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Abstract
ω3 fatty acids show potent bioactivities via conversion into lipid mediators; therefore, 
metabolism of dietary lipids is a critical determinant in the properties of ω3 fatty 
acids in the control of allergic inflammatory diseases. However, metabolic progres-
sion of ω3 fatty acids in the skin and their roles in the regulation of skin inflammation 
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1  |   INTRODUCTION

Allergic contact dermatitis is a common skin disease char-
acterized by inflammatory reactions such as edema and ery-
thema at sites on the body that have come into contact with a 
type of allergen known as a hapten, which are low-molecular 
weight molecules with the ability to cross the skin barrier.1,2 
Contact hypersensitivity (CHS) is a widely used animal 
model of human allergic contact dermatitis, and the devel-
opment of CHS consists of two phases—sensitization phase 
and elicitation phase. In the sensitization phase, exposure to 
a hapten activates keratinocytes to produce various pro-in-
flammatory mediators that promote the migration of skin 
dendritic cells to the draining lymph nodes where they acti-
vate naïve T cells.3,4 In the elicitation phase, re-exposure of 
the skin to the same hapten again stimulates keratinocytes to 
release pro-inflammatory mediators, such as tumor necrosis 
factor-α (TNF-α), which induce the keratinocytes to produce 
the neutrophil chemoattractants C-X-C motif chemokine 
ligand (CXCL) 1 and CXCL2.4-7 Blockade of CXCL1 by 
neutralizing antibody or deficiency of CXCL1 and CXCL2 
receptor, CXCR2, prevents CHS,8-10 suggesting that signal-
ing by these chemokines is essential for the development of 
CHS. Also, exposure of the skin to the hapten activates tis-
sue-resident mast cells, which enhance vascular permeability 
via the production of pro-inflammatory mediators such as 
histamine and TNF-α.11 Together, these inflammatory events 
induce and accelerate neutrophil infiltration into the skin.

Once in the skin, the infiltrated neutrophils release re-
active oxygen species, granule-derived mediators (eg, leu-
kotriene B4, defensins, and elastase), and pro-inflammatory 

cytokines that induce skin edema and injury.12-18 Depletion of 
neutrophils by administration of a cell-specific antibody has 
been shown to decrease ear swelling, indicating that neutro-
phils play major roles in the development of CHS.16,19,20 The 
activated keratinocytes also produce CXCL9 and CXCL10, 
which guide the migration of memory CD8+ T cells to the 
inflamed skin.5 The infiltrated memory CD8+ T cells are fur-
ther activated by dendritic cells located in inducible skin-as-
sociated lymphoid tissues (iSALT), which are composed of 
clusters of skin dendritic cells and infiltrated T cells.21 iSALT 
development is induced via chemokines produced by M2 
macrophages in the skin that have been activated by kerati-
nocyte-derived cytokines such as interleukin-1α.22 Infiltrated 
T cells activated by dendritic cells in iSALT produce pro-in-
flammatory cytokines, such as interferon-γ (IFN-γ), that are 
essential for the induction of CHS.21,23-25 These pro-inflam-
matory cytokines also stimulate the production of inflam-
matory chemokines by keratinocytes, which amplifies the 
inflammatory response.26,27

ω3 fatty acids such as α-linolenic acid, eicosapentaenoic 
acid (EPA), and docosahexaenoic acid show beneficial ef-
fects on the control of inflammatory and allergic diseases 
such as inflammatory bowel disease, asthma, allergic con-
junctivitis, food allergy, and atopic dermatitis; however, the 
underlying mechanisms remain to be investigated.28-35 Recent 
studies using liquid chromatography-tandem mass spectrom-
etry (LC-MS/MS) have indicated that dietary ω3 fatty acids 
are metabolized by enzymes such as lipoxygenase (LOX) and 
cytochrome P450 (CYP), resulting in the generation of lipid 
metabolites that exhibit potent pro-resolution, anti-inflam-
matory, and anti-allergic activities.36
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remains to be clarified. In this study, we found that 12-hydroxyeicosapentaenoic acid 
(12-HEPE), which is a 12-lipoxygenase metabolite of eicosapentaenoic acid, was the 
prominent metabolite accumulated in the skin of mice fed ω3 fatty acid-rich linseed 
oil. Consistently, the gene expression levels of Alox12 and Alox12b, which encode 
proteins involved in the generation of 12-HEPE, were much higher in the skin than 
in the other tissues (eg, gut). We also found that the topical application of 12-HEPE 
inhibited the inflammation associated with contact hypersensitivity by inhibiting neu-
trophil infiltration into the skin. In human keratinocytes in vitro, 12-HEPE inhib-
ited the expression of two genes encoding neutrophil chemoattractants, CXCL1 and 
CXCL2, via retinoid X receptor α. Together, the present results demonstrate that the 
metabolic progression of dietary ω3 fatty acids differs in different organs, and iden-
tify 12-HEPE as the dominant ω3 fatty acid metabolite in the skin.
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We previously reported that a diet including α-linolenic 
acid-rich linseed oil led to the elevation of an EPA-derived 
CYP metabolite, 17,18-epoxyeicosatetraenoic acid (17,18-
EpETE), in the murine intestine, and that 17,18-EpETE al-
leviated allergic diarrhea in a mouse model of food allergy.33 
We also identified 15-hydroxyeicosapentaenoic acid (15-
HEPE) as an EPA-derived metabolite generated by 15-LOX 
that dampens allergic rhinitis in the murine nasal passage.37 
Together, these observations suggest that different tissues 
generate different ω3 fatty acid metabolites, and that some of 
these metabolites have actions that reduce inflammatory and 
allergic symptoms. In the present study, we aimed to extend 
our knowledge by analyzing EPA-derived metabolites in the 
skin and identified 12-HEPE as an ω3 fatty acid-derived me-
tabolite for the control of allergic contact dermatitis.

2  |   MATERIALS AND METHODS

2.1  |  Animals

Wild-type C57BL/6 and BALB/c female mice (age, 
6-7  weeks) were purchased from Japan SLC (Shizuoka, 
Japan) and CLEA Japan (Tokyo, Japan), and kept in a spe-
cific-pathogen-free animal facility at the National Institutes 
of Biomedical Innovation, Health and Nutrition (NIBIOHN, 
Osaka, Japan) for at least 1 week before use in experiments. 
For the analysis of fatty acid metabolites in the skin and gut, 
mice were maintained for 2  months on diets composed of 
chemically defined food containing 4% (wt/wt) soybean oil or 
linseed oil (Oriental Yeast Co., Ltd., Tokyo, Japan).33 Mice 
were killed by cervical dislocation under anesthesia with iso-
flurane (Forane, AbbVie, North Chicago, IL, USA). All ex-
periments were performed in accordance with the guidelines 
of the Animal Care and Use Committee and the Committee 
on the Ethics of Animal Experiments at NIBIOHN.

