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Abstract

Objective—Alterations in gut microbiota have been linked to host insulin resistance, diabetes, 

and impaired amino acid metabolism. We investigated whether changes in gut microbiota-

dependent metabolite of trimethylamine N-oxide (TMAO), and its nutrient precursors (choline and 

L-carnitine) were associated with improvements in glucose metabolism and diabetes-related amino 

acids in a weight-loss diet intervention.

Design—We included 504 overweight and obese adults who were randomly assigned to 1 of 4 

energy-reduced diets varying in macronutrient intake. The 6-month changes (Δ) in TMAO, 

choline, and L-carnitine levels after the intervention were calculated.

Results—Greater decreases in choline and L-carnitine were significantly (p <0.05) associated 

with greater improvements in fasting insulin concentrations and homeostasis model assessment-of-

insulin resistance (HOMA-IR) at 6 months. The reduction of choline was significantly related to 

2-year improvements in glucose and insulin resistance. We found significant linkages between 

dietary fat intake and ΔTMAO for changes in fasting glucose, insulin, and HOMA-IR (Pinteraction 

<0.05); a greater increase in TMAO was related to lesser improvements in the outcomes among 

participants who consumed a high-fat diet. In addition, ΔL-carnitine and Δcholine were 

significantly related to changes in amino acids (including branched-chain and aromatic amino 
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acids). Interestingly, the associations of ΔTMAO, Δcholine, and ΔL-carnitine with diabetes-related 

traits were independent of the changes in amino acids.

Conclusion—Our findings underscore the importance of changes in TMAO, choline, and L-

carnitine in improving insulin sensitivity during a weight-loss intervention for obese patients. 

Dietary fat intake may modify the associations of TMAO with insulin sensitivity and glucose 

metabolism.
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INTRODUCTION

Alterations in gut microbiota may impact host insulin sensitivity and type 2 diabetes.1–3 

Several studies have shown that a gut-microbiota derived metabolite, trimethylamine N-

oxide (TMAO), is significantly associated with the risk of type 2 diabetes.4–7 The intestinal 

microbiota metabolizes precursors of TMAO, such as choline and L-carnitine, to produce 

trimethylamine,8,9 and trimethylamine is then further metabolized to TMAO by the hepatic 

flavin-containing enzyme monooxygenase 3 (FMO3).10,11 The TMAO-generating pathway 

by FMO3 has been related to insulin sensitivity and glucose metabolism.12 Also, several 

lines of evidence have suggested a significant role of choline in regulating insulin resistance 

and glucose metabolism.7,13–15

Dietary intake substantially affects intestinal microbiota and the production of TMAO.9,16–23 

Although evidence has consistently demonstrated that various weight-loss diets are effective 

for the improvement of glucose metabolism and the prevention of diabetes,24,25 little has 

been clarified as to whether changes in microbial metabolites play a significant role in such 

protective effects. We have recently reported associations of changes in TMAO, choline, and 

L-carnitine with achieving successful weight-loss among overweight and obese adults who 

participated in a weight-loss diet intervention trial.26 However, whether diet-induced 

changes in the microbial metabolites are related to the improvements in glucose metabolism 

remains unclarified.

Recent studies have shown significant relationships between the gut microbiome and 

diabetes-related amino acids, such as aromatic amino acids (AAAs) and branched-chain 

amino acids (BCAAs), in the development of obesity and insulin resistance.2,27 Nonetheless, 

to the best of our knowledge, no study has comprehensively examined how alterations in 

diabetes-related amino acids may influence associations of changes in gut microbial 

metabolites with improvements in glycemia and insulin sensitivity in a weight-loss diet 

intervention.

Therefore in the present study, we investigated the associations of diet-induced changes in 

circulating levels of TMAO and its nutrient precursors (choline and L-carnitine) with 

changes in diabetes-related amino acids, and improvements of glucose metabolism 

(glycemia and insulin sensitivity) among overweight and obese adults who participated in 
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the Preventing Overweight Using Novel Dietary Strategies (POUNDS) Lost trial.24 We 

hypothesized that alterations in diabetes-related amino acids might explain the association of 

TMAO and its precursors with the glucose metabolism. We also tested whether different 

macronutrient intakes (fat, protein, and carbohydrate) might modify these associations.

