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Quantitative metabolic profiling of lipid mediators
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Lipids are heterogeneous biological molecules that possess multiple physiological roles in-
cluding cell structure, homeostasis, and restoration of tissue functionality during and after
inflammation. Lipid metabolism constitutes a network of pathways that are related at multiple
biosynthetic hubs. Disregulation of lipid metabolism can lead to pathophysiological effects
and multiple lipid mediators have been described to be involved in physiological processes,
(e.g. inflammation). Accordingly, a thorough description of these pathways may shed light on
putative relations in multiple complex diseases, including chronic obstructive pulmonary dis-
ease, asthma, Alzheimer’s disease, multiple sclerosis, obesity, and cancer. Due to the structural
complexity of lipids and the low abundance of many lipid mediators, mass spectrometry is the
most commonly employed method for analysis. However, multiple challenges remain in the
efforts to analyze every lipid subfamily. In this review, the biological role of sphingolipids, glyc-
erolipids, oxylipins (e.g. eicosanoids), endocannabinoids, and N-acylethanolamines in relation
to health and disease and the state-of-the-art analyses are summarized. The characterization
and understanding of these pathways will increase our ability to examine for interrelations
among lipid pathways and improve the knowledge of biological mechanisms in health and
disease.
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1 Introduction

Once considered as mere structural blocks and energy stores,
lipids have been thoroughly described to play key roles in cell
signaling, homeostasis, and disease [1]. In particular, lipids
play a distinct role in inflammatory processes, are part of the
innate immunity defense and take part in the remodeling of
tissues with the aim of restoring homeostasis and functional-
ity. During inflammation, a plethora of protein and metabo-
lite mediators, orchestrated by changes in gene expression,
work in concert to eliminate the challenges to the organism
that can compromise function [1, 2]. However, uncontrolled
inflammation can have pathophysiological consequences and
lead to further damage. Multiple diseases evidence distinct
inflammatory components including asthma [3], chronic ob-
structive pulmonary disease [4], obesity [5], cancer [6], and
Alzheimer’s disease (AD) [7]. Accordingly, the study of dis-
ease mechanism requires suitable analytical tools to charac-
terize the suite of molecular mediators involved in the in-
flammatory process.

The literature has seen an emphasis on development of an-
alytical methods capable of assessing an increasing number
of genes, proteins, and metabolites in a single analysis. These
techniques have been coined with the suffix omics. While
proteomics and genomics methods are complex, the total
number of genes and proteins are constituted by a limited
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Figure 1. Chemical structure of major lipid
mediator classes, including sphingolipids,
GLs, oxylipins, and N-acyl ethanolamides.

number of structural units and these disciplines can there-
fore be systematized. On the other hand, the metabolome pos-
sesses a wealth of structural units, which often require further
subdivision for analysis (e.g. lipidomics and glycomics). This
high degree of complexity has led to a substantial degree of
analysis compartmentalization. Specifically, lipids constitute
a complex family that possesses a range of physicochemi-
cal properties (it has been estimated that there are 180 000
different potential species of molecular lipids [8]), necessitat-

ing separate analyses of different lipid subfamilies. Many of
these lipids, such as sphingolipids (SLs), glycerolipids (GLs),
oxylipins (oxidized free fatty acids, including eicosanoids),
endocannabinoids (ECs), and N-acylethanolamines (NAEs),
constitute an intricate network and exert a key role in the
mechanisms of physiological and pathophysiological inflam-
mation [9–13]. This structural diversity is shown in Fig. 1.

Although there are multiple lipidomics methods pub-
lished that enable the large-scale profiling of lipid species [14],
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Figure 2. Concentration range of sphingolipids (SLs), GLs, oxylip-
ins, and ECs in plasma or serum. The range of endogenous con-
centrations from the most to least abundant member of each lipid
mediator family is shown (on a logarithmic scale). Levels for SLs
(plasma), oxylipins (serum), and ECs (plasma) are from labora-
tory data, while GLs (plasma) are from [14].

these methods often lack specificity and are usually only semi-
quantitative. Many of these lipid species are present at very
low levels (Fig. 2) in endogenous systems and therefore re-
quire targeted methods for quantification.

2 Analysis

The complete characterization of lipid mediator pathways re-
quires analytical approaches that combine (i) selectivity for
the characterization of structurally similar compounds and
(ii) sensitivity for quantification of biologically relevant con-
centrations. The state-of-the-art technique that enables quan-
tification of large numbers of lipid mediators is MS [15].
Depending on the structure and abundance of the com-
pounds to be analyzed, there are multiple MS approaches that
can be applied. A common approach is to focus metabolic
profiling efforts on distinct groups of structurally related
compounds with common physicochemical properties (e.g.
oxylipins [16]). Lipids can be analyzed by MS with two gen-
eral strategies: (i) direct infusion or (ii) previous separation
by LC [17,18]. The present review briefly summarizes the role
of these lipid mediators in inflammation and discusses the

Figure 3. Scheme of triple quadrupole mass analyzer and modal-
ities of analysis (Q = quadrupole; MRM = multiple reaction mon-
itoring; PI = product ion; NL = neutral loss).

state-of-the-art methods and challenges in their analysis by
MS.

2.1 Sample preparation

Depending on the characteristics of the sample and the
analytes to be quantified, different sample preparation
modalities can be addressed. General extraction procedures
apply liquid–liquid extraction for cellular, tissue, and aque-
ous matrices. These methods generally employ chloroform-
based extractions (Bligh-Dyer [19] or Folch [20] methods)
or methyl tert-butyl ether extractions [21]. For aqueous ma-
trices, SPE is extensively used [22, 23]; with a protein pre-
cipitation step often employed prior to loading onto the
cartridge [24].

