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Abstract: Background: Gut microbiota-related metabolites, trimethylamine-N-oxide (TMAO), choline,
and betaine, have been shown to be associated with cardiovascular disease (CVD) risk. Moreover,
lower plasma betaine concentrations have been reported in subjects with type 2 diabetes mellitus
(T2DM). However, few studies have explored the association of betaine with incident T2DM, especially
in the general population. The goals of this study were to evaluate the performance of a newly
developed betaine assay and to prospectively explore the potential clinical associations of betaine and
future risk of T2DM in a large population-based cohort. Methods: We developed a high-throughput,
nuclear magnetic resonance (NMR) spectroscopy procedure for acquiring spectra that allow for
the accurate quantification of plasma/serum betaine and TMAO. Assay performance for betaine
quantification was assessed and Cox proportional hazards regression was employed to evaluate
the association of betaine with incident T2DM in 4336 participants in the Prevention of Renal and
Vascular End-Stage Disease (PREVEND) study. Results: Betaine assay results were linear (y =

1.02X − 3.75) over a wide range of concentrations (26.0–1135 µM). The limit of blank (LOB), limit of
detection (LOD) and limit of quantitation (LOQ) were 6.4, 8.9, and 13.2 µM, respectively. Coefficients
of variation for intra- and inter-assay precision ranged from 1.5–4.3% and 2.5–5.5%, respectively.
Deming regression analysis of results produced by NMR and liquid chromatography coupled to
tandem mass spectrometry(LC-MS/MS) revealed an R2 value of 0.94 (Y = 1.08x – 1.89) and a small bias
for higher values by NMR. The reference interval, in a cohort of apparently healthy adult participants
(n = 501), was determined to be 23.8 to 74.7 µM (mean of 42.9 ± 12.6 µM). In the PREVEND study
(n = 4336, excluding subjects with T2DM at baseline), higher betaine was associated with older age
and lower body mass index, total cholesterol, triglycerides, and hsCRP. During a median follow-up of
7.3 (interquartile range (IQR), 5.9–7.7) years, 224 new T2DM cases were ascertained. Cox proportional
hazards regression models revealed that the highest tertile of betaine was associated with a lower
incidence of T2DM. Hazard ratio (HR) for the crude model was 0.61 (95% CI: 0.44–0.85, p = 0.004).
The association remained significant even after adjusting for multiple clinical covariates and T2DM
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risk factors, including fasting glucose. HR for the fully-adjusted model was 0.50 (95% CI: 0.32–0.80,
p = 0.003). Conclusions: The newly developed NMR-based betaine assay exhibits performance
characteristics that are consistent with usage in the clinical laboratory. Betaine levels may be useful
for assessing the risk of future T2DM.

Keywords: betaine; trimethylamine N-oxide related metabolites; nuclear magnetic resonance
spectroscopy; type 2 diabetes mellitus

1. Introduction

Betaine (N,N,N-trimethylglycine) is an osmoprotectant as well as a methyl donor in one-carbon
metabolism [1,2]. Betaine is required for remethylation of homocysteine to methionine, a precursor
of the universal methyl donor S-adenosylmethionine (SAM) [1,2]. By decreasing SAM availability,
betaine deficiency may decrease phosphatidylcholine synthesis, promote hepatic steatosis and modify
very low-density lipoprotein (VLDL) synthesis and secretion [3]. Betaine was shown to be inversely
associated with triglycerides (TG) and phospholipid transfer protein (PLTP) activity, further supporting
the notion that low betaine levels may alter liver fat accumulation and lipid/lipoprotein metabolism [4].
Lower plasma betaine concentrations have been reported in subjects with metabolic syndrome,
type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease (NAFLD) and/or non-alcoholic
steatohepatitis (NASH) [3,5–8]. Moreover, betaine levels were associated with disease severity in
subjects with NAFLD, betaine levels being significantly lower in subjects with NASH compared to
subjects with hepatic steatosis [3]. Plasma betaine levels arise from both dietary intake and endogenous
synthesis from dietary choline [1,2,9]. Having a high-throughput assay to measure plasma/serum
betaine levels may be a way of gaining a better understanding of the role of betaine in hepatic and
metabolic diseases.

The gut microbe-derived metabolite TMAO has been shown to be an independent marker of
cardiovascular disease (CVD) and mortality with higher levels of TMAO correlating with higher
risk [10–22]. Betaine has also been reported to be associated with CVD. However, in contrast to TMAO,
low plasma betaine levels were associated with increased CVD risk in most studies [14,23–26]. In one
study, however, Lever et al. reported that low betaine levels were associated with CVD events in
patients without T2DM, whereas in contrast, elevated betaine levels were associated with CVD in
patients with T2DM [27]. In addition, it has been shown that the association of betaine with CVD risk
was attenuated by TMAO, suggesting that it is TMAO that drives the risk of future CVD [14]. In the
same cohort [14], it was also found that a modest but statistically significant correlation exists between
TMAO and betaine.

Besides the cross-sectional associations of betaine with metabolic diseases, as well as prospective
relationships of betaine with CVD events, prospective studies have shown that lower betaine levels
were associated with a higher risk of incident T2DM. In a study of Norwegian subjects with suspected
angina pectoris, plasma betaine levels were inversely associated with incident T2DM even after
adjusting for multiple clinical characteristics and risk factors [7]. In subjects enrolled in the Prevención
con Dieta Mediterránea (PREDIMED) trial, higher betaine levels were associated with a reduced risk of
future T2DM [28]. In the Diabetes Prevention Program (DPP), a program designed to study progression
to T2DM in subjects with elevated fasting plasma glucose (FPG) and impaired glucose tolerance, low
betaine levels were associated with T2DM onset [6]. Moreover, this association remained significant
even after adjusting for covariates such as age, sex, body mass index (BMI), hypertension, ethnicity,
and FPG [6]. Additionally, the DPP lifestyle intervention led to an increase in betaine levels, suggesting
that betaine may have utility in monitoring the effects of interventions designed to prevent progression
to T2DM [6]. However, no studies to date have explored the association of betaine with incident T2DM
in a general population-based cohort.
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The goals of this study were to evaluate the laboratory performance of the newly developed
nuclear magnetic resonance spectroscopy (NMR)-based betaine assay and to explore potential clinical
associations of betaine and incident T2DM in a large prospective population-based cohort.

2. Methods

2.1. NMR Data Acquisition and Betaine Quantification by Peak Deconvolution

Serum/plasma specimens were diluted with citrate/phosphate buffer (3:1 v/v) to lower the pH to
5.3 in order to separate the betaine and TMAO signals which overlap at physiological pH (Figure 1).
One-dimensional (1D) 1H-NMR spectra were recorded as previously described [4,29]. Briefly, the
Carr–Purcell–Meiboom–Gill (CPMG) acquisition technique was utilized to suppress resonances from
macromolecules (e.g., proteins and lipoproteins) along with Water suppression Enhanced through
T1 effects (WET) gradient sequence to attenuate the water signal. Spectra were acquired at 47 ◦C
(spectral width = 4496.4 Hz, relaxation delay between scans = 5 s, direct detection time = 1.2 s,
number of scans = 48) on a Vantera NMR clinical analyzer (LabCorp, Morrisville, NC) equipped with
400 MHz (9.4 T) Agilent spectrometer [29,30]. Betaine was quantified from the acquired spectra using
a proprietary deconvolution algorithm that resolved the betaine region into its spectral components
(Figure 1). The α-anomeric glucose signal is used as a reference to locate the betaine peak. The betaine
peak at 3.22 ppm, as well as the glucose peaks on either side, were mathematically modeled using
lognormal and Lorentzian peak shapes. A linear function was incorporated into the algorithm to
adequately model the baseline around these peaks. After subtracting the baseline, the lineshape
deconvolution was achieved by a bound-constrained non-linear least-squares fitting algorithm. The
derived betaine signal amplitudes were converted to µM units using a factor that was empirically
determined by plotting data from dialyzed serum samples spiked with known amounts of betaine and
relating the betaine signal area to the expected concentrations.
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Figure 1. 1D 1H CPMG NMR spectrum of serum used for modeling the betaine peak. (A) Expansion of
the spectrum where the betaine region is extracted for lineshape deconvolution. (B) The experimental
(red) spectrum overlaid with a mathematical fit (black) from a composite of lognormal (pink) and
Lorentzian (green) lineshapes after subtraction of the baseline in the betaine region. ppm = parts per
million; CPMG, Carr–Purcell–Meiboom–Gill; NMR, nuclear magnetic resonance.
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2.2. Assay Performance Testing

