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ABSTRACT
Background: Circulating amino acids, such as branched-chain
amino acids (BCAAs) and aromatic amino acids (AAAs), have been

associated with diabetes risk; however, little is known about how

a long-term dietary intervention for weight loss affects circulating

amino acids.
Objectives: We examined the effects of weight-loss diets on long-
term changes in plasma amino acids and the associations of these

changes with weight loss and the improvement of insulin resistance.
Design: We repeatedly measured plasma amino acid profiles over
2 y in overweight or obese participants from 2 randomized, dietary
intervention, weight-loss trials [774 subjects from the POUNDS
LOST (Preventing Overweight Using Novel Dietary Strategies
Trial) and 318 subjects from the DIRECT (Dietary Intervention
Randomized Controlled Trial)].
Results: Intervention diets consistently lowered most of the amino
acid concentrations, including BCAAs and AAAs, in both trials. In

the POUNDS LOST, average-protein diets (15% of daily energy)

showed stronger effects than did high-protein diets (25% of daily

energy) on reducing concentrations of the diabetes-associated

BCAA valine at 6 mo independent of the weight change. In both

trials, weight loss was directly related to the concurrent reduction

of the BCAAs leucine and isoleucine, the AAAs tyrosine and

phenylalanine, and 4 other amino acids. For example, per kilo-

gram of weight loss, there was a 0.04-SD decrease in log tyrosine

(w0.6 mmol/L) in both trials. In addition, we showed that reductions

in alanine and the AAA tyrosine were significantly related to im-

proved insulin resistance (measured with the use of the homeostasis

model assessment of insulin resistance), independent of weight loss,

in both trials (both P , 0.05). For example, per 1-SD decrease in

log tyrosine (w17 mmol/L), there was a 0.04-SD (w3%) improve-

ment in insulin resistance in the POUNDS LOST and a 0.13-SD

(w8%) improvement in insulin resistance in the DIRECT.
Conclusion: Our findings underscore the potential importance of
dietary interventions in improving amino acid profiles (i.e., reducing

diabetes risk–enhancing amino acid concentrations) along with and

beyond weight loss. The POUNDS LOST and the DIRECT were

registered at clinicaltrials.gov as NCT00072995 and NCT00160108,

respectively. Am J Clin Nutr 2016;103:505–11.

Keywords: dietary intervention, insulin resistance, plasma amino
acids, weight loss, metabolomics

INTRODUCTION

The growing prevalence of obesity substantially contributes to
the ongoing epidemic of type 2 diabetes and cardiovascular disease
(1, 2). Various weight-loss interventions [e.g. modifications of diet
and lifestyle (3, 4)] have shown a marked effectiveness in reducing
body weight and improving metabolic risk factors although the
underlying mechanisms are not well known.

Recently, metabolomic studies that used advanced metabolite-
profiling technology have led to the discovery of novel metabolites
that are implicated in the development of metabolic disorders (5–
8). Across a number of studies, metabolites such as branched-
chain amino acids (BCAAs)11 and aromatic amino acids (AAAs)
have been consistently associated with risks of obesity, insulin
resistance, and type 2 diabetes (9–12). Compelling evidence has
also shown that circulating amino acid profiles might be affected
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by dietary factors and weight change (13–15). To our knowledge,
no study has comprehensively examined how long-term weight-
loss dietary interventions change circulating amino acids, and no
study has assessed whether and how such changes are related to
metabolic improvements in randomized clinical trials.

In the current study, we evaluated 2-y changes in plasma amino
acid concentrations in response to weight-loss diet interventions
and examined the relation of these changes withweight loss as well
as with the improvement of insulin resistance in participants from
the following 2 independent randomized dietary intervention trials:
the POUNDS LOST (Preventing Overweight Using Novel Dietary
Strategies Trial) and the DIRECT (Dietary Intervention Ran-
domized Controlled Trial).

