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Lung epithelial apoptosis and inflammatory responses are important pathological processes in many pulmonary disorders.
ResolvinD1 (RvD1), generated in inflammatory resolution processes, reduces inflammatory responses in animal models of
lung diseases. The aim of this study was to investigate whether RvD1 attenuates apoptosis and proinflammatory
responses in primary human alveolar epithelial type 2 cells (AEC2 cells) that are exposed to lipopolysaccharide (LPS)
in vitro. We examined the percentage of apoptotic AEC2 cells by flow cytometry. The expression levels of cytokines and
chemokines were determined by ELISA and microarray. The expression levels of molecular signaling modulators were
evaluated by western blot. LPS-stimulated AEC2 cells pretreated with RvD1 exhibited a statistically significant reduction in
apoptosis. The pretreatment of LPS-stimulated cells with RvD1 stimulated the phosphorylation of AKT and prevented the
cleavage of caspase-3, the upregulation of Bax, and the downregulation of Bcl-2. The antiapoptotic effects of RvD1 were
abrogated upon pretreatment with a PI3K inhibitor. In addition, RvD1 reduced the release of cytokines and chemokines,
and inhibited the degradation and phosphorylation of IκB-α in LPS-stimulated AEC2 cells. RvD1 reduces apoptosis of
LPS-exposed AEC2 cells by inducing the phosphorylation of AKT and attenuates the inflammatory response by
suppressing the degradation and phosphorylation of IκB-α.
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The lung epithelium has a pivotal role in the regulation of the
inflammatory response and lung repair in many lung diseases.
In particular, alveolar epithelial type 2 cells (AEC2 cells), which
constitute the first line of immune defense by releasing a variety
of inflammatory mediators, can induce the proliferation and
differentiation of epithelial cells during epithelial barrier
injury.1,2 Extensive apoptosis of alveolar epithelial cells is a
major outcome of the destruction of the alveolar epithelium,
which results in increases in alveolar capillary permeability.3

Bacterial cell wall products (i.e., lipopolysaccharide (LPS)),
which are associated with worsening symptoms in pulmonary
disorders, can destroy alveolar epithelial cells and induce
apoptosis in an animal model of ALI.4 In addition, the
stimulation of AEC2 cells with LPS induces the production of
chemokines and cytokines and the migration of leukocytes.1

Thus, a strategy that attenuates extensive apoptosis of
epithelial cells and the inflammatory response induced by
LPS would be beneficial for the treatment of pulmonary
disorders.5

Specialized proresolving lipid mediators (SPMs), such as
lipoxins, resolvins (Rvs), and protectins, are endogenously
biosynthesized during the resolution phase of inflammation
and exhibit potent anti-inflammatory and proresolving
effects.6 ResolvinE1 and resolvinD1 (RvD1) have been
shown to exhibit protective effects in an animal model of
acute lung injury.7,8 ResolvinE1 has a direct protective effect
against ischemia–reperfusion injury in cardiomyocytes.9

RvD1, a D-series resolvin, is biosynthesized from DHA and
exhibits potent anti-inflammatory effects in vivo.10 Some
G-protein-coupled receptors for RvD1, that is, ALX/FPR2 and
GPR32, have been identified. Signaling through these
receptors mediates the effects of RvD1 and enhances the
macrophage phagocytosis and apoptotic PMNs.11

Based on these previous studies, we determined whether
RvD1 could reduce both the release of inflammatory
mediators and apoptosis in LPS-stimulated AEC2 cells
in vitro. Our results indicate that RvD1 promotes the
survival of AEC2 cells via a mechanism that involves the
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phosphorylation of AKT and reduces the release of
cytokines and chemokines through the inhibition of IκB-α
phosphorylation and degradation.

