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Highlights

Targeted screening approach (PIS 97) was applied to monitor sulfate-based lipids in biofluids

•

Sulfate-based lipids (SL) in lipid extracts included steroid sulfates, sulfoglycolipids and other

PT

unidentified SL.
•
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collected through non-invasive and minimally invasive procedures and cells.

Other sulfate-based compounds included N-acyl taurine, hypurate conjugates, and polyphenol
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metabolites.

Lipid extracts exhibit a heterogeneous distribution of SL across human fluids and cells.

•

Sulphur/phosphorous estimates show seminal fluid and epithelial cells are highly enriched in

A

•

SL

Abstract

2

Sulfate-based lipids (SL) have been proposed as players in inflammation, immunity and
infection. In spite of the many biochemical processes linked to SL, analysis on this class of lipids has
only focused on specific SL sub-classes in individual fluids or cells leaving a range of additional SL
in other biological samples unaccounted for.
This study describes the mass spectrometry screening of SL in lipid extracts of human fluids
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(saliva, plasma, urine, seminal fluid) and primary human cells (RBC, neutrophils, fibroblasts and skin
epidermal) using targeted precursor ion scanning (PIS) approach. The PIS 97 mass spectra reveal a

SC
R

wide diversity of SL including steroid sulfates, sulfoglycolipids and other unidentified SL, as well as

metabolites such as taurines, sulfated polyphenols and hypurate conjugates. Semi-quantification of SL
revealed that plasma exhibited the highest content of SL whereas seminal fluid and epithelial cells

U

contained the highest sulphur to phosphorous (S/P) ratio.

N

The complexity of biofluids and cells sulfateome presented in this study highlight the

A

importance of expanding the panel of synthetic sulfate-based lipid standards. Also, the heterogenous

M

distribution of SL provides evidence for the interplay of sulfotransferases/sulfatases opening new
avenues for biomarker discovery in oral health, cardiovascular, fertility and dermatology research

PT

ED

areas.

Abbreviations: CE, collision energy; EPI, enhanced product ion; LLE, liquid-liquid extraction; NAT,
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n-acyl taurines; PIS, product ion scanning; Pi, inorganic phosphate; RBC, red blood cells; R.A.,

A

relative abundance; SL, sulfate-based lipids; SGC, sulfogalacto-ceramides

Keywords: cholesterol sulfate; sulfoglycolipids; taurine conjugates; seminal fluid; electronegative
LDL; polyphenol metabolites; hypurate conjugates.
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1. Introduction
The advent of soft ionisation techniques in the 1980´s (Fenn et al., 1989; Karas et al., 1987)
was pivotal in the analysis of high molecular weight biomolecules with low thermal stability by Mass
Spectrometry (MS). In recent years, the development of user-friendly instruments has greatly
contributed to the increasingly popularity of MS in the screening, characterization and quantification
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of lipids (Gruber et al., 2007; Hammond et al., 2012; Hart et al., 2011; Kompauer et al., 2017;

Leitinger et al., 1999; Maciel et al., 2014; Schuhmann et al., 2012; Stübiger et al., 2012) which
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associated with the high mass range, high sensitivity, and fast scan rates makes MS ideally suitable
for the high-throughput analysis of lipids in complex biological samples (Garwolińska et al., 2017;
Kosinska et al., 2013; Larsson et al., 1996; Pizarro et al., 2013) particularly in the detection of less

U

abundant lipids, such as sulfolipids.

N

Sulfolipids are a heterogenous class of lipids containing sulfur atom in its structure (Farooqui

A

and Horrocks, 1985; Goldberg, 1961) present in its oxidised state as sulfate-based lipids (SL) and

M

sulfonate-base lipids, or in its reduced state as thioether or thiol ester compounds linked to acyl chains
with amino acids. SL appear to be ubiquitous to the whole body and dispersed across fluids (Lam et

ED

al., 2014; Larsson et al., 1996; Lee et al., 2016; Muskiet et al., 1983; Sion et al., 2001; Yao et al.,
2016) and tissues (Cho et al., 2010; Fujimoto et al., 2000; Moyano et al., 2014; Seng et al., 2014;

PT

Serizawa et al., 1990). SL are catalysed by a supergene family of enzymes called sulfotransferases
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(SULTs) with the transfer of a sulfuryl group (SO3-) to an acceptor hydroxyl group resulting in an
increase of water solubility and decrease of biological activity and at the cellular level, SL appear to
be gathered in lipid-raft domains (Weerachatyanukul et al., 2007) at the surface of cells (Honke,

A

2018) contributing to membrane´s electronegative surface charge at physiological pH and thus
involved in cell-cell communication processes (Farooqui and Horrocks, 1985; Honke, 2018; Strott
and Higashi, 2003) in inflammation (Hu et al., 2007), immunity (Avila et al., 1996; Merten et al.,
2001) and infection (Suzuki et al., 2003). The identification of SL-rich microenvironments conducted
by MS tissue imaging studies in cancerous tissues (Eberlin et al., 2010; Liu et al., 2010; Masterson et
al., 2011), and the recently reported role of SULT enzymatic systems in proper lipoproteins clearance
4

(Stanford et al., 2010) and the detoxification of deleterious oxysterols (Fuda et al., 2007) hints for the
possible de-regulation of SL in disease.
Despite their occurrence in apparently most fluids and tissues, research on SL is scarce and
mostly focused on steroid sulfates (Cho et al., 2010; Eberlin et al., 2010; Esquivel et al., 2018; Lafaye
et al., 2004; Lam et al., 2014; Lee et al., 2016; Przybylska et al., 1995; Sánchez-Guijo et al., 2015;
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Sion et al., 2001; Wang et al., 2018; Yao et al., 2016) due to the relevance of steroid sulfates in sports

and anti-doping areas, while SL bearing a glycerol-backbone and a sphingosine-backbone (Scheme 1)
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remain less studied (Mirzaian et al., 2015a; Slomiany et al., 1978). Due to the SL structural diversity,
analysis of SL in complex biological samples is not straightforward limiting the exploitation of SL
diagnostic and prognostic value. In addition to this, researchers employ a variety of solid-phase

U

extraction (SPE) (Fong et al., 2013; Sánchez-Guijo et al., 2015; Wang et al., 2018) or liquid-liquid

N

extraction approaches (LLE) (Kongmanas et al., 2010; Lam et al., 2014; Mirzaian et al., 2015b; Sion

A

et al., 2001; Yao et al., 2016), with various solvent systems, and ESI and MALDI ionisation

M

techniques (Serna et al., 2015; Teubel et al., 2018; Wang et al., 2018) which makes comparison of
results difficult because of the potential sample losses, the differences in extraction performances and

ED

the ionization efficiencies associated with the different approaches (Lee et al., 2014; Pizarro et al.,
2013; Reis et al., 2013; Sarafian et al., 2014).

