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Abstract
Human synovial fluid (SF) provides nutrition and lubrication to the articular cartilage. Particularly
in arthritic diseases, SF is extensively accumulating in the synovial junction. During the last
decade lipids have attracted considerable attention as their role in the development and resolution
of diseases became increasingly recognized. Here, we describe a capillary LC-MS/MS screening
platform that was used for the untargeted screening of lipids present in human SF of rheumatoid
arthritis (RA) patients. Using this platform we give a detailed overview of the lipids and lipid –
derived mediators present in the SF of RA patients. Almost 70 different lipid components from
distinct lipid classes were identified and quantification was achieved for the
lysophosphatidylcholine and phosphatidylcholine species. In addition, we describe a targeted LC-
MS/MS lipid mediator metabolomics strategy for the detection, identification and quantification of
maresin 1, lipoxin A4 and resolvin D5 in SF from RA patients. Additionally, we present the
identification of 5S,12S-diHETE as a major marker of lipoxygenase pathway interactions in the
investigated SF samples. These results are the first to provide a comprehensive approach to the
identification and profiling of lipids and lipid mediators present in SF and to describe the presence
of key anti-inflammatory and pro-resolving lipid mediators identified in SF from RA patients.

Keywords
Lipid Mediators; LC-MS/MS; Lipidomics; Rheumatoid Arthritis; Special Pro-resolving
Mediators; Synovial Fluid

1. Introduction
SF is a rarely studied body fluid that is present in only minute amounts in healthy joints. Its
physiological function is to provide nutrition and lubrication to the articular cartilage. SF is
composed primarily of hyaluronic acid, secreted by fibroblasts in the synovial membrane,
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interstitial fluid filtered from plasma and a low number of cells. In pathologic
circumstances , such as inflammatory conditions of the joints (e.g. arthritic diseases –
rheumatoid arthritis (RA)), infections or trauma, SF can accumulate in the joint reflecting
synovial pathology [1]. In RA, SF is enriched in inflammatory cytokines and immune cells
which could further enhance synovial inflammation and subsequent cartilage and bone
pathology [2]. Consistent with a pathological role for SF in arthritis, removal of SF during
arthroscopy is an efficient intervention for immediate symptom relief [3]. During the last
decade it has become clear that on-set and termination of inflammation are tightly controlled
processes [4]. Particularly lipid species such as prostaglandins (PG) and lipid mediators play
crucial roles in the tight regulation of inflammation. Prostaglandins, including PGE2, and
leukotrienes, such as LTB4, are considered to play important roles in the onset and
development of arthritic diseases [5],[6],[7]. Along these lines the major treatment strategies
for RA include COX targeting substances such as NSAID, inhibiting the key enzyme(s) in
the production of prostaglandins from AA. On the other hand, anti-inflammatory and pro-
resolving lipid mediators, such as lipoxins and other specialized pro-resolving mediators are
crucial for the active resolution of inflammatory processes[8]. The underlying mechanisms
and their implications for the rheumatic diseases were summarized by Yacoubian and
Serhan [9]. In this context, Lima-Garcia et al. recently provided evidence for the anti-
hyperalgesic actions of both 17(R)HDoHE and AT-RvD1 in an arthritis rat model [10]. Of
interest, a clinical trial showed that ω-3 polyunsaturated fatty acids (PUFA) had positive
effects on reducing disease activity in RA patients [11]. Taken together, many clues from
the literature point to an important role of lipids and particularly lipid mediators in arthritic
diseases such as RA. Hence, we are interested in the lipid composition of human SF in RA
patients in order to gain a better insight into the ongoing inflammatory processes occurring
in the arthritic joint.

To date, the vast majority of published studies investigating SF were dedicated to proteome
analysis [12, 13]. Only a few recent studies investigated non-peptide metabolites or
mediators present in SF. Goto et al. determined the PGE2 levels in SF [14] after sodium
hyaluronate injections, while Huffman et al. focused on glucose and lactate levels [15].
Referring to lipid species present in SF, earlier studies based on MALDI-MS mainly
presented the detection of a limited number of different LPC and PC species in SF from RA
patients, including altered LPC/PC ratios in RA patients [16, 17]. Other studies report
differences between normal SF and SF from RA patients, in particular higher amounts of
cholesterol, cholesterol esters and changes in the phospholipid composition[18]. A more
recent study presented a more detailed investigation of LXA4 levels in SF[19]. In addition to
this de Grauw et al. recently published an investigation of the lipid mediators present in the
SF of horses with acute synovitis [20]. Thus all these studies investigated either total
cholesterol- free FA- or TG- levels [21], and were mainly limited to LPC and PC species,
focusing on a single substance, or have not investigated human materials. As emphasized
above lipid species and lipid mediators are increasingly recognized as important key factors
in the development and regulation of inflammatory processes [4]. Hence detailed profiling
of the lipid species found in the SF of RA patients is of considerable interest and will enable
further investigations and understanding of the underlying mechanisms.