MATERIALS AND METHODS
The following reagents were obtained from Cayman Chemical
(Ann Arbor, Michigan, USA): RvD1, wortmannin, LY294002,
and PD98059. BAY-11-7082 and Z-VAD were purchased
from Calbiochem (San Diego, CA, USA). LPS and the ECM
gel from Engelbreth–Holm–Swarm mouse sarcoma were
obtained from Sigma-Aldrich (St Louis, MO, USA).
Recombinant human keratinocyte growth factor was obtained
from R&D Systems (Minneapolis, MN, USA). The following
antibodies were obtained from Cell Signaling Technology
(Danvers, MA, USA): caspase-3, Bcl-2 rabbit mAb (50E3),
AKT, phospho-AKT (Ser473), IκB-α mAb (44D4) rabbit
mAb, and phospho-IκB-α (Ser32) (14D4) rabbit mAb
(14D4). The BAX rabbit monoclonal antibody was obtained
from Epitomics (Burlingame, CA, USA). β-Actin was
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

Isolation and Culture of AEC2 Cells
AEC2 cells were isolated from lungs of grossly normal
appearance after resection for lung carcinoma. The cells were
isolated with the approval of the Ethical Committee of Tongji
Medical College as described previously.1,12–14 Briefly, the
tissue was perfused and inflated with collagenase I (1% in
HBSS; Sigma-Aldrich) and incubated at 37 °C for 1 h. The
collagenase I was replaced two times during this incubation
period. The tissue was finely chopped in the presence of
newborn calf serum (Invitrogen Life Technologies, Carlsbad,
CA, USA). The chopped tissue was then incubated with
DNase (250 μg/ml; Invitrogen Life Technologies), and the
mixture was successively passed through a 300- and 40-μm
filter (BD Bioscience, San Diego, CA, USA ) to remove all of
the large tissue debris. The cell suspension was then
centrifuged (290 g for 10 min at 20 °C), and the resulting
pellet was resuspended in DMEM/F12 medium containing
50 μg/ml of DNase. The cells were isolated by filtration and
partially purified by centrifugation on a discontinuous density
gradient composed of OptiPrep (Axis-Shield, Dundee,
Scotland, UK) with densities of 1.080 and 1.040. The cells
then underwent negative selection with CD14-coated
magnetic beads (Dynal Biotech, ASA, Oslo, Norway) and
were bound to IgG-coated Petri dishes (Sigma-Aldrich).
These cells were confluent by 48 h and thoroughly
characterized using electron microscopy and the expression
of surfactant protein A by immunohistochemical staining.
Electron microscopy revealed that the cells had a cuboidal
morphology, surfactant-containing lamellar bodies, tight
junctions, and microvilli.

The isolated cells were plated on Petri dishes coated with a
mixture of rat tail collagen and Matrigel (Sigma-Aldrich)
in 10% FBS in DMEM and then cultured with 1%

charcoal-stripped FBS with keratinocyte growth factor,
isobutylmethylxanthine, 8-bromo-cAMP, dexamethasone,
and antibiotics to achieve the differentiated phenotype, as
described in detail previously.1,12

The AEC2 cells were seeded onto 24-well culture plates
(105 cells per well) for ELISA studies, 6-well plates (2.5 × 105

cells per well) for PCR and FCM experiments, or 100-mm
culture dishes (106 cells per dish) for western blot studies.
Before treatment, the serum was replaced with only DMEM
to make the cells serum starved for 12 h.

Flow Cytometric Analysis of Apoptosis
After the AEC2 cells were treated for 24 h, the cells were
harvested and suspended in the binding buffer supplied in the
Annexin V-FITC/Propidium iodide (PI) Apoptosis
Detection Kit (eBioscience, San Diego, CA, USA). The cell
suspensions (5 × 105–1 × 106 cells per ml) were labeled with
FITC-conjugated Annexin V and PI and analyzed by flow
cytometry. The percentage of cells in Q2 and Q4 were
considered the apoptosis percentage in each experiment. The
percentage of apoptosis in the control group was set to 1 for
each experiment, and the other groups were analyzed relative
to relevant control group.

Cytokine and Chemokine Assays
After the AEC2 cells were stimulated for 24 h, the culture
supernatants were collected. The levels of multiple cytokines
and chemokines were assayed using membranes from
a Human Protein Cytokine Array Kit (Human Cytokine
Antibody Array; RayBiotech, Norcross, GA, USA), according
to the manufacturer’s instructions. Duplicate measurements
for each treatment were obtained. In addition, the levels of
IL-6, IL-8, TNF-α, and MCP-1 were measured using
commercially available ELISA Kits (eBioscience), according
to the manufacturer’s instructions. Each treatment was
measured in triplicate.

Western Blot Analysis
Equal amounts of whole-cell extracts were electrophoresed
on sodium dodecyl sulfate-polyacrylamide gels and then
transferred onto polyvinylidenedifluoride membranes
(Millipore, Bedford, MA, USA). Western blot analysis was
performed using the Image J2x software (version2.1.4.7;
National Institutes of Health, Bethesda, MD, USA).