2.2  |  Induction of CHS

CHS was induced as described previously.38 Briefly, mice 
were treated on shaved abdominal skin with 25 μL of 0.5% 
(vol/vol) 2,4-dinitrofluorobenzene (DNFB; Nacalai Tesque, 
Kyoto, Japan) in 4:1 acetone:olive oil (Nacalai Tesque). After 
5 days, both sides of the ears were challenged with 10 μL 
of 0.2% (vol/vol) DNFB. Two days later, ear thickness was 
measured with a micrometer (model MDC-25MJ 293-230, 
Mitsutoyo, Kanagawa, Japan). To evaluate fatty acid activ-
ity, mice were treated with 12(S)-HEPE (Cayman Chemical, 
Ann Arbor, MI, USA), 12(R)-HEPE (Cayman Chemical), 
(±)12-HEPE (12-HEPE; Cayman Chemical), (±)15-HEPE 
(15-HEPE; Cayman Chemical), or (±)18-HEPE (18-HEPE; 
Cayman Chemical) via intraperitoneal (i.p.) injection 

(100  ng/administration) or topical application to the skin 
(1  μg/administration), 30  minutes before both sensitization 
and elicitation by DNFB treatment. The vehicle controls for 
i.p. injection and topical application were 0.5% (vol/vol) and 
50% (vol/vol) ethanol in PBS (Nacalai Tesque), respectively.

To evaluate 12-HEPE actions via retinoid X receptor 
(RXR), the skin of the abdomen or ear was treated with 
40  nmol of the RXR pan-antagonist HX 531 (Cayman 
Chemical) 60  minutes before 12-HEPE treatment for both 
sensitization and elicitation. The vehicle control for the topi-
cal application was 25% (vol/vol) dimethyl sulfoxide in PBS.

2.3  |  Dendritic cell migration assay

Fluorescein isothiocyanate (FITC)-induced cutaneous den-
dritic cell migration assay was performed as described pre-
viously.39 Two hundred microliters of 1% (wt/vol) FITC 
(Sigma-Aldrich, Saint Louis, MO, USA) dissolved in a 1:1 
(vol/vol) acetone and dibutyl phthalate mixture were topically 
applied to the shaved abdomen of mice. 12-HEPE (1 µg/ad-
ministration) or vehicle (50% [vol/vol] ethanol in PBS) was 
topically applied to the abdominal skin 30 minutes before the 
topical application of FITC, and the draining lymph nodes of 
the axillary lymph nodes were collected 24 hours after FITC 
application. The activity of 12-HEPE was also examined by 
topical application at 24 hours after the topical application 
of FITC, and then, the draining lymph nodes were collected 
48 hours after FITC application. Flow cytometry was used 
to count the number of FITC-bearing dendritic cells in the 
draining lymph nodes to evaluate the migration of cutaneous 
dendritic cells.

2.4  |  Cell isolation and flow 
cytometric analysis

The isolation of cells from ear tissue and their flow cyto-
metric analysis were performed as described previously.38 
Briefly, ear skin was digested in RPMI 1640 medium (Sigma-
Aldrich) containing 2 mg/mL of collagenase (Wako, Tokyo, 
Japan) for 90 minutes at 37°C with stirring, and cell suspen-
sions were filtered using a cell strainer (pore size, 100 μm; 
BD Biosciences, Franklin Lakes, NJ, USA). Axillary lymph 
nodes were digested in RPMI 1640 medium containing 
0.5 mg/mL of collagenase for 15 minutes at 37°C with stir-
ring, and cell suspensions were filtered using a cell strainer 
(pore size, 100 μm). The digestion and filtration operations 
were conducted a total of two times.

For flow cytometric analysis, cell suspensions in 2% 
(vol/vol) newborn calf serum in PBS were stained with 
anti-CD16/32 antibody (TruStain FcX, BioLegend, San 
Diego, CA, USA; 1:100) to avoid nonspecific staining. After 
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washes, the cells were further stained with the following 
antibodies: FITC-anti-Ly6G (BioLegend, 127606), allophy-
cocyanin-Cy7-anti-CD11b (BioLegend, 101226), FITC-anti-
CD8α (BioLegend, 100706), allophycocyanin-anti-TCRβ 
(BioLegend, 109212), phycoerythrin-anti-CD31 (BD 
Biosciences, 553373), FITC-anti-CD34 (BD Biosciences, 
553733), allophycocyanin-anti-CD49f (BioLegend, 313616), 
AF647-anti-I-Ab (BioLegend, 116412), and BV421-
anti-CD45 (BioLegend, 103133). Dead cells were detected 
using 7-aminoactinomycin D (BioLegend, 420404; 1:100) 
and were excluded from the analysis. For detection of in-
tracellular cytokines, cells were treated for 60 minutes with 
brefeldin A (BioLegend) during collagenase treatment. The 
resultant cells were fixed and permeabilized with a Cytofix/
Cytoperm Fixation/Permeabilization Kit (BD Biosciences). 
Intracellular cytokines were stained with phycoerythrin-an-
ti-IFN-γ (BioLegend, 505808; 1:100). Mouse keratino-
cytes were isolated as CD45− CD31− CD34− CD49f+ cell 
fraction as previously reported.40 Samples were analyzed 
using a MACSQuant (Miltenyi Biotec, Bergisch Gladbach, 
Germany) or FACSAria (BD Biosciences), and cells were 
sorted with the FACSAria. Data were analyzed using FlowJo 
9.9 software (TreeStar, Ashland, OR, USA).

