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Abstract
Background: Frailty increases the risk of health-related adverse outcomes in
older adults, and protein supplementation may be an effective approach to im-
prove frailty; however, current evidence regarding the effects of protein supple-
mentation on frailty remains controversial.

Objective: To systematically evaluate the effects of protein supplementation on
muscle mass, strength, and physical function in frail older adults.

Methods: A comprehensive systematic search was conducted across CNKI, Wan-
fang, VIP, PubMed, Web of Science, Embase, Cochrane Library, CINAHL, and
Medline databases for randomized controlled trials published from inception to
June 2022 investigating the effects of protein supplementation on muscle mass,
strength, and physical function in frail older adults. Literature was screened,
and studies meeting the inclusion and exclusion criteria underwent quality assess-
ment and data extraction. Meta-analysis was performed using Review Manger
5.4.

Results: A total of 12 studies involving 833 older adults were included, with
422 in the protein supplementation group and 411 in the control group. Meta-
analysis results showed that protein supplementation could improve walking
speed (MD=0.03, 95%CI0.00~0.06, P=0.05), but demonstrated no significant
advantages in improving muscle mass (appendicular lean mass), muscle strength
(hand grip strength), other physical functions [balance ability, timed up and go
test, Short Physical Performance Battery (SPPB)], or frailty scores, with pooled
effects showing no statistical significance (P>0.05).

Conclusion: Protein supplementation can improve walking speed in frail older
adults, but shows no significant advantages in improving their muscle mass,
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strength, or other physical functions. Further large-scale studies with longer
intervention durations are needed for validation.
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Abstract
Background: Frailty increases the risk of negative health-related outcomes
in older adults, and protein supplementation may be an effective approach to
improve frailty, but current evidence regarding its effects remains controversial.
Objective: To systematically evaluate the effects of protein supplementation
on muscle mass, strength, and physical function in frail older adults. Methods:
We conducted a comprehensive systematic search of randomized controlled tri-
als examining the effects of protein supplementation on muscle mass, strength,
and physical function in frail older adults across CNKI, Wanfang, VIP, PubMed,
Web of Science, Embase, Cochrane Library, CINAHL, and Medline databases
from inception to June 2022. Literature screening, quality assessment, and data
extraction were performed for eligible studies, with meta-analysis conducted us-
ing Review Manager 5.4. Results: Twelve articles comprising 833 older adults
were included (422 in protein supplementation group, 411 in control group).
Meta-analysis results showed that protein supplementation improved walking
speed (MD=0.03, 95%CI 0.00~0.06, P=0.05), but demonstrated no significant
advantages in improving muscle mass (appendicular lean mass), muscle strength
(grip strength), other physical functions [balance ability, timed up and go test,
Short Physical Performance Battery (SPPB)], or frailty scores, with no statis-
tically significant pooled effects (P>0.05). Conclusion: Protein supplementa-
tion can improve walking speed in frail older adults but shows no clear advan-
tage in improving muscle mass, strength, or other physical functions. Further
large-scale studies with longer intervention periods are needed for validation.
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Introduction
The “Healthy China 2030”Planning Outline emphasizes strengthening health
services for key populations to ensure comprehensive, lifelong health coverage
for all citizens, with particular attention to“addressing health issues among key
groups such as women, children, the elderly, people with disabilities, and low-
income populations”[1]. In recent years, China’s modernization has accelerated,
and population aging has become increasingly severe, with 264 million people
aged 60 and above accounting for approximately 18.7% of the total population
[2]. This substantial demographic shift makes addressing elderly health issues
a central priority for achieving Healthy China 2030.

Due to aging, older adults frequently experience health problems related to
frailty, including weight loss, fatigue, and leg weakness. Frailty is a multidi-
mensional geriatric syndrome characterized by multisystem physiological dys-
regulation, reduced physiological reserve, increased vulnerability, and dimin-
ished stress resistance [3]. Surveys indicate that the prevalence of frailty among
community-dwelling older adults aged 60 and above in China is approximately
10% [4], while among hospitalized older adults it reaches about 30% [5]. Frailty
not only increases the risk of negative health outcomes such as falls, functional
decline, disability, and mortality, but also intensifies family and social caregiving
burdens and healthcare resource consumption [6]. Therefore, actively exploring
interventions for geriatric frailty is urgently needed.

