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Abstract 

 

17-Oxo-DHA enhances resolution of 

murine dermatitis and efferocytic activity 

of macrophages by regulating Nrf2 

 

So Eui Lee 

Under the supervision of Professor Young-Joon Surh 

Department of Molecular Medicine and Biopharmaceutical Science  

Seoul National University 

  

 

Acute or physiological inflammation is a beneficial process, especially for 

body’s defense against threats to the host organism by microbial infection and 

other insults. Spontaneous resolution of acute inflammation is important to 

block progression to chronic inflammation which is implicated in 

pathogenesis of various disorders such as arthritis, coronary heart disease, 

cancer, etc. Docosahexaenoic acid (DHA) is one of the omega-3 (ω-3) 

polyunsaturated fatty acids (PUFAs). DHA undergoes metabolism to produce 

biologically active electrophilic species. 17-Oxo-DHA is one such reactive 

metabolite which is produced by cyclooxygenase-2 and dehydrogenase. In 
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the present study, effects of 17-oxo-DHA on resolution of ultraviolet B 

(UVB)-induced murine dermatitis and underlying molecular mechanisms 

were investigated. UVB irradiation onto mouse skin, caused dermatitis, which 

was recovered naturally over time. Nuclear factor erythroid 2-related factor 2 

(Nrf2) upregulates heme oxygenase-1 (HO-1) that inhibits the expression of 

pro-inflammatory cytokines while upregulating the anti-inflammatory 

cytokines. Topical application of 17-oxo-DHA elevated the expression of 

Nrf2 and HO-1. This accelerated resolution of UVB-induced skin 

inflammation as evidenced by amelioration of symptoms including erythema, 

scarring and erosion as well as skin thickness and expression of pro-

inflammatory cytokines. Efferocytosis is a key step in resolution of acute 

inflammation which is mainly performed by macrophages. In the present 

study, bone marrow derived macrophages (BMDMs) were incubated in the 

absence and presence of 17-oxo-DHA with apoptotic murine skin epithelial 

JB6 cells formed by UVB radiation. 17-Oxo-DHA treatment enhanced 

phagocytic engulfment of apoptotic JB6 cells by macrophages, which was 

associated with the elevated expression of the scavenger receptor, CD36 as 

well as Nrf2 and HO-1. The pharmacologic inhibition or knock out of Nrf2 

abrogated 17-oxo-DHA-induced potentiation of efferocytic activity of 

macrophages. In conclusion, 17-oxo-DHA stimulates resolution of UVB-

induced dermatitis by potentiating efferocytic activity of macrophages via the 

Nrf2-HO-1 axis. Therefore, 17-oxo-DHA has a therapeutic potential to 

resolve the UV-induced inflammatory skin damage. 
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Introduction 

 

Ultraviolot (UV) radiation is classified as UVA, UVB and UVC according 

to wavelengths they emit. In contrast to UVC which is blocked by the ozone 

layer, UVA and UVB can reach the Earth's surface and can cause adverse 

biological effects in the skin and eyes [1]. Because of frequent exposure to 

UV irradiation, the skin is the body’s most vulnerable organ to UV-induced 

damage [2]. UV radiation causes various harmful reactions in the epidermis, 

such as inflammation, gene mutation, immunosuppression, etc. UV-induced 

production of cytokines and other mediators initiates an inflammatory 

response which contributes to dermatitis and photocarcinogenesis. UVB is 

more deleterious than UVA, causing greater DNA injury and a higher cancer 

risk [1, 2, 3].  

Acute or physiological inflammation, in general, is a self-limiting process 

of the innate immune system where the phagocytes play a central role in 

protecting the host from invading microorganisms and injuries. Some acute 

inflammatory symptoms include rubor (redness), tumor (swelling), calor 

(heat), dolor (pain), etc. [4]. If not terminated properly on the right time, the 

resulting sustained inflammatory responses can provoke pathogenesis of 
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several chronic disorders, such as arthritis, asthma, atherosclerosis and even 

cancer [5, 6]. 

The skin offers a first line of incipient defense against external stressors 

to maintain host homeostasis [7]. When a pathogen invades the skin tissue or 

a wound occurs, the epidermal cells respond immediately by activating a 

distinct set of proinflammatory cytokines and chemokins [8]. These responses 

are intended to eliminate pathogens and minimize tissue damage [9]. The 

stimulated epithelial cells transmit a signal to the tissue resident cells. As a 

results, phagocytes including macrophages and neutrophils, directly process 

the pathogens while dendritic cells mediate adaptive immune signaling by 

modulating T cell differentitation [10]. At the beginning of innate immunity 

when pathogens or cells that die in response to stress are detected, neutrophils 

are infiltrated in the infected or wounded site and clear them. Since 

neutrophils have a short lifespan, subsequent reactions are mainly regulated 

by macrophages [11, 12]. 

