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Skin wound healing is a complex, multi-step 
process that encompasses various cells, growth 
factors, cytokines, and components of the ex-
tracellular matrix (Baum and Arpey, 2005).  
An essential feature of a healed wound is the 
restoration of an intact epidermal barrier.  
Re-epithelialization is a key event in wound 
healing and is mainly achieved by keratinocyte 
migration, proliferation, and differentiation 
(Coulombe, 2003). The absence of keratino-
cyte migration at the wound edge is a critical 
defect related to the clinical phenotype of 
chronic nonhealing wounds, such as diabetic 
ulcers (Brem and Tomic-Canic, 2007). How-
ever, the exact manner in which keratinocyte 
migration is regulated during wound healing 
also remains largely unknown.

The skin is an organ that displays a highly ac-
tive metabolism of fatty acids, such as prostaglan-
dins (PGs), HETEs (hydroxyeicosatetraenoic acids), 

and leukotrienes, etc. (Ziboh et al., 2000). Nu-
merous studies showed that lipid mediators  
are involved in regulating skin inflammation 
(Serhan et al., 2008; Kendall and Nicolaou, 2013) 
related to psoriasis (Mayser et al., 2002), ichthy-
osis (Yu et al., 2005), and contact dermatitis (Miki 
et al., 2013). Recently, ATL (aspirin-triggered 
15-epi-lipoxin A4), and resolvin D1 and E1 
have been reported to enhance wound healing  
and epithelial cell regeneration via limiting PMN 
(polymorphonuclear leukocyte) infiltration and 
directly stimulating epithelial cells (Norling 
et al., 2011) in many inflammation-driven  
diseases, such as cantharidin-induced skin blis-
ters in human (Morris et al., 2009) and TNBS 

CORRESPONDENCE  
K. Saeki:  
ksaeki@juntendo.ac.jp  
OR  
T. Yokomizo:  
yokomizo-tky@umin.ac.jp

Abbreviations used: 12-HHT, 
12(S)-hydroxyheptadeca-
5Z,8E,10E-trienoic acid; CBA, 
cytometric bead array; GPCR, 
G protein–coupled receptor; 
HETE, hydroxyeicosatetraenoic 
acid; LTB4, leukotriene B4; 
MDA, malondialdehyde; MPO, 
myeloperoxidase; NHEK, normal 
human epidermal keratinocyte; 
NSAID, nonsteroidal anti- 
inflammatory drug; PDGF,  
platelet-derived growth factor; 
PG, prostaglandin; RE, responsive 
element; TP, TxA2 receptor; 
TxA2S, thromboxane A2 synthase.

12-hydroxyheptadecatrienoic acid promotes 
epidermal wound healing by accelerating 
keratinocyte migration via the BLT2 receptor

Min Liu,1,2 Kazuko Saeki,1,2 Takehiko Matsunobu,2 Toshiaki Okuno,1,2  
Tomoaki Koga,1,2 Yukihiko Sugimoto,3 Chieko Yokoyama,4 Satoshi Nakamizo,5 
Kenji Kabashima,5 Shuh Narumiya,6 Takao Shimizu,7 and Takehiko Yokomizo1,2

1Department of Biochemistry, Juntendo University School of Medicine, Tokyo 113-8421, Japan
2Department of Medical Biochemistry, Kyushu University, Fukuoka 812-8582, Japan
3Department of Pharmaceutical Biochemistry, Kumamoto University, Kumamoto 862-0973, Japan
4Department of Metabolism and Atherosclerosis, Osaka University, Osaka 565-0871, Japan
5Department of Dermatology and 6Department of Pharmacology, Kyoto University, Kyoto 606-8501, Japan
7Department of Lipid Signaling, National Center for Global Health and Medicine, Tokyo 162-0052, Japan

Leukotriene B4 (LTB4) receptor type 2 (BLT2) is a G protein–coupled receptor (GPCR) for 
12(S)-hydroxyheptadeca-5Z,8E,10E-trienoic acid (12-HHT) and LTB4. Despite the well-
defined proinflammatory roles of BLT1, the in vivo functions of BLT2 remain elusive. As 
mouse BLT2 is highly expressed in epidermal keratinocytes, we investigated the role of the 
12-HHT/BLT2 axis in skin wound healing processes. 12-HHT accumulated in the wound fluid 
in mice, and BLT2-deficient mice exhibited impaired re-epithelialization and delayed wound 
closure after skin punching. Aspirin administration reduced 12-HHT production and resulted 
in delayed wound closure in wild-type mice, which was abrogated in BLT2-deficient mice.  
In vitro scratch assay using primary keratinocytes and a keratinocyte cell line also showed that 
the 12-HHT/BLT2 axis accelerated wound closure through the production of tumor necrosis 
factor  (TNF) and matrix metalloproteinases (MMPs). A synthetic BLT2 agonist accelerated 
wound closure in cultured cells as well as in C57BL/6J and diabetic mice. These results 
identify a novel mechanism underlying the action of the 12-HHT/BLT2 axis in epidermal 
keratinocytes and accordingly suggest the use of BLT2 agonists as therapeutic agents to 
accelerate wound healing, particularly for intractable wounds, such as diabetic ulcers.
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et al., 2000; Yokomizo et al., 2000a). More recently, we identi-
fied 12(S)-hydroxyheptadeca-5Z,8E,10E-trienoic acid (12-
HHT), a downstream metabolite of COX (cyclooxygenase) 
enzymes, as the endogenous ligand for BLT2 (Okuno et al., 
2008). Mouse BLT2 is primarily expressed in epidermal kera-
tinocytes and intestinal tissues (Iizuka et al., 2005), whereas 
human BLT2 is ubiquitously expressed throughout the body 
(Kamohara et al., 2000; Yokomizo et al., 2000b). Several lines 
of evidence suggest that BLT2 participates in DSS (dextran 
sulfate sodium)–induced colitis (Iizuka et al., 2010), carcino-
genesis (Yoo et al., 2004; Hennig et al., 2008), arthritis (Shao 
et al., 2006), and bronchial asthma (Cho et al., 2010), but 

(2,4,6-trinitrobenzene sulfonic acid)-induced colitis in mouse 
(Arita et al., 2005). More investigations are still required to 
further clarify the roles of lipid mediators in wound healing, 
especially in regulating keratinocyte migration.

Leukotriene B4 (LTB4) is a potent attractant and activator 
of phagocytic cells, differentiated T cells, and dendritic cells. 
As such, LTB4 plays crucial roles in inflammation and im-
mune responses (Luster and Tager, 2004; Mathis et al., 2007). 
Two G protein–coupled receptors (GPCRs) for LTB4 were 
originally cloned in our laboratory. These receptors were des-
ignated as the high-affinity LTB4 receptor BLT1 (Yokomizo 
et al., 1997) and the low-affinity LTB4 receptor BLT2 (Kamohara 

