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Fibroblasts, far frombeing merely bystander cells, are known to play a specific role in inflammation resolution after an acute injury.
As the endogenous “braking signal,” resolvins possess potent anti-inflammatory and proresolution actions. We demonstrated that
the expression of COX-2 protein was significantly peaked initially at 6 hours but then also at 48 hours after LPS stimulation in lung
fibroblasts. PGE, levels also peaked at 6 hours, and PGD, levels were increased and peaked at 48 hours. However, no significant
change in the protein expression of COX-1 was observed after treatment with LPS in lung fibroblasts. Exogenous resolvin D1
inhibited the first peak of COX-2 expression as well as the production of PGE, induced by LPS. In contrast, exogenous resolvin
D1 increased the second peak of COX-2 expression as well as the production of PGD, induced by LPS. In addition, resolvin D1
inhibited COX-2 expression at 6 hours, which was partly through PI3K/AKT and ERK2 signalling pathways.

1. Introduction

The main pathophysiology of acute respiratory distress syn-
drome (ARDS) consists of overlapping acute “inflammatory”
and delayed “repair/fibrotic” phases [1, 2]. However, mech-
anisms regulating the resolution of ARDS are poorly under-
stood. Fibroblasts, which are far from being merely bystander
cells, are important to host defence [3]. A study reported
that fibroblasts exhibit a persistent activated phenotype with
enhanced migratory and collagen I production capacities
in comparison with control fibroblasts [4]. During inflam-
mation, fibroblasts become activated and produce inflam-
matory mediators, including interleukin-8 (IL-8), mono-
cyte chemoattractant protein-1, and express cyclooxygenase-
2 (COX-2), with the resultant release of proinflammatory
prostaglandins (PGs) such as prostaglandinE, (PGE,) [5, 6].
Moreover, fibroblasts may also promote early fibroprolifera-
tive response to ARDS correlating with poor outcomes [7, 8].

However, fibroblasts are known to play a specific role in
inflammation resolution after an acute injury [9]. Numer-
ous studies suggest that fibroblasts are key cells to secrete
factors (such as basic fibroblast growth factor, bFGF, and
keratinocyte growth factor, KGF) that aim to upregulate
repair of the damaged alveolar blood/air barrier of the lung
[10-12]. In addition, the presence of alveolar fibroblasts is
associated with a reduction of ventilation duration and with
a decrease of inflammatory markers and could reflect an
adapted repair process contributing to the resolution of acute
lung injury [4].

Cyclooxygenase is a resourceful mode of formation
of specific autacoids that regulate the extent and pace of
the inflammatory response. Cyclooxygenase is expressed in
cells in three distinct isoforms, cyclooxygenase-1 (COX-1),
cyclooxygenase-2 (COX-2), and cyclooxygenase-3 (COX-
3) [13]. COX-1 is expressed in most mammalian cells
under physiological conditions, whereas COX-2 expression
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is inducible by a variety of extracellular and intracellular
stimuli, including LPS, TNF-«, or IL-18 [13, 14], and COX-
3, which is a variant of COX-1 and detected mainly in
the central nervous system [13]. Prostaglandins, oxygenated
metabolites of arachidonic acid, are important mediators
and modulators of the inflammatory response to infection.
Prostaglandins (PGs) have received much attention because
of their seemingly dichotomous nature. ProstaglandinE,
(PGE,), the main prostaglandin produced during inflamma-
tory response, participates in initiation of inflammation [15].
Previous studies suggest that prostaglandinD, (PGD,), as a
proresolution mediator, also actively leads to the resolution
of tissue injury and inflammation [16].

The resolvins (resolution phase interaction products) are
a family of lipid mediators derived from both eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA); they
were termed as E series resolvins (RvE) and D series resolvins
(RvD), respectively [17]. Evidence indicates that resolvins
possess potent anti-inflammatory and proresolution actions.
Resolvin D1 has recently been identified to inhibit PMN
infiltration and transmigration [18-20], reduce interstitial
fibrosis [21], regulate cytokines to sites of inflammation [22,
23], and protect after ischemia-reperfusion second organ
injury [21, 24] and LPS-induced acute lung injury [25].

A recent study reported that COX-2 played a pivotal role
in the resolution of acute lung injury and uncovered a new
role for COX-2-derived lipid mediators in promoting reso-
lution of acid-initiated experimental acute lung injury [26].
In response to acid injury, epithelial cells rapidly increased
COX-2 expression and PGE, production [27]. The COX-2
enzyme has also been identified as an important mediator

of pulmonary fibrosis, with COX-2~/~ mice having increased
fibrotic lung responses [28]. More recently, resolvin D1
markedly reduced the expression of COX-2 on LPS-induced
acute lung injury in mice [25], and fibroblasts are capable of
expressing COX-2 and producing PGE, directly stimulated
by LPS [5, 6]. However, the time course of COXs (COX-1 and
COX-2) expression in lung fibroblasts stimulated by LPS and
the effect of resolvin DI on expression of COXs (COX-1 and
COX-2) and production of PGE, and PGD, remain unclear.

In this study, we examined the expression of COXs (COX-
1 and COX-2) and the production of PGE, and PGD, in
lung fibroblasts after LPS challenge. Additionally, we also
investigated the effect of resolvin D1 on the expression of
COXs (COX-1 and COX-2) and the production of PGE, and
PGD,. Finally, we further revealed its underlying mechanism.
We present evidence for a novel biphasic role of resolvin D1
on the expression of COX-2 and the production of PGE, and
PGD, in LPS-stimulated lung fibroblasts and highlight a new
sight for the role of fibroblasts in acute respiratory distress
syndrome.

2. Material and Methods

2.1. Materials. Cell culture media (F-12K, DMEM), FBS,
Trypsin EDTA were purchased from Gibco company (NY,
USA). Penicillin and streptomycin in saline citrate buffer

Mediators of Inflammation

were from Invitrogen company (CA, USA). Lipopolysaccha-
ride (LPS) UO126 and LY294002 were purchased from Sigma
company (Santa Clara, USA). Antibodies against COX-1 and
COX-2 were purchased from Abcam company (Cambridge,
UK). Rabbit anti-rat threonine/tyrosine dephosphorylated
ERK1/2 and serine phosphorylated AKT were purchased
from Cell Signaling Technology company (Boston, USA).
PGE,, PGD,, MCP-1, and IL-8 ELISA kits were purchased
from R&D company. And resolvin D1 was Purchased from
Cayman Chemical Company (MI, USA) and stored at —80°C
until being diluted in the low-serum medium immediately
before use.

