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A B S T R A C T

Background: Plant-based foods have reduced protein digestibility and frequently display unbalanced amino acid profiles. Plant-based foods
are therefore considered inferior to animal-based foods in their anabolic potential. No study has assessed the anabolic potential of a vegan
diet that provides a large variety of plant-based protein sources in older adults.
Objectives: To investigate the effect of a 10-d vegan diet on daily mixed muscle protein synthesis (MPS) rates in comparison with an
isocaloric, isonitrogenous, omnivorous diet in community-dwelling older adults.
Methods: This cross-over trial assessed 34 community-dwelling older adults (72 " 4 y, 18 males, 16 females), who were randomly assigned
to consume a 10-d controlled vegan diet, followed by a controlled omnivorous diet (60% animal protein), or vice versa. One day before the
study diets, participants consumed 400 mL deuterated water, followed by daily doses of 50 mL. Subsequent plasma and muscle samples were
collected during the intervention period. Physical activity levels were assessed using accelerometry. Secondary outcomes were car-
diometabolic risk factors and appetite. Statistical analyses were performed using linear mixed models, and results are presented as means "
standard errors.
Results: IntegratedMPS rates did not differ between the vegan (1.23" 0.04%/d) and omnivorous (1.29" 0.04%/d) diets (P¼ 0.2542). Plasma
low-density lipoprotein (Δ0.23" 0.03, P< 0.0001), high-density lipoprotein (Δ0.03" 0.14, P¼ 0.0387), and total cholesterol (Δ0.25" 0.04,
P< 0.0001) levels were significantly lower succeeding the vegan diet than the omnivorous diet. There were no significant differences between
the omnivorous and the vegan diet in fasting plasma triglyceride, glucose and insulin levels, homeostasis model assessment of insulin resistance,
and systolic and diastolic blood pressure (P > 0.05). Physical activity levels were high (12,460 " 4512 steps/d).
Conclusions: A well-balanced vegan diet providing a variety of plant-based protein sources does not compromise daily MPS rates when
compared with an isocaloric, isonitrogenous omnivorous diet in physically active, older adults.
This trial was registered at clinicaltrials.gov as NCT05624333 (https://clinicaltrials.gov/study/NCT05624333).
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Introduction

The progressive loss of skeletal muscle mass, strength, and
function among older individuals, referred to as sarcopenia, is an
emerging public health issue. Sarcopenia prevalence estimates
vary $~40% in community-dwelling older adults [1]. Sarco-
penic individuals are at risk of falls, prolonged hospital stays, and

other complications [2–4]. A widely used strategy in preventing
and counteracting sarcopenia is enhancing dietary protein con-
sumption later in life, thereby focusing on the timing, amino acid
(AA) composition, and origin of the protein source [5–8]. Dietary
protein ingestion promotes skeletal muscle accretion by upre-
gulating muscle protein synthesis (MPS) and inhibiting muscle
protein breakdown [5]. The increased demand for dietary

Abbreviations: AA, amino acid; D2O, deuterium oxide; En%, percentage of energy; FSR, fractional synthesis rate; MPS, muscle protein synthesis; VAS, visual
analogue scale.
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protein later in life predominantly results from anabolic resis-
tance, an impaired response to anabolic stimuli, including pro-
tein ingestion [9].

Proteins from plant origin are generally considered to be
inferior in their quality to those of animal origin [10,11]. The
quantity and the quality of a protein source define the ability of a
protein to carry out its functions when digested and absorbed,
such as upregulating MPS. The capacity of a protein source to
stimulate MPS is largely determined by the protein digestion and
AA absorption kinetics, and the AA composition of the protein
[12]. Although animal-based foods typically exhibit complete
AA profiles, plant-based foods show high heterogeneity in their
AA profiles, often limiting in 1 or more essential AA. Further-
more, plant-based foods often exhibit inconvenient food
matrices that may interfere with protein digestion, because of
the abundance of, for example, antinutritional factors [13,14].

Despite the suggested lesser anabolic potential, augmenting
the consumption of plant-based foods increases dietary intake of
numerous important other nutrients and bioactive compounds
and, therefore, holds several health benefits. For example,
observational studies showed plant-based diets to be associated
with a reduced risk of cardiovascular disease [15,16]. Concur-
rently, decreasing animal-based food consumption lowers the
environmental impact of the diet. Plant-based diets are, there-
fore, endorsed by the EAT-Lancet commission and the European
Union [17,18]. Nevertheless, considering the suggested lower
anabolic properties of plant-based foods, we have previously
discussed that a diet in which all animal-based foods are elimi-
nated, that is a vegan diet, may aggravate sarcopenia in older
individuals [19].

