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Abstract Chronic wounds remain a medical challenge,
where well-coordinated cellular and molecular processes re-
quired by optimal healing are impaired by diabetes, aging,
or other diseases. In determining mechanisms that regulate
wound healing, we found that wounding induced formation
of novel endogenous 148,21 Sdihydroxy-docosa-4Z,7Z,10Z,
12E,16Z,19 Zhexaenoic acids (14S5,21S-diHDHA);14R,21R-
diHDHA; 145,21 R-diHDHA; and/or 14R,21S$diHDHA. 12-
lipoxygenase and cytochrome P450 catalysis in tandem
converted docosahexaenoic acid to 145,21 R-diHDHA and
145,215 diHDHA through the intermediacy of 14SHDHA;
P450 also converted 14R-HDHA to novel 14R,21 R-diHDHA
and 14R,215-diHDHA. Macrophages function as the combi-
nation of 12-lipoxgenase and P450 to generate these 14,21-
diHDHA stereoisomers, as well as their intermediates
14SHDHA, 14R-HDHA, and 21-HDHA. The structure and
formation pathways of 14,21-diHDHA stereoisomers were
further confirmed by macrophage biosynthesis of 14,21-di-
HDHA-21,22,22,22-d, stereoisomers, 14SHDHA-d;, 14R-
HDHA-d;, and 21-HDHA-d, from DHA-21,21,22,22,22-d,.
We found that 14S5,21-diHDHA and 14R,21-diHDHA en-
hanced wound closure, reepithelialization, granulation tis-
sue growth, and capillary vasculature formation of murine
wounds. 145,21-diHDHA and 14R,21-diHDHA produced by
macrophages may partially represent the molecular mecha-
nisms for macrophage pro-healing function.ll Taken to-
gether, 14,21-dihydroxy-DHA stereoisomers and their
formation pathways may represent a novel mechanism in
the orchestration of wound healing processes, which may
provide new insight for developing novel therapeutic mo-
dalities that counteract impairments to wound healing.—Lu,
Y., H. Tian, and S. Hong. Novel 14,21-dihydroxy-docosa-
hexaenoic acids: structures, formation pathways, and en-
hancement of wound healing. J. Lipid Res. 2010. 51:
923-932.
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Successful cutaneous wound healing needs well-coordi-
nated, complex cellular and molecular processes, which
include inflammation, cell migration, proliferation, angio-
genesis, granulation tissue formation, extracellular matrix
deposition, and remodeling (1, 2). Formation of new
blood vessels is paramount for optimal healing (1, 2). Im-
pairment of any of these events may lead to chronic
wounds, which often occur in diabetic and elderly patients
(1, 2). Revealing the molecular mechanisms of these pro-
cesses may provide novel targets for the development of
effective therapies that counteract impairments to wound
healing.

Macrophages (Mfs), mostly transformed from recruited
blood monocytes, take residence, and then play a major
role in clearing the wound of debris (1, 2). Mfs also protect
wounds from infection. Furthermore Mfs are capable of
efficiently transforming docosahexaenoic acid (DHA) to
pro-resolution lipid mediator resolvins, neuroprotectins/
protectins, and maresins (3-7). Neuroprotectin D1/
protectin D1, a I5-lipoxygenase (LOX) product of DHA
(6, 7), was found to occur in and enhance corneal wound
healing (8).

Our lipidomic analysis indicates that DHA is a relatively
abundant endogenous fatty acid existing in murine skin (in
full thickness) (300-3000 ng/g skin tissue). Gel-controlled
release of DHA and other w3 essential fatty acids to
wounds significantly promotes wound healing (9), imply-
ing potential therapeutic roles for DHA derivatives in

Abbreviations: DHA, docosahexaenoic acid; 14S (or RFHDHA,
14S (or R)-hydroxy DHA; 14-HpDHA, 14-hydroperoxy-DHA ; 14S (or
R),21S (or R)-diHDHA, 14S (or R),21S (or R)-dihydroxy-docosa-4-
7,77,10Z,12E,16Z,19 Zhexaenoic acid; 14,21-diHDHA-d,, 14,21-dihy-
droxy-21,22,22,22-d,-docosa-4Z,72,10Z,12E,16 Z,19 Zhexaenoic acid;
218 (or R)-HDHA, 21§ (or R)-hydroxy-DHA; 21§ (or R)-HDHA-d,,
218 (or R)-hydroxy-DHA-dy; LOX, lipoxygenase; Mfs, macrophages;
h-P450, human cytochrome P450.
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wound healing. Some lipid mediators generated by cyto-
chrome P450 (CYP) and 12-lipoxygenase in certain condi-
tions were known to be angiogenic (10, 11). Moreover,
skin and Mfs are the major source of 12-LOX and P450
(11-16). Based on this knowledge, we hypothesized that
pro-healing lipid mediators are generated from DHA by
12-LOX- and P450-like catalytic actions in tandem in
wounds and Mfs. To test this hypothesis, we conducted a
targeted mass spectrometry-based lipidomic study, which
is an indispensable approach to unravel the molecular
structures and quantities of low-abundant bioactive lipid
molecular species during wound healing (17). We used the
well-accepted splinted excisional wound murine model,
where the splints prevent skin contraction and allow
wounds to heal through reepithelialization and granula-
tion. Healing of these wounds is accurate and reproducible
and closely resembles wound healing in humans (18-20).
We also studied biosynthesis of novel pro-healing media-
tors in Mfs. From these studies, we found novel DHA-
derived w-1-hydroxy docosanoids in wounds and Mfs.
Moreover, we found that these novel docosanoids promote
wound healing and microvasculature formation. Here we
report these findings.