Nutrition is considered a key factor influencing frailty in older adults [7], with
protein being the primary underlying driver of the nutrition-frailty relationship
due to its effects on muscle mass, strength, and function [8]. Protein supple-
mentation may therefore be beneficial for frail older adults. However, current
evidence on the effects of protein supplementation in this population remains
inconsistent. Some studies [9, 10] have found that protein intake can prevent
and improve frailty while enhancing physical function, whereas others [11, 12]
have reported no effect or even that excessive protein intake may increase re-
nal burden and produce adverse effects. Given these conflicting findings, this
meta-analysis aims to comprehensively and objectively examine whether pro-
tein supplementation has positive effects on frail older adults and determine
the required duration of supplementation to produce effects, thereby providing
evidence for preventive care and clinical practice.
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Methods
1.1 Literature Search

We conducted a comprehensive systematic search of relevant literature from
database inception to June 2022 across CNKI, Wanfang, VIP, PubMed, Web
of Science, The Cochrane Library, CINAHL, and Medline. MeSH terms and
free-text keywords were combined to construct search strategies for both Chi-
nese and English databases. Chinese search terms included “衰弱/衰弱综合征”
(frailty/frailty syndrome), “老人/老年/老年人”(elderly/older adults), and “蛋
白质/氨基酸”(protein/amino acid). English search terms included “frail el-
derly/frailty/frailty syndrome/frail*“,”aged/older/elderly”, and“protein/amino
acid/leucine/HMB/beta-hydroxy-beta-methyl butyrate”.

1.2 Inclusion and Exclusion Criteria

Inclusion criteria: (1) Randomized controlled trials published in Chinese or
English; (2) Participants aged $�$60 years diagnosed as frail or pre-frail using
established frailty assessment criteria; (3) Intervention: protein supplementa-
tion in the experimental group versus placebo or no intervention (maintaining
habitual diet) in the control group; (4) Outcome measures: at least one of
the following variables—muscle mass (appendicular lean mass), muscle strength
(grip strength), physical function [gait speed, balance test, timed up and go test,
Short Physical Performance Battery (SPPB)], or frailty score.

Exclusion criteria: (1) Duplicate publications; (2) Studies with unextractable
data or incomplete statistical reporting, including unpublished full texts, confer-
ence proceedings, commentaries, and letters; (3) Participants with acute illness,
cancer, or severe chronic diseases; (4) Participants engaged in weight-loss diets
or other concurrent interventions; (5) Poor-quality articles rated as grade C.

1.3 Literature Screening and Data Extraction

Two researchers independently screened titles and abstracts according to the
predefined inclusion and exclusion criteria, excluded duplicates and obviously
irrelevant studies, then performed full-text reading to identify eligible studies.
Data extraction was conducted independently and blindly, with content includ-
ing author, year, study design, participant characteristics, intervention details,
and outcome measures (appendicular lean mass, grip strength, gait speed, bal-
ance test, timed up and go test, SPPB score, frailty score). Disagreements were
resolved through discussion with a third researcher.

1.4 Quality Assessment

Two researchers independently assessed the quality of the 12 included random-
ized controlled trials using the Cochrane Handbook version 5.1.0 risk of bias as-
sessment tool [13]. The evaluation covered seven domains: random sequence gen-
eration, allocation concealment, blinding of participants and personnel, blinding
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of outcome assessors, completeness of outcome data, selective reporting, and
other sources of bias. Studies with low risk of bias in all domains were rated as
quality grade “A”; those with low risk in some domains as grade “B”; and
those with high risk in all domains as grade “C”.

1.5 Data Processing

Outcome measures were extracted and synthesized as mean (M) ± standard
deviation (SD). A few studies [11, 14] originally reported outcomes as mean with
95% confidence interval (CI), requiring conversion using the following formula
[15] to calculate SD, where n represents sample size and the denominator t-value
can be obtained in Excel by entering “=tinv(probability, degrees of freedom)”
with probability=1-0.95 (for 95% CI) and degrees of freedom=n-1.

