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 “Even when all is known, the care of a man is not yet complete, because 
eating alone will not keep a man well; he must also take exercise. For food 

and exercise, while possessing opposite qualities, yet work together to 
produce health.” 

  
- Hippocrates 
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Abstract 
 
Diego Montiel Rojas (2022): Diet and sarcopenia risk in community-dwelling 
older European adults. Örebro Studies in Sport Sciences 35. 
 
The age-related decline in muscle strength and muscle mass can lead to 
sarcopenia with higher risk of falls, disability, and loss of independence. In 
this context, healthy dietary habits have the potential to delay onset of 
physical limitations, thereby promoting healthy ageing. The overall aim of 
the thesis was to investigate the role of dietary habits on indicators of 
muscle health in a sample of community-dwelling older European men 
and women. The studies were performed within the frame of the NU-AGE 
project, a multi-centre study aiming to determine the impact of dietary 
habits on age-related functional decline. Studies I-III were based on cross-
sectional analyses, whereas study IV was a randomised controlled trial 
(RCT). In summary, Study I highlighted the independent roles of dietary 
protein amount and quality for muscle health in older adults. A positive 
linear dose-response relationship existed between protein intake and mus-
cle health, with increased intake of plant-based proteins to the detriment 
of animal-based proteins was associated with reduced sarcopenia risk. 
Study II revealed that increased poly-unsaturated fatty acids intake to the 
detriment of saturated fatty acids was associated with lower sarcopenia 
risk in older adults with a dietary protein intake below 1.1 g/kg of body 
weight. In Study III, beneficial links between dietary fibre intake and mus-
cle mass were observed in older European adults. In Study IV, a one-year 
RCT promoting adherence to a Mediterranean-style diet did not result in 
significant changes in muscle strength or mass. In conclusion, the present 
dissertation emphasised the important potential of macronutrient amount 
and quality in the prevention of age-related loss of muscle strength and 
muscle mass. However, future experimental studies are warranted to clari-
fy the impact of whole-diet approaches, such as the Mediterranean diet, 
on the maintenance of muscle health in older adults. 

Keywords: Muscle mass, Muscle strength, Physical function, Healthy diet, 
Mediterranean diet, Macronutrients, Healthy ageing, Physical activity, 
Metabolic syndrome. 
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Introduction  
In 2019, people over 65 years old accounted for 20.3% (90.5 million) of 
the total European population, and future projections estimate an increase 
up to around 31.3% (130.2 million) by 2100 (1). This shift is driven 
mainly by a rise in life expectancy but also by a drop in birth rates (2). In 
western Europe, life expectancy has gained about 30 years over the last 
century, and a continuation of this trend will result in most babies born 
since 2000 living to the age of 100 years (3). Whereas both life expectancy 
and morbidity compression have increased, they have not evolved in paral-
lel. Consequently, longevity is not necessarily associated with better health 
(3). Moving towards later life leads to heterogenous ageing phenotypes, 
ranging from accelerated to successful ageing (4). After the third decade, a 
complex and heterogenous decline in several physiological functions and 
overall health occurs (5,6). 

Ageing of skeletal muscle 
Skeletal muscle is the central driver of movement. It also plays an essential 
role as a metabolic organ, aiding in tissue repair, regulating body tempera-
ture, and generating mechanical strain that contributes to bone mainte-
nance (7,8). During ageing, the functionality of the skeletal muscles pro-
gressively deteriorates, compromising physical functionality, increasing 
vulnerability to physiological stressors, as well as increasing the risk of 
falling, disability, metabolic disturbances, loss of independence, and mor-
tality (9–12). 

Epidemiological data have described a progressive loss of muscle mass 
of about 8–10% per decade beginning in the fourth to fifth decade of life 
(13,14), with an acceleration phase occurring from the age of 70 years 
(13–16). This reduction in muscle mass seems to mainly affect type-II fi-
bres (17–19), which are crucial for muscle strength and power. A loss of 
muscle strength is also observed starting around the fifth decade, occur-
ring at higher rates than the loss of skeletal muscle mass (17,20). Based on 
observations of around 50,000 adults from 12 different trials, handgrip 
(HG) strength remains stable until the age of 50 years, after which it 
sharply declines (21). Moreover, after reaching peak strength, leg strength 
declines by around 10–15% up to the age of 70 years, with subsequent 
acceleration of the decline to 25–40% per decade (15,22). Lower muscle 
strength has been identified as a predictor of adverse outcomes by several 
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studies (15,23–29). Notably, the loss of muscle mass and strength is esti-
mated to be lower in women (15,30–33), given that men have larger mus-
cle fibres (17). 

Ageing of the skeletal muscle can lead to sarcopenia, a progressive skel-
etal muscle disorder (ICD-10-CM / M62.84) (34,35) clinically defined by 
low muscle mass, strength, and physical performance (9,36,37). Preva-
lence ranges of 5–13% have been reported in individuals aged 60–70 years 
(38–43), and higher prevalence is observed from the age of 70 (44). This 
variability is partly attributed to the lack of a univocal operational defini-
tion (45–47). Sarcopenia seems to affect both sexes equally (39,42), while 
another study reported higher prevalence in women (48).  

Given the global ageing trend, the incidence of sarcopenia is expected to 
rise, affecting up to 500 million people worldwide in upcoming decades 
(49,50). Within a clinical setting, the case-finding process is encouraged to 
begin when evident symptoms of muscle failure are present (10,51). How-
ever, since all older adults might be at risk of sarcopenia, early preventive 
measures are essential in order to build and maintain a solid muscular 
foundation and diminish sarcopenia risk (10,20). 

Adverse health outcomes associated with muscle ageing 
One of the most direct consequences of muscle ageing is the concomitant 
decline in mobility and physical functioning (52–54). This affects daily-life 
activities such as walking and climbing stairs, and leads to a higher risk of 
falls and chronic functional disability (52). Low muscle mass is associated 
with impaired recovery after surgery, and low strength is associated with 
the frailty phenotype. Similarly, being sarcopenic is linked to higher hospi-
talisation rates and higher lengths of hospital stay (52,55), and is frequent-
ly associated with higher mortality risk (52,56,57).  

Additionally, muscle ageing might contribute to the pathogenesis of 
other metabolic diseases and conditions, increased vulnerability, and the 
loss of independence. As a metabolic organ, skeletal muscle plays an essen-
tial role in metabolic homeostasis. For instance, the onset of type-2 diabe-
tes (T2D) and metabolic syndrome (MetS) has been linked to muscle age-
ing (58–60).  

Age-related alterations in muscle tissue 
From a molecular standpoint, disturbance occurring in the homeostasis of 
the skeletal muscle leads to muscle ageing. A negative net balance between 
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muscle protein synthesis (MPS) and breakdown (MPB) is considered one 
of the main causes of the progressive muscle loss. This imbalance is partly 
explained by the occurrence of anabolic resistance (AR) to anabolic stimu-
li such as muscle contraction, dietary amino acids (AA), and anabolic 
hormones, resulting in reduced MPS (61). AR is indeed suggested to be a 
strong factor contributing to sarcopenia (62). It is thought that one of the 
main underlying mechanisms involved is the reduced sensitivity of the 
AKT-mTOR kinase cascade (63–65). Moreover, infiltration of fat and 
fibrous tissues into muscles is observed, exacerbating the age-related dete-
rioration of muscle health (24,66–71). With ageing, oxidised proteins and 
the accumulation of lipofuscin and cross-linked proteins, not efficiently 
removed by the proteolysis system, are also observed (72). This leads to 
the accumulation of dysfunctional proteins, ultimately affecting muscle 
mass and strength (72). Muscle ageing is also linked to hormonal changes. 
For example, declines in testosterone concentrations in men, oestrogen 
levels in women, and growth hormones in men and women, as well as 
elevated levels of myostatin, likely contribute to muscle ageing (73–79). 
The reduced size and number of myofibres, especially type-II myofibres 
(17–19), are often accompanied by concomitant motor unit remodelling 
(59) and microvascular changes (9), which might result in a net switch of 
the fast type-II muscle fibre to the slow type-I muscle fibre phenotype, 
with associated loss of muscle strength and power (17,18,80–84). Other 
studies have also pointed out the occurrence of mitochondrial dysfunction 
during muscle ageing (85). Reductions in the number, integrity, and func-
tion of mitochondria are also observed with ageing, being correlated with 
lower functional capacity (86,87). Additionally, the loss of stem cells (i.e., 
muscle satellite cells), specifically in type-II fibres, might contribute to 
muscle ageing by impairing skeletal muscle regeneration and muscle func-
tion (68,88–93). During ageing, slight elevations in circulating levels of 
inflammatory biomarkers, called inflammageing, have also been described, 
which can contribute to the deterioration of muscle health (94–97). High 
levels of inflammatory proteins, such as IL-6, CRP, and TNFα, have been 
linked to a decline in muscle mass and strength in different studies, includ-
ing in the older population (96,98,99). Of note, links between inflam-
mageing and AR have been reported in previous studies (61,96). Moreo-
ver, a plausible role of the diversity and composition of the gut microbi-
ome has also been established, with dysbiosis of the gut microbiota possi-
bly affecting different aspects of muscle health, including metabolism and 
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function (100–102). Finally, differences in several single-nucleotide poly-
morphisms (SNPs) related to muscle structure, function, and metabolism 
(103–105) also suggest a genetic predisposition to sarcopenia.  

Additionally, increased sarcopenia risk can also be affected by other co-
morbidities and conditions (10), including chronic obstructive pulmonary 
disease (106), chronic heart failure (107), chronic kidney disease (108), 
T2D (60), HIV (109) and cancer (110). 

Lifestyle factors related to the maintenance of muscle health 
While most old individuals might suffer from some sort of muscle health 
deterioration (41), its progression commences long before it can be diag-
nosed as sarcopenia. Hence, effective measures targeting the maintenance 
of muscle health are recommended to achieve a solid muscular base (20) 
and to prevent or delay the occurrence of muscle ageing. To date, being 
physically active and having a healthy diet represent two non-
pharmacological behaviours that may counteract age-related sarcopenia 
risk in older adults (111–117). 

Dietary behaviours 
Growing evidence supports the potential effect of the quality and quantity 
of consumed food on age-related health outcomes. Appropriate nutritional 
choices may diminish the risk of chronic conditions, such as sarcopenia.  

The role of dietary protein in muscle ageing 
Adequate protein intake is recognised as a core dietary element of healthy 
ageing, and a large body of evidence has highlighted links to muscle mass 
and function (118–131). For example, data from the Health ABC study 
showed that higher protein intake is linked to lower loss of muscle mass 
over a three-year period in older adults (123). Another study also revealed 
a positive link between higher protein intake and muscle mass and func-
tion in physically active older women (127). Additionally, several studies, 
but not all (132–135), have shown a relationship between high protein 
intake and HG strength (122,128,129), physical performance (121), and 
subjectively assessed physical function (128–131). 

