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ABSTRACT
Leukotriene B4 receptor type 2 (BLT2) is a low-affinity leukotriene
B4 receptor that is highly expressed in intestinal epithelial cells.
Previous studies demonstrated the protective role of BLT2 in
experimentally induced colitis. However, its role in intestinal
lesion repair is not fully understood. We investigated the role of
BLT2 in the healing of indomethacin-induced intestinal lesions in
mice. There was no significant different between wild-type (WT)
and BLT2-deficient (BLT2KO) mice in terms of the development
of indomethacin-induced intestinal lesions. However, healing of
these lesions was significantly impaired in BLT2KO mice
compared with WT mice. In contrast, transgenic mice with
intestinal epithelium–specific BLT2 overexpression presented
with superior ileal lesion healing relative to WT mice. An
immunohistochemical study showed that the number of Ki-
67–proliferative cells was markedly increased during the healing
of intestinal lesions in WT mice but significantly attenuated in
BLT2KO mice. Exposure of cultured mouse intestinal epithelial
cells to CAY10583, a BLT2 agonist, promoted wound healing
and cell proliferation in a concentration-dependent manner.
Nevertheless, these responses were abolished under serum-
free conditions. The CAY10583-induced proliferative effect was

also negated by Go6983, a protein kinase C (PKC) inhibitor, U-
73122, a phospholipase C (PLC) inhibitor, LY255283, a BLT2
antagonist, and pertussis toxin that inhibits G protein–coupled
receptor signaling via Gi/o proteins. Thus, BLT2 plays an
important role in intestinal wound repair. Moreover, this effect
is mediated by the promotion of epithelial cell proliferation via the
Gi/o protein–dependent and PLC/PKC signaling pathways. The
BLT2 agonists are potential therapeutic agents for the treatment
of intestinal lesions.

SIGNIFICANCE STATEMENT
The healing of indomethacin-induced Crohn’s disease–like in-
testinal lesions was impaired in mice deficient in low-affinity
leukotriene B4 receptor type 2 (BLT2). They presented with
reduced epithelial cell proliferation during the healing. In con-
trast, healing was promoted in mice overexpressing intestinal
epithelial BLT2. In cultured intestinal epithelial cells, the BLT2
agonist CAY10583 substantially accelerated wound repair by
enhancing cell proliferation rather than migration. Thus, BLT2
plays an important role in the intestinal lesions via acceleration of
epithelial cell proliferation.

Introduction
Leukotriene B4 receptor type 2 (BLT2) is a low-affinity

leukotriene B4 receptor activated by various eicosanoids, in-
cluding 12(S)-hydroxyeicosatetraenoic acid, 15(S)-hydroxyeicosa-
tetraenoic acid, and 12(S)-hydroxyheptadeca-5Z,8E,10E-trienoic

acid (12-HHT) (Yokomizo et al., 2001; Okuno et al., 2008). The
12-HHT is a byproduct of thromboxane A2 via cyclooxygenase
(COX) followed by thromboxane synthase. It is an endogenous
BLT2 ligand (Okuno et al., 2008). BLT2 is highly expressed in
the epithelia of the small intestine and colon and in skin
keratinocytes (Iizuka et al., 2005; Liu et al., 2014). BLT2-
deficient (BLT2KO)mice presented with aggravation of dextran
sulfate sodium–induced colitis via impairment of the epithelial
barrier (Iizuka et al., 2010). BLT2 overexpression in Madin-
Derby canine kidney II epithelial cells exhibited increased
transepithelial electrical resistance and decreased fluorescein
isothiocyanate–dextran leakage via upregulation of the major
tight junction component claudin 4 (Ishii et al., 2016). Thus,
BLT2 helps maintain epithelial barrier function and integrity.
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Earlier studies disclosed that skin wound healing was
delayed in BLT2KO mice relative to wild-type (WT) mice. A
synthetic BLT2 agonist accelerated skin wound healing in
both normal and diabetic db/db mice (Liu et al., 2014). An
in vitro scratch assay on primary keratinocytes and keratino-
cyte cell lines showed that BLT2 activation accelerated re-
epithelialization by promoting cell migration (Liu et al., 2014).
BLT2 overexpression and activation enhanced bronchial
epithelial cell proliferation and migration (Liu et al., 2018).
COX inhibition by nonsteroidal anti-inflammatory drugs
(NSAIDs) such as aspirin and diclofenac inhibited 12-HHT
synthesis and delayed skin and corneal wound healing (Liu
et al., 2014; Iwamoto et al., 2017). These findings suggest that
BLT2 plays important roles in skin and bronchium healing by
promoting epithelial cell proliferation and migration.
The intestinal epithelium maintains mucosal homeostasis