2.5  |  Histologic analysis

Histologic analysis was performed as described previ-
ously.38 Briefly, ear samples were embedded in Tissue-Tek 
OCT Compound (Sakura Finetek, Tokyo, Japan) and frozen 
in liquid nitrogen. Frozen tissue sections (6 µm) were pre-
pared using a cryostat (model CM3050 S, Leica Biosystems, 
Wetzlar, Germany) and used for hematoxylin and eosin stain-
ing and immunohistologic analysis. The following antibod-
ies were used: purified anti-mouse I-A/I-E mAb (BioLegend, 
107602), purified anti-mouse CD3ε mAb (BioLegend, 
100302), Alexa Fluor 488-anti-rat IgG (Thermo Fisher 
Scientific, Waltham, MA, A-11006), Cy3-anti-Armenian 
hamster IgG (Jackson ImmunoResearch Laboratories, West 
Grove, PA, USA, 127-165-160), and FITC-anti-Ly6G mAb. 
Cell nuclei were stained with 4',6-diamidino-2-phenylindole 
(DAPI; AAT Bioquest, Sunnyvale, CA, USA). The stained 
tissue sections were examined under a fluorescence micro-
scope (model BZ-9000, Keyence, Osaka, Japan).

2.6  |  Vascular permeability assay

The vascular permeability assay was performed as described 
previously with some modifications.41 Two days after elici-
tation with DNFB, mice were intravenously administered 
Evans blue dye (1% [wt/vol] in PBS). One hour after ad-
ministration, the mice were sacrificed and their ears were 

collected. The ears were incubated in 1 mL of 3 mol/L KOH 
(Nacalai Tesque) at 37°C overnight to extract the Evans blue 
dye. Afterward, 1 mL of 1.24 mol/L H3PO4 and 3 mL of ace-
tone were added and the mixture was centrifuged at 1280 g at 
20°C for 15 minutes. The resultant solution was left to phase-
separate at room temperature for 30 minutes. The superna-
tant was collected and absorbance (OD620) was determined 
with a SmartSpec Plus (Bio-Rad Laboratories, Hercules, CA, 
USA). The concentration of Evans blue dye was determined 
using a standard curve of known amounts of the dye.

2.7  |  Lipid extraction and LC-MS/MS 
analysis of EPA-derived metabolites

Lipid extraction was performed as previously reported.42 
Briefly, lipids were obtained using a Monospin C18-AX cen-
trifugal column with deuterium-labeled internal standard.

LC-MS/MS was performed as described previously 
with modifications.42,43 Lipid metabolites were analyzed 
either with an ultra-high-pressure LC system (AQUITY, 
Waters, Milford, MA, USA) coupled with a hybrid ion 
trap-orbitrap mass spectrometer (Orbitrap ELITE; Thermo 
Fisher Scientific) with an Acquity UPLC BEH C18 column 
(Waters)42 or a linear ion-trap quadrupole (QTRAP 5500, 
AB Sciex, Foster city, CA, USA) with an Acquity UPLC 
BEH C18 column,43 or a Shimadzu LCMS-8050 system with 
a triple quadrupole mass spectrometer (Shimadzu, Kyoto, 
Japan) with a Kinetex C8 column (Shimadzu). Data were an-
alyzed using Xcalibur software (Thermo Fisher Scientific) or 
Shimadzu Lab solution LCMS software (Shimadzu).

Deuterated internal standards were measured to check re-
coveries of lipid metabolites. For quantification of lipid me-
tabolites, calibration curves were drawn using the following 
lipid standards obtained from Cayman Chemical: 5-HEPE, 
12-HEPE, 15-HEPE, 18-HEPE, 17,18-EpETE, and 17,18-di-
hydroxyeicosatetraenoic acid (17,18-diHETE).

2.8  |  Measurement of the amount of 12-
HEPE in the skin

Mice were treated with 12-HEPE via i.p. injection or topi-
cal administration to the ear skin (1  µg/administration) at 
30 minutes before sacrifice. The ears were then collected for 
the measurement of 12-HEPE by LC-MS/MS.

2.9  |  HaCaT cell culture

HaCaT cells were obtained from CLS Cell Lines Service 
(Eppelheim, Germany)44 and grown in Dulbecco's modified 
Eagle's medium (DMEM) with high glucose (Sigma-Aldrich) 
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supplemented with 10% of fetal bovine serum (Gibco, Grand 
Island, NY, USA) and containing 100 U/mL of penicillin 
and 100  μg/mL of streptomycin (Nacalai Tesque) at 37°C 
and 5% CO2. HaCaT cells were seeded in 96-well plates at 
3 × 104 cells/well, and cultured for 24 hours. Then, the me-
dium was replaced with DMEM without fetal bovine serum 
and the cells were treated first with 300 nM of 12-HEPE for 
30 minutes and then, with 100 ng/mL of recombinant human 
TNF-α (Pepro Tech EC Ltd., London, UK) for 90 minutes. 
The vehicle control was 0.2% (vol/vol) ethanol in DMEM. 
The peroxisome proliferator-activated receptor (PPAR)γ 
antagonist GW9662 (Abcam, Cambridge, UK) was added 
60 minutes before treatment with 12-HEPE and recombinant 
human TNF-α. The vehicle control was 0.2% (vol/vol) dime-
thyl sulfoxide in DMEM.

2.10  |  Reverse transcription and 
quantitative real-time PCR analysis

Reverse transcription and quantitative real-time PCR were 
performed as described previously.38 Briefly, total RNA was 
isolated from HaCaT cells or sorted cells using Sepasol-RNA 
I Super G (Nacalai Tesque). RNA samples were incubated 
with DNase I (Invitrogen, Carlsbad, CA, USA) and reverse-
transcribed into cDNA using a Super Script VIRO cDNA 
Synthesis Kit (Invitrogen). RNA extraction from ears and 
gut was performed using a Relia Prep RNA Tissue Miniprep 
System (Promega, Tokyo, Japan) and reverse-transcribed. 
Quantitative real-time PCR analysis was performed with a 
LightCycler 480 II (Roche, Basel, Switzerland) with FastStart 
Essential DNA Probes Master (Roche). Primer sequences are 
described in Table S1.

2.11  |  Isolation of neutrophils from 
bone marrow

Bone marrow-derived neutrophils were obtained as described 
previously.38 Briefly, mice were killed and their femurs and 
tibias were used to isolate neutrophils. The bone marrow was 
flushed with RPMI 1640 medium containing 2% (vol/vol) of 
newborn calf serum using a syringe, and neutrophils were 
purified using 62% Percoll (GE Healthcare, Madison, WI, 
USA).

