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Branched- Chain Amino Acids in Computed 
Tomography– Defined Adipose Depots and 
Coronary Artery Disease: A PROMISE Trial 
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BACKGROUND: The interplay between branched- chain amino acid (BCAA) metabolism, an important pathway in adiposity 
and cardiometabolic disease, and visceral adipose depots such as hepatic steatosis (HS) and epicardial adipose tissue is 
unknown. We leveraged the PROMISE clinical trial with centrally adjudicated coronary computed tomography angiography 
imaging to determine relationships between adipose depots, BCAA dysregulation, and coronary artery disease (CAD).

METHODS AND RESULTS: The PROMISE (Prospective Multicenter Imaging Study for Evaluation of Chest Pain) trial randomized 
10 003 outpatients with stable chest pain to computed tomography angiography versus standard- of- care diagnostics. For 
this study, we included 1798 participants with available computed tomography angiography data and biospecimens. 
Linear and logistic regression were used to determine associations between a molar sum of BCAAs measured by nuclear 
magnetic resonance spectroscopy with body mass index, adipose traits, and obstructive CAD. Mendelian randomization 
was then used to determine if BCAAs are in the causal pathway for adipose depots or CAD. The study sample had a mean 
age of 60 years (SD, 8.0), body mass index of 30.6 (SD, 5.9), and epicardial adipose tissue volume of 57.3 (SD, 21.3) cm3/
m2; 27% had HS, and 14% had obstructive CAD. BCAAs were associated with body mass index (multivariable beta 0.12 
per SD increase in BCAA [95% CI, 0.08– 0.17]; P=4×10−8). BCAAs were also associated with HS (multivariable odds ratio 
[OR], 1.46 per SD increase in BCAAs [95% CI, 1.28– 1.67]; P=2×10−8), but BCAAs were associated only with epicardial 
adipose tissue volume (odds ratio, 1.18 [95% CI, 1.07– 1.32]; P=0.002) and obstructive CAD (OR, 1.18 [95% CI, 1.04– 1.34]; 
P=0.009) in univariable models. Two- sample Mendelian randomization did not support the role of BCAAs as within the 
causal pathways for HS or CAD.

CONCLUSIONS: BCAAs have been implicated in the pathogenesis of cardiometabolic diseases, and adipose depots have been 
associated with the risk of CAD. Leveraging a large clinical trial, we further establish the role of dysregulated BCAA catabolism 
in HS and CAD, although BCAAs did not appear to be in the causal pathway of either disease. This suggests that BCAAs may 
serve as an independent circulating biomarker of HS and CAD but that their association with these cardiometabolic diseases 
is mediated through other pathways.
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Obesity is an established risk factor for cardiovas-
cular disease (CVD). However, body mass index 
(BMI) does not capture all of the risk related to 

obesity. As such, there has been increased interest in 
tissue- specific adipose depots. These organ- specific 
adipose depots may provide a better, or more granular, 
snapshot of cardiometabolic risk related to their pos-
sible endocrine and paracrine effects on local tissues 
(ie, that these depots report more finely on cardiomet-
abolic risk than traditional measurements of obesity).1 
For example, visceral adipose tissue (adipose tissue 
in internal organs) has been shown to be associated 
with higher mortality compared with traditional risk 
factors such as BMI.2 Hepatic steatosis (HS) has been 
shown to be a strong predictor of diabetes and CVD.3 
Epicardial adipose tissue (EAT) have been shown to be 
increased in heart failure,4 atrial fibrillation, diabetes, 
and myocardial injury.5

The biological underpinnings of the epidemiologic 
link between tissue- specific adipose depots such as 
HS with coronary artery disease (CAD) and CVD have 
also begun to be investigated. For example, the role 
of branched- chain amino acid (BCAA) metabolism 
has been implicated in HS and its pathophysiology.6 
One study showed that plasma levels of immediate 
substrates of the branched- chain alpha- keto acid 
dehydrogenase kinase are associated with HS in in-
dividuals with obesity.7 Studies have also established 
that higher circulating levels of BCAAs are associated 
with heart failure, metabolic health, and diabetes,8,9 
and BCAA levels have been shown to be associated 
with CAD even when adjusted for diabetes and insulin 
resistance.10

In the background of this potential biology of BCAA 
catabolism in HS, there remains a need for a bet-
ter understanding of the interrelationships between 
BCAAs, organ- specific adipose depots, and CAD. We 
report here a biomarker substudy of the PROMISE 
(Prospective Multicenter Imaging Study for Evaluation 
of Chest Pain) clinical trial evaluating the use of a com-
puted tomography angiography (CTA)- guided ana-
tomic strategy for patients with stable outpatient chest 
pain. We sought to evaluate the relationships between 
circulating BCAAs, adipose tissue depots (HS and EAT 
phenotyped from CTA), CAD, and high- risk plaque 
(HRP). Given prior literature suggesting the liver as 
a source of BCAAs, we hypothesized that (1) BCAA 
levels are associated with HS but not EAT, (2) BCAA 
levels are associated with CAD, and (3) BCAAs are in 
the causal pathway of CAD development but not for 
adipose depot development.

METHODS
Study Population
PROMISE was a pragmatic comparative effectiveness 
randomized trial that enrolled 10 003 patients without 
known CAD who presented with stable chest pain 
and were clinically determined to require noninvasive 
cardiovascular testing.11 Study participants were ran-
domized to standard of care (ie, stress testing) or a 
CTA- guided anatomic arm. The study design and re-
sults have been previously described.12 This study is 
a biomarker substudy of PROMISE participants who 
consented and provided biospecimens. A total of 1798 
participants included in this study had both diagnostic 
CTA imaging and nuclear magnetic resonance– based 
measurement of BCAAs.

Imaging Outcomes
Imaging outcomes were measured centrally by a core 
laboratory and included obstructive CAD (oCAD), HRP, 
HS, and EAT volume and were measured from CTA in 
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What New Question Does This Study 
Raise?
• Our study supports that higher circulating 

branched- chain amino acid levels are associ-
ated with hepatic steatosis but that branched- 
chain amino acids are not in the causal pathway 
of this disease.

• These data highlight the knowledge gap for 
how branched- chain amino acids relate to he-
patic steatosis.

