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Resolvin D1 Improves the Resolution of Inflammation via
Activating NF-kB p50/p50-Mediated Cyclooxygenase-2
Expression in Acute Respiratory Distress Syndrome

Ye Gao,*' Huawei Zhang,""1 Lingchun Luo,* Jing Lin,* Dan Li,* Sisi Zheng,*
Hua Huang,* Songfan Yan,* Jingxiang Yang,* Yu Hao,* Hui Li,* Fang Gao Smith,*" and
Shengwei Jin*

Acute respiratory distress syndrome (ARDS) is a severe illness characterized by uncontrolled inflammation. The resolution of in-
flammation is a tightly regulated event controlled by endogenous mediators, such as resolvin D1 (RvD1). Cyclooxygenase-2 (COX-2)
has been reported to promote inflammation, along with PGE,, in the initiation of inflammation, as well as in prompting resolution,
with PGD, acting in the later phase of inflammation. Our previous work demonstrated that RvD1 enhanced COX-2 and PGD,
expression to resolve inflammation. In this study, we investigated mechanisms underlying the effect of RvD1 in modulating
proresolving COX-2 expression. In a self-limited ARDS model, an LPS challenge induced the biphasic activation of COX-2,
and RvD1 promoted COX-2 expression during the resolution phase. However, it was significantly blocked by treatment of a NF-«kB
inhibitor. In pulmonary fibroblasts, NF-kB p50/p50 was shown to be responsible for the proresolving activity of COX-2. Addi-
tionally, RvD1 potently promoted pS0 homodimer nuclear translocation and robustly triggered DNA-binding activity, upregu-
lating COX-2 expression via lipoxin A, receptor/formyl peptide receptor 2. Finally, the absence of p50 in knockout mice prevented
RvD1 from promoting COX-2 and PGD, expression and resulted in excessive pulmonary inflammation. In conclusion, RvD1
expedites the resolution of inflammation through activation of lipoxin A4 receptor/formyl peptide receptor 2 receptor and NF-xB
p50/p50-COX-2 signaling pathways, indicating that RvD1 might have therapeutic potential in the management of ARDS. The
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cute respiratory distress syndrome (ARDS) is a common
A and potentially fatal critical condition that is associated

with high mortality (1). Despite decades of efforts to
improve the prognosis of ARDS, no pharmacological interven-
tions have been proven to be effective. Thus ARDS is a consid-
erable worldwide health burden (2, 3). The main pathophysiologic
mechanism underlying ARDS is unrestrained and perpetual in-
flammation, resulting in extensive alveolar barrier disruption and
abundant extravascular accumulation of protein-rich edema fluid.
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The respiratory failure leads to multiorgan dysfunction and then
death (4). Therefore, the timely resolution of inflammation is thought
to be pivotal in restoring homeostasis. The resolution of inflamma-
tion is a highly ordered and active process driven by novel mediators
and endogenously controlled mechanisms (5). Therefore, identifi-
cation of proresolving agonists or biochemical compounds could
offer novel insight into the treatment of ARDS (6).

Cyclooxygenase-2 (COX-2), an inducible enzyme, catalyzes the
conversion of diverse PGs. In addition to its well-known role as a
pharmaceutical target for anti-inflammatory drugs in inflammatory
diseases, COX-2 also exerts versatile biological activities to resolve
inflammation (7-9). At the onset of inflammation, COX-2 has a po-
tent proinflammatory effect, predominantly through the generation
of PGE,, whereas in the resolution phase, COX-2 is responsible for
producing proresolving PGs, such as PGD,, 15-deoxy-A'>'4-PGJ,,
and PGF,, (10-13). Notably, PGE, and PGD, are responsible for
modulating lipid mediator class switching from proinflammation to
proresolution, as they have been shown to initiate the production of
15-lipoxygenase, a pivotal enzyme that is capable of mediating the
biosynthesis of proresolving lipid mediators (14). In ARDS, COX-2
displayed pivotal actions in facilitating resolution through its ability
to generate proresolving lipid mediators, such as lipoxin A4 (15), and
both the genetic disruption and pharmacological blocking of COX-2
expression have been shown to lead to robust inflammation and
aggressive lung injury (10-12). Furthermore, COX-2 is also re-
sponsible for hepatocyte growth factor secretion, which contributes
to the restoration of healthy alveolar epithelium (16). Several sig-
naling pathways are involved in regulating of COX-2 expression,
including the ERK, AKT, PI3K, and NF-kB pathways. However,
the pathway that mediates proresolving COX-2 activation has not
been fully clarified.
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2044 RvD1 PROMOTES INFLAMMATION RESOLUTION IN LPS-INDUCED ARDS

Pulmonary fibroblasts are mesenchymal cells with well-
recognized roles in lung remodeling and repair. They also act as
innate immune sentinels that modify inflammation and orchestrate
its resolution (17). While activated, fibroblasts secrete various
inflammatory mediators that amplify the immune response (18).
Additionally, fibroblasts have emerged as regulators of inflam-
mation resolution that act by producing proresolving peroxisome
proliferator—activated receptor-y ligands (19), as well as COX-2
and PGD, (20). Recently, accumulating evidence has demon-
strated that the growth factors secreted from fibroblasts can pro-
mote alveolar barrier function (21-23), alleviate pulmonary edema
(21, 24), and protect against lung injury from various stresses, such
as LPS (25, 26), ventilator (24) and ischemia/reperfusion—induced
lung injury (27, 28). Thus, lung fibroblasts have emerged as es-
sential players in the resolution of ARDS.