2.12  |  Detection of actin polymerization in 
neutrophils

Actin polymerization was assayed as described previously.38 
Briefly, purified neutrophils (4 × 105 cells) were allowed to ad-
here to fibronectin-coated coverslips (Neuvitro Corporation, 

Vancouver, WA, USA) for 15 minutes in a 5% CO2 incubator. 
Neutrophils were treated with 12-HEPE (1 μmol/L) or 0.3% 
(vol/vol) ethanol in PBS (vehicle control) for 15  minutes 
and then, stimulated with 1 μmol/L of N-formylmethionyl-
leucyl-phenylalanine (fMLP; Sigma-Aldrich) for 2 minutes 
in the incubator. Neutrophils were stained with 100 nmol/L 
of Acti-stain 488-phalloidin (Cytoskeleton, Denver, CO, 
USA), and cell nuclei were stained with DAPI. Images were 
obtained under a Leica TCS SP8 confocal microscope (Leica 
Microsystems, Wetzlar, Germany).

2.13  |  Transfection of HaCaT cells 
with siRNA

HaCaT cells were cultured for 24 hours and then, transfected 
with 33 nM RXRα-specific siRNA (Hs_RXRA_3 FlexiTube 
siRNA; Qiagen, Hilden, Germany) or 33 nM silencer nega-
tive control siRNA (AllStars Negative Control siRNA; 
Qiagen) using Lipofectamine 2000 Transfection Reagent 
(Thermo Fisher Scientific) prepared in Opti-MEM I Reduced 
Serum Medium (Gibco) following the manufacturers’ proto-
cols. At 48 hours after transfection, the cells were transferred 
to a new dish and the siRNA transfection was repeated.

2.14  |  Western blot analysis

Cells were washed with ice-cold PBS and lysed in RIPA 
Lysis Buffer (Merck Millipore, Billerica, MA, USA) con-
taining protease-inhibitor cocktail (Sigma-Aldrich; 1:100) 
on ice using a cell scraper. The cell solution was left on 
ice for 30 minutes and then, centrifuged at 13000 g at 4°C 
for 15 minutes. The supernatant was retained as the total 
protein fraction and the total protein concentration was de-
termined using a Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific). Ten microgram of protein from lysate 
cells was loaded onto NuPAGE 4%-12% Bis-Tris Gels 
(Invitrogen), electrophoretically separated, and transferred 
to an Immobilon-P transfer membrane (Merck Millipore). 
Afterward, the membrane was blocked with 5% (wt/vol) 
skim milk in PBS-T (0.5% [vol/vol] Tween-20 in PBS) 
for 60  minutes, and then, reacted with primary antibody, 
which was either anti-rabbit RXRα mAb (Cell Signaling 
Technology, Beverly, MA, USA, 3085S; 1:1000) or anti-
mouse β-actin mAb (BioLegend, 643802; 1:1000) in 
Can Get Signal solution-1 (TOYOBO, Osaka, Japan) for 
60 minutes. After washes with PBS-T, the membrane was 
reacted in Can Get Signal Solution-2 with horseradish 
peroxidase-conjugated secondary antibody, which was ei-
ther donkey anti-rabbit IgG antibody (BioLegend, 406401; 
1:5000) or goat anti-mouse IgG antibody (SouthernBiotech, 
Birmingham, AL, USA, 1030-05; 1:5000). Western blot 
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bands were visualized using an enhanced chemilumines-
cence detection reagent, Chemi-Lumi One L (Nacalai 
Tesque), and were determined using an LAS-4000 mini-
luminescent image analyzer (GE Healthcare).

2.15  |  Statistics

Statistical significance was evaluated using one-way 
ANOVA followed by the Kruskal-Wallis test and Mann-
Whitney U test in Prism 3.03 software (GraphPad Software, 
San Diego, CA, USA). A P-value of less than 0.05 was con-
sidered significant.

3  |   RESULTS

3.1  |  Identification of 12-HEPE as the 
dominant metabolite in skin after dietary 
intake of ω3 fatty acid-rich linseed oil

To examine the metabolic progression of ω3 fatty acids in the 
skin, mice were maintained with α-linolenic acid-rich linseed 
oil or control soybean oil for 2 months. LC-MS/MS analysis 
revealed that among the EPA-derived metabolites examined 
(ie, 5-, 12-, 15-, and 18-HEPE, 17,18-EpETE, and 17,18-di-
HETE), the concentrations of 12-HEPE and 15-HEPE were 
higher in the skin of linseed oil-fed mice than in the soybean 
oil-fed mice (Figure  1A). In addition, the concentration of 
12-HEPE was higher than that of 15-HEPE, suggesting that 
12-HEPE is the major EPA-derived metabolite in the skin. In 
the gut, the concentration of 17,18-EpETE was higher in the 
linseed oil-fed mice than in the soybean oil-fed mice, which 
is consistent with our previous data.33 In order to demonstrate 
that metabolic progression of fatty acids are different among 
the tissues, the amount of 12-HEPE was compared between 
the skin and the gut. We found in the linseed oil-fed mice that 
the concentration of 12-HEPE was higher in the skin than 
in the gut (Figure S1A). Thus, these results suggest that the 
metabolic progression of dietary fatty acids is different be-
tween the skin and gut, and that 12-HEPE is the dominant 
EPA-derived metabolite in the skin.

We also examined the expression levels of four genes 
encoding enzymes involved in fatty acid metabolism 
(Figure 1B). The expression levels of Alox12 and Alox12b, 
which encode 12-LOX enzymes that mediate hydroxyl-
ation of EPA for the generation of 12-HEPE,45 were higher 
in the skin than in the gut. In contrast, the expression lev-
els of Cyp2c44 and Cyp4f16, which encode CYP enzymes 
that mediate epoxidation of EPA for the generation of 17,18-
EpETE,46,47 were higher in the gut than in the skin. These re-
sults were consistent with our lipidomics analysis in the skin 
and the gut (Figure 1A).

We also investigated whether there were any strain dif-
ferences between C57BL/6 and BALB/c mice and found 
that both strains showed similar gene expression profiles 
for Alox12, Alox12b, Cyp2c44, and Cyp4f16 (Figure  1B 
and Figure S1B) and prominent production of 12-HEPE 
(Figure 1A and Figure S1C).

