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Dietary Intakes and Circulating Concentrations of
Branched-Chain Amino Acids in Relation to Incident
Type 2 Diabetes Risk Among High-Risk Women with a
History of Gestational Diabetes Mellitus
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BACKGROUND: Circulating branched-chain amino acids
(BCAAs; isoleucine, leucine, valine) are consistently as-
sociated with increased type 2 diabetes (T2D) risk, but
the relationship with dietary intake of BCAAs is less clear.

METHODS: The longitudinal Nurses’ Health Study II co-
hort conducted a blood collection from 1996 to 1999.
We profiled plasma metabolites among 172 incident
T2D cases and 175 age-matched controls from women
reporting a history of gestational diabetes before blood
draw. We estimated dietary energy-adjusted BCAAs
from food frequency questionnaires. We used condi-
tional logistic regression models to estimate odds ratios
(OR) and 95% CI of T2D risk across quartiles (Q1-Q4)
of BCAAs, adjusting for age, body mass index (BMI),
physical activity, family history, and other established
risk factors. We also assessed joint exposure to below/
above medians of diet and plasma concentrations, with
lower diet/lower plasma as reference.

RESULTS: Dietary and plasma BCAA concentrations were
positively associated with incident T2D (diet Q4 vs Q1
OR = 4.6,CI = 1.6, 13.4; plasma Q4 vs Q1 OR = 4.4,
CI = 1.4, 13.4). Modeling the joint association indicated
that higher diet BCAAs were associated with T2D when
plasma concentrations were also higher (OR = 6.0, CI =
2.1, 17.2) but not when concentrations were lower
(OR = 1.6, CI = 0.61, 4.1). Conversely, higher plasma
BCAAs were associated with increased T2D for either
lower or higher diet.

1,6,8

and Cuilin Zhang”*

CoNCLUSIONS: Independent of BMI and other risk fac-
tors, higher diet and plasma BCAA concentrations were
associated with an increased incident T2D risk among
high-risk women with a history of gestational diabetes,
supporting impaired BCAA metabolism as conferring

T2D risk.
© 2018 American Association for Clinical Chemistry

Type 2 diabetes (T2D)'° has reached epidemic propor-
tions in the US and globally, bringing with it debilitating
and costly consequences, including cardiovascular dis-
ease, renal dysfunction, and vision loss. Similarly, trends
in the prevalence of pregnancies complicated by gesta-
tional diabetes mellitus (GDM; glucose intolerance with
onset during pregnancy) have increased (7). Compared
with women with a previous normoglycemic pregnancy,
those with a history of GDM have a >7-fold risk of
developing T2D (2). Targeting high-risk groups for pre-
vention, such as women with a history of GDM, repre-
sents a strategy for reducing T2D incidence.

T2D is a complex chronic disease influenced by life-
style, environmental, and genetic factors, as well as the
complex interactions between them. Novel approaches
to identifying relevant biomarkers of underlying path-
ways have recently included metabolomics, which has
allowed for the identification of circulating small mole-
cules associated with T2D risk. Among the most consis-
tent metabolites associated with T2D risk in prospective
cohort studies include the branched-chain amino acids
(BCAAEs) isoleucine, leucine, and valine, each associated
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with approximately 35% greater T2D risk (per 1 SD in
prediagnostic concentrations) in a recent metaanalysis
(3). BCAAs are exogenous amino acids derived from a
variety of food sources, including both animal and vege-
table proteins. Long-term dietary intakes of isoleucine,
leucine, and valine have also been associated with inci-
dent T2D risk in a pooled cohort analysis of US adults
(4). It remains unknown, however, whether higher di-
etary intakes of BCAAs per se, increased circulating con-
centrations sustained by impaired catabolism, or both,
confer T2D risk.

Thus, we sought to prospectively evaluate both di-
etary intake and circulating concentrations of BCAAs
with incident T2D in a prospective nested case—control
study among high-risk women with a history of GDM in
the Nurses” Health Study IT (NHS II) cohort. We further
evaluated the joint relationship between diet and circu-
lating concentrations to assess their relative contributions
to T2D risk.

Materials and Methods

We conducted a prospective nested case—control study
among women with a history of GDM in the NHS II (see
Fig. 1 in the Data Supplement that accompanies the on-
line version of this article at hetp://www.clinchem.org/
content/vol64/issue8). Briefly, the NHS II longitudinal
cohort was established in 1989, enrolling 116430 female
nurses aged 24 to 44 years at baseline. Biennial question-
naires update information on numerous reproductive,
lifestyle, and other health-related characteristics and out-
comes. Beginning in 1991 and every 4 years thereafter,
participants also completed a food frequency question-
naire (FFQ) to capture usual dietary intake. A biospeci-
men collection began in 1996, with 29611 women free
of cancer and responding to the 1995 questionnaire con-
senting and providing blood samples. This study has
been approved by the Institutional Review Board of the
Partners Health Care System (Boston, MA), with partici-
pants’ consent implied by the return of the question-
naires and blood samples.

