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Context: Dietary protein is recommended for sarcopenia—a debilitating condition 
of age-related loss of muscle mass and strength that affects 27% of older adults. 
The effects of protein on muscle health may depend on protein quality. Objective: 
The aim was to synthesize randomized controlled trial (RCT) data comparing plant 
with animal protein for muscle health. Data Sources: Forty-three eligible RCTs 
were sourced from Medline, Embase, Scopus, Web of Science, and CENTRAL data-
bases. Data Extraction: Four reviewers (R.J.R.-M., S.F.B., N.A.W., D.L.) extracted 
data from RCTs (study setting, population, intervention characteristics, outcomes, 
summary statistics) and conducted quality assessment using the Cochrane Risk of 
Bias 2.0. Data Analysis: Standardized mean differences (SMDs) (95% CIs) were 
combined using a random-effects meta-analysis and forest plots were generated. 
I2 statistics were calculated to test for statistical heterogeneity. Conclusion: Thirty 
RCTs (70%) were eligible for meta-analysis and all examined muscle mass out-
comes. Compared with animal protein, plant protein resulted in lower muscle mass 
following the intervention (SMD¼ –0.20; 95% CI: –0.37, –0.03; P¼ .02), with stron-
ger effects in younger (<60 years; SMD¼ –0.20; 95% CI: –0.37, –0.03; P¼ .02) 
than in older (≥60 years; SMD¼ –0.05; 95% CI: –0.32, 0.23; P¼ .74) adults. There 
was no pooled effect difference between soy and milk protein for muscle mass 
(SMD¼ –0.02; 95% CI: –0.20, 0.16; P¼ .80) (n¼ 17 RCTs), yet animal protein 
improved muscle mass compared with non-soy plant proteins (rice, chia, oat, and 
potato; SMD¼ –0.58; 95% CI: –1.06, –0.09; P¼ .02) (n¼ 5 RCTs) and plant-based 
diets (SMD¼ –0.51; 95% CI: –0.91, –0.11; P¼ .01) (n¼ 7 RCTs). No significant dif-
ference was found between plant or animal protein for muscle strength (n¼ 14 
RCTs) or physical performance (n¼ 5 RCTs). No trials examined sarcopenia as an 
outcome. Animal protein may have a small beneficial effect over non-soy plant 
protein for muscle mass; however, research into a wider range of plant proteins 
and diets is needed.
Systematic Review Registration: PROSPERO registration no. CRD42020188658.

Key words: dietary protein, sarcopenia, muscle mass, strength, physical performance, meta- 
analysis. 

© The Author(s) 2025. Published by Oxford University Press on behalf of the International Life Sciences Institute. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/ 
licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly 
cited. 

https://doi.org/10.1093/nutrit/nuae200 
Nutrition ReviewsVR Vol. 83(7):e1581–e1603                                                                                                                                                   e1581

https://orcid.org/0000-0003-4080-9050
https://orcid.org/0000-0002-9893-3938
https://orcid.org/0000-0002-4591-8443
https://orcid.org/0000-0002-3932-3654
https://orcid.org/0000-0003-3386-1504
https://orcid.org/0000-0001-8512-3293


INTRODUCTION

Sarcopenia is a debilitating condition characterized by 

loss of muscle mass and strength and is estimated to 

affect up to 27% of older adults over the age of 60 years.1

Muscle mass is lost at a rate of 0.4% to 0.5% per year, 

increasing to 0.6% to 1% per year after the age of 75.2

Muscle strength is lost at an even faster rate, at 3% to 4% 

per year in men and 2.5% to 3% in women after the age 

of 75.2 Sarcopenia is associated with numerous adverse 

outcomes, including falls, frailty, depression, hospitaliza-

tion, and death3; therefore, there is a critical need to 

identify effective interventions for the prevention or 

management of sarcopenia in an aging population.

Adults with low muscle mass and strength tend to 

consume less dietary protein than others with normal 

muscle status,4–6 indicating that dietary protein may be 

an important modifiable risk factor for sarcopenia. 

Adequate dietary protein (1.0 to 1.5 g/kg of body weight 

per day [g/kg bw/d]),7 either through a protein-rich diet 

or protein supplementation, alongside resistance train-

ing (RT) is recommended as a primary prevention strat-

egy for sarcopenia.8,9 However, the role of protein 

source remains unclear. Protein from plant sources is 

generally considered to be of a lower quality, with a 

lower Digestible Indispensable Amino Acid Score 

(DIAAS) than animal protein comparators, on aver-

age.10 Essential amino acids (EAAs), especially 

branched-chain amino acids (BCAAs) such as leucine, 

are important in the regulation of muscle protein syn-

thesis (MPS).11 A lower concentration of BCAAs such 

as leucine in plant proteins may result in a less potent 

effect on improvement in muscle mass in older adults 

who are most at risk of sarcopenia. Furthermore, there 

is evidence that a plant protein meal with a similar 

amino acid profile to an omnivorous meal fails to stim-

ulate postprandial MPS rate while the omnivorous meal 

succeeds, suggesting that the structure, and thus digesti-

bility of the protein, may be as important as amino acid 

content.12 It is important to understand how plant pro-

teins compare with animal proteins for supporting 

muscle and functional health outcomes, especially 

considering the increased popularity of plant-based 

meat alternatives in the replacement of traditional ani-

mal proteins.