3.2  |  12-HEPE reduces inflammation of 
DNFB-induced CHS

We next examined whether 12-HEPE and 15-HEPE have any 
bioactivity in the regulation of immune system in the skin. 
DNFB-induced CHS mice were administered fatty acid me-
tabolites by i.p. injection, and ear swelling was evaluated as 
a representative sign of inflammation (Figure S2). We found 
that i.p. injection of 12-HEPE decreased ear swelling com-
pared with vehicle control, whereas injection of 15-HEPE 
did not. We previously reported that stereostructure is a criti-
cal determinant of the anti-inflammatory activity of 17,18-
EpETE (ie, 17(S),18(R)- and 17(R),18(S)-EpETE),48 which 
led us to examine whether 12(S)-HEPE and 12(R)-HEPE 
show different regulatory activities in CHS. We found that 
12(S)-HEPE and 12(R)-HEPE both ameliorated ear swelling, 
indicating that the different isomers of 12-HEPE have similar 
anti-inflammatory activities.

Next, we evaluated how the route of administration of 
12-HEPE affects its anti-inflammatory activity, because the 
route of administration can impact clinical usage. We found 
that topical application of 12-HEPE resulted in a greater 
reduction of inflammation compared with i.p. injection 
(Figure  2A). Histological examination of hematoxylin and 
eosin-stained ear skin sections revealed that 12-HEPE inhib-
ited the development of epidermal edema and infiltration of 
inflammatory cells into the dermis (Figure 2B). In addition, 
topical application of 12-HEPE showed the amelioration of 
epidermal thickening. These results indicate that topical ap-
plication of 12-HEPE exerts anti-inflammatory properties 
more efficiently than i.p. injection, suggesting that 12-HEPE 
preferentially acts on skin cells rather than circulating cells. 
In addition, we also measured the amount of 12-HEPE in the 
skin 30 min after i.p. injection or topical application and found 
that the amount of 12-HEPE in the skin was much higher 
after topical application than after i.p. injection (Figure S3), 
which is consistent with the observed differences in anti-in-
flammatory activity after topical application or i.p. injection.

We also examined the timing of topical application of 12-
HEPE in our CHS model. Mice were treated with 12-HEPE at 
both the sensitization and elicitation phases (ie, on days 0 and 
5) or at the elicitation phase only (ie, on day 5) (Figure 2C). 
We found that 12-HEPE inhibited the development of ear 
swelling irrespective of the timing of administration, sug-
gesting that 12-HEPE exerts its anti-inflammatory activity 
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      |  7 of 16SAIKA et al.

during the elicitation phase of CHS rather than during the 
sensitization phase. In support of this finding, we also found 
that 12-HEPE did not prevent the migration of skin dendritic 
cells to the draining lymph nodes (Figure S4A,B).

3.3  |  Neutrophil recruitment is regulated by 
12-HEPE treatment

We next investigated the mechanism underlying the inhibi-
tion of CHS by 12-HEPE. Because we found that the anti-
inflammatory effects of 12-HEPE were exerted after the 
sensitization phase, we concentrated on the effects during the 

elicitation phase only. We found that 12-HEPE did not affect 
DNFB-induced changes in vascular permeability or iSALT 
formation (Figure S4C,D), suggesting that 12-HEPE had lit-
tle effect on mast cell degranulation and macrophage activity 
as iSALT inducer cells. In addition, flow cytometric analysis 
revealed that 12-HEPE did not change the number of IFN-γ-
producing CD8+ T cells in the inflamed skin of CHS mice 
(Figure S4E), suggesting that 12-HEPE had little effect on T 
cell and dendritic cell activity. Consistent with the results that 
T cell number was not changed by 12-HEPE, we found that 
the expression level of two genes encoding T cell chemoat-
tractants, Cxcl9 and Cxcl10, were unchanged by 12-HEPE 
treatment after DNFB challenge (Figure S4F). Together, 

F I G U R E  1   Identification of 12-hydroxyeicosapentaenoic acid (HEPE) as the dominant eicosapentaenoic acid (EPA)-derived metabolite, 
and 12-lipoxygenase as the main metabolic enzyme, in murine skin. A, BALB/c mice were maintained with feed containing ω3 fatty acid-rich 
linseed oil or control soybean oil, and EPA-derived metabolites in the ear skin and gut were measured by liquid chromatography-tandem mass 
spectrometry. EpETE, epoxyeicosatetraenoic acid; diHETE, dihydroxyeicosatetraenoic acid. **, P < .01; ***, P < .001; ****, P < .0001 (Kruskal-
Wallis test followed by Dunn's multiple comparison test). B, mRNA was isolated from the ear skin and gut of BALB/c mice, and quantitative real-
time PCR analyses were performed to measure the expression levels of Alox12, Alox12b, Cyp2c44, and Cyp4f16, which were normalized to that of 
Gapdh. ****, P < .0001 (Mann-Whitney U test). In all panels, each point represents data from an individual mouse, and horizontal bars indicate 
median values

(A) (B)
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8 of 16  |      SAIKA et al.

these findings suggest that 12-HEPE has no effect on mast 
cells, macrophages, dendritic cells, or T cells.

We next examined the impact of 12-HEPE on neutrophils 
as the inflammatory cells implicated in the development of 
CHS.16,19,20 Flow cytometric analyses revealed that topical 
application of 12-HEPE inhibited DNFB-induced neutrophil 
infiltration into the skin (Figure 3A,B). Immunohistological 
analysis also revealed that inflammation-associated infiltra-
tion of neutrophils into the dermis was inhibited by topical 
application of 12-HEPE (Figure 3C).

It has been reported that neutrophil infiltration is also 
inhibited by other EPA-derived metabolites, including re-
solvin E1 (RvE1), RvE2, and RvE3.43,49-51 These RvEs are 
produced from 18-HEPE, which led us to examine whether 
topical application of 18-HEPE also has anti-inflammatory 
effects in CHS. However, topical application of 18-HEPE 
had no effect on ear swelling or neutrophil infiltration into 
the skin (Figure S5A,B). This indicates that 12-HEPE plays 
a unique role in the regulation of CHS by inhibiting neu-
trophil migration.

3.4  |  Neutrophil recruitment is reduced by 
12-HEPE via an indirect pathway

To elucidate whether 12-HEPE had a direct or indirect influ-
ence on neutrophil infiltration, we examined whether 12-HEPE 
inhibited neutrophil pseudopod formation, which is essential 
for neutrophil migration.52,53 We purified neutrophils from 
bone marrow; stimulated them with fMLP, a bacteria-derived 
neutrophil chemoattractant; and examined pseudopod forma-
tion by evaluating neutrophil actin polymerization. We found 
that fMLP-induced actin polymerization was not affected by 
12-HEPE treatment (Figure S6), suggesting that 12-HEPE in-
hibits neutrophil infiltration through an indirect mechanism.

