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Eicosanoids are well known potent signaling media-
tors generated by cyclooxygenases (COXs), lipoxygenases 
(LOXs), and cytochrome P450 (CYP) enzymes in immune 
cells, platelets, and inflammatory activated tissues. As free 
acids, they signal by binding to G protein-coupled recep-
tors following secretion from their cell of origin. For many 
years, it has been known that when added to cells, exoge-
nous eicosanoids can be incorporated into more complex 
lipids, including phospholipids (PLs). However until re-
cently this was considered little more than an epiphe-
nomenon. This has changed in the last 10 years with the 
realization that phospholipid-esterified eicosanoids, other-
wise known as enzymatically oxidized phospholipids (eox-
PLs) are formed acutely, on the same timescale as free 
acid analogs, and that these lipids are bioactive in their 
own right. In contrast to eicosanoids, eoxPLs are not se-
creted and remain cell bound where they exert their bio-
logical actions.

In the early 1990s, reports of incorporation of exoge-
nously-added hydroxyeicosatetraenoic acids (HETEs) and 
epoxyeicosatetraenoic acids (EETs) into phospholipids, 
followed by their stimulated release led to the idea that 
these lipids could be a store for releasable eicosanoids 
(1–6). Brezinski and Serhan (1) showed that 15-HETE was 
incorporated into neutrophil phosphatidylinositol (PI), 
then released following fMLP challenge. 15-HETE behaved 
differently to the 5-positional isomer, which was incorpo-
rated into phosphatidylcholine (PC), suggesting isomer 
selectivity for different lysoPLs. Separately, Joulain et al. (2) 
characterized incorporation of 12-HETE into both PC and 
PI in mononuclear cells, also showing mitogen-stimulated 
release. In 1992, Bernstrom et al. (4) showed half-maximal 
incorporation of EETs into mastocytoma PLs within 30 min, 
with primarily formation of PE species. In that study, fast 
atom bombardment/tandem MS was used for the first 
time to identify molecular species, including numerous 
plasmalogens of both PE and PC (4).

In 1998, Brinckmann et al. (7) observed that ionophore-
activated eosinophils contain 15-HETE attached to mem-
brane lipids. At that time, neither the molecular species 
involved nor their biology was characterized. Later, in 
2005, while the cellular regulation of 15-LOX turnover was 
being studied, 15-HETE was found to be acutely generated 

attached to four individual phospholipids in IL-4–treated 
human monocytes (8). Acute generation of eoxPL is a dif-
ferent process to incorporation of exogenous eicosanoids, 
as it is considerably faster and stimulated by inflammatory 
agonists. It also occurs on the same timescale as free eico-
sanoid generation, in contrast to incorporation of exoge-
nous analogs, which is considerably slower. To characterize 
the molecular species of complex lipids, precursor scan-
ning LC-MS/MS was used, thus “fishing” for molecular 
ions that incorporated a HETE functional group. Between 
2007 and 2012, several families of eoxPLs generated by 
LOXs were uncovered using this approach, not only in 
monocytes but also in human platelets, neutrophils, and 
airway epithelial cells (9–14). The most abundant were 
phosphatidylethanolamines (PEs) but PC-derived forms 
were detected with many being plasmalogens. These are 
generated in a burst during the first 2–5 min of cell acti-
vation by pathophysiologic agonists, via the coordinated 
action of receptors and enzymes, and a slower rate of for-
mation is maintained for at least several hours.

In tissues, the eoxPL profile reflects the oxidative en-
zymes expressed; for example, cells expressing 15-LOX 
generate PL that incorporate 15-HETE or 15-ketoeicosatet-
raenoic acid (KETE), the latter via prostaglandin dehydro-
genase activity downstream of 15-LOX (8, 10). In platelets, 
12-HETE or 14-HDOHE attached to PE or PC are found, 
whereas EET-PLs in liver predominate as positional iso-
mers reflecting cytochrome P-450 activities (5, 12, 13). 
More recently, eoxPLs generated by COX-1 have been 
found in human platelets. These include four forms of 
prostaglandin E2 (PGE2)-PE that are sensitive to aspirin 
inhibition in vitro and in vivo (15). The oxidized fatty ac-
ids that can be incorporated into PL not only include eico-
sanoids derived from arachidonate, but at least in platelets, 
a myriad of other oxidized fatty acids derived from 22:4, 
22:5, and 22:6. Indeed, in platelets, recent estimates in-
clude over 100 individual molecular species acutely gener-
ated on thrombin activation (16).

