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A B S T R A C T

Exchange protein directly activated by cAMP (Epac) is an important molecule in cAMP signal transduction, but
the effect of Epac on lipopolysaccharide (LPS)-induced acute lung injury (ALI) is unclear. In this study, we
treated in vitro and in vivo models with the Epac activator 8CPT to determine the effect and related mechanisms
of Epac. The in vitro results indicate that 8CPT inhibits lipopolysaccharide (LPS)-induced tumor necrosis factor-α
(TNF-α) release from mouse macrophages (MH-S), whereas the protein kinase A (PKA) activator 6BnZ has no
effect. Furthermore, Epac over-expression can significantly suppress TNF-α release from LPS induced MH-S cell,
while Epac siRNA can slightly increase TNF-α release. Moreover, 8CPT reduces LPS-induced microvascular
permeability in human pulmonary microvascular endothelial cells (HPMVECs), whereas the PKA activator 6BnZ
has no effect. In mice with LPS-induced ALI, 8CPT significantly reduces LPS-induced inflammatory cytokine
release, neutrophil recruitment, and albumin leakage. LPS simultaneously decreases the Epac but not the PKA
levels. However, 8CPT reverses the decreased Epac levels. Furthermore, the mechanism involves the small
GTPase Rac1/2 but not the mitogen-activated protein kinase (MAPK) pathway. Thus, Epac activation reduces
inflammation and microvascular permeability in LPS-induced lung injury and an Epac activator represents a
novel choice for the early therapy of ALI.

1. Introduction

High incidences of acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS) have been noted, but therapies are still
lacking [1]. Lipopolysaccharide (LPS) is a major component of gram-
negative bacteria and is widely used to induce and investigate the
molecular mechanisms of acute inflammatory injury of the lung [2]. As
shown in our previous studies, an intratracheal instillation of LPS ac-
tivates alveolar macrophages, resulting in the production of early-re-
sponse cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-
1β (IL-1β), and IL-6. LPS then induces a strong pro-inflammatory cas-
cade that eventually causes acute damage to capillary and alveolar
epithelial cells [3].

Clinical and basic studies have revealed beneficial effects of elevated

intracellular cAMP levels in various pathological settings, such as pul-
monary edema [4] and ischemia-reperfusion (I-R) injury in isolated blood-
perfused rabbit lungs [5]. In previous studies of ALI, cAMP was shown to
exert protective effects on various animal models, such as Escherichia coli-
induced ALI in guinea pigs [6], protamine-induced ALI in isolated rat
lungs [7], endotoxin-induced lung injury in rats [8], and pulmonary air
embolism-induced lung injury in sheep [9]. Protein kinase A (PKA) and
exchange protein directly activated by cAMP (Epac), a guanine nucleotide
exchange factor, are two principal effectors of cAMP, are expressed in a
wide range of tissues and control diverse biological functions. According to
recent evidence, Epac and PKA might play independent, synergistic, or
opposite roles in specific cellular functions [10]. The development of the
specific Epac activator and cAMP analog 8-(4-chlorophenylthio)-2′-O-
methyl-adenosine-3′,5′-cyclic mono-phosphate (8CPT) and the selective
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PKA activator N6-benzoyl-adenosine-3′,5′-cyclic monophosphate (6Bnz)
[14] enable the separate study of PKA- and Epac-mediated pathways.
Therefore, in this study, we initially used in vitro models of LPS-induced
lung injury to determine the effects of Epac and PKA and confirmed that
an Epac activator plays a more important role in LPS-induced production
of mediators of the early inflammatory response, such as TNF-α. We then
used the Epac activator 8CPT by intratracheal instillation of LPS to in-
duced lung injury in mice. The results suggested that 8CPT decreases the
production of early-response cytokines, such as TNF-α, IL-1β, IL-6, and
keratinocyte-derived cytokine (KC). Moreover, 8CPT improves lung injury
and decreases microvascular leakage; the mechanism involves Rac1/2 but
not the mitogen-activated protein kinase (MAPK) pathway. In summary,
Epac plays an important role in modulating LPS-induced ALI. Epac acti-
vation reduces inflammation and microvascular permeability; therefore, a
Epac activator represents a novel choice for the early therapy of ALI or
ARDS.