As yet, intervention studies regarding the anabolic potential of
plant-based foods have mainly focused on isolated protein sup-
plements [20–27]. Nevertheless, proteins are generally consumed
as part of a whole foods diet rather than being consumed in its
isolated form. Furthermore, combining multiple plant-based
sources to achieve a more optimal AA profile within a meal has
been suggested to improve its anabolic properties [10,11,28]. As
such, several studies have recently shifted their focus toward the
anabolic effect of whole plant-based foods in the form of mixed
meals or diets in young [29] and older [30–32] individuals.
Recent work from our groups showed 47% higher postprandial
mixed MPS rates after ingestion of an omnivorous meal when
compared with the ingestion of an isocaloric and isonitrogenic
vegan meal in older adults [30]. However, it remains unknown
how a vegan diet, providing a large variety of plant-based protein
sources, impacts daily MPS rates in older individuals when
applied for a more prolonged period. In the present randomized
controlled cross-over trial, we compared daily integrated mixed
MPS rates although consuming a well-balanced vegan diet
compared with an isocaloric, isonitrogenous, healthful omnivo-
rous diet for 10 d in community-dwelling older adults.

Methods

Participants
Participants were recruited via an existing volunteer database

of Wageningen University and Research and advertisements in
local newspapers and online media. Recruitment was done be-
tween October 2021 and December 2022. All participants were

informed regarding the purpose of the study, the study proced-
ures, and the potential risks before providing informed consent.
After providing informed consent, eligibility was assessed by a
member of the research team using a screening questionnaire
that included questions regarding the in- and exclusion criteria
of the study and their medical history, and by measuring body
weight and height to the nearest 0.1 kg and 0.1 m, respectively,
using a calibrated digital scale (Seca 704, Seca GmbH & Co) and
a wall-mounted stadiometer. Volunteers were considered
eligible if they were aged between 65 and 79 y old, community-
dwelling, and had a BMI between 20 and 35 kg/m2 at the
moment of screening. Volunteers were excluded from partici-
pation in the study if they: 1) followed a vegetarian or vegan diet
during the 6 mo before the study; 2) followed a high- or low-
protein diet during the 6 mo before the study; 3) participated
in a structured exercise program during the 3 mo before the
study; 4) had %5% of body weight loss during the 3 mo before
the study; 5) were diagnosed with diabetes, renal disease,
neurological or neuromuscular disorders, serious cardiovascular
disease, cancer, and/or chronic obstructive lung disease; 6)
chronically used medication that affects muscle function; 7) used
heavy anticoagulants; 8) were allergic or intolerant to any
product included in the diets; or 9) did not have a general
physician. In total, 38 participants were included in the study
(see Supplemental Figure 1 for the Consolidated Standards of
Reporting Trials flow diagram). The study was approved by the
Medical Ethical Committee Brabant (reference number
NL82653.028.22), and the procedures were in accordance with
the Declaration of Helsinki of 1975, as revised in October 2013.
The trial is registered at clinicaltrials.gov (https://clinicaltrials.
gov/study/NCT05624333).

Study design
This dietary controlled intervention study had an open-label

randomized cross-over design. The study was conducted be-
tween November 2021 and February 2023. A general overview
of the design is presented in Figure 1. The total duration of the
study was 28 d. During the week before the diets were initiated,
baseline measurements were performed, as described in more
detail in the following paragraphs. The deuterium oxide (D2O)
dosing protocol was initiated 1 d before the participants would
start with their diet. Subsequently, all participants consumed a
strictly controlled, a priori calculated, vegan diet, as well as a
strictly controlled omnivorous diet for 10 d. Test days were
performed before and after each diet. No washout period was
included because we considered the 10-d treatment period as
sufficient to allow for the washout of the first treatment before
the final measurements of the second treatment. Additionally, if
a washout period had been included, an extra muscle biopsy
would have had to be performed, increasing the burden on the
participants. Participants were randomly assigned to consume
the vegan diet first, followed by the omnivorous diet, or vice
versa. Randomization was done on a 1:1 ratio, stratified by sex,
and based on a computer-derived random allocation sequence
(SAS, version 9.4) generated by an independent researcher using
a block size of 6.

Study diets
For both diets, a 5-d menu-cycle was designed for 12 levels of

energy intake ranging from 6.5 to 12.0 MJ/d, with increments of
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0.5 MJ/d, using a mixed integer linear programming model, as
described in detail elsewhere [33]. The Dutch food composition
database [34] was used to derive the energy and nutrient
composition of the food products, and nutrient values for com-
posite foods were calculated using the nutrient calculation pro-
gram Compl-eat [35]. Participants were allocated to one of the
energy groups based on their basal metabolic rate as estimated
by the Schofield formula [36], and their habitual food intake and
physical activity levels. Habitual food intake was estimated by a
food frequency questionnaire [37], and habitual physical activity
levels were estimated using the short-questionnaire to assess
health-enhancing physical activity [38]. Participants were
instructed to maintain their habitual physical activity levels
throughout the study. Nevertheless, if energy expenditure was
increased substantially on an incidental day during the study due
to increased physical activity levels, participants were provided
with bread buns that were specifically produced to have a similar
macronutrient composition as the diets. The diets that were fully
provided to the participants covered 95% of the energy re-
quirements of the participants. Participants were instructed to
cover the remaining 5% with foods from a predefined list. The
food items on this list had a protein content below 0.5 g per
portion. The participants were instructed to record these food
items, the bread buns, and any other deviations from the pro-
tocol in a logbook.