Apoptosis is the most conspicuous mechanism of programmed cell death 

observed in inflamed tissue. Accumulation of dead or dying cells triggers 

persistent inflammatory response, so removal of apoptotic cells plays an 

integral role in the regulation of inflammation [9]. Efferocytosis is defined as 

a process of recognizing, engulfing, processing, and eliminating dead and 
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dying cells, which is performed by a variety of phagocytes including 

macrophages. Various phagocytic receptors including CD36 are involved in 

this process by recognizing those cells that are supposed to be phagocytosed 

[13]. Efferocytosis has a pivotal role in preventing secondary necrosis, 

inflammation and autoimmunity, and consequently contributes to resolution 

of inflammation [14].  

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a transcription factor 

that upregulates expression of many anti-oxidative and anti-inflammatory 

enzymes and other cytoprotective proteins, such as heme oxygenase-1 (HO-

1). Under basal states, kelch-like ECH-associated protein 1 (Keap1) binds to 

Nrf2, which facilitates the ubiquitination and subsequent degradation of this 

transcription factor by proteasomes. Under oxidative stress conditions, 

oxidation of distinct sensor cysteine residues present in Keap1 diminishes its 

affinity for Nrf2. This releases Nrf2 for translocation into the nucleus where 

it binds to antioxidant response element (ARE) of target genes including HO-

1. HO-1 inhibits the production of proinflammatory molecules while it 

activates the anti-inflammatory signaling. The Nrf2-HO-1 axis hence 

coordinately adjusts inflammation [15]. 

Specialized pro-resolving mediators (SPM), such as lipoxins, resolvins, 

protectins and maresins, are the endogenous molecules that implement 



  

４ 

 

resolution of acute inflammation. SPMs are biosynthesized from omega-3 (ω-

3) polyunsaturated fatty acids (PUFAs) including DHA, eicoapentaenoic acid, 

and arachidonic acid. Resolvin D1 is one of the resolvin family derived from 

DHA [16]. It facilitates resolution of inflammation by promoting 

efferocytosis [17]. DHA undergoes metabolism to produce biologically active 

electrophilic fatty acid [18].  

 

Here I report that 17-oxo-DHA, an electrophilic metabolite of DHA, 

upregulates HO-1 expression through activation of Nrf2, and thereby 

enhances resolution of murine dermatitis by potentiating the efferocytic 

activity of macrophages. 
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Materials and Methods 

 

Chemicals and biological reagents 

DHA (4Z,7Z,10Z,13Z,16Z,19Z-docosahexaenoic acid), 17-oxo-DHA 

(17-keto-4(Z),7(Z),10(Z),13(Z),15(E),19(Z)-docosahexaenoic acid), and 17-

hydroxy-DHA (17-hydroxy-4Z,7Z,10Z,13Z,13Z,15E,19Z-docosahexaenoic 

acid) were obtained from Cayman Chemical Co. (Ann Arbor, MI, USA). 

Dulbecco’s modified Eagle’s medium (DMEM), Minimum Essential Media 

(MEM), fetal bovine serum (FBS), sodium pyruvate and gentamicin were 

supplied by Gibco (Grand Island, NY, USA). Trypsin, 

ethylenediaminetetraacetic acid (EDTA) and penicillin were purchased from 

Welgene (Gyeongsan-si, Gyeongsangbuk-do, South Korea). Primary 

antibodies against cyclooxygenase-2 (COX-2), NAD(P)H: quinone 

oxidoreductase (NQO1), β-actin and CD36 were products of Santa Cruz 

Biotechnology (Dallas, TX, USA). Anti-Nrf2 and Anti-iNOS were products 

of Abcam (Cambridge, MA, USA). Anti-HO-1 was the product of Enzo Life 

Sciences (Farmingdale, NY, USA). pHrodo Green, pHrodo Red, and 4′,6-

diamidino-2-phenylindole (DAPI) were obtained from Thermo Fisher 

Scientific (Waltham, MA, USA). Antibody against F4/80, Red blood cell lysis 
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buffer and recombinant mouse M-CSF were supplied by Biolegend (San 

Diego, CA, USA). ML385 (N-[4-[2,3-Dihydro-1-(2-methylbenzoyl)-1H-

indol-5-yl]-5-methyl-2-thiazolyl]-1,3-benzodioxole-5-acetamide) was a 

product of Sigma-Aldrich Co (St. Louis, MO, USA). 

