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Abstract
Objective: The aim of the present study was to investigate the differences between
the consumption of plant-based v. animal-based protein-rich diets on successful
ageing, as well as to identify the optimal combination of dietary protein intake
for facilitating successful ageing in people aged >50 years.
Design: A combined analysis was conducted in older adults of the ATTICA and
MEDIS population-based cross-sectional studies. Anthropometrical, clinical and
sociodemographic characteristics, lifestyle parameters, dietary habits and level
of protein intake were derived through standard procedures. Successful ageing
was evaluated using the validated Successful Aging Index (SAI) composed of
ten health-related social, lifestyle and clinical characteristics.
Setting: Athens area and twenty Greek islands.
Participants: A total of 3349 Greek women and men over 50 years old.
Results: Participants with high consumption of plant proteins were more likely to
bemale, physically active, with higher daily energy intake, higher adherence to the
Mediterranean diet and higher level of SAI (P < 0·001). Participants with ‘Low
animal & High plant’ and ‘High animal & High plant’ protein consumption had
a 6 and 7 % higher SAI score, respectively, compared with the other participants
(P< 0·001). In contrast, ‘Low animal & Low plant’ and ‘High animal & Low plant’
protein intake was negatively associated with SAI as compared to the combination
of all other consumption categories (P< 0·02).
Conclusions: The consumption of a plant-based protein-rich diet seems to be a
beneficial nutritional choice that should be promoted and encouraged to older
people since it may benefit both individual’s health and prolong successful ageing.
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The consumption of high-protein diets (i.e., diets including
>15 % of total daily energy consumption being derived
from all sources of proteins) is associated with numerous
health benefits including favourable weight control and
diminished age-related muscle loss and functional
decline(1,2). Particularly among older adults, preliminary
evidence reveals that the consumption of such diets may
also facilitate successful ageing(3), namely the process of

developing and maintaining the functional ability ena-
bling the well-being in older age(4). It is well established
that the process of ageing is very complex, affecting a
wide range of metabolic and immunological functions
(among others)(5). These changes are one of the primary
factors associated with the predisposition to the develop-
ment of several chronic problems such as CVD, variety of
cancers and neurodegenerative diseases(6). However,
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there is evidence supporting that protein intake may affect
cardiometabolic health and this fact may depend on the
protein source(7). Additionally, some pathophysiological
mechanisms that can be affected by diet include cell
signalling through insulin sensitivity factors, a nutrient
sensing complex related to growth, altered gene expres-
sion and the effects of microbial metabolites produced
by the gut microbiota(8–10). However, it is proposed that
vegetarian(11) and plant-based, as opposed to animal-
based, protein-rich diets may differentially benefit and
promote human health(12). Importantly, the food matrix
where proteins are imbedded and carried as a part of
the diet itself (such as polyphenolic and bioactive compo-
sition) plays an important role of providing potentially
beneficial health effects.

The authors of a recent study, after evaluating the asso-
ciations between animal and plant protein intake and
all-cause and cause-specific mortality, found that higher
protein intake from plant sources was inversely associated
with all-cause mortality and cardiovascular-related mortal-
ity. Accordingly, substitution of animal with plant proteins
was associated with a significant diminution of all-cause
mortality as well as cardiovascular and cancer-related
mortality(13). Similar findings have been documented from
other age-related disorders, including sarcopenia(14,15).
Furthermore, the effects of consuming plant-based, as
opposed to animal-based, protein-rich diets are most
prominent among older individuals(16). However, evidence
is currently lacking regarding such differential impacts
upon successful ageing in the elderly.

Hence, the aim of the present study was to investigate
the differential association between the consumption of
plant-based, as opposed to animal-based, protein-rich
diets upon successful ageing in people aged >50 years in
Greece.

