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therapeutic strategies for curing NASH.

Introduction
Nonalcoholic steatohepatitis (NASH) is caused by chronic acti-
vation of the hepatic proinflammatory immune responses, which
leads to progression from simple steatosis to cirrhosis and even
to hepatocellular carcinoma (1). Liver macrophages play a key
role in the homeostasis of hepatic immune function by releasing
cytokines and modulating immune cell response in NASH (2).
Among the heterogeneous liver macrophage populations, Kupffer
cells are the most important mediator of the pathologic environ-
ments of NASH (2, 3). Macrophages have different functional
phenotypes with proinflammatory M1 polarity and antiinflamma-
tory M2 polarity (4). M1 liver macrophages exacerbate liver injury
through production of proinflammatory cytokines, such as tumor
necrosis factor a (TNF-a) and interleukin 1B (IL-1f), but M2 liv-
er macrophages could suppress activation of M1 macrophages by
secreting antiinflammatory cytokines, including IL-10 (2). Target-
ing a polarity switch from M1 to M2 in hepatic macrophages ame-
liorated the symptoms of NASH in high fat diet-induced (HFD-
induced) mouse models (3, 5).

The development of NASH is associated with changes in the
hepatic fatty acid (FA) composition. The percentage of -3 poly-
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Retinoic acid-related orphan receptor o (RORa) is considered a key regulator of polarization in liver macrophages that is
closely related to nonalcoholic steatohepatitis (NASH) pathogenesis. However, hepatic microenvironments that support the
function of RORa as a polarity regulator were largely unknown. Here, we identified maresin 1 (MaR?1), a docosahexaenoic
acid (DHA) metabolite with a function of specialized proresolving mediator, as an endogenous ligand of RORa. MaR1
enhanced the expression and transcriptional activity of RORa and thereby increased the M2 polarity of liver macrophages.
Administration of MaR1 protected mice from high-fat diet-induced NASH in a RORa-dependent manner. Surprisingly,
RORa increased the level of MaR1 through transcriptional induction of 12-lipoxygenase (12-LOX), a key enzyme in MaR1
biosynthesis. Furthermore, we demonstrated that modulation of 12-LOX activity enhanced the protective function of DHA
against NASH. Together, these results suggest that the MaR1/RORa/12-LOX autoregulatory circuit could offer potential

unsaturated FAs (PUFAs) in hepatic triglycerides (TG) and plasma
decreased significantly, but that of saturated FAs increased in NASH
patients (6, 7). Several clinical investigations and a meta-analysis on
patients with nonalcoholic fatty liver diseases (NAFLDs) demon-
strated a beneficial effect of ®-3 PUFA (8-10). In contrast, con-
trolled trials of NASH patients did not show any improvement in
histological features after treatment with either w-3 fish oil or PUFA
(11, 12). The reason for this discrepancy is unclear.

FAs and their metabolites are important microenvironmen-
tal milieu that modulate polarization of M1 and M2 macrophages
in the liver. Inhibition of intrinsic lipolysis disturbed the polari-
ty switch of the M2 phenotype, which suggests that the supply of
FAs is an essential source of M2 activation (13). Specific types of
FAs including o-3 FAs were synthesized in macrophages during
the induction and resolution phases of the inflammatory pro-
cess, which indicates that the polarity switch of macrophages is
distinctly FA-dependent (14, 15). In particular, docosahexaenoic
acid (DHA) promoted antiinflammatory M2 function. Impair-
ment of the biosynthetic pathway of DHA increased the level of
proinflammatory M1 phenotype (16, 17). In addition, metabolites
of DHA, i.e., specialized proresolving lipid mediators (SPMs)
including resolvins, protectins, and maresins (MaR), are involved
in the resolution of acute inflammation, which is an important
step for orchestrating the immune system. The SPMs are bioactive
lipids that lead to high levels of antiinflammatory action in acute
inflammatory diseases (18). They skew macrophages toward the
M2 phenotype and play diverse functional roles in the control of
metabolic diseases (19). In particular, MaR1 treatment attenuat-
ed the symptoms of obesity, insulin resistance, and liver steatosis
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(20, 21). Moreover, M2 macrophages increase the biosynthesis of
specific SPMs such as MaR1 (22). However, the detailed mecha-
nisms that delineate how MaR1 switches macrophage polarity
and affects the pathophysiology of metabolic diseases have not
yet been established.

The orphan nuclear receptor, retinoic acid-related orphan
receptor o (RORo; NR1F1) is a ligand-dependent transcription
factor that regulates diverse target genes involved in lipid metab-
olism and inflammation (23). The low expression level of RORa in
the liver of human patients with NAFLDs and in those of experi-
mental NASH animal models suggests the potential involvement
of RORa in the pathogenesis of NASH (24, 25). Previously, we
reported that RORa protects against the development of NASH by
reducing hepatic lipogenesis and oxidative stress, and by enhanc-
ing mitochondrial quality control (25-27). We further demon-
strated that RORa promotes the M2 polarization of liver macro-
phages under HFD challenge and ameliorates NASH symptoms
(3). Here, we hypothesized that the hepatic milieu, consisting of
diverse lipids and lipid metabolites, affects the function of RORa.
To date, cholesterol derivatives, such as cholesterol sulfate, have
been identified as ligands that directly bind to RORa (28). Sim-
ilarly, stearic acid was shown to bind and activate RORB, a sub-
family of ROR that is exclusively expressed in the central nervous
system (29). In the present study, we investigated the potential of
PUFAs and their metabolites to act as ligands of RORa and induce
M2 polarization of liver macrophages. We identified MaR1 as a
new endogenous ligand of RORa with potential for the preven-
tion and treatment of NASH.