 

Induction of UVB-induced dermatitis 

Female SKH-1 hairless mice (5–6 weeks of age) were supplied by Orient 

Bio, Inc. (Seoul, South Korea). Mice were adjusted in controlled rooms 

(24 °C at 50% humidity) with a 12 h light and 12 h dark cycle. All experiments 

were conducted based on approval of the Institutional Animal Care and Use 

Committee at Seoul National University (IACUC number; SNU -190812-2). 

The UVB radiation source was a 5×8 Watt tube, which releases an energy 

spectrum within the UVB region (with a peak at 312 nm). Mice were 

irradiated with UVB (500 mJ/cm2) using Biolink BLX-312 UV crosslinker 

(Vilbert Lourmat, Marne-la-Valle´ e, France). 17-Oxo-DHA (20 nmol) was 

dissolved in 200 μl of acetone and topically applied to the dorsal skin of mice. 

The degree of UVB-induced dermatitis was evaluated by the clinical skin 

score system based on symptoms consisting of erythema, scarring, edema, 

and erosion. Each of these symptoms was rated on a scale of 0 to 3. The 

thickness of dorsal skin was measured by caliper. 
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Histopathological examination 

Mice were euthanized by carbon dioxide inhalation. Skins were collected 

from mice and washed with cold phosphate-buffered saline (PBS). Skin 

biopsies were fixed in 10% buffered formalin and embedded in paraffin. After 

hematoxylin and eosin (H&E) staining of tissue section was conducted, light 

microscopy was used for examination. 

 

Isolation of bone marrow derived macrophages (BMDMs) 

The femur and tibia were harvested from mice. After cutting both ends of 

bone, bone marrow was flushed out by cold PBS. The cells from bone marrow 

were filtered through 100 μm FALCON nylon cell strainer (Thermo Fisher 

Scientific; Waltham, MA, USA) and centrifuged at 500 g for 5 min at 4°C. 

The cell pellet was resuspened and incubated with red blood cell (RBC) lysis 

buffer for 1 min at room temperature. After discarding RBC lysis buffer, the 

isolated cells were plated in DMEM containing 20 ng/mL M-CSF and 

incubated at 37°C in a humidified incubator containing 5% CO2 for 4 days. 

Cells were then switched to media supplemented with 10 ng/mL M-CSF for 

3 days. 
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Immunofluorescence staining 

Immunofluorescence staining was performed on murine skin tissue and 

isolated BMDMs. Nrf2 and F4/80 were detected using rabbit polyclonal 

antibody. COX-2 was detected using mouse polyclonal antibody. Skin 

epithelial cells were detected using pHrodo dye. Immunofluorescence signals 

were visualized with Alexa Fluor 488 goat anti-rabbit immunoglobulin G 

(IgG) secondary antibody and Alexa Fluor 568 goat anti-mouse IgG 

secondary antibody (Invitrogen; Carlsbad, CA, USA). 

 

Preparation of tissue lysates 

To improve the efficiency of protein extraction, fat was eliminated from 

the isolated skin tissue while kept on ice. The fat-free tissue was homogenized 

in ice-cold lysis buffer [50 mM Tris–HCl (pH 7.4), 150 mM NaCl, 0.5% 

Triton-X 100, 20 mM ethylene glycol tetra-acetic acid, 1 mM dithiothreitol, 

1 mM Na3VO4 and 1 mM phenylmethyl sulfonylfluoride] supplemented with 

EDTA-free cocktail tablet as a protease inhibitor and followed by periodical 

vortex mixing for 3 h at 4℃. The lysates were centrifuged at 13,000 g for 15 

min at 4℃ and the aliquots were collected from the supernatant. 
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Western blot analysis 

The protein concentration of lysates was determined by bicinchoninic 

acid protein assay reagents (Pierce; Rockford, IL, USA). Ten μg of protein 

was electrophoresed on sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) and transferred to the polyvinylidene difluoride 

membranes. The membranes were blocked with 5% nonfat dry milk in Tris 

buffered saline containing 0.1% Tween-20 (TBST) for 1 h at room 

temperature. Each blot was incubated with a primary antibody diluted in 

TBST overnight at 4°C. The membranes were rinsed three times for 10 min 

with TBST. After removing surplus primary antibody, the proper horseradish 

peroxidase conjugated secondary antibody was used. The immunoblots with 

protein–antibody complexes were visualized with an ECL detection kit 

(Amersham Pharmacia Biotech, Buckinghamshire, UK) according to the 

manufacturer’s instruction and quantified with LAS 4000 (Fujifilm; Tokyo, 

Japan). 

