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Determination of trimethylamine N-oxide level
and its metabolic precursors in biological material

The level of trimethylamine N-oxide, exceeding the threshold indices, is a precursor to a number of diseases,
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Figure 1. TMAO generation in human organism [1, 2]
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Among the first researchers, who had synthesized TMAO and spent its qualitative and quantitative de-
termination in 1962, were the scientists from the University of California (USA) J.R. Baker and S. Chaykin.
The purpose of their study was to determine the type of liver enzymes and their effect on detoxification (oxi-
dation) of trimethylamine (TMA) to trimethylamine N-oxide (TMAO). The material, in which the level of
tertiary amine determines, was the microsomal fraction of pork liver. Preparative liquid chromatography was
used, followed by analysis on paper chromatography [6].

In modern time the level of TMAO is usually defined for diagnosis of Trimethylaminuria. The syn-
drome of disagreeable fish odor (also known as fish odor syndrome or Trimethylaminuria) is the index of
metabolic disorder and is characterized by the presence of abnormal amounts of dietary origin tertiary amine,
trimethylamine (TMA) in urine, sweat, exhaled air and other secretions. Trimethylamine has a strong ‘smell
of rotting fish, and it has on a person, suffering from this disease, a devastating psychological@mpaetyon all
spheres of life (personal, social, labor). In 2004 Marcus A. Bain et al. [7], based on the earlier experience\of
their foreign colleagues, who determined the level of TMAO in urine by gas chromatography (GC) [879],
high performance liquid chromatography (HPLC) [10], with various detection methods, developed their own
methodology using GC. This method using solid phase microextraction (SPME) allowed“determining the
level of TMAO in human plasma. During the work, it was used gas chromatograph Varian |Star 3400 CX
with column SPB-1 sulfur (30 m % 0.32 mm, 4.0 um) and mass-detector Varian®Saturn§2000. Evaporator
temperature was 250 °C, the column temperature — 120 °C, as a carrier ga§ it was gseditheisothermal heli-
um with the delivery of 60 ml/min. Carboxy-polydimethylsiloxane fiber)(75 um) was used for SPME.
0.01 M of hydrochloric acid and titanium sulfate (III) dissolved in sulfuricsaeid (10 pL, 45 % w/v) were
poured to plasma. As internal standards the deuterated TMA and TMAOwese used, quantitative calculation
was based on the calibration line.

With the aim of the diagnosis of Trimethylaminuria, as well as|fopstudying of the role of betaine and its
metabolites in the development of vascular disease, in 2006 thejteam of scientists from New Zealand con-
ducted the validation of method of 1H NMR-spectroscopy, which; according to their opinion, allows the
more efficient identification of methylamine metaboliteShat thestudy of their level in urine [11]. Sample
preparation was carried out by adding of 1M of hydreehloriejacid solution, containing 25 mM of acetonitrile
(as an internal standard), into the test material (ugine). Also ‘the internal standards of methylamines were
used. All spectra were registered and were recordedyon a 'high-resolution investigated liquid phase NMR-
spectrometer Varian INOV A 500 at the tempgraturelof 23,°C in the 5 mm NMR-tubes with deuterated 3 mm
lock inserted in them. For measuring it wa$ used 902 RF pulse with duration of 8.1 microseconds. The delay
between the pulses was 5 seconds, thefdetection™time 1,982 seconds, the width of the fluctuation band —
8000 Hz. The duration of the analysis,was legs than 5 minutes. The limit for TMAO detection was 3,37 ppm
(15 uM) that, according to the authors“epinion, was above the detection limit using HPLC. The same meth-
od, but in more expanded version{(with détection of TMAO level not only in the urine and blood), was pa-
tented in 2015 by the team of scientists) from North Carolina (USA) headed by James D. Otvos [12].

Due to the need to_improve the diagnosis of Trimethylaminuria, the scientists from many countries in-
troduced new and techftically,mére simplified methods of qualitative and quantitative determination of TMA
and TMAO levels,,Ong, of these was David W. Johnson, who in 2008 proposed thread-injection electrospray
ionization tandem mass-spéctrometry for the simultaneous determination of TMA and TMAO in urine for
the first time [13). The"analysis was performed on the equipment Applied Biosystems/MDS Sciex API 4000.
The gas fof*the, collision was nitrogen. A sample (20 pL) was placed through 96-well autosampler Gilson
215, with mebilé\phase at a rate 150 pL/min (supplied by Agilent 1100 of HPLC-system). The time for the
aftalysi§ oflonegample was 2 minutes. TMAO and TMA marked “H were used as an internal standard. Sam-
ple préparation was carried out in several stages. The internal standards NgTMA (1 pL, 1 mg/ml in water)
and”Ho-TMAO (2 pL, 1 mg/ml in water) dissolved in hydrochloric acid were poured to the test material
(urineg), then it was added concentrated ammonia solution (1 pL) and ethyl bromoacetate (30 pL, 20 mg/ml in
acetonitrile). After 30 minutes, the solution of mobile phase containing acetonitrile/water/formic acid
(50:50:0.025) was added.

