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OBJECTIVE

Adiposity and the gut microbiota are both related to the risk of type 2 diabetes. We
aimed to comprehensively examine how changes induced by a weight-loss diet in-
tervention in gut microbiota–related metabolites, such as trimethylamine N-oxide
(TMAO) and its precursors (choline and L-carnitine), were associated with improve-
ments in adiposity and regional fat deposition.

RESEARCH DESIGN AND METHODS

This study included 510 overweight and obese individuals who were randomly
assigned one of four diets varying in macronutrient intake. We examined associa-
tions of 6-month changes in bloodmetabolites (TMAO, choline, and L-carnitine) with
improvements in body weight (BW), waist circumference (WC), body fat composi-
tion, fat distribution, and resting energy expenditure (REE).

RESULTS

Individuals with a greater reduction of choline (P < 0.0001) and L-carnitine (P < 0.01)
rather than TMAO showed significant losses of BW and WC at 6 months. The re-
duction of choline was significantly predictive of decreases in body fat composition,
fat distribution, and REE. Results of sensitivity analysis showed that the baseline
diabetes risk status, such as the presence of hyperglycemia (31% of the total partic-
ipants) and fasting glucose levels, did not modify the associations. Early changes in
choline and L-carnitine were significantly predictive of weight loss over 2 years (P <

0.05 for all). Individuals with increases in choline or L-carnitine were 2.35-times (95%
CI 1.38, 4.00) or 1.77-times (1.06, 2.95)more likely to fail to loseweight (–5% ormore
loss) at 2 years.

CONCLUSIONS

Overweight and obese individuals who showed decreases in circulating choline or
L-carnitine levels achieved greater improvements of adiposity and energy metabo-
lism by eating a low-calorie weight-loss diet, suggesting that such metabolites are
predictive of individuals’ response to the treatment. Further investigations are nec-
essary to confirm our findings, particularly in a population with prediabetes that is
more representative of the U.S. population with obesity.
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Obesity is the most important modifiable
risk factors for the development of type 2
diabetes (1), and evidence has consis-
tently demonstrated that successful
weight loss contributes to reducing the
risk of developing type 2 diabetes among
obese patients (2,3). Emerging data have
linked the gutmicrobiomewith the host’s
adiposity and type 2 diabetes risk (4,5),
and studies have suggested that gut
microbiome–related metabolites, such
as trimethylamine N-oxide (TMAO) and
its precursors of choline and L-carnitine,
may play a pivotal role in regulating obe-
sity (6–9) and obesity-related chronic
metabolic diseases (10–15).
Accumulating evidence has also shown

that dietary habit and macronutrient in-
take would influence TMAO production
(13,16–20). TMAO is a small organic com-
pound mainly derived from dietary cho-
line and L-carnitine. Dietary choline and
L-carnitine are metabolized by intestinal
bacteria to produce trimethylamine
(TMA) (10,13), which is in turn absorbed
into the bloodstream and oxidized to
TMAO by the enzyme flavin monooxyge-
nase 3 (FMO3) in the liver (10,13,21). He-
patic TMAO production is also regulated
by insulin signaling and influenced by
the presence of obesity and an insulin-
resistant state (7,22). Although various
low-calorie weight-loss diets are effective
for the treatment of obesity and the im-
provement of body composition and fat
distribution (23,24), little has been clari-
fied about how diet-induced changes in
the gut microbiota–related metabolites
are associated with the improvement
of adiposity, body composition, and fat
distribution.
Therefore, in the current study of over-

weight and obese individuals who partic-
ipated in the Preventing Overweight
Using Novel Dietary Strategies (POUNDS
Lost) trial, we examined whether diet-
induced changes in TMAO, choline, and
L-carnitine were associated with the im-
provements of overall and central adipos-
ity, body fat distribution, and body fat
composition during the weight-loss die-
tary intervention trial. We also investi-
gated whether early changes in these
metabolites were significantly predictive
of successful long-term weight loss.

