic criteria
indicating compromised energetics: low
grip strength, low energy, slowed waking
speed, low physical activity, and uninten-
tional weight loss.17 On the other hand,
Rockwood et al. describe frailty using a
multidimensional framework including psy-
chological and social components, multi-
morbidity, and disability in addition to the
physical impairments (Table 1).18

Sarcopenia is a frequent cause of physi-
cal frailty and both frailty models have an
overlap in the physical component, in the
role of nutrition and physical activity, and in
biological mechanisms (Figure 2).

Sarcopenia definition includes low
physical performance, which means that
sarcopenia is an essential component of
physical frailty. Frailty and sarcopenia show
a significant overlap and sarcopenia may be
considered a component of the multidimen-
sional phenotype of frailty.19

Cognitive decline is an important pre-
dictor of disability and part of the frailty
syndrome. Therefore, is not surprising that
sarcopenia is related to cognitive decline
and, in more general terms, to psychogeri-
atrc syndromes.20 In cross sectional studies
sarcopenia is more frequent in Alzheimer
disease, then in mild cognitive impairment
and in controls (respectively 23.3%, 12.5%,
8.6%);21 and in severe dementia about 70%

of patients have sarcopenia.22 In cross sec-
tional studies sarcopenia is associated with
depressive symptoms (OR 2.2) and cogni-
tive impairment (OR 3);23 and about 60% of
sarcopenic subjects present disability and
cognitive impairment.24

Sarcopenia is found to be a strong pre-
dictor of cognitive decline and loss of
weight, motoric dysfunction, and modifica-
tion of eating be havior may be considered
as early sign of cognitive impairment.25

Recognizing a sarcopenic state in elder-
ly patients could be very useful in order to
generally assess the condition of frailty, as
well as the evaluation of cognition and
mood; the main aim should be identifying
patients with high risk of disability so to
early start all the necessary actions to
improve clinical outcomes, mainly lifestyle
changes (nutrition and exercise) and treat-
ments of chronic conditions.26

Geriatric assessment
for sarcopenic patients in clinical
practice

The evaluation of the presence of sar-
copenia might be a part of the more general
multidimensional assessment of an elderly
subject; this approach allows to define the

                             Review

Figure 1. Multifactorial causes of sarcopenia in the elderly.

Table 1. The measures of frailty.

Physical phenotype                                             Multidimensional frailty index

Unintentional weight loss                                                     Physical impairment
Muscle weakness                                                                    Sensory limitation
Slow physical activity                                                              Mood
Low physical activity                                                               Cognition
Exhaustion                                                                                Social environment
                                                                                                    Comorbidity
                                                                                                    Disability
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presence of geriatric syndromes, the level of
disability, the presence of conditions of
frailty that are correlated with the risk of
developing sarcopenia.

In general terms multidimensional geri-
atric assessment (often called comprehensive
geriatric assessment) may be considered not
only a diagnostic process, but even a man-

agement approach, aimed to determine an
older person’s medical, psychosocial, func-
tional and environmental resources, and
problems and to develop an overall plan for
treatment and long-term follow-up.27

The evaluation of physical perform-
ance, general conditions, included muscle
mass and strength, essential for the diagno-

sis of sarcopenia, may be considered part of
the geriatric assessment.

Despite a relatively large number of tools
being available to measure muscle mass,
muscle strength and physical performance,
some of them are likely to be of greater
validity and utility for the assessment of sar-
copenia in clinical practice (Table 2).28

                                                                                                                             Review

Figure 2. Similar mechanism of frailty and sarcopenia.

Table 2. Tools for the assessment of muscle mass, muscle strength and physical performance in research and clinical settings.

                                                                                  Applicable                                   Applicable                                         Applicable
                                                                          in research settings           in specialist clinical settings              in primary care settings

Assessment of muscle mass
DXA                                                                                                       +++                                                          +++                                                                      +

Anthropometric measurements                                                         +                                                               ++                                                                      ++
CT-scan                                                                                                +++                                                            ++                                                                       +
MRI                                                                                                       +++                                                            ++                                                                       +
BIA                                                                                                          ++                                                             ++                                                                       +
US                                                                                                           ++                                                             ++                                                                       +

Assessment of muscle strength
Handgrip strength                                                                             +++                                                          +++                                                                   +++
Lower limb muscle strength                                                          +++                                                            ++                                                                       +
Repeated chair stands test                                                                +                                                                +                                                                       ++

Assessment of physical performance
Gait speed                                                                                          +++                                                          +++                                                                   +++
Timed Up and Go test                                                                        ++                                                               +                                                                         +
Balance test                                                                                           +                                                                +                                                                         +
6-min walk test                                                                                    ++                                                               +                                                                         +
400 m walk test                                                                                    ++                                                               +                                                                         +
Stair climb test                                                                                    ++                                                               +                                                                         +
SPPB test                                                                                             +++                                                            ++                                                                       +

SPPB Short Physical Performance Battery. The classification +++ (best recommended tool) or ++ (best alternative tool) or + (less recommended tool) is based on the availability and the costs, the required time
for the examination and the availability of robust cut-off points. Modified from Beaudart et al., 2016.28
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Muscle mass may be assessed using
magnetic resonance imaging (MRI) and
computed tomography (CT) scan for the
non-invasive assessment, but this approach
is limited in primary care settings by diffi-
culties in access, costs and the lack of spe-
cialized centres and used primarily for
research purposes. Dual-energy x-ray
absorptiometry (DXA) is a well-estab-
lished, low-radiation technique used to
assess body composition and provides
reproducible estimates of appendicular
skeletal lean mass; DXA is still considered
as the procedure of choice for routine clini-
cal assessment. An alternative, low expen-
sive, method to estimates the volume of fat
and lean body mass is bioimpedance analy-
sis (BIA). The method is relatively easy to
use in clinical practice, both on ambulatory
subjects or on hospitalized patients, with
reference values defined for older individu-
als; however, the results may be altered by
fluid retention.29

