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Abstract A proposed beneficial impact of highly
unsaturated “fish oil” fatty acids is their conversion
by lipoxygenase (LOX) enzymes to specialized pro-
resolving lipid mediators, including 12/15-LOX
products from EPA and DHA. The transformations
of DHA include formation of docosatrienes, named
for the distinctive conjugated triene of the double
bonds. To further the understanding of biosynthetic
pathways and mechanisms, herein we meld together
biosynthesis and NMR characterization of the unsta-
ble leukotriene A (LTA)-related epoxide in-
termediates formed by recombinant human 15-LOX-1,
along with identification of the stable enzymatic
products, and extend the findings into the 12/15-LOX
metabolism in resident murine peritoneal macro-
phages. Oxygenation of EPA by 15-LOX-1 converts
the initial 158-hydroperoxide to 14S,155-trans-epoxy-
5Z8Z10EI2E17Z-EPA (appearing as its 8,15-diol hy-
drolysis products) and mixtures of dihydroperoxy
fatty acids, while mainly the epoxide hydrolysis
products are evident in the murine cells. DHA also
undergoes transformations to epoxides and dihy-
droperoxides by 15-LOX-l, resulting in a mixture of
10,17-dihydro(pero)xy derivatives (docosatrienes) and
minor 75,175- and 14,17S-dihydroperoxides. The 10,175
dihydroxy hydrolysis products of the LTA-related
epoxide intermediate dominate the product profile
in mouse macrophages, whereas (neuro)protectin DI,
the leukotriene B4-related derivative with trans,trans,cis
conjugated triene, was undetectable. In this study, we
emphasize the utility of UV spectral characteristics
for product identification, being diagnostic of the
different double bond configurations and hydroxy
fatty acid functionality versus hydroperoxide. LC-MS
is not definitive for configurational isomers.Hl
Secure identification is based on chromatographic
retention times, comparison with authentic standards,
and the highly distinctive UV spectra.
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The long-standing interest in the therapeutic bene-
fits of dietary fish oil fatty acids—EPA and DHA—is
extended in more recent times to the potential anti-
inflammatory/proresolving effects of their lip-
oxygenase (LOX)-derived metabolites (I, 2). Aside
from direct effects of the omega-3 fatty acids them-
selves, the daily intake of high doses might act partly
by diverting in vivo fatty acid metabolism away from
the omega-6 arachidonic acid, thus decreasing pro-
duction of proinflammatory prostaglandins and leu-
kotrienes, the “bad guys” in controlling inflammation
(3, 4). On the other hand, many studies appearing in
the past two decades support the important roles
played directly by potent local bioactive mediators
derived from omega-3 PUFA. The series of molecules
tagged as resolvins and protectins and “specialized
proresolution mediators” has sparked great interest on
account of their potent biological activities docu-
mented in the fields of inflammation, neuroscience,
diabetes, and cancer (e.g., Refs. (1, 2, 5-8)).

Modeled on the 5-LOX pathway of leukotriene
biosynthesis and central to the production of the spec-
trum of the EPA- and DHA-derived metabolites is the
production of an unstable leukotriene A (LTA)-related
epoxide as a biosynthetic intermediate (e.g., Ref. (9)). On
account of the extreme instability of LTA-related ep-
oxides in neutral aqueous media, their biosynthesis is
established primarily by analysis of their hydrolysis
products; in aqueous media, the production of dihy-
droxy derivatives, and in “trapping” studies using an
excess of alcohol to terminate reaction, the production
of hydroxymethoxy derivatives (10). Notwithstanding
the technical challenges, leukotriene A4 (LTAj) itself
has been isolated from leukocyte incubations (11), and
later, we prepared LTA,; and its b56-cis-epoxide
analogue using recombinant 5-LOX enzyme (12).
Herein, we applied the methodology using recombi-
nant human 15-LOX-1 to preparation of the LTA-
related epoxides from »-6 hydroperoxides of EPA
and DHA, the latter and 22:5w3 analogue also prepared
by total chemical synthesis (13-16).
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Also modeled on the 5-LOX pathway is the reported
hydrolysis of LTA-related epoxides in 15-LOX/DHA
metabolism to a dihydroxy derivative exhibiting a cis,-
trans,trans conjugated triene chromophore (9). This is a
special type of transformation that does not occur
through nonenzymatic hydrolysis of LTA-related ep-
oxides. In the leukotriene pathway, the epoxide LTA4 is
enzymatically hydrolyzed to leukotriene By (LTBy), the
prototypical lipid mediator with the unusual 5SI12R-
dihydroxy configuration along with a cis,transtrans
conjugated triene (Scheme 1A). Reported analogous
examples in 12/15-LOX metabolism of DHA are the
conversions of LTA-related 16,17-trans-epoxy-DHA
(designated herein as docosatriene Ag) to protectin D1
(PD1), a 10R17-diol with 1ltransl3translbeis triene
(Scheme 1B) (17), and more recently, the production of
maresin R1 (MaRl), formed from the analogous 13,14-
epoxy intermediate as a 7R145-diol also with a trans-
trans,cis triene chromophore (18, 19).

From arachidonic acid, multiple 5,12-dihydroxy iso-
mers of L'TB4 can be formed, and by which criteria do
we identify these biosynthetic products? We rely on
distinctive HPLC retention times associated with the
mass ions for 5,]12-diols and on the characteristic UV
spectra. Indeed, 40 years ago, the distinctive UV spectra
of different isomers were established as central to the
analysis (20, 21). With the EPA- and DHA-derived LOX
products, quality UV spectra are reproducible and
distinctive, and this criterion is among those used to
identify products in the studies presented here. Herein,
we meld together biosynthesis and NMR characteriza-
tion of the LTA-related wunstable epoxide in-
termediates, with analysis of their biosynthesis along
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with other enzymatic products by recombinant 15-
LOX-], and extend the findings into the metabolism
in inflammatory cells. Most of these studies were
completed as a PhD thesis (22) and augmented more
recently with the availability of synthetic PD1 and MaR1
as authentic standards.

MATERIALS AND METHODS

Materials

DHA and EPA were purchased from NuChek Prep, Inc
(Elysian, MN). Soybean LOX-1 (lipoxidase, type V) was pur-
chased from Sigma. C57BL/6NCrl mice (6-8 weeks) were
purchased from Charles River Laboratories. Zymosan A was
purchased from Sigma. We thank Professor Trond Hansen
for providing a sample of synthetic PD1. PD1 and MaR1 were
also purchased from Cayman Chemical.

Synthesis and purification of fatty acid
hydroperoxides

The 158-hydroperoxide of EPA (15S-HPEPE) and 17S-hy-
droperoxide-DHA (17S-HPDHA) were prepared by the reac-
tion of the fatty acids with the commercially available
soybean LOX-1. 14S-hydroperoxide-DHA (14SHPDHA) was
prepared by the reaction of DHA with mouse platelet-type
125 LOX. The purification of fatty acid hydroperoxides was
achieved by straight-phase HPLC (SP-HPLC) using a solvent
of hexane/isopropyl alcohol/glacial acetic acid, 100/1/0.02,
by volume, and they were quantified by UV spectroscopy
using an extinction coefficient of 25,000 M~ ecm™ for the
conjugated diene chromophore.

Bacterial expression and purification of human 15-
LOX-1

The ¢cDNA of human 15-LOX-1 was subcloned into the
pET3a vector (with an N-terminal His6 tag), and the protein
was expressed in BL21 cells. A typical preparation of a 100 ml
culture was carried out as follows: 100 ml of 2xYT medium
containing 100 pg/ml ampicillin was inoculated with a single
colony of human 15-LOX-1-His in BL21 cells and grown at
37°C at 250 rpm till an absorbance at 600 nm reached 0.8.
IPTG (0.5 mM) was then added to the culture, which was
grown at 16°C, 220 rpm for 4 days. On day 4, the cells were
spun down at 5,000 ¢ for 20 min in a Beckman Avanti J-25I
centrifuge, washed with 40 ml of 50 mM Tris, pH 7.9, pelleted
again at 5000 g for 20 min, and resuspended in 10 ml of
50 mM Tris, pH 8.0, 500 mM NaCl, 20% glycerol, and 100 uM
PMSF. The spheroplasts were then sonicated five times for
10 s using a model 50 Sonic Dismembrator (Fisher Scientific)
at a setting of 5. CHAPS detergent was added at a final con-
centration of 1% (w/w), and the sample was kept on ice for
20 min. The resulting membranes were spun down at 5,000 g
for 20 min at 4°C. The human 15-LOX-1 activity was present
in the supernatant. The supernatant was loaded on a nickel-
nitrilotriacetic acid column (0.5 ml bed volume; Qiagen)
equilibrated with 50 mM Tris buffer, pH 8.0, and 500 mM
NaCl. The column was then washed with the equilibration
buffer, and the nonspecific bound proteins were eluted with
50 mM Tris buffer, pH 8.0, 500 mM NaCl, and 50 mM imid-
azole. The human 15-LOX-1 was then eluted with 50 mM Tris
buffer, pH 80, 500 mM NaCl, and 250 mM imidazole.

