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Background: Trimethylamine N-oxide (TMAO) and its precursors have an association with type 2 diabetes mellitus (T2DM);
however, the evidence is unclear. The current study examined the association of serial measures of serum TMAO and related
metabolite concentrations with the risk of T2DM.

Methods: Our study was designed as a community case-control study with 300 participants (150 T2DM and 150 non-T2DM). We
examined the association of serum concentrations of TMAO and its related metabolites [trimethylamine, choline, betaine, and
L-carnitine] using UPLC-MS/MS. The association between these metabolites and the risk of T2DM was analyzed using a restricted
cubic spline and binary logistic regression.

Results: A higher serum choline concentration was significantly associated with an increased risk of T2DM. Serum choline > 22.62
umol/L was independently associated with an increased risk of T2DM, and the odds ratio was 3.615 [95% CI: (1.453,8.993), P =
0.006]. Similarly, serum betaine and L-carnitine concentrations had a markedly decreased risk of T2DM even after adjusting for the
traditional risk factors for T2DM and betaine (0.978 [95% CI:0.964-0.992], P = 0.002) and L-carnitine (0.949 [95% CI: 0.9222—
0.978], P = 0.001), respectively.

Conclusion: Choline, betaine, and L-carnitine are associated with the risk of T2DM and may be appropriate risk markers to protect
high-risk individuals from T2DM.

Keywords: type 2 diabetes, T2DM, trimethylamine N-oxide, TMAO, betaine, choline, L-carnitine, trimethylamine N-oxide related
metabolites

Introduction

A high prevalence of type 2 diabetes mellitus (T2DM) has been observed in China and worldwide, representing a major
public health challenge in the 21st century.' According to the 10th edition of the International Diabetes Federation
(IDF) Diabetes Atlas, approximately 790 million people worldwide have T2DM, with a steady increase in global
incidence and prevalence over the past several decades, 90% of whom have T2DM.* Moreover, these patients experience
microvascular and macrovascular complications from their condition, including diabetic kidney disease, retinopathy, and
cardiovascular disease, with a direct cost increasing from USD 232 billion in 2007 to USD 966 billion in 2021.*°
Therefore, it is critical to reducing the direct and indirect losses caused by T2DM and its complications.

Given the long-term harm of T2DM and the cost of implementing an intervention, there is a pressing need to
accurately identify high-risk individuals early and better understand the etiology of T2DM for the design of new and
effective interventions. A variety of factors influence the risk of type 2 diabetes, including lifestyle, environmental, and
genetic factors.” They consistently increase the risk of developing T2DM. Early detection and treatment can prevent or
delay the occurrence and development of diabetes. However, our understanding of the risk of diabetes remains

incomplete.
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Recently, researchers focused on metabolites that can allow the identification of individuals at high risk for T2DM by
monitoring their concentrations.® Trimethylamine N-oxide (TMAO) and its precursors, including trimethylamine (TMA),
carnitine, choline, and betaine, play a significant role in glucose levels.”'! The results of a cohort study show that betaine
was associated with a lower incidence of T2DM and a risk ratio of 0.50 (95% CI:0.32-0.80).'*> A meta-analysis showed
a dose-dependent positive association between circulating TMAO levels, and increased risk of diabetes, with an odds
ratio of 1.54."% In contrast, the atherosclerosis risk in communities (ARIC) study showed an association between T2DM
and an increase in choline and betaine levels (HR:1.01, [95% CI 0.87-1.16] for choline; HR:1.01, [95% CI 0.94-1.10]
for betaine)'* were not significant. In the cardiovascular health study (CHS), TMAO and related metabolites did not
show a statistically significant association with the risk of type 2 diabetes (HR: 1.20, [95% CI, 0.94—1.55] for TMAO;
HR: 0.96, [95% CI, 0.74—1.24] for choline; HR: 0.88, [95% CI, 0.67—1.15] for betaine; HR: 1.07, [95% CI, 0.83—1.37]
for carnitine; HR: 0.79, [95% CI, 0.60—1.04])."" Specifically, because epidemiological evidence on the association of
TMAO and its precursors with mortality and/or incident T2DM remains inconsistent, exploring the possible influence of
TMAO and related precursors on the risk of T2DM remains essential.