and regulates inflammation and wound repair and healing.
Disruption of these functions results in inflammatory bowel
disease and chronic mucosal inflammation. Efficient epithe-
lial repair and healing are vital for the reversal of mucosal
inflammation and the recovery of homeostasis (Leoni et al.,
2015a,b). Epithelial cell migration and proliferation are
closely associated with physiologic remodeling and wound
healing after tissue injury (Yamaoka et al., 2014; Seidelin
et al., 2015).
NSAIDs are commonly prescribed for the treatment of

various inflammatory diseases. However, they may injure
the stomach and small intestine (Bjarnason et al., 1993;
Yamada et al., 1993; Konaka et al., 1999). There are patho-
morphological similarities between human Crohn’s disease
and indomethacin-induced small intestinal lesions in rodents
(Anthony et al., 2000). Thus, indomethacin-induced mouse
intestinal lesions may be one of only a few animal models for
intestinal lesions. We reported that daily NSAID administra-
tion impaired healing in indomethacin-induced intestinal
lesions by inhibiting COX and reducing prostaglandins bio-
synthesis (Takeuchi et al., 2007, 2010). We hypothesized that
12-HHT/BLT2 and prostaglandin/E-type prostaglandin (EP)
receptors may participate in the healing of intestinal lesions.
Here, we focused on the role of BLT2 in the healing of

intestinal lesions by using BLT2KOmice and transgenic mice
with intestinal epithelium–specific BLT2 overexpression (vil-
lin-BLT2-Tg mice) in an indomethacin-induced Crohn’s dis-
ease–like ileitis model. We also cultured murine intestinal
epithelial cells in an in vitro wound healing model.

Materials and Methods
Animals. BLT2-deficient mice were generated as previously de-

scribed and backcrossed with BALB/c mice for .10 generations
(Iizuka et al., 2010). Villin-BLT2-Tg mice were generated by express-
ing FLAG-tagged murine BLT2 under the control of the villin-
promoter as previously described. They were backcrossed with
C57BL/6 mice (Ishii et al., 2016). The BALB/c and C57BL/6 mice were
purchased from SLC (Shizuoka, Japan) and served as the respective
wild types. Male BLT2KO and WT mice weighing 24–28 g and male
villin-BLT2-Tg and WT mice weighing 22–25 g were used in the
experiments. All mice were maintained in plastic cages at 22 6 1°C
under a 12-hour light/dark cycle and had free access to food andwater.
They were separated using the pharmacological random comparison
group method. All animal experiments were approved by the Com-
mittee on the Ethics of Animal Research of Kyoto Pharmaceutical
University (PETH-19-004).

Indomethacin-Induced Intestinal Lesions. The mice were
fasted for 18 hours, allowed free access to food for 2 hours, and
administered subcutaneous indomethacin (Sigma-Aldrich Corp., St.
Louis, MO). Indomethacin was suspended in saline with a drop of
Tween 80 (Wako Pure Chemical Industries Ltd., Osaka, Japan). The
dosages were at 8 mg/kg for BALB/c mice and 10 mg/kg for C57BL/6
mice. Normal mice received vehicle only (Tween 80/saline). To
highlight hemorrhagic intestinal lesions, each mouse was intrave-
nously injected with 100 ml of 1% (w/v) Evans blue solution at
30 minutes before sacrifice (Kawahara et al., 2011). The mice were
sacrificed at 24, 48, 72, and 96 hours after indomethacin injection.
Their small intestines were excised, fixed in 2% (v/v) formalin,
opened longitudinally, and examined for lesions under a dissecting
microscope (S6D; Leica, Wetzlar, Germany) at �10. The areas
(square millimeter) of the visible lesions were measured after
blinding the investigators to the group assignments. The intestinal
tissues were fixed in 10% (v/v) neutralized formalin, embedded in
paraffin, sectioned at 4 mm thickness, and stained with H&E.
Histologic injury was observed under a microscope (BX51; Olympus,
Tokyo, Japan) at �100.