2.2. Cell Culture. The HFL-1 cell line (human fetal lung
fibroblasts) was obtained from Shanghai Institute of Cell Biol-
ogy, Chinese Academy of Sciences (Shanghai, China). HFL-
1 were monolayers cultured in F-12K medium supplemented
with 10% FBS. Cells were passaged every 2-3 days and used
for experiments at passages 15-25.

Rat pulmonary fibroblasts were isolated from 2 days
newborn Sprague-Dawley rats according to the manufac-
turer’s protocol. Lung tissue was cut into <I mm? pieces
and dissociated in Hanks buffered saline solution (HBSS)
containing 0.25% trypsin at 37°C for L5 minutes. Trypsin
was inhibited by DMEM with 15% FBS and dissociated tissue
centrifuged at 1000 g for 5 minutes at 4°C. The dissociated
tissue pieces were placed into a culture plate with DMEM
containing 15% FBS and left to allow fibroblast outgrowth.
After fibroblasts had grown out from the tissues, usually
1-2 days, the remaining tissue was removed by aspiration,
and the cells were allowed to reach confluence. Confluent
fibroblasts were then passaged with a split ratio of 1:2 by
trypsin treatment and used for the experiments at passages
4-6.

For all experiments, cells (5 x 10°) were plated in 6-well
plates and grown to 80% confluence. Then, cells were serum
deprived for 24 hours in DMEM medium containing 0.5%
EBS prior to the addition of LPS and/or resolvin D1. The cells
were then incubated with LPS (1ug/mL) for 0, 6, 12, 24, 48,
and 72 hours.

2.3. Stimuli and Inhibitor. Fibroblasts were incubated in the
low-serum medium containing 1 yg/mL LPS for 6 hours or
48 hours in the presence or absence of 10, 50, or 100 nM
of resolvin D1. Because resolvin D1 is dissolved in ethanol
and the effect of ethanol should be taken into consideration,
so we used ethanol as a control to evaluate the effect of
resolvin D1 on expression of COXs and PGs induced by
LPS. Inhibitors were used at the following concentrations
according to manufacturers’ instructions: LY294002, a selec-
tive PI3-K inhibitor at 30 uM, was added to primary rat lung
fibroblasts 30 minutes prior to every treatment. UO126, a
selective ERK1/2 inhibitor, at 10 M, was added to primary
rat lung fibroblasts 1 hour before every treatment.

2.4. Western Blotting. Western blot analyses from cells homo-
genates were performed as described previously. After equal
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amounts of protein were loaded in each lane and separated by
10% SDS-PAGE, the proteins were transferred to polyvinyli-
dene difluoride membranes (Millipore, Billerica MA01821).
The membranes were blocked for 2 hours with 5% skimmed
milk, which was also used as primary (1:1000) and secondary
antibodies (1:1000) incubation buffer. The primary antibod-
ies were incubated overnight at 4°C. Horseradish peroxidase-
conjugated secondary antibodies were incubated for 2 hours
at room temperature and imaged by the Image Quant LAS
4000 mini (GE).

2.5. Measurement of PGE,, PGD,, IL-8, and MCP-1 Produc-
tion. Fibroblast supernatants were collected following treat-
ments, centrifuged (1500 g, 5 minutes), aliquoted, and stored
at —80°C. PGE,, PGD,, IL-8, and MCP-1 protein expression
was measured by ELISA according to the manufacturer’s
instructions (R&D systems). Assays were run in triplicate and
repeated twice.

2.6. Statistic Analysis. Data are represented as mean + SEM.
All data were analyzed by Students t-test or by one-way
analysis of variance followed by Tukey’s test for post hoc com-
parisons. P value <0.05 was considered significant. Statistical
analyses were performed using Prism 5.0 software (GraphPad
Software, San Diego, CA).

3. Results

3.1 The Effect of LPS on COX-1, COX-2, PGE, PGD,, MCP-
1, and IL-8 Expression in Lung Fibroblasts. To determine the
dynamic expression of COXs (COX-1 and COX-2) in HFL-1
cell line and primary rat lung fibroblasts, cells were incubated
with LPS (1pug/mL) for 0, 6, 12, 24, 48, and 72 hours. The
expression of COX-2 protein in HFL-1 cell line was increased
and peaked both at 6 hours and 48 hours after LPS stim-
ulation (Figure 1(al, c1)). The expression of COX-2 protein
in primary rat lung fibroblasts was significantly increased
and peaked initially at 6 hours after LPS stimulation, with
maximal levels occurring at 48 hours (Figure 1(bl, d1)). In
addition, PGE, levels were peaked only at 6 hours both in
HFL-1 cell line and primary rat lung fibroblasts. PGD, levels
increased and peaked at 48 hours in HFL-1 cell line as well as
primary rat lung fibroblasts (Figure 1(el, e2, 1, £2)). However,
no significant change in the protein expression of COX-1was
observed after treatment with LPS both in HFL-1 cell line and
primary rat lung fibroblasts (Figure 1(a2, b2, c2, d2)). During
the inflammatory process, besides the expression of COX-
2, the production of some proinflammatory chemokines,
such as interleukin-8 (IL-8) and monocyte chemoattractant
protein-1 (MCP-1) takes place. To determine the dynamic
expression of MCP-1and IL-8 in primary rat lung fibroblasts,
cells were incubated with LPS (1ug/mL) for 0, 6, 12, 24, 48
hours. The expression of MCP-1 protein in primary rat lung
fibroblasts was peaked only at 12 hours. In contrast, although
IL-8 levels increased with LPS treatment, no significant
change in the IL-8 protein was observed between 6,12, 24, and
48 hours groups in primary rat lung fibroblasts (Figure 1(gl,

g2)).