RESEARCH DESIGN AND METHODS

Study Participants
The POUNDS Lost trial was a random-
ized dietary intervention in which 811

individuals who were overweight or obese
wereassignedtooneof fourenergy-reduced
diets varying in the macronutrient composi-
tion of fat, protein, and carbohydrate to
compare their effects on body weight (BW)
change over 2 years (ClinicalTrials.gov,
NCT00072995). The study was conducted
from October 2004 through December
2007 at two sites: Harvard T.H. Chan
School of Public Health and Brigham and
Women’s Hospital in Boston, MA, and the
Pennington Biomedical Research Center of
Louisiana State University System, in Baton
Rouge, LA. All participants gave written in-
formed consent. The studywas approved by
each institution’s human subjects commit-
tee and by a data and safety monitoring
board appointed by the National Heart,
Lung, and Blood Institute. Two diets were
low fat (20%), and the other two diets
were high fat (40%), and two diets were
average protein (15%), and the other two
diets were high protein (25%), which con-
stituted a two-by-two factorial design.

Random assignments to one of four
diet groups were generated by the data
manager at the coordinating center on
request of a study dietitian after eligibility
of a participant was confirmed. Random-
ization by computer occurred after the
collection of baseline data and was man-
aged by the study statistician. Investiga-
tors and staff who measured outcomes
were unaware of the diet assignment of
the participants (24). The study was pow-
ered to detect a 1.67-kg weight loss as an
effect of the level of protein or fat in the
diet over the 2-year period, assuming a
withdrawal rate of 40% (24).

Major exclusion criteria in this trial were
the presence of diabetes or unstable car-
diovascular disease, the use of medica-
tions that affect BW, and insufficient
motivation (24). More details of this trial,
such as randomization, blinding, and ad-
herence, have been described in detail
elsewhere (24).

Of the total 811 individuals, the current
study included 510 participants on the
basis of availability of blood samples and
measurements of TMAO, choline, and
L-carnitine at the baseline examination
and at 6 months during the intervention.
The baseline BMI was not statistically dif-
ferent between participants whowere in-
cluded (n = 510, BMI 32.6 kg/m2) or were
not included (n = 301, BMI 32.9 kg/m2) in
the present analysis. Most of the partic-
ipants were considered normoglycemic
based on fasting glucose levels (82% had

fasting glucose ,5.5 mmol/L) or HbA1c
levels (77% had HbA1c ,5.7% [39
mmol/mol]). Of the 510 participants,
data on weight changes at 2 years were
available for 85% (n = 433), which was
comparable to the 80% rate of original
study participants, as reported previously
(24).

Measurements of TMAO, Choline, and
L-carnitine
Fasting blood samples were obtained at
baseline and 6 months and stored
at280°C. Circulating levels of TMAO, cho-
line, and L-carnitine were measured at
Preventive Research Laboratory and Lab-
oratory Diagnostic Core, Cleveland Clinic
(Cleveland, OH), and details of the meas-
urements were addressed elsewhere
(10–13). Plasma TMAO, choline, and
L-carnitine concentrations were mea-
sured using stable isotope dilution high-
performance liquid chromatography with
electrospray ionization tandem mass
spectrometry.

Measurements of Adiposity and Energy
Expenditure
Height was measured at the baseline ex-
amination. BW and waist circumference
(WC) were measured in the morning be-
fore breakfast at baseline and at 6, 12, 18,
and 24 months during the intervention.
Body weight was measured by calibrated
hospital scales, and WC was measured
using a nonstretchable tape measure,
4 cm above the iliac crest. BMI was calcu-
lated as weight in kilograms divided by
the square of height in meters (kg/m2).
For the assessment of body composition,
a random sample of ;50% of the total
study participants were selected to un-
dergo DEXA scans using a Hologic QDR
4500A (Hologic) after an overnight fast.
Total fat mass, total lean mass, whole-
body total fatmass percentage, and trunk
fat percentage were measured at base-
line and at 6 and 24 months during the
intervention. Computed tomography (CT)
was performed in 50% of a random sam-
ple of those participants who had DEXA
scans, resulting in a sample of 25% of the
total participants. After CT scans were
performed, a series of eight single-slice
images were obtained every 10 cm from
2 cm below and 5 cm above the fourth
and fifth lumbar vertebral interspaces.
These contiguous cross-sectional images
were analyzed, and the total volume was
calculated from the individual slices. Total
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adipose tissue mass, visceral adipose tis-
suemass, deep subcutaneous adipose tis-
sue mass, and superficial adipose tissue
mass within the abdomen were assessed
by standard methods at baseline and
at 6 and 24 months. Measurements of
resting energy expenditure (REE) were
performed for all trial participants at
baseline and at 6 and 24 months. Details
of the assessment of REE have been re-
ported previously (25).
To investigate how initial (6-month)