ANALYTICAL POPULATION

A random subset of 179 incident-confirmed T2D cases
(date of diagnosis >1 years from date of blood draw) was
selected and matched to 179 non-T2D controls on age at
blood draw in 5-year strata for metabolomic profiling
among NHS II women reporting a history of GDM (see
Fig. 1 in the online Data Supplement). Eligibility criteria
included a history of GDM reported on the baseline
(1989) or follow-up questionnaires (5) and having an
available plasma sample from the biospecimen collection.
We excluded 5 participants from this analysis with GDM
occurring after blood draw, 4 with missing dietary data,
and 2 with missing metabolite data, leaving 172 T2D
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cases and 175 controls for the current analysis. The mean
(SD) age of T2D cases and controls at baseline blood
draw was 43.0 (4.4) years, with a mean of 12.7 (6.6) years
since first GDM pregnancy. The mean (SD) time to
T2D diagnosis from blood draw for incident cases was

7.4 (3.6) years.

SAMPLE COLLECTION AND METABOLOMIC PROFILING

A blood collection kit was mailed to NHS II volunteers
between 1996 and 1999, and samples were returned on
ice via overnight courier to our laboratory and subse-
quently processed and stored in liquid nitrogen freezers
(6). A questionnaire with the blood collection kit cap-
tured information including the date and time of blood
draw, number of hours since eating before blood draw,
current medication use, and current body weight. Case—
control pairs were randomly selected among eligible sam-
ples, and aliquots were shipped to the Broad Institute of
MIT and Harvard (Cambridge, MA) on dry ice for
metabolomic profiling. High-throughput LC-MS tech-
niques were used to profile the plasma levels of untar-
geted polar metabolites (7, 8). The interassay reproduc-
ibility among stored NHS plasma samples was previously
estimated with excellent CVs for isoleucine (1.4%), leu-
cine (3.6%), and valine (2.2%) (9). Data processing was
conducted with MultiQuint Software (AB SIEX) to in-
tegrate chromatographic peaks.

DIETARY ASSESSMENT

Diet was assessed every 4 years via a 131-item semiquan-
titative FFQ, asking about usual intake over the past year.
The nutrient content of foods and beverages was derived
according to the US Department of Agriculture database,
food manufacturer data, and other published resources.
A previous validation study for the derived dietary intake
of protein observed a correlation coefficient of 0.4 for
FFQ compared with diet records (10).

T2D RISK FACTOR ASSESSMENT

Height reported at baseline and body weight at blood
draw were used to derive body mass index (BMI) (kg/
m?). Current use of menopausal hormone therapy was
ascertained at blood collection. Fasting status at blood
draw was defined as at least 8 h since eating (76% were
fasting). Race/ethnicity was self-reported at baseline in
1989. Time-varying characteristics, including family his-
tory of diabetes, alcohol and dietary intake, usual physical
activity, smoking status, and reproductive and health-
related characteristics were assessed every 2 to 3 years and
derived from the most recent biennial questionnaire pre-
ceding blood draw. We calculated individuals’ score of
adherence to the 2010 Alterative Healthy Eating Index
2010 dietary pattern (AHEI-2010), based on intakes of
healchful and unhealthful factors, with possible scores
ranging from 2.5 to 87.5 (11). We previously observed

220z 1snBny g1 uo Jasn sonsnr Jo Juswipedaq S'N A 1L5/8095/E0Z L/8/79/9101E/WSYIUIID/W0D dNO"dlWspeoe)/:sdjy WoJj PaPEOjUMOQ


http://www.clinchem.org/content/vol64/issue8
http://www.clinchem.org/content/vol64/issue8

Diet and Plasma BCAAs and Diabetes Risk in Women

this dietary pattern was associated with lower risk of pro-
gression from GDM to T2D in NHSII (71 ). Total physical
activity was captured as the frequency in engaging in com-
mon recreational activities, and converted into total meta-

bolic equivalent tasks (MET-hours) per week (12).

STATISTICAL ANALYSIS

Intakes of the BCAAs isoleucine, leucine, and valine were
energy-adjusted using the residual method (13). We av-
eraged the dietary intakes reported on the 1995 and 1999
FFQs to estimate long-term usual diet over the period
in which blood samples were collected. Plasma concentra-
tions were natural log-transformed to improve normal dis-
tribution and standardized. Pearson correlation coefficients
were derived to compare dietary intakes vs circulating
plasma BCAA concentrations. We compared characteristics
at time of blood draw for incident T2D cases vs controls
with 2-sided #tests and x* tests.