Resolvin D1 (RvD1; 78,8R,17S-trihydroxy-4Z9E,11E,13Z,15E,19Z-
docosahexaenoic acid), an endogenous specialized proresolving
lipid mediator, is derived from omega-3 docosahexaenoic acid
during the resolution phase of acute inflammation and displays
potent anti-inflammatory and proresolving activities (29, 30).
RvD1 has consistently been shown to impede inappropriate neu-
trophil infiltration, suppress excessive inflammatory mediator
production, accelerate efferocytosis (18), and promote the clear-
ance of alveolar fluid (31) to perform its protective roles in ARDS.
Moreover, RvD1 markedly reduces acute lung injury—associated
mortality through curbing NF-kB activation and COX-2 expres-
sion (32). Notably, our previous study illustrated that RvDl1
exerted an anti-inflammatory effect by altering COX-2 expression
in the proinflammatory phase, whereas it also collaborated with
the proresolving COX-2 activation in fibroblasts during the reso-
lution phase (20), convincingly demonstrating its potent role in
maintaining homeostasis.

However, no studies to date have addressed whether RvD1 po-
tentiates inflammation resolution by modulating proresolving
COX-2 expression in vivo or identified the underlying mechanism
involved in RvD1-mediated COX-2 regulation. In this study, we
present evidence for a self-limited experimental model of ARDS in
which RvD1 facilitates inflammation resolution via upregulating
proresolving COX-2 activity, in part by promoting the activation of
NF-kB p50/p50, which protects the lung from LPS-initiated injury.

Materials and Methods

Materials

RvDI1 was purchased from Cayman Chemical (Ann Arbor, MI). LPS
(Escherichia coli O55: B5), SP600125 (a JNK inhibitor), and SB203580 (a
p38 MAPK inhibitor) were obtained from Sigma-Aldrich (St. Louis, MO).
MG-132 (an NF-kB inhibitor) was purchased from Tocris Bioscience
(Bristol, U.K.). BOC-2 (a lipoxin A4 receptor/formyl peptide receptor 2
[ALX/FPR2] inhibitor) was obtained from Biomol/Enzo Life Sciences
(Farmingdale, NY). DMEM and FBS were purchased from Life Tech-
nologies BRL (Grand Island, NY). A nuclear protein extraction kit was
obtained from Thermo Scientific (Rockford, IL). Primary Abs against
COX-2, pl05/p50, p65, RelB, and lamin B1 were purchased from Abcam
(Cambridge, U.K.). PGE,, PGD,, myeloperoxidase (MPO), and TNF-a
ELISA kits were purchased from R&D Systems (Minneapolis, MN).
Protein levels were determined using a bicinchoninic acid kit (Thermo
Scientific).

Animal preparation

Male Sprague Dawley (SD) rats (250-300 g; SLAC Laboratory, Shaghai,
China), wild-type (WT) C57BL/6 mice (612 wk, SLAC Laboratory), and
NF-kB p50 knockout (KO) mice (6-12 wk, B6;129P2-Nfkb1™!54!/J; The
Jackson Laboratory) were maintained under specific pathogen-free con-
ditions in a full-barrier facility until experiments were performed.

An LPS-induced ARDS model was generated via i.v. injections of LPS
into tail veins as previously described (31). The animal experiments were
performed using the methods described below.

SD rats and WT C57BL/6 mice were treated with 3 mg/kg body weight of
LPS administered via i.v. injections, and control animals were administered
the same volume of sterile 0.9% saline i.v. to characterize lung injury over
time. Animals were euthanized at the following time points: 6, 12, 24, 48,
and 72 h after i.v. injection.

For the experiment involving MG-132 and RvD1 treatments in rats,
MG-132 was dissolved in DMSO and then diluted in 500 .l of sterile 0.9%
saline for injection. Twelve hours after the i.v. LPS (3 mg/kg) injection or a
sham injection of saline, rats were given RvD1 (5 pg/kg) or an equivalent
volume of ethanol via tail vein injection. For treatment, rats were ad-
ministered MG-132 i.v.1 h prior to RvD1 injection, whereas other groups
received an equal volume of DMSO/saline solution. Rats were sacrificed
24 h after LPS exposure.

For the comparison between WT and p50 KO mice, RvD1 (5 pg/kg)
injections or sham injections of saline were administered 24 h after an i.v.
injection of LPS (3 mg/kg). All mice were humanely killed 48 h after LPS
exposure while under anesthesia.

Histological analysis of lung tissues

For histological examinations, the right lung of each animal was fixed in
10% paraformaldehyde for 24 h, embedded in paraffin wax, sectioned, and
stained with H&E for light microscopy analysis. Lung injury scores were
quantified by an investigator who was blinded to the treatment groups
using an established histopathological scoring system (31).

Cell culture

Rat pulmonary fibroblasts were isolated from 2- to 3-d-old SD rats, and
murine pulmonary fibroblasts were isolated from C57BL/6 mice, as pre-
viously described (20). Cells were used at early passages (P3-P5).

For all experiments, cells (5 X 10%) were plated in six-well plates and
grown to 80% confluence. Fibroblasts were allowed to remain in a qui-
escent state for 24 h by incubating them in medium containing 0.5% FBS
prior to treatment. After 24 h of culture with LPS (1 pg/ml) or a control
medium, fibroblasts were treated with 100 nM RvD1 or a vehicle solution
(0.1% ethanol, as the RvD1 was supplied in ethanol) for an additional 24 h.
SP600125 (10 uM), SB603580 (10 uM), MG-132 (10 wM), and BOC-2
(10 M) were added 30 min prior to RvD1 administration.

Measurement of TNF-a, MPO, PGE,, and PGD, production

TNF-a, MPO, PGE,, and PGD, concentrations were measured in homog-
enized lung tissues, and culture supernatants were collected as previously
described (20, 33) using ELISA kits (R&D Systems) according to the man-
ufacturer’s instructions. Assays were run in triplicate and repeated twice.

Protein extraction and Western blot analysis

Nuclear proteins were extracted using a nuclear extract kit (Thermo Sci-
entific) according to the manufacturer’s instruction. Whole protein samples
were prepared by suspending cells or tissues directly in RIPA lysis buffer
(50 mM Tris [pH 7.4], 150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1 mg/ml leupeptin sodium orthovanadate, so-
dium fluoride, and EDTA) and 1 mM PMSF for 1 h on ice. This was
followed by centrifugation for 30 min at 12,000 X g.