2.2 MS analysis

The most commonly used MS detector in quantitative anal-
ysis of lipid mediators is the triple quadrupole mass spec-
trometer (TQ-MS/MS, Fig. 3). Ionization is commonly car-
ried out by ESI [18, 25]. In TQ-MS/MS, depending on the
physicochemical characteristics of the analytes, the anal-
ysis can be performed by direct infusion and precursor
ion/neutral loss (NL) scan or with previous separation by
LC and multiple reaction monitoring (MRM) [26]. On the
other hand, essentially all lipids can be analyzed via sepa-
ration by LC and subsequent detection by TQ-MS/MS us-
ing MRM. The MRM process is shown in Fig. 3. The
analyzer filters an ion in the first quadrupole in order
to fragment it by collision induced dissociation in a sec-
ond cell. The last quadrupole filters selective products ions
to be detected (Fig. 3). This technique is necessary for
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Table 1. Class specific fragments of glycerophospholipids and
sphingolipids

Class Precursor Class fragmentation

SM [M+H]+ PIn 184
Cer [M+H]+ /[M+H-H2O]+ PIn 264
PA [M-H]− PIn 153
PIn [M-H]− PIn 241
PS [M-H]− NL 87
PE [M-H]− PIn 196
PC [M+H]+ PIn 184

Cer, ceramide; NL, neutral loss; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PIn, phos-
phatidylinositol; PI, product ion; PS, phosphatidylserine; SM, sph-
ingomyelin

complex matrices with high matrix effects [27] and for an-
alytes in low concentration (e.g. prostaglandins (PGs), ECs).
When the analyte is grouped in abundant families with a
common structural unit (e.g. glycerophospholipids (GPs)),
the chromatographic step can be skipped and analytes can
be infused directly and quantified by precursor or NL scan-
ning [28]. The specific transitions for major GPs and SLs are
provided in Table 1.

2.3 Internal standards

The selection of appropriate internal standards is crucial in or-
der to achieve accuracy and precision. In the targeted strategy,
isotope enriched analogs of the analytes are the preferred in-
ternal standards. However, when small molecules are highly
deuterated, the behavior of the internal standard and the ana-
lyte may diverge, compromising the accuracy of the analytical
method [29]. In the case of SLs and GLs (in both targeted- and
direct-infusion methodologies), surrogates of short fatty acid
chains or with an odd number of carbons have been used.
In these cases, the differences in the length of the chain
and the number of the unsaturations between the internal
standard and the analyte may halve the accuracy and the
precision [30].

3 Sphingolipids (SLs)

The SL family, including ceramides (Cer), sphingomyelins
(SM), sphingosines (Sph), sphingosine-1-phosphate (S1P),
and ceramide-1-phosphate (C1P), constitutes a remarkably
diverse group of lipids found in many different types of cells.
SLs were long considered to play primarily structural roles
as components of membranes, lipoproteins, skin, and other
biomaterials. However, recent research on SL metabolism
and function has revealed the members of the SL family to
be bioactive molecules with profound roles as mediators in
intracellular and extracellular signaling pathways [31,32]. All

eukaryotic cells are able to produce SLs via de novo pathways
in the ER [33].

3.1 SL metabolism and biological roles

The SL metabolic pathway displays a complex network of
reactions resulting in the formation of a multitude of SLs,
where Cer and dihydroceramides (dhCer) form the hub of
SL biosynthesis, catabolism, and precursors of more com-
plex SLs such as SM and glycosphingolipids (GSLs). This de
novo biosynthesis begins with condensation of the amino
acid L-serine and palmitoyl coenzyme A (CoA) by serine
palmitoyltransferase to form 3-ketosphinganines. In the next
steps, 3-ketosphinganine is reduced to sphinganine (Spa)
by 3-ketosphinganine reductase followed by N-acylation to
dhCer by a family of Cer synthases. The subsequent dhCer
are converted to Cer, the key intermediate, via insertion of a
4,5-trans-double bond into the sphingoid base backbone by
dihydroceramide desaturases [32]. Sph are not directly syn-
thesized in this pathway; rather, Cer must be hydrolyzed to
the free sphingoid base and fatty acids by ceramidase. Fur-
thermore, Sph can also undergo phosphorylation to yield S1P.
This phosphorylated SL is an important lipid mediator and an
intermediate of SL turnover. In the following SL biosynthetic
reactions, Cer are primarily used for the synthesis of more
complex SLs including SMs and GSLs. SMs are present in the
plasma membranes of animal cells and are especially abun-
dant in myelin. GSLs are ceramides with one or more sugar
residues joined in a �-glycosidic linkage at the 1-hydroxyl po-
sition [34]. The first step in GSL synthesis is the glucosylation
of Cer-forming glucosylceramide (GlcCer). This cerebroside
can be converted to lactosylceramide (LacCer), which can then
serve as the substrate for gangliosides [35,36]. Moreover, Cer
can also be phosphorylated to C1P. There is increasing evi-
dence suggesting that C1P can regulate cell proliferation and
apoptosis and Chalfant and co-workers have demonstrated
that C1P is a potent proinflammatory agent [37].

Furthermore, activation of the cytokine system as well as
mobilization of immune cells to the tissues during inflamma-
tory events is regulated by several SLs [37–39]. In this sense,
investigations of the role of S1P have provided more direct
evidence for its importance in inflammation due to the fact
that there is a better characterization of the mode of action
compared with ceramide and C1P [40]. However, the effects
of S1P may vary dependent on the environment. Intracellular
sphingosine kinase activation can produce S1P in response to
specific stimuli. Regarding the role of S1P in inflammation,
there is also a degree of cell-type specificity. A deficiency in the
enzyme SK2 results in a decreased production of eicosanoids
and cytokines highlighting the importance of S1P produc-
tion [41]. Mast cells express S1P1 and S1P2 receptors and
these mediate important effects of mast-cell activation [42].
In other cell types, S1P is also involved as part of the in-
flammatory process, particularly in response to the cytokine
TNF-� [43].
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3.2 SLs in disease

SLs are increasingly recognized as critical mediators playing
myriad and profound roles in a variety of human diseases [37],
including diabetes [38], cardiovascular disease [44, 45], AD,
and multiple sclerosis disease (MSD) [46–49]. Some recent in
vivo studies highlighted the importance of S1P and S1P re-
ceptor signaling in pathological inflammation. For example,
activation of the S1P2 receptor on corneal endothelial cells is
critical for upregulation of COX-2-induced inflammation [50].
In addition, it is known that acute lung injury is characterized
by an inflammation resulting in damage to the endothelial
and epithelial cell barriers. The possible role of S1P in dis-
ruption of this barrier integrity has also been reported [51].

