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Identifying novel biomarkers of type 2 diabetes risk may
improve prediction and prevention among individuals
at high risk of the disease and elucidate new biological
pathways relevant to diabetes development. We performed
plasma metabolite profiling in the Diabetes Prevention
Program (DPP), a completed trial that randomized high-
risk individuals to lifestyle, metformin, or placebo inter-
ventions. Previously reported markers, branched-chain
and aromatic amino acids and glutamine/glutamate,
were associated with incident diabetes (P < 0.05 for all),
but these associations were attenuated upon adjust-
ment for clinical and biochemical measures. By con-
trast, baseline levels of betaine, also known as glycine
betaine (hazard ratio 0.84 per SD log metabolite level,
P = 0.02), and three other metabolites were associated
with incident diabetes even after adjustment. Moreover,
betaine was increased by the lifestyle intervention,
which was the most effective approach to preventing
diabetes, and increases in betaine at 2 years were also
associated with lower diabetes incidence (P = 0.01). Our
findings indicate betaine is a marker of diabetes risk
among high-risk individuals both at baseline and during
preventive interventions and they complement animal
models demonstrating a direct role for betaine in mod-
ulating metabolic health.

Early interventions aimed at the prevention of type 2
diabetes can be effective when targeted at individuals at

high risk (1). Elucidating novel risk markers may highlight
new biology relevant to the transition from a high-risk
metabolic state to overt type 2 diabetes and also permit
the early identification of high-risk individuals who are
likely to benefit or fail preventive interventions for type 2
diabetes.

Higher circulating concentrations of branched-chain
amino acids and aromatic amino acids (BCAA/As) (iso-
leucine, leucine, valine, tyrosine, and phenylalanine) (2,3)
and a lower ratio of circulating glutamine-to-glutamate
concentrations (glutamine/glutamate) (4,5) are observed
in individuals who develop type 2 diabetes up to 12 years
into the future. However, prior studies have been con-
ducted in observational cohorts of individuals, who were
primarily of European background and at average risk for
type 2 diabetes.

The Diabetes Prevention Program (DPP) was a multi-
ethnic, randomized clinical trial of lifestyle or pharmaco-
logical interventions to prevent diabetes in high-risk
overweight or obese individuals (6). All participants had
elevated fasting glucose and impaired glucose tolerance.
The main results of the DPP were that an intensive life-
style intervention and metformin reduced diabetes inci-
dence relative to placebo (1). Using stored samples from
the DPP, we performed metabolite profiling to test the
hypotheses that previously established amino acid markers
(BCAA/As and glutamine/glutamate) can predict diabetes
incidence in a high-risk population and can inform the
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response to preventive interventions for type 2 diabetes.
We also expanded our analyses to assess the relationship
between additional circulating metabolites and diabetes
incidence.

RESEARCH DESIGN AND METHODS

DPP
The DPP Research Group conducted a randomized, multi-
ethnic clinical trial from 1996 to 2001 at 27 centers in the
U.S. (1). Full inclusion and exclusion criteria are detailed in
the published DPP study design (6). Briefly, all participants
had elevated BMI, elevated fasting glucose, and impaired
glucose metabolism but not diabetes at baseline.

During the main phase of the trial, 3,234 participants
were followed for an average of 3.2 years after random
assignment to one of three intervention groups: 1,079
to intensive lifestyle, 1,073 to metformin, and 1,082 to
placebo (1). Participants in the intensive lifestyle group
engaged in a healthy, low-calorie, low-fat diet and 150 min
of brisk exercise per week to achieve and maintain a goal
of at least 7% weight reduction from baseline. The main
findings of the DPP have been published: compared with
placebo, the intensive lifestyle and metformin interven-
tions reduced the incidence of diabetes by 58% and 31%,
respectively, after a mean 2.8 years of follow-up (1).

The institutional review board at each center approved
the protocol, and all participants gave written informed
consent.