For this purpose, the objective of the present study was to assess the association between TMAO and related
metabolite levels and the risk of T2DM in a Chinese population in Ningxia, China.

Materials and Methods

Subject Recruitment

This study was conducted using a community case-control design. In 2018, participants in our study were recruited from
four of twenty-two counties/districts after using a multistage sampling method in the Ningxia Hui Autonomous Region.
According to the economic development level and location distribution, Xingqing District (plain), Litong District (plain),
Pengyang County (mountainous area), and Xiji County (mountainous area) were selected as the survey sites. The detailed
sampling process is described elsewhere (15). A total of 3985 eligible participants were selected. These participants
underwent face-to-face interviews and physical examinations, and serum samples were collected by local physicians at
once. (Supplementary Figure 1).

Based on previous studies (16), our study was designed to have more than 80% power at a type I error of 5% on two sides
to detect a difference between the T2DM and non-T2DM groups in the primary outcome (TMAO concentration).
Ultimately, 300 participants were recruited in this study; 150 randomly selected patients with T2DM and 150 patients
without T2DM. The inclusion criteria for patients with T2DM patients are as follows: age > 18, FPG > 7.0 mmol/L, FPG <
7.0 mmol/L, and a history of diabetes medication. The patients whose physical examination was uncompleted and serum
not collected were excluded. Concomitantly, each case was individually matched with a non-diabetic individual according
to age (3 years), sex, FPG < 7.0 mmol / L, and no medications or with a history of medication.

Variable Definitions

Participants who participated in moderate or vigorous activity for at least 30 min per day were defined as having physical
activity. Diabetes within three generations (having a parent, grandparent, or sibling) was defined as having a family
history of diabetes. Dietary habits were assessed using a food frequency questionnaire.'> For each category of food
(refined grains and their products, whole grains and related products, vegetables, and fruits, meat, milk and its products,
aquatic products, beans, and products), participants were asked about their consumption (weekly, monthly, or annual) and
converted to daily consumption. Standardized procedures were used to measure participants’ height, weight, and blood
pressure (BP). Body mass index (BMI) was calculated as body weight in kilograms divided by height in meters squared.

Laboratory Measurements
Previously, plasma concentrations of low-density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol
(TC), and triglycerides (TG) were examined.'

Our group measured TMAO and related metabolites (TMA, choline, betaine, L-carnitine) in 1.5mL cryogenic tubes
stored at —80 °C. These metabolites are stable during long-term storage at —80°C.*'® A Waters Acquity UPLC (Waters
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Corp., Milford, USA)-AB Sciex 5500+ triple quadrupole mass spectrometer (AB Sciex, Singapore) was used to quantify
trimethylamine oxide and its precursors. A (1.7um, 2.1x100 mm) Acquity Amide HILIC column (Waters) was used to
separate the different components. Separation was achieved using a controlled gradient of mobile phase A, which
consisted of 0.1% (v/v) formic acid and 10 mM ammonium formate in 10% (v/v) water and 90% (v/v) acetonitrile, and
mobile phase B was composed of 0.1% formic acid and 10 mM ammonium formate in 50% (v/v) water and 50% (v/v)
acetonitrile. The chromatographic gradient was increased from 100% weak elution to 30% over 5 min and the flow rate
was set at 0.3 mL / min. Using TurboV™ heat for electrospray ionization, the metabolites were ionized and detected by
selected reaction monitoring (SRM). The injection volume of the sample was 2 pL.

The main parameters were optimized as follows. Ion gas 1 (GS1), 50 psi, ion gas 2 (GS2) 50 psi, curtain gas (CUR)
35 psi, heater temperature 550 °C, and floating ion spray voltage as 5.5kV in positive mode.

The coefficients of variation of the laboratory assay during the study period varied in batches: 2.88% for TMAO,
7.58% for TMA, 2.12% for choline, 4.38% for betaine, and 5.86% for L-carnitine.