2. Materials and methods

2.1. Information about drugs, reagents, cells and animals

LPS (Escherichia coli LPS O55:B5), the Epac activator (8-CPT-2 Me-
cAMP [8-CPT]), the PKA activator (6-Bnz-cAMP [6BnZ]), and o-diani-
sidinedihydrochloride were purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.). The Epac inhibitor ESI-09 was purchased from Selleck
(Qingdao, Sandong, China), and the dexamethasone (Dex) injection was
purchased from Zhejiang Xianju Pharmaceutical Co., Ltd. (Xianju,
Zhejiang, China). TNF-α, IL-6, KC and IL-1β ELISA kits were purchased
from R&D Systems (Minneapolis, MN, U.S.A.). The mouse albumin
ELISA kit was purchased from Bethyl Laboratories (Montgomery, TX,
U.S.A.). The mouse cAMP ELISA assay kit was purchased from R&D
Systems. The Bio-Rad DC protein assay kit was purchased from Bio-Rad
Laboratories (Hercules, CA, U.S.A.).

The mouse alveolar macrophage-derived cell line MH-S (CRL-2019)
and the murine alveolar epithelial cell line MLE-12 (CRL-2110) were
purchased from the American Type Culture Collection (Manassas, VA,
U.S.A.). Human primary pulmonary microvascular endothelial cells
(HPMVECs) and ECM cell culture medium were purchased from
Sciencell (Walkersville, MD, U.S.A.). Eight-week-old male C57/B6 mice
were obtained from the SLAC Laboratory Animal (Certificate No:
SCXK2015-0016, Shanghai, China). The experimental protocols were
approved by the Animal Care Committee of Zhejiang University in ac-
cordance with international guidelines.

2.2. Measurement of cytokine release from co-culture with alveolar
macrophages and epithelial cells

MH-S cells were cultured in RPMI-1640 medium supplemented with
2mM L-glutamine (Corning Life Sciences, Manassas, VA, USA), 10mM
HEPES, 100 U/ml penicillin, 100 U/ml streptomycin, and 10% (v/v)
fetal bovine serum (Corning Life Sciences). MLE-12 cells were cultured
in RPMI-1640 medium supplemented with 2mM L-glutamine, 100 U/ml
penicillin, 100 U/ml streptomycin, and 3% (v/v) fetal bovine serum).
The cells were grown in a humidified incubator at 37 °C with 5% CO2.
MH-S cells were plated in 48-well plates (1× 104 cells/well) overnight,
pretreated with 10 μM 8CPT and 6BnZ for 5min, and then stimulated
with or without LPS (500 ng/ml). MLE-12 cells were added with a
density of 1× 104 cells per well. The supernatants were harvested 3,
12, 24 h after stimulation and stored at −80 °C. TNF-α levels were
measured by using a Duoset ELISA kit (R&D Systems, Minneapolis, MN,
U.S.A.).

To further investigate the effect of Epac, we treated MHS cell with
Epac1 over-expressed plasmids (pCMV-Flag-RAPGEF3, Biogot
Technology Co. Nanjing, China) or Epac1 siRNA (SANTA CRUZ, sc-
41700). Before transfection, MHS cells were placed on 12-well plates
and incubated until 70–80% confluent. Using jetPRIME transfection

reagent (Polyplus-transfection, New York, USA), Epac1 expression
plasmids (0.5 μg/ml, 1 μg/ml, 2 μg/ml) were transfected into MHS cell.
After transfection 24 h, the cells were treated with 100 ng/ml LPS,
control cell transfected with pCMV empty vector and treated with
medium or LPS100 ng/ml. After 4 h, the supernatant were harvested for
TNFα ELISA. To knockdown Epac1, by using INTERFER in transfection
reagent (PolyPlus-transfection, New York, USA) 0.5 nM, 1 nM, 2 nM
siRNA were transfected into MHS cell, after 36 h, the cells were treated
with 100 ng/ml LPS, control cell treated with medium or LPS 100 ng/
ml. After 4 h, the supernatant were harvested for TNFα ELISA.

2.3. Transendothelial permeability of HPMVECs

We used HPMVECs to further investigate the permeability of pul-
monary endothelial cells and determined the FITC-Dextran content
using previously described methods [15]. HPMVECs were cultured in
ECM media (sciencell) supplemented with 5% FBS, maintained at 37 °C
in a humidified atmosphere of 5% CO2/95% air, and used at passages
6–7. HPMVECs were seeded on top of the transwell chamber (0.8-μm
pore size, Costar, Cambridge, MA, U.S.A.) in 12-well plates and grown
to confluence. The monolayer was serum-starved for 1 h and then in-
cubated with fresh culture medium. 8-CPT or 6nBZ were added to the
experimental medium at a final concentration of 100 μM in the pre-
sence or absence of 1 μg/ml LPS (0.5 ml in the upper chamber and
1.5 ml in the lower chamber), and the plate was incubated in a CO2

incubator. After 24 h, the medium was replaced with 0.5ml of HBSS
containing FITC-Dextran (70 kD, final concentration: 1.0 mg/ml) into
the upper chamber, and 1.5 ml of HBSS was added to the lower
chamber. After incubation for 1 h, the transwell insert was removed,
and 100 μl of medium from the lower chamber was collected. The
fluorescent intensity was analyzed on a microplate fluorometer (Ti-
tertek Fluoroskan II, Lorton, VA, U.S.A.) at excitation and emission
wavelengths of 485 and 530 nm, respectively.