Statistical Analysis
The data are expressed as the means± s.e.m. of independent
experiments. Changes in IκB-α and p-IκB-α protein levels
were analyzed using a two-way ANOVA (treatment and
time). All other data were analyzed using a one-way ANOVA
with a Bonferroni post-test for multiple comparisons. All of
the statistical analyses were performed using GraphPad Prism
(version 5.0; GraphPad Software, San Diego, CA, USA). A
difference was considered significant at a P-value of ≤ 0.05
or less.
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RESULTS
Purity and Viability of Primary Cultured AEC2 Cells
Monolayers of AEC2 cells were counted under light microscopy
and photographed at × 200 magnification. Results showed that
there was no significant difference cell density between plates,
although little different seeding concentrations. After adherence
and culture for 48 h non-adherent cells were washed away.
With the immunohistochemical method, the staining-positive
AECII cells could be counted under microscope and the mean
purity was all above 90% (Figure 1a). Electron microscopy
revealed that the cells had lamellar bodies and microvilli
(Figure 1b).

To determine viable cell percentage, cells were stained with
a 0.25% solution of trypan blue before any treatment. The
average starting percentage of each group showed no
significant difference compare with the control group and
was about 92.4± 5% (Po0.05).

LPS Induces Caspase-Dependent Apoptosis of AEC2 Cells
To determine whether LPS induces apoptosis of AEC2 cells,
the cells were stimulated with 1 or 10 μg/ml of LPS for 24 h.
Using flow cytometry, we quantified LPS-induced apoptosis
of AEC2 cells after the cells were stained with PI/Annexin V.
Compared with the control group, LPS stimulation of the

AEC2 cells triggered a low level of apoptosis. To determine if
LPS-induced cell death of AEC2 cells was mediated via the
caspase pathway, AEC2 cells were incubated with the
pancaspase inhibitor Z-VAD (100 μM) for 1 h before LPS
treatment (10 μg/ml). Pretreatment with Z-VAD blocked the
proapoptotic effects of LPS in AEC2 cells (Figures 2a and b).

To exclude the possibility that LPS-induced cell
death of AEC2 cells was spontaneous, that is, not dependent
on the activity of caspases, we measured the activity of
caspase-3 after LPS treatment by western blot. Compared
with the control group, LPS treatment resulted in activated
caspase-3 cleavage; this activation was blocked by Z-VAD
(Figures 2c and d).

RvD1 Protects AEC2 Cells Against LPS-induced Apoptosis
We evaluated the effects of RvD1 on apoptosis of
LPS-stimulated AEC2 cells. AEC2 cells were incubated with
a vehicle control or different concentrations of RvD1 (1, 10,
or 100 ng/ml) for 30 min and then stimulated with 10 μg/ml
of LPS for 24 h. Compared with the control group, LPS
induced significant apoptosis of AEC2 cells. Pretreatment
with RvD1 significantly reduced LPS-induced apoptosis of
AEC2 cells (Figures 3a and b).

Figure 1 Purity of primary cultured alveolar epithelial type 2 cells (AEC2 cells). (a) With the immunohistochemical method, the staining-positive AEC2
cells were counted under phase-contrast microscope and photographed at × 200 magnification. The mean purity was all above 90%. (b) Transmission
electron microscope showed the lamellar bodies.
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Apoptosis is accompanied by caspase-3 cleavage, the
upregulation of Bax, and the downregulation of Bcl-2. To
investigate whether RvD1-induced inhibition of apoptosis is
regulated by caspase-3 and proteins in the Bcl-2 family, AEC2
cells were pretreated with 100 ng/ml of RvD1 for 30 min
before treatment with 10 μg/ml of LPS for 24 h. RvD1
markedly inhibited caspase-3 cleavage, Bax upregulation,
and Bcl-2 downregulation. In addition, RvD1 alone did not
affect caspase-3 cleavage or the expression of Bax and
Bcl-2 relative to the levels observed in the control group
(Figures 3c and d).

