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What are Oxylipins? 
• Oxygenated metabolites of  PUFAs 
•  Formed through enzymatic or free radical-mediated 
reactions 
•  Cyclooxygenases 
•  Lipoxygenases 
•  Cytochrome P450 

•  Includes hydroperoxy, hydroxy, oxo and epoxy fatty 
acids 
• Bioactive lipid mediators 

•  Inflammation 
•  Ovulation 
•  Initiation of  labor 
•  Bone metabolism 
•  Nerve growth and 

development 

•  Wound healing 
•  Kidney function 
•  Blood-vessel tone 
•  Blood coagulation 
•  Immune responses 
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Types of  Lipid Mediators 
•  Octadecanoids (derivatives of  18 carbon PUFAs) 

•  Jasmonic acids 
•  12-Oxophytodienoic acid metabolites 

•  Eicosanoids (derivatives of  20 carbon PUFAs) 
•  Prostaglandins 
•  Leukotrienes 
•  Thromboxanes 
•  Lipoxins 
•  Hydro(pero)xyeicosatrienoic acids 
•  Hydro(pero)xyeicosatetraenoic acids 
•  Hydro(pero)xyeicosapentaenoic acids 
•  Epoxyeicosatrienoic acids 
•  Hepoxilins 
•  Levuglandins 
•  Isoprostanes 
•  Clavulones and derivatives 

•  Docosanoids (derivatives of  22 carbon PUFAs) 
•  Resolvins 
•  Protectins 
•  Maresins 
•  Neuroprostanes 

Hundreds of different species! 

in tissues, but are transiently formed on demand and have limited
stability. Third, the same PUFA substrate can be oxidized in different po-
sitions of its acyl chain, leading tomany isomeric species, eachwith spe-
cific metabolic actions. As a consequence, their measurements require
rapid, highly-sensitive, accurate and specific analytical methodologies.

Herewe review current analytical approaches for a high-throughput
analysis of eicosanoids, octadecanoids, docosanoids and related oxygen-
ated PUFA species in biological samples.

2. Biosynthesis of oxygenated lipid mediators

2.1. Polyunsaturated fatty acid substrates

PUFA are the immediatemetabolic precursors for the biosynthesis of
oxygenated species. They belong to two main families: omega-3 (n-3)
PUFA and omega-6 (n-6) PUFA, so named according to the position of
the first double bond in their fatty acyl chain, starting from the methyl
end (Fig. 1). Mammals cannot insert a double bond at either the n-3
or n-6 position of a fatty acyl chain and must rely entirely on dietary

intake for PUFA (hence the characterization of their precursors LA
and ALA as essential macronutrients) [8,9]. Once absorbed in the
gut and transported through the lymph in chylomicrons, PUFA can
undergo further elongation and desaturation in the liver, and then
circulate through the blood to all tissues, usually via lipoproteins
and albumin. Tissue and cellular PUFA can be found as free fatty acids,
esterified to complex lipids (e.g., glycerophospholipids, glycerolipids,
sphingolipids and cholesteryl esters) or conjugated to amino acids
and ethanolamine [10].

Some of the health effects associated with PUFA consumption are
mediated through the formation of various oxygenated species [11,
12]. In particular, current nutritional research shows that a diet enriched
in n-3 PUFA offers health benefits and anti-inflammatory properties,
whereas an excess of n-6 PUFA can contribute to the pathogenesis
of many chronic inflammatory diseases, including cardiovascular and
autoimmune diseases [13]. Such evidence suggests that, in addition to
pharmacological treatments, nutritional interventions can also be used
to modulate eicosanoid and related species composition and their bio-
logical activities [14–18].

Fig. 1. A. Schematic outline of oxygenated species derivatives of the omega-6 fatty acids linoleic acid C18:2 (LA), dihomo-γ-linolenic acid C20:3 (DGLA) and arachidonic acid C20:4 (AA),
via the cyclooxygenase (COX), lipoxygenase (LOX), CYP-450 (CYP) or free radical catalyzed pathways. B. Schematic outline of oxygenated species derivatives of the omega-3 fatty acids
α-linolenic acid C18:3 (ALA), eicosapentaenoic acid C20:5 (EPA) and docosahexaenoic acid C22:6 (DHA), via the COX, LOX, CYP or free radical catalyzed pathways. Abbreviations:
dihydroxy-eicosatrienoic acid (DHET), dihydroxy-eicosatetraenoic acid (DiHETE), dihydroxy-octadecadienoic acid (DiHODE), dihydroxy-octadecenoic acid (DiHOME), epoxy-keto-
octadecenoic acid (EKODE), epoxy-eicosatrienoic acid (EET), epoxy-docosapentaenoic acid (EpDPE), epoxy-eicosatetraenoic acid (EpETE), epoxy-octadecenoic acid (EpOME), hydroxy-
docosahexaenoic acid (HDHA), hydroxy-eicosapentaenoic acid (HEPE), hydroxy-eicosatrienoic acid (HETrE), hydroxy-eicosatetraenoic acid (HETE), hydroxy-heptadecatrienoic acid
(HHTrE), hydroxy-octadecadienoic acid (HODE), hydroxy-octadecatrienoic acid (HOTrE), hydroperoxy-docosahexaenoic acid (HpDHA), hydroperoxy-eicosapentaenoic acid (HpEPE),
hydroperoxy-eicosatetraenoic acid (HpETE), hydroperoxy-octadecadienoic acid (HpODE), hepoxilin (HX), leukotriene (LT), lipoxin (LX), oxo-eicosatetraenoic acid (OxoETE), oxo-
octadecadienoic acid (OxoODE), prostaglandin (PG), prostaglandin E metabolite (PGEM), prostaglandin F metabolite (PGFM), resolvin (Rv), soluble epoxide hydrolase (sEH),
trihydroxy-octadecenoic acid (TriHOME), thromboxane (TX).