METHODS

Study participants

The present study included overweight and obese adults who participated in a 2-year 

randomized diet intervention, the POUNDS Lost trial, which 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. In the POUNDS Lost 

trial, a total of 811 participants who were overweight and obese were randomly assigned to 1 

of 4 energy-reduced diets varying in the macronutrient composition to compare their effects 

on body weight change over two years (ClinicalTrials.gov, NCT00072995). Major exclusion 

criteria in this trial were the presence of diabetes or unstable cardiovascular disease, the use 

of medications that affect body weight, and insufficient motivation.24 The study was 

powered 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%. A total of 80% of the 

participants completed the study.24 Macronutrient intake goals for the four diet groups were 

the following: 1) low-fat and average-protein: 20% fat, 15% protein, 65% carbohydrate; 2) 

low-fat and high-protein: 20% fat, 25% protein, 55% carbohydrate; 3) high-fat and average-

protein: 40% fat, 15% protein, 45% carbohydrate; 4) high-fat and high-protein: 40% fat, 

25% protein, 35% carbohydrate. The two high-fat diets were also low-carbohydrate diets. 

Random assignments to one of four diet groups were performed by the data manager at the 

coordinating center on request of a study dietitian after eligibility of a participant was 

confirmed. Randomization by computer occurred after the collection of baseline data and 

was managed by the study statistician. Diet group assignments were stratified by site with 

varying block sizes to ensure a balance at each site. Investigators and staff who measured 

outcomes were unaware of the diet assignment of the participants.24 More details of the trial 

have been described in detail elsewhere.24 The study was approved by the human subjects 

committee at each institution and by data and safety monitoring board appointed by the 

National Heart, Lung, and Blood Institute. All participants gave written informed consent.

Of the 811 individuals, the present analysis included 510 participants on the basis of 

availability of blood samples and measurements of TMAO, choline, and L-carnitine both at 

the baseline examination and at 6 months during the intervention. There were no significant 

differences in mean values of body mass index (BMI), fasting glucose, fasting insulin, and 

the homeostasis model assessment-of-insulin resistance (HOMA-IR) at the baseline 

examination between participants who were included (n=510) or those who were not 

included (n=301) in the present analysis. As we described previously,26 the baseline median 

(25th, 75th) values of each metabolite were 2.7 (1.8, 3.8) μM for TMAO, 8.6 (7.4, 10.3) μM 

for choline, and 34.5 (30.0, 39.3) μM for L-carnitine among the 510 participants. Since a 

few participants (n=6) had missing data on fasting insulin, hemoglobin A1c (HbA1c), or 6-
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month changes in serum amino acid metabolites, these were excluded from the present 

analysis. Subsequently, a total of 504 participants were eligible, and we included those with 

available data on outcome measures at 6 months or 2 years in each analysis. Baseline mean 

(standard deviation) values were 5.1 (0.7) mmol/L for fasting glucose and 5.4% (0.4%) for 

HbA1c (International Federation of Clinical Chemistry and Laboratory Medicine-HbA1c, 36 

(5) mmol/mol) among the 504 individuals.

Measurements of glucose and insulin concentrations

Blood samples were collected in the fasting state on one day at baseline, 6 months and 24 

months of the intervention, and stored at −80 °C. The measurements were performed at the 

clinical laboratory at the Pennington Biomedical Research Center. Fasting glucose and 

insulin concentrations were measured using an immunoassay with chemiluminescent 

detection on the Immulite analyzer (Diagnostic Products Corporation, Los Angeles CA). 

HbA1c was measured on a Synchron CX5 (Beckman Coulter, Brea CA). We calculated 

HOMA-IR using fasting glucose and insulin levels.28

Measurements of TMAO, choline, and L-carnitine

Blood concentrations of TMAO, choline, and L-carnitine were measured at Prevention 

Research Laboratory and Laboratory Diagnostic Core, Cleveland Clinic (Cleveland, OH) 

using stable isotope dilution high-performance liquid chromatography with electrospray 

ionization tandem mass spectrometry. Details of the measurements were addressed 

elsewhere previously.8,9,29,30 We assessed changes (Δ) in TMAO, choline, and L-carnitine 

from the baseline examination to 6 months of the diet intervention. In our previous study, 

there were no significant differences in mean or median values of ΔTMAO, Δcholine, or ΔL-

carnitine across the different diets varying in fat, protein, or carbohydrate.26 The ΔTMAO 

was weakly correlated with Δcholine (Pearson correlation coefficient (r) =0.15, p=0.0006) or 

with ΔL-carnitine (r=0.14, p=0.002). There was a modest correlation between Δcholine and 

ΔL-carnitine (r=0.41, p <0.0001) (Supplemental Figure 1).

