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Background: Recent studies have observed the relationships of circulatory and dietary intake of branched-
chain amino acids (BCAAs) with long-term risk of certain cancers. However, the exact causality of BCAA 
with lung cancer (LUCA) and its pathological subtypes remains obscure. The aim of this study is to 
investigate the association between BCAA metabolism and risk of LUCA.
Methods: Here we conducted Mendelian randomization (MR) and observational epidemiological analyses 
to investigate the association between BCAA and risk of LUCA. With single nucleotide polymorphism 
(SNP)-phenotype association data extracted from genome-wide association studies (GWAS), we performed 
univariate and multivariate MR analyses to infer the causal effect of circulatory BCAA concentrations on 
LUCA. We further investigated the effects of several potential mediators and quantified the mediation 
effects. Population-level analyses were performed in the National Health and Nutrition Examination Survey 
(NHANES) III.
Results: Our results demonstrated that genetically predicted circulatory valine concentrations causally 
increased the risk of overall LUCA [odds ratio (OR) =1.324, 95% confidence interval (CI): 1.058–1.658, 
P=0.01]. For pathological subgroups, elevated levels of leucine, isoleucine, valine, and total BCAA were 
founded to be significantly associated with a higher risk of squamous cell lung cancer (LUSC); however, 
they did not significantly affect lung adenocarcinoma (LUAD). Moreover, body mass index (BMI) mediated 
approximately 3.91% (95% CI: 1.22–7.18%) of the total effect of leucine on LUSC. In the NHANES III 
population, dietary total BCAA intake was significantly associated with BMI ≥30 kg/m2, while no non-linear 
relationships were observed.
Conclusions: This study provides genetic evidence for the histology-specific causality of BCAA on LUCA 
and implies the mediation role of BMI in this relationship. Further studies are needed to confirm these 
findings and elucidate the underlying mechanisms.
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Introduction

Lung cancer  (LUCA),  mainly  composed of  lung 
adenocarcinoma (LUAD) and squamous cell lung cancer 
(LUSC), is one of the most commonly diagnosed malignant 
tumors and the leading cause of cancer-related mortality 
worldwide (1,2). Despite tremendous progress in therapeutic 
strategies, only approximately 23% of all patients diagnosed 
with LUCA manage to survive for more than 5 years in 
the US population, partially attributed to over half of the 
cases being diagnosed at an advanced stage (2). Therefore, 
rectifying of modifiable risk factors and early tumor detection 
are of pivotal importance to prevent cancer and improve 
prognosis. LUCA is associated with a range of risk factors, 
such as smoking, air pollution, obesity, blood copper, 
socioeconomic status, and others (3-6). In recent years, 
emerging evidence has suggested that nutritional metabolites 
are essential for not only normal biological function of 
human bodies, but also the malignancy development (7,8). 
For instance, cancer cells exhibit the Warburg effect, wherein 
they prefer to carry out glycolysis in the cytosol, even with 
sufficient oxygen (9); and cancer cells have also experienced 
alterations in the utilization of amino acids, fatty acids and 
other nutritional metabolites (10).

Branched-chain amino acids (BCAAs), which consist 
of leucine, isoleucine, and valine, are considered a vital 
class of essential amino acids, and could be derived solely 
from diets. Based on accumulating evidence from basic 
studies, it appears that BCAA metabolism is associated 
with specific cancer phenotypes and may be involved 
in modulating pathways related to tumor development 

and progression (8,11). For example, elevated levels of 
circulating BCAA have been demonstrated to be an early 
predictive and prognostic indicator for human pancreatic 
ductal adenocarcinoma (PDAC), which could potentially 
share etiological pathways with LUCA (12-14). In a case-
control study of 141 non-small cell lung cancer (NSCLC) 
patients and 423 matched controls, both plasma levels of 
leucine and isoleucine were found to be significantly higher 
in NSCLC patients and plasma amino acid profiling was 
established as a potential screening tool (15). For breast 
cancer (BC), elevated circulatory BCAA levels were found 
to be associated with postmenopausal BC risk (16); while 
dietary intakes of BCAA were not likely to be a risk factor 
for BC (17). Moreover, positive associations between 
elevated circulating BCAA and potential risk factors of 
carcinogenesis and tumor progression, such as obesity and 
diabetes, were reported in previous investigations (18,19). 
Overall, BCAA metabolism plays an essential role in 
tumorigenesis and tumor progression and may be associated 
with LUCA through mediated or unmediated pathways. 
However, most prior observational studies to investigating 
the correlation between circulating or dietary BCAA and 
cancer are in a case-control or cross-sectional design, which 
lacks reliability for the presence of potential confounders 
and reverse causation (20-22). Consequently, whether 
circulatory and dietary BCAA is associated with LUCA 
incidence, and whether elevated BCAA plays a causal role in 
the etiology of LUCA, remain unknown.

The application of Mendelian randomization (MR) 
analyses can circumvent potential biases mentioned above 
by utilizing genetic variants, usually single nucleotide 
polymorphisms (SNPs), as instrumental variables (IVs) to 
investigate the causal effect of an exposure on an outcome 
(23,24). Given that genetic variants are randomly allocated 
during meiosis and remain unaffected by environmental 
and other confounding factors, MR design imitates a 
randomization procedure and can provide reliable results 
when performing randomized controlled trials (RCTs) 
becomes challenging (25). To establish a reliable causal 
inference, IVs of MR analyses must satisfy the following 
assumptions (26): (I) the relevance assumption, the genetic 
variants are strongly associated with the exposure of 
interest; (II) the independence assumption, the genetic 
variants are not associated with any confounding factors; 
(III) the exclusion restriction assumption, the genetic 
variants are independent of the outcome.