Results

DHA enhances transcription of RORa that confers M2 polarity of liver
macrophages. Recently, we reported that RORa is a key regulator of
M2 polarity of liver macrophages (3). Here, we examined wheth-
er the antiinflammatory and protective function of DHA against
NASH involved the regulatory role of RORa in the M2 polarity
switch of liver macrophages. First, we found that DHA treatment
of the isolated liver macrophages increased expression of RORa at
both protein and transcript levels (Figure 1A). Liver macrophages
isolated from DHA-administered mice exhibited a higher level of
RORa compared with those from control mice (Figure 1B). The
liver macrophages from fat-1 transgenic mice, which have a high
hepatic DHA content, showed an increased level of RORa com-
pared with those from WT mice (Figure 1C) (30). DHA induced
RORa-dependent M2 polarity shifts in liver macrophages. For
example, the CD206*/CD80" ratio as well as the mRNA level of M2
marker genes including kriippel-like factor 4 (KIf4) was increased
by DHA; however, the induction disappeared upon knockdown
of RORa (Figure 1D and Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI124219DS1.) Consistently, DHA did not change the CD206*/
CD80* ratio in the liver macrophages that were obtained from
myeloid-specific RORa knockout mice (LysM®*-RORa/%; RORa-
MKO) (Figure 1E). DHA increased hepatic expression of M2
markers in HFD-induced NASH liver, but did not alter in HFD-
fed RORa-MKO liver (Supplemental Figure 1, B and C). DHA
induced transcriptional activity of the reporter gene encoding the
RORa response element (RORE), probably due to the formation of

RESEARCH ARTICLE

transcriptionally active chromatin structures near the RORE that
locates in the promoter of RORa target gene (Figure 1F and Sup-
plemental Figure 1D) (3). However, DHA did not recruit a coacti-
vator peptide to RORa protein, whereas SR1078, a synthetic ago-
nist of RORa, did, indicating that DHA is not an agonist ligand of
RORa (Figure 1G) (31).

MaRl1 is a novel ligand of RORa that activates M2 polarity shift
in liver macrophages. We hypothesized that metabolites of DHA,
such as resolvin D1 (RvD1) and MaR1, might activate RORa in liv-
er macrophages (Figure 2A). Surprisingly, MaR1 increased expres-
sion of RORa at both protein and mRNA levels, whereas RvD1 did
not (Figure 2B). MaR1 induced M2 switch in liver macrophages;
i.e., it increased the CD206*/CD80" ratio and enhanced expres-
sion of M2 marker genes such as KIf4, Argl, and Cd163 (Figure 2,
C and D). The effect of MaR1 on the M2 polarity switch showed
dose- and time-dependency; it required at least 50 nM and 8 hours
in our experimental setting (Figure 2, E and F). However, these
changes diminished when either RORa suffered knockdown by
shRNA or it was genetically deleted (Figure 2, C, D, and F). RvD1
also increased the CD206*/CD80" ratio, but the increase was not
abolished in the RORa-deleted liver macrophages (Figure 2D).
Since proresolving actions of MaR1 also include phagocytosis,
the phagocytic function of MaR1 was measured in the liver mac-
rophages (18). MaR1 induced phagocytosis at low doses of MaR1
within 1 hour (Supplemental Figure 2A). However, the MaR1-
induced phagocytosis was also observed in the RORa-deleted liver
macrophages, suggesting that the phagocytosis function of MaR1
may not be RORa-dependent (Supplemental Figure 2B).

The reporter gene assays and chromatin immunoprecipitation
(ChIP) analysis demonstrated that MaR1 induced transcriptional
function of RORa probably due to the recruitment of p300 and
resulting active histone modifications (Figure 3, A and B). In this
case, MaR1 induced binding of RORa to a coactivator p300, but
decreased that of a corepressor, NCoR1 (Figure 3C). The effect
of MaR1 was relatively specific to RORa in that mRNA level and
transcriptional activity of other nuclear receptors such as RORS,
RORYy, peroxisome proliferator-activated receptor (PPAR), reti-
noid X receptor a, and liver X receptor a were not altered by MaR1
treatment (Figure 3, D and E). Other SPMs such as protectin D1,
RvD1, RvD2, and RvE1 with a wide range of concentrations, i.e.,
10 to 500 nM, did not modulate the mRNA levels of either Rora
or M2 marker genes (Figure 3F and Supplemental Figure 3A). Sur-
prisingly, surface plasmon resonance (SPR) analysis and fluores-
cence resonance energy transfer (FRET) assays demonstrated that
MaR1 directly bound to RORa protein, but other SPMs did not. The
binding affinity of MaR1 was higher than that of cholesterol sul-
fate, which is a known RORa agonist (Figure 4, A and B and Sup-
plemental Figure 3B) (32). Preincubation with a blocking RORa
antibody disturbed the binding signal of RORa and coactivator
peptides in the FRET assay, indicating the specificity of MaR1-
RORa binding (Supplemental Figure 3C). A model based on the
structure of RORa and MaR1 suggested that MaR1 fit well in the
ligand binding pocket of RORa through interaction with Arg370,
Tyr290, and Val364, which was comparable to the binding pattern
of cholesterol sulfate to RORa. (Figure 4, C and D) (28). To show
the importance of these interactions, 2 RORa mutants, C288L and
A330L, were examined with respect to their responsiveness to the
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Figure 1. DHA increases expression of ROR« and induces M2 polarity switch in the liver macrophages. (A) The primary culture of liver macrophages was
treated with vehicle, 50 uM DHA, or 20 ng/ml IL-4 for 24 hours. (B) The C57BL/6 mice were treated daily with vehicle (Ctrl) or 5 mg/kg BW DHA by i.p. injec-
tion for 5 days, and then the primary liver macrophages were isolated. (C) The primary liver macrophages were isolated from WT or fat-1 transgenic mice.
The fluorescence (FL) intensity of stained RORo. protein in the liver macrophages was measured by flow cytometry (left). The numbers represent relative
mean fluorescence intensity (MFI) of stained RORa. protein (center). The mRNA level of Rora was measured by gRT-PCR (right). *P < 0.05 (n = 3) for A-C.
(D) Liver macrophages were infected by lenti-shGFP or lenti-shRORa for 24 hours and then treated with or without 50 uM DHA for 24 hours. The numbers
of CD80* F4/80* and the CD206* F4/80* macrophages were analyzed by flow cytometry and the CD206*/CD80" ratio was determined (left). The mRNA
levels of Rora and KIf4 were measured by qRT-PCR (right). (E) The liver macrophages obtained from the livers of floxed and RORa-MKO mice were treated
with or without DHA for 24 hours. The CD206*/CD80* ratio of F4/80* cells was determined. *P < 0.05; *P < 0.05 (n = 3) for D and E. (F) Raw 264.7 cells were
transfected with the RORE-Luc reporter with Myc-RORa and then treated with 20, 50, or 100 uM DHA for 24 hours. Luciferase activity was measured and
normalized by B-galactosidase activity. *P < 0.05 (n = 3). (G) TR-FRET assay was performed using Lanthascreen RORa coactivator assay kit. The y axis
represents ratio of fluorescence intensity at 520 nm (signal) and at 495 nm (background) (n = 4). The x axis represents log scale of DHA or SR1078 concen-
tration. The data represent mean + SD. Data were analyzed by Mann-Whitney U test for simple comparisons or Kruskal-Wallis test for multiple groups.
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MaR1-induced transcriptional activation. As expected, the activ-
ities of the RORo mutants were lower than that of WT, probably
due to disruption of the conformation necessary for binding to
MaR1 (Figure 4, E and F). Together, these results demonstrate that
MaR1is an agonistic ligand of RORa.