Methodology

Two cross-sectional, population-based, large-scale epi-
demiological studies (ATTICA(17) and the MEDiterranean
Islands Study (MEDIS))(18) conducted in Greece were com-
bined for the purposes of the present analysis. Beyond the
increase of the studied sample, that is, by the combination
of the ATTICA and MEDIS studies, and consequently the
statistical power of the results, the pooled data set merged
diverge reference populations, since these two studies
represent urban and rural/insular individuals, respectively.
Thus, this combination provides a great opportunity to
achieve better representativeness of the entire population
by including a variety of environmental and cultural
particularities. To combine these studies, a harmonisation
procedure was applied following established methodolo-
gies (see below).

Sample
The study sample consisted of participants of the ATTICA
and MEDIS studies, aged >50 years old, residing in urban
and insular Greek areas. As previously described(17), the
ATTICA study was a population-based observational study
implemented in the greater metropolitan Athens area, a
purely urban area, during 2001–2002. At baseline, all par-
ticipants were free of CVD and cancer, as assessed through
a detailed clinical evaluation by the study’s physicians.
From the original sample (n 2583) over 18 years old, of
the ATTICA sample, a sub-group ofn 1128 individuals aged
>50 years old were analysed for the purposes of the
present work. In addition, as previously described(18),
based on the MEDIS study, 3000 older people from Mani
(Greek peninsula region) and twenty-six Mediterranean
islands of five countries were enrolled during 2005–2017
(MEDIS study). Individuals who resided in assisted-living
centres, had a clinical history of CVD or cancer, or had left
the island for a considerable period of time during their
life (i.e., >5 years) were excluded. Of the 3138 MEDIS
study participants aged >50 years living in the insular
Mediterranean region (Cyprus, Spain, Italy, Turkey and
Greece), a sub-group of n 2221 individuals from Greek
islands, living in rural or semi-urban areas, were analysed
in this work. For both aforementioned studies, a group of
trained health scientists (including cardiologists, general
practitioners, physicians, dietitians, public health nutrition-
ists and nurses) collected all information using standard,
validated questionnaires and clinical procedures.

Measurements

Harmonisation procedures
The combination of the two data sets demanded a careful
harmonisation of the variables that they were not common
in the studies (i.e., smoking and dietary habits and physical
activity status). The harmonised data set included study-
specific variables that were transformed in the least
common basis, following standard procedures and having
the same definition and format across the studies, as sug-
gested by Maelstrom Research guidelines for rigorous
retrospective data harmonisation(19). Specifically, variables
of both FFQ were first transformed to harmonised standard
food variables and then protein sources and intake were
calculated. Thus, the degree of correspondence of the food
sources between the FFQ was in complete agreement.

Sociodemographic data
The sociodemographic characteristics assessed within the
context of the present investigation were age (years), gen-
der (male/female) and smoking status. In the combined
data set, current smokers were defined as those who
smoked at least one cigarette or any type of tobacco per
day at the time of the interview. Former smokers were
defined as those who previously smoked but had quit

2216 A Foscolou et al.

https://doi.org/10.1017/S1368980020000427 Published online by Cambridge University Press

https://doi.org/10.1017/S1368980020000427


within the previous year. Current and former smokers were
combined as ever smokers. The remaining participants
were defined as nonsmokers.

Physical activity levels
Physical activity was transformed into metabolic equiva-
lent (MET) minutes per week, using the shortened, trans-
lated and validated Greek version of the self-reported
International Physical Activity Questionnaire(20), for the
ATTICA study and similar questions for the MEDIS study.
Individuals who reported at least 3 MET-minutes per
week were classified as physically active. All others were
defined as physically inactive.