All assay performance studies were conducted according to Clinical and Laboratory Standards
Institute (CLSI) guidelines. Dialyzed serum pools devoid of betaine were analyzed as blanks (five
pools, four replicates, three days). Serum pools containing low concentrations of betaine were tested to
determine the limits of detection (LOD) (five pools, four replicates, three days) and quantitation (LOQ)
(eight pools, four replicates, three days). The LOB, LOD, and LOQ were calculated as previously
described [30]. Within-run (n = 20 replicates) and within-laboratory (n = 80 replicates) imprecision
were determined using serum pools with low, intermediate and high betaine values. These values
were targeted around the 50th and 100th percentile of the reference interval, as well a high value
that had been observed in clinical samples. Mean concentrations and coefficients of variation (%CV)
were calculated for each pool. For the tube comparison, specimens were drawn from 21 donors into
three blood collection tube types: Serum LipoTubes (Greiner Bio-One, Monroe, NC, USA), K2EDTA
plasma tubes and plain red top serum tubes without gel barriers (BD Diagnostics, Durham, NC, USA).
Specimen tubes were processed as per the manufacturer’s recommendations. Results for EDTA plasma
and plain serum tubes were compared to results for the LipoTube by calculating the mean % bias
for all 21 samples. Linearity was evaluated by comparing known spiked concentrations of betaine
with expected concentrations tested in quadruplicates across the biological range from 25 to 1200 µM
(n = 13).

A method comparison study was performed to compare betaine quantification by NMR versus
mass spectrometry as per CLSI guidelines [31]. Serum specimens were obtained from multiple donors
and aliquots were frozen at −80◦C until the time of analysis. The same frozen serum samples (n = 24)
were analyzed via NMR at LabCorp and in parallel by stable isotope dilution, high-performance
liquid chromatography with online electrospray ionization tandem mass spectrometry (LC-MS/MS)
at the Cleveland Clinic. Samples analyzed via the LC-MS/MS method were injected at a flow rate
of 0.8 ml/min to a 4.6 × 250 mm, 5 µm Luna silica column interfaced with an AB SCIEX 5000 triple
quadrupole mass spectrometer using d9-(trimethyl)-labeled internal standards [32]. Details of the
method for the LC-MS/MS assay have been previously described [10,32,33]. Samples for the method
comparison study spanned the reported reference interval for betaine [1].

To confirm the previously reported reference interval for betaine [1], two studies were evaluated.
For the first study, normal, apparently healthy (n = 501) men and women aged 18 to 80 were recruited
at LipoScience (now LabCorp, Morrisville, NC, USA). Informed consent was obtained from all donors
whose samples were analyzed and the study protocol was approved by a local Institutional Review
Board. Non-fasting serum specimens collected in LipoTubes and tested by NMR as described above.
Detailed descriptions of this study have been previously described [29,30]. The second study entailed
reanalyzing the digitally stored NMR spectra, from previously tested fasting EDTA plasma samples
from the Prevention of Renal and Vascular End-Stage Disease (PREVEND) Study (n = 5621), using the
newly developed proprietary betaine assay software (LabCorp, Morrisville, NC, USA) [29]. Quantiles
for sample results from both studies were determined, and the reference intervals were estimated at
the 2.5th and 97.5th percentiles. Pearson’s correlation coefficients were determined, and no statistically
significant correlation was found between betaine and TMAO in either the normal healthy population
study that was used for the reference interval determination (r = 0.065, p = 0.149) or the PREVEND
study (r = -0.01, p = 0.508).

2.3. Cross-sectional and Prospective Analyses in Participants in the Prevention of Renal and Vascular
End-Stage Disease (PREVEND) Study

Details of the PREVEND study design and recruitment have been described before [34]. Briefly,
the PREVEND study is a Dutch cohort of predominantly Caucasian men and women drawn from the
general population of the city of Groningen in the northern part of the Netherlands. After exclusion
of subjects with insulin-treated diabetes and pregnant women, subjects with a urinary albumin
concentration ≥10 mg/L were invited to participate (n = 7768), 6000 accepted. In addition, a random
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sample of 2592 individuals with a urinary albumin concentration <10 mg/L was included. During
the years 1997–1998, 8592 subjects aged 28–75 years completed the baseline survey. The baseline
for the current study was the second screening which took place between 2001 and 2003 (n = 6892).
Individuals who were diagnosed with T2DM or were missing data for diabetes at baseline or follow-up,
as well as those missing NMR at baseline or follow-up, were excluded, leaving 4336 subjects for the
present cross-sectional and prospective analyses. The follow-up period (period between baseline
and date of T2DM diagnosis) was determined to be 7.3 (IQR, 5.9–7.7) years for this analysis. T2DM
was ascertained if one or more of the following criteria were met: 1) FPG ≥7.0 mmol/L (126 mg/dL),
2) random sample plasma glucose ≥11.1 mmol/L (200 mg/dL), 3) self-report of a physician diagnosis
of T2DM, and 4) initiation of glucose-lowering medication use, retrieved from a central pharmacy
registry [35]. These criteria are consistent with current guidelines for the diagnosis of T2DM [36].
Calculations of BMI, as well as determinations of blood pressure, smoking status, alcohol intake,
hypertension and estimated glomerular filtration rate (eGFR), have been described previously [37].
At the second screening, venous blood was obtained after an overnight fast. EDTA plasma samples
were prepared and stored at −80 ◦C until testing occurred. Total cholesterol was measured on a
Beckman Coulter®AU680 analyzer, and high-density lipoprotein cholesterol (HDL-C) and triglycerides
(TG) were measured on an Olympus AU400 analyzer (Beckman Coulter, Brea, CA, USA) [38]. FPG
was measured by dry chemistry (Eastman Kodak, Rochester, NY, USA) and C-reactive protein (CRP)
was measured by nephelometry with a threshold of 0.18 mg/L (BNII, Dade Behring). Betaine results
were obtained as described above. This study was carried out in accordance with The Code of Ethics
of the World Medical Association (Declaration of Helsinki), cleared by an Institutional Review Board
and all donors signed consent forms.

2.4. Statistical Analyses

Statistical analyses were performed using SAS v9.4 (SAS Institute, Cary, NC, USA), Analyze-it
v3.90.1 (Analyze-it Software, Ltd., Leeds, UK) or IBM Statistics SPSS v23.0 (IBM Inc., Chicago, IL, USA).
For the analytical validation studies, linear regression analyses were performed. Deming regression
analysis and Bland–Altman plots were used to evaluate the correlation between the results obtained on
the two platforms for the method comparison study. Reference intervals were compared by assessing
the means using the Wilcoxon Rank Sum and Mann–Whitney tests and the distributions using the
Kruskal-Wallis test. For the epidemiological studies, data are expressed in mean ± SD (or SEM for
figures) when normally distributed, median (interquartile range) for skewed distribution and number
and percentages in case of categorical data. Differences between the tertiles of betaine were tested by
ANOVA or Kruskal Wallis for continuous variables and with χ2- test for categorical variables. Pearson’s
correlation coefficients were used to evaluate any potential relation between betaine and TMAO.