A small number of systematic reviews have aimed 

to investigate this research question previously; how-

ever, the syntheses did not include plant proteins other 

than soy,13,14 while there are indeed a growing number 

of trials that aim to investigate the effects of a more 

diverse range of plant proteins on anabolic stimulus and 

functional health.12,15–20 It is important to include these 

trials in systematic reviews on this topic as plant pro-

teins have highly variable amino acid compositions and 

may not stimulate MPS similarly to soy. A recent sys-

tematic review concluded that plant proteins were simi-

lar to animal protein for maintaining muscle mass, yet 

all trials in this review provided soy protein as the plant 

protein intervention. A careful approach must be taken 

to separate the effects of different plant proteins before 

it is possible to state that plant and animal proteins are 

comparable in terms of their effects on muscle health. 

Therefore, further synthesis of randomized controlled 

trial (RCT) data on this topic, with a greater diversity of 

plant proteins, is justified. A 2021 meta-analysis with a 

similar aim included a small number of non-soy inter-

ventions; however, certain methodological decisions 

reduce the confidence in the comparability of the plant 

and animal protein interventions and their effects on 

older adults as a discrete population with greater nutri-

tional risk.21 For example, some RCTs had substantial 

differences in the gram weight of the plant compared 

with the animal protein intervention (up to 25.8 g in 1 

RCT), and older adults were defined as being 50 years of 

age or older. This cutoff point may fail to capture the 

effects on those who are particularly vulnerable to sar-

copenia, as results may be influenced by the inclusion of 

middle-aged adults who are likely to be more robust in 

terms of their physiological and molecular–biological 

functions. Furthermore, a precedent was set by the 

World Health Organization baseline report on healthy 

aging by defining older adults as aged 60 years or 

older,22 with consortia such as the Cochrane–Campbell 

Global Ageing Partnership following suit.23 Therefore, 

there is an argument for advancing aging research in 

line with this definition.

This systematic review aimed to synthesize available 

data from RCTs to evaluate the effect of plant vs animal 

protein on muscle mass, strength, physical performance, 

and sarcopenia status in young (<60 years) and older 

(≥60 years) adults. A second aim was to determine the 

influence of sex and intervention characteristics (eg, 

inclusion of RT and plant protein source) on the same 

outcomes.

METHODS

This research was conducted according to the recom-

mendations from the Preferred Reporting Items for 

Systematic Review and Meta-Analyses (PRISMA) 2020 

checklist (Figure 1). The protocol was registered with 

PROSPERO (CRD42020188658) and has been pub-

lished previously.10

Eligibility Criteria

Studies were considered eligible if they were RCTs avail-

able as a full text (ie, not a conference abstract), published 
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in the English language, and with a minimum interven-

tion duration of 4 weeks (as significant increases in muscle 

mass and strength have previously been reported within 

this time frame).24,25 Adults aged 18 years or older who 

were not pregnant, breastfeeding, hospitalized, or bedrid-

den were eligible. To maintain generalizability of findings, 

trials were ineligible if they were conducted in populations 

with a disease that affects the normal absorption/metabo-

lism of, or requirements for, dietary protein, such as can-

cer, chronic kidney disease, or clinical malnutrition 

(Table 1). The trial was required to include at least 1 plant 

protein intervention and an animal protein comparator. 

The plant and animal protein interventions were required 

to be isocaloric and similar in protein content, defined as 

±5 g for supplements, or the same percentage of protein as 

a total of dietary energy for whole-diet interventions. 

Trials that included a vitamin and/or mineral supplement 

and/or exercise, alongside the protein intervention, were 

permitted if these additional interventions were identical 

in the plant and animal protein arms. Trials were required 

to report 1 or more of the following outcomes: muscle 

mass (including lean/fat-free/muscle mass, muscle 

cross-sectional area, arm circumference), muscle strength, 

physical performance, and/or sarcopenia. The PICOS 

(Population, Intervention, Comparator, Outcome, and 

Study Design) criteria for eligibility are presented in  

Table 1.

Search Strategy, Screening, and Data Extraction

A comprehensive search strategy was developed by 3 

reviewers (R.J.R.-M., M.C.M., C.T.M.) and included key 

terms such as “dietary protein”, “dairy”, “plant protein”, 

“muscle mass”, and “sarcopenia”. Original search terms 

and standardized medical subject headings (MeSH) 

were combined using Boolean operators. The search 

strategy has been published elsewhere.10 Trials pub-

lished on or before June 15, 2023, were retrieved from 

5 databases: Medline, Embase, Scopus, Web of Science, 

and Cochrane Central Register of Controlled Trials 

Records identified from: 
Databases (n = 31,031) 

Records removed before 
screening: 

Duplicate records removed 
(n = 4231) 
Records marked as 
ineligible by automation 
tools (n = 0) 

Records screened 
(n = 26,800) 

Records excluded following 
title/abstract screen 
(n = 26,398) 