RvD1 Activates the Phosphorylation of AKT in AEC2 Cells
The PI3K/AKT signaling pathway has an important role in
cell survival. To investigate whether RvD1 is able to activate
AKT phosphorylation in LPS-stimulated AEC2 cells, AEC2
cells were exposed to different concentrations of RvD1 (1, 10,
and 100 ng/ml) for 30 min and then incubated with 10 μg/ml
of LPS for 24 h. The RvD1-treated AEC2 cells exhibited a high
amount of AKT phosphorylation, which was dependent on
the concentration of RvD1 (Figures 4a and b). In addition, we

examined whether RvD1 alone had effects on phosphorylation
of AKT, and whether AEC2 cells were exposed to different
concentration of RvD1 (1, 10, and 100 ng/ml) alone for 24 h.
As a result, we found that RvD1 activate AKT phosphorylation
again without the stimulation of LPS (Figures 4c and d).

RvD1 Regulates Apoptosis by Inducing Phosphorylation
of AKT in LPS-induced AEC2 Cells
To determine if RvD1-induced inhibition of LPS-induced
apoptosis of AEC2 cells is associated with AKT phosphorylation,
AEC2 cells were pretreated with wortmannin (200 nM, PI3K
inhibitor), LY294002 (1 μM, PI3K inhibitor), PD98059 (50 μM,
ERK inhibitor), or a vehicle control before the addition of
100 ng/ml of RvD1 and subsequent administration of 10 μg/ml
of LPS. The PI3K inhibitors (wortmannin and LY294002)
prevented the RvD1-induced protection against LPS-induced
apoptosis of AEC2 cells (Figures 5a and b). In addition, the
inhibition of AKT phosphorylation abrogated the reversal of
RvD1-induced Bax upregulation in the LPS-induced AEC2 cells.
However, no significant difference in the downregulation of
Bcl-2 was observed (Figures 5c and d).

Figure 2 Lipopolysaccharide (LPS) induces apoptosis of alveolar epithelial type 2 cells (AEC2 cells) and the cleavage of caspase-3. (a) AEC2 cells were
incubated with 1 or 10 μg/ml of LPS for 24 h. One group of the AEC2 cells was pretreated with Z-VAD and then treated with 10 μg/ml of LPS. Apoptosis
of the AEC2 cells was evaluated by flow cytometry after the cells were stained with fluorescein isothiocyanate (FITC)-labeled Annexin V and propidium
iodide (PI). (b) The graph represents the level of apoptosis relative to the values in the control group. (c) AEC2 cells were treated as in (a). The
cytoplasmic extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with a caspase-3
antibody. The same extracts were immunoblotted with an antibody against β-actin, which was used as the control. A representative result of three
independent experiments is shown. (d) The caspase-3 and cleaved caspase-3 bands from the experiments in (c) were normalized to β-actin and are
expressed relative to the levels observed in the control group. The protein quantification was performed using densitometric analysis. The data are
presented as the mean± s.e.m. of three independent experiments. *Po0.05; **Po0.01 compared with the control group; §§Po0.01 compared with the
group that received Z-VAD before the administration of LPS.
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RvD1 Inhibits the LPS-induced Release of Chemokines
and Cytokines in AEC2 Cells
To identify the anti-inflammatory effects of RvD1, a human
cytokine antibody array was used to analyze the production of
chemokines and cytokines in the conditioned medium
collected from LPS-stimulated AEC2 cells in the presence or
absence of RvD1. The levels of most of the chemokines and
proinflammatory cytokines produced by the AEC2 cells,
including TNF-α, RANTES, MCP-1, and IL-6, decreased as a
result of RvD1 pretreatment (Figures 6a and b).

To validate the findings obtained from the cytokine array
experiment, we measured the levels of IL-6, TNF-α, IL-8, and
MCP-1 in the conditioned medium (Figure 6c). The AEC2
cells were incubated in the presence or absence of different
concentrations of RvD1 (1, 10, and 100 ng/ml) for 30 min and
then stimulated with 100 ng/ml of LPS for 24 h. Consistent
with the array results, LPS stimulation significantly
induced the production of proinflammatory cytokines

(IL-6, TNF-α) and chemokines (IL-8, MCP-1) in AEC2
cells. This production was significantly inhibited upon
pretreatment with RvD1 (Figure 6c).