PT

Using the targeted precursor ion scanning approach for sulfate groups (PIS 97), this work

CC
E

aims to optimize the experimental parameters and to simultaneously screen the low and high
molecular weight SL in lipid extracts obtained in a range of non-invasive (and minimally invasive)
biological fluids and cells collected in laboratories across Europe. To achieve this, lipid extracts were

A

prepared using the same extraction procedure and injected phospholipid amount into the MS injection
in order to facilitate the comparison and estimates on the sulphur-to-phosphorous ratio in fluids and
cells. Additional diagnostic fragment was included to improved confidence on SL identification.

5

2. Material and Methods
2.1. Reagents
Synthetic lipids (DHEA and d18:1/17:0 sulfatide) were purchased from AVANTI Polar Lipids

IP
T

(Alabaster, USA). All chemicals used in sample preparation, isolation, purification and quantification
were of analytical grade or the highest purity commercially available. Sodium molybdate
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(NaMoO4.H2O), sodium dihydrogenophosphate (NaH2PO4), perchloric acid (70%, HClO4) and

ascorbic acid were from Sigma. PBS tablets used in lipoprotein desalting dialysis were purchased
from Sigma. All organic solvents were of HPLC grade or the highest purity commercially available

U

(Fisher Scientific, Leicester, UK). Milli-Q water was filtered through a 0.22µm filter system (Milli-Q

A

N

plus 185, Millipore).

M

2.2. Biological Samples

ED

The study was approved by Local Ethics Committee and conducted in accordance to the ethical
standards of the Declaration of Helsinki. Human fluid and cell samples were collected from healthy

PT

donors who gave written informed consent prior to participation in this study. Additional information
regarding the donors, sample collection, and purification procedures prior to the analysis of lipid
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E

extracts is detailed below.
Human Fluid samples

A

Saliva samples were collected from 2 healthy male donors, aged 25 ± 5 years, and showing no
evidence of oral pathologies, inflammation or caries. Donors, refrained from eating and drinking in
the previous 2h, donated unstimulated saliva by direct draining into a sterile saliva collection tube.
Saliva samples were pooled and processed by centrifugation at 14,000xg at 4C for 15 min, and kept
in freezer (-80C) until further analysis. Plasma sample was obtained from venous blood collected

6

from one healthy male donor aged 30 into EDTA Vacutainer tubes and centrifuged at low speed
(600xg, 15 min). Plasma (upper phase) was separated and stored in the freezer until further use. Urine
samples from 2 healthy male donors, aged 25 ± 5 (BMI <25) were collected into sterile Falcon tubes
and processed by centrifugation for 10 min at 4000xg at 4C, pooled and kept in freezer until further
use. Seminal fluid pooled samples collected from 3 male donors aged 20-25 (BMI<25) were
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processed by centrifugation (12,000xg, 30 min) for spermatozoa precipitation. The supernatant
seminal fluid was aliquoted into eppendorf tubes and kept in the freezer (-80C) until further analysis.
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Purity of seminal fluid was confirmed by the absence of sperm cells using a Zeiss Primo Star

microscope (Carl Zeiss AG, Germany). Low density lipoproteins (LDL) were collected from a plasma
pool of 10 normolipidemic donors (4 male/6 female) aged 36±8 years and separated by low speed

U

centrifugation (600xg, 15 min) and used for lipoprotein isolation. Low-density lipoproteins (LDL)

N

isolated by salt (KBr) gradient ultracentrifugation (density range 1.019-1.050 g/mL) were fractionated

A

in native LDL (LDL(+)) and electronegative LDL (LDL(-)) by stepwise anion exchange
chromatography as described elsewhere (Bancells et al., 2010). Purity of isolated lipoproteins sub-

M

populations was confirmed by agarose electrophoresis and protein and phospholipid content

ED

determined by commercial methods adapted to a Cobas 600/501c autoanalyzer. Protein and
phospholipid content were similar in both LDL sub-populations (0.5g/L and 0.73mM, respectively).

PT

Native and electronegative LDL sub-populations were dialyzed in Slide-A-Lyzer dialysis cassettes
(Thermo Scientific, cut-off below 3,5kDa) against PBS solution (Sigma) before lipid extraction.
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Isolation of human cells

One millilitre (1mL) of venous whole blood collected from a healthy male donor aged 30 into EDTA

A

Vacutainer tubes was transferred into an eppendorf tube and centrifuged at low speed (600xg, 15
min). Red blood cells (200 µL) were collected from bottom layer. Peripheral blood neutrophils were
isolated using Percoll density centrifugation (Sigma-Aldrich, Poole, UK) according to previously
described procedure by Matthews et al. (Matthews et al., 2007). Primary human dermal fibroblasts
(neonatal, male foreskin) were obtained from Cascade Biologics (Portland, OR). Human epidermal
keratinocytes were isolated from female donors aged 37 to 52 years old according to the previously
7

described protocol (Gruber et al., 2012). This study was approved by the local ethics committee and
conducted in accordance with the Declaration of Helsinki principles. Participants gave their written
informed consent (EK Nr. 2011/1149).
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2.3. Lipid extraction and phospholipid quantification protocols
Lipids from human fluids and cells were extracted by the Folch protocol (Folch et al., 1957) using
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0.2-4.0mL of volume depending on the biofluid and from 1x106 cells for neutrophils and

keratinocytes, and 1.8x106 cells for fibroblast. Extraction was done in glass tube and repeated twice,
organic extracts were combined in glass tubes and evaporated to dryness under nitrogen stream in ice

U

bath. Phospholipid content of lipid extracts was determined (in triplicate) by spectrophotometry

N

measurement of inorganic phosphorous (=797 nm) using a micromethod adapted from Rouser et al.