In alternative, when instrumental meth-
ods are not available, clinicians may use
anthropometric measurements to assess mus-
cle mass; anthropometric data are currently
the most widely used methods in clinical
practice (57.5% of clinicians who measure
muscle mass in their practice use anthropo-
metric data) followed by DXA (45.9%).30

Several anthropometric measurements exist
(i.e. body mass index, calf circumference,
mid-upper arm circumference and skinfold
thickness). Moreover, mid-arm muscle and
calf circumferences have been shown to cor-
relate with appendicular muscle mass and
reflect both health and nutritional status and
predict performance, health and survival in
older people.31 Anthropometric measure-
ments adjusted for age, sex or BMI are high-
ly correlated with DXA-measured lean
mass.32 The limitation of anthropometric
measure is the need of well-defined cut-off
points in very elderly subjects, so, if a patient
is identified as at risk of having sarcopenia
by anthropometric measurements, an addi-
tional measurement of muscle mass would
still be recommended.33

Recently, ultrasounds method has been
used for muscle mass estimation in clinical
and research settings; this is a promising
technique, because is safe, noninvasive,
repeatable and portable, and it allows sim-
plicity of measurements in body composi-
tion assessment, though it needs an experi-
enced operator.34

In recent years numerous mediators
linked to systemic inflammation, hormonal
status, and redox homeostasis have been
associated with the presence of muscle
atrophy and muscle dysfunction. However,
they are not specific to muscle and their
levels may, therefore, be altered in a vari-

ety of conditions unrelated to sarcopenia,
so their usefulness in clinical and research
setting is limited.

Some of these, in particular plasma con-
centrations of procollagen type III N-termi-
nal peptide (P3NP), the circulating C-termi-
nal agrin fragment (CAF), the circulating
skeletal muscle-specific troponin T (sTnT),
have been proposed as biomarkers of muscle
mass and are actually under evaluation.35

A variety of tools are used in clinical
practice for the assessment of physical per-
formance. The measurement of gait speed is
widely used in clinical settings and do not
require special equipment. The EWGSOP
recommended the 4-m gait speed test for
the assessment of sarcopenia. In this test
men and women with a gait speed <0.8 m/s
are described as having a poor physical per-
formance. 

Gait speed can be performed alone or as
part of a test battery, such as the the Short
Physical Performance Battery (SPPB), a
test scored to a maximum of 12 points,
comprising an assessment of gait speed
(over 3-4 m), a balance test and a repeated
chair stand test. Subjects presenting a score
≤8 points have been described as having a
poor physical performance.36

Other tests can be performed to assess
the physical performance, such the Timed
Up and Go (TUG) test, in which individuals
are asked to rise from a standard armchair,
walk to a marker 3 m away, turn, walk back
and sit down again.37

For the assessment of muscle strength
handgrip strength is the most widely used
method, and is considered a reliable meas-
ure, not expensive and easy to assess mus-
cle strength.38 A variety of grip strength
thresholds have been proposed to character-
ize low muscle strength, ranging from 16 to
20 kg for women and 26-30 kg for men.28

In the clinical settings it is important to
promptly and easily detect the clinical signs
that can indicate the presence of sarcopenia
and then activate detailed evaluations.

The patient can be asked about symp-
toms such as loss of weight, loss of muscle
strength, loss of energy, falls, loss of
appetite. An assessment of nutrition habits
should also be performed to check, for
example, if the subject has adequate protein
intake. Specific questionnaire, such the
Mini-Nutritional Assessment, might be
used for the assessment of the risk of mal-
nutrition.39 The next step is the assessment
of physical activity. Indeed, physical inac-
tivity or high levels of sedentary behaviour
may be considered a red flag. In presence of
symptoms or signs of sarcopenia from pre-
liminary examinations, more sophisticated
assessment procedures of sarcopenia can be
implemented. 

Early identification of sarcopenia in pri-
mary care may make easier by the use of
screening tests. One of the most used screen-
ing test is the SARC-F questionnaire.40 The
test consists in 5 questions addressing
strength, assistance in walking, rising from a
chair, stair climbing and falls. A score ≥4
points is reported to be predictive of sarcope-
nia and poor outcomes and could be a trigger
for a more detailed assessment of sarcopenia.

The treatment of sarcopenia

Therefore, the treatment of skeletal
muscle wasting remains an unresolved chal-
lenge to this day.

Among the possible compounds theo-
retically useful for these patients a role
might be played by CoX2 inhibitors (by a
reduction of pro-inflammatory cytokines
and improved protein anabolism), Omega 3
PUFA, mainly EPA (by reducing the expres-
sion level of many pro-inflammatory mole-
cules including NFkB, and increasing the
level of PPARγ thus correcting the metabol-
ic abnormalities, improving myogenesis
and modulating the immune function) and
progestinic hormones (i.e. megestrol
acetate, which down-regulates several
inflammation mediated molecules and up-
regulates the neuropeptide Y levels, leading
to increased appetite and body mass, mainly
in cancer or AIDS cachexia).41-43

Finally, since the mammalian target of
rapamycin (mTOR) plays a central regula-
tory role in many cellular processes and it is
thought that it largely governs the accretion
of protein in the growing myofiber, it may
be considered a possible pharmaceutical
target, though at present it is still unclear if
and how therapeutic effects could be
obtained with pharmacological activators of
this protein-kinase.44

mTOR forms two structurally and func-
tionally distinct complexes: mTOR
Complex 1 (mTORC1), which governs ana-
bolic processes such as protein synthesis in
response to nutrients or Resistance Exercise
(RE), and mTOR Complex 2 (mTORC2),
which controls many cellular processes and
has been shown to regulate muscle glucose
uptake during Endurance Exercise (EE).44

It is well known that EE and RE signif-
icantly ameliorate the symptoms of various
chronic pathologies, e.g. by reducing
inflammation and insulin resistance, and
positively influencing cognitive function.
Many of these systemic effects are mediated
by signaling molecules that are produced
and secreted by skeletal muscle in response
to exercise. Generally speaking, EE training
leads to increased mitochondrial content
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and thus oxidative capacity, while RE leads
to an increased myofiber size and elicits
changes in contractile properties of muscle
fibers.44