457G. Astarita et al. / Biochimica et Biophysica Acta 1851 (2015) 456–468
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2.2. Reactions mediating the formation and deactivation of eicosanoids and
related mediators

Polyunsaturated fatty acids can be oxygenated via enzymatic and/or
non-enzymatic reactions. The threemajor enzymatic pathways involved
in the generation of oxygenated species are catalyzed by cyclooxygenase
(COX), lipoxygenase (LOX) and cytochrome P450 (CYP) isoforms.

2.2.1. Cyclooxygenase metabolites
COX-1 and COX-2 possess dual cyclooxygenase and peroxidase ac-

tivities, catalyzing the oxidative cyclization of the central 5 carbons
within 20-carbon PUFA to prostaglandin (PG) H2. PGH2 is subsequently
converted to a variety of prostanoids including PG E, D, and F, prostacy-
clin (PGI2) and thromboxanes (TX), by cell-specific terminal synthases
and isomerases (Fig. 1A,B). 20-Carbon PUFA DGLA, AA and EPA give
rise to series-1, -2 and -3 prostanoids, respectively. 18-Carbon PUFA,
such as LA, and 22-carbon PUFA, such as DHA, can be partially metabo-
lized to hydroxy-fatty acids such as HODE and HDHA, respectively
[19–21]. After acetylation of the active site of COX by aspirin, the en-
zyme generates (R)-hydroxy-derivatives such as 15(R)-HETE, 18(R)-
HEPE and 17(R)-HDHA [22,23].

2.2.2. Lipoxygenase metabolites
LOX activities catalyze the stereoselective insertion of molecular

oxygen into PUFA with the formation of hydroperoxy fatty acids

(e.g., HpETE and HpEPE) that are subsequently reduced to the corre-
sponding hydroxy-fatty acids (e.g. HETE and HEPE). LOX isoforms
are conventionally named after the stereospecific carbon at which
they oxygenate AA, e.g. 5-, 12- and 15-LOX [24]. In the 5-LOX active
site, 5-hydroperoxy-PUFA can also undergo a catalytic rearrangement
to form leukotriene A-series (LTA), which can then be hydrolyzed by
the LTA hydrolase to generate LT B-series (LTB), or, alternatively under-
go conjugation to glutathione by the LTC synthase to form cysteinyl-LT
such as LTC4 [1]. Monohydroxy fatty acids such as HETE, HEPE and
HDHA can participate in transcellular metabolism and, subject to
further lipoxygenations, can form polyhydroxy-PUFA such as the AA-
derived lipoxins and EPA- andDHA-derived resolvins and protectins [25].

2.2.3. Cytochrome P450 metabolites
The superfamily of CYPmonooxygenases catalyzes the hydroxylation

and/or epoxygenation of PUFA [26]. In addition to producing LOX-like
monohydroxy fatty acids, CYP can add a hydroxyl moiety to the omega-
carbons of PUFA to form a unique class of omega-hydroxylated HETE
(e.g. 20-HETE) [27]. The epoxidation of PUFA by CYP isoforms results in
the formation of epoxyeicosatrienoic acids (EETs) that can be hydrolyzed
to the corresponding dihydroxyeicosatrienoic acids (DHETs) by the
soluble-enzyme epoxide hydrolase (sEH) [26,28–30].

2.2.4. Non-enzymatically produced metabolites
Oxidative stress and reactive oxygen species can lead to free-radical

catalyzed peroxidation of PUFA, generating a range of isoP and a

Fig. 1 (continued).
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Fig. 1. Chemical structures of the analytes included in the method: oxylipins (A), endocannabinoids along with related compounds (B) and prostamides (C).

