Quantitation of oxylipins in biological samples, focusing on plasma and urine.
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Abstract
Oxylipins are a large family of oxygenated fatty acids, generated by enzymes that include lipoxygenases,
cyclooxygenases and cytochrome P450s. They are formed in almost all cell types and organs and play
essential roles in health and disease. Many were discovered in the 1980’s, including prostaglandins,
thromboxane and leukotrienes. Nowadays, the analysis of these lipids is generally performed using targeted
LC-MS/MS methods, which can quantify down to levels of around 1 pg on column, depending on the specific
platform. Robust scheduled assays that can analyse up to 150-200 lipids are increasing in popularity but
require a very high degree of technical competence and ongoing monitoring to ensure accuracy of their
result. Close attention to peak quality and isomer identification is required. ELISAs also exist but there are
considerations relating to specificity when applied to complex biological samples. Oxylipins are metabolised
by β-oxidation, and many of their tetranor and dinor compounds can be readily detected in urine. Robust
assays for some are in clinical use for inflammatory disease and cancer. Last, some are found esterified to
phospholipids, glycerides and sterol esters. Quantitative assays for these are less established, due to lack of
synthetic standards, but this is a growing area. This chapter will outline the basic principles of oxylipin
analysis, focusing on LC-MS/MS, presenting current state of the art in relation to how to approach
establishing such methods in the laboratory for plasma and urine.
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1. Introduction
Oxylipins are structurally related oxygenated polyunsaturated fatty acids (PUFA) generated by enzymes.
Additionally, their stereo- or positional- isomers can be generated non-enzymatically. In the LIPID MAPS
classification/nomenclature, they are in the Fatty Acyl (FA) class, represented by: octadecanoids, eicosanoids
and docosanoids1. They arise by oxygenation of PUFA of usually 18-22 carbons and between 2-6 double bonds
and are formed by lipoxygenases (LOX), cyclooxygenases (COX) or cytochromeP450s (CYP450). Sequential
metabolism by two or more enzymes can also occur. Here, formation of prostaglandin H2 (PGH2) by COX is
followed by formation of thromboxane A2 (TXA2) by the CYP450, thromboxane synthase2.
Prostanoids/prostaglandins (PG) represent oxylipins that contain a 5-carbon prostanoid ring, and include
prostaglandins such as PGE2, PGD2 and PGF2α. Distinct products are formed from different PUFA, based on
the substrate and enzyme. For example, while 15-LOX1 oxygenation of arachidonic acid (20:4) generates 15Shydroperoxyeicosatetraenoic acid (15-HpETE), metabolism of docosahexanoic acid (22:6) results in 17Shydroperoxydocosahexanoic acid (17-HpDOHE). The major oxylipin biosynthetic pathways are found on LIPID
MAPS/Wikipathways

(https://www.lipidmaps.org/resources/pathways/wikipathways),

summarised

in

Figures 1,23, 4.

Oxylipins are generated in virtually all organs and cells. Many maintain homeostasis, e.g. PGE2 in the gastric
system, or TXA2 and prostacyclin (PGI2) in the vasculature. PGE2 is generated in inflammation, involved in
immunity, cancer, infection and pain. During homeostasis, PGE2 is mainly from COX-1, while during
inflammation, high amounts of PGs are generated via COX-2 induced by damage-associated molecular
patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs), such as lipopolysaccharide (LPS).
Oxylipins signal by either, (i) high affinity binding and activation of G-protein coupled receptors (GPCRs), or
(ii) by low affinity activation of the transcription factor, peroxisomal proliferator activating receptor PPARγ.
In the case of GPCRs, specific oxylipins are recognised by their cognate receptors, activating highly controlled
signalling in a tissue/cell specific manner. In contrast, PPARγ is activated by many oxylipins, upregulating a
transcriptional programme to dampen inflammation and fibrosis.

Nowadays, oxylipin analysis generally utilizes high sensitivity triple quadrupole or Q-Trap MS instruments
coupled via electrospray ionization with LC, which have superseded GC/MS, LC/UV and other older methods.
The MS is typically operated in Multiple Reaction Monitoring (MRM) mode, which may or may not be
Scheduled, allowing simultaneous detection of large numbers of lipids. The Scheduled mode allows the
instrument to analyse lipids only around the time when they are expected to elute from the LC column. This
relies on the use of precursor-to-product ion transitions that are considered sufficiently specific for each lipid
analysed, and is also termed selected (SRM). For example, during a 15-20 min separation, each oxylipin will
be measured only for up to 2 minutes, meaning that at any particular time, only a small number are
simultaneously measured. This allows from 100-200 lipids (depending on platform, chromatographic
separation, etc.) to be quantified per sample, since the instrument can acquire sufficient points across a peak
(generally around 6-20 or more points per peak is captured) with sufficient dwell time. Here, isotopically
labelled (typically deuterated) internal standards are added before extraction, with the most structurally
similar being used for each primary (unlabelled) analyte. For all analytes quantified, a primary standard is
required. Quantitation relies on generating standard curves for every analyte, plotted against a constant
amount of internal standard in serial dilutions. Limit of detection (LOD) and limit of quantitation (LOQ) is
defined based on signal:noise (S:N), calculated by height or area, and most vendors’ software provide scripts
for this. As a general rule, LOQ is used at S:N at least 5-10 in analytical laboratories, with LOD being around
3:1. A clearly discernible peak must be seen above baseline noise, or the lipid is judged to be below the limit
of detection/quantitation in the sample. This is in line with guidelines from international bodies5-14.
Approaches that define LOQ/LOD based on minimum area of integration in the chromatogram, or the
presence of ions considered to be diagnostic in an MS/MS spectrum can incorrectly infer lipids are present
in baseline noise and should be avoided15.

2. Analysis of Oxylipins: Plasma, Tissues and Cells
While most PGs are detected at low concentrations, others such as hydroxy-linoleic acid derivatives are often
100-1000 fold higher concentrated. Furthermore, oxylipins can be formed and degraded after and during

sample collection and preparation. Due to this, to ensure a reliable quantitative analysis, all steps from
sample collection to MS analysis need to be carefully considered.

2.1 Planning of sample collection preparation and storage
Sample handling needs to be carefully standardized. Inappropriate collection, pretreatment, storage and
analytical sample preparation can strongly influence the oxylipin pattern detected16-19. This is because PUFA,
such as arachidonic and docosahexanoic acids are prone to artefactual oxidation, which is accelerated by free
transition metals from disrupted tissue or cells (Fenton-type chemistry). Here, products include not only
enzymatically-generated oxylipins, but also large numbers of additional regio- and stereoisomers that can be
hard to distinguish. Strategies to minimize this include addition of antioxidants, metal chelators that prevent
metal ions from redox cycling, and keeping cell and tissue samples cooled on ice during initial processing. An
exception is washed platelets, which need to be isolated at room temperature, to preserve agonist responses.