METHODS

Study design and population

The POUNDS LOSTwas a randomized dietary intervention trial
that compared the effects on body weight of energy-reduced diets
that differed in compositions of fat, protein, and carbohydrates. The
trial was conducted at theHarvardT.H.Chan School of PublicHealth
and Brigham and Women’s Hospital, Boston, Massachusetts, and
the Pennington Biomedical Research Center for the Louisiana State
University System, Baton Rouge, Louisiana, from 2004 through
2007. The study design, methods, and primary results have been
described in detail elsewhere (4). In brief, 811 overweight or obese
adults [mean6 SD age: 516 9 y; women: 64%; white: 79%; BMI
(in kg/m2): 33 6 4] were randomly assigned to one of 4 diets with
targeted percentages of energy derived from fat, protein, and car-
bohydrates. In the 4 respective diets, percentages of energy from fat,
protein, and carbohydrates were 20%, 15%, and 65%, respectively;
20%, 25%, and 55%, respectively; 40%, 15%, and 45%, re-
spectively; and 40%, 25%, and 35%, respectively. After 2 y of in-
tervention, 645 participants (80%) completed the trial. In the current
study, we included 774 participants from the baseline visit, 643
from the 6-mo visit, and 526 from the 2-y visit who had amino acid
measurements on the basis of the availability of blood samples.

We tested findings from the POUNDS LOST by attempting to
replicate results in the DIRECT, which was a workplace dietary
intervention trial that took place in Dimona, Israel (3). In brief, 322
overweight or obese subjects (age: 52 6 7 y; women: 14%; BMI:
316 4) were enrolled at baseline in July 2005 and assigned to one of
the 3 following nutritional protocols: a low-fat, restricted-calorie diet;
a Mediterranean, restricted-calorie diet; and a low-carbohydrate,
nonrestricted-calorie diet. The trial was completed in June 2007. In
the current study, we included 211 participants from the baseline
visit, 208 participants from the 6-mo visit, and 157 participants from
the 2-y visit, again on the basis of the availability of blood samples.

The current study was approved by the local human subjects
committees involved. All participants for the POUNDS LOST
and the DIRECT provided written informed consent for sec-
ondary analyses of collected data; written informed consent for
the current study was not required. The POUNDS LOST and the
DIRECT were registered at clinicaltrials.gov as NCT00072995
and NCT00160108, respectively.

Measurement of weight and covariates

In both trials, body weight and waist circumference were mea-
sured in the morning before breakfast at baseline, 6 mo, and 2 y.

Fasting blood samples were obtained at baseline, 6 mo, and 2 y.
In the POUNDS LOST, analyses of glucose and insulin were
performed at the Clinical Laboratory at Pennington with the use
of an immunoassay with chemiluminescent detection on the
Immulite analyzer (Diagnostic Products Corp.). In the DIRECT,
glucose and insulin concentrations were measured with the use of
an enzyme immunometric assay (Immulite automated analyzer;
Diagnostic Products Corp.) at Leipzig University Laboratories,
Leipzig, Germany. Insulin resistance was estimated with the use
of the HOMA-IR, which was calculated as follows (16):

½fasting insulin ðlU=mLÞ3 fasting glucose ðmg=dLÞ�
Oð18:013 22:5Þ ð1Þ

Race was self-reported in the POUNDS LOST.

Measurement of amino acids

The profiling of amino acid concentrations was measured in 2011
(all POUNDS LOST samples and 71% of DIRECT samples) and in
2014 (the remainder of DIRECT samples) with the use of fasting
plasma that had been stored at2808C since collection. The samples
were analyzed by the Institute of Laboratory Medicine, Clinical
Chemistry and Molecular Diagnostics, University Hospital Leipzig,
Leipzig, Germany, with the use of electrospray tandem-mass
spectrometry. Detailed profiling procedures have been previously
published (17, 18). The amino acids leucine and isoleucine were
measured as one composite variable indicated as leucine/isoleucine
(meaning “leucine and isoleucine”). In total, 25 amino acids
(leucine/isoleucine was considered a single amino acid in the
current study) were detected and quantified via a corresponding
internal standard in both the POUNDS LOST and the DIRECT.

Statistical analysis

We ln-transformed all amino acid and HOMA-IR concentrations
to improve the normality of their skewed distributions. The primary
outcomes were changes in amino acid concentrations from baseline
in both trials. In the POUNDS LOST, we calculated Pearson
correlation coefficients to assess the pairwise correlations between
baseline amino acid concentrations and between the changes in
amino acids during follow-up visits.

We present a schematic of our main analyses in Supplemental
Figure 1. As presented by arrow 1 in Supplemental Figure 1, we
compared amino acid concentrations at 6 mo and 2 y, respectively,
to baseline concentrations with the use of paired t tests. In addi-
tion, we evaluated the effects of macronutrients in the POUNDS
LOST interventions [high protein compared with average protein
(i.e., 25% compared with 15% of daily energy from protein) and
high fat compared with low fat (i.e., 40% compared with 20% of
daily energy from fat)] on changes in amino acids with the use of
an ANCOVA at 6 mo and 2 y, respectively.