Reports sought for retrieval  
(n = 402) Reports not retrieved 

(n = 59) 

Reports assessed for eligibility 
(n = 343) Reports excluded: 

Ineligible comparator (n = 99) 
Ineligible outcomes assessed (n = 80) 
Ineligible intervention (n = 28) 
Dissimilar protein quantities (n = 21) 
Ineligible population (n = 21) 
Ineligible publication type (n = 18) 
Duplicate (n = 13) 
Ineligible study design (n = 12) 
Duration <4 weeks (n = 4) 
Dissimilar energy contents (n = 3) 
Not in the English language (n = 1) 

Trials included in review 
(n = 43) 
Trials included in meta-analysis 
(n = 32) 
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Figure 1. PRISMA © Flow Diagram Displaying the Number of Studies Retrieved, Screened, Assessed for Eligibility, and Excluded at Full-Text 
Review Stage, Including Reasons for Exclusion. Abbreviation: PRISMA, Preferred Reporting Items for Systematic Review and Meta-Analyses
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(CENTRAL). In addition, reference lists of key articles 

were manually searched. Authors were contacted in the 

case of unclear or missing data.

One reviewer (R.J.R.-M.) uploaded all titles to 

Rayyan (Qatar Computing Research Institute, Doha, 

Qatar) for screening. Titles and abstracts were independ-

ently screened against eligibility criteria by 2 reviewers 

(R.J.R.M., S.F.B.) and full-text articles were screened 

independently by a minimum of 2 reviewers (R.J.R.-M., 

S.F.B., N.A.W., and/or D.L.). Any discrepancies between 

reviewers relating to article eligibility were resolved by 

discussion and a consensus was reached. Data relating to 

trial population (mean age, sex, other descriptors as 

reported by studies, eg, overweight/obese, postmeno-

pausal), intervention (duration, protein source, grams 

per day), comparator, and outcomes (measurement 

method, units, intervention effects) were extracted to 

Excel (Microsoft Excel for Mac, version 16.7; Microsoft 

Corporation, Redmond, WA, USA) using a standard 

template (this can be provided upon request).

Quality Assessment

The quality of included RCTs was assessed independently 

by 2 of the reviewers (R.J.R.-M., S.F.B., N.A.W., D.L.) 

using the Cochrane Risk of Bias 2.0 (RoB2) tool for 

parallel-group or crossover RCTs.26 Reviewers deter-

mined whether each of 5 domains (randomization proc-

ess, deviations from intended intervention, missing 

outcome data, measurement of outcomes, selective 

reporting) had a low or high risk of bias, or whether 

there were some concerns—for example, due to unclear 

or missing information regarding allocation conceal-

ment or method of randomization. Discrepancies 

between reviewers relating to risk of bias were resolved 

by discussion and consensus was reached.

Data Synthesis

Characteristics of included RCTs were synthesized in a 

table with comprehensive data on interventions and 

comparators, population, duration, and outcome assess-

ment. Data were synthesized quantitatively, where pos-

sible, or in narrative format otherwise.

Statistical Analysis

Sufficient data meant that meta-analyses were possible 

for outcomes of muscle mass, muscle strength, and 

physical performance; however, there were no RCT data 

Table 1. PICOS Criteria for Inclusion and Exclusion of Studies
Parameter Inclusion criteria Exclusion criteria

Population Adults (≥18 y) Pregnant or breastfeeding women; bedrid-
den individuals; cancer, chronic kidney 
disease, clinically malnourished patients

Intervention Plant protein (as a supplemented powder/drink, food, or diet) A mixture of plant and animal proteins; 
plant proteins with additional nutrients 
added when the animal protein compara-
tor did not receive the same additional 
nutrients

Comparator Comparable weight of animal protein (þ/–5 g) and with identi-
cal interventions otherwise (eg, exercise or vitamin/mineral 
supplements)

—

Outcomes Muscle mass: magnetic resonance imaging (MRI), computed 
tomography (CT), dual-energy X-ray absorptiometry (DEXA), 
bioelectrical impedance (BIA), hydrostatic weighing, air dis-
placement plethysmography, appropriate anthropometric 
measures 

Muscle strength: appendicular skeletal muscle strength meas-
ured by, eg, pinch strength, grip strength, 1 repetition maxi-
mum (1RM) with free weights or resistance machines, any 
other acceptable isometric or dynamic strength tests 

Physical performance: Timed-Up-and-Go (TUG) speed test, gait 
speed test, balance tests, Short-Performance Physical Battery 
(SPPB) test, repeated chair stands, any other functional test 
used in young or older adults to measure ability of muscle to 
perform a physical task 

Sarcopenia: using methods and cutoff points advised by expert 
bodies such as the European Working Group on Sarcopenia 
in Older People (EWGSOP) or Asian Working Group for 
Sarcopenia (AWGS) 