Subsequently it was conducted 100x dilution of 10 pL of received solution by mobile phase (MP). The
following data were obtained for TMA (146,1, 118,1, 400 m/z), 2H9-TMA (155,1, 127,1, 400 m/z), TMAO
(76,1, 58,1, 100 m/z) and 2H9-TMAO (85,1, 66,1, 100 m/z). The quantitative calculation was based on the
calibration line. Two years later, the team of scientists from Canada used the method of direct input of elec-
tro-spray quadrupole time-of-flight mass-spectrometry to determine the TMA and TMAO in urine in order to
improve and simplify the given analysis [14]. The difference with the method developed by David

108 Bulletin of the Karaganda University



Determination of trimethylamine N-oxide ...

W. Johnson (described above) was in radioactive isotopes, with which the desired material was labeled.
Orval A. Mamer and co-workers used the isotope "N instead the isotope *H.

In order to protect the human from the use of poor fish and to improve the quality of life of people with
Trimethylaminuria the Chinese scientists have developed a method of determining the levels of TMAO,
TMA, dimethylamine, formaldehyde in seafood [15]. For this it was used the method of ion chromatography
with non-suppressed conductivity. The analysis was performed on the equipment ICS-2000 using
theprotective pre-column Dionex Ion-Pac CG17 guard column (50 mm x 4 mm i.d.) and the analytical col-
umn DionexlonPac CS17 (250 mm % 4 mm i.d.). The column CS17 has been selected on the basis of benefits
at the analysis of organic amines in the method of ion chromatography with not-suppressed condugtivity.
Mobile phase (MP) consisted of a solution of methanesulfonic acid 3.0 umol/L. Separation was performed in
isocratic mode at 30 °C temperature of column and MP flow rate 0.8 ml/min. Sample preparation wassearried
out by homogenization of raw material (finely chopped pieces of fish) in 10 ml of 7.5 % cold trichloroacetic
acid (TCA), followed by centrifugation 4000 rpm/min for 15 minutes at 4 °C. The sedimentiwas subjectéd to
a double back-extractingof 5 ml of 5 % TCA with the repeat centrifugation. All supernatant§ywere mixed
with deionized water with subsequent filtration through a fine pore filter paper (20425p1). The time of
TMAO retention was 15,91 min. The quantitative determination was carried out on the'calibration line.

The scientists from the University of California (USA) in 2010 at the head offMark EyEfupe among the
first used the above method to determine the level of TMAO (in combination withdother amiines) in the at-
mospheric air. This study was conducted for determination of the role of organic nitrogén in the composition
of atmospheric aerosols, which plays a significant role in formation ofitheenvironment and affecting the
climate and human health as a whole [3]. The analysis was performed on the,equipment Metrohm 761 Com-
pact IC with protective pre-column Metrosep RP (with steel meshyfilter) and>analytical column Metrohm-
Peak Metrosep C2 (250 mm x 4 mm i.d.). As an eluent was thesolution of 3 mM nitric acid and 3.5 % ace-
tonitrile with mobile phase at a rate of 1 ml/min. The sample was injected manually; the analysis time was
15 minutes. Separation was performed in isocratic mode at a ¢elumn) temperature of 20 °C. The mix of me-
thylamines (including TMAO) was used as a marker. The,samples were taken from the filter of the smoke
chamber for sample preparation, then it was conductedathe extraction in 10 ml of ultrapure water (Millipore)
by ultrasonic dispersion for 30 minutes. The quantitative ‘€alculation was based on the calibration line. The
lower limit of TMAO detection was 72 ug/L, thescetentiondfime — 12 minutes. According to the authors, this
method is easy to use and applicable for thef/determination of the desired substances in low concentrations
due to the low detection threshold.

Since 2011 the level of TMAO infthe human body is given a new meaning. A number of researchers
have proven the relationship of TMAO highytiters as the end product of metabolism of choline and betaine
with an increased risk of developing of\cardiovascular diseases, myocardial infarction and stroke [1, 2, 4].
This fact has increased the intercstin the’improvement of methods for determining the level of these sub-
stances in biological samples.