To test the association between weight loss and changes in
amino acids in response to weight-loss diets (Supplemental Figure
1, arrow 2), we used a generalized estimating equation (GEE)
method with an exchangeable correlation structure to integrate the
6-mo and 2-y changes. Covariates in model 1 included age, sex,
race (in the POUNDS LOST), dietary group, follow-up time from
baseline, and the respective baseline amino acid concentration.
Model 2 further included baseline BMI. We sought to replicate the
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significant findings from the POUNDS LOST in the DIRECTwith
the use of the same GEE strategies. Additional adjustment for the
potential batch effect in measurements of amino acids at 2 time
points in the DIRECT did not materially change the results.

A strict Bonferroni correction was applied to adjust for multiple
comparisons; P, 0.002 (0.05O 25) was considered significant in
the POUNDS LOST, and P , 0.006 (0.05 O 9 amino acids were
shown to be significant in the POUNDS LOST) was considered
significant in the DIRECT. In secondary analyses, we used general
linear regression models to assess the relations between weight loss
and changes in amino acids at 6 mo and 2 y.

Second, we examined the associations between changes inweight
loss–related amino acid concentrations and changes in insulin re-
sistance that were measured with the use of the HOMA-IR (Sup-
plemental Figure 1, arrow 3) with the use of the GEE approach.
P , 0.05 was considered significant for all secondary analyses.
All statistical analyses were performed with SAS v9.4 software
(SAS Institute), or R v2.13.0 software (R Foundation).

RESULTS

Baseline characteristics and amino acids

The POUNDS LOST and the DIRECT had the same follow-up
periods (2 y) and similar interventions (weight-loss diets). Baseline
characteristics of participants in the current analysis were similar
to those reported in the original trials (3, 4) (Table 1). In both
trials, participants were middle aged, overweight, or obese, and
approximately one-third of subjects were hypertensive. POUNDS
LOST participants were generally healthy (although 1% of par-
ticipants had diabetes), whereas a larger proportion of DIRECT
participants were affected by diabetes (14%) or coronary heart
disease (36%).

Untransformed plasma concentrations of amino acids in POUNDS
LOST participants at baseline and follow-up visits are presented in
Supplemental Figure 2. Correlations between baseline plasma
concentrations of amino acids in the POUNDS LOST were gener-
ally moderate with a mean correlation coefficient of 0.26 (Supple-
mental Figure 3).

Two-year changes in amino acids in response to weight-loss
diets

Overall correlations between changes in amino acids were
moderate with the mean pairwise partial Pearson correlation co-
efficients of 0.29 at both 6 mo and 2 y (Figure 1). In the POUNDS
LOST, the plasma concentrations of a majority of amino acids
decreased during the 2-y intervention course (Supplemental
Figure 4). At 6 mo, concentrations of several BCAAs (leucine/
isoleucine and valine), AAAs (tyrosine and phenylalanine), and
other amino acids (alanine, proline, glutamic acid, and sarcosine)
significantly decreased (P , 0.002). Meanwhile, concentrations
of arginine significantly increased (P , 0.002). At 2 y, most of
these changes were attenuated although the changes in alanine,
valine, phenylalanine, and arginine remained significant (P, 0.002).
In the DIRECT, similar changes in concentrations of amino acids
were observed although the concentrations of arginine decreased
(Supplemental Figure 5).

At 6 mo in the POUNDS LOST, we observed that the weight-
loss diet arms varying in protein contents (high compared with
average as a percentage of energy) showed differential effects on

changes in plasma concentrations of BCAAs valine and leucine/
isoleucine, the AAA phenylalanine, and the 2 other amino acids
methyl-histidine and lysine (Table 2), each of which had a greater
decrease in the average-protein diet arms than in the high-protein
diet arms (all P , 0.05). The dietary effects were independent of
the weight change, and the effects on valine and methyl-histidine
remained significant after controlling for multiple testing (P ,
0.002). The effects of dietary protein on changes in these amino
acids were attenuated to the null at 2 y (Table 2; results of the
other amino acids are shown in Supplemental Table 1) potentially
because of reduced adherence to the interventions after 6 mo (4).
Diets that varied in fat and carbohydrate intakes did not show
significant differential effects on changes in plasma amino acids at
any time point (P . 0.05, data not shown).