MATERIALS AND METHODS

Reagents

DHA, DHA-21,21,22,22,22-d; (DHA-d;), 14S/R-hydroxy DHAs
(14S/R-HDHAs) (racemic), and porcine leukocyte (L)-12-LOX
were purchased from Cayman (Ann Arbor, MI). Interleukin (IL)-
18, TNF-a, and Escherichia coli lipopolysaccharide (LPS) were
supplied by Sigma (St. Louis, MO).

Murine splinted excisional wound healing model

The published protocols were followed (18-20), and studies
were conducted in blinded fashions and in conformity with the
Public Health Service Policy on Humane Care and Use of Labo-
ratory Animals. Animal protocols and all such investigations were
approved by the Institutional Animal Care and Use Committee
and Institutional Review Board of Louisiana State University
Health Sciences Center, New Orleans; and followed the National
Institutes of Health guidelines for experimental animal use.
Briefly, under sterile conditions and anesthesia, paired 4-mm cir-
cular, full-thickness wounds symmetrically along the midline
were made on the dorsal skin of the mice (~22 g body weight,
Balb/c, female, 8-10 weeks old). For each of two wounds on a
mouse, PBS with specific docosanoids (50 ng) was applied to the
wound-bed (10 pl) and injected intradermally to 4 points (10 pl/
site) evenly distributed near the wound edge (50 pl total). A
donut-shaped 0.5 mm-thick silicone splint was concentric with a
wound and fixed to the skin surrounding the wound with an im-
mediate-bonding adhesive (Krazy Glue®) and 6-0 nylon sutures;
and then a transparent sterile occlusive dressing then was placed
over the wound and the splint (20). Mice were fed with a stan-
dard chow diet Teklad 2018 containing 0% DHA and 2.76% 3
a-linolenic acid of total fatty acids (21). a-linolenic acid can be
converted to DHA in rodents (22).

Analysis of wound healing

Wound closure was quantified as relative reduction of the ini-
tial wound area by analyzing wound digital-photographs taken at
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day 0, 3, 7, 10, and 14 postwounding (18). For immunobhistologi-
cal study, mice were sacrificed at day 4 postwounding. Wounds
with a2 2 mm margin of normal surrounding skin were excised,
fixed in 4% paraformaldehyde (4 h), incubated in 30% sucrose
(12 h), and embedded in OCT. Serial cryosections (10 pm thick/
section) were made, stained with rat anti-mouse CD31 antibody
(Santa Cruz Biotech, Santa Cruz, CA) (18, 19) and then with sec-
ondary PE-goat anti-rat IgG (red); nuclei were stained with
Hoechst 33342 (blue). The capillary vascular density in the
wound bed was determined as CD31+ cells in wound bed/micro-
scope field by examining three fields per section of the wound
between the edges in six successive sections. The other wound
cryosections were stained with hematoxylin-eosin, then analyzed
by microscopy (18). Sections representing the widest wound beds
were chosen to determine granulation tissue area and epithelial
gap (distance between leading epithelial edges, measured from
wound edges), both of which were measured in pixels. For com-
parison of different treatments of wounds, capillary vascular den-
sity, granulation tissue area, and epithelial gap were presented as
relative percentages after normalized to the values of correspond-
ing PBS control. NIH Image J1.40 programs were used for the
analysis (NIH, Bethesda, MD) (18).

LC-UV-MS/MS analysis of docosanoids

We conducted this analysis in the same manner as in earlier
studies (6, 23). In brief, we used a liquid chromatography-photo-
diode array ultra-violet detector-LL.TQ linear ion trap mass spec-
trometer (LC-UV-MS/MS) (Thermo, Waltham, MA) equipped
with a chiral column (AD-RH, 150 mm x 2.1 mm x 5 pm) (Chiral
Tech, West Chester, PA) (24). Both wideband activation and
non-wideband activation were used for MS/MS. The wideband
activation excites and fragments ions with mass-to-charge ratio
between M and M - 20, which generates higher abundance of
ions from cleavage of the carbon chain, and provides more struc-
ture information of the analytes. The mobile phase flowed at 0.15
ml/min; it eluted as D (acetonitrile:H,O:acetic acid = 45:55:0.01)
from 0 to 45 min, ramped to acetonitrile from 45.1 to 60 min,
flowed as acetonitrile for 10 min, and then ran as D again for 10
min. DHA-d; (50ng) was used as internal standard, except for the
incubations using DHA-d; as substrate. Murine skin tissues were
extracted with ice-cold acetonitrile three times through homog-
enization and sonication. Incubations of cells were adjusted to
pH 5.5 by adding HCI (1 M) (on ice), and three volumes of ice-
cold acetonitrile were added into each sample (sample: ace-
tonitrile = 1: 3 by volume). Each mixture was vortexed well, then
sonicated in water bath (4°C). After centrifugation (3000 rpm,
15 min, 0°C), each pellet was extracted again with three volumes
of acetonitrile (pellet: acetonitrile = 1: 3) twice. The supernatants
for each sample were pooled together and adjusted to the con-
tent of 10% acetonitrile by adding water, and then cleaned up via
(18 solid-phase extraction (500 mg, Varian, Palo Alto, CA). The
final extracts were reconstituted into acetonitrile for lipidomic
analysis.