RvD1 Exhibits Anti-Inflammatory Effects Through the
Inhibition of IκB-α Phosphorylation and Degradation
The LPS-induced production of cytokines and chemokines is
associated with the activation of Toll-like receptor 4 and
downstream signaling events, such as the phosphorylation
and degradation of IκB-α.15 In the current study, we observed
significant phosphorylation and degradation of IκB-α in
LPS-stimulated AEC2 cells. To determine whether RvD1
exerts anti-inflammatory effects through the regulation of the
phosphorylation and degradation of IκB-α, we examined
the effects of RvD1 on AEC2 cells at different time points.
Western blot analysis revealed that LPS-induced
phosphorylation and degradation of IκB-α was significantly

Figure 3 ResolvinD1 (RvD1) protects alveolar epithelial type 2 cells (AEC2 cells) against lipopolysaccharide (LPS)-induced apoptosis. (a) AEC2 cells were
incubated with a vehicle control or different concentrations of RvD1 (1, 10, and 100 ng/ml) for 30 min before treatment with 10 μg/ml of LPS for 24 h.
Flow cytometry analysis was performed as described previously. (b) The graph represents the level of apoptosis relative to the values in the control
group. (c and d) The expression of caspase-3, Bax, and Bcl-2 was analyzed by western blot. A representative result of three independent experiments is
shown. *Po0.05 compared with the control group; **Po0.01 compared with the control group; §Po0.05 compared with the LPS-treated group; and
§§Po0.01 compared with the LPS-treated group. FITC, fluorescein isothiocyanate; PI, propidium iodide.
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prevented when the cells were pretreated with 100 ng/ml of
RvD1 (Figures 7a and b).

Inhibition of NF-κB Activity Does Not Alter LPS-Induced
Apoptosis of AEC2 Cells
Given the proapoptotic activity of NF-κB, we investigated the
possibility that RvD1-induced inhibition of LPS-induced
apoptosis of AEC2 cells is the result of the inhibition of
NF-κB. AEC2 cells were incubated with a vehicle control, an
irreversible inhibitor of IκB degradation (BAY-11-7082)
or RvD1 and then treated with LPS. The inhibition of
LPS-induced IκB degradation by BAY-11-7082 did not affect
LPS-induced apoptosis of AEC2 cells (Figures 8a and b). The
levels of IκB were evaluated by western blot (Figures 8c and d).

DISCUSSION
As a part of the inflammation resolution process, the
reduction of inflammatory mediators and the restoration of
epithelial integrity are important steps in normal wound
repair.3 In acute lung injury, alveolar epithelial cells undergo
extensive apoptosis after the intratracheal administration of
LPS into the lungs of the mice.4 AEC2 cells have been shown
to release high levels of cytokines and, in particular,
chemokines upon stimulation with different concentrations
of LPS.1 Our data confirm the previously observed

inflammatory response in AEC2 cells following LPS
treatment. However, in contrast to previous studies,16,17 we
observed a low but significant level of apoptosis in AEC2 cells
that were treated with LPS (1 μg/ml). This finding may be the
result of the use of different cell types. Other groups used a
cell line composed of type 2 pneumocytes (A549), while we
chose to use primary human type 2 alveolar epithelial cells in
our studies. Nevertheless, A549 cells exposed to LPS have
been shown to exhibit apoptotic features based on an increase
in the number of Annexin V-positive cells after LPS
stimulation, which is similar to our results.17 Thus, the LPS
stimulation of AEC2 cells results in the induction of an
inflammatory response and apoptosis. In addition, we
demonstrated that RvD1 inhibits LPS-induced apoptosis
and the inflammatory response in AEC2 cells. These
outcomes are regulated through the PI3K-AKT signaling
pathway and the phosphorylation and degradation of IκB-α,
respectively.

Apoptosis, which is a type of programmed cell death,
regulates the homeostasis of lung tissue and host defense.18,19

The survival and recovery of epithelial cells have important
roles in normal lung tissue repair. Extensive evidence
demonstrates that RvD1 and resolvin E1 exhibit
anti-inflammatory and proresolution activities in acute lung
injury.7,8,20 Animals treated with aspirin induced RvD1 and