Determination of Myeloperoxidase Activity. Myeloperoxi-
dase (MPO) activity was determined using a previously reported
method (Kato et al., 2012) with modifications. The animals were
sacrificed 72 hours after indomethacin injection, and their small
intestines were excised. The tissues were homogenized in 50 mM
phosphate buffer containing 0.5% (w/v) hexadecyltrimethylammo-
nium bromide (pH 6.0; Wako Pure Chemical Industries Ltd.). The
homogenized samples were subjected thrice to freeze-thawing and
centrifuged at 2000g and 4°C for 10 minutes. MPO activity was
determined by adding 5 ml supernatant to 45 ml of 10 mM phosphate
buffer (pH 6.0) and 50 ml of 1.5 M o-dianisidine HCl (Sigma-Aldrich
Corp.) containing 0.0005% (v/v) hydrogen peroxide. Changes in
absorbance at l 5 450 nm were recorded on a MULTISKAN 60
(Thermo Fisher Scientific Inc., Waltham, MA). The quantities of MPO
were interpolated from a standard curve for commercial MPO (Sigma-
Aldrich Corp.). Protein content was determined with a Pierce BCA
protein assay kit (Thermo Fisher Scientific Inc.). The MPO activity
was recorded in micromoles H2O2/mg protein.

Determination of Cytokine Expression by Quantitative
Reverse-Transcription Polymerase Chain Reaction. The ani-
mals were sacrificed 72 hours after indomethacin injection, and their
small intestineswere excised. TotalRNAwas extracted from the tissues
with Sepasol RNA I Super G (Nacalai Tesque Inc., Kyoto, Japan),
reverse-transcribedwith PrimeScript RTMasterMix (TaKaRaBio Inc.,
Kusatsu, Shiga, Japan), and analyzed by quantitative polymerase chain
reaction on a Thermal Cycler Dice Real Time System (TaKaRa Bio Inc.)
with SYBR Premix ExTaq II (TaKaRa Bio Inc.). Predesigned primer
sets for mouse interleukin (IL)-1b (MA025939), tumor necrosis factor
(TNF)-a (MA097070), insulin-like growth factor (IGF)-1 (MA118254),
epidermal growth factor (EGF) (MA114367), vascular endothelial
growth factor (VEGF)-A (MA165085), and TATA-binding protein
(TBP) (MA050367) were obtained from the Perfect Real-Time Support-
ing System (TaKaRa Bio Inc.). The specific primer set used for BLT2
detection was forward, 59-ACAGCCTTGGCTTTCTTCAG-39, and re-
verse, 59-TGCCCCATTACTTTCAGCTT-39. The mRNA expression
level was standardized to that of TBP.

Determination of Intestinal Epithelium Proliferation. The
proliferation of the intestinal epithelium was determined immuno-
histochemically. The animals were sacrificed 72 hours after indo-
methacin injection, and their small intestines were excised. The
tissues were immersed in 4% (v/v) paraformaldehyde at 4°C for
2 hours. They were cryoprotected overnight in 20% (w/v) sucrose
solution before being embedded in optimal cutting temperature
compound mounting medium (Sakura Finetek, Tokyo, Japan). They
were sectioned to 30 mm thickness with a cryostat (Leica Instruments,
Nussloch, Germany) and thaw-mounted onto Superfrost Plus
slides (Matsunami, Osaka, Japan). Immunohistochemical proce-
dures were performed as previously described (Matsumoto et al., 2018).
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Proliferative cells were detected using anti–Ki-67 monoclonal anti-
body (eBiosciences, San Diego, CA) and Alexa Fluor 594 donkey anti-
rat IgG secondary antibody (Thermo Fisher Scientific Inc.). Sections
were viewed under a confocal microscope (A1R1; Nikon, Tokyo,
Japan). Images were captured by Nikon NIS-Elements AR version
4.20.00 (Nikon). Multiple Z-stacked images were projected onto
a single plane and reconstructed with NIS-Elements AR version
4.20.00. To count Ki-67–positive cells, tissue sections were viewed
under a confocal microscope at �200. Quantitative determinations
were made using three random locations per mouse. Measurements
were performed after blinding the investigator to the animal group
assignments.

Cell Culture. Young adult mouse colon (YAMC) epithelial cells
were kindly provided by Dr. Robert Whitehead (Vanderbilt Univer-
sity, Nashville, TN) (Whitehead et al., 1993). The YAMC cells were
cultured at 33°C in RPMI 1640 (Wako Pure Chemical Industries Ltd.)
containing 5% (v/v) FBS (HyClone, GE Healthcare UK Ltd., Little
Chalfont, UK), 100 U/ml penicillin, 100 mg/ml streptomycin (Nacalai
Tesque, Tokyo, Japan), insulin-transferrin-selenium premix (Wako
Pure Chemical Industries Ltd.), and 5 U/ml murine interferon-g
(Invitrogen, Grand Island, NY).

