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OBJECTIVE

Recent studies using untargeted metabolomics approaches have suggested that
plasma branched-chain amino acids (BCAAs) are associated with incident diabe-
tes. However, little is known about the role of plasma BCAAs in metabolic abnor-
malities underlying diabetes and whether these relationships are consistent
across ethnic populations at high risk for diabetes. We investigated the associa-
tions of BCAAs with insulin sensitivity (SI), acute insulin response (AIR), and met-
abolic clearance of insulin (MCRI) in a multiethnic cohort.

RESEARCH DESIGN AND METHODS

In 685 participants without diabetes of the Insulin Resistance Atherosclerosis
Study (IRAS) (290 Caucasians, 165AfricanAmericans, and 230Hispanics),wemeasured
plasma BCAAs (sum of valine, leucine, and isoleucine) by mass spectrometry and
SI, AIR, and MCRI by frequently sampled intravenous glucose tolerance tests.

RESULTS

Elevated plasma BCAAs were inversely associated with SI and MCRI and positively
associated with fasting insulin in regression models adjusted for potential con-
founders (b =20.0012 [95% CI20.0018,20.00059], P < 0.001 for SI; b =20.0013
[95% CI20.0018, 20.00082], P < 0.001 for MCRI; and b = 0.0015 [95% CI 0.0008,
0.0023], P < 0.001 for fasting insulin). The association of BCAA with SI was signif-
icantly modified by ethnicity, with the association only being significant in Cau-
casians and Hispanics. Elevated plasma BCAAs were associated with incident
diabetes in Caucasians and Hispanics (multivariable-adjusted odds ratio per
1-SD increase in plasma BCAAs: 1.67 [95% CI 1.21, 2.29], P = 0.002) but not in
African Americans. Plasma BCAAs were not associated with SI-adjusted AIR.

CONCLUSIONS

Plasma BCAAs are associated with incident diabetes and underlying metabolic
abnormalities, although the associations were generally stronger in Caucasians
and Hispanics.

Over the past decade, emerging technologies for comprehensivemetabolic profiling
havemade it possible to assess the impact on disease outcomes of a large number of
substrates and products representing different metabolic pathways. These ap-
proaches are of particular relevance to the study of type 2 diabetes etiology because
the condition is characterized by a protracted period of progressive declines in
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insulin sensitivity and/or insulin secretion
before the clinical onset of the overt
disease (1). A number of recent epidemi-
ological studies using metabolomic ap-
proaches have suggested that elevated
levels of plasma branched-chain amino
acids (BCAAs), including valine, leucine,
and isoleucine, are associatedwith insulin
resistance (2,3) and predict the onset of
type 2 diabetes (4–6) in European whites,
Chinese, and South Asians through possi-
ble mechanisms involving decreased ex-
pression of BCAA catabolic enzymes and
increasedmuscle protein degradation (7,8).
In addition to its effect on insulin sensitivity,
elevated plasma BCAAs coupled with hy-
perinsulinemia exert substantial secre-
tory pressure on the pancreatic b-cells,
eventually contributing to b-cell dys-
function (9).
Insulin sensitivity, secretion, and clear-

anceare integratedphysiological processes.
Insulin clearance declines in the wake
of insulin resistance to conserve circulating
insulin concentrations, thus preserving
b-cell viability in prediabetes states (10).
Recent evidence has suggested a link be-
tween plasma BCAAs and insulin clear-
ance. In a 4-week dietary interventional
study, there was a significant inverse cor-
relation between plasma BCAAs and insu-
lin clearance in overweight persons who
were randomized to a diet high in satu-
rated fat (11). Although perturbation in
amino acid homeostasis is closely related
to insulin sensitivity and b-cell function,
and abnormal BCAA metabolism pre-
cedes hyperglycemia (12), relatively little
is known about how BCAAs are linked
to insulin clearance in high-risk popula-
tions, such as Hispanics and African
Americans. Exploring these associations
could provide insight into potential
mechanisms in the pathogenesis of
type 2 diabetes. Therefore, we aimed
to examine the association of plasma
BCAAs with metabolic clearance rate
of insulin (MCRI), acute insulin response
(AIR), and insulin sensitivity (SI) derived
from frequently sampled intravenous
glucose tolerance tests (FSIGTT), as well
as incident diabetes, in the Caucasian,
African American, and Hispanic popula-
tions of the Insulin Resistance Athero-
sclerosis Study (IRAS).