Participants consumed their hot meal during lunch time at the
Wageningen University on weekdays under supervision of
members of the research team. Take-home packages were pro-
vided containing breakfast, bread meals, snacks, and beverages
that had to be fully consumed before their subsequent visit. On
Fridays, the take-home packages contained all meals for Satur-
day, Sunday, and Monday morning as well. The participants
received instructions regarding the preparation of the meals and
the time range during which the meals and snacks had to be

consumed to ensure that protein intake was spread out evenly
throughout the day. Body weight was additionally measured
twice a week to the nearest 0.1 kg using a calibrated digital scale
to allow for adjustment of energy group allocation if body weight
of a participant would change substantially although consuming
the study diets.

Diet composition and duplicate portions
The macronutrient compositions of both diets aimed to have a

protein content of 15% of daily energy intake (en%). The diets
were composed based on the Dutch national dietary guidelines
[39]. The protein content of the omnivorous diet consisted for
~60% of animal protein, in line with the average habitual di-
etary protein intake of Dutch older adults [40,41]. The a priori
calculated approximate daily protein distribution was as follows:
20%, 30%, 20%, and 30% of the daily protein intake consumed
during breakfast, the hot meal, the bread meal, and snacks (3
snacks providing each 10% of total protein), respectively. The
diets solely consisted of food products, and thus did not include
any nutritional supplements. The main sources of protein in the
vegan diet were soy-based dairy alternatives, legumes, nuts, ce-
reals, and plant-based meat analogs based on (isolated) pea
protein and/or rice protein. The main sources of protein in the
omnivorous diet were dairy products, cheese, chicken, beef, and
pork sausage. The menu cycles including quantities of both diets
are presented in Supplemental Tables 1–3.

During the intervention, duplicate portions of both diets were
collected for a fictional participant with an energy level of 9 MJ/
d. The duplicate portions were analyzed externally for nitrogen,
AA, fat, carbohydrate, and dietary fiber contents by an inde-
pendent professional food and feed analytical company (Nutrilab
B.V.) using validated methods. Nitrogen content of the diets
were analyzed using the Dumas method (NEN-EN-ISO 16634).
The protein contents were subsequently calculated using the

FIGURE 1. Study design. D2O, deuterium oxide; DEXA, Dual Energy X-ray Absorptiometry; FFQ, food frequency questionnaire; SQUASH, Short
Questionnaire to Assess Health-enhancing physical activity; VAS, visual analogue scale.
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nitrogen-to-protein conversion factor of 6.25 [42]. The total and
free AAs, alanine, arginine, aspartic acid, glutamic acid, glycine,
histidine, hydroxyproline, isoleucine, leucine, lysine, ornithine,
phenylalanine, proline, serine, threonine, tyrosine, and valine
were analyzed using IC-UV according to the ISO standard
13903:2005. Tryptophan was analyzed separately in each sam-
ple via alkaline hydrolysis using HPLC.

Physical activity
Participants were instructed to maintain their habitual phys-

ical activity levels during the study. Physical activity levels were
assessed from 1 wk before the diets were consumed until the end
of the study using accelerometry (ActiGraph). Additionally,
participants recorded their physical activity in a diary during this
period.

Body composition
Body mass was measured in a fasted state using a calibrated

digital scale at baseline, and on each subsequent test morning.
Furthermore, a dual energy X-ray absorptiometry scan (LUNAR
Prodigy, GE Health Care) was performed at baseline in a fasted
state to assess bone mineral density and body composition.

Handgrip strength
Handgrip strength (kg) was measured at baseline with the use

of a hand dynamometer (Jamar). Both hands were measured 3
consecutive times to the nearest 0.5 kg. The average of these
measurements was reported. During the measurement, partici-
pants were seated in an upright position with the arm in a 90-de-
gree angle.

Mixed muscle fractional protein synthesis rates
The primary outcome measure, daily mixed muscle fractional

synthesis rate (FSR; %/d), was determined using a D2O dosing
protocol, as previously described [43]. In short, the participants
ingested eight 50 mL doses of 70% deuterated water 1 d before
the start of the diets with 1.5 h between each dose. On the
remaining days, participants ingested 50 mL of 70% deuterated
water in the afternoon to maintain body water deuterium
enrichment. Blood samples and muscle biopsies were collected
in a fasted state to assess plasma 2H-alanine enrichments, and the
incorporation of 2H-alanine into mixed muscle proteins,
respectively. Muscle biopsies were collected on the morning
before the first diet started (day 0) and immediately after the first
(day 10) and second (day 20) dietary intervention period. Mus-
cle biopsies were collected from the middle region of the m.
vastus lateralis muscle, 15 cm above the patella and ~2 cm
below the entry through the fascia, using the percutaneous
needle biopsy technique with a modified Bergstr€om needle [44].
The first and the last muscle biopsies were taken from the same
leg, the second biopsy was taken from the contralateral leg.
Subsequently, the samples were frozen in liquid nitrogen and
stored at &80'C until further analysis. Blood samples were
collected in EDTA-containing tubes before the first dose of 70%
deuterated water was consumed, and on day 0, 10, and 20. The
blood samples were centrifuged at 1000 g for 10 min at 4'C to
obtain plasma aliquots and stored at &80'C until further anal-
ysis. Further analyses were performed at the Stable Isotope
Research Centre (Maastricht University Medical Centre þ) and