Crude and multivariable Cox proportional hazards regression analyses were performed to estimate
the effect of betaine on T2DM in a crude analysis as well as analyses adjusted for age and sex (model 1).
Further adjustments were then made for eGFR (model 2), BMI and smoking status (model 3), ethnicity,
FPG, total cholesterol, HDL-C, TG, CRP, and use of lipid-lowering drugs (model 4). In continuous Cox
proportional hazards regression models, betaine was log-base 2 transformed to allow for the expression
of the hazard ratios (HRs) per doubling of betaine. Additionally, betaine was used as a categorical
variable for analyses by tertiles. Data were presented as HRs and 95% CI confidence intervals (CIs).
Potential effect modification was evaluated by age, sex, and eGFR. Potential effect modifiers were
tested by entering both main effects and the cross-product term in Cox regression analyses. When effect
modification was observed, we proceeded with stratified analyses. For the sensitivity analyses, we
performed crude and multivariable Cox proportional hazards regression analyses excluding subjects
with previous CVD, use of lipid-lowering drugs, microalbuminuria and eGFR <60 mL/min/1.73 m2 at
baseline. Two-sided p-values <0.05 were considered statistically significant for all reported analyses.
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2.5. Ethic Approval and Consent to Participate

This study was carried out in accordance with The Code of Ethics of the World Medical Association
(Declaration of Helsinki), cleared by an Institutional Review Board and all donors signed consent forms.

3. Results

The NMR signals from betaine and TMAO overlap in the Carr-Purcell-Meiboom-Gill (CPMG)
collected spectrum of serum at physiological pH [29]. Hence, an assay was developed that reduces the
pH of the sample to 5.3. The betaine peak is not affected by the change in pH, however, the TMAO peak
is shifted downfield in the NMR spectrum which allows for accurate quantification of both betaine and
TMAO separately [29] (Figure 1). In order to assess its clinical usefulness, the analytical performance of
the NMR-based betaine assay was evaluated. The LOB, LOD, and LOQ were determined to be 6.4, 8.9,
and 13.2 µM, respectively, with the LOQ being below the previously reported normal reference interval
for betaine [1]. The coefficients of variation for intra-assay and inter-assay precision were 1.5–4.3% and
2.5–5.5%, respectively (Table 1). A tube comparison study revealed no significant differences between
results from serum collected in LipoTubes vs. results from serum collected in plain red top tubes (mean
% bias = −1.9) or EDTA plasma (mean % bias = 4.1). Linearity was demonstrated between 26.0 and
1135 µM, well above the upper limit of the normal reference interval [1], with a correlation coefficient
(R2) of 1.00 and a linear equation of Y = 1.02x − 3.75 (Figure 2A). Based on these data, the reportable
range for the NMR-based betaine assay was determined to be 13.2–1135 µM.
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samples (n = 24), (C) Bland–Altman plot (n = 24). The limits of agreement (LoA) are depicted as dotted
blue lines, and the 0% bias is a solid black line.
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Table 1. Within-laboratory (inter-assay) and within-run (intra-assay) imprecision.

Imprecision Betaine (µM)

Low Medium High
Within-lab a

Mean 45.2 97.2 205.9
SD 2.5 4.0 5.2

CV (%) 5.5 4.1 2.5
Within-run b

Mean 44.1 95.6 205.6
SD 1.9 3.1 3.1

CV (%) 4.3 3.2 1.5

Abbreviations: CV, coefficients of variation; SD, standard deviation; a Based on CLSI EP5-A2 tested using three
controls, two runs per day in duplicate for 20 days (total n = 80); b Based on one run of 20 tests.

A method comparison study was performed to compare the quantification of betaine by NMR
versus LC-MS/MS. Deming regression analysis of betaine results from both platforms produced an R2

value of 0.94 (Y = 1.08x – 1.89) (Figure 2B). The Bland–Altman plot revealed that there was a small but
systematic bias for higher values produced by the NMR assay compared to results from the LC-MS/MS
assay (Figure 2C). The normal reference interval for betaine was confirmed in two populations, a
cohort of apparently healthy volunteers and the full set of PREVEND cohort participants (Table 2). The
distributions were similar between the two study populations, and the reference intervals were similar
to those previously reported [1]. The distributions for men and women in the cohort of apparently
healthy volunteers were not statistically different, and neither were the means. Therefore, there were no
significant between-gender differences in the distribution of results or the reference intervals, although
the results tended to be somewhat lower in women compared to men, as previously noted [1].

Table 2. Distribution and population means for betaine (µM) in generally healthy adults.

Percentile
Normal Healthy

Adult Volunteers
(n = 501)

Normal Healthy
Adult Volunteers
Female (n = 292)

Normal Healthy
Adult Volunteers

Male (n = 209)

PREVEND Study
Participants
(n = 5621)

0th <13.2 a <13.2 a 24.6 13.3
2.5th 23.8 22.0 28.5 21.0
25.0th 34.1 32.4 37.3 30.8
50.0th 41.0 39.1 44.6 36.8
75.0th 49.5 46.9 52.4 43.8
97.5th 74.7 74.4 75.3 63.0
100th 104.1 101.6 104.1 190.7

Mean (SD) 42.9 (12.6) 40.7 (12.4) 46.0 (12.2) 38.1 (11.2)

Abbreviations: SD, standard deviation. a Lower bound of the reportable range is limited by the LOQ of this assay.

Of the 6892 PREVEND participants that completed the second round of screening, 4336 subjects
were included in this study. Subjects were excluded if they were missing NMR data, if they were
missing information regarding T2DM diagnosis at baseline or follow-up, or if they were diagnosed
with T2DM at baseline. Baseline clinical and laboratory characteristics for the entire cohort as well as
according to tertiles of betaine are shown in Table 3. Subjects with higher betaine levels were older,
more likely to be men and less likely to be Caucasian. Subjects with higher betaine levels also had
lower BMI, were more likely to be non-smokers and less likely to have high diastolic blood pressure.
Subjects in the highest tertile of betaine had lower, total cholesterol, TG and C-reactive protein (CRP).
They were more likely to be on lipid-lowering medications.
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Table 3. Baseline characteristics of the 4336 subjects of the Prevention of Renal and Vascular End-Stage
Disease (PREVEND) study of the overall population and according to tertiles of betaine.

Overall Tertiles of betaine p-Value
T1 T2 T3

Participants, n 4336 1445 1446 1445
Betaine, µM 36.9 (31.0–44.0) 28.7 (25.3–31.0) 36.9 (35.1–38.8) 47.3 (44.0–52.6)

Participants, n 4236 1398 1418 1420
TMAO, µM 4.6 ± 5.9 4.6 ± 5.1 4.7 ± 6.3 4.6 ± 6.4

General characteristics

Age, years 52.6 ± 11.5 51.3 ± 10.9 52.8 ± 11.4 53.7 ± 12.1 <0.001
Male sex, n (%) 2159 (49.8) 456 (31.6) 750 (51.9) 953 (66.0) <0.001

Ethnicity, Caucasian, n (%) 4164 (96.0) 1403 (97.1) 1400 (96.8) 1361 (94.2) 0.001
BMI, kg/m2 26.4 ± 4.2 26.7 ± 4.3 26.6 ± 4.2 26.0 ± 4.1 <0.001

Smoking status, n (%) 0.008
Never 1286 (29.7) 420 (29.1) 424 (29.3) 442 (30.6)

Former 1828 (42.2) 574 (39.7) 639 (44.2) 615 (42.6)
Current 1165 (26.9) 438 (30.3) 358 (24.8) 369 (25.5)

Alcohol consumption, never, n (%) 1004 (23.2) 329 (22.8) 351 (24.3) 324 (22.4) 0.26
eGFR, mL/min/1.73m2 93.5 ± 16.3 94.5 ± 15.9 93.1 ± 16.7 93.0 ± 16.3 0.02
Hypertension, n (%) 1280 (29.5) 406 (28.1) 443 (30.6) 431 (29.8) 0.33