Enzymatic formation of novel w-1-hydroxy docosanoids

148,21-dihydroxy-docosa-4Z,72,10Z,12E,16 Z,19 Z-hexaenoic
acids (14S,21-diHDHAs) were formed as follows. First the inter-
mediate 14Shydroxy-DHA (14SHDHA) was generated by incu-
bating DHA (50 pg) with porcine leukocyte-12-LOX (L-12-LOX)
(1000 unit) (Cayman) in 0.1 M tris buffer (pH 7.4) containing
0.01% Triton-114 (Sigma) (37°C, 20 min) followed by reduction
by NaBH,.

The incubation was extracted by ethyl acetate three times after
its pH was adjusted to 3.5. 14SHDHA was isolated from the ex-
tract using chiral LC as described above. Additionally 14SHDHA

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

and 14R-HDHA were prepared from racemic 14S/R-HDHAs
(Cayman) using the same chiral LC-UV-MS/MS conditions.
145,21-diHDHAs, 14R21-diHDHAs, and 14S/R,21-diHDHAs
were prepared by incubation of 14SHDHA, 14RHDHA, and
14S/R-HDHAs (10 pg/each), respectively, with a human cyto-
chrome P450 (h-P450) enzyme mixture (BioCatalytics Inc.,
Pasadena, CA) (30°C, 12 h). The h-P450 mixture contained
NADPH cofactor, buffer salts, and 1 nmol of seven h-P450 in
fixed ratios (recombinant human CYP1A2, 2C8, 2C9, 2D6, 2E1,
and 3A4). One of the objectives for this paper was to determine if
any P450 could participate in 14,21-diHDHA formation from DHA
as well as intermediates 21-HDHA, 14SHDHA, and 14R-HDHA.
However, determining exactly which P450s are responsible for
14,21-diHDHA formation was beyond the scope of this paper.
Therefore, we used a mixture of P450s.

Biosynthesis of w-1-hydroxy docosanoids and
intermediates by Mfs

Thioglycollate-induced Mfs were collected by lavage from mu-
rine peritoneal cavity (peritoneal exudate cells, PECs) 3 days af-
ter injecting 2.5 ml of 4% thioglucoate (i.p.) as in (25). PECs
were washed and cultured (24 h, 37°C, 5% CO,) in RPMI1640
containing 10% FBS and other components (25). Plates were
washed three times with culture medium to remove nonadherent
cells. Then adherent cells were harvested, of which more than
90% were F4/80"

To generate 14S5,21-diHDHAs, 14R21-diHDHAs, apd/or
their deuterated isotopomers, Mfs purified above (5 x 10° cells)
were cultured in PBS containing DHA, 14SHDHA, 14R-HDHA,
or DHA-d; (1 pM) for 20 min, then stimulated at 37°C for 1 h
with TNF-a (10 ng/ml), IL-18 (10 ng/ml), and LPS (100 ng/
ml). DHA in full thickness murine skin wounds can reach as
high as 1-9 pmol/kg level (data not shown). Thus 1 uM of doco-
sanoic substrate is within concentration range in physiopatho-
logical condition of skin. Stimulation with TNF-a and IL-1f
mimics the environment of tissue injury, while LPS treatment
resembles infection potential during wound healing (26). Add-
ing TNF-a, IL-1B, and LPS to macrophages promotes the expres-
sion of phospholipase A2 that releases polyunsaturated fatty
acids from membranes and/or other parts of the cells; it is also
likely to enhance 12/15 lipoxygenase-like activity (26) that re-
sults in 14-hydroxylation of DHA and some DHA derivatives
(27). The cells and medium from each culture were extracted
for the analysis and preparation as described in “LC-UV-MS/MS
analysis of docosanoids” for 14,21-diHDHAs or their biosynthetic
intermediates.

Statistical analysis

Results were reported as mean + SEM and analyzed with 2-way
ANOVA with a posthoc test. Accepted level of significance for all
tests was p < 0.05.

RESULTS

Wounding prompts formation of novel endogenous
14,21-diHDHAs

Three peaks (I, II, and III) of novel DHA-derived 14,21-
dihydroxy-docosa-47,77,107,12F,16Z,19 Zhexaenoic acids
were found using chiral LC-UV-wideband activation MS/
MS analysis of wounded skin tissues from mice after
splinted excisional wounding. They were much less in un-
wounded skin tissues, indicating wounding induced their
formation (Fig. 1A and 1B, top). The chiral LC-MS/MS

spectra of three peaks of endogenous 14,21-diHDHAS in
wounds, shown in selective ion chromatogram of m/z 271
in MS/MS at m/z 359, have identical ions with similar or
different relative abundance. Each spectrum acquired
with wideband activation (Fig. 1A) possessed ions at m/z
359 [M-HJ, 323 [M-H-2H,O]’, 297 [M-H-CO,H,O]’, 279
[M-H-CO4,2H,O] that were consistent with its molecular
weight (M) 360, one carboxy (for loss of CO,), and two
hydroxys (for loss of two HyO); ions m/z 205, 161 [205-
CO,J’, 233, and 189 [233-CO,]’, demonstrated a hydroxy
at its 14 position; and ion m/z 315, generated from cleav-
age of the Cy-Cy, bond, as well as ion m/z 271 [315-CO,]’
and 253 [315-COy-H,O] showed another hydroxy at the
Cy; position (Fig. 1A). The wideband activation energizes
ions between m/z [M-H] to [M-H-20], which generated
more intensive diagnostic ions from the cleavage of [M-H]
carbon-chain (28) and nearly completely diminished the
signal of ion m/z 341 [M-H-H,O]. The ions m/z 189 and
233 from MS/MS 359 under non-wideband activation have
low abundances which bring uncertainty to the identifica-
tion of 14-OH (data not shown), with wideband activation,
these two ions are much more abundant and reduce the
uncertainty (Fig. 1A).

