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only), and dietary factors, including glycemic load and daily
intakes (continuous) of saturated fat, dietary fiber, alcohol,
and coffee. (Glycemic load is defined as the amount of each
carbohydrate consumed multiplied by its respective glycemic
index. The glycemic index ranks carbohydrate foods on the
basis of their postprandial blood glucose response (24).) The
associations of individual BCAAs with the risk of diabetes
were evaluated in a similar way. All of the statistical analy-
ses were performed using SAS programs (SAS Institute Inc.,
Cary, North Carolina). Significance was defined as a 2-sided
P value less than 0.05.

RESULTS

Characteristics of the study population, by sex and tertile
of total BCAA intake (percentage of total protein intake),
are shown in Table 1. Men and women who had a greater
intake of total BCAAs were more likely to be older and less
educated (<15 years) and to have reported a history of hyper-
tension. They also had lower intakes of dietary fiber, alcohol,
and coffee and higher intakes of saturated fat and total
protein. In addition, women who had a greater intake of total
BCAAs were more likely to be postmenopausal and never
smokers. Men who had a greater intake of total BCAAs had
a higher dietary glycemic load. Major food groups supply-
ing BCAAs were cereals/potatoes and starches, fish and
shellfish, and meats. The contributions (as a percentage of
total amount of BCAAs) of these food groups to BCAA
intake were 24.6%, 23.2%, and 14.9%, respectively, in men
and 22.7%, 20.7%, and 13.7%, respectively, in women. Our
questionnaire was designed to measure an individual’s rela-
tive intake of nutrients rather than absolute values. Although
we present the mean values for nutrients in Table 1, some of
them may have been overestimated by our questionnaire.
The mean values estimated from the FFQ were generally
higher than those estimated from 12 daily diet records; for
example, the mean estimate of total protein in the former
was 8% higher in men and 14% higher in women than in the
latter.

During a 10-year follow-up period, 438 participants
reported the development of diabetes. The hazard ratios and
95% confidence intervals for diabetes according to tertiles
of total BCAAs and constituent amino acids are shown in
Table 2. In men, total BCAA intake was not significantly asso-
ciated with the risk of diabetes after controlling for covari-
ates. However, compared with the lowest intake, the highest
tertile of leucine intake was marginally significantly associ-
ated with a decrease in the risk of diabetes (P =0.06). The
trend toward greater reduction in the risk of diabetes with
increasing leucine intake was also of borderline significance
(P =0.06). In women, a high intake of total BCAAs was sig-
nificantly inversely associated with the risk of diabetes, and
the trend was also significant. A similar association was observed
for each individual BCAA, although the association was some-
what weaker and nonsignificant for isoleucine.

Analysis stratified according to body mass index (<25 or
>25) showed that this variable did not greatly affect the
associations between BCAA intake and diabetes. For example,
in men, the hazard ratios for the highest tertile of leucine
versus the lowest were 0.73 (95% confidence interval (CI):

0.45, 1.18; P-trend=0.19) and 0.58 (95% CI. 0.31, 1.09;
P-trend =0.09), respectively, for these 2 body mass index
groups. The corresponding values for total BCAAs in women
were 0.53 (95% CI: 0.30, 0.96; P-trend=0.04) and 0.75
(95% CI: 0.35, 1.62; P-trend = 0.45). Exclusion of persons
with diabetes that developed during the first 3 years did not
alter the results substantially; for example, the hazard ratios
for the highest tertile of intake versus the lowest were 0.70
(95% CI: 0.40, 1.08; P-trend = 0.10) for leucine in men and
0.55 (95% CI: 0.34, 0.90; P-trend = 0.02) for total BCAAs
in women.