The test system needs to be carefully considered to decide whether oxylipins are likely to be formed in
biologically-meaningful amounts. First, asking if biosynthetic enzymes, e.g. COX, LOX and CYP450s are
expressed in the tissue, compartment or matrix at sufficient levels. This can be assessed by prior knowledge
from the literature, or screening transcriptional data. For example, the expression of 12-LOX and COX-1 in
platelets has been known for decades. Furthermore, species differences exist, with ALOX15/Alox15 encoding
enzymes with different product profiles in mice/rats/pigs (12-lipoxygenating towards arachidonate primarily,
and termed 12/15-LOX) versus humans/rabbits (15-lipoxygenating, called 15-LOX)20,

21

. The impact of

activation/stimulation (time, type and dose of stimulus) of the biological sample needs to be considered,
since oxylipin patterns change over time, for example induction and activation of COX-2 by pro-inflammatory
LPS in macrophages22. If using cultured cells, oxylipins are generally enriched in the supernatant since they
are secreted to act as paracrine stimuli on other cells23, 24.

2.2 Consideration of experimental system, focusing on plasma and serum

For the analysis of blood cells, one can choose purified cells, such as platelets, monocytes or neutrophils
either alone or in mixed cell populations25-28. All have highly specific expression patterns for oxylipingenerating enzymes, and if combined, then transcellular metabolism to secondary products may occur.
Whole blood can be analysed, before or after the use of activators such as LPS29. Anti-coagulated whole
blood can be centrifuged to remove cells, generating plasma. For this, clotting is prevented using anticoagulants, such as calcium chelators (EDTA, sodium citrate), or heparin. These have distinct effects on
oxylipins30, 31, with chelation being preferred due to its dual action both on coagulation and platelet/leukocyte
activation. Heparin prevents coagulation but does not prevent activation of platelets. When whole blood is
not anti-coagulated, or is actively coagulated using activators such as glass particles, the removal of cells
along with fibrinogen results in serum. Generation of serum represents an ex vivo coagulation assay forming
high(er) oxylipin levels because of the activation of white cells and platelets during blood clotting. Thus,
oxylipin levels are not representative of what was present in vivo prior to sampling, and great care would
also be needed to ensure that non-enzymatic oxidation to form isoprostanes was prevented. Serum oxylipin
analysis can be considered an ex vivo “capacity assay” where the maximum ability of the blood cells to
generate the lipids is being measured. This can be useful, for example if testing the ability of an in vivo
administered COX-1 inhibitor to prevent platelet thromboxane generation, but it doesn’t reflect endogenous
in vivo circulating oxylipins. Notwithstanding this, serum has been sucessfully used in a large number of
published studies32-34. Plasma oxylipins can indirectly reflect their formation and action in other tissues such
as kidney, liver, lung, etc. The relative contribution of circulating blood cells versus other tissues to measured
plasma levels can be difficult to delineate, especially during inflammation.

When isolating plasma or purified cell populations from whole blood, the method of venepuncture needs to
be considered. Narrow needles/tubing and vacuum from vacutainers can activate white cells and platelets,
and sometimes cause hemolysis. This is a well-recognized “sampling artefact” that causes significant
elevations in oxylipins. Another consideration relates to which oxylipin pool is of interest experimentally and
biologically. These lipids are generally measured as their free acid forms (unesterified), but they are found
esterified into complex lipids. Indeed, the majority of hydroxy-PUFA and epoxy-PUFA present in plasma or

cells appear to be bound to larger lipids, particularly phospholipids (PL) and are termed oxidized PL (oxPL)16.
Furthermore, these can be generated acutely by activated white cells or platelets35. OxPL can be detected
either as their intact molecular species (see later section), or as the free acid species generated following
hydrolysis. This can be achieved using saponification/base hydrolysis, or by using phospholipaseA2. During
saponification, prostanoids such as PGE2, are destroyed and can’t be recovered36. For these, enzymatic
hydrolysis is preferred37. Notably, with this, structural information on the precursor lipids is lost. A detailed
protocol for the quantification of “total” oxylipins in blood can be found here18, 38, and their analysis as intact
oxPL is detailed later.

2.3 Obtaining and handling plasma for oxylipin analysis
Many cohorts have stored plasma and serum, thus these tend to be the most commonly analyzed samples
in population studies. Oxylipin measurements in plasma/serum from cohorts can be fraught with difficulty
since sometimes the sampling methods are not well described, and oxidation can increase in long term
storage even at -80 °C39. Each step, such as transitory storage, transport or long-term storage can influence
the resultant levels of oxylipins detected16, 17, 19, 31. Key for successful quantitation is to define all parameters
that could cause variability or interferences in advance of starting sample collection. A list of these is
provided below, and these have been extensively tested in16, 17, 19, 31.

1.) Itemize all plasticware (brand and specific type) and test for possible interferences, caused for example
by plasticizers. A list of suitable materials are provided here18.
2.) Collect blood at a defined time (+/- 2 h) of the day, ideally following overnight fasting. Use a needle with
a sufficient gauge (20 G or larger) and EDTA collection tubes.
•

Fasting state and/or sampling at different times can lead to high inter-individual variability, while
inter-day variability of plasma oxylipins of fasted at the same time of day subjects is low16, 40

3.) During transport, keep the blood cool - but not on ice - and store for maximum 2 h, avoid shaking and
minimize transport.

•

Freezing (including freeze/thaw cycles) or shaking can cause hemolysis and/or cell activation,
distorting oxylipin levels detected19.

4.) To generate plasma, centrifuge at 1,000 g for 15 min at 4 °C, remove plasma from the tube within 1 hour.
5.) Generate aliquots (e.g. 500 µl for free41, 42 or 100 µl for total oxylipins38. Whenever possible generate backup samples. Pipette the exact volume needed and mix directly with an equal volume of methanol or other
organic solvent.
•

Methanol stabilizes the biological samples and including during long term storage31

6.) Freeze the sample immediately, e.g. by snap freezing in liquid nitrogen. Record the time from blood draw
till freezing for each sample -(batch). Time to freezing should not exceed 3 hours17, 19.
7.) Store at -80°C for analyze the samples as soon as possible but within at most 2 years. If the samples need
to be shipped send them on dry ice with a temperature logger.
•

Oxylipin levels can change during storage. At temperatures over -30°C significant changes occur,
particularly if no methanol is added. In particular, non-enzymatically generated oxylipins, including
F2-isoprsotanes (F2-IsoPs), can form from plasma polyunsaturated fatty acids (PUFA) at these
temperatures. However, at -80°C, levels of samples prepared as outlined can be regarded as stable
for about 2 years, and maybe longer16, 31.