3.5  |  12-HEPE reduces CXCL1 and CXCL2 
expression in human keratinocytes

The neutrophil chemoattractants CXCL1 and CXCL2, which 
are produced by keratinocytes, play important roles in the 

F I G U R E  2   Topical application of 12-hydroxyeicosapentaenoic acid (HEPE) ameliorates inflammation more than intraperitoneal (i.p.) 
injection in mice with contact hypersensitivity. A, B, Mice were administered 12-HEPE (1 µg/administration) by i.p. injection or topical application 
(skin) or vehicle (50% [vol/vol] ethanol in PBS), by topical application on days 0 and 5 at 30 minutes before 2,4-dinitrofluorobenzene (DNFB) 
treatment. A, Ear swelling was evaluated on day 7. Data are combined from three independent experiments. B, Ear tissue samples were prepared 
on day 7, stained with hematoxylin and eosin, and analyzed histologically. Representative images from two independent experiments are shown. 
Bars, 100 μm. C, Mice were topically administered 12-HEPE (1 µg/administration) or vehicle (50% [vol/vol] ethanol in PBS) on days 0 and 5, or 
on day 5 only, at 30 minutes before DNFB treatment. On day 7, ear swelling was measured. Data are combined from two independent experiments. 
For panels A and C, each point represents data from an individual mouse, and horizontal bars indicate median values. *, P < .05; **, P < .01; ***, 
P < .001 (Kruskal-Wallis test followed by Dunn's multiple comparison test)
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      |  9 of 16SAIKA et al.

development of CHS,8-10 and their gene expression is induced 
by TNF-α produced by hapten-stimulated keratinocytes and 
mast cells.4,7,11 Therefore, we next examined the pathways 
through which regulation of these chemokines indirectly in-
hibits neutrophil infiltration. In mice, topical application of 
12-HEPE reduced DNFB-induced expression levels of Cxcl1 
and Cxcl2 at 6 hours after challenge compared with vehicle 
control (Figure 4A). We also confirmed that the gene expres-
sion level of Tnf was increased after elicitation by application 
of DNFB to the skin (Figure S7), but 12-HEPE did not affect 
the DNFB-induced induction of Tnf in inflamed ears (Figure 
S7), suggesting that 12-HEPE acts downstream of TNF-α.

Because keratinocytes are the most important source of 
chemokine production in response to TNF-α in the skin, we 
performed in vitro experiments using a human keratinocyte cell 
line, HaCaT cells.4,5 HaCaT cells were stimulated with TNF-α, 
and gene expression levels of the chemokines were analyzed 

with quantitative real-time PCR. As previously reported,7,54 
stimulation of HaCaT cells with TNF-α induced expression of 
CXCL1 and CXCL2, but we also found that 12-HEPE inhibited 
the TNF-α-induced induction of these chemokines (Figure 4B).

3.6  |  12-HEPE exerts its anti-inflammatory 
actions via RXRα in keratinocytes

To identify the receptors associated with the anti-inflammatory 
activity of 12-HEPE, we evaluated the expression of genes en-
coding two G protein-coupled receptors (GPR40 and GPR120) 
and several nuclear receptors, including PPARs (PPARα, β, 
and γ), RXRs (RXRα, β, and γ), and liver X receptors (LXRα 
and β), which are known as long-chain fatty acid receptors.55-60 
Among these receptors, the expression level of RXRA and Rxra 
was highly observed in HaCaT cells and freshly isolated murine 

F I G U R E  3   12-Hydroxyeicosapent
aenoic acid (HEPE) reduces neutrophil 
recruitment to the inflamed skin of mice 
with contact hypersensitivity. A–C, Mice 
were topically administered 12-HEPE 
(1 µg/administration) or vehicle (50% [vol/
vol] ethanol in PBS) on days 0 and 5 at 
30 minutes before DNFB treatment. A, 
On day 7, the number of Ly6G+ CD11b+ 
neutrophils was determined on the basis of 
total cell numbers and flow cytometric data. 
Horizontal bars indicate median values. 
Data are combined from four independent 
experiments. *, P < .05 (Kruskal-
Wallis test followed by Dunn's multiple 
comparison test). B, Representative flow 
cytometry profiles from four independent 
experiments showing neutrophils in ear 
samples on day 7. Neutrophils were 
gated as Ly6G+ CD11b+ cells. Numbers 
indicate the percentage of Ly6G+ CD11b+ 
neutrophils. C, Frozen ear sections obtained 
on day 7 were stained with fluorescein 
isothiocyanate-labeled Ly6G and 
4',6-diamidino-2-phenylindole (DAPI) for 
immunohistologic analysis. Representative 
images from two independent experiments 
are shown. Bars, 100 μm
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10 of 16  |      SAIKA et al.

F I G U R E  4   12-Hydroxyeicosapentaenoic acid (HEPE) downregulates CXCL1 and CXCL2 expression in keratinocytes. A, Mice were 
topically administered 12-HEPE (1 µg/administration, open circles and dashed line) or vehicle (50% [vol/vol] ethanol in PBS, closed circles and 
solid line) on days 0 and 5 at 30 minutes before 2,4-dinitrofluorobenzene (DNFB) treatment. After DNFB treatment on day 5, ear skin, which 
was collected at the indicated time points, was homogenized for isolation of mRNA, and quantitative real-time PCR analysis was performed to 
measure the expression levels of Cxcl1 and Cxcl2, which were normalized to that of Gapdh. Data are combined from two independent experiments 
(mean ± SEM values; 0 hour, n = 8; 15 hours, n = 13; other groups, n = 7). Data at 6 hours after DNFB challenge are also shown as median values. 
Each point represents data from an individual mouse. *, P < .05; **, P < .01 (Mann-Whitney U test). B, HaCaT cells were treated with 12-HEPE 
(300 nmol/L) or vehicle (0.2% [vol/vol] ethanol in Dulbecco's modified Eagle's medium) for 30 minutes before stimulation with tumor necrosis 
factor (TNF)-α. The mRNA was isolated from HaCaT cells, and quantitative real-time PCR analysis was performed to measure the expression 
levels of CXCL1 and CXCL2, which were normalized to the expression of GAPDH. The horizontal line in each box plot indicates the median value. 
Data are combined from three independent experiments (without TNF-α, n = 5; other groups, n = 10). *, P < .05; **, P < .01 (Kruskal-Wallis test 
followed by Dunn's multiple comparison test)

(A)

(B)

+ +

+––

– + +

+––

–

 15306860, 2021, 4, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202001687R

 by C
ochrane Japan, W

iley O
nline L

ibrary on [30/04/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



      |  11 of 16SAIKA et al.

skin keratinocytes, respectively (Figure 5A,B), suggesting that 
RXRα is involved in the anti-inflammatory effect of 12-HEPE 
on keratinocytes. Then, we applied an RXR pan-antagonist 
(HX 531) to the CHS model, and found that it abolished the 
anti-inflammatory activities of 12-HEPE (Figure 6A-D).