Measurements of serum amino acids

The profiling of amino acids was performed using electrospray tandem mass spectrometry in 

the Institute of Laboratory Medicine, Clinical Chemistry and Molecular Diagnostics, 

University Hospital Leipzig, Leipzig, Germany. We previously reported significant 

associations of body weight changes with changes in BCAAs (leucine, isoleucine, and 

valine) and AAAs (tyrosine and phenylalanine) among participants of the POUNDS Lost 

trial.31 Also, changes in tyrosine and alanine were significantly related to the improvement 

in HOMA-IR during the intervention.31 Of a total of 25 amino acids measured in the 

POUNDS Lost trial, we selected the following diabetes-related amino acids such as 

gluconeogenesis substrates (alanine, glycine, glutamine, and citrulline), BCAAs, AAAs, and 

some other amino acids (glutamic acid, taurine, and tryptophan) to examine in the present 

study, based on results of studies relating amino acids and insulin resistance, glucose 

concentrations, or type 2 diabetes.31–35
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Other measurements

Height was measured at the baseline examination. Body weight was measured in the 

morning before breakfast at baseline, 6, 12, 18 and 24 months during the intervention using 

calibrated hospital scales. BMI was calculated as body weight in kilograms divided by the 

square of height in meters (kg/m2). Dietary intake was assessed in a random sample of 50% 

of the total participants by a review of 5-day diet records at the baseline examination.

Statistical analysis

The primary outcomes in this study were changes in fasting glucose, HbA1c, fasting insulin, 

and HOMA-IR at 6 months. Data on TMAO, choline, L-carnitine, and amino acids were 

log-transformed to improve normality before analyses. We first examined associations of 

ΔTMAO, Δcholine, and ΔL-carnitine with concurrent changes in the diabetes-related amino 

acids using the general linear model including covariates listed in Table 1. Amino acids that 

showed significant (p <0.05) associations for TMAO, choline, or L-carnitine were treated as 

covariates in subsequent analyses for the primary outcomes (changes in fasting glucose, 

HbA1c, fasting insulin, and HOMA-IR). The general linear models were performed to 

examine an effect of each 1 log-transformed decrease in ΔTMAO, Δcholine, or ΔL-carnitine 

for the primary outcomes. Multivariate-adjusted models including covariates of age, sex, 

ethnicity, parental history of diabetes, diet group, BMI at baseline, value for the respective 

outcome traits at baseline, and either choline or L-carnitine at baseline (model 1), and 

changes in the amino acids (model 2) were performed. We also performed an analysis with 

addition of concurrent changes in body weight in the multivariate-adjusted model. We tested 

potential interactions between ΔTMAO, Δcholine, or ΔL-carnitine and diet groups (high-/

low-fat diet, or high-/low-protein diet) for the outcomes. Associations of the initial (6-

month) changes in TMAO, choline, and L-carnitine with long-term (2-year) improvements 

of the primary outcomes were also examined. Statistical analyses were performed with SAS 

version 9.3 (SAS Institute); the p value <0.05 was considered statistically significant.

RESULTS

Characteristics of the study participants at the baseline examination according to baseline 

TMAO, choline, or L-carnitine levels are shown in Supplemental Table 1. Before the dietary 

intervention, elevated levels of L-carnitine were significantly associated with elevated levels 

of fasting glucose (p <0.001), HbA1c (p=0.007), fasting insulin (p=0.018), and HOMA-IR 

(p=0.004) (Supplemental Table 1). Individuals with higher levels of TMAO had a lower 

dietary intake of carbohydrate (p=0.007) and were more likely to have a higher intake of 

dietary fat at baseline before the intervention. Elevated TMAO and choline levels were 

associated with higher citrulline levels (p=0.03 and p=0.0004, respectively) at the baseline 

examination. Also, both choline and L-carnitine were significantly (p <0.05) associated with 

BCAAs and AAAs at the baseline examination (Supplemental Table 2A, 2B, and 2C).

