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Abstract
Aim  To assess whether oral branched-chain amino acids (BCAA) supplementation exerts influence on circulating BCAA 
and the significance of dietary BCAA in type 2 diabetes and obesity risk.
Method  We searched PUBMED, EMBASE and Cochrane library through June 2018 to retrieve and screen published reports 
for inclusion in the meta-analysis after methodological assessment. Heterogeneity of studies was evaluated using I2 statis-
tics, while sensitivity analysis and funnel plot were used to evaluate the potential effect of individual studies on the overall 
estimates and publication bias, respectively, using RevMan 5.3.
Result  Eight articles on randomized clinical trial of oral BCAA supplementation, and seven articles on dietary BCAA intake 
and type 2 diabetes/obesity risks were eligible for inclusion in our meta-analyses. Mean difference and 95% confidence 
interval (CI) of circulating leucine was 39.65 (3.54, 75.76) µmol/L, P = 0.03 post-BCAA supplementation. Also, OR and 
95% CI for higher total BCAA intake and metabolic disorder risks were, 1.32 (1.14, 1.53), P = 0.0003—type 2 diabetes and 
0.62 (0.47, 0.82), P = 0.0008—obesity.
Conclusion  Oral BCAA supplementation exerts modest influence on circulating leucine profile and higher total BCAA intake 
is positively and contra-positively associated with type 2 diabetes and obesity risk, respectively.
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Introduction

BCAA are essential amino acids (AA) with diverse impor-
tance in body metabolism [1, 2]. They account for up to 
35% of essential AA in muscle protein, 40% of required AA 
and approximately 50% of essential AA in the food sup-
ply of mammals [3]. They are important substrates for pro-
teins, essential for the maintenance of energy homeostasis 
and vital nutrient signals with direct and indirect effects [4, 
5]. Many studies have investigated the profiles of circulat-
ing BCAA in obese and type 2 diabetes (T2DM) subjects 
[6–13] but with limited findings on the significance of die-
tary BCAA on circulating BCAA as it relates to metabolic 
disorders.

Circulating BCAA has been observed to upregulate nega-
tive feedback signaling (via activation of mammalian target 
rapamycin) to insulin receptor substrate 1 which promotes 
insulin resistance and impaired glucose metabolism [14]. 
Also, epidemiological reports from different population 
backgrounds [1, 15, 16] have reported higher dietary intake 
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of BCAA are inversely related to obesity risk. Contrariwise, 
other reports [17–19] have observed higher dietary BCAA 
intake promoted T2DM risk.

Whether dietary BCAA intake exert influence on the 
circulating BCAA is rarely reported in the literature. Also, 
if excess dietary BCAA intake are responsible for elevated 
circulating BCAA profiles and how both interact to be asso-
ciated with obesity risk needs clarification. Though previ-
ous reviews [20–23] on this subject have documented the 
potential significance of elevated circulating BCAA pro-
files in metabolic disorders, evidence(s) appears unclear 
on the potential role of dietary BCAA in the circulating 
BCAA–metabolic disorder risk link. The goal of this meta-
analysis is to explore whether oral BCAA supplementation 
exerts influence on circulating BCAA. Also, we sought to 
clarify the significance of dietary BCAA with respect to 
T2DM and/or obesity risk.

Methods

Literature search

We registered the meta-analysis in the International Prospec-
tive Register of Systematic Reviews (https​://www.crd.york.
ac.uk/PROSP​ERO/displ​ay_recor​d.php?Recor​dID=39142​) 
and reported using MOOSE guidelines [24]. Two reviewers 
independently explored PUBMED, EMBASE and Cochrane 
catalogues through June 2018 to identify appropriate previ-
ously published studies (as well as references and supple-
mentary data), using the following search terms: ‘BCAA 
supplementation’ OR ‘isoleucine supplementation’ OR 
‘leucine supplementation’ OR ‘valine supplementation’ 
OR ‘isoleucine’ OR ‘leucine’ OR ‘valine’ OR ‘branched 
chain amino acid’ OR ‘BCAA’ AND ‘obesity’ OR ‘type 2 
diabetes’. Titles and abstracts of each citation were evaluated 
independently and any incongruity was resolved by consen-
sus or recourse to a third reviewer. The meta-analyses were 
in three categories and studies were included in the meta-
analyses upon meeting the inclusion criteria.