Figure 1.  BLT2 is expressed in epidermal keratinocytes, and the ligand 12-HHT is produced in coagulated blood and wound exudate, in a COX/
TxA2S-dependent manner. (A and B) Relative BLT2 mRNA levels were measured by Q-PCR in mouse primary epidermal keratinocytes and dermal fibroblasts  
(A; n = 3 mice per group) and NHEKs and normal human dermal fibroblasts (NHDFs; B; n = 3 experimental replicates, P = 0.16, unpaired Student’s t test).  
(C) Immunohistochemical staining with anti–mouse BLT2 antibody and control rabbit IgG is shown in normal (uninjured) mouse skin. Arrows, BLT2 signals; arrow-
heads, nonspecific staining. Bars, 100 µm. (D) Immunohistochemical staining with (right) or without (left) anti–human BLT2 antibody is shown in normal (uninjured) 
human skin. Bars, 100 µm. (E) Biosynthesis and proposed mechanism of action of 12-HHT. (F and G) 12-HHT was quantified in mouse serum (F) and mouse wound 
fluid (G) by LC-MS/MS (n = 3–5 mice per group). Data represent the mean ± SEM. **, P < 0.01; *, P < 0.05; N.S., not significant (A and B, unpaired Student’s t test;  
F, one-way ANOVA with Bonferroni post hoc tests; G, two-way ANOVA with Bonferroni post hoc tests). All the results are representative of at least two  
independent experiments.
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in addition to its beneficial actions, aspirin (mostly at high 
doses) triggers serious adverse events (Woodward et al., 2011), 
the most problematic of which is mucosal injury to the gas-
trointestinal tract (Awtry and Loscalzo, 2000). Aspirin also de-
lays the onset of labor (Sugimoto et al., 1997) and skin wound 
healing (Pollack, 1984; McGrath and Breathnach, 2004; Kaushal 
et al., 2007). However, the precise mechanisms responsible  
for the aspirin-related delay in wound healing are as yet 
wholly unknown.

The current study therefore investigated the role of the 
12-HHT/BLT2 axis in regulating keratinocyte migration 
both in vivo and in vitro, and consequently revealed a novel 
mechanism underlying the aspirin-dependent delay in wound 

the detailed mechanisms of BLT2 action in vivo are yet to  
be determined.

Today, aspirin is the best-known of the nonsteroidal anti-
inflammatory drugs (NSAIDs). The generally accepted mech-
anism of high-dose aspirin action is its ability to decrease PG 
and thromboxane (Tx) production by blocking the activity of 
COX, which occurs through covalent acetylation of the ser-
ine residue in the catalytic pocket of the enzyme. Therefore, 
aspirin may also inhibit the COX-dependent production of 
12-HHT. Aspirin is associated with several recognized clinical 
benefits, ranging from a reduced risk of heart attack (Group, 
1989) and colon polyposis (Chan et al., 2007) to its frequently 
exploited capacity to alleviate inflammation and pain. However, 

Figure 2.  Impairment of the 12-HHT/
BLT2 axis delays wound healing and  
attenuates re-epithelialization in mice.  
(A–C) Wound closure rate after skin punch in 
BLT2 WT and BLT2 KO mice with or without 
aspirin (0.18 mg/ml) in the drinking water  
(n = 5–6 mice per group). The experiments were 
performed in parallel. (D and E) Morphomet-
ric analyses of wounded skin. Re-epitheliali-
zation, wound length, and keratinocyte 
proliferation (as assessed by Ki67 staining) 
were evaluated in HE-stained tissue sections 
from BLT2 WT or BLT2 KO mice (D) and from 
WT mice with or without aspirin treatment 
(E) at the indicated days after punch (n = 5 
mice per group, two sites per mouse). (F and G) 
Representative HE-stained sections of the 
wounds at 3 d after skin punching in BLT2 
WT and BLT2 KO mice (F) and in WT mice 
with or without aspirin treatment (G). Arrows, 
wound margin; arrowheads, epithelial lead-
ing edge. Bars, 100 µm. (H and I) Represen-
tative Masson’s trichrome–stained sections 
of the wounds from BLT2 WT and BLT2 KO 
mice (H, day 5; n = 5 mice per group), con-
trol and aspirin-treated WT mice (I, day 5; n = 
5 mice per group). Bars, 100 µm. Data repre-
sent the mean ± SEM. **, P < 0.01;  
*, P < 0.05; N.S., not significant (A–C, two-way 
ANOVA; D and E, unpaired Student’s t test). 
All the results are representative of at least 
two independent experiments.
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A BLT2 ligand, 12-HHT, is produced from arachidonic 
acid by the actions of COX and thromboxane A2 synthase 
(TxA2S; Fig. 1 E; Hamberg et al., 1974). To determine whether 
12-HHT is generated during skin wound healing, we quanti-
fied 12-HHT in mouse serum and wound exudate by using 
liquid chromatography-tandem mass spectrometry (Kita et al., 
2005; Matsunobu et al., 2013). A large amount of 12-HHT 
was produced during blood coagulation, and its production 
was inhibited by the anticoagulant heparin (Fig. 1 F, left). Both 
aspirin and ozagrel, a TxA2S inhibitor, inhibited 12-HHT pro-
duction during blood coagulation (Fig. 1 F, right). After skin 
punching, 12-HHT was released into the wound fluid, and its 
concentration increased in a time-dependent manner. How-
ever, aspirin administration again inhibited 12-HHT accumu-
lation (Fig. 1 G). These results indicate that the 12-HHT/BLT2 
axis may play some roles in skin wound healing.

healing. Most importantly, the results presented herein pro-
vide a promising new therapeutic approach for the treatment 
of intractable ulcers.

RESULTS
Expression of BLT2 in keratinocytes  
and the production of 12-HHT
To determine the cells that express BLT2 in skin, we per-
formed a quantitative reverse transcription polymerase chain 
reaction (Q-PCR) analysis along with immunohistochemical 
staining to investigate BLT2 expression in skin cells and intact 
skin, respectively. BLT2 mRNA was prominently detected in 
both mouse and human epidermal keratinocytes, but not in der-
mal fibroblasts (Fig. 1, A and B). Immunohistochemical staining 
revealed that BLT2 was mainly expressed in the epidermal layer 
of normal (uninjured) mouse and human skin (Fig. 1 C and D).

Figure 3.  Skin inflammation is not affected by BLT2 
deficiency or aspirin treatment. (A) MPO activity in homog-
enates of punched skin obtained from BLT2 WT and BLT2 KO 
mice (n = 3 mice per group). Punch biopsies (5 mm in diam-
eter) were obtained at 2 d after skin punching and used for the 
assay. (B and C) Frequency of immune cells expressing the 
indicated surface markers as determined by flow cytometry 
analysis in the punched skin of BLT2 WT and BLT2 KO mice  
(B, n = 3 mice per group) and WT mice with or without aspirin 
treatment (C, n = 3 mice per group). Aspirin treatment (0.18 mg/ml 
in the drinking water) was initiated at 2 d before skin  
punching. Punch biopsies (5 mm in diameter) were obtained at 
2 and 5 d after skin punching and used for the assay. Data 
represent the mean ± SEM. *, P < 0.05, N.S., not significant 
(unpaired Student’s t test). All the results are representative of 
at least two independent experiments.

D
ow

nloaded from
 http://jem

.rupress.org/jem
/article-pdf/211/6/1063/1750452/jem

_20132063.pdf by guest on 25 April 2024



JEM Vol. 211, No. 6�

Article

1067

counting Ki67-positive cells) were also unaffected by BLT2 
deficiency (Fig. 2 D, right) or aspirin administration (Fig. 2 E, 
right). Because fibroblasts are also a crucial component of 
wound healing by enhancing wound contraction, collagen 
deposition in wound tissue was evaluated by Masson’s tri-
chrome staining. The results showed that neither BLT2 defi-
ciency nor aspirin treatment affected collagen deposition 
during wound healing (Fig. 2, H and I). The delayed skin 
wound healing brought about by BLT2 deficiency and aspi-
rin treatment was not due to a modified immune response 
because skin inflammation (evaluated by measuring myelo-
peroxidase [MPO] activity in the skin [Fig. 3 A], as well as by 
flow cytometry analysis of the immune cells [Fig. 3, B and C]) 
was unaltered. Given that BLT2 is expressed in keratinocytes 
but not in dermal fibroblasts (Fig. 1, A–D), we hypothesized 
that the 12-HHT/BLT2 axis enhances re-epithelialization by 
accelerating keratinocyte migration during wound healing.