Despite the established notions supporting higher protein intake, the 
optimal amount of protein for the maintenance of muscle health in com-
munity-dwelling older adults remains under debate. It is generally accept-
ed that higher intakes than in a younger population are required to elicit 
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equivalent physiological responses (65,118,136). This is partly explained 
by the increased AR (137) and sedentary behaviours (138) observed in 
later life.  

A protein intake between 0.8 and 1.2 g/kg body weight (BW) has been 
recommended for older adults (127,139–147). Higher intakes, between 
1.2 and 1.5 g/kg BW, are recommended for people suffering from illnesses, 
physiological stress, frailty, or sarcopenia (148), in whom altered protein 
metabolism might be observed (149). There are also several consensus 
statements that support intakes between 1.2 and 1.5 g/kg BW to decelerate 
muscle ageing progression (123,140). A recent umbrella review of 15 sys-
tematic reviews and six meta-analyses concluded that protein supplemen-
tation above 0.8 g/kg BW is only supported by low-to-moderate evidence 
for muscle mass, whereas no clear impacts are highlighted in relation to 
muscle strength and performance (150). More research is needed to define 
the optimal dose–response association between protein intake and mainte-
nance of muscle health in older adults. 

The role of different sources of protein in muscle health is currently de-
bated. The quality of dietary proteins is given by the composition of essen-
tial amino acids (EAAs) and the ability of the protein to be incorporated 
and retained by the body (151). Studies show that plant proteins provide 
insufficient amount of lysine and leucine (152–154), have diminished abil-
ity to stimulate MPS, and lower digestibility (151,155–159). For instance, 
it is generally accepted that animal-based proteins induce higher stimula-
tion of MPS (160,161), and are related to better physical function 
(122,162) than are plant-based proteins. However, this traditional notion 
has been challenged by other studies also suggesting a beneficial relation-
ship between plant-based protein and muscle mass, strength, and func-
tional performance (126,132,135,163–165). In older European adults, it is 
estimated that around 40% of the dietary protein comes from plant 
sources (166,167). Given an adequate total protein intake, deficiencies of 
EAAs associated with plant proteins, are estimated to occur only when 
their intake accounts for more than 70% of the total intake (168). Fur-
thermore, it has been suggested that increasing plant-based proteins might 
favour the maintenance of muscle health by properties that can potentially 
compensate for the lower digestibility and the poor EAA composition, 
such as antioxidant properties, higher alkalinity, and higher potassium or 
magnesium content (151,169). To what extent different sources of protein 
have beneficial impacts on muscle health remains to be clarified. Integrat-
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ing both quantitative and qualitative aspects when exploring links between 
proteins and muscle health might therefore have important clinical impli-
cations related to sarcopenia prevention in ageing populations.  

Distribution of dietary fats for muscle health 
Another dietary element that has received special attention from the scien-
tific community in relation to muscle health is the dietary fatty acid com-
position. Together with sufficient protein intake, the fat quality within 
healthy dietary patterns has been suggested to play a role in the prevention 
of sarcopenia (170). For instance, higher intakes of dietary saturated fatty 
acids (SFAs) may aggravate the development of sarcopenia in older indi-
viduals (171) and are associated with poorer physical function and in-
creased risk of functional impairment (172,173). On the other hand, high-
er intakes of food containing poly-unsaturated fatty acids (PUFAs) have 
been positively linked to muscle mass and function in older adults 
(174,175). For example, individuals with higher levels of PUFAs in their 
diets presented higher odds of having higher HG strength (176). In rela-
tion to dietary mono-unsaturated fatty acids (MUFAs), the evidence of 
their contribution to the maintenance of muscle health remains inconclu-
sive. Different studies have shown positive, negative, or no association 
between MUFA intake and different indicators of muscle health 
(172,177,178). Lowering the intake of SFAs might lead to enhanced insu-
lin signalling, reduced expression of pro-atrophic genes, and more efficient 
nutrient transport, including of AA (179–181). In contrast, increasing the 
intake of PUFAs might benefit MPS and reduce inflammation by down-
regulation of the pro-inflammatory cytokine proteins (182,183). A re-
duced risk of cardiovascular disease (CVD) has been suggested by reduc-
ing SFA consumption to under 10% of total energy in favour of MUFAs 
or PUFAs (184), but limited information is found regarding muscle health. 
This being so, changes in the composition of the fat subtypes consumed 
might have potential to reduce sarcopenia risk in older individuals. 

Dietary fibre 
Another important constituent of foods with plausible positive effects on 
muscle health is dietary fibre. Dietary fibre is composed of carbohydrate 
polymers that cannot be enzymatically hydrolysed and absorbed in the 
small intestine. Fibres are commonly divided in soluble or insoluble fibres, 
based on their ability to be fully dissolved when mixed with water, and 
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possibly resulting in different physiological effects (185). Apart from the 
solubility profile, dietary fibre can be defined by its fermentability, which 
might be linked to different health outcomes. A portion of the dietary fibre 
can be fermented to some extent by the gut microbiota into short-chain 
fatty acids (SCFAs). SCFAs derived from colonic bacterial fermentation 
have been suggested to be prominent mediators with several gut/brain 
signalling pathways (186) and potential regulators of skeletal muscle me-
tabolism and function (187,188). High-fibre diets may promote gut mi-
crobiota eubiosis (189), leading to reduced systemic inflammation as well 
as improving dietary protein digestion and absorption (188,190). Despite 
the known benefits of fibre for general health, and the potential benefit on 
muscle health, the consumption of dietary fibre has drastically declined 
over time due to industrial food processing. Growing evidence suggests 
that fibre-rich diets might be protective against a number of negative 
health outcomes, such as T2D, MetS, obesity, heart disease, and colorectal 
cancer risk (191,192). Yet, the association of dietary fibre intake and body 
composition remains elusive (193–196). In relation to muscle health, there 
is limited information regarding the potential effect of dietary fibres on the 
age-related loss of muscle quantity and quality. Participants consuming 
less fibre within the PREDIMED-plus study presented lower muscle mass 
(197). Another study found a positive link between high fibre intake and 
HG strength (176) and a beneficial indirect link has been suggested be-
tween habitual fibre consumption and performance in daily activities 
(198). In adults aged 40 years and older, higher dietary fibre intakes have 
been associated with enhanced body composition – i.e., higher lean mass 
and lower fat mass – as well as improvements in glucose homeostasis and 
muscle strength (199). Therefore, it can be hypothesised that increased 
fibre intake could affect muscle health beyond the positive effects of ade-
quate protein intake, constituting a viable strategy to preserve muscle 
health. 

The Mediterranean diet 
There is increasing scientific interest in the cumulative health effects of 
dietary patterns based on whole foods (196). The combination of individ-
ual dietary elements might elicit an overall synergistic effect able to confer 
health benefits that cannot be attributed to the individual food constitu-
ents (200–204). Also, a whole dietary pattern might more accurately re-
flect free-living habits in older adults. One of the whole foods dietary ap-
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proaches that has gained international recognition is the Mediterranean 
diet (MD) (205). The MD, originally from the countries around the Medi-
terranean Sea, has been associated with increased life expectancy and di-
minished age-related conditions (205). The MD is a consistent pattern of 
eating based on high consumption of fruits, vegetables, nuts, seeds, olive 
oil, and whole-grain cereals, low intakes of saturated fats and red meats as 
well as moderate intake of fish and dairy products (206). The MD is 
thought to possess anti-inflammatory properties, which in turn might re-
duce the risk of several chronic conditions, including sarcopenia (207). For 
example, the MD has been associated with a better quality of life (208), 
less physical frailty (209,210), greater muscle mass (211), improved physi-
cal function (212), and greater strength (211,213) in older populations. 
Another study also reported that high adherence to a Mediterranean-style 
diet was associated with slower decline of mobility in free-living older 
individuals (214). Unfortunately, evidence from randomised controlled 
trials (RCTs) supporting the proposed muscle health benefits of the MD 
are scarce. 

Physical activity 
The benefits of regular physical activity (PA) for overall health are well 
documented, especially in later life (57,215–217). PA, in various forms 
and combinations, enhances aerobic capacity, muscle mass, strength and 
endurance (39). On the other hand, sedentary behaviour is responsible for 
muscle health decline as well as further reduction in PA levels (218). 
Growing evidence supports the role of higher levels of PA in deferring 
muscle ageing development (218–229). For example, a meta-analysis in-
volving around 40,000 individuals found that engaging in any form of PA 
might result in an average 55% lower chance of becoming sarcopenic 
(224). Another study involving 629 middle-aged and old participants from 
five European countries within the frame of LifeAge suggested that high 
levels of moderate-to-vigorous physical activity (MVPA) were a protective 
risk factor against sarcopenia (228). Conversely, a cross-sectional analysis 
of 396,283 participants aged 38–73 years using the UK Biobank did not 
find any significant associations between sarcopenia and subjectively as-
sessed lower levels of PA or sedentary behaviours (48). Furthermore, a 
number of exercise interventions have also found a positive impact on 
muscle mass and functionality in free-living older adults (41,230–232).  



DIEGO MONTIEL ROJAS       Diet and sarcopenia risk in community-dwelling older… 
 

     23 
   

From midlife onwards, a reduction of up to 75% in time spent in 
MVPA has been observed (233) in favour of more sedentary activities. In 
turn, it is estimated that each increase of one hour in sedentary behaviours 
is linked to 33% higher odds of sarcopenia (234). In another study, more 
time spent in sedentary behaviours was considered a risk factor for some 
components of sarcopenia (228). A general decline in PA might also be 
affected by episodic periods of immobilisation or bedrest that might sub-
stantially affect muscle health (59,235,236). A reduction in mechanical 
loading due to a reduction in PA has been suggested to affect muscle mass 
and function, as observed in older adults (237). 

Currently, major public health organisations endorse and promote an 
active life for healthy ageing, including muscle health. The general PA 
guideline for people aged 65+ years is to perform at least 150 minutes of 
MVPA per week and engage in activities promoting muscle strength and 
flexibility (238). Unfortunately, estimates suggest that under 20% of the 
older population adheres to this recommendation (239–241). The role of 
PA should therefore be considered when assessing the impacts of dietary 
behaviours on muscle health (227,242). 

Research gaps 
The combination of regular PA and healthy dietary habits might be a suit-
able strategy to delay deterioration of muscle tissue (116,117). Given the 
expected increase in sarcopenia prevalence, it is important to carefully 
investigate how dietary intake, in the form of single nutrients or whole-
diet approach, may affect sarcopenia risk in older adults. Of note, to dis-
entangle the potential links between nutritional aspects and sarcopenia 
risk, PA levels need to be accounted for. Currently, several research gaps 
need to be addressed: 1) the optimal amount and source of proteins neces-
sary for maintenance of muscle health need to be clarified; 2) the influence 
of dietary fat distribution on muscle health in older adults needs to be 
determined; 3) to what extent dietary fibre intake influences on muscle 
health needs also to be explored; 4) experimental evidence regarding ef-
fects of a whole-diet approach based on Mediterranean-style diet on mus-
cle health is currently lacking. 
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Aims 
The overall aim of this thesis was to investigate the role of dietary habits 
on indicators of muscle health in a sample of community-dwelling older 
European men and women. 