Thus, Zeneng Wang et al.; were among the first to carry out this analysis as part of their research work
with reference to cardiovaseulafisk. The liquid chromatography coupled with electrospray ionization spec-
trometry was used_to determine the metabolic profile. Structural identification of targeted analytes was per-
formed using agcombination of methods: HPLC/MS/MS, multinuclear NMR-spectroscopy and GC/MS.
Sample preparation wasycarried out by deproteinization of plasma by means of ice-cold methanol. After cen-
trifugationghgysupernatant was introduced into Rexchrom Phenyl column (4,6x250 mm, 5 pm) with a flow
rate.of MP 068 mil/min. Gradient elution was used, at first 10 mM ammonium formate was used longer than
0f5 minutesywith' the transition to 5 pM of ammonium formate, 25 % methanol and 0.1 % formic acid (for
8 mindites), after it was used 100 % methanol and the water for analytes separation [1]. In analysis mode of
MST positive ions they were obtained the analytes with m/z 76, 104, 118. d9-TMAO was used as the internal
standard. The quantitative determination was carried out on the calibration line.

The same group of authors refined the method of determining the TMAO level in the biological materi-
al in 2013 [16]. The analysis was conducted using a pump system 4LC-20AD Shimadazu, autosampler SIL-
HTC and system switching the valve of double columns connected with the mass-spectrometer API 4000
Q-TRAP. Sample preparation consisted of mixing of 20 pL of the test plasma with 10 pM of internal stand-
ard (d9-TMAO) in 80 microliters of methanol with followed centrifugation for 10 minutes at 20000g speed
at 4 °C. The resulting supernatant was injected into the column Luna silica (4,6%250 mm, 5 um) at a rate of
MP 0.8 ml/minute at gradient elution. Discontinuous gradient used for better separation of analytes by mix-
ing a composition of eluent «A» (0.1 % propanoic acid in water) with eluent «B» (0.1 % acetic acid in meth-
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anol) in different ratios, ranging from 2 % «B» linearly to 15 % «B» within 11 minutes, then linearly to
100 % «By» for 5 minutes with the followed return to 2 % «B». The desired substance was monitored using
electrospray ionization in the mode of positive ion with multiple reaction monitoring (MRM) with typical
product-ion transitions m/z 76—58 and 85—66 amu. Retention time was =~ 9 minutes, the minimum quanti-
fication threshold of detection was 0.05 uM, max > 200 uM[16].

A similar method, but with some modifications, was used by Liam M. Heaney et al. in 2015. Differ-
ences with the method created by Zeneng Wang were as follows: the composition of MP, as the solvent «A»
the mixture of 0.025 % ammonium hydroxide with 0.045 % formic acid (pH 8.1) was used, the solvent «B»
was acetonitrile, the characteristics of the used column Acquity UPLC BEH HILIC (130 A, 2,1 \mm x
x 100 mm, 1.7 pm). The analysis results were similar to the previous method.

Later they began to appear the new works confirming the correlation of TMAO high titer$ withathe\de-
velopment of atherosclerosis [17—19], heart failure [20], inflammatory bowel disease (Croha's disease, ulcer-
ative colitis) [21], the more detailed description of the metabolic pathway of TMAO formation on the basis
of nutritional factor [22—-24]. All of these moments give scientists new tasks to increase the number of simul-
taneously defined TMAO metabolites and precursors, to reduce the time of analysis, to ificreage the sensitivi-
ty of the method, including the simplification the methods of analysis and at the sametime the optimization
of its reliability.

For example, the team of Latvian scientists have developed and conducted the salidationyof the method
for the simultaneous determination of TMAO level in combination with,L-carnitine and'its biological precur-
sor y-butyrobetaine (GBB) in human plasma using HPLC/MS/MS [25]“Eorthe,sample preparation 900 pL
of solution of acetonitrile and methanol (3:1 v/v) containing the tap (200"ag/ml) was poured the 40 pL of
plasma. Supernatant was used for analysis after centrifugation (13000g, 10 minutes). The system Acquity
HPLC with column Acquity HILIC BEH (2,1x50 mm, 1.7 um) was\used for the separation of analytes. Elu-
tion was conducted by the gradient principle from 75 to 55 % agetonitrile in 10 uM of aqueous solution of
ammonium acetate (pH4) at a rate of MP 0.25 ml/minute. The,analytes were monitored using electrospray
ionization in the positive ion mode with multiple reagtions ‘monitoring on a triple quadrupole mass-
spectrometer. The mass-spectrometer was configuredsas,follows: capillary voltage 3,3 kV, desolvation and
source temperature 120 and 350 °C respectively. Nitrogen{flow rate 500 L/h. The product-ion transitions for
TMAO amounted m/z 75,8 — 58,3, for L-carnitine —m/z 146,11 — 87,11, for GBB — m/z 175,44 — 86,0.
The time TMAO detection was 1,95 min, L#arnitine —, 1,85 min, GBB — 2,21 min. The quantitative de-
termination was carried out on the calibration'line.