MSD is a chronic inflammatory demyelinating disease of
the central nervous system (CNS) that, due to the composi-
tion of myelin, has been associated with SLs. Among others,
Jana et al. [48] provide a comprehensive review of the roles for
dysfunctional SL metabolism in MSD. It is well known that
S1P receptors are expressed in a variety of cell types including
immune and CNS cells, and are thought to play a critical role
in MSD indicating a possible link between S1P signaling and
MSD [52]. The trafficking of immune cells is regulated by
S1P signaling via the S1P receptor-1 (S1PR-1 or S1P1) [53].
Regulatory T cells (Treg), which are important to decrease in-
flammatory and autoimmune responses, are regulated by the
S1P1 signaling system [54]. The immunomodulating drug
Fingolimod (FTY720) binds the S1P receptor (S1PR) and has
been recently approved for the treatment of MSD. This struc-
tural analog of Sph prevents the migration of immune cells
into the circulation, keeping them within the lymph nodes
of the immune tissue and stopping their movement into the
CNS, where they would normally attack and damage neu-
rons in patients with MSD [47, 55, 56]. In MSD patients who
were administered Fingolimod, levels of circulating TH17
cells (that stimulate inflammatory reactions) were reduced,
whereas Treg concentrations increased [57]. Focused stud-
ies identified an upregulation of specific Cer species during
demyelination, revealing an associated increase of Sph and
suppression of S1P. These findings highlight that disrup-
tions in SL pathways may indirectly contribute to brain cell
injury in different cerebral disorders [58]. The potential for
modulating the Cer/S1P pathway to promote myelin repair
has also been reported [59]. Interest in GSLs has increased
recently, in part due to the recognition that they modulate
immune responses [60]. For instance, in contrast to healthy
individuals, T cells from MSD patients were activated upon
stimulation with �-galactosyl ceramide [61]. GlcCer and its
catabolism to ceramide is believed to have an immunomodu-
latory effect [62]. Saadatt et al. [63] reported that mice lacking
GlcCer synthesis do not show myelin abnormalities.

Multiple lipidomics, metabolomics, and targeted ap-
proaches have identified pathways and products of SL
metabolism that are altered early in the course of AD and con-
tribute to the neuropathological alterations associated with
disease. Mielke et al. [64–67] reported that elevated levels of

serum long-chain ceramides predicted memory impairment
in a population-based study of community-dwelling, cogni-
tively normal women. Elevated plasma ceramide levels pre-
dicted faster rates of cognitive decline among AD patients.
Accordingly, decreasing ceramide levels via sphingomyeli-
nase inhibitors may slow the rate of progression among AD
patients. Initial investigations in humans showed that ce-
ramide and SM levels in brain tissue and cerebrospinal fluid,
as well as gene expression patterns of enzymes participating
in the SL metabolism pathway, varied with AD severity.

It is expected that interest in SL metabolism will continue
to increase substantially and that this area will be produc-
tive in the search for new therapeutic targets (e.g. psoriasis,
systemic lupus erythematosus). For instance, many drugs
that are currently in clinical use have been identified as SL
metabolism blockers such as the COX-2 inhibitor celecoxib,
which inhibits dihydroceramide desaturase and increases SL
biosynthesis [68].

3.3 MS analysis specificities

Recent advances in MS analysis of lipids are expected to
enhance our understanding of metabolic diseases and its
correlation between genetic determinants and SL levels [69].
Whereas SLs can be analyzed by direct infusion MS modal-
ity [70,71], they have been systematically analyzed with chro-
matographic separation by LC coupled to TQ-MS/MS over a
decade in order to identify, quantify, and elucidate their struc-
tures [35,72,73]. Typically, chromatographic separation of SLs
has been done by both reversed (RP) and normal phase (NP)
modes. In RP chromatography, separations are based on the
length and unsaturation level of the sphingoid base and/or N-
acyl fatty acid, for example, to separate Sph and Spa [35,72,74].
On the other hand, NP separations are based on the polarity
of the head group (i.e. separation of Cer, GlcCer, LacCer, and
SM) [75–77]. LC-TQ-MS/MS-based analysis in MRM mode
is currently the most suitable technique. These approaches
have a number of advantages over other analytical method-
ologies (1) improved accuracy (2) powerful tools for structural
annotation (3) allows rapid simultaneous quantification of a
large number of lipids. To date, one of the major challenges in
the analysis of SLs by LC-TQ-MS/MS is to obtain standards
both for methods development and to be used as internal
standards in order to control variability in extraction recovery
and ionization. The ideal internal standard would be a stable
isotope labeled version of each analyte. However, the number
of potential target SLs screened in a typical sphingolipidomic
study is quite large, rendering this approach unfeasible. To
date, a more practical approach has been introduced in order
to obtain internal standards that are similar in structure and
physical properties, as well as ionization and fragmentation
features of the corresponding family of compounds under
investigation. Normally, these internal standards are com-
mercially available and contain uncommon chain-length sph-
ingoid bases (C17) for Sph, Spa, S1P, Cer, SM, and LacCer and
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on the other hand, short fatty acid analogs of dhCer, Cer1P,
and GlcCer (C6:0, C8:0 and C12:0). Another challenge is the
optimization of the extraction conditions where the analytes
of interest and adequate internal standards are recovered in
high yield. For instance, highly polar (S1P) or nonpolar (Cer)
SLs differ in chain length and other biophysical features.

4 Glycerolipids (GLs)

Traditionally considered a mere barrier or energy source,
GLs are also involved in the regulation of biological pro-
cesses [1, 78]. Specifically, GPs are the precursors of the PU-
FAs, which are transformed to eicosanoids by means of four
pathways (see section oxylipins). PUFAs are mainly found
esterified in the sn-2 position of GPs that possess in the
sn-1 position a hydrophobic chain linked by ester, ether, or
vinylether bonds. A phosphate-linked polar group in the sn-
3 position characterizes the GP family (no group, choline,
ethanolamine, serine, glycerol, and inositol GPs as well as
cardiolipins).

4.1 Glycerolipid metabolism and biological roles

Liberation of the PUFAs is catalyzed by phospholipase A2

enzymes [79], and reincorporation by association of the free
fatty acid to CoA and esterification to the glycerol backbone by
acyl-CoA transferases [80]. In addition, the traffic of PUFAs
among GPs is fatty acid dependent [81] and arachidonic acid
shows an extra component, the CoA-independent transacy-
lation from choline GPs to ethanolamine GPs [82, 83].

By means of this trafficking, the amount of free PUFAs
(especially arachidonic acid) is controlled by the inflamma-
tory cell as the rate-limiting step in early eicosanoid pro-
duction. Nevertheless, other lipid mediators containing a
glycerol backbone are involved in biological processes. For
example, platelet-activating factor (PAF) [84] is controlled
by cleavage of the ester bond in the sn-2 position of sn-1
alkyl choline GPs by PLA2 activity and then regulated by the
balance between lysoPAF acetyl-transferases and PAF acetyl-
hydrolases. On the other hand, inositol GPs can be
phosphorylated in the inositol head group to yield phos-
phoinositides. Although phosphoinositides mediate in dif-
ferent intracellular processes [13, 85], they can be hydrolyzed
by phospholipases C and yield diacylglycerols (protein ki-
nase C agonists [86]) and inositolphosphates (that provoke
cytosol calcium increase via regulation of channels in ER [87]).
The pathway crosstalk for different lipid mediator families is
demonstrated by the fact that diacylglycerol is the precursor
of the EC 2-arachidonoylglycerol.