2.4. LPS-induced ALI in mice

LPS-induced ALI was performed as previously described [3]. Briefly,
before the experiment, the mice were fasted overnight. The animals
were anesthetized with an intraperitoneal injection of 4% chloral hy-
drate at a dose of 280mg/kg. A tracheostomy was performed, and 30 μl
of saline containing LPS (2 ng/g) was slowly instilled intratracheally.
Sham-treated animals received the same volume of saline alone. 8CPT
(10mg/kg, intravenous (iv) injection) and Dex (5mg/kg) were injected
intraperitoneally 5min after LPS was administered. The animals were
maintained at 37 °C until they recovered from the anesthesia. Six hours
later, the mice were sacrificed, and samples were collected. After a 6-h
exposure to LPS, the left lung of each mouse was lavaged with 0.5 ml of
ice-cold, sterile PBS, and the amount of fluid recovered was routinely
≥90%. The bronchoalveolar lavage fluid (BALF) was used to determine
the total leukocyte count and differential cell counts. Cell-free super-
natant was used to measure the total protein and albumin levels using
the above-mentioned kits.

2.5. Myeloperoxidase (MPO) activity

MPO activity was determined using previously described methods
[16]. Enzymatic activity was determined spectrophotometrically by
measuring the kinetics of absorbance at 450 nm over a 3-min period
using a plate reader (Beckman Multimode Detector, DTX880, Brea, CA,
U.S.A.). For detection, lung homogenates were centrifuged at 2000× g
and 4 °C for 10min. The protein concentrations in homogenates were
determined as described above.

2.6. Histological examination of the lung

The lower left lobe was fixed with 10% neutral formalin for 24 h to

X. Wang et al. Biomedicine & Pharmacotherapy xxx (xxxx) xxx–xxx

2



characterize the histological alterations. Paraffin sections (4 μm) were
prepared, and hematoxylin and eosin staining was performed to eval-
uate lung edema and inflammatory cell infiltration. The degree of lung
injury was evaluated based on the scoring system described in an
Official American Thoracic Society Workshop report [17]. The eva-
luation was performed by a pathologist who was blinded to the ex-
perimental groups using an Olympus CX31 microscope.

2.7. Real-time quantitative PCR (qPCR) analysis

Total RNA from lung tissues was isolated using RNAisoTM Plus
(TaKaRa, Japan), and first-strand cDNAs were synthesized using
Moloney murine leukemia virus (M-MLV) reverse transcriptase
(TaKaRa, Japan). The mRNA levels were measured by qPCR using a
LightCycler 480 SYBR Green I Master Mix (Roche, Switzerland) with a
LightCycler 480 machine. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and β-actin were used as housekeeping genes. The sequences
of the primers used for qPCR analyses are shown in Table 1. The qPCR
program consisted of an initial step at 95 °C for 10min followed by 45
cycles of 95 °C for 10 s, 60°C for 20 s, and 72 °C for 30 s. The specificity
of the amplified products was verified using dissociation curves.
Quantification of the relative levels of the target genes in different
tissues was performed by calculating the threshold cycle (Ct) value
using the 2−△△T method.

2.8. Western blot analysis

Proteins in lung extracts were prepared in radio-
immunoprecipitation assay (RIPA) buffer (1% Triton X-100, 1% deox-
ycholate, and 0.1% SDS, Boster, China) containing 1× PhosSTOP
(Roche, Switzerland), a 1% protease inhibitor cocktail (Roche,
Switzerland), and 2% PMSF (Sigma, USA). Samples containing 50 μg of
proteins were electrophoresed on a 10% gradient SDS-PAGE gel and
transferred to nitrocellulose (NC) membranes (Schleicher & Schuell)
using a Mini-PROTEAN II system (Bio-Rad Laboratories, Hercules, CA,
U.S.A.). The membranes were incubated with TBS containing 5% nonfat
milk or bovine serum albumin (BSA) for 1 h at room temperature to
block nonspecific binding sites. The membranes were incubated with
the following antibodies overnight at 4 °C: mouse anti-Epac1 (Cell
Signaling Technology, #4155, 1:1000), rabbit anti-PKAγ (Abcam, ab
108385, 1:500), rabbit anti-PKAα+β (Abcam, ab 71764, 1:500), rabbit
anti-phosphorylated PKAα+β (Abcam, ab 59218, 1:500), and mouse
anti-β-actin (Santa Cruz Biotechnology, sc-47778, 1:4000). The mem-
branes were then incubated with the secondary antibody at a dilution of
1:3000 (IRDye 800CW goat anti-rabbit IgG; IRDye 680CW goat anti-
mouse, LI-COR) for 1 h at room temperature and imaged with the LI-
COR Odyssey infrared imaging system. The bands were quantified using
Quantity One software (Bio-Rad).