Gouveia-Figueira and Nording Prostaglandins 
& other Lipid Mediators 121 (2015) 110–121 
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Challenges in Analysis 
•  Present at extremely low concentrations in biological 

samples 
•  Not stored, transiently formed on demand and have 

limited stability 
•  Susceptible to degradation and auto-oxidation 
•  Wide range of  isomeric species possible, with different 

actions 
•  Biological activity of  enantiomers can be different 

•  Similar MS fragmentation patterns 

Measurement should be: 

•  Rapid 
•  Highly sensitive 
•  Accurate  
•  Specific 

Immunoassays 
• Biochemical test to measure a specific compound 
using an antibody 
• Enzyme- and radio-immunoassays 
•  Sensitive and inexpensive 
•  Lack of  specificity for complex biological fluids 
•  Metabolite overestimation due to cross-reactivity 
•  Limited to a single metabolite at a time 
•  Target only a few compounds 

https://www.linkedin.com/pulse/all-you-need-know-elisa-learn-buy-experiment-innovate-biotech-kart 
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Analysis: Overview 

•  Preserve sample 
•  Prevent further oxidation of  sample 

Sample Collection  
and Storage 

•  Prepare and extract oxylipins from sample matrix 
•  Add internal standard 

Sample Preparation 
and Extraction 

•  May be required for subsequent separation and/or 
detection Derivatisation 

•  Separate analytes prior to detection 
•  Not always required Separation 

•  Identification and quantification Detection 

1 

2 

3 

4 

5 

1. Sample Collection and Storage 
• Tissue degradation and free-radical oxidation can 
occur within seconds at room temperature 
•  Nonenzymatic lipid peroxidation can even occur -20ºC 
•  Use additives like BHT (free radical scavenger) and TPP 

(reducing agent) during sampling, extraction and processing 

• Biological samples should be rapidly collected and 
processed: 
•  Tissue samples snap frozen in liquid nitrogen 

•  Biofluids collected, stored on ice and rapidly processed 
•  Cells harvested in cold solvents 

• All samples should be stored at -80ºC and freeze/
thaw cycles avoided 
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2. Sample Preparation and Extraction 

•  Good sample preparation is crucial 
•  Oxylipins present at very low concentrations 

•  Many species are unstable, even at room temperature 

•  The whole sample preparation should be conducted in cold 
conditions, and antioxidants can be used to minimise non-
enzymatic oxidation 

•  Sample preparation may include: 
•  Adding solvents, acids, antioxidants 

•  Homogenisation 

•  Protein precipitation 

•  Centrifugation 

•  Hydrolysis of  esterified lipids 

Internal Standards 
• To normalise extraction efficiency and instrument 
response 
• At least one internal standard for each lipid class 
•  Impractical to use IS for each species analysed 
•  Expensive 
•  Labile 

•  For MS, a mixture of  deuterated species is used 
•  Commercially available 
•  Choose a limited number to match groups of  endogenous 

species for chemistry, retention time and ionisation 
efficiencies  
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Extraction 
•  Extraction from the biological matrix and removal of  nonlipid 

contaminants 
•  No method gives 100% recovery for all species 

Liquid-Liquid Extraction 
•  Choice of  solvents 
•  Depends on analytes of  interest and sample matrix 
•  Compatibility with further testing 
•  Highest recoveries of  analytes 

•  Typical solvent systems: 
•  Chloroform/methanol/water 
•  Ether 
•  Acetone/chloroform 
•  Hexane/isopropanol 
•  Ethyl acetate/ethanol 
•  Methyl-tert-butyl ether 

Solid Phase Extraction (SPE) 
•  Reversed-phase C18: Will allow specificity of  retention based on 

the oxylipins overall hydrophobicity 

•  Polymeric (containing both lipophilic and hydrophilic functional 
groups): Broader retention of  more lipid metabolites 

•  Anion-exchange polymer based resins: Will selectively retain 
oxylipins based on both hydrophobic and anion-exchange 
interactions 

•  Silica: Retains polar compounds,                                     
typically used for sample clean-up 

•  Requires larger sample volumes 

•  Time consuming 

•  Expensive 

Lucci et al. (2012) DOI: 10.5772/47736 



20/9/17	

8	

Astarita et al. Biochim. Biophys. Acta 1851 (2015) 456 

Sample Preparation and Extraction 

wide range of tissues. LLE has proven to be a valid high-throughput al-
ternative to SPE for the extraction of lipid metabolites from biological
matrices such as urine samples [53,76] and brain samples [64,77]. Addi-
tionally, LLE can be used in combinationwith SPE tomaximize the puri-
fication of oxygenated PUFA species prior to further MS analysis [66,
78–80].

3.3. Liquid chromatography

3.3.1. High performance liquid chromatography (HPLC)
Chromatographic separation is necessary for analyzing very low-

abundance and isomeric metabolites. Liquid chromatography (LC) has
become the chromatographic solution of choice for separating the com-
plex mixture of oxygenated species prior to detection by mass spec-
trometry. In contrast to GC, in LC no derivatization of the analytes
is required, which facilitates the analysis. The high level of chemical
similarity and the high number of isomeric species, however, some-
times make separating the oxygenated PUFA species by conventional
high-performance LC (HPLC) quite challenging.