2.4. Extraction of oxylipins from plasma
Prior to LC-MS/MS, plasma needs to be processed to remove proteins and other interfering compounds,
since electrospray ionization (ESI) and MS detection are strongly influenced by matrix composition.
Processing generally uses solid phase extraction (SPE) columns that contain reverse phase LC solid phase,
allowing selective elution off the column of oxylipins following removal of polar compounds and neutral
lipids. SPE can also enable concentration of samples, e.g. by factor 1041, 42 facilitating detection of low levels
of oxylipins. However, several quantitative oxylipin methods have been described leading to an overall
dilution of the samples using rapid sample preparation, without SPE43 or online-SPE following dilution44. Prior
to sample clean up, stable isotope-labelled internal standards are added which correct for losses during

extraction, and allow quantitation, as described here38, 41, 42. Moreover proteins can be precipitated using by
an excess of organic solvent such as methanol, if this has not been added during sample collection (see
above)38, 41.

Use IS recovery as quality marker for the sample preparation in each sample: Following SPE, the extract is
reconstituted in an organic solvent. “Internal standard 2” (IS2) is then added, for example 1-(1(ethylsulfonyl)piperidin-4-yl)-3-(4-(trifluoromethoxy)phenyl)urea, 12-(3-adamantan-1-yl-ureido)-dodecanoic
acid, 12-oxo-phytodienoic acid and aleuritic acid17, 45. With that, the extraction recovery of the internal
standards themselves can be quantified in each sample post extraction. Using that method, only extracted
samples with an internal standard recovery of at least 60 % would be used for quantification. If recovery
appears lower than expected, adding internal standards after the SPE step and comparing the results allows
to pinpoint whether the extraction efficacy of the oxylipins is not sufficient or the signal is reduced due to
ion suppression (a matrix effect). This is described in the below paragraph in more detail. Finally, an ion
suppression analysis (by post-column addition of an IS solution using a syringe pump and connected via a Tpiece between column and MS while monitoring its transition during the injection of a sample) allows a
detailed analysis of eluting ion suppressing matrix compounds38, 46. For oxylipins, several successful protocols
for SPE extraction have been described in the literature, and we refer the reader to detailed procedures
here18, 38, 47.

2.5 Set-up of LC-MS/MS analytical method
Analysis of oxylipins using the newer scheduled MRM methods that can detect and quantify 100-200 analytes
are technically demanding, and require significant time, expertise and training. A dedicated postdoctoral
scientist, overseeing all analyses, e.g. supervising, training staff and students, and monitoring instrument
performance is essential. A number of these methods have been described by several laboratories, as
reviewed here.16, 48 Most often, the LC system uses sub-2-µm particle size filled columns that generate very
high backpressure of >500 bar, electrospray ionization in negative ion mode and a triple quadrupole (QqQ)

analyzer operated in SRM/MRM mode (see earlier). Optimised methods for a large number of oxylipins
including isoprostanes or so-called “specialist resolving mediators” are described here17, 41, 42.

The following parameters need to be defined for instrument/method qualification:
•

Which oxylipins should be included? A quantitative method requires standards for each analyte and
an increasing number of oxylipins are commercially available. However, most are not fully
characterized regarding purity. If desired, concentrations can corrected by concentration factors
determined based on UV-spectroscopy and LC-ESI(-)MS analysis in selected ion monitoring. The
detailed procedures can be found here49.

•

Efficient chromatographic separation. For UHPLC, column and mobile phase gradient selection
should lead to narrow peaks (full width at half maximum (FWHM) height about 3-4 sec41, 42 to allow
sufficient separation of the large number of oxylipins. Several structurally-different oxylipins show
identical fragment spectra in mass spectrometry48 and need to be separated by chromatography.
Examples of these, which elute as critical separation pairs are: PGE2/PGD2, PGB2/PGJ2 12(13)DiHODE/15,16-DiHODE, w-hydroxy-PUFA/(w-1)-hydroxy-PUFA, 8(9)-EpETE/11(12)-EpETE, 11(12)EpETE/14(15)-EpETE, 8(9)-EpETrE/11(12)-EpETrE, 7-HDHA/11-HDHA18. Their efficient separation
needs to be visually confirmed using standards.

•

Instability of some lipids. Most oxylipins, including multiply oxygenated PUFA called SPM, are
relatively stable under the analytical conditions outlined here. Exceptions include lipids with
hydroperoxide functional groups. These, are highly unstable in disrupted tissue samples due their
reactivity towards transitional metal ions. Other lipids that are not possible to analyse are
Prostaglandin H2 and Thromboxane A2, which are unstable in aqueous environments generating
more stable end products that can be measured instead.

•

Co-elution problems. Due of the large number of oxylipins generated in a biological system, co-elution
with stereoisomers can occur, and this is particularly a problem with multiply oxygenated PUFA.
Enantiomers (mirror image) don’t separate on reverse phase LC, while diastereomers (non-mirror

image) do. This issue is exemplified with SPM, including PD150. The specific problem with assigning
names where there may be co-eluting enantiomers is covered in more detail later.
•

Sensitive and selective mass spectrometric detection. The LC-MS/MS parameters (source setting, gas
flows, temperature, electronical potentials) for the MRM transitions need to be optimized 41, 42. Each
primary standard should be optimized for compound specific parameters such as collision energy.

•

Scheduled MRM. This approach allows for detection of large numbers of oxylipins, since individual
lipids are only monitored around the time when they elute. Here, detection windows need to be
narrow, but also wide enough to allow sufficient a background trace to be recorded. This requires a
stable retention time, and a cycle time that records sufficient data points per peaks (varying from 6
upwards, with some laboratories using <20) balanced with sufficiently long dwell times (the time
during which the instrument is analyzing a transition, ideally 10-50 ms). A starting point, which may
need adapting based on the platform and number of analytes, would be 30-60 s window and total
cycle time of 0.4 s peaks with FWHM of around 3-4 sec17, 41, 42. However, what is critical is that there
is sufficient baseline measured to enable robust estimation of background noise, which is used for
limit of detection/quantitation (LOD/LOQ) determination as detailed below. Thus the windows must
be optimized appropriate to the specific instrument conditions. When measuring very large numbers
of lipids, it is generally feasible to only monitor one transition per analyte, due to analytical capacity
of instruments. However, if needed, to ensure higher confidence in identification, an additional
strategy can involve the monitoring of two per analyte, one being the quantifier and the other the
qualifier. The ratio of response of qualifier to quantifier being consistent with a standard would be
considered as further evidence, in particular the existence of a chromatographic peak with identical
retention time for both transitions. If this is not routinely possible, then it can be built in as part of
structure confirmation. MS/MS spectra can also be acquired, however, when lipids are present in
low amounts in biological samples, spectra obtained at the expected elution time are generally
extremely noisy, and are then not suitable for identification purposes. Only spectra that show a
strong visual match to the pure standard provide good evidence for a proposed structure.

•

Define lower limit of detection (LOD). Using diluted solutions of standards the instrument LOD needs
to be defined based on a signal-to-noise ratio (s/n) of ≥3 for each oxylipin with the developed
method. With the most sensitive of the current instrumentation, a LOD of >0.1-1 pg on column which
means with a typical injection of 10 µl a concentration in an injected solution of 10-100 pg/ml is
feasible for most oxylipins41, 42.