Anthropometric and clinical characteristics
Weight and height were measured using standard proce-
dures to attain volunteer’s BMI (kg/m2). Overweight was
defined as BMI between 25·0 and 29·9 kg/m2, while obesity
was defined as BMI> 29·9 kg/m2. In both studies, type 2
diabetes mellitus was determined by measuring fasting
plasma glucose and in accordance with the American
Diabetes Association diagnostic criteria (fasting blood
glucose>7mmol/l (i.e., >126mg/dl) or use of antidiabetic
medication). Participants who had blood pressure levels
>140/90mmHg orwhowere administered antihypertensive
medications were classified as hypertensive. Fasting blood
lipids levels (including HDL-cholesterol, LDL-cholesterol
and TAG) were also recorded. Hypercholesterolaemia
was defined as total serum cholesterol levels >5·7 mmol/l
(i.e.,>200mg/dl) or the use of lipid-lowering agents accord-
ing to the National Cholesterol Education Program Adult
Treatment Panel III guidelines(21). TheCV for the bloodmea-
surements was less than 5%. A cumulative proxy of total
cardiometabolic risk, indicating the overall burden of known
cardiometabolic risk factors (i.e., obesity and history of
hypertension, type 2 diabetes mellitus and hypercholestero-
laemia) was constructed (score range 0–4), wherein partici-
pants having none of the aforementioned risk factors were
assigned a score of 0, having one factor a score of 1, etc.

Dietary habits assessment
Among ATTICA study participants, the evaluation of
dietary habits was based on a semi-quantitative FFQ, origi-
nally developed for the European Prospective Investigation
into Cancer and Nutrition study(22). The Greek version of
the European Prospective Investigation into Cancer and
Nutrition questionnaire was provided by the Unit of
Nutrition of Athens Medical School, after being translated
according to standard literature guidelines(23). Participants
were requested to report the average intake (per week or
per day) of several food items that they have been consum-
ing (during the last 12 months). Similar to the ATTICA
study, dietary habits in the MEDIS study were assessed
through a similar semi-quantitative, validated and repro-
ducible FFQ(24). Energy and macronutrient intake were
then calculated based on the participants’ harmonised
responses on the FFQ. The frequency of consumption of

various food types (i.e., meat and meat products, fish, milk
and other dairy products, fruits, vegetables, greens and
salads, legumes, cereals, pasta and olive oil) on a daily,
weekly or monthly basis was assessed. In both studies,
energy and macronutrient intake were calculated based
on the participants’ responses on the FFQ. Using the
harmonised food variables and based on food composition
tables (USDA) as well as using previously described
categorisation of protein-containing foods(25), protein
intake – from both studies – was grouped into animal-
and plant-based sources in the harmonised data set.
Animal protein intake was measured based on the assess-
ment of the frequency of meat, poultry, fish and dairy con-
sumption, whereas plant protein intakewas assessed based
on the frequency of cereal, potato, vegetable and legume
consumption. Specifically, information regarding fre-
quency of intake based on ‘daily’, ‘weekly’ (i.e., 1–2, 3–5
times perweek), ‘monthly’ basis (i.e., 2–3 times permonth),
‘rare’, or ‘never’was collected. It was not possible to harmo-
nise data regarding nut and seed intake. In order to sepa-
rately investigate the association between each protein
category and amount and successful ageing, participants
who ‘never’ or ‘rarely’ consumed meat, poultry, fish and/
or dairy were classified as those consuming ‘low animal
protein intake’, whereas those who never or rarely con-
sumed cereals, potatoes, vegetables and legumes were
classified as having ‘Low plant protein intake’. Accordingly,
those who consumed 2–3 times per month or 1–2 times per
week the animal origin foods or plant origin foods were
classified as ‘Moderate animal protein intake’ or ‘Moderate
plant protein intake’, respectively, whereas participants
who consumed the animal origin foods or plant origin
foods 3–5 times per week or daily were classified as con-
suming ‘High animal protein intake’ or ‘High plant protein
intake’, respectively. In order to investigate the comprehen-
sive association between different types of protein-rich diets,
participants were classified into the following mutually
exclusive categories based on the frequency of weekly con-
sumption of animal- and plant-based proteins: (a) ‘Low ani-
mal & Low plant protein diet’: protein intake from both
animal and plant sources was <1–2 times/week, (b) ‘Low
animal & High plant protein’: animal protein intake was
<1–2 times/week and simultaneously plant protein intake
≥1–2 times/week, (c) ‘High animal & Low plant protein’:
animal protein intake was ≥1–2 times/week and simultane-
ously protein from plant sources <1–2 times/week and
(d) ‘Highanimal&Highplant protein’: both animal andplant
protein intakes were ≥1–2 times per week.