Sample Selection
Sample selection for metabolite profiling followed a
nested case-control design with 1:1 matching of partici-
pants with and without incident diabetes during the DPP
with data lock at 31 July 2001. All racial/ethnic groups
were included, and metabolite samples were drawn from
all of the DPP study centers. For each individual with
incident diabetes, at the time of the diabetes assessment,
an individual free of diabetes was selected by matching
sex, treatment group (lifestyle, metformin, or placebo),
hypertension status, and propensity score. The propensity
score was calculated at each 6-month assessment for
diabetes within the DPP (1 to 9, indicating 6 months to
54 months) from a logistic regression model with the
diabetes status (yes/no) as the outcome and age at random-
ization, race/ethnicity, baseline fasting plasma glucose (FPG),
and BMI as predictors. The propensity score was calculated
by the following equation: logit (diabetes status) = age at
randomization + race/ethnicity + baseline FPG + BMI. Ten
strata were created from the propensity score by rounding
the score (0 to 1) to the nearest 0.1. A participant free of
diabetes may have been used as a matched control subject at
multiple time points during the study. Individuals serving
as matched control subjects earlier could have developed
diabetes at a later time. In total, there were 427 pairings
of individuals with and without incident diabetes; how-
ever, because some individuals without incident diabetes
were used in multiple pairings only 330 individuals

without incident diabetes actually contributed to the
pairings. Fasting samples from these 757 DPP partici-
pants were used for metabolite measurements.

Metabolite Measurements
Measurements were performed on stored samples at
baseline and 2 years of follow-up in the placebo, intensive
lifestyle, and metformin groups. Previously aliquoted plasma
samples stored at 280°C since collection during the DPP
trial were thawed and centrifuged for 5 min at 1,500 rpm.
All samples were exposed to one freeze-thaw cycle before
measurement.

Metabolite profiling was performed as previously de-
scribed (2,7,8). Briefly, we used hydrophilic interaction liq-
uid chromatography coupled to tandem mass spectrometry
(MS) to analyze polar metabolites in the positive ion mode
in a targeted manner. This platform assesses amino acids,
amines, acylcarnitines, some nucleotides, and other com-
pound classes. All liquid chromatography–MS analyses
were performed using a 4000 QTRAP triple quadrupole
mass spectrometer (AB Sciex, Foster City, CA) coupled to
either an 1100 Series pump (Agilent Technologies, Santa
Clara, CA) or an HTS PAL autosampler (Leap Technolo-
gies, Carrboro, NC) equipped with a column heater.

Quality control measures were implemented. Prior to
each run, mixtures of reference standards containing
130 metabolites were measured to assure reproducibility
of chromatographic retention times, peak shapes, and MS
sensitivity. During each run, isotope-labeled internal stan-
dards were monitored in each sample to ensure proper
injection and to monitor MS sensitivity. Further, a pooled
plasma reference sample was inserted in the analysis queue
after every 20 study samples. Thus, the pooled plasma
sample was used as a reference to standardize within and
across batches by “nearest neighbor” scaling. The coefficient
of variance for each metabolite was calculated to determine
the reproducibility over the run, with close monitoring for
temporal drift. We have previously demonstrated that me-
dian coefficient of variances are #20% for 74% of me-
tabolites and #10% for 54% of metabolites, including
BCAA/As (2). No study site or batch effects were noted.
We have successfully used this “double standardization”
technique (to isotope in the same class of the analyte
of interest and to the corresponding metabolite in the
“nearest neighbor” pooled plasma) to control for batch
effects in our prior biomarker studies in multiple cohorts
(2,4,9). Finally, each batch contained random samples
from the three treatment groups. All metabolite measure-
ments were normalized to pooled plasma samples and
internal standards and then log transformed.

In total, 79 of 84 metabolites were measured in
.75% of the study cohort and were included in the
analyses. The complete list of 84 metabolites measured
in this study is provided in Supplementary Table 1.
Glutamine/glutamate, which has been associated with
type 2 diabetes (4,5), was also analyzed as a prespecified
metabolite.
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Anthropomorphic and Clinical Laboratory
Measurements
Weight and height were used to calculate BMI. Waist
circumference was measured in centimeters. Laboratory
measurements for FPG and fasting insulin were performed
by glucokinase and radioimmunoassay methods, respec-
tively, during the DPP study (6,10). Diabetes onset was
detected by an oral glucose tolerance test at an annual visit
or by a semiannual fasting glucose level, with confirmation
on a second test within 6 weeks (6), using the 1999
American Diabetes Association criteria (11).

Statistical Analysis
All metabolite values were log transformed, which led to
an approximately normal distribution for each metabolite
frequency and reduced heteroscedasticity of selected
samples. Percent metabolite change was calculated using
the log-transformed values at 2 years of intervention and
baseline.

