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Abstract: Trimethylamine-N-oxide (TMAO) is a small organic molecule, derived from the intestinal
and hepatic metabolism of dietary choline and carnitine. Although the involvement of TMAO in
the framework of many chronic diseases has been recently described, no evidence on its putative
role in the central nervous system has been provided. The aim of this study was to evaluate whether
TMAO is present at detectable levels in human cerebrospinal fluid (CSF). CSF was collected for
diagnostic purposes from 58 subjects by lumbar puncture and TMAO was quantified by using liquid
chromatography coupled with multiple-reaction monitoring mass spectrometry. The molecule was
detected in all samples, at concentrations ranging between 0.11 and 6.43 µmol/L. Further analysis
on CSF revealed that a total of 22 subjects were affected by Alzheimer’s disease (AD), 16 were
affected by non-AD related dementia, and 20 were affected by other neurological disorders. However,
the stratification of TMAO levels according to the neurological diagnoses revealed no differences
among the three groups. In conclusion, we provide the first evidence that TMAO can be assessed
in human CSF, but the actual impact of this dietary metabolite in the patho-physiolgy of the central
nervous system requires further study.
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1. Introduction

It is now generally accepted that gut microbiota represents a major regulator of health and disease
in humans, both contributing to the host metabolic and immune functions and potentially driving
the onset of chronic diseases [1]. Among the mechanisms accounting for the pathological implications
of the microbiota, the metabolism of dietary-derived products is currently a matter of wide interest.
As an example, the ingestion of food rich in choline (dairy products, eggs, fish) or carnitine (red meat)
is associated with increased plasma levels of trimethylamine-N-oxide (TMAO) through the sequential
action of intestinal microbes and the hepatic flavin monooxigenase 3 (FMO3) [2]. This small organic
molecule has drawn the attention of the scientific world following the demonstration that high plasma
levels are associated with an increased risk of cardiovascular events [3–5]. Whereas the existence
of a reciprocal influence between gut and brain is not a matter of debate, no evidence of clinical
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implications of TMAO in the central nervous system has yet been documented. In order to address
this issue, we assessed TMAO in cerebrospinal fluid (CSF) collected from 58 subjects that underwent
a lumbar puncture for diagnostic purposes and demonstrate for the first time that TMAO is present at
detectable levels in the central nervous system.

2. Materials and Methods

CSF were obtained at the Neurology Unit of the University of Parma for diagnostic purposes after
informed consent. The study was approved by The Institutional Review Board of the University of
Parma (authorization number 0058/2017). Samples were collected in the morning, after one night of
fasting, and immediately stored at −80 ◦C.

For TMAO quantification, before the analysis, each sample was added with TMAO-d9 as internal
standard and then extracted with acidified acetonitrile, as previously described [6]. Samples were
centrifuged and the supernatants collected and analyzed by a UHPLC DIONEX Ultimate 3000 equipped
with a triple quadrupole TSQ Vantage (Thermo Fisher Scientific Inc., San Josè, CA, USA) fitted with
a heated-ESI (H-ESI) (Thermo Fisher Scientific Inc., San Jose, CA, USA) probe. Separations were carried
out by means of an XBridge BEH HILIC XP (100 mm × 2.1 mm) column, with a 2.5 µm particle size
(Waters, Milford, MA, USA). Statistical analyses were performed using Prism 6.0 (GraphPad Inc.,
San Diego, CA, USA).

Alzheimer’s Disease (AD) (n = 22) and non-AD related dementia (non-AD) (n = 16) was
diagnosed according to International Working Group (IWG)-2 criteria [7]. Non-AD includes
frontotemporal dementia, corticobasal degeneration, and degenerative Parkinsonism. Aβ 1-42,
tau, and phospho-tau levels were evaluated via enzyme-linked immunosorbent assay (ELISA)
(Fujirebio, Ghent, Belgium). The third group included age- and sex-matched subjects that
experienced neurological disorders unrelated to demyelinating inflammatory disorders, stroke,
and neurodegenerative and infective diseases.

3. Results

All tested samples showed detectable amounts of TMAO, in a range between 0.11 and 6.43 µmol/L
(median: 0.665 µmol/L, 95% CI-0.490 to 0.870 µmol/L) (Figure 1).
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Figure 1. Trimethylamine-N-oxide (TMAO) concentrations in human cerebrospinal fluid (CSF).
TMAO was quantified as described in the method section.

Successively, the data were stratified according to the neurological diagnoses following
the analysis of CSF. Demographic data and dementia diagnostic parameters of subjects are shown in
Table 1.



Nutrients 2017, 9, 1053 3 of 4

Table 1. Demographic data and dementia diagnostic parameters.

AD (n = 22) Non-AD (n = 16) Other Neurological Disorders
(n = 20)

Age (years) 69 ± 9 63 ± 8 65 ± 17
Male sex, n (%) 12 (54) 9 (56) 10 (50)
Aβ 1–42 (ng/L) 416 (177–674) 675 *** (288–1540) N.E.

