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he individual human sulfatome in
plasma and urine samples reveals an age-
dependency†

Mário S. P. Correia, a Bhawana Thapa,a Miroslav Vujasinovic,b J.-Matthias Löhrbc

and Daniel Globisch *a

Metabolic microbiome interaction with the human host has been linked to human physiology and disease

development. The elucidation of this interspecies metabolite exchange will lead to identification of

beneficial metabolites and disease modulators. Their discovery and quantitative analysis requires the

development of specific tools and analysis of specific compound classes. Sulfated metabolites are

considered a readout for the co-metabolism of the microbiome and their host. This compound class is

part of the human phase II clearance process of xenobiotics and is the main focus in drug or doping

metabolism and also includes dietary components and microbiome-derived compounds. Here, we

report the targeted analysis of sulfated metabolites in plasma and urine samples in the same individuals

to identify the core sulfatome and similarities between these two sample types. This analysis of 27

individuals led to the identification of the core sulfatome of 41 metabolites in plasma and urine samples

as well as an age effect for 15 metabolites in both sample types.
Introduction

The metabolism of xenobiotics has evolved to efficiently remove
non-endogenous hydrophobic compounds from the human
body.1 The xenobiotic clearance process in humans involves
different enzymatic processes that are classied as phase I and
phase II metabolic conversions.2,3 Phase I modication enzymes
include oxidases such as cytochrome P450 (CYP450) and phase
II modifying enzymes add hydrophilic modications, e.g.
glucuronides, sulfates or amino acids to oxidized compounds.1

These converted metabolites are then cleared from the human
body mostly via excretion through urine.4,5 The main research
interest of phase II modications has been for the metabolism
of drugs, nutritional components, toxins, and doping agents.6–10

Phase II modications have recently also been linked to the co-
metabolism of the gut microbiome with their human host.
Mainly sulfation but also glucuronidation are important
modications for metabolites derived from the co-metabolism
of the microbiome and its host.11–13
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In the past decades, most studies have investigated the
compound class of sulfated metabolites in targeted analyses of
selected metabolites as the investigation of a broad range of
these compounds has been challenging.14,15 We have recently
developed methodologies for the analysis of diverse structures
of sulfated metabolites using enzymatic sample pretreatment
for investigation of urine samples and enzymatic treatment to
specically identify metabolites with a difference in m/z of
79.9568 Da.11 Our arylsulfatase-based method has been devel-
oped to identify sulfated aromatic metabolites in different
studies, which led to identication of more than 230 sulfated
metabolites with structures validated at different condence
levels.16,17 Determination of the metabolite structure (metabo-
lite ID) at level 1 requires a synthetic standard for UPLC-MS/MS
co-injection experiments, level 2 validation matches the mass
spectrometric fragmentation pattern of a metabolite with
a fragmentation pattern in databases, metabolites at level 3
identied a potential metabolite structure that contains
a sulfate ester and solely the presence of a sulfate ester was
classied at level 4. We have recently developed a targeted
sulfated metabolome (sulfatome) analysis for urine samples of
a dietary intervention study, for which we have generated
a reference library of 252 sulfated metabolites including more
than 70 synthetic sulfates.18 This library can now be used for
quick and efficient identication of sulfated metabolites in
other sample cohorts as well as any sample matrix.

In the present study, we have utilized this sulfate library for
investigation of plasma and urine samples collected from the
same individuals. This analysis provides the sulfatome
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Information of investigated human samples

Group I Group II Group III

Age 38–49 50–59 60–75 Total
Participants 7 10 10 27
(%) 25.93 37.04 37.04
Average 43.5 53.2 67.4
Standard deviation 3.8 1.7 3.5
Female 6 3 6 15
Male 1 4 4 9
No information
provided

0 3 0 3
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View Article Online
composition of plasma samples from 27 individuals for the rst
time. We have determined the metabolite proles for the core
sulfatome at an individual level in both matrices and identied
an age effect for a series of sulfated metabolites in this cohort.
Based on this analysis and our in-house library of sulfated
metabolites, we provide new correlations of the phase II
metabolism of xenobiotics for urine and plasma samples as well
as new insights in the co-metabolism of themicrobiome with its
host.