RESEARCH DESIGN AND METHODS

Study Population
This study used data from the IRAS,
which recruited 1,625 participants

from four clinical centers located in
San Antonio, TX; San Luis Valley, CO;
Oakland, CA; and Los Angeles, CA,
between October 1992 and April 1994.
Details of the study population and re-
search methods have previously been
published (13). The institutional review
boards at each study site approved the
study protocol, and all participants pro-
vided written informed consent. The
sample size of the current report was
685 participants after exclusion of
those with prevalent diabetes at base-
line (n = 537), those who did not return
for follow-up (n = 347), and those with
missing values of plasma BCAAs, SI, AIR,
or MCRI (n = 56).

Data Collection
Participants were asked to fast for 12 h,
to abstain from alcohol and heavy exer-
cise for 24 h, and to abstain from smok-
ing on the morning of the baseline and
5-year follow-up examinations. Height
andweightweremeasured to the nearest
0.5 cm and 0.1 kg, respectively. BMI
was calculated as weight in kilograms
divided by the square of height in me-
ters. Waist and hip circumferences were
measured to the nearest 0.5 cm using a
steel tape. All measurements were
taken in duplicate following standard-
ized procedures, and the averages of
these measurements were used in the
analyses. Blood pressure was measured
using a standard mercury sphygmoma-
nometer after participants were rested
for 5 min. The average of the second and
the third readings was used for analysis.
Demographic and socioeconomic infor-
mation (e.g., age, sex, ethnicity), as well
as lifestyle factors (e.g., smoking, alco-
hol consumption), were collected on
standardized questionnaires by self-
report (13). Energy expenditure was
estimated from information on physical
activity in home, workplace, and leisure
environments collected from a vali-
dated questionnaire (13). Centrally
trained interviewers conducted inter-
views to complete a semiquantitative
food frequency questionnaire (FFQ),
which was designed to assess usual di-
etary intake in the past year. The 114-
item FFQ was adapted from the National
Cancer Institute Health Habits and His-
tory Questionnaire. The food items
were expanded to reflect the dietary in-
take of themultiethnic IRAS populations.
The FFQ was validated against eight

24-h dietary recalls. Nutrient intakes
from the FFQ were analyzed by
the HHHQ-DietSys analysis software
(version 3.0, 1993; National Cancer Insti-
tute, Bethesda, MD) (14).

Biochemical Analyses
Participants provided a fasting blood
draw at each examination. Plasma BCAAs
were measured by mass spectrome-
try (Lipomics Technologies, Inc., West
Sacramento, CA) in blood samples col-
lected at baseline (1992–1994) that had
been stored at 2808C for 18–20 years.
Specifically, stored plasma samples
were mixed with deuterium-labeled
internal standards. The mixture was
derivatized with Tri-Sil and propyl
chloroformate in n-propanol and then
extracted into chloroform under nitro-
gen and reconstituted in iso-octane:
chloroform. With use of helium as the
carrier gas, this solution was injected
onto a 7890/5975 gas chromatography–
mass spectrometry with a ZB-50 col-
umn. Each amino acid was quantified
by mass spectrometry in the single-
ion monitoring mode with electron
ionization. Plasma glucose was mea-
sured using the glucose oxidase tech-
nique on an autoanalyzer. Plasma
insulin level was determined with the
dextran-charcoal radioimmunoassay
(13). Incident type 2 diabetes was de-
termined by 75-g oral glucose tolerance
test using World Health Organization
criteria (15).