3.2. The Effect of Resolvin DI on Expression of COXs (COX-1
and COX-2) and PGE, and PGD, Production at 6 Hours in
HFL-1 Cell Line and Primary Rat Lung Fibroblasts Stimulated
with LPS. To determine whether exogenous resolvin D1
modulates COXs (COX-1 and COX-2) expression after LPS
stimulation, we reassessed COXs (COX-1 and COX-2) pro-
tein at 6 hours with various concentrations (10, 50, or 100 nM)
of resolvin DI treatment in HFL-1 cell line; we observed
that resolvin D1 inhibited COX-2 protein expression in a
dose-dependent manner in HFL-1 cell line (Figure 2(al, c1)).
Thus, using 100nM resolvin D1 treatment in primary rat
lung fibroblasts, we also observed that resolvin D1 inhibited
COX-2 protein expression (Figure 2(bl, d1)). However, no
significant change in the protein expression of COX-1 was
observed after treatment with LPS or/and resolvin D1 both in
HFL-1 cell line and primary rat lung fibroblasts (Figure 2(a2,
b2, c2,d2)). Moreover, after cells were incubated with resolvin
D1 for 6 hours, PGE, and PGD, protein levels in the
supernatant were measured by ELISA (Figure 2(el, €2, fl,
f2)). PGE, secretion in HFL-1 cell line was inhibited by
resolvin D1 in a dose-dependent manner, decreasing from
407.8 + 28.53 pg/mL in 0nM resolving-Dl-treated cells to
327.9 £ 18.12 pg/mL in 10 nM resolvin-DI-treated fibroblasts
and then further still to 253.7 + 28.29 pg/mL in 100 nM
resolvin-DI-treated fibroblasts (P < 0.05). PGE, secretion in
primary rat lung fibroblasts was inhibited by 100 nM resolvin
D1 as well (P < 0.05). In contrast, although PGD, levels
increased with LPS treatment, no significant change in the
PGD, production was observed between LPS group and
resolvin D1 plus LPS groups both in HFL-1 cell line and
primary rat lung fibroblasts (Figure 2(e2, £2)).

3.3. The Effect of Resolvin DI on Expression of COXs (COX-1
and COX-2) and PGE, and PGD, Production at 48 Hours in
HFL-1 Cell Line and Primary Rat Lung Fibroblasts Stimulated
with LPS. To determine whether treatment with exogenous
resolvin D1 affected the secondary increase of COX-2 expres-
sion after LPS stimulation, we also reassessed COXs (COX-1
and COX-2) protein at 48 hours after various concentrations
(10, 50, or 100 nM) of resolvin D1 treatment in HFL-1 cell
line, we observed that resolvin D1 promoted COX-2 protein
expression in a dose-dependent manner in HFL-1 cell line
(Figure 3(al, c1)). Thus, Using 100 nM resolvin DI treatment
in primary rat lung fibroblasts, we also observed that resolvin
D1 increased COX-2 protein expression (Figure 3(bl, d1)).
However, no significant change in the protein expression of
COX-1was observed after treatment with LPS or/and resolvin
D1 both in HFL-1 cell line and primary rat lung fibroblasts
(Figure 3(a2, b2, c2, d2)). We also measured secretion of
PGE, and PGD, production following LPS or/and resolvin
D1 treatments. Interestingly, in contrast to our result at 6
hours, although levels of PGE, increased after LPS treatment,
no significant change in the PGE, production was observed
between LPS group and resolvin D1 plus LPS groups both in
HFL-1 cell line and primary rat lung fibroblasts (Figure 3(el,
f1)). Furthermore, PGD, secretion was promoted by resolvin
Dl1in a dose-dependent manner in HFL-1 cell line, increasing
from 222.6 + 25.11 pg/mL in 0 nM resolvin-DI-treated cells
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F1GURE 1: The effect of LPS on COX-1, COX-2, PGE, PGD,, MCP-1, and IL-8 expression in lung fibroblasts. ((al), (a2), (c1), (c2)) HFL-1 cells
were incubated with LPS (1 ug/mL) for 6, 12, 24, 48, and 72 hours. The expression of COX-1 and COX-2 protein was assessed by western blot
and analysed by densitometry compared to 3-actin expression. The expression of COX-2 protein in HFL-1 cell line was increased and peaked
both at 6 hours and 48 hours after LPS stimulation (*P < 0.05 versus control, 12, 24, 48, and 72 hours groups, *P < 0.05 versus 24 hours
group). However, no significant change in the protein expression of COX-1 was observed after treatment with LPS in HFL-1 cell line. ((el),
(e2)) Supernatants were collected after LPS (1 ug/mL) treatment for 6, 12, 24, 48, and 72 hours. PGE, protein was measured by ELISA. Data
are expressed as mean + SE for each group (P < 0.05 versus control, “P < 0.05 versus 12, 24, 48, and 72 hours groups). PGD, protein was
also assayed by ELISA. Data are expressed as mean + SE for each group (*P < 0.05 versus control, “P < 0.05 versus 6, 12, 72 hours groups).
((b1), (b2), (d1), (d2), (f1), (f2)) We also dulicated our test in primary rat lung fibroblasts ((b1), (d1)), (*P < 0.05 versus control, “P < 0.05
versus 12 hour group, &P < 0.05 versus 6, 12, 24, and 72 hours groups). ((b2), (d2)) No significant change in the protein expression of COX-1
was observed after treatment with LPS in primary rat lung fibroblasts (* P < 0.05 versus control, *P < 0.05 versus 12, 24, 72 hours groups,
(f1)) and (* P < 0.05 versus control, “P < 0.05 versus 6, 12, 24, 72 hours group, (2)). All experiments were repeated in triplicate. ((gl), (g2))
Supernatants were collected after LPS (1 g/mL) treatment for 0, 6, 12, 24, and 48 hours in primary rat lung fibroblasts. MCP-1 protein was
measured by ELISA. Data are expressed as mean + SE for each group (*P < 0.05 versus control, “P < 0.05 versus 6, 24, 48 hours groups).
IL-8 protein was also assayed by ELISA. Data are expressed as mean + SE for each group (*P < 0.05 versus control).
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FIGURE 2: The effect of resolvin D1 on expression of COXs (COX-1 and COX-2) and PGE, and PGD, production at 6 hours in lung fibroblasts
stimulated with LPS. ((al), (a2), (cl), (c2)) HFL-1 cells were treated with resolvin D1 at 0, 10, 50, or 100 nM in the presence of LPS (1 yg/mL)
for 6 hours. COX-2 protein was detected by western blot (*P < 0.05 versus control, P < 0.05 versus LPS, LPS + resolvin D1 (10 nM) groups).
No significant change in the protein expression of COX-1was observed after treatment with LPS in HFL-1 cells. ((el), (e2)) Supernatants from
HFL-1 cells treated with resolvin D1 at 0, 10, 50, or 100 nM in the presence of LPS (1 ug/mL) for 6 hours were collected and PGE, protein
was measured by ELISA. Data are expressed as mean + SE for each group (el) ("P < 0.05 versus control, *P < 0.05 versus LPS group).
PGD, protein was also measured by ELISA. Data are expressed as mean + SE for each group (e2) (" P < 0.05 versus control). ((b1), (b2), (d1),
(d2), (f1), (f2)) We also dulicated our test in primary rat lung fibroblasts ((b1), (d1)) (*P < 0.05 versus control, *P < 0.05 versus LPS group).
((b2), (d2)) No significant change in the protein expression of COX-1 was observed after treatment with LPS in primary rat lung fibroblasts.
(*P < 0.05 versus control, “P < 0.05 versus LPS group, (f1)). (*P < 0.05 versus control, (f2)). All experiments were repeated in triplicate.
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F1GURE 3: The Effect of resolvin D1 on expression of COXs (COX-1and COX-2) and PGE, and PGD, production at 48 hours in lung fibroblasts
stimulated with LPS. ((al), (a2), (c1), (c2)) HFL-1 cells were incubated with LPS after 48 hours in the presence or absence 0f 10, 50, or 100 nM of
resolvin D1. COX-2 protein was detected by western blot (* P < 0.05 versus control, *P < 0.05 versus LPS, LPS + resolvin D1 (10 nM) groups).
No significant change in the protein expression of COX-1was observed after treatment with LPS in HFL-1 cells. ((el), (e2)) Supernatants from
HFL-1 cells treated with resolvin D1 at 0, 10, 50, or 100 nM in the presence of LPS (1 #g/mL) for 48 hours were collected and PGE, protein was
measured by ELISA. Data are expressed as mean + SE for each group (el) (“P < 0.05 versus control). PGD, protein was measured by ELISA.
Data are expressed as mean = SE for each group (e2) (*P < 0.05 versus control, “P < 0.05 versus LPS group). ((b1), (b2), (d1), (d2), (f1), (£2))
We also dulicated our test in primary rat lung fibroblasts. (d1) (*P < 0.05 versus control, *P < 0.05 versus LPS group). (d2) There was no
significant change in COX-1 expression after LPS treatment in primary rat lung fibroblasts. (" P < 0.05 versus control, (f1)). (*P < 0.05 versus
control, *P < 0.05 versus LPS group, (2)). All experiments were repeated in triplicate.
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FIGURE 4: COX-2 protein expression is partly through the activation of ERK1/2 and PI3K/AKT signaling pathways in primary rat lung
fibroblasts stimulated with LPS. ((al), (a2)) COX-2 protein expression induced by LPS in primary rat lung fibroblasts at 6 hours (the first
COX-2 expression peak) was suppressed by inhibitors of PI3K/AKT (LY294002) and ERK1/2 (UOI126) (*P < 0.05 versus control, LPS +
LY294002, LPS + UOI26, LY294002, and UO126 groups). There is no significant change between control, LY294002, and UOI126 groups
(P > 0.05). ((b1), (b2)) COX-2 protein expression induced by LPS in primary rat lung fibroblasts at 48 hours (the second COX-2 expression
peak) was not suppressed by inhibitors of PI3K/AKT (LY294002) and ERK1/2 (UO126) (*P < 0.05 versus control, LY294002, and UO126
groups). There is no significant change between LPS, LPS + LY294002 and LPS + UO126 groups (P > 0.05). All experiments were repeated