Age- and multivariable-adjusted conditional logistic
regression models estimated the odds ratios (ORs) and
95% ClIs for dietary and plasma concentrations of
BCAAs categorically across quartiles (Q1-Q4), with the
first quartile as the reference group. We determined the
quartile cutpoints on the overall study population com-
bined, given the high incidence of T2D among women
with GDM. We also evaluated continuous exposures per
1 SD. The multivariable models adjusted for traditional
T2D risk factors captured at the time of blood draw,
including age, BMI (kg/m2), family history of T2D, total
physical activity (MET-hour/week), current smoking
status, white race/ethnicity, AHEI-2010 diet quality
score, and alcohol intake (g/day), as well as fasting status
at blood draw, total calorie intake, and current meno-
pausal hormone therapy use. Stratified analyses were con-
ducted to evaluate potential effect modification by family
history of diabetes (yes vs no), BMI (nonobese BMI <25
kg/m? vs overweight/obese BMI =25 kg/m?), and phys-
ical activity level (above vs below median MET-hour/
week). The continuous multivariable models of dietary
intake and plasma levels were further mutually adjusted
for one another in analytical sensitivity analyses to deter-
mine the extent to which the relationships with T2D
were independent of the other.

We further conducted joint classification of partici-
pants according to being above/below the medians for
dietand plasma BCAA concentrations to evaluate discor-
dance in relation to T2D risk. Participants with low intake/
low plasma concentrations served as the reference group.
Statistical tests for interaction were performed with likeli-
hood ratio tests comparing the multivariable models with
and without the multiplicative interaction term.

We performed analytical sensitivity analyses to assess
the robustness of our findings by repeating analyses re-
stricting to fasting samples only and by excluding ex-
treme 1% of outliers for both diet and plasma concentra-

tions. Finally, we further adjusted our multivariable
models controlling for nutrients that often coexist in
foods rich in BCAAs and related to T2D risk, includ-
ing intakes of total animal fat, trans fat, heme iron, and
cereal fiber (g/day). All analyses were conducted using
SAS® (version 9.3 for UNIX, SAS Institute), using
2-sided statistical tests with level of significance at P <
0.05.

ROLE OF THE FUNDING SOURCE
The funding sources had no role in the design, data col-
lection, analysis, or interpretation of the data.

Results

In our nested case—control study population of women
with a history of GDM, BMI at blood draw was higher
among women who developed T2D during the
follow-up period compared with controls (31.6 vs 25.5
kg/m?; P < 0.0001) with a 2-fold higher prevalence of
overweight/obesity (86% vs 42%; P < 0.0001) (Table
1). Cases were also more likely to report a family history
of T2D (50% vs 39%; P = 0.048) and less likely to be
fasting at blood draw (71% vs 81%; P = 0.036). Other
characteristics were similar between cases and controls,
including overall AHEI-2010 diet quality score, total
physical activity, menopausal status, parity, and breast-
feeding history.

