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ABSTRACT 
In the past few years, the gut microbiome has been shown to play an important role in various 

disorders including in particular cardiovascular diseases. Especially the metabolite 

trimethylamine-N-oxide (TMAO), which is produced by gut microbial metabolism, has repeatedly 

been associated with an increased risk for cardiovascular events. Here we report a fast liquid 

chromatography tandem mass spectrometry (LC-MS/MS) method that can analyze the five most 

important gut metabolites with regards to TMAO in three minutes. Fast liquid chromatography is 

unconventionally used in this method as an on-line cleanup step to remove the most important 

ion suppressors leaving the gut metabolites in a cleaned flow-through fraction, also known as 

negative chromatography. We compared different blood matrix types to recommend best 

sampling practices and found citrated plasma samples demonstrated lower concentrations for all 

analytes and choline concentrations were significantly higher in serum samples. We 

demonstrated the applicability of our method by investigating the effect of a standardized liquid 

meal (SLM) after overnight fasting of 25 healthy individuals on the gut metabolite levels. The SLM 

did not significantly change the levels of gut metabolites in serum.   
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INTRODUCTION 
The gut microbiome has recently been shown to play an important role in cardiovascular disease 

(CVD) and various other disorders.1,2,3 Especially the gut metabolite trimethylamine-N-oxide 

(TMAO) has drawn a lot of attention, as it proved to be an important biomarker for CVD.1,4,5 A 

schematic overview of the TMAO biosynthesis is depicted in Figure 1. Wang et al. studied the 

influence of gut metabolites and the gut microbiome on CVD by comparing the metabolic profile 

between healthy volunteers and patients who had suffered a heart attack.6 Not only TMAO, but 

also its precursor choline was found to be significantly correlated with an increased risk for CVD. 

Figure 1. TMAO biosynthesis. L-carnitine and choline are derived from the diet and are 

endogenously synthesized. L-carnitine can be converted by the gut flora to TMA directly or with γ-

butyrobetaine as an intermediate. Choline is converted to betaine by choline dehydrogenase 

(CHDH), with highest expression in the renal cortex. Betaine, as well as choline are a substrate for 

the gut flora to form TMA. TMA is converted to TMAO by flavin-containing monooxygenase 3 

(FMO3) and TMAO is reduced to TMA by TMAO reductase. This figure has been adapted from the 

literature.2,6,7,9,11 
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In the following years, more research focused on elucidating the role of TMAO and the gut 

microbiome in CVD. The clinical relevance of TMAO was emphasized by a positive correlation 

between plasma levels of TMAO and major cardiovascular events (death, myocardial infarction, 

or stroke) in 4000 patients.3 In addition to TMAO formation, choline is oxidized into betaine, 

which is mostly occurring in the renal cortex.5 Betaine has also been reported as a biomarker for 

CVD.7 L-carnitine, like choline and betaine, is a substrate for the gut microbiome to produce 

trimethylamine (TMA), a precursor of TMAO.2,8 Koeth et al. showed that L-carnitine can also 

contribute to TMAO production via a distinct route. They demonstrated that the majority of 

dietary L-carnitine is converted to γ-butyrobetaine (GBB) instead of TMA.9 GBB is converted into 

TMAO via TMA and accelerates atherosclerosis in mice. L-carnitine and choline are mostly derived 

from diet and are also endogenously synthesized.2,10 These metabolites are the main source of the 

TMAO biosynthesis. L-carnitine, GBB, choline and betaine are all substrates for the gut microbiota 

to synthesize the precursor of TMAO: TMA.11 Therefore, targeting these metabolites with the end 

product TMAO in a single analytical platform, can provide important information about the TMAO 

biosynthesis pathway in relation to cardiovascular diseases.   

Techniques that have been used to analyze gut metabolites are proton nuclear magnetic 

resonance (1H NMR) and mass spectrometry. There are only a few studies that analyzed TMAO 

with 1 H NMR.12,13 This is probably due to the difficulties that are faced during 1H NMR analysis of 

the TMAO metabolism, such as the inability to distinguish betaine signals from TMAO signals at 

pH values above 5.814 and the overlap of glucose signals with TMAO, betaine and choline15. The 

latter is especially problematic for plasma since glucose is highly abundant in this matrix. 

Combined with the limited sensitivity of 1H NMR, one can expect that mass spectrometry (MS) is 

the method of choice for the analysis of gut metabolites in biological fluids. 

In order to increase throughput, flow injection analysis (FIA) and direct injection (DI) MS methods 

have been developed to measure gut metabolites.16,17 Although the analysis time is minimized in 

these studies, ion suppression and sensitivity are not addressed in the method validation. This 

makes it difficult to assess to what extent the matrix is interfering during these analyses. 

Moreover, these methods were only used to measure urine. Therefore, it is questionable whether 

these methods are suitable for analyzing gut metabolites in plasma as this is a more complex 

matrix due to the presence of proteins and lipids.18,19,20 Over the last five years, numerous 

analytical methods have been developed to study gut metabolites in plasma with liquid 

chromatography (LC). 2,3,5,21,22,23,24,25,26,27,28,29 Both normal phase and reversed phase stationary 

phases have been used for the chromatographic separation. Fast hydrophilic interaction liquid 

chromatography (HILIC) analysis has been used to analyze TMA and TMAO in plasma in 2.5 

minutes.26 However, TMAO levels alone do not provide a complete picture to determine the 
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increased risk for CVD after choline and L-carnitine ingestion. Recently, methods have been 

developed that included TMAO, betaine, choline and carnitine in their target analytes.24,28,29 

However, the throughput of the methods is compromised since the analysis time is 10 minutes or 

more. To our knowledge, no method has been published yet targeting the full TMAO biosynthesis 

pathway, as depicted in Figure 1, in a high-throughput fashion. 