Enzymatic formation and pathways of 14S,21-diHDHAs
and 14R,21-diHDHAs

145,21-diHDHAs and 14R21-diHDHAs were investi-
gated for the elucidation of their chemical structures and
formation pathways. Incubation of DHA with porcine L-12-
-LOX produced 14S$hydroperoxy-DHA (HpDHA), which
was reduced by NaBH, to 14SHDHA. Chiral LC was used
to isolate 14SHDHA (Fig. 1C, middle) from the incuba-
tions, as well as 14 R-HDHA and 14SHDHA from racemic
14S/R-HDHA (Fig. 1C, bottom), where the R-hydroxy-
DHA (e.g., 14R-HDHA) has shorter retention time (RT)
than its Shydroxy stereoisomer (14SHDHA) (Fig. 1C,
middle and bottom). The order that R-hydroxy compound
is eluted before its S-epiomer using this kind chiral LC also
fits to other hydroxy DHA (data not shown), except 21-H-
DHA which seems not to be separable. It also fits to hy-
droxy eicosatetraenoic acids (24). Additionally, PGFy,
(with 15S$hydroxy) is reported eluted after 15R-hydroxy
PGF,, (29). P450 hydroxylated 14SHDHA to two 14S5,21-
diHDHAs which were separated by the chiral LC (Fig. 1B,
upper middle). The Cy, chiral configuration and double-
bond geometry of 14-HDHA are expected to be conserved
when 14-HDHA is converted by P450 to 14,21-diHDHAs
based on the established knowledge that w-l-oxidation
does not change the chirality and double-bond configura-
tions on other carbon positions of eicosanoid substrates
(30, 31). Therefore the configurations (R and S) of asym-
metric Cy; in 145,21-diHDHAs are responsible for two iso-
mers observed (Fig. 1B, upper middle), which were
assigned as 145,21 RdiHDHA and 14S,215$diHDHA for
the chiral LC peaks from left to right. For similar reasons,
two 14R21-diHDHAs generated from 14RHDHA by
h-P450 are 14R,21 RAiHDHA and 14R,21 SdiHDHA which
are separated as two chiral LC peaks from left to right
(Fig.1B, lower middle). LC peak areas of 14R21R,

Pro-healing 14,21-dihydroxy docosahexaenoic acids 925
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14R21S and/or 14S21R-, and 145,21SdiHDHA gener-
ated from racemic 14-HDHAs (S:R 1:1) by h-P450 are in
the ratio of 23:1:1.6 (Fig. 1B, bottom), suggesting that
14R-HDHA is better substrate than 14SHDHA to be con-
verted by the h-P450 to 14,21-diHDHAs.

Peaks I, II, III acquired from wound skin were identi-
fied as 14R21R-diHDHA, 145,21 RRdiHDHA/14R,215
diHDHA, and 14S5,21SdiHDHA, respectively, because
each of their chiral LC-UV-MS/MS spectra and chromato-
graphic RTs matches to that of the counterpart generated
from enzyme incubations (Fig. 1A, B). 145,21 RdiHDHA
had just slightly longer RT than 14R,21SdiHDHA (Fig.
1B, upper and lower middle), they were not distinguish-
able by chiral LC RT. The main mono-hydroxy-DHA in
wounds was found to be 14SHDHA, the precursor of
145,21-diHDHAs, of which the chiral LC-UV-MS/MS spec-
trum matches that of 14-HDHA (32), and the chiral LC
retention time (Fig. 1C, top) matches that of 14SHDHA
obtained from incubation of DHA with L-12-LOX (Fig. 1C,
middle) or from racemic 14S/RHDHA standard (Fig. 1C,
bottom). 14RHDHA in wounds was much less than 145
HDHA. The formation of 14SHDHA was induced by
wounding because the chiral LC peak of 14SHDHA in
wounds was much higher than that from the nonwound-
ing control (Fig. 1C, top). This is consistent with studies
showing that 12-LOX activity transforms DHA to 14§
HDHA (83-35). The approximate ratio of 14,21-diHDHA
to 14-HDHA in wounds is about 1:7 based on the LC-MS
peak areas in selective ion chromatograms at m/z 359 and
m/z 343, respectively. The strong UV background from
samples in the LC-UV-MS/MS analysis made it impossible
to calculate the relative ratio from the absorbance at ~235
nm. 21-HDHA reported in 1984 (36) was also found in
wounds (Fig. 1D), The MS/MS ions m/z 343 [M-H]’, 325
[M-H-H,O], 281[M-H-H,O-CO,], 299, 255 [299-CO,]
demonstrate its structure. The UV spectrum of 21-HDHA
with A\, at 202 is consistent with its structure of noncon-
jugated double bonds.