Dietary intakes of individual BCAAs modestly cor-
related positively with circulating plasma levels: isoleu-
cine, » = 0.15 (P = 0.004); leucine, » = 0.19 (P =
0.0003); and valine, » = 0.19 (2 < 0.0001) (see Table 1
of the online Data Supplement). Greater dietary intakes
(Table 2) and plasma BCAA concentrations (Table 3)
were significantly associated with an increased risk of
T2D in the age-adjusted model, with total dietary
(energy-adjusted g/day) and plasma BCAAs associated
with 4-fold greater odds of developing T2D comparing
Q4 vs QI (diet: OR =3.3,CI = 1.7,6.4, Ptrend = 0 <
0.001; plasma: OR = 7.3, CI = 3.3, 16.2, P trend <
0.001). Adjusting for traditional T2D risk factors, in-
cluding overall diet quality and BMI, attenuated the as-
sociation between plasma BCAAs with T2D, although
both diet and plasma concentrations remain significantly
associated with increased odds of T2D when comparing
extreme quartiles (die: OR = 4.6, CI = 1.6, 13.4, P
trend = 0.01; plasma: OR = 4.4, CI = 14, 13.4, P
trend = 0.002). The magnitudes of association for indi-
vidual BCAAs with T2D were similar in magnitude to
total BCAAs, and all P values for tests of linear trend indi-
cated significant positive associations between diet and
plasma BCAAs with odds of progression from GDM to
T2D. Results from modeling the exposures as continuous
variables demonstrated similar findings (see Fig. 2 in the
online Data Supplement). Further adjusting diet and
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Table 1. Characteristics of incident T2D cases and controls at baseline blood draw among women with a history of GDM in the
NHS Il cohort.
Incident T2D status
Characteristics at baseline blood draw Control (n = 175) T2D case (n =172)
Age, years 43.0 (4.4)° 43.0 (4.4)
BMI, kg/m? 25.5(5.4) 31.6 (6.0)°
BMI < 25 kg/m?, % 58.3 14.0°
BMI = 25 kg/m?, % 41.7 86.1
Family history diabetes, % 39.4 50.0¢
Years since first GDM pregnancy 12.9(7.0) 12.3(6.1)
Age at first birth, years 26.9 (5.1) 26.8 (4.9)
Parity (pregnancies =6 months) 2.5(1.0) 2.6(1.0)
Total breastfeeding, months 17.3(15.4) 15.7 (13.2)
Menopausal status, %
Premenopausal 77.7 80.2
Postmenopausal, no current hormone therapy 9.7 8.1
Postmenopausal, current hormone therapy 12.6 11.6
Smoking status, %
Never smoker 68.0 70.4
Past or current smoker 32.0 29.7
White race/ethnicity, % 94.3 90.7
AHEI-2010 diet quality score 49.0(9.2) 47.6(10.0)
Total physical activity, MET-hour/week 15.6 (15.2) 13.9(14.7)
Plasma BCAAs®
Fasting status (>8 h from last eating), % 80.6 70.9<
Total BCAAs -0.98 (2.5) 1.0 (3.0)°
Isoleucine -0.32(0.9) 0.35(1.0)°
Leucine -0.31(0.9) 0.32(1.0)°
Valine -0.35(0.8) 0.37 (1.0)°
Dietary intake, g/day®
Total BCAAs 14.9 (2.3) 15.9 (2.4)°
Isoleucine 3.9(0.6) 4.2(0.7)°
Leucine 6.6(1.0) 7.0 (1.0)°
Valine 4.4(0.7) 4.6 (0.7)°
@Values are mean (SD) unless otherwise noted.
b P<0.01 for controls vs T2D cases.
€ P <0.05 for controls vs T2D cases.
9 Log-transformed and standardized.
© Adjusted for total energy intake.

plasma concentrations for each other did not modify the
estimates.

There was a nonsignificant trend for an interaction
between dietary intakes and circulating BCAA concen-
trations (Fig. 1), with the highest odds of T2D observed
among women with both high dietary intake and high
plasma concentrations, compared with low intake/low
plasma (P values for diet—plasma interaction, total

1206 Clinical Chemistry 64:8 (2018)

BCAAs = 0.22, isoleucine = 0.20, leucine = 0.13, va-
line = 0.084). High total dietary BCAA intake was asso-
ciated with T2D risk only among women with high
plasma concentrations (vs low diet/low plasma OR =
6.0, CI = 2.1, 17.3) but not among women with low
plasma (OR = 1.6, CI = 0.6, 4.1). Conversely, women
with high total BCAA plasma concentrations had an in-
creased T2D risk, even for women reporting low dietary
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Table 2. Quartiles of dietary intake of BCAAs in relation to T2D among women with previous GDM.?
Q1 Q2 Q3 Q4
Dietary intake (energy-adjusted), g/day OR (95% CI) OR (95% CI) OR (95% CI) OR (95% ClI) P for trend
Isoleucine
Age-adjusted model [ref] 1.12(0.59,2.13) 1.72(0.95,3.12) 3.48(1.76, 6.88) 0.0002
Multivariable-adjusted model [ref] 2.20(0.81,5.93) 1.77(0.74,4.20) 5.78(1.86,17.95) 0.004
Leucine
Age-adjusted model [ref] 1.19(0.64,2.21) 1.65(0.92,2.94) 2.93(1.56,5.53) 0.0007
Multivariable-adjusted model [ref] 2.41(0.87, 6.68) 1.35(0.58,3.16) 4.66(1.60,13.53) 0.01
Valine
Age-adjusted model [ref] 1.45(0.77,2.74) 1.47(0.82, 2.65) 3.04(1.58,5.82) 0.001
Multivariable-adjusted model [ref] 3.01(1.06,8.51) 1.35(0.58,3.16) 5.71(1.85,17.60) 0.009
Total BCAAs
Age-adjusted model [ref] 1.35(0.72,2.52) 1.55(0.86,2.82) 3.33(1.73,6.39) 0.0003
Multivariable-adjusted model [ref] 2.29(0.85, 6.15) 1.49(0.63,3.52) 4.63(1.61,13.36) 0.01
2 Conditional logistic regression multivariable model adjusts for age (continuous), total calorie intake (continuous), fasting status =8 h (yes/no), alcohol intake g/day
(continuous), family history of diabetes (yes/no), menopausal status and current menopausal hormone therapy use (premenopausal, postmenopausal use, yes/no), total
physical activity MET-hour/week (continuous), smoking status (ever/never), white race/ethnicity (yes/no), BMI kg/m? (continuous), AHEI-2010 adherence dietary quality score
(continuous). ref, reference category.

intake (OR = 3.2, CI = 1.2, 9.1). Trends were similar
for individual BCAAs.