In this study, a fast LC-ESI-MS/MS method was developed and validated for the analysis of the gut 

metabolites L-carnitine, GBB, choline and betaine and TMAO in plasma. An analytical column with 

a C18 stationary phase was used to realize an on-line cleanup of the sample before introducing it 

to the MS. This stationary phase does not retain the analytes but does retain important matrix 

interferences, such as (phospho-)lipids. This type of chromatography is also referred to as 

negative chromatography.30 As a result, a fast analysis of the gut metabolites in a cleaned flow-

through is possible using ESI-MS/MS. This allowed us to quantify the five gut metabolites with an 

analysis time of only three minutes. A main evaluation point of the method is the influence of the 

matrix components on the ionization process and means to correct for matrix effect. This is 

especially important for high-throughput LC-MS since these platforms often have less separation, 

which generally results in a negative effect on electrospray ionization. To stress the importance 

of the on-line cleanup, we compared our LC-method with a FIA-MS method. The major 

contributors to ion suppression were identified by evaluating signal suppression of known ion 

suppressors from literature. We also evaluated the influence of the blood collection procedures 

on the gut metabolite concentrations. This should give insight into the performance of the method 

in different blood matrices and whether it is possible to compare different matrices with each 

other. The method was shown to be applicable to blood as is illustrated in a challenge test with a 

choline-containing beverage. Here, gut metabolite levels were analyzed in fasted serum levels and 

compared with serum levels taken about 30 minutes after the consumption of a standardized 

liquid meal. 

MATERIALS & METHODS 

Chemicals 
Water was obtained from an arium pro UF/VF water purification system with a Sartopore 2 0.2 

µm filter (Sartorius Stedim, Rotterdam, The Netherlands). High performance liquid 

chromatography (HPLC) and ULC-MS grade methanol (MeOH) and HPLC grade acetonitrile (ACN) 

were purchased from Actu-all (Oss, The Netherlands). Formic acid 99% was purchased from 

Acros Organics (Geel, Belgium). 1,2-dinonadecanoyl-sn-glycero-3-phosphocholine (PC 

19:0/19:0) was purchased from Avanti Polar Lipids, inc (Alabaster, USA). Sodium chloride 

originated from Sigma-Aldrich Chemie B.V. (Zwijndrecht, The Netherlands). The suppliers of the 
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standards and deuterated internal standards can be found in the Supplementary information 

(Table S1). Pooled citrated plasma (October 2016) was used for method development and was 

purchased from Sanquin (Amsterdam, The Netherlands). 

Sample preparation 
A 10 µL aliquot of plasma was transferred into a 1.5-mL Eppendorf tube and mixed with 10 µL of 

deuterated internal standards in MeOH. During method validation, 10 µL of calibration standards 

in MeOH were added to the sample. A final volume of 100 µL was reached by adding MeOH. The 

Eppendorf tubes were thoroughly mixed by vortex mixing them for 30 seconds. Then, the 

Eppendorf tubes were centrifuged for 5 min (15700 g at 4 oC). After centrifugation, 80 µL of the 

supernatant was collected and transferred into an autosampler vial containing a 150 µL insert. 

LC-MS/MS 
Samples were measured using a UPLC Agilent Infinity II (1290 Multisampler, 1290 Multicolumn 

Thermostat and 1290 High Speed Pump) (Agilent Technologies, Waldbronn, Germany) coupled to 

an AB SCIEX quadrupole-ion trap 6500 (QTRAP) (AB Sciex, Massachusetts, USA). The ionization 

source was the Turbo Spray Ion Drive and was set in positive mode with a capillary spray voltage 

set at 2500V. Declustering potential, Entrance potential collision cell exit potential curtain gas 

collision gas temperature (TEM) ion source gas 1 and ion source gas 2 were set at 70V, 10V, 10V, 

20 psi, medium, 350 °C, 80 psi and 70 psi, respectively. The analyte and deuterated internal 

standard MRM transitions and the optimized collision energies are mentioned in the 

Supplementary information (Table S1). We have developed an LC and FIA method. The LC 

analyses were carried out using an AccQ-TagTM Ultra C18 column (2.1 × 100 mm, 1.7 µm). The 

aqueous mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted of 

0.1% formic acid in ACN. The gradient started at 5% B and was held at this value for 0.8 min. The 

gradient increased linearly to 50% B in 0.05 min and to 100% B in an extra 0.10 min. The mobile 

phase composition was held at 100% B for 1.25 min before it returned to 5% B in 0.02 min. Finally, 

the gradient was kept at 5% B for 0.78 min to re-equilibrate the column. The total analysis time 

was 3 min. FIA was carried out using a mobile phase consisting of formic acid/MeOH/H2O 

(0.1/90/10, v/v/v). The total analysis time was 1 minute. The injection volume was set at 1 µL 

and the flow rate at 700 µL/min for both LC and FIA analyses. The raw data was analyzed using 