have been described in detail elsewhere [43]. In short, mixed
muscle protein-bound 2H-alanine enrichments were assessed
using a gas chromatography-ratio mass spectrometer (MAT 253;
Thermo Fisher Scientific) equipped with a pyrolysis oven using a
60-m DB-17MS column and 5-m precolumn (No. 122–4762;
Agilent) and GC-Isolink. Plasma 2H-alanine enrichments were
assessed using GC-MS (Agilent 5975C MSD & 7890A GC). Mixed
muscle protein FSR were calculated using the precursor-product
method, as previously described, using the plasma 2H-alanine
enrichments as precursor [43].

Plasma insulin, glucose, and lipid concentrations
For the assessment of the secondary outcome measures,

fasting insulin, glucose, and lipid profile (total cholesterol; tri-
glycerides; LDL cholesterol; HDL cholesterol), blood samples
were collected in Li-heparin- and NaFl-containing tubes on day
0, 10, and 20. The blood samples were centrifuged at 3000 g for
8 min at 22'C to obtain plasma aliquots for subsequent analysis.
Plasma insulin was analyzed using a solid-phase enzyme-labeled
chemiluminescent immunometric assay (IMMULITE® 2000,
Siemens; average coefficient of variation (CV): 5.1%). Samples
with an insulin concentration below the detection limit of 2 mU/
L were set to 1 mU/L (n ¼ 4). The Atellica® CH Glucose Hexo-
kinase 3 assay (CV 1.1%) and The Atellica CH HDL/LDL
Cholesterol Calibrator (CV: total cholesterol 0.9%; HDL choles-
terol 2.0%; LDL cholesterol 2.3%; triglycerides 1.0%) were used
for the assessment of plasma glucose and lipid profile, respec-
tively. The plasma samples were analyzed singlicate at the hos-
pital Gelderse Vallei. Subsequently, the insulin resistance index
(HOMA-IR) was calculated according to the following formula:
fasting insulin (mU/L) * fasting glucose (mmol/L) / 22.5 [45].

Blood pressure
The secondary outcomes systolic and diastolic blood pressure

were measured after an overnight fast on day 0, 10, and 20 using
an ambulatory blood pressure monitor (Omron Healthcare
Europe B.V.). Participants were instructed not to drink coffee,
smoke, or perform vigorous exercise in the 60 min before the
measurement and were not allowed to speak during the mea-
surement. Blood pressure was measured 3 consecutive times
with 1 min rest intervals, after resting in a chair for 5 min. The
mean of the second and third measurement was used for anal-
ysis. A fourth measurement was performed if the participant
would speak or move during a measurement, or if a difference of
%10 mmHg was observed between the second and third mea-
surement. In that case, the mean of the third and fourth mea-
surement was used for analysis.

Appetite
Visual analogue scales (VAS) with a length of 100 mm were

used to assess the secondary outcome appetite during the con-
sumption of both the vegan and the omnivorous diets. Five VAS
regarding hunger, fullness, satiety, desire to eat, and prospective
food consumption were used [46]. The VAS were anchored from
lowest intensity ratings (that is, not hungry at all) to highest
intensity ratings (that is, extremely hungry). The participants
were instructed to fill out the VAS daily before and after the
consumption of the hot meal.
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Adverse events
Adverse events, including all unfavorable and/or unexpected

symptoms, were recorded starting from the time the dietary
intervention period started and followed up by the research
physician.

Sample size calculation
The sample size calculation was performed in GPower version

3.1.9.4. On the basis of previous research [32,47], the SD was
initially estimated to be ~0.16%/d. Considering an effect size of
10%, α-level of 0.05, and 80% power, and a drop-out rate of
20%, 24 participants were initially included in the study. How-
ever, on the basis of a blinded interim analysis, a larger sample
size was considered necessary. Using the SD observed in the
blinded interim analysis (0.31%/d), and a matching effect size,
α-level, power, and drop-out rate as the initial sample size
calculation, 14 additional participants were included. As such, a
total of 38 participants were included in the study.

Statistical analysis
Data were collected using Castor Electronic Data Capture [48].

All entered data were double checked by a second member of the
research team. Statistical analysis was performed in a blinded
manner in R Studio version 1.4 according to the intention-to-treat
principle. Descriptive statistics were used to explore and present
the participant characteristics at baseline, and are presented as
counts and percentages or mean" SD. Linear mixed models were
used to assess any potential change in daily physical activity
levels over the study period. Participants were added to the
model as a random factor, and study period (baseline, period 1, or
period 2) was added as a fixed factor. Linear mixed models were
used for the analysis of the primary and secondary outcomes as
well. Participants were added to the model as a random factor,
and diet, period, and sequence as fixed factors [49]. Endpoints
were used to compare the effects of diet on body mass, fasting
lipid, glucose, and insulin levels, HOMA-IR, and blood pressure,
with baseline levels added as a covariate [50]. Regarding the
assessment of appetite after consumption of the hot meals,
appetite measures before consumption of the hot meal were
added as covariate. No other covariates were added to the
models. Models were checked for homoscedasticity and
normality of residuals via QQ-plots and boxplots. Results from the
linear mixed-model analysis are presented as estimated marginal
means and their SE. A P value <0.05 was considered statistically
significant. Although there was a slight increase in the possibility
of a type I error, we did not correct for testing multiple outcomes
[51]. Because linear mixed models handle missing data well via
maximum likelihood estimation, missing values in outcome var-
iables were not imputed before statistical analysis [52].