What Question Should Be Addressed 
Next?
• The association between branched- chain 

amino acids with epicardial adipose tissue and 
coronary artery disease is mediated by other 
factors; how branched- chain keto acids relate 
to these pathways deserves further study.
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participants randomized to the CTA arm of PROMISE. 
As previously described, oCAD was defined as ≥50% 
stenosis in any major epicardial coronary vessel, 
while HRP was defined as the presence of positive 
remodeling (remodeling index >1.1), low computed to-
mography (CT) attenuation (<30 Hounsfield Units, in-
dicating a lipid- rich necrotic core), or napkin- ring sign 
(peripheral higher attenuation of the noncalcified por-
tion of plaque).13 To separate the possible influence of 
oCAD on the relationship between BCAAs and HRP, 
a sensitivity HRP phenotype where participants with 
oCAD were excluded from analyses was also de-
rived. EAT was defined by CTA- measured epicardial 
adipose volume indexed to body surface area in cm3/
m2. Specifically, deep learning was used to segment 
epicardial adipose volume with two U- nets to identify 
the pericardial sac and an attenuation- based mark to 
identify EAT.14 For analyses presented here, EAT was 
modeled as both a continuous and binary (ie, dichoto-
mized as above the median versus at or below the me-
dian value) trait. The presence of HS was defined as 
the presence of at least 1 of the following CT criteria: 
hepatic CT attenuation minus splenic CT attenuation 
of <1 Hounsfield Unit, the mean CT number ratio of 
liver- to- spleen parenchyma of <1, or absolute hepatic 
CT attenuation of <40 Hounsfield Units.15

Laboratory Methods
Levels of individual BCAAs (valine, leucine, and iso-
leucine) in μmol/L were measured by Labcorp, Inc. 
(formerly LipoScience, Inc.) in frozen plasma sam-
ples stored in the PROMISE biorepository. Nuclear 
magnetic resonance spectra were used as per the 
nuclear magnetic resonance LipoProfile test with an-
notation through the nuclear magnetic resonance 
MetaboloProfile analysis using the LP4 lipoprotein 
profile deconvolution algorithm as previously de-
scribed.16,17 Total BCAAs were calculated as the molar 
sum of the individual BCAAs (which are all generally of 
similar concentrations in plasma).

Statistical Analysis
To evaluate the association between BCAAs and imag-
ing outcomes, and the role of BCAAs as intermediaries 
of the potential relationship between them, CAD, and 
HRP, the following analyses were conducted: (1) asso-
ciation testing between BCAAs with BMI and adipose 
depots (EAT and HS); (2) association testing between 
BCAAs with oCAD, HRP, and HRP excluding oCAD; 
(3) mediation analysis between HS and oCAD (where 
BCAAs are the mediator); and (4) Mendelian randomi-
zation (MR) analyses to determine if BCAAs are in the 
causal pathway of adipose depots or CAD.

For analyses 1 and 2, individual and total BCAA lev-
els were tested for association with imaging outcomes 

of interest using univariable and multivariable linear 
(continuous EAT volume and BMI) and logistic regres-
sions (adjusted for diabetes, age, race, sex, low- density 
lipoprotein and high- density lipoprotein cholesterol, 
metabolic syndrome, and BMI [for all outcomes except 
BMI]). For univariable associations that were no longer 
significant in multivariable regressions, we attempted 
to identify the covariable(s) that most attenuated the 
relationship between BCAAs and the outcome by run-
ning individual regressions incorporating the BCAAs 
and each covariable, 1 regression per covariable, 
and determining which brought the BCAAs estimate/
odds ratio (OR) closest to 0/1. In exploratory analyses, 
these same models were constructed stratified by sex. 
Variance inflation factors for all multivariable analyses 
were done to assess for possible collinearity between 
covariables.

For analysis 3, we tested for a mediation effect of 
total BCAAs upon the relationship between HS and 
CAD by first establishing the relationship between HS 
and CAD, then running a separate regression where 
BCAAs were included as a covariable to determine 
whether there was any attenuation. To accomplish this 
and to be consistent with previous work examining the 
association between HS and CAD,15 we analyzed CAD 
as a 4- level ordinal outcome (“no,” “mild,” “moderate,” 
and “severe” CAD) and ran ordinal logistic regression 
models.

For analysis 4, we performed 2- sample MR using 
the TwoSampleMR R package.18,19 Genetic instru-
ments previously shown to be associated with individ-
ual BCAAs were identified from a prior genome- wide 
association study of BCAAs.20 Specifically, we input 
4 single nucleotide polymorphisms (SNPs) for iso-
leucine (rs7678928, rs75950518, rs58101275, and 
rs1420601), and 1 SNP (rs1440581) each for leucine 
and valine as our instrumental variables. As per the 
prior study, we did not include the lead SNP for iso-
leucine (rs1260326, GCKR locus) in analyses due to 
the loci’s established pleiotropic effects. A benefit of 
using the TwoSampleMR package is its built- in inte-
gration with the IEU genome- wide association study 
Database (https://gwas.mrcieu.ac.uk/), which we used 
for the estimates of the association between our instru-
mental variables and outcomes. Outcomes of interest 
were defined as follows: for HS, we used ID “finn- b- 
NAFLD” to select results from a FinnGen (https://www.
finng en.fi/en) genome- wide association study of non-
alcoholic fatty liver disease (NAFLD), and for oCAD, we 
used the ID “ebi- a- GCST005195” to select results from 
a CARDIoGRAMplusC4D and UK Biobank genome- 
wide association study of CAD.21 For the CAD anal-
yses, rs1420601 (isoleucine) was unavailable and a 
proxy SNP was used in its place (rs1420598). Default 
parameters were used for all TwoSampleMR func-
tions. For isoleucine, which used multiple SNPs, the 

https://gwas.mrcieu.ac.uk/
https://www.finngen.fi/en
https://www.finngen.fi/en
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inverse- variance weighted method was treated as the 
primary test, with the other estimates serving as sen-
sitivity estimates.