Several analytical approaches are used for the profiling of lipids in human body fluids,
including MALDI [16], LC-MS/MS, direct infusion experiments in combination with either
FTICR-MS [22], or Orbitrap MS [23] and in some cases also GC-MS [24, 25]. The most
versatile and frequently used technique certainly is LC-MS/MS in combination with ESI
[26]. Besides commonly employed 2 mm i.d. columns, also nano-LC-MS/MS and capillary
LC-MS/MS platforms have been described [27, 28].
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In this manuscript, we report on the use of a capillary LC-ESI(±)-MS/MS platform,
employing a fast scanning IT-MS and a core-shell based capillary RP18 phase for an in-
depth characterization of the lipids present in SF of RA patients. The decoded lipid profiling
data indicated the presence of PUFA, hFA and lipoxygenase products in human SF. Hence,
we followed up on this finding with a targeted investigation of the biochemically expected
downstream products by a dedicated LC-MS/MS platform for lipid mediator screening.

2. Experimental
2.1 Chemicals and Materials

Isopropanol LC-MS grade, methyl-tert.-butylether LC grade, MeOH gradient grade, glacial
acetic acid p.a., formic acid p.a., ammonium formate p.a. grade, acetonitrile gradient grade,
cholesterol linoleate and LC-MS grade water were from Sigma Aldrich (Schnelldorf,
Germany). LPC(19:0/0:0), PG(14:0/14:0), PC(19:0/19:0), PC(14:0/14:0 d54), PS(16:0/18:1
d31) were from Avanti Polar Lipids (Alabaster, AL, USA). 5S-HETE, AAd8, LTB4, LTB4
d4, PGE2 d4 and LXA4 were from Cayman chemicals (Ann Arbor, MI, USA). C18 solid
phase extraction cartridges (Sep-Pak C18 500 mg, 6 mL) were from Waters (Boston, MA,
USA). MaR1 and RvD5 were prepared in house. PBS was from Life technologies (Paisley,
UK).

2.2 Collection of Synovial Fluid
Synovial fluid was obtained as discarded waste material from knee arthroscopy of RA
patients visiting the outpatient clinic at the department of Rheumatology in the LUMC. This
procedure is part of the standard clinical care and the use of waste material for research was
approved by the local ethical committee. Upon informed consent, SF samples were stored at
−70 °C until use.

2.3 Lipid extraction
The methyl-tert.-butylether extraction as described by Matyash et al. [29] was applied with
some modifications. The obtained SF samples were centrifuged at 13.200 × g for 3 min to
remove tissue contaminations. To 50 μL SF were added 160 μL MeOH, 20 μL internal
standard solution consisting of PC(14:0/14:0 d54), PS(16:0/18:1 d31) and AAd8 (33.3 μg/mL
each) and 600 μL methyl-tert.-butylether in a 2 mL Eppendorf plastic centrifuge tube. The
suspension was shaken for 30 min on a benchtop shaker at room temperature. For phase
separation 200 μL water was added and the sample tube was centrifuged for 3 min at 13.200
× g. The upper layer was transferred into a 1.5 mL Eppendorf plastic tube and the extraction
was repeated for an additional 5 min by adding 100 μL MeOH, 100 μL water and 300 μL
methyl-tert.-butylether. The combined organic extracts were concentrated under a gentle
stream of nitrogen and fully dried in an Eppendorf concentrator 5310 at 45 °C
(approximately 30 min). To the dried residue 250 μL reconstitution solution (65%
acetonitrile, 30% isopropanol, 5% water) was added and the tube was vortexed for 10 sec
and ultrasonicated for 20 sec. The reconstituted sample was diluted 1:1 with water and
transferred to the autosampler vial. A water sample treated in the same way was used as
blank.

2.4 LC-MS/MS for untargeted lipidomics analysis
The HPLC system was a Dionex Ultimate 3000, consisting of a binary pump, connected to
an autosampler equipped with a 1.0 μL injection loop and a column oven which was
maintained at 50 °C. The column was an Ascentis express C-18, 5 cm × 300 μm, 2.7 μm
from Sigma Aldrich (Schnelldorf, Germany). The flow rate was 9.0 μL/min. The gradient
program started at 65 % eluent A (water: acetonitrile 80:20, containing 5 mM ammonium
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formate and 0.05 % formic acid) and 35 % eluent B (isopropanol: acetonitrile:water 90:9:1,
containing 5 mM ammonium formate and 0.05 % formic acid) kept constant for 2 min, then
linearly increasing to reach 95 % B at 30 min, held for 5 min.