A

(Rouser et al., 1970), as described elsewhere (Sousa et al., 2016). Quantification of inorganic

M

phosphorous (Pi) in lipid extracts was done in triplicates against a calibration curve showing a linear
range between 0 and 2g of Pi (y=0.7738x+0.063, r2 0.9989) and phospholipid content in extracts

ED

estimated by multiplying by a factor of 25. The spectrophotometric method is widely used to estimate
on the total amount of phosphate-containing lipids including phospholipids, cardiolipin and

PT

sphingomyelins, whereas lipids without phosphate group, including free fatty acids, cholesterol (free
and bound), acylglycerols, and sphingolipids (ceramides, sulfatides, hexosylceramides,

CC
E

lactosylceramides, and gangliosides) are excluded from the estimated value.

A

2.4. Screening of sulfate-based lipids (SL) in lipid extracts by targeted mass spectrometry
Prior to MS analysis, lipid extracts were resuspended in CHCl3:MeOH (1:1, v/v) and normalized to a
final concentration of 25ng phospholipid per microliter (See Optimization of Analysis Conditions
Section). Screening of human fluid and cell lipids extracts was conducted by mass spectrometry in a
5500 QTrap instrument (ABSciex, Warrington, UK) operating in the negative ion detection mode
8

over the mass range of 350-1000 Da with direct infusion at a flow rate of 10 µLmin-1. Turbo spray
source temperature was set at 150C, spray voltage of -4.5 kV with declustering potential at -50 eV
and nominal curtain gas flow set at 20. Detection of sulfate-based lipids (SL) in lipid extracts was
achieved by targeted detection of precursor ion scanning (PIS) at m/z 97.0 collected at 1000 Da/s scan
speed with step size of 0.1 Da. Collisional energy employed for the detection of low and high mass
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range SL was set to -80 eV with Q1 and Q3 set to unit resolution. Enhanced product ion (EPI) spectra
were acquired for the ion of interest with Q1 set to low resolution at 10,000 Da/s with collision energy
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varying between -10 and -100eV. Dynamic fill time was used with a maximum fill time of 250 ms

and all other parameters optimized to give maximum signal. Blank injections were included between
samples.

U

2.5. SL and metabolite identification workflow

N

SL and other sulfated metabolites observed in the PIS97 mass spectra were identified through the

A

online databases available including the Human Metabolome Database (HMDB, www.hmdb.com),

M

LipidMaps (www.lipidmaps.com), the Food Component Database (FooDB, www.foodb.ca) and the
PhytoHub (www.phytohub.eu). Confirmation of metabolite hits retrieved from database search were

ED

confirmed using fragmentation pattern acquired during enhanced product ion (EPI) experiments and
cross-referenced with fragmentation patterns (MS/MS data) published in the literature (Hofmann et
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PT

al., 2016; Kongmanas et al., 2010; Sasso et al., 2016; Satoh Née Okihara et al., 2014).

2.6. Semi-quantification of SL in human biofluid and primary cell extracts

A

Biofluids and cell extracts screened (in triplicate) by PIS 97 acquisition method and used to estimate
SL content in lipid extracts. Peak intensity (cps) for individual ions were obtained from a 2 min time
window using the “Data and Peak Table” feature in PeakView software (Analyst, v 1.0.0.6). Peak
intensity values were plotted in .xls file for semi-quantification of SL in extracts. Cal curves acquired
for low- and high mass SL were built using peak intensities over a 2 minute time period and showed
linearity in the 0-150nM range for DHEA sulfate (y=4650.2x+1354.1, r2=0.9997) and in the 0-60nM
9

range for d18:1/17:0 sulfatide (y=355.95x+358.73, r2=0.9988). The intra- and inter-day variability
was below 5 and 10%, respectively.

3. Results
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3.1. Optimization of SL analysis and detection conditions
Precursor ion scanning (PIS) detection approaches rely on the formation of a specific target
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fragment in the gas-phase for its detection. The formation of the target fragment with high intensity is
dependent on several parameters including the collision energy (CE) applied (optimum collision
energy) to induce its formation in the gas-phase conditions. The value of the CE is in turn dependent

U

on the molecular mass of the ion of interest. Typically, higher molecular weight compounds require

N

higher collisional energies. Considering sulfate-based lipids (SL) occur in a wide mass range, from

A

low molecular weight (e.g. steroid sulfates) to high molecular weight (e.g. sulfoglycolipids) (Scheme

M

1) and in a wide concentration range, likely to impact the optimum collision energy, the partition in
organic solvents and the ability to be detected in MS methods, we present data on the optimization of

ED

experimental conditions influencing SL analysis.

PT

Collisional fragmentation of synthetic DHEA sulfate (m/z 367.1) with collision energy -40eV
shows one product ion at m/z 97.0 (Supplemental Figure S1) attributed to HSO4-. At CE -50eV DHEA
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E

precursor ion (m/z 367.1) completely fragments to the fragment at m/z 97 showing its highest intensity
(maximum of R.A. %). Plot of the R.A. of fragment at m/z 97 in the enhanced product ion (EPI)
spectrum increases with increasing CE (Figure 1A). However, at higher CE >-80eV the intensity of

A

fragment at m/z 97 slightly decays though fragment remains the most abundant in the EPI mass
spectra (Figure 1A). Fragmentation of sulfatide precursor ion ([M-H]-, m/z 792.9) at CE -50eV shows
the fragment at m/z 97 with residual R.A. (<1%) displaying its maximum R.A. at CE of -90eV. The
results obtained show that for both standards (DHEA and SGC) the R.A. of diagnostic fragment (m/z
97) increases with increasing collisional energy (Figure 1A) but with different optimum values. At the
same time, results shown also evidence that at CE of -50eV sulfatides and other high molecular
10

weight SL would not generate fragment at m/z 97 and hence would not be detected through PIS 97
acquisition method.
In view of the results, the optimum collision energy selected for the precursor ion scanning (PIS)
acquisition method was set to an intermediate value (-80eV). The PIS 97 mass spectrum obtained for
the equimolar mixture of SL (shown in Figure 1B) using the adopted CE (-80eV) shows that
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sulfatides are not as easily ionisable when compared to low Mw steroid sulfates. In addition to this,
enhanced product ion (EPI) spectra obtained for DHEA and SGC (Supplemental Figure S1) do not
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show the fragment formed by loss of 80Da (-SO3) from precursor ion ([M-H-80]-) suggesting that

neutral loss scan (NLS) approaches are a less sensitive approach for the identification of sulfate-based
lipids in QTrap instruments.