Tau (ng/L) 449 (109–1644) 204 *** (22–564) N.E.
Phospo-Tau (ng/L) 80 (25–742) 33 *** (3–64) N.E.
TMAO (µmol/L) 0.520 (0.32–1.15) 0.710, (0.56–1.50) 0.570, (0.42–1.00)

Data are expressed as mean ± S.D. for normally distributed values or as median (interquartile range) for data
that are not normally distributed. The one way ANOVA test was applied to compare the three groups for
age; the non-parametric two-tailed Mann Whitney test was applied to compare AD and non-AD subjects for
CSF neurobiomarkers. *** p < 0.01 vs. AD. AD: Alzheimer’s disease; non-AD: non-AD related dementia.
N.E.: not evaluated.

As expected, patients with prodromal AD had significantly decreased Aβ 1-42 and increased tau
and phospho-tau in CSF compared to non-AD subjects.

No differences in the actual concentrations of TMAO were observed among the three groups
(one-way ANOVA p = 0.326).

4. Discussion

TMAO has been recently proposed as a novel prognostic marker of cardiovascular events,
given the association of its plasma levels with indexes of atherosclerotic plaque vulnerability [8],
major cardiac events [5], and death [9]. Similarly, it has been associated with other chronic diseases,
such as diabetes [10] and cancer [11], further strengthening the pathological implications of this
microbiota metabolite.

The recognized connections between gut and brain has recently piqued interest in the impact
of diet and microbiota on the functionality of the central nervous system. Up to now, only one work
on lactic acid and short chain fatty acids have revealed how dietary-derived products may exert
(potentially adverse) neurological effects [12].

The present study originates from the hypothesis that TMAO may play a direct role in the central
nervous system. As a preliminary, fundamental aspect, its presence in the CSF needed to be
assessed, and this was the main aim of this short study. A recent work, based on an innovative
microphysiology system hypothesized that TMAO could cross the blood–brain barrier [13], but this
has never been demonstrated in vivo. For the first time, TMAO has been measured in human CSF,
reaching quantifiable levels in all tested samples. Unfortunately, plasma samples from the same subjects
were not available, preventing any correlation analysis between biological fluids. Published data from
large epidemiological studies revealed that TMAO in plasma may fluctuate in a very wide range of
concentrations (0.08–250 µmol/L) and that it is affected by several factors, including dietary intake of
choline and carnitine-containing food, the composition of microbiota, and the activity of FMO3 [2].
The levels we detected are consistent with the hypothesis that a small fraction of liver-derived TMAO
can cross the blood–brain barrier, but we cannot rule out that a fraction of the TMAO detected in CSF
may derive from de novo synthesis, as expression of FMO3 has been detected in the adult brain [14].

In the small tested group of subjects, TMAO levels in CSF are apparently unrelated to
the diagnosed neurological disorders. However, establishing the prognostic value of TMAO is beyond
the scope of this study, so it is not yet possible to draw conclusions on this aspect.

Albeit preliminary, this study introduces an interesting scenario about the actual role of TMAO
in modulating functions of the central nervous system. Future studies in proper in vitro and in vivo
models will address this issue, adding novel pieces to the gut–brain axis puzzle.

Acknowledgments: This work was partially funded by University of Parma core funding (FIL 2014-2017).



Nutrients 2017, 9, 1053 4 of 4

Author Contributions: I.Z. and A.Z. conceived and designed the experiments; P.C. and M.T. performed
the experiments; D.D.R. and F.Z. analyzed the data; I.Z. and D.D.R. wrote the paper; F.Bernini and F.Brighenti
critically reviewed the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lynch, S.V.; Pedersen, O. The human intestinal microbiome in health and disease. N. Engl. J. Med. 2016, 375,
2369–2379. [CrossRef] [PubMed]

2. Cho, C.E.; Caudill, M.A. Trimethylamine-N-oxide: Friend, foe, or simply caught in the cross-fire?
Trends Endocrinol. Metab. 2017, 28, 121–130. [CrossRef] [PubMed]

3. Senthong, V.; Li, X.S.; Hudec, T.; Coughlin, J.; Wu, Y.; Levison, B.; Wang, Z.; Hazen, S.L.; Tang, W.H.W.
Plasma trimethylamine N-oxide, a gut microbe-generated phosphatidylcholine metabolite, is associated
with atherosclerotic burden. J. Am. Coll. Cardiol. 2016, 67, 2620–2628. [CrossRef] [PubMed]

4. Suzuki, T.; Heaney, L.M.; Jones, D.J.L.; Ng, L.L. Trimethylamine N-oxide and risk stratification after acute
myocardial infarction. Clin. Chem. 2017, 63, 420–428. [CrossRef] [PubMed]

5. Li, X.S.; Obeid, S.; Klingenberg, R.; Gencer, B.; Mach, F.; Raber, L.; Windecker, S.; Rodondi, N.; Nanchen, D.;
Muller, O.; et al. Gut microbiota-dependent trimethylamine N-oxide in acute coronary syndromes:
A prognostic marker for incident cardiovascular events beyond traditional risk factors. Eur. Heart J. 2017, 38,
1–11. [CrossRef] [PubMed]