Inclusion criteria

The inclusion criteria for any study in each of the meta-
analysis are as follows:

a.	 Meta-analysis of RCT on BCAA supplementation and 
effect on circulating BCAA profiles: A report is included 
in this meta-analysis if, (a) it was a pre-registered RCT 
in humans, (b) the intervention was BCAA/protein regi-
men high in BCAA and placebo applied as compari-
son for intervention in the same study and (c) the study 
reported the outcome of the intervention on at least one 

circulating BCAA alongside at least one biochemical 
and/or anthropometric parameter such as fasting glu-
cose, insulin, body mass index (BMI), body fat, fat mass, 
and lipid profile.

b.	 Meta-analysis of dietary BCAA intake and T2DM risk: 
A report is included in this meta-analysis if, (a) it is a 
population study, (b) the primary exposure and outcome 
were dietary BCAA intake and T2DM, respectively, in 
the same population, (c) the study reported the propor-
tion of population with exposure to higher and lower 
dietary isoleucine or leucine or valine or total BCAA 
intake as comparison in the same population (d) the 
study reported at least one of the following biochemical/
anthropometric outcomes: circulating glucose, circulat-
ing insulin, BMI, body fat, HDL and lipid profile.

c.	 Meta-analysis of dietary BCAA intake and overweight/
obesity risk: A report is included in this meta-analysis 
if, (a) it is a population study, (b) the primary expo-
sure and outcome were dietary BCAA intake and obe-
sity respectively, in the same population, (c) the study 
reported the proportion of population with exposure to 
higher and lower dietary isoleucine or leucine or valine 
or total BCAA intake as comparison in the same popula-
tion (d) the study reported at least one of the following 
biochemical/anthropometric outcomes: circulating glu-
cose, circulating insulin, BMI, body fat, HDL and lipid 
profile.

Studies were excluded in the meta-analyses if they were, 
infant/pregnancy related, review, abstracts, letter to the edi-
tor, case reports, etc (Fig. 1).

Critical assessment of included studies

Cochrane Collaboration guidelines [24] was applied for 
methodological quality assessment and risk of bias of the 
included studies. Furthermore, quality of evidence in the 
included studies was graded (independently by two review-
ers and differences were resolved by consensus) using the 
Jadad scale for reporting randomized controlled trials [25] 
and the Newcastle–Ottawa scale for assessing the quality of 
non-randomized studies [26] in the meta-analyses.

Data extraction

Two reviewers extracted information such as, name and ini-
tials of the first author, year of publication, country, study 
population setting, main outcome of the study, sample sizes, 
oral BCAA intervention dosage(s), duration of interven-
tion, type of placebo, influence of intervention on circulat-
ing BCAA profiles [reported mean and standard deviation 
(SD), standard error of the mean (SEM), and confidence 
intervals (CI)], etc. Also, methods of BCAA determination, 
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criteria for defining T2DM, obesity and control subjects, the 
proportion of cases and controls in the highest and lowest 
quintile of dietary BCAA intake in the population were also 
noted. Circulating BCAA statistics reported as SEM and CI 
were transformed to SD and units of BCAA concentrations 
were converted to µmol/L (where reported otherwise) for 
uniformity. All differences were resolved by consultation 
with a third reviewer.

Statistical analysis

Data from included studies in the meta-analyses were pooled 
in the following categories:

a.	 Meta-analysis of RCT on BCAA supplementation and 
effect on circulating BCAA profiles: Mean difference 
and 95% CI were computed for circulating BCAA con-
centration between oral BCAA supplemented group and 
placebo post-supplementation.

b.	 Meta-analysis of dietary BCAA intake and T2DM risk: 
Pooled OR and 95%CI for highest quintile of dietary 

BCAA intake (compared to the lowest quintile of dietary 
BCAA intake) were computed for T2DM risk using the 
Mantel–Haenszel test for dichotomous outcomes.

c.	 Meta-analysis of dietary BCAA intake and overweight/
obesity risk: Pooled OR and 95%CI for highest quintile 
of dietary total BCAA intake (compared to the lowest 
quintile of dietary BCAA intake) was computed for 
overweight/obesity risk using the Mantel–Haenszel test 
for dichotomous outcomes.