 

Quantitative real-time polymerase chain reaction (qPCR) 

Total RNA was isolated from tissue with Trizol® Reagent (Thermo Fisher 

Scientific; Waltham, MA, USA), and the reverse transcription reaction was 

conducted using the Moloney murine leukemia virus (M-MLV) reverse 
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transcriptase (Promega; Madison, WI, USA). Real-time quantitative PCR was 

conducted on a 7500 Real-Time PCR instrument (Thermo Fisher Scientific; 

Waltham, MA, USA) using the RealHelix Premier Quantitative PCR Kit 

(NanoHelix Co. Ltd; Daejeon, South Korea). The primers utilized for qPCR 

are as follows; nrf2, 5’-TAG ATG ACC ATG AGT CGC TTG C-3’ and 5’-

GCC AAA CTT GCT CCA TGT CC -3’; ho-1, 5’-AGG TAC ACA TCC AAG 

CCG AGA-3’and 5’-CAT CAC CAG CTT AAA GCC TTC T-3’; cox-2, 5’-

TTC CAA TCC ATG TCA AAA CCG T-3’and 5’-AGT CCG GGT ACA GTC 

ACA CTT -3’; actin, 5’-GGC TGT ATT CCC CTC CAT CG -3’and 5’-CCA 

GTT GGT AAC AAT GCC ATG T -3’; il-6, 5’-TCT ATA CCA CTT CAC 

AAG TCG GA -3’and 5’- GAA TTG CCA TTG CAC AAC TCT TT-3’; tnf-

α, 5’-CAG GCG GTG CCT ATG TCT C -3’and 5’- CGA TCA CCC CGA 

AGT TCA GTA G -3’ (forward and reverse, respectively). Target gene 

expression was normalized to actin. The relative gene expression was 

analyzed by the comparative cycle threshold (Ct) (ΔΔCt) method.  

 

Cytokines analysis 

The lysate of skin tissue was analyzed using ELISA kits according to the 

manufacturer’s instruction. Mouse IL-6 and TNF-α ELISA kits were products 

of RayBiotech (Norcross, GA, USA). 
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Efferocytosis assay 

The mouse epidermal JB6 Cl4 cells (American Type Culture Collection; 

Manassas, VA, USA) were plated in MEM containing gentamicin and sodium 

pyruvate. JB6 Cl4 cells were irradiated with UVB radiation (200 mJ/cm2) and 

incubated at 37℃ and 5% CO2 for 24 h. Apoptotic cells induced by UVB 

irradiation were collected and stained with pHrodo Green and pHrodo Red 

for 30 min at 37℃. The dead cells were centrifuged at 300 g for 3 min and 

washed twice with PBS. To the 1×106 BMDMs in a 60 mm plate, 3×106 

pHrodo-SE-labelled apoptotic cells were added followed by co-incubation at 

37°C for 1 h. After incubation, the plates were washed twice with PBS to 

remove residual apoptotic cells.  

 

Flow cytometry assay 

Cells were detached from plates by treating 5 mM EDTA and spun down 

at 500 g for 5 min at 4°C. Following complete removal of unwanted debris 

free isotype control antibody, an additional incubation with CD16/32 

antibody was performed to block non-specific antibody binding. After 

blocking, F4/80 antibody was added to samples and incubated for 30 min at 

4°C. Samples were detected by FACS Calibur™ flow cytometer (Becton, 

Dickinson and Company; Franklin Lakes, NJ, USA) and FlowJo software. 
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Statistical analysis 

All data are analyzed by means ± SD and are based on experiments 

performed at least three independent experiments. Statistical significance was 

calculated with the Student’s t-test and Prism program.  
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Results 

 

UVB-induced dermatitis undergoes spontaneous resolution  

The murine UVB-induced dermatitis model was used to explore 

resolution of acute dermatitis. Mice were irradiated with UVB (500 mJ/cm2) 

to trigger acute skin inflammation. After UVB irradiation, the severity of 

inflammation was assessed. The degree of UVB-induced dermatitis was 

evaluated by the clinical skin score system based on symptoms consisting of 

erythema, scarring, edema, and erosion. The extent of the scarring increased 

by day 7 (Fig. 1A). The extent of erosion was highest on day 3, and 

subsequently decreased. Based on the sum of the four indices, the clinical skin 

score was most severe on day 3. Skin thickness is generally measured by 

histological analysis of H&E stained tissue sections. The thickening of the 

entire skin tissue, including the epidermis, increased by day 4 and began to 

decrease thereafter (Fig. 1B). The number of macrophages, which increases 

proportionally to the severity of inflammation, was elevated on day 4 and 

restored by day 7 (Fig. 1C). The expression of COX-2 and iNOS which are 

representative proinflammatory enzymes also showed a tendency to increase 

by day 4, and decreased thereafter (Fig. 1D). The expression profile of COX-
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2 was verified by immunofluorescence staining (Fig. 1E). On the whole 

results, dorsal skin irradiated with UVB was most inflamed on day 4, and 

gradually underwent spontaneous resolution.  