•

Internal standards: Isotopically labeled internal standards should be chosen to represent the subcategories of oxylipins being measured, including as many as feasible. These should be added to
samples at about 10-30 fold the concentration of the LOD of the analyte (about 50-100 ng/ml).
Prepare sufficient amount of IS solution for samples in advance and add to samples prior to
extraction.

•

Standard Curves: A calibration series is generated by sequential dilution of mixtures of primary
standards. A detailed pipetting scheme can be found in17. Include at least two concentrations of
lipids per order of magnitude from the LOD to the highest concentration present in samples, or
slightly above the expected upper limit of quantification (about 1 µg/mL). This should remain below
the upper limits of dynamic range for the instrument (based on linear response to serial dilutions).
Standard solutions are stable for several months at -80°C and freeze/thawing should be avoided by
storing in appropriate glass vials or ampules. Unstable oxylipins, such as hydroperoxy-PUFA, should
not be included in calibration series.

•

Limits of quantification and calibration. The LOQ for standards and analytes measured in research
laboratory assays is generally defined as a peak exceeding a s/n ratio of ~5-10, in line with
recommendations from external agencies, such as FDA, WHO, and others. A linear calibration
function can be generated by weighting the concentration 1/x or 1/x2 (because random variation is
relative and thus absolutely smaller for lower concentrations). For all calibrators the accuracy can be
calculated, and needs to be within ±15 and (±20% for the calibrator of the LLOQ) which limits the
LLOQ. Matrix matched calibration can be helpful in specific cases, is however not required because
of the used isotopically labeled standards (so-called isotope dilution analysis), and also feasibility
when dealing with many different types of tissues on a routine basis.

•

System Qualification. It can be helpful, in addition to using the calibration solutions from the MS
manufacturer, to make use of a defined solution of oxylipins (e.g. one of the standards) for the
purposes of ensuring good system performance prior to analysing samples. Using this approach, a
user can confirm specific performance criteria, relating to minimum chromatographic and mass
spectrometric performance. These can include background intensity, retention times, peak widths,
resolution of critical separation pairs, absolute intensity (peak height, area) of IS, accuracy.

2.6. Quality assessment and control
It’s important to closely monitor method performance so that if problems occur, they can be quickly
identified and rectified. Variations in instrument performance (sensitivity) and sample preparation (IS
recovery) can be routinely monitored. Where laboratories are conducting large scale analyses of cohort
samples, it is critical to demonstrate assay stability between batches over time. For this, we recommend a
quality control (QS) sample, such as a large volume of (pooled) plasma which is stored in appropriate aliquots.
With every analytical batch, such as the 20 samples co-extracted on a SPE manifold, one of the QC samples
would be prepared in parallel. Documenting the detected concentration and comparing it with historical
controls allows determination of accuracy and precision of the analysis, which is typically ±15 % for most
oxylipins.

3. Challenges presented by oxylipin isomers.

3.1. Analytical challenges of isomers
A significant challenge in oxylipin analysis lies in discriminating specific constitutional isomers and in
particular stereoisomers, especially when analysing complex biological mixtures. Importantly, bioactivity and
(stereo-)chemical structure of oxylipins are inherently intertwined. For example, LTB4 and its diastereomer
5S,12S-diHETE not only arise from different biochemical pathways but also vastly differ in their bioactivities51.
LTB4 is a very strong chemotactic agent, predominantly produced in polymorphonuclear cells by the actions
of 5-lipoxygenase and leukotriene A4 hydrolase, its diastereomer 5S,12S-diHETE on the other hand is a

platelet neutrophil interaction product involving 5- as well as 12-LOX for its production52, 53. An oxylipin’s
stereochemical definition is of great importance to our understanding of its origin and bioactivity. Of note,
the actions of the major mammalian enzymes involved in oxylipin production in the immune system are
stereochemically S-configuration specific while some skin isomers generate R-enantiomers. However,
tandem mass spectra of stereoisomers and in some cases even constitutional isomers are identical. A recent
example illustrates co-elution and highly similar MS/MS fragmentation of the constitutional isomers LXA4 and
a 5D2-isoprostane. Using biological interpretation and MS3 analysis, the authors were able to dissect the two
isomers54. Nevertheless, this illustrates that even with powerful LC-MS/MS approaches and monitoring
presumably analyte specific mass transitions (m/z 351 -> 115), likely well separated constitutional isomers
can still be mistaken for each other.

The situation becomes even more complicated when taking stereochemistry into consideration. Two major
forms of stereoisomers contribute to the stereochemical complexity of oxylipins, geometric double bond
isomers and configurational isomers including enantiomers as well as diastereomers (being non-mirror image
stereoisomers). Each chiral centre or geometric double bond in an oxylipin can contribute to two
stereoisomers, and where there are multiples of these, the theoretical number of isomers increases
consecutively by a factor of two. In practice, geometric double bond isomers will likely contribute less since
their configurations are fixed, and relatively stable for specific oxylipin substrates, although this is not always
the case. As one example, LTB4 possesses two stereocenters at the hydroxylated positions 5 and 12 of which
each can be R or S-configured, additionally LTB4 possesses four double bonds that can either be E or Z
configured, hence 26 = 64 stereoisomers can theoretically be formed. Fortunately, this is a theoretical number
and considering “enantiomerically pure biochemical starting materials”, such as arachidonic acid (all Zconfigured), this number will be much lower. Nevertheless, a significant number of enzymatic and nonenzymatic (stereo-)isomers can be present in biological samples and consequently several analytical
approaches have investigated the stereochemical classification of oxylipins. Most important and routinely
applied is the separation of diastereomers using reversed phase chromatography. Since physiochemical
characteristic of diastereomers differ (unlike enantiomers) many of these species are readily separable using

routine C18 based chromatographic systems. For example, the non-enzymatic hydrolysis products of LTA4, 6trans-LTB4 and 6-trans-12-epi-LTB4 are readily separable on C18-reversed phase columns. In addition, the use
of chiral phases has proven highly useful not only for the separation of enantiomers (R versus S) but also
diastereomers31. Just recently, two reports have shown the applicability of chiral separations for oxylipin
analysis55, 56. Notably, these have traditionally been restricted to normal phase systems, however novel
column chemistries (e.g. the Chiralpak AD-RH and IA-U) allow operation under reversed phase conditions,
rendering chiral separations more practical in combination with electrospray ionization tandem mass
spectrometry31, 55. Nevertheless, the sheer number of possible stereoisomers combined with the complexity
of biological sample materials has led to the development and application of additional technologies for the
successful stereochemical resolution of oxylipins. Recently, ion mobility separations have been introduced
to the field57. Originally differential mobility separation was introduced by Kapron et al. for the separation of
prostanoids58 and later adapted by Jonasdottir et al.52 for the separation of LTB4 isomers. Lately also, drift
tube-based ion mobility has entered the field of oxylipin analysis59. All these approaches rely on the
availability of sufficiently pure standard materials with stereo-chemical assignments. Many platforms initially
assign identity and hence stereochemistry of a specific oxylipin based on reversed phase LC-MS/MS analysis.
Particularly for well described diastereomers this is to some extent possible and considering time and
budgetary constraints also understandable. However, enantiomers cannot be separated using reversed
phase systems, in turn the assignment of a stereo-center being R or S can only be accomplished by chiral
chromatography with enantiomerically pure standards at hand. Furthermore, even though diastereomers
are, in most cases, well separatable using reversed phase systems, orthogonal chromatographic resolution is
key for the unambiguous assignment of a stereo-chemically defined diastereomer. In other words, even
though LC-MS/MS analysis results between standard and a specific analyte closely match, this is no guarantee
that all geometric and configurational descriptors do so as well. Thus, if unambiguous stereochemical
description of an oxylipin is of importance, matching between standard and analyte, applying one or more
of the above discussed analytical solutions should be considered. Here, ideally, reversed phase LC-MS/MS
results would be confirmed by chiral chromatography or ion mobility separation. An example of this is
provided in Figure 3. Here, we see that in peritoneal cells either with or without a 24-hr challenge with