changes in the metabolites during the in-
tervention were predictive of successful
long-term weight loss, we used a cutoff
point of –5% of weight loss to define suc-
cessful or unsuccessful weight loss at
1 year and 2 years based on a previous
publication of the POUNDS Lost trial (26).
Weight loss of at least 5% of BW has been
established as the minimal lower weight-
loss bound to obtain clinically meaningful
health benefits, including the prevention
and treatment of type 2 diabetes and
the improvement of cardiometabolic
abnormalities (1,27).

Other Measurements
Dietary intake was assessed in a random
sample of 50% of the total participants
by a review of 5-day diet records at base-
line and by 24-h recall during a telephone
interview on 3 nonconsecutive days at
6 months and at 2 years to assess the ad-
herence to the dietary intervention. Fasting
glucose and fasting insulin concentrations
(Diagnostic Products Corporation) were
measured at the Pennington Biomedical
Research Center Clinical Laboratory, and
the HOMA for assessing insulin resistance
was calculated.

Statistical Analysis
Data on TMAO, choline, and L-carnitine
were log-transformed to improve nor-
mality. We first analyzed associations of
TMAO, choline, or L-carnitinewith adipos-
ity measurements at the baseline exami-
nation per 1 log-transformed increase in
TMAO, choline, or L-carnitine using gen-
eral linear models adjusted for age, sex,
ethnicity, and diet group. Our primary
outcomes were changes in BW and WC
during the 2-year intervention. Secondary
outcomes were changes in body fat com-
position, body fat distribution, and REE.
We calculated changes in TMAO, choline,
and L-carnitine from baseline to 6months
during the intervention and used general
linear models to analyze the effect of
each 1 log-transformed decrease in these

measurements on changes in the outcome
measurements.Multivariate-adjustedmod-
els were performed, including age, sex,
ethnicity, diet group, BMI, value for the
respective outcome traits at baseline (ex-
cept for the outcome of BW), and TMAO,
choline, or L-carnitine levels at baseline.
We also performed a sensitivity analysis
using a multivariate-adjusted model that
further included a parental history of di-
abetes andbaseline fasting glucose levels.
We tested interactions between the pres-
ence of hyperglycemia (elevated fasting
glucose $5.5 mmol/L or elevated HbA1c
concentrations $5.7% [39 mmol/mol])
and changes in the metabolite levels for
the outcomes at 6 months to investigate
whether the baseline diabetes risk status
modified the associations. A logistic re-
gression model was performed to calcu-
late odds ratios (ORs) and 95% CIs for a
failure of achieving successful weight loss
according to 1 SD log-transformed or ter-
tile categories of changes in the metabo-
lites. Statistical analyses were performed
with SAS 9.3 software (SAS Institute). All
P values were nominal and two-sided,
and a P value,0.05 was considered sta-
tistically significant.

RESULTS

Median (25th, 75th) values of TMAO, cho-
line, and L-carnitine at the baseline exam-
ination were 2.7 (1.8, 3.8) mmol/L, 8.6
(7.4, 10.3) mmol/L, and 34.5 (30.0, 39.3)
mmol/L, respectively. Of the total partic-
ipants, 81% were white and 2.6% were
nonsmokers. Mean (SD) values of age
(51.5 [9.0] years) and BMI (32.6 [3.8]
kg/m2) were comparable to that of the

original study participants (24). Mean
(SD) values of fasting glucose and HbA1c
were 5.1 (0.7) mmol/L and 5.4% (0.4%)
(International Federation of Clinical
Chemistry and Laboratory Medicine-
HbA1c, 36 [5] mmol/mol), respectively.
The prevalence of hyperglycemia (fasting
glucose $5.6 mmol/L or HbA1c $5.7%)
was 31.2% at the baseline examination.
Other characteristics of total study partic-
ipants are reported in Supplementary
Table 1.