In this study, we used data from genome-wide association 
studies (GWAS) summary statistics and the National Health 
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and Nutrition Examination Survey (NHANES) III to 
investigate the relationship between circulatory levels and 
dietary intake of BCAA and risk of LUCA using two-sample 
MR analyses, weighted multivariate logistic regression 
(WMLR) and non-linearity tests. Moreover, we evaluated 
the associations between BCAA and several LUCA risk 
factors, such as smoking, alcohol consumption, body mass 
index (BMI) and diabetes, and utilized two-step MR to 
quantify the effect of potential mediators. We present this 
article in accordance with the STROBE-MR reporting 
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-24-420/rc) (27).

Methods

We conducted two-sample univariate MR (UVMR) 
analyses based on GWAS summary statistics to infer the 
causal effects of circulatory BCAA concentrations on overall 
LUCA and its pathological subtypes. Multivariate MR 
(MVMR) analyses were performed to explore estimated 
effect of three types of potentially related BCAA on LUCA 
by adjusting for the other two amino acids (28). To identify 
potential factors mediating the causality from circulatory 
BCAA to LUCA, we adopted UVMR to assess the causal 

relationship between BCAA and several common risk 
factors of LUCA, subsequently, performed two-step MR 
analyses to quantify the mediation effects. To investigate 
the relationship between dietary BCAA intake and LUCA 
and its risk factors, we obtained population level data from 
NHANES III to conduct observational epidemiological 
analyses. The study was conducted in accordance with 
the Declaration of Helsinki (as revised in 2013). A 
comprehensive flowchart illustrating the study design and 
associations examined is presented in Figure 1.

Data sources and study population

We identified IVs for BCAA from the largest GWAS 
summary data on circulatory levels of total BCAA, leucine, 
isoleucine and valine, which included a total of 115,047 to 
115,075 cases of European population (29). These statistics 
were derived from an analysis in a half million blood samples 
within UK Biobank by Nightingale Health Company, and 
have been available to investigators since 2020. The GWAS 
data for LUCA were obtained from International Lung 
Cancer Consortium (ILCCO), with a total of 11,348 cases 
and 15,861 controls of European descent included in the 
analysis (30). For histological subtypes of LUCA, we further 

Figure 1 Flowchart of the study design. BCAA, branched-chain amino acids; LUCA, lung cancer; LUAD, lung adenocarcinoma; LUSC, 
squamous cell lung cancer; SNPs, single nucleotide polymorphisms; GWAS, genome-wide association study; ILCCO, International Lung 
Cancer Consortium; UVMR, univariable Mendelian randomization; MVMR, multivariable Mendelian randomization; IVW, inverse-
variance weighted; NHANES III, the National Health and Nutrition Examination Survey III; WMLR, weighted multivariate logistic 
regression; RCS, restricted cubic spline.
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acquired data for LUAD (3,442 cases and 14,894 controls) 
and LUSC (3,275 cases and 15,038 controls) from ILCCO 
within the same population as the overall LUCA cohort. 
GWAS data for potential risk factors of LUCA, including 
smoking initiation, alcoholic drinks per week (DrnkWK), 
BMI and type 2 diabetes, were extracted from the GWAS 
and Sequencing Consortium of Alcohol and Nicotine 
use (GSCAN), the international Genetic Investigation 
of Anthropometric Traits (GIANT) and statistics of Xue  
et al. (31-33). Detailed information of GWAS involved in 
the MR analyses is presented in Table S1.

The NHANES III is the seventh in a periodic series 
of surveys conducted by the National Center for Health 
Statistics (NCHS) from 1988 to 1994 (34). This survey 
adopted a complex multistage sample design to provide 
insights into the health and nutritional status of non-
institutionalized population aged 2 months and older in 
the USA. Detailed information of the survey design and 
components for analysis have been described previously (34). 
To obtain eligible participants, we identified those no less 
than 18 years old from the NHANES III dataset, and then 
excluded those with missing data on dietary BCAA, BMI, 
diabetes, cancer location, or other important covariates. 
The flowchart of the selection of eligible participants in the 
NHANES III population is presented in Figure S1.

Genetic instruments selection criteria

Genetic instruments for circulatory BCAA, BMI, type 2 
diabetes, smoking initiation and DrnkWK were all derived 
from the corresponding study at genome-wide significant 
threshold (P value <5×10−8). We performed linkage 
disequilibrium (LD) pruning to remove SNPs in LD (LD 
threshold, r2<0.001 and distance >10,000 kb) using a 1,000 
genomes European reference panel. Additionally, we imposed 
a minor allele frequency (MAF) cutoff of >0.01 and removed 
palindromic SNPs with TwoSampleMR package (default 
settings of the ‘harmonise_data’ command) in R software (35). 
To avoid violation of the exclusion restriction assumption, 
we excluded SNPs significantly associated with outcome 
phenotype (P value <5×10−8). To avoid disturb of confounding 
effect, the SNPs associated with potential risk factors of LUCA 
(smoking, alcohol, BMI, diabetes and C-reactive protein, 
etc.) were removed according to SNP-phenotype associations 
found at PhenoScanner v2 (http://www.phenoscanner.medschl.
cam.ac.uk, P value <5×10−8) (36). Furthermore, we calculated 
F-statistics to avoid weak instrument bias, with F-statistics >10 
as an often-cited rule-of-thumb for strong IVs. For IVs not 

extracted in the outcome dataset, we searched for proxies if 
available (European population, r2>0.8) with LDlinkR package 
(1.2.3) in R (37).