GPs show compartmentalization at different levels of or-
ganization. At the cellular level, the inner leaflet of eukaryotic
membranes shows enrichment in serine and ethanolamine
GPs, while choline GPs and SM are mainly in the outer
leaflet [88]. Serine GPs membrane leaflet gradient have been

the most studied [89]. This spatial gradient control is involved
in several biological processes. For instance, the externaliza-
tion of serine GPs has been described in apoptosis [90,91]. In
a supracellular level of organization, a unique composition
of GPs in lung surfactant has been observed, which lowers
the surface tension at the air–water interface in the airways.
The surfactant is 90% lipids, and 80% of the GPs possess a
choline headgroup, where the dipalmitoyl species is the most
abundant [92].

Lipid mediators have been involved in receptor-involved
signal transduction. PAF exerts its biological activity by in-
teraction with the PAF receptor, a G-protein-coupled mem-
brane receptor. Activation of PAF receptors provokes the re-
lease of other lipid and related mediators, such as arachi-
donic acid liberation, activation of mitogen-activated protein
kinases, cyclic AMP synthesis, and intracellular Ca2+ mobi-
lization [93]. The effects of PAF receptor activation is cell
dependent [94]. LPA triggers varied cellular responses via
G-protein-coupled receptors [95,96]. It induces monocyte mi-
gration, protects T cells from apoptosis and is a macrophage
recruiter in wound healing. On the other hand, it has been re-
ported that LPA is peroxisome-proliferator activator receptors
� agonist (PPAR�) [97].

4.2 GLs in disease

While the fine regulation of lipid trafficking plays a key role in
physiological functions, it can be altered in pathophysiologi-
cal conditions. In Barth syndrome, when the TAZ gene is mu-
tated, cardiolipins, which are involved in mitochondrial func-
tion, show lower levels and different distribution of fatty acids.
This might halve mitochondrial respiratory function and lead
to cardiomyopathy [98]. Patients with Scott syndrome, an
autosomal recessive bleeding disorder, show lower calcium-
induced scramblase activity, diminishing the levels of serine
GPs in the outer leaflet of platelets and impairing their func-
tion [99]. In other cases, the relation with disease is more
complex. In the case of asthma, apart from the involvement
of oxylipins, the composition of GPs in the airway surfactant
has been found to be different: the proportion of dipalmi-
toyl phosphatidylcholine is decreased in sputum, but not in
bronchoalveolar lavage fluid [100]. Moreover, elevated levels
of phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) have
been described in several cancer types. For example, HER2
characterizes a subtype of breast tumors with worse progno-
sis and plays a role in two pathways of GL signaling. This
receptor activates phosphoinositide-3-kinase [101] and thus
levels of PI(3,4,5)P3 and hence modulating not only AKT
pathway, but also phospholipase C-�1 that provokes calcium
signaling via inositoltrisphosphate and proteinkinase C via
diacyglycerol. These pathways play a key role in breast cancer
metastatic processes [13]. LPA plays a role in ovarian cancer
cell [102]. LPA synthesis is increased in ovarian cancerous
cells and shows increased levels in ascitic fluid and plasma
from ovarian cancer donors [96].
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4.3 MS analysis specificities

As described, most GLs are relatively abundant and can be an-
alyzed by either direct infusion or LC-based approaches [26].
Direct infusion GL analyses take into account that the mem-
bers of a GL class possess a common polar head group that
fragments similarly in the mass analyzer. Therefore, the ex-
tract (the Bligh-Dyer liquid–liquid extraction is commonly
used for sample preparation [19, 83]) is analyzed by direct
infusion and TQ-MS/MS. In this case, the first quadrupole
scans in the mass range of the subfamily and the second
quadrupole filters those masses that render the fragment spe-
cific for the polar head group (m/z 184 in the case of choline
GPs ionized in positive mode, Table 1). When the specific
fragment of a group of lipids is an NL, both quadrupoles
scan in coordination with this difference of m/z (e.g. all ser-
ine GPs show an NL of 87 m/z when ionized in negative
mode, Table 1). This strategy is straightforward and rapid.
Nevertheless, the information that it yields is only the sum
of the carbons and unsaturations of the acyl chains. In ad-
dition, highly abundant species in the sample may quench
the detection of minor species. When minor species or the
discrimination of the acyl chains linked to the glycerol are to
be characterized, chromatographic separation of the analytes
prior to MS analysis is necessary [26]. The behavior of the
GLs in NP and RP chromatography is similar to SLs, in NP
they separate primarily by the polar head group and in RP
by the length and number of unsaturations of the acyl chains
attached to the glycerol backbone. Whereas GLs automatic
analyses by direct infusion or with previous chromatographic
separation have experienced a breakthrough [103, 104], fully
quantitative and automatic strategies are still to be developed.

5 Oxylipins

Oxylipins are endogenous signaling molecules that are highly
diverse in terms of their structure, metabolism, and biological
function. They play both detrimental and beneficial roles in a
number of important pathological processes, including fever
[105], pain [106], and as both pro (e.g. prostaglandins(PGs))
[9] and antiinflammatory/proresolving agents (e.g. resolvins
(RVs) and lipoxins) [107,108]. While all oxylipins that contain
20 carbons are technically eicosanoids (eicosa meaning 20 in
Greek), the term is more commonly used to refer specifically
to products of arachidonic acid. A full understanding of how
these compounds affect human health requires insight into
their biosynthetic pathways (see [1, 109] for comprehensive
reviews).

5.1 Metabolism and biological roles

As discussed above, these mediators are synthesized from
PUFAs including AA [110], linoleic acid [111], and other
omega-3 and 6 fatty acids [112]. Some oxylipins, such as the

