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Keywords: . Methods: We included 4576 participants (mean age 65.1 years, 56 % women) from the population-based
Body compositions Rotterdam Study. Dietary protein was measured using food-frequency questionnaires at baseline
gg;ﬁgg:g;i obesity (2004-2009). Body composition was measured every 4-5 years using dual X-ray-absorptiometry.
Dietary protein intake Handgrip strength (HGS) was assessed starting 2006 using a hydraulic dynamometer. Sarcopenia was
Longitudinal cohort study determined based on low appendicular skeletal muscle and HGS; and sarcopenic obesity risk based on
measures of lean mass, HGS and body fat. Analyses used linear mixed models and generalized estimate
equation models.
Results: Higher total protein intake was associated with increased BMI over time (mean difference
[95 %-confidence interval (CI)]: 0.86 kg/m? [0.01,1.71] per 5E% increase), and increased fat-mass index
(1.33 [0.67,1.99]), body-fat-percentage (4.54[2.76,6.31]), and both gynoid and android fat percentage.
Higher protein intake was also associated with a higher sarcopenic obesity risk (—0.85[-1.5,-0.2]), but
with a lower sarcopenia risk (odds ratio: 0.62 [0.43,0.90]). These associations were mainly driven by
animal protein.
Conclusion: Higher protein intake, particularly from animal food sources, is protective against sarco-
penia but also linked to a higher obesity risk. A balanced protein intake advice for older persons should
be formulated based on individual needs and health status to prevent sarcopenia, obesity, and sarco-
penic obesity.
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1. Introduction

The aging process is generally accompanied by changes in body
composition, characterized by increased fat and decreased muscle
mass [1]. Such changes have substantial health implications as
they increase the risk of obesity and sarcopenia. Obesity is a crucial
determinant of many chronic diseases, such as cardiovascular
diseases and cancer [2]. Sarcopenia, characterized by the loss of
muscle mass, strength, and function, also increases the risk of
various adverse health outcomes, including a higher risk of falls,
disability, reduced quality of life, and increased risk of premature
mortality [3,4]. The co-existence of both sarcopenia and obesity
has recently been identified as an imminent threat to the elderly
population [5] and remains largely undiagnosed [5,6]. Given the
severe consequences and high prevalence of both obesity and
sarcopenia, there is an imperative need for research on the com-
bined prevention of obesity and sarcopenia [7].

Dietary protein intake may play a role in sarcopenia and
obesity. A high-protein diet has been proposed to help prevent
sarcopenia, as dietary protein is a source of essential amino acids
(EAAs), crucial for muscle protein synthesis [8]. Muscle strength,
often assessed using handgrip strength (HGS), has also been
observed to be associated with dietary protein intake [9].
Furthermore, protein intake has generally been suggested to be
protective against obesity [ 10-12]. Studies have demonstrated that
high protein intake stimulates intestinal peptide hormones, pro-
moting satiety and consequently reducing overall food intake [10].
Additionally, protein intake has been shown to improve metabolic
syndrome markers, including lipid profiling and blood pressure,
particularly in overweight and obese patients [11,12]. Higher pro-
tein intake also increases diet-induced thermogenesis leading to a
higher energy expenditure, which helps prevent weight gain or
promote weight loss [13]. Much of the existing evidence is derived
from short-term randomized controlled trials (RCTs) with high-
protein diets, and there remains a gap in understanding the
long-term effects of habitual protein intake on body composition
and muscle strength [14]. Furthermore, the impact of protein may
differ depending on its source, each having distinct protein quality
in bioavailability and EAA profiling. Finally, many prior studies
have relied on anthropometric measures, such as waist circum-
ference, as proxies for body composition. Those proxies cannot
fully capture muscle versus lean mass or fat distribution, which
also represents distinct health threats [15].

To address these gaps, our study aimed to study associations
between habitual protein intake derived from animal and plant
sources and changes in body composition, HGS, sarcopenia, and
sarcopenic obesity. We used repeatedly measured data from a
large population-based prospective cohort — the Rotterdam Study.
Utilizing Dual X-ray Absorptiometry (DXA) scans, we measured
fat-free mass, fat mass, and fat distribution in the central and
regional areas.

2. Material & methods
2.1. Study population

This study was embedded in the Rotterdam Study (RS), a large
population-based prospective cohort study which started in 1990.
The design of the Rotterdam Study has been previously described
in detail [16]. The Rotterdam Study has been approved by the
Medical Ethics Committee of Erasmus MC (registration number
MEC 02.1015) and by the Dutch Ministry of Health, Welfare, and
Sport (Population Screening Act WBO, license number 1071272-
159521-PG). Written informed consent was obtained from all
participants. In the initial study, RS-I, 7,983 residents aged 55 or
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older from the Ommoord district in Rotterdam participated in
1990. In 2000, the study was expanded with a second cohort, RS-II,
consisting of 3,932 additional participants aged 55 or older. A third
extension, RS-III, was initiated in 2006, including 3,932 individuals
aged 45 years or older, and a fourth extension (RS-IV) in 2016
included 4000 participants aged 40 years and older. Throughout
the study, participants underwent home interviews and physical
examinations at baseline and at 4 to 5-year intervals. Home in-
terviews and physical examinations were conducted by trained
staff, in our dedicated research center in the Ommoord neigh-
borhood, using standardized protocol consistent across sub-
cohorts.