The Galbraith Radial plot represents a modification of 
scatter plot designed to display data and findings from an 
MR study, offering a more straightforward approach to 
identify potential outliers and influential data points (38). 
We utilized IVW (inverse-variance weighted) Radial plot to 
detect and exclude underlying outliers before performing 
MR analyses. Flowchart of the SNP selection process for 
MR analyses was shown in Figure S2.

Measurements and definitions

In the mobile examination center (MEC), a trained 
interviewer administered dietary interviews to all examinees 
and recorded foods and beverages in the 24-hour dietary 
recall. Dietary BCAA intake data were acquired from the 
total nutrient intake file based on 24 h dietary recall and the 
University of Minnesota Nutrition Coordinating Center 
(NCC) nutrient database (39). Containing data about more 
than 80 nutrients and food components, the NCC nutrient 
database includes fatty acids, amino acids, sugars, caffeine, 
Vitamin D, and various others. The outcomes were MEC-
measured BMI and self-reported LUCA and diabetes. 
Individuals with LUCA were classified according to the 
tissue anatomical site of cancer, and no distinction was 
made among histological subtypes due to dearth of available 
data. To calculate BMI, weight in kilograms was divided by 
the square of height in meters. The resultant BMI values 
were then categorized as either ≥30 or <30 kg/m2, since it 
was considered the cutoff value for obesity. Diabetes was 
categorized with the self-reported information that whether 
they were told by a doctor that they had diabetes.

Information on other important covariates, including 
age, sex, race/ethnicity, education attainment, marital status, 
annual household income, smoking, physical activity, serum 
total cholesterol (TC) concentration, serum triglyceride 
(TAG) concentration and dietary calories, were collected in 
the study as well. Specifically, physical activity was computed 
by multiplying the frequency and intensity rating [a metabolic 
equivalent of task (MET)] of all physical activities undertaken 
in the preceding week, as defined in a prior study (40).

Statistical analysis

MR analyses
In the two-sample MR analyses, we conducted UVMR 
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to estimate the causal effect of circulatory BCAA 
concentrations on LUCA and its pathological subtypes. 
After harmonizing the exposure and outcome data, the 
primary approach employed for two-sample MR was 
random-effects inverse variance weighting (IVW) (41), 
followed by MR-Egger, weighted median, simple mode and 
weighed mode. Multiple approaches were implemented to 
address variant heterogeneity and horizontal pleiotropy. 
Even if all SNPs display pleiotropic effects, MR-Egger 
could provide an unbiased estimate, however, this might 
lead to larger standard error for the estimated effects (42).  
Weighted median is robust to outliers and provides unbiased 
estimate even when up to 50% of the information comes 
from invalid IVs (43). Simple mode and weighed mode 
derive single causal effect estimates from multiple genetic 
instruments and offer robustness against pleiotropy (44).  
Since these approaches for MR have different underlying 
assumptions, the attainment of consistent results across 
various methods could potentially enhance the robustness 
against bias from horizontal pleiotropy. Since there were 
shared genetic variants among leucine, isoleucine and  
valine (45), IVW MVMR and MR-Egger MVMR were 
applied with summary level data to determine the causal 
effects of multiple, potentially related exposures (namely 
different BCAA) on LUCA (28).

To identify potential mediators for the causal effects of 
circulatory BCAA concentration on LUCA and its subtypes, 
we further investigated the relationship between BCAA 
and several LUCA risk factors, such as smoking initiation, 
DrnkWK, BMI and type 2 diabetes. Subsequently, two-step 
MR approach, which can overcome bias from confounders 
in traditional non-IV mediation analyses, was adopted to 
quantify proportion of the mediation effects (46).

Sensitivity analysis
A series of sensitivity analysis were performed to validate 
the reliability of MR estimates. Firstly, we applied five 
MR methods with different underlying assumptions, 
and consistent results would indicate the robustness of 
IVW estimates. Cochran’s Q test and I2 statistic derived 
from IVW method were applied to test between-SNP 
heterogeneity. MR-Egger regression intercept test was 
adopted to identify potential horizontal pleiotropy. MR-
Pleiotropy Residual Sum and Outlier (MR-PRESSO) was 
performed to detect whether there were remaining outliers 
and provide corrected estimates (47). Steiger directionality 
test was performed to test the causal direction between the 
hypothesized exposure (circulatory BCAA concentrations) 

and outcomes (LUCA and its subtypes) (48). Multiple types 
of visual graphical approaches, including forest plot, leave-
one-out (LOO) analysis, scatter plot and funnel plot, were 
additionally employed to offer an intuitive portrayal of the 
results.