in triplicate.

to 248.6 + 14.6 pg/mL following 10 nM resolvin-DI-treated
fibroblasts and 316.8 + 25.33 pg/mL in 100nM resolvin
Dl-treated fibroblasts (P < 0.05) (Figure 3(e2)). PGD,
secretion in primary rat lung fibroblasts was promoted by
100 nM resolving- D1 as well (P < 0.05) (Figure 3 (£2)).

3.4. COX-2 Protein Expression is Partly through the Activation
of ERK1/2 and PI3K/AKT Signaling Pathways in Primary Rat
Lung Fibroblasts Stimulated with LPS. Lipopolysaccharide
(LPS) activates intracellular signalling pathways of a remark-
able complexity [29], including activation of PI3K/AKT and
ERK1/2 signaling pathways in fibroblasts [30]. To determine
whether LPS-induced COX-2 expression in primary rat
lung fibroblasts is through the activation of ERK1/2 and
PI3K/AKT signaling pathways, we assessed the effects of
specific inhibitors of ERK1/2 and PI3K/AKT on COX-2
protein expression. We found that COX-2 protein expres-
sion induced by LPS in primary rat lung fibroblasts at 6
hours (the first COX-2 expression peak) was suppressed by

inhibitors of PI3K/AKT (LY294002) and ERK1/2 (UO126)
(*P < 0.05 versus control, LPS + LY294002, LPS + UOI126,
LY294002, and UOQOI126 groups). There is no significant
change between control, LY294002 and UO126 groups (P >
0.05) (Figure 4(al, bl)), whereas COX-2 protein expression
induced by LPS in primary rat lung fibroblasts at 48 hours
(the second COX-2 expression peak) was not suppressed by
inhibitors of PI3K/AKT (LY294002) and ERK1/2 (UO126)
("P < 0.05 versus control, LY294002 and UO126 groups).
There is no significant change between LPS, LPS + LY294002,
and LPS + UOI26 groups (P > 0.05) (Figure 4(a2, b2)).