Finally, we examined in more detail the involvement of 
RXRα in the inhibitory activity of 12-HEPE. We knocked 
down RXRα in HaCaT cells using a specific siRNA in vitro 
because the expression level of RXRA was much higher than 
that of the other RXR-encoding genes (ie, RXRB and RXRG) 
in keratinocytes (Figure 5). We first confirmed that RXRα-
specific siRNA treatment efficiently reduced the amount of 
RXRα in HaCaT cells (Figure 7A), which coincidently can-
celed the inhibitory effect of 12-HEPE on the expression of 
CXCL1 and CXCL2 induced by TNF-α (Figure 7B). We found 
that the expression of Rxra in bone marrow-derived neutro-
phils was much lower than that in keratinocytes (Figure S8), 
which is consistent with our findings that 12-HEPE did not 
have a direct effect on neutrophils (Figure S6). These findings 
suggest that RXRα is the receptor targeted by 12-HEPE for the 
inhibition of CXCL1 and CXCL2 production by keratinocytes.

4  |   DISCUSSION

In this study, we identified 12-HEPE as the dominant me-
tabolite in the skin of linseed oil-fed mice, and found that 
12-HEPE exhibited anti-inflammatory activity for the ame-
lioration of CHS by inhibiting the expression of two neutro-
phil chemoattractant-encoding genes, CXCL1 and CXCL2, in 
keratinocytes in an RXR-dependent manner. Previously, we 

found that dietary intake of linseed oil led to an increase in the 
level of the EPA-derived CYP metabolite 17,18-EpETE in the 
intestine and the EPA-derived 15-LOX metabolite 15-HEPE 
in the nasal passage, and that these two metabolites inhibited 
the development of food allergy and allergic rhinitis, respec-
tively.33,37 We also identified the ω3 docosapentaenoic acid-
derived 12-LOX metabolite14-hydroxydocosapentaenoic acid 
as being increased in the breast milk of linseed oil-fed mice, 
and that this metabolite inhibited the development of CHS in 
offspring.42 Together, our current and previous observations 
suggest that the metabolic progression of ω3 fatty acids and the 
levels of metabolites produced differ among different tissues.

Regarding the roles of ω3 fatty acid metabolites in the 
control of CHS, we previously reported that 17,18-EpETE 
attenuated skin inflammation in CHS to a greater extent 
when mice were treated with 17,18-EpETE via i.p. injection 
compared with via topical application, whereas our findings 
for 12-HEPE in the present study were the opposite.38 This 
difference may reflect differences in the mechanisms of ac-
tion of 17,18-EpETE and 12-HEPE. Indeed, 17,18-EpETE 
inhibited neutrophil migration by inhibiting pseudopod for-
mation, whereas 12-HEPE did so by inhibiting the expres-
sion of CXCL1 and CXCL2 in keratinocytes. In addition to 
17,18-EpETE and 12-HEPE, several other lipid mediators 
have been identified that inhibit CHS by targeting differ-
ent cells. For example, oleic acid-derived mead acid acts 
directly on neutrophils to inhibit their migration and leu-
kotriene B4 production,41 and EPA-derived RvE1, which is 
a metabolite of 18-HEPE, impairs the mobility of cutane-
ous dendritic cells by blocking leukotriene B4-leukotriene 
B4  receptor 1 signaling, thereby reducing skin inflamma-
tion in CHS.39 However, although 18-HEPE is a substrate of 
functional EPA-derived metabolites of RvEs, we found here 
that 18-HEPE had little effect on ear swelling, suggesting 
that 18-HEPE is not metabolized to RvEs. Indeed, conver-
sion of 18-HEPE to RvE1 and RvE2 is mediated by 5-LOX, 
which is highly expressed in neutrophils, and to RvE3 is 
mediated by 12/15-LOX, which is highly expressed in eo-
sinophils.43,51,61 Therefore, it is likely that 18-HEPE is not 
converted to RvEs in the absence of neutrophils in the early 
phase of inflammation. Compared with these other metab-
olites, 12-HEPE uniquely targets keratinocytes, in which it 
inhibits CXCL1 and CXCL2 gene expression. Because kera-
tinocyte-derived CXCL1 and CXCL2 contribute to the de-
velopment of several inflammatory skin diseases, including 
psoriasis and atopic dermatitis,5,6,62,63 12-HEPE may be an 
effective molecule for the control of these skin diseases.

In the elicitation phase of CHS, the hapten triggers TNF-α 
production by keratinocytes, which activates nuclear fac-
tor-κB (NF-κB) signaling in keratinocytes in an autocrine 
manner, which leads to the production of CXCL1, CXCL2, 
CXCL9, and CXCL10.4,5 In murine skin, we found that 12-
HEPE inhibited the induction of the expression of Cxcl1 

F I G U R E  5   Retinoid X receptor (RXR)α is predominantly 
expressed in keratinocytes. A, mRNA was isolated from HaCaT cells, 
and quantitative real-time PCR analysis was performed to measure 
the expression levels of the indicated genes, which were normalized 
to that of GAPDH. B, CD45− CD31− CD34− CD49f+ keratinocytes 
were sorted from ear skin of naïve mice, and quantitative real-time 
PCR analysis was performed to measure the expression levels of the 
indicated genes, which were normalized to that of Gapdh. The vertical 
line in each box plot indicates the median value (n = 4 or 8)
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12 of 16  |      SAIKA et al.

and Cxcl2 but not of Cxcl9 and Cxcl10. The TNF-α-NF-κB-
induced expression of CXCL9 and CXCL10 is enhanced by 
IFN-γ signaling,64,65 whereas IFN-γ has little effect on the 
expression of CXCL1 and CXCL2.66 In the present study, 

12-HEPE did not block T cell infiltration, suggesting that 
T cell-derived IFN-γ stimulates keratinocytes to produce 
CXCL9 and CXCL10 for the recruitment of T cells to the 
skin.