All statistical analysis was carried out using Review 
Manager 5.3. Heterogeneity of the pooled effect estimates 
and the extent of variability across studies were estimated 
using I2 test statistics. Where I2 > 50% or P < 0.05, a random 
effects model was applied. Our random effect model was 
based on the postulation that effect estimates were not the 
same but followed a normal distribution. While the area of 
the black square in forest plots denotes the weighted contri-
bution of each study, P < 0.05 (two-tailed) was considered 
statistically significant. Publication bias and stability of the 
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Fig. 1   PRISMA flowchart for inclusion and exclusion of studies in the meta-analyses
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results were evaluated through funnel plots and leave-one-
out technique [27] respectively.

Results

Search strategy of the meta‑analyses

PRISMA flowchart describing the study selection strat-
egy for our meta-analyses is presented in Fig. 1. Eight 
RCTs [28–35], four articles on dietary BCAA intake and 
T2DM risk [17, 19, 36, 18] and three articles on dietary 
BCAA intake and overweight/obesity risk [1, 15, 37] were 

Table 1   Summary of mean difference, 95% CI and P value of circu-
lating BCAA profiles

N number of studies, DOR direction of relationship, ↔ no associa-
tion or relationship, ↑ increasing

Amino acids (µmol/L) Δ in serum BCAA profiles after oral BCAA 
supplementation

N Mean difference P value DOR

Isoleucine 08 2.09 (− 11.19, 15.38) 0.76 ↔
Leucine 08 39.65 (3.54, 75.76) 0.03 ↑
Valine 08 38.93 (− 7.54, 85.40) 0.10 ↔

Fig. 2   Forest plots of mean difference in circulating isoleucine (a), leucine (b), valine (c) after RCT after BCAA supplementation
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included in the meta-analyses. Detailed characteristics of 
the included studies are shown in Electronic supplemen-
tary materials (ESM) Tables 1 and 2.

Methodological assessment of included studies 
in the meta‑analyses

Most of the studies included in the meta-analyses were 
with low risk of bias and details are provided in ESM 
(Tables S3 and S4, Figure S1).

Pooled mean difference of circulating BCAA 
between experimental and placebo groups

Mean differences of circulating BCAA profiles between 
oral BCAA-supplemented group and placebo are reported 
in Table 1 and Fig. 2a–c. The I2 statistics range was 81–95%, 
the mean difference of circulating leucine profile [39.65 
(3.54, 75.76) µmol/L, P = 0.03] was significantly higher, but 
not Ile [2.09 (− 11.19, 15.38) µmol/L, P = 0.76] and valine 
[38.93 (− 7.54, 85.40) µmol/L, P = 0.10) profiles after oral 
BCAA supplementation.

OR of risk of T2DM or overweight/obesity 
between highest vs. lowest quintile of dietary BCAA 
intake

Higher dietary intake of isoleucine 1.58 (1.42, 1.76), 
P < 0.00001, leucine 1.43 (1.21, 1.70), P < 0.0001, valine 1.37 
(1.16, 1.61) P = 0.0002 and total BCAA 1.32 (1.14, 1.53), 
P = 0.0003 was associated with increased T2DM risk (Table 2; 
Fig. 3a–d). Contrariwise, higher dietary intake of total dietary 
BCAA 0.62 (0.47, 0.82), P = 0.0008 was inversely related to 
the prevalence of overweight/obesity (Table 2; Fig. 3e).

Publication bias

Graphed funnel plots found no significant evidence of pub-
lication bias in the meta-analyses. Details are provided in 
ESM Figure S2.

Sensitivity analysis

Using a leave-one-out method, we tested the effect of exclud-
ing individual studies on the stability of the effect estimates. 
Generally, the exclusion of each study had no significant 
effect on the effect estimates, indicating that no individual 
study exerted a significant effect on the final results of our 
meta-analysis. Details of the sensitivity analysis are pro-
vided in ESM Tables S5&S6.