2.9. Analysis of MAPK phosphorylation

For the semi-quantitative measurement of extracellular signal-
regulated kinase (ERK) 1/2 (pT202/Y204), p38 MAPK (pT180/Y182)
and c-Jun N-terminal kinase (JNK) 1/2/3 (pT183/Y185) concentrations
in protein extracts, we purchased PhosphoTracer assay kits (ab 119674,
Abcam) to detect the endogenous levels of ERK 1/2 (GenBank
Accessions NP 002737.2 [ERK1] and NP 620407 [ERK2]), JNK 1/2/3
(GenBank Accessions NP_620637 [JNK1], NP_620707 [JNK2] and NP_
620446 [JNK3]), and p38 MAPK (GenBank Accession NP_001306) in
lung lysates. These assays detect the level of each MAPK protein when
phosphorylated at the conserved activation site of each respective
protein. For the PhosphoTracer assays, both assay reagents were si-
multaneously added to the PhosphoTracer assay microplate. After a
short incubation period, any unbound assay reagents and analysts were
washed away, and immune complexes containing both antibodies were
detected. The fluorescence signal was measured with a PhosphoTracer-
compatible filter set.

2.10. Pull-down assay for Rac1, Rac2, Cdc42 and RhoA activities

Rac1, Rac2, Cdc42 and RhoA activation assays were performed
using Rac1, Rac2, Cdc42 and RhoA activation assay kits (R&D Systems),
respectively. Briefly, after 50 mg (wet weight) of lung tissues were
minced and sonicated in 1× lysis buffer, the sample was centrifuged at
150,000g for 15min. The supernatant was harvested for the Rac1, Rac2,
Cdc42 or RhoA activation assays, according to the manufacturer’s
standard protocol. Active forms (GTP-bound forms) of Rac1, Rac2,
Cdc42 or Rho were detected by Western blotting, and a semi-quanti-
tative analysis was performed using ImageJ software (NIH, http://rsb.
info.nih.gov/ij/download.html). β-Actin was used as an internal control
for the total Rac1, Rac2, Cdc42 and Rho levels.

2.11. Statistical analysis

The results are reported as the means ± standard errors of the
means (SEM). One-way ANOVA was used to compare the means of
specific groups, and p < 0.05 was considered to indicate significance.
All analyses were performed using GraphPrism5 software.

3. Results

3.1. Epac activation reduced the release of pro-inflammatory cytokines

Epac and PKA are cAMP effectors, but researchers have not de-
termined which protein plays the more important role in LPS-induced
inflammation. 8CPT is the Epac activator, ESI-09 is a novel Epac-spe-
cific antagonist, H89 is the PKA inhibitor, and 6-Bnz is the PKA-selec-
tive agonist. In the current study, we first investigated the effect of
Epac/PKA activators and inhibitors on LPS-induced inflammation in
macrophages and epithelial cells. We used the LPS-stimulated MH-S
macrophage cell line and MLE-12 epithelial cell line, to determine the
amount of TNF-α released fromMH-S cells and co-cultures with MLE-12
cells. TNF-α is the most important inflammatory cytokine produced by
macrophages. TNF-α secretion was only significantly reduced by 8CPT,
whereas the PKA activator 6nBz did not have a significant effect on LPS-
induced TNF-α secretion at all time points compared with control MH-S
cells (Fig. 1A). Moreover, TNF-α was produced at similar levels in LPS-
stimulated MH-S and co-cultures with MLE-12 cells, a significant de-
crease was only observed with the 8CPT treatment after 12 h (Fig. 1A).
Based on these data, 8CPT inhibits the release of this cytokine from lung
macrophages and epithelial cells. Thus, Epac, but not PKA, regulates the
production of pro-inflammatory cytokines in LPS-induced ALI.

To support the importance of Epac-regulated inflammation signa-
ling,we further transiently depleted Epac with siRNA or over-expressed
Epac1 in MHS cell (Fig. 1B), then found that Epac-siRNA push a little

Table 1
Primer sequence used for qPCR analysis.