For all analyses (excluding MR), individual and total 
BCAA levels were transformed to Z scores, and all 
estimates thus represent 1 SD change in individual 
or total BCAAs. Similarly, continuous EAT volume and 
BMI were also standardized to a Z score. Nominal, un-
adjusted P values <0.05 were considered significant. 
All analyses were performed in R (R Foundation for 
Statistical Computing, Vienna, Austria).22

Participants in this substudy gave consent to the 
parent clinical trial (PROMISE) and for use of biospe-
cimens, and the study was approved by the Duke 
University Institutional Review Board. The data that 
support the findings of this study are available from 
the corresponding author upon reasonable request 
and review by the PROMISE committees. PROMISE 
data sets are available at https://bioli ncc.nhlbi.nih.gov/
studi es/promise. There are no commercial use data 
restrictions and no data restrictions based on area of 
research.

RESULTS
A total of 1798 PROMISE participants were included 
in this study. The baseline characteristics of the study 
sample and the parent PROMISE trial are presented 
in Table 1. The mean age for the substudy was 60.2 
(SD, 8.0); 951 (52.9%) participants were women; and 
of self- reported racial or ethnic groups, 1568 (87.6%) 
participants were self- reported White, 154 (8.6%) were 
self- reported Black, 30 (1.7%) were self- reported Asian, 
13 (0.7%) were self- reported American Indian or Alaska 
Native, and 148 (8.2%) reported Hispanic or Latino eth-
nicity. The mean BMI for the study population was 30.6 
(SD, 5.9), 250 (13.9%) had oCAD, and 277 (15.4%) had 
HRP. Of the participants with CT imaging available to 
characterize HS (n=1521) and EAT volume (n=1505), 
411 (27.0%) had HS, and their mean EAT volume was 
57.3 cm3/m2 (SD, 21.3).

BCAA Associations With BMI, HS, and 
EAT
Total and individual BCAA levels were associated with 
BMI in univariable (total BCAAs beta, 0.22 [95% CI, 
0.18– 0.27]; P=3×10−21) and multivariable models (total 
BCAAs beta, 0.12 [95% CI, 0.08– 0.17]; P=4×10−8; 
Table  2). These associations remained significant in 
both sexes in sex- stratified analyses (Table S1), sug-
gesting that these findings are relevant to both women 
and men. Total and individual BCAAs were also asso-
ciated with HS in univariable models (total BCAAs OR, 
1.70 [95% CI, 1.50– 1.92]; P=1×10−17) and remained sig-
nificant in multivariable models (total BCAAs OR, 1.46 

[95% CI, 1.28– 1.67]; P=2×10−8; Figure 1, Table 3). Total 
and individual BCAA levels remained significantly as-
sociated with HS in both sexes in sex- stratified analy-
ses (Table S1).

Total BCAAs were also positively associated with 
EAT in univariable models (beta [continuous EAT], 0.09 
[95% CI, 0.03– 0.14]; P=0.001; OR [binary EAT], 1.18 
[95% CI, 1.07– 1.32]; P=0.002), as were individual va-
line and leucine levels. However, only leucine remained 
significant in multivariable models (beta, 0.07 [95% CI, 
0.02– 0.12]; P=0.008; OR, 1.19 [95% CI, 1.06– 1.35]; 
P=0.003; Table 4). The inclusion of BMI attenuated the 
relationships between total BCAAs and valine with bi-
nary and continuous EAT (Table S2). Furthermore, the 
addition of metabolic syndrome attenuated the relation-
ship between valine with binary and continuous EAT. In 
sex- stratified analyses, the associations between total 

Table 1. Baseline Characteristics of PROMISE Clinical 
Trial Participants and for Biomarker Substudy

Characteristic

Overall 
PROMISE

Biomarker and 
CTA sub- study

(N=10 003) (N=1798)

Age, y, mean (SD) 60.8 (8.3) 60.2 (8.0)

Female Sex, n (%) 5270 (52.7) 951 (52.9)

Race, n (%)

White 8371 (84.4) 1568 (87.6)

Black or African American 1096 (11.1) 154 (8.6)

Asian 253 (2.6) 30 (1.7)

American Indian or Alaska Native 71 (0.7) 13 (0.7)

Native Hawaiian or Other Pacific 
Islander

30 (0.3) 4 (0.2)

Multiracial 95 (1.0) 21 (1.2)

Hispanic or Latino ethnicity, n (%) 767 (7.7) 148 (8.2)

BMI, kg/m2, mean (SD) 30.5 (6.1) 30.6 (5.9)

Diabetes, n (%) 2144 (21.4) 365 (20.3)

Metabolic Syndrome, n (%) 3772 (37.7) 672 (37.4)

HDL- C, mg/dL, mean (SD) 53.5 (13.8) 53.5 (13.6)

LDL- C, mg/dL, mean (SD) 120.9 (33.9) 121 (34.8)

oCAD, n/total n* (%) 615/4403 (14.0) 250/1798 (13.9)

HRP, n/total n* (%) 676/4403 (15.4) 277/1798 (15.4)

EAT, cm3/m2, mean (SD)* 57.5 (22.0) 57.3 (21.3)

HS, n/total n* (%) 959/3756 (25.5) 411/1521 (27.0)

Total BCAAs, μmol/L, mean (SD) 468.7 (111.4)

Leucine, μmol/L, mean (SD) 171.5 (43.3)

Isoleucine, μmol/L, mean (SD) 52.0 (24.4)

Valine, μmol/L, mean (SD) 245.2 (53.5)

BCAAs indicates branched- chain amino acids; BMI, body mass index; 
CTA, computed tomography angiography; EAT, epicardial adipose tissue 
(volume); HDL- C, high- density lipoprotein cholesterol; HRP, high- risk plaque; 
HS, hepatic steatosis; LDL- C, low- density lipoprotein cholesterol; oCAD, 
obstructive coronary artery disease; and PROMISE, Prospective Multicenter 
Imaging Study for Evaluation of Chest Pain.

*Available only in individuals randomized to CTA.

https://biolincc.nhlbi.nih.gov/studies/promise
https://biolincc.nhlbi.nih.gov/studies/promise
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and individual BCAAs with EAT were significant in both 
univariable and multivariable in women but not in men 
(Table S1), suggesting that while BCAAs are not asso-
ciated with EAT overall, they may be associated with 
EAT even after adjustment for BMI in women.