—

Study design Randomised–controlled trials Non-randomised trials or observational 
studies
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available to determine the effects of plant vs animal pro-

tein on the outcome of sarcopenia. The between-group 

mean difference and 95% CIs were calculated for absolute 

muscle mass, upper and lower body strength, and physical 

performance, and then pooled using random-effects mod-

els. The standardized mean difference (SMD) was calcu-

lated for each pooled analysis where different 

measurement methods were used or when different units 

of outcome measures were reported—for example, 

pounds (lb) and kilograms (kg) of muscle mass. The 

SMDs of 0.2, 0.5, and 0.8 were considered small, moder-

ate, and large effect sizes, respectively.27

Standard formulas were used to convert reported 

effect estimates into the mean differences for meta- 

analysis, where applicable. For example, the 95% CI and 

sample size were used to estimate SD when not reported 

in the trial. If necessary, effect sizes were imputed using 

the prognostic method, which involved calculating the 

average variance reported in other included trials 

weighted by sample size. Previous research has con-

firmed this as a valid and accurate approach.28

The I2 statistic was used to assess statistical 

heterogeneity, defined as “low” (0%–25%), “moderate” 

(25%–50%), “substantial” (50%–75%), and “high” 

(75%–100%).29 Risk of publication bias was assessed for 

pooled analyses with 10 or more RCTs using visual 

inspection of funnel plot asymmetry and Egger’s test.30

Where possible, subgroup analyses were conducted 

for the following: (1) older (≥60 years) and younger 

(<60 years) adults, (2) protein interventions with and 

without RT, and (3) protein supplements and whole- 

food/dietary interventions. Older adults were defined as 

those 60 years or over, as postabsorptive rates of myofi-

brillar MPS are slower in this age group than in those 

younger than 60 years31 and higher protein quality may 

be especially important in older age.

All statistical analyses were conducted using 

Review Manager version 5.4 (Cochrane Collaboration, 

Copenhagen, Denmark).

RESULTS

The PRISMA flowchart for study selection is shown in  

Figure 1. The database searches generated 31 031 titles. 

Following removal of duplicates, 26 800 titles/abstracts 

were screened, and of these, 402 articles proceeded to 

full-text screening. Reasons for exclusion are also out-

lined in Figure 1.

Study Characteristics

Forty-three RCTs met the eligibility criteria and are 

summarized in Table 2.15–17,24,32–70 Most of the studies 

(n¼ 23) were conducted in the United States,16,17,32,33, 

42–45,47,48,50,51,55,56,58,61,63,64,66–68,70,71 3 studies were 

conducted in Canada,49,53,62 2 were conducted in 

Australia,36,41 and Hong Kong,59,60 and 1 study was 

conducted in each of the following countries: Brazil,40

Chile,69 China,38 Denmark,57 France,15 Germany,39

Iran,54 Japan,34 Italy,46 Mexico,52 The Netherlands,37

Poland,24 and Sweden.65 The mean length of follow-up 

was 16 weeks, ranging from 4 to 104 weeks. Sample size 

ranged from 11 to 253 participants. Ten trials were con-

ducted in older adults (mean age ≥60 years)32,33,35–42

and 32 trials were conducted in younger adults 

(<60 years),15–17,24,43–70 while 1 trial analyzed a group 

of younger and older adults separately.34

Intervention Characteristics

Interventions are described in detail in Table 2. In brief, 

26 RCTs (60%) tested the effects of plant protein pow-

der supplements, including soy,34,37,38,40–42,44,48–51,53,56, 

57,59,61,66,67,70 rice,17,36,64 pea,15,16 oat and potato,65 and 

chia seed proteins.69 All protein supplement trials used 

milk protein as the animal comparator. Seven RCTs 

(17%) evaluated protein meal replacements or 

substitutes.32,33,43,46,47,60,63 A further 10 RCTs (23%) were 

dietary interventions, such as a vegan diet,24,45 a high– 

plant protein diet,52,55 or with plant protein food 

sources.35,39,54,58,62,68 The animal comparators in these 

dietary RCTs varied from meat, fish, and dairy to omniv-

orous diets. Seven trials in overweight/obese populations 

featured an energy restriction with weight loss being the 

primary outcome.32,43,46,52,55,58,61 Sixteen out of 43 trials 

(37%) included RT alongside the plant or animal protein 

interventions.15–17,24,35,36,40,41,48,49,51,53,56,64,67,69

Outcomes

As shown in Table 2, 41 RCTs (95%) assessed muscle 

mass using a range of methods, primarily with dual- 

energy X-ray absorptiometry (DEXA),17,32,33,38,40–43, 

46,47,49,50,53,55–57,62–67,69,70 air displacement plethysmog-

raphy (ADP),35,39,43–45,58,61 and bioelectrical impedance 

analysis (BIA).36,52,54,59,60,68 A total of 21 RCTs assessed 

15 different muscle strength endpoints—for example, 

bench press,17,35,40,49,51,53,64,67,69 hand-grip strength,32, 

36–38,40–42,46,52 and leg extension.32,34,35,41,42,53,69 Six dif-

ferent methods of assessing physical performance were 

used across the 7 RCTs (16%) reporting this outcome 

(Table 2).32,36–38,40–42 No trials were identified that 

examined the effects of plant vs animal protein on sar-

copenia status.
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Assessment of Risk of Bias at the Individual Study 
Level