For the current study, the baseline was set at the fifth exami-
nation round of RS-I (RS-1-5) and the first examination rounds of
RS-II (RS-II-1) and RS-III (RS-1II-1), when DXA scanning were
introduced in the study (Fig. 1). Of the 8,547 participants still alive
and participating in the Rotterdam Study by then, 5,755 had data
on dietary protein intake. Of these participants, 4,576 had body
composition measured at least once (maximum three times), and a
subsample of 4,471 participants had HGS, sarcopenia, and sarco-
penia obesity measured at least once (maximum twice) (Fig. 1).

2.2. Protein intake

Protein intake was self-reported using food frequency ques-
tionnaires (FFQ). The method used to determine dietary intake for
the first and third cohorts differed slightly from the method used
for the second cohort. Participants completed a self-administered,
semi-quantitative FFQ for the first and third cohorts, including 389
food items. For the second cohort, participants first completed a
self-administered FFQ consisting of 170 food items, followed by a
structured interview with a dietician to specify food items and
identify the frequencies and amounts of consumption. For data
from both FFQs, food intake data were converted into energy and
nutrient intake according to Dutch Food composition tables
(NEVO). Apart from total protein intake, distinctions were made
based on protein derived from animal and plant sources. Both FFQs
have been validated against other assessment methods [17-19].
For the 170-item FFQ, Pearson's correlation between protein
measured by FFQ and protein intake measured by food records was
0.66 for total protein and 0.59 for plant protein, and Spearman's
correlation for total protein intake against urinary urea was 0.67
[19]. Participants reporting total energy intake <500 or
>5000 kcal/day were considered likely to have misreported and
were therefore excluded.

2.3. Body composition

Total body weight was obtained using a digital scale while
participants wore lightweight clothing. Height was measured with
participants in a standing position, without shoes. DXA scans
(Prodigy and iDXA devices, GE Healthcare, Chicago, United States)
were used to assess total fat mass, total fat-free mass, appendicular
lean mass (ALM), gynoid fat mass, and android fat mass by trained
readers. Body mass index (BMI) was calculated as total body
weight measured in kilograms divided by height in square meters.
Fat mass index (FMI) was calculated as total fat mass in kilograms
divided by height in square meters. Fat-free mass index (FFMI) was
determined by dividing the total lean mass in kilograms by height
in square meters. The gynoid fat percentage was calculated as the
proportion of gynoid fat in the total non-bone mass of the gynoid
region. The android fat percentage represented the android fat
percentage in the total non-bone mass of the android region. Total
body fat percentage (BF%) was calculated as the proportion of total
fat mass to total body weight. Participants with a BMI >35 kg/m?
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Design of the Rotterdam Study
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Flowchart of individuals included for analysis

2000 | 8547 individuals at baseline (RS-I-5, RS-1I-1, RS-1ll-1)
Baseline FFQ not taken
R (n=2792)
I 5755 individuals
2006 RS-1lI-1
Body composition not measured
- (0=1179)
2011 4576 individuals included for body composition analysis
(Endpoint: RS-1-6, RS-1I-2,RS-1I-3, RS-111-2)
2012
Handgrip strength not measured
(n=105)

I 4471 individuals included for handgrip strength, sarcopenia

and sarcopenia obesity analysis ‘

Fig. 1. The design of the Rotterdam Study and flow chart of the study population.
Overview of the Rotterdam Study data and study population used for this study. RS-I-5 and RS-I-6 refer to re-examinations of the original cohort members. RS-1I-1 refers to the
extension of the cohort with persons from the study district who had become 55 years old since the start of the study or those of 55 years or over who migrated into the study
district. RS-1I-2 and RS-II-3 refer to re-examinations of the extension cohort. RS-II-1 refers to another extension of the cohort with persons aged 45 years and over living in the
study district that had not been examined already (i.e., mainly comprising those aged 45-60 years). RS-III-2 refers to the first re-examination of this third cohort. FFQ = food

frequency questionnaire.

were excluded from body composition analysis due to limitations
in DXA scan coverage at higher body sizes.

2.4. Handgrip strength and sarcopenia

Peak HGS was measured using a hydraulic hand dynamometer,
with the highest value obtained from three attempt records. Sar-
copenia was defined according to the updated criteria provided by
the European Working Group on Sarcopenia in Older People
(EWGSOP2) [20]. Low muscle strength was identified as peak HGS
below 27 kg for men or 16 kg for women. Low muscle quantity was
determined based on the appendicular skeletal muscle index
(ASMI), calculated as the appendicular skeletal lean mass
measured by DXA in kilograms divided by height in square meters.
An ASMI below 7.0 kg/m? for men or 5.5 kg/m? for women indi-
cated low muscle quantity [20].