𝑆𝐷 = √𝑛 × (95%𝐶𝐼𝑢𝑝𝑝𝑒𝑟 − 95%𝐶𝐼𝑙𝑜𝑤𝑒𝑟)
2𝑡

1.6 Statistical Analysis

Meta-analysis was performed using RevMan 5.4 software. Since all ex-
tracted outcomes were continuous variables, mean difference (MD) was
used for data pooling when outcome measures employed identical meth-
ods and units; standardized mean difference (SMD) was used when
measurement methods or units differed. All outcome analyses calcu-
lated 95% CI. Heterogeneity among studies was assessed using �2 test
(𝛼=0.1). If I2<50% and P$�0.1, 𝑖𝑛𝑑𝑖𝑐𝑎𝑡𝑖𝑛𝑔𝑙𝑜𝑤ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦, 𝑎𝑓𝑖𝑥𝑒𝑑 −
𝑒𝑓𝑓𝑒𝑐𝑡𝑠𝑚𝑜𝑑𝑒𝑙𝑤𝑎𝑠𝑎𝑑𝑜𝑝𝑡𝑒𝑑; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒, 𝑎𝑟𝑎𝑛𝑑𝑜𝑚−𝑒𝑓𝑓𝑒𝑐𝑡𝑠𝑚𝑜𝑑𝑒𝑙𝑤𝑎𝑠𝑢𝑠𝑒𝑑𝑎𝑓𝑡𝑒𝑟𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑛𝑔𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦𝑎𝑛𝑎𝑙𝑦𝑠𝑖𝑠𝑡𝑜𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑦ℎ𝑒𝑡𝑒𝑟𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦𝑠𝑜𝑢𝑟𝑐𝑒𝑠.𝑆𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑐𝑒𝑤𝑎𝑠𝑠𝑒𝑡𝑎𝑡𝑃 �$0.05.

Funnel plots were generated for outcome indicators with high heterogeneity and
sufficient studies ($�$10) to assess publication bias.

Results
2.1 General Characteristics of Included Studies

The initial search yielded 5,257 relevant articles. After preliminary screening,
44 articles were included for full-text review, ultimately resulting in 12 included
articles. The literature screening process is illustrated in [Figure 1: see original
paper].

2.2 Basic Characteristics of Included Studies

Twelve articles were included, with Caldo-Silva et al. publishing two related arti-
cles using identical data [16, 17], which were combined for descriptive purposes.
All 12 articles were published in English, comprising 833 older adults (422 in ex-
perimental group, 411 in control group). Five articles [10, 12, 18-20] originated
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from Asia, six [9, 14, 16, 17, 21, 22] from Europe, and one [11] from South
America. Ten articles [9-12, 14, 16, 17, 19, 21, 22] used Fried frailty criteria or
its revised version, one [20] used Frailty Working Group criteria, and one [18]
used the Korean Cardiovascular Health Study (CHS) frailty criteria. All stud-
ies described intervention content and duration with clearly defined outcome
measures. Detailed characteristics are presented in .

2.3 Quality Assessment of Included Studies

Quality assessment revealed three articles [18-20] rated as grade A and nine
articles [9-12, 14, 16, 17, 21, 22] as grade B. Methodological quality assessment
results are shown in .

2.4 Meta-Analysis Results

2.4.1 Muscle Mass (Appendicular Lean Mass) Three articles [9, 14, 21]
reported effects of 12-week protein supplementation on appendicular lean mass,
with significant heterogeneity (I2=77%). After removing Dirks et al. [9] us-
ing the one-study removal method, heterogeneity became zero (I2=0), and a
fixed-effects model was applied. Results indicated no significant effect of 12-
week protein intervention on appendicular lean mass (MD=0.03, 95% CI -0.36
to 0.41, P=0.89). One article (with three subgroups) [11] compared 16-week
protein intervention effects, with no heterogeneity (I2=0), using a fixed-effects
model. Results also showed no effect (MD=-0.56, 95% CI -1.59 to 0.47, P=0.29).
Three articles [9, 14, 21] reported 24-week protein supplementation effects with
substantial heterogeneity (I2=92%). After removing Tieland (1) et al. [21], het-
erogeneity disappeared (I2=0), and a fixed-effects model revealed that 24-week
protein intervention significantly increased appendicular lean mass (MD=1.99,
95% CI 1.19 to 2.79, P<0.00001). Overall, protein supplementation showed a
non-significant positive trend for increasing appendicular lean mass in frail older
adults (MD=0.3, 95% CI -0.03 to 0.63, P=0.07). See [Figure 2: see original pa-
per].

2.4.2 Grip Strength Eleven articles [9-12, 14, 16, 18-22] reported interven-
tion effects of 6, 12, 16, or 24-week protein supplementation on grip strength.
Kang et al. [10] reported grip strength changes separately for males and females.
Due to different measurement tools, standardized mean difference (SMD) was
used. Significant heterogeneity existed (I2=48%, P=0.008), which reduced to
zero (I2=0, P=0.89) after removing Dirks et al. [9] (12 and 24-week data) and
Tieland (1) et al. [21] (12-week data). The fixed-effects model showed no signifi-
cant improvement in grip strength across different durations (SMD=-0.11, 95%
CI -0.23 to 0.01, P=0.07). See [Figure 3: see original paper].