Experimental section
Reagents and chemicals

All reagents and solvents were purchased from Sigma-Aldrich or
Fischer Scientic and were used without further purication.
Mass spectrometry grade solvents were used for UHPLC-ESI-MS
analysis. Solutions were concentrated in vacuo on a Speedvac
Concentrator Plus System (Eppendorf, Hamburg, Germany).
High-resolution mass spectra were acquired on a SYNAPT G2-S
High-Denition Mass Spectrometry (HDMS) using an electro-
spray ionization (ESI) source with an ACQUITY UPLC I-class
system and equipped with a Waters ACQUITY UPLC® HSS T3
column (2.1 mm, 100 � 1.8 mm).

Sample preparation

An internal standard (10 ml; 13C9-tyrosine – 10 mg ml�1) was
added to each plasma and urine samples aliquot (50 ml) for
normalization. LC-MS grade methanol (240 ml) was added and
the mixture was vortexed before being cooled to �20 �C for 1 h.
Themixture was then centrifuged (5min, 18 620 g, 4 �C) and the
supernatant isolated. The solvents were removed under reduced
pressure, and the residue re-dissolved in a solution of acetoni-
trile in water (50 ml, 5% MeCN/H2O) and transferred to LC-MS
vials prior to mass spectrometric analysis.

UPLC-MS analysis

Mass spectrometric analysis was performed on an Acquity UPLC
system connected to a Synapt G2 Q-TOF mass spectrometer,
both from Waters Corporation (Milford, MA, USA). The system
was controlled using the MassLynx soware package v 4.1, also
from Waters. The separation was performed on an Acquity
UPLC® HSS T3 column (1.8 mm, 100 � 2.1 mm) from Waters
Corporation. The mobile phase consisted of (A) 0.1% formic
acid in Milli-Q water and (B) 0.1% formic acid in LC-MS-grade
methanol. The column temperature was 40 �C with the
gradient: 0–2 min, 0% B; 2–15min, 0–100% B; 15–16 min, 100%
B; 16–17min, 100–0% B; 17–21min, 0% B, with a ow rate of 0.2
mL min�1. The samples were introduced into the q-TOF using
negative electrospray ionization. The capillary voltage was set to
�2.50 kV and the cone voltage was 40 V. The source temperature
was 100 �C, the cone gas ow 50 L min�1 and the desolvation
gas ow 600 L h�1. The instrument was operated in MSE mode,
the scan range was m/z ¼ 50–1200, and the scan time was 0.3 s.
In low energy mode, the collision energy was 10 V and in high
energy mode the collision energy was increased from 25 to 45 V.
A solution of sodium format (0.5 mM in 2-propanol : water,
© 2021 The Author(s). Published by the Royal Society of Chemistry
90 : 10, v/v) was used to calibrate the instrument and a solution
of leucine–encephalin (2 ng mL�1 in acetonitrile: 0.1% formic
acid in water, 50 : 50, v/v) was used for the lock mass correction
at an injection rate of 30 s.
Data analysis

Step 1. Data analysis was performed using the XCMS
metabolomics soware package under R (version 1.4.414). The
results were processed in Excel 2016 and potential sulfate esters
were identied using the following criteria compared with our
previously compiled sulfated metabolite library of level 1 and
level 2 validated metabolites:11,16,18,19 (i) mass error <20 ppm and
(ii) retention time difference <0.1 min. The sulfate esters were
conrmed by MS/MS fragmentation experiments. In low energy
mode, the collision energy was 10 V and in high energy mode
the collision energy was ramped from 30 to 40 V.

Step 2. Data analysis was performed using the XCMS
metabolomics soware package under R (version 1.1.414).20 A
list of mass spectrometric features was obtained with m/z,
retention time and peak area information.
Ethical approval

Plasma and urine samples were obtained from high-risk
pancreatic cancer patients in accordance with the World
Medical Association Declaration of Helsinki and all patients
gave written informed consent. Approval for the study was ob-
tained from the ethical committee at Karolinska University
Hospital (ethical approval number: Dnr2017/290-31). Plasma
and urine samples were collected using routine clinical collec-
tion protocols and all patient codes have been removed in this
publication. All samples were stored at �80 �C.
Results and discussion
Sulfated metabolite identication