DISCUSSION

In the present prospective study, high intakes of total
BCAAs, leucine, and valine were associated with a decreased
risk of diabetes in women. In men, leucine intake was mar-
ginally significantly inversely associated with the risk of dia-
betes. Our results suggest a beneficial effect of dietary leucine
or BCAASs in preventing diabetes. However, at present, con-
flicting data exist on the role of BCAAs as a mechanism for
the observed association. Leucine or BCAA supplementation
has exerted beneficial effects on the metabolic profiles of obese
subjects and patients with diabetes or chronic liver disease
(5-T7), which supports our findings. However, findings from
studies based on plasma BCAA levels have suggested rather
that BCAAs may promote insulin resistance (8-13, 25).
Plasma BCAA levels were higher in obese subjects than in
lean subjects and were positively correlated with insulin resis-
tance (25). A recent nested case-control study in the Framing-
ham Offspring Study (10) showed that plasma BCAA levels
were correlated with fasting insulin levels and could predict
future risk of diabetes, especially in obese persons and those
with elevated fasting glucose levels. Plasma BCAA level
was associated with insulin resistance in young normoglyce-
mic adults at baseline and 6-year follow-up (11) and in obese
subjects after weight loss (12). However, in general, observed
blood amino acid patterns are probably not a direct reflection
of diet-derived amino acids. McCormack et al. (13) found
that plasma BCAA level, but not dietary BCAA intake, was
associated with obesity and insulin resistance measured 18
months later among children and adolescents. Qin et al. (23)
reported that a high intake of BCAAs was significantly asso-
ciated with a lower prevalence of being overweight among
apparently healthy middle-aged adults, which contradicts
the observations for plasma BCAAs. In fact, we also noted
that BCAA intake, either as an absolute measurement or a
percentage of protein, was unrelated to plasma BCAA levels
(r=0.004 and r=—0.01, respectively) and insulin resistance
(r=0.04 and r=—0.01, respectively) in another sample of
women (1 = 850) enrolled in a health check-up program pro-
vided by a general hospital in Gifu (unpublished data). The
reasons for the elevated plasma BCAA level among obese
or insulin-resistant subjects are unknown. However, several
studies found that the activity of the BCAA catabolic enzyme
was reduced in obese, insulin-resistant rodents (26, 27). In
obese humans, blood BCAA levels have been seen to drop
significantly and expression of the enzyme branched-chain
o-ketodehydrogenase has been seen to increase following bar-
iatric surgery (28). Thus, it has been proposed that elevated

Am J Epidemiol. 2013;178(8):1226-1232

— 577 —

10T ‘v Aenige] uo A LISYTAINN NALD 18 /1o spewmofpioyxo-afe/duy woy pepeojumoq



— 8.8

2e21-9221:(8)8LL'EL0g oiapids P wy

Table 1. Baseline Characteristics of Study Subjects According to Tertile of Total Branched-chain Amino Acid Intake,® Takayama Study, Japan, 1992-2002

Men (n=5,885) Women (n=7,640)
Characteristic (; irii];sjz) (:11- ir:i,lgazz) (: ir?,?s?; ) PValue® (; 2?}59417) (: irg,l&%) (: ir;i,|5e4%) PValue®
Mean % Mean % Mean % Mean % Mean % Mean %

Age, years 49.8 51.7 53.9 <0.0001 50.0 51.3 53.1 <0.0001
Years of education

<t 46.2 48.6 59.8 55.6 57.0 65.1

12-14 391 39.3 30.7 38.3 37.7 30.9

>15 14.7 12.2 9.5 <0.0001 6.1 53 4.0 <0.0001
Smoking status

Never smoker 14.3 16.5 19.2 80.4 86.6 89.2

Former smoker 275 30.4 32.6 5.8 4.7 3.9

Current smoker 58.2 53.1 48.2 <0.0001 13.8 8.7 6.9 <0.0001
History of hypertension 15.3 17.0 19.3 0.005 123 14.5 16.7 0.02
Postmenopausal (women only) 50.3 55.9 64.5 <0.0001
Body mass index® 227 226 226 0.21 . 221 221 22.1 0.87
Physical exercise, MET-hours/week 28.1 30.3 28.8 0.62 20.8 22.1 21.8 0.33
Daily dietary intake