Measurement of Insulin Sensitivity,
Insulin Secretion, and Insulin Clearance
Insulin sensitivity, b-cell function, and
insulin clearance were measured using
an FSIGTT (16), with two modifications
to the original protocol: 1) insulin, in-
stead of tolbutamide, was injected at
20 min to ensure adequate levels of
plasma insulin to calculate insulin sensi-
tivity accurately across a broad range of
glucose tolerance (17), and 2) a reduced
sampling protocol, using 12 instead of
30 samples, was used because of the
large number of participants (18). Insulin
resistance, expressed as SI, was calculated
using minimal-model analysis (MINMOD,
version 3.0) (19). A higher value of SI in-
dicates an increase in insulin sensitivity.

Insulin secretion was measured by
AIR defined as the average increase in
plasma insulin at time points 2 and 4min
after infusing glucose (20). A higher
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value of AIR indicates increased insulin
secretion. MCRI was calculated as the
ratio of the insulin dose over the incre-
mental area under the curve of insulin
from 20 min to infinity (21) using the
following equation:

Clearance ðL=minÞ ¼ Dose 3 1;000
R∞
t¼20 ðInsðtÞ 2 Insð0ÞÞ

where Dose represents the amount of
insulin injected at 20 min, Ins(t) the
plasma insulin concentration in stan-
dard units at each FSIGTT sampling
point, and Ins(0) the fasting plasma in-
sulin concentration determined before
injection of glucose in the FSIGTT. A
higher value of MCRI indicates an in-
crease in insulin clearance.

Statistical Analyses
We summarized the characteristics of
participants by thirds of the distribution
of plasma BCAAs and SI using median
and interquartile range for continuous
variables and percentages for categori-
cal variables. We used ANOVA, Kruskal-
Wallis tests, and x2 tests to determine
whether continuous and categorical
variables differed across the distribu-
tion of plasma BCAAs. We also pre-
sented the descriptive statistics of
exposure variables (total and each indi-
vidual BCAA) and outcome variables
(fasting insulin, SI, AIR, and MCRI) for
each ethnicity. We used Spearman cor-
relation analyses to explore, first, the
relationship among the individual
plasma BCAAs and, second, the rela-
tionship of plasma BCAAs with mea-
sures of insulin sensitivity, secretion,
and clearance in the whole population
and within ethnic groups. In light of
similar directions of association between
BCAAs and outcomes in the Caucasian
and Hispanic groups and the lack of sta-
tistical interaction between these two
ethnic groups on associations of plasma
BCAAs and various outcomes (P = 0.21),
we present data with Caucasians and
Hispanics combined. Separate results
for Caucasians and Hispanics are pre-
sented in the Supplementary Data. Be-
cause of the strong correlation between
individual plasma BCAAs, we elected a
priori to model the sum of all three
plasma BCAAs as the primary exposure.
Since the distribution of MCRI was

skewed, we natural log transformed
this variable to achieve normality for

subsequent analyses. Because of the
presence of 0 values for SI, we added a
constant of 1 to all values of SI before
the log transformation. We used unad-
justed and multivariable-adjusted linear
regression to explore the association of
plasma BCAAs as continuous exposures
and measures of SI, SI-adjusted AIR, and
MCRI as continuous outcomes. We used
unadjusted and multivariable-adjusted
logistic regression to explore the associ-
ation between plasma BCAAs and inci-
dent type 2 diabetes.

We presented the regression coeffi-
cients (b) for linear regression and
odds ratio for logical regression along
with their 95% CIs per 1-SD increase
in total plasma BCAAs. We included
covariates in multivariable-adjusted
models if they were associated with
both the exposure and the outcome,
or if they were of a priori clinical rele-
vance. Potential confounders included
age, sex, ethnicity, smoking, alcohol
consumption, family history of diabetes,
caloric expenditure, energy intake, die-
tary protein intake, fasting blood glu-
cose, and BMI. We also additionally
adjusted for SI and MCRI in fully ad-
justed logistic regression models to
test whether these two underlying path-
ophysiological traits mediated the asso-
ciation between plasma BCAAs and
incident diabetes. We examined the in-
teractions of plasma BCAAs with sex,
ethnicity, obesity, and glucose tolerance
status on all outcome measures in both
unadjusted and fully adjusted models.