The IT-MS was a Bruker amaZon speed, which was operated in the ultrascan mode (Bruker
Daltonics, Bremen, Germany). The dry temperature was set to 180 °C. Nitrogen99.9990 %
was used as dry gas (8 psi) and nebulizer gas (4 L/min). The capillary voltage was set to ±
3.5 kV. The MS was operated in the ESI± mode and auto MSn spectra collection was
applied. The auto MSn settings were as follows: Collision energy - enhanced fragmentation
mode ramping from 80-120 %, fragmentation time 30 msec, isolation width 1 amu,
precursor exclusion after 3 collected spectra for 1 minute.

2.5 Validation experiments for the untargeted profiling platform and estimation of the
present LPC and PC amounts in human SF

Experimental recovery for the methyl-tert.-butylether extraction method was determined
according to Matuszewski et al. [30] by spiking a SF pool sample before and after the above
described extraction procedure with 20 μL of the internal standard solution. The generated
peak areas for the following ion-traces were compared, giving the nominal recoveries: m/z
311.2 (AAd8) and 731.0 (PC(14:0/14:0 d54)). In order to determine interday-repeatability,
the peak areas of the following substances were monitored over three different days at a
fortification level of 500 ng: PG(14:0/14:0), LPC(19:0/0:0) and PC(19:0/19:0), the samples
were injected in triplicate. Linearity of the platform was determined by spiking SF pool
samples with the same substances as used for the repeatability. The following amounts were
spiked into a SF pool sample: 1, 0.5, 0.25,0.0625 and 0 μg. The so prepared samples were
worked up on three consecutive days and analyzed in triplicate. To present an estimation of
the platform’s sensitivity, the signal to noise ratios at the lowest measured concentration of
the linearity determination as calculated by the Bruker data analysis software are given
below. The calibration lines for LPC(19:0/0:0) and PC(19:0/19:0) were used to estimate the
concentrations of the found LPC and PC lipids in human SF (cf table 3)

2.6 LC-MS/MS system for targeted lipidomics
Targeted lipid mediator profiling was carried out as described in [31, 32] with some
modifications. Briefly: Internal standards (PGE2 d4 and LTB4 d4) 500 pg each were added
before extractions. Products were extracted from deidentified SF (125 μL) after protein
precipitation with 500 μL MeOH using solid phase extraction (SPE). To 125 μL SF in a 10
mL glass vial were added 500 μL MeOH and the samples were stored at −20 °C for 30 min.
The samples were centrifuged for 10 min at 4000 rounds per minute at 4 °C. The organic
layer was poured into a fresh 10 mL glass vial and the extraction was repeated without
freezing with another 500 μL MeOH. The organic extracts were combined and diluted to a
final concentration of 10 % MeOH with 9 mL of MilliQ water. The samples were acidified
by the addition of 25 μL 1 M HCl and immediately loaded onto the preconditioned Sep-Pak
C18 500 mg SPE cartridges (cartridges initially washed with 6 mL MeOH, equilibrated with
6 mL MilliQ water). The SPE columns were subsequently washed with 10 mL of MilliQ
water and 6 mL of n-hexane before elution of the analytes was accomplished with 8 mL of
methylformate. The methylformate extract was roughly dried in a vacuum concentrator
before final drying was carried out with a gentle stream of nitrogen and the frequent addition
of MeOH for washing the analytes to the bottom of the vessel and enhancing the drying
process. The dried samples were dissolved in 150 μL 60 % MeOH and centrifuged under the
conditions stated above. 125 μL of the so prepared samples was transferred into a micro vial
glass insert and subsequently analyzed on a QTrap 5500 mass spectrometer (AB Sciex,
Boston, MA, USA) coupled to an Agilent Eclipse Plus C-18 column (4.6 mm × 50 mm × 1.8
μm) a quaternary 1100 pump (Agilent, Waldbronn, Germany) and a manual injection valve
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(Rheodyne, Oak Harbor, WA, USA). The following binary gradient of water (A) and MeOH
(B) with 0.01% acetic acid was used: 0 min 55% B, held for 2 min, then ramped to 65% at 3
min, 88% at 15 min and 100% B at 16.5 min, held for 3.5 min. The flow rate was 500 μL/
min. The injection volume was 20 μL. The MS was operated under the following
conditions: The gas flow was set to medium, the drying temperature was 500 °C, the needle
voltage −4000 V, the curtain gas was 10 psi, ion source gas 40 psi and the ion source gas 2
40 psi as well (nitrogen 99.9990%). Products were identified according to published criteria
including retention times and at least 6 diagnostic ions present in the full MS/MS spectrum
to match those of synthetic standards [31]. For quantitation the following MS/MS transitions
with the specified collision energies were monitored: MaR1 (359→250, −22V), LXA4
(351→235, −22 V), 5S,12S-diHETE (335→195, −22 V), RvD5 (359→199, −22V), PGE2
d4 (355→193, −30 V) and LTB4 d4 (339→197, −24 V). The quantification of all analytes
was performed against calibration lines constructed with synthetic standard material on the
day of analysis using the following amounts: 0, 2, 10, 20, 50, 200, 400, 800 pg. 5S,12S-
diHETE was quantified against LTB4, which shows identical MS fragmentation. All
obtained values were corrected for their corresponding internal standard (MaR1, RvD5 and
5S,12S-diHETE were corrected with LTB4 d4, LXA4 was corrected with PGE2 d4). The
recovery for the internal standards PGE2 d4 and LTB4 d4 was determined against an aqueous
standard. In addition intra-day repeatability was determined for the two internal standards.