Hypercholesterolemia, n (%) 1235 (28.5) 468 (32.4) 390 (27.0) 377 (26.1) <0.001
Parental history of CKD, n (%) 20 (0.5) 8 (0.6) 7 (0.5) 5 (0.3) 0.70

Circulation

SBP, mmHg 124.8 ± 18.1 123.9 ± 17.8 125.4 ± 18.2 125.1 ± 18.3 0.06
DBP, mmHg 73.0 ± 9.0 72.5 ± 9.1 73.4 ± 8.8 72.3 ± 9.0 0.02

Laboratory parameters

Total cholesterol, mmol/L 5.4 ± 1.0 5.6 ± 1.1 5.4 ± 1.0 5.2 ± 1.0 <0.001
HDL cholesterol, mmol/L 1.3 ± 0.3 1.2 ± 0.3 1.3 ± 0.3 1.2 ± 0.3 <0.001

Triglycerides, mmol/L 1.1 (0.8–1.6) 1.2 (0.8–1.7) 1.1 (0.8–1.6) 1.0 (0.8–1.5) 0.005
Fasting glucose, mmol/L 4.7 (4.4–5.2) 4.7 (4.4–5.2) 4.7 (4.4–5.2) 4.7 (4.4–5.2) 0.34
C-reactive protein, mg/L 1.2 (0.6–2.8) 1.4 (0.6–3.0) 1.2 (0.5–2.6) 1.1 (0.5–2.8) 0.005

Medication

Antihypertensive drugs, n (%) 716 (16.5) 221 (15.3) 239 (16.5) 256 (17.7) 0.12
Lipid lowering drug use, n (%) 304 (7.0) 62 (4.3) 94 (6.5) 148 (10.2) <0.001

Data are represented as mean ± SD, median (interquartile range) or n (%). Differences were tested by ANOVA
or Kruskal Wallis for continuous variables and with χ2- test for categorical variables. The eGFR is based
on the creatinine–cystatin C equation. Abbreviations: BMI, body mass index; eGFR, estimated glomerular
filtration rate; CKD, chronic kidney disease; SBP, systolic blood pressure; DBP, diastolic blood pressure; HDL,
high-density lipoproteins.

After a median (interquartile range) follow up period of 7.3 (IQR, 5.9–7.7) years, 224 new T2DM
cases were ascertained. Cox proportional hazards regression models revealed that the highest tertile
of betaine was associated with a lower incidence of T2DM. Hazard ratio (HR) for the crude model
was 0.61 (95% CI: 0.44–0.85, p = 0.004) (Table 4). The association remained largely unchanged after
adjustment for multiple clinical covariates and T2DM risk factors, including age, sex, eGFR, BMI,
smoking status, ethnicity, FPG, total cholesterol, HDL-C, TG, CRP, and use of lipid-lowering drugs.
In the fully adjusted model, the HR for the upper vs. the lower tertile was 0.50 (95% CI: 0.32–0.80,
p = 0.004). When the association of betaine with T2DM development was assessed as a continuous
variable, the same trend was observed albeit the association of betaine with incident T2DM did not
reach statistical significance in the fully adjusted model.

We observed that the association of betaine with T2DM was modified by sex (Pinteraction = 0.01),
but not by age (Pinteraction = 0.93) or eGFR (Pinteraction = 0.38). Betaine as continuous variable was
inversely associated with incident T2DM in men (HR: 0.44, 95% CI: 0.24–0.80, p = 0.007), but not in
women (HR: 0.97, 95% CI: 0.55–1.71, p = 0.93), after adjustment for age, eGFR, BMI, smoking status,
ethnicity, FPG, total cholesterol, HDL-C, TG, CRP, and use of lipid-lowering drugs (Table 5).
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Table 4. Association of betaine as a continuous variable and according to tertiles with the development
of T2DM.

Betaine as Continuous
Variable (2log) Tertiles of Betaine

T1 T2 T3

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Diabetes, no. of events (%) 224 (5.2%) 93 (6.4%) 74 (5.1%) 57 (3.9%)

Crude 0.79 (0.59–1.05) 0.10 1.00 (ref) 0.78 (0.57–1.05) 0.10 0.61 (0.44–0.85) 0.004
Model 1 0.60 (0.46–0.79) <0.001 1.00 (ref) 0.64 (0.47–0.88) 0.005 0.45 (0.32–0.64) <0.001
Model 2 0.59 (0.45–0.78) <0.001 1.00 (ref) 0.61 (0.45–0.84) 0.002 0.42 (0.29–0.59) <0.001
Model 3 0.63 (0.47–0.85) 0.002 1.00 (ref) 0.68 (0.50–0.94) 0.02 0.47 (0.33–0.66) <0.001
Model 4 0.69 (0.46–1.02) 0.06 1.00 (ref) 0.65 (0.43–0.96) 0.03 0.50 (0.32–0.80) 0.004

Abbreviations: eGFR, estimated glomerular filtration rate; T2DM, type 2 diabetes mellitus. Association between
betaine and development of diabetes in 4336 (224 cases) subjects of the Prevention of Renal and Vascular End-Stage
Disease (PREVEND) study as a continuous variable (2log-transformed) and according to tertiles (T1-T3). Hazard
ratios and 95% confidence intervals were derived from Cox proportional hazards regression models. The eGFR is
based on creatinine–cystatin C equation; Model 1: Adjustment for age and sex; Model 2: Model 1+ adjustment
for eGFR; Model 3: Model 2 + adjustment for body mass index and smoking; Model 4: Model 3 + adjustment for
ethnicity, fasting glucose, total cholesterol, high-density lipoprotein cholesterol, triglycerides, C-reactive protein,
and use of lipid-lowering drugs.

Table 5. Sex-stratified analyses of the association of betaine as a continuous variable and according to
tertiles with the development of T2DM.

Betaine as Continuous
Variable (2log) Tertiles of Betaine

T1 T2 T3

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Men

Diabetes, no. of events (%) 139 (6.4%) 54 (2.5%) 46 (2.1%) 39 (1.8%)

Crude 0.41 (0.26–0.64) <0.001 1.00 (ref) 0.49 (0.33–0.73) <0.001 0.34 (0.22–0.51) <0.001
Model 1 0.40 (0.26–0.62) <0.001 1.00 (ref) 0.49 (0.33–0.72) <0.001 0.32 (0.21–0.49) <0.001
Model 2 0.41 (0.26–0.65) <0.001 1.00 (ref) 0.46 (0.31–0.69) <0.001 0.32 (0.21–0.48) <0.001
Model 3 0.56 (0.35–0.90) 0.02 1.00 (ref) 0.54 (0.36–0.82) 0.003 0.43 (0.28–0.65) <0.001
Model 4 0.44 (0.24–0.80) 0.007 1.00 (ref) 0.43 (0.25–0.74) 0.003 0.36 (0.20–0.65) 0.001

Women

Diabetes, no. of events (%) 85 (3.9%) 39 (1.8%) 28 (1.3%) 18 (0.8%)

Crude 0.96 (0.59–1.53) 0.85 1.00 (ref) 1.01 (0.62–1.63) 0.98 0.95 (0.54–1.66) 0.86
Model 1 0.81 (0.52–1.27) 0.35 1.00 (ref) 0.89 (0.55–1.45) 0.65 0.83 (0.47–1.45) 0.51
Model 2 0.74 (0.48–1.15) 0.18 1.00 (ref) 0.86 (0.53–1.41) 0.56 0.67 (0.37–1.22) 0.19
Model 3 0.73 (0.47–1.15) 0.18 1.00 (ref) 0.96 (0.58–1.56) 0.85 0.62 (0.33–1.15) 0.13
Model 4 0.97 (0.55–1.71) 0.93 1.00 (ref) 1.02 (0.56–1.89) 0.94 0.74 (0.35–1.60) 0.45

Abbreviations: eGFR, estimated glomerular filtration rate; T2DM, type 2 diabetes mellitus. Association between
betaine and development of diabetes in 2159 men (139 cases) and 2177 women (85 cases) of the Prevention of Renal
and Vascular End-Stage Disease (PREVEND) study as a continuous variable (2log-transformed) and according to
tertiles (T1-T3). Hazard ratios and 95% confidence intervals were derived from Cox proportional hazards regression
models. The eGFR is based on creatinine–cystatin C equation; Model 1: Adjustment for age; Model 2: Model
1+ adjustment for eGFR; Model 3: Model 2 + adjustment for body mass index and smoking; Model 4: Model
3 + adjustment for ethnicity, fasting glucose, total cholesterol, high-density lipoprotein cholesterol, triglycerides,
C-reactive protein, and use of lipid-lowering drugs.