Wound Healing and Cell Proliferation Assays. YAMC cells
were cultured in 24-well microplates at a density of 5 � 105 cells/well
for 24 hours before the wound healing assay. Each well contained the
appropriate additive-free medium. Wounds were inflicted on the cell
monolayers with 200-ml pipette tips. Wound closure was evaluated 6
and 24 hours later under a microscope (CK40; Olympus Corporation)
connected to the MC120 HD camera (Leica Microsystems, Tokyo,
Japan). The wound areas were measured with ImageJ version 1.50i
(National Institutes ofHealth, Bethesda,MD). Thewound healing rates
were expressed as percent reductions in the wounded areas relative to
the initial wound areas. The wound healing rate was equal to (1 2
wound area 6 or 24 hours after wound infliction/initial wound area) �
100. TheBLT2 agonist CAY10583 (30–1000 nM; CaymanChemical Co.,
Ann Arbor, MI) was added immediately after wound infliction.

Cell proliferation was examined by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (EMD Millipore Corp.,
Temecula, CA). YAMC cells were incubated at a density of 1000 cells/
well for 4 hours in culture medium containing theMTT reagents. HCl-
isopropanol solution was added to the wells to stop the reactions. Cell
proliferation activity was measured at l 5 570 nm in a MULTISKAN
60 (Thermo Fisher Scientific) and expressed as a percent of the control
(vehicle only). The BLT2 agonist CAY10583 (30–1000 ng/ml) was
added to the MTT reagents. The BLT2 antagonist LY255283 (30 mM;
Tocris Bioscience, Bristol, UK), the protein kinase C (PKC) inhibitor
Go6983 (10mM;CaymanChemical Co.), proteins pertussis toxin (PTX;
100 ng/ml; R&D Systems Inc., Minneapolis, MN) that inhibits G
protein–coupled receptor signaling via Gi/o proteins, the phospholi-
pase C (PLC) inhibitor U-73122 (10 mM; Cayman Chemical Co.), and
its inactive analog LY-73343 (10 mM; Cayman Chemical Co.) were
preincubated for 24 hours before adding the CAY10583. All reagents
were first dissolved inDMSOand added to themedium tomake up the
desired concentration (final DMSO concentration 5 0.1%).

Statistical Analysis. Data are presented as means 6 S.E.M.
Statistical analyses were performed with GraphPad Prism version
6.0h (GraphPad Software, La Jolla, CA). Multiple groups were
compared by one-way or two-way ANOVA followed by Holm-Sidak’s
multiple comparison test. P , 0.05 was considered statistically
significant.

Results
BLT2KO Delayed the Healing of Indomethacin-In-

duced Small Intestine Lesions. Within 24 hours, a single
indomethacin injection caused Evans blue–stained hemor-
rhagic lesions from the distal jejunum to the ileum. The
lesions extended to their maximum area by 48 hours after the

injection. However, the severity of the lesions was nearly the
same in both WT and BLT2KO mice (Fig. 1, A and B). In WT
mice, the lesions fully healed within 96 hours after indometh-
acin injection. Maximum lesion areas were observed at
48 hours after indomethacin injection. However, they were
significantly smaller by 72 and 96 hours after indomethacin
injection. In contrast, healing of these lesions was impaired in
BLT2KO mice. Their lesions areas at 72 and 96 hours were
significantly greater than those in WT mice at the same time
points. Histologic examinations disclosed that the lesions had
reached the muscularis mucosa 48 hours after indomethacin
injection in bothWT andBLT2KOmice (Fig. 1C).Whereas the
histologic injury fully healed within 96 hours after indometh-
acin injection inWTmice, it had not improved in the BLT2KO
mice by that time point.
BLT2KO Impaired Restoration of the Increase in

MPO Activity and Cytokine Expression 72 hours after
Indomethacin Injection. A single indomethacin injection
increased intestinal MPO activity and TNF-a and IL-1b
mRNA expression after 24 and 48 hours (data not shown). In
WT mice, MPO activity, TNF-a and IL-1b mRNA expression
had returned to their normal level within 72 hours after
indomethacin injection (Fig. 2), whereas, in BLT2KOmice, the
MPO activity had a higher tendency, and TNF-a and IL-1
mRNA expression was significantly higher in the intestine
72 hours after indomethacin than the control intestine
(without indomethacin). These observations suggest that the
restoration of the increase in MPO activity, TNF-a and IL-1b
mRNA expressions were apparently impaired in BLT2KOmice.
BLT2 Attenuated Increases in Intestinal Crypt Cell