Observational epidemiological analysis
The baseline characteristics were presented as means 
(SD, standard deviation) for continuous variables and as 
frequencies (%, percentages) for categorical variables. 
Statistical comparisons were performed by using the 
Wilcoxon rank-sum test for complex survey samples 
and chi-squared test with Rao & Scott’s second-order  
correction (49). For the low prevalence of LUCA in the 
cross-sectional population of NHANES III, we only 
evaluated the relationships between dietary BCAA intake 
and potential mediators as indicated by the MR analyses, 
that is, BMI and diabetes, in the subsequent observational 
analysis. We applied WMLR models to examine the 
cross-sectional associations of dietary BCAA with BMI 
and diabetes. Model 1 primarily adjusted for age, sex, 
race, education, marital status, annual household income, 
smoking, and physical activity; model 2 included model 1, 
diabetes, TC, TAG, and calories; model 3 included model 
1, BMI, TC, TAG, and calories. After that, we performed 
subgroup analyses by stratifying the data based on gender. 
Furthermore, we evaluated non-linearity relationships of 
dietary BCAA intake with BMI and diabetes using restricted 
cubic spline (RCS).

All the MR and complex survey sample analyses in 
the study were performed using R software (4.3.1, R 
Development Core Team, Austria) with TwoSamlpleMR 
package (0.5.6), MendelianRandomization package (0.7.0), 
and survey package (4.2-1). Significance was determined 
using a threshold of P<0.05 (two-sided).

Results

IVs and characteristics of the study population

In total, 13 index SNPs were selected to genetically 
predict total circulatory BCAA concentration, and 14, 8, 
19 SNPs were employed to genetically predict circulatory 
leucine, isoleucine, and valine, respectively. F-statistics 
for IVs in all UVMR analyses were >10, indicating less 
likelihood of weak instruments. Details of SNPs that 
were used as genetic instruments in the main analysis 
were presented in Table S2. Characteristics of pleiotropic 

https://cdn.amegroups.cn/static/public/JTD-24-420-Supplementary.pdf
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SNPs found in PhenoScanner database for estimating the 
casual relationship of circulatory BCAA with LUCA and 
its subtypes were presented in Table S3. The IVW Radial 
plots for identification of outliers, which were removed 
from analyses, were shown in Figure S3.

Among the NHANES III participants, a sum of 15,185 
fulfilled the inclusion criteria for the analysis (Figure S1). 
The mean age was 43.29 years and 48.11% were men. The 
crude prevalence of LUCA was 0.11% (weighed prevalence 
was 0.10%), and the median total dietary BCAA intake was 
12.80 g/d. Baseline characteristics of study participants 
categorized by BMI, diabetes, and LUCA, were shown in 
Table 1, and participants with LUCA tended to be older 
(P<0.001) and have lower annual household income (P=0.02) 
and higher serum TC (P=0.007).

Effects of circulatory BCAA on LUCA and subtypes

We carried out a comprehensive MR study, employing 
genetically predicted circulatory concentrations of leucine, 
isoleucine, valine, and total BCAA, to examine their causal 
relationships with LUCA and its pathological subtypes. 
We observed that higher circulatory valine concentration 
was significantly associated with increased risk of overall 
LUCA [odds ratio (OR) =1.324, 95% confidence interval 
(CI): 1.058–1.658, P=0.01], while no significant associations 
between leucine, isoleucine, or total BCAA and LUCA 
were found (Figure 2). In the analysis of pathological 
subtypes, we did not observe positive causal relationships 
between circulatory BCAA concentrations and LUAD 
(Figure 3); however, UVMR estimates showed that a 
genetic predisposition to high circulatory BCAA potentially 
increases the risk of LUSC (Figure 4). Genetically predicted 
elevated levels of leucine (OR =1.924, 95% CI: 1.274–2.906, 
P=0.002), isoleucine (OR =1.902, 95% CI: 1.171–3.088, 
P=0.009), valine (OR =1.940, 95% CI: 1.395–2.700, 
P<0.001), and total BCAA (OR =1.866, 95% CI: 1.267–
2.747, P=0.002) were founded to be significantly associated 
with a higher risk of LUSC. In the IVW MVMR analysis, 
after adjusting for the other two types of BCAA, the causal 
impact of valine on LUSC remained significant with a wider 
range of CI (OR =3.165, 95% CI: 1.013–9.882, P=0.048). 
Additionally, a reduction in significance was observed for 
the effect of leucine (P=0.664) and isoleucine (P=0.64) on 
LUSC (Table S4).

To identify whether the effects of circulatory BCAA on 
LUCA and its subtypes were partially explained through 
mediating pathways, we investigated the relationships 

between BCAA and several LUCA risk factors. We found 
positive associations between higher circulatory levels of 
leucine and elevated BMI (beta =0.060, 95% CI: 0.022–
0.099, P=0.002), leucine and risk of type 2 diabetes (OR 
=1.270, 95% CI: 1.040–1.552, P=0.02), and between valine 
and type 2 diabetes (OR =1.260, 95% CI: 1.039–1.528, 
P=0.02) (Tables S5,S6). No causal effects were observed 
from circulatory BCAA on smoking initiation or DrnkWK 
(Tables S5,S6). For two-step MR analysis, the potential 
role of BMI in mediating the effect of circulatory BCAA 
on LUSC was identified (Tables S5,S6), and approximately 
mediated 3.91% (95% CI: 1.22–7.18%) of the total effects.