Furthermore, to evaluate the level of adherence to the
Mediterranean diet, a previously developed and validated
MedDietScore with theoretical range 0–55 was used, with
higher values indicating greater adherence(26).

Successful Aging Index
A Successful Aging Index (SAI), ranging from 0 to 10, which
has been previously developed and validated(18), using ten
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attributes that reflect and have been found associated
with the ageing process, was applied in both studies for
assessing successful ageing. The index encompasses
health-related social, lifestyle and clinical factors, including
education, financial status, physical activity, BMI, depres-
sion, participation in social activities with friends and fam-
ily, number of yearly excursions, total number of clinical
CVD risk factors (i.e., history of hypertension, diabetes,
hypercholesterolaemia and obesity) and level of adher-
ence to the Mediterranean diet(18).

Statistical analysis
Continuous variables are presented as mean ± SD, and cat-
egorical variables as frequencies. Associations between
continuous variables and group of participants (i.e., low/
moderate/high plant protein consumers or low/moderate/
high animal protein consumers) are evaluated with
ANOVA. To correct for the inflation of Type-I error in
multiple comparisons, Bonferroni’s correction was applied.
Associations between categorical variables and group of
participants were evaluated using the χ2 test. Linear regres-
sion analysis was used to evaluate the association between
plant or animal protein intake (low animal-based and
low plant-based protein diets, low animal-based and
high plant-based protein diets, high animal-based and low
plant-based protein diets or high animal-based and high
plant-based protein diets) (independent variables) and
participants’ characteristics (i.e., age, gender and smoking
habits) and the SAI (dependent outcome), after adjusting
for total energy intake. Similar analyses were conducted
based on the type of protein intake. Study was included
in the models as a latent variable, and relevant interactions
were tested with protein intake. Results are presented as
unstandardised beta coefficients ± SE and P-value. STATA
software version 13 was used for all calculations.

Results

A comparison of the sociodemographic, lifestyle and clini-
cal characteristics of participants based on the frequency of
plant protein intake is presented in Table 1. Participants
with high consumption of plant proteins were more fre-
quently male, physically active, with higher mean total
daily energy intake, higher adherence to theMediterranean
diet and higher level of SAI, as compared to participants
with moderate or low intake of plant protein (all
P< 0·0001). However, participants with high intake of
plant protein were more likely to be smokers (P< 0·001).
In contrast, as shown in Table 2, participants with high con-
sumption of animal protein were less likely to be physically
active (P= 0·002), to have higher total daily energy intake
(P < 0·001) and higher adherence to theMediterranean diet
(P < 0·001), as compared to participants with moderate or
low intake of animal proteins. The mean amount of plant

protein intake was 48 ± 6·6 g/d, whereas the mean amount
of animal protein intake was 42 ± 6·6 g/d for ATTICA and
MEDIS studies’ participants.

As residual confounding may exist in observational
studies, Table 3 presents results from linear regression
models that evaluated the association of animal protein
intake and plant protein intake on successful ageing (out-
come) among ATTICA and MEDIS studies’ participants.
Following adjustments for age, sex, smoking habits and
total energy intake as kcal/d, ‘Animal protein intake’ was
not significantly associated with SAI levels (P= 0·15)
(Model 1), whereas ‘Plant protein intake’ was positively
associated with SAI (P< 0·001) (Model 2). Actually, those
participants with ‘Moderate or High’ weekly plant protein
intake had a 5 % higher score compared to those partici-
pants with ‘Low’ weekly plant protein intake (P< 0·001)
(Table 3). To avoid collinearity since MedDietScore was
a part of SAI, all analyses were performed excluding
MedDietScore from SAI.