Protein lysates were electrophoresed via 10% SDS-PAGE, and the separated
proteins were transferred to a polyvinyl difluoride membrane. After the
membranes were blocked in 5% dry skim milk/TBST buffer (TBS containing
0.1% Tween-20) for 1 h at room temperature, they were incubated with primary
Abs for COX-2, p65, p50, RelB, lamin B1, and 3-actin overnight at 4°C. This
was followed by treatment with the appropriate secondary Abs for 1 h. The
proteins were detected using chemiluminescence reagents (Thermo Scien-
tific). Images were scanned with a UVP imaging system and analyzed using
an ImageQuant LAS 4000 mini system (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden).

EMSA and supershift assay

Nuclear extracts were prepared from lung tissues and fibroblasts treated as
described above. The EMSA was performed using a nonradioactive NF-kB
EMSA kit according to the manufacturer’s instructions (Thermo Scientific).
The sequence of the NF-kB probe was 5'-AGTTGAGGGGACTTTCCCA-
GGC-3' and that of the mutant probe was 5'-AGTTGAGGCTACTTTCCC-
AGGC-3'. Biotins were labeled with 5" end oligonucleotides. Then, 15 pg of
crude nuclear protein were incubated with a 15 pl binding reaction system
including 1.5 pl of 10X binding buffer, 1.5 pl of poly(dl:dC) (1.0 wg/l), and
ddH,O to a final volume of 10 I for 20 min at room temperature. Bio-NF-kB
or Bio-mutant-NF-kB probes were then added, and the reaction mixture was
incubated for 20 min at room temperature. Where indicated, 1 and 2 pl of
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specific cold competitor oligonucleotide were added in a 100X competing
system before the labeled probe was added, and samples were then incubated
for 20 min. Protein—-DNA complexes were resolved via electrophoresis at 4°C
on a 6.5% acrylamide gel and subjected to autoradiography. Electrophoresis
was performed on a 6.5% nondenaturing polyacrylamide gel at 175 V in
0.25X TBE (1X TBE consists of 89 mM Tris-HCI, 89 mM boric acid, and
5 mM EDTA [pH 8]) at 4°C for 1 h. Gels were transferred to banding
membranes at 394 mA in 0.5X TBE (1 X TBE consists of 89 mM Tris-HCl,
89 mM boric acid, and 5 mM EDTA [pH 8]) at room temperature for 40 min.
Then, the membranes were crosslinked in a UV crosslink apparatus for 10
min (immobilization), blocked, labeled with streptavidin-HRP, washed, and
equilibrated. Membrane images were acquired with an Imager apparatus
(Alpha Innotech). For the Ab supershift assay, 5 g of Ab specific to NF-kB
p50, p65, or RelB was incubated on ice with the nuclear protein extract for
30 min prior to the addition of the reaction mixture containing radiolabeled
nucleotides.

Statistical analysis

Data are presented as mean = SEM. All data were analyzed using a
Student 7 test or one-way ANOVA, followed by a Tukey test for post hoc
comparisons. A p value <0.05 was considered significant. Statistical
analyses were performed using Prism 6.0 software (GraphPad Software,
San Diego, CA).

Results
Characterization of the rat LPS-induced ARDS model

To assess pathological changes in the lung, H&E staining was used
in our study as shown in Fig. 1A. In contrast to the normal lung
parenchyma in the control group, the lung architecture in the
experimental group showed distinct changes over time after LPS
administration. This was accompanied by significant inflammatory
cells infiltration, interstitial edema, extensive thickening of the
alveolar septum, demolished structure of the pulmonary alveoli,
and hemorrhaging, and these effects were evident at 6 h after LPS
administration, subsequently peaked at 12 h, and then were
gradually ameliorated. Acute lung injury scores were quantified in
parallel with the pathophysiological changes (Fig. 1B). Addi-
tionally, the proinflammatory cytokine TNF-a rapidly increased at
12 h and then declined gradually (Fig. 1C). Lung MPO expression,
reflecting neutrophil activity, also peaked at 12 h and subsequently
decreased (Fig. 1D). These data suggest that a resolution period
starts within ~12 h after LPS exposure.

Time dependence of pulmonary COX-2 activation in a rat
model of LPS-induced ARDS

Having characterized the inflammation induction and resolution
phases of the ARDS model in terms of histological changes and
chemokine productions, we next assessed the dynamic changes in
COX-2 expression induced by LPS using Western blot analysis.
COX-2 showed a biphasic expression pattern during the course of
the experiment (Fig. 2A). The COX-2 expression initially peaked
at the onset of inflammation 6 h after LPS exposure, and a second
peak was detected during the resolution stage 24 h after exposure.
Moreover, the first peak in COX-2 expression was coincident with
the maximum PGE, expression (Fig. 2B), and the highest level of
PGD, production was associated with the second COX-2 peak
(Fig. 2C). Taken together, these confirmed findings indicated that
COX-2 is proinflammatory during the early stage of inflammation
but plays a role in inflammation resolution at the later stage.

RvD1 facilitates the resolution of inflammation by promoting
NF-kB p50-derived COX-2 expression in the ARDS model

In the LPS-induced ARDS model, the administration of RvD1 in
the resolution phase effectively promoted the repair of damaged
pulmonary histology, as indicated by H&E staining (Fig. 3A),
resulting in the nearly complete restoration of the morphological
and histological changes in pulmonary tissue caused by LPS ex-
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posure to a state that was comparable to the condition of the
control group (Fig. 3A). However, administering the NF-kB in-
hibitor MG-132 to rats reversed the proresolving effects of RvD1
and substantially aggravated the damage in the LPS group, resulting
in pronounced interstitial edema, hemorrhaging, thickening of al-
veolar walls, and inflammatory cell infiltrations (Fig. 3A). Consis-
tent with the pathophysiological changes, there was a significant
difference between the LPS plus RvD1 group and LPS plus RvD1
plus MG-132 group (p < 0.01) and between the LPS and LPS plus
MG-132 groups (p < 0.01) (Fig. 3B).