Results

Participant characteristics
Participant characteristics are presented in Table 1. In total,

38 participants were included in the study. Three participants
dropped out before initiation of the study diets due to the
following reasons: 1) a medical condition unrelated to the study
procedures (n ¼ 1), 2) a muscle biopsy that could not be per-
formed (n ¼ 1), or 3) not willing to continue due to symptoms of

dizziness resulting from the D2O doses consumed on the dosing
day (n ¼ 1). One participant dropped out on the first morning of
the dietary intervention period due to gastrointestinal discom-
fort (Supplemental Figure 1). Therefore, data of 34 participants
were eventually available to be included in the analysis.
Approximately half (53%) of the participants were male. Mean
age and BMI of the participants were 72" 4 y and 26.7" 3.1 kg/
m2. Participants showed a habitual daily step count of 12,460 "
4512, relating to an average daily activity level of 1.16 " 0.15
metabolic equivalents. Both remained unchanged throughout
the study period (P > 0.05). Habitual daily sedentary time was
408" 126 min/d at baseline, which significantly decreased with
27 " 7 and 20 " 7 min/d from baseline during the first and
second period of the study (P ¼ 0.0009), respectively, with no
significant differences between the 2 study periods (P > 0.05).
Overall, the baseline characteristics were similar between the
sequence groups. Dizziness on the D2O dosing day was reported
by 9 participants. Gastrointestinal discomfort during the dietary
intervention was reported 5 times. The habitual dietary intake of
the participants, and the daily nutrient composition of the study
diets are presented in Table 2.

Mixed muscle fractional protein synthesis rates
Plasma 2H-alanine enrichments increased significantly over

time from 2.41 " 0.08 MPE on day 0 to 3.26 " 0.08 and 3.62 "
0.08MPE on day 10 and 20 for all participants (P< 0.0001), and
did not significantly differ between the vegan and omnivorous
diet (P > 0.05). Similarly, mixed muscle protein-bound 2H-
alanine enrichments significantly increased over time (P <
0.0001), and did not differ significantly between diets (P >
0.05). On day 10, mixed muscle protein-bound 2H-alanine

TABLE 1
Baseline participant characteristics of the total study population and
per sequence group.

Total (n ¼ 34) VEG/OMNI
(n ¼ 16)

OMNI/VEG
(n ¼ 18)

Male, n (%) 18 (53%) 8 (50%) 10 (56%)
Age (y) 72 " 4 70 " 4 74 " 3
BMI (kg/m2) 26.7 " 3.1 25.8 " 3.2 27.3 " 2.9
Lean body mass (kg) 49.1 " 7.8 48.5 " 6.4 49.7 " 9.0
Fat percentage (%) 33.5 " 5.9 32.4 " 5.9 34.6 " 6.0
Handgrip strength
Left (kg) 30.8 " 7.5 31.2 " 6.5 30.5 " 8.4
Right (kg) 31.4 " 8.9 31.6 " 8.1 31.2 " 9.8

Daily step count 12,460 " 4512 13,694 " 4412 12,152 " 4491
METs, kcal/(kg/h) 1.16 " 0.15 1.16 " 0.16 1.14 " 0.14
Sedentary time
(min/d)

408 " 126 445 " 109 367 " 130

Smoking
Never smoked 21 (62%) 12 (75%) 9 (50%)
Former smoker 11 (32%) 4 (25%) 7 (39%)
Current smoker 2 (6%) 0 (0%) 2 (11%)

Vitamin D use, n (%) 8 (24%) 3 (19%) 5 (28%)
Statin use, n (%) 4 (11%) 1 (6%) 3 (17%)
Blood pressure
medication
use, n (%)

7 (21%) 3 (19%) 4 (22%)

Continuous values presented as mean " SD.
Abbreviations: MET, metabolic equivalent, OMNI/VEG, the group that
consumed the omnivorous diet followed by the vegan diet; VEG/OMNI,
the group that consumed the vegan diet followed by the omnivorous
diet.

J. Domi!c et al. The Journal of Nutrition xxx (xxxx) xxx

5



enrichments were 0.36 " 0.04 MPE and 0.38 " 0.04 MPE after
the vegan and omnivorous diet, respectively. These values were
0.63 " 0.04 MPE and 0.65 " 0.04 MPE after the vegan and
omnivorous diet on day 20. There was no significant difference
in mixed muscle FSR between the vegan and the omnivorous diet
(vegan 1.23 " 0.04 %/d; omnivorous, 1.29 " 0.04 %/d; P ¼
0.2542). There was a significant period effect (P ¼ 0.048), but
the effect of diet did not differ per period (no significant carry-
over effect: P > 0.05). The mixed muscle FSRs during the vegan
and omnivorous diets are presented in Figure 2.