There was no statistically significant effect modifica-
tion for associations of diet or plasma concentrations
with T2D by BMI status (2 values for interaction: diet =
0.88, plasma = 0.67), physical activity level (P values for

interaction: diet = 0.95, plasma = 0.61), or family his-
tory of T2D (P values for interaction: diet = 0.05,
plasma = 0.59) (see Fig. 3 in the online Data Supple-
ment). Excluding nonfasting samples (n = 84) and data
at the extremes (1 and 99 percentiles) of the dietary and
plasma distributions did not appreciably affect the results

Table 3. Quartiles of circulating plasma BCAAs in relation to T2D among women with previous GDM.?
Q1 Q2 Q3 Q4
Plasma levels OR (95% ClI) OR (95% ClI) OR (95% ClI) OR (95% ClI) P for trend
Isoleucine
Age-adjusted model [ref] 2.37(1.23,4.57) 3.38(1.65, 6.92) 8.30(3.80,18.12) <0.0001
Multivariable-adjusted model [ref] 1.50(0.61,3.71) 2.94(1.06, 8.20) 4.54(1.56,13.17) 0.003
Leucine
Age-adjusted model [ref] 2.43(1.19,4.96) 3.22(1.58, 6.58) 7.75(3.50,17.17) <0.0001
Multivariable-adjusted model [ref] 1.26(0.45,3.56) 2.29(0.77, 6.79) 5.83(1.83,18.62) 0.001
Valine
Age-adjusted model [ref] 1.87(0.92,3.81) 5.15(2.41,11.02) 8.44(3.76,18.94)  <0.0001
Multivariable-adjusted model [ref] 1.54(0.58,4.10) 4.05(1.35,12.11) 5.46(1.76,16.96) 0.0008
Total BCAAs
Age-adjusted model [ref] 2.29(1.15,4.55) 4.87(2.24,10.59) 7.32(3.30,16.24) <0.0001
Multivariable-adjusted model [ref] 1.25(0.48,3.29) 3.81(1.22,11.95) 4.38(1.43,13.39) 0.002
2 Conditional logistic regression multivariable model adjusts for age (continuous), total calorie intake (continuous), fasting status =8 h (yes/no), alcohol intake g/day
(continuous), family history of diabetes (yes/no), menopausal status and current menopausal hormone therapy use (premenopausal, postmenopausal use, yes/no), total
physical activity MET-hour/week (continuous), smoking status (ever/never), white race/ethnicity (yes/no), BMI kg/m? (continuous), AHEI-2010 adherence dietary quality score
(continuous). ref, reference category.
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Fig. 1. Joint relationship between low (below median) vs high (above median) dietary intakes and circulating metabolite levels of
(A) isoleucine, (B) leucine, (C) valine, and (D) total BCAAs with T2D risk, among women with a history of GDM.

Dietary BCAA intakes are energy-adjusted. Bars represent ORs. Asterisk indicates statistical significance at P < 0.05 vs the reference
category of low diet/low diet. Conditional logistic regression multivariable model adjusts for age (continuous), total calorie intake
(continuous), fasting status =8 h (yes/no), alcohol intake g/day (continuous), family history of diabetes (yes/no), menopausal status
and current menopausal hormone therapy use (premenopausal, postmenopausal use yes/no), total physical activity MET-hour/week
(continuous), smoking status (ever/never), white race/ethnicity (yes/no), BMI kg/m? (continuous), and AHEI-2010 adherence dietary

quality score (continuous).

(data not shown). In addition, further adjusting for heme
iron, trans and animal fats, and cereal fiber intakes did
not change the multivariable model estimates (see Table
5 in the online Data Supplement).

Discussion

The present study was a prospective study to evaluate
both dietary intakes and circulating concentrations of
BCAAs simultaneously. Overall, we observed positive re-
lationships between dietary intakes and circulating
plasma concentrations of isoleucine, leucine, and valine
with incident T2D among women with a history of
GDM, indicating a striking 4- to 6-fold increased risk for
those at the highest vs lowest quartiles. Analyses classify-
ing women according to being above/below the medians
for both diet and plasma concentrations supported
that an increased T2D risk was limited to women with

1208 Clinical Chemistry 64:8 (2018)

high plasma concentrations, with the highest risk ob-
served for women with both high dietary intakes and
high circulating plasma concentrations. Further, high
dietary BCAA intake was not associated with T2D
risk among women with low circulating plasma
concentrations.