hydroxyeicosatetraenoic acids (HETEs) can also be formed
by auto-oxidation; however, the majority are formed via three
major enzymatic pathways, cyclooxygenase (COX), lipoxyge-
nase (LOX), and cytochrome P450 (CYP450) [113–115]. COX
enzymes incorporate two oxygen molecules into AA to form
PG peroxides, which are subsequently converted into a vari-
ety of PGs by a range of terminal PG synthases [116]. COX
exists in two isoforms, a constitutive form (COX-1) and an
inducible form (COX-2); both isoforms are susceptible to in-
hibition by nonsteroidal antiinflammatory drugs such as as-
pirin [117, 118]. Mammals possess up to six different LOX
isoforms, which are categorized by the carbon position at
which they incorporate an oxygen molecule [119,120], 5-LOX,
8-LOX, 12(S)-LOX, 12(R)-LOX, and two forms of 15-LOX [1],
although the difference between the 12(S)-LOX, 12(R)-LOX
is unclear; however, only four of these isoforms 5-LOX, 12-
LOX, 15-LOX-1, and 15-LOX-2 are found in humans [121].
Of these isoforms, 5-LOX is the most well studied, and cat-
alyzes an oxidation and subsequent dehydration of AA to
produce leukotriene A4 [114, 122]. This can be further con-
verted into leukotriene B4 (LTB4) by leukotriene A4 hydrolase
[123], or into the cysteinyl-leukotrienes (cys-LT) by leukotriene
C4 (LTC4) synthase [124, 125]. CYP450 enzymes are mono-
oxygenases that incorporate an oxygen atom into their sub-
strates. These include AA, which is converted to form epoxye-
icosatrienoic acids and subsequently into the corresponding
diols via the activity of soluble epoxide hydrolase [126–128],
and linoleic acid, which is converted to epoxyoctadecenoic
acids and subsequently into the corresponding dihydroxy-
octadecenoic acids. The role of CYP450-derived oxylipins in
pathophysiology is less known than those derived from the
COX and LOX. However, a growing body of work has high-
lighted their role in cardiovascular disease, hypertension, and
respiratory disease [129–132].

All known mammalian systems possess enzymes that cat-
alyze the metabolism of arachidonic and linoleic acid, with
work to date focusing on the traditional S-isoforms of these
enzymes. However, a number of enzymes have been shown
to produce the R-isomer, including CYP450 [133] and 12R-
LOX [134], with the R enantiomer measured in human um-
bilical cells [135] and bovine aorta [136]. These R enantiomers
have been shown to have significant effects in mammalian
systems with properties sometimes differing from the S iso-
form. For example, 5(R)-HETE has been shown to be a more
powerful chemotactic agent than 5(S)-HETE [137]. Accord-
ingly, in order to fully understand the role of oxylipins in
disease, it is necessary to perform chiral-based analyses and
whenever possible, the chirality of any quantified species
should be reported.

5.2 Prostaglandins (PGs)

PGs are eicosanoids that contain a 5-carbon ring, are present
in the majority of tissues and organs, and are produced in
most nucleated cells. PGs were first discovered and isolated
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from human semen in the 1930s by Ulf von Euler, who ini-
tially thought that PGs were produced by the prostate gland.
PGs act as local autocrine and paracrine signaling molecules
[138,139] and bind a range of G-protein-coupled receptors FP,
DP1–2, IP1–2, TP [140], EP1–4 [141], and CRTH2 [142]. This di-
versity of receptors means that PGs act on a wide range of cells
to produce a variety of effects. The TP receptor was the first
eicosanoid receptor to be cloned in humans [143]. Thrombox-
ane A2 (TxA2), an endogenous TP ligand, is a powerful bron-
choconstrictor [144], and has also been shown to exacerbate
hyperresponsiveness. PGD2, a ligand of DP and CRTH2 re-
ceptors, has long been linked to inflammation, and has been
shown to produce airway bronchoconstriction [145,146]. The
inflammatory effects of PGD2 appear to be mediated by both
DP and CRTH2, with both receptors binding PGD2 with equal
affinity [142]; however, the CRTH2 receptor shows little struc-
tural similarity with the DP or any of the other PG receptors.
PGE2 acts as a ligand of four receptors EP1, EP2, EP3, and
EP4, this wide range of receptors provides PGE2 a wide range
of often contradictory biological effects, for example, eliciting
dilation and constriction in guinea pig ileum [147]. EP1 and
EP3 interactions with PGE2 have both been shown to elicit
pain in inflammatory hyperalgesia [148], with EP4 mediating
antiinflammatory effects of PGE2 in allergic airways [149].
Prostacyclin (PGI2) is produced by the majority of cell types
in response to inflammation [150]. PGI2 acts peripherally by
binding the PGI2 receptor (IP), and has been reported to me-
diate both acute inflammation [151], and inflammatory pain
transduction by producing hyperalgesia [150]. The biologi-
cal properties of PGs include sensitizing peripheral nerve
terminals to pain [152], regulating smooth muscle contrac-
tion [153], inflammatory mediation [12,154], and influencing
cell growth [155]. PGE2 and PGF2� are both used to induce
child birth in pregnancies that reach full term [156], and PGE1

is used to assess and treat numerous conditions including
congenital heart disease [157], risk of heart failure [158], pul-
monary hypertension [157], and erectile dysfunction [159].

In the recent literature, the paradigm of the roles of COX-
1 and 2 in health and disease has shifted. Whereas COX-1
was considered to be involved in homeostasis and inducible
COX-2 in inflammation, the development and clinical trials
of selective inhibitors of COX-2 have shown a more complex
role of the two enzymes. COX-2 selective inhibitors were de-
veloped to avoid gastrointestinal side effects associated with
the inhibition of COX-1 by nonselective drugs. In the cardio-
vascular system, prothrombotic and proatherogenic throm-
boxane A2 are synthesized via COX-1 mainly in platelets,
antithrombotic, and antiatherogenic PGI2 is mainly derived
via COX-2 from endothelium and smooth muscle [160]. Se-
lective inhibition of COX-2 provokes an imbalance between
TxA2 and PGI2 and an increase in cardiovascular events [160].
It might be considered that the best option to analyze this im-
balance is to assess the biosynthesis of these two antagonistic
mediators in blood. However, platelets are activated in the
process of blood extraction and can produce TxA2, confound-
ing the analysis of basal levels. One approach is to measure

these mediators as their urinary metabolites, with the caveat
that urine reflects systemic production [161, 162]. Mediators
acting as autocrine and paracrine signaling molecules are
rapidly metabolized via multiple pathways. PGD2 and PGE2

undergo a 15-hydroxy dehydrogenation, �13 unsaturation re-
duction, and �- and �-oxidation to yield tetranor metabolites
[163]. PGI2, TxA2, and PGD2 yield nonenzymatic metabolites
in a first step (6-ketoPGF1�, TxB2, and 11-�-PGF2�, respec-
tively) that undergo �-oxidation to yield the excreted 2,3-dinor
metabolites [164].