2.5. Sarcopenic obesity index

A sarcopenic obesity index was computed using HGS, ALM
adjusted to body weight (ALM/W), and BF%. The parameters were
selected as recommended by the ESPEN/EASO Consensus [6]. We
constructed a continuous index based on sex-specific z-scores for
these three variables as the sum of HGS z-score and ALM/W z-
score, minus BF% z-score. A higher sum score indicated a lower risk
of sarcopenic obesity.

2.6. Covariates

Smoking status (never, past, current) and level of education
(primary, lower, intermediate, higher) were assessed during
in-home interviews. Daily physical activity was measured using
the LASA physical activity questionnaire and a modified version of
the Zutphen Study Physical Activity Questionnaire and expressed
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in metabolic equivalent of task (MET) hours per week. Cohort-
specific z-scores were used to unify physical activity data from
different questionnaires. As protein intake is often correlated with
other dietary factors, we included a diet quality score reflecting
adherence to Dutch dietary guidelines to capture these co-varying
effects in a single summary measure [21]. Data on the presence
(yes/no) of baseline dyslipidemia (defined as a serum total
cholesterol level >6.5 mmol/L or use of lipid-lowering medica-
tion), hypertension (defined as use of antihypertensive medica-
tion, having a systolic blood pressure >140 mmHg or having a
diastolic blood pressure >90 mmHg), and diabetes (defined as a
fasting plasma glucose level >7 mmol/L, a non-fasting plasma
glucose level >11.1 mmol/L or the use of blood glucose-lowering
medication), as well as comorbid diseases (chronic kidney dis-
ease (defined as having an estimated glomerular filtration rate
<60), coronary heart disease, heart failure, stroke, and cancer),
were collected by consulting medical records and screening at the
research center. The missing value rates for most covariates were
lower than 2 %, except for a missing value rate of 7.15 % for physical
activity. Missing values were imputed using multiple imputation
(n = 10).

2.7. Statistical analysis

The body composition outcomes were measured one to three
times during follow-up, while HGS, sarcopenia, and sarcopenic
obesity index were measured twice. To account for the repeated
measurements of outcomes of interest, we utilized linear mixed
models with random intercepts and slopes (i.e., age at the time of
measurement). In the first model, total protein intake was
included as the exposure; in a second model, animal and plant
protein intake were included as the exposure. To account for
outcome changes (slope differences) over time, we included a two-
way interaction term between age at each follow-up and protein



Y. Wu, TO.E. de Crom, Z. Chen et al.

intake in our models. We employed logistic regression models
using a generalized estimating equation to estimate total, animal,
and plant protein intake association with prevalent sarcopenia.
The multivariable nutrient density substitution model was utilized
for all statistical models, which is a method to account for overall
energy intake, as well as intake of other macronutrients. This
involved including total energy intake (kcal/day), as well as dietary
protein, fat, and alcohol intake as percentages of total energy
intake (E%) (all included per 5E%). By not including dietary car-
bohydrate intake, the effect estimates of dietary protein intake can
be interpreted as the mean difference in outcome measures per 5E
% increase in protein intake at the expense of carbohydrate intake
while keeping total energy intake constant. By not including di-
etary carbohydrate intake, the effect estimates of dietary protein
intake can be interpreted as the mean difference in outcome
measures per 5E% increase in protein intake at the expense of
carbohydrate intake while keeping total energy intake constant. To
control for potential confounding factors, we adjusted for age at
body composition measurement, sex, sub-cohort, physical activity,
smoking, alcohol, level of education, and diet quality in all models.
Moreover, splines with 2 knots were added to age in the models as
this improved the fit of the model, as shown by the likelihood ratio
tests (p < 0.05). Dietary animal and plant protein were mutually
adjusted for each other.

2.8. Additional analyses

We constructed a separate model, in which we additionally
adjusted for prevalent hypertension, dyslipidemia, and diabetes at
baseline on top of the main model to investigate if metabolic
syndrome substantially influenced the observed associations. We
stratified all analyses for sex to explore potential sex-specific as-
sociations. To study whether the effects of protein on body
composition and sarcopenia outcomes differ by level of physical
activity, we tested if the interaction terms of protein with physical
activity in the models were significant. We conducted several
sensitivity analyses to evaluate the robustness of our main results.
First, we repeated the main analyses excluding participants with
comorbidities at baseline to assess the potential impact of pre-
existing health conditions on the associations between protein
intake and body composition measures. Second, we examined the
effect of different macronutrient substitutions by including satu-
rated fatty acids (SFA), monounsaturated fatty acids (MUFA),
polyunsaturated fatty acids (PUFA), and trans-unsaturated fatty
acids (trans-fat) in the models instead of total fat, and lastly by
including carbohydrates intake in the models to replace total fat.
Lastly, to assess whether associations differed by types of FFQ, we
repeated the main analyses stratified by FFQ group: RS1/RS3 (389-
item FFQ) versus RS2 (170-item FFQ). All statistical analyses were
performed using R version 4.1.1 (The R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