Most eicosanoid-generating enzymes require free fatty 
acid as substrate, and are unable to oxidize intact PL; thus, 
phospholipase A2, normally the cytosolic isoform, is essential 
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for eoxPL formation. An exception is 15-LOX in human 
monocytes or airway epithelia (the murine 12/15-LOX), 
which can also oxidize membrane PLs directly. Thus, in 
most tissues, eoxPL formation will require not only forma-
tion of the oxidized free acid, but importantly, its reacyla-
tion into lysoPL pools. Until now, little was known about 
the process that reacylates eicosanoids acutely in immune 
cells other than it is sensitive to thimerosal or triascin C, 
both rather crude pan inhibitors of CoA-dependent fatty 
acid acylation pathways. Given that eoxPLs form on a simi-
lar timescale to free acid analogs, the process of fatty acid 
hydrolysis, oxidation, and reacylation must be fast and 
tightly controlled by enzymes.

Fatty acyl attachment to PLs is a two-step process requir-
ing first the formation of fatty acyl-CoAs (FA-CoAs) via the 
action of one of five long-chain acyl-CoA synthetase iso-
forms (ACSL1,2,4,5,6) (EC 6.2.1.3) (17–20). Following 
this, headgroup-specific lysophospholipid acyl transfer-
ases such as lysophosphatidylethanolamine acyltransfer-
ase (LPEAT), otherwise known as MBOAT2 (membrane 
bound O-acyl transferase) or lysophospholipid acyltrans-
ferase (LPAT) that catalyze the coupling of the FA-CoA 
into lysoPLs to form PL (21). Human cells express at least 
5 LPATs (also termed MBOATs) that have varying degrees 
of specificity for both the FA-CoA and the lysophospho-
lipid acceptor (22).

Nothing was known until now regarding how these 
enzymes regulate eoxPL formation. However, there were 
hints that cellular acylation shows selectivity beyond sim-
ply utilizing the most abundant oxidized fatty acid and ly-
soPLs. For example, despite multiple attempts, our own 
groups have never detected PL-esterified thromboxane in 
platelets, although this is one of the more abundant eico-
sanoids made (V. B. O’Donnell, R. C. Murphy, unpublished 
observations). Also, 12-HETE-d8 is not incorporated into 
platelet PE during the timescale of agonist-stimulated 
12-HETE-PE generation, indicating that exogenous and 
endogenously generated eicosanoids are somehow sensed 
differently and suggesting that cell compartmentalization is 
an important factor (13). Last, two recent studies by Kagan, 
Conrad, and coworkers (23, 24) showed that ACLS4 
shapes lipid composition, including formation of oxidized 
arachidonate and adrenic acid-PEs by lipoxygenase, during a 
cell death process called ferroptosis.

In this issue of the Journal of Lipid Research, Klett et al. 
take the first steps toward defining individual eicosanoid 
esterification pathways. Building on a previous observa-
tion that ACSL4 can metabolize EETs, they elegantly show 
that all five ACSL enzymes can utilize either HETEs or 
EETs, forming analogous FA-CoAs using LC-MS/MS. 
With recombinant enzymes, they found differences in 
Michaelis-Menten kinetics for substrates and isoforms. In-
triguingly, substrate preferences were somewhat altered 
when ACSLs were expressed in COS7 cells, indicating that 
cellular environment exerts a significant influence on 
their activities that could relate to differences in mem-
brane composition, presence of coactivators inhibitors or 
other enzymes, their cellular location, expression level, 
and posttranslational modification. Indeed, at least one 

ACSL is known to be subject to differential cellular phos-
phorylation and acylation (25). Mammalian cellular ACSL 
and MBOAT expression patterns are complex, and this 
means that tissue specific incorporation in terms of rates 
and eoxPL species formed endogenously will likely vary 
widely; however, there is no information on this topic as of 
yet. These intriguing new studies by Klett and coworkers 
provide the first evidence about how cellular reacylation 
of eicosanoids is controlled, paving the way for further in-
vestigations in primary mammalian cells in order to define 
how specific individual eoxPL are formed during physio-
logical and pathophysiological situations. The studies are 
important as they place another piece in the jigsaw puzzle 
concerning the formation and action of new bioactive 
phospholipids of likely importance to innate immunity 
and acute and chronic inflammatory disease.