In sensitivity analyses, we modeled
waist circumference, a component of
metabolic syndrome, instead of BMI in
regression models with MCRI as an out-
come to investigate the link between
BCAA, metabolic syndrome, and insulin
clearance. To examine potential dose-
response relationships between expo-
sures and outcomes by ethnic groups,
we stratified plasma BCAAs into fifths
of its distribution and plotted SI and
MCRI levels across these categories.
For the logistic regression analysis, we
stratified plasma BCAAs by thirds of its
distribution and conducted the logistic
regression models for incident diabetes
to determine whether there was any
dose-response relationship. We calcu-
lated areas under the receiver operating
characteristic curve (aROC) for tradi-
tional diabetes risk factors (metabolic
syndrome, impaired fasting glucose,

and BMI) with or without BCAAs in the
model to assess the additional predic-
tive value of BCAAs on top of these
well-documented risk factors (ad-
justed for age, sex, and ethnicity) and
determined whether the aROCs were
significantly different between the
models with or without BCAAs. All
statistical analyses were performed
using STATA 12.0 (StataCorp, College
Station, TX).

RESULTS

Of the 685 participants without diabetes
in this analysis, 40% were Caucasian (n =
290), 24% were African American (n =
165), and 34% were Hispanic (n = 230).
Among them, 55% were women and
39% reported to have a family history
of diabetes. Themedian age of the study
population was 54 years (range 47–62),
and 34% had impaired glucose tolerance.
The median concentration of plasma
BCCAs was 327 mmol/L (interquartile
range 287–363) for the entire cohort,
331 mmol/L (interquartile range 294–372)
for Caucasians, 315 mmol/L (interquartile
range 277–355) for African Americans,
and 329 mmol/L (interquartile range
287–361) for Hispanics.

Participants who had higher plasma
BCAA concentrations were more likely
to be male, have a higher BMI and waist-
to-hip ratio, and have a higher dietary in-
take of energy and protein (Table 1).
Total and individual plasma BCAAs
were not different by ethnicity. SI and
MCRI were significantly lower in African
Americans and Hispanics compared with
Caucasians. However, fasting insulin and
AIR were significantly higher in African
Americans and Hispanics compared
with Caucasians (Supplementary Table
1). Participants who had higher SI were
more likely to have lower plasma BCAA,
lower BMI, and a lower incidence of
diabetes (Supplementary Table 2).

All individual BCAAs were highly sig-
nificantly correlated with each other
(Supplementary Table 3). Fasting insulin
was positively correlated with plasma
BCAAs overall and within ethnic sub-
groups, whereas SI and MCRI were neg-
atively correlated with plasma BCAAs in
the whole population and in Caucasian
and Hispanic subgroups (all P, 0.0001).
Plasma BCAAs were only positively cor-
relatedwith AIR in Caucasians (P, 0.05)
(Supplementary Table 4). All individual
BCAAs were highly significantly correlated

584 BCAAs and Insulin Metabolism: IRAS Diabetes Care Volume 39, April 2016

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/39/4/582/625777/dc152284.pdf by guest on 09 April 2024

http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc15-2284/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc15-2284/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc15-2284/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc15-2284/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc15-2284/-/DC1
http://care.diabetesjournals.org/lookup/suppl/doi:10.2337/dc15-2284/-/DC1


with fasting insulin, SI, and MCRI; how-
ever, only valine was significantly corre-
lated with AIR (Supplementary Table 5).
With stratification by ethnicity, the sig-
nificant correlations of individual BCAAs
withMCRI existed in all three ethnic sub-
groups. However, the correlations with
fasting insulin and SI were only observed
in Caucasians and Hispanicsdnot in
African Americans.
In unadjusted linear regressionmodels,

plasma BCAAs were positively asso-
ciated with fasting insulin (Table 2).
The significant association remained
after adjustment for age, sex, ethnic-
ity, study center, smoking, alcohol con-
sumption, energy expenditure, family
history of diabetes, BMI, fasting blood
glucose, energy intake, and dietary
protein intake. Plasma BCAAs were in-
versely associated with SI and MCRI in
both unadjusted and multivariable-
adjusted regression models (Table 2). We
found a significant interaction of plasma
BCAAs with ethnicity on insulin sensitivity
in both unadjusted and multivariable-
adjusted models. In stratified analyses,
the significant inverse association be-
tween plasma BCAAs and insulin sensitivity