Name Sequence

mTNF-α-F CATCTTCTCAAAATTCGAGTGACAA
mTNF-α-R TGGGAGTAGACAAGGTACAACCC
mIL-1β-F GCCCATCCTCTGTGACTCAT
mIL-1β-R AGGCCACAGGTATTTTGTCG
mIL-6-F TAGTCCTTCCTACCCCAATTTCC
mIL-6-R TTGGTCCTTAGCCACTCCTTC
mKC-F CATAGCCACACTCAAGAATGGT
mKC-R TGAACCAAGGGAGCTTCAG
mβ-actin F GAT TAC TGC TCT GGC TCC TAG C
mβ-actin R GAC TCA TCG TAC TCC TGC TTG C
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higher degree of inflammation induced by LPS, while Epac plasmids
significant suppress the inflammation induced by LPS. Thus, our data
strongly supported that Epac regulates the production of pro-in-
flammatory cytokines in LPS-induced ALI.

3.2. Epac activation reduced LPS-induced vascular permeability in the lung

We determined the FITC-Dextran content in the lower chamber after
LPS exposure to further investigate the effects of Epac and PKA acti-
vation on the permeability of pulmonary endothelial cells. LPS induced
a more than 1.7-fold increase in FITC-Dextran exudation. The Epac
activator 8CPT decreased the FITC-Dextran exudation by 57% (Fig. 2).
However, no significant difference was observed in the 6nBZ group.
Thus, LPS-induced endothelial permeability is mediated by Epac and
not PKA.

3.3. The Epac activator suppressed LPS-induced murine lung inflammation

Based on the results described above, we speculated that the Epac
activator might be a novel therapy for ALI. Therefore, we further
evaluated the effect of the Epac activator 8CPT on an animal model of
LPS-induced lung injury. Six hours after the instillation of LPS, we
collected the BALF and lung tissues. Lung histology revealed a dramatic
increase in neutrophil infiltration in the lungs after LPS instillation
(Fig. 3A & B). In mice treated with the Epac activator 8CPT, the char-
acteristic changes were markedly suppressed, and neutrophil accumu-
lation in the lungs was substantially decreased. Dex-treated mice ex-
hibited a similar decrease. The total number of leukocytes in the BALF
was counted to further examine neutrophil migration. The total number
was increased by ∼6.9-fold in mice with LPS-induced injury compared
with control mice (p < 0.001). Furthermore, compared with mice with
LPS-induced injury alone, the total number of leukocytes in 8CPT-

Fig. 1. 8CPT reduced cytokine/chemokine secretion
in culture supernatants. MH-S or MLE-12 cells were
stimulated with 500 ng/ml LPS, and ESI-09, 8CPT,
H-89, and 6nBZ were added immediately after LPS
administration. The supernatant was harvested at 3,
12, or 24 h after LPS administration. (A) Effects of
ESI-09, 8CPT, H-89, and 6nBZ (10 μM) on TNF-α
release from LPS-stimulated MH-S cells, MLE-12 cells
or co-cultures. The results are presented as the
means ± SEM (n=6). *p < 0.05 **p < 0.01,
***p < 0.001 compared with LPS alone. (B) Effects
of Epac1 expressed plasmids (0.5 μg/ml, 1 μg/ml,
2 μg/ml) and Epac siRNA (0.5 nM, 1 nM, 2 nM) on
TNF-α release from LPS-stimulated MH-S cells. The
results are presented as the means ± SEM (n=6).
*p < 0.05 **p < 0.01, ***p < 0.001 compared
with LPS alone.

Fig. 2. LPS-induced HPMEC barrier dysfunction was assessed by measuring FITC-dextran
leakage. HPMECs were stimulated with 1 μg/ml LPS, and the Epac or PKA activator
(10 μM) was added immediately after LPS administration. Twenty-four hours later, the
medium in the lower chamber was harvested after the addition of HBSS containing FITC-
dextran. The results are presented as the means ± SEM (n=5). *p < 0.05, **p < 0.01,
***p < 0.001.
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treated LPS-injured mice was decreased by 64% (p < 0.001), and Dex
decreased the count by 62% (Fig. 3C). MPO activity indicates the lung
neutrophil burden and exhibited a significant reduction after treatment
with 8CPT and Dex (Fig. 3D). Based on our data, Epac activation
markedly attenuated LPS-induced pulmonary inflammation and de-
creased neutrophil migration. These findings were consistent with the
in vitro results and confirmed that the Epac activator ameliorated LPS-
induced inflammation. Thus, this compound might represent an effec-
tive therapy for ALI.

3.4. The Epac activator reduced LPS-induced vascular permeability in the
lung

We detected the albumin levels in the BALF, which could indicate a
compromised endothelial/epithelial alveolar cell barrier, to further
confirm the effect of 8CPT on pulmonary vascular permeability. LPS
exposure induced an evident increase in vascular permeability.
Notably, the albumin permeability index was significantly decreased in
8CPT-treated mice compared with mice treated with LPS mice and Dex-
treated mice (Fig. 3E). These findings were also consistent with the in
vitro results and confirmed that the Epac activator affected vascular
permeability.