When we examined associations of ΔTMAO, Δcholine, or ΔL-carnitine after the diet 

intervention with changes in amino acids at 6 months (Table 1 and Supplemental Figure 2), 

participants with a greater reduction in choline showed larger reductions of alanine (p=0.02), 

total AAAs (p=0.0006), and glutamic acid (p=0.03) at 6 months. A greater decrease in L-
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carnitine was significantly associated with larger reductions of alanine (p=0.0007), citrulline 

(p=0.02), total BCAAs (p=0.002), total AAAs (p=0.0002), and glutamic acid (p=0.04) at 6 

months. There were no significant relationships between ΔTMAO and changes in amino 

acids among the total participants.

We then investigated associations of ΔTMAO, Δcholine, and ΔL-carnitine with 

improvements in glycemia and insulin sensitivity considering concurrent changes in the 

amino acids (Table 2). We found that decreases in choline and L-carnitine were significantly 

associated with improvements in fasting insulin concentrations and HOMA-IR at 6 months 

in the multivariate-adjusted model 1 including covariates of age, sex, ethnicity, parental 

history of diabetes, diet group, BMI at baseline, value for the respective outcome traits at 

baseline, and either choline or L-carnitine at baseline. Each 1 log-transformed decrease in 

choline was associated with reductions of log-transformed fasting insulin (β [standard error, 

SE] –0.25 [0.09], p=0.009) and log-transformed HOMA-IR (β [SE] –0.26 [0.1], p=0.01) at 6 

months. Also, each 1 log-transformed decrease in L-carnitine was significantly associated 

with reductions of log-transformed fasting insulin (β [SE] –0.36 [0.12], p=0.002) and log-

transformed HOMA-IR (β [SE] –0.4 [0.13], p=0.002) at 6 months. The associations 

remained significant when we adjusted for concurrent changes in alanine, BCAAs, AAAs, 

and glutamic acid in model 2. When we further adjusted for concurrent changes in body 

weight in the model, the associations of changes in choline and L-carnitine with insulin 

resistance became non-significant (p >0.05). On the other hand, for TMAO changes, each 1 

log-transformed decrease in TMAO was slightly associated with reductions of log-

transformed fasting insulin (β [SE] –0.06 [0.03], p=0.03) and log-transformed HOMA-IR (β 
[SE] –0.07 [0.03], p=0.03) at 6 months in the model adjusted for body weight changes. The 

decrease in TMAO was related to improvement in insulin sensitivity particularly among 

participants who achieved more weight loss at 6 months (Supplemental Figure 3).

In results of our sensitivity analyses to examine independent associations of the metabolites 

with the outcomes, Δcholine and ΔL-carnitine were significantly associated with 

improvements in fasting insulin and HOMA-IR independently of ΔTMAO. When Δcholine 

and ΔL-carnitine were concurrently included in a model, ΔL-carnitine, but not Δcholine, was 

significantly associated with the improvements in fasting insulin and HOMA-IR (detailed 

data not shown).

Since we found significant associations of 6-month changes in choline or L-carnitine with 

insulin sensitivity, but not with fasting glucose or HbA1c (Table 2), we then further 

examined trajectories of changes in insulin and HOMA-IR over 2 years according to tertile 

(T) categories of Δcholine (Figure 1, panels A and B) and ΔL-carnitine (panels C and D). 

Among the 504 individuals, median (25th, 75th) values of Δcholine were –1.9 (–2.9, –1.4) 

μM in the lowest tertile (T1); –0.2 (–0.5, 0.2) μM in T2, and 1.6 (1.0, 2.1) μM in the highest 

tertile (T3). For ΔL-carnitine, median (25th, 75th) values were T1: –5.0 (–7.5, –3.4) μM, T2: 

0.2 (–0.9, 1.1) μM, and T3: 4.6 (3.2, 6.7) μM. Individuals in the lowest tertile group of 

Δcholine or ΔL-carnitine had consistently improved fasting insulin and HOMA-IR over 2 

years, as compared to those with less of a decrease in the metabolite levels. In particular, the 

initial decrease in choline was significantly associated with improvements in fasting glucose 

(p=0.004), log-transformed fasting insulin (p <0.001), and log-transformed HOMA-IR (p 
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<0.001) at 2 years (Supplemental Table 3). Again, the associations were independent of 

changes in alanine, BCAAs, AAAs, and glutamic acid. There was no significant association 

of TMAO, choline, or L-carnitine with changes in HbA1c over 2 years.