Figure 215–17,24,32–70 displays the risk of bias in the 43 

included trials. Fifteen trials (35%) were determined to 

have a low risk of bias overall,24,33,38,40–42,46,47,49,52,57,59, 

62,69,72 there were concerns about risk of bias in 27 trials 

(63%),15–17,32,35–37,39,43–45,48,51,53–56,58,60,61,63–68,70 and 1 

trial (2%) had a high risk of bias due to a substantial 

lack of information on randomization procedures and 

baseline imbalances.34 Compliance was good to excel-

lent in most trials, with supervised supplement inges-

tion and RT, monitoring of empty supplement packets, 

food diaries, and objective biomarkers used as compli-

ance assessment methods (Table S1).15–17,24,32–70

Meta-analysis of the Effects of Plant vs Animal 
Protein on Muscle Aging

The pooled effect of plant vs animal protein 

interventions on muscle aging endpoints is shown in 

Figures 3–5 and described below.

Effects on Muscle Mass. Thirty RCTs involving 1538 par-

ticipants (772 plant protein intervention, 766 animal 

protein comparator) reported muscle mass endpoints 

suitable for meta-analysis. As shown in Figure 3,17,32, 

33,35,36,38–47,51–53,55,57–65,67,69 the pooled analysis of all 30 

RCTs indicated a small superior effect of animal protein 

over plant protein on muscle mass (SMD¼−0.20; 95% 

CI: −0.37, −0.03; P¼ .02), with substantial between- 

study heterogeneity (I2 ¼ 62%).

Subgroup Analysis by Age, Sex, Protein Source, and 

Inclusion of RT Intervention. In subgroup analyses of 

different age groups (presented in Figure 3), the supe-

rior effect of animal protein on muscle mass was stron-

ger in younger (n¼ 21 RCTs; SMD¼ -0.28; 95% CI: 

−0.50, −0.06; P¼ .01) than older adults (n¼ 9 RCTs; 

SMD¼ -0.05; 95% CI: −0.32, 0.23; P¼ .74). Subgroup 

analysis by sex found a small but nonsignificant supe-

rior effect of animal protein in men (SMD¼ -0.44; 95% 

CI: −0.95, 0.06; P¼ .09) and no difference in women 

(SMD¼ 0.00; 95% CI: −0.17, 0.17; P¼ .99).

Figure 417,32,33,35,36,38–47,51–53,55,57–65,67,69 displays sub-

group analysis for the effect of different protein sources 

on muscle mass. Pooled data from 17 RCTs indicated no 

difference in muscle mass between soy protein and milk 

protein. Further subgroup analysis by age (<60 years, 

≥60 years) and sex revealed no significant differences 

between soy and milk protein (data not shown). In a 

smaller number of trials (n¼ 5), animal protein had a 

more favorable pooled effect on muscle mass compared 

with non-soy sources of plant protein (SMD¼ -0.58; 95% 

CI: −1.06, −0.09; P¼ .02). Furthermore, in 7 diet trials 

involving 327 participants, following an isocaloric animal 

protein diet resulted in greater beneficial effects on 

muscle mass compared with a plant diet (SMD¼ -0.51; 

95% CI: −0.91, −0.11; P¼ .01).

The superior effect of animal protein was stronger 

in trials with RT (SMD¼ -0.45; 95% CI: −0.85, −0.05; 

P¼ .03), than trials without RT (SMD¼ -0.10; 95% CI: 

−0.27, 0.08; P¼ .27) (Table 3).17,32,33,35,36,38–47,51– 

53,55,57–65,67,69 This pooled effect difference in trials with 

RT was greater in younger (SMD¼ -0.54; 95% CI: 

−1.10, 0.03; P¼ .06) than in older (SMD¼ -0.34; 95% 

CI: −0.91, −0.24; P¼ .25) adults (Table 3).

Effects on Muscle Strength

Lower Body Strength. Figure 516,17,32,35,40–42,51,53,64,67,69,73

displays meta-analysis of 11 trials that reported lower 

body strength as an outcome, measured by squat, leg 

press, or leg extension. Animal protein was significantly 

beneficial compared with plant protein (SMD¼ -0.38; 

95% CI: −0.71, −0.05; P¼ .03) in older adults but not in 

younger adults (SMD¼ 0.01; 95% CI: −0.29, 0.32; 

P¼ .93). Overall, this pooled analysis found a small but 

nonsignificant trend towards the superiority of animal 

protein (SMD¼ -0.19; 95% CI: −0.44, 0.05; P¼ .09).

Upper Body Strength. Figure S117,32,35,36,38,40–42,46, 

51,52,64,67,69,73 displays a pooled analysis of 14 trials 

(n¼ 554 participants) that found that effects of plant or 

animal protein were similar for upper body strength 

(SMD¼ -0.12; 95% CI: −0.51, 0.26; P¼ .53). 

Heterogeneity was high (I2 ¼ 79%). This analysis pooled 

bench press and hand-grip strength measures; a sensi-

tivity analysis conducted on each of these separate 

measures of upper body strength did not result in differ-

ent findings (data not shown). Subgroup analysis by age 

also did not change the findings (Figure S1).