MultiQuant (AB SCIEX, Version 3.0.2) 

Matrix effect evaluation 
The matrix effect was determined by the ratio of the peak area of the deuterated internal 

standards in a plasma sample to the peak area of the deuterated internal standards in a water 

sample.  
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(1) 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑀𝑀 =  
𝑃𝑃𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝑖𝑖 𝑚𝑚𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀
𝑃𝑃𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑀𝑀𝑖𝑖 𝑀𝑀𝑒𝑒𝑀𝑀𝑎𝑎𝑒𝑒𝑚𝑚𝑀𝑀𝑒𝑒

 × 100% 

In addition, individual matrix components were added to a water sample to determine their 

corresponding matrix effect on the target analytes: plasma, physiological salt, physiological 

phosphatidylcholine (PC) and the combination of physiological salt and PC. The physiological salt 

and PC solution consisted of 154 mM NaCl and 2,8 mM 1,2-dinonadecanoyl-sn-glycero-3-

phosphocholine (PC 19:0/19:0), respectively.  

Calibration lines 
The standards and their deuterated internal standards were weighed and dissolved in MeOH to 

reach a 1 mg/mL stock solution. The stock solutions were stored at – 80 oC. A calibration line was 

constructed by several dilutions of the standard stock solutions. Eight calibration concentrations 

(C8-C1) in methanol were used for each standard in which C8 contained the highest concentration 

and the subsequent concentrations were 1:1 dilutions of the previous concentration. The ninth 

calibration point did not contain the standards (C0). The concentration of the deuterated internal 

standards was set to mimic the physiological concentrations of the corresponding analytes in 

plasma and was added to all nine calibration standards. The concentrations of C8 and the 

deuterated internal standards are mentioned in the Supplementary information (Table S2). The 

calibration lines were constructed by plotting the ratio between the peak area of the standards 

and the peak area of their corresponding deuterated internal standards on the y-axis against the 

concentration of the analytes on the x-axis. Calibration lines were constructed in water samples 

and in plasma samples.  

Method validation parameters 
Method validation was performed in water, plasma and serum. Repeatability (N=5) was 

determined by the RSD of pooled citrated plasma samples. The intermediate precision (N=26) was 

determined by the RSD of pooled citrated plasma samples measured on three different days. Blank 

effect was calculated by the ratio of the peak area in blank samples (pure methanol, N=4) to the 

peak area in pooled serum samples (N=14).  

(2) 𝐵𝐵𝐵𝐵𝑀𝑀𝑖𝑖𝑃𝑃 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑀𝑀 =  
𝑃𝑃𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝑀𝑀𝑖𝑖 𝑏𝑏𝐵𝐵𝑀𝑀𝑖𝑖𝑃𝑃 𝑠𝑠𝑀𝑀𝑚𝑚𝑠𝑠𝐵𝐵𝑒𝑒𝑠𝑠 

𝑃𝑃𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝑀𝑀𝑖𝑖 𝑀𝑀𝑖𝑖 𝑠𝑠𝑝𝑝𝑝𝑝𝐵𝐵𝑒𝑒𝑎𝑎 𝑠𝑠𝑒𝑒𝑀𝑀𝑠𝑠𝑚𝑚 𝑠𝑠𝑀𝑀𝑚𝑚𝑠𝑠𝐵𝐵𝑒𝑒𝑠𝑠
 × 100% 

Linearity, limit of detection (LOD) and lower limit of quantification (LLOQ) were determined using 

the calibration curve in water. The linearity of the calibration line was calculated by the 

correlation coefficient (R2). LOD (µM) and LLOQ (µM) were calculated using the standard 

deviation (SD) of the peak area of C1 (three replicates) and the peak area of a blank. The response 

factor (RF) was calculated by dividing the peak area of C1 by the [C1].  



Chapter 2 

28 

(3) 𝐿𝐿𝐿𝐿𝐼𝐼 =  
3 × 𝐼𝐼𝐼𝐼 (𝑠𝑠𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝐶𝐶1) + 𝑠𝑠𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝑏𝑏𝐵𝐵𝑀𝑀𝑖𝑖𝑃𝑃

𝑅𝑅𝑅𝑅(𝑠𝑠𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝐶𝐶1
[𝐶𝐶1] )

 

(4) 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  
10 × 𝐼𝐼𝐼𝐼 (𝑠𝑠𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝐶𝐶1) + 𝑠𝑠𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝑏𝑏𝐵𝐵𝑀𝑀𝑖𝑖𝑃𝑃

𝑅𝑅𝑅𝑅(𝑠𝑠𝑒𝑒𝑀𝑀𝑃𝑃 𝑀𝑀𝑀𝑀𝑒𝑒𝑀𝑀 𝐶𝐶1
[𝐶𝐶1] )

 

Different blood collection procedures and freeze-thaw cycles 
Fresh blood samples of five healthy volunteers were drawn. Every blood sample of each healthy 

volunteer was treated in four different ways within one hour. Plasma samples were prepared by 

collecting whole blood in EDTA, heparin or citrate containing tubes. Subsequently, the tubes were 

centrifuged at 2000g at 4°C for 10 min. The supernatant was collected. Serum samples were 

prepared by allowing the whole blood to clot at room temperature for 30 min. Afterwards, the 

samples were centrifuged at 2000g at 21°C for 10 min. The supernatant was collected. For the 