Cardiometabolic risk factors and body weight
Table 3 shows the difference in effects between the vegan and

omnivorous diets on body mass and cardiometabolic outcome
measures. Body mass was significantly lower on day 20 of the
study period than on day 10 (P ¼ 0.0063), but did not differ
between diets (P> 0.05). Plasma LDL cholesterol (Δ0.23" 0.03,
P < 0.0001), HDL cholesterol (Δ0.03 " 0.14, P ¼ 0.0387), and

TABLE 2
Habitual dietary intake of the participants, and analyzed macronutrient
and amino acid composition of the study diets per day.

Habitual1 Vegan
diet

Omnivorous
diet

Macronutrients
Energy (MJ) 9.3 " 2.3 8.8 9.1
Total protein2 (en%) 15.5 " 2.2 19.9 18.1
Total protein3 (g/kg) 1.1 " 0.2 1.3 1.2
Total protein (g) 83 " 18 103 97
Animal protein
(% total protein)

55.5 " 9.7 0 60.4

Plant protein
(% total protein)

44.5 " 9.7 100 39.6

Fat (en%) 37.1 " 3.7 42.7 39.2
Saturated fat (en%) 13.6 " 2.5 11.4 12.9
Carbohydrates (en%) 41.9 " 3.8 37.2 39.4
Fiber (en%) 2.1 " 0.5 3.7 3.9
Alcohol (en%) 2.9 " 3.1 0 0
Sodium4 (mg) NA 2427 2467

Amino acids (mg/g protein)
Leucine NA 70.6 86.1
Lysine NA 53.5 72.9
Methionine NA 9.9 16.8
Isoleucine NA 39.3 46.7
Threonine NA 33.9 43.1
Valine NA 46.6 57.7
Tryptophan NA 11.1 12.6
Phenylalanine NA 49.1 50.6
Histidine NA 22.4 31.6
Alanine NA 42.2 51.2
Arginine NA 72.9 72.7
Aspartic acid NA 106 98
Cystine þ cysteine NA 12.4 11.1
Glutamic acid NA 188 212
Glycine NA 41.6 46.5
Tyrosine NA 32.3 39.5
Serine NA 48.3 51.4
Proline NA 47.7 68.1
Ornithine NA 0 0
Total NA 928 1069
Total EAA NA 336 418
EAA/AA ratio NA 0.34 0.36

Abbreviations: AA, amino acid; EAA, essential amino acid; NA, not
assessed.
1 Habitual dietary intake as measured with a food frequency ques-

tionnaire at baseline, values presented as mean " SD.
2 Protein content of the study diets estimated by determining nitro-

gen content using the DUMAS approach and using the nitrogen-to-
protein conversion factor of 6.25.
3 Values calculated based on: habitual diet, mean body weight of

total study population (78.5 kg); study diets, mean body weight of
participants allocated to energy group 9 (79.1 kg).
4 Sodium content was not analyzed, quantities are based on the a

priori calculated nutrient content as described in the methods section.

FIGURE 2. Daily mixed muscle protein fractional synthesis rates
(%/d) on the vegan and omnivorous diet. Data in figure presented as
mean " SE and individual values. Statistical analysis with linear mixed
models did not show any difference between the diets (P ¼ 0.2542).

TABLE 3
Cardiometabolic outcome measures.

Baseline1 Vegan Omnivorous P value
(vegan vs.
omnivore)

Body mass (kg) 79.3 " 2.0 77.2 " 0.1 77.2 " 0.1 0.7868
LDL-c (mmol/L) 3.11 " 0.17 2.46 " 0.05 2.68 " 0.05 <0.0001
HDL-c (mmol/L) 1.60 " 0.08 1.32 " 0.02 1.35 " 0.02 0.0387
Triglycerides
(mmol/L)

1.23 " 0.01 1.08 " 0.04 1.05 " 0.04 0.2803

Total cholesterol
(mmol/L)

5.35 " 0.19 4.32 " 0.06 4.58 " 0.06 <0.0001

Glucose (mmol/L) 5.57 " 0.01 5.31 " 0.06 5.40 " 0.06 0.1584
Insulin (mU/L) 11.63 " 2.28 9.30 " 0.54 9.53 " 0.54 0.6173
HOMA-IR 2.86 " 0.55 2.20 " 0.15 2.30 " 0.15 0.4179
Systolic blood
pressure
(mmHg)

133 " 3 130 " 2 127 " 2 0.1994

Diastolic blood
pressure
(mmHg)

72 " 1 69 " 1 68 " 1 0.2930

Values for the study diets are presented as estimated marginal means
and their SEs.
1 Baseline values are crude values, presented as mean and their SEs. P

values represent the significance of difference between the vegan and
omnivorous diets and are obtained using linear mixed models (random
factor: participants; fixed factors: diet, baseline value, period,
sequence).
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total cholesterol (Δ0.25 " 0.04, P < 0.0001) levels were
significantly lower succeeding the vegan diet than succeeding
the omnivorous diet. There were no significant differences be-
tween the omnivorous and the vegan diet in plasma triglyceride,
glucose, and insulin levels, HOMA-IR, and systolic and diastolic
blood pressure (P > 0.05). There were significant effects of
period for plasma HDL cholesterol (P ¼ 0.0005), and plasma
triglyceride levels (P ¼ 0.0012), but the effect of diet was not
different in the 2 periods for all cardiometabolic outcomes (no
significant carryover effects: P > 0.05).