Biosynthesis of 14,21-diHDHAs and their intermediates
by macrophages

We studied 14,21-diHDHA biosynthesized by Mfs
through comparison with 14,21-diHDHAs generated by
h-P450 using LC-UV-MS/MS analysis. After stimulation
with TNF-a, IL-1B3, and LPS, Mfs converted 14 RHDHA to
14R21 RdiHDHA and 14R21SdiHDHA (Fig. 2A); 145

HDHA to 145,21 RdiHDHA and 14S5,215diHDHA (Fig.
2B); DHA to 14R,21 RRdAiIHDHA, 145,21 RdiHDHA and/or
14R 21 S-diHDHA, and 14S,21SdiHDHA (Fig. 2C). Each
MS/MS spectrum matches that of the same 14,21-diHDHA
stereoisomer generated by h-P450 (Fig. 1B). The corre-
sponding UV spectra also matched to each other with
Amax of 235-236 nm representing a pair of conjugated
double-bonds in each 14,21-diHDHA stereoisomer (insets
of Fig. 2A, B).

The wideband activation generated MS/MS spectra of
14,21-diHDHA stereoisomers have nearly identical MS/MS
ions. However the relative abundances for some of their
MS/MS ions are quite different (Fig. 2A, B). For example,
ion m/z 253 from MS/MS 359 of 14R,21SdiHDHA and
145,21 S-diHDHA has lower relative abundance than that of
14R21 R-diHDHA and 145,21 R-diHDHA. This is reflected
in the selective ion chromatograms of m/z 253 from MS/
MS at m/z 359. These chromatograms were so insensitive to
14R,21S-diHDHA and 145,21 S-diHDHA that we were not
able to show these two stereoismers generated from the
incubation [14SHDHA + P450] and [14R-HDHA + P450],
respectively (data not shown). However, the relative abun-
dances of ion m/z 271 from MS/MS at m/z 359 (Fig. 2A, B)
are different from these of m/z 253. We used wideband
activation MS/MS and observed four 14,21-diHDHA ste-
reoisomers with selective ion chromatograms of m/z
271 from MS/MS at m/z 359 (Fig. 1B). We saw all four
14,21-diHDHA stereoisomers because selective ion chro-
matograms of m/z 271 from MS/MS at m/z 359 are sensitive
enough to reveal the present of 14R,21SdiHDHA and
145,21S-diHDHA (Fig. 1B).

14R,21S-diHDHA coelutes with 145,21 RdiHDHA
(Fig. 1B, upper and lower middle; Fig. 2A, B) under the
chiral LC. It is implicated that the abundance ratio of
m/z253/271 is <1 in 14R,21S-diHDHA MS/MS spectrum
(Fig. 2A, right) and is >1 in 145,21 RdiHDHA MS/MS
spectrum (Fig. 2B, middle). This ratio may provide semi-
qualitative information to find if a 14,21-diHDHA peak
at this RT is mainly 14R,21S8 or 145,21 RdiHDHA al-
though the accurate quantification will need the LC
separation of these two stereoisomers. At this stage
14R,21S or 145,21 RdiHDHA is still not separable by
LC. Additionally mono-hydroxy DHAs generated by Mfs
from DHA are mainly 14SHDHA, as well as 14RRHDHA
and 21-HDHA in much less amounts (Fig. 2C, middle
and right).

Fig. 1. Formation of endogenous 145,21-diHDHAs and 14R,21-diHDHAs is induced by wounding: molecular structures and formation

pathways. Wound tissues were collected from Balb/c mice 3 d after the splinted excisional wounding was performed (n = 3). A: Three typi-
cal spectra of chiral LC-MS/MS chromatographic peaks I, II, and III (see 1B) demonstrate the 14,21-diHDHA structure (inset) where the
diagnostic MS/MS ions are illustrated. B: Chiral-LC-MS/MS chromatograms show that wounding induced endogenous 14,21-diHDHAs are
14R21 R-diHDHA (I), 145,21 R-diHDHA or 14R,21S-diDHA (II), and 145,21 S-diHDHA (III) which were identified through matching their
chiral LC-MS/MS chromatograms and spectra to those of P450-generated 14S-HDHA-derived 145,21R-diHDHA and 145,21 S-diHDHA (up-
per middle) as well as 14 RHDHA-derived 14R,21 RdiHDHA and 14R,21S-diHDHA (lower middle). Bottom panel is the chiral LC-MS/MS
chromatogram of 14R21 R-diHDHA, 14R,21SdiHDHA and/or 145,21 RRdiHDHA, and 145,21 SdiHDHA generated by P450 from racemic
14-HDHAs ($:R 1:1). C: Chiral LC chromatograms show that wounding mainly induced the formation of 14SHDHA (with minor amount
of 14RHDHA), the intermediate for 145,21 RdiHDHA and 14S5,21S-diHDHA biosynthesis. The chirality was identified by the comparison
with chiral LC chromatograms of 12-LOX-generated 14SHDHA (middle) as well as 14 R-HDHA and 14SHDHA of racemic 14-HDHA stan-
dard (bottom). D: Chiral LC-MS/MS spectrum endogenous 21-HDHA in wounds, left inset is the structure of 21-HDHA with MS/MS
fragmentation interpretation, right inset is the UV spectrum.
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Fig. 2. Macrophages produce 145,21 R-diHDHA, 14S,21SdiHDHA, 14R21R-diHDHA, 14R21S-diHDHA, 14SHDHA, 14RHDHA, and
21-HDHA. Chiral LC-UV-MS/MS chromatograms and/or spectra show that Mfs generated: (A) 14R,21 RdiHDHA and 14R,215diHDHA
from 14R-HDHA; (B) 145,21 RdiHDHA and 14S5,215$diHDHA from 14SHDHA; (C) 14R21 RdiHDHA (IV), 14R,21SdiHDHA and/or
148,21 R-diHDHA (V), 14S,21S-diHDHA (VI), 14R-HDHA, 14SHDHA, and 21-HDHA from DHA; and (D) 14R21 R-diHDHA-d, (VII),
14R,21S-diHDHA-d, and/or 14521 RdiHDHA-d, (VIII), 145,21S-diHDHA-d, (IX), 14RHDHA-d;, 14SHDHA-d;, and 21-HDHA-d, from
DHA-d; Murine resident peritoneal Mfs (5 x 10° cells) were incubated in PBS containing 14 RHDHA, 14SHDHA, DHA, or DHA-d; (1 uM)
for 20 min, then stimulated for 1 h with TNF-a (10 ng/ml), IL-13 (10 ng/ml), and LPS (100 ng/ml). Mfs and medium from each incuba-