Due to prior sample use for other biomarker studies
in the DPP, the percentage of stored samples missing for
the metabolite measurement varied across the treatment
groups and by incident diabetes status (35% missing
samples for individuals who developed diabetes vs. 22%
missing samples for those who remained free of diabetes;
36% missing samples in the placebo group vs. 22% and
17%missing samples in the lifestyle and metformin groups,
respectively). Thus, to correct for potential biases in-
troduced by the nonrandom missingness of samples,
we applied an inverse probability weighting (IPW) ap-
proach to analyze the case-control study using established
methods that facilitate unmatched analysis of matched
data (12,13). Logistic regression models were built sepa-
rately for selected individuals with incident diabetes and
selected individuals without incident diabetes to create a
propensity score for participants who were selected for
metabolite profiling. The inverses of the propensity scores
were then used as the weights in the subsequent analyses.
The primary study results of treatment effect in the DPP as
well as baseline characteristics of the DPP cohort were re-
stored after using the IPW (Table 1), demonstrating the
effectiveness of the method.

Weighted Cox proportional hazard models were used
to examine the association between metabolites and risk
of diabetes during the DPP (up to 31 July 2001). Variances
of the parameter estimates were calculated using the
Jackknife resampling method. Interaction between treat-
ment arm and baseline metabolite or metabolite change
was tested for each metabolite. If the interaction term
was significant (P , 0.05), the analyses were stratified
and presented by treatment arm. If the interaction term
was not significant, the interaction term was removed and
the model was reanalyzed with only a parameter for treat-
ment effect.

Models were analyzed without and with adjustment
for treatment group, sex, race/ethnicity, and baseline age,
BMI, FPG, and hypertension status to assess the contribution

of metabolite values to standard clinical predictors of
diabetes. Models examining the relationship between me-
tabolite change and diabetes incidence were also adjusted for
baseline metabolite level and included only participants free
of diabetes at the 2-year follow-up assessment. We also
performed conditional logistic regression with the matched
case-control data, and the results were similar to the
IPW approach.

All analyses were conducted using SAS (version 9.2;
Cary, NC). Two-sided P values are reported. Statistical
significance was set at a = 0.05 for the primary analyses
examining the association of the established amino acid
markers, BCAA/As and glutamine/glutamate, with inci-
dent diabetes. We also report the results for additional
metabolites that reach this statistical threshold in explor-
atory analyses.

RESULTS

Table 1 shows the baseline characteristics of the DPP co-
hort, the individuals with and without incident diabetes
who were selected for metabolite profiling, and the me-
tabolite profiling cohort of the DPP after the application
of IPW, an established statistical method to correct for
potential biases introduced by sample availability (12,13).

Owing to the DPP inclusion criteria, all participants
had impaired glucose tolerance based on an oral glucose
tolerance test, elevated BMI, and elevated fasting glucose.
Relative to the original DPP cohort, the selected cohort of
individuals with and without incident diabetes had more
participants in the metformin group and fewer partici-
pants in the lifestyle intervention group, were slightly
older, and had fewer men and more women. After the
application of IPW, the characteristics of the metabolite
profiling cohort replicated those in the original DPP
cohort, and baseline characteristics across interventional
treatment groups were balanced. Further, the relative
reduction in diabetes incidence in the lifestyle (56%) and
metformin (35%) arms relative to placebo in the IPW data
set closely approximated that in the DPP full cohort (1).
Therefore, to present findings that represented those in
the full DPP cohort, all reported results use the IPW ap-
proach unless otherwise stated.

Incident diabetes occurred at an average of 23 months
(range 6–54 months) after randomization in the DPP.
Among those individuals free of diabetes at the 2-year
metabolite assessment, incident diabetes occurred at an
average of 13 months (range 0–30 months) later during
the DPP.

Metabolite profiling was performed according to pre-
viously described methods (2,7,8). All measured metabo-
lite values (Supplementary Table 1) were log transformed,
which led to an approximately normal distribution for
each metabolite frequency and reduced heteroscedasticity
of selected samples.