A significant correlation was observed between protein
intake and sex (Spearman rho= 0·171, P < 0·001), as well
as a significant interaction between sex and animal or plant
protein intake (Pfor interaction 0·005 and 0·06, respectively);
thus, to further evaluate the research hypothesis, multiple
linear regression analysis was applied. Stratification by sex
revealed that animal protein intake was again not signifi-
cantly associated with SAI in both females and males (all
P > 0·05), whereas female participants with ‘Moderate or
High’ plant protein intake had 4·6 ± 0·7 % higher SAI score
(P< 0·001) compared to female participants with ‘Low’

plant protein intake; the effect of the higher plant protein
intake among men was more prominent (i.e., 5·3 ± 0·6 %
higher SAI score, P < 0·001) (Table 3).

Finally, investigating the association between protein
category (i.e., plant origin protein and animal origin pro-
tein) and successful ageing (Table 4), it was revealed
that following adjustment for age, sex, smoking habits
and total daily energy intake as kcal/d, ‘Low animal &
Low plant’ (Model 1) and ‘High animal & Low plant’
(Model 2) protein intake were negatively associated with
successful ageing (b ± SE: –0·725 ± 0·064, P< 0·001 and
–0·183 ± 0·080, P= 0·02, respectively). In contrast, ‘Low ani-
mal & High plant’ (Model 4) and ‘High animal & High plant’
(Model 3) protein consumption was positively associated
with successful ageing (b ± SE: 0·674 ± 0·079, P< 0·001
and 0·605 ± 0·082, P< 0·001, respectively). In other words,
those participants who consumed a diet high in plant and
animal protein had a 6% higher SAI score compared with
all the other participants, whereas those participants con-
suming a diet with low animal protein but high plant protein
had a 6·7 %higher SAI score comparedwith all the other par-
ticipants (all P< 0·001). When analyses were stratified by
sex, the results showed that female participants who had
‘Low animal & High plant’ protein intake and ‘High animal
& High plant’ protein intake had 7·1 % (±1·2 %) and 7·9 %
(±1·2 %), respectively, higher SAI score compared to the
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Table 1 Sociodemographic, lifestyle and clinical characteristics of the participants based on the weekly frequency of plant protein intake*

Plant protein

P P1 P 2 P 3

All participants Low intake Moderate intake High intake

Mean SE Mean SE Mean SE Mean SE

n 3349 439 1488 555
Age (years) 69·2 10·2 69·9 10·8 72·6 8·8 72·2 8·4 <0·001 <0·001 1·000 <0·001
Male
n 1751 211 786 351 <0·001 1·000 0·002 0·114
% 52 48 53 63

Ever smokers (yes)
n 1358 174 534 234 0·003 1·000 <0·001 <0·001
% 43 41 38 47

Physically active (active)
n 1372 160 570 294 <0·001 1·000 <0·001 <0·001
% 41 37 39 54

BMI (kg/m2) 28 4 28 5 28 4 28 4 0·233 0·638 0·451 1·000
Protein intake (g/d) 49 22 45 23 46 21 60 23 <0·001 1·000 <0·001 <0·001
Energy intake (kcal/d) 1766 738 1567 556 1638 580 1927 659 <0·001 0·193 <0·001 <0·001
MedDietScore (0–55) 29 7 29 6 31 5·5 34 5·3 <0·001 <0·001 <0·001 <0·001
Hypertension (yes)
n 1881 266 912 340 0·161 1·000 0·237 0·328
% 86 88 87 84

Diabetes (yes)
n 696 90 340 132 0·450 0·884 1·000 0·668
% 21 21 23 24

Hypercholesterolaemia
(yes)
n 1747 245 742 281 0·093 0·092 1·000 0·315
% 53 56 50 51

CVD risk factors (0–4) 1·6 1·1 1·7 1·1 1·7 1·1 1·7 1·1 0·628 1·000 1·000 1·000
SAI (0–10) 3·1 1·2 2·2 1·2 2·7 1·3 3·4 1·3 <0·001 <0·001 <0·001 <0·001

P, P-values derived from ANOVA for continuous variables or the χ2chi-square test for the categorical variables; P1, between ‘Low intake’ and ‘Moderate intake’ group; P2, between ‘Moderate intake’ and ‘High intake’ group; P3 between ‘Low
intake’ and ‘High intake’ group; after correcting for the inflation of Type-I error with the Bonferroni’s rule; SAI, Successful Aging Index.
*To convert kcal to kJ multiply by 4·184.
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Table 2 Sociodemographic, lifestyle and clinical characteristics of the participants based on the weekly frequency of animal protein intake*