The baseline characteristics of the study population (n = 4,576)
are presented in Table 1. Participants were, on average, 65.1 years
old (standard deviation:10.9), and 56.3 % were women. Partici-
pants consumed, on average, 1.13 g of protein per kg body weight
per day, corresponding to 15.7 % of the total energy intake, which is
the similar level compared to other western cohorts [22]. The
mean daily plant protein intake was 6.1 E% and 0.45 g/kg body
weight, while the mean daily animal protein intake was 9.6 E% and
0.68 g/kg body weight. Baseline characteristics per quartile of total
protein intake are provided in Supplementary Table 1.
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3.1. Associations of protein intake with body fat mass and
distribution

In the total study population, a higher total protein intake was
significantly associated with an increased BMI (mean difference
[95 % confidence interval (CI)]: 0.86 kg/m? [0.01,1.71] per 5 E%
increase of protein intake, Table 2), FMI (1.33[0.67, 1.99]), body fat
percentage (4.54[2.76, 6.31]), gynoid fat percentage (3.63[1.86,
5.39]), and android fat percentage (3.12[0.70, 5.54]). After splitting
total protein into animal and plant-sourced protein, most of these
associations seemed to be driven by animal protein rather than
plant protein (Table 2). We also found that the estimated associ-
ations of protein intake with fat mass and distribution were similar
in men and women (Table 2).

3.2. Associations of protein intake with FFMI, handgrip strength,
sarcopenia, and sarcopenic obesity risk score

In our study population, total or animal protein intake were not
significantly associated with FFMI (—0.30[—0.73, 0.13] for total
protein, Table 2). However, plant protein intake showed a negative
association with FFMI (—0.96 [-1.89, —0.03]). Protein intake was
not significantly associated with HGS (—1.51 [-3.63, 0.63]), but
higher protein intake was associated with a lower sarcopenia risk
(odds ratio [95 % CI]: 0.62 [0.43, 0.90] per 5E%). However, higher
protein intake was also associated with a lower sarcopenic obesity
index (mean difference [95 % CI]: —0.85[—1.5,-0.2]), indicating a
higher risk of sarcopenic obesity. These associations were mainly
driven by animal protein rather than plant protein. After strati-
fying by sex, we found that the estimated effect of protein intake
on FFMI, HGS, sarcopenia, and sarcopenic obesity index were
similar in men and women (Table 2).

3.3. Additional analyses

After additional adjustment for prevalent hypertension, dysli-
pidemia, and diabetes at baseline, estimates generally remained
similar (Supplementary Table 2). When we removed participants
with comorbidities at baseline, effect sizes remained similar and
all associations between total protein and FMI, body fat percent-
age, gynoid fat percentage and sarcopenic obesity index remained
statistically significant (Supplementary Tables 3 and 4). Second,
interaction terms of protein intake with physical activity were
non-significant (all p-values>0.1), suggesting that the effect of
protein on outcomes does not differ in individuals with different
physical activity levels. When adding fatty acid subgroups (i.e.,
SFA, MUFA, PUFA, trans-fat) in the statistical models instead of
total fat, the estimated effects became stronger, and confidence
intervals became narrower (Supplementary Tables 5 and 6). While
adding carbohydrates in the models instead of total fat resulted in
somewhat weaker estimates and larger confidence intervals
(Supplementary Tables 7 and 8). In these analyses, the association
between protein intake with FMI, fat percentage and sarcopenic
obesity index remained statistically significant (Supplementary
Tables 7 and 8). Moreover, the interaction term between age at
body composition measurement and protein intake revealed that
the effect of total protein intake on FMI, body fat percentage, and
gynoid fat percentage became weaker over time (Supplementary
Table 9). In the FFQ-stratified sensitivity analysis, we compared
results from RS1/RS3 (389-item FFQ) and RS2 (170-item FFQ) with
the main pooled analysis. Of the seven outcomes that were sta-
tistically significant in the pooled analysis, four (fat mass index,
body fat percentage, gynoid fat percentage, and sarcopenia)
showed consistent effect estimate directions across both FFQ
groups. In contrast, for three outcomes—BMI, android fat