We sought to investigate the individual sulfatome composition
in plasma and urine samples using our comprehensive
compound library of 252 sulfated metabolites (Table S1†). This
library is mainly composed of sulfated phenolic and other
aromatic compounds as two different arylsulfatases were used
for their discovery in human samples.16 To obtain an overview of
the sulfate distribution, we have collected plasma and urine
RSC Adv., 2021, 11, 34788–34794 | 34789
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Fig. 1 Method overview for the targeted sulfatome analysis in urine and plasma samples collected from the same individuals.
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View Article Online
samples from 27 individuals. The distribution of the sample
metadata including age and biological sex is detailed in Table 1.
Both sample types were extracted separately according to stan-
dard protocols and analyzed by ultra-performance liquid chro-
matography coupled with tandem mass spectrometry (UPLC-
MS/MS, Fig. 1). The collected mass spectrometric data was
analyzed with the XCMS framework in R for peak picking,
alignment and integration.20,21 Metabolite ID was initially per-
formed by comparison of our in-house library of sulfated
metabolites with the data output from the XCMS analysis. The
criteria for metabolite identication were set to (i) mass error
<20 ppm and (ii) retention time <0.1 min. Due to the different
matrix effects in human samples, chemical structures for hits
that did not t the retention time requirements were addi-
tionally validated via mass spectrometric fragmentation
experiments.
Fig. 2 Identification of sulfated metabolites in human samples. (A)
Confidence levels of identified sulfates in urine and plasma. (B)
Metabolite classification according to the chemical structure. (C)
Indoles identified in urine (yellow) and plasma (red). (D) Diverse scaf-
fold molecules identified in urine and plasma. (E) Comparison between
the metabolites identified in HMDB (blue) and urine (yellow) according
to level of validation. (F) Comparison betweenmetabolites identified in
HMDB (blue) and plasma (red).
Sulfated metabolite classes

Our analysis identied more sulfated metabolites at the highest
two condence levels (1 + 2) in both sample types (Fig. 2A). In
addition, the total number of sulfates detected was 161 in urine
samples and 71 in plasma samples. In urine, more than half
(91) were identied at either levels 1 or 2 and 70 at levels 3 + 4.
On the other hand, in plasma 52 metabolites were detected and
their structure determined at level 1 + 2 as well as 19 at level 3 +
4. This result is in accordance with literature, as urine is the
major biouid for the excretion of metabolites including phase
II modied metabolites with higher hydrophilicity.22 As an
additional explanation, plasma samples represent a snapshot of
the subjects' ongoing metabolism, whereas urine contains the
accumulated end products aer excretion.22 Furthermore, the
concentration of the majority of sulfated metabolites is also
expected to be lower in plasma.

As most of the sulfated metabolite structures were validated
with high structural condence (levels 1 + 2), we determined
the specic metabolite classes that these compounds belong
to. The 91 urine metabolites and 52 plasma metabolites were
divided into four major metabolite classes: (i) polyphenols; (ii)
indoles; (iii) heterocycles; and (iv) diverse scaffolds. The
distribution of metabolite classes was similar in both matrices
(Fig. 2B). Metabolites classied as (poly)phenols contain one
or more phenolic hydroxyl groups in the scaffold. This
compound class expectedly made up more than 50% in each
34790 | RSC Adv., 2021, 11, 34788–34794
sample type as these metabolites are mostly cleared as phase II
modications. Classied as indoles were compounds that
contain an indole scaffold. These analogues are mostly derived
from microbiome metabolism and were found with equal
numbers in both matrices.23,24 A second regioisomer of indoxyl
sulfate was detected in plasma samples and methyl
dioxindole-3-acetate sulfate was only present in urine (Fig. 2C).
The three heterocycle sulfates present in both urine and
plasma samples were pyridine-2-yl sulfate, cytosine sulfate and
5-methylcytosine sulfate (Fig. 2D). Quinolone-4,8-diol sulfate
was only present in urine samples. We nally categorized
a series of metabolites as ‘diverse scaffolds’ that did not t in
any of the other three categories. In this group, almost twice as
many metabolites were identied in urine (27) when compared
with plasma (15). For example, aminophenol sulfate, tyramine
sulfate and tyrosine sulfate were detected in both investigated
sample types, while sulfate conjugates of 4-cyanophenyl, N-
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05994g


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

1/
03

/2
02

6 
18

:3
7:

46
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
acetylgalactosamine or nigellic acid were only present in urine
samples.