Appetite
We observed small, but significant, differences between the

omnivorous and the vegan diet in most measures of appetite
(Supplemental Table 4). Fullness and satiation were significantly
higher after consumption of the hot meal during the vegan diet
than during the omnivorous diet (fullness, Δ4 " 1 mm, P ¼
0.0003; satiation, Δ5 " 1 mm, P < 0.0001). Fullness was addi-
tionally significantly higher during vegan diet before consump-
tion of the hot meal (Δ2 " 1 mm, P ¼ 0.0234). Accordingly,
hunger and the desire to eat, both before (hungerΔ&2" 1mm, P
¼ 0.0463; desire to eat Δ&3 " 1 mm, P ¼ 0.0339) and after
(hunger Δ&3 " 1 mm, P ¼ 0.0002; desire to eat Δ&3 " 1 mm, P
< 0.0001) the consumption of the hot meal, were lower during
the vegan diet. The prospective food intake after consumption of
the hot meal was significantly lower during the vegan diet as
well (Δ&5 " 1 mm, P < 0.0001).

Discussion

In contrast with our hypothesis, we demonstrate that a well-
balanced vegan diet that is carefully composed to contain a
feasible quantity of protein from a large variety of different
plant-based protein sources does not compromise daily inte-
grated mixed MPS rates when compared with an isocaloric,
isonitrogenous omnivorous diet in physically active, older in-
dividuals. Recent work from our groups has shown that ingestion
of a single omnivorous meal resulted in 47% higher postprandial
mixed MPS rates when compared with the ingestion of an
isocaloric and isonitrogenous vegan meal [30]. In this study, we
observed that these differences in postprandial mixed MPS rates
do not necessarily translate to lower daily mixed MPS rates when
a vegan diet is implemented for a more prolonged period of 10
d in physically active, older adults.

The disparity in findings between this study and our previous
work [30] may be attributed to several factors. First, here, we
implemented a deuterated water protocol to measure cumula-
tive, integrated daily mixed MPS rates. Hence, free-living basal
and post-prandial rates were aggregated in response to the
consumption of the vegan and omnivorous diets over the course
of 10 d. In contrast, our previous work focused on the post-
prandial response to a single meal in a laboratory setting. Sec-
ond, the postprandial rise in plasma essential AA after ingestion
of the vegan meal assessed in our previous work may have sus-
tained beyond the 6-h assessment period. The duration of the
assessment period may thus have underestimated the anabolic
potential of the respective meal. Related to this, there may be a
cumulative anabolic effect of successive meals that are consumed
throughout the day. Third, the deuterated water approach

allowed our participants to maintain their habitual daily activ-
ities. The participants in this study were highly physically active,
with an average step count of ~12,500 steps/d, whereas our
previous work was performed in a resting state in a laboratory
setting [30]. Physical activity is a pivotal determinant for the
stimulation of MPS [53,54]. It has been observed that merely
increasing daily step count can significantly increase daily MPS
rates in older women [54]. Physical activity increases the sensi-
tivity of skeletal muscle tissue to the anabolic response to dietary
protein intake [55]. This suggests that, when physical activity
levels are adequate, anabolic stimulation of the muscle can be
achieved despite a diet that exhibits a relatively low-protein
quality. Finally, and importantly, the diets in our present study
included daily use of soy-based dairy alternatives as well as reg-
ular use of meat analogs that were predominantly based on pea
protein isolates, which, although displaying a lower protein
quality than their animal-based comparatives, both display good
protein digestibility kinetics (Digestible Indispensable Amino
Acid scores: 117% and 83%, respectively) [56,57].

A major strength of our present work is that the highly
controlled diets were formulated to correspond in macronutrient
composition, allowing us to assess the inherent differences in
anabolic properties between 2 diets that predominantly differed
in their protein sources. The small difference in analyzed protein
contents between the diets (vegan, 19.9 en%, 1.3 g/kg compared
with omnivore, 18.1 en%, 1.2 g/kg) could be considered negli-
gible. Particularly when considering that the protein content was
determined by multiplying the nitrogen content by the generally
accepted nitrogen-to-protein conversion factor of 6.25. This
factor tends to overestimate the protein content, especially for
plant-based foods [42,58]. Although the diets typically do not
correspond in their AA profiles, nearly all essential AAs were
provided in adequate quantities according to the FAO/WHO
reference values, with the exception of the sulfur-containing AAs
methionine and cysteine, which, taken together, were below the
recommendation of 23 mg/g protein for the vegan diet [59].
Nevertheless, this reference value is relative, and based on daily
protein requirements of 0.8 g/kg/d. Because our vegan diet
exhibited a higher quantity of protein, the absolute total intake
of these AAs may still have been adequate in our participants
although consuming the vegan diet.