2.7 Preparation and identification of 5S,12S-diHETE
5S,12S-diHETE was prepared as in [33] from platelet incubations with some modifications:
5S-HETE was incubated with the platelets derived from 1 mL of fresh blood (heparin)
collected from a healthy donor according to the ethical conventions of the LUMC. Platelet
rich plasma was prepared by spinning 2 mL of blood at 100 × g for 15 minutes at room
temperature. The collected plasma was then centrifuged at 2200 × g for 5 minutes at room
temperature to obtain platelets. The collected platelets were resuspended in 200 μL of PBS.
100 μL platelet suspension was diluted to 500 μL with PBS containing magnesium and
calcium. To this solution 500 ng of 5S-HETE (ethanolic solution, final ethanol content <
1%) was added and incubated for 4 hours at 37 °C. 100 μL of this solution was quenched
with 100 μL of methanol and centrifuged at 13.000 × g for 3 minutes. 20 μL of the organic
extract was injected into the LC-MS-IT (Dionex, Bruker) analysis platform equipped with
the column and operated under the conditions described under 2.6 with some modifications:
a split of 1:5 of the column effluent was applied before the AmaZon IT-MS, the dry
temperature was 250 °C, the nebulizer gas was 5 L/min and the dry gas was set to 11 psi. As
control solutions 500 ng 5S-HETE were incubated under the described conditions without
platelets and platelets were incubated without 5S-HETE. To verify the identity of 5S,12S-
diHETE in the human SF samples, the generated product solution from platelet incubations
was spiked with LTB4 d4 and the obtained chromatogram compared to the one obtained with
a SF sample. The IT-MS scanned from m/z 315-350 in ESI-mode with auto MSn scanning.
In addition we also spiked sample RA-2 with synthetic LTB4 and LTB4d4 (25ng/mL).

2.8 Direct infusion experiments
To verify the lipid species detected with the untargeted LC-MS/MS screening system, a SF
pool sample from all patients was worked up according to the methyl-tert.-butylether
extraction protocol as described above, dissolved in reconstitution solvent and diluted 1:20
with isopropanol: acetonitrile:water (5 mM ammonium acetate, 0.05% AA) 90:9:1 followed
by infusion at 5 μL/min into a 15T Bruker Solarix FTICR-MS (Bruker, Bremen, Germany).

2.9 Lipid identification
For lipid identification in the untargeted profiling mode, in first instance the auto MSn
compound finding algorithm with a conservative intensity cut off set to 1.000.000 in positive
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ESI mode and 100.000 in negative ESI mode of the Bruker data analysis software was
applied. This resulted in around 80 detected features in the positive ESI mode and around 50
in the negative ESI mode for a pooled SF sample from five RA patients. The generated
compound list was subsequently classified into the different lipid classes by characteristic
MS2 ions and neutral losses (NL). The diagnostic features used to primarily classify the
different detected lipids are indicated in table 1. After the compounds had been classified
each molecular feature was matched against the LIPIDMAPS and or MassBank libraries
(www.lipidmaps.org; www.massbank.jp) identifying known lipid species on basis of their
MS/MS spectra. Unmatched lipid species were (if possible) “manually” identified on basis
of the well-known lipid fragmentation mechanisms [34]. The detected adducts of the
different lipid classes were as described previously [26].

In case of the targeted lipid analysis, compounds were identified on basis of characteristic
MS/MS fragments (see supplementary material S1-S4), RRT comparison and co-injections
[32, 41]. We calculated the relative retention times for all substances with respect to their
internal standard and accepted a deviation of 0.5 %. If a deviation between 0.5 and 1.0 %
was detected we conducted a co-injection of standard material. The results of the obtained
data are summarized below.