SASBMB



Fractions of 0.5 ml were collected and assayed for the LOX
activity. The positive fractions were dialyzed against 50 mM
Tris buffer, pH 7.5, and 150 mM NaCl. The purity of the
enzyme preparations was determined by SDS-PAGE and
Coomassie blue staining; the prominent band of hl5-LOX-1
accounted for about 80% of the total protein.

Biphasic reaction conditions for preparation of
LTA-related epoxides

Enzyme reactions were performed at 0°C, with the fatty
acid hydroperoxide substrate initially in hexane (5 ml,
bubbled for 30 min prior to use with argon to decrease the Oy
concentration, and containing “200 pM substrate) layered over
recombinant 15-LOX-1 enzyme (1-2 mg, “20 nmol) in 400 pl of
Tris buffer (pH 7.5 for h15-LOX-1). The reaction was initiated
by vigorous vortex mixing of the two phases. After 1.5 min,
the hexane phase was collected and scanned from 200 to
350 nm using a PerkinElmer Lambda-35 spectrophotometer.
Then the hexane phase was evaporated to about 2 ml under a
stream of nitrogen, treated with ethanol (20 pl) and ethereal
diazomethane for 10 s at 0°C, and then rapidly blown to
dryness and kept in hexane at —80°C until further analysis.

Reactions of fatty acids and fatty acid
hydroperoxides with recombinant 15-LOX-1

For analysis of polar products, incubations with recombi-
nant 15-LOX-1 and fatty acids or fatty acid hydroperoxides (10
or 20 pg/ml) were conducted at room temperature in UV
cuvettes in 1 ml 50 mM Tris buffer (pH 7.5) containing
150 mM Na(l, with monitoring of the extent of the reaction
by repetitive scanning (350-200 nm) in a Lambda 35 UV /Vis
spectrometer (PerkinElmer). After 10-20 min and appearance
of conjugated triene chromophores around 270 nm, reaction
was halted by addition of 100 pl 1 M KHoPO4 buffer and 40 pl
1 N HCI to give approximately pH 3-4 and extracted using a
100 mg C18 Bond-Elut cartridge (Agilent), which was washed
with water and eluted with methanol (MeOH).

Mouse peritoneal resident macrophage incubations

Mouse peritoneal resident macrophages were collected
as described (23) by lavage from naive mice (6-8 week old
C57BL/6NCrl mice; Charles River Laboratories). All animal
studies were approved and performed in accordance with
guidelines provided by the Vanderbilt Medical Standing
Committee on Animals.

After centrifugation at 400 gand addition of DMEM + 10%
FBS, macrophages (5 x 10° cells/ml) were incubated with
zymosan A (200 pg/ml) and fatty acids or fatty acid hydro-
peroxides at 37°C for 30 min; the substrates were added in 2 pl
ethanol per 0.5 ml cell incubation to give 20 pg/ml final con-
centration (equivalent to 60 pM 15S-HPEPE, 61 uM DHA, and
56 pM 17S-HPDHA). Incubations were stopped with two vol-
umes of cold MeOH. After lysing with MeOH, the cell debris
was removed by centrifugation at 10,000 rpm, the supernatant
was mixed with three volumes of water, and the apparent pH
was adjusted to approximately 3. The products were extracted
on a 30 mg Oasis cartridge (Waters), eluted with MeOH, and
analyzed by reversed-phase HPLC (RP-HPLC).

HPLC analyses

From the biphasic reaction used for preparation of LTA-
related epoxides, aliquots of the methylated hexane phase
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were analyzed by RP-HPLC using a Waters Symmetry column
(25 % 0.46 cm), using a solvent of MeOH/20 mM triethylamine
at pH 8.0 (90/10 by volume), at a flow rate of 1 ml/min, with
on-line UV detection (Agilent 1100 series diode array detector
with all 205, 220, 235, and 270 nm channels recorded at the
same sensitivity). Further purification was achieved by SP-
HPLC using a Beckmann Ultrasphere 5 p silica column
(25 % 0.46 cm) using a solvent of hexane/triethylamine (100/
0.5) run at 1 ml/min. Aliquots of the room temperature in-
cubation of recombinant human 15-LOX-1 with omega-3 fatty
acid hydroperoxides were analyzed by RP-HPLC using a
Waters Symmetry column (25 x 0.46 cm), using a solvent of
acetonitrile (CH3CN)/HsO/HAc (45/55/0.01 by volume), at a
flow rate of 1 ml/min. Aliquots of mouse macrophage in-
cubations were analyzed by RP-HPLC using a Waters Sym-
metry column (15 x 0.21 cm), using a solvent of CHsCN/HsO/
HAc (50/50/0.01 by volume), at a flow rate of 0.2 ml/min.

LC-MS and GC-MS analyses

HPLC profiles were analyzed using a Thermo TSQ Van-
tage Triple Quadrapole MS instrument (Thermo Fisher Sci-
entific, Waltham, MA). RP-HPLC analysis was performed with
electrospray ionization in the negative ion mode. A Phe-
nomenex Kinetex CI8 2.6 p column (100 x 3 mm) was eluted
isocratically with CH3CN/water/glacial acetic acid (45:55:0.01
by volume) at a flow rate of 0.4 ml/min. The electrospray
voltage was set at 4.0 kV: vaporizer temperature at 300°G;
sheath and auxiliary gas pressure at 50 and 5 , respectively;
and capillary temperature at 300°C.

GC-MS was performed on hydroperoxy fatty acids by
reduction with triphenylphosphine, SP-HPLC purification,
methylation (diazomethane), hydrogenation (Pd/Hy), silyla-
tion (NO-bis(trimethylsilyljtrifluoroacetamide), and analysis
on a Thermo-Finnigan DSQ mass spectrometer in the positive
ion electron impact mode (70 eV).

NMR analysis

'"H NMR and 'H,'H COrrelated SpectroscopY NMR spectra
were recorded on a Bruker AV-III 600 MHz spectrometer at
283 K. The parts/million values are reported relative to re-
sidual nondeuterated solvent (§ = 7.16 ppm for CsHs). Typi-
cally, 1,024 scans were acquired for a 1D spectrum on “20 pg of
LTA-related epoxide methyl ester.

RESULTS

Preparation, purification, and characterization of
LTA-related epoxides

The methodology, outlined in Fig. 1A, was optimized
from biphasic reaction conditions originally developed
for isolation of fatty acid allene oxides (24, 25) and
subsequently applied to LTA4 and its 5,6-cis-epoxy
analogue (12). After vortex mixing of aqueous human
15-LOX-1 with a hexane solution of 15S-HPEPE or 175
HPDHA at 0°C, UV spectroscopy of the hexane phase
showed a decrease in substrate and appearance of a
new chromophore with Amax at 280 nm characteristic
of an LTA-type epoxide (Fig. 1B, C). Subsequent
handling of the easily hydrolyzed epoxides was facili-
tated by prompt esterification to the methyl ester de-
rivative using ethereal diazomethane and a trace of
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Fig. 1. Preparation and isolation of LTA-related epoxides. A: Overview of the biphasic synthesis and simultaneous extraction
methodology. B: UV spectra of the hexane phase of 15S-HPEPE reaction with 15-LOX-1 before and after mixing with the enzyme at
0°C. C: The UV profiles before and after reaction of 17S-HPDHA with 15-LOX-1. 15-LOX-1, 15-lipoxygenase-1; 15S-HPEPE, 155-hy-
droperoxide of EPA; 17SHPDHA, 17S-hydroperoxide-DHA; LTA, leukotriene A.

ethanol added to the hexane solvent. HPLC at room
temperature with triethylamine in the running solvent
allowed purification of the intact LTA-related methyl
esters (see Materials and methods section and Fig. 2A-C).
Proton NMR with COrrelated SpectroscopY spectra of
the epoxide methyl esters in CgDg permitted direct
assignment of the structures of the enzymatic products
(Fig. 3, Fig. 4). Key features established through these
analyses include the cistrans,trans configuration of the
conjugated triene, confirmed from the coupling con-
stants of the 8,10,12 double bonds of 145,155-trans-epoxy-
5Z8Z10E12E17ZEPA (14,15-LTA;) (from EPA) and the
10,12,14 bonds of 16,17-docosatriene Ag (analogue of
LTA4), 165178 trans-epoxy-427710Z12E14E19ZDHA
(16,17-DTAg) (from DHA). The #rans-epoxide configura-
tions are clearly indicated by the 2 Hz coupling constants
between the epoxide protons (Figs. 3, 4), with the full 'H-
NMR spectra summarized in supplemental Tables Sl and
S2. These data directly establish the structures of these
15-LOX-1-derived epoxides: 14,15-LTA5 as 14515S-trans-
epoxy-5Z8Z10E12E17 ZEPA, and 16,17-DTAg as 165175
trans-epoxy-472,7710712E14E197-DHA, with the data for
the latter in accord with the synthetic epoxide (13, 14).