3.3.2. Ultra high performance liquid chromatography (UHPLC)
One approach to increasing chromatographic resolution uses a col-

umn packed with reduced particle sizes (b2 μm). The high pressure
(10,000–15,000 psi) needed to operate these columns led to the devel-
opment of ultra-high performance liquid chromatography (UHPLC)
[81–83]. Sub-2-μm particles provide narrow chromatographic peaks
(often b3 s), which results not only in better resolution but also
in lower detection limits and shorter times for the chromatographic
run (b5–10 min), compared with conventional HPLC [81–84]. Thus, in

conjunction with mass spectrometry, UHPLC can reduce ion suppres-
sion caused by co-eluting lipids, and isobaric and isomeric interferences
[53,58].

3.3.3. Reversed-phase liquid chromatography
Reversed-phase LC columns are often used to separate eicosanoids

and related mediators. For underivatized metabolites, protonation
of the carboxylic acid using a weak organic acid, such as formic or acetic
acid, in themobile phase allows better retention on the reversed-phase
column, ensuring chromatographic separation. Oxygenated PUFA me-
tabolites containing longer acyl chains elute from the reversed phase
LC column later than shorter-chain lipids (e.g., C20:3 N C18:3), while
the retention time decreases as the number of double bonds increases
(e.g., C18:2 N C18:3). N-3 PUFA tend to elute earlier than n-6 PUFA
(e.g., docosapentaenoic acid (DPA) n-3 earlier than DPA n-6).

Using an UHPLCwith a reversed-phase C18 column, both mediators
and their free fatty-acid precursors can be separated in less than 10min
in a single chromatographic run, providing key information to help us
better understand the intricate regulation of oxygenated PUFAmetabo-
lism (Fig. 3A,B). Although reversed-phase HPLC and UHPLC applications
allow for good separation ofmost species, the peaks detectedmight cor-
respond to racemic mixtures; with the exception of diastereo-isomers
(e.g., xS,yS and xR,yS), separation of the R and S enantiomers usually re-
quires the use of chiral chromatography (Fig. 3C), as discussed below.

3.3.4. Chiral liquid chromatography
Most of the high-throughput methods currently used to analyze ei-

cosanoids and related species are based on reversed-phase chromatog-
raphy, and this approach cannot distinguish between enantiomers.

LC/MS

Monophasic solution 
(e.g. MeOH:H2O; EtOH:H2O)

LIQUID/LIQUID EXTRACTION

sdradnatslanretnIsdradnatslanretnI

SOLID PHASE EXTRACTION

Sample
defrost on ice 

Biphasic solution
(e.g. CHCl3:MeOH:H2O; 

EtOAc:EtOH:H2O)

Pre-condition cartridge

Load sample

Wash to remove contaminants

Elute lipid mediators

Dry under N2

Reconstitute in injection solvent

Centrifuge to separate layers

Recover lower, organic phase

Dry under N2

Reconstitute in injection solvent

Acidify Acidify

Enzyme inhibitors, 
antioxidants…

Enzyme inhibitors, 
antioxidants…

Solid tissue: homogenise 
Biofluid: mix with solvents

Fig. 2.Workflow for the sample preparation options for the analysis of oxygenated PUFA species found in various biological tissue samples. Samples (liquid and/or solid tissues) can be
prepared using solid phase extraction (SPE) or liquid/liquid extraction, or a combination of the two, before analysis by liquid chromatography/mass spectrometry (LC/MS). Acid is used
to protonate the analytes prior to reversed phase SPE or liquid–liquid extractions; enzyme inhibitors can include protease or cyclooxygenase inhibitors, depending on the experimental
design.

460 G. Astarita et al. / Biochimica et Biophysica Acta 1851 (2015) 456–468

ANALYSE 

Sample 
Preparation 

Extraction 

Contamination 
• Common sources: 
•  Mineral oils, grease, detergents and plasticizers from plastics, 

including lipid molecules such as oleamide 
•  Plastic pipetters, tips, beakers and vials can leach 

contaminants into organic solutions 

• All operations are generally carried out in glass and 
all vials or tubes are closed with screw caps including 
a Teflon-covered liner 
• All operators must wear gloves to prevent any 
contaminations by skin surface lipids 
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3. Derivatisation 
•  To allow analysis of  compounds which are otherwise 

unsuitable for analysis (eg. unstable or nonvolatile) 
•  To improve chromatographic behaviour or detectability 

•  May not be required 

•  Derivatisations: 
•  Pentafluorobenzyl (PFB) esters 
•  Methylation 
•  Silylation 
•  Hydrogenation 
•  Chiral derivatives 

•  Requires large sample volumes 
•  Time consuming 
•  Expensive 

Lee et al. Lipids 51 (2016) 

4. Separation 
• Separate oxylipins prior to detection 
• Not always required 

•  Liquid chromatography 
•  No derivatisation required (compared to GC) 
•  High degree of  similarity of  oxylipins – difficult to separate by 

HPLC 

• Gas chromatography 
•  Requires derivatisation 
•  Some compounds not suitable for analysis by GC 
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RP-HPLC and RP-UPLC 
• RP-LC 
•  C18 column 
•  Mobile phase:  
•  Water and methanol or acetonitrile 
•  Acid (formic, acetic) to protonate carboxylic acid 
•  May also contain other modifiers (isopropanol, ammonium 

acetate) 