zymosan, a peak around 9.3 min is visible (Figure 3 A). However, this peak comprises both LTB4 (5S,12RdiHETE) and its diastereomer 5S,12S-diHETE, which don’t separate sufficiently on reverse phase LC and thus
only one overall peak is seen for both lipids. Analysing the same extract using differential ion mobility (DMS)
shows there are different lipids in the samples, with LTB4 predominating after inflammatory challenge and
5S,12S-diHETE predominating before (Figure 3 B). If sensitivity is an issue, that cannot be met by chiral
separation or ion mobility, “orthogonal” eluent systems can be applied to reversed phase columns as an
intermediate measure, i.e. swapping methanol for acetonitrile, adding MS compatible buffers, changing the
pH. Finally, it is important to realize that all types of LC-MS/MS based stereochemical assignments are of
relative nature and a final absolute assignment of stereochemistry can only be made by complimentary
technologies such as NMR. In cases where stereochemistry is ambiguous, non-chiral names would be more
chemically correct. This is discussed in more detail below.

3.2. Biological considerations of isomers.
The biology of the tissue can provide important clues to which lipids are present. For example, in the case of
PGE2, if the MRM/SRM channel shows a large number of closely eluting peaks, of fairly similar size, then one
would need to consider whether they all originate from non-enzymatic oxidation. On the other hand, if the
sample is from inflammatory activated cells, and a prominent signal at the retention time for PGE2 is seen,
with only small peaks for the other related lipids, then it is expected that PGE2 is the lipid measured and that
COX-2 and PGES are involved. Further confirmation can be provided by showing inhibition by indomethacin.
For many lipids, unless chiral chromatography is used to verify the structure of the lipid made, or the isomeric
composition of the system is well known, stereochemistry can be omitted when reporting structures. In the
case of platelets, 12(S)-HETE predominates, due to the well-known high activity of platelet 12-LOX60.
However, if measuring this lipid elsewhere, it can be called simply 12-HETE. Some oxylipins are named based
on their function rather than their structure with these names inferring stereochemistry. These include the
DHA and EPA oxygenation products: lipoxins, resolvins, protectins and maresins, commonly called specialist
pro-resolving mediators (SPM). Here, the number of stereoisomers that would form via non-enzymatic
oxidation of AA, DHA or EPA, considering chirality alone, can be either 4 (with 2 chiral centres, e.g. PD1) or 8

(with 3 chiral centres, e.g. RvD1, D2, D4). Since these lipids have more than one chiral centre, they form
groups of non-mirror image stereoisomers that separate on reverse phase (diastereomers) when one or more
(but not all) of the chiral centres have different configurations. However, when all the centres have opposite
configurations, they are enantiomers (mirror-image stereoisomers) which do co-elute on reverse phase LCMS/MS. In summary, for all oxylipins, two or more peaks eluting closely together of relatively similar size,
rather than a single isomer on its own, should always be seen as suspicion of non-enzymatic oxidation either
in a biological system or during sample preparation. Unfortunately, the narrow windows used for scheduled
MRM/SRM can potentially lead to these peaks being missed. Even if a single peak is seen, without chiral
chromatography on that sample type, one cannot be sure which stereoisomer(s) are present. Labelling the
lipid based on what is known, e.g. 7,8,17-triHDOHE, omitting the stereochemistry inferred by the trivial name
RvD1, avoids this error. Unfortunately, many studies have used reverse phase chromatography along with
stereochemical naming of lipids in complex biological mixtures without confirmation of enatiomeric
structure.

4. Analysis of Urine Oxylipin Metabolites
While plasma is more frequently collected in human clinical trials and studies, urine is an alternative biological
fluid with distinct advantages for the quantitation of oxylipin biomarkers. Urine collection is non-invasive and
can be used in large-scale trials with high participant agreement. Samples can be collected by study
participants at home, as many oxylipin urinary metabolites are stable at 4oC (a standard home refrigerator)
for a few days. Further, urine can be collected in a sufficient volume that allows for multiple analyses and can
be stored for future studies. Important for the analysis of oxylipin metabolites, urine is a filtered fluid with
low levels of cell contamination and metals, thus this matrix is less susceptible than plasma to ex vivo
oxidation during sample collection and storage61, 62. MS methods for oxylipin urinary metabolites are similar
to those used for plasma, for example the use of pooled urine QC samples. Analysis of oxylipin metabolites,
however, has its own set of considerations regarding sample collection and preparation. First, and most
importantly, due to analyte stability and extraction, all urinary metabolites cannot be analyzed in a single

method. Herein, we will first discuss general considerations for urine analysis and then focus on factors
specific to individual classes of urine metabolites.

4.1 General considerations
•

Determination of Experimental System. First, when planning to measure oxylipins and/or their
urinary metabolites, it should be determined if urine is an appropriate matrix that will answer the
scientific question in the population being studied. Urinary eicosanoid metabolites have often been
measured in large-scale clinical trials as biomarkers of disease risk. Additionally, they have been used
to assess therapeutic interventions63-67. Metabolic enzymes and metabolite formation differ between
humans and animals, particularly rodents, and between males and females in both humans and
animals68, 69. Additionally, there are differences in oxylipin metabolite patterns between pre- and
post-menopausal women70,

71

. Finally, specific pathophysiological conditions, can alter urinary

metabolic profiles. For example, kidney dysfunction increases excretion of unmetabolized oxylipins
in the urine72.
•

Planning of sample collection preparation and storage. Urine samples should be collected at a
consistent time of day (ie. first morning void after overnight fasting). If following a therapeutic
intervention or procedure, collection should be timed such that metabolites have sufficient time to
be excreted. On collection, the sample should be placed on ice or in a refrigerator (4oC) to prevent
degradation of metabolites. Samples should remain at room temperature no longer than 1 hour.
Multiple aliquots of at least 2 mL should be prepped for storage. The samples should be vortexed
prior to aliquoting. We recommend that samples should not be spun to remove particulates as it can
lead to unequal distribution of oxylipin metabolite patterns between aliquots62.