We also investigated whether associations of ΔTMAO, Δcholine, and ΔL-carnitine with 

improving glycemia and insulin sensitivity were modified by different macronutrient intake. 

We found significant interactions between ΔTMAO and dietary fat intake for changes in 

fasting glucose, HbA1c, fasting insulin, and HOMA-IR (Pinteraction <0.05 for all) (Figure 2 

and Supplemental Table 4). In response to the high-fat diet, individuals with a decrease of 

TMAO (T1 group: median (25th, 75th), –2.0 (–3.5, –1.2) μM) showed reductions in fasting 

glucose (Figure 2, panel A), HbA1c (panel B), fasting insulin (panel C), and HOMA-IR 

(panel D) at 6 months. Among individuals who consumed the high-fat diet, those with an 

increase in TMAO (T3 group: 1.9 (1.3, 4.0) μM) showed increased levels of fasting glucose 

and HbA1c, and a less improvement in insulin sensitivity. Conversely, among individuals 

who consumed the low-fat diet, those with greater increases in TMAO had larger reductions 

in the outcomes at 6 months. The associations were independent of concurrent body weight 

changes and amino acid changes (Supplemental Table 4, model 2). There were no significant 

interactions between different diet groups and changes in choline or L-carnitine for the 

outcomes.

DISCUSSION

We showed that diet-induced changes in TMAO, choline, and L-carnitine were significantly 

related to the improvement in insulin sensitivity among overweight and obese participants. 

Interestingly, dietary fat intake significantly modified the associations of changes in TMAO 

with improved glycemia and insulin sensitivity. Among participants who consumed a high-

fat diet, greater increases in TMAO were related to lesser improvements in glycemia and 

insulin sensitivity. The findings on changes in TMAO and its precursors with the 

improvements in glycemia and insulin sensitivity were independent of concurrent alterations 

in insulin-resistance-related or diabetes-related amino acids.

Several lines of evidence suggest that circulating TMAO and TMAO-generating pathways 

may contribute to the regulation of glucose metabolism and insulin sensitivity.36–38 The 

TMAO-producing enzyme, FMO3, has been reported as a necessary factor in the 

development of diabetes-related phenotypes.37 The TMAO-generating pathway involving 

FMO3 may be a novel target for the improvements of insulin resistance and whole-body 

insulin sensitivity.7,37 Of note, we found that the decrease in TMAO was weakly but 

significantly associated with the improvement in insulin resistance among total participants 

after we controlled for concurrent weight changes in the multivariate-adjusted analysis. 

Also, the achievement of successful weight loss influenced the association. As to the 

potential explanations for these findings, the TMAO-generating FMO3 plays roles in 

regulating obesity37 and the beiging of white adipose tissue.7 Changes in TMAO levels 

might also be affected by degrees of weight loss in our study participants.26 Additionally, the 

FMO3 is suppressed by insulin, and also increased by glucagon37 which is secreted from 

pancreatic α-cells to promote the elevation of blood glucose.39 Both the suppression of 

glucagon and insulin resistance are in parallel with weight loss and act together to improve 
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the glucose homeostasis following a weight-loss diet intervention.40 These previous studies 

support our observation that the association of TMAO with insulin sensitivity might be 

partially affected by adiposity.

Interestingly, we found significant interactions between dietary fat intake and changes in 

TMAO (but not between changes in choline or L-carnitine) for diabetes-related traits. It has 

been reported that a high-fat diet led to alterations in gut microbial composition16–18 that 

have been associated with insulin resistance.18,41 In an experimental study of non-obese 

adults, a high-fat diet increased postprandial plasma TMAO levels (after 4 hours of the high-

fat meal challenge) whereas postprandial plasma choline or L-carnitine levels did not change 

after eating the high-fat diet.20 On the other hand, the study did not find a significant 

increase in fasting plasma TMAO concentrations following the short-term (5-day) high-fat 

diet intervention in the non-obese men.20 Another study of normal-weight individuals 

showed that a 4-week high-fat diet significantly increased plasma TMAO concentrations, 

whereas plasma L-carnitine or choline concentrations did not increase in the high-fat diet 

group.21 In the present study, differences in TMAO changes between low-/high-fat diet 

groups were not statistically significant, probably due to different characteristics of 

participants and study design (such as obesity status, weight changes, and duration of the 

diet intervention) between our study and the previous studies. Nonetheless, according to a 

study of mice fed a high-fat diet, dietary supplementation of TMAO increased plasma 