•  May not separate all enantiomers and isomers 

• UPLC 
•  Increased resolution 
•  Lower detection limits 
•  Shorter analysis times 

Yu and Powell Anal. Biochem. 226 (1995) 241 

R. Berkecz et al. / J. Chromatogr. A 1511 (2017) 107–121 113

Fig. 4. Negative-ion UHPLC/ESI–MS extracted ion chromatograms of standard mixture obtained using final conditions: Acquity UPLC BEH C18 column (2.1 × 150 mm,  1.7 !m,
130  Å, Waters), flow rate 0.4 mL/min, column temperature 40 ◦C, eluent A acetonitrile – water – acetic acid (45/55/0.02, v/v/v), eluent B 2-propanol – acetonitrile (50/50, v/v),
and  gradient program 0 min – 2% B, 12 min  – 62% B, and 12.1 min  – 99% B. Details are in the Experimental.

ysis of oxylipins. The following parameters were chosen for
the initial optimization: eluent B 10 mM ammonium acetate in
methanol, methanol as the make-up eluent, ABPR pressure 1800 psi
(124.1 bar), flow rate 1.0 mL/min, injection volume 1 !L, column
temperature 50 ◦C, and the gradient program 0 min  – 1% B, 5 min
– 50% B, 12 min  – 50% B, and 13 min  – 1% B. First, the reten-
tion behavior of selected standards representing different types
of isomerism was studied (PGA2, 15-deoxy-!-12,14-PGD2, PGB2,
PGD2, PGE2, PGF2", 8-iso-PGF2", TXB2, and 6-keto-PGF1").  For
all compounds, the lowest retention was observed on HSS C18 col-
umn  compared with other stationary phases, moreover PGF2",
8-iso-PGF2", PGD2, and PGE2 are not separated. The obtained low
retention and poor selectivity indicated the importance of elec-
trostatic attraction between the carboxylate group from analytes
and the basic functionality in the stationary phase, which is not
occurring at all or only with mild effects on HSS C18 stationary
phase due to the lack of additional ionizable functional groups
beside residual silanols (pKa = 7–8) [28,29]. DEA had the most basic
functionality (calculated basic pKa = 9.5), providing strong electro-
static interactions with deprotonated carboxyl groups of oxylipins,
thus resulting in the highest retention times for all analytes, and
generally accompanied by highest peak width, which resulted in
the lower resolution. HSS C18 and DEA columns were excluded
from further optimization based on above mentioned observations.
Comparable retention and selectivity were observed on the remain-
ing three stationary phases, therefore those were further tested.
1-DIOL provided lower retention of oxylipins compared to the basic

stationary phases. Lower retention times were observed for all ana-
lytes on 1-AA relative to 2-PIC column [29]. Fig. 5 demonstrated
that 1-AA stationary phase provided a superior chromatographic
resolution for 11,12-EET,  12-HETE, 15-HETE, 11-HETE, and 5-
HETE isomers over 1-DIOL and 2-PIC columns. For "-linolenic acid
and #-linolenic acid, the partial separation was  obtained only on
1-AA stationary phase. The bulky anthracene ring may  improve
the recognition process of isomers in at least two  ways, such as
the formation of additional hydrophobic interactions and steric
hindrance. Finally, 1-AA column was selected for the develop-
ment of UHPSFC/MS method considering the chromatographic data
obtained for HETE, which exhibit numerous biologically important
isomers in plasma.

3.2.2. Effect of flow rate
One of the main benefits of UHPSFC is the feasibility of using

high flow rate [30,19], therefore 1.0, 1.5, 1.7, 2.0, and 2.3 mL/min
flow rates were tested. The increased the flow rate from 1.0 mL/min
resulted in the following average reductions of retention times: 36%
at 1.5 mL/min, 44% at 1.7 mL/min, 53% at 2.0 mL/min, and 60% at
2.3 mL/min. The average resolution of isomers changed only mod-
erately, and the maximum was  found at 1.5 mL/min. The resolution
was only slightly lower at 1.7 mL/min. The increase of the flow
rate from 1.5 to 1.7 mL/min decreased peak widths, especially for
tetranor-PGDM eluting at the beginning. The decrease of observed
peak areas was very small (only 3%). Therefore, 1.7 mL/min was
used in the final method.