Table 2 demonstrates the relationship of baseline
levels of the established amino acid markers (BCAA/
As and glutamine/glutamate) with incident diabetes in
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the DPP. Prior to adjustment for baseline characteristics,
each established amino acid marker except phenylalanine
was associated with increased diabetes incidence during
the DPP (P , 0.05). After adjustment for age, sex, race/
ethnicity, treatment group, BMI, FPG, and hypertension
status at baseline, the association of diabetes incidence
with each established amino acid marker, except phenyl-
alanine, remained increased as expected, but was no
longer significant. The inclusion of FPG measurement in
the models led to the largest attenuation of the associa-
tion between the amino acids and incident diabetes.
Adjusting the models for other covariates, including
treatment group, race/ethnicity, age, sex, BMI, and hy-
pertension status, did not markedly attenuate the rela-
tionship between amino acids and incident diabetes.
Additional adjustment for baseline smoking status in
these models also did not change the associations with
incident diabetes (data not shown).

We next performed analyses across all metabolites
measured by the platform to identify additional metab-
olites markers of diabetes incidence. In analyses that
accounted for baseline characteristics, we found four
metabolites associated with incident diabetes in the
DPP: methionine sulfoxide, betaine (also known as glycine
betaine), serine, and propionylcarnitine (Table 3). Addi-
tional adjustment for baseline smoking status in these
models also did not change the associations with incident
diabetes (data not shown). Serine, betaine, and methio-
nine sulfoxide are all metabolites within the choline me-
tabolism pathway. Baseline levels of betaine and serine
were correlated with each other (P , 0.0001), with
methionine sulfoxide (P , 0.005 for both), and with
propionylcarnitine (P , 0.0005 for both), yet baseline
levels of these metabolites were not correlated with base-
line BMI, FPG, or fasting insulin (Fig. 1). Further, repeat-
ing the statistical models without adjustment for FPG
did not change the hazard ratios (HRs) (95% CI) for the
relationship between these metabolites and incident
diabetes (methionine sulfoxide [1.11 (1.01, 1.24)]; be-
taine [0.86 (0.74, 1.02)]; serine [0.91 (0.78, 1.05)]; and
propionylcarnitine [1.23 (1.01, 1.55)]), supporting that
the relationship of these metabolites with incident di-
abetes was not dependent on measured glucose levels.

To assure bias was not introduced by the IPW
approach, we performed conditional logistic regression
models using only the matched nested case-control cohort
(i.e., using only directly measured samples and no IPW).
Because these models used participants matched on
baseline characteristics, we expected the results to be
similar to those of the IPW models adjusted for age, sex,
race/ethnicity, treatment group, BMI, FPG, and hyper-
tension status. Indeed, no significant associations were
observed in the matched case-control cohort between
incident diabetes and established amino acid risk markers
(HR [95% CI] per SD increase in log metabolite level for
isoleucine 1.23 [0.72, 2.10], P = 0.45; leucine 1.30 [0.69,
2.46], P = 0.42; valine 1.25 [0.63, 2.48], P = 0.53;
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phenylalanine 0.95 [0.51, 1.76], P = 0.87; tyrosine 1.12
[0.73, 1.73], P = 0.61; and glutamine/glutamate 0.85
[0.70, 1.04], P = 0.11). However, as in the IPW analyses,
we found associations in the matched case-control cohort
between incident diabetes and betaine (0.42 [0.21, 0.84],
P = 0.01), serine (0.52 [0.30, 0.90], P = 0.01), and pro-
pionylcarnitine (1.40 [0.99, 1.98], P = 0.05). The associa-
tion of methionine sulfoxide with incident diabetes in the
matched case-control cohort was in the same direction as
in the IPW analyses, but it did not reach statistical signif-
icance (1.23 [0.82, 1.48], P = 0.31). Thus, analyses per-
formed using the traditional approach were consistent
with analyses using the IPW approach.

A significant interaction between baseline metabolite
levels and treatment group was detected in the statisti-
cal models for several metabolites, indicating that the
relationship between incident diabetes and the metabo-
lite level differed across the intensive lifestyle, metformin,
and placebo groups (Supplementary Table 2). Notably, the
association of baseline methionine sulfoxide, betaine,
serine, and propionylcarnitine with incident diabetes,
which predicted diabetes incidence in the DPP, did not
differ across the intensive lifestyle, metformin, or pla-
cebo arms.

To assess whether interventions directly influenced
metabolite levels, we compared the metabolite change
from baseline to 2 years of treatment during the DPP
between participants assigned to the placebo, metfor-
min, and intensive lifestyle arms (Table 4). None of the
previously established amino acid markers of diabetes

risk (BCAA/As or glutamine/glutamate) were signifi-
cantly altered by the intensive lifestyle or metformin
intervention as compared with placebo. However, four
metabolites were altered by preventive interventions
(Table 4). Betaine levels were increased by the intensive
lifestyle intervention and were nominally higher in the
metformin group as compared with the placebo group.
Notably, increases in betaine at 2 years of intervention
were associated with lower incident diabetes in the DPP
(HR 0.82 [95% CI 0.71, 0.95], P = 0.008) (Supplemen-
tary Table 3).