At the baseline examination before the
diet intervention, higher levels of TMAO
were related to higher degrees of trunk
fat percentage (P = 0.03) and whole-body
total fat mass percentage (P = 0.05)
(Table 1). Higher levels of choline were
significantly associated with higher de-
grees of baseline BMI (P = 0.02), WC
(P = 0.006), body fat composition (trunk
fat percentage [P = 0.009] and whole-
body total fat mass percentage [P =
0.01]), and body fat distribution (superfi-
cial adipose tissue mass [P = 0.02], vis-
ceral adipose tissue mass [P = 0.03], and
total adipose tissue mass [P = 0.002]).
L-carnitine levels were also positively as-
sociated with BMI (P = 0.02), WC (P ,
0.001), trunk fat percentage (P = 0.004),
whole-body total fatmass percentage (P =
0.02), and visceral adipose tissue mass
(P = 0.04) at the baseline examination.

During the 6 months after the diet in-
tervention, we found that there was a
large interindividual variability of 6-
month changes in TMAO (range –24.4 to
22.4mmol/L;median [25th, 75th], 0 [–1.2,
1.3] mmol/L), choline (range –8.8 to
21.5 mmol/L; median [25th, 75th],

Table 1—Associations of adiposity measures and TMAO, choline, or L-carnitine
before the weight-loss dietary intervention among overweight and obese
individuals

Outcomes

Baseline TMAO Baseline choline Baseline L-carnitine

b (SE) P b (SE) P b (SE) P

BMI 0.09 (0.27) 0.75 1.70 (0.74) 0.02 2.01 (0.82) 0.02

WC 0.06 (0.76) 0.94 5.78 (2.10) 0.006 8.25 (2.32) ,0.001

Body fat composition
Trunk fat % 1.06 (0.49) 0.03 3.19 (1.22) 0.009 3.94 (1.35) 0.004
Whole-body total fat mass % 0.86 (0.44) 0.05 2.79 (1.09) 0.01 2.88 (1.21) 0.02

Body fat distribution
Adipose tissue mass
Deep subcutaneous 0.05 (0.25) 0.84 1.06 (0.54) 0.05 0.73 (0.67) 0.28
Superficial 20.04 (0.48) 0.93 2.50 (1.01) 0.02 0.96 (1.27) 0.45
Visceral 0.24 (0.29) 0.41 1.35 (0.61) 0.03 1.53 (0.75) 0.04
Total 0.10 (0.66) 0.88 4.35 (1.37) 0.002 2.79 (1.74) 0.11

b (SE) per 1 increase of log-transformedTMAO, choline, or L-carnitine for differences in the adiposity
measures after adjustment for age, sex, ethnicity, and diet group.
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–0.2 [–1.4, 1.0] mmol/L), and L-carnitine
(range –27.3 to 28.4 mmol/L; median
[25th, 75th], 0.2 [–3.4, 3.2] mmol/L) across
the study participants. No significant dif-
ferences were found in mean or median
values of changes in TMAO, choline, or
L-carnitine across the different diets vary-
ing in fat, protein, or carbohydrate (Sup-
plementary Table 2). Individuals who
showed increases in L-carnitine were more
likely to have a higher intake of total en-
ergy and higher values of urinary nitrogen
excretion at 6 months (Supplementary
Table 3).
When we investigated associations be-

tween changes in the metabolite levels
and the improvement of adiposity, we
found that greater decreases in choline
and L-carnitine, rather than TMAO, were
significantly associated with greater re-
ductions in BW andWC at 6 months after
adjusting for covariates (Table 2). On one
hand, each 1 log-transformed decrease in
choline was associated with a greater re-
duction of BW (b [SE] –7.64 [1.12], P ,
0.0001) and WC (b [SE] –6.48 [1.22], P,
0.0001) at 6 months. On the other hand,
greater decreases in TMAO tended to be
related to increases in BW and WC at
6 months, although the results were not
statistically significant. No significant inter-
actions were found between diet groups
(high- or low-protein diets, and high- or
low-fat diets) and changes in these metab-
olites on the improvements of BW andWC
at 6 months. For the changes in body fat
composition and fat distribution, decreases
in choline levels were particularly signifi-
cantly associated with greater reductions

of whole-body total fat mass percentage,
trunk fat percentage, deep subcutaneous
adipose tissue mass, superficial adipose tis-
sue mass, visceral adipose tissue mass, and
total adipose tissue mass, as well as REE.
Interestingly, greater decreases in TMAO
were associated with increases in whole-
body total fat mass percentage, trunk fat
percentage, and total adipose tissue at
6 months (P , 0.05 for all).