was only present in Caucasians and the
combined group of Caucasians and His-
panics (Table 3 and Supplementary Table
6). Plasma BCAAs were not associated
with SI-adjusted AIR in unadjusted or
multivariable-adjusted regression models
(Table 2). In multivariable-adjusted logistic
regression models, plasma BCAAs were
associated with the risk of developing
type 2 diabetes in Caucasians and in the
combined Caucasian and Hispanic group
but not in Hispanics alone or in African
Americans (Fig. 1 and Supplementary
Table 7). The results of linear and logistic
regressions were similar when individual
plasma BCAAs were modeled as expo-
sures (data not shown).

There were no interactions of plasma
BCAAs and sex, obesity, and glucose tol-
erance status with any other outcomes
in either linear or logistic regression
models. In sensitivity analyses, the mag-
nitude of associations did not change
considerably after replacement of BMI
by waist circumference in regression
models with MCRI as the outcome vari-
able (data not shown). We observed
that the significant associations be-
tween plasma BCAAs and incident

diabetes in Caucasians combined with
Hispanics were only partially mediated
by SI and/or MCRI (Fig. 1, models 3 and
4). There were significant linear trends
inMCRI and SI across quintiles of plasma
BCAAs, although these trends were
stronger in Caucasians and Hispanics
compared with African Americans
(Supplementary Figs. 1 and 2). When
BCAAs were added to models containing
metabolic syndrome, impaired fasting
glucose, and BMI (adjusted for age,
sex, and ethnicity), aROCs for each
model improved (0.62–0.66, 0.72–0.74,
and 0.68–0.69, respectively), although
the differences were not statistically sig-
nificant (P values 0.10, 0.25, and 0.34,
respectively) (Supplementary Figs. 3–5).

CONCLUSIONS

In IRAS participants without diabetes,
higher plasma BCAAs were associated
with lower SI and MCRI and higher
fasting insulin concentrations. These
significant associations remained after
adjustment for demographic, lifestyle,
and dietary factors, as well as established
risk factors for diabetes. In addition,
plasma BCAAs were associated with
incident type 2 diabetes at 5-year
follow-up. In stratified analysis by
ethnicity, the significant associations
with SI and incident diabetes were only
present in the combined Caucasian and
Hispanic group. A recent article by our
group demonstrated that plasma BCAAs
were positively associated with insulin
resistance and incident type 2 diabetes
in a subsample of IRAS participants se-
lected from the extremes of the SI distri-
bution (n = 196), although this report did
not investigate insulin clearance or inci-
dent diabetes by subgroups of ethnicity
(22). In addition, the present analysis
included the full distributional range
of SI in the IRAS cohort, and the larger
sample size allowed us to examine the
association in ethnic groups of Cauca-
sians, Hispanics, and African Americans.
Our study extends the existing literature
on the topic of plasma BCAAs in diabetes
etiology by describing the relationship
with insulin clearance and by carefully
analyzing the impact of plasma BCAAs
within ethnic subgroups. The addition
of BCAAs to models that included tradi-
tional risk factors for type 2 diabetes
(i.e.,metabolic syndrome, impaired fasting
glucose, and BMI) resulted in improved in-
cident type 2 diabetes–predictive capacity

Table 1—Baseline characteristics of participants without diabetes in the IRAS by
distribution of total plasma BCAAs

Distribution of plasma BCAAs

Lowest third Middle third Upper third P

BCAA (mmol/L) 262 6 34.0 327 6 14.3 394 6 37.8 ,0.0001

Age (years) 55.1 6 8.7 55.0 6 8.5 53.7 6 8.3 0.148

Male sex 22.7 44.7 67.1 ,0.001

Ethnicity
Caucasian 38.9 42.1 46.1
African American 28.4 22.4 21.5 0.347
Hispanic 32.8 35.5 32.5