Because aspirin treatment inhibits both 12-HHT and 
TxA2 production (Fig. 1 E), reduced TxA2 levels might also 
be involved in the deleterious effects of aspirin. To investi-
gate this hypothesis, we performed a punch assay in the dorsal 
skin of mice lacking TxA2S, the terminal enzyme required 
for the production of TxA2 and 12-HHT, and mice lacking 
the TxA2 receptor (TP). TxA2S deficiency delayed wound 
closure (Fig. 4 A), whereas wound closure was normal in TP 
KO mice (Fig. 4 B). These findings indicate that a reduction 
in TxA2 is not responsible for the aspirin-dependent delay in 
skin wound healing. Wound closure was also normal in mice 
deficient in BLT1 (Yokomizo et al., 1997), a high-affinity 

Impairment of the 12-HHT/BLT2 axis delays skin wound 
healing due to attenuated re-epithelialization
We next determined the impact of BLT2 deficiency and/or 
aspirin treatment on skin wound healing in vivo. Full-
thickness 3-mm punch biopsy wounds were made in the 
dorsal skin of BLT2 WT and BLT2 KO mice with or with-
out aspirin treatment. The wound closure rate was then  
assessed via daily measurement of the wound area for 8 d, 
and the kinetics of wound closure were evaluated as percent-
age of original wound areas (Fig. 2, A–C). BLT2 KO mice 
exhibited significantly delayed wound closure compared with 
BLT2 WT mice (Fig. 2 A). Aspirin treatment (at a therapeutic 
high dose of 0.18 mg/ml in the drinking water) significantly 
delayed wound closure only in BLT2 WT mice (Fig. 2 B), but 
no further effects were observed in BLT2 KO mice in re-
sponse to aspirin administration (Fig. 2 C).

Detailed morphometric analyses of punched skin tissues 
were next performed on HE-stained sections. No apparent 
structural differences were found in the HE-stained intact 
skin of BLT2 WT versus BLT2 KO mice at the light micros-
copy level (unpublished data). After injury, re-epithelialization 
and wound contraction are important processes that control 
the overall rate of repair. We observed that re-epithelialization 
(determined by measuring the lengths of the wounds 
within the neoepithelium) was impaired in BLT2 KO mice 
(Fig. 2, D and F) and aspirin-treated WT (Fig. 2, E and G), 
whereas wound length (determined by measuring the lengths 
between the wound margins) was unaffected (Fig. 2, D and E, 
middle). In addition, keratinocyte proliferation (evaluated by 

Figure 4.  The TxA2/TP axis and BLT1 are not involved in 
wound healing. (A–D) Wound closure rate in TxA2S WT and 
TxA2S KO mice (A, n = 5–6 mice per group), WT and TP KO mice 
(B, n = 5 mice per group), BLT1 WT and BLT1 KO mice (C, n = 5 
mice per group), and vehicle and celecoxib-treated WT mice  
(D, n = 6–7 mice per group). In D, vehicle (0.5% methyl cellulose) 
or celecoxib (25 mg/kg body weight) was administrated by gavage 
to the mice (male C57BL/6J, 8 wk old) every day. Celecoxib treat-
ment started 48 h before skin punching. (E) MDA adduct levels 
were measured in mouse skin samples from WT mice with or 
without aspirin treatment (n = 4 mice per group). Aspirin treat-
ment (0.18 mg/ml in the drinking water) was initiated at 2 d 
before the biopsy. A 5-mm punch biopsy sample was used to 
assess the presence of MDA adducts via ELISA. Data represent 
the mean ± SEM. **, P < 0.01; N.S., not significant (A–D, two-
way ANOVA; E, unpaired Student’s t test). All the results are 
representative of at least two independent experiments.
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BLT2 WT and BLT2 KO keratinocytes. However, BLT2 WT 
keratinocytes exhibited enhanced migration in the presence 
of 1 nM 12-HHT, whereas BLT2 KO keratinocytes did not 
(Fig. 5, B and C, right; Videos 1 and 2). This finding was con-
firmed in normal human epidermal keratinocytes (NHEKs). 
Both 12-HHT and a synthetic BLT2 agonist, CAY10583 (Iizuka 
et al., 2005), significantly enhanced NHEK migration relative 
to control, untreated cells (Fig. 5 D).

To analyze the detailed mechanisms behind the participa-
tion of the 12-HHT/BLT2 axis in cell migration, we next 
examined the effect of BLT2 overexpression on the migration 
of HaCaT cells (a human keratinocyte cell line) that do not 
endogenously express functional BLT2. Stable overexpression 
of BLT2 was confirmed by flow cytometry (Fig. 6 A), and BLT2 
overexpression had no effect on cell proliferation (Fig. 6 B). 
Either BLT2 overexpression or 12-HHT treatment did not 
promote resistance to cell death both in HaCaT-mock and 
HaCaT-BLT2 cells during scratch assay (Fig. 6 C). In contrast, 
HaCaT-BLT2 cells migrated faster than HaCaT-mock cells in 
the presence of 0.5% FCS that contains 0.75 nM 12-HHT 
(Kita et al., 2005; Matsunobu et al., 2013; Fig. 6, D and E; 
 Videos 3 and 4). Moreover, the BLT2 antagonist LY255283 
(Yokomizo et al., 2001) inhibited the migration of HaCaT-
BLT2 cells, but not HaCaT-mock cells (Fig. 6 F). Conversely, 
both 12-HHT and a BLT2 agonist accelerated the migra-
tion of HaCaT-BLT2 cells in the absence of FCS but had no 
effect on HaCaT-mock cells (Fig. 6, G and H). Furthermore, 
mitomycin C treatment, which inhibits cell proliferation, did 

LTB4 receptor (Fig. 4 C), also ruling out the involvement  
of BLT1 in wound healing. The effect of a COX2 selective 
inhibitor, celecoxib, on wound healing was also studied. Ce-
lecoxib treatment (25 mg/kg body weight) had no effect  
on wound closure in WT mice (Fig. 4 D). We also measured 
12-HHT production in both mouse serum and wound  
fluid, which was not affected by celecoxib treatment (unpub-
lished data).

Malondialdehyde (MDA) is also generated with TxA2 and 
12-HHT by TxA2S from PGH2 (Fig. 1 E), as well as by the 
peroxidation of various lipids (Esterbauer et al., 1991). We 
next explored the influence of aspirin on MDA adduct con-
tent in the WT mouse skin. Aspirin treatment did not reduce 
the level of MDA (Fig. 4 E). Hence, diminished MDA pro-
duction does not contribute to the aspirin-mediated delay in 
wound closure. Collectively, the current observations suggest 
that a decrease in 12-HHT levels is responsible for the aspirin-
dependent delay in skin wound healing.