Alcohol, g 57.8 40.1 33.9 <0.0001 11.6 6.7 4.9 <0.0001

Coffee, no. of servings 1.1 0.9 0.6 <0.0001 1.0 0.7 0.5 <0.0001

Total energy, keal 2,702 2,668 2,673 0.28 2,200 2,189 2,190 <0.0001

Protein, g 88.3 94.8 101.5 <0.0001 80.4 84.4 89.6 <0.0001

Saturated fat, g 15.3 16.7 19.2 <0.0001 15.0 16.0 18.1 <0.0001

Fiber, g 16.5 16.4 15.6 <0.0001 18.2 17.0 16.0 <0.0001

Carbohydrate, g 374 376 369 0.18 327 321 313 <0.0001
Glycemic load® 223.2 234.9 232.9 <0.0001 195.5 198.3 192.4 0.09

Abbreviation: MET, metabolic equivalent.

2 Total branched-chain amino acid intake (sum of leucine, isoleucine, and valine intakes) is expressed as a percentage of total protein intake.

> Pvalues were based on linear regression analysis for continuous variables and on the x? test for categorical variables.

© Weight (kg)/height (m)?.

9 Glycemic load was calculated by multiplying the carbohydrate content of each food by its glycemic index (24), multiplying this value by the frequency of consumption, and summing these
values for all foods. The measure has no units.
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Table 2. Hazard Ratios for the Risk of Diabetes According to Tertile of Branched-chain Amino Acid Intake® Among Men and Women, Takayama Study, Japan, 1992-2002

Men Women
BCAA and Tertile - -
oftake male  Cases  Subjeats  MRC o%Cl MR esear G GRSl JlGe  HR® eswol  HRS sl
Total BCAAs
1 16.74 106 1,962 1.00 1.00 16.86 64 2,547 1.00 1.00
2 17.22 76 1,962 0.71 053,096 0.75 0.55,1.03 17.31 58 2,647 0.87 0.61,1.24 075 051,1.10
3 17.69 84 1,961 0.77 058,104 078 054,1.13 17.76 50 2,546 0.71 049,103 057 0.36,0.90
P-trend 0.07 0.17 0.07 0.02
Leucine
1 7.56 106 1,962 1.00 1.00 7.60 65 2,547 1.00 © 1.00
2 7.77 82 1,962 0.77 0.58,1.03 0.79 0.58,1.09 7.80 56 2,547 0.84 059,120 0.75 0.51,1.10
3 7.98 78 1,961 0.71 053,096 0.70 0.48,1.02 7.99 51 2,546 0.72 0.50,1.04 0.62 0.39,0.97
P-trend 0.02 0.06 0.08 0.04
Isoleucine
1 417 91 1,962 1.00 1.00 4.21 55 2,547 1.00 1.00
2 4.31 86 1,962 094 0.70,1.27 0.94 0.68,1.30 4.33 54 2,647 0.93 064,136 0.78 0.51,1.17
3 4.44 89 1,961 098 0.72,1.31 093 0.63,1.39 4.59 63 2,546 1.056 0.73,1.51 077 0.46,1.25
P-trend 0.87 0.73 0.78 0.31
Valine
1 5.00 108 1,962 1.00 1.00 5.03 65 2,547 1.00 1.00
2 5.15 74 1,962 0.68 0.51,0.92 0.75 0.54,1.03 5.18 62 2,547 090 064,128 087 058,125
3 5.30 84 1,961 0.76 0.57,1.01 0.87 0.58,1.24 5.33 45 2,546 0.62 042,991 0.61 0.39,0.94
P-trend 0.05 0.42 0.01 0.03

Abbreviations: BCAA, branched-chain amino acid; Cl, confidence interval; HR, hazard ratio.

2 Total branched-chain amino acid intake (sum of leucine, isoleucine, and valine intakes) is expressed as a percentage of total protein intake.

b Adjusted for age.