We recognize the limitation that we did not measure muscle
protein breakdown, as accurate assessments are difficult to
achieve [60]. Skeletal muscle mass is maintained or adapted via
a (dis)balance between MPS and muscle protein breakdown.
Although it has been suggested that muscle protein breakdown is
less responsive to feeding than MPS [61], it remains unclear how
the short-term MPS response to diet translates into longer-term
adaptations of skeletal muscle. Long-term trials that incorpo-
rate high standard measures of skeletal muscle mass and function
are therefore required to confirm our findings. Still, the present
findings provide valuable insights into the difference in the
mechanistic response of skeletal muscle tissue between a vegan
and an omnivorous diet in older individuals. Furthermore, the
lack of a washout period could be considered as a limitation.
Nevertheless, our counter-balanced, randomized, cross-over
design allowed us to test for potential carryover effects, which
were all insignificant. A third limitation is that this study had an
open-label research design due to logistical aspects, which in-
creases the risk of bias. Nevertheless, with the highly controlled
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fashion of our study, wide use of objective parameters and by
performing the statistical analyses for all outcome measures in a
blinded manner, we aimed to limit bias that could have occurred
as a result of our open-label design. A final limitation is that the
vegan diet provided in our study is unlikely to reflect the nutrient
composition of a self-assembled vegan diet. Our vegan diet was
designed to contain equivalent amounts of macronutrients as the
omnivorous diet, resulting in meals with large proportions of
protein containing components. In practice, self-assembled
vegan diets may display reduced anabolic properties, because
they will likely be lower in protein quantity and quality. A ran-
domized controlled trial with a self-composed, low fat, vegan
diet observed that participants significantly reduced their daily
energy and protein intake by ~2 MJ (~490 kcal) and 49.5 g of
protein [62]. That involuntary reduction in energy and protein
intake induced an average loss of 2.1 (95% confidence interval:
2.4, 1.8) kg lean body mass after 16 wk. Such a substantial
reduction in energy and protein intake is to be expected, espe-
cially in older individuals, considering the low energy and pro-
tein density of many plant-based foods and the concurrent high
prevalence of the well-established anorexia of aging [19].

The high abundance of dietary fiber in most plant-based foods
concurrently indicates that a vegan diet may additionally reduce
appetite [63–65]. Although we indeed observed small differ-
ences in measures of appetite between our study diets (Supple-
mental Table 2), these differences are not considered relevant
($10%) and their significance is likely attributed to the high
quantity of measurements performed [46]. The similar quantity
of dietary fiber in our study diets (vegan, 3.7 en% compared with
omnivorous, 3.9 en%) is a plausible explanation for the relatively
similar response in measures of appetite. Previous studies only
observed substantial differences in appetite between plant- and
animal-based foods when the test foods exhibited substantial
differences in fiber content [63–67]. Consuming more products
that are high in fiber in a self-assembled vegan diet may there-
fore still impact appetite. It should thereby be noted that many
high-protein sources from plant origin, such as legumes and
wheat, are important sources of dietary fiber as well.

The lower LDL-cholesterol, and thereby total cholesterol,
concentrations succeeding the vegan diet are likely attributed to
a high quantity of phytosterols and low quantity of dietary
cholesterol within the diet [68], and is in accordance with pre-
vious intervention studies that observed reductions of ~20%–
25% succeeding a vegan diet [69,70]. Nonetheless, to the best of
our knowledge, our study is the first randomized controlled trial
to observe substantial improvements in LDL-cholesterol after a
vegan diet with a duration of merely 10 d. Although the vegan
diet led to a significantly lower HDL-cholesterol as well, this
difference was only ~2% (Δ0.03), and, as such, not considered
clinically relevant. Furthermore, the absence of a difference be-
tween the diets on blood pressure is in line with previous
meta-analyses that did not observe significant differences in
blood pressure after a vegan diet in comparison with less
restrictive diets [71–73]. It should be noted, however, that,
although serving as the control diet, the omnivorous diet was
carefully composed according to the national dietary guidelines
and may have therefore affected the cardiometabolic outcome
measures in a positive manner as well.

To conclude, our findings demonstrate that a well-balanced
vegan diet does not compromise daily integrated mixed MPS

rates when compared with an isocaloric, isonitrogenous omniv-
orous diet in healthy, active, older men and women. Further-
more, we demonstrate that a vegan diet can lead to significantly
greater reductions LDL-cholesterol and total cholesterol con-
centrations than an omnivorous diet. Although these results are
promising, long-term studies are required to assess the effect of a
vegan diet on muscle mass and function in a less controlled
manner. In this regard, it would be especially relevant to prop-
erly assess whether nutrient, particularly protein, requirements
are met on a self-assembled vegan diet. Furthermore, the
anabolic potential of a vegan diet in sedentary and more frail
older individuals remains to be established.
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