The 12-HHT/BLT2 axis accelerates keratinocyte  
migration independently of cell proliferation
To assess the role of the 12-HHT/BLT2 axis in keratinocyte 
migration during wound repair, an in vitro scratch assay was 
performed by using mouse and human primary keratinocytes. 
BLT2 deficiency did not affect primary keratinocyte prolifer-
ation (Fig. 5 A). Furthermore, in the absence of 12-HHT 
(Fig. 5 C, left), the wound closure rate was similar between 

Figure 5.  12-HHT and a synthetic BLT2 ago-
nist enhance primary keratinocyte migration. 
(A) BrdU incorporation was assessed in primary 
epidermal keratinocytes obtained from WT and 
BLT2 KO mice (n = 5 mice per group). (B–D) Keratin
ocytes were cultured to confluency, mechanically 
wounded by scratching, and then incubated in me-
dium containing the indicated reagents. (B) Repre-
sentative fields show the wound gap filled by  
WT and BLT2 KO primary keratinocytes cultured in 
the presence of 1 nM 12-HHT at 0 and 60 h  
after scratching. Lines indicate remaining gap.  
(C and D) Quantification of mouse primary keratin
ocyte (C, n = 9 experimental replicates) and NHEK 
(D, n = 12 experimental replicates) migration. Data 
represent the mean ± SEM. **, P < 0.01; N.S., not 
significant (A, unpaired Student’s t test; C and D, 
two-way ANOVA). All the results are representative 
of at least two independent experiments.
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content of injury-related transcripts. The analysis revealed 
that injury-related cytokines, chemokines, and MMPs, which 
are reported to enhance keratinocyte migration (Gillitzer and 
Goebeler, 2001; Kyriakides et al., 2009), were down-regulated 
in uninjured BLT2 KO mouse skin (data deposited to GEO 
repository under accession no. GSE53400). Q-PCR confirmed 
that the mRNA levels of TNF, IL-1, and MMP9 were sig-
nificantly lower in the uninjured skin of BLT2 KO mice than 
those in BLT2 WT mice, and these transcripts were all up-
regulated after skin punching in both groups (Fig. 7 A). Con-
sistent with these observations, the transcription levels of TNF, 
IL-1, and MMP9 were up-regulated in 12-HHT–treated 
HaCaT-BLT2 cells (Fig. 7 B). Interestingly, 12-HHT initially 

not alter BLT2-dependent cell migration (unpublished  
data). Thus, the 12-HHT/BLT2 axis accelerates keratinocyte 
migration in vitro independently of cell proliferation and  
cell death.

TNF and MMP9 participate in 12-HHT/BLT2-dependent 
keratinocyte migration
To gain insight into the molecular mechanism by which the 
12-HHT/BLT2 axis stimulates keratinocyte migration, we 
investigated global transcription in mouse skin by DNA mi-
croarray analysis. Total RNA was isolated from the skin of 
BLT2 WT and BLT2 KO mice at 2 d after skin punching or 
without skin punching. The RNA was then evaluated for its 

Figure 6.  12-HHT and a synthetic BLT2 
agonist enhance HaCaT-BLT2 cell migra-
tion. (A) Flow cytometry analysis of HaCaT 
cells stably expressing Flag-tagged BLT2 (gray) 
and HaCaT-mock transfectants (white) after 
staining with anti-Flag antibody. (B) Growth 
of HaCaT-mock and HaCaT-BLT2 cells (n = 3 
experimental replicates). (C) Quantification of 
cell death of HaCaT-mock and HaCaT-BLT2 
cells by propidium iodide (PI) staining 12 h 
after scratching. Cells were cultured in me-
dium containing EtOH or 100 nM 12-HHT  
(n = 3–4 experimental replicates). (D) Repre-
sentative fields show the wound gap filled by 
HaCaT-mock and HaCaT-BLT2 cells cultured in 
medium containing 0.5% FCS at 0 h and 18 h. 
(E–H) Quantification of HaCaT-mock and HaCaT-
BLT2 cell migration (n = 4 experimental repli-
cates). The cells were cultured in medium 
containing 0.5% FCS (E and F) or in FCS-free 
medium (G and H) containing the synthetic 
BLT2 antagonist LY255283 (F), 12-HHT (G), or 
the synthetic BLT2 agonist (H). Data represent 
the mean ± SEM. **, P < 0.01; N.S., not signifi-
cant (B and E–H, two-way ANOVA; C, two-
way ANOVA with Bonferroni post hoc tests). 
All the results are representative of at least 
two independent experiments.
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Figure 7.  TNF and MMP9 participate in 12-HHT/BLT2–dependent HaCaT cell migration. (A) Relative levels of TNF, IL-1, and MMP9 mRNA were 
measured by Q-PCR in BLT2 WT and BLT2 KO mouse skin (n = 3–7 mice per group). Punch biopsies (5 mm in diameter) were obtained at 2 d after skin 
punching and used for the assay. The relative mRNA level in uninjured BLT2 WT mice was set as 1. (B) HaCaT-mock and HaCaT-BLT2 cells were stimulated 
with 1 µM 12-HHT, and the relative levels of TNF, IL-1, and MMP9 mRNA were measured by Q-PCR (n = 3 experimental replicates). (C) HaCaT-mock and 
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induced expression of TNF and IL-1 mRNA, followed some-
what later by MMP9 mRNA, suggesting that MMP9 tran-
scription occurs downstream of TNF and IL-1 transcription.

In agreement with the Q-PCR data, increases in TNF pro-
tein levels (Fig. 7 C) and MMP9 activity (Fig. 7 D) were de-
tected in the culture supernatant of HaCaT-BLT2 cells. Based 
on previous reports showing that TNF induces MMP9 tran-
scription (Holvoet et al., 2003; Scott et al., 2004), we next 
studied the relationship between TNF and MMP9. MMP9 ac-
tivity in HaCaT-BLT2 cells was increased by TNF stimulation 
(Fig. 7 D) and decreased when the cells were incubated with 
Infliximab, a human TNF-neutralizing antibody (Fig. 7 E). 
Hence, these results show that the 12-HHT/BLT2 axis up-
regulates MMP9 activity via augmentation of TNF secretion.

Neither BLT2 expression nor 12-HHT stimulation had 
any effect on the stability of TNF or IL-1 mRNA (Fig. 7 F), 
suggesting that the 12-HHT/BLT2 axis enhances TNF and 
IL-1 expression at the transcriptional level. As the transcrip-
tion of both TNF and IL-1 is driven by NF-B (Cogswell 
et al., 1994; Kuprash et al., 1999), we next investigated whether 
BLT2 can stimulate NF-B activity. Reporter gene analysis 

showed that NF-B activity was higher in HaCaT-BLT2 cells 
than in HaCaT-mock cells, and that NF-B activity in 
HaCaT-BLT2 cells was further enhanced by 12-HHT (Fig. 7 G, 
left). Basal and 12-HHT–dependent NF-B activities were 
completely lost by mutating all the NF-B responsive ele-
ments (REs) in the reporter plasmid (Fig. 7 G, right).

To clarify the involvement of TNF and MMP9 in keratin
ocyte migration, the effects of Infliximab and two MMP in-
hibitors were examined in a wound scratch assay. As expected, 
Infliximab significantly reduced the migration of HaCaT-
BLT2 cells only in the presence of 12-HHT (Fig. 7 H). The 
MMP9 specific inhibitor (MMP9-I) and a broad MMP  
inhibitor (MMPI-II) markedly reduced the migration of 
HaCaT-BLT2 cells and slightly reduced the migration of 
HaCaT-mock cells both in the presence and absence of 12-HHT, 
indicating that MMPs might control keratinocyte migration 
in both 12-HHT/BLT2/TNF–dependent and –independent 
pathways (Fig. 7 I).