Study I 
The aim was to investigate the influence of the amount and source of die-
tary proteins on sarcopenia risk in a cohort of older European men and 
women. 

Study II 
The aim was to determine the impact of isocaloric macronutrient substitu-
tions, including different fat subtypes, on sarcopenia risk in a cohort of 
older European men and women. 

Study III 
The aim was to examine links between dietary fibre intake, skeletal muscle 
mass and physical function in a cohort of older European men and wom-
en. 

Study IV 
The aim was to investigate the effect of a Mediterranean-style diet on indi-
cators of muscle health in older European men and women. 
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Methods 

General study design 
Studies I–IV were performed using data from the NU-AGE project. The 
NU-AGE project was a multi-centre RCT aiming to determine the impact 
of dietary habits on the age-related functional decline of different organs 
and systems, including body composition profiles as well as metabolic and 
inflammatory status.  
The intervention consisted of a one-year, controlled, randomised, and 
parallel trial with two arms, i.e., Control vs. NU-AGE, across five recruit-
ing centres (i.e., Bologna, Italy; Norwich, UK; Wageningen, The Nether-
lands; Warsaw, Poland; and Clermont–Ferrand, France). A detailed de-
scription of the recruitment process and the study design has been previ-
ously presented (243,244). Given the preventive approach of the NU-AGE 
research project, the population consisted of free living 65–79-year-old 
men and women. To be included, participants had to be free of overt con-
ditions such as severe heart disease, chronic kidney disease, respiratory 
insufficiency, organ failure, dementia, liver cirrhosis or disease, type-I 
diabetes mellitus, malnutrition, hepatitis B or C, and other chronic infec-
tions. Included participants also had to be free of food allergy or intoler-
ance necessitating a special diet, non-frail, and competent to make their 
own decisions. Screening questionnaires and frailty assessment, as defined 
by Fried et al. (245), were used to ensure fulfilment of the inclu-
sion/exclusion criteria. Media publicity, local advertisements, and general 
practitioners were used to raise awareness of the study, which encouraged 
members of the public to contact the various recruiting centre teams. 
Those who contacted the study team were sent an information pack, in-
cluding basic information relating to the inclusion / exclusion criteria. 
Included participants were randomly allocated to the Control or NU-AGE 
arm to a 1:1 ratio after stratification by sex, frailty status (pre- and non-
frail), age (<73 or ≥73 years), and body mass index (BMI) (<25 or ≥25 
kg/m2) in each recruiting centre. A general flow chart employed for this 
dissertation is presented in Figure 1. All eligible participants were invited 
for baseline measurements, collection of blood, anthropometric measure-
ments, dual-energy X-ray absorptiometry (DXA) scanning, PA assessment, 
general questionnaires, and dietary intake assessment. The same measure-
ments and collections of biological materials were performed after one 
year of intervention. All laboratory analyses were blinded for the techni-
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cians. Studies I–III used data from baseline assessments, and Study IV 
assessed the effects of the intervention. 

 

 

Figure 1. Flow chart of the study.  a Not meeting inclusion criteria, declined to 
participate, participating in another study, holiday of > four weeks, unable to 
provide blood sample, or death. b Withdrew from the study or missing data on 
nutrition, physical activity, components of metabolic syndrome, indicators of 
muscle health, or other relevant confounding variables. c Participants with com-
plete data before and after one year of intervention (Study IV). 

Dietary assessment and intervention 

Assessment of individual intakes 
Before and after the intervention, participants completed a seven-day food 
record and had an interview with a trained dietician / research nutritionist 
to review the records. Participants were trained in advance and received 
written instructions regarding how to complete a pre-formatted template 
that included eight possible meals occasion on each day. The foods were 
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coded according to standardised procedures and translated into nutrients 
using software exploiting the local food composition tables in each recruit-
ing centre (243,246,247) (i.e., INRAN and IEO in Italy, WISP in UK, 
NEVO 2011 in The Netherlands, NFNI in Poland, and CIQUAL in 
France). Total energy intake (TEI) and macronutrient intakes of carbohy-
drates, proteins, and fats (i.e., SFAs, MUFAs, and PUFAs), and amount of 
dietary fibre were derived and averaged per day. Complete information 
regarding the nutritional assessment has been previously described 
(243,244,246,247). 

NU-AGE diet and dietary intervention 
The NU-AGE index (246) captures the adherence to a Mediterranean-style 
diet (NU-AGE diet) (243). In order to avoid inadequate or excessive in-
takes, the nutrient requirements of the NU-AGE diet were harmonised 
based on the recommended daily allowances (RDAs) and food-based die-
tary guidelines (FBDGs) of each participating country, and on the modi-
fied MyPyramid for Older Adults, the European Commission and the 
Institute of Medicine (243,246,247). The NU-AGE FBDGs includes 16 
dietary targets and their servings. The dietary targets included wholemeal 
bread, pasta or rice, fruits, vegetables, legumes, low-fat dairy, low-fat 
cheese, fish, low fat meat and poultry, nuts, eggs, olive oil, fluid, alcohol, 
salt, sweets and vitamin D (246). For each dietary target, a 0–10-point 
scale score was assigned to each element to build the NU-AGE index (Ta-
ble 1). The NU-AGE index is expressed as 0-100% adherence scale. 

Participants included in the NU-AGE arm received individually bespoke 
standardised dietary advice to increase adherence to the NU-AGE diet, 
following an evaluation at baseline and guided by specific NU-AGE 
FBDGs. The dietary advice was given nine times by trained dieti-
tians/research nutritionists during the year and additionally supported by 
mail or email. Based on individualised education using a motivational 
interview technique and considering the stages of change model, different 
relevant topics or actions were progressively incorporated throughout the 
intervention. Each piece of advice was adapted to the participant’s stage of 
change, personal situation, dietary preferences, habits and beliefs (243). 
Furthermore, to overcome the difficulties of dietary adherence or meeting 
the dietary recommendations, the NU-AGE arm received free commercial-
ly available foods, including whole-grain pasta, extra-virgin olive oil, high-
PUFA margarine, low-fat low-salt cheese, and vitamin D supplements 
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(10µg/d). Conversely, to avoid exerting influence and changing the diet of 
the Control arm, participants randomised to this group were asked to 
continue with their habitual diets and provided with a generally available 
leaflet that outlined current country-specific dietary guidelines. As part of 
the intervention, all participants were instructed not to change their PA 
habits (243). 
 
Table 1. Components of the NU-AGE FBDGs, servings and scoring crite-
ria. 

Component Servings 
Scoring 

Min. Score  
(0) 

Lower Range b  
(1–10) 

Max. Score  
(10) 

Upper Range c  
(10–1) 

Wholemeal bread 
and whole-grain 
pasta or rice a 

Bread 4–6 servings/day 
(140–210 g/day) 

Pasta/rice 2 × 80 g/week 
(23 g/day) 

Max 1–163 g 163–233 g 233g–max 

Fruits 2 servings/day 
(240 g/day) 

0 g 0–240 g ≥240 g  

Vegetables 300 g/day 0 g 0–300 g ≥300 g  
Legumes 200 g/week 

(29 g/day) 
0 g 0–29 g ≥29 g  

Low-fat dairy 500 mL/day 0 g 0–500 g ≥500 g  
Low-fat cheese 30 g/day 0 g 0–30 g ≥30 g  
Fish 2 × 125 g / week 

(36 g/day) 
0 g 0–36 g ≥36 g  

Low-fat meat and 
poultry a 

4 × 125 g/week 
(71 g/day) 

Max 0–71 g 71 – 125 g 125g–max 

Nuts 2 × 20 g/week 
(6 g/day) 

0 g 0–6 g >6 g  

Eggs 2–4 eggs/week 
(14–28 g/day) 

0 g 0–14 g >14 g  

Olive oil 20 mL/day 0 mL 0–20 mL ≥20 mL  
Fluid 1500 mL/day <1.0 L 1.0–1.5 mL >1.5 mL  
Vitamin D Use supplement 

(10 µg/day) 
No  Yes  

Alcohol Max 2 servings/day men 
Max 1 serving/day 

women 

>10 g 
women 

>20 g men 

 ≤10 g women 
≤20 g men 

 

Salt a 5 g/day 
(2 g/day sodium) 

>85th 0–1.5 g 1.5–2.0 g 2.0g–85th 

Sweets a  Limited used >85th  0 0–85th 

Fruit: Maximum one glass of fresh fruit juice (120 mL) can be considered one 
portion of fruit. Nuts: Includes salted and unsalted nuts. a The cut-off value at 
which a participant would score 0 points was based on the 85th or 100th (max) 
percentile (pct) of the country-specific intake distribution, as higher intakes are not 
necessarily better: 100th pct wholegrains (g): 204 Italy, 212 UK, 343 The Nether-
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lands, 381 Poland, and 257 France; 100th pct meat and poultry (g): 187 Italy, 150 
UK, 109 The Netherlands, 250 Poland, and 193 France; 85th pct sodium (mg): 
2416 Italy, 3070 UK, 2920 The Netherlands, 4686 Poland, and 3673 France; 85th 
pct sweets (g): 95 Italy, 243 UK, 128 The Netherlands, 164 Poland, and 95 
France. b The range was divided into 10 and points were given in proportion to the 
distance from the 0-point cut-off. c Calculation of points for dietary intake between 
the upper limit and the standard intake for maximum number of points: 10 − 
(intake − recommended upper limit) × 10/standard upper limit. Adapted from 
Berendsen et al. (246). 

Anthropometry and body composition 

Body weight, height, and waist circumference 
Body weight (kg) and height (cm) were measured using calibrated scales 
and stadiometers to the nearest 0.1 kg and 0.1 cm, respectively. BMI was 
derived as: BW (kg)/height2 (m2). Standing waist circumference (WC), 
measured at the midway point between the lowest rib and the iliac crest, 
was also measured to the nearest 0.1 cm. 

Body composition by Dual-energy X-ray absorptiometry 
Participants in fasting state underwent a whole-body DXA scan to deter-
mine total and regional body composition (Italy: Lunar iDXA, GE 
Healthcare, enCORETM 2011 software version 13.6; UK: Discovery Wi, 
Hologic; Poland & Netherlands: Lunar Prodigy, GE Healthcare, en-
CORETM 2011 software version 13.6). The scanners followed standards 
quality control procedures and were calibrated daily against a standard 
calibration block provided by the manufacturer. All procedures were per-
formed by trained technicians according to state-of-the-art techniques and 
the manufacturers’ instructions. All metal objects were removed before the 
assessments and the participants were placed on the scanning fields in 
supine position with the arms slightly separated from the trunk. The ana-
lytical program defined six body regions. Total and regional fat and lean 
masses were derived. The skeletal muscle mass index (SMI) was derived 
as: (Appendicular lean mass (kg)/BW (kg)) × 100) (248–250). 
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Physical function and performance 

Objective measurement of physical performance 

Hand grip strength 
The HG strength of the dominant hand was measured using a Jamar 
handheld dynamometer as part of the frailty status assessment for inclu-
sion (245). It was recorded in kilograms at an accuracy of within 0.1 kg 
and the average of three consecutive measurements was employed for 
further analysis. HG strength, being an indicator of muscle strength for 
sarcopenia diagnosis, is highly predictive of an array of adverse health 
outcomes (251–255). 