Y. Wu, TO.E. de Crom, Z. Chen et al.

Clinical Nutrition 53 (2025) 26-34

Table 1
Baseline characteristics of study participants.
Total population Men Women
n 4576 1999 2577
Rotterdam Study sub-cohorts (n, %)
RS-1 1205 (26.3) 523 (26.2) 682 (26.5)
RS-1I 1059 (23.1) 495 (24.8) 564 (21.9)
RS- 2312 (50.5) 981 (49.1) 1331 (51.6)
Age (years, SD) 65.14 (10.85) 65.29 (10.75) 65.02 (10.93)
Energy intake (kcal/day) 2213 (677) 2420 (701) 2052(611)
Protein intake (E%) 15.69 (2.76) 15.37 (2.66) 15.93 (2.82)
Protein intake (g/kg BW) 1.13 (0.38) 1.09 (0.34) 1.16 (0.40)
Plant protein intake (E%) 6.06 (1.41) 6.02 (1.40) 6.10 (1.41)
Plant protein intake (g/kg BW) 0.45 (0.19) 0.44 (0.18) 0.45 (0.19)
Animal protein intake (E%) 9.64 (3.04) 9.37 (2.94) 9.85 (3.11)
Animal protein intake (g/kg) 0.68 (0.27) 0.65 (0.25) 0.70 (0.29)
Fat intake (E%) 33.63 (7.34) 33.84 (7.21) 33.47 (7.43)
Carbohydrate intake (E%) 44.14 (7.63) 43.43 (7.66) 44.69 (7.57)
Alcohol intake (E%) 4.08 (4.80) 5.17 (5.36) 3.24 (4.13)
Education (n, %)
primary 366 (8.1) 127 (6.4) 239 (9.3)
Lower/intermediate general or lower vocational education 1763 (38.8) 498 (25.1) 1265 (49.5)
Intermediate vocational or higher general education 1364 (30.0) 739 (37.2) 625 (24.4)
Higher vocational education or university 1049 (23.1) 621 (31.3) 428 (16.7)
Smoking (n, %)
Never smoker 1830 (40.1) 567 (28.5) 1263 (49.2)
Former smoker 2181 (47.8) 1206 (60.6) 975 (38.0)
Current smoker 547 (12.0) 216 (10.9) 331 (12.9)
Physical activity (MET-hours/week) 61.92 (52.73) 55.37 (52.00) 66.97 (52.75)
Dyslipidemia at baseline (n, %) 1836 (40.7) 754 (38.2) 1082 (42.6)
Hypertension at baseline (n, %) 2774 (60.8) 1277 (64.1) 1497 (58.3)
Diabetes at baseline (n, %) 477 (10.4) 249 (12.5) 228 (8.8)
Dietary guideline score (range 0-10) 6.76 (1.92) 6.40 (1.85) 7.05 (1.92)
Outcomes at the first measurement
BMI (kg/m?) 26.83 (3.38) 27.07 (3.07) 26.64 (3.59)
FMI (kg/m?) 9.32 (2.87) 7.96 (2.33) 10.38 (2.81)
Android fat percentage 42.59 (8.85) 40.04 (8.37) 44.57 (8.70)
Gynoid fat percentage 37.47 (8.96) 29.91 (5.85) 43.35 (6.09)
Body fat percentage 34.22 (7.71) 28.96 (6.12) 38.30 (6.19)
FEMI (kg/m?) 17.51 (2.06) 19.11 (1.64) 16.27 (1.40)
Hand grip strength(kg) 27.49 (10.11) 35.47 (8.89) 21.34(5.77)
Sarcopenic obesity index 0.21 (2.21) 0.09 (2.29) 0.29 (2.14)
Sarcopenia (n, %) 88 (2.0) 52 (2.7) 36 (1.4)

RS= Rotterdam Study. MET*Hour/week = Hours of Metabolic equivalent of task per week, BMI=Body mass index. FMI=Fat mass index. FFMI=Fat free mass index.
Continuous data are shown in mean with Standard deviations, and categorical variables are shown as the number of cases and percentage.

percentage, and the sarcopenic obesity index—the associations in
the smaller RS2 sub-cohort were null or even in opposite direction,
but with very wide confidence intervals in all case. These findings
are presented in Supplementary Table 10.

4. Discussion

In this longitudinal population-based study, we observed that
higher habitual protein intake is associated with a higher BMI and
that this association is driven by more fat mass, not muscle mass.
Although no statistically significant associations were found be-
tween protein intake and muscle mass or strength, we observed
that higher protein intake is associated with lower odds of having
sarcopenia. However, we also observed that higher protein intake
is associated with a higher sarcopenic obesity risk.

In the field of obesity, especially among the elderly, it is
important to take into account the distribution of fat mass since fat
mass accumulated at different places represents distinct health
threats [15]. Studies have proven that particularly visceral adipose
mass - and its proxies such as waist-to-hip ratio or waist
circumference, is the most strongly associated with car-
diometabolic risk factors [23]. However, measuring visceral adi-
pose mass accurately is challenging without DXA, which is
considered a golden standard for body composition measurement
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[24]. DXA provides more precise measurements of adipose tissue
quantity and allows for assessing its distribution. Our study found
that higher protein intake is not only associated with higher FMI
but also a higher fat percentage in the android region, indicative of
visceral adipose mass.