3.5. The Epac activator inhibited cytokine/chemokine expression in the lung

We harvested the lungs 6 h after the intratracheal administration of
LPS to further confirm the effects of 8CPT on pro-inflammatory cytokine/
chemokine production. Only very low levels of inflammatory cytokine/
chemokine mRNAs were detected in the lungs of control mice. Notably, in
LPS-injured mice, 8CPT and Dex significantly decreased the levels of TNF-
α, IL-6, KC, and IL-1β mRNAs (Fig. 4). These findings were also consistent
with the in vitro results and confirmed that Epac plays a special role in the
generation of cytokines/chemokines in the lung during LPS-induced ALI
through a mechanism similar to that of glucocorticoids.

3.6. Epac inhibition was involved in LPS-induced murine lung inflammation

We investigated known downstream substrates of cAMP, PKA and Epac,
to further investigate the downstream cAMP signaling pathway responsible
for the effects of LPS. LPS significantly decreased Epac expression
(p < 0.05), but the levels of total and phosphorylated PKA were not sig-
nificantly changed. 8CPT exhibited detectable inhibitory effects and in-
creased Epac expression but did not change PKA expression or phosphor-
ylation (Fig. 5). Thus, the major effector of LPS-induced lung injury was
Epac (p < 0.001 compared with LPS). Interestingly, Dex significantly in-
creased the expression of Epac1 protein, suggesting a new anti-in-
flammatory mechanism of glucocorticoids.

Fig. 3. 8CPT mitigated lung inflammation and neutrophil infiltration in
mice after LPS-induced lung injury. Whole lungs and BALF were harvested
6 h after treatment with 2mg/kg LPS. (A) Representative images of he-
matoxylin and eosin (H&E)-stained paraffin-embedded lung sections har-
vested from control, LPS-, 8CPT-, and Dex-treated mice. Original magni-
fication, ×400. (B) Lung injury scores. (C) Total number of leukocytes in
the BALF. (D) MPO activity in lung homogenates. (E) Albumin leakage in
the BALF. The results are presented as the means ± SEM (n=10).
*p < 0.05, **p < 0.01, ***p < 0.001 compared with LPS alone.
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3.7. The Epac activator did not affect the LPS-induced inflammatory
response via the MAPK pathway

We determined the phosphorylation status of members of the MAPK
pathway to further investigate the signaling pathway downstream of
Epac (Fig. 6). Based on our results, the p38 MAPK pathway was un-
changed after LPS exposure, whereas the ERK and JNK MAPK pathways
were significantly activated. Dex and 8CPT did not affect the JNK
MAPK pathway, but Dex and not 8CPT significantly decreased the
phosphorylation of the ERK pathway (p < 0.05). Thus, the Epac acti-
vator does not use the MAPK pathway to suppress inflammation.

3.8. The Epac activator inhibited the LPS-induced inflammatory response
via small GTPases

We further examined the guanine nucleotide exchange factor (Epac
or cAMP-GEF)-activated small GTPases Rac1/2, RhoA and Cdc42 as a
continuation of our search for the downstream molecular pathway.
Rac1/2 and Cdc42 activities were increased in whole-lung extracts after
LPS exposure; 8CPT decreased Rac1 and Cdc42 activities to the baseline
levels (Fig. 7A). RhoA was unchanged after LPS exposure, and 8CPT
had no effect on RhoA activity. Rac1 activation regulates the en-
dothelial barrier. Therefore, based on these results, the Epac activator
might change the endothelial barrier by inhibiting Rac1/2 activation.
Further studies are needed to confirm this relationship and determine
the complex post-transcriptional regulatory mechanism (Fig. 8).

4. Discussion

Based on our data, (1) the Epac activator 8CPT reduces the early
phase of LPS-induced inflammation in macrophages and epithelial cells.
(2) The Epac activator 8CPT reduces the LPS-enhanced microvascular
permeability. (3) Epac expression is down-regulated in LPS-induced
lung injury. (4) The Epac activator 8CPT exerts a protective effect on

LPS-induced ALI. (5) The mechanism through which the Epac activator
ameliorates LPS-induced lung injury involves Rac1/2. Therefore, 8CPT
exerts an anti-inflammatory effect on the early phase of LPS-induced
lung injury.