RP-HPLC analysis of products from recombinant 15-
LOX-1 and 15S-HPEPE

The biphasic reactions described previously recover
the nonpolar LTA-related epoxides in hexane, a
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solvent that will not efficiently extract more polar
products such as dihydroxy derivatives. These more
polar and stable products were prepared in a conven-
tional incubation of 155-HPEPE with 15-LOX-1 in pH 7.4
buffer at room temperature and extracted on an Oasis
cartridge and analyzed by RP-HPLC with diode array
UV detection; wavelength profiles were recorded at
205, 220, 235, and 270 nm along with full UV spectra on
all chromatographic peaks.

Figure 5 shows the profiles at 235 and 270 nm and
the associated product identifications. The two equal-
sized peaks eluting at approximately 11 min in the
270 nm channel represent the C-8 diastereomers of
8,155-dihydroxy-56Z9E11E13E17ZEPA, the major hy-
drolysis products of 14,15-L T A5 with their characteristic
all-trans conjugated triene chromophore (20). The other
prominent product, eluting at 19 min, is an exact match
in retention time and in its transcis,trans conjugated
triene chromophore and 271 nm Amax with 85155
dihydroperoxy-5Z9E11Z13E17 ZEPA prepared by dou-
ble dioxygenation of EPA using soybean LOX-1 (cf. e.g,
(27, 28)). In the CH3CN/water/acetic acid solvent sys-
tem, hydroperoxy derivatives are well retained
compared with their reduced hydroxy counterparts,
and subsequent reanalysis of a reduced sample is asso-
ciated with elution of the now-reduced products at
shorter retention times (illustrated later for DHA
dihydro(pero)xides).

SASBMB



A 15S-HPEPE products
14,15-LTA5

mAU (methyl esters)

0 2 4 6
Retention time (min)
B mAU  17S-HPDHA products 16,17-DTA6
(Me esters)
120+
80 unreacted substrate
17S-HPDHA
40 |
MM
0,
0 4 8 12
Retention time (min)
C 280 nm Amax
SIS NN
% o
| 280 —— 14,15-LTAs Me
mAU —— 16,17-DTA6 Me
@ 600 }
o |
C |
© ] |
2 |
3 |
g 400 3
200 !
0] L

T i T T T T T
250 260 270 280 290 300 310 320 330
Wavelength, nm

Fig. 2. HPLC purification of LTA-related methyl esters. A: SP-
HPLC analysis of the products of 15-LOX-1 with 15SHPEPE
using a silica guard column (0.46 x 4.5 cm), a flow rate of 0.5 ml/
min, and a solvent system of hexane/triethylamine (100/0.5, by
volume) with UV detection at 270 nm. B: RP-HPLC analysis of
15-LOX-1 products with 17S-HPDHA. RP-HPLC analysis used a
Waters Symmetry C18 column (046 X 25 cm), a flow rate of
1 ml/min, and a solvent system of methanol/20 mM triethyl-
amine at pH 80 (90/10, by volume) with UV detection at
270 nm. C: Overlay of the UV spectra of the two epoxides in
hexane/0.5% triethylamine solvent. The spectra are essentially
indistinguishable, as expected from their identical molecular
environments (26), which includes the nonconjugated cis double
bond separated by a methylene group on the carboxyl side of
the cis, trans,trans conjugated triene, and the epoxide function-
ality and then a methylene and extra c¢is double bond toward
the fatty acid tail as illustrated at the top of panel C Spectra
were recorded online on HPLC using an Agilent 1200 series
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Minor products were identified as 12,15S5dihy-
droperoxy-548Z10E13E17ZEPA (with an unusual UV
spectrum with the same profile as a standard of the
20:4 analogue, depicted in the supplement of
Ref. (29)), and identification confirmed by GC-MS of
the triphenylphosphine-reduced hydrogenated methyl
ester TMS ether derivative with the expected a-cleav-
age ions m/z 341 (C;-Cj5 minus TMSOH), 301 (C—C9),
213 (C1o-Cgo minus TMSOH), and 173 (Cy5-Cy); also,
14R158-dihydroperoxy-5Z8 Z10E13E17 ZEPA, a double
dioxygenation product with a conjugated triene chro-
mophore with a relatively high Amax at 2755 nm
similar to the well-characterized 20:4 analogue (30-32).
Eluting later than the products shown in Fig. 5 and with
significant absorbance only in the 205 nm channel were
two peaks at 28 and 30 min with the expected UV,
chromatographic, and LC-MS (m/z 333, M-H) properties
of 15-HPEPE-derived hepoxilins (epoxyalcohols). In
fact, all the incubations in the current investigation
with fatty acids and their hydroperoxides formed one
or two relatively prominent hepoxilin-related peaks
detected at 205 nm. These are likely to be enzymatic
products, as well established with other LOXs reacting
with fatty acid hydroperoxides (eg., Refs. (33-36)),
although they were not the focus of the present study
and not investigated further. Regarding the conjugated
triene products, overall these results confirm the for-
mation of 14,15-LTA5 by recombinant 15-LOX-1 in vitro
along with double dioxygenation products as reported
from arachidonic acid 15-hydroperoxide (e.g., Refs. (27,
31, 37)).

HPLC-UYV analysis of stable products from
recombinant 15-LOX-1 and 17S-HPDHA

There are parallels along with a few distinctive fea-
tures in the 15-LOX-1 catalyzed transformation of the
17S-hydroperoxide of DHA compared with the 155-hy-
droperoxide analogues of 20:4 and 20:5. Illustrated in
Fig. 6 at retention times of 16-19 min, the significant
formation of two diastereomers of 10,17S-diHDHA with
their characteristic all-&rans conjugated triene chromo-
phore implicates formation of a 16,17-DTAg epoxide.
Their identities were confirmed by preparation of
standards in two ways: by RP-HPLC and UV analysis
of the acid hydrolysis of their epoxide precursor
16,17-DTA¢ (Fig. 7) (with comparison to synthetic PD1 in
supplemental Fig. S1) and by UV light and thiyl radical-
induced isomerization of the soybean LOX-1 product
10517S5-diHDHA (4,4 to the all-rans configuration
(38, 39). The latter identified the second eluting peak of
the pair as the 10517S-diHDHA (4,4, diastereomer, and

diode array detector with hexane/triethylamine 100/0.5 by
volume as solvent. 15-LOX-1, 15-lipoxygenase-1; 15S-HPEPE, 155-
hydroperoxide of EPA; 17S-HPDHA, 17S-hydroperoxide-DHA;
LTA, leukotriene A; RP-HPLC, reversed-phase HPLC; SP-HPLC,
straight-phase HPLC.
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Fig. 3. Proton NMR spectrum and COSY 2D spectrum of 14,15-LTA; methyl ester. The COSY correlation spectrum allows
assignment of the individual protons, and based on coupling constants, the expanded sections of the spectrum immediately below
the structure establish the conjugated double bonds as 8cislOtrans]2irans and the epoxide configuration as 14,15-trans-epoxy
(supplemental Table Sl). 1415-LTAj, 145155 trans-epoxy-5Z8 Z10E12E17 ZEPA; COSY, COrrelated SpectroscopY.

therefore, the first eluting is assigned as 10R17S (tt,t) elutes earlier than 8S15S-diHETE (44 on RP-
diHDHA (4,¢). This order of elution is consistent with ~ HPLC (30, 31). Further consideration of the acid hy-
the arachidonate analogues in which 8R15S-diHETE  drolysis products of 16,17-DTAs methyl ester, and
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Fig. 4. Proton NMR spectrum and COSY 2D spectrum of 16,17-DTAs methyl ester. The COSY correlation spectrum allows
assignment of the individual protons, and based on coupling constants, the expanded sections of the spectrum immediately below
the structure establish the conjugated double bonds as 10cis]2trans14trans and the epoxide configuration as 16,17-trans-epoxy
(supplemental Table S2).16,17-DTAg, 16,17-docosatriene Ag (analogue of LTAy), 16517 S-rans-epoxy-4 27 Z10Z12E14E19 ZDHA; COSY,
COrrelated SpectroscopY.
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Fig. 5. Reversed-phase HPLC analysis of the reaction of 15
HPEPE with human 15-LOX-1. Column: Waters Symmetry C18,
25 x 0.46 cm; solvent, CHsCN/HoO/HAc (45/55/0.01, by vol-
ume); flow rate, 1 ml/min, UV detection at 270 and 235 nm.
15-LOX-1, 15-lipoxygenase-1; 15S-HPEPE, 15S-hydroperoxide of
EPA.

particularly the erythro-16,17-diol  (which chromato-
graphs on RP-HPLC as a mixture of cis,trans,trans and
all-trans conjugated trienes), are given as supplemental
data and supplemental Fig. S2.