Figure 4 ResolvinD1 (RvD1) activates the phosphorylation of AKT in alveolar epithelial type 2 cells (AEC2 cells). (a) AEC2 cells were treated as in
Figure 2. Cytoplasmic extracts were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotted with an
anti-phosphorylated AKT antibody. The same extracts were immunoblotted using an AKT antibody, which was used as the control. (b) The
phosphorylated AKT (p-AKT) bands from the experiments in (a) were normalized to AKT and are expressed relative to the levels observed in the control
group. The protein quantification was performed using densitometric analysis. (c) AEC2 cells were cultured with different concentrations of RvD1 (1, 10,
and 100 ng/ml) for 24 h. Western blotS were carried out as described previously. A representative result of three independent experiments is shown. (d)
The protein normalization and quantification were carried out as described previously. **Po0.01 compared with the control group; §§Po0.01 compared
with the group that received 100 ng/ml of RvD1 before LPS treatment; and ##Po0.01 compared with the group that received 10 ng/ml of RvD1.
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exhibited improved epithelial and endothelial barrier
integrity.20 The protein flux in the bronchoalveolar lavage
fluid in an animal model of an acute lung injury can be
reduced by the induction of RvD1.8 In the present study,
LPS-induced apoptosis of primary human alveolar epithelial
cells was reduced by RvD1, which is consistent with
RvD1-induced protection against epithelial barrier disruption
and protein flux in vivo.

The PI3K-AKT signaling pathway regulates apoptosis,
transcription, and proliferation.21,22 Activated AKT protects
murine alveolar epithelial cells from oxidant-induced
injury.23 Recombinant mouse osteopontin induces the
proliferation of human bronchial smooth muscle cells
through the activation of the PI3K/AKT signaling
pathway.24 The members of the Bcl-2 family of proteins,
which are divided into the antiapoptotic Bcl-2 family and the
proapoptotic Bax and BH3-only proteins,25 are important
regulators of mitochondrial cytochrome c release. The
expression levels of Bax and Bcl-2 are upregulated in alveolar

epithelial cells of patients with diffuse alveolar damage.26,27

The expression of the Bcl-2 protein family is regulated
by multiple mechanisms, including the activation of the
serine-threonine kinase AKT.28 The ability of IL-6 to protect
against acute lung injury in vivo and to protect cells from
oxidant-mediated death in vitro is partly the result of
PI3K-AKT-mediated Bax phosphorylation.29 RvE1 has been
shown to enhance the phagocytosis of human macrophages
via the PI3K-AKT pathway.30 In addition, RvD1 and other
Rvs can enhance macrophage phagocytosis and neutrophil
apoptosis.11,31,32 Another DHA-derived mediator NPD1 also
counter-regulates oxidative stress-triggered apoptosis in
retinal pigment epithelium via upregulating the antiapoptotic
proteins Bcl-2 and Bcl-x (L) and decreasing proapoptotic Bax
and Bad expression.33 In this study, we observed that the
effects of RvD1 on the LPS-induced apoptosis of AEC2 cells
are largely mediated through the activation of the PI3K-AKT
signaling pathway, and the inhibition of the PI3K-AKT
pathway can block the RvD1-mediated expression of Bax.

Figure 5 ResolvinD1 (RvD1) regulates apoptosis by inducing AKT phosphorylation in lipopolysaccharide (LPS)-stimulated alveolar epithelial type 2 cells
(AEC2 cells). (a) All the experiments were carried out in the presence of RvD1 and LPS, and AEC2 cells were exposed to wortmannin (200 nM), LY294002
(1 μM), PD98059 (50 μM), or a vehicle control 1 h before RvD1 pretreatment and the subsequent administration of LPS. The cells were harvested and
analyzed by flow cytometry as described previously. (b) The graph represents the level of apoptosis relative to that observed in the vehicle group.
**Po0.01 compared with the vehicle group. (c) AEC2 cells were treated as in panel a. The levels of phosphorylated AKT (p-AKT), AKT, Bcl-2, and Bax
were analyzed by western blot. A representative result of three independent experiments is shown. (d) The p-AKT bands from the experiments in c
were normalized to AKT; the Bcl-2 and Bax bands were normalized to β-actin. All of the values are expressed relative to the vehicle group. **Po0.01
compared with the vehicle group. FITC, fluorescein isothiocyanate; PI, propidium iodide.
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It may be seem contrary to previous studies that RvD1 can
increase apoptosis of T cells and neutrophils while our results
show the apoptosis of AEC2 cells inhibited by RvD1.
Complying with our results, studies have revealed that
AT-RvD1 treatment after injury results in decreased
hyperoxia-associated apoptotic markers in lung tissue34 and
RvD1 attenuated ER stress-induced apoptosis and also
decreased caspase-3 activity in human hepatoma cells.35

These effects may suggest that cells such as AEC2 cells,

a kind of resident cells in lung tissue, in fact, may not be of
the same function as those inflammatory cells such as
neutrophils during injury.