To identify the metabolite coverage of this study, we
compared our results with the sulfated metabolites reported in
the largest human metabolite database, HMDB.25 This is an
important factor as this database is commonly used to match
the metabolite hits in global metabolomics analyses. We
systematically searched for metabolites in HMDB (urine and
plasma) based on one of these partial names: (i) –sulfate suffix;
(ii) –sulphate suffix; (iii) sulfooxy prex. Duplicate metabolites
in this database search were removed. Comparison of the total
number of metabolites identied in urine samples is similar to
the number of metabolites detected in HMDB (161 vs. 165/
Fig. 2E). In plasma samples our analysis led to a smaller
number of metabolites in comparison with HMDB (71 vs. 140/
Fig. 2F). Consideration of metabolites at levels 1 and 2 with
complete structural information were compared with metabo-
lites in HMDB. A large number of sulfates described in HMDB
were not detected in the investigated samples. Reasons for this
difference are that several sulfates described in HMDB are
aliphatic or regioisomers of sulfates validated with our library.
An additional factor is that most of these metabolites were
discovered in targeted analyses from independent studies. In
most cases these were focused on drug metabolism and
metabolites were thus better detected due to higher
concentrations.
Fig. 3 Colour-coded presentation of 65 sulfated metabolites present
Metabolites are listed according to their molecular weight. High-resolutio
metabolite structure.

© 2021 The Author(s). Published by the Royal Society of Chemistry
The core sulfatome prole

We identied 65 sulfates common in both urine and plasma
samples (Fig. 3). Metabolite distribution on an individual level
was investigated and metabolites were considered to be present
above a threshold of 15 000 ion counts to ensure a sufficient
signal-to-noise (S/N) ratio for validation of metabolite peaks.
The rst interesting observation is the fact that the common
sulfates between plasma and urine are present in almost all
urine samples at least present more than 80% of individuals.
These can be considered the human urine core sulfatome. This
is in contrast to plasma samples, where the distribution of
sulfates differs individually. We identied 27 metabolites that
are present in all subjects and both biological samples. An
additional 14 metabolites were detected in both plasma and
urine samples in more than 80% of individuals. With this high
presence in both main human sample types, we consider these
41 compounds as the human core sulfatome. The other 24
metabolites were mostly present in urine samples but were
present in plasma samples on an individual level. Only in rare
cases, we observed that a sulfated metabolite was individually
present in plasma and not detected in urine. Smaller sulfates
such as conjugates of aminophenol, resorcinol, hydroquinone,
and 4-vinylphenol were present in all urine samples, but
inconsistently distributed in the investigated plasma samples.
This was also identied for hippuric acid sulfate as well as for
(blue) or absent (red) in plasma and urine samples in all individuals.
nmass values are provided for sulfatedmetabolites with an unidentified

RSC Adv., 2021, 11, 34788–34794 | 34791
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the two regioisomers acetamidophenol and 2-hydrox-
yacetamidophen. Metabolites with a higher molecular weight
were also in general detect in almost all urine samples but
individually detected in plasma samples.

Several compounds that are present in all investigated
samples of both sample types include phenol sulfate, p-cresol
sulfate, isoferulic acid sulfate, and indoxyl sulfate. Interestingly,
all four metabolites are known products of host and micro-
biome co-metabolism.11,12,16,26 These sulfates can thus be
considered as universal metabolites for the investigation of the
metabolic interplay between host and gut microbes.27 Further-
more, these compounds have also been linked to disease
development.28–30
Sulfate distribution – age and biological sex

We next investigated the age and biological sex effect on the
sulfatome in these 27 subjects (Table 1). To compare the sulfate
distribution and perform a differential analysis, we divided the
subjects into three distinct age categories: (i) 38–49 years (group
I); (ii) 50–59 years (group II); (iii) 60–75 years (group III). The
number of total patients in these three groups is similar with an
average age of 54.8 � 10.0 years. For this analysis, the data was
autoscaled in Metaboanalyst.31 The distribution of these
subjects across the two main components in the principal
component analysis (PCA) for urine (Fig. 4A) and plasma
(Fig. 4D) did not yield a clear separation in this unsupervised
multivariate analysis across the three age groups. However,
some tendencies were common for the plasma and the urine
sulfatome. The younger age group clusters closer together than
the two other groups. We hypothesize that this could indicate
Fig. 4 Age effect of the sulfatome. (A) Principal component analysis fo
stratification of the samples for the top 25 sulfated metabolites in urine
altered in urine for each age group. (D) Principal component analysis for
stratification of the samples for the top 25 sulfated metabolites in plasm
altered in plasma for each age group. (C and F) Student's t-test; p-value