3.5. Resolvin D1 Suppressed Phosphorylation of PI3K/AKT and
ERK?2 in Primary Rat Lung Fibroblasts Stimulated with LPS.
To investigate the activity of the PI3K/AKT and ERK1/2
signal pathways in primary rat lung fibroblasts stimulated by
LPS after treatment with resolvin D1, we detected p-AKT, a
downstream molecule of PI3K, and the phosphorylation of
ERK1/2. In a pilot studies, we performed the time course of
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FIGURE 5: Resolvin D1 suppressed phosphorylation of PI3K/Akt in primary rat lung fibroblasts stimulated with LPS. Western blot analysis
of P-AKT and phosphorylated ERK1/2. $-actin served as a loading control. Cultured and serum-deprived primary rat lung fibroblasts were
treated with lipopolysaccharide (LPS) for 30 minutes for P-AKT and phosphorylated ERK1/2 measurement, with or without preincubation
with resolvin D1. ((a), (bl), (b3)) The expressions of p-AKT and the phosphorylated ERK2 (P42) were stimulated by LPS for 30 minutes in
primary rat lung fibroblasts, significantly downregulated by resolvin D1 (*P < 0.05 versus control, LPS + resolvin D1 groups). ((a), (b2))
However, no significant change in the expression of the phosphorylated ERK1 (P44) was observed between LPS group and LPS plus resolvin
D1 group. Results shown are representative of four independent experiments.

LPS-induced p-AKT and the phosphorylated ERK1/2 from
0 to 120 min. The peaked expressions of p-AKT and the
phosphorylated ERK1/2 were found at 30 min after LPS
stimulation, similar to results reported previously [31]. As
indicated in Figure 5(a, bl, b2, b3), the expressions of p-AKT
and the phosphorylated ERK2 (P42) were stimulated by LPS
at 30 minutes in primary rat lung fibroblasts, significantly
downregulated by resolvin D1 (* P < 0.05) versus control, LPS
+ resolvin D1 groups. However, no significant change in the
expression of the phosphorylated ERK1 (P44) was observed
between LPS group and LPS plus resolvin DI group.

4, Discussion

This study confirms that COX-2 protein expression peaks ini-
tially at 6 hours but then also at 48 hours after LPS stimulation
in lung fibroblasts, while no significant change in the protein
expression of cyclooxygenase-1 was observed after treatment
with LPS in lung fibroblasts. Moreover, PGE, levels were
peaked only at 6 hours and PGD, levels increased and peaked
at 48 hours in lung fibroblasts after LPSchallenge. In our

model of LPS-induced acute inflammation, treatment with
resolvin DI reduced COX-2 protein expression and PGE,
production at 6 hours, whereas treatment with resolvin D1
promoted COX-2 protein expression and PGD, production
at 48 hours. Finally, we also demonstrated that resolvin
D1 inhibited COX-2 expression at 6 hours, which is partly
through PI3K/AKT and ERK2 signalling pathways.

Evidence has emerged indicating that resolution of acute
lung inflammation and injury is an active process [3, 8]. And
edema fluid must be cleared for patients with ALI/ARDS,
which is a key step in the resolution of ALI/ARDS [32]. We
previously reported that intravenous f3-agonists (salbutamol)
reduced extravascular lung water and improved lung injury
in ARDS patients [33]. However, in a multicentre, ran-
domised controlled clinical trial, we found that intravenous
infusion of salbutamol given to patients with early ARDS
significantly increased 28-day mortality, and treatment was
poorly tolerated because of tachycardia, arrhythmias, and
lactic acidosis [34]. Therefore, identification of new molecules
that promote resolution of acute lung inflammation and
injury with fewer side effects is important. Resolvin D1, as
one of the endogenous lipid mediators generated during
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the resolution phase of acute inflammation from omega-3
fatty acid, exhibits potent anti-inflammatory and proresolu-
tion actions in different models of inflammation [17-25, 35].
Of interest, transgenic expression of an omega-3 fatty acid
mice is protected from colitis in a model of gastrointestinal
inflammation [36], with significantly increasing levels of
resolvins [36]. Moreover, enteric feeding of supplements
enriched with omega-3 fatty acids improves clinical outcomes
in ARDS [37]. Thus, it is likely that resolvins would also
promote the resolution of airway injury and inflammation.

Recent research has suggested that resolvin D1 attenu-
ated lung inflammation of LPS-induced acute lung injury
[25]. Resolvin DI markedly reduced the expression of
cyclooxygenase-2 (COX-2) in acute lung injury induced by
LPS [25]. Resolvin DI inhibited interstitial fibrosis in the
obstructed kidney via inhibition of local fibroblast prolifer-
ation [38]. In carrageenin-induced pleurisy in rats, COX-2
protein expression peaked initially at 2 hours, and at 48 hours,
there was a second increase in COX-2 expression in inflam-
matory cells separated from the inflammatory exudates [39].
Our data clearly demonstrated that the expression of COX-
2 protein was increased and peaked initially 6 hours after
LPS stimulation in lung fibroblasts. This was also associated
with maximal PGE, synthesis. However, following 48 hours
after LPS stimulation, there was a second increase in COX-2
expression, this time associated with maximal PGD, synthe-
sis. Thus, as inflammation progresses into resolution, PGE,
synthesis declines, giving way to a prominence of COX-2-
derived PGD,, both of which play important roles in mediat-
ing resolution of inflammation. This data indicates that COX-
2 may be proinflammatory (via PGE, expression) during the
development of inflammation, but anti-inflammatory (via
PGD, expression) during resolution in lung fibroblasts. our
data also demonstrated that COX-1 protein expression is not
stimulated by LPS in lung fibroblasts, being consistent with
the notion that COX-1is a housekeeping enzyme and COX-2
is induced by various inflammatory or infectious stimulations
[40].

Recent research has suggested a beneficial role for COX-
2-derived PGs, including anti-inflammatory and antifibrotic
actions in the resolution of inflammation as well as in the
early stages of the inflammatory response [26, 39, 41]. To
be a versatile enzyme in the inflammatory response, COX-
2 possesses the ability to drive inflammation under certain
conditions and to resolve inflammation under other condi-
tions. In a model of spontaneously resolving ALI, selective
COX-2 inhibition results in prolonged inflammation, in part,
by decreasing production of proresolving mediators [26,
41]. So, resolvins and COX-2-derived prostaglandins of the
D, and ], series, as an increasingly important family of
immunoregulatory lipid mediators, were crucial to the timely
recovery from ALI [26, 42].