In addition, previous research demonstrated that both
suppressions of ALX/FPR2 and GPR32 did not significantly
restore tunicamyin-induced apoptosis.35 We had tested the
receptors of RvD1, ALX/FPR2, and GPR32 in the process and
the RNA and protein expressions show significant increase
even in LPS group. Thus, we concluded that the antiapoptotic

Figure 6 Inhibition of cytokine and chemokine production by resolvinD1 (RvD1) in lipopolysaccharide (LPS)-stimulated alveolar epithelial type 2 cells
(AEC2 cells). (a) AEC2 cells were either untreated or pretreated with RvD1 for 30 min and then exposed to LPS for 24 h. The cytokines and chemokines
in the conditioned medium were analyzed using a Human Protein Cytokine Array Kit. The upper line shows the antibody map of the membranes that
were supplied in the kit. The lower line shows the representative result of two independent experiments. (b) The cytokines analyzed in the experiment
in (a) were quantified using densitometric analysis according to the antibody map. The levels were normalized with background subtraction and are
expressed relative to the values in the LPS-treated group. (c) AEC2 cells were exposed to different concentrations of RvD1 (1, 10, and 100 ng/ml) for
30 min and then to 1 μg/ml of LPS for 24 h. The levels of interleukin-6 (IL-6), tumor necrosis factor (TNF-α), IL-8 and monocyte chemoattractant
protein-1 (MCP-1) in the conditioned medium were measured using commercially available ELISA Kits. The data are presented as the mean ± s.e.m. of
three independent experiments. *Po0.05 compared with the control group; **Po0.01 compared with the control group; §Po0.05 compared with the
LPS-treated group; and §§Po0.01 compared with the LPS-treated group. G-CSF, granulocyte-colony stimulating factor; GM-CSF, granulocyte-macrophage
colony-stimulating factor; GRO, growth-regulated gene product.
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effect of RvD1 in AEC2 cells might be an indirect effect. There
could be several signaling pathway involved in the
antiapoptotic mechanism. It was believed that RvD1 can
reduce ER stress-induced apoptosis through JNK pathway in
HepG2 cells35 as well as rescue macrophages from oxidative
stress-induced apoptosis through PKA-mediated repression of
NOX activation and upregulation of antiapoptotic protein
expression.32 Some researchers even suspected that CCR5
involved in apoptosis and others indicated it was related with
PMNs apoptotic effect.36,37 IκB also increases the PMNs
apoptosis but our results indicated that this pathway did not
work in AEC2 cells.

In addition to apoptosis, we examined the
anti-inflammatory effects of RvD1 in LPS-stimulated AEC2
cells. AEC2 cells are known to release a variety of mediators
upon stimulation with proinflammatory agents.38,39

Moreover, the alveolar epithelium is a rich source of
chemokines2 that are able to recruit polymorphonuclear
leukocytes to the local inflammatory site and may ultimately
regulate the prolonged and unsuccessful resolution of
inflammation.40,41 Thus, the inhibition of chemokine
production by epithelial cells serves as a key mechanism in
the resolution of pulmonary inflammation. In the present
study, we found that RvD1 markedly reduced LPS-induced

production of cytokines and chemokines in AEC2 cells. This
finding is consistent with the anti-inflammatory effects of
another type of SPM (aspirin-triggered lipoxin A4) used in
our previous study.42 However, in macrophages, 17R-RvD1
and RvD1 regulates LPS-induced primary human
macrophage production of IL-7, IL-12p70, GM-CSF, IL-8,
CCL2, and MIP-1α without reducing that of IL-6 and IL-10.43

It is well known that the activation of the transcription
factor NF-κB regulates numerous genes that function in
innate and adaptive immunity and the inflammatory
response.44 There is extensive evidence that SPMs exhibit
their anti-inflammatory effects through the inhibition of the
NF-κB pathway.42,45 IκBs are major regulators of NF-κB
activity and are involved in the feedback inhibition of NF-κB.
RvD1 markedly decreased airway eosinophilia and mucus
metaplasia during allergic airway inflammation, in part, by
decreasing IL-5 and IκBα degradation.46 In the present study,
we focused on IκB phosphorylation and degradation and
found that these processes are associated with the
LPS-induced inflammatory response in AEC2 cells, which
was attenuated upon pretreatment of the cells with RvD1.
Considering the complex role of the pro- and antiapoptotic
effects of NF-κB,47 we determined that IκB degradation did
not contribute to LPS-induced apoptosis of AEC2 cells.