Furthermore, RvD1 was found to dramatically increase COX-2
protein expression during the resolution phase (Fig. 3C). To assess
the mechanism underlying the effect of the RvD1 on COX-2 in the
later phase of inflammation, we injected MG-132 at 1 h prior to
RvD1 administration, and this significantly decreased COX-2 ex-
pression (Fig. 3C). Similarly, the NF-kB activation triggered by
RvD1 was clearly suppressed by MG-132 (Fig. 3D). Moreover, the
supershift assay results showed that only p50 subunits, and not p65
subunits, were detected in the LPS plus RvD1 group (Fig. 3D),
indicating that NF-kB p50/pS0 was responsible for the RvD1-induced
increase in COX-2 expression during the resolution phase.

NF-kB is responsible for proresolving COX-2 protein
expression in pulmonary fibroblasts

Considering the pivotal role of fibroblasts in ARDS resolution,
pulmonary fibroblasts were used to verify the protective roles of
RvD1 in vitro. As our previous study confirmed that the secondary
peak in COX-2 expression in newborn rat pulmonary fibroblasts
occurred at 48 h after LPS stimulation (20), 48 h was chosen as
the time point in the resolution phase that was analyzed in this
experiment.

Intracellular COX-2 regulatory signaling pathways are re-
markably complex and included the activation of the JNK, p38
MAPK, and NF-«kB signaling pathways (34). We assessed the
mechanism underlying COX-2 expression in the resolution phase
by administering specific INK, p38 MAPK, and NF-«kB inhibitors
to verify their association with COX-2 expression. As expected,
COX-2 expression in primary pulmonary fibroblasts was dramat-
ically increased by exposure to LPS for 48 h, and there were no
significant changes between the control, SP600125, SB203580,
and MG-132 groups (Fig. 4). Notably, only MG-132 significantly
suppressed LPS-induced COX-2 production (p < 0.01), whereas
inhibitors of JNK (SP600125) and p38 MAPK(SB203580) had no
significant effect on COX-2 expression (Fig. 4).

NF-kB p50/p50 formation is activated in the resolution phase
in LPS-stimulated pulmonary fibroblasts

The time course of LPS-induced NF-kB activation was examined
using EMSA to explore whether NF-kB exhibits biphasic peaks
similar to those exhibited by COX-2 during the initiation and reso-
lution of inflammation. Although no prominent biphasic activation
of NF-kB was observed during the progression of inflammation, NF-
kB was activated by LPS in the resolution phase (Fig. 5A).

Because the NF-kB family consists of structurally homologous
transcription factors, including p65, p105/p50, p100/p52, RelB,
and c-Rel, which form various homo- or heterodimers to regulate
diverse biological processes (35), we further examined which di-
mers were responsible for inducing COX-2 expression associated
with the resolution of inflammation. Western blot analyses of
nuclear protein extracts were performed to verify nuclear trans-
location of NF-kB. Analyses showed that only the nuclear levels
of the NF-kB p50 subunit protein expression were significantly in
the LPS group compared with the control group (p < 0.01)
(Fig. 5B).
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FIGURE 1. Characterization of the rat LPS-induced ARDS model. LPS (3 mg/kg) or an equivalent volume of sterile 0.9% saline was i.v. administered to
SD rats, which were stimulated at the indicated time points. (A) Representative photomicrographs of pulmonary histology shown by H&E staining, Original
magnification, X100 (inset, X400). LPS-induced lung inflammation is characterized by marked edema, thickened alveolar walls (black arrows), and an
alveolar infiltrate rich in neutrophils (red arrows). (B) Acute lung injury score. (C and D) The concentrations of TNF-a and MPO in homogenized lung
tissue were measured via ELISA. Data are shown as mean = SEM, n = 6-8 rats per treatment, and are representative of three independent experiments.
#p < 0.05 compared with the control group, p < 0.05 compared with the 6 h group, **p < 0.01, ***p < 0.001.

Given that NF-kB is an inducible transcription factor and is proinflammatory COX-2 expression is mediated by ALX/FPR2 in
activated in the resolution phase, supershift experiments were a murine model of ARDS (32), we assessed whether RvD1 could
performed on fibroblasts to identify the activated forms of NF-kB modulate proresolving COX-2 expression via the ALX/FPR2-NF-
using anti-p65, anti-p50, and anti-RelB Abs. Only the p50 subunit kB p50/p50 signaling pathway. As shown in Fig. 6A, the nuclear

was detectable, as evident by the presence of a complex with a translocation of NF-kB p50/p50 in the resolution stage was
shifted band that migrated at a higher molecular mass (Fig. 5C). markedly promoted by cotreatment with RvD1. Consistent with
Thus, only p50 exerts its DNA-binding activity following trans- the results of the Western blot analysis, RvD1 also increased the
location into the nucleus. Because the p50 subunit forms a homo- DNA-binding activity of NF-kB in LPS-stimulated fibroblasts

or heterodimer complex of p65/pS0 or p50/p50, these findings (Fig. 6B), indicating that RvD1 had a positive effect on NF-kB
suggest that p50/p50 homodimers preferentially form in the res- pS50/p50 activation.

olution phase of LPS-induced inflammation, as few shifted bands To confirm whether LPS-induced COX-2 production in in-
containing p65 were detected in the supershift assays. flammatory resolution is regulated by RvD1 via NF-kB p50/p50
activation, we isolated primary pulmonary fibroblasts from WT
and p50 KO mice to compare the effects of RvD1 on COX-2
expression. In the absence of LPS stimulation, COX-2 expres-
Because LPS-induced COX-2 expression primarily depends on the sion was not observed in either WT or pS0 KO mice (Fig. 6C),
activation of NF-kB p50/p50 and the RvD1-induced inhibition of whereas it was dramatically reduced in the p5S0 KO mice following