Short Physical Performance Battery test. 
In Study III, the short physical performance battery (SPPB), including 
measures of gait speed over 2.44 metres, the five-times chair rise test, and 
the three-position balance test, was used. Each individual test accounted 
for up to four points. A total score (0–12 points) was derived in accord-
ance with the protocol described by Guralnik et al. (256), with a higher 
score indicating better physical performance. Within the diagnosis of sar-
copenia, the SPPB test is employed to assess severity, serving as an indica-
tor of the ability to perform physical activities needed to function inde-
pendently in daily life (9). Given the characteristics of our study popula-
tion, the SPPB test was employed only for Study III and was discarded for 
the others, since the average was near-maximum scores with little varia-
tion being found among the participants. 

Self-Reported Physical Function Status 
In Study II, physical functioning (PF) categories were defined from the self-
reported ten-item physical functioning subscale of the validated SF-36v2 
(257). This subscale is reportedly as a valid marker of mobility disability 
among older people in epidemiological studies (257) and is linked to sar-
copenia prevalence (258). The participants reported limitations in accom-
plishing certain defined daily physical activities, such as performing vigor-
ous activities, moderate activities, carrying groceries, climbing stairs, and 
walking different distances. Each question could be answered using a scale 
of 1–3 as follows: 1) “Yes, limited a lot”; 2) “Yes, limited a little”; 3) 
“No, not limited at all”. Those participants responding 1) “Yes, limited a 
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lot” to any of the ten questions were classified as having physical limita-
tions (259). 

Sarcopenia risk score 
The sarcopenia risk score (SRS) was created based on SMI and HG 
strength. The sex-specific standardised values of both parameters were 
calculated, averaged, and inverted into a composite z-score, with higher 
scores indicating higher sarcopenia risk. These variables are representative 
of muscle strength and mass in accordance with the most recent opera-
tional definition of sarcopenia (10). Merging the major components of 
sarcopenia (10), i.e., HG and SMI, into a single score is likely to better 
capture different stages of sarcopenia progression than is each component 
separately. SRS was employed in studies I and II. 

Adherence to PA guidelines using accelerometery 
Adherence to PA guidelines was objectively monitored using a waist-
mounted Actigraph accelerometer (GT3x activity monitor, Actigraph, 
Pensacola, FL, USA). Over a period of one week, a minimum of four days 
with at least 10h/day of wearing time was required for inclusion. Periods 
of non-wearing time were determined as 60 minutes of continuous zero 
counts, as previously described (260). Time spent in MVPA was retrieved 
based on the accelerometer cut point of ≥2020 counts per minute, in ac-
cordance with Troiano et al. (233). Participants spending ≥150 minutes 
per week in MVPA were classified as adhering to health-enhancing PA 
guidelines (238). 

Metabolic risk and biochemical analysis 
Participants were classified as having high or low metabolic risk based on 
the sex-specific International Diabetes Federation (IDF) definition of MetS 
(261). Central obesity was established according to European cut points 
for WC (≥94 and ≥80 cm for males and females, respectively). Automated 
and calibrated electronic devices were employed to assess systolic (SBP) 
and diastolic blood pressure (DBP) (247). Specific treatment for lipid ab-
normality, hypertension, and T2D were obtained by means of question-
naires. Blood samples were obtained after the participants had fasted for 
at least 8 hours, and had not participated in heavy physical activity or 
consumed alcohol for 24 hours. Blood glucose, high-density lipoprotein 
(HDL), and triglyceride levels were used in all studies as part of the as-
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sessment of metabolic risk. Additionally, in studies II and III, other biolog-
ical blood markers, including total cholesterol, low-density lipoproteins 
(LDL), adiponectin, high-sensitive C-reactive protein (hs-CRP), and white 
blood cell count (WB), were included. All biochemical analyses were con-
ducted in one centre using standard methodologies. 

Standard operating procedures and training 
The standardisation of all the measurement protocols and procedures 
across the recruiting centres was discussed, trialled, and decided on in 
different training sessions, concluding with the elaboration of standard 
operating procedures (SOPs) prior to the start of the intervention period. 
Adherence to the established SOPs was evaluated and documented by 
independent researches at all recruiting centres (243). 

Ethical approval and considerations 
The whole research process was performed so as to respect the dignity, 
safety, and wellbeing of the participants. The integrity, privacy, and confi-
dentiality of the participants’ information was ensured in all collect-
ed/stored data and samples by keeping all of them encoded, and any iden-
tifying personal information was kept separate from the source, under 
secure conditions. The health, safety, and privacy risks of participating in 
this project were minimal and limited. All the goals were designed to be 
achieved using a low-risk alternative method for both the subjects and 
researchers. The selected tests were valid and accurate for our study popu-
lation and have been previously implemented in comparable populations. 
The participants were carefully informed of the purpose of the study, and 
of the possible benefits as well as possible associated risks and discomfort 
that might result. For instance, blood samples were collected by experi-
enced trained staff and the risk was minimal; nevertheless, slight discom-
fort, local hematoma, and ephemeral pain when the needle was introduced 
as well as low risk of infection might have happened. Body composition 
was assessed by DXA, which involved the exposure of participants to a 
low radiation dose. The effective dose, defined as the radiation risk aver-
aged over the entire body, was approximately equivalent to that of skiing 
or walking half a day in the mountains or one day of normal background 
radiation. In turn, the number of scans was kept to a minimum of only 
two assessments, one at baseline and another at the one-year follow-up. 
Physical tests have been extensively used and are considered safe tools 
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with which to assess physical functioning in older adults. To further min-
imise the risks, clear instructions and demonstrations were given for each 
test. Regarding the nutritional intervention, there was no risk of inade-
quate or excessive intakes. Furthermore, only apparently healthy old indi-
viduals were included, reducing the risk of complications due to ongoing 
current medical conditions. All the participants were volunteers and had 
the right to withdraw from participation at any time without any conse-
quence and without providing a reason. Written informed consent, in the 
official language of each recruiting centre, was obtained before starting. 
The study was conducted according to the Declaration of Helsinki and 
institutional guidelines. Studies I–IV were performed within the ethical 
frame of the NU-AGE study. The NU-AGE project has been registered 
with clinical-trials.gov since 21 December 2012 (NTC01754012). Local 
ethical approval was provided by the Independent Ethics Committee of the 
Sant’Orsola–Malpighi Hospital Bologna (Italy: 03/2011/U/Sper), the Na-
tional Research Ethics Committee East of England (UK: 12/EE/0109), the 
Wageningen University Medical Ethics Committee (Netherlands: 11/41 
NU‐AGE), the Bioethics Committee of the Polish National Food and Nu-
trition Institute (Poland), and the South-East 6 Person Protection Commit-
tee (France). 

Statistical analysis 
Studies I–III involved cross-sectional analyses of the association between 
dietary components and muscle parameters, using baseline data. Study IV 
analysed the effect of the NU-AGE intervention and indicators of muscle 
health using data from the RCT.  

In study I, four groups were generated according to established protein 
intake cut points: <0.8 g/kg BW; 0.8–<1.0 g/kg BW; 1.0–<1.2 g/kg BW; 
and ≥1.2 g/kg BW. Differences between groups of protein intake and SRS 
were determined by general lineal models (GLMs) with Sidak correction 
for multiple pairwise comparisons. Prior to the analysis of links between 
protein intake and SRS, no interactions with either PA or MetS were ob-
served, so final analyses were based on the whole sample. Additionally, 
regression analysis was employed to assess the effect on SRS of the isoca-
loric substitution of animal-based protein with plant-based protein. The 
regression model included total protein intake, plant-protein intake, and 
total energy intake. Both the GLM and regression models were adjusted 
for age, recruiting centre, adherence to PA guidelines, prevalence of MetS, 
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medication, smoking habits, total energy intake, and fibre intake. All 
analyses were performed on the whole population and stratified by groups 
of protein intake. A total of 986 participants (58% female) were included 
in the final analysis. In Study II, linear regression modelling was used to 
assess the hypothetical change in SRS caused by the isocaloric replacement 
of macronutrients. The effects of reducing intakes of SFAs were deter-
mined by including energy from MUFAs and PUFAs, while keeping the 
remaining energy-providing nutrients unchanged. All models were also 
adjusted for age, recruiting centre, smoking habits, fibre intake (g/day), 
prevalence of MetS, and adherence to PA guidelines. Given the likely in-
fluence of protein intake on SRS, isocaloric substitution modelling was 
further stratified by protein intake of 1.1g/kg BW. A total of 986 partici-
pants were included in the final analysis. In Study III, sex-specific groups 
were generated in relation to median fibre intake. GLM was used to de-
termine the influence of fibre dietary intake on SMI and physical function 
outcomes, while adjusting as follows: for age, study centre, TEI, and MetS 
(main effect and fibre intake × MetS interaction) in model 1; and for pro-
tein intake and adherence to healthy diet and PA guidelines in model 2. A 
total of 981 participants were included in the final analysis. In Study IV, 
between-group (i.e., Control vs. NU-AGE group) differences at baseline 
were assessed using the independent samples t-test or chi-square test. The 
McNemar test was employed to compare adherence to PA guidelines be-
tween pre and post intervention. For the intervention, we conducted a 
complete-case intention-to-treat analysis, including 861 participants with 
complete data on nutrition, PA, MetS, HG, and SMI at baseline and after 
the one-year follow-up examination. The effects of the nutritional inter-
vention on changes in SMI and HG were first assessed using a two-way 
mixed ANOVA, with one between-subject factor (intervention group) and 
one within-subject factor (time) and interaction terms (intervention group 
× time). Second, in the case of significant intervention effect, interaction by 
sex (intervention group × time × sex) was additionally assessed. Post hoc 
comparisons, when justified, were performed using Bonferroni correction 
accounting for families of comparisons. Small-to-moderate effect sizes on 
muscle parameters were detectable with a power of >80% given our sam-
ple sizes and alpha set to 0.05. Analyses were conducted using SPSS ver-
sion 26 (studies II and III) and 27 (studies I and IV). 
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Results and Discussion 
Using data from the NU-AGE project at baseline, we first approached the 
role of the quantity and sources of dietary proteins in sarcopenia risk. 
Second, we investigated the contribution of lowering SFA intake in favour 
of unsaturated fats, i.e., PUFAs and MUFAs, to muscle health. Finally, we 
addressed the question of whether higher dietary fibre intake is linked to 
better muscle mass and function. The general characteristics of the study 
population are presented in Table 2. 
 