Previous studies for the relationship between dietary
BCAA intake and T2D risk are limited, with conflicting
results and all among the general population. In an anal-
ysis combining data across multiple US cohorts, includ-
ing participants from the NHS II (not specifically with a
history of GDM), long-term dietary intake of total
BCAAs was associated with a modest 8% increased T2D
risk, comparing the Q5 vs Q1 of energy-adjusted g/day
(P for trend = 0.002) (14). Conversely, a population-
based Japanese cohort observed an inverse association
between baseline dietary BCAAs (as a percent of calories
from protein) with T2D risk in women over 10 years of

220z 1snBny g1 uo Jasn sonsnr Jo Juswipedaq S'N A 1L5/8095/E0Z L/8/79/9101E/WSYIUIID/W0D dNO"dlWspeoe)/:sdjy WoJj PaPEOjUMOQ



Diet and Plasma BCAAs and Diabetes Risk in Women

follow-up (15 ). Notable differences in major dietary pro-
tein sources of BCAAs between the study populations
were discussed, with meat being the top contributor in
the US cohorts, whereas cereals, potatoes, and starches
were among the top contributors in the Japanese cohort.
Thus, constituents of the sources of BCAAs, preparation
methods, or correlated dietary factors, rather than
BCAAs themselves, may lead to increased T2D risk. In
our population, we previously observed positive associa-
tions between dietary iron, animal fat, and animal pro-
tein intakes and risk of progression from GDM to T2D
in the NHS II study population (16, 17). Vegetable
sources of protein were not associated with T2D risk in
GDM women (17). However, further adjusting for
heme iron and trans and animal fats in the present anal-
ysis did not impact effect estimates for the associations
between dietary BCAAs and T2D.

We are unaware of previous studies on circulating
BCAA concentrations and T2D risk among high-risk
women with a history of GDM. The significant and pos-
itive association we observed is consistent with the previ-
ously published prospective studies of non-GDM popu-
lations but 2-fold greater in the magnitude of the
association. For instance, in a recent metaanalysis, isoleu-
cine, leucine, and valine were associated with 36%, 36%,
and 35% greater odds of T2D, respectively, per 1 SD in
plasma concentrations (3). The corresponding estimates
per 1 SD in the present study were 87%, 77%, and 71%,
respectively. Accumulating evidence supports the hypothe-
sis that increased circulating concentrations of BCAAs di-
rectly affect the development of insulin resistance and T2D,
possibly by increasing the presence of toxic BCAA interme-
diate metabolites, which in turn interfere with B-cell mito-
chondrial function (18). Further, obesity may lead to de-
creased expression of BCAA metabolism genes in adipose
tissue; thus, increased BCAAs may be a component of the
causal pathway between obesity and T2D (18).

Women with a history of GDM represent a sub-
group at high risk of developing T2D later in life, and as
such may have underlying impaired metabolism several
years before T2D onset and diagnosis. We observed that
relatively high BCAA concentrations, despite being be-
low the median for dietary intake, conferred increased
T2D risk and, thus, may signal this developing pathol-
ogy. A recent Mendelian randomization study supports
the hypothesis that the underlying rate of BCAA metab-
olism contributes to T2D development, indicating that
specific genomic predictors of circulating BCAA path-
way metabolites were associated with an increased T2D
risk (19). However, <8% of the heritability for isoleu-
cine, leucine, and valine could be explained by the genetic
variants identified, suggesting additional and potentially
modifiable factors may have a greater influence on BCAA
concentrations. Further research is needed to identify de-
terminants of BCAA metabolite concentrations.

We did not observe a T2D risk for the subgroup of
women with GDM who had above median dietary
BCAA intake but low relative metabolite concentrations.
It is possible that preventive strategies aimed at improv-
ing BCAA catabolism and clearance may help to mitigate
risk. Two randomized weight-loss intervention trials
demonstrated an effect of weight loss on lowering circu-
lating BCAA metabolites (20). Additionally, an aerobic
exercise training intervention induced greater plasma
BCAA turnover and increased insulin sensitivity among
overweight trained participants vs overweight untrained
individuals over 6 months (21). A nonrandomized inter-
vention study also observed lowered plasma BCAAs
when healthy participants abstained from animal prod-
ucts and followed a modified vegan diet allowing fish
intake (22). Interestingly, BCAA metabolite concentra-
tions of obese women receiving whey protein supple-
ments, enriched in BCAAs, did not differ from a group
receiving protein-matched gelatin supplements after 8
weeks. Plasma BCAA metabolite concentrations, therefore,
constitute biomarkers beyond dietary intake, capturing a
constellation of T2D-related mechanistic pathways even
several years before diagnosis and, importantly, may be ame-
nable to lifestyle interventions.