2.4.3 Physical Function
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2.4.3.1 Walking Speed (m/s) Two articles [10, 18] reported the relationship
between 6-week protein supplementation and gait speed, with no heterogeneity
(I2=0, P=0.99), using a fixed-effects model. Results showed no significant ef-
fect (MD=0.00, 95% CI -0.05 to 0.06, P=0.88). Four articles [10, 12, 18, 20]
compared 12-week protein supplementation effects, also with no heterogeneity
(I2=0, P=0.44). Meta-analysis revealed that 12-week protein supplementation
significantly improved gait speed (MD=0.04, 95% CI 0.00 to 0.08, P=0.03).
Overall, protein supplementation improved walking speed in frail older adults
(MD=0.03, 95% CI 0.00 to 0.06, P=0.05). See [Figure 4: see original paper].

2.4.3.2 Balance Test (sec) Three articles [10, 12, 18] reported effects of 6-
week and 12-week protein supplementation on balance ability. Kang et al. [10]
presented results as ordinal data that could not be pooled with the other two
studies. No heterogeneity was found (I2=0, P=0.52), and the fixed-effects model
showed no significant difference in balance ability improvement (MD=0.04, 95%
CI -0.02 to 0.09, P=0.19). Kang et al. [10] also found no effect of 12-week
protein supplementation on balance. See [Figure 5: see original paper].

2.4.3.3 Timed Up and Go Test (sec) Four articles [11, 18-20] compared
effects of 6, 12, or 16-week protein supplementation on timed up and go test per-
formance. No heterogeneity existed (I2=0, P=0.56), and the fixed-effects model
indicated no significant effect in reducing timed up and go duration (MD=0.09,
95% CI -0.22 to 0.40, P=0.57). See [Figure 6: see original paper].

2.4.3.4 SPPB Score Five articles [9, 12, 14, 18, 20] examined the relation-
ship between 6, 12, or 24-week protein supplementation and SPPB scores. Due
to potential differences in SPPB assessment standards, SMD was used. Hetero-
geneity was substantial (I2=48%, P=0.04) but decreased after removing Dirks
et al. [9] 24-week data (I2=4%, P=0.40). The fixed-effects model showed no
significant improvement in SPPB scores across durations (SMD=-0.02, 95% CI
-0.17 to 0.13, P=0.82). See [Figure 7: see original paper].

2.4.4 Frailty Score Two articles [17, 18] reported the relationship between
protein supplementation and overall frailty scores. Due to different assessment
tools, SMD was used with no heterogeneity (I2=0, P=0.98) and a fixed-effects
model. Meta-analysis showed no significant difference in frailty score reduction
with 6, 12, or 16-week protein supplementation compared to control (SMD=-
0.02, 95% CI -0.23 to 0.19, P=0.85). See [Figure 8: see original paper].

2.5 Publication Bias

Funnel plots for grip strength and SPPB score showed generally symmetrical
scatter plots, indicating no obvious publication bias and suggesting credible
meta-analysis results. See [Figure 9: see original paper] and [Figure 10: see
original paper].
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Discussion
Inadequate nutritional intake is considered a crucial component of frailty [23],
potentially triggering muscle atrophy and dysfunction in older adults. Research
indicates that muscle mass maintenance depends on the dynamic balance be-
tween muscle protein synthesis and breakdown [24]. With aging, muscle protein
synthesis decreases while catabolism increases, disrupting this balance and caus-
ing degenerative changes and systemic loss of muscle mass and function, thereby
inducing sarcopenia [25], which represents the core pathological basis of frailty
[7]. Protein serves as the primary regulator of muscle protein metabolism, stim-
ulating synthesis and inhibiting breakdown [26] to rebalance these processes and
maintain muscle mass and function, thus preventing or improving frailty. There-
fore, protein supplementation may be beneficial for frail older adults. Based on
this rationale, we conducted this meta-analysis to quantify the effects of protein
supplementation on muscle mass, strength, and physical function in frail older
adults.