Sensitivity analyses

No significant heterogeneity was observed for the analyses 
of circulatory BCAA and risk of LUCA and its subtypes 
using Cochran’s Q and I2 statistics (Table S7). For the 
application of random-effects IVW model, heterogeneity 
in certain analyses for LUCA risk factors was acceptable. P 
values for MR-Egger intercept tests were >0.05, except for 
the relationship between leucine and DrnkWK (Table S8).  
No outliers were detected with MR-PRESSO in the 
primary UVMR analyses .  Evidence from Steiger 
directionality test supported the causal direction from 
hypothesized exposure (circulatory BCAA) to LUCA and 
subtypes (Table S9). Multiple visual graphics, such as forest 
plot (Figure S4), LOO analysis (Figure S5), scatter plot 
(Figure S6) and funnel plot (Figure S7), further ensured the 
robustness of unbiased results.

Observational epidemiological analyses

Based on the NHANES III, we investigated the relationships 
of dietary BCAA intake with excessive BMI (≥30 kg/m2) and 
prevalence of diabetes. For only 17 participants with LUCA 
(crude prevalence 0.11%) were identified in the population, 
the associations between dietary BCAA and LUCA were 
not further evaluated. Without adjusting for any covariate, 
participants with higher dietary intake of leucine (P=0.03), 
isoleucine (P=0.03), valine (P=0.03), total BCAA (P=0.03), 
and total BCAA quartiles (P=0.03), demonstrated increased 
prevalence of diabetes (Table 1). The multivariate-adjusted 
associations of dietary BCAA intake with BMI and diabetes 
were shown in Table 2. After adjusting for all covariates with 
model 2, we observed that dietary intake of leucine (OR 
=1.04, 95% CI: 1.01–1.07, P=0.004), isoleucine (OR =1.07, 
95% CI: 1.02–1.12, P=0.002), valine (OR =1.07, 95% CI: 
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Table 1 Baseline characteristics of study participants by BMI, diabetes, and lung cancer in NHANES III

Characteristic Overall (N=15,185)†
BMI group Diabetes group Lung cancer group

<30 kg/m2 (N=11,349)† ≥30 kg/m2 (N=3,836)† P value‡ Yes (N=6,879)† No (N=8,306)† P value‡ Yes (N=17)† No (N=15,168)† P value‡

Age (years) 43.29±17.13 42.47±17.41 46.23±15.74 <0.001 42.30±16.10 44.10±17.89 0.02 66.47±10.57 43.27±17.12 <0.001

Sex <0.001 <0.001 0.20

Male 7,115 (48.11) 5,667 (49.67) 1,448 (42.54) 2,816 (41.97) 4,299 (53.12) 12 (72.36) 7,103 (48.08)

Female 8,070 (51.89) 5,682 (50.33) 2,388 (57.46) 4,063 (58.03) 4,007 (46.88) 5 (27.64) 8,065 (51.92)

Race/ethnicity <0.001 0.041 0.50

Non-Hispanic White 6,237 (76.64) 4,913 (77.54) 1,324 (73.43) 2,700 (77.28) 3,537 (76.12) 10 (82.82) 6,227 (76.63)

Non-Hispanic Black 4,127 (10.52) 2,877 (9.59) 1,250 (13.83) 1,959 (10.96) 2,168 (10.16) 5 (13.32) 4,122 (10.52)

Mexican-American 4,230 (5.27) 3,088 (5.02) 1,142 (6.18) 1,994 (5.56) 2,236 (5.04) 2 (3.86) 4,228 (5.28)

Other 591 (7.56) 471 (7.84) 120 (6.56) 226 (6.19) 365 (8.68) 0 591 (7.57)

Education <0.001 0.08 0.20

Less than high school 6,162 (24.70) 4,494 (23.50) 1,668 (28.96) 2,584 (23.87) 3,578 (25.37) 8 (42.79) 6,154 (24.68)

High school graduate 4,750 (34.27) 3,497 (33.32) 1,253 (37.66) 2,288 (35.88) 2,462 (32.96) 5 (32.95) 4,745 (34.28)

Greater than high school 4,273 (41.03) 3,358 (43.18) 915 (33.39) 2,007 (40.26) 2,266 (41.66) 4 (24.26) 4,269 (41.05)

Marital status <0.001 0.11 0.30

Married 9,165 (65.10) 6,753 (64.08) 2,412 (68.70) 4,186 (66.13) 4,979 (64.25) 13 (74.26) 9,152 (65.09)

Widowed/divorced 3,140 (16.48) 2,253 (15.67) 887 (19.36) 1,406 (16.52) 1,734 (16.44) 4 (25.74) 3,136 (16.47)

Never married 2,880 (18.42) 2,343 (20.25) 537 (11.95) 1,287 (17.34) 1,593 (19.31) 0 (0.00) 2,880 (18.44)

Annual household income ($) 0.009 0.20 0.02

<$20,000 7,335 (32.64) 5,388 (31.67) 1,947 (36.08) 3,192 (31.68) 4,143 (33.43) 9 (59.82) 7,326 (32.61)