BCAA Associations With Obstructive CAD 
and HRP
Given these results, we then evaluated whether BCAAs 
were associated with oCAD and HRP. Total and indi-
vidual BCAAs were associated with oCAD in univaria-
ble models (total BCAAs OR, 1.18 [95% CI, 1.04– 1.34]; 
P=0.009), but the associations were attenuated in 
multivariable models (Table 5). High- density lipoprotein 

cholesterol, sex, and diabetes were the strongest and 
most common attenuating covariables for the relation-
ship between BCAAs and oCAD (Table S2). In explora-
tory sex- stratified analyses, BCAAs were associated 
with oCAD in both univariable and multivariable mod-
els in women but not in men (Table S1).

Total and individual BCAAs were not associated 
with HRP, either allowing for (total BCAAs OR, 1.07 
[95% CI, 0.94– 1.21]; P=0.3) or excluding oCAD (total 
BCAAs OR, 1.05 [95% CI, 0.90– 1.23]; P=0.5; Table 5), 
including in sex- stratified analyses (Table S1).

The variance inflation factors for all multivariable 
analyses were <5 (max of 1.8), so collinearity is unlikely 
to have affected our results.

BCAAs Mediate the Association Between 
HS and oCAD
Given prior results showing that HS is associated with 
oCAD,15 and our results showing that HS is associated 
with BCAA levels, we then evaluated whether BCAAs 
mediate the association between HS and oCAD. In 
these analyses, we found that the inclusion of BCAAs 
attenuated the association between HS and oCAD 
(univariable HS P=0.01 and after inclusion of BCAAs, 
HS P=0.08) with an 8% decrease in the OR. However, 
these associations were not significant in multivariable 
models (without BCAAs, HS P=0.1 and after inclusion 
of BCAAs, HS P=0.2).

Two- Sample MR
Given the association with BCAAs with HS in multivari-
able and with oCAD in univariable models, we sought 
to understand whether BCAAs were in the causal path-
way for these diseases using 2- sample MR analyses. 
We did not find evidence that valine, leucine, or isoleu-
cine were within the causal pathway of NAFLD (valine 
OR, 1.26 [95% CI, 0.48– 3.34]; P=0.6; leucine OR, 1.33 
[95% CI, 0.41– 4.30]; P=0.6; isoleucine inverse- variance 
weighted OR, 0.91 [95% CI, 0.48– 1.74]; P=0.8; Table 6). 
Similarly, we did not observe evidence of BCAAs being 
within the causal pathway of CAD (valine OR, 1.08 [95% 
CI, 0.94– 1.25]; P=0.3; leucine OR, 1.10 [95% CI [0.93– 
1.30], P=0.3; isoleucine inverse- variance weighted OR, 
1.08 [95% CI, 0.99– 1.19]; P=0.09).

DISCUSSION
Leveraging a unique large clinical trial of noninvasive 
imaging in patients with stable chest pain, we sought 
to test the hypothesis that BCAA biology plays an 
intermediary role in the relationship between CTA- 
determined adiposity traits with oCAD and HRP. We 
found that total BCAAs are associated with BMI, HS, 
and EAT and that the association between BCAAs 

Table 2. Associations Between Total and Individual 
BCAAs and Body Mass Index

BCAA

Univariable model Multivariable model

Beta (95% CI) P value Beta (95% CI) P value

Total 0.22 (0.18– 0.27) 3×10−21 0.12 (0.08– 0.17) 4×10−8

Valine 0.24 (0.19– 0.28) 3×10−24 0.14 (0.10– 0.19) 4×10−10

Leucine 0.18 (0.14– 0.23) 1×10−14 0.09 (0.04– 0.13) 9×10−5

Isoleucine 0.17 (0.12– 0.22) 6×10−13 0.09 (0.05– 0.14) 2×10−5

Effect size is per 1 SD change in the BCAA. Multivariable model adjusted 
for diabetes, age, race, sex, low- density lipoprotein cholesterol and high- 
density lipoprotein cholesterol, and metabolic syndrome. BCAA indicates 
branched- chain amino acid.

Figure 1. Associations of total and individual BCAAs with 
hepatic steatosis in univariable and multivariable models.
Odds ratio is per 1 SD change in the BCAA. BCAAs indicates 
branched- chain amino acids.



J Am Heart Assoc. 2023;12:e028410. DOI: 10.1161/JAHA.122.028410 6

Zhao et al BCAA, Adipose Tissue Depots, CAD in PROMISE Trial

with HS remained significant after adjustment of co-
variables, notably including BMI. However, we did not 
find evidence that BCAAs are in the causal pathway of 
HS. BCAAs were also associated with oCAD but not 
HRP, but unlike prior studies, this association was at-
tenuated in multivariable models, and BCAAs did not 
appear to be on the causal pathway for CAD. Our re-
sults corroborate prior studies in other cohorts show-
ing an association between BCAAs and BMI and HS, 
but we extend these findings by analyzing BCAA as-
sociations with EAT and conducting MR. Our results 
support a model whereby HS is associated with circu-
lating BCAA levels even after adjustment for total body 
adiposity (ie, BMI), and that BCAAs are not causal for 
HS,7 but that BCAA associations with EAT are likely 
primarily related to total body adiposity (and not EAT 
specifically) given attenuation in models inclusive of 
BMI. Furthermore, our results illustrate that BCAAs 
mediate the relationship between HS and CAD but are 
not directly in the causal pathway for CAD, suggesting 
that other effects along the pathway either proximal or 
distal to BCAAs and CAD are responsible for the me-
diation effect (Figure 2).