The involvement of TNF and MMP9 in cell migration 
was also investigated in mouse primary keratinocytes isolated 
from BLT2 WT and BLT2 KO mice. 12-HHT significantly 

HaCaT-BLT2 cells were stimulated with EtOH vehicle or 1 µM 12-HHT for 6 h, and TNF protein levels were assessed in the culture medium (n = 3 experi-
mental replicates). (D and E) MMP9 activity in the culture medium was measured by zymography. HaCaT-mock and HaCaT-BLT2 cells were serum-starved 
for 3 h and then stimulated for 24 h with EtOH vehicle, 1 µM 12-HHT, or 10 ng/ml TNF (D, n = 3 experimental replicates), or with 1 µM 12-HHT and  
100 µg/ml control IgG or 100 µg/ml Infliximab (E, n = 3 experimental replicates). (F) Determination of TNF and IL-1 mRNA stability in HaCaT-mock and 
HaCaT-BLT2 cells. The cells were cultured in medium containing 5 µg/ml actinomycin d and EtOH vehicle or 1 µM 12-HHT and then harvested at the indi-
cated times. TNF and IL-1 mRNA levels were quantified by Q-PCR (n = 3 experimental replicates). (G) Determination of NF-B activity in HaCaT-mock 
and HaCaT-BLT2 cells. Cells were stimulated with EtOH vehicle or 1 µM 12-HHT, and subjected to the dual luciferase assay (n = 3 experimental replicates). 
(H and I) Quantification of cell migration of HaCaT-mock and HaCaT-BLT2 cells at 15 h after scratching. Cells were cultured in serum-free medium with-
out 12-HHT or with 100 nM 12-HHT, and control IgG or 100 µg/ml Infliximab (H, n = 5–8 experimental replicates); or DMSO and 10 µM MMP9 inhibitor I 
(I, left, n = 6–8 experimental replicates) or 10 µM MMP inhibitor II (I, right, n = 6–10 experimental replicates). Data represent the mean ± SEM. **, P < 0.01;  
*, P < 0.05 (A and B, unpaired Student’s t test; C–E and G–I, two-way ANOVA with Bonferroni post hoc tests). All the results are representative of at least 
two independent experiments.

 

Figure 8.  TNF and MMP9 participate in 12-HHT/
BLT2–dependent mouse primary keratinocyte migration. 
(A) Relative mRNA levels of TNF were measured by Q-PCR in 
BLT2 WT and BLT2 KO mouse primary keratinocytes. Cells 
were stimulated with 100 nM 12-HHT for the indicated time 
(n = 4 experimental replicates). The relative mRNA level in 
unstimulated BLT2 WT keratinocytes was set as 1. (B) Rela-
tive levels of MMP9 mRNA were measured by Q-PCR in BLT2 
WT and BLT2 KO mouse primary keratinocytes (n = 4 experi-
mental replicates). The relative mRNA level in BLT2 WT kera-
tinocytes was set as 1. (C) Mouse MMP9 protein levels in the 
culture medium of mouse primary keratinocytes were mea-
sured by ELISA after 12 and 24 h of culture (n = 4 experi-
mental replicates). (D) The effect of mouse TNF neutralizing 
antibody D2H4 on the migration of BLT2 WT and BLT2 KO 
mouse primary keratinocytes. Cells were cultured in medium 
containing 1 nM 12-HHT and 10 ng/ml control IgG or 10 ng/ml 
D2H4 for 39 h (n = 5–6 experimental replicates). Data repre-
sent the mean ± SEM. **, P < 0.01; *, P < 0.05 (A and D, two-
way ANOVA with Bonferroni post hoc tests; B and C, unpaired 
Student’s t test). All the results are representative of at least 
two independent experiments.

D
ow

nloaded from
 http://jem

.rupress.org/jem
/article-pdf/211/6/1063/1750452/jem

_20132063.pdf by guest on 25 April 2024



1072 The 12-HHT/BLT2 axis promotes skin wound healing | Liu et al.

Figure 9.  A synthetic BLT2 agonist accelerates wound healing and enhances re-epithelialization in C57BL/6J and db/db mice. DMSO vehicle 
or a synthetic BLT2 agonist (10 µM in Vaseline) was applied daily to the skin wounds of C57BL/6J (B6) mice (A–E) and db/db mice (F–J). (A and F) Wound 
closure rate in C57BL/6J (A, n = 3 mice per group) and db/db (F, n = 8–10 mice per group) mice. (B and G) Gross appearance of the wounds in C57BL/6J 
mice on day 6 (B, n = 3 mice per group) and db/db mice at the indicated days (G, n = 8–10 mice per group). Bar, 1 mm. (C and H) Morphometric analysis 
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All stages of injury repair are controlled by a wide variety of 
growth factors, cytokines, and lipid mediators. Although much 
has been learned about the effects of growth factors (e.g., 
platelet-derived growth factor [PDGF], TGF-, and fibroblast 
growth factor 2) on the repair process (Werner and Grose, 
2003), next to little is known about the role of lipid media-
tors. Many lipid mediators are abundant in the skin and bio-
logically active. Our data now clearly show the beneficial 
actions of 12-HHT, a COX/TxA2S-dependent fatty acid, on 
wound healing via stimulation of the BLT2 receptor to pro-
mote keratinocyte migration.

The complexity of wound healing is certainly rivaled in 
magnitude by its medical and social importance. Defects in 
skin wound repair that occur secondary to pathophysiological 
conditions, such as diabetes, peripheral neuropathy, pressure, 
and venous stasis, all contribute critically to health care– 
related expenses (Falanga et al., 1994; Singer and Clark, 1999). 
Hence, research directed toward better understanding the 
fundamentals of the homeostatic wound closure response is 
urgently required. However, the rather discouraging clinical 
results of local application of growth factors made clear that 
the biology of wound healing is much more complicated 
than initially assumed, necessitating consideration of addi-
tional components and mechanisms (Gillitzer and Goebeler, 
2001; Fu et al., 2005). To date, only a single recombinant 
growth factor, recombinant human PDGF-BB (rhPDGF-
BB), has been approved for use in skin wound repair by the 
US Food and Drug Administration; moreover, its usage is 
limited to the management of diabetic foot ulcers (Fang and 
Galiano, 2008). PDGF accelerates wound healing by stimulat-
ing fibroblast proliferation, in addition to the induction of the 
myofibroblast phenotype (Werner and Grose, 2003).

Growth factors and extracellular matrix signals are almost 
assuredly not the only relevant influences on wound closure, 
and many other biologically active mediators are thought to 
have a significant impact on wound healing. Recently, new 
therapeutic agents that directly improve the re-epithelialization 
process have attracted great interest. The re-epithelialization 
process begins within several hours after injury and, given its 
role in the restoration of an intact epidermal barrier, is abso-
lutely essential for optimal wound closure. The directed migra-
tion of keratinocytes is in turn essential for re-epithelialization, 
and defects in this function are associated with chronic non-
healing wounds, such as diabetic ulcers (Stojadinovic et al., 
2005). Diabetic patients frequently suffer from severely im-
paired wound healing, with a lifetime risk of 15% for devel-
oping diabetic skin ulcerations. Diabetic ulcers have a poor 
prognosis, and 15–27% of all diabetic ulcers lead to the surgi-
cal removal of bone (Jeffcoate and Harding, 2003). Notably, 

up-regulated the transcription of TNF only in BLT2 WT  
keratinocytes but not in BLT2 KO keratinocytes (Fig. 8 A). 
Both MMP9 mRNA (Fig. 8 B) and MMP9 protein levels 
(Fig. 8 C) were significantly higher in BLT2 WT keratino-
cytes. The mouse TNF-neutralizing antibody D2H4 only re-
duced the migration of BLT2 WT keratinocytes (Fig. 8 D). 
Collectively, these results clearly indicate that the 12-HHT/
BLT2 axis accelerates keratinocyte migration by stimulating 
NF-B signaling, which then induces the expression of TNF 
and MMP9 to promote wound healing.