F I G U R E  6   12-Hydroxyeicosapentaenoic acid (HEPE) ameliorates contact hypersensitivity via retinoid X receptor (RXR)-dependent 
mechanisms. A–D, Mice were topically administered 40 nmol of the RXR pan-antagonist HX 531 or vehicle (25% [vol/vol] dimethyl sulfoxide in 
PBS) on days 0 and 5. Sixty minutes later, 12-HEPE (1 µg/administration) or vehicle (50% [vol/vol] ethanol in PBS) were administered, followed 
30 minutes later by treatment with 2,4-dinitrofluorobenzene. A, Ear swelling was evaluated on day 7. B, Samples of ear tissue were prepared on 
day 7, stained with hematoxylin and eosin, and analyzed histologically. Representative images from two independent experiments are shown. Bars, 
100 μm. C, On day 7, the number of Ly6G+ CD11b+ neutrophils was determined on the basis of total cell numbers and flow cytometric data. Each 
point represents data from an individual mouse. Data are combined from two independent experiments. Horizontal bars indicate median values. 
*, P < .05; NS, not significant (Kruskal-Wallis test followed by Dunn's multiple comparison test). D, Frozen ear sections obtained on day 7 were 
stained with fluorescein isothiocyanate-labeled Ly6G and DAPI for immunohistologic analysis. Representative images from two independent 
experiments are shown. Bars, 100 μm
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      |  13 of 16SAIKA et al.

In the present study, we also found that the anti-inflam-
matory activity of 12-HEPE was canceled in the presence of 
HX 531, a pan-antagonist of RXR. Although HX 531 tar-
gets three different RXR subtypes (ie, RXRα, RXRβ, and 
RXRγ), we found that RXRa remained dominantly expressed 
in keratinocytes. Indeed, RXRα is reported to play important 
roles in the maintenance of skin homeostasis, because kerat-
inocyte-selective ablation of RXRα results in hyperprolifer-
ation, abnormal differentiation, and inflammatory reaction 
by keratinocytes.67-70 In contrast, animals lacking RXRβ or 
RXRγ do not show these skin abnormalities.71,72 In the pres-
ent study, RXRα-specific siRNA experiments revealed that 
RXRα plays an essential role in the anti-inflammatory ac-
tivities of 12-HEPE in keratinocytes. Taken together, these 
findings suggest that the 12-HEPE-RXRα axis, not axes 
involving RXRβ and RXRγ, plays an important role in the 
maintenance of keratinocyte-mediated skin homeostasis. 
RXRs form heterodimers with other nuclear receptor fam-
ily members.60 A previous study demonstrated that an RXR 

agonist decreased TNF-α-induced chemokine release by in-
hibiting mitogen-activated protein kinase and NF-κB activa-
tion though RXR/PPARγ heterodimer activation.73 Although 
we detected the expression of PPARγ in HaCaT cells, treat-
ment with a PPARγ antagonist (GW9662) had little effect 
on the function of 12-HEPE (Figure S9), suggesting that 
RXR/PPARγ is unlikely to be a major target for 12-HEPE. 
Activation of RXR heterodimers other than RXR/PPARγ 
may also play an important role in the downregulation and 
production of inflammatory chemokines. For example, it has 
been reported that the RXR/PPARα axis inhibits NF-κB tran-
scription activity, and the RXR/PPARβ axis suppresses in-
flammatory interleukin-6 production.74,75 Agonist-activated 
RXR/PPAR complexes negatively regulate other transcrip-
tion factors including NF-κB and activator protein-1, which 
are involved in the promotion of CXCL1 and CXCL2 expres-
sion, thereby inhibiting its ability to induce gene transcrip-
tion.66,75-78 For the remaining RXR heterodimer, RXR/LXR, 
an RXR agonist reduced translocation of NF-κB into nuclei 

F I G U R E  7   Essential role of retinoid X receptor (RXR)α on 12-hydroxyeicosapentaenoic acid (HEPE)-mediated chemokine suppression in 
keratinocytes. A, RXRα expression level in HaCaT cells treated with RXRα-specific siRNA or with nonspecific control siRNA as determined by 
western blotting using a specific anti-RXRα mAb. β-actin levels are shown as the control for equal protein loading. B, RXRα siRNA-transfected 
HaCaT cells or nonspecific control siRNA-transfected HaCaT cells were treated with 12-HEPE (300 nmol/L) or vehicle (0.2% [vol/vol] ethanol in 
Dulbecco's modified Eagle's medium) for 30 minutes before stimulation with tumor necrosis factor (TNF)-α. mRNA was isolated from the cells, 
and quantitative real-time PCR analysis was performed to measure the expression levels of CXCL1 and CXCL2, which were normalized to the 
expression of GAPDH. Data are combined from three independent experiments (without TNF-α, n = 5; other groups, n = 10). The horizontal line 
in each box plot indicates the median value. *, P < .05; NS, not significant (Kruskal-Wallis test followed by Dunn's multiple comparison test)
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by inducing activation transcription factor 3, which binds to 
the p65 component of NF-κB.79 These observations suggest 
that 12-HEPE may downregulate the expression of CXCL1 
and CXCL2 by inhibiting NF-κB and activator protein-1 via 
RXRα heterodimers with PPARα, PPARβ, or LXRs.

In conclusion, we have shown that the metabolic progres-
sion of dietary ω3 fatty acids differs in different organs, and 
we identified 12-HEPE as the dominant ω3 fatty acid metab-
olite in skin. Furthermore, we found that 12-HEPE reduced 
the inflammation associated with CHS via RXRα-mediated 
inhibition of the expression of CXCL1 and CXCL2 in kera-
tinocytes. Several stable analogs of fatty acid metabolites 
are currently undergoing drug development. For example, a 
stable analog of EPA-derived RvE1 has been shown to be 
effective for the treatment of dry-eye-associated inflamma-
tion.49,80 This RvE1 analog was also performed clinical trial 
for ocular inflammation and pain after cataract surgery.49,81 
In addition, our previous work has demonstrated a correlation 
between infant allergic symptoms and a low concentration 
of an anti-inflammatory fatty acid metabolite of 14-hydroxy-
docosapentaenoic acid in breast milk.42 Therefore, fatty acid 
metabolites, including 12-HEPE, will be of interest as a novel 
target for drug development. Thus, our present findings pro-
vide valuable information for the development of 12-HEPE-
based dietary and pharmaceutical strategies to ameliorate the 
skin inflammation associated with allergic contact dermatitis.
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