Effects on Physical Performance

Figure S236–38,40,42 presents a meta-analysis of 5 trials 

that measured physical performance, either by Short- 

Performance Physical Battery (SPPB)36–38 or Timed- 

Up-and-Go (TUG) tests.36,40,42 One trial presented data 

for SPPB and TUG; however, only data for SPPB were 

used in analysis as this was considered to be the optimal 

measure of physical performance. There was no differ-

ence between animal and plant protein interventions on 

physical performance (SMD¼ 0.12; 95% CI: −0.21, 

0.45; P¼ .47) and heterogeneity was substantial 

(I2 ¼ 61%).
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Figure 2. Quality Assessment of 43 Included Trials Using Cochrane Risk of Bias 2.0 (RoB2) 
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Publication Bias

Risk of publication bias was considered low following 

visual inspection of a funnel plot (Figure S3) and 

Egger’s test (P¼ .21).

Narrative Summary of Trials Not Included in Meta- 
analysis

This section briefly summarizes findings for 11 trials, all 

conducted in younger adults (<60 years), which could 

not be included in meta-analysis because outcomes 

were not appropriate for pooling.15,16,34,48–50,54,56,66,68,70

Two trials compared pea with milk protein and 

found no difference in muscle thickness between groups 

after the intervention period.15,16 A superior effect of 

soy vs milk protein on muscle mass was observed in 

young sedentary men,34 but these results were not repli-

cated in other studies.48–50,56,66,70 A further 2 dietary 

intervention trials that compared red meat or poultry 

with lentils and legumes reported no change in percent-

age of muscle mass.54,68

One trial found that milk protein increased 8-repe-

tition-maximum (8-RM) total strength more than soy 

protein,41 while another trial that compared milk with 

soy protein found no difference between groups.53

Similar increases in strength were found in trials com-

paring milk protein with pea15,16 and chia seed pro-

tein.69 A dietary intervention found that a high-protein 

vegan diet group increased deadlift strength (70% 1- 

RM) significantly, while the animal protein diet group 

did not.24

No difference was found between soy and milk pro-

tein groups for timed rise,38,40,42 gait speed,38 or 6- 

Figure 3. Meta-analysis of Change in Absolute Muscle Mass in Response to Plant vs Animal Protein Intervention, Overall and in Younger 
(<60 y) and Older (≥60 y) Adults. �Evans et al33 (i) denotes the groups who received the protein intervention alone and (ii) denotes those 
who received protein and exercise interventions. †Gonz�ales-Salazar et al52 (i) denotes the groups who received a normal protein diet (19% 
of daily energy) and (ii) denotes those who received a high protein diet (29% of daily energy). Abbreviations: IV, inverse variance; Std, 
standardized
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Minute Walk Test (6MWT).41 One trial that compared 

rice with milk protein reported no difference in gait 

speed between groups.36

DISCUSSION

To the authors’ knowledge, this is the first systematic 

review to quantitatively synthesize RCT data relating to 

the muscle health effects of a range of different plant 

proteins compared with isonitrogenous animal proteins 

with analysis of older adults defined as 60 years or 

older—in line with the WHO and Cochrane-Campbell 

Global Ageing Partnership definitions of an older adult. 

The key findings were a small, beneficial pooled effect 

of animal protein compared with plant protein on 

muscle mass with no difference between the protein 

sources for muscle strength or physical performance. In 

3 subgroup analyses conducted for the muscle mass out-

come, the superior effects of animal protein were appa-

rent in younger (aged <60 years) but not older 

(≥60 years) adults, in trials that included RT alongside 

dietary protein and when the plant protein intervention 

was from a source other than soy. Pooled data from 17 

RCTs provided no evidence for a difference in muscle 

mass between soy protein and milk protein in younger 

or older groups and in men or in women. In another 

analysis, animal protein was superior to plant protein 

for lower body strength (but not upper body strength) 

in older adults, whereas no difference was seen in 

younger adults.

Figure 4. Subgroup Analysis of Change in Absolute Muscle Mass in Response to Plant vs Animal Protein Interventions, Grouped by Plant 
Protein Source. One trial was excluded from subgroup analysis because the plant protein supplement was a combination of soy and non- 
soy proteins.46 �Evans et al33 (i) denotes the groups who received the protein intervention alone and (ii) denotes those who received protein 
and exercise interventions. †Gonz�ales-Salazar et al52 (i) denotes the groups who received a normal protein diet (19% of daily energy) and (ii) 
denotes those who received a high protein diet (29% of daily energy). Abbreviations: IV, inverse variance; Std, standardized
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Findings from this review involving moderate-to- 