Current smoker 17.0 12.7 11.4 0.316

Current drinker 69.9 71.9 79.4 0.065

Energy expenditure
(kcal/kg/day) 38.5 (36.0–42.6) 37.9 (35.4–43.5) 39.0 (35.8–44.9) 0.288

Family history of diabetes 38.0 39.5 40.5 0.873

Impaired glucose tolerance 25.3 35.5 39.9 0.03

BMI (kg/m2) 26.9 6 5.0 28.5 6 5.6 29.7 6 5.4 ,0.0001

Waist-to-hip ratio 0.82 6 0.079 0.87 6 0.083 0.89 6 0.075 ,0.0001

Energy intake (kcal/day) 1,687 6 693 1,886 6 749 1,994 6 802 ,0.0001

Protein intake (g/day) 69.8 6 30.5 77.6 6 32.9 82.7 6 33.5 ,0.0001

Incident diabetes 9.6 18.9 19.7 0.005

Insulin sensitivity
(31024 min21 [mU/L]21) 2.19 (1.35–3.66) 1.64 (0.90–2.70) 1.27 (0.74–2.26) ,0.0001

Fasting insulin (pmol/L) 11 (7–15.5) 13 (9–18) 15 (10.5–21) ,0.0001

AIR (mU/mL) 48 (28.5–79) 50.25 (29.3–89) 54.5 (28.8–85.3) 0.39

MCRI (L/min) 6.28 (4.67–8.21) 5.40 (3.88–6.64) 4.47 (3.47–5.90) ,0.0001

Data are mean 6 SD, percent, or median (interquartile range).
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according to aROC testing, although dif-
ferences were not statistically significant,
possibly due a relatively modest number
of incident cases of type 2 diabetes in this
cohort.
Consistent with previous studies

(4,6), we observed that higher plasma
BCAAs were associated with incident
diabetes in the combined group of Cau-
casians and Hispanics. However, this
association did not exist in African Amer-
icans. Existing evidence suggests that
themagnitude of theBCAA-diabetes asso-
ciation may be ethnicity specific. In the

SABRE (Southall And Brent REvisited)
study, the adverse association be-
tween plasma BCAAs and incident dia-
betes was stronger in South Asian men
than in European men (6). The null asso-
ciations of BCAAs with incident diabetes
in African Americans documented in the
present study require confirmation in
future studies. Although potential
mechanisms underlying this null associ-
ation have not been elucidated, the
documented high heritability of BCAA
concentrations (23) may offer one pos-
sible explanation.

Reduced insulin clearance is thought
to be a compensatory mechanism to
preserve b-cell function and to maintain
peripheral insulin levels in insulin resis-
tant states (10,24). Alternatively, reduced
insulin clearance has been proposed as a
marker of liver dysfunction (25). The in-
verse association between plasma BCAAs
and insulin clearance could be linked
through metabolic syndrome. Previous
studies have shown that metabolic syn-
drome is associated with reduced insulin
clearance (26,27) and, further, that the
gene expression of BCAA catabolic en-
zymes is reduced in individuals withmet-
abolic syndrome (28). Although the
significant association between BCAAs
and insulin clearance remained after ad-
ditional adjustment for waist circumfer-
ence, HDL cholesterol, systolic blood
pressure, and plasma triglycerides, the
magnitude of the association was atten-
uated, suggesting that these compo-
nents of metabolic syndrome may, in
part, link plasma BCAA to insulin clear-
ance. Alternatively, it is possible that the
elevated BCAAs may have a direct detri-
mental impact on hepatic insulin clear-
ance. Although literature examining this
pathway is sparse, previous studies
(7,29) have reported decreases in BCAAs
in states of decreased liver function. No-
tably, however, these studies were con-
ducted among individuals in advanced
stages of liver disease, including cirrhosis
and liver failure.

The significant positive association of
plasma BCAAs with fasting insulin is con-
sistent with our results for SI and MCRI,
since elevated fasting insulin is a result
of underlying insulin resistance and
compensatory decreases in insulin
clearance. Although elevated plasma
BCAAs could lead to decreased insulin
secretion through mechanisms involv-
ing insulin resistance and hyperinsuline-
mia (7), we did not observe a significant
association between plasma BCAAs and
AIR in the IRAS cohort.