PKA and Epac are two principal effector proteins involved in cAMP
signaling; they are expressed in a wide range of tissues and control
diverse biological functions [10]. The existence of two cAMP effectors
provides more precise regulation of cAMP signaling pathways in dif-
ferent spatiotemporal manners. Recently, Epac and PKA were suggested
to play independent, synergistic or opposite roles in a specific cellular
function. For example, hyperoxia-induced BDNF (brain-derived neuro-
trophic factor) secretion in developing airway smooth muscle was
found to be Epac2-dependent, whereas PKA inhibition does not influ-
ence this process [18]. PKA exclusively mediates the inhibitory effects
of prostaglandin E2 (PGE2) on collagen I expression; however, Epac1
exclusively inhibits fibroblast proliferation [19]. Moreover, endothelial
nitric oxide (NO) release mediates vascular relaxation through the sy-
nergistic activation of PKA and Epac [20]. As shown in our study, LPS
induces lower Epac1 and Epac2 expression but has no impact on PKA.
Cigarette smoke extract (CSE) decreases Epac1 expression but does not
affect Epac2 and PKA expression [21,22]. Findings from these previous
studies were consistent with the results from our study and suggest that
reduced Epac1 expression might be the common phenomenon in in-
flammation.

Epac and PKA also exert different effects on LPS-induced in-
flammation. LPS-stimulated NO production in murine BV2 microglial
cells has been shown to primarily depend on PKA because Epac1-
mediated Rap1 activation is not required for the induction of NO pro-
duction [23]. Although 8CPT increases NF-κB activity in LPS-treated
RAW 264.7 murine macrophages, NF-κB is also activated by cAMP
production through Epac1-mediated Rap1 activation [24]. Activation of
Epac with 8CPT didn’t inhibit LPS-induced increases in TNF-α mRNA
levels in J774 and RAW 264.7 macrophages, whereas the activation of
PKAI with 6BnZ inhibited by 50% [25]. However, conflicting evidence

Fig. 4. 8CPT reduced the expression of inflammatory
cytokine mRNA in the lung. Lungs were harvested
6 h after treatment with 2mg/kg LPS. (A) TNF-α, (B)
IL-1β, (C) IL-6, and (D) KC. The results are presented
as the means ± SEM (n=5). *p < 0.05,
**p < 0.01, ***p < 0.001 compared with LPS
alone.
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Fig. 5. Changes in Epac and PKA signaling pathways
in LPS-induced lung injury. (A) Western blots of
Epac, PKA, and phosphorylated PKA protein levels in
LPS-injured lungs. As described above, lung tissues
were homogenized in lysis buffer, and the samples
were then subjected to Western blot analysis. The
levels of Epac, PKAα/β, PKAγ, and phosphorylated
PKA proteins were detected using subtype-specific
polyclonal antibodies. β-actin served as a loading
control. (B) Densitometric quantification of the le-
vels of Epac, PKAα/β, PKAγ, and phosphorylated
PKA proteins from the Western blots. The values are
presented as the means ± SEM (n=2). *p < 0.05,
**p < 0.01, ***p < 0.001.

Fig. 6. Changes in the MAPK signaling pathway in LPS-induced lung in-
jury. The p38 MAPK pathway was not changed after LPS exposure,
whereas the ERK and JNK MAPK pathways were significantly activated.
Dex and 8CPT did not affect the JNK MAPK pathway, but Dex and not
8CPT significantly decreased ERK phosphorylation (p < 0.05). The values
are presented as the means ± SEM (n=6). *p < 0.05, **p < 0.01,*
**p < 0.001.
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has also been reported. In CSE-induced inflammation in human airway
smooth muscle (ASM) cells, 8CPT prevents CSE-induced p65 nuclear
translocation and subsequently decreases CSE-induced IL-8 release
[21].

Our study provides the first indication that 8CPT inhibits TNF-α
release from MH-S cell (Fig. 1A) and the expression of cytokine mRNAs
in LPS-induced lungs (Fig. 3). The results obtained with the co-culture
system further confirm the effects of 8CPT on epithelial cells and

macrophages. Based on the animal experiments, 8CPT exerts an anti-
inflammatory effect on LPS-induced lung injury, significantly decreases
the number of white blood cells (WBC) in the BALF (Fig. 2C), decreases
MPO activity (Fig. 2D), up-regulates the LPS-induced down-regulation
of Epac1 expression in whole lung (Fig. 5), and inhibits activation of
small GTPases, such as Rac (Fig. 6), but does not affect the MAPK
pathway (Fig. 5). Although we did not determine the precise me-
chanism governing the effects of 8CPT on LPS-induced ALI, our data
indicate that PKA activation does not decrease the levels of pro-in-
flammatory mediators after 6 h of LPS stimulation (Fig. 1A) but did
have an effect on endothelial permeability (Fig. 1B). Moreover, in the
present study, we did not assess the in vivo effect of the Epac inhibitor
ESI-09. However, according to a recent report, ESI-09 inhibits complete
Freund’s adjuvant-induced mechanical hyperalgesia [26], further sug-
gesting that an Epac inhibitor might be a potential therapeutic target
for other diseases.