Our results for the association between BCAAs 
with BMI and HS are overall consistent with prior stud-
ies implicating BCAAs in metabolic diseases. For ex-
ample, we previously identified circulating BCAAs as 
metabolites most significantly associated with obesity 
and insulin resistance.23 Studies have also established 
circulating BCAAs as a biomarker for metabolic health 

and weight loss. We have also previously shown that 
BCAAs are novel biomarkers to differentiate metabolic 
wellness with BCAAs, discriminating individuals who 
are metabolically well versus unwell, independent of 
BMI and other traditional metabolic syndrome fea-
tures.8 Organ- specific adipose depots may serve as 
more granular markers of CVD risk through their en-
docrine and paracrine effects. In fact, HS has been 
shown to be an independent risk factor for CAD and 
incident CVD events.15,24 Our results specifically impli-
cate BCAA biology in HS. Prior studies have shown 
that increasing levels of individual BCAAs are associ-
ated with worsening degrees of HS (progression from 
normal, steatosis, to steatohepatitis).25,26 One study of 
fatty liver hemorrhagic syndrome in hens found that 
excessive dietary valine leads to adverse metabolic 
responses that were mediated by amino acid and 
fatty acid metabolism dysfunction.27 Another study 
evaluating individuals with NAFLD without diabetes 
compared with healthy controls found higher levels 
of amino acids including BCAAs in individuals with 
NAFLD, who were also more insulin resistant, sug-
gesting that higher amino acid concentrations in HS 
may be related to defects in glucose metabolism and 
increased muscle breakdown during fasting states,28 
also supported by other studies.29 Data have sug-
gested that BCAAs are involved in many insulin sig-
naling pathways in the liver and may increase hepatic 
insulin resistance through rapamycin signaling or mi-
tochondrial dysfunction.23,30

Table 3. Associations Between Total and Individual BCAAs and Hepatic Steatosis

BCAA

Univariable model Multivariable model

OR (95% CI) P value OR (95% CI) P value

Total 1.70 (1.50– 1.92) 1×10−17 1.46 (1.28– 1.67) 2×10−8

Valine 1.67 (1.48– 1.88) 1×10−16 1.43 (1.26– 1.64) 1×10−7

Leucine 1.56 (1.38– 1.76) 2×10−13 1.34 (1.18– 1.53) 6×10−6

Isoleucine 1.62 (1.44– 1.83) 1×10−15 1.46 (1.29– 1.66) 3×10−9

Effect size is 1 SD change in the BCAA. Multivariable model adjusted for diabetes, age, race, sex, low- density lipoprotein cholesterol and high- density 
lipoprotein cholesterol, metabolic syndrome, and body mass index. BCAA indicates branched- chain amino acid; and OR, odds ratio.

Table 4. Associations Between BCAAs and EAT Volume

BCAA

Continuous EAT volume Dichotomous EAT volume

Univariable model Multivariable model Univariable model Multivariable model

Beta (95% CI) P value Beta (95% CI) P value OR (95% CI) P value OR (95% CI) P value

Total 0.09 (0.03 to 0.14) 0.001 0.05 (0.00 to 0.10) 0.07 1.18 (1.07– 1.32) 0.002 1.12 (1.00– 1.27) 0.06

Valine 0.07 (0.02 to 0.12) 0.008 0.03 (−0.02 to 0.08) 0.3 1.13 (1.02– 1.26) 0.02 1.06 (0.94– 1.19) 0.3

Leucine 0.11 (0.06 to 0.16) 5×10−5 0.07 (0.02 to 0.12) 0.008 1.26 (1.13– 1.40) 2×10−5 1.19 (1.06– 1.35) 0.003

Isoleucine 0.05 (−0.01 to 0.10) 0.08 … … 1.10 (0.99– 1.22) 0.07 … …

Dichotomous is defined as above or at or below the median, continuous EAT is in SD units. Effect size is per 1 SD change in the BCAA. Multivariable model 
adjusted for diabetes, age, race, sex, low- density lipoprotein cholesterol and high- density lipoprotein cholesterol, metabolic syndrome, and body mass index. 
BCAA indicates branched- chain amino acid; EAT, epicardial adipose tissue; and OR, odds ratio.
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Furthermore, our exploratory sex- stratified analy-
ses highlight that this relationship exists in both sexes. 
Interestingly, prior research has suggested that BCAA 
levels increase more across increasing HS disease se-
verity in women as compared with men.31 While our 
sex- stratified analyses were exploratory, our results of 
higher effect sizes for the association between BCAAs 
and HS are concordant with this study. We note that 
these results should be viewed with caution given the 
exploratory nature and overlap of CIs between men 
and women.

Interestingly, our MR results did not support a 
causal role of BCAAs in HS, suggesting that BCAAs 
are a by- product of hepatic fat accumulation or re-
lated to common metabolic risk factors such as obe-
sity. Recent work in preclinical models suggests that 
branched- chain keto acids, a by- product of BCAA ca-
tabolism in the setting of downregulation of branched- 
chain alpha- keto acid dehydrogenase complex (the 

first irreversible step of BCAA mitochondrial metab-
olism) may be causal for HS.32 This is supported by 
our recent work showing higher expression of the 
branched- chain alpha- keto acid dehydrogenase com-
plex inhibitory kinase and lower expression of the 
branched- chain alpha- keto acid dehydrogenase com-
plex stimulating phosphatase PPM1K.7

With regard to other organ- specific adipose depots, 
we found that total BCAAs were associated with EAT in 
univariable models, but only the individual BCAA leu-
cine was associated with EAT in multivariable models. 
BMI was the strongest attenuator of the relationship 
between BCAAs and EAT, suggesting that the associa-
tion between BCAAs and EAT was confounded by total 
body adiposity and not because of a direct relationship 
between BCAAs and EAT. EAT has also been shown to 
be an independent risk factor for oCAD14 and thus ap-
pears to be an important cardiometabolic trait, although 
it is related to total body adiposity. Our sex- stratified 

Table 5. Associations Between Total and Individual BCAA Levels and Obstructive Coronary Artery Disease and High- Risk 
Plaque

BCAA Outcome

Univariable model Multivariable model

OR (95% CI) P value OR (95% CI) P value

Total oCAD 1.18 (1.04– 1.34) 0.009 1.06 (0.91– 1.23) 0.4

Valine 1.14 (1.00– 1.30) 0.05 1.01 (0.86– 1.17) 0.9

Leucine 1.20 (1.05– 1.35) 0.005 1.09 (0.94– 1.25) 0.3

Isoleucine 1.17 (1.03– 1.33) 0.01 1.10 (0.96– 1.27) 0.2

Total High- risk plaque 1.07 (0.94– 1.21) 0.3 … …

Valine 1.06 (0.93– 1.20) 0.4 … …

Leucine 1.10 (0.97– 1.24) 0.1 … …

Isoleucine 1.00 (0.88– 1.13) 0.99 … …

Total High- risk plaque 
(without oCAD)

1.05 (0.90– 1.23) 0.5 … …

Valine 1.07 (0.91– 1.25) 0.4 … …

Leucine 1.10 (0.93– 1.28) 0.3 … …

Isoleucine 0.92 (0.77– 1.08) 0.3 … …

Effect size is 1 SD change in the BCAA. Multivariable model adjusted for diabetes, age, race, sex, low- density lipoprotein cholesterol and high- density 
lipoprotein cholesterol, metabolic syndrome, and body mass index. BCAA indicates branched- chain amino acid; oCAD, obstructive coronary artery disease; 
and OR, odds ratio.