tion were extracted and analyzed.

The identification of 14,21-diHDHA structures were
confirmed by the LC-UV-MS/MS data of 14,21-diHDHA-
d4 stereoisomers using the same chiral LC-MS/MS with
wideband activation (Fig. 2D). Similar to the approaches
for 14,21-diHDHA stereoisomers, we used selective ion
chromatograms of m/z 271 from MS/MS at m/z 363 that

928 Journal of Lipid Research Volume 51, 2010

avoided the insensitivity to 14R,21S-diHDHA-d; and
145,21SdiHDHA-d,, and we observed 3 peaks of 14,21-
diHDHA-d, stereoiosmers from DHA-d;. The MS/MS spec-
trum for each 14,21-diHDHA-d, is presented in Fig. 2D.
Mfs converted DHA-d; to 14R,21 RdiHDHA-d,, 14R 215
diHDHA-d, and/or 148,21 R-diHDHA-d,, and 148,215
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diHDHA-d,, which are identified as chiral LC-MS/MS
chromatographic peak (at m/z 271 of MS/MS 363) VII,
VIII, and IX, respectively (Fig. 2D). Their LC-UV-MS/MS
spectra and RTs are consistent with those of correspond-
ing 14,21-diHDHA stereoisomers from wounds (Fig. 1A
and 1B, top), h-P450 incubation (Fig. 1B, middle and bot-
tom), or macrophage incubation (Fig. 2A-C); and are in
support of the structure elucidation. One deuterium at Gy,
was replaced by 21-hydroxyl and the other 4 deuterium
atoms remained, rendering the molecular ion of 14,21-
diHDHA-d, to be m/z 363 (Fig. 2D, lower); MS/MS ions
m/z 315, 271 [315-CO,] and 253 [315-CO,-H,O] show a
hydroxy at Cy;; m/z 205, 161 [205-CO,]’, 233, 189 [233-
COy,J’, and 215 [233-Hy,O] show another hydroxy at C,;
and m/z 363 [M-H], 327 [M-H-2H,O], 301 [M-H-CO,-
H,O], 283 [M-H-CO,-2H,0] indicate that there are two
hydroxys and one carboxy in 14,21-diHDHA-d, stereoiso-
mers. The MS/MS spectrum of 14S$21-diHDHA-d, in
Fig. 2D was also acquired using wideband activation of
which the ion-trap isolated parent ion (m/z 363.2 for 14,21-
diHDHA-d,) along with its fragment ions within m/z
363.2 to 343.2 (= 363.2 — 20) were activated. m/z 345 [M-
H-H,O] produced by HyO loss from m/z 363.2 of 14,21-
diHDHA-d, was activated by wideband and efficiently
fragmented so that it could barely be seen in the MS/MS
spectrum of 14,21-diHDHA-d,.

Peak VIII (Fig. 2D, upper left and lower middle) is very
likely to be mainly 145,21 RdiHDHA-d, because its RT
(Fig. 2D, upper left), MS/MS and UV spectra, and abun-
dance ratio (>1) of m/z 253/271 in MS/MS spectrum
(Fig. 2D, lower middle) is comparable to that for 145,21 R
diHDHA (Fig. 2B, left and middle). The LC separation of
14R,21SdiHDHA-d, and 145,21 RdiHDHA-d, is needed to
quantitatively determine the exact composition of peak
VIII. In parallel, LC peak II and V of 14,21-diHDHA from
wounds (Fig. 1A, B) and [DHA + Mf] (Fig. 2C, left), respec-
tively, is also likely to be mainly 145,21 RdiHDHA for the
similar reason, and the LC separation of 14R,21 SdiHDHA
and 145,21 R-diHDHA should allow accurate quantification
of its composition. Moreover, the mono-hydroxy DHAs-d;
are 14SHDHA-d; (major) with minor amounts of 14R-
HDHA-d; and 21-HDHA-d, (Fig. 2D, upper middle and
right), similar to the profile of mono-hydroxy DHAs
generated by Mfs from DHA (Fig. 2C).