Interestingly, our results from long-term follow-up in a
population-based cohort showed different results than those
from short-term interventions, which suggests that protein
supplementation may result in lower body fat mass [25]. These
discrepancies may be caused by other changes in diet and life-
style following a short-term high-protein diet or supplementa-
tion, e.g., a lower energy intake because of increased satiety,
which may not last in a long-term real-world setting with
different food sources. Also, overall lower intake ranges of
habitual protein intake as compared to high-protein in-
terventions or interactions with exercise may play a role. Another
explanation is that, in some of these clinical trials, the protein
was supplemented as "pure” protein and not through protein
from foods, where it is consumed mainly from meat, often not
totally lean. In our study, we observed no differences in the as-
sociations of protein with body composition by different levels of
physical activity. However, higher levels of physical activity or
specific types, such as resistance training, may be needed to
observe these potential modifications.
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Table 2
Associations of protein intake with body composition measures and sarcopenia.
Total population Men Women
Total Animal Plant Total Animal Plant Total protein Animal protein Plant protein
protein protein protein protein protein protein
Linear mixed model®
Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P Estimate P
(95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI) (95%CI)
BMI 0.86 (0.01,1.71) 0.05 0.86(0.01,1.71) 0.05 0.38 0.69 0.76 0.22 0.95 0.13 -1.17 036 1.17 0.05 1.21 (0.02,2.39) 0.05 —0.23 0.86
(—1.46,2.22) (—0.46,1.98) (-0.28,2.18) (-3.71,1.36) (-0.01,2.35) (-2.78,2.32)
FMI 1.33(0.67,1.99) <0.001 1.32(0.66,1.99) <0.001 1.2 0.09 1.08 (0.11,2.05) 0.03 1.26 (0.29,2.23) 0.01 0.07 0.94 1.03 (0.11,1.95) 0.03 1.06 (0.14,1.99) 0.03 —0.12 0.91
6(-0.17,2.68) (-1.92,2.07) (-2.11,1.88)
BF% 4.54 (2.76,6.31) <0.001 4.52 (2.74,6.31) <0.001 4.52 (0.69,8.36) 0.02 3.06 (0.63,5.48) 0.01 3.48 (1.03,5.93) 0.01 1.78 0.49 2.83(0.54,5.12) 0.02 2.94 (0.64,5.25) 0.01 —0.83 0.75
(-3.26,6.81) (-5.79,4.14)
GF% 3.63 (1.86,5.39) <0.001 3.62 (1.85,5.39) <0.001 3.44 0.08 2.89 (0.27,5.51) 0.03 1.66 0.17 6.17 0.01 1.3 0.23 1.01 0.36 4.22 0.07
(—0.38,7.25) (—0.73,4.04) (1.27,11.07) (—0.82,3.41) (-1.13,3.14) (-0.4,8.83)
AF% 3.12(0.7,5.54) 0.01 3.01(0.59,5.44) 0.02  4.69 0.08 1.43 0.44 1.56 040 1.5 0.70 2.63 0.11 2.62 0.11 1.68 0.64
(-0.56,9.94) (-2.22,5.08) (-2.1,5.22) (—6.04,9.03) (—0.58,5.84) (-0.61,5.86) (-5.3,8.67)
FFMI -0.3 0.18 -0.28 020 -0.96 0.04 —0.04 0.92 0(-0.67,067) 1.00 —1.11 0.12 0.25 0.33 0.26 031 -0.31 0.58
(-0.73,0.13) (-0.71,0.15) (—1.89, —0.03) (-0.7,0.63) (—2.48,0.27) (-0.25,0.75) (—0.24,0.76) (-1.39,0.77)
HGS -1.51 0.17 -1.56 015 0.12 0.96 -0.24 0.91 -0.31 0.88 1.53 0.73 -0.48 0.65 —0.49 0.65 0.62 0.80
(—3.63,0.62) (—3.69,0.58) (—4.5,4.73) (—4.39,3.9) (—4.5,3.87) (=7.12,10.17) (-2.59,1.63) (-2.61,1.62) (—4.06,5.29)
SO index —0.85(-1.5,- 0.01 -0.92(-1.58,- 0.01 0.12 0.87 —-0.25 0.62 -0.3 0.54 0.92 0.37 -0.84 0.05 —0.85 0.05 0.13 0.89
0.2) 0.26) (-1.32,1.55) (-1.22,0.73) (-1.28,0.68) (-1.12,2.97) (-1.7,0.02) (-1.71,0.01) (-1.77,2.02)
GEE model®
OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P OR (95%CI) P OR(95%CI) P OR(95%CI) P

Sarcopenia 0.62 (0.43,0.90) 0.01

0.62 (0.43,0.90) 0.01

0.57 (0.21,1.54) 0.27 0.60 (0.39,0.93) 0.02 0.597

(0.38,0.93)

0.02 0.67 (0.21,2.17) 0.50 0.65 (0.34,1.27) 0.21 0.66 (0.35,1.27) 0.21 0.30 (0.04,2.28) 0.25