Our results also demonstrated that the expression of
COX-2 as well as PGE, production by lung fibroblasts were
significantly inhibited by resolvin D1 after 6 hours of LPS
treatment suggesting that resolvin D1 has a potential anti-
inflammatory role in lung fibroblasts during the onset of
inflammation. Therefore, the data are consistent with the
previous findings that resolvin D1 reduces the expression

of cyclooxygenase-2 (COX-2) in acute lung injury induced
by LPS [25]. Of interest, the expression of COX-2 by lung
fibroblasts of its second increase (48 hours) was significantly
promoted by resolvin DI. In addition, consistent with the
results above, resolvin D1 promoted the production of PGD,
in the supernatants. Therefore, we identify a novel biphasic
role of resolvin D1 on the expression of COX-2 and the
production of PGE, and PGD,, suggesting that resolvin D1
has a potential anti-inflammatory and proresolving roles in
LPS-stimulated lung fibroblasts.

In the present study, we investigated the molecular
mechanisms in which resolvin DI significantly inhibited
the expression of COX-2 in LPS-stimulated lung fibroblast
cells at 6 hours and promoted the expression of COX-2 in
LPS-stimulated lung fibroblast cells at 48 hours. PI3K/Akt
and ERK1/2 signaling pathways have been shown to play
important roles in LPS-induced expression of COX-2 in many
types of cells [31, 43-45], and we investigated whether LPS-
induced the expression of COX-2 in lung fibroblast cells
was mediated via PI3K/AKT and ERK1/2 signaling pathways.
As expected, we found that LPS induced phosphorylation
of PI3-K and ERK1/2 in lung fibroblast cells. The levels of
phosphorylation of PI3K and ERK1/2 increased from 10 min
and remained elevated until 120 min after LPS stimulation
and specially increased significantly at 30 minutes. These
findings are consistent with the studies in [33, 43, 44]. We
further used inhibitors of PI3K/AKT (LY294002) and ERK1/2
(U0126), which demonstrated that the inhibitors inhibited
the effects of LPS on COX-2 expression at 6 hours which
is similar to a recent report [46]. However, inhibitors did
not inhibit the effects of LPS on the COX-2 expression
at 48 hours, and it seems that PI3K/AKT and ERK1/2
signaling pathways serve as negative regulators of the COX-2
expression induced by LPS at 48 hours. In addition, we also
demonstrated that resolvin DI significantly inhibited LPS-
induced phosphorylation of PI3K/AKT and ERK2 (Figure 5),
implicating the involvement of PI3K/AKT and ERK2 in
resolvin-Dl-induced inhibitory effects on the expression of
COX-2 in LPS-stimulated lung fibroblast cells at 6 hours.

ERK1 and ERK2 are generally described as homologous
molecules with parallel activities, kinetics, and substrates
[47]. The proteins are 44 and 42 kDa, respectively, and share
85% sequence homology [47]. The fact that these proteins
have structural differences, however, raises the possibility that
they may have different functions as well [47]. For example,
ERK1 and ERK2 are thought to have different roles in Ras-
mediated transformation, in proliferation, and so on [47, 48].
Our results also showed that resolvin DI suppressed LPS-
induced phosphorylation of ERK-2, but not ERK-1.

5. Conclusions

This study has demonstrated that the COX-2 protein expres-
sion peaks initially at 6 hours but then also at 48 hours
after LPS stimulation in isolated lung fibroblasts. Moreover,
resolvin D1 has a novel biphasic role on expression of COX-
2 and production of PGE, and PGD,, whereby resolvin D1
has an anti-inflammatory and proresolving activity in lung
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fibroblasts following LPS stimulation. Therefore, our study,
part of which was the understanding of anti-inflammatory;,
proresolution molecules, and their counter-regulatory sig-
nalling pathways, may provide a novel target for the design
of therapeutic strategies for controlling LPS-induced ALI and
highlight a new insight into the role of fibroblasts in ARDS.
Future experiments should be required to determine which
signaling pathways are involved regarding effect of resolvin
D1 on the second COX-2 expression peak, which is currently
under investigation.

Abbreviations

ADRS: Acute respiratory distress syndrome
ALL: Acute lung injury

LPS:  Lipopolysaccharide

COX-1: Cyclooxygenase-1

COX-2: Cyclooxygenase-2

PGE,: ProstaglandinE,
PGD,: ProstaglandinD,
PGs:  Prostaglandins.

Authors’ Contributions

Derong Wu and Shengxing Zheng contributed equally to this
work.

Acknowledgments

This work was sponsored by the grants from the National Nat-
ural Science Foundation of China (nos. 30772088, 81070061,
30930089, and 81270132), by Zhejiang Provincial Program
for the Cultivation of High-level Innovative Health talents
and Zhejiang Provincial Natural Science Foundation of China
(Y2100885), and by the Zhejiang Provincial Department of
Science and Technology (2011R10060). The authors thank
Hong-Xia Mei, Wang-Ning Shangguan, and Jun Li for the
technical assistance.

References

[1] J. Pugin, G. Verghese, M. Widmer, and M. A. Matthay, “The
alveolar space is the site of intense inflammatory and profibrotic
reactions in the early phase of acute respiratory distress syn-
drome,” Critical Care Medicine, vol. 27, no. 2, pp. 304-312, 1999.

[2] L. B. Ware and M. A. Matthay, “Keratinocyte and hepatocyte
growth factors in the lung: roles in lung development, inflam-
mation, and repair,” The American Journal of Physiology—Lung
Cellular and Molecular Physiology, vol. 282, no. 5, pp. L924-
1940, 2002.

[3] C. D. Buckley, “Why does chronic inflammation persist: an
unexpected role for fibroblasts,” Immunology Letters, vol. 138,
no. 1, pp. 12-14, 2011.

[4] C. Quesnel, S. Marchand-Adam, A. Fabre et al., “Regulation
of hepatocyte growth factor secretion by fibroblasts in patients
with acute lung injury,” The American Journal of Physiology—
Lung Cellular and Molecular Physiology, vol. 294, no. 2, pp.
1L334-1343, 2008.

[5] J. Selige, H. Tenor, A. Hatzelmann, and T. Dunkern, “Cytokine-
dependent balance of mitogenic effects in primary human lung

Mediators of Inflammation

fibroblasts related to cyclic AMP signaling and phosphodi-
esterase 4 inhibition,” Journal of Cellular Physiology, vol. 223, no.
2, pp. 317-326, 2010.

[6] R. S. Smith, T. J. Smith, T. M. Blieden, and R. P. Phipps,
“Fibroblasts as sentinel cells. Synthesis of chemokines and
regulation of inflammation,” The American Journal of Pathology,
vol. 151, no. 2, pp. 317-322, 1997.