Statistical Analysis

All statistical analyzes were performed with SPSS, version 26.0 (IBM Corp., Armonk, New York) and R version 4.1.0.
At baseline, continuous variables are presented as means with standard deviations or medians (interquartile ranges), and
categorical variables are presented as counts and proportions (n, %). The baseline characteristics of the participants
according to the study regimen were compared using Student’s #-test, the Wilcoxon-Mann—Whitney rank sum test, or the
chi-square tests.

We found that TMAO and choline levels were nonlinearly associated with the risk of T2DM. Therefore, we used
restricted cubic splines (RCS) nested in univariate and multivariate logistic regression analyzes to flexibly model the
association of TMAO and choline with the risk of T2DM separately, and to define the cut-off points of these metabolites
for T2DM. Then, the specific value at 2.85umol/L of TMAO, and 15.31umol/L,19.40pumol/L, 22.62umol/L of choline
were chosen as the cut-off values because they are the knee of RCS curve (Figure 1). In Model 1, we performed an
analysis to obtain adjusted ORs for TMAO and related metabolites. In Model 2, we explored the association between
T2DM and traditional risk factors of T2DM, including education, physical activity, family history of diabetes, BMI, SBP,
TG, vegetables and fruits, milk and its products, aquatic products, beans, and their products. Furthermore, TMAO, its
precursors, and traditional risk factors were simultaneously included in model 3. We performed multivariate logistic
regression analysis to identify significant TMAO and its precursors with predictive values, in addition to traditional risk
factors (P=0.05, entry and P=0.10, respectively).
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Figure | (a) Association between TMAO and the risk of T2DM from restricted cubic splines nested in logistic regression analyses. (b) Association between choline and the
risk of T2DM from restricted cubic splines nested in logistic regression analyses.
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Finally, to assess whether the inclusion of TMAO and its precursors in the traditional risk factors model improved the
discrimination of T2DM, we tested the effect sizes of these metabolites as continuous variables and compared the areas
under the receiver operating characteristic curves (AUC) for the traditional risk factors model, the TMAO and related
metabolites model, TMAO and related metabolites and traditional risk factors. Statistical significance was set at P < 0.05.

Results
Characteristics of the Study Population

The baseline characteristics of the study population are shown in Table 1. There were no significant differences in basic
characteristics (age, sex, DBP, TC, LDL-C, refined grains and their products, whole grains and related products, meats,
vegetables and fruits, and TMA), while there were significant differences in other basic characteristics. Compared to
participants without T2DM, those who developed T2DM had a higher family history of diabetes, BMI, SBP, TG, HDL-C,
TMAO, and choline. Meanwhile, education, physical activity, HDL-C, consumption of some dictary (milk and its
products, aquatic products, beans and its products), betaine and L-carnitine were lower in patients with T2DM than in

patients without T2DM.

Table | The Basic Characteristics of the Study

Variable Non-T2DM (n=150) | T2DM (n=150) P
Age?, year 61.82+9.28 61.88+9.10 0.955
Male®, n (%) 73(48.67) 73(48.67) 1.000
Education®, n (%) <0.001
Primary school or below 54(36.0) 85(56.7)
Junior high school 46(30.7) 36(24.0)
Senior high school or above 50(33.3) 29(19.3)
Physical activity®, n (%) 133(88.67) 116(77.33) 0.013
Family history of diabetes®, n (%) 1(0.67) 13(8.67) 0.001
Diet®
Refined grains and their products, g/d 262.5(200.0,400.0) 353.4(257.1,444.7) | 0.988
Whole grains and related products, g/d | 64.3(32.5,100.0) 57.1(25.4,101.0) 0.353
Vegetables and fruit, g/d 250.0(150.0,400.0) 200.0(150.0,292.9) | 0.139
Meats, g/d 48.2(18.5,80.4) 42.9(19.3,74.8) 0.554
Milk and its products, g/d 60.7(8.8,155.0) 24.6(0.0,152.3) 0.026
Aguatic products, g/d 4.2(1.0,14.3) 3.3(0.5,6.7) 0.011
Bean and its products, g/d 55.8(20.0,100.0) 27.6(7.1,54.4) <0.001
BMI?, kg/m? 24.72+3.28 26.71+4.56 <0.001
SBP?, mmHg 129.53+18.39 136.90+21.76 0.002
DBP?, mmHg 83.55+10.83 85.49+11.67 0.136
TG? mmol/L 1.87+1.53 2.41£2.06 0.010
TC?, mmollL, 3.97+0.72 3.94+0.75 0.734
HDL?, mmol/L 1.07+0.25 1.00+0.24 0.014
LDL? mmol/L 2.83+0.69 2.76+0.68 0.345
TMAO®, umol/L 3.93(2.41,5.78) 5.79(3.08,8.93) <0.001
Betaine®, umol/L 65.57(52.84,80.37) 55.52(48.37,69.37) | <0.001
L-carnitine, pmol/L 45.58(38.80,52.77) 42.09(35.41,50.41) | 0.005
Choline€, pmol/L 18.08(15.84,21.55) 19.20(16.54,23.01) | 0.032
TMAS, umol/L 0.16(0.15,0.17) 0.16(0.15,0.18) 0.524