The double dioxygenation products from the 175
HPDHA /15-LOX-1 reaction eluted after 30 min and
include 10S§17S-diHPDHA (4,4, 7517S-diHPDHA, and
10R17S-diHPDHA (t,t,¢) (Fig. 6). The first two are iden-
tical to the well-known soybean LOX-1 products from
DHA (eg., Refs. (27, 40, 41)). The 10R17S-diHPDHA (4,4,1)
dihydroperoxide is unusual in being formed in a chiral
oxygenation with all-zrans conjugation of the double
bonds. Usually reactions with all-trans double bond
conjugation are associated with racemic oxygenation,
but in this case, only the 10R17S (44) diastereomer is
formed. The structural assignment was supported by )
analysis of NaBHy-reduced aliquots of the 15-LOX-1/
17S-HPDHA reaction in which the two 10,17-diols with
identical all-trans conjugated triene chromophores (16,17-
DTAs hydrolysis products) were now unequal in

10R,17S-diIHDHA 108,17 S-diHDHA
((A4)] \ / (tt)

10S,17S-diHPDHA

8 t,c,t

= (te, )\ 10R,17S-diHPDHA

8 1t

2 | (L) ‘ |

2 dienone 73»17‘3-dIHPDHA

2 Imax\281nm 10RATSHt0)
/ and 14,17s-

diHPDHAs

235nm
T T T
0 10 20 30

Retention time (min)

Fig. 6. Reversed-phase HPLC analysis of the reaction of 17§
HPDHA with human 15-LOX-1. Column: Waters Symmetry CI8,
25 x 046 cm; solvent, CHsCN/HsO/HAc (45/55/0.01, by vol-
ume); flow rate, 1 ml/min, UV detection at 270 and 235 nm.
15-LOX-1, 15-lipoxygenase-1; 17SHPDHA, 17S-hydroperoxide-
DHA.
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Fig. 7. Detailed view of the UV spectra of the acid hydrolysis
products of 16,17-DTAg. A: As shown previously for the syn-
thetic epoxide methyl ester (13), acid hydrolysis gives four main
products, separated here using a Waters Symmetry C18 column
(25 x 046 cm) using a solvent system of acetonitrile/water/
glacial acetic acid 60:40:0.01 at a flow rate of 0.5 ml/min with
UV detection at 270 nm. B: UV spectra of the major hydrolysis
products, the 10-17-diols (4,t,#), with the spectrum of synthetic
protectin D1 added for comparison (dashed line). C: Detailed
view of the spectra. The two 10,17-diols with all-trans conjugated
triene and max at 270 nm have identical UV spectra (both are
included here). The erythro and threo 16,17-diols have a Amax near
274 nm, although in this analysis there is a contaminating
conjugated triene in the more prominent (erythro) peak as illus-
trated in supplemental Fig. S2.16,17-DTAg, 16,17-docosatriene Ag
(analogue of LTAj), 165178 transepoxy-477Z10Z12E14E197
DHA.

size—the first-eluting 10R17S isomer being twice the
size of its 105175 diastereomer because of the extra
contribution from reduction of the 10R17S-dihy-
droperoxide (supplemental Fig. S3), #) the product
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matched the RP-HPLC retention characteristics of the
10R17S-diHPDHA (,4,¢) produced by autoxidation of
17S-HPDHA (RP-HPLC of the autoxidation products
shown in supplemental Fig. S4), and iiz) the UV spec-
trum of 10R17S-diHPDHA (4,4,{) from the 15-LOX-1/17$
HPDHA reaction exactly matched the spectrum of the
autoxidation product, before and after reduction of the
dihydroperoxide (Fig. 8).

The last UV peak on the Fig. 6 chromatogram is a
mixture of 10R17S-diHPDHA (i¢#) and 14,175
diHPDHA, the latter identified (in addition to its char-
acteristic UV spectrum (29)) by GC-MS of the methyl
ester TMS ether derivative after reduction and hydro-
genation of the double bonds with prominent o-cleav-
age ions at m/z 173 (C17—CQQ), 213 (C14—C22 minus
TMSOH), 329 (C;-Cy4), and 369 (C;—Cy7 minus TMSOH).

10R,17S-diHDHA (t,t.1)
A after reduction
(and 10S,17R diastereomer)

100+ (Protectin D1)
% maximal _| Overlay of
Absorbance 10R,17S-diHPDHA (t,t,1)

15-LOX-1 and
autoxidation products

OA
T T T T 1
230 250 270 290 310

B 271.5
Overlay of 10R,17S-diHDHA (t,t,1)
270 with its 105,17 S diastereomer
after reduction of dihydroperoxides

100 —

% maximal

i (Protectin D1)
Absorbance

Overlay of
10R,17S-diHPDHA (t,t,1)
15-LOX-1 and
autoxidation products

T ‘ T ‘ T ‘ T T
260 270 280 290
Wavelength (nm)

Fig. 8. UV spectra of 10R17S-diH(P)DHA (4,t,{) before and af-
ter reduction. A: Overlay of UV spectra of 10R175-diHPDHA
(1,9 produced from 17S-HPDHA by 15-LOX-1 with the same
dihydroperoxide produced by autoxidation of 17S-HPDHA (the
latter chromatogram illustrated as supplemental Fig. S4). After
reduction of the 15-LOX-1-derived products, the UV spectrum
of 10R17S-diHDHA (14() overlays perfectly with its 105175
diHDHA (4,1 diastereomer. The spectrum of synthetic pro-
tection DI is shown in dashed line for comparison. B: Detailed
view of the UV spectra. Peak absorbance for the two dihydroxy
isomers in the aliquot analyzed here were 12.5 and 6.3 mAU,
respectively, attesting to reproducibility and sensitivity of the
analysis. Spectra were recorded online on RP-HPLC in column
solvent (CHsCN/HyO/HAc [45/55/0.01, by volume]). 15-LOX-1,
15-lipoxygenase-1; 17S-HPDHA, 17S-hydroperoxide-DHA; H(P)
DHA (44! or (4¢¢), hydro(pero)xy-docosahexaenoic acid with
conjugated triene trans,transtrans or transcisitrans, RP-HPLC,
reversed-phase HPLC.
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RP-HPLC analysis of incubation of 155-HPEPE with
peritoneal resident mouse macrophages

Mouse resident peritoneal macrophages were iso-
lated using the method adapted from a published
protocol (23).The macrophage incubations were con-
ducted with 15SHPEPE DHA and 17S-HPDHA as sub-
strate. Cellular inflammation is induced by zymosan A,
or Ca-ionophore A23187 is used to enhance LOX
activity.

Figure 9 demonstrates the products derived from the
incubation of the EPA-derived hydroperoxide 15§
HPEPE with mouse macrophages. Two equal-sized
peaks of 815-diHEPEs with identical all-trans conju-
gated triene chromophores elute at 11 min retention
time, indicating the production of 14,15-L'TAz. At 14 and
15 min retention time are two products that were not
evident in the in vitro incubations with recombinant 15-
LOX-I; each exhibits the smooth UV profile of a con-
jugated dienone chromophore with Amax values at 278
and 280 nm, respectively. Relatively polar products with
conjugated dienone UV spectra are produced by chain
cleavage of 15-HPEPE, and a tentative assignment for
the two dienones would be 15-oxo-pentadecenoic acids
with EE and ZE double bonds in conjugation with the
Cl15 aldehyde. Eluting last in Fig. 9 is the peak of 155
HEPE, reduced to the hydroxy form by cellular
peroxidases.

RP-HPLC analysis of DHA and 17S-HPDHA
metabolism in peritoneal resident mouse
macrophages

Incubation of DHA with mouse macrophages led to
the formation of mono-oxygenation products 145
HPDHA and 17S-HPDHA, which, because of the
presence of cellular peroxidases, appeared as their

15S-HPEPE incubation with
mouse macrophages 15S-HEPE

mAU

8,15-diHEPE

Dienone
(Amax 280 nm)
/

T T T
0 10 20 30 40 50 60
Retention time (min)

Fig.9. RP-HPLC analysis of the incubation of 15SHPEPE with
mouse resident peritoneal macrophages. In addition to dienone
products that probably result from carbon chain cleavage of
the substrate to Cy; acid aldehydes, the nonenzymatic hydrolysis
products, 8,15-diHEPE:s (4,¢,1), were detected, indicating the pro-
duction of 1415-LTA; 14]15-LTA; 145155 trans-epoxy-
5Z8Z10EI2E17 ZEPA; 15S-HPEPE, 158-hydroperoxide of EPA;
RP-HPLG, reversed-phase HPLC.
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reduced hydroxy counterparts 14SHDHA and 175-
HDHA (Fig. 10A). (UV spectra of the mono-
hydroperoxides or of dihydroperoxides differ from
their hydroxy counterparts, supplemental Fig. S5).
Different from the enzymatic incubations in which
double dioxygenation products are detected promi-
nently, the macrophage incubations mainly converted
17S-HPDHA and 14SHPDHA to LTA-type epoxides,
which were manifested by the production of their
nonenzymatic hydrolysis products, a pair of 10,17-
diHDHAs followed by a smaller pair of 714~
diHDHAs, each with their characteristic all-trans
conjugated triene chromophore. Incubations with 175
HPDHA and 14S-HPDHA (data not shown) confirmed
the secondary transformations in the pathway. It is
noted that mouse macrophages transformed DHA to
14S-HPDHA and 17SHPDHA in a ratio of 721,
whereas the secondary transformations to LTA ep-
oxides are more efficient for 17S-HPDHA than for
14SHPDHA. This is compatible with the ability of
mouse 12/15-LOX to readily initiate reaction by
hydrogen abstraction from the bisallylic position at