RvDI-mediated promotion of COX-2 expression in fibroblasts
is regulated by ALX/FPR2-NF-kB p50/p50 activation
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FIGURE 2. Time dependence of pulmonary COX-2 activation in a rat model of LPS-induced ARDS. LPS (3 mg/kg) or an equivalent volume of sterile
0.9% saline was i.v. administered to SD rats, which were stimulated for the indicated durations. Lung tissue samples were collected after LPS adminis-
tration for Western blot and ELISA analysis. (A) COX-2 protein expression was assessed via Western blot and analyzed via densitometry. Values were
compared with B-actin expression. (B and C) PGE, and PGD, concentrations in homogenized lung tissue were measured via ELISA. Data are shown as
mean * SEM, n = 6-8 rats per time point per group, and are representative of four independent experiments. *p < 0.05, ***p < 0.001, ****p < 0.0001.

RvD1 and LPS cotreatment. In contrast to the augmentation of
COX-2 expression caused by RvD1 in WT pulmonary fibroblasts,
the promotional effect of RvD1 on COX-2 expression was blocked
in p50-deficient fibroblasts (Fig. 6C). Additionally, BOC-2 (10 uM),
an ALX/FPR2 antagonist, was used to measure changes in COX-2
expression in LPS-stimulated pulmonary fibroblasts by Western
blot. As shown in Fig. 6D, BOC-2 abrogated the effect of RvD1 on
COX-2 expression. Thus, RvD1 may increase COX-2 expression
during the resolution of inflammation by regulating NF-kB p50/p50
activation, which depends on the ALX/FPR2 receptor.

p50-deficient mice display impaired inflammation resolution
and diminished COX-2 expression following RvDI treatment

Given that NF-kB p50/p50 is responsible for the stimulatory effect
of RvD1 on COX-2 expression in the resolution phase, we pre-
pared p50-deficient mice to further identify the mechanism un-
derlying the effect of RvD1 in vivo. In this study, we also modeled
ARDS with an i.v. LPS injection, as previously described.

As shown in Fig. 7A, LPS injections in C57BL/6 mice resulted
in early COX-2 expression, which peaked at 6 h and was com-
parable to the expression pattern observed in SD rats, whereas the
second COX-2 activation peak in mice occurred at 48 h and was
less prominent than the peak observed at 6 h. Therefore, mice
displayed a biphasic COX-2 activation pattern, similar to the rat
ARDS model.

Using p50 KO mice and their WT littermates, we investigated
whether NF-kB p50 plays an essential role in the regulatory ef-
fects of RvD1 on COX-2 expression during the later stage of in-
flammation. In WT mice, RvD1 administration significantly
reversed the pathological changes induced by LPS, whereas there
was no significant variation in the histological results between the
LPS plus RvD1 and LPS groups in pS0 KO mice, which all

showed apparent interstitial edema, neutrophil infiltration, hem-
orrhaging, alveolar disarray, and thickness of the alveolar septum
(Fig. 7B). Of note, the increased COX-2 expression induced by
RvD1 in WT mice was considerably diminished in p50 KO mice
(Fig. 7C). As for PG productions, strikingly, the expression of both
PGE, and PGD, was significantly increased in the lungs of pS0 KO
mice following LPS injection, and both PGs tended to be present at
lower levels than in the control group. There was no positive feed-
back on PGE, induced by RvD1 in WT or p50 KO mice. However,
PGE, concentrations were significantly lower in p5SO KO mice
(p < 0.05) (Fig. 7D). Additionally, PGD, production was signifi-
cantly promoted by RvD1 and LPS cotreatment in WT mice. The
p50 deficiency suppressed LPS-induced PGD, and also impaired the
stimulatory effect of RvD1 (Fig. 7E). Collectively, these data indi-
cate that NF-kB p50 accounts for the RvD1-mediated promotion of
COX-2 involved in facilitating inflammation resolution.

Discussion
In the present study, we confirmed the novel proresolution ca-
pacities of RvD1 in ARDS. Our data showed that there was a biphasic
COX-2 activation pattern in the ARDS model and that NF-kB p50/
p50 homodimers were responsible for altering COX-2 expression in
the resolution stage of inflammation. RvD1 administration markedly
increased COX-2 expression, as well as subsequently increasing
proresolving PGD, production, resulting in potently prompting in-
flammation resolution (summarized in Fig. 8). However, the inhi-
bition or deletion of pS0 eliminated the stimulatory effect of RvD1
on COX-2 production and removed the acceleration of resolution.
The resolution of an acute inflammation is an active process that
is crucial for restoring homeostasis. In most cases, acute lung
injury, the mild form of ARDS, spontaneously resolves, indicating
the existence of internal, host-protective signaling pathways in the
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FIGURE 3. RvDl facilitates the resolution of inflammation by promoting NF-kB p50-derived COX-2 expression in the ARDS model. Rats were i.v.
injected with LPS (3 mg/kg) 12 h before they received tail vein injections with RvD1 (5 pg/kg) or an equivalent volume of ethanol. For treatment, rats were
i.v. administered MG-132 at 1 h prior to RvD1 injection, whereas other groups received an equal volume of a DMSO saline solution. Rats were sacrificed
24 h after LPS exposure. Lung tissue samples were collected for morphological evaluation, Western blot, and EMSA supershift assays. (A) Representative
photomicrographs of pulmonary histology, as shown by H&E staining. Original magnification, X100 (inset, X400). Black arrows indicate LPS-induced
thickening of the alveolar walls and red arrows show neutrophil infiltration. (B) Acute lung injury score. (C) COX-2 protein expression was assessed via
Western blot and analyzed by densitometry. Values were compared with B-actin expression. (D) NF-«kB activation was determined via EMSA supershift
assays with the nuclear protein extracts prepared from the lung tissues. EMSAs were used to quantify NF-kB activation in each group. Supershift assays
were used to identify the activated NF-kB dimers in the LPS plus RvD1 group. EMSA supershift assays were performed as detailed in Materials and
Methods. The NF-kB DNA-protein complexes (open arrow) were separated from the free probe (closed arrow) by electrophoresis in the EMSA. A
supershift analysis was conducted with Abs directed against pSO and p65 to characterize specific NF-kB complexes in the LPS plus RvD1 group.
Supershifted bands with an asterisk indicate binding of the p50 subunit. CK, negative control; CN, control group; L, LPS group; L+M, LPS plus MG-132
group; L+R, LPS plus RvD1 group; L+R+M, LPS plus RvD1 plus MG-132 group; M, MG-132 group; R, RvD1 group; 100X, competition group. Data are
shown as mean * SEM, n = 5-7 rats per treatment per group, and are representative of at least three independent experiments. *p < 0.05 compared with the
control group; “p < 0.05 compared with the LPS group; *p < 0.05 compared with the LPS plus RvD1 group. *¥p < 0.01, *¥**¥p < 0.0001.