TMAO platform, 10 μL of each sample (N=3) was aliquoted immediately after plasma and serum 

were obtained. The aliquots were stored at -80°C, except for the fresh sample measurements 

(fresh). A freeze-thaw (FT) cycle was defined by freezing the samples at -80°C and having the 

samples thaw on crushed ice for 1 hour. Samples were stored at -80°C for 1 day, 2 days and 3.5 

hours for FT1, FT2 and FT3, respectively. After thawing, the samples were stored in the freezer or 

directly prepared and analyzed. The third freeze-thaw cycle was also thawed at room temperature 

(FT3R). The data was normalized on the average concentration of the fresh heparin treated 

plasma. Every compound for each healthy volunteer was normalized separately. The statistical 

analysis of the different blood collection procedures was performed by a one-way ANOVA 

analysis. For this, we used the data from the first freeze-thaw cycle, because a blood sample is 

commonly kept at -80 oC prior to analysis.  

Effect of a standardized liquid meal  
The influence of a standardized liquid meal on the serum levels of the gut metabolites was 

evaluated in 25 older adults (11 women and 14 men with a mean age of 64.5 ± 5.2 years) 

participating in the Growing Old Together (GOTO) study.53 Because the GOTO study only reports 

on the response to the GOTO lifestyle intervention study (baseline and follow-up), the challenge 

test with a standardized liquid meal (SLM) is described in this section. The first blood collection 

was in fasting status and took place between 8 and 9 am in the hospital after at least 10 h of fasting. 

The second blood collection was taken on average 33 min (SD ± 1 min) after a 200 mL SLM 

NutridrinkTM challenge between 9 am and 12 am on the same day. Nutridrink is a liquid oral 

nutritional supplement (Nutricia Advanced Medical Nutrition, Zoetermeer, The Netherlands; 

1.5 kcal/mL (6.25 kJ/mL), 35 En% fat, 49 En% carbohydrates, 16En% protein).48 The SLM 

contained 110 mg of choline and did not contain carnitine. The blood was collected in standard 
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coagulation tubes of which serum was collected after coagulation of the blood. Quality control 

(QC) samples were prepared by pooling 5 µL of every individual study sample. In the batch design, 

a QC sample was analyzed after every tenth sample. Each QC sample and every seventh sample 

was measured twice. All tests were performed on the log2 transformed absolute concentrations 

of the gut metabolites. A paired t-test was used to assess differences between the two time points. 

The response to the challenge test was calculated as the difference of the log2 transformed non-

fasted serum values and the log2 transformed absolute fasted serum values. These differences 

were tested for an association to gender using an unpaired, standard t-test. Further, a heat map of 

these differences was constructed using hierarchical clustering. A multiple testing correction 

(Benjamini-Hochberg, <0.05) was used to correct the p-values for the false discovery rate (FDR). 

The described studies were approved by the Medical Ethical Committee of the Leiden University 

Medical Center and comply with relevant guidelines and regulations. Volunteer inclusion was 

based on inform consent. 

RESULTS AND DISCUSSION 

Method development 
In the first stage of the method development, unique precursor-product ion transmissions were 

optimized for all standards and deuterated internal standards. Betaine-d9 was chosen as a 

deuterated internal standard for betaine because we found background interferences in usable 

multiple reaction monitoring (MRM) transition for betaine-d3 in plasma. In the LC-MS analysis, 

the most important MS variable was the collision energy, which was optimized to reach the 

highest sensitivity. The LC gradient started with 95% water to maximize the retention of the 

matrix interferences by the LC column. Formic acid was added to facilitate the ionization of our 

target analytes. Since it was expected that matrix interference would mainly occur by the presence 

of lipids, a C18 column of 100 mm was used to provide sufficient load ability and retention of the 

matrix components. A shorter column would have improved the overall throughput slightly but 

could have also compromised the matrix removal. We did not use a time-consuming gradient 

because we did not aim for a chromatographic separation. Therefore, the mobile phase 

composition was almost directly switched to 100% organic solvent after the analysis of the 

analytes in order to wash the bound matrix components from the column before returning to the 

starting composition. The chromatograms demonstrated good peak shapes (Figure 2).  

Figure 2 demonstrates that the signal of the gut metabolites is in the same order of magnitude and 

the gut metabolites are coeluting with their deuterated internal standards, which is required for 

absolute quantification. An interesting finding was the appearance of an extra peak in the 

chromatogram of GBB. The extra peak elutes earlier than the larger peak and is baseline 
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separated. Therefore, it did not cause any problems during peak integration. To ensure that this 

peak was another compound than GBB, we spiked a plasma sample with various concentrations 

of GBB (see supplementary information Figure S1). The peak area of the earlier eluting peak did 

not change in size whilst the peak area of the later eluting peak did. This result indicates that the 

earlier eluting peak is indeed caused by another compound and not by the analyte GBB. The 

mobile phase of the FIA-MS method was optimized in order to reach to highest sensitivity. 

Therefore, 90% methanol and 0.1% formic acid were added to facilitate the electrospray 

ionization. Sensitivity is an important parameter in our method because we wanted to be able to 

measure a wide physiological range. This is especially important for TMAO, which is present in a 

wide physiological range (0.73-126 µM).22 Acetonitrile was used for the LC-MS analysis because 

of its stronger eluting power in comparison to methanol. This decreased the washing time of the 

LC column. The rest of the analysis parameters are the same for the FIA and LC analysis.  