≥$20,000 7,850 (67.36) 5,961 (68.33) 1,889 (63.92) 3,687 (68.32) 4,163 (66.57) 8 (40.18) 7,842 (67.39)

Smoking <0.001 0.40 0.20

Never 7,703 (46.76) 5,644 (46.70) 2,059 (47.00) 3,499 (45.81) 4,204 (47.55) 1 (15.86) 7,702 (46.80)

Former 3,623 (24.95) 2,608 (23.48) 1,015 (30.17) 1,625 (25.43) 1,998 (24.56) 13 (53.03) 3,610 (24.92)

Current 3,859 (28.28) 3,097 (29.82) 762 (22.83) 1,755 (28.76) 2,104 (27.89) 3 (31.12) 3,856 (28.28)

Physical activity (MET/week) 26.03±30.97 27.63±31.76 20.32±27.24 <0.001 24.24±29.34 27.49±32.17 <0.001 28.08±41.03 26.03±30.96 0.60

TC (mg/dL) 203.03±43.13 199.98±42.53 213.85±43.49 <0.001 203.69±43.24 202.49±43.02 0.40 224.84±41.28 203.01±43.12 0.007

TAG (mg/dL) 142.21±121.80 129.53±99.41 187.24±172.72 <0.001 148.53±142.42 137.04±101.60 0.02 174.97±86.07 142.18±121.83 0.06

Calories (kcal/d) 2,218.82±1,077.71 2,253.80±1,091.61 2,094.61±1,017.29 <0.001 2,172.98±1,043.86 2,256.32±1,103.28 0.01 2,295.64±895.12 2,218.74±1,077.91 0.50

Leucine (g/d) 6.42±3.53 6.47±3.58 6.25±3.33 0.12 6.28±3.44 6.53±3.59 0.03 7.62±4.31 6.42±3.53 0.30

Isoleucine (g/d) 3.74±2.08 3.77±2.11 3.65±1.96 0.20 3.65±2.02 3.81±2.12 0.03 4.53±2.60 3.74±2.08 0.30

Valine (g/d) 4.19±2.30 4.23±2.33 4.08±2.17 0.10 4.10±2.24 4.27±2.34 0.03 4.95±2.68 4.19±2.30 0.30

Total BCAA (g/d) 14.35±7.89 14.46±8.01 13.97±7.45 0.13 14.03±7.68 14.62±8.05 0.03 17.11±9.58 14.35±7.89 0.30

Total BCAA (quartile) 0.30 0.03 0.50

Q1 (6.46±1.87) 4,369 (25.29) 3,173 (24.93) 1,196 (26.57) 2,008 (26.32) 2,361 (24.44) 2 (8.35) 4,367 (25.30)

Q2 (10.94±1.09) 3,840 (25.24) 2,886 (25.35) 954 (24.86) 1,723 (25.54) 2,117 (25.00) 7 (36.60) 3,833 (25.23)

Q3 (15.21±1.45) 3,586 (24.78) 2,678 (24.56) 908 (25.59) 1,651 (25.45) 1,935 (24.24) 4 (24.37) 3,582 (24.78)

Q4 (25.07±7.36) 3,390 (24.68) 2,612 (25.16) 778 (22.98) 1,497 (22.69) 1,893 (26.32) 4 (30.68) 3,386 (24.68)
†, mean (SD) for continuous; n (%) for categorical, unweighted frequency counts and weighted percentages are shown. ‡, Wilcoxon rank-sum test for complex survey samples; chi-squared test with Rao & Scott’s second-order correction. BMI, body mass index; NHANES III, the National Health and 
Nutrition Examination Survey III; MET, metabolic equivalent of task; TC, total cholesterol; TAG, triglyceride; BCAA, branched-chain amino acids; SD, standard deviation.
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Figure 2 Estimate of the effect of BCAA on LUCA by UVMR. BCAA, branched-chain amino acids; LUCA, lung cancer; UVMR, 
univariable Mendelian randomization; No. of SNPs, number of single nucleotide polymorphisms used in MR; OR, odds ratio; CI, 
confidence interval; IVW, inverse variance weighted; MR, Mendelian randomization.
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Figure 3 Estimate of the effect of BCAA on LUAD by UVMR. BCAA, branched-chain amino acids; LUAD, lung adenocarcinoma; 
UVMR, univariable Mendelian randomization; No. of SNPs, number of single nucleotide polymorphisms used in MR; OR, odds ratio; CI, 
confidence interval; IVW, inverse variance weighted; MR, Mendelian randomization.
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Figure 4 Estimate of the effect of BCAA on LUSC by UVMR. BCAA, branched-chain amino acids; LUSC, squamous cell lung cancer; 
UVMR, univariable Mendelian randomization; No. of SNPs, number of single nucleotide polymorphisms used in MR; OR, odds ratio; CI, 
confidence interval; IVW, inverse variance weighted; MR, Mendelian randomization.