To establish further the involvement of RORa in the MaR1-
induced M2 polarity, a global gene expression pattern of the
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MaRl-treated liver macrophages was obtained based on microar-
ray analysis. The transcription levels of many genes were altered
by MaRl1 treatment and the transcriptome profile of MaR1-treated
liver macrophages exhibited a strong link to that of IL-4-induced
M2 macrophages (Supplemental Figure 4, A and B). Most of the
M2 signature genes were upregulated after MaR1 treatment in
a similar pattern obtained from the SR1078-treated or the IL-4-
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Figure 2. MaR1 enhances expression of RORo. and M2 polarity switch in the liver macrophages. (A) Chemical structures of DHA metabolites RvD1and
MaR1. (B) The primary culture of liver macrophages was treated with 200 nM RvD1 or MaR1 for 24 hours. The FL of RORa in the liver macrophages was
measured by flow cytometry (left). The numbers represent relative MFI of stained RORa protein (center). The mRNA level of Rora was measured by gRT-
PCR (right). *P < 0.05 (n = 3). (C) Liver macrophages were infected by lenti-shGFP or lenti-shRORo. for 24 hours and then treated with or without 200 nM
MaR1 for 24 hours. The CD206*/CD80* ratio of F4/80* cells was determined by flow cytometry (left). The mRNA levels of Rora, KIf4, and M2 marker genes
were measured by gRT-PCR (right). (D) The liver macrophages obtained from the livers of floxed and RORa-MKO mice were treated with or without 200 nM
MaR1 or RvD1 for 24 hours. The CD206*/CD80" ratio of F4/80* cells was determined by flow cytometry. *P < 0.05; *P < 0.05 (n = 3) for C and D. (E) The liver
macrophages were treated with 10, 50, or 200 nM MaR1 for 1, 8, or 20 hours. The mRNA levels of Rora, KIf4, and M2 marker genes were measured by qRT-
PCR. (F) The liver macrophages obtained from the floxed and the RORa-MKO mice were treated with or without 10, 50, or 200 nM MaR?1 for 24 hours. The
CD206*/CD80* ratio of F4/80* cells was determined by flow cytometry. *P < 0.05, and ***P < 0.001 (n = 3) for E and F. The data represent mean + SD. Data
were analyzed by Mann-Whitney U test for simple comparisons or Kruskal-Wallis test for multiple groups.

induced M2 liver macrophages (Supplemental Figure 4, C and D).
In silico transcriptional factor analysis showed that the most rep-
resented transcription factors in MaR1-treated liver macrophages
are MZF1, Kif4, and SPI, which are common in both IL-4-treated
and SR1078-treated liver macrophages (Supplemental Figure 4E)
(3). These data strongly suggest that the MaR1 action requires
RORa for the M2 polarity shift of the liver macrophages.

MaR1 inhibits progression of HFD-induced NASH in a RORa-
dependent manner. We then examined whether MaR1 enhanced the
M2 polarity of liver macrophages and thereby improved symptoms
of NASH in HFD-fed mice. MaR1 prevented development of NASH
inthe floxed mice in that it decreased liver weight, hepatic TG level,
and liver injury markers, such as serum glutamic pyruvic transam-
inase (GPT) and glutamic oxaloacetate transaminase (GOT) levels
(Figure 5, A and B). As reported previously, the RORa-MKO mice