Strengths of this study include its prospective nested
case—control design, allowing for the ascertainment of
exposures before T2D diagnosis, mitigating the influence
of the outcome and related treatments on participants’
metabolomic profiles. Limitations of this analysis include
our measurement of plasma BCAA at a single time point,
which may be less representative of individuals’ long-
term metabolome status, and the mail-based blood col-
lection susceptible to processing delays. However, a pilot
study in the similar NHS cohort observed good within-
person reproducibility for samples collected 1 year apart,
with intraclass correlations of 0.56, 0.44, and 0.58 for
isoleucine, leucine, and valine, respectively (9). There
was also little impact of sample processing delays for iso-
leucine, leucine, and valine metabolites, all with inter-
class correlation coefficients >0.86 comparing immedi-
ate vs delayed (>24 h) processing times. Assessment of
long-term usual dietary intake via FFQ may be prone to
measurement error, although the performance of the
FFQ to estimate nutrient intake has been extensively val-
idated against multiple-week diet records. Additionally,
we derived dietary BCAAs from the cumulative mean of
2 FFQs to minimize measurement error. Random mea-
surement error in the diet and plasma BCAA measure-
ments may lead to our underestimation of their relation-
ship with T2D. Residual and unmeasured confounding
by other dietary components or T2D risk factors may be
possible. The relatively racially/ethnically homogenous
study population and small sample size preclude sub-
group analyses to investigate potential effect modifica-
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tion. Replication of these findings in a separate cohort
would enhance the validity of our results.

Summary

Our prospective nested case—control study indicates that
higher dietary and circulating concentrations of isoleu-
cine, leucine, valine, and total BCAAs are related to a
greater risk of progression from GDM to T2D later in
life. Uncovering dietary and/or plasma BCAA’s role in
T2D pathophysiology may help to develop targeted ther-
apies and identify high-risk individuals. Follow-up stud-
ies are warranted to determine whether interventions,
including lifestyle modifications, lead to reductions in
isoleucine, leucine, or valine metabolite levels and subse-
quently reduced T2D risk.

Author Contributions: A/l authors confirmed they have contributed to the
intellectual content of this paper and have met the following 3 requirements: ()

significant contributions to the conception and design, acquisition of data, or
analysis and interpretation of data; (b) drafting or revising the article for intel-
lectual content; and (c) final approval of the published article.

Authors’ Disclosures or Potential Conflicts of Interest: Upon man-
uscript submission, all authors completed the author disclosure form. Dis-
closures andor potential conflicts of interest:

Employment or Leadership: None declared.

Consultant or Advisory Role: None declared.

Stock Ownership: None declared.

Honoraria: None declared.

Research Funding: D.K. Tobias, NIH grant K01 DK103720; C.
Zhang, the Intramural Research Program of the Eunice Kennedy Shriver
National Institute of Child Health and Human Development at the Na-
tional Institutes of Health (contract number HHSN275200800002I,
HHSN275201000020C, HHSN27520130000261). The NHS IT is sup-
ported by NIH grants RO1 CA67262 and UM1 CA176726.

Expert Testimony: None declared.

Patents: None declared.

Role of Sponsor: The funding organizations played no role in the
design of study, choice of enrolled patients, review and interpretation of
data, or final approval of manuscript.

. Bardenheier BH, Imperatore G, Gilboa SM, Geiss LS, Say-

dah SH, Devlin HM, et al. Trends in gestational diabetes
among hospital deliveriesin 19 U.S. States, 2000-2010.
Am J Prev Med 2015;49:12-9.

References

oping diabetes. Nat Med 2011;17:448-53.

. Townsend MK, Clish CB, Kraft P, Wu C, Souza AL, Deik

AA, et al. Reproducibility of metabolomic profiles
among men and women in 2 large cohort studies. Clin

2. BellamyL, Casas JP, Hingorani AD, Williams D. Type 2 Chem 2013;59:1657-67.

diabetes mellitus after gestational diabetes: a sys-  10. Willett WC, Sampson L, Stampfer MJ, Rosner B, Bain C,

tematic review and meta-analysis. Lancet 2009; Witschi J, et al. Reproducibility and validity of a semi-

373:1773-9. quantitative food frequency questionnaire. Am J Epide-
3. Guasch-Ferre M, Hruby A, Toledo E, Clish CB, Martinez- miol 1985;122:51-65.