Notes: Quantitative variables are shown as mean * SD and median (IQR), and qualitative variables are presented as numbers with
the percentage. *The significant difference were compared by using the Student ‘s t-test; “The significant difference were
compared by using the chi-square tests; “The significant difference were compared by using the Wilcoxon-Mann-Whitney rank
sum test.

Abbreviations: T2DM, type 2 diabetes mellitus; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood
pressure; TG, triglyceride; TC, total cholesterol; LDL low-density lipoprotein; HDL, high-density lipoprotein; TMAO,
Trimethylamine N-Oxide; TMA, trimethylamine.
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Associations Between T2DM and the Traditional Risk Factors, TMAO and Its

Precursors

We investigated the traditional risk factors and TMAO and its precursors (betaine, L-carnitine, TMA, and choline) to
determine the risk of T2DM in northwest China (Table 2). TMAO and choline were associated with the risk of T2DM in
a nonlinear manner (Table 2 and Figure 1). Choline had a clear threshold effect and increased levels (choline > 22.62
umol/L), which was associated with a rapid increase in the risk of T2DM. On the contrary, the precursors of TMAO
(betaine and L-carnitine) were linearly inversely associated with the risk of T2DM (Table 2 and Supplementary Figure 2).
Participants with betaine and L-carnitine had a markedly reduced risk of T2DM in model 1 (OR:0.983, 95% CI: 0.972—
0.995, P = 0.005; OR:0.966, 95% CI: 0.943-0.988, P = 0.003, respectively) and multivariable analysis (OR:0.979, 95%
CI: 0.966-0.993, P = 0.003; OR:0.952, 95% CI: 0.925-0.979, P = 0.001, respectively). However, TMAO and TMA, in
addition to other TMAO precursors, were not selected for the model using stepwise procedures (Table 2). Diabetes

history, education, BMI, and bean and its product were significantly associated with the risk of T2DM in model 2, while
model 3 found that no history of diabetes (OR:0.072, 95% CI:0.007-0.714, P = 0.025), BMI (OR:1.152, 95% CI:1.052—
1.261, P =0.002), SBP (OR:1.019, 95% CI:1.004-1.033, P = 0.011), beans and their products (OR:0.992, 95% CI:0.987—
0.997, P = 0.001) were significantly associated with the risk of T2DM.

Potential Increase in Predictive Values of TMAO and Its Precursors for T2DM

Both the TMAO and its precursor model (L-carnitine, betaine, choline) (AUC:0.706, 95% CI:0.647-0.765) and the
traditional risk factors model (AUC:0.761, 95% CI:0.707-0.816) had a similar AUC (P = 0.136). The AUC was
significantly increased to 0.816 (95% CI:0.768-0.863, P<0.05) by including TMAO and its precursors (L-carnitine,
betaine, choline) in the traditional risk factor model (Figure 2).