14,21-dihydroxy docosahexaenoic acids promote wound
healing

The actions of 145,21-diHDHA and 14R,21-diHDHA in
wound healing were investigated using murine splinted exci-
sional-wound healing model (Fig. 3). When administrated
to wounds, 14R21-diHDHA (14R 21 R-diHDHA:14R,21 $-di-
HDHA10:1) or14S5,21-diHDHA (145,21 RdiHDHA:145,21$-
diHDHA 2:1) significantly accelerated wound closure at
day 7 postwounding (Fig. 3A) as showed by the photo-
graphs (left) and the quantitative results of wounds (right).
14R,21-diHDHA was as efficient as 145,21-diHDHA in pro-
moting wound closure at this dosage. In comparison with
PBS control, granulation tissue deposition was more abun-
dant in wounds treated with either 14S5,21-diHDHA or
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Fig. 3. 145,21-diHDHAs and 14R,21-diHDHAs promote wound
healing. Splinted excision wounding was conducted on Balb/c
mice as in Fig. 1, followed by administration of 14S5,21-diHDHA or
14R,21-diHDHA to wounds as detailed in “Materials and Meth-
ods.” Treatment with vehicle PBS saline was the control. Results
are mean = SEM, n =5, *p< 0.05 and **p < 0.01 as compared with
the control. A: 14,21-diHDHA accelerate wound closure. Repre-
sentative photographs of wounds at days 0 and 7 postwounding
show wound closure (left). Wound closure (%) was measured for
the treatment with 145,21-diHDHA (middle) and 14R,21-diHDHA
(right). B: 14S5,21-diHDHA and 14R,21-diHDHA promotes granu-
lation tissue formation and reepithelialization in wounds by in-
creasing the total granulation tissue area (left) and reducing
epithelial gap (right), as determined in hematoxylin-eosin stained
cryosections of wounds in comparison with PBS control. C: 14S,21-
diHDHA and 14R,21-diHDHA increase the capillary vascular den-
sity in wound beds. Micrographs (left) show vasculatures as CD31+
cells in wound cryosections stained with rat anti-mouse CD31 an-
tibody then with PE-goat anti-rat IgG (red); nuclei were stained
with Hoechst 33342 (blue). Capillary vascular densities were
quantified (right) as CD31+ cells in wound-bed/field relative
to PBS control. Cryosections were conducted on wound skin
collected immediately after sacrifice of the mice at day 4
postwounding.

14R,21-diHDHA. 145,21-diHDHA (50 ng/wound) signifi-
cantly increased granulation tissue area (by >65%) (Fig.
3B, left) and reduced epithelial gaps (by >30%) (Fig. 3B,
right) which was determined by hematoxylin-eosin stain-
ing of cryosections at the widest wound beds and micro-
scopic analysis (18-20). Immunohistological staining of
wound skin cryosections for endothelial protein CD31
showed increased capillary vasculature (by >80%) in
145,21-diHDHA treated wounds at day 4 postwounding
compared with vehicle (PBS)-treated wounds (Fig. 3C).
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14R21-diHDHA potently increased granulation tissue
area by >65% (Fig. 3B, left), reduced epithelial gap by
>90% (Fig. 3B, right), and enhanced the capillary vascular
density by >80% (as CD31+ cells/microscope field) (Fig.
3C, right) at dose of 50 ng/wound.

DISCUSSION

Our results show that wounding induced formation of
novel 14S5,21R- and/or 14R21SdiHDHA, 14S§,215diH-
DHA, and 14R 21 RdiHDHA (Fig. 1A and 1B, top). P450
transforms 14SHDHA to 148,21 RdiHDHA and 14S,21$
diHDHA (Fig. 1B, upper middle), where the 12-LOX is
the critical enzyme for the generation of 14SHDHA from
DHA (Fig. 1C, middle). P450 converts DHA to 14R-HDHA
and 14SHDHA (data not shown), and further transforms
14R-HDHA to 14R21SdiHDHA and 14R,21RdiHDHA
(Fig. 1B, lower middle). Although 14R-HDHA is a better
substrate than 14S-HDHA to be transformed to 14,21-diH-
DHAs by the P450 we used (Fig. 1B, bottom), the reactivity
of 14R-HDHA and 14S-HDHA to be converted to 14,21-
diHDHA stereoisomers in wounds need to be further stud-
ied because profile and activities of the P450 that catalyze
the conversion are not yet established.

L-12-LOX and P450 exist in Mfs (11-15). Consistent
with the existence of these enzymes, Mfs produce 145,21 R-
diHDHA and 14S5,215diHDHA (Fig. 2B). Mfs are present
in wound sites, participate in wound healing (1), and are
likely to have 12-LOX and or P450 in wounds to produce
14S5,21-diHDHAs and 14R,21-diHDHAs (Fig. 4). The ex-
actamount of contribution from Mfs to 14S/R,21-diHDHA
formation in skin wounds remains to be established and
is of interest for future study. However, their contribu-
tion is likely to be significant because Mfs surge in wound
sites at certain times during the course of wound healing

(37, 38).