3. Results and discussion
The employed IT-MS for the general lipid profiling allowed generating positive and
negative ionization data, as well as the respective MS/MS data within a single LC run.
Sample work up was carried out according to the methyl-tert.-butylether based protocol
recently introduced by Matyash et al. [29]. The developed analysis platform was validated
according to recovery, repeatability and linearity. The platform was applied to generate a
detailed overview of the lipid species present in human SF of RA patients by analyzing a
pooled sample of five patients. The so generated general profiling data and especially the
detection of PUFA, hFAs and isomers of the pro-inflammatory lipid mediator - LTB4 (see
below) suggested that a more detailed investigation of the downstream metabolic products
of PUFA in individual SF samples of RA patients was warranted. These in-depth profiling
analyses were carried out with a dedicated QTrap analysis platform as described below.

3.1 Validation
To validate the untargeted profiling platform, we determined linearity, reproducibility and
recovery. Recovery for the two investigated substances AAd8 and PC(14:0/14:0 d54) was
higher than 85%, while inter-day reproducibility was robust, fulfilling the criteria for a
profiling platform. An overview of the obtained analytical figures of merit is given in Table
2. A blank sample (distilled water) processed according to the protocol did not show
significant signals besides the internal standards.

3.2 Lipid content of Synovial Fluid
Initially we conducted a general lipid profiling of human SF from five RA patients (Figure
1). This screening approach led to the identification of the lipids presented in table 3.
Identification of the different lipid species was carried out by clustering into different lipid
classes according to their characteristic fragment ions, or neutral losses as shown in Table 1
and figure 2. Further identification was carried out by comparison of the obtained mass
spectra with the LIPIDMAPS database, the MassBank database, or by “denovo”
identification (www.lipidmaps.org; www.massbank.jp). The assignment of the sn-1 and sn-2
FAs given in this manuscript is tentative. Even though it has been described that sn-2 FAs
give higher relative intensities in the negative ESI mode, when compared to the sn-1 chain
[38], known limitations to this approach hamper the absolute assignment of the sn-1 and
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sn-2 position difficult [34]. Nevertheless this concept was used to give a tentative
assignment of the sn-1 and sn-2 position and most of the PUFA contained in PC species
were found in the sn-2 position. In the case of lyso-lipids FA side chain assignments were
mainly based on ESI-fragment ions. The assignment whether a sn-1 or sn-2 acylation was
present has not been carried out. Figure 1 shows the base peak intensity chromatogram of
human synovial fluid in the positive and negative ESI mode. Besides the main species in the
ESI+ mode being PC and LPC components (including most of the earlier described PC and
LPC species [16, 17]) a series of CE and TG species were detected. Direct infusion
experiments confirmed the identity of these molecular species, furthermore verifying the
identities of the presented (acyl-) PC lipids, by deconvoluting them from possible ether or
plasmalogen species, which usually have a mass difference of around 0.05 Da, easily
distinguishable by FTICR-MS. As isotopic signals, particularly of the second isotope might
lead to false positive identifications, we only accepted signals which were at least two times
as high as expected for an isotopic signal.

Especially in the ESI-mode LPE, PI and LPI components could be detected. The neutral loss
scanning (− m/z 87) for PS components revealed no other species than the internal standard
PS(16:0/18:1 d31). Furthermore, no PG species could be detected by product ion scanning.
On the other hand some prominent species identified in the negative ion mode were PUFA.
Especially DHA (FA 22:6), eicosapentaenoic acid (FA 20:5) and their further metabolic
products together with 5S,12S-diHETE.

Other than LPE lipids PE could not be unambiguously identified. This might be explained
by the fact that these co-elute with PC lipids, which possibly suppress their detection by
causing ion-suppression. For the detection of SM species we monitored odd numbered [M
+H]+ and [M+HCOO]− ions in the positive and negative ESI mode, respectively. SM lipids
give rise to a m/z 184 ion in the positive ESI mode, a strong [M-60]− and a characteristic m/
z 168 fragment ion in the negative ESI mode [42]. The formation of the m/z 168 fragment
ion is not observed for PC lipids which instead give rise to fragment ions corresponding to
their FA side chains in the negative ESI mode. Figure 3 shows the MS/MS spectrum of
SM(34:1), as can be seen we obtain a fragment ion at m/z 264 which most likely is related to
a d18:1-SM lipid. Although the fragment ion at m/z 264 is presumably characteristic for a
d18:1-SM the analysis of the sphingosine backbone is usually carried out after hydrolysis as
for example described by Blaas et al.[35]. For a more detailed profiling of the SM content,
the methods of Bielawski [43] or Liebisch et al. [44] might be applied.. With this approach
several SM lipids could be identified in human SF.. Since the ESI-MS response of
phospholipids is largely class dependent [36, 45] we used the matrix matched calibration
lines for LPC(19:0/0:0) and PC(19:0/19:0) to estimate the concentrations of the LPC and PC
species found in human SF. Although some of the measured compounds were present in
concentrations higher than the actual calibration range, this data still gives an estimate of the
present concentrations. To provide a more accurate quantitation of the present lipid species a
triple quadrupole based analysis platform should be used [36].