•

Normalization. The concentration of a urinary metabolite is dependent upon its excretion rate and
the urinary flow rate. Urinary biomarkers are commonly reported as a ratio of analyte concentration
to urinary creatinine excretion which is typically assumed to be linear to biomarker excretion. Specific
gravity and total urine excretion volume are alternative normalization factors. Particular attention to

normalization should be paid when renal function is changing rapidly or in the case of acute kidney
injury61, 62, 73.

4.2 Prostaglandins (PGs)
For decades, it was considered that the most accurate index of endogenous PG production in humans was
the measurement of excreted urinary metabolites using MS68, 74, 75. The advent of modern, highly sensitive
MS has improved our ability to explore local PG formation (ie. CSF, nasal fluid, etc.) and enabled broad
spectrum, multi-class oxylipin analysis76-78. However, urine still provides a robust option for the evaluation of
systemic (whole body) PG production62. Quantification of PG urinary metabolites (Figure 4) has allowed for
the assessment of PG production in various diseases and intervention strategies (NSAIDs, COXIBs, nutritional
supplements72, 76, 79-85. In fact, in a recent meta-analysis of urinary biomarkers of colorectal cancer (CRC),
measurement of the major urinary metabolite of PGE2 was shown to be the most clinically promising for
detection of CRC risk86.
•

PGE2. PGE-M is the most abundant PG metabolite in human urine. The first method to quantify PGEM using GC-MS was published in 197687. A second method using GC-MS/MS was published in 199088.
However, both are extremely labor intensive, involving multiple purification and derivatization steps.
PGE-M is quite unstable, with the two carbonyl groups being susceptible to dehydration and other
reactions as is the C-11 hydroxyl group. PGE-M begins to degrade in urine left at room temperature
for 1.5 hours (Milne and Morrow, unpublished results).
The development of an LC-MS/MS method for accurate PGE-M quantification was accomplished
following the synthesis of analytical standards derivatized with methyloxime HCl or [2H3]methyloxime HCl (internal standard)89. There are thus several considerations that must be taken into
account. First, urine should be derivatized with methyloxime HCl immediately upon thawing.
Extraction using a C18 solid phase extraction cartridge is required following derivatization to remove
unreacted methyloxime HCl. The internal standard has been derivatized with [2H3]-methyloxime HCl
during synthesis and purified, thus it cannot be added to the sample until after solid phase extraction.
(Note: This internal standard is stable at -80oC for 15+ years, but it is not commercially available in

the derivatized form)68. Methyloxime HCl reacts with the two keto- groups (C-9 and C-15) to form
four (syn/anti) methoxime isomers (Figure 5A). These separate into two distinct peaks when using a
shallow gradient on reversed phase LC (C18). The ratio of the peak height of endogenous PGE-M to
the peak height of the internal standard is calculated for each methoxime isomeric peak. The ratios
of the two PGE-M peaks are averaged for quantification68.
•

PGD2. PGD2 is isomeric to PGE2, differing only in the location of the keto- and hydroxyl- groups on
the prostane ring. Despite their similarity, the metabolic profile of PGD2 is more varied than PGE2.
The two most abundant urinary metabolites of PGD2 are PGD-M and tetranor-PGD-M90. PGD-M
was identified in 1985 by as the major urinary metabolite of PGD291.Due to the proximity of the C-11
hydroxyl- group to the C-15 keto- group, PGD-M readily undergoes cyclization, existing in equilibrium
as shown in Figure 5B PGD-M has been quantified using GC-MS following multiple derivatization and
purification steps that open up the cyclized form of PGD-M (Figure 5B)92. No LC-MS method for
quantification of PGD-M is currently available. However, 2,3-dinor-11b-PGF2a, an intermediate
metabolite between PGD2 and PGD-M, has been detected in urine using LC-MS/MS93. Song, et al
identified a tetranor PGD-M as a urinary metabolite of PGD2 in 200894. This metabolite is analogous
to PGE-M and formed in concentrations comparable to PGD-M. Tetranor PGD-M is susceptible to the
same stability issues as PGE-M. Likewise, reaction of tetranor PGD-M with methyloxime HCl results
in formation of four (syn/anti) methoxime isomers. These isomers are separable from those of PGEM95, 96.
• PGJ2 and 15dPGJ2: PGD2 can also undergo metabolism by dehydration to yield PGJ2, which is further
metabolized to 15-deoxy-D12,13-PGJ2 (15dPGJ2). Very little 15dPGJ2 is detected in urine97.
However, 15dPGJ2 can be metabolized by a human liver cell line (HepG2) to a glutathione conjugate.
This is metabolized analogous to leukotriene C4, a glutathione conjugate of leukotriene A4, yielding
an end metabolite that is a 15dPGJ2 cysteine conjugate. This may explain why 15dPGJ2 levels in urine
are low98, 99. When assessing formation of endogenous PGD2, it is important to consider all routes of
metabolism. The biological relevance of these metabolic pathways is incompletely understood.

• Thromboxane and Prostacyclin. For over 40 years, the production of prostacyclin (PGI2) and TxA2 has
been central to the understanding of cardiovascular health100. PGI2 is a product of endothelial cells in
the vasculature and is antithrombotic and a vasodilator. TxA2 is generated in platelets and is prothrombotic and a vasoconstrictor101. PGI2 and TxA2 are rapidly metabolized. The major urinary
metabolite of PGI2 is 2,3-dinor-6-keto-PGF1α (PGI-M). Major urinary metabolites of TxA2 are 11dehydro-thromboxane B2 (11dTxB2) and 2,3-dinor-TxB2102, 103. Infusion studies that alter levels of PGI2
and TxA2 in the circulation have shown that urinary PGI-M and 11dTxB2 accurately reflect these
changes104. These urinary metabolites have been extremely useful in the assessment of therapeutic
interventions that modulate PGI2 and TxA2 formation. For example, measurement of PGI-M and
11dTxB2 contributed to the development of low-dose aspirin for cardio protection67. Further,
quantification of these metabolites was found to be essential to assessing the role of PGI2 and TxA2
in the cardiovascular hazards associated with NSAID usage (ie. rofecoxib)105.