Matrix effect evaluation 
Phospholipids are a major contributor to ion suppression.19,20 Phosphatidylcholines (PCs) are the 

most abundant phospholipids and this particular type is responsible for most of the ion 

suppression caused by phospholipids because of their high abundance.31,32 The physiological 

concentration of the sum of all PCs in human plasma mentioned in the literature is 211.3 mg/dL 

(157.0-327.0).33,34,35,36 For demonstration purposes in our study, one PC standard (211.3 mg/dL 

1,2-dinonadecanoyl-sn-glycero-3-phosphocholine) was used to represent the PCs in plasma. The 

concentration of this standard was chosen to reflect the total concentration of PCs in plasma. 

Other well-known ion suppressors that are present in plasma in high concentrations are salts.37,38 

To explore the effect of salts on the ionization efficiency we used a physiological saline solution 

(154 mM NaCl).  

In order to examine the performance of the on-line cleanup, the matrix effect of various added 

matrix components was evaluated for the LC-MS and a FIA-MS analysis. The matrix effect was 

Figure 2. Extracted ion chromatograms of the LC-MS/MS analysis of the gut metabolites (blue line) 

and their deuterated internal standards (red line). There are a minimum of 12 data points on each 

peak. The data is obtained from a pooled serum sample. The chromatograms demonstrate a clear 

overlap in retention time and peak area of the deuterated internal standards. 
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determined by the ratio of the peak area of the deuterated internal standards in a matrix sample 

to the peak area of the deuterated internal standards in a water sample. We used deuterated 

internal standards because they are chemically similar to the corresponding gut metabolites and 

there were no background levels present in plasma for their MS/MS chromatograms. Figure 3 

shows the matrix effect of the evaluated matrices on the peak area of the deuterated internal 

standards. The physiological PC concentration caused severe matrix effects when applying FIA-

MS, reducing the signal to be 39 percent of the original signal. On the contrary, during the LC-MS 

analysis the PC matrix did not affect the signal. The matrix effect of the deuterated internal 

standards in the PC matrix was 103%, which was virtually identical to the reference values 

obtained in a water sample. This finding suggests that the LC column efficiently removed the PCs 

from the elution region of the analytes. The addition of a physiological salt concentration also 

caused substantial ion suppression. The FIA and LC analysis are both affected by this matrix 

because the salts coelute with the analytes in both methods. Betaine-d9 is considerably less 

affected during the LC analysis. This was expected since betaine has a slightly longer retention 

time on the LC column and will therefore elute further away from the unretained salts. Choline-

d4 is not suppressed by the salt and is even enhanced in the FIA-MS method, which could be 

explained by the permanent positive net charge on the analyte. In the FIA, the PC and salt reduced 

the signal to 39 and 81% of the original signal, respectively, stressing the importance of PC 

removal before MS analysis. The matrix effect of PC and salt together already resembles the matrix 

Figure 3. The matrix effect of various matrices on the peak area of the deuterated internal standards. 

Matrix effect was determined by the ratio of the peak area of the deuterated internal standards in a 

matrix sample to the peak area of the deuterated internal standards in a water sample. Physiological 

PC, salt, a combination of both and plasma have been evaluated for both FIA-MS and LC-MS. 
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effect caused by plasma, suggesting that these matrix constituents might be indeed responsible 

for the vast majority of matrix effect measured in plasma. This applies mainly to the PCs since 

these compounds are suppressing more than the salts. Although the suppression in the LC-MS 

analysis is considerably less, it has not been completely removed. Salts and other highly polar 

compounds (e.g. amino acids, creatinine, uric acid) that coelute with the gut metabolites still cause 

ion suppression. However, this remaining effect can be compensated by the use of deuterated 

internal standards. In addition to the reduced matrix effect, the elution of the retained matrix 

components can be switched to waste resulting in less contamination of the MS. In summary, the 

on-line matrix removal resulted in a cleaner analysis without suffering in terms of analysis time.   

Method validation parameters 
Table 1 summarizes the results of the method validation. In order to determine the LOD and LLOQ, 

a calibration curve was constructed in a water sample. Since we were aiming for absolute 

quantification using limited separation, we decided to calculate the LOD and LLOQ using the 

standard deviation of three replicates (see formula 3 and 4 in the methods section). This method 

comprises all sources of variability as well as the response. Lowest physiological concentration 

reported in the literature was at least six times higher than the LLOQ value, indicating a sufficient 

sensitivity of the developed method. 22,39,40,41 The correlation coefficient showed an excellent 

linearity (≥0.998) for all calibration curves. The analysis of blank samples resulted in a limited 

blank effect (<1.5%). The repeatability and intermediate precision of pooled citrated plasma 

samples demonstrated an RSD consistently below 10%, indicating a high repeatability of the 

analysis. The used gradient resulted in a robust analysis since we were able to analyze more than 

5000 samples using the same column without a decrease in performance.  

Table 1. Method validation parameters for the fast LC-ESI-MS/MS method. 