3.3 Targeted lipidomics analysis - lipid mediator screening
SFs from RA patients proved to be a complex body fluid with respect to lipid analysis.
Figure 4 shows the extracted ion chromatogram of a human SF sample obtained with the
general profiling platform, depicting the ion traces m/z 301, 327, 343, 319, 317 and 335 in
the negative ESI mode, targeting for FA 20:5, FA 22:6, the hFAs h22:6, h20:4, h20:5 and
what we initially considered to be the lipid mediator - LTB4. However, additional
experiments revealed that the signal we detected actually belonged to the well-known
isomer of LTB4 which we identified to be 5S,12S-diHETE (see below and supplementary
material S6-S9). Moreover significant amounts of PUFA an hFA can be detected in the SF
of the pooled RA patient sample. In addition the isomer of the pro-inflammatory lipid
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mediator - LTB4 was identified by the untargeted screening approach. PUFA are of
particular interest from a biochemical perspective, as they are the starting point for the
biosynthesis of numerous biologically active lipid mediators and their biomarkers, involved
in both initiation and termination of the inflammatory processes [47], [48]. Therefore, we
used a targeted lipidomics approach [31] to investigate the presence and concentration of the
following lipid mediators in human SF of five RA patients: 5S,12S-diHETE, LXA4, MaR1
and RvD5. These lipid mediators were identified based on matching RRTs (deviation <
0.5%) and characteristic MS/MS fragmentations with those of synthetic standards prepared
by total organic synthesis. Furthermore identification of 5S,12S-diHETE was conducted by
co-injection of biosynthetic standard whilst MaR1 was identified following MS3

measurements and a co-injection of standard material. The spectral information for all target
analytes as well as standard substances can be found in the supplementary material S1-S4,
and figure 5 for MaR1. The identification of MaR1 in a human SF sample is shown in figure
5. In the case of 5S,12S-diHETE we carried out the identification by producing standard
material through the incubation of 5S-HETE with human platelets and compared the
obtained chromatograms after spiking with authentic LTB4 and LTB4 d4. We also spiked
our sample materials with LTB4 and analyzed it on the AmaZon speed IT-MS to investigate
whether LTB4 can be found in our samples and if it might contribute to the signal which was
quantified as 5S,12S-diHETE. As can be seen in figure S9 (supplementary material), the
experiments showed that LTB4 can partially be resolved from 5S,12S-diHETE and that the
unspiked sample did not contain significant amounts of LTB4 at the amounts
chromatographed.

As depicted in figure 6, a range of amounts of lipid mediators were identified in human SF
obtained from five different RA patients. The minimal recoveries determined for the internal
standards PGE2 d4 and LTB4 d4 were 82 and 72 %, respectively. Intra-day repeatability for
the internal standards was determined to be 13 and 14 % relative standard deviation for
LTB4 d4 and PGE2 d4. The linearity for all measured analytes was better than R2 = 0.994.
All samples displayed a rather similar pattern with respect to the presence of lipid mediators,
indicating activation of pro-resolving mediator pathways during disease.

Interestingly, all of the RA patients investigated presented significant amounts of the
aforementioned lipid mediators. In addition, the detected high levels of lipid mediators were
in agreement with significant amounts of FA 22:6 and FA 20:5 as determined in the general
lipid profiling platform. These findings are in line with an earlier report describing the
presence of 5-lipoxygenase and 15-lipoxygenase, key enzymes involved in the biosynthesis
of lipid mediators identified herein, in the synovium of arthritis patients[49]. In this respect,
it is also noteworthy that the formation of the identified lipid mediators is not simply an
oxidation driven process, but for the most part enzymatically controlled. It is important to
note that most of the lipid mediators identified herein were accompanied by numerous
substances giving the same mass spectrometric transitions. These substances are most likely
isomers of the described lipid mediators. Naturally this fact makes the quantification and
identification of the presented lipid mediators challenging. We therefore have carried out the
identification of the presented substances using rigorous criteria (>6 characteristic MS/MS
fragments, RRT < 0.5% deviation, co-injection of standard material if RRT deviated more
than 0.5%).