The relationship between incident diabetes and the
metabolite change at 2 years of intervention differed
across the intensive lifestyle, metformin, and placebo
groups for several metabolites in the DPP (Supplementary
Table 4). As with the association of baseline metabolite
levels and incident diabetes, the association of change in
methionine sulfoxide, betaine, serine, and propionylcarni-
tine with incident diabetes did not differ across the in-
tensive lifestyle, metformin, or placebo arms.

DISCUSSION

We report the novel characterization of the metabolite
profile associated with diabetes incidence in the DPP, a
clinical trial for diabetes prevention in a high-risk multi-
ethnic population. By measuring plasma metabolites before
and during lifestyle, metformin, and placebo treatments,
we find that increased baseline levels of BCAA/As and
glutamine/glutamate, which have previously been shown to
predict type 2 diabetes in populations at average risk, are

Table 2—Established amino acids markers and incident diabetes during the DPP

Without adjustment With adjustment

Sample N Weighted N HR (95% CI) P HR (95% CI) P

Isoleucine 741 3,180 1.24 (1.03, 1.50) 0.03 1.14 (0.95, 1.36) 0.15

Leucine 740 3,179 1.27 (1.05, 1.53) 0.01 1.15 (0.97, 1.37) 0.11

Valine 741 3,180 1.22 (1.02, 1.47) 0.03 1.13 (0.96, 1.34) 0.14

Phenylalanine 741 3,180 1.03 (0.89, 1.19) 0.69 0.98 (0.85, 1.12) 0.72

Tyrosine 741 3,180 1.16 (1.02, 1.33) 0.03 1.09 (0.93, 1.27) 0.25

Glutamine/glutamate 741 3,180 0.82 (0.72, 0.93) 0.002 0.88 (0.74, 1.04) 0.13

HR is diabetes risk for each SD increase in log metabolite level. Model results are shown without and with adjustment for age, sex, BMI,
FPG, hypertension (yes/no), race/ethnicity, and treatment group. Sample N indicates number of measured values and weighted N
indicates number of samples included in the IPW cohort. Results are from the IPW cohort.

Table 3—Association of metabolites with incident diabetes during the DPP

Sample N Weighted N HR (95% CI) P

Methionine sulfoxide 741 3,180 1.12 (1.04, 1.22) 0.006

Betaine 740 3,179 0.84 (0.73, 0.97) 0.02

Serine 741 3,180 0.87 (0.76, 0.99) 0.04

Propionylcarnitine 741 3,180 1.20 (1.01, 1.44) 0.04

HR is diabetes risk for each SD increase in log metabolite level. Metabolites are shown in order of ascending P value. Model results
are adjusted for age, sex, BMI, FPG, hypertension (yes/no), race/ethnicity, and treatment group. Sample N indicates number of
measured values and weighted N indicates number of samples included in the IPW cohort. Results are from the IPW cohort.
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also associated with diabetes incidence in the DPP.
Although these relationships are attenuated and become
nonsignificant after adjustment for clinical characteristics,
several other metabolites, including betaine, serine, and

methionine sulfoxide, remain associated with incident
diabetes during the DPP. Together, our results suggest
that a distinct metabolite profile, including metabolites
within the choline metabolic pathway, is informative with

Figure 1—Correlation matrix of BCAA/As, glutamine/glutamate, methionine sulfoxide, betaine, serine, propionylcarnitine, and baseline
metabolic traits in the DPP. A: Correlation coefficients. B: P values.
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respect to future type 2 diabetes incidence in a high-risk
population. Further, our work in humans complements
emerging animal data demonstrating a direct role for
dietary betaine in promoting metabolic health, as shown
by Ejaz et al. (14). This study provides a potential mech-
anism by which betaine improves glucose tolerance, bol-
stering the association of betaine with reduced incident
diabetes that is demonstrated in our independent work. A
brief summary of this work is provided in the Supplemen-
tary Data.