 

Nrf2 and its target proteins accumulate in skin tissue inflamed by UV 

radiation.  

Nrf2 is one of the crucial mediators involved in the resolution of 

inflammation. It plays a key role in the initiation of wound healing by 

activating anti-inflammatory signaling while suppressing the 

proinflammatory signaling [19]. Western blot analysis with protein lysates 

form the dorsal skin tissue showed that the protein expression of Nrf2 was 

elevated as a result of inflammation caused by UVB irradiation. The 

expression of two representative Nrf2-dependent target proteins, HO-1 and 

NQO1, was also upregulated 24 h after UV irradiation (Fig. 2A). Likewise, 

mRNA levels of nrf2 as well as ho-1 were elevated as the severity of 

inflammation intensified (Fig. 2B). The accumulation of Nrf2 in the inflamed 

epidermis of UVB-irradiated mice was also detected by immunofluorescence 

staining (Fig. 2C). 

 

17-Oxo-DHA upregulates Nrf2, HO-1 and CD36 expression in mouse 
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skin tissue. 

Next, I determined the capability of 17-oxo-DHA to potentiate Nrf2 

signaling. Three and 6 hours after topical application of 17-oxo-DHA, skin 

tissues were collected for the measurement of Nrf2 and HO-1 at the 

transcriptional and translational levels, respectively. Both protein (Fig. 3A) 

and mRNA (Fig. 3B) levels of Nrf2 and HO-1 were enhanced by 17-oxo-

DHA treatment. The expression of CD36, a scavenger receptor that 

recognizes apoptotic cells, also escalated in 17-oxo-DHA-treated mouse skin 

(Fig. 3C). 

 

The resolution of UVB-induced inflammation is accelerated by 

topically applied 17-oxo-DHA. 

Four days after UV exposure, when the skin inflammation was maximal, 

17-oxo-DHA (20 nmol) was topically administered. One day later, mice were 

euthanized by carbon dioxide inhalation. Lysates of skin tissue were prepared 

for further analysis. The degree of UVB-induced dermatitis was evaluated by 

clinical skin score as mentioned above. Mice treated with 17-oxo-DHA had a 

lower skin severity score (Fig. 4A and quantification in 4B). 17-Oxo-DHA 

application also reduced the skin thickness measured by caliper (Fig. 4B) 

which was verified by H&E staining (Fig. 4C). The UVB-induced expression 
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of COX-2 (Fig. 4D) and its mRNA transcript (Fig. 4E) diminished 

significantly by topically applied 17-oxo-DHA. The number of macrophages 

was reduced after administration of 17-oxo-DHA (Fig. 4F). There was a 

concomitant decline in production of two prototypic inflammatory cytokines, 

TNF-α and IL-6, and expression of their gene transcripts (Fig. 4G). Under the 

same experimental conditions, however, the expression of Nrf2 and HO-1 

protein dwindled (Fig. 4H), which may be due to the masking effects of 

spontaneous adaptive response to UVB irradiation. 

 

17-Oxo-DHA potentiates efferocytic activity of macrophage. 

In resolving the acute inflammation, there are a series of steps involved. 

Of these, phagocytic removal of damaged cells termed ‘efferocytosis’ is 

considered most crucial to prevent persisting inflammation [8]. To elucidate 

whether 17-oxo-DHA could affect the efferocytosis that can be represented 

by macrophages engulfing apoptotic cells, BMDMs were treated with 17-

oxo-DHA for 12 h. For this purpose, JB6 murine epithelial cells were 

challenged with UVB. The resulting apoptotic cells were stained with pHrodo 

and co-incubated with BMDMs in the absence or presence of 5 μM of 17-

oxo-DHA. BMDMs with positive staining for both F4/80 (macrophage 

marker) and pHrodo (apoptotic cell marker) were selectively identified by 
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flow cytometry. DHA and 17-hydroxy-DHA, a precursor of 17-oxo-DHA, 

were also tested for their capability to induce efferocytosis as compared to 

17-oxo-DHA. As shown in Fig. 5A, 17-oxo-DHA treatment gave rise to the 

highest proportion of BMDMs engulfing apoptotic epidermal cells 

(F4/80+/pHrodo+). DHA treated BMDMs engulfing apoptotic epidermal cells 

(F4/80+/pHrodo+) were visualized under a fluorescence microscope (Fig. 5B). 

 

17-Oxo-DHA augments the expression of Nrf2, HO-1 and CD36 in 

BMDMs. 

When treated to BMDMs, 17-oxo-DHA induced the elevated expression 

of Nrf2 and HO-1 (Fig. 6A). The protein level of CD36 was also enhanced 

by 17-oxo-DHA which was consistent with the results observed in mouse skin 

(Fig. 6B). 