 

Analyte 

Elution 

time 

(min) 

LOD 

(µM) 

LLOQ 

(µM) 

Linearity 

(R2) 

Blank 

effect 

(%) 

Repeatability 

(RSD, %) 

Intermediate 

precision 

(RSD, %) 

TMAO 0.33 0.04 0.1 0.999 0.5 6.1 5.2 

Betaine 0.35 0.9 2.7 0.999 0.8 1.2 3.4 

Choline 0.33 0.5 1.5 0.999 0.7 3.6 4.2 

Carnitine 0.33 0.7 1.7 0.999 0.5 6.2 6.7 

GBB 0.33 0.02 0.04 0.998 1.3 5.9 6.3 
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Different blood collection procedures and freeze-thaw cycles 
Differences in concentrations of small metabolites between different blood collection procedures 

have been observed and should be taken into account.42,43 Therefore, we have evaluated four 

different blood collection procedures: ethylenediaminetetraacetic acid (EDTA) plasma, heparin 

plasma, citrated plasma and serum (Figure 4). The validated analytical method showed a good 

linearity with a mean R2 of 0.998 (0.993-1.000) for all different collection procedures (Table 2) 

indicating the slopes of the calibration curves made in the different blood matrices as well as the 

calibration curve in a water sample were highly comparable with a mean RSD of 3.0% (1.6-3.4). 

The comparison to the uncorrected data (see Supplementary information Table S3), which 

demonstrated a mean R2 of 0.971 (0.946-0.995) and a mean RSD of 28.9% (1.8-60.0), indicates 

that the deuterated internal standards are capable of extending the dynamic range, correcting the 

matrix effect of different blood matrices and allow for absolute quantification. We performed a 

one-way ANOVA and Post-Hoc analysis to investigate whether there was a statistical difference 

between the different collection procedures in terms of absolute concentrations. We have used 

freeze-thaw cycle 1 (FT1) for this comparison since most analyzed samples undergo one freeze-

thaw cycle. All citrated plasma analyte concentrations demonstrated significantly lower values 

compared to the other blood collection procedures, except for betaine which did not reach this 

significance in comparison to EDTA and heparin treated blood. Lower citrate analyte 

concentrations can be explained by the way citrate plasma is obtained. When blood is treated with 

citrate, there is a dilution step involved because citrate is added as a liquid.42 In our experiment, 

the blood to citrate ratio was 9:1 and on average, citrate analyte concentrations were 11% lower 

in comparison to EDTA and heparin analyte concentrations. This decrease clearly reflects the 

dilution ratio of liquid in citrate plasma collection tubes. In contrast to the other analytes, choline 

concentrations were 17% higher in serum samples in comparison to EDTA and heparin samples. 

 TMAO  Betaine  Choline  Carnitine  GBB 

 Slope R2  Slope R2  Slope R2  Slope R2  Slope R2 

Water 0.20 0.998  0.031 0.999  0.11 0.999  0.052 0.998  0.71 0.998 

Heparin 0.19 0.998  0.030 0.998  0.11 1.000  0.050 0.999  0.74 0.993 

EDTA 0.19 0.993  0.033 0.999  0.12 0.999  0.054 0.999  0.73 0.997 

Citrate 0.19 0.999  0.032 1.000  0.11 0.998  0.049 0.999  0.72 1.000 

Serum 0.21 0.998  0.030 0.997  0.11 1.000  0.053 0.999  0.72 0.999 

RSD of 

slopes (%) 

3.1 

 

  3.4 

 

  3.2 

 

  3.2 

 

  1.6 

 

 

 

Table 2. The slope and correlation coefficient of the calibration curves in a water sample 

and in different blood matrices using deuterated internal standard correction. 
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A higher analyte concentration in serum compared to plasma is a well-known phenomenon in 

metabolomics and can be explained in two ways.43 First of all, platelets release metabolites into 

serum during the coagulation process.44 Secondly, the coagulation process causes the clotting of 

fibrinogen. By removing the clot, the volume fraction of coagulation proteins is removed. The 

remaining analytes are left in a lower volume which makes them more concentrated.45 Since the 

last explanation should have increased all analyte concentrations in serum, it seems more likely 

that the platelets have released choline into the serum. This is in accordance with a study of Petty 

and Scrutton, who demonstrated that platelets store and release choline.46 In order to 

demonstrate the effect of different freeze-thaw cycles, we have compared analyte levels of fresh 

blood samples to samples which were exposed to one or multiple freeze thaw-cycle(s). Figure 4 

demonstrates that gut metabolite levels are not shown to be affected by the number of freeze-

thaw cycles. This is advantageous because study samples often experience one or more freeze-

thaw cycles. On the other hand, the type of whole blood treatments can have a significant impact 

on the measured gut metabolites concentrations. This finding emphasizes that the treatment of 

whole blood is an important parameter and that it should be taken into consideration during 

clinical applications.  