Table 2. General characteristics of the study population. 

 Male Female 
N 417 569 
Basic Characteristics   
Age, years 71 ± 4 71 ± 4 
Weight, kg 82.4 ± 12.0 69.1 ± 11.3 * 
Height, cm 173 ± 6 160 ± 7 * 
BMI, kg/m2 27.2 ± 3.7 26.8 ± 4.2 
SMI, % 30.6 ± 3.2 24.4 ± 2.8 * 
Full Education, years 13 ± 4 12 ± 3 * 
Smoking, %never 37.6 61.3 * 
Medication, %yes 77.5 77.7 
PA. Guidelines, %yes 63.8 46.9 * 
Physical Function   
HG, kg/kg BW 0.49 ± 0.09 0.38 ± 0.09 * 
Physical Limitation, % yes 22.1 42.4 * 
Metabolic Risk Factors   
MetS, %yes 44.6 39.5 
Waist circumference, cm 98.0 ± 10.6 88.3 ± 10.8 * 
SPB, mmHg 141 ± 18 139 ± 21 
DPB, mmHg 77 ± 10 74 ± 11 * 
Glucose, mmol/L 5.75 ± 0.94 5.43 ± 0.71 * 
Triglycerides, mmol/L 1.08 ± 0.49 1.06 ± 0.45 
HDL-cholesterol, mmol/L 1.32 ± 0.36 1.71 ± 0.47 * 
LDL-cholesterol, mmol/L 3.13 ± 0.93 3.47 ± 0.98 * 
Nutritional Intake   
TEI, Kcal/day 2037 ± 433 1642 ± 319 * 
Carbohydrates, g/day 250.0 ± 66.6 200.0 ± 47.6 * 
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Fat, g/day 69.4 ± 20.4 57.8 ± 16.4 * 
SFAs, g/day 27.1 ± 10.0 23.3 ± 8.7 * 
MUFAs, g/day 29.5 ± 9.2 23.7 ± 6.9 * 
PUFAs, g/day 12.8 ± 5.4 10.8 ± 4.7 * 
Protein, g/day 82.1 ± 19.2 68.9 ± 14.2 * 
Plant Protein, g/day 30.6 ± 9.8 24.6 ± 6.9 * 
Animal Protein, g/day 51.4 ± 15.7 44.3 ± 12.3 * 
Fibre, g/day 24.4 ± 9.3 21.4 ± 7.4 * 

Continuous data are expressed as mean ± SD, unless otherwise indicated. BMI, 
body mass index; SMI, skeletal muscle mass index; PA, physical activity; HG, 
handgrip strength; BW, body weight; MetS, metabolic syndrome; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoproteins; 
LDL, low-density lipoproteins; TEI, total energy intake. * p < 0.05 vs. male. 
Adapted from Montiel-Rojas et al. (262). 

Amount and source of dietary proteins and muscle health (Study 
I) 
In Study I, we investigated the association between total protein intake 
and muscle health. We also explored whether different sources of dietary 
protein matter for sarcopenia risk when accounting for total protein in-
take as well as adherence to health-enhancing PA guidelines. 

We found a linear dose–response association, without apparent ceiling 
effect, between total protein intake and risk of sarcopenia in the fully ad-
justed models (Figure 2a). A similar trend was observed between protein–
intake groups and the different components of the SRS, i.e., SMI (Figure 
2b) and HG strength (Figure 2c). 
 

 
(a) 
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(b) 

 
(c) 

Figure 2. Differences in sarcopenia risk score (a), skeletal muscle mass index (b), 
and handgrip strength (c) across groups of protein intake. Data are estimated 
marginal means ± SEM adjusted for age, recruiting centre, medication, smoking 
habits, prevalence of MetS, adherence to recommended PA guidelines, fibre intake, 
and total energy intake. * p < 0.05 vs. <0.8 g/kg BW protein intake; # p < 0.05 vs. 
0.8–<1.0 g/kg BW protein intake; + p < 0.05 vs. 1.0–<1.2 g/kg BW protein intake. 
Adapted from Montiel-Rojas et al. (263). 

Although an umbrella review did not find strong evidence to support 
protein supplementation above 0.8 g/kg BW to increase muscle mass, 
strength, or performance (150), our data confirmed previously established 
links between dietary protein intake and muscle strength and mass in free-
living older adults. For example, Isanejad et al. (118) showed a positive 
relationship between baseline protein intake and HG as well as an associa-
tion with changes over a three-year period in non-sarcopenic women. Re-
sults from the Women’s Health Initiative clinical and observational study, 
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which involved 134,961 participants aged 50–79 years, also reached simi-
lar conclusions (128). Furthermore, in a group of postmenopausal women, 
those consuming above 1.2 g/kg BW of dietary protein presented higher 
HG strength than did those consuming 0.8–<1.2 g/kg BW (264), with a 
total variance of 24% in HG being independently predicted by the total 
protein intake. Higher protein intake has also been shown to protect 
against loss of strength in a group of 1746 men and women aged 60 and 
above from the Framingham Offspring cohort. Moreover, higher appen-
dicular lean mass has been observed in relation to protein intake, when 
accounting for subjectively assessed PA levels in free–living older men 
(120). In the Health ABC Study, those participants belonging to the high-
est quintile of protein intake showed less loss of appendicular lean mass 
(~40%) than did those in the lowest quintile, after adjusting for potential 
confounding factors, including reported physical activity levels (123). 
Other studies have also found a positive relationship between protein con-
sumption and muscle mass (265,266), including geographically distant 
populations, such as community-dwelling Chinese older adults (267). We 
previously reported a beneficial impact of higher dietary protein intakes 
on muscle mass and function in physically active older women (127). The 
potential benefit of dietary protein intake has also been highlighted in a 
recent meta-analysis of observational studies, supporting intakes above 1.0 
and 1.2 g/kg BW, versus intakes below 0.8 g/kg BW, for greater muscle 
mass and leg strength (119). 

From a molecular standpoint, an imbalance between protein synthesis 
and degradation can lead to loss of muscle mass and strength (132). In 
ageing, the muscle synthesis response to dietary protein can be impaired 
by several factors, such as inefficient absorption of AA, high splanchnic 
extraction, and AR (29,132). Several studies agree that MPS might be-
come resistant to the anabolic effect of protein intake, specially at lower 
intakes (148,268–271). Similarly, high chronic inflammation might in-
crease the rate of protein catabolism (272). Taken together, these factors 
result in an imbalance between synthesis and degradation over time. Pro-
tein metabolism within the skeletal muscle is estimated to decline around 
10% per decade, shifting the balance towards catabolism over time (273). 

Furthermore, we ascertained the role of different sources of protein in-
take in sarcopenia risk across different levels of total protein intake. An 
isocaloric increase in plant-based proteins to the detriment of animal-
based proteins was related to a significantly lower sarcopenia risk in the 
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whole population and at different levels of dietary protein intake (Table 
3). 
 
Table 3. Isocaloric substitution of animal-based protein with plant-based 
protein on sarcopenia risk in older European adults. 

  Sarcopenia Risk Score 
Model N β-coeff. 95% CI p-value 
Whole Population     
Plant Protein 986 −0.249 −0.303 to −0.196 <0.001 
<0.8 g/kg BW     
Plant Protein 205 −0.323 −0.498 to −0.149 <0.001 
≥0.8–<1.0 g/kg BW     
Plant Protein 296 −0.198 −0.318 to –0.078 0.001 
≥1.0–<1.2 g/kg BW     
Plant Protein 279 −0.276 −0.364 to −0.189 <0.001 
≥1.2 g/kg BW     
Plant Protein 206 −0.234 −0.335 to −0.133 <0.001 

CI, Confidence interval; BW, body weight. Substitution model contains total pro-
tein intake, plant-protein intake, and total energy intake. Models were additionally 
adjusted for age, recruiting centre, medication, smoking habits, prevalence of 
MetS, adherence to recommended PA guidelines, and fibre intake. Estimates are 
interpreted as the association of the sarcopenia risk score with a 0.1g/kg BW in-
crease in plant protein to the detriment of animal protein, while keeping total 
protein intake and energy constant. Adapted from Montiel-Rojas et al. (263). 

Our findings revealed a beneficial relationship between higher amount 
of dietary plant-based proteins, to the detriment of animal-based proteins, 
and sarcopenia risk, independent of the total protein intake and other 
confounding factors. In general, plant-derived proteins are frequently pre-
sented as an inadequate source of the EAAs leucine, lysine, and/or methio-
nine (141,152–154), as well as having a diminished capability to elicit 
MPS (151,155–159,274). Furthermore, digestibility and lower absorption 
of protein from plant sources, i.e., 45–80% compared with >90% for 
animal proteins, might affect amino acid availability for the body to use 
(274). It is therefore suggested that greater consumption of plant-derived 
protein is needed to achieve MPS response comparable to that occurring 
with smaller quantities of animal-based protein (141,274). Given this, 
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attention has mainly been directed towards animal-based protein as the 
primary protein source for promoting the maintenance of muscle mass and 
function in older adults. However, the number of studies actually assessing 
the effect of plant-protein on MPS is limited, mainly due to methodologi-
cal aspects of assessing the digestion and absorption kinetics of plant pro-
tein (274). To date, most relevant studies are based on isolated and low-
digestible plant sources, such as soy and wheat (156,157,160,161,275), 
and little is known of plant protein in the context of whole diets. Notably, 
these plant-based proteins from wheat and soy are more readily converted 
to urea (274), which reduces their potential to elicit an anabolic response. 
In recent studies, the superior role of animal protein in muscle quantity 
and quality has been challenged by growing evidence supporting a plausi-
ble link between increasing dietary plant protein and enhanced muscle 
health. For example, in a group of older adults, higher intakes of plant 
protein were linked to less loss of muscle mass over a period of four years 
(135). Another study also highlighted a positive association with muscle 
performance, such as higher scores in the SPPB test using copula graphical 
models (164) or faster walking speed (126,163). This is supported by a 
recent systematic review and meta-analysis of RCTs, which found that the 
positive effects of animal proteins on muscle mass and strength tended to 
be more pronounced in younger adults, but less so in older peers (276). 
Some models have estimated that deficiencies of EAAs attributed to plant-
derived proteins might not occur if a combination of different sources of 
plant-proteins remains below 70% of an adequate total protein intake 
(168). For instance, it is thought that diets in which different sources of 
plant-based protein are combined are sufficient to meet human require-
ments, as the AA deficiencies associated with plant foods have been over-
emphasized (277). In fact, with proper meal planning, the adequacy of 
higher intakes of plant-based proteins has also been pointed out in other 
populations with high demands for protein intake, such as vegan and veg-
etarian athletes (278). Considering that the average intake of dietary 
plant-based protein in our population was around 37%, comparable to 
previous data for similar populations (166,167), this gives a feasible safe 
margin for increasing the consumption of dietary plant-derived protein 
without risking EAA deficiency. Importantly, we observed a benefit from 
increasing plant protein across the full range of total protein intake, not 
only in those with adequate protein intake, which suggests an independent 
association between source and quantity in this population of older Euro-
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pean adults. Of note, previous reports indicated that an adequate protein 
intake would attenuate the benefits related to specific protein sources 
(151,165,279,280).  