showed severe symptoms of NASH. However, these symptoms
were not improved by MaR1 administration, indicating that this
effect of MaR1 was ROR-dependent (Figure 5, A and B and Supple-
mental Figure 5). Similarly, fibrotic changes such as collagen depo-
sition, lipid peroxidation, expression of profibrotic proteins, such
as a-smooth muscle actin (a-SMA), transforming growth factor B
(TGF-B) and NACHT, LRR, and PYD domain-containing protein 3
(NLRP3), decreased in the MaR1-treated floxed mice, but did not
in the MaR1-treated RORa-MKO (Figure 5, C and D and Supple-
mental Figure 5). MaR1 increased the number of CD206* M2 cells
in the livers of HFD-fed floxed mice, but did not in the livers of
HFD-fed RORa-MKO (Figure 5E). Consistently, the isolated liver
macrophages showed the same pattern of M2 polarity changes in
flow cytometry analysis (Figure 5F). Expression of the M2 marker
genes largely increased by MaR1 administration after HFD feeding
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Figure 3. MaR1 is specific for transcriptional activation of RORa. (A) Raw 264.7 cells were transfected with the RORE-Luc reporter with Myc-RORa (left)
or the Gal4-tk-Luc reporter with pM-RORa (right) and then treated with 100, 200, or 500 nM RvD1 or MaR1 for 24 hours. Luciferase activity was measured
and normalized by B-galactosidase activity. *P < 0.05 (n = 3). (B) Raw 264.7 cells were treated with 200 nM RvD1 or MaR1 in the presence or absence (Ctrl)
of 20 ng/ml IL-4 for 24 hours. DNA fragments that contain flanking region of the ROREs on the K/f4 promoter were immunoprecipitated with indicated
antibodies and then amplified by PCR. (C) Whole-cell lysates obtained from the Raw 264.7 cells treated with 200 nM RvD1, or MaR1, were immunopre-
cipitated (IP) and probed using the indicated antibodies by Western blotting (WB). (D) The liver macrophages were treated with 200 nM RvD1 or MaR1 for
24 hours. The mRNA levels of nuclear receptors were measured by qRT-PCR. (E) Raw 264.7 cells were transfected with overexpression vector of nuclear
receptors with corresponding reporters and then treated with 200 nM MaR1 for 24 hours. Luciferase activity was measured and normalized by -galactosi-
dase activity. (F) The liver macrophages were treated with 200 or 500 nM protectin D1 (PD1), RvD2, or RvE1 for 24 hours. For comparison, 200 nM MaR1 was
treated. The mRNA levels of Rora, and M2 marker genes were measured by gRT-PCR. *P < 0.05 (n = 3) for D-F. The data represent mean + SD. Data were

analyzed by Mann-Whitney U test for simple comparisons.

in control mice, but not in RORa-MKO (Figure 5G). Furthermore,
the serum level of TNF-o and IL-10 showed the RORa-dependent
M2 polarity switching effect of MaR1 in these mice (Figure 5H).
RORa increases biosynthesis of MaR1 by inducing expression of
12-LOX. Interestingly, we found that the hepatic level of MaR1 was
lower by 40% to 60% in the NASH mice induced by either HFD
or methionine choline-deficient (MCD) diet feeding in compar-
ison with the corresponding control mice. The amount of MaR1
was increased by administration of SR1078, but was lowered in the
RORa-MKO livers (Figure 6A). The lowered hepatic MaR1 level
after HFD feeding in the floxed mice was restored by DHA admin-
istration, but not in the RORa-MKO livers (Figure 6B and Supple-
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mental Figure 1). Surprisingly, the level of MaR1 was increased by
SR1078 treatment, but decreased by shRORa-induced knockdown
in either peritoneal macrophages or Raw 264.7 cells, suggesting
that RORa function may be associated with the level of MaR1 (Fig-
ure 6C). It was reported that MaR1is synthesized by the action of a
series of enzymes such as 12-lipoxygenase (12-LOX), 12/15-LOX,
and 5-LOX (Figure 6D) (33). We found that expression of 12-LOX
encoding platelet type 12-LOX (Alox12) was higher in liver mac-
rophages compared with other types of macrophages or hepato-
cytes (Figure 6E). The level of Alox12, but not of Alox15 and Alox5,
was less in the hepatic macrophages of the RORa-MKO compared
with that of the floxed mice (Figure 6F). Activation of RORa by
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+ SD. Data were analyzed by Mann-Whitney U test
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multiple groups. (F) A predicted model of interaction
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model with carbon atoms in gray) (left). Introduction
of bulky side chain by the point mutation of C288L
would interfere optimal conformation of Arg370

treatment with SR1078, MaR1, or adeno-associated virus (AAV)
RORa increased the level of AloxI12 mRNA, whereas knockdown
of RORa decreased, suggesting that AloxI2 may be a RORa down-
stream target gene (Figure 6G). We delineated a RORE (-1264 to
-1259) in the promoter of mouse Alox12 gene using in silico anal-
ysis and subsequent reporter gene and ChIP analysis (Figure 6H).
When the activity of 12-LOX was suppressed by known inhibitors
such as baicalein and NCTT-956, the SR1078-induced MaR1 level
decreased to the basal level (Figure 61) (34, 35). These inhibitors
lowered the mRNA level of RORa and the CD206*/CD80* ratio
that was induced by DHA, which further suggests the association
of RORa and MaR1 biosynthesis (Figure 6]).

We then examined whether modulation of 12-LOX activity
affected the protective effect of DHA on the HFD-induced NASH
in mice. First, administration of baicalein abolished the effect
of DHA; that is, it worsened symptoms of NASH with increased

(center). A330L would occupy space necessary for
binding MaR1 (carbon atoms in yellow with meshed
molecular surface) (right). The figures were generated
using Tripos Benchware 3D Explorer.

hepatic TG and serum GPT levels (Figure 7A and Supplemental
Figure 6A). Hepatic MaR1 levels that increased after DHA treat-
ment decreased by coadministration with baicalein (Figure 7B).
The percentage of M2 polarized liver macrophages also decreased
after baicalein treatment (Figure 7C). Second, transduction of
AAV-12-LOX together with DHA administration dramatical-
ly improved the symptoms of NASH; that is, it decreased the
HFD-induced hepatic TG accumulation, serum GPT level, fibrotic
lesions, and expression levels of a-SMA and TGF- (Figure 7, D-F,
and Supplemental Figure 6B). Hepatic MaR1 level and M2 polar-
ity of liver macrophages were consistently higher in the AAV-12-
LOX-infused group (Figure 7, G and H).