Results were fundamentally the same
when we further adjusted for a parental
history of diabetes and baseline fasting
glucose levels in the sensitivity analysis
(Supplementary Table 4).Whenweexam-
ined whether the baseline diabetes risk
status modified the associations, there
were no significant interactions between
the presence of hyperglycemia (elevated
fasting glucose or HbA1c concentrations)
and changes in the metabolite levels on
the outcomes (6-month changes in adi-
posity measures or REE) (Supplementary
Table 5).

We then investigatedwhether the initial
(6-month) changes in these metabolites
were significantly predictive of long-term
(12-, 18-, and 24-month) improvement of
adiposity (Fig. 1 and Supplementary Table
6). We observed that individuals with de-
creases of choline (tertile 1: median
[25th, 75th], –2.0 [–2.9, –1.4] mmol/L)
particularly showed large reductions in
BW(Fig. 1C) andWC(Fig. 1D) over2 years.
The initial decreases in choline were sig-
nificantly predictive of 2-year improve-
ment of body fat composition and visceral
adipose tissue (Supplementary Table 6).
Also, initial decreases in L-carnitine were

significantly predictive of 12- and
18-month changes in BW and WC as
well as of 2-year improvement of BW.

Finally, we investigated whether the
initial changes (D) in TMAO, choline, and
L-carnitine were significantly predictive of
successful weight loss at 1 year and at
2 years (Fig. 2). Of the study participants,
43.6% (n = 199 of 456) failed to achieve
successfulweight loss at 1 year and 58.7%
(n = 254 of 433) failed at 2 years. On one
hand, we did not find a significant associ-
ation between DTMAO and the probabil-
ity of successful weight loss. On the other
hand, we found that the initial changes in
choline and L-carnitine were significantly
predictive of weight-loss failure over
2 years during the intervention. Com-
pared with participants in the lowest ter-
tile (T1) group ofDcholine (median [25th,
75th], –2.0 [–2.9, –1.4] mmol/L), those in
the T2 group (–0.2 [–0.5, 0.2] mmol/L) or
the T3 group (1.6 [1.0, 2.1] mmol/L) of
Dcholine showed an elevated of OR
of 2.06 (95% CI 1.25, 3.42) or an OR of
2.35 (95% CI 1.38, 4.00), respectively,
for weight-loss failure at 2 years. For
associations of DL-carnitine with weight
loss, compared with the T1 group of DL-
carnitine (median [25th, 75th], –5.0
[–7.5, –3.4] mmol/L), the T3 group of DL-
carnitine (4.7 [3.2, 6.7]mmol/L) showed a
significantly increased risk of weight-loss
failure at 1 year (OR 1.66; 95% CI 1.02,
2.72) and also at 2 years (OR 1.77; 95%
CI 1.06, 2.95).

CONCLUSIONS

In this long-term dietary intervention tri-
al, we found that circulating choline and
L-carnitine levels decreased among partic-
ipants who had greater improvements of
adiposity after eating a low-calorie weight-
loss diet. Further, more significant de-
creases in cholinewere strongly associated
with larger reductions in body fat compo-
sition, fat distribution, and energy expen-
diture. Our results indicated that initial
(6-month) changes in circulatingprecursors
of TMAO, rather than TMAO itself, were
significantly predictive of successful long-
termweight loss, suggesting that suchme-
tabolites of L-carnitine and choline could
bemarkers for assessing the effectiveness
of a long-term dietary intervention.