U

The quality of mass spectra is equally influenced by the amount of lipids present in the lipid

N

extract and therefore dependent on the performance of the solvent mixture in the liquid-liquid

A

extraction (LLE) step. Experimental data on the extraction efficiency of sulfolipids in 5 different

M

solvent systems (Reis et al., unpublished data) shows that the Folch method (MeOH:CHCl3; 1:2, v/v)
and acidified Bligh and Dyer method (MeOH:CHCl3; 2:1, v/v) exhibited the best extraction

ED

performances compared to other solvent systems. These organic solvent systems were only partially
effective towards the extraction of higher molecular weight sulfatides (Reis et al., unpublished data).

PT

In this study, we implemented LLE extraction procedure using a binary solvent system (Folch et al.,
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1957) for fluids and cells due to its performance, simplicity and popularity in lipidomic studies of
fluids and cells (Lee et al., 2014; Sarafian et al., 2014).
Given the panel of biological samples included in this study, and associated differences in

A

water, protein and lipid content, one crucial step is to determine the minimum amount of sample to
use without limiting the detection of SL. As all samples underwent the same LLE protocol (Folch
protocol), the amount injected into the MS instrument was normalized to a fixed amount of
phospholipids. In a test injection, the PIS 97 mass spectra of plasma extracts with different dilution
factors (Figure 2) shows an increase in absolute ion intensity with increase amount injected attributed

11

to increased content of sulfate-based lipids. The ideal dilution factor is always a compromise, and
should not be too high to prevent detection or too low to saturate ion intensity resulting in loss of
resolution. The biological samples used in this study were diluted to 25ng PL/µL. The mass range
selected between m/z 350-1000 excludes the detection of low MW metabolites (<350 Da) which could
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lead to peak saturation and ion suppression effects.
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3.2. Profile of SL in human fluids and cell extracts

Direct injection of fluid and cells extracts collected from healthy individuals and analysed by
PIS 97 targeted detection (depicted in Figure 3) exhibit a distinct ion profile particularly noticeable at

U

higher mass range for saliva and urine (inserts in Figure 3). The PIS mass spectra of native LDL(+)

N

and electronegative low density lipoproteins LDL(-) lipid extracts exhibit similar profile for both sub-

A

populations. Extracts of blood cells (RBC and neutrophils) exhibited mainly low molecular weight
sulfate-based lipids (Figure 3). Identification of SL was mainly achieved through database search

M

(Experimental Section) revealing the presence of several sulfate-based lipids ([M-H]- ions) including

ED

sulfated steroids and sulfoglycolipids. In view of the scarcity of synthetic standards, confirmation was
achieved through fragmentation patterns in EPI mass spectra cross-referenced with available literature

PT

(Kongmanas et al., 2010; Sasso et al., 2016; Satoh Née Okihara et al., 2014). In general, SL exhibit
abundant product ion at m/z 97.0 (base peak) (Mirzaian et al., 2015b) in the negative ion mode.
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However, as phosphate-based compounds also generate fragments at m/z 97 under gas-phase induced
fragmentations (Metzger et al., 1995) the signature pair of fragments at m/z 97/80 exhibited by
sulfated lipids (Supplemental Figure S3) distinct from phosphate-based lipids as these exhibit the pair

A

at m/z 97/79 (Metzger et al., 1995) was used to exclude the contribution of false positives. The SL
signature fragments can be advantageously used as an additional screening criterion increasing the
confidence in compound identification and reducing the inclusion of false positives. Sulfoglycolipids
may exhibit additional fragments formed by neutral losses of acyl chains from the [M-H]- precursor
ion (Goto-Inoue et al., 2009; Kongmanas et al., 2010).

12

Using the diagnostic signature of SL (Supplemental Figure S3), the SL ions detected in lipid
extracts of biological samples are listed in Table 1. All samples exhibited the presence of CholS (m/z
465.5) which was particularly intense in seminal fluid, whereas plasma and urine extracts were rich in
steroid sulfates. Ions observed in PIS mass spectrum of saliva at m/z 803.8, 859.9, 885.9, 887.9, 953.9
and 981.9 (Table 1) were assigned as sulfated glycolipids based on the m/z value of previously
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proposed sulfated salivary lipids (Slomiany et al., 1983, 1978) and on the presence of ion pair m/z
97/80 and 256 Da neutral losses from precursor ion in EPI mass spectra. Ions attributed to sulfate-

SC
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based lipids as well as other unidentified sulfate-based lipids are listed in Table 1.

Other ions observed with low R.A. at m/z 418.4, 446.4, 474.4, and 490.4 in the PIS 97 mass
spectra of plasma and neutrophils extracts were attributed to N-acyl taurine lipids (Supplemental

U

Table S1) based on the signature fragments of sulfonate-based compounds at m/z 124, 107 and 80

N

(Sasso et al., 2016; Satoh Née Okihara et al., 2014) and a distinct ratio of signature fragments

A

(Supplemental Figure S3). Bearing in mind the SL signature fragments, several other ions were

M

identified as sulfate-based lipids though its structure was not entirely deciphered. For instance, ions
observed saliva´s PIS 97 mass spectrum in the high mass range namely at m/z 802.8 (Supplementary

ED

Figure S4) and 972.6 exhibited the sulfate signature fragments (m/z 97/80) and fragment at m/z 255.2
together with neutral losses of 256Da from precursor typically associated to palmitoyl-containing

PT

lipids. Ions observed in saliva PIS 97 spectrum at m/z 595.5, 623.5 (Supplementary Figure S4) and
651.5 exhibited the signature fragments (m/z 97/80) and fragments at m/z 265.2 with high R.A
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(~50%). Ions observed for urine extracts in the high mass range at m/z 673.5, 675.5, 844.6
(Supplementary Figure S4) and 860.6 exhibited the signature fragments (m/z 97/80), fragments at m/z
255.2 typically assigned to palmitoyl carboxylate anion (Hsu and Turk, 2003). Ions at m/z 673.5,