Expression of RORa correlates with the expression of 12-LOX in
human patients with NASH. Analysis of the human NCBI Gene
Expression Omnibus database (GEO; GSE89632) showed that the
hepatic mRNA level of ALOX12 was significantly lower in NASH
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patients compared with that in healthy controls. In addition, the
transcript levels of RORA and ALOX12 exhibited a positive correla-
tion (Figure 8A). We previously reported that the level of expression
of RORa in liver macrophages was lower in patients with hepatitis
compared with that in the controls (3). Similarly, the number of
12-LOX-positive liver macrophages decreased significantly in the
liver of chronic hepatitis patients (Figure 8, B and C). Finally, the lev-
el of expression of RORA and human ALOX12 in the THP-1 human
monocyte/macrophage cell line was induced with both MaR1 and
SR1078 treatment (Figure 8D). Together, these results support the
relevance of our findings to the clinical pathobiology of NASH.

Discussion

NASH is a metabolic disease that fails to resolve chronic inflam-
mation induced by lipid-oversupplied steatosis. Despite recent
advances in understanding the pathogenesis of NASH, there are
no Food and Drug Administration (FDA)-approved pharmaco-
therapeutics that specifically target NASH. Here, we report that
MaR1 acts as an agonistic ligand of RORa that enhances M2 polar-
ity in liver macrophages and ultimately leads to improvement of
the symptoms of NASH (Figure 8E). We also found that RORa
increases the biosynthesis of MaR1 from DHA by induction of
12-LOX through an autoregulatory loop of RORa activation (Fig-
ure 6). The existence of the MaR1/RORa/12-LOX activation cir-
cuit could provide a deeper understanding of the mechanism of
action of DHA and enable the development of a new strategy that
prevents the progression of NASH.

It has been widely accepted that the antiinflammatory and
insulin-sensitizing actions of ®-3 PUFAs such as DHA are medi-
ated through their direct binding to the G protein-coupled recep-
tor 120 (GPR120) of adipose tissue macrophages and adipocytes
(16). The level of expression of Gpr120 mRNA was lower in vis-
ceral adipose tissue of morbidly obese subjects, and it increased
by DHA treatment (36). Knock out of GPR120 in mice led to
enhanced liver steatosis and insulin resistance after HFD feed-
ing (16, 37). -3 PUFAs including DHA did not induce M2 marker
genes, including Argl and I/10 in adipose tissues of these GPR120
knockout mice, indicating the important role of this receptor in
the DHA function (16). However, we and others found that expres-
sion of GPR120 was extremely low in the liver compared with that
in adipose tissue (Supplemental Figure 7, A and B) (38). Neither
DHA-induced expression of GPR120 nor knockdown of GPR120
altered the DHA-mediated M2 polarity switch in the liver macro-
phages (Supplemental Figure 7, C and D). In contrast, the level of
expression of the nuclear receptor RORa was higher in liver mac-
rophages compared with stromal vascular fractions and increased
after DHA treatment (Supplemental Figure 7C). Myeloid-specific
knockout of RORa did not affect the production of proinflamma-
tory cytokines, such as TNF-a and IL-1f in adipose tissues, but it
increased the level of these cytokines in the liver (3). Together,
these results indicate a dual mode of DHA action that is mediat-
ed by 2 key receptors in macrophages: GPR120 of adipose tissue
macrophages and RORa of liver macrophages in NAFLD patients.
First, the nuclear effect of RORa. in the enhancement of M2 polar-
ity in liver macrophages affects hepatic inflammation and lipid
metabolism and second, GPR120-mediated improvement of adi-
pose tissue inflammation results in systemic insulin sensitization.

RESEARCH ARTICLE

We demonstrated that 12-LOX, expressed mainly in the liv-
er macrophages, is a key enzyme in the biosynthesis of MaR1 in
mouse liver (Figure 6 and Figure 7). Previously, 12/15-LOX was
implicated in the catalysis of this reaction in peritoneal exudates
of mice (33, 39). However, Martinez-Clemente et al. presented
unexpected data that showed that dual knockout of APOE and
12/15-LOX improved symptoms of NAFLDs (40). The authors
interpreted that a decrease in the level of proinflammatory media-
tor 12-HETE was involved in the resolution of NAFLD in this case,
given that 12/15-LOX is also known to convert arachidonic acid
into 12-HETE (40, 41). However, lipoxygenases including 12-LOX
and 12/15-LOX prefer DHA as a substrate among PUFAs; thus,
these enzymes could produce more MaR1 than 12-HETEs if DHA
is supplied at sufficient levels (42). Therefore, we speculate that
MaR1 was synthesized preferentially by 12-LOX in the liver mac-
rophages with sufficient supply of DHA in our experimental set-
ting and resulted in improvement of NASH. In addition, we found
that the level of expression of 12/15-LOX was much lower than
that of 12-LOX in the liver macrophages, further supporting the
role of 12-LOX in the liver (Figure 6E). Importantly, transduction
of AAV-12-LOX with DHA treatment improved the symptoms of
fatty liver injuries by increasing hepatic MaR1 production (Figure
7, D-H). Together, our results suggest that 12-LOX is a key enzyme
that improves NAFLD and provides hints for the development of a
potential strategy of activating 12-LOX by either small molecules
or gene transfer for curing NASH.