The strengths of this study include the
well-characterized multiethnic popula-
tion, the availability of detailed mea-
surements of insulin clearance and
sensitivity, and the comprehensive die-
tary assessment. Several limitations
should also be considered. A frequently
sampled oral glucose tolerance test was
not conducted as part of this study pro-
tocol, and thus we do not have meta-
bolic measures that take into account

Table 2—Estimated regression coefficients (95% CI) on the association between
plasma BCAAs and insulin metabolism in IRAS participants without diabetes

b-Coefficients (95% CI) P

Log fasting insulin
Unadjusted 0.0026 (0.0019, 0.0034) ,0.001
Model 1 0.0032 (0.0024, 0.0040) ,0.001
Model 2 0.0023 (0.0016, 0.0031) ,0.001
Model 3 0.0015 (0.0008, 0.0023) ,0.001

Log insulin sensitivity*
Unadjusted 20.0022 (20.0029, 20.0016) ,0.001
Model 1 20.0026 (20.0033, 20.0019) ,0.001
Model 2 20.0021 (20.0027, 20.0014) ,0.001
Model 3 20.0012 (20.0018, 20.00059) ,0.001

Log SI-adjusted AIR
Unadjusted 20.00017 (20.0011, 0.00075) 0.721
Model 1 20.00012 (20.0011, 0.00084) 0.804
Model 2 0.00029 (20.00061, 0.0012) 0.528
Model 3 0.00011 (20.00080, 0.0010) 0.811

Log MCRI
Unadjusted 20.0021 (20.0027, 20.0016) ,0.001
Model 1 20.0025 (20.0030, 20.0019) ,0.001
Model 2 20.0021 (20.0027, 20.0016) ,0.001
Model 3 20.0013 (20.0018, 20.00082) ,0.001

Model 1 adjusted for age, sex, ethnicity, and study center. Model 2: model 1 adjustments
plus smoking, alcohol consumption, caloric expenditure, family history of diabetes, dietary
kilocalories, dietary protein, and fasting blood glucose. Model 3: model 2 adjustments plus BMI.
*Significant interaction with ethnicity.

Table 3—Estimated regression coefficients (95% CI) on the association between
plasma BCAAs and log-transformed SI, stratified by ethnicity

b-Coefficients (95% CI) P

Caucasians plus Hispanics
Unadjusted 20.0027 (20.0035, 20.0020) ,0.001
Model 1 20.0031 (20.0039, 20.0023) ,0.001
Model 2 20.0024 (20.0031, 20.0016) ,0.001
Model 3 20.0015 (20.0022, 20.00078) ,0.001

African Americans
Unadjusted 20.00081 (20.0020, 0.00042) 0.193
Model 1 20.0013 (20.0026, 0.000067) 0.063
Model 2 20.0011 (20.0024, 0.00025) 0.109
Model 3 20.00053 (20.0017, 0.00068) 0.387

Model 1 adjusted for age, sex, ethnicity, and study center. Model 2: model 1 adjustments
plus smoking, alcohol consumption, caloric expenditure, family history of diabetes, dietary
kilocalories, dietary protein, and fasting blood glucose. Model 3: model 2 adjustments plus BMI.
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contributions of the incretin system.
The plasma samples used to determine
BCAA concentrations had been fro-
zen at 2808C for 18–20 years before
assaying. It has previously been reported
that concentrations of plasma amino
acids are stable at 2508C, without dis-
cernable impact from freezing and thaw-
ing (30). In addition, our findings are
likely generalizable only to individuals
with similar demographic and ethnic
characteristics.
In conclusion, we observed signifi-

cant associations of plasma BCAAs with
diabetes incidence, insulin sensitivity, and
insulin clearance, although these rela-
tionships differed across ethnic groups.
These findings extend the scientific litera-
ture on the role of plasma BCAAs in the
etiology of type 2 diabetes and highlight
the need for additional studies in well-
characterized multiethnic cohorts.
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