As previously stated, older adults are
frequently frail with an increased risk of
falls, incident disability and hospitalization
and frailty and sarcopenia overlap.45

Therefore, in sarcopenic elderly peoples
with progressive loss of muscle mass,
strength and/or performance with age, exer-
cise remains one of the most important
choices, since it is capable to modulate
mitochondrial function. However, there is a
growing evidence that combining exercise
with some pharmacological compounds
such as β-Hydroxy-β-methylbutyrate
(HMB) and dietary supplements (including
proteins, aminoacids, collagen peptides and
vitamin D) may exert a beneficial effect on
older adults thus influencing the progress to
sarcopenia.46

β-hydroxy-β-methylbutyrate

β-hydroxy-β-methylbutyrate (HMB) is a
metabolite of leucine, one of the three essen-
tial aminoacids with valine and isoleucine,
and its ketoacid alpha-ketoisocaproate
(KIC).47 HMB has the potential to increase
lean body mass, muscular strength and size,
reduce skeletal muscle damage, and enhance
speed of recovery post-exercise. The preva-
lent mechanisms involved in these favorable

effects are mainly the inhibition of both the
ubiquitin-proteasome and the autophagy-
caspase systems and the stimulation of pro-
tein synthesis via mTOR pathway (with a
higher efficacy than leucine).47-50

HMB may also stimulate protein syn-
thesis through the growth hormone/IGF-1
axis.51 Recent studies have demonstrated
that HMB supplementation increases mito-
chondrial biogenesis and fat oxidation,
while experimental animal models suggest
that HMB improves excitation-contraction
coupling in muscle cells (Figure 3).52,53

Numerous human studies on the use of
HMB reported benefits with positive effects
on muscle hypertrophy, strength and reduc-
tion of damage. In particular, in studies in
which the duration of the training was at
least 3 weeks, HMB supplementation
increased lean mass and strength.
Nevertheless, several studies, specifically
conducted in strength-trained athletes,
failed to demonstrate beneficial effects, thus
suggesting that HMB might be more effec-
tive in untrained individuals who are
exposed to strenuous exercise.47,54,55

In elderly people HMB supplementation
can prevent the loss of lean body mass with-
out causing a significant change in fat
mass.56 Stout et al. in a randomized, double-
blind pilot trial in men and women over 65y
of age, demonstrated that a 24 week supple-
mentation of CaHMB improved strength and
muscular quality when compared with place-
bo even without RE. These Authors also con-
firmed that in this setting RE is an effective

intervention for improving all measures of
body composition and functionality.57

Moreover, it has recently reported that
in rats HMB plasma levels tend to diminish
with age while lower KIC dioxygenase lev-
els are present in the livers of old rats.58

Finally, the observation that HMB
almost reduced the effects of ageing in the
pyramidal neurons and improved the cogni-
tive functions in old-age rats supports the
possibility of more beneficial effects in old
people. Studies are also needed to examine
whether HMB in elderly subjects may also
improve the anabolic response of muscle to
a meal.47,59,60

Commercially, HMB is available as the
calcium salt. A dose of 3 g of HMB per day
is routinely recommended to maintain or
improve muscle mass and function. Usually
the supplementation with HMB is well tol-
erated and has no toxic effects.47,61

However, the stimulation of protein syn-
thesis and the suppression of proteolysis
exerted by HMB may reduce the release from
muscles of various amino acids and particu-
larly glutamine, as observed in experimental
studies and its deficiency can decrease pro-
tein synthesis in skeletal muscle.62

Nutritional supplementation

Nutrition can have a positive impact on
protein anabolism. The increase in quanti-
ty and quality of dietary protein (i.e.,
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Figure 3. HMB: Mechanisms for favourable effects on skeletal muscle. Modified from Holeček, 2017.47
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leucine) stimulates muscle protein synthe-
sis in the elderly.63,64 Increased intake of
vitamin D stimulates muscle protein syn-
thesis and enhances strength and balance.65

It also reduces the inflammation that is
associated with decreased muscle strength
in the elderly.66,67

Vitamin D
Vitamin D has been traditionally con-

sidered a key regulator of bone metabolism
and calcium and phosphorus homeostasis. 

The prevalence of low vitamin D con-
centrations in subjects older than 65 years
of age has been estimated at approximately
50%, but this figure is highly variable
because it is influenced by living factors.
Similarly, there is a reduced concentration
of vitamine D with aging and there is an
age-dependent reduction in vitamin D
receptor expression in skeletal muscle.46,68

Prolonged vitamin D deficiency has
been associated with severe muscle weak-
ness, which improves with vitamin D sup-
plementation.69

Low vitamin D concentrations represent
an independent risk factor for falls in the
elderly and supplementation increases mus-
cle strength and performance, thus reducing
the risk of falling.69,70

Proteins and derivatives
A significant number of elderly women

and men aged 50 or older consume less than
the suggested daily amount of proteins.71

Epidemiological studies have demonstrated
that protein intake is positively associated
with the preservation of the muscle mass.
Many reviews indicate that certain nutri-
tional interventions such as a high protein
intake or an increased intake of essential
amino acids and particularly the essential
aminoacid leucine along with resistance
training may help to attenuate fiber atrophy
in sarcopenic muscle by the modulation of
both anabolic and catabolic pathways.71-73

In particular, leucine as itself and via
HMB (see above), plays an important role
in muscle metabolism regulation, which
include the translational control of protein
synthesis, glucose homeostasis and nitrogen
donation for the synthesis of muscle alanine
and glutamine.47-50,63,64,69,74

Considering these findings, the use of
leucine as an anti-atrophic agent is biologi-
cally justified and an oral post-exercise
amino acid supplementation has a synergis-
tic effect on the muscle protein synthesis
following acute RE through an mTOR-
mediated mechanism.44,46,75,76

Treatment with amino acids has been
shown to induce additive hypertrophy in
response to continuous resistance training.
Moreover, the administration of essential

aminoacids would have a positive effect on
the muscle mass and protein synthesis both
under normal conditions and with resistance
training.69,73,77,78

Nutritional supplementation is effective
in the treatment of sarcopenia in old age,
and its positive effects increase when asso-
ciated with physical exercise. The main lim-
itation of this treatment is lack of long-term
adherence.79

The management of a sarcopenic
patient: clinical pharmacological
considerations

Even sarcopenia and frailty may not be
considered as a single entity, the essential
elements for the management of the sar-
copenic patient recall those underlying the
management of the frail elderly. The first
step is the recognition of a condition of
frailty; this is important because earlier
detection allows for programs implementa-
tion focused on prevention and manage-
ment to reduce the risk of future hospital-
ization, improve outcomes, and enhance
vitality and quality of life.