MaR1 has previously been shown to regulate macrophage
function at much lower concentrations to compare with the pres-
ent study. For example, 0.1 nM MaR1 enhanced phagocytosis of
mouse peritoneal and human peripheral blood mononuclear cell-
derived macrophages (39, 43). In our study, the MaR1-induced
M2 polarity switch of the liver macrophages required concentra-
tions higher than 50 nM (Figure 2, E and F). This discrepancy may
indicate differential levels of MaR1 in different body fluids and/
or different signaling pathways involved in the MaR1 action. It
was reported that concentration of MaR1 ranges from 30-200 pM
in mouse peritoneum and is approximately 40-80 pM in human
serum (44, 45). In contrast, the level of MaR1in mouse liver seems
much higher than that in the peritoneum or blood; we found that
the amount of MaR1 in mouse liver ranged from 100-400 pg/mg
tissue, which corresponds to 250-1000 nM (Figure 6A). Thus,
the hepatic concentrations of MaR1 could be sufficient for acti-
vation of RORa and M2 polarity switch in the liver macrophages.
Also, a conflict was found for the action of RvD1 and RvD2 on the
M2 polarity switch of macrophages; Titos et al. and Chiang et al.
reported that RvD1 and RvD2 increased M2 polarization of perito-
neal and peripheral blood mononuclear cell-derived macrophages
at nanomolar concentrations, however, we did not observe the
increase at wide range of concentrations in the liver macrophages
(Figure 3F and Supplemental Figure 3A) (46, 47). This discrepan-
cy might be due to the different types of macrophages examined,
although further evidence is required to understand.

Proresolving actions of MaR1 consist of a series of reactions
including phagocytosis, inhibition of proinflammatory cytokines,
and augmentation of M2 polarization, which may require a differ-
ent duration of exposure (18). MaR1 induced phagocytosis with-
in 1 hour, whereas M2 activation required at least 6 hours longer
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in the peripheral blood mononuclear cell-derived macrophages
(43, 48). Similarly, MaR1 induced phagocytosis of the liver mac-
rophages within 1 hour in our study (Supplemental Figure 2A).
However, MaR1-induced phagocytosis did not require activation
of RORo, which is largely different from the MaR1-induced M2
polarity switch (Supplemental Figure 2B). Thus, this short-term
action of MaR1 (i.e., phagocytosis) may require other types of
receptor(s). Indeed, it was reported that other SPMs such as RvD1
bind to GPR32, a surface G protein-coupled receptor, although
such receptor(s) has not been found for MaR1 (49). Further study
on the molecular details of MaR1-induced phagocytosis would

help to characterize the diverse roles of MaR1 in innate immunity
during the progression of NASH.

Recently, nuclear receptors have been targeted to develop
new therapeutic strategies against NASH. A PPAR/§ dual ago-
nist, elafibranor (GFT-505), showed resolution of NASH without
worsening fibrosis in a phase II controlled trial and is currently
being assessed in 2000 patients in a phase III study (Clinical-
Trials.gov, NCT02704403) (50). Obeticholic acid, a farnesoid X
receptor agonist, was shown to reduce NAFLD activity score in a
randomized phase IIb FLINT trial (51). Further evaluation of the
efficacy and safety of this drug to seek FDA approval is ongoing
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(ClinicalTrials.gov, NCT02548351). However, patients with mild
NASH did not respond to either elafibranor or obeticholic acid,
but showed side effects such as pruritus and decreased high-den-
sity lipoprotein cholesterol (50, 51). Thus, new strategies need to
be established to overcome the limits of these nuclear receptor
ligands. Recent findings support the pharmacological potential of
FA mimetics with restricted toxicity and enhanced solubility and
bioavailability as potential drug candidates for NASH (52). Here,
the discovery of MaR1 as a strong ligand of RORa that targets M2
polarization of liver macrophages could provide a good strategy to
develop effective therapeutics for NASH. Effective and safe strat-
egies that activate 12-LOX could enhance the autoregulatory acti-
vation loop of RORa-12-LOX through MaR1 synthesis.

In summary, we have demonstrated that the MaR1/RORa/12-
LOX autoregulatory circuit can skew the polarity switch of liver
macrophages, which could provide new insight into the clinical
application of the nuclear receptors and lipid mediators for the
treatment of NASH.

Methods

Cell culture and reagents. Liver macrophages were isolated from the
liver of 7- to 10-week-old male C57BL/6 mice (Jackson Laboratory) by
perfusion of liver using collagenase type IV (Sigma-Aldrich) as previ-
ously described (25). For isolation of liver macrophages, nonparenchy-
mal sufficient supernatant was centrifuged in 50%/25% Percoll (GE
Healthcare). The layer containing liver macrophages was plated with
RPMI-1640 (Hyclone) with 10% fetal bovine serum (FBS). The purity
of liver macrophages exceeded 85% when estimated by either immu-
nostaining or flow cytometry using anti-F4/80 (Santa Cruz Biotech-
nology, sc-52664), anti-FITC-F4/80 (eBioscience, catalog 11-4801),
anti-PE-CD11b (eBioscience, catalog 12-0112), or anti-APC-Ly6C
(eBioscience, 17-5932) antibodies (3). Raw 264.7 and THP-1 cell lines
were obtained from American Type Culture Collection (ATCC) and cul-
tured in Dulbecco’s modified Eagle’s medium (Hyclone) supplemented
with 10% FBS. Peritoneal macrophages were collected from the intra-
peritoneal cavity filled with PBS and cultured in RPMI-1640 with 10%
FBS. The cells were grown in an incubator with 5% CO, and 95% air
at 37°C. Cells were incubated with DHA or MaR1 in free medium sup-
plemented with 1% FA-free BSA or 0.1% FBS for 24 hours, respectively.

DHA, IL-4, Wy-14,643, troglitazone, and 9-cis-retinoic acid were
purchased from Sigma-Aldrich. SR1078 was purchased from Toc-
ris Bioscience. T0901317 was purchased from Alexis Biomedicas.
MaR1, MaR2, protectin D1, RvD1, RvD2, and RvE1 were purchased
from Cayman Chemical.