Proliferation 72 hours after Indomethacin Injection. Ki-
67 protein is a marker of proliferative cells. Immunohistochem-
ical observation with anti–Ki-67 antibody revealed that Ki-
67–positive proliferative cells were localized to the crypts of the
small intestine (Fig. 3A). The number of proliferative cells was
nearly the same in bothWTandBLT2KOmice (Fig. 3B). A single
indomethacin injection increased the number of Ki-67–positive
proliferative cells around the edges of the intestinal lesions inWT
mice. In contrast, the indomethacin-induced increase in Ki-
67–positive proliferative cells was significantly impaired in
BLT2KO mice.
There Was No Difference between WT and BLT2KO

Mice in Terms of Growth Factor Upregulation. IGF-1,
EGF, and VEGF-A in the small intestine were markedly
upregulated 72 hours after indomethacin injection (Fig. 4,
A–C). However, there was almost no difference between WT
and BLT2KO mice in terms of the expression levels of these
growth factors. On the other hand, BLT2 mRNA was upregu-
lated in the small intestine of WT mice in response to
indomethacin injection (Fig. 4D). BLT2 expression could not
be detected in BLT2KO mice.
Intestinal BLT2 Overexpression Promoted the Heal-

ing of Indomethacin-Induced Small Intestine Lesions.
A single indomethacin injection induced severe intestinal
lesions in both WT and villin-BLT2-Tg mice (Fig. 5). Maxi-
mum lesion areas were observed at 48 hours after indometh-
acin injection. The severity of the lesions was almost the same
for both WT and BLT2KO mice. Healing of the indomethacin-
induced intestinal lesions was more strongly promoted in
villin-BLT2-Tg than in WT mice. Lesion severity at 72 and
96 hours after indomethacin injection was significantly lower
in villin-BLT2-Tg than in WT mice.
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BLT2 Activation Promoted Wound Healing in YAMC
Cells. We assessed the effect of the BLT2 agonist CAY10583
on YAMC cell wound healing. In the presence of FBS and IFN-
g (serum (1)), CAY10583 exposure promoted wound closure in
the YAMC monolayer in a concentration-dependent manner
(Fig. 6). A significant promoting effect was observed 3 hours
after 100 nM CAY10583 treatment and 6 hours after 300 nM
CAY10583 treatment. However, no CAY10583-induced pro-
motion of healing was observed in the absence of FBS and
IFN-g (serum (2)).
BLT2 Activation Promoted YAMC Cell Proliferation.

We examined the effect of the BLT2 agonist CAY10583 on
YAMC cell proliferation. In the presence of FBS and IFN-g
((serum (1)), CAY10583 exposure promoted YAMC cell pro-
liferation in a concentration-dependent manner (Fig. 7A). A

significant promoting effect was observed in response to 300
nM CAY10583. However, no CAY10583-induced promoting
effect was observed in the absence of FBS and IFN-g (serum
(2)) (Fig. 7B). Cell proliferation induced by 300 nMCAY10583
in the presence of FBS and IFN-g ((serum (1)) was almost
entirely abrogated by LY255283 (30 mM), a BLT2 antagonist,
Go6983 (10 mM), a PKC inhibitor, PTX (100 ng/ml) that
inhibits G protein–coupled receptor signaling via Gi/o proteins,
U-73122 (10 mM), the PLC inhibitor, but not its inactive
analog U-73343 (10 mM) (Fig. 7C). The control cell prolifera-
tion action (without CAY10583) was significantly inhibited by

Fig. 1. Time-course changes in indomethacin-induced intestinal lesions
in WT and BLT2KO mice. Animals were subcutaneously injected with
indomethacin (10 mg/kg), and their intestinal lesions were examined 24,
48, 72, and 96 hours after drug administration (A). Data are means 6
S.E.M. (n 5 6–8); *P , 0.05 compared with WT mice; #P , 0.05 compared
with 24 hours postinjection. Analyzed by ANOVA followed by Holm-
Sidak’s multiple comparison test. Typical macroscopic (B) and histologic
observations (C) of indomethacin-induced intestinal lesions at 48, 72, and
96 hours. Scale bar, 50 mm.