6. Miller, C.A.; Corbin, K.D.; Costa, K.; Zhang, S.; Zhao, X.; Galanko, J.A.; Blevins, T.; Bennett, B.J.; Connor, A.O.;
Zeisel, S.H. Effect of egg ingestion on trimethylamine-N-oxide production in humans: A randomized,
controlled, dose-response study. Am. J. Clin. Nutr. 2014, 100, 778–786. [CrossRef] [PubMed]

7. Dubois, B.; Feldman, H.H.; Jacova, C.; Hampel, H.; Molinuevo, J.L.; Blennow, K.; Dekosky, S.T.; Gauthier, S.;
Selkoe, D.; Bateman, R.; et al. Advancing research diagnostic criteria for Alzheimer’s disease: The IWG-2
criteria. Lancet Neurol. 2014, 13, 614–629. [CrossRef]

8. Fu, Q.; Zhao, M.; Wang, D.; Hu, H.; Guo, C.; Chen, W.; Li, Q.; Zheng, L.; Chen, B. Coronary plaque
characterization assessed by optical coherence tomography and plasma trimethylamine-N-oxide levels in
patients with coronary artery disease. Am. J. Cardiol. 2016, 118, 1311–1315. [CrossRef] [PubMed]

9. Senthong, V.; Wang, Z.; Fan, Y.; Wu, Y.; Hazen, S.L.; Tang, W.H.W. Trimethylamine N-oxide and mortality
risk in patients with peripheral artery disease. J. Am. Heart Assoc. 2016, 5, 1–9. [CrossRef] [PubMed]

10. Dambrova, M.; Latkovskis, G.; Kuka, J.; Strele, I.; Konrade, I.; Grinberga, S.; Hartmane, D.; Pugovics, O.;
Erglis, A.; Liepinsh, E. Diabetes is associated with higher trimethylamine N-oxide plasma levels. Exp. Clin.
Endocrinol. Diabetes 2016, 124, 251–256. [CrossRef] [PubMed]

11. Bae, S.; Ulrich, C.M.; Neuhouser, M.L.; Malysheva, O.; Bailey, L.B.; Xiao, L.; Brown, E.C.;
Cushing-Haugen, K.L.; Zheng, Y.; Cheng, T.Y.D.; et al. Plasma choline metabolites and colorectal cancer risk
in the women’s health initiative observational study. Cancer Res. 2014, 74, 7442–7452. [CrossRef] [PubMed]

12. Galland, L. The gut microbiome and the brain. J. Med. Food 2014, 17, 1261–1272. [CrossRef] [PubMed]
13. Vernetti, L.; Gough, A.; Baetz, N.; Blutt, S.; Broughman, J.R.; Brown, J.A.; Foulke-Abel, J.; Hasan, N.; In, J.;

Kelly, E.; et al. Functional coupling of human microphysiology systems: Intestine, liver, kidney proximal
tubule, blood-brain barrier and skeletal muscle. Sci. Rep. 2017, 7, 42296. [CrossRef] [PubMed]

14. Cashman, J.R.; Zhang, J. Human flavin-containing monooxygenases. Annu. Rev. Pharmacol. Toxicol. 2006, 46,
65–100. [CrossRef] [PubMed]

© 2017 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/10.1056/NEJMra1600266
http://www.ncbi.nlm.nih.gov/pubmed/27974040
http://dx.doi.org/10.1016/j.tem.2016.10.005
http://www.ncbi.nlm.nih.gov/pubmed/27825547
http://dx.doi.org/10.1016/j.jacc.2016.03.546
http://www.ncbi.nlm.nih.gov/pubmed/27256833
http://dx.doi.org/10.1373/clinchem.2016.264853
http://www.ncbi.nlm.nih.gov/pubmed/28062632
http://dx.doi.org/10.1093/eurheartj/ehw582
http://www.ncbi.nlm.nih.gov/pubmed/28077467
http://dx.doi.org/10.3945/ajcn.114.087692
http://www.ncbi.nlm.nih.gov/pubmed/24944063
http://dx.doi.org/10.1016/S1474-4422(14)70090-0
http://dx.doi.org/10.1016/j.amjcard.2016.07.071
http://www.ncbi.nlm.nih.gov/pubmed/27600460
http://dx.doi.org/10.1161/JAHA.116.004237
http://www.ncbi.nlm.nih.gov/pubmed/27792653
http://dx.doi.org/10.1055/s-0035-1569330
http://www.ncbi.nlm.nih.gov/pubmed/27123785
http://dx.doi.org/10.1158/0008-5472.CAN-14-1835
http://www.ncbi.nlm.nih.gov/pubmed/25336191
http://dx.doi.org/10.1089/jmf.2014.7000
http://www.ncbi.nlm.nih.gov/pubmed/25402818
http://dx.doi.org/10.1038/srep42296
http://www.ncbi.nlm.nih.gov/pubmed/28176881
http://dx.doi.org/10.1146/annurev.pharmtox.46.120604.141043
http://www.ncbi.nlm.nih.gov/pubmed/16402899
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results 
	Discussion 

