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ARTICLE INFO ABSTRACT

Keywords: Background: Hydrogen sulfide (H2S) is established as the third gaseous signaling molecule and is known to be
Down syndrome (DS) overproduced in down syndrome (DS) due to the extra copy of the CBS gene on chromosome 21, which has been
Trimethylsulfonium suggested to contribute to the clinical manifestation of this condition. We recently discovered trimethylsulfonium
;I};::)rst;gl:ant:ulﬁde (TMS) in human urine and highlighted its potential as a selective methylation metabolite of endogenously

produced HsS, but the clinical utility of this novel metabolite has not been previously investigated. We hy-
pothesize that the elevation of HyS production in DS would be reflected by an elevation in the methylation
product TMS.

Methods: To test this hypothesis, a case-control study was performed and the urinary levels of TMS were found to
be higher in the DS group (geo. mean 4.5 nM, 95 % CI 2.4-3.9) than in the control (N) group (3.1 nM, 3.5-6.0), p-
value 0.01, whereas the commonly used biomarker of hydrogen sulfide, thiosulfate, failed to reflect this alter-
ation in HyS production (15 uM (N) vs. 13 uM (DS), p-value 0.24.

Results: The observed association is in line with the proposed hypothesis and provides first clinical evidence of
the utility of TMS as a novel and more sensitive biomarker for the endogenous production of the third gaseous
signaling molecule than the conventionally used biomarker thiosulfate, which is heavily dependent on bacterial
hydrogen sulfide production.

Conclusion: This work shows that TMS must be explored in clinical conditions where altered metabolism of
hydrogen sulfide is implicated.

Third gaseous signaling molecule

cysteine, namely, cystathionine beta synthase (CBS), cystathionine
gamma lyase (CSE), and cysteine aminotransferase (CAT) [2,3] (Fig. 1).

1. Introduction

The view that hydrogen sulfide is merely a toxic gas has been shifting
rapidly since the finding that this compound acts as a signaling molecule
that serves functions as significant to human health as those of nitric
oxide and carbon monoxide [1].

The third gaseous signaling molecule is produced in various tissues in
the human body through the action of three enzymatic activities on
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In addition, it has been reported that hydrogen sulfide can also be
produced from cysteine through non-enzymatic reactions involving iron
and pyridoxine [4]. There is a need for a selective biomarker that pre-
dominantly reflects the levels of endogenously produced hydrogen sul-
fide in tissues. We previously identified the sulfur methylation product
trimethylsulfonium (TMS) as a natural metabolite consistently excreted
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in human urine [5]. TMS is produced by the enzyme thioether S-meth-
yltransferase (also called indolethylamine N-methyltransferase) from
dimethylsulfide, which can be produced through successive methylation
of hydrogen sulfide [6] (Fig. 1). Therefore, TMS appears to be a prom-
ising biomarker of hydrogen sulfide. However, the utility of this com-
pound as a biomarker in medical conditions is yet to be investigated.

Down syndrome (DS) is a common genetic disorder in which children
are born with an additional copy of chromosome 21. Therefore, key
genes carried on this chromosome can be overexpressed in DS and this
has been demonstrated by gene-expression studies [7]. Among these
genes is the cystathionine f-synthase (CBS) which encodes a pivotal
enzyme for the endogenous production of hydrogen sulfide [8,9]. The
resulting overproduction of hydrogen sulfide in DS is well-known [10],
and has been suggested to contribute to the neurological and metabolic
alterations associated with this disorder [11].

In this work, we hypothesize that overproduction of endogenous
hydrogen sulfide in DS patients would lead to an increase in the pro-
duction and urinary excretion of TMS, serving as first evidence for the
response of TMS to a medical condition involving altered hydrogen
sulfide production and supporting its utility as a hydrogen sulfide
biomarker.