A 10,17-diHDHA DHA incubation with
(o) mouse macrophages

mAU 7.14-diHDHA (£ t.f)

14S-HDHA

triene

// Amax
274.5 nm

17S-HDHA

0 10 20 30
Retention time (min)
17S-HPDHA incubation with
mAU mouse macrophages 17S-HDHA

10,17-diHDHA
(tt1)

dienone
AMaX  yriene

281 nm Amax
‘ 274.5 nm

T
0 10 20 30
Retention time (min)

Fig. 10. RP-HPLC analysis of the incubation of (A) DHA and
(B) 17S-HPDHA with mouse resident peritoneal macrophages.
Column: Waters Symmetry C18, 15 x 0.21 cm; solvent, CH;CN/
HyO/HAc (50/50/0.01, by volume); flow rate, 0.2 ml/min, UV
detection at 270 and 235 nm. Protectin DI was not detected; its
retention time in this system is very short before or merged
with 10517S-diHDHA (440, the second hydrolysis peak of the
LTA-related epoxide 16,17-DTAg (cf. supplemental Fig. Sl).
16,17-DTAg, 16,17-docosatriene Ag (analogue of LTAy), 165175
trans-epoxy-427Z10Z12E14E19ZDHA; 17SHPDHA, 17S5hydro-
peroxide-DHA; LTA, leukotriene A; RP-HPLC, reversed-phase
HPLC.
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Cl2, with much lower probability of hydrogen
abstraction further up the carbon chain at the next
available methylene at C9, the latter required for
transformation of 14-HPDHA to a 13,14-DT Ag-related
maresin epoxide.

A similar, relatively simple, profile of diHDHAs was
produced in incubations of 17S-HPDHA with mouse
peritoneal macrophages (Fig. 10B). The main products
with conjugated double bonds were the two 16,17-DTAg
hydrolysis products, the 10,17-diHDHAs with all-trans
conjugated triene chromophores. The bioactive end-
products, PD1 derived from 16,17-LTAgs and maresin 1
from 13,14-L'TAg, with their unique trans, trans,cis-conju-
gated triene configuration were not detected in the
macrophage incubations. One explanation for the
failure in detecting PD1 is that mouse macrophages do
not possess the specific LTA hydrolase. On the other
hand, maresin 1 was detected from mouse macrophages
in the work leading to its discovery (18). We can only
state that the incubation conditions utilized here were
not associated with any detectable formation of PDI or
MaR], even when the “baseline” UV peaks were
examined closely.

DISCUSSION

Utility of the biphasic system for LTA-related
epoxide biosynthesis

This merits comment. I) Producing efficient con-
version to product in a very short time is critical, and
given the potential instability of the epoxide, the LOX
enzyme needs to be highly active at 0°C. 2) The pH of
the aqueous phase of the biphasic system needs to be
optimized, which often requires a balance between the
enzymatic activity, the back-extraction efficiency, and
the stability of the resulting epoxide in the aqueous
phase. It helps a great deal that the epoxide product is
even less polar than the hydroperoxide substrate,
optimizing its partitioning and recovery in the hexane.
The nonpolarity of the epoxide is also associated with a
higher pKa (likely higher than pH 7), again allowing for
its accumulation in the hexane phase while allowing an
optimal pH for enzyme activity. 3) We kept the reacting
environment anaerobic, which hinders oxygenation
reactions and may favor the dehydration reaction to
the LTA-related epoxide. 4) Hexane as the organic
phase will not impair most enzymes as the solvent itself
is so nonpolar that it is essentially occluded from an
aqueous environment, whereas the nonpolarity of
hexane preserves the accumulating epoxide. With
several parameters helping recovery of the epoxide,
and some hurting (low temperature, extraction at pH
>7, short reaction time), the yield of epoxide is only
5-10%, yet sufficient to achieve characterization by
proton NMR spectroscopy, matching the quality of
LTA, itself (12) and the “16517S-epoxyprotectin” pre-
pared by total chemical synthesis (13).
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Nomenclature of the epoxides

Currently, there is no set name for the EPA- and
DHA-derived LTA-related epoxides. 14,15-LTA; is
appropriate for the EPA analogue (cf. (42)). For the
DHA /17SHPDHA-derived epoxide, it has been
referred to as a 16,17-epoxide-containing intermediate
(17), as 16S17S-epoxyprotectin (13), DHA-derived pro-
tectin-related epoxide (15), and (by analogy to the 12-
LOX analogue) 16517S-epoxy-DHA (43). The name
“leukotriene Ag” is inappropriate for several reasons.
The name 1617-DTAs is based on the original
description of the group of products by Serhan et al.
(44) as docosatrienes, which seems apt and well put.

Product analyses and identifications

In the recombinant 15-LOX-1 reactions, the prod-
ucts mainly were dihydroxy derivatives from hydro-
lysis of LTA-related epoxides and dihydroperoxides
from double dioxygenations. Among the 17§
HPDHA /15-LOX-1 products, 10R17S-diHPDHA (1,,1) is
of interest in being a chiral hydroperoxide with all-
trans configuration of the double bonds involved and
formed in the absence of the corresponding 105175
diastereomer. To the best of our knowledge, this
transformation is unique in the literature on LOX
biochemistry. All other oxygenations with all-trans
conjugation of the double bonds, including to
monohydroperoxides, are racemic (cf. (45)). As in
autoxidation, the mechanism of formation of the
10R17S-dihydroperoxide with all-irans conjugated
double bonds may involve the on-off intermediacy of
molecular oxygen as a peroxyl radical, in this case at
Cl4, allowing swiveling of the carbon chain into a
trans configuration, with subsequent p-scission of the
14-peroxyl radical and reoxygenation and formation
of a 10-hydroperoxide, fixing the unsaturated carbon
chain as all-zrans (Scheme 2) (cf. Ref. (45)). Notably,
10R17S-diHDHA (z,¢,7) (the hydroxy analogue) exhibits
similar biological activity to 10§17SdiHDHA (4¢4) in
inhibiting neutrophil migration in an in vivo mouse
model (17). Nonetheless, there was none detectable in
mouse macrophages incubated with DHA or 17§
HPDHA; if it had been produced, it would be
reduced in cells and detected as a heightened HPLC-
UV peak of the first 10,17-diol formed from the
epoxide 16,17-DTAg—and that clearly was not the
case (cf. Fig. 10 with supplemental Fig. S2). A second
issue of special interest is the absence of PDI (defined
as 10R17S-diHDHA (44c)) as a detectable product from
mouse macrophages, to be discussed further.

UV spectra as a criterion for product identification

Our study re-establishes UV spectroscopy, as origi-
nally demonstrated for the leukotrienes (20, 21), as
affording distinctive attributes for the identification of
the various LOX-derived resolvins and protectins. Why
is this methodology not used to its full extent in prac-
tice? The available instrument might be a factor,
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Scheme 2. Proposed mechanism of 10R17S-diHPDHA (4,4
synthesis.

although we have used a commonly available com-
mercial HPLC diode array detector (Agilent 1100 and
1200 series). While the accuracy and spectral resolution
can be instrument dependent, the within-instrument
reproducibility with a diode array detector (no mov-
ing parts) is excellent: we estimate the precision of
spectra (reproducibility within our instruments) to be
better than +0.1 nm, standard deviation. Of course, the
requirement for a quality UV spectrum relies heavily
of having a quality and directly comparable back-
ground or reference scan or scans; this might be hard to
achieve when gradient elution is constantly changing
the solvent mixture; all our analyses used isocratic
elution. Obviously, there should be minimal interfer-
ence from coeluting compounds, which again might
not be achieved on short runs with strong gradient
elution on HPLC. Different instruments afford
different spectral resolution, so extremely subtle dif-
ferences require direct comparison on the same in-
strument. That said, for the most part, the UV spectra
of resolvins and protectins on one instrument closely
match that on another and are recognizable as such in
publications (cf. (46, 47)).