As previously mentioned, the first step is
an accurate multidimensional geriatric
assessment, with attention to cognitive prob-
lems, mood, functional problems, living con-
ditions, using standardized instruments.80

The identification of comorbidities is an
important part of the geriatric assessment
and sarcopenia is frequently found in asso-
ciation with chronic diseases (i.e., osteo-
porosis, type II diabetes mellitus, neoplasm,
chronic cardiac or pulmonary failure).
Sarcopenia in such cases may be considered
a consequence of the co-existing disease
and, at the same time, a condition that
aggravates the diseases.

Older adults have shown evidence of
anabolic resistance, where greater amounts
of protein are required to stimulate muscle
protein synthesis, and response is variable.
Thus, the recommended daily amount of
protein is greater for older people.81,82

The etiologies and mechanisms respon-
sible for anabolic resistance are not fully
understood. One possible involvement might
be due to the gut microbiota either directly or
indirectly. The gut microbiota changes with
age and are influenced by dietary protein and
there might be a role for the gut microbiome
in skeletal muscle function.83

Therefore, although resistance training
and amino acid supplementation are a rec-
ommended practice for the prevention of
sarcopenia, in the literature there are con-
flicting results regarding the role of a nutri-
tional supplement with exercise and the

critical aspects are represented by age,
health and nutrition status of the patient’
population as well as the design of the train-
ing program, the type of dietary protein
intake and the time of protein supplementa-
tion.81,82,84

Regarding the type and amount of the
nutritional supplement, a clear indication
can be obtained from the PROVIDE study,
a 13-week, multi-center, randomized, con-
trolled, double blind, two parallel-group
study in 380 sarcopenic primarily independ-
ent-living older adults.85 This study demon-
strated that the intervention of a vitamin D
and leucine-enriched whey protein oral
nutritional supplement resulted in improve-
ments in muscle mass and lower-extremity
function among sarcopenic older adults.85

Similar results were obtained in different
clinical studies conducted more recently: As
an example, in 2016 Rondanelli et al.
demonstrated that a nutritional supplemen-
tation containing whey protein (22 g),
essential amino acids (10.9 g, including 4 g
leucine), and vitamin D [2.5 mg (100 IU)],
in combination with regular physical activi-
ty, was capable to increase fat-free mass,
strength, physical function and quality of
life of sarcopenic elderly patients.86

In 2017 Englund et al. conducted a ran-
domized, double-blind, placebo-controlled
trial (the VIVE2 study) on the effect of a 6
month - nutritional supplementation (20 g
whey protein, 800 IU vitamin D) with phys-
ical activity in 149 mobility-limited older
adults, concluding that the nutritional sup-
plementation provides significantly addi-
tional benefits in these subjects to the effect
of exercise training.87

Moreover, a post-hoc analysis of the
PROVIDE study, published this year, con-
cluded that sufficient baseline levels of vita-
min D(25(OH)D >50nmol/L) and whey
protein intake (>1g/kg/d) are required to
increase muscle mass as a result of inter-
vention with a vitamin D and whey protein
supplement in sarcopenic older adults
(Figure 4).88

These data suggest that the amount of
vitamin D and protein intake might be a cru-
cial point in nutrition strategies with the
purpose of attenuating muscle loss in elder-
ly subjects.82,88

However, there is a debate on a possible
reverse J-shaped relation between the serum
level of 25(OH)D and mortality and at pres-
ent there is a need to better clarify the
effects of 25(OH)D levels greater than 100
nmol/L, though low levels (≤0 nmol/L) cor-
relate with an increased risk of death.89,90 On
the other hand, a consensus on the measure-
ment of 25(OH)D is still lacking.91

Thus, further evidence is required to
draw firm conclusions or make explicit rec-
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ommendations regarding combined exer-
cise and vitamin D3 supplementation.92

The majority of the clinical studies on
the use of a protein supplementation refers
to whey protein. Whey is contained in dairy
products such as milk, yogurt, and cheese
and, as either casein or soy, it is recognized
as a complete protein, since it contains all of
the essential amino acids (EAAs). However
whey has a higher proportion of the
branched-chain AA (BCAA) leucine,
which, as previously discussed, is very
important in stimulating muscle protein
synthesis via mTOR-mediated mecha-
nism.44,46,75,76 In addition, this protein, as
well as soy but not casein, is also rapidly
digested and leads to high aminoacid con-
tent in blood, which is thought to be critical
for muscle protein synthesis.73

Collagen is an extracellular protein that
accounts for 25-30% of the total protein
content within the human body. The process
of hydrolysis yields collagen peptides that
are rapidly re-absorbed in the small intes-
tine, which may be important for post-exer-
cise recovery. These peptides are largely
absorbed in intact form. Collagen is a fast-
digested protein, though it is considered as
having a relatively low biological value,
mainly due to the low amount of BCAA and
lysine. Nevertheless, since the N content is
higher than in whey on per gram basis, the
combination of amino acids has been shown
to be superior in maintaining N balance and
body weight during a low-protein diet.93

Moreover, this protein contains relative-
ly high amounts of arginine and glycine, both
known to be important substrates for the syn-
thesis of creatine in the human body.94

Although hydrolyzed collagen is con-
tained in sports drinks and bars aimed at
improving regeneration and post-exercise
muscle recovery to our knowledge there are
few studies on the use of this protein for
nutritional supplementation with resistance
exercise in elderly people. Zdzieblik et al.
recently published the results obtained in a
double-blind placebo-controlled study on
fifty-three male elderly subjects with sar-
copenia (class I or II) undergoing guided
resistance training program (three sessions
per week) and supplemented with either
collagen peptides (15 g/d) or silica as place-
bo. Patients supplemented with collagen
peptides obtained a significantly higher
effect on fat-free mass (FFM), bone mass
(BM) and isokinetic quadriceps strength
increment (IQS)95 (Figure 5).