TMAO concentrations which exacerbated impaired glucose tolerance and insulin resistance;
38 the study also suggested a biological mechanism that TMAO aggravated blockage of the 

insulin signaling pathway in the high-fat-fed mice.38 Taken together, previous studies have 

provided a biological basis for the potential linkages between dietary fat intake and TMAO 

for the improvements in glucose metabolism and insulin sensitivity, as we found in the 

present study. Nonetheless, the high-fat diet was the same as low-carbohydrate diet in this 

study, so that we could not determine whether either dietary fat or carbohydrate, or both 

nutrients influenced our findings. Our results suggest that the effectiveness of an energy-

reduced high-fat/low-carbohydrate diet intervention might be affected by changes in TMAO, 

a metabolite of the gut-microbiota leading to improved glycemia and insulin sensitivity.

Our study also found associations of changes in choline and L-carnitine with insulin 

sensitivity independently of concurrent changes in TMAO. One study showed that elevated 

levels of circulating choline were significantly associated with type 2 diabetes.7 In animal 

studies, a choline-deficient-diet lowered fasting insulin concentrations and improved glucose 

tolerance,14 and the choline metabolism may play an active role in the development of 

insulin resistance.13 Our results indicated in particular that a decrease in choline was 

associated with long-term improvements in glycemia and insulin sensitivity during the 

weight-loss intervention. On the other hand, the association of choline with the outcomes 

became null if we controlled for concurrent changes in L-carnitine. Although both choline 

and L-carnitine are dietary precursors of TMAO, different pathways are involved in the 

formation of trimethylamine,42 which might be a potential explanation for our different 

findings between choline and L-carnitine. L-carnitine is abundant in red meat,9 and 

contributes to trimethylamine formation directly, via the action of carnitine (Rieske-type) 

oxygenase of the microbiota,43 or indirectly via formation of γ-Butyrobetaine by the 

microbiota.44 Circulating L-carnitine may be related to cardiovascular risk through the 
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TMAO production,9,45 and one study showed a positive relationship between plasma L-

carnitine and glucose concentrations in elderly women.23 On the other hand, L-carnitine 

supplementation has been suggested to improve glycemic control in patients with type 2 

diabetes.46 We have recently reported that changes in choline and L-carnitine were 

significantly associated with improvements in adiposity measurements.26 In the present 

study, we found that the adjustment for concurrent weight changes weakened the 

associations of choline or L-carnitine with insulin resistance. The diet-induced changes in 

choline and L-carnitine may be related to improving insulin resistance along with achieving 

successful weight loss.

Epidemiological studies have shown significant associations of the gluconeogenic substrates, 

BCAAs, and AAAs with insulin resistance or dysglycemia.31–35 We showed positive 

relationships between TMAO precursors and amino acids, such as BCAAs and AAAs, at the 

baseline examination before the intervention. The diet-induced changes in choline and L-

carnitine were associated with changes in these amino acids in the present study. These 

findings are supported by results of more recent studies that showed significant associations 

between the gut microbiota and amino acids.2,27,47,48 A recent study has shown that altered 

human gut microbiota may impact the metabolism of BCAAs and insulin resistance, 

suggesting that gut microbiota may be another independent contributor for elevating levels 

of BCAAs in the insulin resistant state.2 However, our results indicated that the associations 

of gut microbiota metabolites with diabetes-related outcomes were independent of changes 

in BCAAs and AAAs, suggesting other pathways were likely to be involved. Since our study 

focused on the selected diabetes-related amino acids, further investigations including other 

serum metabolites and gut microbiota metagenomics would be of value.

Our study has several strengths. We introduced data on changes in TMAO, choline, and L-

carnitine as well as changes in amino acids in one of the largest and longest dietary 

interventions to comprehensively examine our hypothesis rather than using measurements of 

metabolites at a single time point. Our randomized intervention study has major advantages 

over observational studies to suggest an effect of weight-loss diets on changes in gut 

microbial metabolites in the development and prevention of metabolic abnormalities. 