¢ Additionally adjusted for years of education, body mass index, physical activity, smoking status, history of hypertension, glycemic load, menopausal status (women only), and intakes of
total energy, total protein, saturated fat, dietary fiber, alcohol, and coffee.
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plasma BCAA levels in obese or diabetic subjects are caused,
in part, by reduced BCAA catabolism (29). Although stimu-
lation of insulin secretion by BCAA is expected to prevent
hyperglycemia, this process might not sufficiently compen-
sate for impaired insulin secretion. In this context, it is possi-
ble that BCAAS play different roles in glucose metabolism
among persons with insulin-resistant and non-insulin-
resistant conditions. We did not include the measurement of
blood glucose or insulin level. However, body mass index,
which is generally correlated with insulin resistance, did not
greatly modify the association between dietary BCAA intake
and the risk of diabetes. Although it is not known whether cir-
culating BCAAs are causes/mediators of insulin resistance or
by-products of the associated metabolic dysfunction, the
present study highlights the need for researchers to consider
dietary intake of BCAAs.

Among the individual BCAAs, leucine shows great potency
in stimulating the secretion of insulin (30). We observed that
leucine, as well as total BCAAs, was significantly inversely
associated with the risk of diabetes in women. Although these
associations were not significant in men, inverse associa-
tions were suggested. Obayashi et al. (31) reported that estra-
diol increased the activity of the BCAA catabolism enzyme
in ovariectomized rats, suggesting control of BCAA catabo-
lism by estrogen. Hormonal status in women may favor the
potentially beneficial effect of dietary BCAAs on the risk of
diabetes.

Strengths of our study include the prospective design, val-
idation of the dietary questionnaire, representation of the general
population, and information on potential confounders. Several
limitations should also be considered. The identification of cases
of diabetes was based on self-reports. In a previous study con-
ducted in Japan, relatively high sensitivity and specificity were
reported for self-reported diabetes relative to physician-reported
diabetes; the sensitivity and specificity were 80.8% and 99.3%,
respectively (32). However, no screening for undiagnosed dia-
betes was done. The sensitivity of self-reported diabetes as com-
pared with the criterion defined by hemoglobin A level was
low in our subsample, and low sensitivity of self-reported
diabetes in comparison with biomarkers has been reported
from other studies (33, 34). If subjects who had diabetes but
were misclassified as nondiabetic were more likely to have
had a higher intake of BCAAs than those who were correctly
classified as diabetic, the results found in the present study
would have been affected. Considering that the rate of response
to the follow-up questionnaire was not high, the possibility
that subjects who had diabetes participated in the study only
when they had a low intake of BCAAs or that those who had
no diabetes participated in the study only when they had a
high intake of BCAAs should also be considered. However,
BCAAs are present in various foods, and their intake was
expressed as a percentage of total protein intake. In addition,
baseline BCAA intakes were similar between respondents
and nonrespondents to the follow-up questionnaire. There-
fore, it is not likely that BCAA intake was dependent on the
diagnosis of diabetes or participation in the study. Despite
the use of a validated FFQ, some degree of misclassification
of dietary intake is to be expected, just as in other nutritional
epidemiologic studies. However, it is unlikely that incident
diabetes cases would be systematically underestimated in our
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FFQ at baseline. Underlying diseases or preclinical signs at
baseline may have affected diet, but it is unlikely that such
conditions induced lower consumption of BCAAs without
affecting total protein or total energy intake. In addition,
exclusion of the first 3 years of follow-up did not substan-
tially change the results. Adjustment for numerous lifestyle
and dietary factors did not appreciably affect the results. How-
ever, we could not fully establish whether the observed reduc-
tion in the risk of diabetes was attributable to other nutrient
parameters. We could not obtain information on family history
of diabetes.

In conclusion, our findings suggest that dietary leucine or
BCAA intake might be associated with the risk of diabetes in
adults. Studies focusing on the relationship between dietary
intake of BCAAs, especially long-term intake, and diabetes
are needed. Because this is, to our knowledge, the first study
to have examined the association between BCAA intake and
risk of diabetes, replication of these results is required.
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