Evidence for PDI formation by biosynthesis is not
conclusive

Although detection of PDI (aka neuroprotectin D1
[NPD1]) first appeared in 2004 (48, 49) and included
analyses proposing a mechanism of biosynthesis and
chemical structure (50), the very existence of PDl
(same as NPDI) as a significant biosynthetic product is
not achieved with the level of certainty afforded to
LTB,4. The low amounts deduced of PDI biosynthesis,
which may never have exceeded a few nanograms,
have compromised proof of the deduced chemical
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structure. From biological samples, there are no clean
UV spectra of PDI of the quality well established for
LTB4 (20), and as noted before (46), the early pub-
lished spectra from biological sources more closely
resemble the double oxygenation product 10S17S-
diHPDHA with a trans,cis,trans conjugated triene
chromophore (cf. Ref. (50) with (41, 46, 47, 51)), or
have a different profile altogether from the latter
and authentic PD1 (52). Although there are excellent
mass spectral analyses on the synthetic molecules (53),
on account of the low levels in biological samples, the
reported mass spectra attributed to PDl are often
weak and compromised by interfering ions and are
not distinguished from other potential 10,17-diol iso-
mers. Indeed, it is a matter of record that LTB, was
never distinguished from its 5,12-dihydroxy isomers
based on a mass spectrum. Its identification relies on
distinctive HPLC retention times (reversed phase and
normal phase) along with its characteristic UV spec-
trum. The same would apply to the L'TB4 analogues
PDI (and MaRl), albeit not attained to date on a
biosynthetic product. No enzyme is reported that can
form specifically PD1 from 16,17-DTAg, and the re-
ported biological transformation of 16,17-DTA¢ to PD1
in cells is lacking in the features expected by parallels
to the conversion of synthetic LTA4 to LTB4, namely
no discernible indication of yield, and on the pub-
lished HPLC chromatogram (13), lack of any non-
enzymatically derived 10,17-diols formed from the
200 ng 16,17-DTAs administered to cells (13) (as ex-
pected, and illustrated before with cellular conversion
of LTA, to LTBy (54, 55)). As the evidence stands
currently, further work is required to substantiate or
refute the existence of PD1 as a natural product.

Biological activity of resolvins and docosatrienes

The potent biological activities of the resolvins and
protectins is impressive and strongly supported
and extended by the availability of synthetic isomers
and analogues. Many outstanding studies document
the proresolving activities of these molecules and
help establish structure-activity relationships. Often,
among the docosatrienes, PD1 is among the most
potent (56-58), although its positional isomers are
active too, and in some instances, a non-natural iso-
mer is the most potent (17). Altogether the evidence
indicates that several of the LOX-derived EPA and
DHA diols are biologically active (17, 59, 60). Indeed,
the original reports of pharmacological studies with
PDI (as “NPDI1”) were conducted with biosynthetic
material that most likely was 10517S-diHDHA with a
trans, cis,trans conjugated triene chromophore or some
other isomer that can be prepared by biosynthesis
(and therefore not the structure defined as PDI or
NPDI) (cf. Refs. (41, 46, 47, 51)). The evidence suggests
that each of the derivatives we characterize in this
study (several of which are already described) merit
consideration as potential bioactive molecules.

12 J. Lipid Res. (2021) 62 100088

Data availability

Data are contained in the article and supplemental
data. B

Supplemental data
This article contains supplemental data.

Awuthor contributions

J.J- and A.R. B. conceptualization; . ], W. E. B, and A.R. B.
methodology; J. J, W. E. B, and A. R. B. investigation; ]. J.
writing original draft; A. R. B. supervision; A. R. B. funding
acquisition; A. R. B. writing, reviewing, and editing.

Funding and additional information

This work was supported by the National Institutes of Health
grants GM-15431 and GM-134548 and the Vanderbilt Univer-
sity Department of Pharmacology. The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

Conflict of interest

A.R.B.is a consultant for Lonza Pharma and Biotech. All
other authors declare that they have no conflicts of interest
with the contents of this article.

Abbreviations

14S-HPDHA, 14S-hydroperoxide-DHA; 15SHPEPE, 15§
hydroperoxide of EPA; 16,17-DTAs, 16,17-docosatriene Ag
(analogue of LTA,), 168178 trans-epoxy-427Z10Z12E]14F,
19Z-docosahexaenoic acid; 17S-HPDHA, 17S-hydroperoxide-
DHA; LOX, lipoxygenase; LTA, leukotriene A; LTAy,
leukotriene Ay4; LTB4, leukotriene B4, MaR1l, maresin RI;
MeOH, methanol; NPD], neuroprotectin DI; PDI, protectin
D1, RP-HPLC, reversed-phase HPLC; SP-HPLC, straight-
phase HPLC.

Manuscript received April 8, 2021, and in revised from May
7, 2021. Published, JLR Papers in Press, May 20, 2021, https://
doi.org/10.1016/j,r.2021.100088

REFERENCES

1. Serhan, C. N. (2017) Treating inflammation and infection in the
21st century: new hints from decoding resolution mediators and
mechanisms. FASEB J. 31, 1273-1288

2. Serhan, C. N,, and Levy, B. D. (2018) Resolvins in inflammation:
emergence of the pro-resolving superfamily of mediators. J.
Clin. Invest. 128, 2657-2669

3. Lands, B. (2012) Consequences of essential fatty acids. Nutrients. 4,
1338-1357

4. Lands, B. (2014) Historical perspectives on the impact of n-3 and
n-6 nutrients on health. Prog. Lipid Res. 55, 17-29

5. Bannenberg, G., and Serhan, C. N. (2010) Specialized pro-
resolving lipid mediators in the inflammatory response: an up-
date. Biochim. Biophys. Acta. 1801, 1260-1273

6. Claria, J., Lopez-Vicario, C, Rius, B., and Titos, E. (2017) Pro-
resolving actions of SPM in adipose tissue biology. Mol. Aspects
Med. 58, 83-92

7. Dalli, J., and Serhan, C. N. (2018) Immunoresolvents signaling
molecules at intersection between the brain and immune system.
Curr. Opin. Immunol. 50, 48-54

8. Fishbein, A, Hammock, B. D., Serhan, C. N,, and Panigrahy, D.
(2021) Carcinogenesis: failure of resolution of inflammation.
Pharmacol. Ther. 218, 107670

SASBMB


http://doi.org/https://doi.org/10.1016/j.jlr.2021.100088
http://doi.org/https://doi.org/10.1016/j.jlr.2021.100088
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref1
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref1
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref1
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref1
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref2
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref2
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref2
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref2
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref3
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref3
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref3
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref4
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref4
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref4
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref5
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref5
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref5
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref5
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref6
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref6
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref6
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref6
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref7
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref7
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref7
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref7
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref8
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref8
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref8

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Serhan, C. N,, and Petasis, N. A. (2011) Resolvins and protectins in

inflammation resolution. Chem. Rev. 111, 5922-5943

Borgeat, P, and Samuelsson, B. (1979) Arachidonic acid meta-
bolism in polymorphonuclear leukocytes: unstable intermediate
in formation of dihydroxy acids. Proc. Nadl. Acad. Sci. U. S. A. 76,
3213-3217

Radmark, O., Malmsten, C., Samuelsson, B., Goto, G., Marfat, A.,
and Corey, E. J. (1980) Leukotriene A: isolation from human
polymorphonuclear leukocytes. J. Biol. Chem. 255, 11828-11831
Jin, J., Zheng, Y., Boeglin, W. E., and Brash, A. R. (2013) Biosyn-
thesis, isolation, and NMR analysis of leukotriene A epoxides:
substrate chirality as a determinant of the cis or trans epoxide
configuration. J. Lipid Res. 54, 754-761

Aursnes, M, Tungen, ]. E, Colas, R. A., Vlasakov, L, Dalli, J., Ser-
han, C. N, and Hansen, T. V. (2015) Synthesis of the 16S,17S-
epoxyprotectin intermediate in the biosynthesis of protectins by
human macrophages. J. Nat. Prod. 78, 2924-2931

Rodriguez, A. R, and Spur, B. W. (2015) Total synthesis of pro-
resolving and tissue-regenerative protectin sulfido-conjugates.
Tetrahedron Lett. 56, 5811-5815

Vlasenko, N,, Glynn, S., DeAngelo, C. M., Lam, T. F,, and Petasis,
N. A. (2016) Stereocontrolled total synthesis of the DHA-derived
protectin-related epoxide and sulfido-conjugates. Abstr. Am.
Chem. Soc. Abstract 259

Primdahl, K. G, Tungen, J. E, De Souza, P. R. S,, Colas, R. A., Dalli,
J, Hansen, T. V., and Vik, A. (2017) Stereocontrolled synthesis and
investigation of the biosynthetic transformations of 16(S), 17(S)-
epoxy-PDn-3 (DPA). Org. Biomol. Chem. 15, 8606-8613

Serhan, C. N,, Gotlinger, K., Hong, S., Lu, Y., Siegelman, ]., Baer,
T. Yang, R, Colgan, S. P., and Petasis, N. A. (2006) Anti-inflam-
matory actions of neuroprotectin D1/protectin D1 and its natu-
ral stereoisomers: assignments of dihydroxy-containing
docosatrienes. J. Immunol. 176, 1848-1859

Serhan, C. N, Yang, R, Martinod, K., Kasuga, K., Pillai, P. S,
Porter, T. F., Oh, S. F., and Spite, M. (2009) Maresins: novel
macrophage mediators with potent antiinflammatory and pro-
resolving actions. J. Exp. Med. 206, 15-23

Serhan, C. N,, Dallj, J., Karamnov, S, Choi, A, Park, C. K., Xu, Z. Z.,
Ji, RO R, Zhu, M, and Petasis, N. A. (2012) Macrophage pro-
resolving mediator maresin 1 stimulates tissue regeneration and
controls pain. FASEB J. 26, 1755-1765