Animal protein

P 0 P1 P 2 P 3

All participants Low intake Moderate intake High intake

Mean SE Mean SE Mean SE Mean SE

n 3349 451 1467 632
Age (years) 69·2 10·2 69·8 11·6 72·6 8·2 70·9 9·8 <0·001 <0·001 <0·001 0·139
Male
n 1751 234 781 365 0·094 1·000 0·171 0·168
% 52 52 53 58

Ever smokers (yes)
n 1358 193 542 246 0·059 0·052 1·000 0·416
% 43 46 40 41

Physically active (active)
n 1372 218 591 242 0·002 0·008 0·992 0·002
% 41 49 41 39

BMI (kg/m2) 28 4 28 5 28 4 28 4 0·447 0·614 1·000 1·000
Protein intake (g/d) 49 22 47 25 45 18 66 27 <0·001 0·492 <0·001 <0·001
Energy intake (kcal/d) 1766 738 1555 716 1617 528 2070 720 <0·001 0·590 <0·001 <0·001
MedDietScore (0–55) 29 7 29 6·7 31 5·3 32 6·1 <0·001 <0·001 0·079 <0·001
Hypertension (yes)
n 1881 242 926 379 0·002 0·002 0·202 0·290
% 86 81 89 85

Diabetes (yes)
n 696 104 348 120 0·054 1·000 0·051 0·328
% 21 23 24 19

Hypercholesterolaemia
(yes)

1747 53 257 52 728 50 331 53 0·062 0·324 0·761 0·449

CVD risk factors (0–4) 1·6 1·1 1·6 1·1 1·7 1·1 1·6 1·1 0·455 1·000 0·643 1·000
SAI (0–10) 3·1 1·2 3·1 1·2 2·6 1·3 3·1 1·3 <0·001 <0·001 <0·001 1·000

P, P-values derived from ANOVA for continuous variables or the chi-square test for the categorical variables; P1, between ‘Low intake’ and ‘Moderate intake’ group; P2, between ‘Moderate intake’ and ‘High intake’ group; P3 between ‘Low intake’
and ‘High intake’ group; after correcting for the inflation of Type-I error with the Bonferroni’s rule; SAI, Successful Aging Index.
*To convert kcal to kJ multiply by 4·184.
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other female participants (P< 0·001). On the other hand, the
effect of ‘Low animal & High plant’ and ‘High plant & Low
plant’ protein intakewas less prominent amongmale partici-
pants (6·4 ± 1·0 and 4·7 ± 1·1 %, respectively) on SAI score
(all P< 0·001). No significant interactions were observed
between ‘Study’ and ‘Animal/plant protein’ intake on the
outcome (i.e., SAI) (all P> 0·30), and therefore, no stratified
analysis was performed by study.

Discussion

The present combined analysis of two population-based
epidemiological studies (namely, ATTICA and MEDIS)
reveals that, following the adjustment for potential con-
founding effects, the consumption of a plant-based protein-
rich diet was associated with more favourable successful
ageing in adults aged>50 years old. In contrast, no significant
association was detected between the consumption of

animal-based protein-rich diets and successful ageing among
both females and males. Moreover, when examining the
differential effects of various combinations of plant- and
animal-based protein intakes, it was revealed that the fre-
quent consumption of plant-based protein diets beneficially
impacts successful ageing, regardless of the frequency of
animal-based proteins consumed. This effect was more
prominent among female participants. These findings sup-
port previous reports suggesting that high plant protein con-
sumption has beneficial impacts on health and particularly
successful ageing(3).