Table 6. Mendelian Randomization Results for BCAAs With NAFLD

BCAA exposure Method

NAFLD CAD

OR (95% CI) P value OR (95% CI) P value

Valine Wald ratio 1.26 (0.48– 3.34) 0.6 1.08 (0.94– 1.25) 0.3

Leucine Wald ratio 1.33 (0.41– 4.30) 0.6 1.10 (0.93– 1.30) 0.3

Isoleucine MR egger 1.49 (0.02– 114.96) 0.9 0.84 (0.45– 1.58) 0.6

Weighted median 1.05 (0.48– 2.28) 0.9 1.11 (0.99– 1.23) 0.07

Inverse variance weighted 0.91 (0.48– 1.74) 0.8 1.08 (0.99– 1.19) 0.09

Simple mode 1.13 (0.38– 3.33) 0.8 1.12 (0.97– 1.28) 0.2

Weighted mode 1.08 (0.40– 2.91) 0.9 1.11 (0.97– 1.27) 0.2

BCAA indicates branched- chain amino acid; CAD, coronary artery disease; MR, Mendelian randomization; NAFLD, nonalcoholic fatty liver disease; and OR, 
odds ratio.
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results suggest that BCAAs are associated with EAT 
even after adjustment for BMI in women but not men; 
these results should be viewed with caution, given the 
exploratory nature of the analyses, but warrant fur-
ther investigation in other studies. To our knowledge, 
no prior study has evaluated the association between 
BCAAs and EAT. These results support and extend the 
role of BCAA catabolism in obesity and HS but suggest 
that BCAA biology does not underlie the relationship 
between EAT and cardiovascular disease.

Our results did not support a significant association 
between BCAAs with oCAD after adjustment for covari-
ables. While BCAAs were significantly associated with 
oCAD in univariable models, the association was most 
consistently and strongly attenuated by the inclusion 
of sex and high- density lipoprotein cholesterol covari-
ables. Interestingly, in sex- stratified analyses the asso-
ciation between BCAAs and oCAD remained significant 
even after adjustment for BMI in multivariable models 
in women but not men. Again, these results should be 
viewed with caution, given the exploratory nature, but 
suggest sex- dependent differences in the relationship 
between BCAAs and oCAD that could be pursued in 
future studies. Regardless, using 2- sample MR, we find 
that BCAAs are not in the causal pathway of CAD.

Prior studies have demonstrated an association be-
tween higher BCAA levels with risk of oCAD,10 even 
after adjusting for metabolic health and BMI.33 Multiple 
subsequent mechanistic studies have established the 
underlying molecular pathways for the association be-
tween BCAAs, metabolic traits, and CAD.23,34 The as-
sociation was shown in patients diagnosed with CAD 
via coronary angiography in a Beijing hospital from 
2008 to 2011.35 In patients with ST- segment– elevation 
myocardial infarction and heart failure, BCAAs were 
an independent predictor for adverse cardiovascular 
events over a 3- year follow- up.36 In a murine model, 
induction of myocardial infarction resulted in an in-
crease in myocardial BCAA levels and caused adverse 
effects on cardiac function and structure via remodel-
ing.37 Our discordant results may be related to the fact 
that the PROMISE study population is an outpatient 
cohort without known cardiovascular disease at the 
time of enrollment and therefore is a healthier pop-
ulation than prior studies. For example, only 21% of 
PROMISE study participants have diabetes compared 
with Bhattacharya and colleagues’ 34%.10

While BCAAs were not found to be in the causal 
pathway of CAD, we did demonstrate that they me-
diated the association between HS and CAD. This 

Figure 2. Conceptual model.
We analyzed the relationship between levels of BCAAs with tissue- specific adipose depots (EAT 
and HS) and oCAD. We looked at both associations (orange lines), causal relationships (blue 
arrows), and mediation analyses (green dotted lines). Our results support a model whereby 
BCAAs are associated with HS but are not in the causal pathway. This supports current literature 
implicating BCAA by- products as causal in development of HS. BCAAs were also found to 
mediate the association between HS and oCAD; however, BCAAs are not in the causal pathway 
for oCAD, suggesting that the mediation results we see are due to a proximal (ie, obesity) or 
distal (ie, branched- chain keto acids) effect rather than BCAAs themselves. Furthermore, BCAA 
association with EAT disappeared after adjustment for total body adiposity (body mass index). 
BCAAs indicates branched- chain amino acids; EAT, epicardial adipose tissue; HS, hepatic 
steatosis; MR, Mendelian randomization; and oCAD, obstructive coronary artery disease.
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indicates that BCAAs may be related to an effect that 
is the true mediation between HS and CAD, that is, 
one that is proximal or distal to the direct relationship 
of BCAAs to CAD. For example, obesity is a known 
risk factor for CAD, HS, and higher BCAA levels8 and 
could account for this mediation effect. Alternatively, 
branched- chain keto acids, a by- product of mitochon-
drial BCAA catabolism that have been suggested to be 
causal to HS,7 may account for a downstream effect 
to CAD development. This idea is further supported 
by the results that showed the association between 
BCAAs and HS disappeared in the multivariable model. 
As such, BCAAs can mediate HS and CAD while not 
being in the causal pathway to CAD.