[7] R.P. Marshall, S. Webb, G. J. Bellingan et al., “Angiotensin con-
verting enzyme insertion/deletion polymorphism is associated
with susceptibility and outcome in acute respiratory distress
syndrome,” The American Journal of Respiratory and Critical
Care Medicine, vol. 166, no. 5, pp. 646-650, 2002.

[8] R.P. Marshall, G. Bellingan, S. Webb et al., “Fibroproliferation
occurs early in the acute respiratory distress syndrome and
impacts on outcome,” The American Journal of Respiratory and
Critical Care Medicine, vol. 162, no. 5, pp. 1783-1788, 2000.

[9] C. N. Serhan, S. D. Brain, C. D. Buckley et al., “Resolution of
inflammation: state of the art, definitions and terms,” FASEB
Journal, vol. 21, no. 2, pp. 325-332, 2007.

[10] A.Andersson-Sjoland, K. Nihlberg, L. Eriksson, L. Bjermer, and
G. Westergren-Thorsson, “Fibrocytes and the tissue niche in
lung repair;” Respiratory Research, vol. 12, article 76, 2011.

[11] X. Qu, X. Zhang, J. Yao, J. Song, D. J. Nikolic-Paterson, and
J. Li, “Resolvins E,; and D, inhibit interstitial fibrosis in the
obstructed kidney via inhibition of local fibroblast prolifera-
tion,” Journal of Pathology, vol. 228, pp. 506-519, 2012.

[12] L. B. Ware and M. A. Matthay, “The acute respiratory distress
syndrome,” The New England Journal of Medicine, vol. 342, no.
18, pp. 1334-1349, 2000.

[13] R. Botting and S. S. Ayoub, “COX-3 and the mechanism
of action of para-cetamol/acetaminophen,” Prostaglandins,
Leukotrienes and Essential Fatty Acids, vol. 72, no. 2, pp. 85-87,
2005.

(14] C. Y. Wu, P. L. Chi, H. L. Hsieh, S. E Luo, and C. M. Yang,
“TLR4-dependent induction of vascular adhesion molecule-1
in rheumatoid arthritis synovial fibroblasts: roles of cytosolic
phospholipase a 2a/cyclooxygenase-2,” Journal of Cellular Phys-
iology, vol. 223, no. 2, pp. 480-491, 2010.

[15] A. D. Mancini and J. A. Di Battista, “The cardinal role of
the phospholipase A,/cyclooxygenase-2/prostaglandin E syn-
thase/prostaglandin E, (PCPP) axis in inflammostasis,” Inflam-
mation Research, vol. 60, no. 12, pp. 1083-1092, 2011.

[16] L. Vong, J. G. P. Ferraz, R. Panaccione, P. L. Beck, and J.
L. Wallace, “A pro-resolution mediator, prostaglandin D,, is
specifically up-regulated in individuals in long-term remission
from ulcerative colitis,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 26, pp.
12023-12027, 2010.

[17] C.N. Serhan, S. Hong, K. Gronert et al., “Resolvins: a family of
bioactive products of omega-3 fatty acid transformation circuits
initiated by aspirin treatment that counter proinflammation
signals,” Journal of Experimental Medicine, vol. 196, no. 8, pp.
1025-1037, 2002.

[18] S. Krishnamoorthy, A. Recchiuti, N. Chiang et al., “Resolvin
D1 binds human phagocytes with evidence for proresolving
receptors,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 107, no. 4, pp. 1660-1665, 2010.

[19] L. V. Norling, J. Dalli, R. J. Flower, C. N. Serhan, and M.
Perretti, “Resolvin D1 limits polymorphonuclear leukocytes
recruitment to inflammatory loci: receptor-dependent actions,”
Arteriosclerosis, Thrombosis, and Vascular Biology, vol. 32, no. 8,
pp. 1970-1978, 2012.



Mediators of Inflammation

(20]

[21

(22]

(23]

(25]

(26]

(27]

(30]

(31]

(32

(33]

(34]

Y. P. Sun, S. E Oh, J. Uddin et al., “Resolvin DI and its
aspirin-triggered 17R epimer: stereochemical assignments, anti-
inflammatory properties, and enzymatic inactivation,” The Jour-
nal of Biological Chemistry, vol. 282, no. 13, pp. 9323-9334, 2007.

J. S. Duffield, S. Hong, V. S. Vaidya et al., “Resolvin D series
and protectin D1 mitigate acute kidney injury, Journal of
Immunology, vol. 177, no. 9, pp. 5902-5911, 2006.

A. Recchiuti, S. Krishnamoorthy, G. Fredman, N. Chiang, and
C. N. Serhan, “MicroRNAs in resolution of acute inflammation:
identification of novel resolvin DI-miRNA circuits,” FASEB
Journal, vol. 25, no. 2, pp. 544-560, 2011.

H. Tian, Y. Lu, A. M. Sherwood, D. Honggian, and S. Hong,
“Resolvins el and dl in choroid-retinal endothelial cells and
leukocytes: biosynthesis and mechanisms of anti-inflammatory
actions,” Investigative Ophthalmology and Visual Science, vol. 50,
no. 8, pp. 3613-3620, 2009.

K. Kasuga, R. Yang, T. E Porter et al., “Rapid appearance of
resolvin precursors in inflammatory exudates: novel mecha-
nisms in resolution,” Journal of Immunology, vol. 181, no. 12, pp.
8677-8687, 2008.

B. Wang, X. Gong, J. Wan et al., “Resolvin D1 protects mice from
LPS-induced acute lung injury;” Pulmonary Pharmacology and
Therapeutics, vol. 24, no. 4, pp. 434-441, 2011.

K. Fukunaga, P. Kohli, C. Bonnans, L. E. Fredenburgh, and B. D.
Levy, “Cyclooxygenase 2 plays a pivotal role in the resolution of
acute lung injury;” Journal of Immunology, vol. 174, no. 8, pp.
5033-5039, 2005.

C. Bonnans, K. Fukunaga, M. A. Levy, and B. D. Levy, “Lipoxin
A4 regulates bronchial epithelial cell responses to acid injury;”
The American Journal of Pathology, vol. 168, no. 4, pp. 1064-
1072, 2006.