All of the following methods fordetermining of the level of choline structural metabolites are largely
identical. Analysis was performed using HPLC/MS/MS in the positive ion mode. Relative differences were
presented in the composition and the speed of mobile phase, in the type of analytical column and the time
ofanalytes retention in accordanceWwith applied chromatographic systems.

One of the latest it is p@ssible toiumark the work of Xueqing Zhao et al [26], which improved method for
determination of cholinge, betaine, TMA and TMAO to diagnose diseases associated with nutrition, bowel
diseases and the risk of lifexthféatening diseases. Sample preparation was carried out as follows: acidified
test material (plasma,wrine) Was extracted, and then derivatization using tert-butylbromoacetate in acetoni-
trile and ammonitmihydfexide in water was performed. After the centrifugation, the supernatant was trans-
ferred to a vial'fer subsequent analysis. Chromatographic separation was performed on the column Atlantis
Silica HILICY4,6%50 mm, 3um). Column temperature was 40 °C, the eluent flow rate 1 ml/minute. The sol-
vent«A» was the composition of acetonitrile and water (1:9) with 10 pM of ammonium formate and
00125% tormicfacid. The solvent «B» consisted of acetonitrile and water (9:1) with 10 uM of ammonium
formate and 0.125 % formic acid. The gradient elutionwas used. The analytes and their respective isotopes
were monitored by specific ion transitions: 104—45 for choline, 118—59 for betaine, 174—59 for TMA,
76—88 for TMAO. The retention time for TMAO was 2,41min.

Steuer et al. [27] using the same clinical objectives conducted another improvement of the analysis above-
listed substances in plasma, serum and human urine. They proposed the method for rapid and simultaneous de-
termination of compounds of quaternary ammonium of phosphatidylcholine origin such as choline, betaine, O-
acetyl-L-carnitine, L-carnitine and TMAQO. Plasma, serum, urine were deproteinized with methanol with fol-
lowing centrifugation and the supernatant sampling. The column Phenomenex Luna-HILIC (4,6x150 mm, 3
um) was used for the separation of substances, the detection and quantitative analysis was performed by LC-
MS/MS electrospray ionization in the positive ion mode recording. The temperature of column was 35 °C, mo-
bile phase flow rate — 0.75 ml/min. The analysis was conducted using a gradient elution. Solvent «A1» con-
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sisted of 10 pM ammonium acetate in 90 % acetonitrile with water (9:1), the solvent «B1» consisted of 10 uM
acetate buffer with pH 4. The second mobile phase consisted of «A2» of 10 umol of ammonium formate and
90 % acetonitrile and «B2» — 10 umol of ammonium formate in water at pH 3. Autosampler temperature was
set to 10 °C. Validation method was carried out in accordance with international guidelines regarding selectivi-
ty, consistent contamination of samples, the limit of quantitation (LQ), linearity, accuracy, reliability, reproduc-
ibility and stability of the treated sample. lonic analytes transitions made the identical performance to the above
methods. The retention time for TMAQO was 7.27 min.

Conclusions

Thus, by analyzing all of the above, it is found that the level of trimethylamine N-oxide exceeding the
threshold is a precursor of a number of diseases, leading to disability and death, in this contextgthe definition
of titers and the normalization of its levels in the body are one of the stages of preventivefmedicine. High
performance liquid chromatography is mainly used in world practice for quantitative ‘determinatioft” of
TMAO in biological material. Given the structural features of TMAO the detection is performed using tan-
dem MS/MS-spectroscopy and nuclear magnetic resonance spectroscopy in some cases§. [t'should be noted
that such equipment is very expensive, so it is not always available. Taking into\account the multi-
component composition of the research material the time-consuming sample prepéaration‘and‘complex com-
binations of the composition of the mobile phase are used for efficient separation and ebtaihing of reliable
results.