REFERENCES

 1. Brezinski, M. E., and C. N. Serhan. 1990. Selective incorporation 
of (15S)-hydroxyeicosatetraenoic acid in phosphatidylinositol of hu-
man neutrophils: agonist-induced deacylation and transformation of 
stored hydroxyeicosanoids. Proc. Natl. Acad. Sci. USA. 87: 6248–6252.

 2. Joulain, C., N. Meskini, G. Anker, M. Lagarde, and A. F. Prigent. 
1995. Esterification of 12(S)-hydroxy-5,8,10,14-eicosatetraenoic 
acid into the phospholipids of human peripheral blood mononu-
clear cells: inhibition of the proliferative response. J. Cell. Physiol. 
164: 154–163.

 3. Pawlowski, N. A., W. A. Scott, M. Andreach, and Z. A. Cohn. 1982. 
Uptake and metabolism of monohydroxy-eicosatetraenoic acids by 
macrophages. J. Exp. Med. 155: 1653–1664.

 4. Bernstrom, K., K. Kayganich, R. C. Murphy, and F. A. Fitzpatrick. 
1992. Incorporation and distribution of epoxyeicosatrienoic acids 
into cellular phospholipids. J. Biol. Chem. 267: 3686–3690.

 5. Karara, A., E. Dishman, J. R. Falck, and J. H. Capdevila. 1991. 
Endogenous epoxyeicosatrienoyl-phospholipids. A novel class of 
cellular glycerolipids containing epoxidized arachidonate moi-
eties. J. Biol. Chem. 266: 7561–7569.

 6. O’Donnell, V. B., and R. C. Murphy. 2012. New families of bioactive 
oxidized phospholipids generated by immune cells: identification 
and signaling actions. Blood. 120: 1985–1992.

 7. Brinckmann, R., K. Schnurr, D. Heydeck, T. Rosenbach, G. Kolde, 
and H. Kuhn. 1998. Membrane translocation of 15-lipoxygenase in 
hematopoietic cells is calcium-dependent and activates the oxygen-
ase activity of the enzyme. Blood. 91: 64–74.

 8. Maskrey, B. H., A. Bermudez-Fajardo, A. H. Morgan, E. Stewart-
Jones, V. Dioszeghy, G. W. Taylor, P. R. Baker, B. Coles, M. J. Coffey, 
H. Kuhn, et al. 2007. Activated platelets and monocytes generate 
four hydroxyphosphatidylethanolamines via lipoxygenase. J. Biol. 
Chem. 282: 20151–20163.

 9. Clark, S. R., C. J. Guy, M. J. Scurr, P. R. Taylor, A. P. Kift-Morgan, 
V. J. Hammond, C. P. Thomas, B. Coles, G. W. Roberts, M. Eberl, 
et al. 2011. Esterified eicosanoids are acutely generated by 5-lipoxy-
genase in primary human neutrophils and in human and murine 
infection. Blood. 117: 2033–2043.

 10. Hammond, V. J., A. H. Morgan, S. Lauder, C. P. Thomas, S. Brown, 
B. A. Freeman, C. M. Lloyd, J. Davies, A. Bush, A. L. Levonen, 
et al. 2012. Novel keto-phospholipids are generated by monocytes 
and macrophages, detected in cystic fibrosis, and activate peroxi-
some proliferator-activated receptor-gamma. J. Biol. Chem. 287: 
41651–41666.

 11. Morgan, A. H., V. Dioszeghy, B. H. Maskrey, C. P. Thomas, S. R. 
Clark, S. A. Mathie, C. M. Lloyd, H. Kuhn, N. Topley, B. C. Coles, 
et al. 2009. Phosphatidylethanolamine-esterified eicosanoids in the 
mouse: tissue localization and inflammation-dependent formation 
in Th-2 disease. J. Biol. Chem. 284: 21185–21191.

 12. Morgan, L. T., C. P. Thomas, H. Kuhn, and V. B. O’Donnell. 2010. 
Thrombin-activated human platelets acutely generate oxidized 
docosahexaenoic-acid-containing phospholipids via 12-lipoxygenase. 
Biochem. J. 431: 141–148.



Commentary         839

 13. Thomas, C. P., L. T. Morgan, B. H. Maskrey, R. C. Murphy, H. Kuhn, 
S. L. Hazen, A. H. Goodall, H. A. Hamali, P. W. Collins, and V. B. 
O’Donnell. 2010. Phospholipid-esterified eicosanoids are gener-
ated in agonist-activated human platelets and enhance tissue factor-
dependent thrombin generation. J. Biol. Chem. 285: 6891–6903.