34792 | RSC Adv., 2021, 11, 34788–34794
that at a younger age the sulfatome is more stable than at
a higher stage in life, while other factors such as the diet or
lifestyle of the subjects are unknown. The heatmaps for both
sample types with the top 25 sulfated metabolites based on the
one-way ANOVA test separates the majority of samples from the
oldest age group in urine demonstrated by the highest values
for these compounds (Fig. 4B). This clear clustering by one
group was not observed in plasma (Fig. 4E). The inuence of age
on the sulfate content is demonstrated for eight metabolites for
urine (Fig. 4C) and plasma (Fig. 4F). The four most altered
metabolites based on a one-way ANOVA test for urine sulfates
are aminohydroxyphenyl sulfate, pyrogallol sulfate as well as
two regioisomers of 5,6-dihydroxyindole sulfate 1 and 2.
Signicantly increased quantities for these sulfate metabolites
were observed in older subjects. The full description of the
statistical analysis performed for urine samples is described in
Table S2.†

The same tendency was observed for the four plasma
metabolites 4-hydroxybenzoic acid sulfate, 3-hydroxy-5-
methoxyphenyl sulfate, hydroquinone sulfate, and 2-amino-
phenol sulfate. The post testing enumerates statistically
signicant differences between age group I and age group III for
4-hydroxybenzoic acid sulfate and 3-hydroxy-5-methoxyphenyl
sulfate (details in Table S3†). Hydroquinone sulfate was
altered statistically signicantly between groups II and III. 2-
Aminophenol sulfate is consistent with the tendency veried for
the other three metabolites. However, statistical signicance
evaluation obtained for these comparisons were slightly above
the signicance threshold (group I vs. group III – p ¼ 0.0537;
group II vs. group III – p ¼ 0.0592).
r the three age groups I, II and III for urine samples. (B) Heatmap with
. (C) Dot plots of mass spectrometric values for the top 4 metabolites
the three age groups I, II and III for plasma samples. (E) Heatmap with
a. (F) Dot plots of mass spectrometric values for the top 4 metabolites
s: * – >0.05; ** – >0.01; *** – >0.001; ns – not significant.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In total, we identied 12 signicantly altered metabolites in
urine and 5metabolites in plasma. The two metabolites p-cresol
sulfate and 4-hydroxybenzoic acid sulfate were upregulated in
both sample types at a higher age. Further investigation in
larger cohorts should be performed to validate these concen-
tration differences for these metabolites with age. Noteworthy,
no biological sex differences were observed for sulfated
metabolites in either sample type (Fig. S1, Tables S4 and S5†). A
Pearson correlation test between age and all metabolite levels
was performed to further increase the condence on the
observed alterations for urinary (Table S4†) and plasma samples
(Table S5†). All metabolites described in Fig. 4C and E were also
signicantly positive correlation with age in this statistical
analysis.

Our ndings of this sulfatome study are consistent with
reports on single metabolites described previously. A study by
Swann et al. found that the microbial metabolite p-cresol sulfate
is increased in older subjects in an American and a Taiwanese
population cohort.32 In our study, this molecule was found to
also be altered in older subjects in urine. This tendency is also
visible for the analysis of p-cresol sulfate in plasma samples
(one-way ANOVA p-value ¼ 0.0492). In another example,
concentrations of the unconjugated metabolite 4-hydrox-
ybenzoic acid were described to be inversely correlated with
age.33 We identied that hydroxybenzoic acid sulfate was
increased with age, which is surprising but concentrations of
the sulfated conjugate can differ compared to their aglycon.34

While phenol sulfate was increased at an older age in a Japanese
male cohort study, we determined unaltered levels of this
metabolite.35 This inconsistent observation can be a result of
many factors including dietary preferences, genetic or meta-
bolic differences.16 In a separate study, the two metabolites
indoxyl sulfate and p-cresol sulfate were increased in subjects
older than 65.36 Our data analysis also identied several sulfated
indole-containing metabolites that were age-dependently
altered in both sample types.

Conclusions

In this study, we report the individual sulfated metabolome for
27 volunteers in plasma and urine samples. Our ndings from
the mass spectrometric analysis reveal clear differences in the
sulfated metabolite content in urine and plasma samples.
Furthermore, we provide the rst prole of the human core
sulfatome, composed of 41 metabolites that are present in both
sample types that also include microbiome-derived metabo-
lites. In this cohort, we also identied an age-effect for 12
compounds in urine and 5 in plasma, while we did not observe
any signicantly altered biological sex differences. This core
sulfatome can be used for monitoring physiological changes,
dietary intervention as well as the co-metabolism of the
microbiome with humans.
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