Changes in amino acids and weight loss

In the POUNDS LOST, weight loss was significantly related to
concurrent changes in 9 amino acids including BCAAs (leucine/
isoleucine and valine), AAAs (tyrosine and phenylalanine), and
other amino acids (alanine, proline, sarcosine, hydroxyproline, and
methionine) over the 2-y intervention (P , 0.002; Supplemental
Figure 6). Additional adjustment for baseline BMI in the model
did not materially change the associations (Table 3).

In the DIRECT, changes in 7 (alanine, tyrosine, leucine/isoleucine,
sarcosine, phenylalanine, hydroxyproline, and methionine) of the
9 previously noted amino acids showed significant associations

TABLE 1

Baseline characteristics of participants from the POUNDS LOST and

DIRECT1

Characteristic POUNDS LOST DIRECT

Participants, n 774 318

Age, y 50.83 6 9.22 51.29 6 6.4

Women, n (%) 491 (63) 44 (14)

BMI, kg/m2 32.64 6 3.9 30.84 6 3.5

Waist circumference, cm

Men 113.22 6 10.4 104.51 6 8.7

Women 97.69 6 10.9 100.00 6 12.3

Race, n (%)

White 612 (79) 318 (100)

Black 121 (16) 0 (0)

Hispanic 29 (4) 0 (0)

Other 12 (2) 0 (0)

Diabetes, n (%) 10 (1) 45 (14)

Glucose, mg/dL 91.70 6 11.8 91.35 6 31.6

Insulin 10.40 [8.5]3 12.57 [8.4]

HOMA-IR 2.31 [2.1] 2.66 [2.0]

HOMA-b 1.32 [1.0] 1.95 [2.4]

Hypertension, n (%) 266 (34) 104 (33)

Total cholesterol, mg/dL 201.69 6 36.5 195.95 6 37.0

HDL cholesterol, mg/dL 49.19 6 14.3 54.06 6 15.7

LDL cholesterol, mg/dL 125.23 6 31.9 118.88 6 34.8

Triglycerides 120.00 [93.00] 153.23 [84.10]

Coronary heart disease, n (%) 23 (3) 114 (36)

1DIRECT, Dietary Intervention Randomized Controlled Trial; HOMA-

b, homeostatic model assessment of b cell function; POUNDS LOST, the

Preventing Overweight Using Novel Dietary Strategies Trial.
2Mean6 SD (all such values for continuous variables that had a normal

distribution).
3Median; IQR in brackets (all such values for continuous variables that

had a skewed distribution).
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with weight loss (P , 0.006), and the direction of the associa-
tions was consistent between the 2 trials (Table 3).

Secondary analyses showed that the associations betweenweight
loss and changes in amino acids were stronger at 6 mo than at 2 y in
both trials (Table 3). The attenuation of the associations from 6 mo
to 2 y might have been partly due to the adaptation of amino acid
metabolism to weight loss or reduced adherence to the weight-loss
diets after 6 mo.

Changes in plasma amino acids and insulin resistance

Finally, we examined whether the changes in the 7 weight-loss–
related amino acids were related to changes in insulin resistance
beyond weight loss. In both the POUNDS LOSTand the DIRECT,
we showed directionally consistent and significant associations of
decreasing alanine and tyrosine with improving HOMA-IR after
adjustment for the concurrent weight change (P , 0.05; Figure
2). For example, per 1-SD decrease in log tyrosine (w17 mmol/L),
there was a 0.04-SD (w3%) improvement in insulin resistance in
the POUNDS LOST and a 0.13-SD (w8%) improvement in in-
sulin resistance in the DIRECT.

DISCUSSION

In 2 similar randomized dietary trials, we observed that weight-
loss diets decreased plasma concentrations of amino acids including
type 2 diabetes–associated BCAAs (leucine/isoleucine and valine)
and AAAs (tyrosine and phenylalanine). We showed that weight-
loss diets with average protein had a greater effect on decreasing
concentrations of the BCAA valine than diets with high protein
independent of weight loss. In addition, we showed that weight
loss was associated with a decrease in the concentrations of 7
amino acids including a BCAA (leucine/isoleucine), AAAs (ty-
rosine and phenylalanine), and 4 other amino acids (alanine, sar-
cosine, hydroxyproline, and methionine) consistently in both trials.
Moreover, we showed that the AAA tyrosine and the amino acid
alanine were associated with an improvement of insulin resistance
in both trials independent of weight loss.