high-quality trial data indicated that, across longer 

durations (≥4 weeks), there is little difference in muscle 

mass with soy protein compared with animal protein, 

whereas this may not be the case for non-soy plant pro-

teins. A previous meta-analysis of trials 6 or more weeks 

in duration with RT also concluded that there was no 

difference between soy and animal protein for muscle 

mass or strength outcomes.13 This may be explained by 

the high quality of soy plant protein sources with an 

EAA profile similar to that of milk.74,75 Furthermore, 

most of the RCTs in the current pooled analysis used 

soy protein isolates or concentrates. These soy protein 

sources are known to have the highest DIAAS of all soy 

products.76 It has been noted previously that there 

appears to be a disconnect between longer-term studies, 

which found similar effects of soy and milk protein on 

muscle mass, and acute studies, which suggest a superi-

ority of milk protein on MPS.74,75,77 It has previously 

been shown that MPS is a poor predictor of long-term 

muscle growth.78 Long-term studies, such as those 

included in this review, could therefore be considered a 

more useful source of data concerning clinically rele-

vant increases in muscle mass. The current review pro-

vides the most up-to-date evidence that soy isolate or 

concentrate is as effective as milk protein for muscle 

mass maintenance or accrual, even in older adults with 

poor muscle or functional health.38,40

On the other hand, non-soy plant protein (chia 

seed, oat, potato, and rice) had a less potent effect on 

muscle mass compared with milk protein following 

pooled analysis. The reasons for this are not clear, con-

sidering that potato and rice protein isolates have previ-

ously demonstrated higher mean EAA contents as a 

percentage of total protein than soy.79 Chia protein has 

shown intermediate-to-low digestibility80 and reduced 

BCAA content in in vitro models of aged gastrointesti-

nal systems81; however, the RCT that tested chia protein 

was the single trial in this subgroup to find superiority 

of the plant compared with animal protein intervention 

for muscle mass.69 Further research is warranted con-

sidering the paucity of trials that have assessed different 

Figure 5. Meta-analysis of Change in Lower Body Strength in Response to Plant vs Animal Protein Interventions, Overall and in Younger 
(<60 y) and Older (≥60 y) Adults. Abbreviations: IV, inverse variance; Std, standardized

Table 3. Meta-analysis of Trials Comparing the Effect of Plant vs Animal Protein on Muscle Mass, With or Without Resistance 
Training, by Age Group (Young [<60 y] and Older [≥60 y] Adults)
Trial characteristics No. of trials, with citations Pooled sample size, n Effect size [95% CI] P I2

Plant Animal

Without resistance training 2032,33,38,39,42–47,52,55,57–63,65 605 598 −0.10 [−0.27, 0.08] .27 52%
<60 y 1543–47,52,55,57–63,65 483 478 −0.19 [−0.40, 0.03] .09 61%
≥60 y 532,33,38,39,42 122 120 0.11 [−0.15, 0.36] .41 0%

With resistance training 1017,35,36,40,41,51,53,64,67,69 167 168 −0.45 [−0.85, -0.05] .03 66%
<60 y 617,51,53,64,67,69 78 79 −0.54 [−1.10, 0.03] .06 64%
≥60 y 435,36,40,41 89 89 −0.34 [−0.91, 0.24] .25 71%
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non-soy plant proteins, which meant that the independ-

ent effects of each protein source could not be separated 

in meta-analysis, nor could their pooled effects be 

examined for muscle strength or physical performance. 

Furthermore, these plant protein sources have good 

overall nutritional value, particularly chia seeds, which 

are the richest source of n–3 polyunsaturated fatty acid 

of any plant food,82 and oats, which are high in β-glu-

can, a digestion-resistant polysaccharide that acts as a 

substrate for gut microbiota.83 Therefore, they remain 

valuable components of a diet.

Most trials included in this review compared plant 

with animal protein supplements. However, it is impor-

tant to examine the effects of plant- vs animal-based 

dietary patterns, considering the combinations of foods 

and nutrients within the diet that may act synergistically 

or antagonistically on physiological mechanisms associ-

ated with muscle health. In pooled analysis of 7 trials in 

which participants changed towards a plant-based diet, 

including towards a vegan diet45 or by replacing most 

animal protein with plant protein52,55 and specifically 

with legumes,35,39,58,62 there was an adverse effect on 

muscle mass compared with an isonitrogenous omnivo-

rous diet. This is an important finding, considering that 

protein is more commonly consumed as food within a 

diet, rather than as isolated protein supplements. It has 

been noted previously that plant proteins in their origi-

nal food matrix may have lower anabolic potential than 

isolated plant proteins as a result of protein structure.84

The secondary structure of plant proteins demonstrates 

a greater β-sheet conformation, which gives plant pro-

teins hydrophobic properties, facilitating protein aggre-

gation and increasing resistance to proteolysis in the 

gastrointestinal tract.85,86 Antinutritional factors can 

also interfere with protein digestion and absorption.84

For example, lectins and trypsin and chymotrypsin pro-

tease inhibitors are common in pulses87 and play an 

important defensive role in the plant; however, these 

molecules consequently reduce the bioavailability of 

protein for human consumption.88 There is evidence 

that preparation—for example, soaking and cooking 

methods such as boiling, pressure cooking, or micro-

waving—can influence the concentration of protease 

inhibitors, thus improving the nutritional profile.89 This 

is further indicated by 1 study reporting that tofu—a 

minimally processed soy protein source—had the lowest 

protein quality score of all soy protein sources, while 

highly processed soy protein concentrate or isolate 

exhibited the highest protein quality.76 This finding sug-

gests that muscle health should be an important consid-

eration in the conversation surrounding sustainable 

diets and that efforts should be made to optimize 

muscle anabolism in those moving towards a plant- 

based diet (eg, by engaging in regular RT).