Fig. 2. Changes in MPO activity and cytokine expression in the intestine
during the healing of indomethacin-induced intestinal lesions in WT and
BLT2KO mice. Animals were subcutaneously injected with indomethacin
(10 mg/kg). MPO activity was determined by the o-dianisidine method (A).
IL-1b (B) and TNF-a (C) mRNA expression levels (standardized to TBP)
were determined by quantitative real-time reverse-transcription poly-
merase chain reaction 72 hours after indomethacin administration. Data
are means 6 S.E.M. (n 5 7 to 8); *P , 0.05 relative to WT mice; #P , 0.05
compared with indomethacin-free control. Analyzed by ANOVA followed
by Holm-Sidak’s multiple comparison test.
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LY255283 and U-73122, but other inhibitors had no effect on
control cell proliferation.

Discussion
Previous studies demonstrated that BLT2 is highly

expressed and regulates epithelial barrier functions in the
colon (Iizuka et al., 2010). It also promotes wound repair and

healing in skin keratinocytes and in bronchial and corneal
epithelial cells (Liu et al., 2014, 2018; Iwamoto et al., 2017).
We hypothesized that BLT2 may also regulate repair and
healing responses in the intestinal tract.
Here, we observed that a single indomethacin injection

induced multiple hemorrhagic lesions in the small intestines
of mice within 24 hours. The lesions reached their maximum
size by 48 hours after the indomethacin injection. There was

Fig. 3. Changes in intestinal epithelial cell prolifera-
tion during the healing of indomethacin-induced in-
testinal lesions in WT and BLT2KOmice. Animals were
subcutaneously injected with indomethacin (10 mg/kg).
Cell proliferation was determined immunohistochemi-
cally using anti–Ki-67 antibody 72 hours after indometh-
acin administration. Typical immunohistochemical
images of intestinal tissues around the lesions. Original
magnification, 100� and 300� (A). Scale bar, 100 mm.
Ki-67–positive cells were counted around the lesions
(B). Data are means6 S.E.M. (n5 5); *P, 0.05 relative
toWTmice; #P, 0.05 compared with indomethacin-free
control. Analyzed by ANOVA followed by Holm-Sidak’s
multiple comparison test.

Fig. 4. Changes in intestinal growth
factor and BLT2 expression levels during
the healing of indomethacin-induced in-
testinal lesions in WT and BLT2KO mice.
Animals were subcutaneously injected
with indomethacin (10 mg/kg). mRNA
expression levels (standardized to TBP)
of IGF-1 (A), EGF (B), VEGF-A (C), and
BLT2 (D) were determined by quantita-
tive real-time reverse-transcription poly-
merase chain reaction 72 hours after
indomethacin administration. Data are
means 6 S.E.M. (n 5 7 to 8); *P , 0.05
relative to WT mice; #P , 0.05 compared
with indomethacin-free control. Analyzed
by ANOVA followed by Holm-Sidak’s
multiple comparison test.
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no significant difference between WT and BLT2KO mice in
terms of lesion development. However, lesion healing was
significantly impaired in BLT2KO mice compared with WT
mice. Several studies indicated that MPO activity and in-
flammatory cytokine expression were upregulated in a man-
ner dependent on the severity of the indomethacin-induced
intestinal lesions (Konaka et al., 1999; Yasuda et al., 2011). In
the present study, we observed that indomethacin-induced
increases in MPO activity and IL-1b and TNF-a expression
were restored to normal levels 72 hours after indomethacin
injection in WT mice. However, this recovery was impaired in
BLT2KOmice. These findings suggest that compared with the
WT, BLT2KO mice exhibit delayed healing of indomethacin-
induced intestinal lesions.
To confirm the importance of BLT2 in the healing of

indomethacin-induced intestinal lesions, we examined the

effects of BLT2 overexpression on villin-BLT2-Tg mice. They
expressed FLAG-tagged mouse BLT2 under the control of the
villin-promoter active in the entire intestinal epithelium (Ishii
et al., 2016). BLT2 was upregulated in the epithelia of the
small intestines of villin-BLT2-Tgmice (Supplemental Table 1).
Relative to theWT, healing of indomethacin-induced intestinal
lesions was promoted in villin-BLT2-Tg mice. Nevertheless,
BLT2 overexpression had no significant influence on lesion
development. Therefore, BLT2 probably plays a vital role in the
healing of indomethacin-induced intestinal lesions.
Iizuka et al. (2010) reported that dextran sulfate sodiu-