1D 32 U2YD Z WOL) 3p TOL MM A

For BMI, FMI, BF%, GF%, AF%, and FFMI, 4576 participants were included in the analysis, with 1999 men and 2577 women. For HGS, SO index, and Sarcopenia, 4471 participants were included in the analysis, with 1946 men and
2525 women.
The multivariable nutrition density substitution model was utilized for all statistical models to account for intake of energy and macronutrients other than protein. This involved including total energy intake (kcal/day), as well
as dietary protein, fat, and alcohol intake as percentages of total energy intake (E%) (all included per 5E%). By not including dietary carbohydrate intake, the effect estimates of dietary protein intake can be interpreted as the
mean difference in outcome measures per 5E% increase in protein intake at the expense of carbohydrate intake while keeping total energy intake constant. Age at measurement, sex, sub-cohort, physical activity, smoking,
alcohol, level of education, and diet quality were adjusted in all models (model 1).
BMI=Body mass index. FMI=Fat mass index. FFMI=Fat free mass index. GF% = Gynoid fat percentage. AF% = Android fat percentage. BF% = Body fat percentage. HGS=Hand grip strength. SO=Sarcopenic obesity.

2 Effect estimates are the mean difference and 95 %-confidence intervals (95%Cls) derived from linear mixed models. Linear mixed models were built with random intercepts and slopes (age at the time of measurement),
including a two-way interaction term between age at each follow-up and protein intake and in our models.

b Effect estimates are odds ratio (OR) and 95 %-confidence intervals (95%Cls) derived from logistic regression models using generalized estimating equation (GEE) models.
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The mechanism linking higher protein intake, especially from
animal sources, to fat-related outcomes is not fully understood.
One hypothesis suggests that animal protein may be associated
with increased fat mass or adiposity through insulin-related
pathways. In particular, branched-chain amino acids (BCAAs),
which are abundant in animal protein, may impair insulin
signaling through several mechanisms. First, BCAAs can activate
the mTOR-S6K pathway, leading to insulin receptor substrate in-
hibition and reduced insulin sensitivity [26]. Second, BCAA me-
tabolites such as 3-hydroxyisobutyrate (3-HIB) have been
associated with insulin resistance in both animal and human
studies [27,28]. Third, experimental studies have shown that
BCAAs may induce metabolic stress in pancreatic islet p cells,
further impairing insulin function [29].

The elderly population, with on average low lean mass and low
muscle strength, is at higher risk of disability, frailty, and fractures
[30,31]. The current study did not find a significant association
between protein intake and measures of fat-free mass. This is not
in line with a previous meta-analysis that used data from RCTs,
which found a positive dose-response between protein intake and
lean body mass, with or without resistance training [32]. A
possible explanation is that this RCT-based meta-analysis studied
high-protein diets and intervention times ranging from 0.5 to 18
months, which may not translate to long-term effects of variations
in generally lower intake levels of habitual protein. Our results do
align with another long-term observational study, in which higher
total, animal, or vegetable protein intake was not associated with a
5-year change in mid-thigh muscle CSA in older adults (n = 1561)
[33]. Yet, in another 2-year observational study, protein intake was
associated with 3-year changes in lean mass (n = 2066) [34].

We found no association between protein intake and HGS.
Previous reports on protein with HGS are contradictory. A recent
meta-analysis of 16 RCTs also found no significant effect of total
protein on HGS [9]. Similarly, a systematic review of 14 RCTs on
dairy protein observed a significant increase in appendicular
muscle mass, but no effect on HGS [35]. In line with this, another
systematic review, which included 74 RCTs, reported increasing
protein could result in higher lean body mass but that the effects
on HGS were inconclusive [36]. However, a meta-analysis of 22
cross-sectional cohorts observed that a higher protein intake
exceeding the recommended dietary allowance was associated
with higher HGS [37]. This observation was further supported by a
longitudinal cohort study that followed 1896 older adults for 14
years and found that animal protein, not plant protein, was asso-
ciated with preserving HGS [38]. Although we did not observe
significant associations with lean mass or handgrip strength, this
may reflect a ceiling effect, as average protein intake in our pop-
ulation exceeded current dietary recommendations. Further
studies are needed to determine whether additional protein intake
provides measurable benefits in populations with already
adequate intake.