High-quality protein sources are considered espe-

cially important for muscle health in older age to 

enhance muscle anabolism.31 In this review, there was a 

stronger beneficial effect of animal protein compared 

with plant protein on muscle mass in trials involving 

younger adults (<60 years) than in those involving older 

adults (≥60 years). This is perhaps unexpected, consid-

ering that older adults are known to experience age- 

related anabolic resistance and animal protein sources 

are considered to have greater anabolic capacity.84 One 

explanation for this finding could be that more trials 

have been conducted in younger adults (n¼ 21 vs n¼ 9 

in older adults); therefore, subgroup analyses in younger 

adults had a larger sample size, making it possible to 

detect the small beneficial effect of animal protein on 

muscle mass. Findings from the current systematic 

review are in agreement with an earlier meta-analysis 

that analyzed younger (≤50 years) and older (>50 years) 

adults separately and found significant lean mass 

improvements following animal protein, but not plant 

protein, in younger adults only.21 This could also be 

partly explained by an increased sensitivity of younger 

muscle to the anabolic stimulus of EAA compared with 

that in aging muscle,90 wherein older adults experienced 

little change in response to either protein intervention, 

while younger adults had a stronger response to animal 

protein.

Evidence suggests that protein supplementation 

combined with RT is more effective than protein sup-

plementation alone for promoting improvements in 

muscle mass and strength.91–93 Yet, the importance of 

protein source combined with RT is not well under-

stood. Using the available data, this work demonstrated 

that the combination of animal protein with RT was 

more effective for increasing muscle mass than the 

equivalent plant protein and RT intervention. 

Furthermore, all 16 trials (100%) that included RT 

reported a significant improvement in muscle out-

comes, while 21% of trials without RT reported a signif-

icant change. Strength and physical performance 

improved with protein and RT only. Therefore, this 

review supports current evidence that protein in addi-

tion to RT is likely to be more effective than protein 

alone, while also adding to this by showing that animal 

protein with RT has a small-to-moderate beneficial 

effect on muscle mass compared with plant protein.

Strengths, Limitations, and Priorities for Future 
Research

One key strength of this review is the pooled analysis of 

1538 participants across 30 RCTs for muscle mass. This 

substantial number of trials permitted subgroup analysis 

based on protein type, which found that non-soy plant 
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proteins may not support muscle mass as well as ani-

mal proteins. Another strength is the comprehensive 

search strategy across 5 key research databases and the 

implementation of rigorous eligibility criteria. The 

current review excluded various papers that were pre-

sented in another systematic review on this topic—for 

example, a trial that provided additional EAAs to 1 

study arm only,94 a short-term trial with 2 weeks’ dura-

tion,95 and a population undergoing hemodialysis.96

This review also utilized the RoB2 tool for quality 

assessment: the most up-to-date quality-assessment 

instrument developed and supplied by The Cochrane 

Collaboration.

Several limitations must also be noted, such as the 

significant heterogeneity between trials, which is 

potentially the result of differences in population char-

acteristics, trial duration, exact intervention formula-

tion, protein dose, and timing. While only 1 trial was 

found to have a high risk of bias, a further 27 out of 43 

RCTs (63%) had some quality concerns. There was 

also a notable lack of trials evaluating the effects of 

protein sources in sarcopenic or frail older adults. It is 

plausible that sarcopenic patients may respond differ-

ently than healthy individuals, due to differences in 

factors such as gut microbiota composition97 and 

genetic factors,98 which may influence the response to 

nutritional interventions. There was also inconsistency 

in the methods used to assess physical performance in 

the small number of studies that included this as an 

outcome.

CONCLUSION

Overall, animal protein had a small, beneficial effect 

on muscle mass compared with plant protein in 

younger but not older adults. Subgroup analyses 

revealed that the stronger muscle-health–promoting 

effect of animal protein compared with plant protein 

remained when combined with RT, and when the 

plant protein intervention was from a source other 

than soy. Meanwhile, soy plant protein was equivalent 

to animal protein for maintaining or improving 

muscle mass in both younger and older adults, and no 

significant difference was observed between protein 

sources when no RT was involved, regardless of age 

group. From the large number of studies focused on 

soy and milk protein, it is clear that these sources are 

equally beneficial for muscle mass, yet a dearth of tri-

als assessing other plant protein sources invites future 

studies to address this research gap. Few trials have 

tested plant-based dietary interventions alongside RT 

in sarcopenic or frail patients, which is another con-

siderable gap in the literature.

Clinical Implication and Future Perspectives

Very few RCTs involved populations with clinically sig-

nificant low muscle mass or strength; therefore, it is not 

possible to provide recommendations for this popula-

tion. In healthy young adults, it appears that animal 

protein or soy protein in combination with RT is the 

optimal intervention for increasing muscle mass. It is 

important to note that any benefits of animal protein 

over plant protein were slight, as indicated by small 

effect sizes. At this time, there is little evidence for pro-

tein source playing a role in the muscle health of older 

adults; however, further research in this population is 

warranted considering the limited number of studies in 

those aged older than 60 years.
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