Nonetheless, we could not determine a causal effect of the metabolites for the outcomes, and 

further investigations are warranted to understanding biological pathways to explain our 

findings. The findings on the relationship between dietary fat and TMAO changes were 

consistent for different diabetes-related outcomes which strengthens our conclusion. We also 

acknowledge several potential limitations. The present study did not include data on the gut 

microbiota itself. There might be endogenous or exogenous nutrients that might affect the 

metabolite levels. Our study participants were overweight or obese adults who were majority 

white, and mainly well-educated. Further research would be necessary to confirm our 

findings, especially in a population that is more representative of the US population with 

overweight and obesity. Our study participants were free of diabetes with medical treatment 

so that our results may not be applicable for patients with diagnosed diabetes to improve 

glycemic control, since medical treatment for diabetes may affect the gut microbiome and its 

related metabolism.49,50 Also, we did not have data on oral glucose tolerance test, and 

further research would be warranted to investigate whether changes in gut microbial 
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metabolites are related to improvements in impaired glucose tolerance and postprandial 

insulin secretion using data on repeated glucose tolerance tests.

In conclusion, diet-induced changes in TMAO, choline, and L-carnitine were significantly 

associated with the improvements in glycemia and insulin sensitivity. These improvements 

modulated by gut microbial metabolites were possibly through a different mechanism of 

diabetes-related amino acids. Dietary fat intake may modify the associations of TMAO with 

the improvements of glucose metabolism and insulin sensitivity.
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Refer to Web version on PubMed Central for supplementary material.
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Significance of this study

1. What is already known about this subject?

• Evidence has linked the gut microbiome to host insulin sensitivity, glucose 

metabolism, and impaired diabetes-related amino acid metabolism.

• A gut microbiota-dependent metabolite, trimethylamine N-oxide (TMAO), 

has been a novel predictor of type 2 diabetes. It remains unclarified how 

changes in TMAO and its precursors are related to improvements in glucose 

metabolism and diabetes-related amino acids.

2. What are the new findings?

• Changes in gut microbial metabolites after consuming a weight-loss diet were 

significantly related to improvement in insulin sensitivity and glucose 

metabolism. Among participants who consumed a high-fat diet, greater 

increase in TMAO was related to lesser improvements in the diabetes-related 

outcomes. Further, changes in the precursors of TMAO were significantly 

associated with changes in diabetes-related amino acids including branched-

chain and aromatic amino acids.

• Nonetheless, our results indicated that the relations between gut microbiota 

metabolites and diabetes-related outcomes were independent of changes in 

branched-chain and aromatic amino acids, suggesting other pathways were 

likely to be involved.

3. How might it impact on clinical practice in the foreseeable future?

• It has been consistently demonstrated that various weight-loss diets are 

effective for the improvement in glucose metabolism and the prevention of 

type 2 diabetes, and our results add to the evidence that changes in microbial 

metabolites may play a significant role in protective effects among overweight 

and obese adults.
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Figure 1. 
Trajectories of changes in insulin resistance over 2 years according to tertile (T) categories 

of 6-month changes in choline (panels A and B) and L-carnitine (panels C and D). Data are 

means ± SE values after adjusted for age, sex, ethnicity, diet group, parental history of 

diabetes, body mass index, value for the respective outcome traits at the baseline 

examination, and either choline or L-carnitine levels at baseline.

For Δcholine, median (25th, 75th) values were T1: –1.9 (–2.9, –1.4) μM; T2: –0.2 (–0.5, 0.2) 

μM; T3: 1.6 (1.0, 2.1) μM, respectively.

For ΔL-carnitine, median (25th, 75th) values were T1: –5.0 (–7.5, –3.4) μM, T2: 0.2 (–0.9, 

1.1) μM, and T3: 4.6 (3.2, 6.7) μM, respectively.
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Figure 2. 
Changes in glycemic and insulin measures at 6 months according to tertile (T) categories of 

changes in trimethylamine N-oxide (TMAO) in low- or high-fat diet group. Panel A: 

changes in fasting glucose; panel B: changes in hemoglobin A1c (HbA1c); panel C: changes 

in log-transformed fasting insulin; panel D: changes in log-transformed homeostasis model 

assessment-of-insulin resistance (HOMA-IR).

Data are means ± SE values after adjusted for age, sex, ethnicity, and parental history of 

diabetes.
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For ΔTMAO, median (25th, 75th) values were T1 (white): –2.0 (–3.5, –1.2) μM, T2 (gray): 0 

(–0.3, 0.3) μM, and T3 (black): 1.9 (1.3, 4.0) μM, respectively among the total participants.
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