While this is the largest study of the interrelationships 
between BCAAs with HS, EAT, and oCAD, important lim-
itations should be noted. Our study population is one of 
outpatients with stable chest pain and, as such, our re-
sults are not generalizable to other populations, for exam-
ple, those with prevalent CVD or presenting with unstable 
angina. While CT is a well- established noninvasive imaging 
method for evaluating HS, the CTA protocol used only the 
imaged part of the liver, and the clinical gold standard for 
HS diagnosis is liver biopsy with histologic confirmation. 
Further, it is not possible within the PROMISE cohort to 
differentiate between HS as a result of alcoholic fatty liver 
disease or hepatitis C. However, given the relatively low 
percentage of alcoholic fatty liver disease and hepatitis C 
compared with NAFLD in the general population,38,39 it can 
be presumed that few participants in the PROMISE study 
had these as a cause of their HS. Furthermore, our study 
could not evaluate how waist circumference or waist- to- 
hip ratio played a role in these relationships as these data 
were not collected on PROMISE participants. However, 
future studies could examine how these other easily ob-
tained markers of adiposity affect these relationships.

In conclusion, we demonstrate the heterogeneous 
role of BCAAs depending on the organ specificity of 
the adipose tissue. Specifically, we confirm the role 
of BCAAs in the biology of HS by demonstrating that 
circulating BCAA levels are associated with HS after 
adjustment for BMI and other factors but show that 
BCAAs do not appear to play a role in the association 
between EAT with CVD.
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Table S1. Associations of total and individual branched-chain amino acids and outcomes of interest, stratified by sex. 
 

Outcome BCAA Sex 
Univariable Model Multivariable Model 

Beta/OR (95% CI) P-value Beta/OR (95% CI) P-value 

Body Mass 
Index (BMI) 

Total 
Female 0.28 (0.21-0.35) 3x10-14 0.15 (0.08-0.22) 1x10-5 
Male 0.20 (0.13-0.26) 5x10-10 0.10 (0.04-0.16) 6x10-4 

Valine 
Female 0.28 (0.21-0.35) 3x10-15 0.15 (0.09-0.22) 7x10-6 
Male 0.22 (0.16-0.28) 2x10-12 0.13 (0.07-0.19) 1x10-5 

Leucine 
Female 0.23 (0.16-0.30) 9x10-11 0.13 (0.06-0.19) 2x10-4 
Male 0.14 (0.08-0.20) 5x10-6 0.05 (-0.01-0.11) 0.08 

Isoleucine 
Female 0.20 (0.13-0.27) 2x10-8 0.10 (0.04-0.17) 0.002 
Male 0.16 (0.09-0.22) 8x10-7 0.09 (0.03-0.14) 0.003 

Hepatic 
Steatosis 

Total 
Female 1.83 (1.53-2.19) 3x10-11 1.56 (1.29-1.89) 5x10-6 
Male 1.53 (1.29-1.82) 2x10-6 1.40 (1.16-1.69) 4x10-4 

Valine 
Female 1.79 (1.50-2.14) 1x10-10 1.53 (1.26-1.86) 1x10-5 
Male 1.51 (1.27-1.80) 3x10-6 1.37 (1.14-1.66) 0.001 

Leucine 
Female 1.66 (1.40-1.98) 6x10-9 1.42 (1.18-1.71) 2x10-4 
Male 1.41 (1.19-1.67) 6x10-5 1.30 (1.09-1.55) 0.004 

Isoleucine 
Female 1.72 (1.46-2.05) 5x10-10 1.53 (1.28-1.84) 3x10-6 
Male 1.48 (1.25-1.75) 6x10-6 1.39 (1.16-1.67) 3x10-4 

Continuous 
EAT 

Volume 

Total 
Female 0.12 (0.05-0.19) 0.001 0.10 (0.03-0.17) 0.007 
Male 0.03 (-0.05-0.11) 0.5 - - 

Valine 
Female 0.10 (0.03-0.17) 0.008 0.08 (0.01-0.15) 0.03 
Male 0.02 (-0.06-0.10) 0.7 - - 

Leucine 
Female 0.13 (0.07-0.20) 2x10-4 0.11 (0.04-0.18) 0.002 
Male 0.06 (-0.02-0.14) 0.1 - - 

Isoleucine 
Female 0.08 (0.01-0.15) 0.03 0.07 (0.00-0.14) 0.04 
Male -0.01 (-0.09-0.07) 0.7 - - 



Dichotomous 
EAT 

Volume 

Total 
Female 1.27 (1.09-1.48) 0.002 1.20 (1.02-1.43) 0.03 
Male 1.08 (0.93-1.27) 0.3 - - 

Valine 
Female 1.20 (1.04-1.40) 0.01 1.14 (0.96-1.34) 0.1 
Male 1.04 (0.89-1.21) 0.7 - - 

Leucine 
Female 1.33 (1.15-1.56) 2x10-4 1.26 (1.07-1.50) 0.007 
Male 1.17 (1.00-1.37) 0.05 1.15 (0.97-1.37) 0.1 

Isoleucine 
Female 1.17 (1.01-1.36) 0.04 1.14 (0.98-1.34) 0.1 
Male 1.00 (0.85-1.17) 0.99 - - 

Obstructive 
Coronary 

Artery 
Disease 
(oCAD) 

Total 
Female 1.40 (1.14-1.72) 0.001 1.31 (1.03-1.64) 0.02 
Male 0.92 (0.77-1.10) 0.4 - - 

Valine 
Female 1.27 (1.02-1.58) 0.03 1.16 (0.90-1.46) 0.2 
Male 0.92 (0.76-1.09) 0.3 - - 

Leucine 
Female 1.48 (1.21-1.82) 1x10-4 1.39 (1.10-1.75) 0.004 
Male 0.95 (0.80-1.12) 0.6 - - 

Isoleucine 
Female 1.38 (1.13-1.68) 0.001 1.33 (1.07-1.65) 0.009 
Male 0.92 (0.77-1.10) 0.4 - - 

High Risk 
Plaque 

Total 
Female 1.01 (0.81-1.24) 0.9 - - 
Male 0.96 (0.81-1.13) 0.6 - - 

Valine 
Female 0.95 (0.76-1.18) 0.7 - - 
Male 0.97 (0.82-1.15) 0.7 - - 

Leucine 
Female 1.06 (0.85-1.30) 0.6 - - 
Male 1.02 (0.87-1.20) 0.8 - - 

Isoleucine 
Female 1.05 (0.84-1.28) 0.7 - - 
Male 0.83 (0.69-0.99) 0.05 - - 

High Risk 
Plaque 

(without 
oCAD) 