These Authors suggested that among
the possible reasons for a so high beneficial
effect we may consider the fact that colla-
gen peptides positively influence microcir-
culation, thus promoting muscle growth
compared with other protein sources.

Moreover, collagen peptides are capable to
significantly reduce pain in osteoarthritis
patients and in functional joint pain thus
increasing mobility.96,97 This aspect may
favor the ability to perform the resistance

exercises with less pain, and having a better
training gain. Collagen peptides can also be
found associated with Vitamin D, leucine
and HMB in one nutritional supplement
known as Peptivis®
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Figure 4. Effect of a Vit D and Leu-enriched whey protein supplement on appendicular
muscle mass of sarcopenic older adults (The PROVIDE Study). Modified from Verlaan et
al., 2018.88

Figure 5. Collagen peptides supplement and resistance training in elderly men: change
in fat-free mass and fat-mass after 12 weeks of training and supplementation. Values are
expressed as means ±SE. Modified from Zdzieblik et al., 2015.95
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Conclusions

Resistance training and amino acid sup-
plementation are a recommended practice
for the prevention of sarcopenia. The rec-
ommended daily amount of protein is
greater for older people, probably due to a
direct and/or indirect effect of the gut
microbiota. There is still a debate regarding
the type of dietary protein intake and the
time of protein supplementation as well as
the design of the training program. 

Vitamin D and leucine enrichment seems
mandatory in order to improve muscle mass
and lower-extremity function among sar-
copenic older adults. There are some evi-
dences that collagen peptides in this setting
might be even superior to whey protein in
promoting muscle growth and increasing the
mobility. Nevertheless, for trying to draw a
final statement on this topic, advanced ana-
lytical techniques are needed for a better
understanding of the effects of these
nutraceuticals with or without exercise in
elderly people while increasing the number
of well-designed clinical trials is mandatory
to reduce bias related to age, health and nutri-
tion status of the patient’ population.

References

1. Dent E, Morley JE, Cruz-Jentoft AJ, et
al. International Clinical Practice
Guidelines for Sarcopenia (ICFSR):
screening, diagnosis and management. J
Nutr Health Aging 2018;22:1148-61.

2. Dutt V, Gupta S, Dabur R, et al. Skeletal
muscle atrophy: Potential therapeutic
agents and their mechanisms of action.
Pharmacol Res 2015;99:86-100.

3. Cruz-Jentoft AJ, Bahat G, Bauer J, et al.
Sarcopenia: revised European consen-
sus on definition and diagnosis. Age
Ageing 2019;48:16-31.

4. Rosenberg IH. Sarcopenia: origins and
clinical relevance. J Nutr 1997;127:
990S-1S.

5. Siparsky PN, Kirkendall DT, Garrett
WE. Muscle changes in aging: under-
standing sarcopenia. Sports Health
2014;6:36-40.

6. Grimby G, Saltin B. The ageing muscle.
Clin Physiol 1983;3:209-18.

7. Landi F, Liperoti R, Russo A, et al.
Sarcopenia as a risk factor for falls in
elderly individuals: results from the
ilSIRENTE study. Clin Nutr 2012;31:
652-8.

8. Yu S, Umapathysivam K, Visvanathan
R. Sarcopenia in older people. Int J
Evid Based Healthc 2014;12:227-43.

9. Cruz-Jentoft AJ, Landi F, Schneider SM,
et al. Prevalence of and interventions for
sarcopenia in ageing adults: a systematic
review. Report of the International
Sarcopenia Initiative (EWGSOP and
IWGS). Age Ageing 2014;43:748-59.

10. Shimokata H, Shimada H, Satake S, et
al. Chapter 2 Epidemiology of sarcope-
nia. Geriatr Gerontol Int 2018;18:13-22. 

11. Steihaug OM, Gjesdal CG, Bogen B, et
al. Sarcopenia in patients with hip frac-
ture: A multicenter cross-sectional
study. PLoS One 2017;12:e0184780.

12. Ali S, Garcia JM. Sarcopenia, cachexia
and aging: diagnosis, mechanisms and
therapeutic options - a mini-review.
Gerontology 2014;60:294-305. 

13. Inouye SK, Studenski S, Tinetti ME,
Kuchel GA. Geriatric syndromes: clini-
cal, research and policy implications of
a core geriatric concept. J Am Geriatr
Soc 2007;55:780-91.

14. Cruz-Jentoft AJ, Landi F, Topinková E,
Michel JP. Understanding sarcopenia as
a geriatric syndrome. Curr Opin Clin
Nutr Metab Care 2010;13:1-7.

15. Fried LP, Tangen CM, Walston J, et al.
Frailty in older adults: evidence for a
phenotype. J Gerontol Med Sci 2001;
56A:M146-56.

16. Xue Q-L. The frailty syndrome: defini-
tion and natural history. Clin Geriatr
Med 2011;27:1-15.

17. Fried LP, Tangen CM, Walston J, et al.
Frailty in older adults: evidence for a
phenotype. J Gerontol A Biol Sci Med
Sci 2001;56:M146-56.

18. Rockwood K, Song X, MacKnight C, et
al. A global clinical measure of fitness
and frailty in elderly people. CMAJ
2005;173:489-95.

19. Cruz-Jentoft AJ, Kiesswetter E, Drey M,
Sieber CC. Nutrition, frailty, and sar-
copenia. Aging Clin Exp Res 2017;29:
43-8.

20. Hsu YH, Liang CK, Chou MY, et al.
Association of cognitive impairment,
depressive symptoms and sarcopenia
among healthy older men in the veter-
ans retirement community in southern
Taiwan: a cross-sectional study. Geriatr
Gerontol Int 2014;14:102-8.