Discussion

In this case-control study among Chinese adult in the northwest, we sought to evaluate whether serum concentrations of
TMAO, choline, TMA, betaine and L-carnitine were associated with the risk of T2DM. Evidence from cross-sectional
and case-control studies is consistent.'*'*'"2% The association of these metabolites (choline, betaine, and L-carnitine)

Table 2 The Basic Characteristics of the Study and the Risk of T2DM

Variable Model | OR (95% CI) P Model 2 OR (95% CI) P Model 3 OR (95% CI) P
TMAO and its precursors

TMAO (ref.=TMAO=2.85umol/L)

TMAOI (> 2.85umol/l) 1.706(1.023,2.844) 0.041 - - 1.718(0.938,3.149) 0.080
Choline (ref.=Choline<15.3 Iumol/L)

Cholinel (15.32umol/L ~) 0.887(0.465,1.691) 0.716 - - 0.708(0.327,1.534) 0.382
Choline2 (19.41umol/L ~) 1.284(0.613,2.691) 0.507 - - 1.504(0.611,3.703) 0.374
Choline3 (> 22.62umol/L) 1.949(0.940,4.039) 0.073 - - 3.511(1.395,8.834) 0.008
Betaine 0.983(0.972,0.995) 0.005 - - 0.978(0.964,0.992) 0.002
L-carnitine 0.966(0.943,0.988) 0.003 0.949(0.922,0.978) 0.001
TMA 5.507(0.052,580.627) 0.473

Traditional risk factors

Without diabetes history 0.062(0.007,0.544) 0.011 0.072(0.007,0.714) 0.025
Education (ref.=primary school and below)

Junior high school 0.584(0.316,1.078) 0.085 0.508(0.266,0.971) 0.040
Senior high school or above 0.399(0.213,0.747) 0.004 0.386(0.196,0.761) 0.006
Physical activity 0.503(0.252,1.004) 0.051 - -
BMI - - 1.161(1.067,1.263) 0.001 1.152(1.052,1.261) 0.002
SBP - - 1.015(1.001,1.028) 0.029 1.019(1.004,1.033) 0.011
Bean and its product 0.993(0.988,0.997) 0.001 0.992(0.987,0.997) 0.001

Notes: Model |, model of TMAO and its precursors on the risk of T2DM. Model 2, model of traditional risk factors on the risk of T2DM (adjusted for triglyceride, high-
density lipoprotein, milk and its product, aquatic products, vegetables and fruit). Model 3, model of TMAO and its precursors and traditional risk factors on the risk of
T2DM. (adjusted for triglyceride, high-density lipoprotein, milk and its product, aquatic products, vegetables and fruit).
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Figure 2 Receiver operating characteristic curves of TMAO and its precursors (blue), traditional risk factors (grey), TMAO and precursors plus traditional risk factors
(purple) for type 2 diabetes mellitus. The area under the operating characteristic curve (AUC) was 0.706 (95% CI: 0.647-0.765) for TMAO and its precursors model; 0.76
(95% Cl: 0.707-0.816) for the traditional risk factors model; 0.816 (95% Cl: 0.768-0.863) for the traditional risk factors plus TMAO and its precursors model. (P<0.05 for
comparison of TMAO and its precursors plus traditional risk factors model with the other two models).

with the risk of T2DM was significant. Higher levels of betaine and I-carnitine were associated with a decreased risk of
T2DM, even after adjusting for traditional risk factors for T2DM. Meanwhile, choline had a threshold effect on T2DM,
and a level > 22.62pmol/L was associated with a markedly higher risk of T2DM. A nested case-control study showed
that choline was associated with diabetes with a significant threshold effect, and the threshold ranges were 110-270
nmol/mL.*!

Although previous studies have revealed that TMAO is linked with the risk of T2DM,"*!” our results showed that
TMAO is not associated with T2DM. This result may be attributed to the analysis method, which may be affected by the
type of TMAO. Karaghi’s study showed that using the quartile, the highest quartile in TMAO was associated with
diabetes risk.”* In this study, we considered the link between TMAO and T2DM as nonlinear and then used RCS to
transform the type of TMAO from a continuous variable to a qualitative variable before regression analysis.