Berkecz et al. J. Chromatogr. A 1511 (2017) 107 

46 oxylipins 
and 2 fatty 
acid standards 
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Chiral-HPLC 
•  Needed to distinguish enantiomers  
•  Enzymatic formation of  oxylipins is highly stereoselective, whilst non-

enzymatic reactions are not 

•  Normal or reversed phase 
•  Long equilibration and elution times 
•  Used for targeted analysis, not high throughput 

•  NP-chiral-HPLC can provide dramatic improvements in the 
resolution of  enantiomers and regioisomers 

•  Chiralpak AD-H column 
•  Mobile phase: 
•  Hexane or heptane with alcohol (methanol, ethanol or isopropanol) 
•  Acid (formic, acetic) may be added 

U. Garscha et al. / J. Chromatogr. B 872 (2008) 90–98 95

Fig. 5. Chromatography of 11-HPODE and 8-HPODE on Reprosil Chiral-NR. (A) Par-
tial separation of the enantiomers of 11-HPODE on Reprosil Chiral-NR. Top, analysis
of rac 11-HPODE. Bottom, analysis of 11S-HPODE. The figure shows reconstructed
ion chromatograms of MS/MS/MS analysis (m/z 151). (B) Separation of rac 8-HPODE
(top) and 8R-HPODE (bottom). The figure shows reconstructed ion chromatograms
of MS/MS/MS analysis (m/z 171).

not separated. The elution order was the same as for 9-HPETE (9-
HPETE eluted before 9R-HPETE). The enantiomers of 10-HODE can
be resolved on Reprosil Chiral-NR [18]. The enantiomers of 12-
HODE were also partly resolved.

3.3.2. Chiralcel OB, OC, and OD
The six cis-trans conjugated HETEs and 9-HODE were separated

as free acids as follows: 15-HETE, 12-HETE, 11-HETE, 8-HETE and
9-HODE on Chiralcel OB-H [7,11]; 5-HETE on Chiralcel OC (5R-HETE
eluted before 5S-HETE) with 5–7% isopropanol; 15-HETE on Chiral-
cel OD-H (10% isopropanol)3.

3 Unpublished observations.

Fig. 6. Separation of HPETEs on Reprosil Chiral-NR with isopropanol as alcoholic
modifier. LC-MS/MS/MS analysis (m/z 335 → m/z 317 → full scan) showing the total
ion current and selective ion monitoring of characteristic ions of 12-HPETE, 11-
HPETE, 15-HPETE, and 8-HPETE, respectively.

3.4. MS/MS/MS analysis

3.4.1. HPODE and KODE
HPODEs were converted to keto compounds in the mass spec-

trometer [21,26], but the fragmentation of 10- and 12-KODE has
not been investigated. We therefore prepared U[13C]12-HPODE and
U[13C]10-HPODE for comparison with 12- and 10-KODE.

The MS/MS/MS spectrum of 12-HPODE (m/z 311 → m/z
293 → full scan) was almost identical to the MS/MS spectrum
of 12-KODE (m/z 293 → full scan). The MS/MS/MS spectrum of
U[13C]12-HPODE and the MS/MS spectrum of 12-KODE are shown
in Fig. 8. The MS/MS spectrum of 12-KODE (m/z 293 → full scan)
showed two strong signals at m/z 191 and m/z 165, in addition to
fragments formed by loss of water (m/z 275) and CO2 (m/z 249).
The corresponding ions of the MS/MS/MS spectrum of U[13C]12-
HPODE (m/z 329 → m/z 311 → full scan) were apparently present

Fig. 7. Separation of HPETEs on Reprosil Chiral-NR with methanol as alcoholic mod-
ifier. Top, total ion current from MS/MS/MS analysis (m/z 335 → m/z 317 → full scan).
The ion intensities of 9-HETE and 5-HETE were low compared to the other HPETEs.
Bottom, UV analysis (234 nm). The enantiomers eluted as indicated. The S and R
enantiomers of 15-HETE and 11-HETE co-eluted. TIC, total ion current.

Garscha et al. J. Chromatogr. B 872 (2008) 90 

Hydroperoxides from the oxidation of  arachidonic acid 
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Gas Chromatography 
• GC widely used for the quantitative analysis of  fatty 
acids 
•  Only requires one derivatisation step (eg. FAMEs or 

pentafluorobenzyl esters) 

• Single derivatisation step not suitable for all oxylipins 
•  Different functional groups 
•  Some are not suitable for GC 

• Derivatives: 
•  Eg. Neuroprostanes and neurofuranes: PFB esters, silylated 

• Very useful for structural elucidation of  novel 
metabolites 

and F2-IsoPs. The similarity between the two assays and the use of a
common internal standard allows us to use a single sample to measure
both families of compounds by splitting the sample before the TLC step.
To do this the sample is processed as described for the normal F4-NP
assay, but the sample is dissolved in twice the amount of CH3OH/CHCl3
(3:2, v/v) (100 ml) after conversion to PFB esters. Then 50 ml are spotted on
two separate lanes and the TLC plates are scraped accordingly, 1 cm above
and below the methyl ester PGF2a standard for the F2-IsoPs and 1 cm
below and 4 cm above the standard for the F4-NPs. This effectively splits
a biological sample into two, allowing for individual analysis of both
F2-IsoPs and F4-NPs.
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Figure 7.3 Analysis of oxidized DHA for F4-NPs and NF. DHAwas oxidized in vitro
utilizing an iron/ADP/ascorbate oxidation system. The lower m/z 573 ion^current
chromatogram represents the [2H4] 15-F2t-IsoP internal standard. The middle m/z 593
ion^current chromatogram represents the F4-NPs.The peaks in the middle chromato-
gram under the horizontal arrow are integrated for quantification of the F4-NPs.
The upper m/z 609 ion^current chromatogram represent the NFs.The peaks under the
horizontal arrow are integrated to quantitate theNFs.