Comparison of fasting state and meal challenge 
Figure 5 demonstrates the gut metabolite levels of 25 healthy volunteers during fasting (samples 

taken in the morning after overnight fasting) and half an hour after the consumption of a 

standardized liquid meal (SLM). The SLM contained 110 mg of choline – equivalent to the choline 

Figure 4: Different blood collection procedures of five healthy volunteers. Normalized concentrations 

of gut metabolites are plotted against the freeze-thaw (FT) cycles. 
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content of approximately one egg or 140 g of fish or meat47– and can therefore be considered as a 

substantial source of TMAO precursors. However, none of the targeted metabolites revealed a 

statistically significant difference between the fasting and SLM-challenged time point (FDR 

corrected p-value<0.05, see Supplementary information Table S4) and no clear trend could be 

identified in the before-after plots in Figure 5, unless stratified by gender. The heat map in Figure 

6 also demonstrates that there is no uniform response to the SLM. Volunteers with increased 

(cluster A) and decreased (cluster C) gut metabolite levels after the SLM-challenge could clearly 

be distinguished based on hierarchical clustering. The difference in response might be explained 

by the gender of the volunteers since differences in betaine, carnitine, choline, γ-butyrobetaine 

serum levels were significantly correlated with the gender of the volunteers (FDR corrected p-

value<0.05, see Supplementary information Table S5). In general, men and women demonstrated 

increased and decreased gut metabolite levels, respectively, after the challenge of SLM 

consumption compared to fasting. The decreasing levels in female volunteers were surprising 

because this trend has not been observed before after food intake. The observed trend does 

indicate that gender might be an important parameter in determining the gut metabolite response 

caused by food intake. However, when fasting and SLM-challenged serum levels were stratified 

by gender, only male betaine serum levels significantly changed between the two time points (FDR 

corrected p-value<0.05, see Table S4 in the Supplementary information). TMAO response was not 

correlated with the gender of the volunteers and showed most dissimilarities (distance in the 

dendrogram) in comparison to the other gut metabolites. The deviant behavior of TMAO might be 

explained by the reversibility of the TMA conversion to TMAO. Although a gender-related trend 

was observed, the differences between the two time points and volunteers might have also been 

caused by other sources of variability like the type and quantity of bacteria in the gut microbiome, 

variability of expression of choline dehydrogenase in the kidney cortex and biosynthesis of 

carnitine and choline. For example, a decrease in choline serum levels can be caused by an 

Figure 5. Before-after plots of gut metabolite serum levels of 25 volunteers during fasting and non-

fasting (i.e. 33 min after a meal). The 14 male volunteers are depicted in blue and the 11 female 

volunteers are depicted in red. 
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increased expression of choline dehydrogenase and an increase in carnitine and GBB could be a 

result of an increased biosynthesis of carnitine.  

Although the gut metabolite serum levels did not change significantly between the fasted and 

SLM- challenged time point, an increase in glucose and branched-chain amino acids was 

demonstrated by Schutte et al. in the same sample collection and SLM-challenge as used in this 

study.48 This indicates that the SLM is able to elevate certain metabolites in blood within half an 

hour. In addition to that, Lang et al. demonstrated that FMO3 catalyzes TMA N-oxygenation with 

a kcat of more than thirty per minute indicating that TMAO could be formed within half an hour.49 

In contrast to our finding, Cho et al. found a significant increase in plasma TMAO levels after the 

consumption of foods containing TMAO or its precursors.50 In that study, volunteers fasted 

Figure 6. Heat map of the log2 transformed serum level differences between the fasted and non-

fasted time point. Blue and red cells represent increased and decreased SLM-challenged metabolite 

levels in serum, respectively. The volunteers and metabolites are sorted by hierarchical clustering. 

Dendograms are used to show distances between samples (rows) and metabolites (columns). Based 

on the hierarchical clustering, three groups could be identified indicating volunteers with increased 

levels (A), limited differences (B) and decreased levels (C). It can be clearly seen that A and C consist 

of mainly male and female volunteers, respectively. 
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overnight and were fed a diet containing eggs, beef or fish. After 15 minutes there was already a 

significant increase in plasma TMAO levels observed for all diets. The difference might be 

explained by the fact that only male volunteers were enrolled in the latter study. In accordance to 

our results, male volunteers demonstrated increased levels of gut metabolites after the 

consumption of a meal. Female volunteers, however, demonstrated an opposite trend in our 

results. Another difference can be found in the administration of ‘real’ dairy products in contrast 

to the SLM-challenge (‘artificial drink’) that has been used in our study. The SLM did not contain 

TMAO or carnitine and could therefore not increase TMAO levels by direct absorption of TMAO or 

via microbial conversion of carnitine. Other studies did not find a strong association between 

animal food intake and plasma concentrations of TMAO, betaine and choline.51,52 Although clear 

differences in animal food intake could be identified, corresponding plasma levels of gut 

metabolites could not be correlated with this variation. However, the difference between fasting 

and food intake was not examined in these studies. Therefore, these studies do not reveal whether 

food consumption itself contributes to different gut metabolite levels.  

CONCLUSION 
We have developed a high throughput LC-MS/MS platform to analyze gut metabolites in plasma 

and serum. The method can quantify five gut metabolites in three minutes per sample. By using 

an on-line cleanup approach, the most important ion suppressors, PCs, were removed from the 

elution region of the gut metabolites reducing the ion suppression significantly. The blood 

collection procedure had a significant impact on the measured concentrations of the gut 

metabolites. Therefore, the type of blood collection is of great importance within a study, and can 

be of great importance when different studies are compared to each other because inter-study 

variability could be caused by the collection procedures rather than, for instance, a diet or drug 

treatment. Our results did not demonstrate a significant diet-related effect of the gut metabolite 

levels in serum, since the gut metabolites hardly changed 30 minutes after the intake of an SLM. 

This is in contrast to another study, in which an increase was observed. However, this difference 

could have been caused by the administration of different types of food. We did observe 

volunteers with increased and decreased levels, which could have been driven by the gender. 