21. Sugimoto T, Ono R, Murata S, et al.
Prevalence and associated factors of
sarcopenia in elderly subjects with
amnestic mild cognitive impairment or
Alzheimer disease. Curr Alzheimer Res
2016;13:718-26.

22. Landi F, Liperoti R, Fusco D, et al.
Prevalence and risk factors of sarcope-
nia among nursing home older resi-
dents. J Gerontol A Biol Sci Med Sci
2012;67:48-55.

23. Hsu YH, Liang CK, Chou MY, et al.

Association of cognitive impairment,
depressive symptoms and sarcopenia
among healthy older men in the veter-
ans retirement community in southern
Taiwan: a cross-sectional study. Geriatr
Gerontol Int 2014;14:102-8. 

24. Tolea MI, Galvin JE. Sarcopenia and
impairment in cognitive and physical
performance. Clin Interv Aging 2015;10:
663-71.

25. Alhurani RE, Vassilaki M, Aakre JA, et
al. Decline in weight and incident mild
cognitive impairment. Mayo Clinic
Study of Aging. JAMA Neurol
2016;73:439-46.

26. Cesari M, Calvani R, Marzetti E. Frailty
in older persons. Clin Geriatr Med
2017;33:293-303.

27. Wieland D, Ferrucci L.
Multidimensional geriatric assessment:
back to the future. J Gerontol Ser A Biol
Sci Med Sci 2008;63:272-4.

28. Beaudart C, McCloskey E, Bruyère O,
et al. Sarcopenia in daily practice:
assessment and management. BMC
Geriatr 2016;16:170.

29. Tosato M, Marzetti E, Cesari M, et al.
Measurement of muscle mass in sar-
copenia: from imaging to biochemical
markers. Aging Clin Exp Res 2017;29:
19-27.

30. Bruyère O. Assessment of muscle mass,
muscle strength and physical perform-
ance in clinical practice: An international
survey. Eur Geriatr Med 2016;7:243-6.

31. Landi F, Onder G, Russo A, et al. Calf cir-
cumference, frailty and physical perform-
ance among older adults living in the
community. Clin Nutr 2014;33:539-44.

32. Yu S, Appleton S, Chapman I, Adams
R, et al. An anthropometric prediction
equation for appendicular skeletal mus-
cle mass in combination with a measure
of muscle function to screen for sar-
copenia in primary and aged care. J Am
Med Dir Assoc 2015;16:25-30.

33. Chiles Shaffer N, Ferrucci L, Shardell
M, et al. Agreement and predictive
validity using less-conservative founda-
tion for the national institutes of health
sarcopenia project weakness cutpoints.
J Am Geriatr Soc 2017;65:574-9.

34. Tillquist M, Kutsogiannis DJ,
Wischmeyer PE, et al Bedside ultra-
sound is a practical and reliable meas-
urement tool for assessing quadriceps
muscle layer thickness. JPEN J Parenter
Enteral Nutr 2013;38:886-90.

35. Calvani R, Marini F, Cesari M, et al;
SPRINTT Consortium. Biomarkers for
physical frailty and sarcopenia. Aging
Clin Exp Res 2017;29:29-34.

36. Miller DK, Malmstrom TK, Andresen
EM, et al. Development and validation

                             Review

Non
-co

mmerc
ial

 us
e o

nly



                                              [Geriatric Care 2019; 5:8033]                                                                [page 31]

of a short portable sarcopenia measure
in the african american health project. J
Gerontol Ser A Biol Sci Med Sci
2009;64:388-94. 

37. Mathias S, Nayak US, Isaacs B.
Balance in elderly patients: the “get-up
and go” test. Arch Phys Med Rehabil
1986;67:387-9.

38. Stevens PJ. Is grip strength a good
marker of physical performance among
community-dwelling older people? J
Nutr Heal Aging 2012;16:769-74.

39. Guigoz Y, Vellas B, Garry PJ. Assessing
the nutritional status of the elderly: The
Mini Nutritional Assessment as part of
the geriatric evaluation. Nutr Rev
1996;54:S59-65.

40. Malmstrom TK, Morley JE. SARC-F: a
simple questionnaire to rapidly diag-
nose sarcopenia. J Am Med Dir Assoc
2013;14:531-2.

41. Mantovani G, Macció A, Madeddu C, et
al. Phase II nonrandomized study of the
efficacy and safety of COX-2 inhibitor
celecoxib on patients with cancer
cachexia. J Mol Med 2010;88:85-92.

42. Mauricio AF, Minatel E, Neto HS,
Marques MJ, Effects of fish oil contain-
ing eicosapentaenoic acid and docosa-
hexaenoic acid on dystrophic mdx
mice. Clin Nutr 2013;32:636-42.

43. Busquets S, Serpe R, Sirisi S, et al.
Megestrol acetate: its impact on muscle
protein metabolism supports its use in
cancer cachexia. Clin Nutr 2010;29:
733-7.

44. Weihrauch M, Handschin C.
Pharmacological targeting of exercise
adaptations in skeletal muscle: Benefits
and pitfalls. Biochem Pharmacol 2018;
147:211-20.

45. Bauer JM, Sieber CC. Sarcopenia and
frailty: a clinician's controversial point
of view. Exp Gerontol 2008;43:674-8.

46. Ter Borg S, de Groot LC, Mijnarends
DM, et al. Differences in Nutrient Intake
and Biochemical Nutrient Status
Between Sarcopenic and Nonsarcopenic
Older Adults-Results From the
Maastricht Sarcopenia Study. J Am Med
Dir Assoc 2016;17:393-401.

47. Holeček M. Beta-hydroxy-beta-methyl-
butyrate supplementation and skeletal
muscle in healthy and muscle-wasting
conditions. J Cachexia Sarcopenia
Muscle 2017;8:529-41.