Figure 7 ResolvinD1 (RvD1)-induced inhibition of lipopolysaccharide (LPS)-induced IκB-α phosphorylation and degradation in alveolar epithelial type 2
cells (AEC2 cells). (a) AEC2 cells were either untreated or pretreated with 100 ng/ml of RvD1 and then exposed to 1 μg/ml LPS for the indicated times.
The protein expression levels of IκB-α and phosphorylated IκB-α (p-IκB-α) were analyzed by western blot. A representative result of three independent
experiments is shown. (b) The protein levels were quantified using densitometric analysis and are expressed relative to the values in the control group
at the 0 time point. *Po0.05 compared with the LPS-treated group; **Po0.01 compared with the LPS-treated group.
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Thus, we excluded the possibility that the RvD1-induced
inhibition of LPS-induced apoptosis of AEC2 cells is due to
the inhibition of IκB degradation.

In addition, MAPKs are also key signaling molecules that
regulate the LPS/TLR4-mediated inflammatory process.48

Some existing experiments showed that G-protein coupled
with receptors such as CCR5 would module inflammation
and involve in cells apoptosis by MAPK- or PI3K-dependent
signal pathway49 and lipoxin A4, resolvin E1, and
protectin D1 can upregulate CCR5 in late apoptotic
polymorphonuclear cells as terminators of chemokine
signaling during the resolution of inflammation.36 However,
a previous study showed that there was not an increase in
phosphorylation of p38 MAPK and ERK1/2 following LPS
stimulation in primary cultured human AEC2 cells.
Moreover, the researchers discussed the involvement of the
NF-κB transcription factor.1 Thus, we chose not to evaluate
the MAPK signaling molecules. Although apoptosis and
anti-inflammation can interact with each other in some
experiments, the two physiology processes resulted from
distinct pathways. It may be of significance to examine
whether CCR5-PI3K-dependent signaling could be actived on

primary cultured human AEC2 cells and regulate the
anti-inflammation and apoptosis of AEC2 cells.

In summary, our study demonstrates that LPS induces
the apoptosis of primary human epithelial cells in a
caspase-dependent manner. In addition, apoptosis can be
inhibited by RvD1 through the activation of the
PI3K-AKT pathway. Moreover, RvD1 reduces the release of
proinflammatory cytokines from LPS-stimulated AEC2 cells
in a concentration-dependent manner. A possible mechanism
for this anti-inflammatory effect involves the suppression of
IκB phosphorylation and degradation. Because apoptosis and
the inflammatory response in epithelial cells contribute to the
pathogenesis of ALI/ARDS, pulmonary fibrosis and COPD,
RvD1 may be a novel therapeutic agent for the treatment of
these pulmonary disorders.
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Figure 8 Inhibition of IκB degradation by BAY-11-7082 does not alter lipopolysaccharide (LPS)-induced apoptosis of alveolar epithelial type 2 cells
(AEC2 cells). (a) AEC2 cells were pretreated with a control, RvD1 (100 ng/ml) or BAY-11-7082 (12 μM) for 30 min and then exposed to 10 μg/ml of LPS
for 24 h. The levels of apoptosis were analyzed by flow cytometry. A set of representative results from three independent experiments is shown.
(b) The graph represents the level of apoptosis relative to the values in the control group. (c) AEC2 cells were subjected to the same pretreatment as in
(a) and then exposed to 10 μg/ml of LPS for 30 min. The level of IκB-α was analyzed by western blot. (d) The quantification of IκB-α level was performed
using densitometric analysis and is expressed relative to the levels in the control group. *Po0.05 compared with the control group. **Po0.01 compared
with the control group; §Po0.05 compared with the LPS-treated group; and §§Po0.01 compared with the LPS-treated group. FITC, fluorescein
isothiocyanate; PI, propidium iodide.
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