4. Conclusions
The main points described in this manuscript are threefold: A) a capillary LC-MS/MS
platform that we applied for the detailed characterization of various lipid species present in
SF of RA patients is presented. This method employs a core-shell particle column and a fast
scanning IT-MS for the convenient generation of ESI+ and ESI-data, including MS/MS
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spectra in a single analysis. Importantly our screening platform did not only allow
investigating higher molecular weight lipid species, but also the biochemically important
hFAs and their oxygenated products such as 5S,12S-diHETE. B) the developed screening
platform led to identification of approximately 70 distinct lipids in human SF of RA
patients, belonging to a range of lipid and lipid mediator classes. Although largely
descriptive, our study provides the basis for future investigations aimed at understanding the
biological effect of different lipids on joint-associated structures in rheumatic diseases. C)
most importantly, we provide mass spectrometric evidence for the presence and determine
the concentration of several important lipid mediators in human SF of RA patients. In
addition we found high amounts of 5S,12S-diHETE, an isomer of LTB4 which is primarily a
product of trans-cellular biosynthesis for example in human platelets and neutrophils [33,
50], pinpointing to the involvement of both cell types. It should be emphasized that although
LTB4 could not be identified with the present approach, it might be present at concentrations
below the detection limits of our methods or more likely further metabolized to ω-20
oxidation products i.e. 20-OH-LTB4 and 20-COOH-LTB4. Moreover it is noteworthy that
the quantified area beneath the peak co-eluting with 5S,12S-diHETE should mainly consist
of this compound alone. The presence of other LTB4 isomers, for example 5S,12R-diHETE
[51] remains possible but was not the subject of the presented study. Our main goal was to
investigate whether or not we are able to identify LTB4 itself and in this context we
separated 5S,12S-diHETE from LTB4. Remarkably, this study shows that pro-resolving
mediators are present in a chronic inflammatory disease such as RA (cf figure 6). Although
further investigations are required to validate the prevalence of these mediators in a larger
RA population, our results indicate that pro-resolving pathways could play a role in disease
pathogenesis in RA. The presence of pro-resolving lipid mediators which exert anti-
inflammatory actions stopping further leukocyte infiltration and enhancing the pro-resolving
actions of macrophages might suggest a role for these mediators in preventing further joint
inflammation and limiting tissue damage.

Extended analyses of other lipid mediators and their precursors in SF are needed to gain
further insight into the pro-inflammatory and pro-resolving pathways activated in this
disease and therefore affording a deeper understanding of the possible biological relevance
of these pathways in RA and how they may be gender and individual dependent.
Importantly, these SPM profiles are very likely to reflect treatment and disease progression.
Likewise, it will be important to establish the modulatory effect the lipid (mediator) fraction
has on tissues and cells involved in joint pathology in RA in order to evaluate the potential
that these mediators might hold as novel anti-rheumatic treatments. For example, the use of
lipoxin stable analogs or leukotriene inhibitors has been proposed for the treatment of
scleroderma lung disease, which is characterized by an overproduction of leukotrienes [9,
52]. In addition such substances have also been proposed as possible treatment in fibrotic
diseases [53].

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

5S-HETE 5S-6E,8Z,11Z,14Z-hydroxyeicosatetraenoic acid

5S,12S-diHETE 5S,12S-6E,8Z,10E,14Z-dihydroxyeicosatetraenoic acid

17(R)HDoHE 17(R)-hydroxy docosahexaenoic acid

AAd8 arachidonic acid d8

AT-RvD1 7S,8R,17R-trihydroxy-4Z,9E,11E,13Z,15E19Z-docosahexaenoic
acid

CE cholesterol ester

DHA docosahexaenoic acid

ESI(±) electrospray ionization (positive/negative)