Nevertheless, the problem of the quantitative and qualitative determinationsof TMAO and his predeces-
sors not only hasn't lost the relevance, but has acquired the new horizons tojimprove this analysis in view of
recent events in the scientific world. Speaking about the evolution, of techniques, it is clear that the work
aimed at their improvement, due to changes of technical component ofianalysis, the number of simultaneous-
ly defined analytes, reducing time of analysis, and also the improvement'of the method of sample preparation
and the composition of the mobile phase for the separation.

The development of rational sample preparation andjefficient methods of quantitative determination of
TMAUO in plasma using HPLC-MS/MS for the early diagnosis'of diseases of the circulatory system is carried
out in the Share laboratory of the Scientific-research/ Centeryot Karaganda state medical university.
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Buosorusnbik MaTepuaga TPUMETUIAMMH OKCU/LI IeHTeliiH 2K9He OHbIH
MeTa00IHTTIOPBHIHOACY IILLIAPBIH AHBIKTAY

TpumermiiaMuH OKCHAI KOIITereH, aypyiapAblH Oacramacsl OOJBIT ©JIM MEH J>KYMBICKAa KalOileTci3likke
okemin coraasl. I[IpodufakTiKaiblk MeIUIMHAHBIH €H MaHBI3IBl peepiHiH Oipi THTpiEy MEH ar3ajarbl
KaJBIITHl JICHTeiiH aHBIKFay0oIbIn Tabbutanbl. bepinren momyna TMAO neHreitiH aHbIKTay 9Jici MeH
OUOJIOTHSIIBIK MaFepUaIaFbl JOHBIH METa0ONUTTI OpBIHOACYIIBUIAPEI KOPCETIIreH. Byrinae OMONOTHSIIBIK
martepranaarbl fTMAONCAHBIH aHbIKTay/a JKOFaphl Aeiireliaeri CyHbIKTbI XpoMmaTorpadus TaHAEMiH, SFHU
crnektpockonuA \ MS/MS jxoHe Keil kaFjainapia PpE3OHAHCTBIK SAPOJIBIK CHEKTPOCKONUS OJicTepiH,
KoJIIaHaZBl. ¥ TKBIp, (hd3aHbIH Kypzeni KOMOMHALMSUIBIK KypaMbl THIMII O6JIiHiI, CeHIMI HOTIXKENep alyra
KOMEKIECeTi, COI CEOCITI )KOFaphl CYPaHbBICKA He O0JIaIb.

A.Bb. Mapuenko, C.A. Bacenko, A.A. TypmyxamGeToBa

Ofipenesnienne ypoBHSI OKMCH TPUMETHJIAMUHA U €r0 MeTa00IHYeCKHUX
npeanecTBeHHUKOB B 0HOJIOTHYECKOM MaTepualie

OKHuCh TPUMETHIAMUHA SBISETCS NPEAIICCTBEHHMKOM MHOTMX 3a00JIeBaHMii, IPUBOAAIIMX K HETPYIOCHO-
COOHOCTH M CMEPTH. B 3TOM KOHTEKCTE OIpeJielIeHHe TUTPOB U HOPMAJIM3alLs €0 YPOBHEH B OpraHu3Me siB-
JAI0TCS OJHOM M3 BaXKHBIX 3a/1a4 NPOQMIAKTHYECKOH MeIuIMHbL. B Hacrosimem 0030pe mpeicTaBiIeHbl Me-
TonuKH Aist onpernenenus: yposHeir TMAO u ero MeTabonn4ecKkux MpeaiIeCTBEHHUKOB B OMOJIOTHUECKOM
marepuaie. CeromHs TIaBHEIM 00pa3oM HCIOJIB3YIOTCS BHICOKOA((EKTHBHAS KUAKOCTHAS XpoMaTorpadus
JUIsl KoindecTBeHHOTo ompeneneHuss TMAO B OGHONOTMYECKOM MaTepHale, TaHAEMHas CIIEKTPOCKOIHS
MS/MS u B HEKOTOPBIX CITydasX — CHEKTPOCKOIUS SAEPHOT0 MarHUTHOTO pe3oHaHca. [loaroroBka mpod n
CJIOXKHBIE KOMOWHAITMN COCTaBa MOOMIBHON (ha3bl MPUMEHSIOTCS JUIS 3P ()EKTHBHOTO pa3/iesieHus U ToJyde-
HMS HaJIe)KHBIX PE3yJIbTATOB, OJ1aroiaps yeMy sBJISIOTCS BECbMa BOCTPEOOBAHHBIMU.
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