2. Materials and Methods

The study population consisted of 58 children with DS (age (mean +
SD): 12.7 + 5.9 yo, 23 females and 35 males, BMI 22 + 4) and 48
controls (14.4 + 7.1 yo, 16 females and 32 males) including siblings of
subjects with DS and without evidence of abnormal karyotype. The
subjects were recruited from the Neonatology Unit, IRCCS Sant’Orsola-
Malpighi Polyclinic, Bologna, Italy, in the context of routine follow up
provided for DS. Residents were of European descent (i.e. Caucasian)
and most were residents of the city of Bologna, Italy. The study was
performed in accordance with the declaration of Helsinki and the
medical ethics approval was obtained from the ethical committee of the
Hospital - University of Bologna Policlinico S. Orsola-Malpighi Italy
(number: 39/2013/U/Tess) and the university of Graz (GZ. 39/107/63).
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Preanalytical treatment of urine samples followed standard oper-
ating procedure [12]. Urine samples were collected in a sterile plastic
cup with lid and kept refrigerated at + 4 °C if immediate processing was
not possible. The samples were prepared within two hours of collection
by transferring to a new tube and centrifugation at 2500 g for 5 min at +
4 °C (refrigerated centrifuge). After centrifugation, filtration by 0.20 um
cut-off filter was performed to avoid contamination of the metabolome
with soluble molecules derived from cellular components. The prepared
urine was transferred to sterile cryovials in 1.0 mL aliquots and stored at
—80 °C until analysis.

Urine was analyzed for TMS, thiosulfate, and cystine according to the
method developed and validated as previously described [13]. Briefly,
the method was based on liquid chromatography coupled with elec-
trospray ionization tandem mass spectrometry (UHPLC-ESIMS/MS). An
Agilent 1260 Infinity II LC system was employed for chromatographic
separation performed on a Zorbax Eclipse Plus C18 RRHD column (50
mm x 2.1 mm, 1.8 um particle size. Detection was performed using a
triple quadrupole Ultivo® LC/TQ system (Agilent Technologies, Wald-
bronn, Germany) operated in the multiple reaction monitoring mode
[13].

After thawing at room temperature, urine samples were mixed and
filtered through a 13 mm Nylon 66 syringe filter with a pore size of 0.22
um (BGB Analytik GmbH, Germany), before transfer to 0.7 mL poly-
propylene HPLC vial and injection into the HPLC system. For TMS and
cystine, the mobile phase consisted of 95 % of 0.2 % (v/v) hepta-
fluorobutyric acid and 5 % acetonitrile. For thiosulfate, a mobile phase
containing 90 % of 0.2 % (v/v) heptafluorobutylamine (adjusted to pH
4.0 with formic acid) and 10 % methanol was used for isocratic
separation.

Isotopically labelled internal standards were employed to compen-
sate for matrix effects, namely, deuterated cystine (Cys-d4), deuterated
TMS (TMS-dg), and thiosulfate-3*S. Solutions of the isotopically labeled
internal standards were co-injected with the samples and standards
using the LC autosampler. Mass transitions corresponding to qualifier
and quantifier ions of the target analytes and the isotopically labeled
internal standards were monitored as previously described [13].
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Fig. 1. Hydrogen sulfide metabolism in humans. Three enzymatic activities contribute to the production of hydrogen sulfide from the amino acid cysteine in humans.
Excess hydrogen sulfide is oxidized or methylated. 3-MPST, 3-mercaptopyruvate sulfurtransferase; CAT, cysteine aminotransferase; CSE, cystathionine y-lyase; CBS,

cystathionine p-synthase; INMT, Indoleethylamine N-methyl transferase; METTL7B,

methyltransferase-like 7B (thiol S-methyltransferase).



F. Antonaros et al.

The trimethylselenonium (TMSe) production phenotype was deter-
mined by measuring urinary concentrations of TMSe with HPLC-ICPMS/
MS. A YMC Triart C18 column (50 mm X 2.1 mm) was used for chro-
matographic separation performed in isocratic mode using a mobile
phase composed of 20 % of 1,2 hexanediol, 40 % of 1 % v/v per-
fluorohexanoic acid pH 9.0 (adjusted with ammonia) and 40 % water at