To ensure the results would be similar if the analyses were conducted in subjects at a lower
risk of CVD, a sensitivity analysis was performed excluding subjects with previous CVD, use of
lipid-lowering drugs, microalbuminuria and eGFR <60 mL/min/1.73 m2 at baseline (n = 2810 subjects
with 112 cases of T2DM ascertained) (Table 6). Cox proportional hazards regression models revealed
that the highest tertile of betaine was associated with a lower incidence of T2DM. HR for the crude
model was 0.58 (95% CI: 0.36–0.93, p = 0.03). The association remained significant after adjustment
for multiple clinical covariates and T2DM risk factors, including age, sex, eGFR, BMI, and smoking
status. Only the fully-adjusted model, with additional cumulative adjustment for ethnicity, FPG, total
cholesterol, HDL-C, TG, and CRP, lost statistical significance (0.57 95% CI: 0.32–1.04, p = 0.07).
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Table 6. Sensitivity analysis of the association of betaine as a continuous variable and according to
tertiles with development of T2DM, excluding subjects with previous CVD history, microalbuminuria,
eGFR < 60 mL/min/1.73 m2, and use of lipid-lowering drugs.

Betaine as Continuous
Variable (2log) Tertiles of Betaine

T1 T2 T3

HR (95% CI) p HR (95% CI) p HR (95% CI) p

Diabetes, no. of events (%) 112 (4.0%) 48 (4.9%) 39 (4.2%) 25 (2.8%)

Crude 0.75 (0.51–1.10) 0.14 1.00 (ref) 0.84 (0.55–1.28) 0.41 0.58 (0.36–0.93) 0.03
Model 1 0.57 (0.41–0.81) 0.002 1.00 (ref) 0.69 (0.45–1.05) 0.09 0.41 (0.25–0.67) <0.001
Model 2 0.59 (0.40–0.80) 0.001 1.00 (ref) 0.69 (0.45–1.05) 0.08 0.41 (0.25–0.67) <0.001
Model 3 0.62 (0.42–0.93) 0.02 1.00 (ref) 0.75 (0.49–1.15) 0.19 0.50 (0.31–0.82) 0.006
Model 4 0.69 (0.43–1.10) 0.12 1.00 (ref) 0.89 (0.55–1.46) 0.65 0.57 (0.32–1.04) 0.07

Abbreviations: CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; T2DM, type 2 diabetes
mellitus. Association between betaine and development of diabetes in 2810 (112 cases) subjects of the Prevention
of Renal and Vascular End-Stage Disease (PREVEND) study as a continuous variable (2log-transformed) and
according to tertiles (T1-T3). Hazard ratios and 95% confidence intervals were derived from Cox proportional
hazards regression models. The eGFR is based on creatinine–cystatin C equation; Model 1: Adjustment for age and
sex; Model 2: Model 1+ adjustment for Egfr; Model 3: Model 2 + adjustment for body mass index and smoking;
Model 4: Model 3 + adjustment for ethnicity, fasting glucose, total cholesterol, high-density lipoprotein cholesterol,
triglycerides, and C-reactive protein.

4. Discussion

Several chromatographic, chemical, and mass spectrometry (MS)-based techniques for
quantification of betaine have been reported [10,32,33,39,40]. With the advent of the Vantera clinical
analyzer, an automated high-throughput NMR spectrometer, NMR-based assays are now available in
the diagnostic laboratory for clinical use [29,30,41–44]. Hence, an NMR-based assay that quantifies
plasma/serum TMAO and betaine was developed for the diagnostic laboratory [4,21,29]. While the
NMR signals for TMAO and betaine align in NMR spectra acquired at physiological pH, this assay
uses a buffer with a lower pH that separates the two metabolites, allowing for their simultaneous
quantification [29]. Analytical validation of the NMR-based betaine assay revealed that it has
performance characteristics that are robust enough for use as a diagnostic or prognostic test in the
clinical laboratory.

The major finding of this study, however, is that lower circulating levels of betaine are associated
with future development of T2DM in a large population-based cohort. Lower betaine levels were
associated with increased risk of developing T2DM even after adjusting for clinical characteristics as
well as typical risk factors for T2DM such as BMI, lipids, and FPG. Previously, lower betaine levels were
reported to be associated with incident T2DM development in subjects across a spectrum of risks for
CVD, such as in Norwegian subjects with suspected angina pectoris, as well as in primary prevention
individuals enrolled in the PREDIMED dietary intervention trial [7,28]. In addition, betaine was
associated with future diabetes in the DPP, a program designed to study progression to, and possibly
prevention of, T2DM in subjects at high risk of T2DM [6]. Moreover, the prospective association of low
betaine levels with future T2DM in DPP remained significant after adjusting for risk factors such as
age, sex, BMI, hypertension, ethnicity and FPG [6]. Furthermore, the DPP lifestyle intervention led to
an increase in betaine, raising the hypothesis that betaine may have utility in monitoring the effects of
interventions designed to prevent progression to T2DM [6].

Betaine is required for remethylation of homocysteine to methionine, a precursor of the
universal methyl donor SAM [1,2]. By decreasing SAM availability, betaine deficiency may decrease
phosphatidylcholine synthesis, promote hepatic steatosis, and modify VLDL synthesis and secretion [3].
Betaine was shown to be inversely associated with TG and PLTP activity, further supporting the
notion that low betaine levels may alter liver fat accumulation and lipid/lipoprotein metabolism [4].
Furthermore, lower plasma betaine concentrations have been reported in subjects with metabolic
syndrome, T2DM, NAFLD, and/or NASH, supporting the association of low levels of betaine with
diseases that are associated with liver fat accumulation [3,5–8]. Moreover, betaine levels were associated



J. Clin. Med. 2019, 8, 1813 11 of 14

with disease severity in subjects with NAFLD, betaine levels being significantly lower in subjects with
NASH compared to subjects with hepatic steatosis [3]. These observations support the findings of this
study, that lower betaine levels may be a good predictor of future T2DM.

Given that betaine has been described as being a precursor to TMAO, it seems counterintuitive
that lower betaine levels would coincide with higher TMAO levels and vice versa. However, we did not
find a statistically significant correlation between TMAO and betaine in the normal healthy population
we used for our reference interval study or in the PREVEND study. This may be attributed to the fact
that there are other precursors for TMAO such as carnitine [11], choline, phosphatidylcholine [10], and
trimethyllysine [45] that can give rise to TMAO via trimethylamine. In addition, choline is oxidized to
betaine [27] in humans, and betaine can be shunted for multiple metabolic functions [1,2] Therefore,
there may not be a clear relationship between TMAO and betaine, especially in normal, healthy
populations such as the ones analyzed in this study.