A

675.5, 844.6 and 860.6 exhibited neutral losses of 306Da from precursor ion, and ions with m/z 844.5
and 860.6 exhibited the fragment at m/z 178.1 consistent with hypurate-conjugates (Wijeyesekera et
al., 2012). Other sulfate-based compounds detected in PIS 97 mass spectra of fluid and cell extracts
included sulfated polyphenol (PP) metabolites (Supplemental Table S1). In addition to these, PIS 97
mass spectra also showed the presence of phosphate-based lipids (phospholipids) including serine-,

13

inositol- and choline- class (PS, PI and PC) and ceramide-phosphates (CerP) identified using an inhouse lipid database (Reis et al., 2013, 2015).
The sulfate metabolome of biofluids and cell extracts shows a wide diversity of known SL
structures as well as the presence of other sulfate-related compounds in fluids and cells not yet fully
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deciphered.
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3.3. Semi-quantitation of SL in human fluids and cells

Fluid and cell extracts underwent the same extraction protocol (Folch protocol) and were
diluted to the same concentration (25ng PL/µL) prior to MS injection. The strategy to normalize lipid

U

extracts to the same injected amount (ng PL/L) facilitates the estimates of SL per g PL and hence

N

the comparison of SL content in samples. Semi-quantitation estimates conducted using the low and

A

high mass calibration curve equations (described in Section 1.1) show striking differences regarding

M

the amount of SL per µg of phospholipid in human fluids and cells (Figure 4) evidencing the
heterogeneous distribution of SL across human fluids and tissues. Estimates on the relative SL

ED

concentration are expressed in pmoles SL/µg PL (shown in Figure 4A) reflecting the
sulphur/phosphorous ratio in the samples analysed. Values obtained show that for a specific amount

PT

of phospholipids, saliva is particularly rich in sulfate-based lipids whereas plasma is poor in SL.

CC
E

As fluids and cells contained different phospholipids content (data not shown), estimates on
the absolute amounts of SL (expressed in nmoles SL/mL of sample) show that plasma and seminal
fluid contain the highest amount of SL among fluids analysed (Figure 4B). Data further corroborates

A

the heterogenous distribution of SL across biofluids. Estimates on the content of CholS show that
seminal fluid and epithelial cells are particularly rich and seem to act as reservoirs of CholS (Figure
4C) whereas all other fluids and cells, including sub-populations of LDL, exhibited similar content of
CholS. The similar content of CholS observed for native (LDL (+)) and electronegative LDL (LDL(-))
(Figure 4C) suggests that other compounds may contribute to the negative charge in electronegative
LDL (-).
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4. Discussion
Analysis of sulfate-based lipids is challenging as they occur in several sub-classes (Scheme 1)
with a wide diversity of biochemical roles (Honke, 2018; Merten et al., 2001; Strott and Higashi,

IP
T

2003). The presence of specific molecular traits in their structure (sulfate group) can be explored to
design targeted approaches directed towards the specific detection of SL compounds with increased

sensitivity even in complex mixtures. In fact, targeted MS-based approaches have been widely used

SC
R

for the SL detection but also due to their ability for structural characterization by tandem mass

spectrometry (MS/MS) experiments. Despite the many studies conducted on the identification of SL
in plasma (Lee et al., 2016; Mirzaian et al., 2015b), saliva (Slomiany et al., 1988, 1983, 1978), urine

U

(Yao et al., 2016), tear fluid (Lam et al., 2014), gastric fluid (Iwamori et al., 2000), seminal plasma

N

(Sion et al., 2001), lipoproteins (Reis et al., 2013; Serna et al., 2015), red blood cells (Muskiet et al.,

A

1983; Przybylska et al., 1995), blood platelets (Blache et al., 1995), and tissues brain (Moyano et al.,

M

2013), kidney (Tadano-Aritomi et al., 2001), eye lenses (Seng et al., 2014), sperm cells (Fujimoto et
al., 2000; Kongmanas et al., 2010; Zhang et al., 2005), hair (Cho et al., 2010; Drosche et al., 1994;

ED

Serizawa et al., 1990) and nails (Serizawa et al., 1990) and quantification by multi-reaction
monitoring (MRM) (Fong et al., 2013; Kongmanas et al., 2010; Moyano et al., 2013; Sánchez-Guijo

PT

et al., 2015; Yao et al., 2016), these were mostly focused on specific steroid sulfates in individual

CC
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fluids and cells (Esquivel et al., 2018; Fong et al., 2013; Lam et al., 2014; Przybylska et al., 1995;
Sánchez-Guijo et al., 2015; Sion et al., 2001; Wang et al., 2018) leaving a whole panel of high Mw SL
unaccounted for. In this study, the optimisation of targeted PIS 97 detection conditions to include low

A

and high Mw SL (Figure 1 and 2) revealed the presence of sulfate steroids, sulfoglycolipids, sulfated
hypurate lipids, N-acyl taurine lipids and other unidentified sulfate lipid-based compounds identified
in the same mass spectra (Figure 3).
The mass spectra also revealed that SL are heterogeneously distributed across fluids and cell
extracts (Figure 3) with the presence of steroid sulfates in all extracts while sulfated glycolipids were
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found in saliva, blood and seminal plasma, urine in agreement with previously published literature
(Blache et al., 1995; Fujimoto et al., 2000; Sánchez-Guijo et al., 2015; Slomiany et al., 1978; Yao et
al., 2016). Because, PIS 97 mass spectra were acquired in lipid extracts with the same amount of
phospholipids, then the intensity of SL ions observed in each PIS 97 mass spectra is comparable.
Aside from SL, other sulfate-based lipids were also detected in biofluids and cell extracts including

IP
T

sulfated hypurate conjugates, N-acyl taurines, polyphenol metabolites, and other unidentified sulfaterelated lipids (Table 1). Remarkably, sulfatides (sulfated glyco-sphingolipids) typically found in

human fluids and tissues (Mirzaian et al., 2015b; Moyano et al., 2013; Reis et al., 2013) were not

SC
R

detected in lipid extracts of biofluids and cells. The reasons behind this may be related to

experimental, instrumental and physiological aspects. The extraction solvent system adopted (Folch

U

method) was previously reported to extract >95% of total sulfatides in plasma samples (Mirzaian et

N

al., 2015b) though more polar solvent systems proved to have higher extraction performances towards
sphingolipids (Matyash et al., 2008) and may prove to be more efficient in the extraction of SL. Also,

A

the CE value selected (-80eV) was a compromise value between the optimum CE observed for low

M

molecular weight SL and high molecular weight SL (Figure 1A). Hence, the limitations associated

ED

with experimental and instrumental conditions used may have conditioned the detection of sulfatides
in healthy fluids and tissues with reportedly sub-micromolar basal levels (Mirzaian et al., 2015b),

PT

although may not compromise the detection of sulfatides in diseased samples characterized with

CC
E

higher levels of sulfatides (Spacil et al., 2016).