Plasmids, shRORa lentivirus, recombinant adeno-associated virus,
and transient transfection. The RORE-tk-Luc and Gal4-tk-Luc report-
er constructs were previously described (53). Eukaryotic expression
vectors encoding C288L and A330L RORa mutants were constructed
by conventional gene recombination. The mouse Alox12 promoters
encoding regions -1355 approximately +294 and -1184 approximate-
ly +294 relative to the transcription start site were amplified by PCR
and cloned into the Kpn I/Xho I site of the pGL3-basic vector. Lenti-
viral vectors encoding shGFP and shRORa were constructed using
pLKO-TRC (Addgene). The lentiviruses were obtained by transient
transfection of psPAX2 packaging plasmid and pMD2.G envelope
plasmid in HEK293T cells. The AAVs encoding RORa or 12-lipoxygen-
ase (mouse 12-LOX; PlasmID DF/HCC DNA Resource Core, Harvard
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Medical School) were obtained by transfection of pAAV-Myc-RORa,
PAAV-12-LOX, pAAV-D]J, and pAAV helper in HEK293T cells. Sev-
enty-two hours later, the AAVs in cell lysates were purified by using
a ViraBind-AAV purification kit (Cell Biolabs). The AAV-12-LOX was
generated and provided by SH Koo (Division of Life Sciences, Korea
University, Seoul, Korea). Transduction procedures and knockdown
efficiency of the lentivirus and AAV were previously described (3).
Transient transfection to Raw 264.7 cells was carried out using Fugene
HD transfection reagent (Promega).

Western blotting, coimmunoprecipitation, flow cytometry, ChIP,
and ELISA. Western blotting and coimmunoprecipitation were per-
formed as previously described using specific antibodies against RORa
(catalog sc-6062), p300 (catalog sc-585), NCoR1 (catalog sc-1609),
TGF-B (catalog sc-130348), actin (catalog sc-1616) (all from Santa
Cruz Biotechnology); a-SMA (catalog ab7817) and 12/15-LOX (catalog
ab80221) (both from Abcam); NLRP3 (catalog 15101) and caspase 3
(catalog 9665)(both from Cell Signaling), or 12-LOX (catalog NBP2-
29941; Novus Biologicals) (27). To analyze the M1/M2 status using flow
cytometry, liver macrophages were stained with FITC-F4/80 (catalog
11-4801) and PE-CD8O (catalog 12-0801) (both from eBioscience),
and Alexa647-CD206 (MCA2235A647; Serotec) after incubation with
Feyll/III receptor antibodies (eBioscience, catalog 14-0161) to avoid
nonspecific binding. To analyze intracellular RORa protein levels in liv-
er macrophages, cells were incubated with anti-RORa antibodies (Ther-
mo Fisher Scientific, catalog PA1-812) and then stained with combina-
tions of PE-Cy5-F4/80 (eBioscience, catalog 15-4801) and anti-rabbit
FITC-IgG (Serotec, catalog STAR121F) antibodies. Stained cells were
analyzed with a FACS Calibur instrument and Cell Quest software (BD
Bioscience). Some details of the method were previously described (3).
The ChIP assay was carried out using goat anti-RORa (catalog sc-6062),
rabbit anti-p300 (Santa Cruz Biotechnology, catalog sc-585), or rabbit
anti-histone acetyl K9 (Abcam, catalog ab4441) antibodies with spe-
cific primers as previously described (Supplemental Table 1) (3). The
amounts of IL-10 and TNF-a protein were measured using commercial
ELISA kits (AbFrontier) according to the manufacturer’s protocol.

Quantitative real-time polymerase chain reaction (qQRT-PCR). Total
RNA was isolated using RNeasy Mini and Micro kits according to the
manufacturer’s protocol (Qiagen). qRT-PCR experiments were per-
formed using an ABI StepOnePlus Real-Time PCR system with spe-
cific primers (Applied Biosystems) (Supplemental Table 1) (25). The
relative mRNA level of target gene was estimated from the equation
24¢ (ACt = Ct of target gene minus Ct of B-actin or 18S rRNA). Fold
inductions in the mRNA level of genes were presented with a control
group level set at 1.

Measurement of MaR1 and RvDI level: LC/mass analysis. MaR1 and
RvD1 were extracted with a mixture of 100 pg cell lysates or 100 mg
liver tissue and 1.2 ml methanol containing 500 pg d,-LTB, internal
standard. Samples were held at -20°C for 45 minutes to allow for pro-
tein precipitation and then centrifuged (1200 g at 4°C for 10 minutes).
SPMs were extracted using solid-phase extraction and eluted using
methanol. Eluted isolates were then dried in a speed vacuum concen-
trator and suspended in methanol/water (80:20; vol/vol). LC-MS/
MS-based metabololipidomics was performed with a linear ion trap
triple quadrupole mass spectrometer (Applied Biosystems, 3200
QTRAP) equipped with a HPLC system (Shiseido, HTS HPLC system)
coupled to a LUNA C18 column (2.0 x 150 mm, 5.0 um; Phenomenex).
The mobile phase consisted of methanol/H,O/acetic acid in a ratio
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of 60:40:0.01 (vol/vol/vol) and ramped to 80:20:0.01 after 10 min-
utes and to 100:0:0.01 after 20 minutes. Instrument control and data
acquisition were performed using Analyst software (Applied Biosyste-
ms, version 1.5). Ion pairs from reported multiple reaction monitoring
(MRM) methods were used for profiling and quantification of MaR1
and RvD1 (54). Quantification was carried out based on the peak areas
obtained with MRM shifts and linear calibration curves for synthetic
MaR1, RvD1, and d,-LTB, for recoveries.