Table 2 Association between dietary BCAA and adjusted odds of elevated BMI and diabetes in NHANES III

Characteristic

BMI ≥30 or <30 kg/m2 Diabetes

Model 1 Model 2 Model 1 Model 3

OR 95% CI P value OR 95% CI P value OR 95% CI P value OR 95% CI P value

Leucine (g/d) 1.01 1.00–1.03 0.13 1.04 1.01–1.07 0.004 1.00 0.97–1.02 0.809 1.00 0.96–1.04 0.99

Isoleucine (g/d) 1.02 0.99–1.06 0.11 1.07 1.02–1.12 0.002 0.99 0.95–1.03 0.742 1.00 0.93–1.06 0.89

Valine (g/d) 1.02 0.99–1.05 0.15 1.07 1.02–1.11 0.004 1.00 0.96–1.03 0.753 1.00 0.94–1.06 0.92

Total BCAA (g/d) 1.01 1.00–1.01 0.13 1.02 1.01–1.03 0.003 1.00 0.99–1.01 0.774 1.00 0.98–1.02 0.94

Total BCAA (quartile) 0.13 0.03 0.132 0.57

Q1 (6.46±1.87) – – – – – – – –

Q2 (10.94±1.09) 0.99 0.85–1.16 1.06 0.91–1.24 0.99 0.85–1.16 1.01 0.88–1.17

Q3 (15.21±1.45) 1.16 0.97–1.38 1.26 1.04–1.53 1.16 0.97–1.38 1.06 0.88–1.28

Q4 (25.07±7.36) 1.15 0.95–1.40 1.40 1.07–1.82 1.15 0.95–1.40 0.96 0.72–1.27

Model 1: adjusted for age, sex, race, education, marital status, annual household income, smoking, and physical activity; Model 2: 
including model 1, diabetes, TC, TAG, and calories; Model 3: including model 1, BMI, TC, TAG, and calories. BCAA, branched-chain 
amino acids; BMI, body mass index; NHANES III, the National Health and Nutrition Examination Survey III; OR, odds ratio; CI, confidence 
interval; TC, total cholesterol; TAG, triglyceride.

1.02–1.11, P=0.004), total BCAA (OR =1.02, 95% CI: 1.01–
1.03, P=0.003), and total BCAA quartiles (P=0.03) were 
independently associated with excessive BMI (≥30 kg/m2). 
Similar results were observed in stratified analyses by gender  

(Tables S10,S11). For tests of non-linearity, multivariate-
adjusted RCS demonstrated negative non-linear dose-
response relationships of dietary total BCAA intake with 
BMI (Pnon-linearity=0.10) and diabetes (Pnon-linearity=0.89), and 
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the same is true for dietary intake of leucine, isoleucine, and 
valine (Figures S8,S9).

Discussion

In the current study, we conducted a combination of MR 
and observational analyses to probe the relationships 
of circulatory levels and dietary intake of BCAA with 
LUCA and its pathological subtypes, as well as potential 
mediators. Our findings demonstrated that genetically 
predicted circulatory levels of BCAA were associated with 
increased risk of LUSC, while they did not significantly 
affect LUAD. For potential mediation factors, we provided 
causal evidence that BMI mediated a minor proportion 
of circulatory leucine level on LUSC risk. Furthermore, 
positive associations between dietary intake of BCAA and 
both of BMI and diabetes were observed in the NHANES 
III population. Future studies are needed to reveal other 
mediated or unmediated associations from circulatory and 
dietary levels of BCAA on LUCA and its subtypes.

Most recently, the emerging role of altered BCAA 
metabolism in tumor development and progression has 
attracted much concern (11,50). As essential amino acids 
with various metabolites in human bodies, BCAA is 
involved in complex metabolic pathways and plays a pivotal 
role in the regulation of normal physiological functions, 
such as protein synthesis, energy production, signaling 
transduction and so on. Previous studies have demonstrated 
the alteration of BCAA metabolism in specific cancer 
phenotypes, highlighting its potential as an indicative factor 
for tumor diagnosis and prognosis prediction (8,12). For 
instance, based on prospectively collected pre-diagnostic 
blood samples, Mayers et al. reported a correlation that 
linked elevated plasma BCAA levels with a twofold higher 
risk of future pancreatic cancer (PC) diagnosis (12). 
Furthermore, they observed elevated plasma BCAA, which 
was a product of tissue protein breakdown, in mice with 
Kras-driven early-stage PC (12). Previous prospective 
studies also suggested that plasma leucine and valine were 
associated with long-term BC risk and could contribute to 
screening of early BC (51,52). However, few prior studies 
evaluated the association between circulatory BCAA and 
risk of LUCA, especially its pathological subtypes.

The research of Mayers et al. showed that NSCLC 
tumors actively utilize plasma BCAA and the loss of key 
metabolic enzymes, such as BCAT1 and BCAT2, impairs 
NSCLC tumors formation (14). Another preliminary 
research reported increased plasma levels of BCAA in 

preoperative NSCLC patients, compared with healthy 
controls and postoperative status (53). Plasma BCAA 
combined with other amino acids have also been used 
for development of LUCA screening tools (21). Overall, 
prior studies indicated a crucial role of plasma BCAA in 
LUCA occurrence and progression, but the causality from 
circulatory BCAA to LUCA and its pathological subtypes 
remains unknown due to interference of confounders. 
Compared with previous research, our study provided 
novel genetic evidence for the causal impact of circulatory 
BCAA concentrations on overall LUCA and LUSC. In our 
results, there was no significant causal relationships between 
circulatory BCAA and LUAD. Given the significant 
molecular and pathological distinctions between LUAD 
and LUSC (54), the examination of the histology-specific 
impact of BCAA on lung oncogenesis was well-founded. 
Moreover, results of IVW MVMR analysis suggested a 
causal effect of plasma valine on LUSC independent of 
leucine and isoleucine, which should be interpreted with 
caution. Future investigations are required to unveil the 
foundational mechanisms contributing to the histology-
specific disparities.