The semi-quantification estimates obtained in this study revealed a heterogenous distribution

A

of SL across human fluids (Figure 4A). Estimates of SL per µg PL conducted for the various extracts
show that plasma exhibits the lowest sulphur-to-phosphorous ratio whereas seminal fluid, due to the
abundance of seminolipids, exhibits the highest sulphur-to-phosphorous ratio. As the final estimates
are affected by extraction performance, the use of different extraction methods and solvent systems
during SL extracts sample preparation makes the comparison of the reported data more difficult. In
our study, sample extracts were prepared using the same extraction protocol, and to account for the
16

different phospholipid content in the various samples (data not shown) estimates were conducted
using the same amount of phospholipid in the lipid extract. Taking these 2 aspects in consideration,
the absolute amounts of SL in fluids (amount SL/mL) shows that plasma contains the highest absolute
amount of SL (Figure 4B).
Individually, CholS was detected in all fluid and cell extracts with particular abundance in

IP
T

seminal fluid and epithelial cells (Figure 4C) whereas sulfated glycolipids were found in saliva and
seminal fluid samples (Table 1). CholS is transported in circulation to peripheric tissues by

SC
R

lipoproteins (Reis et al., 2013, 2015) but remarkably, the content of CholS in native and

electronegative LDL was very similar (Figure 4C) suggesting that CholS and other SL may have a
negligible effect to the electronegativity of atherogenic LDL in normolipidemia. The increased charge

U

of electronegative LDL(-) is due to a set of factors, including higher content of NEFA and minor

N

apolipoproteins, as well as alterations in the structure of ApoB due to oxidation, glycation,

A

carbamylation, desialization and possibly other causes that have not been fully described (Sánchez-

M

Quesada et al., 2012). The high content of CholS observed for seminal plasma (Figure 4C) may act as
a substrate for intra-uterine enzymes and adhesion of sperm cells to the uterine wall. In the human

ED

cells, epidermal CholS is known to peak transiently during keratinocyte differentiation (Lampe et al.,
1983) and to exert a crucial role in formation and function of the skin’s permeability barrier (Elias et

PT

al., 2014). A powerful tool to quantify epidermal CholS is thus not only potentially useful in
monitoring X-linked icthyosis therapy (where CholS levels are drastically dysregulated) but may also

CC
E

serve as a biomarker for epidermal barrier status for skin care- or therapeutic intervention.
While the presence of sulfoglycolipids in saliva is in accordance with earlier findings reported

A

in the literature (Larsson et al., 1996; Slomiany et al., 1983, 1978), their content in saliva is still
debatable ranging between 5% (Larsson et al., 1996) to 20-30% (Slomiany et al., 1988). Ions
identified in saliva and seminal fluid as sulfoglycolipids were observed as odd-numbered ions and
thus consistent with acylglycerol-based lipids (nitrogen rule) and in accordance with earlier works
(Goto-Inoue et al., 2009; Kongmanas et al., 2010; Slomiany et al., 1983, 1978). The distinct structural
difference reported between the sulfoglycolipids from saliva and seminal fluid refers to the sugar
17

residue, with the presence of sulfo-glucosyl-(acylglycerol) lipids in saliva (Slomiany et al., 1978) and
sulfo-galactosyl-(acylglycerol) lipids in semen (Kongmanas et al., 2010). The structural features
concerning the sugar moiety and others concerning the fatty acyl composition (Kongmanas et al.,
2010; Slomiany et al., 1978) may account for the biological roles of sulfoglycolipids in saliva and
seminal plasma. Typically, mammalian fluids and cells contain sulfo-galactosyl-sphingosine lipids
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(sulfatides) (Quehenberger and Dennis, 2011) and although much is known on the role of sulfatides
(Kyogashima, 2004; Suzuki et al., 2003), the biological role of sulfated glyco-glycerolipids found in

saliva and seminal fluid (seminolipids) and their location remains poorly understood. Initial works by
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Slomiany’s group in the 1980’s revealed the presence of glucoglycerol-based lipids were key for
proper hydrophobicity, viscosity and the number of binding sites pivotal to mucin´s function

U

(Slomiany et al., 1989, 1983) and possibly in susceptibility to pathogen growth and oral defence

N

(Slomiany et al., 1989). In saliva, sulfoglycolipids were found entangled in mucin´s network
(Slomiany et al., 1989, 1983, 1978) but interestingly the presence of apoproteins identified in saliva

A

(Huang, 2004; Wu et al., 2015) and seminal plasma proteome studies (Kumar et al., 2009) evidence

M

the presence of lipoproteins in these fluids suggesting that the transport of sulfoglycolipids in saliva

ED

and seminal fluid occurs by lipoproteins similar in blood plasma. In a previous case-control study,
Reis et al. (2015) reported the presence of sulfatides and cholesterol sulfate which were found

PT

significantly lower levels in LDL from patients with chronic kidney disease. In overview, the
biological role of endogenous sulfated glycerol-based glycolipids may be more exciting as recently

CC
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structurally similar compounds extracted from marine algae exhibited antiviral activity against herpes
simplex type-1 (Plouguerné et al., 2013) and reported as potent glutamyl cyclase inhibitors with
potential to attenuate the effects of neurodegenerative diseases such as Alzheimer disease (Hielscher-

A

Michael et al., 2016).