The strengths of the current study’s design include the
well-phenotyped, multiethnic cohort; the randomized allo-
cation of lifestyle or metformin interventions; the inclusion
of a placebo group; and the standardized ascertainment of
metabolite levels at baseline and follow-up using a well-
established platform. The participants with and without
incident diabetes on whom metabolite profiling was per-
formed were closely matched, and participants free of di-
abetes were included at multiple time points; thus, our
sampling design increased the likelihood of identifying me-
tabolites that provided nonoverlapping information with
clinical measures. Although sample availability limited me-
tabolite profiling to a subset of samples from the DPP, the
main treatment effects of the DPP were restored after
implementation of IPW, and demographic characteristics
mirrored the same in the original DPP cohort.

As with prior reports (2,3), we find that higher levels of
BCAA/As and lower levels of glutamine/glutamate are as-
sociated with greater likelihood of incident diabetes. The
direction of these effects is the same as that reported
previously (2). However, these effects did not remain sig-
nificant after adjustment for clinical measures, suggesting
that elevated BCAA/As or lower glutamine/glutamate may
reflect the combined effects of other risk factors such as
obesity, elevated fasting glucose, and impaired glucose
tolerance in this high-risk population. BCAA/As and
glutamine/glutamate were also not modulated by preventive
interventions for diabetes, and the change in these metab-
olites was not associated with future diabetes development.

Together, these results suggest that these amino acids may
not contribute to the biological transition from impaired
glucose metabolism to type 2 diabetes. These findings
do not undermine previously reported associations of
BCAA/As and glutamine/glutamate with incident diabe-
tes in observational cohorts in populations at average risk
of diabetes (2–4). Rather, they support that these estab-
lished markers may be stronger predictors of incident
diabetes prior to the emergence of a high-risk metabolic
state common among DPP participants. Further, diabetes
risk biomarkers may be different in high-risk individu-
als entering clinical trials compared with individuals in
community-based cohorts. Differences between the DPP
and population-based cohorts in BMI, fasting or postpran-
dial glucose and insulin, or activity level may explain these
differences. These hypotheses can be tested in further ex-
periments. We call attention to prior work from our group
and others demonstrating that BCAA/As change with the
restoration of insulin sensitivity following bariatric surgery
(15) and are altered by acute interventions that modulate
insulin action (16). Thus, BCAA/As correlate with meta-
bolic states in other clinical settings.

Our study identified the choline metabolites betaine,
serine, and methionine sulfoxide as associated with
incident diabetes even after adjustment for clinical
measures in the DPP. The relationship between baseline
levels of these metabolites and incident diabetes did not
differ among DPP participants randomized to placebo,
metformin, or lifestyle arms, suggesting that these
markers could be informative irrespective of whether an
individual does or does not engage in preventive inter-
ventions for diabetes. These relationships were also
observed in the traditional conditional logistic approach
using only measured metabolite data. Thus, choline
metabolites may be markers of future type 2 diabetes
that merit additional validation in heterogeneous cohorts,
potentially among the individuals in high-risk groups.

Betaine is of specific interest for several reasons. First,
prior cross-sectional analyses, including our own work,

Table 4—Percent change in metabolites from baseline by DPP treatment group

Lifestyle Metformin Placebo P (lifestyle vs. placebo) P (metformin vs. placebo)

Changes in established amino acid markers of diabetes
Isoleucine 12.1 20.9 9.4 0.70 0.27
Leucine 9.9 15.0 7.2 0.61 0.34
Valine 7.9 9.9 4.8 0.62 0.47
Phenylalanine 8.9 11.6 10.2 0.84 0.87
Tyrosine 9.8 12.0 11.5 0.83 0.96
Glutamine/glutamate 49.9 91.8 71.7 0.49 0.64

Changes in additional metabolites
Betaineǂ 12.8 7.9 5.4 0.01 0.43
Allantoin 21.2 8.2 4.4 0.03 0.49
1-Methylhistamine 20.3 11.7 26.2 0.34 0.01
Hexacosanoyl carnitine 4.5 7.7 20.3 0.02 0.12