Total 
Female 0.89 (0.67-1.16) 0.4 - - 
Male 1.03 (0.82-1.26) 0.8 - - 

Valine 
Female 0.90 (0.68-1.17) 0.4 - - 
Male 1.05 (0.85-1.29) 0.6 - - 



Leucine 
Female 0.93 (0.70-1.21) 0.6 - - 
Male 1.10 (0.89-1.34) 0.4 - - 

Isoleucine 
Female 0.85 (0.62-1.12) 0.3 - - 
Male 0.82 (0.64-1.03) 0.1 - - 

 
OR: odds ratio; 95% CI: 95% confidence interval; EAT: epicardial adipose tissue. Dichotomous EAT is defined as above or at or below the 
median, continuous EAT is in standard deviation units. Effect size is per one standard deviation change in the branched chain amino acid. 
Multivariable model adjusted for: diabetes, age, race, sex, LDL and HDL cholesterol, metabolic syndrome, and body mass index [BMI]. BMI and 
continuous EAT reported as betas, while all other outcomes are reported as odds ratios. 
 

 

 

 

 

 

 

 

  



Table S2. Analysis of effects of individual covariables between branched-chain amino acids with phenotypes that were not significant 
in multivariable models.  

Outcome BCAA Covariable OR/Beta (95% CI) P-value

Obstructive 
Coronary 

Artery 
Disease 

Total 

Sex 1.09 (0.95-1.24) 0.2 
HDL-C 1.09 (0.95-1.25) 0.2 

Diabetes 1.14 (1.00-1.29) 0.05 
Metabolic Syndrome 1.15 (1.01-1.31) 0.03 

LDL-C 1.18 (1.03-1.33) 0.01 
Race 1.19 (1.05-1.35) 0.007 
BMI 1.21 (1.06-1.37) 0.004 
Age 1.23 (1.08-1.40) 0.001 

Valine 

Sex 1.04 (0.91-1.19) 0.6 
HDL-C 1.04 (0.91-1.20) 0.6 

Diabetes 1.09 (0.96-1.25) 0.2 
Metabolic Syndrome 1.11 (0.97-1.26) 0.1 

LDL-C 1.14 (1.00-1.29) 0.05 
Race 1.15 (1.01-1.30) 0.04 
BMI 1.17 (1.02-1.34) 0.02 
Age 1.18 (1.04-1.35) 0.01 

Leucine 

HDL-C 1.12 (0.98-1.28) 0.09 
Sex 1.13 (0.99-1.28) 0.07 

Diabetes 1.15 (1.01-1.31) 0.03 
Metabolic Syndrome 1.17 (1.03-1.33) 0.02 

LDL-C 1.19 (1.04-1.35) 0.008 
Race 1.2 (1.06-1.36) 0.005 
BMI 1.22 (1.07-1.39) 0.002 
Age 1.24 (1.09-1.41) 0.001 

Isoleucine Sex 1.09 (0.95-1.24) 0.2 



HDL-C 1.1 (0.96-1.25) 0.1 
Diabetes 1.14 (1.00-1.29) 0.04 

Metabolic Syndrome 1.15 (1.01-1.3) 0.03 
LDL-C 1.17 (1.04-1.33) 0.01 
Race 1.18 (1.04-1.33) 0.008 
BMI 1.19 (1.05-1.35) 0.007 
Age 1.23 (1.08-1.39) 0.001 

Dichotomous 
EAT 

Volume 

Total 

BMI 1.11 (1.00-1.24) 0.05 
Metabolic Syndrome 1.13 (1.02-1.26) 0.03 

HDL-C 1.15 (1.04-1.29) 0.01 
Diabetes 1.17 (1.05-1.30) 0.004 

Sex 1.18 (1.06-1.31) 0.003 
LDL-C 1.18 (1.07-1.32) 0.002 
Race 1.20 (1.08-1.33) 0.001 
Age 1.25 (1.12-1.40) 5 x 10-5 

Valine 

BMI 1.06 (0.95-1.18) 0.3 
Metabolic Syndrome 1.08 (0.97-1.20) 0.2 

HDL-C 1.10 (0.99-1.22) 0.09 
Diabetes 1.12 (1.01-1.24) 0.04 

Sex 1.12 (1.01-1.25) 0.04 
LDL-C 1.13 (1.02-1.26) 0.02 
Race 1.15 (1.03-1.28) 0.01 
Age 1.19 (1.07-1.32) 0.001 

Continuous 
EAT 

Volume 
Total 

BMI 0.05 (0.00-0.10) 0.08 
Metabolic Syndrome 0.06 (0.01-0.11) 0.03 

HDL-C 0.07 (0.02-0.13) 0.008 
Sex 0.08 (0.02-0.13) 0.005 

Diabetes 0.08 (0.02-0.13) 0.004 



LDL-C 0.09 (0.03-0.14) 0.001 
Race 0.09 (0.04-0.14) 6 x 10-4 
Age 0.12 (0.07-0.17) 7 x 10-6 

Valine 

BMI 0.03 (-0.02-0.08) 0.3 
Metabolic Syndrome 0.04 (-0.01-0.09) 0.1 

HDL-C 0.06 (0.00-0.11) 0.04 
Sex 0.06 (0.01-0.11) 0.03 

Diabetes 0.06 (0.01-0.11) 0.02 
LDL-C 0.07 (0.02-0.12) 0.008 
Race 0.08 (0.03-0.13) 0.003 
Age 0.10 (0.05-0.15) 1 x 10-4 

OR: Odds ratio; 95% CI: 95% confidence interval; oCAD: obstructive coronary artery disease; EAT: epicardial adipose tissue.  Betas reported 
for continuous EAT volume. ORs, betas and p-values reflect the BCAA term in the model when adjusting for only the covariable listed. Bolded 
rows indicate covariables whose model inclusion alone resulted in a non-significant (p > 0.05) BCAA term. 
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