m–induced colitis was more severe in BLT2KO mice than the
WT. In contrast, we observed no differences among the WT,
BLT2KO, and villin-BLT2-Tg mice in terms of the develop-
ment of indomethacin-induced intestinal lesions. We pre-
viously showed that a single 10 mg/kg indomethacin
injection inhibited COX-dependent prostaglandin E2 synthe-
sis for $24 hours (Kunikata et al., 2001). Moreover, this
inhibition was reversed until 48 hours after the indomethacin
injection (Hatazawa et al., 2006). The endogenous BLT2
ligand 12-HHT is generated via COX (Okuno et al., 2008).
Thus, 12-HHT production may also be reduced for 24 hours
after indomethacin injection. The COX inhibitor acetylsalicylic
acid reduced 12-HHT production in epidermal wound fluids
(Liu et al., 2014). Therefore, decreased 12-HHT production may
not cause any significant differences betweenWT and BLT2KO
mice in terms of the development of indomethacin-induced
intestinal lesions.
Healing of tissue injury involves multiple steps, including

angiogenesis and re-epithelialization. These are regulated
by growth factors such as VEGF, EGF, and IGF-1 (Jones
et al., 1999; Hatazawa et al., 2006; Tarnawski and Ahlu-
walia, 2012). NSAID-induced COX inhibition suppressed
re-epithelialization and angiogenesis by attenuating
epithelial cell migration/proliferation and endothelial cell
proliferation, respectively. These responses impaired healing
(Schmassmann et al., 1995; Szabó et al., 2002). Here,
Ki-67–positive immunostaining revealed that epithelial cell
proliferation was markedly augmented around the edges
of the lesions in WT mice during healing. However, this
process was dramatically inhibited in BLT2KO mice. IGF-1,
EGF, and VEGF were upregulated during the healing of
intestinal lesions in both WT and BLT2KO mice. Therefore,
the BLT2-mediated healing response in indomethacin-
induced intestinal lesions promotes epithelial cell prolifera-
tion. The BLT2-mediated healing response may not be the
result of the upregulation of the aforementioned growth
factors. Rather, it may be directly induced by epithelial cell
proliferation.
Prostaglandins are synthesized along with 12-HHT via

COX. They are key mediators of healing in gastrointestinal
disease (Halter et al., 2001). Höper et al. (1997) and Sonoshita
et al. (2001) reported that prostaglandin E2 upregulated
VEGF via EP4 receptors. We previously disclosed that daily
EP4 antagonist administration impaired healing of indomethacin-
induced intestinal lesions by attenuating angiogenesis and
downregulating VEGF (Takeuchi et al., 2007, 2010). Prosta-
glandin E2/EP4 receptor signaling may play a vital role in the
angiogenesis that occurs during healing. The 12-HHT and
prostaglandin E2 produced by COX may participate in the
healing of intestinal lesions by promoting epithelial prolifer-
ation via BLT2 and angiogenesis via EP4 receptors. BLT2

Fig. 5. Time-course changes in indomethacin-induced intestinal lesions
in WT and villin-BLT2-Tg mice. Animals were subcutaneously injected
with indomethacin (8 mg/kg). Intestinal lesions were examined 24, 48, 72,
and 96 hours after indomethacin administration (A). Data are means 6
S.E.M. (n5 6–8); *P, 0.05 relative to WT mice; #P , 0.05 compared with
indomethacin-free control. Analyzed by ANOVA followed by Holm-Sidak’s
multiple comparison test. Typical macroscopic (B) and histologic observa-
tions (C) of indomethacin-induced intestinal lesions at 48, 72, and 96
hours. Scale bar, 50 mm.
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was expressed in vascular endothelial cells and contributed
to VEGF-induced angiogenesis (Kim et al., 2009). Thus, BLT2
may be associated with angiogenesis during the healing of
indomethacin-induced intestinal lesions. However, further
research is needed to elucidate its role in this process.
We evaluated the influences of BLT2 activation on wound