Effects of weight-loss diets on reduction of circulating
amino acid concentrations

Dietary interventions have been a mainstream effort to promote
weight loss (3, 4). Although it remains inconclusive about which
weight-loss diets aremore effective for weight loss, most intervention
diets have shown beneficial effects on reducing metabolic risk.
Several lines of evidence indicated a pivotal role of amino acids in the
development of obesity and diabetes. For example, Wang et al. (10)
reported that blood concentrations of BCAAs and AAAs predicted
diabetes risk in healthy normoglycemic individuals in the Fra-
mingham Offspring Study; and the individuals in the top quartile of
the composite amino acid score of BCAAs and AAAs had 5- to 7-
fold higher risk of developing diabetes than did individuals in the
lowest quartile. Dietary factors may affect circulating concentrations
of amino acids (13–15); e.g., 80% of dietary BCAAs reach the blood
(19). In our study, we observed that the concentrations of BCAAs
and AAAs significantly decreased in response to the weight-loss diet
interventions, and such reductions may benefit diabetes prevention.

Effects of protein composition of weight-loss diets on
reductions in circulating amino acid concentrations

In the POUNDS LOST, high-protein and average-protein
dietary interventions led to comparable reduction in body weight
(4). We showed that average-protein diets had a stronger effect
on the reduction of diabetes-associated BCAAs than did high-
protein diets. In addition, decreases in plasma concentrations of
the BCAA leucine/isoleucine and the AAA phenylalanine also
tended to be more evident in the average-protein intervention
arms. These effects on changes in amino acids were independent

FIGURE 1 Heat map of correlations of changes in amino acid concentra-
tions in the Preventing Overweight Using Novel Dietary Strategies Trial. There
were 643 participants included in the 6-mo–change analysis (A) and 527 partic-
ipants in the 2-y–change analysis (B). Axes are lists of amino acids. The color of
the square at an intersecting pair of amino acids represents the age-, sex-, and
BMI-adjusted pairwise Pearson correlation coefficient between the changes in
these amino acid concentrations. At the extremes of the color gradient, which is
indicated below the figure, red represents the strongest positive correlation (r = +1)
between the changes, and green represents the strongest inverse correlation (r =
21) between the changes; white or no color represents no correlation (r = 0)
between the changes. The predominance of red and pink and the absence of green
shows that the changes in concentrations of amino acids were generally positively
correlated with each other (i.e., as one went up or down, many others changed
similarly).
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of weight loss because we adjusted for the concurrent weight
change in the analyses. Our results indicate that, compared with
high-protein diets, average-protein diets might have additional
benefits on improvement of amino acid profiles (i.e., reducing
BCAAs and AAAs) and, thus, related diabetes risk.

Associations of weight loss with reductions in circulating
amino acid concentrations

In both the POUNDS LOST and the DIRECT, we showed that
reduction of plasma concentrations of 7 amino acids, including

a diabetes-related BCAA (leucine/isoleucine) and AAAs (tyrosine
and phenylalanine) were significantly related to weight loss. Our
finding suggests that the effects of weight-loss diets on these amino
acids are likely mediated through a weight change. In a previous
study, a 1-SD increase in log tyrosinewas related to 102% higher risk
of type 2 diabetes (10). We showed that per kilogram of weight loss
there was a related 0.04-SD decrease in log tyrosine (w0.6-mmol
tyrosine/L decrease in in our study population), which roughly ac-
counted for 4% decreased diabetes risk. Our data are consistent with
several previous studies in which weight loss induced by gastric
bypass surgery led to a reduction of circulating concentrations of

TABLE 2

Changes in concentrations of amino acids that were significantly different between average- and high-protein intervention

arms at the 6-mo visit in the POUNDS LOST (n = 643)1

6-mo visit 24-mo visit

Average protein High protein P-difference Average protein High protein P-difference

Methyl-histidine 20.24 6 0.09 0.04 6 0.10 3.9 3 1025 0.01 6 0.12 0.13 6 0.12 0.14

Valine 20.27 6 0.09 20.06 6 0.09 0.002 20.33 6 0.12 20.35 6 0.12 0.74

Phenylalanine 20.16 6 0.09 0.01 6 0.10 0.01 20.29 6 0.11 20.24 6 0.12 0.56

Leucine/isoleucine 20.09 6 0.09 0.05 6 0.09 0.02 20.12 6 0.11 20.17 6 0.11 0.53

Lysine 20.06 6 0.09 0.09 6 0.09 0.02 20.11 6 0.12 20.07 6 0.13 0.64

1All values are least-squares means 6 SEs for the SD change in the log-transformed amino acid concentration.