 14. Zhao, J., B. Maskrey, S. Balzar, K. Chibana, A. Mustovich, H. Hu, J. B. 
Trudeau, V. O’Donnell, and S. E. Wenzel. 2009. Interleukin-13-induced 
MUC5AC is regulated by 15-lipoxygenase 1 pathway in human bron-
chial epithelial cells. Am. J. Respir. Crit. Care Med. 179: 782–790.

 15. Aldrovandi, M., V. J. Hammond, H. Podmore, M. Hornshaw, S. R. 
Clark, L. J. Marnett, D. A. Slatter, R. C. Murphy, P. W. Collins, and 
V. B. O’Donnell. 2013. Human platelets generate phospholipid-
esterified prostaglandins via cyclooxygenase-1 that are inhibited by 
low dose aspirin supplementation. J. Lipid Res. 54: 3085–3097.

 16. Slatter D. A., M. Aldrovandi, A. O’Connor, S. M. Allen, C. J. Brasher, 
R. C. Murphy, S. Mecklemann, S. Ravi, V. Darley-Usmar, and 
V. B. O’Donnell. 2016. Mapping the Human Platelet Lipidome 
Reveals Cytosolic Phospholipase A2 as a Regulator of Mitochondrial 
Bioenergetics during Activation. Cell Metab. 23: 930–944.

 17. Fujino, T., M. J. Kang, H. Suzuki, H. Iijima, and T. Yamamoto. 1996. 
Molecular characterization and expression of rat acyl-CoA synthe-
tase 3. J. Biol. Chem. 271: 16748–16752.

 18. Iijima, H., T. Fujino, H. Minekura, H. Suzuki, M. J. Kang, and T. 
Yamamoto. 1996. Biochemical studies of two rat acyl-CoA synthe-
tases, ACS1 and ACS2. Euro. J. Biochem./ FEBS 242: 186–190

 19. Kang, M. J., T. Fujino, H. Sasano, H. Minekura, N. Yabuki, H. 
Nagura, H. Iijima, and T. T. Yamamoto. 1997. A novel arachido-

nate-preferring acyl-CoA synthetase is present in steroidogenic cells 
of the rat adrenal, ovary, and testis. Proc. Natl. Acad. Sci. USA. 94: 
2880–2884.

 20. Oikawa, E., H. Iijima, T. Suzuki, H. Sasano, H. Sato, A. Kamataki, H. 
Nagura, M. J. Kang, T. Fujino, H. Suzuki, et al. 1998. A novel acyl-
CoA synthetase, ACS5, expressed in intestinal epithelial cells and 
proliferating preadipocytes. J. Biochem. 124: 679–685.

 21. Yamashita, A., Y. Hayashi, Y. Nemoto-Sasaki, M. Ito, S. Oka, T. 
Tanikawa, K. Waku, and T. Sugiura. 2014. Acyltransferases and 
transacylases that determine the fatty acid composition of glycero-
lipids and the metabolism of bioactive lipid mediators in mamma-
lian cells and model organisms. Prog. Lipid Res. 53: 18–81.

 22. Gijón, M. A., W. R. Riekhof, S. Zarini, R. C. Murphy, and D. R. 
Voelker. 2008. Lysophospholipid acyltransferases and arachi-
donate recycling in human neutrophils. J. Biol. Chem. 283:  
30235–30245.

 23. Doll, S., B. Proneth, Y. Y. Tyurina, E. Panzilius, S. Kobayashi, I. 
Ingold, M. Irmler, J. Beckers, M. Aichler, A. Walch, et al. 2017. 
ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid com-
position. Nat. Chem. Biol. 13: 91–98.

 24. Kagan, V. E., G. Mao, F. Qu, J. P. Angeli, S. Doll, C. S. Croix, H. H. 
Dar, B. Liu, V. A. Tyurin, V. B. Ritov, et al. 2017. Oxidized arachi-
donic and adrenic PEs navigate cells to ferroptosis. Nat. Chem. Biol. 
13: 81–90.

 25. Frahm, J. L., L. O. Li, T. J. Grevengoed, and R. A. Coleman. 2011. 
Phosphorylation and Acetylation of Acyl-CoA Synthetase- I. J. 
Proteomics Bioinform. 4: 129–137.