In addition to steroid sulfates and sulfoglycolipids, lipids containing the sulfuryl group (N-

acyl taurines) were identified in plasma, neutrophils and epithelial cell extracts (Table 1). Taurine
lipids are transported in circulation by plasma triglyceride-rich lipoproteins (Reis et al., 2015, 2013)
and due to their amphipathic character may act as surfactants. In tissues, researchers noticed that local

18

administration of synthetic N-acyl taurines (NATs) accelerated wound closure in mice and stimulated
repair-associated responses in primary cultures of human keratinocytes and fibroblasts (Sasso et al.,
2016) and to actively regulate differentiation of fibroblasts and mitogenesis in human keratinocytes
(Sasso et al., 2016). In another study, several amino acid-based surfactants were evaluated to their in
vitro skin permeation (Okasaka et al., 2018) where taurine-based surfactants exhibited an intermediate

IP
T

behaviour and a more biocompatible option to sulfate-based surfactants (i.e. SDS). Taurine-lipids
were also proposed as fatty acid amid hydrolase (FAAH) inhibitors (Long et al., 2011; Saghatelian et

al., 2006), anti-proliferative effect in prostate cancer cell line (Chatzakos et al., 2012); increase insulin

SC
R

secretion (Waluk et al., 2013) and activation of transient receptor potential (TRP) calcium channels
(Saghatelian et al., 2006) supporting the need for additional screening studies in fluids and cells.

U

In view of the complexity of identified and unidentified SL in this study, the full knowledge

A

the sulfur metabolome in fluids and cells are crucial.

N

of the panel, content and role endogenous SL remains elusive, and further studies aimed to complete

M

The occurrence of specific structural features in biomolecules, such as the sulfate group, is
advantageously explored in advanced mass spectrometers to design and fine-tunning sensitive

ED

detection methods thus improving the identification of residual compounds even in complex samples.
The ability to acquire the fragmentation pattern, render QTrap instruments increased versatility and

PT

popularity in metabolite profiling. Nevertheless, it should be noted that due to specific acquisition

CC
E

settings and instrumental limitations associated with QTrap instruments, the complete panel of SL and
sulfated conjugates in human biofluids and cells is likely to be greater than the one here reported. For
instance, in this study the mass range parameter was set at m/z 350 so that low molecular weight SL

A

(< 350Da) with greater ionization efficiency would not suppress the detection of less ionizable with
higher molecular weight SL. In addition, QTrap MS instruments have fixed mass scan range limited
to m/z 1000 meaning that high molecular weight SL (>1000 Da) are not detected. Also, due to the
scarcity of synthetic standards, only 2 calibration curves built in the low-mass and high-mass region
were used which poses limitations with the approach adopted in this study. Nevertheless, estimates
conducted on human fluid and cell lipid extracts prepared using the same protocol (Folch extraction)
19

and normalized to the same phospholipids amount provides an evaluation of the sulfur-tophosphorous ratio never conducted before. The sulfur-to-phosphorous ratio in biofluids and cells
reflects the interplay of sulfotransferases/sulfatases enzymes in biochemical and physiological
processes evidencing that sulfotransferase/sulfatase enzymes may have a more relevant role in human
physiology and pathophysiology, particularly as SULT may also be involved in detoxification of

IP
T

cytotoxic oxidised lipids (oxysterols) (Fuda et al., 2007) and required for proper lipoprotein clearance
(Stanford et al., 2010) as already proposed opening exciting new avenues in cardiovascular, testicular

SC
R

aging and fertility, skin aging and wound healing, and oncology areas.

U

Concluding remarks

N

Based on the results here described it is clear that the human sulfateome (sulfate metabolome)

A

of human fluids and cells is complex with a wide diversity of sulfate-based lipids and is not restricted

M

to steroid sulfates and sulfoglycolipids, as it includes other unidentified SL compounds as part of the
complex human metabolome. Our results highlight the need to expand the panel of synthetic

ED

commercial standards to include compounds (in the low- and high mass region) with these molecular
traits for accurate quantification.

PT

The standardization of lipid extraction step with the same solvent system for all fluids,
operating in the same MS instrument minimized variations in SL estimates due to dissimilar

CC
E

extraction performances associated with LLE procedures. Estimates conducted with lipid extracts
normalized to the same phospholipid amount provides an evaluation of the sulfur-to-phosphorous
ratio in the human fluids and cells which has been done in this study for the first time. It is encouraged

A

that researchers adopt this approach in future studies as it will consider variations that may occur
during the extraction step if other solvent systems are selected.
Given the attractiveness of non-invasive and minimally invasive fluids in disease diagnostics
it is crucial to include analyses with higher sample size in future biological samples in order to fully
understand the panel, distribution and levels of SL in health and monitor changes on SL that may
20

occur with age, gender, and ethnicity. Likewise, inclusion of other minimally invasive fluids (breast
milk, tear fluid, sweat) or to more relevant invasive biofluids (amniotic fluid, synovial fluid,
cerebrospinal fluid, and pericardial fluid) in the screening of SL in biomarker discovery will not only
complete the metabolome panel of biofluids but will likely be an additional tool in disease prediction,
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T

diagnosis, stratification and therapeutic prognosis.
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Captions

Figure 1. Optimisation of collision energies (CE) in precursor ion scanning (PIS) method for sulfatebased lipids (A) plot of fragment at m/z 97.0 relative abundance (R.A, %) versus collision energy

IP
T

(eV) for DHEA sulfate (diamonds) and sulfogalactosyl-ceramide (triangles). (B) PIS 97 mass
spectrum of equimolar mixture of DHEA sulfate (m/z 367.1) and sulfogalactosyl-ceramide

SC
R

(d18:1/17:0, m/z 792.5) using CE -80eV. Ion at m/z 413.4 is a solvent contaminant.

Figure 2. PIS 97 mass spectra of plasma lipid extracts using different dilution factors obtained by

N

U

injecting different amounts of phospholipid per volume of solvent (ng PL/L,).

A

Figure 3. PIS 97 mass spectra of human biofluids (left-hand panel) and cell lipid extracts (right handpanel) prepared by the liquid-liquid extraction using Folch solvent system and diluted to 25ng PL/L.

M

Insets in figures correspond to zoomed regions of PIS 97 mass spectra.