A. B.
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amobile phase flow rate of 0.4 mL min~! and column temperature of 40°
C. Element-selective detection was performed using Agilent 8900
ICPMS/MS system (Waldbronn, Germany) at m/z 80 — 96 using oxygen
as a reaction gas (0.3 mL min’l). The limit of detection (LOD) was 0.05
pg Se L' and TMSe non-producers, denoted by (-) in the present report,
did not show detectable levels, whereas all TMSe producers (+) (ca. 25
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Fig. 2. The influence of trimethylsulfonium (TMS) production phenotype on the urinary levels of the investigated metabolites. The trimethylselenonium (TMSe)
status is indicated by (+) for TMSe producers and (-) for TMSe non-producers. The data is shown as the geometric mean and its confidence interval (95 % CI).
Individual points represent concentrations in the individual samples measured, adjusted to specific gravity. Graphs A, D, G represent comparisons based on the total
pool of samples. Graphs B, E, and H represent control samples and graphs C, F, I represent Down syndrome samples.
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% of the overall study population) displayed urinary levels > 20-fold
above LOD, generally > 1.0 pg Se L1

To account for variability in fluid intake, all measured concentra-
tions were adjusted according to specific gravity which serves as a
simple and equally reliable alternative to creatinine measurement [14].

3. Results

The urinary concentrations of the three metabolites under investi-
gation in the present study were statistically examined. The data was
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found to follow a lognormal distribution and therefore urinary con-
centrations were transformed into their log values before performing
statistical tests that assume normality. Furthermore, the assumption of
equal variances was examined with an F-test and unequal variances
were found between the DS and control groups for TMS (p-value 0.047)
and therefore in this case a Welch’s corrected t-test was used instead of a
t-test.

The association between TMSe status (denoted by (+) for TMSe
producers and (-) for TMSe non-producers, for details see discussion
section) and the urinary levels of cystine, thiosulfate, and TMS was
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Fig. 3. The urinary concentrations of trimethylsulfonium (TMS), cystine, and thiosulfate in the Down syndrome and control groups. For trimethylsulfonium, the
controls and Down syndrome (DS) patients were classified according to the TMSe production phenotype indicated by (+) and (-), for TMSe producers, and TMSe non-
producers, respectively. The data is shown as the geometric mean and its confidence interval (95 % CI). Individual points represent concentrations in the individual
samples measured, adjusted to specific gravity. The difference between geometric means in the control and DS group with regard to the TMSe low producers
subgroup is statistically significant (one-tailed p-value 0.013, Welch’s corrected t-test).
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investigated (Fig. 2). A clear association between TMS levels and TMSe
status was observed in both groups (control and DS) as well as in the
total pool of samples (Fig. 2A-C), p-value < 0.001, whereas no associa-
tion was found for thiosulfate and cystine (Fig. 2D-I).

Therefore, the subjects in DS and control groups were sub-grouped
according to their TMSe production phenotype (Fig. 3A, B). In both
subgroups, the urinary levels of TMS were higher in the DS group than in
the control group (see Supplementary Table S1). However, the differ-
ence was statistically significant only in the larger size TMSe non-
producers (-) subgroup (one-tailed p-value 0.013, Welch’s corrected t-
test). By contrast, no statistically significant association was found be-
tween the urinary levels of thiosulfate or cystine and down syndrome
(Fig. 3C, D).

4. Discussion

In their search for the enzyme responsible for the production of
TMSe, which was at the time thought to be the primary detoxification
product of selenium in mammals including humans, Mozier et al. iso-
lated the enzyme thioether S-methyltransferase (also called indolethyl-
amine N-methyl transferase) from mouse lung [15] and demonstrated its
capability to add a third methyl group to the dimethylated forms of three
elements which belong to group 6A of the periodic table and therefore
share similar chemical properties, namely, dimethylsulfide, dime-
thylselenide, and dimethyltelluride, converting these to the cations tri-
methylsulfonium  (TMS), trimethylselenonium (TMSe), and
trimethyltelluronium (TMTe).

Although the occurrence of TMSe in human urine was well-known
[16,17], the presence of TMS in human urine was not previously re-
ported. In 2016, we developed a sensitive analytical method to establish
its presence in humans and found that this metabolite is produced
naturally and excreted consistently at low nanomolar concentrations in
human urine [5]. The exact origin of TMS in humans is unknown.
However, given that the precursor dimethylsulfide can arise from suc-
cessive methylation of hydrogen sulfide through the action of thiol S-
methyltrasferases [18], it is plausible that TMS can be a biomarker of
hydrogen sulfide levels.