Interestingly,

Nakashima and Schneider have recently reported that 11dTxB2 can be formed from PGD2 via a
Baeyer-Village oxidation reaction106. The oxidation of PGD2 to 11dTxB2 was accomplished in vitro by
oxidation with hydrogen peroxide (H2O2), which can be formed endogenously during settings of
oxidative stress. These findings provide a potentially interesting link between the metabolism of
PGD2 and TxA2.
• Leukotrienes (LTs). LTs are generated from AA which is first released from cells by the action of cPLA2.
The 5-lipoxygenase (LO) enzyme associates with 5-LO activating protein (FLAP) to convert AA into 5HETE and subsequently leukotriene A4, the 5,6-epoxide of AA. LTA hydrolase converts LTA4 to LTB4,
a dihydroxy- AA metabolite. Alternatively, LTA4 can be acted upon by LTC4 synthase to form the
glutathione conjugate LTC4. LTC4 is converted to the bioactive LTD4 and the end product LTE4 by
peptidases. LTs are important in the inflammatory response, particularly in the pathophysiology of
asthma and mast cell activation107. LTE4 is readily detectable in the urine. Due to its chemical
structure and requirements for extraction and purification, LTE4 cannot be measured simultaneously
with other oxylipin metabolites. LTB4 metabolism is more complex. Eleven different metabolites of
LTB4 are excreted in human urine following infusion107. The major urinary metabolites are LTB4-

glucuronide and 20-carboxy-LTB4108, 109. These were detected in low levels, but not in the urine of
subjects not infused with LTB4109.

Interestingly, Morita and colleagues recently reported the

detection of LTB4-ethanolamide in the urine of healthy humans as well as in patients with diabetes
mellitus110. The authors describe this as a metabolite of arachidonyl-ethanolamine rather than AA.
Levels of this metabolite were lower patients with diabetic neuropathy (stage 3-4) than in healthy
subjects or in patients with diabetic neuropathy (stage 1-2).
• Cytochrome P450 Oxylipins. Cytochrome P450 (CYP) products of AA oxidation include the EETs
(CYP2C, CYP2J), which are metabolized by soluble epoxide hydrolase (sEH) to dihydroxy- molecules
(DHETs), and 20-HETE (CYP4A, CYP4F). The specific CYP enzymes as well as the generated oxidation
products vary by species, sex, and organ111. While EETs have been detected in urine (primarily kidney
derived), they are generally excreted as the DHET metabolite conjugated with glucuronide. 20-HETE
is also excreted as a glucuronide conjugate. Thus, urine must be treated with glucuronidase enzymes
prior to LC-MS analysis to ensure complete capture of total DHET or 20-HETE112, 113 Importantly,
unlike PGs and LTs, urinary DHETs and 20-HETE do not necessarily reflect systemic levels of these
molecules. Intravenous administration of radiolabeled 14,15-EET to dogs found a significant increase
in 14,15-DHET in the plasma, but little radioactivity was detected in the urine114 thus, implying that
urinary CYP oxylipins originate in the kidney. Urinary DHETs, however, are increased in diabetic
kidney disease, diet-induced hypertension, and pregnancy-induced hypertension113-116.
• Isoprostanes and related metabolites. F2-Isoprostane (F2-IsoPs) are a well-studied class of nonenzymatically generated oxylipins. F2-IsoPs are formed via autoxidation by different types of free
radicals77 and have been shown to be reliable biomarkers of endogenous lipid peroxidation and
oxidative stress. These molecules are chemically stable in biological fluids when stored correctly117.
F2-IsoPs are isomeric to PGF2α 117. F2-IsoPs can form four classes of regioisomers depending on the
position where the oxygen molecule is inserted on the arachidonic acid carbon backbone. The four
sub-families consist of 16 diastereoisomers, since the hydroxy group on the cyclopentane ring can be
arranged in eight different configurations, resulting in total 64 F2-IsoPs117. Multiple nomenclature
systems for F2-IsoPs exist. Despite the potential existence of 64 isomers, the most widely measured

F2-IsoP is 15-F2t-IsoP (also known as 8-iso-PGF2α or iPF2α-III) as it is one of the most abundant of the
64 stereoisomers in vivo and was the first to be synthesized90. Even though 15-F2t-IsoP is commonly
measured in urine in its free form, Yan et al. (2010) demonstrate a 40 % increase in the IsoPs
concentration in urine after treating samples with glucuronidase prior to MS analysis73. Moreover Li
et al. (1999) demonstrated that the 15-F2t-IsoP is not the most abundant isomer in urine; with a range
of 1.11 ± 0.45 pg/mg creatinine for 15-F2-IsoP but a range of 8.33 ± 3.17 pg/mg creatinine for 5-F2IsoPs (5-epi-5-F2-IsoP). This has also observed by others72 (Milne and Yang, 2021, unpublished
results). Although 5-F2-IsoPs might be found in higher concentration in human urine, little is known
about their biological activities118. Two major urinary metabolites of 15-F2t-IsoPs have been
identified, 2,3-dinor-15-F2t-IsoP and 2,3-dinor-5,6-dihydro-15-F2t-IsoP (Figure 6). In addition to 2,3dinor- and 2,3-dinor-5,6-dihydro metabolites, 13,14-dihydro-15-keto- and 2,3,4,5-tetranorderivatives of 15-F2t-IsoP have been identified117. 2,3-dinor-5,6-dihydro-15-F2t-IsoP is not subject to
autoxidation nor renal production and may be a more sensitive marker of endogenous oxidative
stress in urine than intact F2-IsoPs70. It is possible that glucuronide conjugates of 15-F2t-IsoP-M could
exist since it has a similar structure to 15-F2t-IsoP, however these compounds have not been studied
to date. Since their discovery over 30 years ago, GC-MS has been the method most commonly used
to quantify F2-IsoPs. The use of LC-MS/MS for their analysis is still in its infancy, hindered until
recently by technology and the availability of internal standards. Durand and colleagues have
synthesized many isomers, thus the field is ripe for exploration of their biological activity119, 120. The
ability to quantify individual isomers and metabolites will certainly expand our understanding of IsoP
formation in human physiology and pathophysiology.
• Non-AA derived IsoPs, and isomers of other PGs. It is worth mentioning that PUFA other than AA can
generate IsoPs. Adrenic acid (AdA), eicosapentenoic acid (EPA), docosapentaenoic acid, and
docosahexaenoic acid (DHA) generate F2t-dihomo-isoprostanes (F2t-dihomo-IsoP), F3t-isoprostanes
(F3t-IsoP), and F4t-neuroprostanes (F4t-NeuroP). These IsoPs have been proposed as biomarkers of
neurological diseases such as Alzheimer’s, Rett Syndrome, epilepsy, and age-related macular
degeneration (AMD)121-124, and were proposed to predict neonatal morbidity in preterm infants 125,

126

. When conducting EPA and DHA supplementation studies, the analysis of urinary F3-IsoP and F4-

NeuroPs could be considered, since supplementation of these fatty acids can alter the fatty acid
composition of plasma, cells, and tissues in humans127, 128. In addition to F-ring molecules, compounds
isomeric to PGE2, PGD2, and TxB2 can be generated via non-enzymatic lipid peroxidation. 15-E2tIsoP (also referred to as 8-iso-PGE2 or iPE2-III) was found to have both vasoconstrictive and
vasodilatory effects, suggesting a biological activity of this molecule in the cardiovascular system. 15E2t-IsoP has been detected in the urine of triathlon elite athletes82.