Borgeat, P., and Samuelsson, B. (1979) Metabolism of arachidonic
acid in polymorphonuclear leukocytes. Structural analysis of
novel hydroxylated compounds. J. Biol. Chem. 254, 78657869
Borgeat, P., Picard, S., Vallerand, P., and Sirois, P. (1981) Trans-
formation of arachidonic acid in leukocytes. Isolation and
structural analysis of a novel dihydroxy derivative. Prostaglandins
Med. 6, 557-570

Jin, J. (2013) Biosynthetic Mechanisms of LTA-Type Epoxides
and Novel Bioactive Lipid Mediators. Ph.D. thesis, Vanderbilt
University

Heydeck, D., Thomas, L., Schnurr, K., Trebus, F., Thierfelder, W.
E, Ihle, J. N., and Kuhn, H. (1998) Interleukin-4 and -13 induce
upregulation of the murine macrophage 12/15-lipoxygenase
activity: Evidence for the involvement of transcription factor
STATS. Blood. 92, 2503-2510

Gao, B, Boeglin, W. E,, Zheng, Y., Schneider, C., and Brash, A. R.
(2009) Evidence for an ionic intermediate in the transformation
of fatty acid hydroperoxide by a catalase-related allene oxide
synthase from the cyanobacterium Acaryochloris marina. J. Biol.
Chem. 284, 22087-22098

Brash, A. R, Boeglin, W. E, Stec, D. F.,, Voehler, M., Schneider, C.,
and Cha, J. K. (2013) Isolation and characterization of two geo-
metric allene oxide isomers synthesized from 9Shydro-
peroxylinoleic acid by cytochrome P450 CYP74C3:
stereochemical assignment of natural fatty acid allene oxides. J.
Biol. Chem. 288, 20797-20806

Ingram, C. D,, and Brash, A. R. (1988) Characterization of HETEs
and related hydroxy-dienes by UV spectroscopy. Lipids. 23,
340-344

Van Os, C. P. A, Rijke-Schilder, G. P. M., Van Halbeek, H., Ver-
hagen, ], and Vliegenthart, J. F. G. (1981) Double dioxygenation
of arachidonic acid by soybean lipoxygenase-1. Kinetics and
regio-stereo specificities of the reaction steps. Biochim. Biophys.
Acta. 663, 177-193

Dobson, E. P., Barrow, C. J., Kralovec, J. A, and Adcock, J. L. (2013)
Controlled formation of mono- and dihydroxy-resolvins from

~ASBMB

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

EPA and DHA using soybean 15-lipoxygenase. J. Lipid Res. 54,
1439-1447

Jin, J., Zheng, Y., and Brash, A. R. (2013) Demonstration of HNE-
related aldehyde formation via lipoxygenase-catalyzed synthesis
of a bis-allylic dihydroperoxide intermediate. Chem. Res. Toxicol.
26, 896-903

Maas, R. L, and Brash, A. R. (1983) Evidence for a lipoxygenase
mechanism in the biosynthesis of epoxide and dihydroxy leu-
kotrienes from 15(S)-hydroperoxyicosatetranoic acid by human
platelets and porcine leukocytes. Proc. Natl. Acad. Sci. U. S. A. 80,
28842888

Maas, R. L, Brash, A. R,, and Oates, ]. A. (1981) A second pathway
of leukotriene biosynthesis in porcine leukocytes. Proc. Natl. Acad.
Sci. U. S. A. 78, 5523-5527

Radmark, O, Serhan, C, Hamberg, M., Lundberg, U., Ennis, M.
D., Bundy, G. L., Oglesby, T. D., Aristoff, P. A., Harrison, A. W.,
Slomp, G., et al. (1984) Stereochemistry, total synthesis, and bio-
logical activity of 14,15-dihydroxy-5,8,10,12-eicosatetraenoic acid.
J- Biol. Chem. 259, 13011-13016

Garssen, G. J., Veldink, G. A., Vliegenthart, J. F. G, and Boldingh,
J. (1976) The formation of threo-11-hydroxy-trans12: 13-epoxy-
9-cisoctadecenoic acid by enzymic isomerisation of 13-L-
hydroperoxy-9-cis, 1l-trans-octadecadienoic acid by soybean
lipoxygenase-1. Eur. J. Biochem. 62, 33-36

Pace-Asciak, C. R, Granstrom, E, and Samuelsson, B. (1983)
Arachidonic acid epoxides. Isolation and structure of two hy-
droxy epoxide intermediates in the formation of 8,11,12- and 10,
11,12- trihydroxyeicosatrienoic acids. J. Biol. Chem. 258, 6835-6840
Yu, Z., Schneider, C,, Boeglin, W. E., Marnett, L. J,, and Brash, A.
R. (2003) The lipoxygenase gene ALOXES3 implicated in skin
differentiation encodes a hydroperoxide isomerase. Proc. Natl.
Acad. Sci. U. S. A. 100, 9162-9167

Nigam, S., Patabhiraman, S., Ciccoli, R,, Ishdorj, G., Schwarz, K.,
Petrucev, B, Kuhn, H, and Haeggstrom, J. Z. (2004) The rat
leukocyte-type 12-lipoxygenase exhibits an intrinsic hepoxilin
A3 synthase activity. J. Biol. Chem. 279, 29023-29030

Lundberg, U, Radmark, O., Malmsten, C, and Samuelsson, B. (1981)
Transformation of 15-hydroperoxy-5,9,11,13-eicosatetraenoic acid
into novel leukotrienes. FEBS Lett. 126, 127-132

Ferreri, C, Samadi, A., Sassatelli, F., Landi, L., and Chatgilialo-
glu, C. (2004) Regioselective cis-trans isomerization of arach-
idonic double bonds by thiyl radicals: the influence of
phospholipid supramolecular organization. J. Am. Chem. Soc.
126, 1063-1072

Zheng, Y., and Brash, A. R. (2010) Formation of a cyclopropyl
epoxide via a leukotriene A synthase-related pathway in an
anaerobic reaction of soybean lipoxygenase-1 with 155-hydro-
peroxyeicosatetraenoic acid. Evidence that oxygen access is a
determinant of secondary reactions with fatty acid hydroper-
oxides. J. Biol. Chem. 285, 13427-13436

Butovich, I. A. (2006) A one-step method of 10,17-dihydro(pero)
xydocosahexa-47,7Z,11E,13Z,15E,19Z-enoic acid synthesis by soy-
bean lipoxygenase. J. Lipid Res. 47, 854-863

Chen, P., Fenet, B, Michaud, S., Tomczyk, N., Vericel, E., Lagarde,
M., and Guichardant, M. (2009) Full characterization of PDX, a
neuroprotectin/protectin D1 isomer, which inhibits blood
platelet aggregation. FEBS Lett. 583, 3478-3484

Wetterholm, A. Haeggstrom, ], Hamberg, M., Meijer, J., and
Radmark, O. (1988) 14,15-Dihydroxy-5,8,10,12-eicosatetraenoic
acid - enzymatic formation from 14,15-leukotriene A4. Eur. J.
Biochem. 173, 531-536

Freedman, J., Tran, A, Tourdot, B. E,, Kalyanaraman, C., Perry,
S., Holinstat, M., Jacobson, M. P., and Holman, T. R. (2020)
Biosynthesis of the Maresin intermediate, 13S,14S-epoxy-DHA,
by human 15-lipoxygenase and 12-lipoxygenase and its regula-
tion through negative allosteric modulators. Biochemistry. 59,
1832-1844

Hong, S., Gronert, K., Devchand, P. R, Moussignac, R. L., and
Serhan, C. N. (2003) Novel docosatrienes and 17S-resolvins
generated from docosahexaenoic acid in murine brain, human
blood, and glial cells. Autacoids in anti-inflammation. J. Biol.
Chem. 278, 14677-14687

Porter, N. A. (1986) Mechanisms for the autoxidation of poly-
unsaturated lipids. Acc. Chem. Res. 19, 262268

Butovich, I. A. (2005) On the structure and synthesis of neuro-
protectin D1, a novel anti-inflammatory compound of the do-
cosahexaenoic acid family. J. Lipid Res. 46, 2311-2314

15-LOX metabolism of DHA and EPA 13


http://refhub.elsevier.com/S0022-2275(21)00070-5/sref9
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref9
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref9
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref10
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref10
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref10
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref10
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref10
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref11
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref11
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref11
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref11
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref12
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref12
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref12
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref12
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref12
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref13
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref13
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref13
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref13
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref13
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref14
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref14
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref14
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref14
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref15
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref15
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref15
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref15
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref16
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref16
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref16
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref16
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref16
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref17
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref17
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref17
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref17
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref17
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref17
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref18
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref18
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref18
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref18
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref18
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref19
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref19
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref19
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref19
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref19
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref20
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref20
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref20
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref20
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref21
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref21
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref21
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref21
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref21
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref22
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref22
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref22
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref23
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref23
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref23
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref23
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref23
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref23
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref24
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref24
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref24
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref24
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref24
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref24
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref25
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref58
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref58
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref58
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref58
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref26
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref26
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref26
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref26
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref26
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref26
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref27
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref27
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref27
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref27
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref27
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref28
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref28
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref28
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref28
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref28
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref29
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref29
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref29
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref29
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref29
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref29
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref30
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref30
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref30
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref30
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref31
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref31
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref31
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref31
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref31
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref31
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref32
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref32
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref32
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref32
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref32
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref32
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref33
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref33
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref33
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref33
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref33
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref34
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref34
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref34
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref34
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref34
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref35
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref35
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref35
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref35
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref35
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref36
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref36
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref36
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref36
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref37
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref37
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref37
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref37
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref37
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref37
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref38
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref39
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref39
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref39
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref39
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref40
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref40
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref40
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref40
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref40
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref41
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref41
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref41
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref41
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref41
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref41
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref43
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref44
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref44
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref44
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref44
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref44
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref44
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref45
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref45
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref45
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref46
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref46
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref46
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref46

47.