All these conclusions depend on pharmacological activators and
inhibitors of Epac and PKA. Nonetheless, the drugs used in this study
are not perfect. Some questions have been raised regarding these acti-
vators/inhibitors. 8CPT is a strong Epac activator and is even stronger
than cAMP, but it exhibits weak activation and lower affinity for PKA.
Simultaneously, 8CPT is also a good substrate for both PDE5 and PDE10
and can act as an inhibitor of PDE1, 2 and 6 [27,28]. The inhibitor of
Epac ESI-09 has been shown to act as a chemical with general protein-
denaturing properties and does not selectively inhibit Epac [29]. H-89
might inhibit other kinases in addition to PKA [10]; 6BnZ is a pre-
ferential PKA activator and is the most PKA-selective and PDE-resistant
cAMP analogue [28]. We have shown a lack of an anti-inflammatory
effect on the PKA-dependent pathway, but this compound is likely to
have effects on other pathway.

EC barrier dysfunction triggered by inflammatory mediators in-
volves more than one mechanism, explaining the partial attenuation of
EC barrier compromise obtained with PKA and Epac activators. PKA-
dependent phosphorylation of vasodilator-stimulated phosphoprotein
(VASP) has been shown to make a positive contribution to the cAMP-
mediated protection from LPS-induced barrier compromise [30]. PKA-
independent mechanisms of EC barrier enhancement mediated by the
activation of Epac/Rap1/T cell lymphoma invasion and metastasis 1
(Tiam1)/Vav2/Rac cascades protect against thrombin-induced EC

Fig. 7. 8CPT reduced Rac and Cdc42 activation in
the lungs of mice with LPS-induced ALI. (A) Results
of the activated Rac, RhoA and Cdc42 pull-down
assays. β-Actin was used as an internal control. Lungs
were harvested from control, LPS-, Dex- and 8CPT-
treated LPS-injured mice 6 h after LPS instillation.
(B) Densitometric quantification of Rac1, Rho, and
Cdc42 levels in the lung was performed as described
above. The values are presented as the
means ± SEM (n=2). *p < 0.05, **p < 0.01,
***p < 0.001.

Fig. 8. Rac/Rho/Cdc42 pathways are activated in response to LPS stimulation and con-
tribute to the production of pro-inflammatory mediators and transendothelial perme-
ability. 8CPT, a novel cAMP analogue, inhibits LPS-induced activation of Rac/Rho/Cdc42
signaling pathways, attenuating inflammatory responses.

X. Wang et al. Biomedicine & Pharmacotherapy xxx (xxxx) xxx–xxx

8



hyperpermeability [31–33]. Furthermore, the Epac/Rap1 pathway has
been shown to attenuate the platelet-activating factor (PAF)-induced
acute increase in vascular permeability [34]. As shown in several pre-
vious studies, LPS-induced endothelial barrier dysfunction might be
mediated by several pathways, one of which involves the activation of
MAP kinases, but controversy regarding whether ERK1/2 or p38 is
more important still exists [35]. Another critical mechanism is involved
in the activation of Rho pathways, such as Rac/Cdc42 [36] and Rap1
[32]. Rac1 mediates peripheral cytoskeleton enhancement and the en-
largement of adherens junction complexes in pulmonary endothelial
monolayers [37–39]. Rac1 activation mediates endothelial barrier re-
covery after thrombin or LPS challenge [40,41]. However, a Rac1 in-
hibitor also exerts a protective effect on LPS-induced lung injury, and
inhibit the inflammation and microvascular permeability [38]. So, Rac1
maybe have different character in different situation. In our study, Rac1
activation was increased throughout the LPS induced lung (Fig. 7). We
have not identified the exact mechanism through which Epac activation
regulates LPS-induced acute lung vascular barrier dysfunction, but we
speculate that the possible target of Epac activators might be the direct
stimulation of Rac1/2.

In summary as Fig. 8 the major finding of the current study is that
activation of Epac by 8CPT effectively reduces LPS-induced inflamma-
tion and pulmonary vascular permeability, which suggests that Epac
might play important physiological roles as signals for pulmonary in-
flammation and vascular permeability. Regarding defective drugs, fur-
ther studies that directly target Epac1/2 or PKA in LPS-induced ALI are
needed. Based on our limited experimental data, we believe that more
detailed work using Epac1- and Epac2-knockout mice might reveal the
precise roles of Epac.
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