5. Analysis of oxylipins attached to phospholipids.
There is increasing evidence that considerable amounts of oxylipins are rapidly generated attached to
complex lipids such as phospholipids, sterol esters and glycerides129. This generally involves initial enzymatic
generation of oxylipins from free FA, followed by their fast esterification into lysoPL via Lands cycle enzymes,
although in the case of 15-LOX1, direct oxygenation of the PL occurs130. LC-MS/MS analysis of esterified
oxylipins is hampered by the relative lack of synthetic standards, thus structures are often presented as
incompletely annotated forms based on the information available, and changes expressed as fold change
differences. This pragmatic approach that allows biology to be characterised without overstatement of
findings in relation to amounts or structures. The exception to this is HETE-PE/PC, where a limited number
of synthetic standards are available including commercially131. Furthermore, standards for other
monohydroxy-oxylipins such as HDOHE or HODEs attached to complex lipids can be generated using air or
LOX-mediated oxygenation131. In biological samples and cells, there are often many different molecular
species seen, co-eluting closely together on reverse phase LC-MS/MS. One example is platelets where the
prominent forms are phosphatidylethanolamines (PE) or -cholines (PC) with 12S-HETE attached132. While
these lipids can be quantified, many others formed in the same cells can only be expressed as fold-changes,
using comparison with an internal standard133. Relating to this, early work used di-myristoyl-PE/PC, since it
was absent in isolated cells, however for plasma, since there is a low endogenous signal, we instead use
15:0/18:1-d7-PE/PC. As discussed earlier, a different approach to analysing oxidized PL was taken by Dennis
et al who hydrolysed chemically, and measured total released oxylipins instead of the intact PL36. The

advantage is that it allows quantitation of a higher number of oxylipins, since there are synthetic standards
for the free acid forms. However, the precise esterified structures are missed. Since analysis of esterified
oxylipins is complex, a number of informatics tools were recently developed to assist, e.g. a computational
database on LIPID MAPS (https://www.lipidmaps.org/tools/ms/gp_ox_form.php) LPPTiger, an informatics
tool from the Fedorova group that predicts structures from MS/MS data134, and a library of structures135.
Analysis of PL-esterified oxylipins generally relies on precursor-to-product ion MRM transitions in negative
ion mode, where the carboxylate anion of the FA generated from Sn2 is used as the product ion. While this
works very well for phospholipids, where the precursor generates a strong negative ion, it is less useful for
glycerides or sterol esters which rely on positive ion mode. As oxylipins are rather unstable during collision
induced dissociation, they readily generate internal daughter ions that can inform on positional isomers. In
the case of HETEs, a strong ion at m/z 319.2 is seen for the intact FA, along with smaller ions that indicate the
position of oxygenation, e.g. m/z 115 for 5-HETE. Using reverse phase HPLC/UPLC, positional isomers of
HETEs separate slightly, allowing quantitation of the individual isomers, when using their distinct internal
product ions131. A useful mode for “fishing” for esterified oxylipins in new sample types is precursor scanning
LC-MS/MS, in negative ion mode. This approach allowed initial identification of many HETE-PE and -PC in
blood cells such as neutrophils, monocytes and platelets, as well as esterified PGE2, and could easily be
applied to additional structures in other cell types37, 130, 132. It is relatively insensitive however and won’t
detect many of the lower abundant multiply oxygenates species present. There, prediction of structures using
informatics or manual approaches, followed by scanning predicted MRM transitions can work well. For
general methods for preparation of oxPL standards and analysis of these lipids in tissues using LC-MS/MS,
specifically mono-oxygenated forms, see Morgan et al131.

6. Conclusions
Methods that allow the quantitation of large numbers of oxylipins and their metabolites in a single run are
increasing in popularity. This is in part driven by instrumentation advances such as the ability to conduct
chromatography at ever increasing pressures, improving peak resolution and reducing analysis time;
combined with MS instruments that scan extremely fast and are highly sensitive. However, a note of caution

is that these assays are technically demanding to set up and run, and their routine implementation requires
highly trained technical support and expert oversight. It is also important to keep biology and biochemistry
in mind when interpreting data, with the pattern of products and their isomers guiding the interpretation of
findings, e.g. whether the lipids were generated via enzymes, which enzymes were involved, etc.
Consideration of sampling: blood or urine, how and where it will be obtained, transported and stored is
essential, and this should ideally happen prior to initiation of the study. This review summarises all these
issues and should be a useful guide to those new to the field as well as others seeking guidance around
detailed aspects of interpretation of complex data from analysis of biological samples.
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Figure 1

Figure 1. Oxylipin generation from arachidonic acid (homo sapiens)
A summary pathway showing the main cyclooxygenase and lipoxygenase
generation pathways in mammals. Taken from WikiPathways/LIPID MAPS
https://www.lipidmaps.org/resources/pathways/wikipathways/WP167

Figure 2

Figure 2. Oxylipin generation via the cytochrome P450 pathway (mus
musculus)
Taken from WikiPathways/LIPID MAP. Links on the pathway provide
more information including to additional resources and databases.
https://www.lipidmaps.org/resources/pathways/wikipathways/WP4349

Figure 3

B

Figure 3. LTB4 and its enantiomer, 5S,12S-diHETE are not separated on reverse phase LC-MS/MS, but can be separated using differential ion mobility analysis.
A) LC–MS/MS analysis of an ethanol extract from peritoneal cells monitoring the SRM transi1on m/z 335 → 195. Red trace, 24 h a6er zymosan A challenge; blue
trace, 2 h after PBS injection (control group). Upper left corner, MS/MS spectrum of LTB4 and its isomers, showing the typical fragment ion m/z 195
B) Analysis of murine peritoneal cell ethanol extracts using μLC–DMS-MS/MS. Upper panel, control mice (PBS injection). Lower panel, zymosan A challenged mice.
Red traces, SV 4500 V and COV 17.9 V; blue traces, SV 4500 V and COV 20.3 V. Additionally the biochemical pathways leading to LTB4 (lower panel) and 5S,12SdiHETE (upper panel) are shown. Abbreviations: AA, arachidonic acid; 5S-HETE, 5(S)-hydroxyeicosatetraenoic acid; 12-LOX, 12-lipoxygenase; 5HpETE, 5hydroperoxy-eicosatetraenoic acid; LTA4, leukotriene A4. Unknown: undefined isomer in the trace of 5S,12S-diHETE. Taken from Anal. Chem. 2015, 87, 10, 5036–
5040

Figure 4. Urinary metabolites cyclooxygenase-derived prostaglandins.

A

B

Figure 5. Derivatization strategies are used to stabilize urinary metabolites
of PGE2 and PGD2 for MS analysis.
(A) Syn- and anti- methoxyime isomers of PGE-M formed during derivatized
with methyloxime HCl or [2H3]-methyloxime HCl. (B) Cyclization of PGD-M
and stabilization by derivatization for GC-MS analysis.

Figure 6. Potential routes of metabolism of F2-Isoprostanes include
conjugation, β-oxidation, dehydrogenation, and reduction.
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