Docosahexaenoic Acid Peroxidation, Neuroprostanes, and Neurofurans 139

Arneson and Roberts, Methods Enzymol. 433 (2007) 127 
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5. Detection 
•  Mass Spectrometry – most widely used 

•  UV-vis absorbance 
•  Detect conjugation 
•  Gives some structural information 

•  Fluorometric 
•  Diphenyl-1-pyrenylphophine (DPPP) 
•  Post column reaction – detection of  hydroperoxides 

•  Chemiluminescence 
•  Luminol (and related compounds) 
•  Post column reaction – detection of  hydroperoxides 

•  (Immunoassays) 

Mass Spectrometry 
• Provides selectivity and sensitivity  
• Provides structural information 
• Electrospray ionisation (ESI) most applied 
•  Generates both positive and negative ions 
•  Most applications use negative-ion mode 
•  Deprotonated molecular ion, [M – H]–  

• Tandem mass spectrometry (MS/MS) 
•  Allows targeted quantitative analysis 
•  Fragmentation information required to distinguish isobaric 

species 
•  Multiple reaction monitoring (MRM): monitor the transition of  a 

selected precursor ion to specific product ion 
•  Some isomers produce almost identical spectra – separation is 

required 
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Mass Spectrometry importance they could have in the resolution of inflammation in ocular
diseases.

For each SPM identified herein, their key diagnostic ions were
confirmed with deuterium-labeled fragments prepared by total organic
synthesis of the SPM [26]. Thus, the profiling of SPM and these lipid
mediators as in Figs. 1–7 are definitive in both identity and relative
relationships for each SPM-LM signature. Recently, sex differences for
resolvins in skin blisters of human exudates have been demonstrated

[31]. In the present report, male emotional tears appear to display both
SPM and pro-inflammatory eicosanoid mediators, whereas emotional
tears from women demonstrated mainly arachidonic acid-derived
mediators including the proresolving mediators from this metabolome,
namely lipoxins as well as 17-HDHA from DHA and prostaglandins
(Table 3). Women are known to have a higher prevalence of dry eye
syndrome that may reflect lower utilization of DHA for SPM production
over the age of 45 [32,33]. A randomized controlled human trial with

Fig. 5. MS-MS spectra for Prostaglandins and a Leukotriene from the AA-bioactive metabolome.

Fig. 6. MS-MS spectra for DHA & EPA pathway markers.

J.T. English et al. Prostaglandins, Leukotrienes and Essential Fatty Acids 117 (2017) 17–27

23

English et al. PLEFA 117 (2017) 17 

‘Shotgun’ Approaches 
• Mass spectrometry without prior separation 

• Particularly useful for initial identification of  
differences between two conditions – profiling 

• Prior separation is preferred when absolute 
quantitation is needed 
•  Lack of  linearity in ionisation of  hydrocarbon chains of  

different lengths 
•  Strategic inclusion of  chemically relevant internal standards 

and generation of  standard curves 
•  Initial shotgun MS can guide subsequent quantitative analysis 
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LC-MS/MS - Example 

Y. Wang et al. / J. Chromatogr. A 1359 (2014) 60–69 63

Table  1
Internal standard assigned for analytes.

No. Internal standard Analytes assigned No. Internal standard Analytes assigned

1 (d4) 6k PGF1! 6 14 (d6) 20-HETE 10
2  (d4) TXB2 5 15 (d4) 9-HODE 2
3  (d4) PGF2! 12 16 (d4) 13-HODE 4
4  (d4) PGE2 10 17 (d7) 5-oxoETE 6
5  (d4) PGD2 11 18 (d4) Resolvin E1 6
6  (d4) 15d PGJ2 6 19 (d11) 8,9-EET 1
7  (d4) dhk PGF2! 1 20 (d11) 11,12-EET 5
8  (d4) dhk PGD2 2 21 (d11) 14,15-EET 1
9  (d11) 5-iso PGF2!VI 4 22 (d4) 9,10-diHOME 1

10  (d4) LTB4 18 23 (d4) 12,13-diHOME 1
11  (d8) 5-HETE 13 24 (d5) LTC4 1
12  (d8) 12-HETE 13 25 (d5) LTE4 2
13  (d8) 15-HETE 9 26 (d8) Arachidonic acid 8

to be monitored in a single analytical experiment. We  found a 30 s
retention time window for each MRM  pair sufficient to allow for
potential small shifts in retention time. In addition to providing
good sensitivity, MRM  approaches are highly selective, reducing the
need for extensive sample cleanup. As a proof of principle, control
plasma was analyzed and we found no discernable distortions.