48. Smith HJ, Mukerji P, Tisdale MJ.
Attenuation of proteasome-induced
proteolysis in skeletal muscle by
{beta}-hydroxy-{beta}-methylbutyrate
in cancer induced muscle loss. Cancer
Res 2005;65:277-83.

49. Wilkinson DJ, Hossain T, Hill DS, et al.
Effects of leucine and its metabolite

beta-hydroxy-beta-methylbutyrate on
human skeletal muscle protein metabo-
lism. J Physiol 2013;591:2911-23.

50. Girón MD, Vílchez JD, Salto R, et al.
Conversion of leucine to β-hydroxy-β-
methylbutyrate by α-keto isocaproate
dioxygenase is required for a potent
stimulation of protein synthesis in L6
rat myotubes. J Cachexia Sarcopenia
Muscle 2016;7:68-78.

51. Gerlinger-Romero F, Guimarães-Ferreira
L, Giannocco G, Nunes MT. Chronic
supplementation of beta-hydroxy-beta
methylbutyrate (HMβ) increases the
activity of the GH/IGF-I axis and induces
hyperinsulinemia in rats. Growth Horm
IGF Res 2011;21:57-62.

52. He X, Duan Y, Yao K, et al. β-Hydroxy-
β-methylbutyrate, mitochondrial bio-
genesis, and skeletal muscle health.
Amino Acids 2016;48:653-64.

53. Vallejo J, Spence M, Cheng AL, et al.
Cellular and physiological effects of
dietary supplementation with β-
hydroxy-β-methylbutyrate (HMB) and
β-alanine in late middle-aged mice.
PLoS One 2016;11:e0150066.

54. Nissen SL, Sharp RL. Effect of dietary
supplements on lean mass and strength
gains with resistance exercise: a meta-
analysis. J Appl Physiol 1985;2003;94:
651-9.

55. Slater G, Jenkins D, Logan P, et al.
Beta-hydroxy-betamethylbutyrate
(HMB) supplementation does not affect
changes in strength or body composi-
tion during resistance training in trained
men. Int J Sport Nutr Exerc Metab
2001;11:384-96.

56. Wu H, Xia Y, Jiang J, et al. Effect of
beta-hydroxy-betamethylbutyrate sup-
plementation on muscle loss in older
adults: a systematic review and meta-
analysis. Arch Gerontol Geriatr 2015;61:
168-75.

57. Stout JR, Smith-Ryan AE, Fukuda DH,
et al. Effect of calcium β-hydroxy-β-
methylbutyrate (CaHMB) with and
without resistance training in men and
women 65+yrs: a randomized, double-
blind pilot trial. Exp Gerontol
2013;48:1303-10.

58. Shreeram S, Ramesh S, Puthan JK, et
al. Age associated decline in the conver-
sion of leucine to β-hydroxy-β-methyl-
butyrate in rats. Exp Gerontol 2016;80:
6-11.

59. Kougias DG, Nolan SO, Koss WA, et
al. Betahydroxy-beta-methylbutyrate
ameliorates aging effects in the dendrit-
ic tree of pyramidal neurons in the
medial prefrontal cortex of both male
and female rats. Neurobiol Aging
2016;40:78-85.

60. Hankosky ER, Sherrill LK, Ruvola
LA, et al. Effects of β-hydroxy-β-
methyl butyrate on working memory
and cognitive flexibility in an animal
model of aging. Nutr Neurosci
2017;20:379-87.

61. Rathmacher JA, Nissen S, Panton L, et
al. Supplementation with a combination
of beta-hydroxy-beta-methylbutyrate
(HMB), arginine, and glutamine is safe
and could improve hematological
parameters. JPEN J Parenter Enteral
Nutr 2004;28:65-75.

62. Holecek M, Sispera L. Glutamine defi-
ciency in extracellular fluid exerts
adverse effects on protein and amino
acid metabolism in skeletal muscle of
healthy, laparotomized, and septic rats.
Amino Acids 2014;46:1377-84.

63. Wakabayashi H, Sakuma K.
Comprehensive approach to sarcopenia
treatment. Curr Clin Pharmacol 2014;9:
171-80.

64. Houston DK, Nicklas BJ, Ding J, et al.
Dietary protein intake is associated with
lean mass change in older, community-
dwelling adults: the Health, Aging, and
Body Composition (Health ABC)
Study. Am J Clin Nutr 2008;87:150-5.

65. Ceglia L, Harris SS. Vitamin D and its
role in skeletal muscle. Calcif Tissue Int
2013;92:151-62.

66. Schaap LA, Pluijm SM, Deeg DJ, Visser
M. Inflammatory markers and loss of
muscle mass (sarcopenia) and strength.
Am J Med 2006;119:526e9-17.

67. Candow DG, Forbes SC, Little JP, et al.
Effect of nutritional interventions and
resistance exercise on aging muscle
mass and strength. Biogerontology
2012;13:345-58.

68. Wicherts IS, van Schoor NM, Boeke
AJ, et al. Vitamin D status predicts
physical performance and its decline in
older persons. J Clin Endocrinol Metab
2007;92:2058-65.

69. Sakuma1 K, Yamaguchi A. Recent
advances in pharmacological, hormon-
al, and nutritional intervention for sar-
copenia. Pflugers Arch - Eur J Physiol
2018;470:449-60.

70. Annweiler C, Schott AM, Berrut G, et
al. Vitamin D-related changes in physi-
cal performance: a systemic review. J
Nutr Health Aging 2009;13:893-8.

71. Kerstetter JE, O’Brien KO, Insogna
KL. Low protein intake. The impact on
calcium and bone homeostasis in
humans. J Nutr 2003;133:855S-61S.

72. Dickinson JM, Reidy PT, Gundermann
DM, et al The impact of postexercise
essential amino acid ingestion on the
ubiquitin proteasome and autophagoso-
mal-lysosomal systems in skeletal mus-

                                                                                                                             Review

Non
-co

mmerc
ial

 us
e o

nly



[page 32]                                                                 [Geriatric Care 2019; 5:8033]

cle of older men. J Appl Physiol
2017;122:620-30.