repair in cultured intestinal epithelial cells. BLT2 activation
by the agonist CAY10583 significantly promoted wound
closure in YAMC cells in the presence of serum. On the other
hand, this response was not observed in the absence of serum.
We previously showed that the promotion of healing via
YAMC cell migration could be detected even in the absence
of serum (Tsukahara et al., 2017). Thus, the BLT2-promoted
healing response may be induced by accelerating cell pro-
liferation rather than cell migration. The MTT assay revealed
that CAY10583 significantly promoted YAMC cell prolifera-
tion in the presence of serum but not in its absence.
CAY10583-promoted cell proliferation was abrogated by the
BLT2 antagonist LY255283. These findings suggest that
promotion of healing by BLT2 is mediated by an increase in
the proliferation of intestinal epithelial cells. BLT2 acceler-
ated the migration but not the proliferation of epidermal
keratinocytes (Liu et al., 2014). In contrast, BLT2 activation
by overexpression or by 12-HHT or CAY10583 treatment
promoted human bronchial epithelial Human Bronchial Ep-
ithelial Cell Line (16HBE) cell proliferation and migration
(Liu et al., 2018). Several studies demonstrated that BLT2
is upregulated and participates in pancreatic and colorectal

cancer pathogenesis by inducing cancer cell proliferation
(Hennig et al., 2008; Park et al., 2019). Here, we detected
BLT2 upregulation in the small intestine during the lesion
healing process there. Thus, the functional roles of BLT2 may
vary with cell type.
In the present study, we found that the promoting effect

of CAY10583 on YAMC cells was attenuated by PTX as
well as PKC and PLC inhibition. BLT1 and BLT2 couple to
the PTX-sensitive Gi/o-like G protein and repress adeny-
late cyclase (Yokomizo, 2015). For signaling purposes,
these receptors couple to at least three classes of G
proteins such as Gi/o, Gq-like, and Gz (Yokomizo et al.,
2000, 2018). Thus, BLT2-promoted proliferation of in-
testinal epithelial cells may be mediated by Gi/o and Gq-
like G protein signaling pathways. Because Go6983 is
a broad PKC inhibitor, various isoforms of PKC, including
PKCa, PKCb, PKCg, PKCd, and PKCm, may be involved
in this response. We further observed that LY255283 and
U-73122 significantly reduced cell proliferation even in
the absence of CAY10583. The previous studies showed that
10% fetal bovine serum contains about 15 nM of 12-HHT
(Matsunobu et al., 2013). Thus, the proliferation of YAMC
cells may be stimulated by 12-HHT in serum-containing
culture medium.
BLT2 plays an important role in the healing of intesti-

nal lesions. It may promote epithelial cell proliferation via
PTX-dependent Gi/o and PLC/PKC-mediated Gq-like G pro-
tein signaling pathways. Therefore, BLT2 activation by

Fig. 6. Effect of the BLT2 agonist CAY10583 on
wound repair in YAMC cells. A wound was made
in the YAMC cell monolayer using a pipette tip.
Wound closure was observed 3 and 6 hours after
injury. CAY10583 (30–1000 nM) was added to
the cells immediately after wound infliction.
Typical microscopic observation (A) and quanti-
tative results of wound repair in YAMC cells (B).
Wound repair rate was calculated as the percent
decrease in the initial wound area in the
presence of serum (1) and in its absence (2).
Scale bar, 500 mm. Data are means 6 S.E.M.
(n 5 5); *P , 0.05 compared with control.
Analyzed by ANOVA followed by Holm-Sidak’s
multiple comparison test.
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pharmacological agonists may be a promising approach to-
ward the treatment of intestinal lesions.
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Supplementary Table 1. Expression of BLT2 mRNA in the intestine of WT and 
villin-BLT2-Tg mice

GROUP

WT

Villin-BLT2-Tg

Jejunum Ileum Proximal colon Distal colon

BLT2 mRNA expression (/ β-actin × 104)

14.1

4,569.2

4.2

2,754.7

1.0

1,496.8

1.2

1,134.1

The animals were sacrificed and their intestines were excised. Total RNA was extracted
from the jejunal, ileal, proximal, and distal colon tissues with TRIzol RNA isolation
reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA), reverse-transcribed with a
QuantiTect reverse transcription kit (Qiagen, Germantown, MD, USA), and analyzed by
quantitative PCR on a LightCycler 96 (Roche, Upper Bavaria, Germany) with FastStart
Essential DNA Green Master (Roche, Upper Bavaria, Germany). The specific primer
sets for BLT2 and β-actin were F: 5′-ACAGCCTTGGCTTTCTTCAG-3′ and R: 5′-
TGCCCCATTACTTTCAGCTT-3′, and F: 5′-CATCCGTAAAGACCTCTATGCCAAC-
3′ and R: 5′-ATGGAGCCACCGATCCACA-3′, respectively. The mRNA expression
level of BLT2 was standardized to that of β-actin.
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