Yet, the plausible molecular mechanism behind the impact of dietary 
plant proteins on muscle health is not fully understood. As mentioned 
above, the balance between anabolic and catabolic events within skeletal 
muscle might be affected by numerous factors, with plant protein possibly 
having a direct and/or indirect impact. For example, it has been suggested 
that polyphenols, found in plant-rich diets, might mediate muscle mass 
and function, acting as important antioxidant and anti-inflammatory 
agents (281). Consequently, increasing plant-protein intakes might act on 
muscle health partly by the increase in plant phytochemicals. Also, acido-
sis is associated with accelerated breakdown of skeletal muscle, and the 
correction of metabolic acidosis might reduce muscle wasting (282). In-
creasing the intake of plant sources of protein might therefore be associat-
ed with alkalising properties and richness in potassium and magnesium 
salts, suggesting a protective effect against sarcopenia in older men and 
women (48,169,283,284).  

One of the plausible ways to increase the direct impact of plant protein 
on muscle quantity and quality is by increasing the sensitivity to ingested 
proteins. In that sense, PA has been presented as a potential contributor, 
with the possibility of improving the anabolic response to dietary plant 
sources. Whereas we observed a positive association with increasing plant 
proteins to the detriment of animal sources irrespectively of PA, specific 
exercises regime, specially targeting the improvement of muscle mass and 
strength, might otherwise potentiate the plausible beneficial role of dietary 
plant protein in muscle health in older adults (160). 

Altogether, we favour increasing dietary plant-based protein at any level 
of PA and total protein intake for sarcopenia prevention in older Europe-
an adults. 

Fat subtypes and muscle health (Study II) 
Diets with high fat content have previously been associated with sarcope-
nia risk in older adults, compared with lower-fat diets (169,285,286), with 
special attention having been placed on the impact of dietary fat subtypes.  
In Study II, we addressed the question whether replacing SFAs with either 
MUFAs or PUFAs influences sarcopenia risk, considering metabolic dis-
turbances and adherence to recommended levels of PA, and protein intake. 



42 
 

DIEGO MONTIEL ROJAS    Diet and sarcopenia risk in community-dwelling older…  
 

In the whole population, the isocaloric substitution model revealed that 
replacing SFAs with PUFAs was significantly associated with a lower risk 
of sarcopenia, whereas no corresponding association was evident when 
substituting SFAs for MUFAs (Table 4). Sufficient protein intake and ap-
propriate fat quality have been suggested to be beneficial for the preven-
tion of sarcopenia in older adults (170). When splitting the analysis in 
relation to a recommended protein intake of at least 1.1 g/kg BW, the 
effect of increasing PUFAs to the detriment of SFAs on SRS was statistical-
ly significant only in those participants with a protein intake below 1.1 
g/kg BW (Table 4). 

 
Table 4. Effect of the isocaloric replacement of saturated fatty acids with 
unsaturated fatty acids on sarcopenia risk score in the whole population of 
older European adults, and stratified by meeting the recommendation of 
1.1 g/kg BW of protein intake. 

  Sarcopenia Risk Score 
Model N β-coeff. 95% CI p-value 
Whole Population 986    
MUFAs  −0.012 −0.121 to 0.097 0.829 
PUFAs  −0.152 −0.253 to −0.051 0.003 
Protein < 1.1 g/kg BW 648    
MUFAs  −0.012 −0.168 to 0.144 0.879 
PUFAs  −0.162 −0.303 to −0.020 0.025 
Protein ≥ 1.1 g/kg BW 338    
MUFAs  −0.067 −0.227 to 0.094 0.417 
PUFAs  −0.093 −0.241 to 0.056 0.221 

CI, confidence interval; MUFAs, monounsaturated fatty acids; PUFAs, polyun-
saturated fatty acids; BW, body weight. Substitution model contains total energy 
intake (Kcal/kg BW), protein intake (Kcal/kg BW), carbohydrate intake (Kcal/kg 
BW), MUFA intake (Kcal/kg BW), PUFA intake (Kcal/kg BW), alcohol intake 
(Kcal/kg BW), and fibre intake (g/day). Models were additionally adjusted for age, 
recruiting centre, smoking habits, meeting the recommendations for physical activ-
ity (yes/no), and prevalence of metabolic syndrome (yes/no). Estimates were inter-
preted as the association of the SRS with a 1 Kcal/BW increase in the substituent 
macronutrients (MUFAs or PUFAs) to the detriment of SFAs while keeping the 
remaining variables constant. Adapted from Montiel-Rojas et al. (262).  
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Whereas there is limited information regarding distribution of fat sub-
types and muscle health, several studies have presented positive and nega-
tive associations with specific fat subtypes. For example, in a prospective 
study involving 1873 males and females aged 60 years and over, habitual 
intake of SFAs was associated with higher risk of lower-extremity func-
tional impairment, whereas higher consumption of PUFAs, as well as 
MUFAs, was related to lower incidence of muscle weakness assessed by 
HG and physical performance impairment (172). In older women, higher 
intakes of PUFA’-rich foods together with a total protein intake above 
1.17 g/kg BW has recently been indicated for the preservation of skeletal 
muscle mass and function (287). Moreover, in a population of older Ital-
ians of the InCHIANTI study, plasma PUFA concentrations, suggested to 
represent dietary intakes, seemed to be protective against accelerated loss 
of physical performance assessed by SPPB and walking pace (173). Like-
wise, a large data sample analysis from the UK Biobank highlighted a 
beneficial association between higher intakes of PUFAs-rich food, such as 
oily fish, and HG strength in a population of ≥60-year-old men and wom-
en (174). Eating patterns such as the traditional Mediterranean or Baltic 
Sea diets, characterised by moderate consumption of total fat, very low in 
SFAs and rich in unsaturated oils (285,288), have also been linked to low-
er sarcopenia indices in ageing populations (169,285).  

In general, intakes below 10% of TEI for SFAs and above 5% of TEI 
for PUFAs remain the backbone of dietary guidelines to reduce the risk of 
cardiovascular diseases. Because SFAs can be synthesised by the body, 
some have gone further, claiming that SFA intake should simply be kept as 
low as possible (289). In line with comparable populations (290,291), 
75% and 65% of our participants reported suboptimal intakes of SFAs 
and PUFAs, respectively, and only around 33% had a protein intake 
above 1.1 g/kg BW. The fact that the beneficial impact was only apparent 
in those with lower protein intake emphasised plausible roles, of both the 
type of fat and the relative distribution of fat subtypes in enhancing mus-
cle health in older adults. Changes in the distribution of dietary fat sub-
types may contribute to reducing sarcopenia risk by direct action on the 
skeletal muscle as well as indirectly by, for example, reducing chronic 
inflammation or ameliorating other health conditions. At the cellular level, 
SFAs have been linked to different molecular pathways resulting in muscle 
wasting. Muscle cells exposed to SFAs suffered from a reduction in size, 
suppression of insulin signalling, as well as elevated expression of pro-
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atrophic genes (179,180). Furthermore, SFAs were related to deterioration 
in muscle mass by inhibiting the activity of fundamental nutrient trans-
porters, possibly impacting AA uptake (181). In contrast, PUFAs may 
promote muscle health by directly enhancing MPS through activating the 
mTOR growth pathway as well as indirectly by acting as anti-
inflammatory agents. For instance, a reduction in the expression of the 
pro-inflammatory mediator IL-1β has been previously reported (182,183). 
Different studies have reported positive, negative, or no association be-
tween intakes of MUFAs and indicators of muscle health and sarcopenia 
(172,177,178,292). However, we did not find any association between 
increasing the intake of MUFAs to the detriment of SFAs and sarcopenia 
risk. Therefore, a possible link between MUFAs and health remain elusive.  

Considering the high proportion of older adults with suboptimal in-
takes of protein as well as distribution of fat subtypes, our conclusions 
strengthen the importance of these two nutrients in reducing sarcopenia 
risk in older individuals. 

Dietary fibre intake and muscle health (Study III) 
In Study III, we presented a positive link between dietary fibre intake and 
skeletal muscle mass in older adults. This relationship was independent of 
total protein intake and adherence to the recommended PA guidelines. 
Based on GLM, women with dietary fibre intakes above the median had 
significantly higher SMI than did those under the median, after adjusting 
for MetS status (24.6 ± 0.2% vs. 23.9 ± 0.2%, p = 0.003). This associa-
tion remained significant when further accounting for adherence to PA 
guidelines, protein intake, and adherence to a healthy diet (Figure 3). 

 

 

Figure 3. Skeletal muscle mass index in women below and above median dietary 
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fibre intake. Data are estimated marginal means ± SEM adjusted for age, recruiting 
centre, total energy intake, prevalence of metabolic syndrome, adherence to physi-
cal activity guidelines, protein intake and adherence to healthy diet. SMI, skeletal 
muscle mass index. * p < 0.05. Adapted from Montiel-Rojas et al. (293). 

In men, a significant interaction between MetS and dietary fibre intake 
on SMI was observed (p = 0.009). After stratification, the main effect of 
fibre intake on SMI remained significant in those without MetS (32.4 ± 
0.3% vs. 31.3 ± 0.3%, p = 0.005), before and after adjustments (Figure 4).  

 

 

Figure 4. Skeletal muscle mass index in men without MetS below and above medi-
an dietary fibre intake. Data are estimated marginal means ± SEM adjusted for 
age, recruiting centre, total energy intake, adherence to physical activity guidelines, 
protein intake, and adherence to healthy diet. SMI, skeletal muscle mass index. * p 
< 0.05. Adapted from Montiel-Rojas et al. (293). 

Different intakes of dietary fibre were not associated with objective 
markers of physical function, including the SPPB test and HG strength (p 
> 0.05), and no MetS × dietary fibre intake interaction was observed. 

Notably, a significant difference in fibre intake was observed between 
older men with and without MetS (Figure 5a), but not in women (Figure 
5b). Those having the lowest fibre intake also presented higher hs-CRP 
levels than did those above the median (men: 1.82 ± 2.30 mg/L vs. 1.32 ± 
1.96 mg/L; women: 2.06 ± 2.58 mg/L vs. 1.27 ± 1.81 mg/L.; p < 0.05). 
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(a) 

 
(b) 

Figure 5. Dietary fibre intake in men (a) and women (b) according to prevalence of 
metabolic syndrome. Data are means ± SD. * p < 0.05. 