In baseline characteristics, daily consumption of aquatic products, beans and related products, and milk and its
products in the non-T2DM group was higher than that in the T2DM group, whereas betaine and choline were higher in
the non-T2DM group, and L-carnitine was higher in the T2DM group. Dietary sources of metabolic precursors are
inconsistent with their distribution of metabolic precursors. Choline, betaine, and L-carnitine are dietary precursors of
TMAO. Choline is derived primarily from beef, chicken, milk, cruciferous vegetables, and beans, which through the
action of choline TMA lyase directly contributes to the formation of TMA or indirectly through conversion to betaine
indirectly.**** Betaine comes primarily from spinach, beets, wheat, and related products, and is then transformed into
dimethylglycine by betaine reductase, which is metabolized into TMA.> Similarly, L-carnitine, present in red meat,
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contributes to the formation of TMA directly through the action of a Rieske-type carnitine reductase/oxidase (cntAB) or
indirectly through the conversion to betaine.>>?® Thereafter, trimethylamine is converted to TMAO by flavin mono-
oxygenase 3 (FMO3) in the liver.”” The conversion was bilateral between TMAO and TMA, which was conducted by the
action of TMA monooxygenase and reductase. Furthermore, this conversion relationship also exists for other precursors.
This could explain why food intake and measured levels of metabolic precursors were not evenly distributed between the
two groups.

Furthermore, our study showed that the inclusion of TMAO, choline, L-carnitine, and betaine in the prediction model
consisting of traditional risk factors of T2DM significantly increased the predictive accuracy of traditional risk factors. In
the Dutch Diabetes Cohort study, TMAO was considered an independent risk marker and a possible treatment target in
individuals with T2DM, with coefficients of variation for intra- and inter-assay precision ranging from 4.3% to 10.3%
and 9.8% to 14.5%, respectively.”® In the PREVEND study, betaine was associated with a lower risk of incident diabetes.
Furthermore, the coefficient variation of the betaine level for the precision of the intra- and inter-assay ranged from 1.5%
to 4.3% and from 2.5% to 5.5%, respectively, which showed stability in assessing the risk of T2DM.'? Another study
based on the diabetes excess weight loss trial (DEWL) showed that the coefficients of variation throughout the study
were generally < 7% for choline and carnitine. It is more reliable than osmolytes, GPC, or taurine.® However, the action
to control cardiovascular risk in Diabetes trial showed that TMAQO’s prognostic value of TMAO for incident ASCVD
events may be diminished when applied to individuals with T2DM with poor glycemic control and high risk of
atherosclerotic cardiovascular disease at baseline.”” Therefore, TMAO and its precursors (choline, l-carnitine, and
betaine) can be appropriate risk markers for individuals who only have a high risk of T2DM.

Our study has several strengths. First, the participants were derived from mountainous rural (MR), mountainous urban
(MU), plain rural (PR), and plain urban (PU) areas,'> which made the research population more representative. Second,
restricted cubic splines were used to transform nonlinear data, such as TMAO and choline, into linear data. This more
directly and accurately depicted the association between these metabolites and T2DM, making the results more reliable.
Third, previous studies were mostly cross-sectional and hospital-based case-control studies. However, our study adopted
community-based case-control studies, which further enhanced the representativeness of the research results. Despite the
robust study protocols, the current study had several limitations. First, since this study was designed as an observational
study, we were unable to infer causal inferences or elucidate the cause-effect relationship. More replication studies are
required in cohorts and randomized trials in other populations. Second, although we adjusted for multiple potential
confounders, residual confounding factors could not be ruled out. However, in our study, the traditional risk covariates
for T2DM were carefully adjusted in the current analysis; therefore, the unadjusted bias was minimal. Third, we did not
consider the use of nondiabetic drugs, which may have affected the results of the analysis.

Conclusion

Our findings suggest that precursors related to TMAO (choline, betaine, and L-carnitine) were associated with the risk of
type 2 diabetes, even though adjustments were made. The traditional risk factors in combination with choline,
L-carnitine, and betaine can significantly increase the accuracy of predicting the risk of T2DM. Given the close link
between T2DM and TMAO precursors, randomized controlled trials are warranted to test whether changing the
concentration of these metabolites can prevent high-risk individuals from developing type 2 diabetes.
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