Discussion

To the best of our knowledge, our meta-analysis is the first 
to investigate the significance of dietary BCAA in the rela-
tionship between circulating BCAA profiles and T2DM or 
obesity risk. First, we found short-term oral BCAA admin-
istration significantly increased circulating leucine profile 
post-supplementation. Second, dietary BCAA intake were 
positively and inversely associated with T2DM and over-
weight/obesity risk, respectively.

Our observation that oral BCAA supplementation exerted 
short-term modest influence on circulating leucine is in tan-
dem with an earlier postulation [21], but studies on the long-
term influence of dietary BCAA on circulating BCAA are 
necessary to further understand this phenomenon. Similarly, 
several RCTs have reported the effectiveness of oral BCAA 
supplementation (particularly leucine) on immune func-
tion [38], glucose and cholesterol metabolism [39], reduced 
accumulation of triglycerides [40], alleviation of exercised 

Table 2   Odds ratio (OR), 
95% CI and P value of the 
significance of BCAA intake 
(highest vs. lowest quintile) and 
risk of metabolic disorders

Dietary branched-chain amino acids intake exhibited a different relationship with type 2 diabetes and obe-
sity risk: a meta-analysis
N number of studies, DOR direction of risk, ↑ increased risk, ↓ decreased risk

Dietary amino acid intake N Subjects Pooled OR (95% CI) P value DOR I2 (%)

Type 2 diabetes
 Isoleucine 06 90,136 1.58 (1.42, 1.76) < 0.00001 ↑ 74
 Leucine 06 90,136 1.43 (1.21, 1.70) < 0.0001 ↑ 90
 Valine 06 74,530 1.37 (1.16, 1.61) 0.01 ↑ 89
 Total BCAA​ 09 204,541 1.32 (1.14, 1.53) 0.0003 ↑ 96

Obesity
 Total BCAA​ 11 8750 0.62 (0.47, 0.82) 0.0008 ↓ 85

Subgroup analysis higher dietary total BCAA intake and obesity risk stratified by population setting
 Brazil, US and UK 05 2898 0.57 (0.31, 1.04) 0.07 ↓ 92
 Japan and China 04 2386 0.53 (0.41, 0.67) < 0.00001 ↓ 0



192	 Acta Diabetologica (2019) 56:187–195

1 3



193Acta Diabetologica (2019) 56:187–195	

1 3

induced fatigue [41, 42], maintenance of lean body mass 
[43], attenuation of transcriptional coactivator peroxisome 
proliferator-activated receptor-γ coactivator (PGC-1α4) to 
prevent insulin resistance [44], enhancement of integrative 
myofibrillar protein synthesis [45], etc., among apparently 
healthy subjects.

While very limited studies [28–35, 46] have reported 
the potential modest short-term effects of oral BCAA sup-
plementation on circulating BCAA profiles, a few related 
controlled trials [47–52] are worth citing. For example, a 
null post-intervention relationship between whey protein 
(a rich source of dietary BCAA) supplementation and cir-
culating BCAA profiles was observed in an 8-week trial 
(combined with weight loss) among obese women. Though 
whey protein supplementation exerted modest influence on 
BCAA metabolism, calorie restriction and/or protein intake 
manipulations played a prominent role in the BCAA metabo-
lism–insulin post-intervention interaction, because BCAA 
profile was unrelated to homeostasis model assessment [50]. 
In another trial, post-intervention circulating BCAA profiles 
were elevated, significantly correlated with down-regulation 
of lipolysis, lipogenic indices and improved insulin sensitiv-
ity but unrelated with alterations in body weight among sub-
jects with non-alcoholic fatty liver disease and T2DM after 
6 weeks on high animal or plant protein (without caloric 
restriction) [51].

It is plausible post-intervention circulating BCAA pro-
files differ by dietary exposure. For example, BCAA along-
side other metabolites distinctively discriminated low-fat 
(highest carbohydrate composition) diet in a 12-week trial 
of isocaloric and hypocaloric experimental meal regimens 
with varying percentage composition of carbohydrate, pro-
tein and fats [low fat (60%:20%:20%), low glycemic index 
(40%:40%:20%) and very low carbohydrate (10%:60%:30%) 
diets] among obese adults [47]. Also, average-energy pro-
tein diets were effective in lowering circulating BCAA (even 
after adjusting for the effect of weight loss) and enhancing 
insulin sensitivity compared to high-energy protein diet [49]. 
Contrariwise, restricted BCAA and protein consumption 
were related to improved metabolic health under significant 
caloric restrictions with significant glucose control, weight 
and fat mass loss [48, 53].