Regarding muscle mass and strength, this study found that protein supplemen-
tation had no significant effect on preserving appendicular lean mass (muscle
mass) or grip strength (muscle strength) in frail older adults, consistent with
Tieland et al. [27]. This may relate to intervention duration, as included studies
ranged from 6 to 24 weeks. Although the effect on muscle mass and strength
loss remains unclear, our results show a trend toward larger differences between
protein and control groups with longer supplementation, particularly for lean
mass, which showed significant differences at 24 weeks. This suggests protein
supplementation may influence muscle mass and strength in frail older adults,
but current intervention durations may be insufficient to detect measurable
changes. Research indicates that older adults lose approximately 1% muscle
mass annually (about 0.6 kg) [28], translating to an expected 0.07-0.28 kg loss in
control groups during 6-24 week interventions. Given measurement errors from
dual-energy X-ray absorptiometry (DXA) and bioelectrical impedance analysis
(BIA), differences between groups may be too small to detect. Extending sup-
plementation to 3 years would yield an estimated 1.8 kg muscle loss in control
groups, creating larger between-group differences more likely detectable by DXA
and BIA. Houston et al. [29] confirmed this, showing that higher protein intake
prevents age-related muscle mass loss over 3 years. Therefore, investigating
long-term protein supplementation effects on muscle mass and strength in frail
older adults may be more meaningful.

For physical function, this study demonstrated that protein supplementation
significantly improved gait speed but showed no clear advantages in balance abil-
ity (balance test), walking/reaction capacity (timed up and go test), or overall
physical performance (SPPB score). Gait speed is a component of Fried frailty
criteria. While 6-week supplementation showed no significant effect, 12-week
supplementation significantly improved gait speed, consistent with Matsuzawa
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et al. [30]. This may relate to protein supplementation promoting whole-body
and limb muscle mass. Although earlier meta-analyses showed no significant ef-
fects on muscle mass and strength, this is not contradictory, as 12 weeks may be
insufficient to manifest overt changes in these parameters while still producing
subtle improvements that enhance gait speed. Additionally, since leg muscles
constitute the largest and most powerful muscle group [31], they may benefit
first from protein supplementation, explaining why protein supplementation im-
proves gait speed but not balance, walking/reaction capacity, or overall physical
function. Future studies with longer interventions should verify effects on other
physical function domains.

For overall impact on frailty, this study used frailty scores as a comprehensive
measure. Meta-analysis showed no significant effect on frailty score reduction,
though effect sizes increased with longer supplementation duration, suggesting
that sufficiently prolonged protein supplementation may yield significant frailty
score reductions and symptom improvement, requiring validation through longer
interventions.

Several factors may have influenced our results, including frailty assessment
tools, protein supplementation quantity, and type. Most studies used the frailty
phenotype (FP), but two employed FWG and CHS criteria, and participants in-
cluded both pre-frail and frail states, creating variability in frailty severity that
may affect outcomes. Future research should standardize assessment tools to
enhance comparability. Protein intake quantity also matters. Included studies
provided 6-30g protein supplementation. Rahi et al. [32] found high protein in-
take ($�$1.0 g/kg/d) reduced frailty prevalence by 59%, while Ruth Teh et al. [33]
found low protein intake increased frailty risk and impaired physical function.
Coelho-Junior et al. [8] observed lower frailty prevalence at mean intake of 1.28
g/kg/d. Thus, different supplementation amounts may yield different results,
though optimal protein intake for frail older adults remains undefined.

Furthermore, our study included various protein types (soy, whey, protein
beverages, powder, essential amino acids [EAA], branched-chain amino acids
[BCAA]). Research shows plant-based proteins like soy and wheat elicit lower
muscle protein synthesis (MPS) responses than equivalent animal proteins [34].
Yang et al. [35] reported that neither 20g nor 40g soy protein stimulated MPS in
older adults at rest, whereas whey protein significantly increased MPS. This an-
abolic response difference stems primarily from two factors [36]: (1) digestibility
—animal-based proteins show 90% digestibility versus typically <50% for plant
proteins; (2) EAA content, particularly BCAAs (isoleucine, leucine, valine),
with animal proteins containing higher EAA and BCAA levels [37], thus pro-
ducing greater MPS. We speculate that protein type may have influenced our
results, warranting further investigation.

This study has several limitations: (1) Lack of prospective large-sample studies;
(2) Exclusion of conference proceedings, dissertations, and non-Chinese/English
literature, potentially introducing publication bias; (3) Variability in partici-
pants’frailty severity and intervention duration, content, and frequency, which
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may affect pooled results; (4) Some meta-analyses included only 2 studies, re-
quiring cautious interpretation.

In summary, protein supplementation significantly improves gait speed in frail
older adults, but its effects on muscle mass, strength, and other physical func-
tions remain unclear. Future large-scale studies with more rigorous, standard-
ized interventions and longer durations are needed to explore optimal protein
supplementation patterns (duration, type, and amount) for frailty management.
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