 

The inhibition of Nrf2 restrains capability of macrophages to engulf 

apoptotic epidermal cells. 

ML385 is a chemical inhibitor of Nrf2 which is widely used to interrupt 

the transcription of Nrf2 [20]. To examine the role of Nrf2 in efferocytosis, 

Nrf2 signaling was inhibited by pretreating BMDMs with ML385. The 

proportion of efferocytosis decreased in BMDMs treated with ML385 (Fig. 
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7A). To ensure the role of Nrf2 in efferocytosis, BMDMs from Nrf2 knockout 

(Nrf2 KO) mice were also employed. The efferocytic activity augmented by 

17-oxo-DHA was abrogated in BMDMs isolated from Nrf2 KO mice (Fig. 

7B).  
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Figure 1. Spontaneous resolution of UVB induced dermatitis. Female 

SKH-1 mice, 5 weeks of age, were irradiated with UVB (500 mJ/cm2). (A) 

The severity of skin inflammation was evaluated by the clinical skin score. 

(B) H&E staining of skin tissue sections. Magnification, 100X. Scale bars 

correspond to 500 μm. (C) Fluorescence intensity of F4/80 which is a 

macrophage marker was verified. Magnification, 100X. Scale bars 

correspond to 500 μm. (D) Western blot analysis to assess the expression of 

inflammatory enzymes (COX-2 and iNOS). (E) Immunofluorescence 

staining of COX-2 in mouse skin tissue. Magnification, 100X. Scale bars 

correspond to 500 μm. Data are expressed as means ± SD (n=3 per group). *p 

< 0.05, **p < 0.01 and ***p < 0.001 
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Figure 2. Expression of Nrf2 and its target proteins during resolution of 

UV-induced inflammation in mouse skin. Dorsal skin of mice was 

irradiated with UVB (500 mJ/cm2). (A) Western blot analysis to assess the 

expression of Nrf2 and its target proteins, HO-1 and NQO1 in UVB-irradiated 

mouse skin. (B) Real-time PCR analysis of mRNA expression of nrf2 and ho-

1. (C) Immunofluorescence staining of Nrf2 in mouse skin tissue. 

Magnification, 100X. Scale bars correspond to 500 μm.  Data are expressed 

as means ± SD (n=3 per group). *p < 0.05, **p < 0.01, and ***p < 0.001. 
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Figure 3. 17-Oxo-DHA-induced upregulation of Nrf2 in mouse skin. 

Dorsal skins of mice were topically applied with 17-oxo-DHA (20 nmol) for 

6 h. (A) Western blot analysis to assess the protein expression of Nrf2 and 

HO-1. (B) mRNA levels of nrf2 and ho-1 measured by qPCR (C) The 

expression level of CD36 measured by Western blot analysis. Data are 

expressed as means ± SD (n=3 per group). *p < 0.05 and **p < 0.01.  
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Figure 4. Resolution of UVB-induced inflammation stimulated by 17-

oxo-DHA in mouse skin. Four days after female SKH-1 mice were irradiated 

with UVB (500 mJ/cm2), 17-oxo-DHA (20 nmol) was topically applied. 

Twenty four hours later, skin tissues were collected. (A) Representative 

photographs of mouse skin. (B) Severity of skin inflammation was evaluated 

by clinical skin score and skin thickness in UVB induced mice was assessed 

by caliper. (C) Representative H&E staining of skin tissue sections. 

Magnification, 100X. Scale bars correspond to 500 μm. (D) Western blot 

analysis to assess the expression of COX-2. (E) Real-time PCR analysis of 

cox-2. (F) The accumulation of macrophages was visualized by 

immunofluorescence staining. Magnification, 200X. Scale bars correspond to 

200 μm. (G) Protein production and mRNA levels of TNF-α and IL-6 

determined by ELISA (upper panels) and Real-time PCR (lower panels), 

respectively. (H) Western blot analysis of expression of Nrf2 and HO-1. Data 

are expressed as means ± SD (n=3 per group). *p < 0.05, **p < 0.01 and ***p 

< 0.001..  
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Figure 5. Enhancement of efferocytic activity of BMDMs by 17-oxo-DHA. 

BMDMs were treated with DHA (5 μM) and the same concentration of its 

metabolites for 12 h, followed by co-incubation with apoptotic epidermal 

cells for additional 1 h. Apoptotis of epidermal cells was induced as described 

in Materials and Methods. (A) Flow cytometric analysis to determine the 

proportion of macrophages phagocytosing apoptotic epidermal cells. (B) 

Immunofluorescence of macrophages engulfing apoptotic cells. 