5.3 Leukotrienes

As the name suggests, leukotrienes (LT) were first discovered
in leukocytes and contain three conjugated double bonds
[165]. Similar to PGs, LTs contain 20 carbons, but lack the
5-carbon ring structure. LTs act as autocrine and paracrine
signaling molecules acting via G-protein-coupled receptors
[166], although they can bind other receptors as well (e.g. per-
oxisome proliferator-activated receptors (PPARs)) [167]. The
glutathione conjugate forms are termed cys-LTs and include
LTC4, leukotriene D4 (LTD4), and leukotriene E4 (LTE4). LTC4

and LTD4 are metabolized to LTE4, which is often used as a
marker for this pathway [168] due to its in vivo stability. Cys-
LTs are potent bronchoconstrictors that have been shown to
possess specific effects on peripheral airways [169]. They are
also powerful vasoconstrictors [170] that affect the contrac-
tion and proliferation of smooth muscle [171]. Parachuri et
al. 2009 showed the role of LTE4 in pulmonary inflamma-
tion is mediated by P2Y12, an ADP-reactive purigenic recep-
tor [172]. With regard to pulmonary disease, the analysis of
these metabolites has been proven useful in elucidating dis-
ease mechanism. For example, higher levels of LTE4 as well
as PGD2 metabolites have been reported in urine from atopic
asthmatic patients following allergen provocation [173], this
is potentially due to mast-cell activation during the allergic
process [174]. LTB4 has been shown to be involved in numer-
ous inflammatory diseases, including bronchial asthma [175]
and inflammatory bowel disease [176]. LTB4 binds to two re-
ceptors, BLT1 and BLT2, which has led to antagonists, such
as the BLT2 agonist Ly-2552837 [177] being suggested as a
potential treatment for inflammatory diseases.

5.4 Antiinflammatory oxylipins

Although numerous oxylipins have been shown to possess
proinflammatory properties, several classes, including the
lipoxins [178,179], RVs [178,180], protectins (PDs) [181], and
maresins [182, 183], have been shown to possess powerful
antiinflammatory and proresolving effects. Lipoxins are tri-
hydroxyeicosatetraeonic acids derived from AA that are gen-
erally formed via interactions with LOX enzymes, with the
two main lipoxins, lipoxin A4 (LXA4), and lipoxin B4 (LXB4),
formed via 12- and 15-LOX activity. The antiinflammatory
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effect of LXA4 is mediated via the alpha lipoxin receptor
[184, 185], which is a G-protein-coupled receptor, and has
been shown to inhibit the production of the cys-LTs provid-
ing protection from inflammation. LXA4 possesses a number
of properties, including inhibition of neutrophil adherence
and chemotaxis, reducing neutrophil activation and increased
monocyte removal by neutrophils, potentially aiding in the
resolution of inflammation [178]. The protective effects of
LXA4 could also be the result of the inhibition of NF-�� sig-
naling pathway reducing the abundance of a range of proin-
flammatory cytokines including TNF-�, IL1, and IL6 [186].

RVs are low level (endogenous concentrations ranging
from the nano- to picomolar level) lipid mediators that are in-
volved in the resolution of inflammation. These compounds
are produced from the omega-3 fatty acids eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA). The RVs are
categorized into two groups based on their biosynthetic ori-
gin, E series RVs are formed from EPA, while D series RVs
are produced from DHA [187]. Chemoattractant receptor 23
(ChemR23), which was the first RV receptor identified, is a
G-protein coupled receptor exhibiting a 36% homology to the
alpha lipoxin receptor [188]. RvE1 has also been shown to in-
teract with the LTB4 receptor BLT1, but not with the BLT2

receptor [187]. This interaction with BLT1 has been shown to
attenuate LTB4-induced NF-�� activation [187], suggesting a
potential mechanism for the antiinflammatory activity.

PDs and maresins are, like RVs, produced from the
omega-3 fatty acids, EPA and DHA [178]. Originally termed
“neuroprotectins”, the name was shortened to PDs after they
were identified in tissues outside the brain. PDs and lipox-
ins share similarities in their protective properties, both have
been shown to act to block the production of the proinflam-
maotry IL-13 and cys-LTs in bronchoalveolar lavage fluid,
however, PD1 exhibits its protective effects at lower concen-
trations than LXA4 [189–191]. The administration of PD1 has
been shown to reduce the levels of LXA4. In vivo admin-
istration is also associated with reductions in PGD2, which
induces 15-LOX subsequently leading to lipoxin synthesis
[189,190], suggesting that PDs possess lipoxins-independent
effects.

Maresins are newly described lipid mediators involved in
the resolution of inflammation; their name is derived from
Macrophage mediator in resolving inflammation [183]. Ow-
ing to the recent nature of their discovery, there is little work
describing their biological function; however, they have been
shown to reduce polymorphonuclear neutrophils migration
and increased macrophage phagocytosis in peritonitis [182].

5.5 Other oxylipins

There are numerous, less well-studied groups of oxylip-
ins whose biology is often unclear. Enzymatically produced
HETEs are primarily LOX derived, with the exception of 19-
HETE and 20-HETE, which are hydroxylated by CYP450.
However, HETEs may also be formed via auto-oxidation [192].

HETEs have been shown to possess a variety of biological
functions, 15-HETE can inhibit 5-LOX activity in neu-
trophils, thereby potentially reducing leukotriene biosynthe-
sis [193, 194]. Reducing the production of these powerful
inflammatory agents suggests a protective role of 15-HETE
against inflammation. 20-HETE also potentially possesses
proactive activity and has been shown to relax human bronchi
by the activation of BKCa ion channels [195]. The biolog-
ical function of epoxyeicosatrienoic acids (EETs) is poorly
understood; however, they primarily act as local signaling
molecules in the kidney and cardiovascular systems and reg-
ulate ion transport to produce vasorelaxation and constric-
tion [196–199], influence bronchomotor tone [200], and act in
pulmonary inflammation [201].

Hydroxyoctadecadienoic acids (HODEs) are LOX products
derived from linoleic acid. These lipids can be further ox-
idized to form the corresponding oxooctadecadienoic acid
(KODEs). These lipids interact with PPAR-�, 9-HODE, 9-
and 13-KODEs have been shown to bind directly to PPAR,
and while 13-HODE does not bind directly, it upregulates
with mitogen-activated protein kinase and PPAR phospho-
rylation, which in turn reduces the activity of PPAR-� [202].
The HODEs can also be metabolized to form trihydroxyoc-
tadecenoic acids (TriHOMEs) via epoxyhydroxyoctadecenoic
acid [203]. As in the previous cases, there is a dearth of infor-
mation about the functions played by the TriHOMEs; how-
ever, treatment of spontaneously hypersensitive rats with a
soluble expoxide hydrolase inhibitor has been shown to lower
both blood pressure and the levels of 9,12,13-TriHOME [204].