At the baseline examination, we ob-
served a positive correlation between adi-
posity and TMAO, choline, and L-carnitine,
partly in line with findings of previous
studies that reported higher levels of

Table 2—Changes (D) in obesity measurements and energy expenditure at 6 months
per 1 log-transformed decreases in TMAO, choline, and L-carnitine levels

Outcomes

DTMAO DCholine DL-carnitine

b (SE) P b (SE) P b (SE) P

DBW 0.52 (0.41) 0.21 27.64 (1.12) ,0.0001 25.39 (1.45) 0.0002

DWC 0.66 (0.44) 0.13 26.48 (1.22) ,0.0001 24.43 (1.55) 0.004

DWhole-body total
fat mass % 0.77 (0.31) 0.01 22.71 (0.85) 0.002 21.68 (0.97) 0.09

DTrunk fat % 1.07 (0.42) 0.01 23.64 (1.13) 0.002 22.35 (1.31) 0.07

DΑdipose tissue mass
DDeep subcutaneous 0.27 (0.15) 0.07 21.01 (0.39) 0.01 20.59 (0.42) 0.16
DSuperficial 0.58 (0.29) 0.05 21.88 (0.75) 0.01 20.61 (0.73) 0.4
DVisceral 0.22 (0.16) 0.18 21.01 (0.42) 0.02 20.42 (0.45) 0.36
DTotal 0.94 (0.45) 0.04 23.14 (1.18) 0.009 21.19 (1.13) 0.29

DREE 213.2 (10) 0.19 271.5 (27.9) 0.01 236.5 (35.4) 0.3

b (SE) represents changes of the outcomes when the circulating metabolite levels were decreased
during the diet intervention. Data after adjustment for age, sex, ethnicity, diet group, BMI, value for
the respective outcome traits at the baseline examination (except for the outcome DBW), and
TMAO, choline, or L-carnitine levels at baseline.
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choline or L-carnitine were related to
higher BMI and greater visceral adiposity
(6,16,17). A positive correlation between
TMAO levels and visceral adiposity was
also reported (7), and a recent animal
study showed that the TMAO-generating
enzyme FMO3 regulates obesity and

beiging of white adipose tissue (8). We,
however, observed that decreases in
choline or L-carnitine levels, but not
TMAO levels, were significantly associ-
ated with the improvements in BW, WC,
body fat composition, and fat distribu-
tion at 6 months. Studies in animal

models suggest important links between
choline/1-carbonmetabolism and energy
homeostasis (9), and mice fed a choline-
deficient diet became hypermetabolic
and lost weight (28) and also showed an
improvement of insulin sensitivity (29).
We found, particularly, that changes in
choline were correlated with changes
in REE, and previous analyses in the
POUNDS Lost trial showed that REE
fell after weight loss with an adaptive
thermogenesis (25).

Accumulating evidence has also shown
that gut microbiota may affect body
adiposity of the host (4,30), probably
through regulating the metabolism of in-
gested food and energy balance (30,31).
Dietary choline and L-carnitine are most
abundant in animal foods, such as eggs,
redmeats, andfish, that are rich in dietary
protein, and we observed that urinary ni-
trogen excretion, which is a biomarker of
protein intake and density, was signifi-
cantly higher at 6 months in individuals
with increases in choline and L-carnitine.
Markers of dietary protein were also as-
sociated with successful weight loss in
previous study results of the POUNDS
Lost trial (32). The production of TMAO
is regulated by different pathways such as
metabolism by the gut microbiome of
dietary quaternary amines (choline,
L-carnitine, betaine, and phosphatidyl-
choline) and host hepatic FMOs (13,33).
Therefore, we speculate that the diet-
induced weight loss might have been
more clearly reflected by changes in pre-
cursors of TMAO (choline and L-carnitine)
rather than TMAO itself. Previous studies
reported that the hepatic TMAO produc-
tion was regulated by insulin signaling
and influenced by the presence of obesity
and an insulin-resistant state (7,22), and
thus, we also speculated that improve-
ment of insulin sensitivity along with
weight loss might contribute to the in-
creases in TMAO production among our
study participants. Increases in TMAO
levels might reflect the interesting
adaptive effect on the gut microbiota
composition; however, these results
were hard to determine in this current
study because the associations were
not significant and gut microbiota sam-
ples were not available. Similar to our
findings, a few studies of morbidly
obese patients showed that levels of
choline (6,34) and L-carnitine (6) de-
creased after bariatric surgery along
with weight loss and also that circulating