(F4/80+/pHrodo+) Data are expressed as means ± SD (n=3 per group). *p < 

0.05, **p < 0.01 and ***p < 0.001. 
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Figure 6. 17-Oxo-DHA-induced upregulation of Nrf2, HO-1 and CD36 in 

BMDMs. (A) The expression of Nrf2 and HO-1 in BMDMs. BMDMs were 

treated with 17-oxo-DHA (5 μM) for 12 h. Nrf2 and HO-1 were detected by 

Western blot analysis. (B) Expression of CD36 was measured as described 

above. Data are expressed as means ± SD (n=3 per group). *p < 0.05. 
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Figure 7. Effects of pharmacologic and genetic inhibition of Nrf2 on 

efferocytic activity of BMDMs. (A) BMDMs were co-cultured with skin 

epithelial cells challenged with UVB radiation. Before co-incubation, 

macrophages were treated with a pharmacological Nrf2 inhibitor, ML385 (20 

μM) for 90 min. ML385 was removed by wash-out prior to addition of 17-

oxo-DHA (5 μM). After 12 h incubation, BMDMs were co-cultured with 

pHrodo-SE-labelled apoptotic JB6 Cl4 cells for 1 h. Macrophages engulfing 

apoptotic cells was measured by flow cytometry. The preparation of apoptotic 

cells and other experimental details are described in Materials and Methods. 

(B) BMDMs isolated from Nrf2 KO mice were used for the above experiment. 

Data are expressed as means ± SD (n=3 per group). *p < 0.05, **p < 0.01 and 

***p < 0.001.  
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Discussion 

 

Efferocytosis is a key process for the resolution of acute inflammation. 

Through efferocytosis, macrophages can promote the resolution of 

inflammation by engulfing apoptotic cells, which prevents cellular disruption 

and release of toxic contents and also by increasing generation of anti-

inflammatory cytokines including IL-10 and TGF-β [21]. The objective of the 

present study was to determine the role of 17-oxo-DHA in the resolution of 

UV-induced murine dermatitis and to elucidate the underlying molecular 

mechanisms.  

For decades, ω-3-PUFAs including DHA have been extensively 

investigated with regards to their health beneficial effects [22-25]. DHA is 

one of the ω-3 PUFAs that has anti-oxidant and anti-inflammatory properties 

[24]. These effects are associated with regulation and resolution of 

inflammation with the net effect of interrupting accumulation of cell corpses 

that may provoke autoimmunity [26, 27]. The chemopreventive and 

anticarcinogenic activities of DHA have also been reported [28, 29]. 

Drug delivery to skin is major consideration in pharmaceutical therapy, 

and penetration of topical drug is crucial for efficacy. The skin consists of 
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several layers that constitute a strong barrier to drug penetration [30]. It has 

been demonstrated that fatty acids such as oleic acid, lauric and capric acid 

enhance penetration effects by disordering the effect on skin lipids and acting 

selectively on the extracellular lipids constituting the principal regulatory 

channel [31]. Fish oils containing DHA are capable penetrating the cutaneous 

barrier and subsequently exerting anti-inflammatory effects [32]. Therefore, 

DHA also has great advantage for topical administration.  

17-Oxo-DHA is an electrophilic metabolite of DHA which is produced in 

a sequential reaction catalyzed by COX-2 and dehydrogenase. 17-Oxo-DHA 

exerts anti-inflammatory effects through inhibition of the NLRP3 

inflammasomes [33] and also has cytoprotective actions in immune cells [34]. 

It is speculated that 17-oxo-DHA inhibits the degradation of Nrf2 through 

covalent modification of the Cys151 and Cys273 residues of Keap1. This 

leads to augmented nuclear translocation and transcriptional activity of Nrf2, 

and subsequently upregulated expression of HO-1 in murine epidermal cells 

[35]. 

Topical application of DHA to SKH-1 mice resulted in the formation of 

17-oxo-DHA as well as 17-hydroxy-DHA (S. Kim and Y.-J. Surh, 

unpublished observation). 17-Oxo-DHA is spontaneously produced by the 

administration of DHA, but the amount is relatively small, so the direct 
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administration of 17-oxo-DHA is reasonable for maximizing its proresolving 

and anti-inflammatory effects.  

Nrf2 regulates expression of antioxidant enzymes and related stress-

responsive proteins including HO-1, NQO1, glutathione S-transferase, 

glutathione peroxidase, glutamate cysteine ligase, and peroxiredoxin I, which 

fortify cellular defense by facilitating elimination of electrophilic toxicants 

and inactivating/neutralizing reactive oxygen species [36, 37]. Nrf2 also has 

anti-inflammatory functions [15, 38]. Nrf2-mediated induction of HO-1 has 

been reported to potentiate the efferocytic activity of macrophages by 

elevating expression of scavenger receptor such as CD36 and dectin-1 [39-

41]. Thus Nrf2 can be a target for regulating inflammation. 