Findings from Study III revealed that higher dietary fibre intake was 
beneficially associated with higher skeletal muscle mass, but not with 
physical function, in a population of older European adults. This positive 
link was evident regardless of PA behaviour and protein intake, which 
strengthens the role of dietary fibre intake in relation to muscle health. 
Several studies have demonstrated a plausible beneficial link between die-
tary fibre and protection against different adverse health outcomes, includ-
ing T2D, MetS, CVD, and colorectal cancer (191,192). Yet, the associa-
tion between dietary fibre intake and body composition is not fully under-
stood (193–196), and the connection with muscle health poorly docu-
mented. In line with our observations, Abete et al. (197) showed that low 
muscle mass was associated with lower dietary fibre intake using data 
from the PREDIMED-plus trial. Similarly, a recent report using a popula-
tion aged 40 years and older showed that higher dietary fibre intake was 
associated with higher lean mass and lower fat mass (199). This fact has 
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also been observed using animal models of young mice, with those on low-
fibre diets exhibiting lower muscle mass and performance than their high-
fibre counterparts (294). It is suggested that the promotion of gut micro-
biota eubiosis (189), also linked to the production of SCFAs, might partly 
explain the positive associations. Accumulating evidence in humans has 
indicated a plausible gut–muscle axis that could partly explain the rela-
tionship between gut microbiota and age-related decline in muscle health 
(188,295–298). A healthy gut microflora is related to reduced systemic 
inflammation which can lead to muscle dysfunction as well as to improved 
dietary protein digestion and absorption (187,190,299–301). For instance, 
changes in the systemic environment caused by chronic low-grade inflam-
mation might alter muscle health by increasing AR to factors such as mus-
cle contraction, dietary AA, and anabolic hormones, resulting in a MPS 
below muscle maintenance levels (61,96). In our population, we observed 
lower CRP concentrations, a generally known clinical marker of systemic 
inflammation, in both men and women with the highest fibre intake. Fur-
thermore, participants with the highest skeletal muscle mass also showed 
lower hs-CRP and higher anti-inflammatory biomarker adiponectin levels. 
Taken together, this underscores a likely role of the systemic inflammatory 
milieu in skeletal muscle mass differences at old age. Additionally, the 
fermentation of dietary fibre leads to the production of SCFAs – i.e., ace-
tate, butyrate, and propionate – in the colon (302). A higher capacity of 
the gut microbiota to synthesise SCFAs has been associated with a higher 
skeletal muscle index (303), and increasing the proportion of SCFA-
producing bacteria by higher dietary fibre density has been related to 
higher whole body lean mass (304). Despite the limited experimental evi-
dence, SFCAs as a by-product of fibre fermentation might act directly on 
skeletal muscle metabolism and function by increasing the phosphoryla-
tion of AMP-activated protein kinase and possibly PGC1α, increasing the 
expression of peroxisome proliferator-activated receptors and inhibiting 
lysine deacetylases (187). Furthermore, indirect actions of SCFAs on skele-
tal muscle have also been highlighted, including increasing blood flow, 
eliciting hormonal responses involved in appetite regulation and glucose 
homeostasis, and regulating systemic inflammation (187). 

The occurrence of MetS has been linked to higher risk of sarcopenia in 
older adults (305), and a negative relationship with muscle mass has also 
been shown in a population of 14,830 adults in a seven-year retrospective 
cohort study (306). Therefore, we addressed the potential interaction of 
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MetS with the link between dietary fibre intake and muscle mass. In wom-
en, no differences in fibre intake were observed among those with and 
without MetS, which resulted in no interaction between this condition and 
the association between fibre intake and muscle mass. Given the lower 
dietary fibre intake in males with MetS, it is hypothesised that the lack of 
association in that group is due to the impossibility of the lower fibre in-
take offsetting the detrimental impact of metabolic disturbances on the 
regulation of muscle mass. This finding strengthens the need to increase 
the fibre intake, regardless of metabolic condition.  

Previous reports have demonstrated a beneficial association between 
high fibre intake and HG strength and SPPB (176,194,199,304). In con-
trast, we did not observe any relationship between dietary fibre intake and 
any of the objectively assessed markers of physical function and perfor-
mance. Both HG strength and SPPB score are employed as confirmation 
and severity indicators in clinical assessments of sarcopenia, respectively 
(10). However, age-dependent changes in muscle strength seem to be 
weakly related to muscle mass (22), possibly explaining the contrasting 
observations between fibre intake and muscle mass and function. Consid-
ering that our study population was neither frail nor had overt disease, but 
had relatively higher levels of functionality than those of a general popula-
tion of older adults, it is also possible that the link between dietary fibre 
intake and physical function might be observed at other levels of physical 
function or age (194,304). 
 

Effect of a Mediterranean-Style Diet on muscle health (Study IV) 
We investigated the effect of a Mediterranean-style diet (NU-AGE diet) on 
changes in muscle mass and strength in a population of community-
dwelling 65–79-year-old European adults using data from the NU-AGE 
RCT. 

At baseline, no significant differences were found in any of the parame-
ters between the Control and the NU-AGE arms. No differences were 
found in relation to SMI or HG, and both groups presented equal propor-
tions of participants with MetS and adhering to PA guidelines (Table 5). 
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Table 5: Characteristics of participants in the Control and NU-AGE arms. 

 Control NU-AGE 
N 418 443 
Age, y 71 ± 4 71 ± 4 
Sex, % female 56.0 58.0 
Weight, kg 74.5 ± 12.5 74.5 ± 13.9 
Height, cm 165.7 ± 9.6 165.5 ± 9.0 
WC, cm 91.8 ± 11.3 92.3 ± 12.1 
MetS, % yes 39.0 42.9 
SMI, % 27.35 ± 4.22 27.03 ± 4.35 
HG, kg/kg BW 0.43 ± 0.10 0.42 ± 0.12 

Data are expressed as mean ± SD, unless otherwise indicated. WC, waist circum-
ference; MetS, metabolic syndrome; SMI, skeletal muscle mass index; HG, hand-
grip strength; BW, body weight. 

 After the one-year intervention, significant decreases of –52 ± 11 Kcal in 
TEI, –6.5 ± 1.6 g in carbohydrate intake, and an increase of 0.5 ± 0.2 g in 
PUFA intake, were observed in the whole population (p < 0.05). Partici-
pants in the NU-AGE arm increased total, animal-based and plant-based 
protein intakes, whereas the opposite was observed for total and animal-
based protein intakes in the Control arm (Table 6). A reduction in total 
fat, SFA, and MUFA intakes as well as an increase in dietary fibre intake 
occurred only in the NU-AGE group (Table 6). 

Moreover, no significant changes in adherence to PA guidelines oc-
curred in any of the groups after one year. 

There was no significant effect of the NU-AGE diet on changes in HG 
after the one-year intervention (time × intervention group: F(1, 857) = 
3.147, p = 0.076, partial η2 = 0.004) (Table 7). Similarly, there was no 
significant effect of the NU-AGE diet on changes in SMI (time × interven-
tion group: F(1, 859) = 0.330, p = 0.566, partial η2 = 0.000) (Table 7). 
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Table 6. Changes in energy and macronutrient intake over one year in the 
861 participants in the NU-AGE study. 

Nutrition 
Control (n = 418) NU-AGE (n = 443) 

Baseline Follow-up Baseline Follow-up 
TEI, Kcal 1845 ± 21 1807 ± 23 a 1799 ± 19 1733 ± 18 a 
Protein, g 75.5 ± 0.9 73.1 ± 0.9 * 74.5 ± 0.9 77.5 ± 0.8 * 
Protein, g/kg BW 1.03 ± 0.01 1.00 ± 0.01 * 1.02 ± 0.01 1.07 ± 0.01 * 
PP, g/kg BW 0.38 ± 0.01 0.38 ± 0.01 0.37 ± 0.01 0.40 ± 0.01 * 
AP, g/kg BW 0.65 ± 0.01 0.63 ± 0.01 * 0.65 ± 0.01 0.68 ± 0.01 * 
CHO, g 226.1 ± 3.1 219.1 ± 3.4 a 219.8 ± 2.9 213.7 ± 2.6 a 
Fat, g 63.8 ± 1.0 64.3 ± 1.0 62.4 ± 0.9 57.6 ± 0.8 * 
SFA, g 25.3 ± 0.4 25.4 ± 0.5 24.8 ± 0.4 20.5 ± 0.4 * 
MUFA, g 26.6 ± 0.4 26.8 ± 0.4 26.0 ± 0.4 24.8 ± 0.3 * 
PUFA, g 11.9 ± 0.2 12.1 ± 0.3 a 11.6 ± 0.3 12.3 ± 0.3 a 
Fibre, g 23.4 ± 0.4 23.2 ± 0.4 22.3 ± 0.4 25.9 ± 0.4 * 

Data are expressed as estimated marginal mean ± SE. TEI, total energy intake; PP, 
plant-based proteins; AP, animal-based proteins; CHO, carbohydrate; SFA, satu-
rated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated 
fatty acids. a denotes significant differences between Baseline and Follow-up in the 
whole population (no time × intervention group interaction effect). * denotes sig-
nificant differences between Baseline and Follow-up within the group. 

 
Table 7. Handgrip strength and skeletal muscle mass index at baseline and 
after one-year follow-up in the 861 participants in the NU-AGE study. 

 
Control (n = 418) NU-AGE (n = 443) 

Baseline Follow-up Baseline Follow-up 
HG, kg/kg BW 0.43 ± 0.01 0.43 ± 0.01 0.42 ± 0.01 0.43 ± 0.01 
SMI, % 27.36 ± 0.21 27.47 ± 0.22 27.03 ± 0.20 27.19 ± 0.21 

Data are expressed as estimated marginal mean ± SEM. HG, handgrip strength; 
SMI, skeletal muscle mass index. 
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The intervention resulted in significant changes in some key dietary el-
ements that were previously associated with muscle health, i.e., increasing 
protein and dietary fibre intakes and reducing SFAs intake. At the end of 
the intervention, the NU-AGE arm reported an increased intake of whole 
grains and legumes, nuts, low-fat cheese, fish, low-fat dairy, and olive oil 
compared to the Control arm, as previously reported (246). Notwith-
standing this, we observed no evidence suggesting that the diet affected 
any aspect of muscle health in this population of 65–79-year-old commu-
nity-dwelling Europeans.  

Growing evidence suggests the potential synergistic effect of different 
food groups on health outcomes (200–204). Previous investigations using 
data from the NU-AGE RCT have presented a beneficial impact of the 
NU-AGE diet on modulating the gut microbiota, that was associated with 
better inflammatory profiles and lower levels of frailty markers (307), 
promoting epigenetic rejuvenation (308), enhancing cardiovascular health 
(309), and slowing down age-related cognitive decline (310). Previous 
studies have shown positive associations between adherence to MD and 
lower risk of sarcopenia, greater muscle mass and strength, improved 
physical function, and protection against functional disability and frailty 
in older adults (112,211–214,311–313). Several considerations may un-
derly the lack of beneficial effect of the diet on muscle health in this study. 
It can be hypothesised that changes in the diet were not big enough to 
elicit a positive response in muscle mass and strength. Indeed, the average 
protein intake remained below 1.1 g/kg BW by the end of the intervention 
in the NU-AGE arm. Further, the observed increase in fibre intake, reduc-
tion of SFAs with a concomitant increase of PUFAs may not be sufficient 
to elicit changes in indicators of muscle health. Also, the magnitude of the 
change might be relevant, the adoption of new dietary habits may not be 
achieved immediately at the start of the intervention. Thus, observed 
changes may not necessarily reflect a 12-month period. Moreover, the 
inclusion/exclusion criteria for this study might have discarded partici-
pants with lower muscle mass and/or strength that could have benefited 
more from this intervention. 