A BLT2 agonist accelerates wound healing  
and enhances re-epithelialization
Finally, to address the clinical relevance of our observations, 
the therapeutic effects of a BLT2 agonist were determined on 
wound healing in C57BL/6J and db/db mice. The db/db 
mouse is an animal model of diabetes and exhibits impaired 
wound closure (Greenhalgh et al., 1990). Topical application 
of a BLT2 agonist accelerated wound closure by enhancing re-
epithelialization in both C57BL/6J mice (Fig. 9, A–E) and db/db 
mice (Fig. 9, F–J) but not by promoting contraction (Fig. 9, C 
[middle] and H [middle]), keratinocyte proliferation (Fig. 9, C 
[bottom] and H [bottom]), or collagen deposition (Fig. 9, E and J). 
Furthermore, a BLT2 agonist did not influence skin inflam-
mation either (unpublished data). Thus, BLT2 activation in 
keratinocytes accelerates wound healing by enhancing kerati-
nocyte migration.

DISCUSSION
Our findings suggest that impairment of the 12-HHT/BLT2 
axis attenuated epidermal keratinocyte migration, thereby con-
tributing to delayed re-epithelialization during wound healing. 
Furthermore, aspirin, the most commonly used NSAID, retards 
skin wound healing by inhibiting the production of 12-HHT, an 
endogenous ligand for BLT2. Our study also suggests the use of 
BLT2 agonists as therapeutic agents to accelerate wound healing, 
particularly for intractable wounds.

Wound healing proceeds via sequential yet overlapping 
phases, including hemostatic, inflammatory, proliferative, and 
remodeling phases (Martin, 1997; Baum and Arpey, 2005). 
Underlying these events are numerous, complex processes  
involving various cells, regulatory factors, and components of 
the extracellular matrix. Two distinct cellular mechanisms di-
rectly lead to the closure of a wound (Coulombe, 2003). One 
is a re-epithelialization event, achieved through a combination of 
enhanced migration and mitosis of keratinocytes in the epi-
dermis proximal to the wound margin. The other is a fibroblast-
mediated centripetal contraction of the wound site, pulling 
the edges of the wound closer together (Coulombe, 2003).  

of wounded skin. Re-epithelialization (top), wound length (middle), and Ki67-positive keratinocyte proliferation (bottom; n = 5 mice per group, two sites 
per mouse) were evaluated in HE-stained tissue sections. (D and I) Representative HE-stained sections of the wounds at 3 d after skin punching. Arrows, 
wound margin; arrowheads, epithelial leading edge. Bars, 100 µm. (E and J) Representative Masson’s trichrome–stained sections of the wounds (E, day 6; 
J, day 7; n = 5 mice per group). Bars, 100 µm. Data represent the mean ± SEM. **, P < 0.01; *, P < 0.05; N.S., not significant (A and F, two-way ANOVA; C 
and H, unpaired Student’s t test). All the results are representative of at least two independent experiments.
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the migration and proliferation of keratinocytes are greatly re-
duced at the nonhealing edge of diabetic wounds (Stojadinovic 
et al., 2005; Brem and Tomic-Canic, 2007).

Our results revealed that activation of BLT2 by a specific 
agonist significantly accelerated re-epithelialization in db/db 
mice (Fig. 9). This favorable effect on wound closure was due 
to enhanced keratinocyte migration during the healing pro-
cess. Nonetheless, it is highly unlikely that a single growth 
factor, such as PDGF, will be able to resolve all issues of repair 
or strengthen all vulnerabilities of chronic wounds. A combi-
nation of therapeutic approaches is more likely to culminate in 
a successful treatment outcome, especially in the case of chronic 
or intractable wounds.

To this end, the use of platelet-rich gels has recently been 
suggested to accelerate wound healing (Borzini and Mazzucco, 
2005; Demidova-Rice et al., 2012). Activated platelets pro-
duce several growth factors and lipid mediators, which, as 
described above, participate in all phases of wound healing 
(Werner and Grose, 2003). According to our findings, 12-HHT 
generated during blood coagulation (Fig. 1 F) may be one of 
the more efficacious components of platelets, in addition to 
various PDGFs and cytokines thought to improve wound 
healing. Our study also suggests the therapeutic use of BLT2 
agonists in promoting wound healing via enhancement of  
keratinocyte migration. This approach may be of particular 
interest in the clinical treatment of intractable diabetic ulcers 
and bedsores.

Many factors control the efficacy, speed, and manner of 
wound healing and are divided into two types, local and sys-
temic factors. Aspirin is included on the list of systemic fac-
tors that inhibit wound repair (Pollack, 1984; McGrath and 
Breathnach, 2004). However, the mechanisms of the aspirin-
dependent delay in wound healing were formerly unknown. 
12-HHT, a COX/TxA2S-derived fatty acid, was long consid-
ered to be merely a by-product of TxA2 generation until our 
identification of this fatty acid as an endogenous high-affinity 
ligand for BLT2 (Okuno et al., 2008). Notably, aspirin (at  
its therapeutic high dose) down-regulates 12-HHT produc-
tion during blood coagulation (Fig. 1 F) and in wound fluid 
(Fig. 1 G), revealing for the first time that a reduction in 12-
HHT levels is responsible, at least in part, for the aspirin- 
mediated hindrance to wound closure. Indomethacin, another 
well-known NSAID, also inhibited 12-HHT production in 
mouse serum and delayed wound closure (unpublished data), 
showing that the adverse effect on wound repair is not spe-
cific to aspirin. The main origin of 12-HHT during skin 
wound healing in our study is presumably activated platelets, 
in which COX1 is the dominant isoform (Seta et al., 2009). 
Importantly, our findings are strongly supported by the ex-
pression of BLT2 in human and mouse epidermal keratino-
cytes (Fig. 1, A–D). In addition, a time-dependent accumulation 
of 12-HHT in the wound exudate (Fig. 1 G) suggests the re-
quirement of 12-HHT during the repair process.

Aspirin is a unique NSAID; at a high dose, which was 
used in this study, its actions are thought to stem from the 
total inhibition of both cyclooxygenase and lipoxygenase 

activities of COXs. In contrast, at lower doses, aspirin initiates 
the biosynthesis of novel anti-inflammatory mediators from 
arachidonic acid, namely ATL, by 12/15-lipoxygenase activity 
of acetylated COX2 (Clària and Serhan, 1995). This new class of 
endogenous autacoid functions as local anti-inflammatories 
displaying protective activities in peritonitis, dermal inflam-
mation, reperfusion injury, asthma, angiogenesis, and perio
dontal disease (Chiang et al., 2005). As high doses and low 
doses of aspirin exert quite different roles, more attention 
must be paid to the doses when studying its actions.