The consumption of high animal and low plant protein
diets, both individually and /or concomitantly, is associated
with the onset and progression of several chronic diseases,
most prominently including CVD(27). Concomitant con-
sumption of low plant-based and high animal-based pro-
tein diets has been associated with inflammation and
stress response, as well as decreased expression of genes
associated with neuropeptide signalling and synaptic

Table 3 Results from linear regressionmodels that evaluated the association between the weekly frequency of plant protein
intake (independent variable), as well as animal protein intake (independent variable), and successful ageing (dependent
outcome) among ATTICA and MEDIS study participants*

b SE P

All participants
Model 1: Weekly frequency of plant protein intake (Moderate/High v. Low) 0·506 0·045 <0·001
Model 2: Weekly frequency of animal protein intake (Moderate/High v. Low) 0·086 0·060 0·15

Females
Model 1: Weekly frequency of plant protein intake (Moderate/High v. Low) 0·460 0·065 <0·001
Model 2: Weekly frequency of animal protein intake (Moderate/High v. Low) 0·039 0·089 0·66

Males
Model 1: Weekly frequency of plant protein intake (Moderate/High v. Low) 0·532 0·062 <0·001
Model 2: Weekly frequency of animal protein intake (Moderate/High v. Low) 0·133 0·081 0·10

b, unstandardised B-coefficient.
*‘All participants’ models were adjusted for age, sex, study, smoking habits and total daily energy intake (kcal/d). ‘Females’ and ‘Males’ models were
adjusted for age, study, smoking habits and total daily energy intake (kcal/d). To convert kcal to kJ multiply by 4·184.

Table 4 Results from linear regressionmodels that evaluated the association of several combinations of protein intake (i.e.,
low animal-based and low plant-based protein diet, low animal-based and high plant-based protein diet, high animal-based
and low plant-based protein diet or high animal-based and high plant-based protein diet v. all other scenarios) on successful
ageing (outcome), among ATTICA and MEDIS study participants

b SE P

All participants
Model 1: Low animal & Low plant protein intake v. all other −0·725 0·064 <0·001
Model 2: High animal & Low plant protein intake v. all other −0·183 0·080 0·02
Model 3: High animal & High plant protein intake v. all other 0·605 0·082 <0·001
Model 4: Low animal & High plant protein intake v. all other 0·674 0·079 <0·001

Females
Model 1: Low animal & Low plant protein intake v. all other −0·660 0·088 <0·001
Model 2: High animal & Low plant protein intake v. all other −0·212 0·112 0·059
Model 3: High animal & High plant protein intake v. all other 0·789 0·122 <0·001
Model 4: Low animal & High plant protein intake v. all other 0·709 0·122 <0·001

Males
Model 1: Low animal & Low plant protein intake v. all other −0·782 0·092 <0·001
Model 2: High animal & Low plant protein intake v. all other −0·142 0·113 0·21
Model 3: High animal & High plant protein intake v. all other 0·472 0·110 <0·001
Model 4: Low animal & High plant protein intake v. all other 0·638 0·103 <0·001

b, unstandardised B-coefficient.
*‘All participants’ models were adjusted for age (per 1 year), sex (m/f), study, smoking habits (y/n) and total energy intake (kcal/d). ‘Females’/‘Males’
models were adjusted for age (per 1 year), study, smoking habits (y/n) and total energy intake (kcal/d). To convert kcal to kJ multiply by 4·184.
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transmission(28). Therefore, protein intake is associated not
only with the onset and progression of chronic diseases but
also potentially with individuals’ overall cognitive and
functional decline, notable parameters of successful age-
ing. Yet, it has to be stated that animal protein intake is also
associatedwith benefits for successful ageing. More specifi-
cally, an analysis of the Framingham Offspring cohort
found that individuals aged over 60 years old benefited
from animal protein intake, by maintaining muscle strength
and supporting the prevention of mobility impairment(29).
This effect can be attributed to the higher levels of leucine
in typically animal sources, which has a key role in stimulat-
ing translation initiation and muscle protein anabolism(15).
Therefore, consumption of adequate levels of animal-based
proteins is essential for maintenance of muscle strength
and, ultimately, prevention of functional decline within
the context of successful ageing.