5.6 MS analysis specificities

Oxylipins possess a wide range of chemical structures, as
well as numerous structural isomers, making it necessary
to apply multidimensional separation techniques such as
LC-TQ-MS/MS in MRM mode. However, the application of
these approaches to oxylipin analysis is not trivial, with many
of the species susceptible to degradation or auto-oxidation.
This is especially problematic in the analysis of the cys-LTs,
which have been shown to be unstable in some biological
matrices, with recoveries as low as 25% reported [205]. In
addition, specific transitions should be chosen in order to
achieve selectivity (oxylipins are carboxylic acids and undergo
an NL of 44 atomic mass units, which is not selective given
that it is the loss of CO2). Some isomers exhibit the same
mass and fragmentation pattern (e.g. PGD2 and PGE2). In
these cases, targeted analysis requires a good separation by
LC. On the other hand, in TQ-MS, several transitions can
be analyzed simultaneously by MRM allowing the possibil-
ity of analyzing coeluting compounds. The introduction of
ultra-high performance LC has enabled the achievement of
good separation of these structural isomers, decreasing the re-
quired chromatographic time and allowing the determination
of an increasing number of analytes [16, 206]. Nevertheless,
several analytical challenges remain. While many oxylipins
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are produced enzymatically, some of them, which are as-
sociated to oxidative stress, are produced in radical-driven
reactions that yield diastereoisomers and enantiomers (e.g.
isoprostanes) [207]. In addition, biological activity of enan-
tiomers can be different and can indicate the synthetic source
of the compound (e.g. LOX-derived compounds). Therefore,
chiral separation of compounds is necessary to analyze both
enantiomers [208]. To date, commercial chiral ultra-high per-
formance LC columns are not available.

6 Endocannabinoids (ECs) and
N-acylethanolamines (NAEs)

ECs, a group of endogenous cannabinoid receptor ligands,
mainly belong to two families of compounds, NAEs and glyc-
erolacylesters. NAEs are a group of lipid mediators that con-
tain a long-chain fatty acid linked to an ethanolamine moiety
via an amide group.

6.1 Metabolism and biological roles

First reported as an EC in 1992 [209], N-
arachidonoylethanolamine (AEA, anandamide) is so
far the most studied NAE. The affinity of two other
NAEs, N-docosatetraenoylethanolamine and N-dihomo-�-
linoleoylethanoamine, for the cannabinoid receptors was
proven in 1993 [210]. Even though they do not inter-
act with the cannabinoid receptors, other NAEs derived
from long-chain fatty acids are present in a range of
tissues [211]. For example, N-oleoylethanolamine (OEA),
N-stearoylethanolamine (SEA), N-palmitoylethanolamine
(PEA), and N-linoleoylethanolamine usually exhibit higher
concentrations in tissues than the ECs. NAEs are synthesized
from membrane phospholipids and released on demand as
a response to physiological and pathological stimuli, such as
neural depolarization and bacterial lipopolysaccharides [212].
At present, there are three known principal enzymatic
pathways for the biosynthesis of NAEs in mammals and
all of them have N-acylated ethanolamine phospholipids as
precursors [213]. N-acylated ethanolamine phospholipids
are formed by transfer of the sn-1 fatty acid from a donor
phospholipid to the amino group of ethanolamide, a reaction
catalyzed by a ubiquitous, but poorly characterized calcium-
activated N-acyltransferase [214]. To date, three enzymes
have been identified as being responsible for the hydrolysis of
NAEs into ethanolamine and their corresponding fatty acid
in mammals, of which the most important is the membrane
protein fatty acid amide hydrolase (FAAH-1) [215]. The
other enzymes are FAAH-2, an isozyme of FAAH-1 present
in humans, but not in rodents, and the NAE-hydrolyzing
acid amidase, a lysosomal enzyme, whose role is poorly
understood [216]. Another route of degradation of NAEs
is the oxidation of the fatty moiety by COX-2, LOX, and

CYP450, though the biological activity of these compounds
remains to be determined [217].

The other major EC found in tissues is 2-
arachidonoylglycerol (2-AG) [218, 219]. The main source of
2-AG is the hydrolysis of diacylglycerols containing an arachi-
donate moiety in the 2 position via a diacylglycerol lipase
selective for the sn-1 position [220]. 2-AG degradation is
mainly performed by the cytosolic enzymes monoacylglycerol
lipases, though other enzymes have been found to contribute
to this EC degradation [221]. Other ECs discovered to date
include 2-arachidonoylglycerol ether (noladin ether) [222], O-
arachidonoyl ethanolamine (O-AEA, virodhamine) [223] and
N-arachidonoyl dopamine [224], but their presence in tissue
has been questioned and is still a matter of debate [225, 226].

The two types of endogenous cannabinoid receptors iden-
tified to date are the transmembrane G-protein-coupled re-
ceptors, CB1 and CB2. Though they are mainly expressed
in the nervous and immune system respectively, both have
been found at much lower concentrations in other tissues
and cells [227, 228].

As an EC, AEA presents cannabis-like effects such as
hypoalgesia, catalepsy, and nociception. It was the first en-
dogenous ligand found for transient potential vanilloid re-
ceptor type 1 [229]. Increased levels of NAEs during inflam-
mation have been described in several in vitro and animal
models [230]. The activity of PEA against inflammation was
reported 30 years ago [231]. PEA levels are enhanced in pe-
ripheral blood or tissues affected by neuropathic and inflam-
matory pain, both in animals and humans, suggesting its
properties against these inflammatory disorders [232]. PEA
is the NAE secreted in largest concentrations, and food in-
take is directly related with its plasma levels, with decreases
of around 40% after meals [233]. Though it does not present
CB1 activity, PEA is also a substrate of the FAAH and en-
hances its effects by competitively inhibiting its inactivation.

6.2 ECs and NAEs in disease

An increase of plasma levels of AEA, PEA, and OEA has been
shown in patients with MSD, though it has been suggested
that this increase may depend on the disease subtype [234].
In the same study, however, no changes in 2-AG levels were
found. Another study showed that AEA levels in bronchoalve-
olar lavage are increased more than fourfold in patients with
allergic asthma after allergen provocation, confirming the
implication of ECs in this disease [235]. Elevated levels of
AEA and 2-AG have also been reported in several types of
tumors [236].