Prostanoids derived from COX-2 play fundamental roles in the
multifarious bioactivity of COX-2. Several studies have demon-

host. We used this self-limited model for our investigation. Re-
cently, there has been growing recognition that RvD1 acts as an

endogenous “braking signal” on excessive inflammation that tightly
regulates the progression and timely resolution due to its potent
anti-inflammatory and proresolving functions.

strated that PGE,, the most abundant and prominent prostanoid in
inflammation initiation, is involved in the processes leading to the
classical signs of inflammation (36, 37). In contrast, PGD, par-
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broblasts. Primary pulmonary fibroblasts were incubated
with 1 pg/ml LPS (L) for 24 h followed by administration
of 100 nM RvD1 or vehicle (0.1% ethanol) for an addi-
tional 24 h, and 10 pM SP600125 (a JNK inhibitor), 10 uM
SB203580 (a p38 MAPK inhibitor), and 10 pM MG-132
(an NF-kB inhibitor) were added 30 min prior to RvD1
administration. After incubation, the cells were harvested
and sonicated. The expression of COX-2 was determined
via Western blot. Cells were differentiated from lung tissues
harvested from six rats per condition; n = 8 per treatment
per group. Data are shown as mean = SEM and are rep-
resentative of at least four independent experiments. **p <
0.01, ***kp < 0.001.
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ticipates in the control of resolution with its prolonged elevation
during the later phase of inflammation (13, 38, 39). Consistent
with these reports, our study clearly showed that, in both ex vitro
and in vivo experiments, COX-2 was activated throughout the
inflammatory response period. There was an initial COX-2 peak
associated with maximal PGE, expression at the onset, and a
secondary peak during the resolution phase that occurred con-
comitantly with increased PGD, synthesis. Moreover, PGE, and
PGD,, as well as the acetylation of COX-2 triggered by aspirin,
actively mobilized the biosynthesis of other proresolving lipid
mediators, such as lipoxins and resolvins, to dominate the reso-
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lution phase (14, 29, 40). Therefore, COX-2 may play a causative
role in the switch from inflammation initiation to resolution (41).

Given the crucial role of COX-2 in the resolution of inflam-
mation, as well as the potent proresolving capacity of RvDI1, we
investigated whether RvD1 could generate a positive loop in COX-
2 activity-induced inflammatory resolution. Our previous work in
pulmonary fibroblasts demonstrated the proinflammatory activity
of COX-2, whereas the subsequent PGE, expression was abolished
apparently by RvD1. These findings are in parallel with the large
body of evidence demonstrating that RvD1 has potent anti-
inflammatory activity via the suppression on COX-2 (32, 42,

CK 48h 1gG p65 pS0 RelB 100X

FIGURE 5. The formation of NF-«kB p50/p50
homodimers in LPS-stimulated pulmonary fibroblasts
occurs during resolution phase. Primary pulmonary fi-
broblasts were incubated with LPS (1 pg/ml) for 6, 12,
24, 48, and 72 h or with the equivalent volume of un-
treated medium for the control group. After incubation,
the cells were harvested to isolate nuclear protein as
detailed in Materials and Methods. (A) The time course
of NF-kB activation was measured via EMSA. CK,
negative control; CN, control group; 100X, competi-
tion group; +, positive group. (B) The nuclear translo-
cation of p65, p50, and RelB was assessed via Western
blot and analyzed via densitometry. Values were com-
pared with lamin B1 expression. (C) Supershift assays
were performed with NF-kB p50, p65, and RelB Abs to
detect the DNA binding activity of nuclear protein
extracts from primary pulmonary fibroblasts obtained
48 h after LPS stimulation. The specific NF-kB bands
are indicated in the polyacrylamide gel with arrows,
whereas only the Ab against p50 resulted in a signifi-
cant supershift. CK, negative control; 48 h, cells stim-
ulated with LPS for 48 h; IgG, preimmune IgG as Ab
negative control; p50, pSO Ab group; p65, p65 Ab
group; RelB, RelB Ab group; 100X, competition
group. Cells were differentiated from lung tissues har-
vested from six rats per condition; n = 6 per treatment
per group. Data in (A) and (C) are representative of
three independent experiments. Data in (B) are shown
as mean * SEM and are representative of at least four
independent experiments. ***p < 0.001.
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FIGURE 6. RvDl-mediated promotion of COX-2 expression in fibroblasts is mediated by NF-kB p50/p50 activation. (A and B) Primary pulmonary
fibroblasts from rats were incubated with LPS (1 wg/ml) for 24 h, followed by the administration of 100 nM RvD1 or vehicle (0.1% ethanol) for an
additional 24 h. After incubation, the cells were harvested to isolate nuclear proteins as detailed in Materials and Methods. (A) The expression of p50 in the
nucleus was determined via Western blot and analyzed via densitometry. Values were compared with lamin B1 expression. (B) The activation of NF-kB was
determined by EMSA assay. CK, negative control; CN, control group; L, LPS group; L+R, LPS plus RvD1 group; R, RvD1 group; Ve, vehicle group;
100X, competition group; +, positive group. (C) Primary pulmonary fibroblasts from NF-kB p50 KO (open bars) and WT mice (filled bars) were incubated
with LPS (1 pg/ml) for 24 h followed by administration of 100 nM RvD1 or vehicle (0.1% ethanol) for an additional 24 h. After incubation, the cells were
harvested and sonicated to obtain the whole protein. The expression of COX-2 and p50 was determined via Western blot. (D) Primary rat pulmonary
fibroblasts were incubated with LPS (1 pg/ml) for 24 h, followed by the administration of 100 nM RvD1 for an additional 24 h; 10 pM BOC-2 was
administered 30 min prior to the RvD1 treatment. After incubation, the cells were harvested and sonicated. COX-2 expression was assessed via Western
blot. L+R, LPS plus RvD1 group; L+R+B, LPS plus RvD1 plus BOC-2 group. Cells in (A), (B), and (D) were differentiated from lung tissues harvested
from six rats per condition. Pulmonary fibroblasts in (C) were differentiated from five mice per condition; n = 5-6 per treatment per group. Data are shown
as mean = SEM and are representative of at least three independent experiments. *p < 0.05, **p < 0.01, **¥*p < 0.001.
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FIGURE 8. Proposed mechanisms underlying RvD1 that promote COX-
2 expression and facilitate the resolution of inflammation.