Ligand-binding analysis. FRET assays were performed using Lan-
thaScreen TR-FRET RORa coactivator assay (Invitrogen). The LBD of
RORa tagging GST and fluorescein-D22 coactivator peptide was incu-
bated with a ligand for 20 minutes and fluorescence was detected with
amultireader with background emission at 490 nm and binding signal
at 520 nm after excitation at 340 nm (Molecular Devices). The ratio of
emission signals at 520 nm and 490 nm was plotted.

SPR experiments were performed with a BIAcore 3000 system
(GE Healthcare). The production and purification of the pET21a*-
GST-RORa-His was previously described (25). The GST-RORa-His
proteins were immobilized onto the CM5 sensor chip (GE Healthcare).
The solution of ligand dissolved in PBS-T with 0.01% ethanol was
injected at a flow rate of 30 ul/min. Affinity constants (K,) were calcu-
lated by using nonlinear fitting with the simple 1:1 Langmuir binding
model by using BlAevaluation software (Biacore AB, version 3.1).

The docking study was performed in Sybyl-X 2.0 using the Sur-
flex-Dock program. The crystal structure of the human RORa in com-
plex with cholesterol sulfate was downloaded from the Protein Data
Bank (PDB ID: 1S0X) (28). Data for the ligand was put into a Sybyl
database. Hydrogen atoms were added and minimized using the
MMFF94s force field with MMFF94 charge by applying the conjugate
gradient method with a 0.05 kcal/mol A energy convergence criterion
and a distance-dependent dielectric constant. Protomol, an idealized
representation of a ligand that makes every potential interaction with
the binding site, was generated based on the ligand mode. MaR1 was
constructed with accurate configurations and energy was minimized
and stored in the Sybyl database. The compounds in the Sybyl data-
base were docked into the binding site by using Surflex-Dock based
on the protomol developed earlier. The extracted cholesterol sulfate
was employed as a reference molecule. The docking protomol could
reproduce the position of cholesterol sulfate (stored in Sybyl database)
in the binding site with 0.46 root-mean-square deviation of the heavy
atoms (C, O, and S) of the extracted cholesterol sulfate.

Animal studies. The transgenic fat-1 C57BL/6 mice were previously
reported (55). Eight-week-old WT littermates and fa¢-I transgenic mice
were fed either HFD (D12942) or low-fat diet (LFD; D12450]) (Research
Diets). The backcross, genotype, and validation of myeloid-specific
RORa knockout mice were previously described (3). The RORo mutant
embryo, which has loxP sites flanking exon 4 of the Rora gene, was provid-
ed from the Institut Clinique de la Souris (Illkirch-Graffenstaden, France).
To generate the myeloid-specific RORa knockout mice, RORa! animals
were cross-bred with LysM®® mice, which highly express Cre recombi-
nase in myeloid cells by the lysozyme M promoter (Jackson Laboratories).

Seven-week-old male floxed or RORa-MKO mice were fed either
HFD or LFD. MaR1 was administered daily at doses of 5 pg/kg body
weight (BW) by intraperitoneal (i.p.) injection for 2 weeks. DHA (5%
BSA in PBS) was administered daily at doses of 5 mg/kg BW with or
without 5 mg/kg BW baicalein by i.p. injection for 2 weeks. One intra-
venous injection of either AAV-GFP or AAV-12-LOX at 5 x 10° virus
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genomes was conducted 3 weeks prior to sacrifice. Seven-week-old
WT male C57BL/6 mice were fed for 4 weeks with MCD diet or MCS
diet as control (Dyets Inc). The groups of mice maintained a similar
BW by feeding on the same type of diet. At the end of the experiments,
liver tissues were excised and cross-sections of the left lobe of the
liver were frozen for analyzing mRNA and SPMs levels, fixed in 10%
neutral buffered formalin (Sigma-Aldrich), or perfused by collagenase
to collect immune cells. The activities of GPT and GOT in the serum
were measured with a Fuji DRI-CHEM 3500s serum biochemistry
analyzer (Fujifilm), and the amount of hepatic TG was measured with
an EnzyChrom Triglyceride Assay Kit (BioAssay System). For histolog-
ical examinations, 3-um sections of paraffin-embedded tissue were
stained with hematoxylin and eosin, Sirius red staining, and immu-
nohistochemistry using anti-4-hydroxynonenal (JalCa, catalog MHN-
100P), anti-F4/80 (Santa Cruz Biotechnology, catalog sc-25830), and
anti-CD206 (R&D Systems, catalog AF2535) antibodies. Frozen liver
tissue sections were stained with Oil Red O (Sigma-Aldrich).

Human tissue array. Liver disease spectrum tissue arrays that con-
tain liver tissue sections from healthy individuals and patients with
hepatitis were purchased from Biomax (catalog LV20812a). The slides
were incubated with mouse anti-CD68 (Santa Cruz Biotechnology,
catalog sc-20060) and rabbit anti-12-LOX (Novus Biologicals, catalog
NBP2-29941) antibodies. The slides were then incubated with the sec-
ondary antibodies anti-rabbit IgG Alexa555 (catalog A31572) and anti-
mouse IgG Alexa488 (Invitrogen, catalog A21200). DAPI was used to
stain nuclei (as a control). The stained tissue samples were captured
with a confocal microscope (Carl Zeiss).

Statistics. All values were expressed as mean * standard deviation.
Statistical analysis was performed using nonparametric Mann-Whit-
ney U test for simple comparisons. Statistical analyses of multiple
groups were conducted using 1-way Kruskal-Wallis test, except for
Figure 2E which was analyzed using 2-way Bonferroni posttest. A P
value less than 0.05 was considered statistically different.

Study approval. All experiments with mice were performed in a
blind and randomized fashion and approved by the Seoul National
University Institutional Animal Care and Use Commiittee.
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