DHA~—"12-LOX—>

The tentative formation pathways for 145,21-diHDHAs
and 14R,21-diHDHAs are summarized as follows (Fig. 4):
14$HpDHA is generated from DHA by 12-LOX and then
is reduced to 14S-HDHA in reductive tissue environment;
the 14SHDHA is sequentially oxidized by P450 at the w-1
position to 145,21 RdiHDHA and 145,21 S-diHDHA, which
are similar to the w-1 oxidation of eicosanoids catalyzed by
P450 or occurred in Mfs (39, 40). Although L-12-LOX was
used for the enzymatic synthesis of 14SHDHA and 14S,21-
diHDHAs, platelet-12-LOX is likely to have the same func-
tion (34). However, epidermis-12-LOX and 12RLOX are
likely to be inefficient in the transformation of DHA (12);
P450 produces 14R-HDHA, 14SHDHA, and 21-HDHA;
then further converts 14RRHDHA to 14R,21-diHDHA, as
well as 21-HDHA to 14R,21-diHDHA and 14S,21-diHDHA.
It was reported that in skin P450 CYP1Al, 2B6/7, 2E1,
3A4/7, and 3A5 were detected at protein level and found
to possess catalytic activities (41); and many other P450
were found in skin at mRNA level (41). CYP2E1 generates
19-HETE (16) and exists in skin; therefore, it is likely to
participate in the -1 hydroxylation by converting 14-H-
DHA to 14,21-diHDHAs in the skin (16).

Because 14S5,21-diHDHA and 14R21-diHDHA are pro-
duced in wounds and Mfs that contribute to the healing
process, as well as generated from DHA by sequential ca-
talysis of 12-LOX and P450 that are known to contribute to
vascularization and wound healing (37, 38, 42), we pre-
dicted that these endogenous small molecules are part of
the effectors promoting wound healing. This was tested
using the established splinted excisional wound murine
model. 145,21-diHDHA and 14R21-diHDHA accelerate
wound closure, granulation tissue formation and reepithe-
lialization (as reduction of epithelial gap) in wounds in
vivo at dose of 50 ng/wound (Fig. 3), which demonstrated
their pro-healing properties (1). The dosage of 14S,21-
diHDHA and 14R,21-diHDHA administered to wounds

14R,21S-
diHDHA

Fig. 4. Formation pathways for 145,21-diHDHA and 14R21-diHDHA. The main pathways are demon-
strated or proposed as follows. DHA is converted by 12-LOX to 14Shydroperoxy-DHA (14SHpDHA), which
is reduced to 14SHDHA; through cytochrome P450, 14SHDHA is further converted to 145,21 RdiHDHA
and 145,21 5-diHDHA. Alternatively, DHA is first converted by P450 to 14SHDHA, 14R-HDHA, and 21S (or
R)-HDHA, which are further transformed by P450 to 14R21RdiHDHA, 14R21SdiHDHA, 145,21 R-diH-
DHA, and 145,21 $-diHDHA. 12-LOX and P450 exist in wounds and Mfs. The double-bond geometries of 145
(or R)-HDHA is conserved after being converted to 14,21-HDHAs on the basis of our results and reported
analogous conditions for eicosanoids; this conservation also applies for the transformation of DHA to 21-
HDHA. These pathways may involve novel enzymes in addition to those already recognized for eicosanoid

formation.
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was higher than what we could detect (less than 5 pg/mg
skin) because, more than likely, the administered 145,21-
diHDHAs and 14R21-diHDHA are only partially absorbed
into the targets and because 14S5,21-diHDHA and 14R21-
diHDHA also are partially degraded by metabolic enzymes
before they act on targets. The study of dose-function rela-
tionship was beyond the scope of this report. Reepithelializa-
tion is one of the major processes in wound healing;
moreover, it provides the basis for subsequent stages, such as
fibroblast proliferation and migration and granulation tis-
sue formation (43). Epithelial gap and granulation tissue
area in histosections are parameters usually used to evaluate
wound healing process (20, 43).

14S,21-diHDHA and 14R,21-diHDHA also promote vas-
culature formation as evidenced by increasing CD31+ cell
density in cryosections of wounds (Fig. 3C). Formation of
new vessels in proliferation phase is paramount to effi-
ciently supply blood that carries nutrients, oxygen, signal-
ing molecules, leukocytes, mesenchymal stem cells, and
other cells to wounds for optimum healing. Therefore, en-
hancement of vascularization in wounds is an important
mechanism for the promotion of wound healing by 145,21-
diHDHA and 14R,21-diHDHA. Mfs are known to play criti-
cal roles in wound healing (37, 38, 42). The Mfs produced
14S5,21-diHDHA and 14R,21-diHDHA may partially repre-
sent the molecular mechanisms for macrophage pro-heal-
ing function.

In conclusion, novel 145,21 R-diHDHA and/or 14R,21$
diHDHA, 14S5,21S-diHDHA, and 14R,21 RdiHDHA were
found in wounded skin as well as activated Mfs. The cataly-
sis by 12-lipoxygenase and P450 in tandem or P450 alone
transforms DHA to these four 14,21-diHDHA stereoiso-
mers, suggesting novel pathways for 14,21-diHDHA forma-
tion occurring in wounds and Mfs. 145,21-diHDHA and
14R,21-diHDHA, as novel w-1-hydroxy docosanoid media-
tors, enhance wound healing. These findings provide in-
sights into the molecular mechanisms that regulate wound
healing Bl

The authors thank Ms. Shraddha P. Shah for excellent
assistance.
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