43). Of interest, RvD1 also effectively increased the expression of
COX-2 accompanied by elevated PGD, levels in the later phase of
inflammation, suggesting a biphasic role of RvD1 in COX-2 ex-
pression during inflammation. In the present study, we further
tested the effect of RvD1 on the biological activity of COX-2 in
self-limited ARDS models established via LPS induction and
demonstrated that RvD1 administration significantly upregulated
COX-2 and PGD, expression during the later phase of inflam-
mation, which accelerated resolution. Furthermore, lung injury
scores were also reduced by RvDI cotreatment, indicating that
RvD1 may protect against lung injury via precipitating COX-2
expression and facilitating the resolution process.

Our present study indicates that only NF-kB was responsible for
the COX-2 expression in the resolution stage, even though nu-
merous signaling pathways are thought to regulate COX-2 (34,
44). Two NF-kB binding sites (p65/pS0 and p50/p50) have been
identified in the COX-2 gene region (44, 45), indicating that NF-
kB p65/p50 and p50/p50 can serve as transcriptional regulators of
COX-2 expression. Recently, studies have reported that RelB di-
minished cigarette smoke—induced COX-2 protein expression in
lung fibroblasts, attenuating inflammation (46). The overexpres-
sion of RelB suppressed the inflammatory response and protected
against lung injury (47). Therefore, we screened p65, p50, and
RelB to clarify the role of NF-kB in the inflammation-resolving
activity of COX-2. Surprisingly, our data from nuclear protein
Western blot analysis and EMSA supershift assays showed that
only the pS0 homodimers were activated in the resolution phase.
In agreement with our findings, several studies have identified
p50/p50 as the predominant dimer during the later phase of in-
flammation (48-50). Of note, in rat carrageenan pleurisy, the
proresolving activation of NF-kB has been found to be associated
with increased COX-2 expression (50). The selective COX-2 in-
hibitor NS-398 has been reported to protract inflammatory re-

sponse, whereas this treatment dose not decrease NF-kB DNA-
binding activity during the resolving phase, which suggests that
COX-2 may act downstream of NF-kB p50/p50 in the resolution of
inflammation (50). Another study revealed that p5SO homodimers
predominantly resided in the NF-«kB site and induced COX-2
transcriptional activation during the late phase of LPS-stimulated
macrophage-associated inflammation (51). Thus far, NF-kB p50/p50
has been strongly implicated in COX-2 expression.

Next, we confirmed that RvD1 administration significantly
promoted p50/p50 activation based on the accumulation of nuclear
pS0 protein and elevated DNA-binding activity, as shown by
EMSA. Consistent with our findings, similar results have indicated
that the addition of RvD1 to LPS-stimulated macrophages could
activate p50/p50 to suppress TNF-a secretion, resulting in the
restoration of efferocytosis (52). It is well appreciated that p50/
p5S0 homodimers have a host-protective role. For instance, p50
homodimers suppressed the production of proinflammatory me-
diators (53) and upregulated anti-inflammatory cytokines, such as
IL-10 (54). Moreover, they suppressed the classic macrophage
proinflammatory response through inhibiting IFN-f3 and actively
drove alternative macrophage (M2) polarization (55, 56), which is
crucial for resolving inflammation (57). Moreover, the absence of
pSO has been shown to aggravate pulmonary inflammation in
E. coli-induced pneumonia (58) as well as result in more profound
hepatic inflammation and severe fibrosis in chronic liver injury
(59). Additionally, p50/p50 homodimers contribute to renal pro-
tection in ischemic preconditioning (60) and improve survival in
kidney injury (49). Taken together, these findings indicate that the
actions of p50/p50 activity may be a novel mechanism for the
proresolving effect of RvD1 in regulating inflammation.

Two specific G protein—coupled receptors that bind RvD1 were
recently identified as ALX/FPR2 and G protein—coupled recep-
tor 32 (GPR32), and they are responsible to mediate the anti-
inflammatory and proresolving bioactions of RvD1 (61). For
example, RvD1 potently limits polymorphonuclear neutrophil
infiltration and migration and enhances human macrophages
phagocytosis upon binding to GPR32 and ALX/FPR2 (61-63). As
GPR32 is a pseudogene in the rat and mouse (64), we adminis-
tered an ALX/FPR2 antagonist (BOC-2) to determine whether the
effect of RvD1 on COX-2 expression was mediated by ALX/
FPR2. BOC-2 potently abrogated RvD1-induced upregulation of
proresolving COX-2 production, indicating that the interaction
between RvD1 and COX-2 depends on the ALX/FPR2 receptor.