Methodological considerations 
The findings presented here are based on a cohort of older adults from 
different European countries using identical inclusion/exclusion criteria 
and standardised protocols, improving the internal validity of the study. 
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Regarding external validity, the sample population of older European 
adults was community-dwelling non-frail and free of overt diseases, which 
excludes broader ageing populations with various ethnical backgrounds 
and medical conditions (314). The study sample in this thesis was instead 
selected as an appropriate target for preventive actions (315).  

Muscle mass in older individuals can be estimated using a number of 
non-invasive techniques, such as DXA, BIA, CT, or MRI. DXA has gained 
acceptance as a reference method for the assessment of different body 
compartments, including fat mass, non-bone fat-free mass, and bone min-
eral content (316–318). Within the scope of the whole NU-AGE project, 
fan-beam DXA devices were chosen as a suitable and valid alternative, 
involving low relative cost, fast processing, and low radiation compared 
with other methods, such as computed tomography (319). Whereas all 
procedures were performed by trained technicians and the devices adhered 
to quality control standards and were calibrated according to the manu-
facturers’ instructions, the use of different instrument brands might be 
considered as a limitation. Different instruments might have impinged on 
the consistency of the results (320,321), but no consensus for this correc-
tion factor has been established yet (322). In order to minimise the impact 
of plausible systematic differences, the recruiting centre was always con-
sidered a confounding factor in the different statistical models in studies I–
III. Furthermore, considering the correlation between muscle mass and 
total body size, normalisation using total body weight was used when 
generating the SMI. 

Physical function and performance were assessed using objective and 
subjective tools. The HG strength of the dominant hand was assessed us-
ing calibrated Jamar handheld dynamometers, initially as part of the frail-
ty status assessment for inclusion (245). This device is a valid and widely 
used tool with which to assess HG strength in older adults. When using 
appropriate protocols, HG strength is predictive of a range of adverse 
health outcomes, hospital stays and death, and is used as indicator of 
muscle strength for sarcopenia diagnosis (27,28,251–255). As with other 
measures of strength, motivational aspects might have played a role in 
achieving maximum HG values. SPPB is a test battery that indicates the 
ability to perform physical activities needed in order to function inde-
pendently in daily life (9). With a maximum score of 12 points, a score of 
eight or below is employed as an indicator of severity of sarcopenia diag-
nosis, when accompanied by low muscle mass and strength. Given the 
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characteristics of our study population, the SPPB test was used only in 
Study III and omitted from the others, since the average score was near to 
the maximum score, with little variation being found among the partici-
pants.  

The individual elements of the SRS in studies I and II, i.e., SMI and HG, 
were selected based on the recent operational definition of sarcopenia 
(10). The SRS is likely to better capture different stages of sarcopenia pro-
gression than are separate individual parameters of muscle mass and 
strength. Further longitudinal studies might be necessary to validate the 
SRS. A phenotype score has previously been used within a European 
population as an approach to better stratify the incremental sarcopenic 
burden of older adults by outcome relevance (323). 

Before and after the one-year follow up, seven-day food records were 
used to assess the energy, macronutrient, and micronutrient intakes of all 
participants. This method has the ability to include real-time portion size 
estimates and intakes of infrequently consumed foods that can be relevant 
for specific nutrients (243). Moreover, given the nature of the assessment, 
this method might reduce recall bias, since it does not rely on the partici-
pant’s memory. Otherwise, it is more time consuming than are other 
methods, such as FFQ or 24-hour recall, which might result in lower co-
operation and in interference with eating habits. Inherent to studies as-
sessing dietary intake, under- and over-reporting of intakes may have oc-
curred. However, we reported macronutrients intakes comparable to those 
reported in previous studies of older adults (127,285,324). The correlation 
of reported intakes and objective biomarkers (247), together with the use 
of software exploiting local food composition tables strengthened the re-
ported dietary compliance. Furthermore, the use of harmonised FBDGs 
across the recruiting centres helped to provide comparable dietary advice 
and the implementation of the same dietary principles more broadly. 

Adhering to health-enhancing PA guidelines might play an important 
role in maintaining muscle health, so it was consistently controlled for 
across all the studies when addressing the impact of nutritional elements. 
PA behaviours were assessed using objective measurements of PA levels, 
which limited recall bias and increased the validity of the studies. 

The cross-sectional design of studies I–III precluded conclusions about 
causality. Whereas several confounding factors were considered, including 
demographic, biological, and behavioural aspects, residual confounding 
from unmeasured variables cannot be ruled out. Although a strength of 
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the RCT is its duration (one year), which minimises the effect of seasonal 
variations, we could not retrieve complete data on all subjects for several 
reasons (e.g., technical issues related to instrumentation). Also, the nutri-
tional intervention was mainly based on self-administration, which may be 
less efficient in term of compliance compared to provision of all food 
items. 
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Conclusions 
This work investigated the links between dietary intake (single nutrients 
and whole-diet approach) and muscle health in a population of communi-
ty-dwelling older European men and women. Based on cross-sectional and 
experimental study designs, the major conclusions are:  

 

1. The quantity and sources of dietary proteins were beneficially as-
sociated with muscle health in older adults.  
a. Higher protein intakes, above of 1.2 g/kg BW, were linked 

to both higher muscle mass and strength. 
b. Reducing the intake of animal-based proteins to the benefit 

of more plant-proteins, regardless of the total protein in-
take, was related to lower sarcopenia risk. 

 
2. Increasing the intake of PUFAs, but not MUFAs, to the detriment 

of SFAs was linked to a lower sarcopenia risk in older adults with 
dietary protein intakes below 1.1 g/kg BW. 

 
3. A higher dietary fibre intake was associated with a higher muscle 

mass in older adults 
 

4. Although the adoption of a Mediterranean-style diet for 12 
months promoted increased levels of healthy food items in older 
adults, no effects on indicators of muscle health were detected. 
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Practical implications 
Being physically active and adhering to healthy dietary habits are consid-
ered two of the key non-pharmacological preventive strategies to counter-
act the age-related loss of muscle mass and strength in older adults.  

This thesis highlights the beneficial impact of higher protein intakes on 
sarcopenia risk in community-dwelling older European adults. Additional-
ly, we also observed a beneficial association of increasing the proportion 
of plant-based proteins at the expense of animal-based sources. Promotion 
of adequate protein quantity and quality is a feasible strategy to maintain 
muscle health in older adults. This is feasible because a large part of the 
older population has a total protein intake below 1.1 g/kg BW, where ani-
mal-based proteins appear to be the main source of total intake in older 
European adults. Thus, alongside an adequate protein intake, promotion 
of plant-based foods should be endorsed for optimal muscle health. We 
also emphasised the link between fat subtypes distribution and sarcopenia 
risk. Indeed, a replacement of SFAs with PUFAs, was related to lower 
sarcopenia risk. These changes in the distribution of fat subtypes were 
specifically relevant in those with protein intake below 1.1 g/kg BW. This 
fact emphasises the need to also optimise dietary fat intake by favouring 
PUFAs at the expense of SFAs, especially in those with a low protein con-
sumption. However, this result also reinforces the necessity to emphasize 
promotion of an adequate protein intake. Furthermore, this thesis sup-
ports global dietary guidelines emphasizing increased fibre-rich food in-
takes for general health benefits by extending these benefits on muscle 
health. These results may inform future public health efforts aiming to 
tailor dietary recommendations for maintenance of muscle health in older 
adults. 
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Future perspectives 
This thesis highlights a number of questions that remains to be clarified:  
 

1. Growing evidence underscores the potential role of plant protein 
for muscle health. Future studies might contribute to understand 
the mechanistic links, including signalling pathways, by which 
plant-based proteins impact on muscle health.  

 
2. Additional randomised controlled studies are warranted in order 

to ascertain the beneficial role of reducing SFAs to the detriment 
of PUFAs in muscle health at physiological, cellular and molecular 
level.  

 
3. Future investigations are warranted to ascertain underlying mech-

anistic links between dietary fibres and muscle health. For exam-
ple, data on the impact of dietary fibres on MPS in older adults is 
currently lacking. 

 
4. Future work about the effect of a Mediterranean-style diet on 

muscle health should target populations of older adults with a 
greater need to change their dietary habits and with a poor func-
tional status.  

 
5. Future longitudinal investigations with the power to detect the 

transition from a non-sarcopenic state to sarcopenia and its causal 
links to dietary habits would bring new insights into the role of 
dietary habits in the prevention of sarcopenia.  
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Svensk sammanfattning 
Den åldersrelaterade nedgången i muskelstyrka och muskelmassa kan leda 
till sarkopeni med högre risk för fall, funktionshinder och förlust av själv-
ständighet. I detta sammanhang har hälsosamma kostvanor potential att 
fördröja uppkomsten av fysiska begränsningar och därigenom främja ett 
hälsosamt åldrande. Det övergripande syftet med avhandlingen var att 
undersöka kostvanornas roll på risk för sarkopeni (SRS) i ett urval av 
äldre europeiska män och kvinnor. Studierna utfördes inom ramen för 
NU-AGE-projektet, en multicenterstudie som syftar till att fastställa kost-
vanornas inverkan på åldersrelaterad funktionsnedgång. Studierna I-III 
baserades på en tvärsnittsdesign, medan Studie IV var en randomiserad 
kontrollerad studie (RCT). Sammanfattningsvis belystes betydelse av pro-
teinintagets storlek och källa (växt- eller animal-baserat) för bevarandet av 
muskelmassa hos äldre män och kvinnor. Ett positivt linjärt dos-
responsförhållande mellan proteinintag och muskelmassa observerades, 
där ökat intag av växtbaserade proteiner var förknippat med större mus-
kelmassa. Även ett högre intag av kostfibrer var relaterat till en större 
muskelmassa. Vidare var ett högre intag av fleromättade fettsyror och 
lägre intag av mättade fettsyror relaterat till lägre SRS hos äldre med ett 
lågt proteinintag. Inga förändringar i muskelmassa och muskelstyrka 
kunde påvisas efter en 12 månader lång intervention, där äldre män och 
kvinnor följde en medelhavsdiet jämfört med en kontrollgrupp. Samman-
fattningsvis belyser avhandlingen betydelsen av ett adekvat proteinintag 
med betoning på växtbaserade och fiberrika näringskällor samt val av 
fleromättade framför mättade fetter för att främja ett hälsosamt åldrande 
av muskel-vävnad och dess funktion. 
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