Finally, BLT2 deficiency and the aspirin-dependent reduc-
tion in 12-HHT impaired re-epithelialization in vivo, whereas 
treatment with a BLT2 agonist improved re-epithelialization. 
Thus, our current data clarify the role of the 12-HHT/BLT2 
axis in regulating keratinocyte migration by an increase in TNF 
and MMP9 levels during the re-epithelialization process, and 
also provide an answer to the question of how and by what 
mechanism high dose aspirin impedes skin repair. We antici-
pate that the current study results will evoke the caution of 
many clinicians regarding aspirin’s inhibitory effect on wound 
healing, in addition to its notorious capacity to promote bleed
ing events.

MATERIALS AND METHODS
Mice and human samples. BLT1 KO (Ltb4r1/), BLT2 KO (Ltb4r2/), 
TxA2S KO (Tbxas1/), and TP KO (Tbxa2r/) mice were generated as 
previously described (Kabashima et al., 2003; Terawaki et al., 2005; Iizuka et al., 
2010; Matsunobu et al., 2013). Those mice are all backcrossed with C57BL/6J 
background strain for >12 generations. C57BL/6J and db/db mice were pur-
chased from SLC Japan. In all experiments, 7–12-wk-old male mice were 
used. Except for TP KO mouse study, WT littermates have been used as con-
trol in all KO mouse experiments. All mice were maintained under a  
12-h light/12-h dark cycle in a specific pathogen-free barrier facility. All studies 
and procedures were approved by the Ethics Committees on Animal Experimen-
tation (Kyushu University) and Human Samples (Juntendo University).

Reagents. Aspirin, celecoxib, and actinomycin d were purchased from 
Sigma Aldrich. Heparin was obtained from Fuso Pharmaceutical Industries. 
Ozagrel, 12-HHT, LY255283, and CAY10583 were purchased from Cayman 
Chemical Company. Methyl cellulose 400 was purchased from Wako Pure 
Chemical Industries. Recombinant human TNF was obtained from PeproTech. 
The human TNF-neutralizing antibody Infliximab was purchased from  
Janssen Biotech. The mouse TNF-neutralizing antibody D2H4 was purchased 
from Cell Signaling Technology. MMP-9 inhibitor I (an MMP-9–specific  
reagent) and MMP inhibitor II (a broad MMP inhibitor) were purchased 
from EMD Millipore.

In vivo wound healing model. To obtain full-thickness skin excisions,  
8-wk-old male mice were anesthetized, and six equidistant skin punches  
(3 mm in diameter) were made in the dorsal skin at six separate sites prepared 
with a depilatory agent. The wounds were allowed to heal uncovered, and 
the size of each wound was measured daily with a digital caliper. The wound 
areas were calculated, and the values were normalized to the initial area of 
the respective wound.

Quantification of 12-HHT in mouse serum, wound fluid, and skin. 
Blood was collected from the vena cava of 7-wk-old male C57BL/6J mice 
in a syringe with or without 1% (vol/vol) heparin and incubated at 37°C for 
10 min. Treatment with aspirin (0.18 mg/ml in the drinking water) was initiated 
at 2 d before blood collection. In the ozagrel treatment group, mouse blood 
was collected by using a syringe containing ozagrel (10 µM final concentration). 
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were centrifuged at 1,500 rpm for 5 min and filtered through a nylon cell 
strainer (pore size, 40 µm). Cell pellets were resuspended in buffer (PBS/2% 
FCS/0.1% NaN3), incubated with 5 µg/ml 2.4G2 antibody for 15 min to 
block Fc receptors, and stained with FITC-conjugated anti–Gr-1 (RB6-
8C5), anti-CD4 (GK1.5), anti-B220 (RA3-6B2), allophycocyanin (APC)-
conjugated anti-F4/80 (BM8), or phycoerythrin (PE)-conjugated anti-CD45.2 
(104) antibody (eBioscience, all diluted 1:300) at 4°C for 30 min. Immune 
cells in the single-cell suspension were analyzed with a flow cytometer (BD).

MDA adduct ELISA. Skin samples were harvested by 5-mm punch biopsy 
as described above, weighed, and then homogenized in ice-cold PBS () at 
a 1:10 ratio (wt/vol). After centrifugation of the samples at 13,000 g for 10 min 
at 4°C, an MDA adduct ELISA was performed with the supernatants ac-
cording to the manufacturer’s protocol (OxiSelect MDA Adduct ELISA kit; 
Cell Biolabs).

Cell culture and transfection. Primary mouse keratinocytes and fibro-
blasts were isolated from neonatal mice. The keratinocytes were maintained 
in CnT-07 medium (CELLnTEC) according to a protocol modified from 
previously published procedures (Lichti et al., 2008). Primary mouse fibro-
blasts and immortalized human HaCaT keratinocytes were maintained in 
DMEM (Wako Pure Chemical Industries) containing 10% FCS (Gibco). 
Primary adult NHEKs and dermal fibroblasts were purchased from Lonza 
and maintained in keratinocyte or fibroblast growth medium supplemented 
with the compounds in the growth factor bullet kit (Lonza).

HaCaT cells were transfected with an expression vector for FLAG-tagged 
human BLT2 or the empty vector pCXN2 (Niwa et al., 1991). Stable trans-
fectants were selected in the presence of 0.8 mg/ml G418 for 2 wk and then 
incubated with an anti-FLAG antibody (2H8; Sasaki et al., 2012), followed by 
an Alexa Fluor 488–conjugated goat anti–mouse IgG secondary antibody (Life 
Technologies). To avoid clonal variation, the BLT2-expressing cells were col-
lected as polyclonal populations by cell sorting (FACSAria II; BD).

BrdU incorporation assay. The BrdU incorporation assay was performed 
using the colorimetric BrdU Cell Proliferation ELISA kit (Roche) according 
to the manufacturer’s protocol. In brief, mouse primary keratinocytes were 
isolated from WT and BLT2 KO newborn mice and seeded onto collagen-I–
coated 96-well plates at a density of 0.5 × 105 or 1.0 × 105 cells/well. The 
cells were cultured for 48 h, treated with 10 µM BrdU, and then cultured for 
an additional 12 h. BrdU incorporation was determined by measuring the 
absorbance at 450 nm.

In vitro scratch assay. Primary keratinocytes (3 × 105 cells/well), HaCaT 
cells (1.5 × 104 cells/well), and NHEKs (3.5 × 105 cells/well) were seeded onto 
a collagen-I–coated 96-well ImageLock tissue culture plate (Essen BioScience) 
and incubated in a standard CO2 incubator for 48 h to form cell monolayers. 
Wounds were made with the 96-well WoundMaker (Essen BioScience). The 
wounded cells were washed twice with culture medium to remove the de-
tached cells and then treated with 100 µl of medium containing appropriate 
concentrations of the test materials. Images of the wounds were automatically 
acquired within the CO2 incubator by IncuCyte zoom software (Essen Bio
Science). Typical kinetic updates were taken at 3-h intervals for the duration of 
the experiment. The data were analyzed with respect to wound confluence and 
calculated by using the IncuCyte software package (Essen BioScience).

Quantification of cell death by propidium iodide (PI) staining. 12 h 
after scratching, 2.5 µg/ml PI (BD) was added to the HaCaT cells and after 
10 min, the samples were analyzed by IN Cell Analyzer 1000 (GE Health-
care) according to the manufacturer’s protocol. Cell death was quantified by 
calculating the percentage of PI-positive area to the whole cell area.