It has been observed that elevated circulatory BCAA 
is independently associated with multiple tumor-related 
risk factors, such as obesity and diabetes (55). Genetic 
evidence for the causal effects of plasma BCAA on obesity 
have been provided in a previous MR study (OR =0.022, 
95% CI: 1.35–4.28, P=0.004), with consistent results to our  
findings (56). Here we revealed the causal associations 
between circulatory BCAA and potential risk factors of 
LUCA, including BMI and type 2 diabetes. In the subsequent 
two-step MR analyses, we observed the causal relationships 
of circulatory leucine with BMI, and BMI with LUSC, 
respectively, which indicated the mediation role of BMI. 
Following this, we further quantified the effect mediated 
by BMI and found that only a minimal proportion can be 
elucidated through this pathway. In other words, our analyses 
uncovered a minor proportion mediated by BMI, leaving 
the majority of the associations between BCAA and LUCA, 
either mediated or unmediated, yet to be clarified. First, there 
may be other omitted potential risk factors mediating the 
effect of circulatory BCAA on lung carcinogenesis. Second, 
considering the crucial functional role of BCAA in human 
bodies, BCAA may induce lung tumor development through 
underlying unmediated pathways.

Elevated circulatory BCAA can affect both cell intrinsic 
characteristics and reflect systemic metabolic status of 
individuals with specific cancers (8). Although there 
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are probably diverse pathways underlying the impact 
of circulatory BCAA on lung carcinogenesis, particular 
interest lies in the function of BCAA in modulating mTOR 
activity, through which BCAA primarily regulates protein 
metabolism (57). The impacts of BCAA metabolism on 
oncogenesis and tumor progression are far from being well-
established yet, therefore, further studies are needed to 
understand the underlying mechanisms.

As the most direct approach to manipulating BCAA 
metabolism in vivo, dietary BCAA intake has been studied 
over the past years for its effects on multiple cancers, such as 
PDAC (58), BC (59), colorectal cancer (CRC) (60), and so on. 
In our study, for low prevalence of LUCA in the NHANES 
III population, we indirectly investigated the correlations of 
dietary BCAA intake with BMI and diabetes and obtained 
consistent results with our MR estimates. Moreover, recent 
research indicated a limited connection between dietary BCAA 
intake and circulatory BCAA levels (61). Future studies are 
needed to provide evidence from large-scale population and 
better understanding of the correlation between dietary BCAA 
intake and risk of LUCA.

The main highlight of this study is the combined 
application of genetic-level MR analyses and population-
level observational analyses. The use of MR design reduced 
biases from confounders and reverse causality; and the 
additional observational analyses provided more insights 
into dietary BCAA intake, subgroup characteristics and 
non-linearity relationships. Results from genetic and 
population level of different perspectives provided a more 
comprehensive and robust evidence for the correlation of 
circulatory and dietary BCAA with LUCA risk. Second, 
we conducted all the MR analyses in European population, 
thereby reducing bias caused by population stratification. 
Third, we performed a series of sensitivity analyses, 
including visualized graphics, to ensure the credibility of 
MR estimates. Moreover, we validated the causal direction 
between the hypothesized exposure and outcomes.

There are also limitations that need to be considered 
in this study. First, we used BCAA GWAS from the UK 
Biobank and LUCA GWAS from ILCCO to control bias 
caused by sample overlap, nevertheless, potential overlap 
might still exist due to the large sample size. Second, our 
analysis was restricted to European population, whether our 
findings fit other ancestries remains to be validated. Third, 
in the sensitivity analyses, heterogeneity was observed in 
the analyses for circulatory BCAA on several risk factors of 
LUCA. However, no heterogeneity was found for the effects 
of BCAA on LUCA and its subtypes, and the application of 

random-effects IVW model provided undisturbed estimates. 
Fourth, in the observational epidemiological analyses, we 
did not further investigate the associations between dietary 
BCAA intake and LUCA in WMLR and RCS models due 
to low prevalence of LUCA in the NHANES III population. 
Another limitation could be the cross-sectional design of 
the observational study to investigate associations of dietary 
BCAA with BMI and diabetes, in which reverse causation is 
possible. Finally, since information of dietary BCAA intake 
was collected only once during the interview, the fluctuations 
in BCAA intake over time may lead to biased findings.

Conclusions

In conclusion, the present study provided a combination of 
genetic and population-based evidence for the relationships 
between BCAA and risk of LUCA. Genetically predicted 
circulatory levels of leucine, isoleucine, valine, and total 
BCAA were causally associated with an increased risk of 
LUSC, while they did not significantly affect LUAD. BMI 
mediated a minor proportion of the effect of circulatory 
BCAA concentrations on LUSC risk, however, the majority 
of BCAA’s effects remained unexplained. Population-based 
observational analyses added insights into the positive 
relationships between dietary intake of BCAA and potential 
risk factors of LUCA. Further prospective and basic studies 
are required to confirm the inference and uncover the 
underlying mediated or unmediated associations.
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