To elucidate the essential role of NF-kB p50/p50 in the inter-
action between RvD1 and COX-2 in the resolution of ARDS, we
used a proteasome inhibitor, MG-132, and p50-null mice. Pre-
treatment with MG-132 in a rat ARDS model abolished RvD1-
induced upregulation of COX-2, which was correlated with severe
pathological changes and elevated acute lung injury scores. Ad-
ditionally, in the LPS and RvD1 cotreatment group, pS0 KO mice
showed impaired COX-2 induction and PG production; further-
more, they displayed excessive inflammatory cell infiltration in the

FIGURE 7. p50-deficient mice display impaired inflammation resolution and diminished COX-2 expression following RvD1 treatment. WT C57BL/6
mice were i.v. administered LPS (1 pg/ml) for 6, 12, 24, 48, and 72 h or the equivalent volume of sterile 0.9% saline as the control group. Lung tissue
samples were collected after LPS administration for morphological evaluations, Western blot analyses, and ELISAs. (A) COX-2 protein expression was
assessed via Western blot and analyzed via densitometry. Values were compared with B-actin expression. (B—E) Both WT and p50 KO mice were i.v.
administered LPS (3 mg/kg) for 24 h, followed by the administration of RvD1 (5 wg/kg) or vehicle for an additional 24 h. After stimulation, right lungs
were harvested. (B) The expression of COX-2 and p50 was determined via Western blot. (C) Representative photomicrographs of pulmonary histology, as
shown by H&E staining. Original magnification, X100 (inset, X400). Black arrows indicate LPS-induced thickening of the alveolar walls and red arrows
show neutrophil infiltration. (D and E) The concentrations of PGE, and PGD, in homogenized lung tissue were measured via ELISA. Data are shown as
mean * SEM, n = 5-6 mice per treatment per group, and are representative of at least three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001,

sy < 00001,
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alveoli, which was strongly correlated with lung injury. In contrast,
RvD1 significantly enhanced COX-2 and PGD, expression in WT
mice, which is consistent with our previous results in fibroblasts.
Notably, PGD, and PGE, were highly expressed in p50 KO mice
even in the absence of a stimulus, and LPS had a dramatically de-
creased effect, indicating that other complementary host mechanisms
are delicate and fragile for defense against stimulation. Collectively,
we conclude that NF-kB p50/p50 is attributable, at least in part, to
the proresolving effect of RvD1 on COX-2.

During ARDS, COX-2 inhibition caused by an NF-«kB inhibitor
and knockdown of the pS0 gene led to prolonged inflammation
and severe lung injury presented in our study, indicating critical
roles for COX-2 in resolution of inflammation. Moreover, the
concurrent addition of RvD1 and the NF-«B inhibitor or the
treatment with RvD1 in the p50-null mice slightly relieved the
lung injury or promoted PGD, production during the resolving
phase, suggesting that the suppression of COX-2 expression in-
duced by NF-«B inhibition did not absolutely block the protective
bioactions of RvD1. The administration of RvD1 has been
reported to bypass the adverse effect of a COX-2 inhibitor on
myocardial infarction and afford cardioprotection (65). Moreover,
as shown in the study by Schwab et al. (66) the resolution deficit
induced by a COX-2 inhibitor was rescued with the exogenous
administration of proresolving mediators such as resolvin E1 and
protectin D1. All of these studies not only implied a pivotal
function for COX-2 in homeostasis but also suggested that the
COX-2 pathway is only one of the regulatory mechanisms of
RvD1 involved in resolution. Additionally, other signaling path-
ways, such as the lipoxygenase pathway, may also induce the
production of proresolving mediators to exert homeostatic func-
tion and promote timely resolution (66).

In several studies, RvD1 has been reported to inhibit COX-2
generation to protect tissues from inflammatory injury in many
diseases, such as lung injury (32) and steatohepatitis (42). Unlike
COX-2 genetic deletion or pharmacological inhibition by non-
steroidal anti-inflammatory drugs, both of which result in exac-
erbation of inflammatory injury and impairment of recovery,
RvD1 upregulated proresolving COX-2 expression in the later
phase of inflammation to prompt resolution. The biphasic role of
RvD1 in regulating COX-2 expression allows modulation of
COX-2 pathways at different stages of the inflammatory response
and emphasized the homeostatic function of COX-2 in the host.
Moreover, owing to the crucial role of COX-2 in the class
switching of lipid mediators, RvD1 might regulate the production
of other proresolving mediators in addition to PGD, to promote
resolution.

Overall, our studies demonstrated that RvD1 can regulate
NF-kB p50/p50 homodimer activation, dominate COX-2 expres-
sion, and subsequently monitor PGD, production to hasten reso-
lution (Fig. 8). PGD, has been reported to exert diverse bioactions
in promoting resolution; for example, PGD, exerts proresolving
activity by targeting a neutrophil apoptosis mechanism (38).
Moreover, it induces polymorphonuclear neutrophil 15-lip-
oxygenase activity, which is required for the subsequent genera-
tion of anti-inflammatory and proresolving lipid mediators, such
as lipoxins, resolvins, and protectins (14, 67). Our findings con-
firm the biphasic activation of COX-2 in ARDS models of two
different species and provide novel insights into the functions of
NF-kB p50/p50 and COX-2 in the endogenous process of in-
flammation resolution, which enhances other natural resolution
signaling pathways. Additionally, RvD1-induced promotion of
COX-2 expression is beneficial for the complete resolution
of inflammation, which partially occurs through the activation of
ALX/FPR2 and NF-kB p50/p50 homodimers. This study provides
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evidence of the therapeutic potential of RvD1 in managing ARDS,
emphasizing the importance of the endogenous natural resolving
mechanism.
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