Subjects with cardiometabolic diseases such as T2DM and non-alcoholic fatty liver disease
(NAFLD) exhibit altered gut microbiome, and have higher levels of TMAO and lower levels of betaine
compared to healthy subjects [3,5–8,20,25,46,47]. Betaine, the gut-microbiome generated metabolite
TMAO, and dietary metabolites such as choline and L-carnitine, may help determine if a subject’s gut
microbiome is altered (gut dysbiosis), and identify individuals who may benefit from intensive dietary
or lifestyle intervention in order to reduce the progression to more severe metabolic disease such as
T2DM. Further studies are needed to confirm this to be the case.

There are several strengths and limitations in the current study. A strength of this study is that
it includes a large number of participants in the general population, whereas previously published
studies reported associations of betaine with incident T2DM in subjects who may have been at risk
of CVD or T2DM. In addition, the PREVEND study has a large number of participants with a large
age range, which could be considered a strength. Notably, the PREVEND study was designed to
study the impact of albuminuria on renal and CVD outcomes. Hence, the PREVEND subjects were
preferentially recruited based on an initially elevated urinary albumin concentration. However, a
sensitivity analysis excluding subjects with microalbuminuria and compromised renal function showed
an essentially similar association of betaine with future risk of T2DM. Furthermore, the majority of the
PREVEND participants were of Caucasian descent, and study results may not be applicable to subjects
of non-white ethnicities.

5. Conclusions

The newly developed NMR-based betaine assay exhibits excellent performance characteristics.
We found that lower circulating betaine was associated with increased risk of developing T2DM in
a large population-based cohort even after adjusting for clinical covariates and T2DM risk factors.
Potential clinical applications may include assessing the risk of future T2DM.

Author Contributions: E.G., D.W.B., E.J.J., I.S. and J.D.O. designed the NMR-based betaine assay; E.G. collected
performance data; E.G. and M.A.C. analyzed the analytical performance data; S.L.H. collected the mass spectrometry
data; M.C.J.O., E.G.G., S.J.L.B. and R.P.F.D. designed and analyzed the clinical data; R.P.F.D., M.A.C. and E.G.
interpreted the data and wrote the manuscript; All authors contributed to critical review of the manuscript.

Funding: SLH reports support by a grant from the National Institutes of Health (NIH) and Office of Dietary
Supplements (R01HL103866, P01HL147823).

Conflicts of Interest: E.G., D.W.B., E.J., I.S., J.D.O. and M.A.C. are currently, or were at the time of this study,
employees of LabCorp. M.C.J.O., E.G.G., X.S.L., S.J.L.B. and R.P.F.D. have no conflicts of interest to reveal. S.L.H.
reports being listed as a co-inventor on pending and issued patents held by the Cleveland Clinic relating to
cardiovascular diagnostics and therapeutics, having been paid as a consultant for Proctor & Gamble, and having
received research funds from LipoScience, Pfizer, Inc., and Proctor & Gamble.

References

1. Lever, M.; Slow, S. The clinical significance of betaine, an osmolyte with a key role in methyl group metabolism.
Clin. Biochem. 2010, 43, 732–744. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.clinbiochem.2010.03.009
http://www.ncbi.nlm.nih.gov/pubmed/20346934


J. Clin. Med. 2019, 8, 1813 12 of 14

2. Day, C.R.; Kempson, S.A. Betaine chemistry, roles, and potential use in liver disease. Biochim. Biophys. Acta
2016, 1860, 1098–1106. [CrossRef] [PubMed]

3. Sookoian, S.; Puri, P.; Castano, G.O.; Scian, R.; Mirshahi, F.; Sanyal, A.J.; Pirola, C.J. Nonalcoholic
steatohepatitis is associated with a state of betaine-insufficiency. Liver Int. 2017, 37, 611–619. [CrossRef]
[PubMed]

4. Dullaart, R.P.; Garcia, E.; Jeyarajah, E.; Gruppen, E.G.; Connelly, M.A. Plasma phospholipid transfer protein
activity is inversely associated with betaine in diabetic and non-diabetic subjects. Lipids Health Dis. 2016, 15,
143. [CrossRef] [PubMed]

5. Konstantinova, S.V.; Tell, G.S.; Vollset, S.E.; Nygard, O.; Bleie, O.; Ueland, P.M. Divergent associations of
plasma choline and betaine with components of metabolic syndrome in middle age and elderly men and
women. J. Nutr. 2008, 138, 914–920. [CrossRef]

6. Walford, G.A.; Ma, Y.; Clish, C.; Florez, J.C.; Wang, T.J.; Gerszten, R.E.; Diabetes Prevention Program Research
Group. Metabolite Profiles of Diabetes Incidence and Intervention Response in the Diabetes Prevention
Program. Diabetes 2016, 65, 1424–1433. [CrossRef]

7. Svingen, G.F.; Schartum-Hansen, H.; Pedersen, E.R.; Ueland, P.M.; Tell, G.S.; Mellgren, G.; Njolstad, P.R.;
Seifert, R.; Strand, E.; Karlsson, T.; et al. Prospective Associations of Systemic and Urinary Choline Metabolites
with Incident Type 2 Diabetes. Clin. Chem. 2016, 62, 755–765. [CrossRef]

8. Chen, Y.M.; Liu, Y.; Zhou, R.F.; Chen, X.L.; Wang, C.; Tan, X.Y.; Wang, L.J.; Zheng, R.D.; Zhang, H.W.;
Ling, W.H.; et al. Associations of gut-flora-dependent metabolite trimethylamine-N-oxide, betaine and
choline with non-alcoholic fatty liver disease in adults. Sci. Rep. 2016, 6, 19076. [CrossRef]

9. Konstantinova, S.V.; Tell, G.S.; Vollset, S.E.; Ulvik, A.; Drevon, C.A.; Ueland, P.M. Dietary patterns, food
groups, and nutrients as predictors of plasma choline and betaine in middle-aged and elderly men and
women. Am. J. Clin. Nutr. 2008, 88, 1663–1669. [CrossRef]

10. Wang, Z.; Klipfell, E.; Bennett, B.J.; Koeth, R.; Levison, B.S.; Dugar, B.; Feldstein, A.E.; Britt, E.B.; Fu, X.;
Chung, Y.M.; et al. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature
2011, 472, 57–63. [CrossRef]

11. Koeth, R.A.; Wang, Z.; Levison, B.S.; Buffa, J.A.; Org, E.; Sheehy, B.T.; Britt, E.B.; Fu, X.; Wu, Y.; Li, L.; et al.
Intestinal microbiota metabolism of l-carnitine, a nutrient in red meat, promotes atherosclerosis. Nat. Med.
2013. [CrossRef] [PubMed]

12. Tang, W.H.; Wang, Z.; Levison, B.S.; Koeth, R.A.; Britt, E.B.; Fu, X.; Wu, Y.; Hazen, S.L. Intestinal microbial
metabolism of phosphatidylcholine and cardiovascular risk. N. Engl. J. Med. 2013, 368, 1575–1584. [CrossRef]
[PubMed]

13. Bennett, B.J.; de Aguiar Vallim, T.Q.; Wang, Z.; Shih, D.M.; Meng, Y.; Gregory, J.; Allayee, H.; Lee, R.;
Graham, M.; Crooke, R.; et al. Trimethylamine-N-oxide, a metabolite associated with atherosclerosis, exhibits
complex genetic and dietary regulation. Cell Metab. 2013, 17, 49–60. [CrossRef] [PubMed]

14. Wang, Z.; Tang, W.H.; Buffa, J.A.; Fu, X.; Britt, E.B.; Koeth, R.A.; Levison, B.S.; Fan, Y.; Wu, Y.;
Hazen, S.L. Prognostic value of choline and betaine depends on intestinal microbiota-generated metabolite
trimethylamine-N-oxide. Eur. Heart J. 2014, 35, 904–910. [CrossRef]