Therefore, the influence of fasting on the gut metabolite levels remains a subject of debate and is 

a parameter that should be studied in more detail. In summary, gut metabolites have been 

reported to have great potential to become a valuable biomarker in cardiovascular diseases, but 

this requires validation in large studies. Our simple and fast method facilitates further research 

and validation studies on the role of gut metabolites in relation to cardiovascular events and 

should stimulate other researchers to elucidate the biology behind this role. If TMAO is fully 

accepted as a valuable biomarker for cardiovascular diseases, our relatively easy method can help 
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clinicians to make fast diagnoses of cardiovascular disease risks and can possibly contribute to 

prevent major cardiovascular events like death, myocardial infarction, or stroke. 
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SUPPLEMENTARY INFORMATION  
 

Table S1. Supplier, collision energy and transitions of the standards and deuterated 

internal standards. 

Name (Deuterated internal) standard Supplier 
Collision 

energy (eV) 

Transition 

(m/z) 

Betaine Betaine hydrochloride Sigma Aldrich 30 118.158.2 

Betaine d-9 
N-(Carboxymethyl)-trimethyl-

d9 ammonium chloride 
CDN isotopes 30 127.1  66.1 

L-carnitine L-carnitine hydrochloride Sigma Aldrich 25 162.385.1 

L-carnitine-

d3 
L-carnitine-d3 hydrochloride CDN isotopes 25 165.385.1 

choline Choline chloride Sigma Aldrich 25 104.260.1 

choline-d4 Choline-1,1,2,2-d4 chloride CDN isotopes 25 108.260.1 

TMAO 
Trimethylamine N-oxide 

dihydrate 
Sigma Aldrich 25 76.158.1 

TMAO-d9 Trimethylamine N-oxide-d9 

Cambridge 

Isotope 

Laboratories 

25 85.166.1 

GBB 
(3-carboxypropyl)trimethyl-

ammonium chloride 
Sigma Aldrich 20 146.287.1 

GBB-d9 
(3-carboxypropyl)trimethyl-

d9-ammonium chloride 
CDN isotopes 20 155.287.1 

 

 

Table S2. Concentration of the C8 of the standards and deuterated internal standards.  

C8 concentration of the standards  Deuterated internal standard concentration 

Name concentration (µM) 

 

Name concentration (µM) 

TMAO 43.2 TMAO-d9 3.56 

Betaine 716.1 Betaine-d9 24.59 

Choline 286.5 Choline-d4 13.92 

Carnitine 556.5 Carnitine-d3 19.93 

γ-butyrobetaine 17.6 γ-butyrobetaine -d9 1.05 
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C0 C1 C2 

C3 C4 C5 

C6 C7  

Figure S1. The extracted ion chromatogram of γ-butyrobetaine at increasing concentrations (C0-7) 

of the standard. The blue line represents γ-butyrobetaine signal and the red line represents the 

deuterated internal standard γ-butyrobetaine-d9 signal. It can be clearly seen that the small peak 

before γ-butyrobetaine is baseline separated and is not increasing with increasing concentrations of 

the standard γ-butyrobetaine. 

 

Table S3. The slope and correlation coefficient of the calibration curves in a water sample 

and in different blood matrices without using deuterated internal standard correction. 
 TMAO  Betaine  Choline  Carnitine  GBB 

 Slope R2  Slope R2  Slope R2  Slope R2  Slope R2 

Water 97523 0.950  40692 0.978  77780 0.960  142427 0.973  128063 0.956 

Heparin 72464 0.983  13422 0.981  79004 0.966  82676 0.966  45480 0.986 

EDTA 74382 0.975  11887 0.977  80663 0.946  69215 0.946  36374 0.962 

Citrate 81862 0.988  12458 0.988  81660 0.951  72620 0.951  42873 0.995 

Serum 71976 0.985  14119 0.988  80952 0.970  81514 0.970  46438 0.990 

RSD of 

slopes (%) 

12.1 

 

  60.0 

 

  1.8 

 

  29.9 

 

  57.3 
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Table S4. Statistical difference between the fasting and non-fasting time point for all 

volunteers and stratified by gender. Significant differences are indicated (* indicates p-

value <0.05). 

Compound name gender p-value FDR corrected 

Betaine  all 0.076 0.142 

Carnitine  all 0.849 0.849 

Choline  all 0.296 0.370 

gamma-butyrobetaine all 0.441 0.508 

TMAO  all 0.056 0.120 

Betaine  Male 0.001* 0.009* 

Carnitine  Male 0.036* 0.091 

Choline  Male 0.013* 0.065 

gamma-butyrobetaine Male 0.141 0.235 

TMAO  Male 0.544 0.583 

Betaine  Female 0.243 0.349 

Carnitine  Female 0.031* 0.091 

Choline  Female 0.256 0.349 

gamma-butyrobetaine Female 0.007* 0.053 

TMAO  Female 0.020* 0.075 

 

 

Table S5. Association between gender and log2 transformed fasted and non-fasted serum 

level differences. Significant correlations are indicated (* indicates p-value <0.05). 

Compound name p-value FDR corrected 

Betaine  0.001* 0.004* 

Carnitine  0.002* 0.004* 

Choline  0.013* 0.016* 

gamma-butyrobetaine 0.002* 0.004* 

TMAO  0.211 0.211 



 