Data are percent change at 2 years of intervention from baseline in the DPP for each treatment group. Metabolite changes for
established amino acid markers of diabetes and metabolite changes for any comparison at P , 0.05 are presented. ǂComparison of
lifestyle vs. metformin change for betaine is significant at P = 0.04.
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have shown that high levels of betaine are associated with
other favorable metabolic traits (4,17,18). Notably, Ejaz
et al. (14) report that betaine was the top-ranking metab-
olite associated with insulin resistance in normoglycemic
humans. Second, our current prospective study of DPP
patient samples demonstrates that betaine levels were
increased at 2 years by the intensive lifestyle intervention
and numerically raised by metformin treatment, interven-
tions that were successful in reducing diabetes incidence
(1). Finally, the increase in betaine at 2 years of interven-
tion was associated with reduced diabetes incidence at the
end of the DPP among all participants. Therefore, betaine
might have utility in the monitoring for the effect of
preventive interventions on future diabetes development.
For example, individuals who do not have increases in
betaine during lifestyle interventions may require closer
monitoring or additional interventions to prevent the on-
set of type 2 diabetes. These clinically relevant hypotheses
require validation in future studies.

Betaine is an osmolyte and methyl donor, and systemic
betaine is derived either from choline or obtained directly
from the diet. Indeed, only approximately 20% of the
variation in circulating betaine levels is influenced by host
genetic factors (19), and these genetic variants have not
been associated with glycemic traits or type 2 diabetes
(18). Collectively, these data suggest a dominant role for
dietary intake or other environmental factors in influenc-
ing plasma levels. In mouse models, dietary betaine sup-
plementation not only increases plasma betaine levels but
also improves multiple aspects of metabolic health, reduc-
ing hepatosteatosis through fibroblast growth factor 21–
mediated pathways (14). These data support the hypoth-
esis that betaine is not only a marker but also a modifier
of improved systemic metabolism. Gut flora have an im-
portant role in the generation of metabolites from dietary
choline (20), including organic amines such as betaine,
which are associated with favorable metabolic phenotypes
(4,17,18), and trimethylamine-N-oxidase (TMAO), which
has been associated with increased cardiovascular disease
(20–22). Indeed, under the influence of the microbiome,
TMAO can be generated from dietary choline or, indi-
rectly, from betaine. Still, it remains unclear whether
TMAO is a direct marker of cardiovascular disease or is
confounded by other disease states (23–25). Thus, the
interaction between the microbiome and other host fac-
tors, dietary intake, and metabolite biomarkers needs to
be clarified in preclinical studies, such as those provided
by Ejaz et al. (14), and in early phase clinical studies prior
to implementing long-term trials that test the effect of
dietary betaine supplementation in individuals at high
risk of diabetes.

The limitations of our study deserve comment. First,
we measured a subset of 84 circulating metabolites out of
the estimated 5,000–10,000 species within the metabo-
lome. Our results are thus agnostic to the predictive ca-
pacity of metabolites not measured on our platform
(26,27). Utilization of novel, nontargeted measures of

metabolites may highlight additional markers of diabetes
risk within this population. Although our method is ro-
bust to the measurement of small organic amines, alterna-
tive methods of metabolite profiling, specifically nuclear
magnetic resonance, could be used to extend our findings.
Second, samples for direct measurement were selected
based on a nested case-control design and established sta-
tistical methods were used to extend the results to the
entire DPP. This approach was chosen given logistical is-
sues associated with sample availability and mirrored that
applied in other studies (2,28). Traditional analyses, using
conditional logistic regression on measured data that con-
firmed the relationships of serine and betaine with incident
diabetes, are reassuring for the robustness of the novel
results. Last, our results will require confirmation. The
unique aspects of the DPP (high-risk multiethnic popula-
tion, randomized to preventive treatments, long-term
follow-up, and sample available for metabolite profiling)
make validation of our findings within a similar cohort challeng-
ing at present. Nevertheless, our observations in a longitudinal
human cohort provide strong support for a relationship be-
tween betaine and diabetes risk and implicate choline
metabolic intermediates as contributors to the pathogenesis
of insulin resistance and diabetes risk. Human intervention
studies will be required to fully test these hypotheses.

In summary, metabolite profiling in the DPP demon-
strates a unique signature of diabetes risk. Specifically,
associations of previously validated amino acid markers
with diabetes risk are present, but they are more modest
than in population-based cohorts and become attenuated
after consideration of clinical measures. By contrast, new
markers, including betaine and serine, emerge as indica-
tors of diabetes risk prior to and during preventive
interventions. Further studies are needed to formally
test the capacity of these new metabolites as markers of
diabetes incidence in both low- and high-risk populations
and to test whether interventions modulating these
metabolites may have beneficial impacts on metabolism
and reducing diabetes risk.
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