15. Zhu, W.; Gregory, J.C.; Org, E.; Buffa, J.A.; Gupta, N.; Wang, Z.; Li, L.; Fu, X.; Wu, Y.; Mehrabian, M.; et al.
Gut Microbial Metabolite TMAO Enhances Platelet Hyperreactivity and Thrombosis Risk. Cell 2016, 165,
111–124. [CrossRef]

16. Senthong, V.; Li, X.S.; Hudec, T.; Coughlin, J.; Wu, Y.; Levison, B.; Wang, Z.; Hazen, S.L.; Tang, W.H. Plasma
Trimethylamine N-Oxide, a Gut Microbe-Generated Phosphatidylcholine Metabolite, Is Associated With
Atherosclerotic Burden. J. Am. Coll. Cardiol. 2016, 67, 2620–2628. [CrossRef]

17. Senthong, V.; Wang, Z.; Fan, Y.; Wu, Y.; Hazen, S.L.; Tang, W.H. Trimethylamine N-Oxide and Mortality Risk
in Patients With Peripheral Artery Disease. J. Am. Heart Assoc. 2016, 5. [CrossRef]

18. Senthong, V.; Wang, Z.; Li, X.S.; Fan, Y.; Wu, Y.; Tang, W.H.; Hazen, S.L. Intestinal Microbiota-Generated
Metabolite Trimethylamine-N-Oxide and 5-Year Mortality Risk in Stable Coronary Artery Disease: The
Contributory Role of Intestinal Microbiota in a COURAGE-Like Patient Cohort. J. Am. Heart Assoc. 2016, 5.
[CrossRef]

19. Suzuki, T.; Heaney, L.M.; Bhandari, S.S.; Jones, D.J.; Ng, L.L. Trimethylamine N-oxide and prognosis in acute
heart failure. Heart 2016, 102, 841–848. [CrossRef]

http://dx.doi.org/10.1016/j.bbagen.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26850693
http://dx.doi.org/10.1111/liv.13249
http://www.ncbi.nlm.nih.gov/pubmed/27614103
http://dx.doi.org/10.1186/s12944-016-0313-5
http://www.ncbi.nlm.nih.gov/pubmed/27581838
http://dx.doi.org/10.1093/jn/138.5.914
http://dx.doi.org/10.2337/db15-1063
http://dx.doi.org/10.1373/clinchem.2015.250761
http://dx.doi.org/10.1038/srep19076
http://dx.doi.org/10.3945/ajcn.2008.26531
http://dx.doi.org/10.1038/nature09922
http://dx.doi.org/10.1038/nm.3145
http://www.ncbi.nlm.nih.gov/pubmed/23563705
http://dx.doi.org/10.1056/NEJMoa1109400
http://www.ncbi.nlm.nih.gov/pubmed/23614584
http://dx.doi.org/10.1016/j.cmet.2012.12.011
http://www.ncbi.nlm.nih.gov/pubmed/23312283
http://dx.doi.org/10.1093/eurheartj/ehu002
http://dx.doi.org/10.1016/j.cell.2016.02.011
http://dx.doi.org/10.1016/j.jacc.2016.03.546
http://dx.doi.org/10.1161/JAHA.116.004237
http://dx.doi.org/10.1161/JAHA.115.002816
http://dx.doi.org/10.1136/heartjnl-2015-308826


J. Clin. Med. 2019, 8, 1813 13 of 14

20. Tang, W.H.; Wang, Z.; Li, X.S.; Fan, Y.; Li, D.S.; Wu, Y.; Hazen, S.L. Increased Trimethylamine N-Oxide
Portends High Mortality Risk Independent of Glycemic Control in Patients with Type 2 Diabetes Mellitus.
Clin. Chem. 2017, 63, 297–306. [CrossRef]

21. Gruppen, E.G.; Garcia, E.; Connelly, M.A.; Jeyarajah, E.J.; Otvos, J.D.; Bakker, S.J.L.; Dullaart, R.P.F. TMAO is
Associated with Mortality: Impact of Modestly Impaired Renal Function. Sci. Rep. 2017, 7, 13781. [CrossRef]
[PubMed]

22. Tang, W.H.W.; Backhed, F.; Landmesser, U.; Hazen, S.L. Intestinal Microbiota in Cardiovascular Health and
Disease: JACC State-of-the-Art Review. J. Am. Coll. Cardiol. 2019, 73, 2089–2105. [CrossRef] [PubMed]

23. Lever, M.; George, P.M.; Elmslie, J.L.; Atkinson, W.; Slow, S.; Molyneux, S.L.; Troughton, R.W.; Richards, A.M.;
Frampton, C.M.; Chambers, S.T. Betaine and secondary events in an acute coronary syndrome cohort. PLoS
ONE 2012, 7, e37883. [CrossRef] [PubMed]

24. Tang, W.H.; Hazen, S.L. The contributory role of gut microbiota in cardiovascular disease. J. Clin. Investig.
2014, 124, 4204–4211. [CrossRef]

25. Lynch, S.V.; Pedersen, O. The Human Intestinal Microbiome in Health and Disease. N. Engl. J. Med. 2016,
375, 2369–2379. [CrossRef]

26. Wang, Z.; Zhao, Y. Gut microbiota derived metabolites in cardiovascular health and disease. Protein Cell
2018, 9, 416–431. [CrossRef]

27. Lever, M.; George, P.M.; Slow, S.; Bellamy, D.; Young, J.M.; Ho, M.; McEntyre, C.J.; Elmslie, J.L.; Atkinson, W.;
Molyneux, S.L.; et al. Betaine and Trimethylamine-N-Oxide as Predictors of Cardiovascular Outcomes Show
Different Patterns in Diabetes Mellitus: An Observational Study. PLoS ONE 2014, 9, e114969. [CrossRef]

28. Papandreou, C.; Bullo, M.; Zheng, Y.; Ruiz-Canela, M.; Yu, E.; Guasch-Ferre, M.; Toledo, E.; Clish, C.;
Corella, D.; Estruch, R.; et al. Plasma trimethylamine-N-oxide and related metabolites are associated with
type 2 diabetes risk in the Prevencion con Dieta Mediterranea (PREDIMED) trial. Am. J. Clin. Nutr. 2018,
108, 163–173. [CrossRef]

29. Garcia, E.; Wolak-Dinsmore, J.; Wang, Z.; Li, X.S.; Bennett, D.W.; Connelly, M.A.; Otvos, J.D.; Hazen, S.L.;
Jeyarajah, E.J. NMR quantification of trimethylamine-N-oxide in human serum and plasma in the clinical
laboratory setting. Clin. Biochem. 2017, 50, 947–955. [CrossRef]

30. Matyus, S.P.; Braun, P.J.; Wolak-Dinsmore, J.; Jeyarajah, E.J.; Shalaurova, I.; Xu, Y.; Warner, S.M.; Clement, T.S.;
Connelly, M.A.; Fischer, T.J. NMR measurement of LDL particle number using the Vantera Clinical Analyzer.
Clin. Biochem. 2014, 47, 203–210. [CrossRef]

31. Clinical and Laboratory Standards Institute. CLSI Document EP9-A2: Method Comaprison and Bias Estimation
Using Patient Samples; Approved Guideline, 2nd ed.; Clinical and Laboratory Standards Institute: Wayne, PA,
USA, 2002.