Figure 1—Trajectories of changes in BW andWC according to initial changes (D) in TMAO (panels A
and B), choline (panels C and D), and L-carnitine (panels E and F). Data were adjusted for age, sex,
ethnicity, diet group, value for the respective outcome traits (BW or WC) at the baseline examina-
tion, and value for the respective metabolites (TMAO, choline, or L-carnitine) at the baseline
examination. The lowest tertile (T) category indicates the largest reduction of circulatingmetabolites
from the baseline to 6months. ForDTMAO (from baseline to 6months), median (25th, 75th) values
were T1 (n = 170): –2.0 (–3.5, –1.2) mmol/L; T2 (n = 170): 0 (–0.3, 0.3) mmol/L; and T3 (n = 170): 1.9
(1.3, 4.0) mmol/L, respectively. For Dcholine, median (25th, 75th) values were T1 (n = 170): –2.0
(–2.9, –1.4)mmol/L; T2 (n = 170): –0.2 (–0.5, 0.2)mmol/L; and T3 (n = 170): 1.6 (1.0, 2.1)mmol/L. For
DL-carnitine,median (25th, 75th) valueswere T1 (n = 169): –5.0 (–7.5, –3.4)mmol/L; T2 (n = 171): 0.2
(–1.0, 1.1) mmol/L; and T3 (n = 170): 4.7 (3.2, 6.7) mmol/L.
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levels of TMAO significantly increased af-
ter the bariatric surgery (6,34).
How to predict successful long-term

weight-loss based on information ob-
tained in the early period of intervention
is a topic of debate.Moderateweight loss
(5–7%) is beneficial to preventing the pro-
gression from prediabetes to type 2 dia-
betes, improving glycemic control, and
reducing the need for glucose-lowering
medications (2,3,35,36). Sustainingweight
lossmay be challenging, however, andwe
observed that more than half of the par-
ticipants regained BW from 6 months to
2 years during the intervention (24). Pre-
vious studies reported that early weight
loss and behavioral adherence were
predictive of long-term weight-loss out-
comes (26,37,38), and our study newly
showed that early changes in the metab-
olites of choline and L-carnitine were
significantly predictive of a failure for
achieving successful weight loss over
2 years. Although we could not deter-
mine whether the effect of changes
in the metabolites on the long-term

weight-loss successwas causal in this study
of obese participants, our study suggested
that there was large interindividual vari-
ability in changes of the metabolites after
the intervention and that such variability
was significantly predictive of successful
long-term weight loss. Further studies
would be warranted to investigate associ-
ations of changes in TMAO and its pre-
cursors with the risk of type 2 diabetes.

Our study has several strengths. We as-
sessed changes in circulating TMAO, cho-
line, and L-carnitine levels in thus far the
largest and longest weight-loss diet-
intervention trial. Our study participants
were free of diagnosed diabetes or unsta-
ble cardiovascular diseases that may af-
fect the levels of these metabolites. The
robust results of the metabolites and ad-
ipositymeasurements atmultiple follow-up
assessments strength our conclusion.

Several limitationsmerit comment.We
did not collect data on gut microbiota in
this study and could not assess the role of
microbiota itself in the associations of the
metabolites and adiposity. There might

be endogenous or exogenous nutrients
sources that would affect the metabolite
levels. The association between these
metabolites and weight loss and its rela-
tionship with microbiome should be fur-
ther investigated. Our study included only
individuals who were overweight or
obese who participated in the clinical tri-
al, and how changes in these metabolites
are associatedwithweight-loss outcomes
in the general population needs to be fur-
ther confirmed in other studies. Further,
compared with characteristics of a gen-
eral populationof theU.S., such as among
participants in the National Health and
Nutrition Examination Survey (NHANES)
(39), our study participants were mainly
white, well-educated (70% were college
graduate or beyond), and nonsmokers,
which might limit the generalizability of
our findings to other populations. In ad-
dition, although the baseline diabetes risk
status did not modify our main findings,
the prevalence of prediabetes in the cur-
rent study (31% of the total overweight
and obese participants in this study) was
lower compared with an estimate of the
NHANES (;37–38% of the overall popu-
lation) (40). Therefore, further research
would be necessary to confirm our find-
ings, especially in a population that is
more representative of the U.S. popula-
tion with overweight and obesity.

In conclusion, decreases in circulating
choline and L-carnitine levels were signifi-
cantly predictive of greater improvement
of adiposity after eating a low-calorie
weight-loss diet. Early changes in circulating
choline or L-carnitine levels were signifi-
cantly predictive of long-term successful
weight loss and individuals’ response to
the treatment, regardless of the different
diet intervention.
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