73. Devries MC, Phillips SM. Supplemental
protein in support of muscle mass and
health: advantage whey. J Food Sci
2015;80 Suppl 1:A8-A15.

74. Norton LE, Layman DK Leucine regu-
lates translation initiation of protein
synthesis in skeletal muscle after exer-
cise. J Nutr 2006;136:533S-7S.

75. Walker DK, Dickinson JM, Timmerman
KL, et al Exercise, amino acids, and
aging in the control of human muscle
protein synthesis. Med Sci Sports Exerc
2011;43:2249-58.

76. Dreyer HC, Drummond MJ, Pennings
B, et al Leucine-enriched essential
amino acid and carbohydrate ingestion
following resistance exercise enhances
mTOR signaling and protein synthesis
in human muscle. Am J Physiol
Endocrinol Metab 2008;294:E392-400.

77. Esmarck B, Andersen JL, Olsen S, et al
Timing of postexercise protein intake is
important for muscle hypertrophy with
resistance training in elderly humans. J
Physiol 2005;535:301-11.

78. Nicastro H, Artioli GG, Dos Santos
CA, et al. An overview of the therapeu-
tic effects of leucine supplementation
on skeletal muscle under atrophic con-
ditions. Amino Acids 2011;40:287-
300.

79. Malafarina V, Uriz-Otano F, Iniesta R,
Gil-Guerrero L. Effectiveness of nutri-
tional supplementation on muscle mass
in treatment of sarcopenia in old age: a
systematic review. J Am Med Dir Assoc
2013;14:10-7.

80. Rozzini R, Bianchetti A, Trabucchi M.
Medicina della fragilità. Manuale di
lavoro. Milano: Vita e Pensiero; 2014.

81. Malafarina V, Uriz-Otano F, Iniesta R,
Gil-Guerrero L. Effectiveness of nutri-
tional supplementation on muscle mass
in treatment of sarcopenia in old age: a
systematic review. J Am Med Dir Assoc
2013;14:10-7.

82. Hickson M. Nutritional interventions in

sarcopenia: a critical review. Proc Nutr
Soc 2015;74:378-86.

83. Ni Lochlainn M, Bowyer RCE, Steves
CJ. Dietary Protein and Muscle in
Aging People: The Potential Role of the
Gut Microbiome. Nutrients 2018;10.

84. Thomas DK, Quinn MA, Saunders DH,
Greig CA. Protein Supplementation
Does Not Significantly Augment the
Effects of Resistance Exercise Training
in Older Adults: A Systematic Review. J
Am Med Dir Assoc 2016;17:959.e1-9.

85. Bauer JM, Verlaan S, Bautmans I, , et
al. Effects of a vitamin D and leucine-
enriched whey protein nutritional sup-
plement on measures of sarcopenia in
older adults, the PROVIDE study: a
randomized, double-blind, placebo-
controlled trial. J Am Med Dir Assoc
2015;16:740-7.

86. Rondanelli M, Klersy C, Terracol G, et
al. Whey protein, amino acids, and vita-
min D supplementation with physical
activity increases fat-free mass and
strength, functionality, and quality of
life and decreases inflammation in sar-
copenic elderly. Am J Clin Nutr
2016;103:830-40.

87. Englund DA, Kirn DR, Koochek A, et
al. Nutritional Supplementation With
Physical Activity Improves Muscle
Composition in Mobility-Limited Older
Adults, The VIVE2 Study: A
Randomized, Double-Blind, Placebo-
Controlled Trial. J Gerontol A Biol Sci
Med Sci 2017;73:95-101.

88. Verlaan S, Maier AB, Bauer JM, et al.
Sufficient levels of 25-hydroxyvitamin
D and protein intake required to
increase muscle mass in sarcopenic
older adults - The PROVIDE study.
Clin Nutr 2018;37:551-7.

89. Durup D, Jørgensen HL, Christensen J,
et al. A Reverse J-Shaped Association
Between Serum 25-Hydroxyvitamin D
and Cardiovascular Disease Mortality:
The CopD Study. J Clin Endocrinol
Metab 2015;100:2339-46. 

90. Durazo-Arvizu RA, Dawson-Hughes B,

Kramer H, et al. The Reverse J-Shaped
Association Between Serum Total 25-
Hydroxyvitamin D Concentration and
All-Cause Mortality: The Impact of
Assay Standardization. Am J Epidemiol
2017;185:720-6.

91. Sempos CT, Heijboer AC, Bikle DD, et
al. Vitamin D assays and the definition
of hypovitaminosis D: results from the
First International Conference on
Controversies in Vitamin D. Br J Clin
Pharmacol 2018;84:2194-207. 

92. Antoniak AE, Greig CA. The effect of
combined resistance exercise training
and vitamin D(3) supplementation on
musculoskeletal health and function in
older adults: a systematic review and
meta-analysis. BMJ Open 2017;7:
e014619.

93. Hays NP, Kim H, Wells AM, et al.
Effects of whey and fortified collagen
hydrolysate protein supplements on
nitrogen balance and body composition
in older women. J Am Diet Assoc
2009;109:1082-7.

94. Brosnan JT, Brosnan ME. Creatine:
endogenous metabolite, dietary, and
therapeutic supplement. Annu Rev Nutr
2007;27:241-61.

95. Zdzieblik D, Oesser S, Baumstark MW,
et al. Collagen peptide supplementation
in combination with resistance training
improves body composition and
increases muscle strength in elderly sar-
copenic men: a randomised controlled
trial. Br J Nutr 2015;114:1237-45.

96. Czajka A, Kania EM, Genovese L, et al.
Daily oral supplementation with colla-
gen peptides combined with vitamins
and other bioactive compounds
improves skin elasticity and has a bene-
ficial effect on joint and general wellbe-
ing. Nutr Res 2018;57:97-108.

97. Dressler P, Gehring D, Zdzieblik D, et
al. Improvement of Functional Ankle
Properties Following Supplementation
with Specific Collagen Peptides in
Athletes with Chronic Ankle Instability.
J Sports Sci Med 2018;17:298-304.

                             Review

Non
-co

mmerc
ial

 us
e o

nly