In the current study, we did observe that higher protein intake
may have a protective effect on sarcopenia risk. This observation is
consistent with a recent systematic review and meta-analysis
(n = 3353, average age = 73), which found that elderly with sar-
copenia consumed less protein than non-sarcopenic individuals
[36]. The apparent inconsistency in our null findings for muscle
mass and strength on one hand and lower risk for sarcopenia on
the other hand may be explained by several factors. First, these
findings suggest that protein intake may only affect more extreme
levels of low muscle mass and function, as reflected in the clinical
sarcopenia definition, but that this effect is not present or not large
enough to detect in a normal range of muscle mass and function,
considering the low prevalence of sarcopenia in the Rotterdam
Study. Second, inconsistencies within our study and with other
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studies might be explained by the diversity in physical activity
levels and types. Previous research emphasized the synergy of
dietary protein and physical activity, particularly through resis-
tance or high-intensity exercises, in promoting muscle mass and
function [39]. However, only one-fourth of our study population
still participated in vigorous physical activity and only at very low
levels. Finally, our population-based cohort among middle-aged
and elderly presents a significant prevalence of various comor-
bidities and disease risk factors. Individuals with such conditions
may exhibit diverse dietary and altered physical activity habits,
while these diseases may also influence body composition [40,41].

In the current study, we also evaluated sarcopenic obesity risk
using a novel continuous sarcopenic obesity index (Benz et al., in
progress), as the number of cases of sarcopenic obesity according
to clinical criteria in our population is too low to run analyses. This
sarcopenic obesity index incorporates HGS, ALM/W, and BF% as the
recommended indicators by ESPEN/EASO Consensus [6], but as
continuous variables rather than with cut-offs. Our results suggest
that higher animal protein intake increases the risk of sarcopenic
obesity. In light of our findings for the other outcomes, this
increased risk might be driven by the association with higher body
fat. However, sensitivity analyses show that the association with
the sarcopenic obesity index was primarily driven by RS1 and RS3,
which used the 389-item FFQ, and was not observed in RS2, which
used the 170-item FFQ.

The food source of protein also matters. Our results show that
most associations with higher FMI, fat percent in the android re-
gion, and sarcopenic obesity risk are driven by animal protein, not
plant protein. These effects may be more pronounced for animal
proteins, which have higher digestibility and greater concentra-
tions of essential amino acids and BCAAs than plant proteins,
leading to stronger anabolic stimulation but also greater potential
to disrupt insulin sensitivity. This suggests that plant protein may
be a more favorable choice to prevent or reduce obesity. This
observation is in line with a previous RCT among 2413 adult Eu-
ropean participants in which they found that the risk of over-
weight or obesity is reduced if plant protein replaces animal
protein [42]. However, we also observed that plant protein is
associated with a lower FFMI and we found no protective associ-
ation between plant protein and sarcopenia. This might be
explained by differences in protein quality, e.g. proteins from an-
imal foods usually have complete EAA profiles, crucial for muscle
protein synthesis [8] and have higher bioavailability [43]. Future
studies should focus on optimal protein combinations from plant
sources and plant-based dietary patterns for muscle mass and
functioning.

4.1. Strengths and limitation

Our study has several strengths. Firstly, although we cannot
establish a causal relationship between protein and outcomes, the
prospective design with a large sample size provides more insights
into their longitudinal associations in a real-world setting. Sec-
ondly, the body composition outcomes are objectively measured
using DXA, with increased accuracy as compared to anthropo-
metric proxies. Furthermore, The average protein intake in our
study population was 1.13 g/kg/day, accounting for 15.7 % of total
energy intake and exceeding the recommended 0.8 g/kg/day. This
level is consistent with that observed in other Western cohorts
[22], supporting the generalizability of our findings and reducing
concerns about selection bias. Lastly, several additional analyses
were conducted to explore potential effect modification, different
macronutrient substitution effects, and the role of many con-
founders, which overall supported the robustness of the results.
However, results should also be interpreted with caution due to
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several limitations. Firstly, dietary intake was self-reported, for
which measurement errors are unavoidable. Yet, the FFQs we used
have been previously validated and showed good reliability in
ranking participants according to their nutrient intake, specifically
protein intake. Secondly, we only used data on protein intake at
baseline and could not consider potential changes in dietary intake
over time, such as reduced intake due to aging or the development
of chronic disease, which may lead to misclassification of long-
term exposure and could bias the observed associations. Further-
more, this study contains three sub-cohorts of the RS. Although we
adjusted for cohort and other potential confounders in the anal-
ysis, and each cohort used standardized protocols, some residual
heterogeneity may remain. At the same time, the inclusion of
multiple cohorts provides a larger sample size, which improves
power and helps to mitigate random variation. Although we used
nutrient density models to account for other macronutrients and
adjusted for an overall dietary quality score to control for broader
diet quality, we cannot fully exclude residual confounding from
other dietary factors that may still partially explain the observed
associations. Lastly, the Rotterdam Study is a predominantly
ethnically non-diverse population cohort, so the result may not be
directly generalized to other populations.

5. Conclusion

In this longitudinal cohort study, we observed that higher an-
imal protein is associated with lower sarcopenia risk, but also wit
more obesity over time. In contrast, plant protein was not associ-
ated with sarcopenia or obesity. Our results provide evidence of
the role of diet protein in sarcopenia and obesity in the general
elderly population. Future studies should focus on identifying a
protein-balanced diet to maintain muscle while preventing
obesity and on more personalized dietary recommendations for
the elderly based on their current body composition and health
status.
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