While resolution of skin inflammation is processed naturally, this self-

limiting capacity is readily saturated. The present study demonstrates that the 

levels of Nrf2 and HO-1 are reinforced with mice administrated 17-oxo-DHA, 

which confers magnified resolution of skin injury. This result is consistent 

with those of previous studies by other investigators demonstrating that Nrf2 

promotes recovery from oxidative damage and neuroinflammation [42, 43]. 

17-Oxo-DHA upregulated Nrf2 not only in skin tissue, but also in BMDMs 

isolated from mouse femurs. Compared to macrophages treated with DHA or 

17-hydroxy-DHA, 17-oxo-DHA treated macrophages exhibited the greater 
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capability of engulfing apoptotic epidermal cells (this study) as well as higher 

expression of Nrf2 [35].  

The Nrf2 signaling pathway plays an essential role in the regulation of 

inflammatory pathways as assessed by use of an Nrf2 inhibitor and Nrf2 

knockout mice. For instance, Nrf2 has been shown to exert a protective effect 

against skin inflammation [44, 45]. In line with this observation, the present 

study demonstrates that BMDMs subjected to inhibition and deficiency of 

Nrf2 exhibited exacerbated efferocytic activity of macrophages. 

In conclusion, 17-oxo-DHA activates Nrf2 and consequently induces 

expression of HO-1 in murine skin tissue and macrophages isolated from 

mouse bone marrow. Upregulation of Nrf2 enhances resolution of skin 

inflammation through efferocytic activity of macrophages phagocytosing 

apoptotic epidermal cells by elevating CD36 expression responsible for 

recognition and elimination of dead cells. Therefore, 17-oxo-DHA can be 

suggested as a candidate for a new therapeutic agent that promotes resolution 

of inflammation.  
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국문초록 

 

염증은 신체에 위협이 될 수 있는 감염과 같은 외부 자극으로부터 신체 

기관을 보호하기 위한 이로운 과정이다. 급성 염증의 해소는 관절염, 

급성 심장병, 암과 같은 질병의 병인이 되는 만성 염증으로의 진행을 

막는 중요한 치료법으로 대두하고 있다. DHA 는 오메가 3 불포화 

지방산의 일종으로 활성화된 친전자체가 되는 대사과정을 거친다. 17-

oxo-DHA 는 DHA 로부터 COX-2 와 탈수소효소에 의해 생성되는 대사 

산물이다. 본 연구에서는 UVB 에 의해 유발된 마우스 피부 염증 

모델에서 17-oxo-DHA 가 피부 염증 해소에 미치는 영향을 알아보고자 

하였다. 마우스 피부에 UVB 를 조사한 결과 염증이 유도되었으며 이에 

의한 피부의 손상은 시간이 지남에 따라 자연적으로 회복되었다. Nrf2는 

전염증성 사이토카인을 저해하고 항염증성 사이토카인을 활성화 시키는 

HO-1 을 조절한다. 마우스 피부에 처리된 17-oxo-DHA 는 피부 

조직에서 Nrf2, HO-1 과 scavenger receptor 인 CD36 의 발현을 

증가시켰다. 17-oxo-DHA 는 UVB 조사로 인해 생긴 홍반, 흉터, 미란, 

피부의 비이상적인 두께와 같은 피부의 손상을 감소시켰으며 전염증성 
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사이토카인의 발현을 저해하였다. 이는 자발적인 염증의 해소보다 

유의한 효과를 나타내었다. Efferocytosis 는 주로 대식세포에 의해 

일어나는 사멸 세포의 포식작용으로 염증을 해소하는 과정의 하나이다. 

17-oxo-DHA 를 처리한 골수 유래 대식세포에서 Nrf2 와 HO-1, 

CD36 은 증가하였으며 이에 UVB 로 세포 사멸을 유도한 피부 상피 

세포를 가한 뒤 efferocytosis 활성을 측정한 결과 17-oxo-DHA 는 

efferocytosis 활성을 더욱 증가시키는 것을 확인할 수 있었다. Nrf2 

저해제와 Nrf2 유전자 결핍 마우스를 사용하여 Nrf2 의 활성을 억제한 

경우 17-oxo-DHA 가 유도하는 efferocytosis 증강이 저해되었다. 

결론적으로 17-oxo-DHA 는 Nrf2 에 의해 UVB 로 유도된 염증을 

해소하며 대식세포의 식세포 효과를 증가시키는 것을 확인하였다. 

따라서 본연구는 17-oxo-DHA 가 염증의 자발적인 해소를 촉진하는 

새로운 치료 후보 물질로의 활용 가능성을 제시한다. 
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