J. C. Bonner, A. B. Rice, J. L. Ingram et al., “Susceptibility of
cyclooxygenase-2-deficient mice to pulmonary fibrogenesis,”
The American Journal of Pathology, vol. 161, no. 2, pp. 459-470,
2002.

E. A. Meade, W. L. Smith, and D. L. DeWitt, “Differential inhibi-
tion of prostaglandin endoperoxide synthase (cyclooxygenase)
isozymes by aspirin and other non-steroidal anti-inflammatory
drugs,” The Journal of Biological Chemistry, vol. 268, no. 9, pp.
6610-6614, 1993.

X. M. Tong, J. C. Wang, Y. Shen, J. Xie, J. . Zhang, and J. Y.
Jin, “Inhibition of inflammatory mediators and related signaling
pathways by macrophage-stimulating protein in rheumatoid
arthritis synovial fibroblasts,” Inflammation Research, vol. 60,
no. 9, pp. 823-829, 2011.

X. Li, J. C. Tupper, D. D. Bannerman, R. K. Winn, C. J. Rhodes,
and J. M. Harlan, “Phosphoinositide 3 kinase mediates toll-like
receptor 4-induced activation of NF-«xB in endothelial cells,
Infection and Immunity, vol. 71, no. 8, pp. 4414-4420, 2003.

J. I Sznajder, “Alveolar edema must be cleared for the acute
respiratory distress syndrome patient to survive,” The American
Journal of Respiratory and Critical Care Medicine, vol. 163, no. 6,
pp. 1293-1294, 2001.

G. D. Perkins, D. FE. McAuley, D. R. Thickett, and E Gao, “The
B-agonist lung injury trial (BALTI): a randomized placebo-
controlled clinical trial,” The American Journal of Respiratory
and Critical Care Medicine, vol. 173, no. 3, pp. 281-287, 2006.

FE. G. Smith, G. D. Perkins, S. Gates et al., “Effect of intravenous
-2 agonist treatment on clinical outcomes in acute respiratory
distress syndrome (BALTI-2): a multicentre, randomised con-
trolled trial,” The Lancet, vol. 379, no. 9812, pp. 229-235, 2012.

(35]

(37]

(38]

[39]

[41]

[42]

[43]

(47]

[48]

1

M. Spite, L. Summers, T. E Porter, S. Srivastava, A. Bhatnagar,
and C. N. Serhan, “Resolvin D1 controls inflammation initiated
by glutathione-lipid conjugates formed during oxidative stress,”
The British Journal of Pharmacology, vol. 158, no. 4, pp. 1062-
1073, 20009.

C. A. Hudert, K. H. Weylandt, Y. Lu et al., “Transgenic mice rich
in endogenous omega-3 fatty acids are protected from colitis;”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 30, pp. 11276-11281, 2006.

J. E. Gadek, S. J. DeMichele, M. D. Karlstad et al., “Enteral
nutrition with eicosapentaenoic acid (EPA), y-linolenic acid
(GLA) and antioxidants reduces pulmonary inflammation and
new organ failures in patients with acute respiratory distress
syndrome. Enteral nutrition in ARDS study group,” Critical
Care Medicine, vol. 27, no. 8, pp. 1409-1420, 1999.

C. Quesnel, L. Nardelli, P. Piednoir et al., “Alveolar fibroblasts in
acute lung injury: biological behaviour and clinical relevance;
European Respiratory Journal, vol. 35, no. 6, pp. 13121321, 2010.
D. W. Gilroy, P. R. Colville-Nash, D. Willis, J. Chivers, M. J. Paul-
Clark, and D. A. Willoughby, “Inducible cyclooxygenase may
have anti-inflammatory properties,” Nature Medicine, vol. 5, no.
6, pp. 698-701,1999.

E. A. Meade, W. L. Smith, and D. L. DeWitt, “Differential inhibi-
tion of prostaglandin endoperoxide synthase (cyclooxygenase)
isozymes by aspirin and other non-steroidal anti-inflammatory
drugs,” The Journal of Biological Chemistry, vol. 268, no. 9, pp.
6610-6614, 1993.

R. Rajakariar, M. M. Yaqoob, and D. W. Gilroy, “COX-2 in
inflammation and resolution,” Molecular Interventions, vol. 6,
no. 4, pp. 199-207 2006.

S.G. Morham, R. Langenbach, C. D. Loftin et al., “Prostaglandin
synthase 2 gene disruption causes severe renal pathology in the
mouse,” Cell, vol. 83, no. 3, pp. 473-482,1995.

J.N.Dai, Y. Zong, L. M. Zhong et al., “Gastrodin inhibits expres-
sion of inducible no synthase, cyclooxygenase-2 and proin-
flammatory cytokines in cultured LPS-Stimulated microglia via
MAPK pathways,” PLoS ONE, vol. 6, no. 7, Article ID 21891,
2011.

W. J. Frazier, X. Wang, L. M. Wancket et al., “Increased inflam-
mation, impaired bacterial clearance, and metabolic disruption
after gram-negative sepsis in Mkp-1-deficient mice,” Journal of
Immunology, vol. 183, no. 11, pp. 7411-7419, 2009.

W. J. Zhang, H. Wei, T. Hagen, and B. Frei, “a-lipoic acid
attenuates LPS-induced inflammatory responses by activating
the phosphoinositide 3-kinase/Akt signaling pathway;” Proceed-
ings of the National Academy of Sciences of the United States of
America, vol. 104, no. 10, pp. 4077-4082, 2007.

C.Q.Xu, B.J. Liu, J. E Wu et al., “Icariin attenuates LPS-induced
acute inflammatory responses: involvement of PI3K/Akt and
NF«B signaling pathway,” European Journal of Pharmacology,
vol. 642, no. 1-3, pp. 146-153, 2010.

Y. Mebratu and Y. Tesfaigzi, “How ERK1/2 activation controls
cell proliferation and cell death is subcellular localization the
answer?” Cell Cycle, vol. 8, no. 8, pp. 1168-1175, 2009.

C. Vantaggiato, I. Formentini, A. Bondanza, C. Bonini, L.
Naldini, and R. Brambilla, “ERK1 and ERK2 mitogen-activated
protein kinases affect Ras-dependent cell signaling differen-
tially,” Journal of Biology, vol. 5, article 14, 2006.