32. Wang, Z.; Levison, B.S.; Hazen, J.E.; Donahue, L.; Li, X.M.; Hazen, S.L. Measurement of
trimethylamine-N-oxide by stable isotope dilution liquid chromatography tandem mass spectrometry.
Anal. Biochem. 2014, 455C, 35–40. [CrossRef] [PubMed]

33. Koeth, R.A.; Lam-Galvez, B.R.; Kirsop, J.; Wang, Z.; Levison, B.S.; Gu, X.; Copeland, M.F.; Bartlett, D.;
Cody, D.B.; Dai, H.J.; et al. l-Carnitine in omnivorous diets induces an atherogenic gut microbial pathway in
humans. J. Clin. Investig. 2019, 129, 373–387. [CrossRef] [PubMed]

34. Lambers Heerspink, H.J.; Brantsma, A.H.; de Zeeuw, D.; Bakker, S.J.; de Jong, P.E.; Gansevoort, R.T.;
Group, P.S. Albuminuria assessed from first-morning-void urine samples versus 24-hour urine collections
as a predictor of cardiovascular morbidity and mortality. Am. J. Epidemiol. 2008, 168, 897–905. [CrossRef]
[PubMed]

35. Abbasi, A.; Corpeleijn, E.; Postmus, D.; Gansevoort, R.T.; de Jong, P.E.; Gans, R.O.; Struck, J.; Hillege, H.L.;
Stolk, R.P.; Navis, G.; et al. Plasma procalcitonin and risk of type 2 diabetes in the general population.
Diabetologia 2011, 54, 2463–2465. [CrossRef] [PubMed]

36. American Diabetes Association. 2. Classification and Diagnosis of Diabetes: Standards of Medical Care in
Diabetes-2019. Diabetes Care 2019, 42, S13–S28. [CrossRef]

37. Gruppen, E.G.; Connelly, M.A.; Sluiter, W.J.; Bakker, S.J.L.; Dullaart, R.P.F. Higher plasma GlycA, a novel
pro-inflammatory glycoprotein biomarker, is associated with reduced life expectancy: The PREVEND study.
Clin. Chim. Acta 2019, 488, 7–12. [CrossRef]

http://dx.doi.org/10.1373/clinchem.2016.263640
http://dx.doi.org/10.1038/s41598-017-13739-9
http://www.ncbi.nlm.nih.gov/pubmed/29061990
http://dx.doi.org/10.1016/j.jacc.2019.03.024
http://www.ncbi.nlm.nih.gov/pubmed/31023434
http://dx.doi.org/10.1371/journal.pone.0037883
http://www.ncbi.nlm.nih.gov/pubmed/22649561
http://dx.doi.org/10.1172/JCI72331
http://dx.doi.org/10.1056/NEJMra1600266
http://dx.doi.org/10.1007/s13238-018-0549-0
http://dx.doi.org/10.1371/journal.pone.0114969
http://dx.doi.org/10.1093/ajcn/nqy058
http://dx.doi.org/10.1016/j.clinbiochem.2017.06.003
http://dx.doi.org/10.1016/j.clinbiochem.2014.07.015
http://dx.doi.org/10.1016/j.ab.2014.03.016
http://www.ncbi.nlm.nih.gov/pubmed/24704102
http://dx.doi.org/10.1172/JCI94601
http://www.ncbi.nlm.nih.gov/pubmed/30530985
http://dx.doi.org/10.1093/aje/kwn209
http://www.ncbi.nlm.nih.gov/pubmed/18775924
http://dx.doi.org/10.1007/s00125-011-2216-3
http://www.ncbi.nlm.nih.gov/pubmed/21674177
http://dx.doi.org/10.2337/dc19-S002
http://dx.doi.org/10.1016/j.cca.2018.10.029


J. Clin. Med. 2019, 8, 1813 14 of 14

38. Corsetti, J.P.; Bakker, S.J.; Sparks, C.E.; Dullaart, R.P. Apolipoprotein A-II influences apolipoprotein E-linked
cardiovascular disease risk in women with high levels of HDL cholesterol and C-reactive protein. PLoS ONE
2012, 7, e39110. [CrossRef]

39. Laryea, M.D.; Steinhagen, F.; Pawliczek, S.; Wendel, U. Simple method for the routine determination of
betaine and N,N-dimethylglycine in blood and urine. Clin. Chem. 1998, 44, 1937–1941.

40. Awwad, H.M.; Kirsch, S.H.; Geisel, J.; Obeid, R. Measurement of concentrations of whole blood levels of
choline, betaine, and dimethylglycine and their relations to plasma levels. J. Chromatogr. B Anal. Technol.
Biomed. Life Sci. 2014, 957, 41–45. [CrossRef]

41. Shalaurova, I.; Connelly, M.A.; Garvey, W.T.; Otvos, J.D. Lipoprotein insulin resistance index: A lipoprotein
particle-derived measure of insulin resistance. Metab. Syndr. Relat. Disord. 2014, 12, 422–429. [CrossRef]

42. Matyus, S.P.; Braun, P.J.; Wolak-Dinsmore, J.; Saenger, A.K.; Jeyarajah, E.J.; Shalaurova, I.; Warner, S.M.;
Fischer, T.J.; Connelly, M.A. HDL particle number measured on the Vantera(R), the first clinical NMR analyzer.
Clin. Biochem. 2015, 48, 148–155. [CrossRef]

43. Otvos, J.D.; Shalaurova, I.; Wolak-Dinsmore, J.; Connelly, M.A.; Mackey, R.H.; Stein, J.H.; Tracy, R.P. GlycA: A
Composite Nuclear Magnetic Resonance Biomarker of Systemic Inflammation. Clin. Chem. 2015, 61, 714–723.
[CrossRef] [PubMed]

44. Wolak-Dinsmore, J.; Gruppen, E.G.; Shalaurova, I.; Matyus, S.P.; Grant, R.P.; Gegen, R.; Bakker, S.J.L.;
Otvos, J.D.; Connelly, M.A.; Dullaart, R.P.F. A novel NMR-based assay to measure circulating concentrations
of branched-chain amino acids: Elevation in subjects with type 2 diabetes mellitus and association with
carotid intima media thickness. Clin. Biochem. 2018, 54, 92–99. [CrossRef] [PubMed]

45. Li, X.S.; Wang, Z.; Cajka, T.; Buffa, J.A.; Nemet, I.; Hurd, A.G.; Gu, X.; Skye, S.M.; Roberts, A.B.; Wu, Y.; et al.
Untargeted metabolomics identifies trimethyllysine, a TMAO-producing nutrient precursor, as a predictor of
incident cardiovascular disease risk. J. Clin. Investig. Insight 2018, 3, e99096. [CrossRef] [PubMed]

46. Tang, W.H.; Hazen, S.L. Microbiome, trimethylamine N-oxide, and cardiometabolic disease. Transl. Res.
2017, 179, 108–115. [CrossRef]

47. Org, E.; Blum, Y.; Kasela, S.; Mehrabian, M.; Kuusisto, J.; Kangas, A.J.; Soininen, P.; Wang, Z.; Ala-Korpela, M.;
Hazen, S.L.; et al. Relationships between gut microbiota, plasma metabolites, and metabolic syndrome traits
in the METSIM cohort. Genome Biol. 2017, 18, 70. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0039110
http://dx.doi.org/10.1016/j.jchromb.2014.02.030
http://dx.doi.org/10.1089/met.2014.0050
http://dx.doi.org/10.1016/j.clinbiochem.2014.11.017
http://dx.doi.org/10.1373/clinchem.2014.232918
http://www.ncbi.nlm.nih.gov/pubmed/25779987
http://dx.doi.org/10.1016/j.clinbiochem.2018.02.001
http://www.ncbi.nlm.nih.gov/pubmed/29432757
http://dx.doi.org/10.1172/jci.insight.99096
http://www.ncbi.nlm.nih.gov/pubmed/29563342
http://dx.doi.org/10.1016/j.trsl.2016.07.007
http://dx.doi.org/10.1186/s13059-017-1194-2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	NMR Data Acquisition and Betaine Quantification by Peak Deconvolution 
	Assay Performance Testing 
	Cross-sectional and Prospective Analyses in Participants in the Prevention of Renal and Vascular End-Stage Disease (PREVEND) Study 
	Statistical Analyses 
	Ethic Approval and Consent to Participate 

	Results 
	Discussion 
	Conclusions 
	References