FA fatty acid

FTICR-MS fourier transform ion cyclotron mass spectrometry

GC-MS gas chromatography mass spectrometry

hFA hydroxylated fatty acid

HRMS high resolution mass spectrometry

IT-MS ion trap mass spectrometer

LC-MS/MS liquid chromatography-tandem mass spectrometry

LOX lipoxygenase

LPC lysophosphatidylcholine

LPC(19:0) 1-nonadecanoyl-2-hydroxy-sn-glycero-3-phosphocholine

LPE lysophosphatidylethanolamine

LPI lysophosphatidylinositol

LTB4 5S,12R-dihydroxy-6Z-8E,10E,14--Z-eicosatetraenoic acid

LTB4 d4 5S,12R-dihydroxy-6Z,8E,10E,14Z-eicosatetraenoic-6,7,14,15-d4
acid

LXA4 5S,6R,15S-trihydroxy-7E,9E,11Z,13E-eicosatetraenoic acid

MALDI matrix assisted laser desorption ionization

MaR maresin, macrophage mediator in resolving inflammation

MaR1 7R,14S-dihydroxydocosa-4Z,8E,10E,12Z,16Z,19Z-hexaenoic acid
MeOH, methanol

PBS phosphate buffered saline

PC phosphatidylcholine

PC(14:0/14:0 d54) 1,2-dimyristoyl(d54)-sn-glycero-3-phosphocholine

PC(19:0/19:0) 2-dinonadecanoyl-sn-glycero-3-phosphocholine

PE phosphatidylethanolamine

PG phosphatidylglycerol

PG(14:0/14:0) 1,2-dimyristoyl-sn-glycero-3-phospho-(1′-rac-glycerol)(sodium salt)
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PGE2 d4 prostaglandin E2 d4

PI phosphatidylinositol

PIP phosphatidylinositolphosphate

PS phosphatidylserine

PS(16:0/18:1 d31) 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-[phospho-L-serine] (sodium
salt)

PUFA poly-unsaturated-fatty acid

RA rheumatoid arthritis

RP18 reversed phase octadecyl silica

RT retention time

RRT Relative retention time

RvD5 7S,17S-dihydroxy-docosa-5Z,8E,10Z,13Z,15E,19Z-hexaenoic acid

SF synovial fluid

SM sphingomyelin

TG triglyceride
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Highlights

• LC-MS/MS profiling of lipids in synovial fluid of rheumatoid arthritis patients

• LC-MS/MS platform incorporating a ion trap MS and a core-shell particle
column

• Targeted investigation of pro-resolving lipid mediators in patient samples

• Identification and quantification of MaR1, 5S,12S-diHETE, RvD5 and LXA4 in
synovial fluid

• First description of pro-resolving lipid mediators in rheumatoid arthritis patients
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Figure 1.
Base Peak Intensity chromatograms (BPI) of the ESI+ mode (above) and the ESI-mode
(below), the abbreviations mark the elution windows of the different lipid classes,
assignments are given in the ESI+, ESI- or both modes according to table 1
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Figure 2.
comparison of different MS2 extracted ion chromatograms (EIC), lower right corner mass
spectrometric identification of PI(18:0/20:4) [46]
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Figure 3.
MS/MS spectra of SM(34:1) in the positive and negative ESI mode
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Figure 4.
Extracted ion chromatogram (ESI-) of the ion traces m/z 327.2, 343.3, 301.2, 317.2, 319.2
and 335.3 referring to FA 22:6, FA 20:5, their respective hydroxylated species and 5S,12S-
diHETE in the RA pool sample. The upper left corner shows the obtained MS/MS spectrum
for the precursor m/z 335 at 1.6 min. The upper right corner shows 5S,12S-diHETE and its
preferred fragmentation yielding m/z 195.
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Figure 5.
Identification of MaR1 in human synovial fluid, upper left corner selected reaction
monitoring chromatograms of the transition m/z 359→221, black – unspiked sample, red -
co-injection of a synthetic MaR1 standard (100 pg on column spike level), upper right
corner – MS/MS spectrum of MaR1, lower right corner - MS3 spectrum of the characteristic
MaR1 fragment m/z 221 corresponding to the sample, lower left corner MS3 spectrum of
synthetic MaR1 (m/z 221) – standard sample (10 pg on column).
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Figure 6.
Lipid mediator amounts identified and quantified in five different human SF samples.
Absolute amounts in pg on column are given. Error bars show one standard deviation (n=5).
For the individual values see supplementary material S5.
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Table 1
Diagnostic features used to classify the detected lipids, a see text for a more detailed
description

Lipid species Diagnostic MS2 ion (m/z)(±
ESI)

Diagnostic NL
(m/z) (± ESI)

Reference

CE 369 (+)

PC, SM 184 (+) [35]

SMa 168 (−) [42]

PS 87 (−) [36]

PG 227(−) [37]

PE, LPE 196, 214 (−) 141 (+) [38], [39]

PI, LPI 241 (−) [40]
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Table 2
validation results of the developed LC-MS/MS platform, RSD relative standard deviation

Recovery (n=3) Linearity R2 Signal to Noise at
0.125 μg/mL

Inter-day repeatability at
1 μg/mL (n=9) RSD

AAd8
92 ± 4%

LPC(19:0/0:0)
(ESI+)
0.996

LPC(19:0/0:0)
(ESI+)
348

LPC(19:0 /0:0) (ESI+)
25%

PC(14:0/14:0 d54)
87± 11%

PC(19:0/19:0)
(ESI+)
0.996

PC(19:0/19:0)
(ESI+)
152

PC(19:0/19:0) (ESI+)
13%

PG(14:0/14:0)
(ESI−)
0.994
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