3.2. Different precursor fatty acids for eicosanoids

The key precursor polyunsaturated fatty acid (PUFA) for
eicosanoids is arachidonic acid (AA, 20:4, n-6). Other eicosanoids
and related compounds are formed from eicosapentaenoic acid
(EPA, 20:5, n-3), docosahexaenoic acid (DHA, 22:6, n-3), and
dihomo-"-linolenic acid (DGLA, 20:3, n-6). Arachidonic acid is the

main precursor for a wide spectrum of unique eicosanoids pro-
duced by COX, LOX, and CYP. Biochemical characterizations of EPA
and DHA have generally suggested that these fatty acids are less
prone to metabolism by eicosanoid pathway enzymes [30]. In the
present studies, we  probed for 88 eicosanoids derived from AA, 22
from DHA, 17 from EPA, 13 from DGLA, and 18 from other fatty
acids, that were identified as outlined in Fig. 2. The solid black
lines and circles indicate the number of metabolites from the var-
ious PUFAs. The comprehensive and simultaneous analysis of all
eicosanoids is important because eicosanoids derived from dif-
ferent PUFA sources may  have different physiological effects. For
example, in neural trauma and neurodegenerative diseases, there
is a dramatic rise in the levels of AA-derived eicosanoids and in con-
trast, DHA-derived metabolytes can prevent neuroinflammation
[31].

Fig. 1. Extracted ion chromatograms of (A) a mixture of 184 eicosanoid standards and (B) a magnified view of the chromatograms of HETE metabolites.Wang et al. J. Chromatogr. A 1359 (2014) 60 
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Add 1 mL phosphate 
buffer and 100 µL IS 

mixture to 20 µL plasma  

Load sample on Strata-X 
RP SPE cartridge, elute 

with 1 mL methanol 

Evaporate solvent and 
prepare in mobile phase 

UPLC/MS/MS: C18 
column, ACN/water/acetic 

acid/IPA mobile phase 

LC-MS/MS - Example 

Y. Wang et al. / J. Chromatogr. A 1359 (2014) 60–69 63

Table  1
Internal standard assigned for analytes.

No. Internal standard Analytes assigned No. Internal standard Analytes assigned

1 (d4) 6k PGF1! 6 14 (d6) 20-HETE 10
2  (d4) TXB2 5 15 (d4) 9-HODE 2
3  (d4) PGF2! 12 16 (d4) 13-HODE 4
4  (d4) PGE2 10 17 (d7) 5-oxoETE 6
5  (d4) PGD2 11 18 (d4) Resolvin E1 6
6  (d4) 15d PGJ2 6 19 (d11) 8,9-EET 1
7  (d4) dhk PGF2! 1 20 (d11) 11,12-EET 5
8  (d4) dhk PGD2 2 21 (d11) 14,15-EET 1
9  (d11) 5-iso PGF2!VI 4 22 (d4) 9,10-diHOME 1

10  (d4) LTB4 18 23 (d4) 12,13-diHOME 1
11  (d8) 5-HETE 13 24 (d5) LTC4 1
12  (d8) 12-HETE 13 25 (d5) LTE4 2
13  (d8) 15-HETE 9 26 (d8) Arachidonic acid 8

to be monitored in a single analytical experiment. We  found a 30 s
retention time window for each MRM  pair sufficient to allow for
potential small shifts in retention time. In addition to providing
good sensitivity, MRM  approaches are highly selective, reducing the
need for extensive sample cleanup. As a proof of principle, control
plasma was analyzed and we found no discernable distortions.

3.2. Different precursor fatty acids for eicosanoids

The key precursor polyunsaturated fatty acid (PUFA) for
eicosanoids is arachidonic acid (AA, 20:4, n-6). Other eicosanoids
and related compounds are formed from eicosapentaenoic acid
(EPA, 20:5, n-3), docosahexaenoic acid (DHA, 22:6, n-3), and
dihomo-"-linolenic acid (DGLA, 20:3, n-6). Arachidonic acid is the

main precursor for a wide spectrum of unique eicosanoids pro-
duced by COX, LOX, and CYP. Biochemical characterizations of EPA
and DHA have generally suggested that these fatty acids are less
prone to metabolism by eicosanoid pathway enzymes [30]. In the
present studies, we  probed for 88 eicosanoids derived from AA, 22
from DHA, 17 from EPA, 13 from DGLA, and 18 from other fatty
acids, that were identified as outlined in Fig. 2. The solid black
lines and circles indicate the number of metabolites from the var-
ious PUFAs. The comprehensive and simultaneous analysis of all
eicosanoids is important because eicosanoids derived from dif-
ferent PUFA sources may  have different physiological effects. For
example, in neural trauma and neurodegenerative diseases, there
is a dramatic rise in the levels of AA-derived eicosanoids and in con-
trast, DHA-derived metabolytes can prevent neuroinflammation
[31].

Fig. 1. Extracted ion chromatograms of (A) a mixture of 184 eicosanoid standards and (B) a magnified view of the chromatograms of HETE metabolites.Wang et al. J. Chromatogr. A 1359 (2014) 60 
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•  LOQ: pg for most 
compounds 

•  Recovery: 
70-120% 

•  Identified and 
quantified over 
120 oxylipins in 
human plasma 