Dietary manipulations responsible for these variations are 
largely unknown due to imprecision in evaluating diet-asso-
ciated factors (such as protein intake, calorie restrictions, 
dietary pattern adherence, etc.) related to BCAA intake and 
metabolism, but we observed most RCTs with beneficial 
pathophysiological effects were particularly executed under 

significant energy and caloric intake restriction. Similarly, 
while it is quite largely impracticable to adequately differen-
tiate between the effects of dietary BCAA and protein intake 
in the experimental diets, the vitality of diet quality to sturdy 
metabolic health cannot be underestimated.

Furthermore, we observed higher dietary BCAA intake 
are positively and contra-positively related to T2DM and 
overweight/obesity risk, respectively. Elevated and lowered 
T2DM risk attributable to higher dietary BCAA intake has 
been observed in the US [19] and Japanese [36] populations, 
respectively. Also, some reports have observed an inverse 
relationship between higher dietary BCAA intake and risk 
of metabolic disorders in animal models [39, 40, 54] and 
human population [1, 15, 16, 36, 37]. Most of these studies 
adjusted for energy intake of respondents, but did not con-
sider the diet-related environment of the population under 
study.

Recent studies have emphasized the impact of dietary 
exposure to the dietary BCAA–disease link. For example, 
it has been observed that the overall pattern that contributes 
to raised circulating BCAA profiles appears to modulate 
chronic disease risk outcomes [55]. Similarly, the higher 
dietary BCAA–T2DM/obesity link contextually depends on 
dietary pattern adherence [18, 56]. Also, meat intake and 
T2DM risk [17] reported though BCAA and meat intake 
were independently associated with T2DM risk, and dietary 
BCAA in part is associated with T2DM risk after adjust-
ing for meat intake. In addition, higher dietary and circulat-
ing BCAA were jointly associated with T2DM risk among 
women with history of gestational diabetes independent of 
BMI. However, the joint relationship was absent under lower 
circlating BCAA state, but higher circulating BCAA was 
associated with T2DM risk independent of the magnitude 
of dietary BCAA intake [57]. These observations suggest 
the dietary BCAA-metabolic disorder risk link might not be 
principally dependent on dietary BCAA. How BCAA intake 
modulate circulating BCAA profiles to promote metabolic 
disorder risk is likely influenced by the dietary environment 
exposure.

The number of studies on this topic is relatively scarce, 
making the interpretation of obtained results quite difficult. 
In addition, a certain amount of publication bias is likely as a 
result of registered but undisclosed or unpublished trials, but 
our search strategy was elaborate and not limited by time. 
Variations in the magnitude of BCAA supplementation and 
concentrations among studies existed in our meta-analysis, 
as a result of methodological and technical differences, but 
indifference of overall findings of our meta-analysis after 
subgroup stratification renders such variations insignificant. 
Heterogeneity was high and a random effects model was 
applied to the effect estimates in this study. It is essential 
to ascertain the legitimacy of any distribution in such an 
assumption, and sensitivity analysis showed that no single 

Fig. 3   Forest plots of meta-analyses: highest vs. lowest quintile of 
isoleucine (a), leucine (b), valine (c) and total BCAA intake (d) and 
diabetes risk, highest vs. lowest quintile of total BCAA intake (e) and 
overweight/obesity risk

◂
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study exerted a disproportionate effect on the effect esti-
mates. It is difficult to differentiate between the effects of 
individual BCAA supplementation/intake vs. T2DM/obesity 
risk.

In our meta-analyses, oral BCAA supplementation mod-
estly elevates circulating leucine and dietary BCAA intake 
were positively and inversely related to T2DM and over-
weight/obesity risk, respectively. Future studies of multi-eth-
nic longitudinal cohort on implications of long-term dietary 
BCAA intake (from conventional diets with accurate evalu-
ation of the effect of other macro-nutrients) on circulating 
BCAA profiles and how it manipulates metabolic disorder 
risks are necessary.
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