ED

Figure 4. Estimates of SL using calibration curves. (A) relative amount of SL per ug of phospholipid
in extracts (pmoles SL/g PL). (B) total amount of SL extracted from fluids (nmoles SL/mL sample).

PT

(C) Relative amount of cholesterol sulfate (pmoles/g PL) in fluids and cell lipid extracts.

CC
E

Scheme 1. Scheme depicting sulfolipid sub-classes categorized in its oxidised state (sulfate- and
sulfonate-based lipids) and its reduced state form (thiol/thioether-based lipids). Sulfate-based lipids
(SL) comprising low and high molecular weight are further categorised in steroid-derived, glycerol-

A

derived and sphingosine-derived lipids. Sulfate- and sulfonate-based lipids (in blue shaded box)
contribute to surface negative charge at physiological pH while thiol and thioether lipid classes (in
green shaded box) do not contribute to negative surface charge.
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Scheme 1. Scheme depicting sulfolipid sub-classes categorized in its oxidised state (sulfateand sulfonate-based lipids) and its reduced state form (thiol/thioether-based lipids). Sulfate-
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based lipids (SL) comprising low and high molecular weight are further categorised in steroidderived, glycerol-derived and sphingosine-derived lipids. Sulfate- and sulfonate-based lipids
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(in blue shaded box) contribute to surface negative charge at physiological pH. while thiol and
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thioether lipid classes (in green shaded box) do not contribute to negative surface charge.
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Spectrum from 161217.wiff (sample 3) - Sta...f 97.0 (50 - 1000) from 1.831 to 2.324 min
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Figure 1. Optimisation of collision energies (CE) in precursor ion scanning (PIS) method for
sulfate-based lipids (A) plot of fragment m/z 97.0 relative abundance (R.A, %) versus collision
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energy (eV) for DHEA sulfate (diamonds) and sulfogalactosyl-ceramide (triangles). Low
molecular weight DHEAS exhibited maximum of R.A. (optimum CE) at -50eV, whereas high

N

molecular weight SGC exhibited optimum CE at -90eV. (B) PIS 97 mass spectrum of

A

equimolar mixture of DHEA sulfate (m/z 367.2) and sulfogalactosyl-ceramide (d18:1/17:0, m/z

A
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792.9) using CE -80eV. Ion at m/z 413.4 is a solvent contaminant.
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Figure 2. PIS 97 mass spectra of plasma lipid extracts using different dilution factors obtained
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by injecting different amounts of phospholipid per volume of solvent (ng PL/L).
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Figure 3. PIS 97 mass spectra of human biofluids (left-hand panel) and cell lipid extracts (right
hand-panel) prepared by the liquid-liquid extraction using Folch solvent system and diluted to
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25ng PL/L. Insets correspond to zoomed regions of PIS 97 mass spectra.
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Section). (A) Relative content of SL per ug of phospholipid in extracts (pmoles SL/g PL). (B)
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cholesterol sulfate (pmoles/g PL) in fluids and cell lipid extracts.
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Table 1. List of [M-H]- ions observed in PIS 97 mass spectra of human fluid and cell lipid extracts
corresponding to sulfate-based lipids. Identification was proposed based on hits retrieved by opensource databases (see Experimental Section) and confirmation was achieved by the presence of
signature fragments in EPI mass spectra and matching published literature. Fragment ions observed in

Androstenol sulfate
Hydroxy estrone sulfate
DHEA sulfate
Testosterone sulfate
Epiandrosterone sulfate
Methoxy-estradiol sulfate;
dihydroxyandrostenone
sulfate
Pregnanolone sulfate

746.7

Epi

769.6
795.8
799.8*
801.8*
802.7

SF
SF
S
S
S

803.8*
823.8
851.9
859.9*
885.9*
887.9*
953.9*
972.7

S
SF
SF
S
S
S
S
S

CC
E
A

N

P
SF

465.3

Ptilosteroid B
Cortisol sulfate

A

479.3
543.4

429.4
441.4

Costicosterone sulfate

Cholesterol sulfate

trihydroxy-5alpha-cholan-24yl sulfate
Oxysterol sulfate
β-estradiol 3-(β-Dglucuronide) 17-sulfate
ni

ED

473.4

425.4

SC
R

S
LDL(+)
P, SF, RBC
U
P, RBC, SF, U
S, P, SF, Fb, Nt
LDL(+)
S, P, SF, Nt,
Fb,
P, LDL(-), RBC,
Epi, Fb
U
P, LDL(+),
LDL(-), RBC,
Fb,
S; P; U; SF;
Epi; RBC;
LDL(+), LDL(-)
U

MSMS spectrum (R.A.,%)

U

Lipid ID

PT

397.4

Sample

M

Ion
(m/z
value)
353.3
365.2
367.3
367.3
369.3
381.3
383.3

IP
T

enhanced product ion spectra (R.A. > 10%) in unidentified sulfate-based lipid is also included.

Seminolipid (30:1)
Seminolipid (32:0)
Sulfoglycolipid I (33:5)
Sulfoglycolipid I (33:4)
ni

Sulfoglycolipid I (33:3)
Seminolipid (34:0)
Seminolipid (36:0)
Sulfoglycolipid I (37:3)
Sulfoglycolipid I (39:4)
Sulfoglycolipid I (39:3)
Sulfoglycolipid II (32:2)
ni
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79.9 (10), 97.0 (90), 255.3 (10),
438.4 (30), 465.3 (100), 700.5 (10)

96.9 (100), 255.3 (10), 265.3
(100), 293.3 (50), 321. 3 (10),
465.3 (12), 546.4 (3)

79.9 (5), 96.9 (25), 255.3 (35),
265.2 (100), 293.3 (82), 321.4
(20), 465.3 (5), 618.4 (<5), 716.5
(<5)

981.9*
S
Sulfoglycolipid II (34:2)
S: saliva; P: plasma; U: urine; SF: seminal fluid; Nt: neutrophils; RBC: red blood cells; Fb:
Fibroblast cells; Epi: epidermal keratinocyte cells; LDL (+): native low density lipoproteins;
LDL(-): electronegative low density lipoproteins
ni: not identified; (C,n) numbers in curve brackets mean number of carbon atoms:number of
double bonds
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*structures of salivary sulfoglycolipids are proposed based on work by Slomiany and colleagues
(1978; 1980)
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