6.3 MS analysis specificities

ECs and NAEs have mainly been analyzed using targeted
chromatographic methods, either GC or LC, coupled to
MS or TQ-MS/MS. As in the case of the different lipid
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mediator families previously described, low abundance pres-
ence of these compounds has made tandem TQ-MS/MS the
current method of choice. In this case, MRM is based on
the monitoring of the transition from the protonated form
[M+H]+ to the ethanolamine moiety (m/z 62) in the case
of NAEs, and the transition [M+H]+ to the protonated fatty
acid backbone in the case of N-acylglycerols. Traditionally,
methodologies for the determination of NAEs in tissues and
biofluids included only the selected compounds of inter-
est [237]. Nowadays, the improvement in MS instrumenta-
tion allows the development of targeted methods for the si-
multaneous quantification of all the known compounds that
may contribute to an improved understanding of their im-
plications in inflammatory diseases. Moreover, 2-AG and the
related acylglycerols exhibit similar behavior to the NAEs both
in the extraction protocols and chromatography, and thus they
can also be easily included in the methodologies. For instance,
Balvers et al. have developed a method that includes the si-
multaneous quantification of six NAEs together with 2-AG
and related ECs, which has been used to profile NAEs in sev-
eral matrices during induced inflammation in mice [230,238].
The inclusion of all these related compounds in a single anal-
ysis is useful for understanding biological pathways. How-
ever, multiple factors should be taken into account when
quantifying these compounds, which are reflected by the dis-
crepancies reported for their levels in the literature. First, it
is important to know that some NAEs are used in industrial
processes and may be found in products such as detergent liq-
uids [213]. Moreover, the presence of PEA and SEA has been
reported in commercial chloroforms [239]. In addition, we
have observed PEA, OEA, SEA, and N-linoleoylethanolamine
in plastics commonly used for sample preparation (e.g. col-
lecting tubes and SPE cartridges). Thus, it is advised that
a rigorous check of all laboratory solvents and materials
is performed during method development. Another issue
is the well-characterized isomerization of 2-AG into 1-AG.
1-AG does not activate the cannabinoids receptors and has
not yet been proven to be present endogenously. Therefore,
it is recommended that chromatographic baseline separation
is achieved to enable reporting of both isomers. In order to
reduce compound isomerization, protic solvents should be
avoided during sample extraction [211, 240]. Moreover, sam-
ples must be stored at −80�C to avoid compound degradation.
With regard to internal standards, as for the rest of lipid me-
diators described, the use of deuterium-labeled compounds,
which are commercially available for several NAEs and 2-AG,
represent an advantage in terms of precision and accuracy in
the quantification. Quantification accuracy will increase for
NAEs and AG if enzymatic activity is inactivated after fluid or
tissue sampling to prevent ex vivo metabolism.

7 Concluding remarks

Complex multifactorial inflammatory diseases can mani-
fest patient-specific dysregulation of different inflammatory

pathways, warranting the necessity of characterizing these
metabolic routes in well-phenotyped patients. Whereas an
increasing number of lipids are involved in diseases with an
inflammatory component, different MS techniques offer the
possibility of analyzing lower quantities of these metabolites
in medical samples. Unfortunately, to date, it has not been
possible to develop a systematic methodology capable of an-
alyzing all these lipids simultaneously. Hence, different an-
alytical strategies have been used in order to analyze a given
subfamily of lipids with common physicochemical proper-
ties. Commonly, these strategies are based on targeted LC-
MS/MS methods working in MRM mode. Future advances
in technical aspects will help achieve the in-depth characteri-
zation of the entire lipidome profile, including: (i) improving
the method detection limits and dynamic range; (ii) increas-
ing the number of commercially available standards (both
external and internal isotopically labeled standards); (iii) op-
timizing the extraction protocols to allow simultaneous de-
termination of the different lipid families; and (iv) further
automating the identification and quantification of lipids.

Quantifying the regulatory lipid and other metabolic path-
ways in health and disease will result in improved charac-
terization of the pathophysiology and provides mechanis-
tic insight. Lipids constitute an intricate metabolic network
(Fig. 1), which precisely regulates many different biologi-
cal processes, such as energy storage, membrane function,
and the production of lipid mediators, involved in physiolog-
ical and pathophysiologial inflammation. Consequently, the
analysis of SLs, GLs, oxylipins, ECs, and NAEs enables the
possibility of describing putative cross-talk among the lipid
pathways involved in inflammatory diseases and the discov-
ery of combined therapies targeting related lipid pathways.

In the nutritional sciences, health has long been studied
within the context of the quantity and type of the fat (lipid)
consumed. A particular area of interest includes the balance
of �-3 and �-6 fatty acids and effects of a fish oil rich diet.
However, potential health benefits have been shown to be
associated with other types of oil intake, with for example
the benefits of virgin olive oil and walnuts reported to reduce
the incidence of cardiovascular events [241]. Accordingly, to
fully understand the effects and metabolic consequences of
nutritional interventions, it is important to understand the
concomitant shifts in lipid balance and production of down-
stream lipid mediators. The pathways highlighted in this re-
view illustrate some of the important biological processes that
can be impacted by dietary parameters. The deep quantitative
characterization of lipids in individuals will help to unravel
and potentially establish beneficial nutrition habits.
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J. Z. et al., Lipid mediator profiling in pulmonary disease.
Curr. Pharm. Biotechnol. 2011, 12, 1026–1052.

[110] Moghaddam, M. F., Motoba, K., Borhan, B., Pinot, F. et al.,
Novel metabolic pathways for linoleic and arachidonic acid
metabolism. Biochim. Biophys. Acta 1996, 1290, 327–339.

[111] Gundlach, H., Zenk, M. H., Biological activity and biosyn-
thesis of pentacyclic oxylipins: the linoleic acid pathway.
Phytochemistry 1998, 47, 527–537.

[112] Serhan, C. N., Gotlinger, K., Hong, S., Arita, M., Re-
solvins, docosatrienes, and neuroprotectins, novel omega-
3-derived mediators, and their aspirin-triggered endoge-

nous epimers: an overview of their protective roles
in catabasis. Prostagl. Other Lipid Mediat. 2004, 73,
155–172.

[113] Dubois, R. N., Abramson, S. B., Crofford, L., Gupta, R. A.
et al., Cyclooxygenase in biology and disease. FASEB J.
1998, 12, 1063–1073.

[114] Feussner, I., Wasternack, C., The lipoxygenase pathway.
Annu. Rev. Plant Biol. 2002, 53, 275–297.

[115] Guengerich, F., in: Ortiz de Montellano, P. R. (Ed.), Cy-
tochrome P450: Structure, Mechanism, and Biochemistry,
Springer, New York, NY 2005, pp. 377–530.

[116] Herschman, H. R., Hall, W., Regulation of prostaglandin
synthase-1 and prostaglandin synthase-2. Cancer Metas-
tasis Rev. 1994, 13, 241–256.

[117] Chenevard, R., Hürlimann, D., Béchir, M., Enseleit, F. et al.,
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