Gonzalez MA, Salas-Salvado J, Hu FB. Metabolomicsin ~ 11. Tobias DK, Hu FB, Chavarro J, Rosner B, Mozaffarian

prediabetes and diabetes: a systematic review and D, Zhang C. Healthful dietary patterns and type 2

meta-analysis. Diabetes Care 2016;39:833-46. diabetes mellitus risk among women with a history
4. Zheng Y, Li Y, Qi Q, Hruby A, Manson JE, Willett WC, of gestational diabetes mellitus. Arch Intern Med

et al. Cumulative consumption of branched-chain 2012;172:1566-72.

amino acids and incidence of type 2 diabetes. IntJ Epi- ~ 12. Wolf AM, Hunter DJ, Colditz GA, Manson JE, Stampfer

demiol 2016;45:1482-92. MJ, Corsano KA, et al. Reproducibility and validity of a
5. Solomon CG, Willett WC, Rich-Edwards J, Hunter DJ, self-administered physical activity questionnaire. Int J

Stampfer MJ, Colditz GA, Manson JE. Variability in diag- Epidemiol 1994,23:991-9.

nostic evaluation and criteria for gestational diabetes. ~ 13. Willett W, Stampfer MJ. Total energy intake: implica-

Diabetes Care 1996;19:12-6. tions for epidemiologic analyses. Am J Epidemiol
6. Tworoger SS, Sluss P, Hankinson SE. Association be- 1986;124:17-27.

tween plasma prolactin concentrations and risk of ~ 14. Zheng Y, Li Y, Qi Q, Hruby A, Manson JE, Willett WC,

breast cancer among predominately premenopausal et al. Cumulative consumption of branched-chain

women. Cancer Res 2006;66:2476-82. amino acids and incidence of type 2 diabetes. IntJ Epi-
7. Magnusson M, Lewis GD, Ericson U, Orho-Melander M, demiol 2016;45:1482-92.

Hedblad B, Engstrom G, et al. A diabetes-predictive ~ 15. Nagata C, Nakamura K, Wada K, Tsuji M, Tamai Y, Kawa-

amino acid score and future cardiovascular disease. Eur chiT. Branched-chain amino acid intake and the risk of

Heart J 2013;34:1982-9. diabetes in a Japanese community: the Takayama
8. Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, Mc- study. Am J Epidemiol 2013;178:1226-32.

Cabe E, et al. Metabolite profiles and the risk of devel-

16.

1210 Clinical Chemistry 64:8 (2018)

Bao W, Chavarro JE, Tobias DK, Bowers K, Li S, Hu FB,

17.

18.

19.

20.

21.

22,

Zhang C. Long-term risk of type 2 diabetes in relation to
habitual iron intake in women with a history of gesta-
tional diabetes: a prospective cohort study. Am J Clin
Nutr 2016;103:375-81.

Bao W, Li'S, Chavarro JE, Tobias DK, Zhu Y, Hu FB, Zhang
C. Low carbohydrate-diet scores and long-term risk of
type 2 diabetes among women with a history of gesta-
tional diabetes mellitus: a prospective cohort study. Di-
abetes Care 2016;39:43-9.

Lynch CJ, Adams SH. Branched-chain amino acids in
metabolicsignalling and insulin resistance. Nat Rev En-
docrinol 2014;10:723-36.

Lotta LA, Scott RA, Sharp SJ, Burgess S, Luan J, Tillin T,
et al. Genetic predisposition to an impaired metabo-
lism of the branched-chain amino acids and risk of type
2 diabetes: a Mendelian randomisation analysis. PLoS
Med 2016;13:¢1002179.

Zheng Y, Ceglarek U, Huang T, Li L, Rood J, Ryan DH,
et al. Weight-loss diets and 2-y changes in circulating
amino acids in 2 randomized intervention trials. Am J
Clin Nutr2016;103:505-11.

Glynn EL, Piner LW, Huffman KM, Slentz CA, Elliot-Penry L,
AbouAssi H, et al. Impact of combined resistance and aer-
obic exercise training on branched-chain amino acid turn-
over, glycine metabolism and insulin sensitivity in over-
weight humans. Diabetologia 2015;58:2324-35.
Elshorbagy A, Jerneren F, Basta M, Basta C, Turner C,
Khaled M, Refsum H. Amino acid changes during tran-
sition to a vegan diet supplemented with fish in healthy
humans. EurJ Nutr 2017;56:1953-62.

220z 1snBny g1 uo Jasn sonsnr Jo Juswipedaq S'N A 1L5/8095/E0Z L/8/79/9101E/WSYIUIID/W0D dNO"dlWspeoe)/:sdjy WoJj PaPEOjUMOQ