48.

49.

50.

51

52.

53.

14

Balas, L., Guichardant, M., Durand, T., and Lagarde, M. (2014)
Confusion between protectin D1 (PDI) and its isomer protectin
DX (PDX). An overview on the dihydroxy-docosatrienes
described to date. Biochimie. 99, 1-7

Serhan, C. N, Gotlinger, K., Hong, S., and Arita, M. (2004)
Resolvins, docosatrienes, and neuroprotectins, novel omega-3-
derived mediators, and their aspirin-triggered endogenous epi-

mers: an overview of their protective roles in catabasis. Prosta-

glandins Other Lipid Mediat. 73, 155-172

Serhan, C. N, Arita, M, Hong, S. and Gotlinger, K. (2004)
Resolvins, docosatrienes, and neuroprotectins, novel omega-3-
derived mediators, and their endogenous aspirin-triggered epi-
mers. Lipids. 39, 1125-1132

Mukherjee, P. K., Marcheselli, V. L., Serhan, C. N, and Bazan, N.
G. (2004) Neuroprotectin DI: a docosahexaenoic acid-derived
docosatriene protects human retinal pigment epithelial cells
from oxidative stress. Proc. Natl. Acad. Sci. U. S. A. 101, 8491-8496
Butovich, I. A, Lukyanova, S. M., and Bachmann, C. (2006)
Dihydroxydocosahexaenoic acids of the neuroprotectin D
family: synthesis, structure, and inhibition of human 5-
lipoxygenase. J. Lipid Res. 47, 2462-2474

Serhan, C. N,, Fredman, G, Yang, R, Karamnov, S, Belayev, L. S.,
Bazan, N. G, Zhu, M., Winkler, J. W.,, and Petasis, N. A. (2011)
Novel proresolving aspirin-triggered DHA pathway. Chem. Biol.
18, 976-987

Hong, S, Lu, Y, Yang, R, Gotlinger, K. H., Petasis, N. A,, and
Serhan, C. N. (2007) Resolvin D1, protectin D1, and related do-
cosahexaenoic acid-derived products: analysis via electrospray/

J. Lipid Res. (2021) 62 100088

54.

55.

56.

57.

58.

59.

60.

low energy tandem mass spectrometry based on spectra and
fragmentation mechanisms. J. Am. Soc. Mass Spectrom. 18, 128-144
Radmark, O., Malmsten, C., Samuelsson, B., Clark, D. A., Goto, G.,
Marfat, A, and Corey, E. J. (1980) Leukotriene A: stereochemistry
and enzymatic conversion to leukotriene B. Biochem. Biophys. Res.
Commun. 92, 954-961

Fu,]. Y., Medina, J. F, Funk, C. D., Wetterholm, A., and Radmark,
0. (1988) Leukotriene A4, conversion to leukotriene B4 in hu-
man T-cell lines. Prostaglandins. 36, 241-248

Balas, L., and Durand, T. (2016) Dihydroxylated E,E,Zdocosa-
trienes. An overview of their synthesis and biological signifi-
cance. Prog. Lipid Res. 61, 1-18

Serhan, C. N, Chiang, N., and Dallj, . (2018) New pro-resolving n-
3 mediators bridge resolution of infectious inflammation to
tissue regeneration. Mol. Aspects Med. 64, 1-17

Hansen, T. V., Vik, A,, and Serhan, C. N. (2019) The protectin
family of specialized pro-resolving mediators: Potent immu-
noresolvents enabling innovative approaches to target obesity
and diabetes. Front. Pharmacol. 9, 1582

Masterson, J. C, McNamee, E. N,, Fillon, S. A,, Hosford, L., Harris,
R, Fernando, S. D., Jedlicka, P., Iwamoto, R, Jacobsen, E., Pro-
theroe, C, Eltzschig, H. K., Colgan, S. P., Arita, M,, Lee, ]. ], and
Furuta, G. T. (2015) Eosinophil-mediated signalling attenuates
inflammatory responses in experimental colitis. Gut. 64, 1236-1247
Li, H, Hao, Y., Zhang, H. W, Ying, W. Y, Li, D,, Ge, Y. H, Ying, B.
Y., Cheng, B. H, Lian, Q. Q,, and Jin, S. W. (2017) Posttreatment
with Protectin DX ameliorates bleomycin-induced pulmonary
fibrosis and lung dysfunction in mice. Sci. Rep. 7, 46754



http://refhub.elsevier.com/S0022-2275(21)00070-5/sref47
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref47
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref47
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref47
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref47
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref48
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref48
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref48
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref48
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref48
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref48
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref49
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref49
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref49
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref49
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref49
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref50
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref50
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref50
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref50
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref50
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref51
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref51
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref51
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref51
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref51
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref52
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref52
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref52
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref52
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref52
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref53
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref53
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref53
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref53
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref53
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref53
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref54
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref54
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref54
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref54
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref54
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref55
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref55
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref55
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref55
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref55
http://refhub.elsevier.com/S0022-2275(21)00070-5/optmPzogB1Hfk
http://refhub.elsevier.com/S0022-2275(21)00070-5/optmPzogB1Hfk
http://refhub.elsevier.com/S0022-2275(21)00070-5/optmPzogB1Hfk
http://refhub.elsevier.com/S0022-2275(21)00070-5/optmPzogB1Hfk
http://refhub.elsevier.com/S0022-2275(21)00070-5/opt8FALM1wwVQ
http://refhub.elsevier.com/S0022-2275(21)00070-5/opt8FALM1wwVQ
http://refhub.elsevier.com/S0022-2275(21)00070-5/opt8FALM1wwVQ
http://refhub.elsevier.com/S0022-2275(21)00070-5/opt8FALM1wwVQ
http://refhub.elsevier.com/S0022-2275(21)00070-5/optVEqJreOFgR
http://refhub.elsevier.com/S0022-2275(21)00070-5/optVEqJreOFgR
http://refhub.elsevier.com/S0022-2275(21)00070-5/optVEqJreOFgR
http://refhub.elsevier.com/S0022-2275(21)00070-5/optVEqJreOFgR
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref56
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref56
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref56
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref56
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref56
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref56
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref57
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref57
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref57
http://refhub.elsevier.com/S0022-2275(21)00070-5/sref57

	Analysis of 12/15-lipoxygenase metabolism of EPA and DHA with special attention to authentication of docosatrienes
	Materials and methods
	Materials
	Synthesis and purification of fatty acid hydroperoxides
	Bacterial expression and purification of human 15-LOX-1
	Biphasic reaction conditions for preparation of LTA-related epoxides
	Reactions of fatty acids and fatty acid hydroperoxides with recombinant 15-LOX-1
	Mouse peritoneal resident macrophage incubations
	thirlink1

	HPLC analyses
	LC-MS and GC-MS analyses
	NMR analysis

	Results
	Preparation, purification, and characterization of LTA-related epoxides
	RP-HPLC analysis of products from recombinant 15-LOX-1 and 15S-HPEPE
	HPLC-UV analysis of stable products from recombinant 15-LOX-1 and 17S-HPDHA
	RP-HPLC analysis of incubation of 15S-HPEPE with peritoneal resident mouse macrophages
	RP-HPLC analysis of DHA and 17S-HPDHA metabolism in peritoneal resident mouse macrophages

	Discussion
	Utility of the biphasic system for LTA-related epoxide biosynthesis
	Nomenclature of the epoxides
	Product analyses and identifications
	UV spectra as a criterion for product identification
	Evidence for PD1 formation by biosynthesis is not conclusive
	Biological activity of resolvins and docosatrienes
	Data availability

	Supplemental data
	Author contributions
	Funding and additional information
	References