Differences were considered significant at P , 0.002, and a trend toward significance was considered at P $ 0.002 but

,0.05. ANCOVAs were adjusted for age at baseline, sex, race, concurrent weight change, baseline BMI, and respective

baseline amino acid concentration. POUNDS LOST, Preventing Overweight Using Novel Dietary Strategies Trial.

TABLE 3

Significant changes in concentrations of amino acids per concurrent kilogram change in body weight in the POUNDS

LOST (n = 774) and the DIRECT (n = 318)1

Amino acid

GEE2 6 mo3 2 y3

b 6 SE P b 6 SE P b 6 SE P

POUNDS LOST

Alanine 0.04 6 0.005 ,10220 0.05 6 0.01 6.2 3 10218 0.03 6 0.01 2.0 3 10210

Tyrosine 0.04 6 0.004 ,10220 0.05 6 0.01 8.0 3 10218 0.03 6 0.01 5.8 3 10210

Proline 0.02 6 0.004 2.0 3 1027 0.03 6 0.01 2.9 3 1025 0.02 6 0.01 2.5 3 1025

Leucine/isoleucine 0.02 6 0.005 5.0 3 1027 0.03 6 0.01 1.2 3 1028 0.02 6 0.01 3.8 3 1023

Sarcosine 0.02 6 0.005 9.8 3 1027 0.02 6 0.01 5.8 3 1024 0.03 6 0.01 4.8 3 1026

Valine 0.02 6 0.005 6.2 3 1026 0.03 6 0.01 3.3 3 1026 0.01 6 0.01 0.02

Phenylalanine 0.02 6 0.005 2.3 3 1025 0.03 6 0.01 6.7 3 1027 0.01 6 0.01 9.0 3 1023

Hydroxyproline 0.02 6 0.004 6.1 3 1025 0.02 6 0.01 4.7 3 1025 0.01 6 0.01 9.1 3 1023

Methionine 0.02 6 0.005 3.8 3 1024 0.01 6 0.01 0.02 0.02 6 0.01 7.0 3 1023

DIRECT

Alanine 0.05 6 0.010 2.4 3 1026 0.07 6 0.01 7.2 3 1026 0.02 6 0.01 0.14

Tyrosine 0.04 6 0.008 7.8 3 1028 0.05 6 0.01 5.3 3 1026 0.03 6 0.01 2.5 3 1023

Leucine/isoleucine 0.04 6 0.010 1.4 3 1024 0.04 6 0.01 5.5 3 1023 0.03 6 0.01 0.02

Sarcosine 0.05 6 0.012 7.4 3 1025 0.05 6 0.01 1.1 3 1023 0.04 6 0.01 7.8 3 1024

Phenylalanine 0.03 6 0.008 3.7 3 1024 0.04 6 0.01 2.0 3 1023 0.02 6 0.01 0.03

Hydroxyproline 0.06 6 0.014 7.1 3 1025 0.07 6 0.02 2.3 3 1023 0.02 6 0.02 0.15

Methionine 0.05 6 0.010 1.9 3 1023 0.05 6 0.01 1.4 3 1024 0.002 6 0.01 0.85

1b represents the standardized SD change in the log-transformed amino acid concentration per kilogram change in

body weight. By way of interpretation, 1 kg of weight loss (independent variable) was associated with a 0.04-SD decrease

in the log tyrosine concentration (an w0.6-mmol/L decrease in tyrosine in our study population) in both trials. DIRECT,

Dietary Intervention Randomized Controlled Trial; GEE, generalized estimating equation; POUNDS LOST, the Preventing

Overweight Using Novel Dietary Strategies Trial.
2GEE models handled the data at 6 mo and 2 y as repeated measurements and put both measurements in the model at

the same time. Covariates include age, sex, dietary group, follow-up time, baseline BMI, and the respective baseline amino

acid concentration.
3Changes from baseline in amino acid concentrations per kilogram of weight change at 6 mo and 2 y were tested with

the use of general linear regression models adjusted as for the GEE analysis.
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BCAAs and AAAs (20, 21). In previous studies, weight loss by
short-term, calorie-restricted dietary interventions did not lower
these diabetes-associated amino acids in blood (22, 23). Our results
indicate that long-term weight-loss diet interventions may be more
effective in improving amino acid profiles (i.e., in reducing diabetes
risk–enhancing amino acid concentrations).