Major inter-individual variability (up to 100-fold) in the urinary
levels of TMSe has been consistently observed over the past two decades
and humans were classified into two distinct groups referred to as “TMSe
producers” and “TMSe non-producers” with a ratio of about 1:3 in the
European population [19]. This variability has been largely explained by
genetic polymorphisms in the gene encoding the enzyme responsible for
the production of TMSe and TMS, thioether S-methyl transferase (also
called indolethylamine N-methyltransferase, INMT, NCBI Gene ID:
11185) [20]. Indeed, we previously found that the TMSe phenotype was
also associated with inter-individual variability in TMS production, even
though the variability was less profound for TMS (5-10 fold) as that for
TMSe [21]. For this reason, any attempt to interpret the levels of TMS as
a biomarker must consider this genetic variability and therefore we
determined the TMSe phenotype in the current study according to the
method previously described [21]. In accordance with our previous
report, the urinary levels of TMS were ca. 10-fold higher in the “TMSe
producers” than that in the “TMSe nonproducers” group (Supplemen-
tary Table S1). However, the TMSe phenotype did not influence the
urinary levels of the oxidation biomarker of hydrogen sulfide thiosulfate
or the precursor of natural hydrogen sulfide production cystine (Fig. 2).

After subgrouping according to the TMSe phenotype, the urinary
levels of TMS in the Down syndrome group were higher than those in the
control group (Fig. 3A & B) and the results were statistically significant
(one-tailed p-value 0.013, Welch’s corrected t-test) in the larger “TMSe
non-producers” group (Fig. 3B). This is in line with our hypothesis that
higher hydrogen sulfide production in DS due to the extra copy of the
CBS gene on the 21st chromosome can lead to higher TMS production.
This is the first clinical evidence of the response of TMS to a medical
condition involving altered hydrogen sulfide metabolism. Moreover,
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elevated hydrogen sulfide in DS has been reported to contribute to the
clinical features of this condition [11] and it is plausible to assume that
the above-mentioned inter-individual variability in TMS production
may lead to inter-individual variability in hydrogen sulfide accumula-
tion which may in turn lead to inter-individual variability in the clinical
presentation in DS.

This is not the first time a hydrogen sulfide biomarker is investigated
in DS. Belardinelli et al., reported the urinary levels of the conventional
hydrogen sulfide biomarker thiosulfate in 17 DS patients and 17 con-
trols, and indeed a statistically significant 2-fold increase in thiosulfate
in DS was observed [22]. However, this is in contrast with the findings in
the present study which included a larger sample size, where similar
urinary levels of thiosulfate were observed between the DS (13 uM) and
control (16 pM) groups, and the results were not statistically significant
(p-value 0.17).

A closer look at the production routes for hydrogen sulfide in humans
may explain the discrepancy in response between TMS and thiosulfate in
DS. The human colon is colonized by sulfate-reducing bacteria which is
responsible for high level of hydrogen sulfide exposure [23]. High
enzymatic activity of sulfide oxidation to thiosulfate serves as the main
detoxification mechanism against this exposure and the micromolar
concentrations of this oxidation biomarker (Supplementary Table S1) in
urine are in line with the previously reported micromolar concentrations
of free hydrogen sulfide (up to 40 uM [23]) in the colon. In contrast,
methylation activity of hydrogen sulfide in the colonic mucosa was re-
ported to be low [24]. Therefore, thiosulfate appears to reflect the
bacterial exposure to hydrogen sulfide to a far greater extent than TMS.
In fact, TMS levels in urine occur in the nanomolar range (Supplemen-
tary Table S1) which is interestingly commensurate with the previously
reported steady-state nanomolar concentrations of hydrogen sulfide in
mammalian tissues (10-20 nM in mouse liver and brain) [24]. In other
words, it can be speculated that TMS is a more selective biomarker of
enzymatically produced hydrogen sulfide which acts as a gaseous
signaling molecule in tissues.

In conclusion, the present study shows the first evidence of the
response of TMS to clinical overproduction of hydrogen sulfide in
humans. The discrepancy in behavior between TMS and the conven-
tional biomarker thiosulfate suggests that TMS might be a more sensitive
and selective biomarker. Future work will involve establishing the
utility in various medical conditions other than DS involving altered
hydrogen sulfide biochemistry.
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