Several potential pathways are proposed to be impli-
cated in the association between the consumption of differ-
ent protein sources and ageing(30). One potential pathway
is involving the increase in plasma thyroxine levels after
the soya protein intake(31). Nevertheless, the hypocholes-
terolaemic effect of dietary soya intake in particular is
well documented and from the compositional perspective,
soya beans (and many other legumes and some nuts) con-
tain additional well-established cholesterol lowering com-
pounds such as isoflvones, lecithins, saponins as well as
fibre that may provide beneficial cardiovascular benefits
on their own(32).

Another pathway that can potentially explain this find-
ing is that the dietary methionine is very high in animal
food products. While most legumes and some non-animal
food products are protein dense, these are also relatively
low in this amino acid. Methionine is a sulphur-containing
amino acid that is naturally present in the diet, and it is
a pre-cursor to S-adenosylmethionine which, after the
removal of methyl group, can form homocysteine.
Consequently, homocysteine has been identified as an
independent risk factor for the development of CVD and
it is implicated in some of the other diseases as well such
as Alzheimer’s disease. In support of this notion, the find-
ings of the Kuopio Ischemic Heart Disease Risk Factor
Study has identified that long-term,moderately high dietary
methionine may increase the risk for developing the acute
coronary events in middle-aged Finish men free of prior
CHD(33). Additionally, a previous study by Preis et al.(34)

has identified that there were no associations between
the dietary protein intake and risk of total IHD. However,
the same study has suggested that higher intake of proteins
from animal food sources may be associated with the
increase in risk for developing the IHD in otherwise healthy
males (40–75 years of age).

Based on the above observational findings, public
health policymakers should consider focusing on promot-
ing the consumption of high-protein diets, primarily
derived from plant sources, since these diets may promote

successful ageing. In support to this, based on the most
recent National Health and Nutrition Examination
Surveys, individuals’ diets are on average composed of
46 % of the total protein intake derived from animals,
16 % from dairy products and 30 % from plant sources(35).
In addition, a significant proportion of the general popu-
lation consumes relatively low levels of proteins daily,
irrespectively whether these are of plant- or animal-based
origin. Taken into account that 7·7 % of adolescent
females and 7·2–8·6 % of older adult women, and
16·0 % of men aged 51–70 years old have relatively low
daily protein consumption, these particular population
groups are presumed to be at particular enhanced risk
for manifesting health outcomes associated with low
protein intake(36). Finally, it has been proposed that
plant-based diets combined with small meat, fish and
diary consumption could offer significant improvements
in the overall health status(37), while dietary patterns con-
sisting of high fruit consumption and limited meat and
fried foods may improve the likelihood of successful
ageing(38). Therefore, further public health actions are
necessary to promote the enhanced consumption of
plant-based protein-rich diets, particularly among individ-
uals at highest risk for developing CVD(39), in the context
of a Mediterranean dietary pattern and without excessive
energy intake(40).

To the best of our knowledge, this is one of the first stud-
ies examining the type of protein diet consumed in relation
to successful ageing in older adults. As to this effect, two
different population-based studies were applied; it is antici-
pated that the effects of a population bias have been mini-
mised and the external validity of findings is consequently
augmented. However, the findings of the present study
should be considered under the following limitations.
First, dietary habits were measured on a single occasion
based on a FFQ leading to a higher degree of uncertainty
or measurement error. Nutrient intake was calculated
through food composition tables using the information
retrieved through FFQ; thus, over/underestimation of true
intake levels may exist and a misclassification bias may
have been introduced. Nuts intake and their role in protein
intake were not taken into account. Finally, the observatio-
nal nature of the cross-sectional design does not allow for
causal associations to be conclusively drawn.

Conclusions

The consumption of high-protein diets has been associ-
ated not onlywith health benefits but alsowith health risks.
However, the effect of high plant or animal protein con-
sumption has little been investigated, especially regarding
the successful ageing process. Based on the findings of the
present work, the consumption of a plant-based protein-
rich diet seems to be a beneficial nutritional choice that
should be promoted and encouraged to older people,
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particularly in the Mediterranean region, since it may ben-
efit both individual’s health and prolong successful ageing.
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