Associations of reductions in amino acid concentrations
with changes in HOMA-IR

We showed that the reduction in plasma concentrations of the
AAA tyrosine was significantly related to a decrease in the HOMA-
IR in both the POUNDS LOST and the DIRECT. Circulating con-
centration of tyrosine has been associated with insulin resistance
and diabetes risk (10). A recent study showed that tyrosine acts
as a metabolic signal in influencing insulin signaling (24). Taken
together, these observations suggest that tyrosine may play a causal
role in the development of insulin resistance and diabetes. However,
the potential mechanisms that underlie the association between
reduced concentrations of alanine and an improvement in insulin
sensitivity remain unclear. Alanine is a gluconeogenic precursor.
Several previous studies have shown that blood concentrations of
alanine either did not change (25, 26) or decreased (27, 28) in
response to hyperinsulinemia in humans or animal models. How-
ever, data are currently lacking regarding the effects of circulating
alanine on changes in insulin resistance. Our findings may motivate
additional investigations, such as feeding studies and functional
experiments, to clarify potentially causal relations between changes
in amino acids and changes in insulin resistance.

Strengths and limitations

To our knowledge, the current study is the first one to explore the
effect of weight-loss diets on long-term changes in plasma amino
acids and the relation of these changes with weight loss and
improvement in insulin resistance in 2 diet-intervention trials. The

major strengths of our study included the use of 2 large dietary
intervention trials with long-term follow-ups and analyses of
dynamic changes of plasma amino acids with the use of repeated
measures over 2 y of intervention. The consistency of results from
2 independent populations strongly supported the validity and
generalizability of our findings. Furthermore, we analyzed changes
in metabolites over time, which are more relevant to translation
into clinical strategies than are measurements of metabolites at
single time point (29). A recent study showed that analyses of
concurrent changes in lifestyle factors and metabolic outcomes are
more powerful and statistically robust in inferring biological re-
lations between variables than are prevalent lifestyle analyses or
lagged changes analyses (30).

Nevertheless, there were several limitations in the current study.
First, we used a metabolomics platform that focuses on amino acids
only and did not provide a systematic coverage of the breadth of
plasma metabolites. In our panel, leucine and isoleucine were
measured as one composite variable; therefore, we could not
distinguish which one was the driving metabolite, whereas their
effects on risk of diabetes (10) and cardiovascular disease (12)
might be different. Our focus on amino acids was motivated by the
results of previous experimental (31, 32) and metabolomics (7, 9,
10, 33, 34) studies, which suggest that circulating amino acids are
closely related to obesity and diabetes risk. Our data complement
ongoing efforts to annotate the comprehensive human metabolome
by providing clinical implications for the selected amino acid panel.
Second, both study populations were middle aged, mainly white,
and obese or overweight; an additional validation of our findings
in other populations is warranted. Third, because of the limited
number of participants with diabetes in our study population, we
were unable to explore the effect of diabetes on our overall findings.
Finally, several differences between the 2 trials meritmention.Most
of the participants in the POUNDS LOST were American whites,
whereas all participants in the DIRECTwere Israelis; the POUNDS
LOST had more women than men, whereas men were the majority
in the DIRECT; the POUNDS LOST included overweight and
obese but otherwise generally healthy participants by design (al-
though there were 10 participants with diabetes), whereas partic-
ipants with diabetes and coronary heart disease met the inclusion
criteria in the DIRECT. Such differences may partly explain the
failure to replicate some of the associations discovered in the
POUNDS LOST in the DIRECT. However, the consistent results
between these 2 trials, which differed in proportions of sex and race
as well as culture, lend robustness to our findings.

In conclusion, our observations from 2 large dietary intervention
trials indicate that 1) weight-loss diets may have long-term effects
on reductions in circulating concentrations of diabetes-associated
amino acids such as BCAAs and AAAs; 2) weight-loss diets with
average protein (15% of daily energy) might be more beneficial
than are high-protein weight-loss diets (25% of daily energy) in
lowering diabetes-related amino acids and subsequent diabetes
risk; and 3) the weight loss that results from these interventions is
associated with sustained changes of diabetes-associated amino
acids. Even beyond the effects of weight loss, a reduction of di-
abetes-related amino acids may improve insulin resistance.
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