DNA microarray analysis. Total RNA was prepared from punch biopsies 
(5 mm in diameter) using the RNeasy Fibrous Tissue kit (QIAGEN). RNA 
from three mice per group was mixed and used for labeling. Probe cDNA 
was amplified and labeled with a total prep RNA amplification kit (Illumina) 

Supernatants containing the serum fraction were prepared by centrifugation 
of the samples at 5,000 g for 10 min at 4°C.

To collect wound fluid, eight equidistant skin punches (3 mm in diame-
ter) were made in the dorsal skin of 8-wk-old male C57BL/6J mice at eight 
separate sites prepared with a depilatory agent. The wounds were left un-
dressed for the indicated time. Each wound was then washed with 60 µl 
phosphate buffered saline () magnesium and calcium (PBS ()) containing 
0.1% BSA (fatty acid free), and the wound wash fluids from the eight sites 
were pooled. 12-HHT was extracted and quantified as described previously 
(Kita et al., 2005; Matsunobu et al., 2013).

Histological analysis. Wounds with a 0.5-cm unwounded skin border 
were harvested and processed for histological analysis. The tissue samples 
were fixed in 10% formalin, paraffin-embedded, and stained with hematoxy-
lin and eosin (HE). Wound lengths were measured as the distance between 
the wound margins. Re-epithelialization was defined as the migration dis-
tance of the neo-epidermis. The Ki67 antigen (a marker of proliferating cells) 
was visualized in paraffin-embedded 3-µm sections using a monoclonal anti-
body, NCL-Ki67-MM1 (Leica). Collagen deposition was evaluated in paraffin- 
embedded sections by Masson’s trichrome staining. Histological analysis was 
performed by two board-certified dermatopathologists blinded to the ex-
perimental conditions.

Immunohistological staining. Paraffin sections of mouse skin were pre-
pared at a thickness of 3 µm and baked overnight at 50°C. After deparaffiniza-
tion and hydration, sections were pretreated for 5 min with 3% hydrogen 
peroxide (H2O2) and blocked for 20 min in PBS/5% goat serum (S1000; 
Vector Laboratories) at room temperature before staining with 0.25 µg/ml 
anti–mouse BLT2 polyclonal antibody (raised against mBLT2 C-tail in our 
laboratory) or 1 µg/ml of negative control rabbit IgG (DAKO) diluted with 
PBS/0.2% BSA overnight at 4°C. Sections were further stained with 3.3 µg/ml 
biotinylated goat anti–rabbit IgG secondary antibody (E432; DAKO) for  
30 min at room temperature and then a streptavidin-HRP signal amplifica-
tion step was performed using the TSA amplification kit (PerkinElmer) ac-
cording to the instructions of the manufacturer. The horseradish peroxidase 
reaction was completed with 3, 3-Diaminobenzidine (DAB; 0.009% in PBS; 
Dojindo Laboratories) and 0.004% hydrogen peroxide.

Paraffin sections of human skin were prepared at a thickness of 5 µm and 
baked overnight at 50°C. After deparaffinization and hydration, antigen re-
trieval was performed by heating in 10 mM citrate buffer, pH 6.0, for 5 min. 
Sections were permeabilized and blocked in PBS/0.1% Triton X-100/1% BSA 
for 10 min at room temperature before staining with 5 µg/ml anti–human 
BLT2 polyclonal antibody (Cayman) in PBS/0.1% Triton X-100/1% BSA 
overnight at 4°C. Sections were further stained with 10 µg/ml Alexa Fluor 488–
conjugated goat anti–rabbit IgG secondary antibody (Life Technologies). Paraffin 
sections were mounted in ProLong Gold antifade reagent with DAPI (Invitro-
gen) and observed under a fluorescence microscope (BZ-9000; Keyence).

MPO assay. Skin samples were harvested by 5-mm punch biopsy as de-
scribed above, weighed, homogenized in 50 mM potassium phosphate buffer, 
pH 6.5, containing 0.5% (wt/vol) hexadecyl trimethylammonium bromide 
at a 1:20 ratio (wt/vol), and then sonicated (2 × 30 s at 50 W). The sonicated 
samples were frozen, thawed, and subjected to centrifugation at 10,000 g for 
10 min at 4°C. 10 µl of the supernatant was transferred to a 96-well plate 
containing 100 µl of reaction buffer (50 mM potassium phosphate buffer,  
pH 6.0, 0.157 mg/ml o-dianosidine [Sigma Aldrich], and 0.0005% hydrogen 
peroxide). Serial dilutions of commercially available MPO (EMD Milli-
pore) were used as the standards. Absorbance at 450 nm was measured after 
incubation for 5 min.

Flow cytometry analysis of immune cells in the wounded skin. 
Wound tissue was collected from punch biopsy skin samples (5 mm in diame-
ter), cut into small pieces, and incubated in a digestion buffer (PBS/10% 
FCS/1.2 mg/ml hyaluronidase [Sigma Aldrich]/1.6 mg/ml collagenase [Sigma 
Aldrich]/0.1 mg/ml DNase I [Sigma Aldrich]) at 37°C for 40 min. The digests 
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for 24 h. The cells were washed twice with FCS-free DMEM, followed by the 
addition of 1 ml DMEM containing 10% charcoal-treated FCS. After 2 h, the 
cells were co-transfected with pGL4.23-5×NF-B RE or pGL4.23-5×mu-
tated NF-B RE and pGL4.74 [hRluc/TK] (Promega) using Lipofectamine 
LTX (Life Technologies). 18 h later, the cells were stimulated with 1 µM 12-
HHT for another 6 h. Lysates were prepared by adding 200 µl lysis buffer 
(Tokyo Ink), and firefly and Renilla (sea pansy) luciferase activities were mea-
sured with the PicaGene Dual Sea Pansy Luminescence kit (Tokyo Ink).

Mouse MMP9 ELISA. Mouse primary keratinocyte were isolated from 
BLT2 WT and BLT2 KO littermates and seeded onto 12-well plates at a 
density of 0.8 × 106 cells/well in CnT-07 medium (CELLnTEC). After 12 and 
24 h, the supernatants were collected and concentrated fivefold using an 
Ultra-0.5 Centrifugal Filter (Amicon) with a molecular weight cutoff (MWCO) 
of 30 K (Millipore). ELISA analysis was performed with 50 µl of concen-
trated supernatant and the Mouse Total MMP-9 Quantikine ELISA kit 
(R&D Systems) according to the manufacturer’s protocol.

Statistical analysis. Data are presented as the mean ± SEM. All statistical analy-
ses were performed using unpaired Student’s t test (two groups) or ANOVA 
(greater than two groups), with post hoc tests to compare with each group. All 
statistics were calculated by Prism 5 software (GraphPad Software).

Online supplemental material. The time-lapse movies in Video 1, cover-
ing a period of 72 h, show the migration of BLT2 WT mouse primary kera-
tinocytes. The time-lapse movies in Video 2, covering a period of 72 h, show 
the migration of BLT2 KO mouse primary keratinocytes. The time-lapse 
movies in Video 3, covering a period of 48 h, show the migration of HaCaT-
mock cells cultured in medium containing 0.5% FCS. The time-lapse movies 
in Video 4, covering a period of 48 h, show the migration of HaCaT-BLT2 
cells cultured in medium containing 0.5% FCS. Online supplemental material 
is available at http://www.jem.org/cgi/content/full/jem.20132063/DC1.
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