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Introduction
Sepsis-induced acute respiratory distress syndrome (ARDS), a 
syndrome characterized by acute respiratory failure and intracta-
ble hypoxemia, is the result of pulmonary vascular injury and ede-
ma formation (1, 2). The absence of any targeted drug treatment is 
in part due to the complex nature of sepsis-induced lung inflam-
matory response and involvement of multiple cell types (endothe-
lial and inflammatory phagocytic cells) in disease pathogenesis 
and progression (1, 3–5). It has recently become apparent that acti-
vation of inflammasomes such as NLRP3 in macrophages (6) and 
endothelial cells (7) and generation of the proinflammatory cyto-
kines IL-1β and IL-18 play a fundamental role in the mechanism 
of inflammatory lung injury (6–9). IL-1β functions in a paracrine 
and autocrine manner in the inflammatory milieu through acti-
vation the plasmalemmal receptor IL-1R1 expressed in multiple 
cell types, including the endothelium (10, 11). Studies showed that 
IL-1β disrupted vascular integrity (11) pointing to its involvement 
in vascular injury; however, the mechanisms of its action and role 
in inflammatory lung injury have not been addressed.

Severely increased lung vascular permeability is a primary 
underlying cause of sepsis-induced inflammatory lung injury (12). 
Endothelial permeability in vessels is regulated by homotypic 

interaction of VE-cadherin, a central component of endotheli-
al adherens junctions (AJs) that mediate endothelial junctional 
integrity and lung fluid balance (12, 13). Endocytosis and degrada-
tion of VE-cadherin through phosphorylation- and ubiquitination- 
dependent mechanisms (14, 15) in response to inflammatory stim-
uli lead to increased endothelial permeability through impaired 
VE-cadherin interactions (11, 15, 16). The resulting disruption of 
AJs is a primary cause of inflammatory lung injury (17), but little 
is known about the underlying transcriptional mechanisms in the 
endothelium that promote breakdown of AJs and induce inflam-
matory injury. Here, we show that IL-1β signaling in endothelial 
cells suppressed VE-cadherin transcription by inactivation of the 
transcription factor cAMP response element binding (CREB). Fur-
thermore, genetically restoring endothelial CREB expression and 
its transcriptional activity in lung endothelial cells of mice was suf-
ficient to reverse sepsis-induced inflammatory lung injury, point-
ing to a potential therapeutic target.

Results
CREB regulates VE-cadherin transcription. To address the basis of 
lung vascular injury induced by LPS in mice, we first calibrated the 
endotoxemia model by performing a time course of lung vascu-
lar permeability changes, and observed endothelial permeability 
peaking after LPS for 1 day, and then gradually decreasing during 
the repair period over 5 days (Figure 1A). Protein expression of 
CREB and VE-cadherin in lungs and freshly isolated endothe-
lial cells from these mice were coincidently decreased and also 
returned to basal levels 5 days after LPS challenge (Figure 1, B and 
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intracellular cAMP concentrations in mLMVECs (Figure 2G) and in 
hLMVECs (Supplemental Figure 4B). Impaired CREB expression 
might be due to defective binding of CREB to conserved CREs in the 
promoter (Supplemental Figure 5). ChIP assays showed that CREB 
directly bound CRE2 and CRE6 sites within the 2.5-kb mouse CREB 
promoter region (Figure 2H) and that IL-1β reduced CREB binding 
to the CRE2 and CRE6 sites (Figure 2I).

In other studies, we evaluated the effects of sAC knock-
down on the generation of cAMP, expression changes of CREB 
and VE-cadherin, and permeability changes in endothelial cells. 
Depletion of sAC in endothelial cells reduced cAMP generation 
(Figure 3A) and expression of CREB and VE-cadherin (Figure 3B), 
and induced endothelial injury (Figure 3C).

To determine whether IL-1β was responsible for the reduction 
in VE-cadherin expression through disrupting CREB-mediated 
transcription, ChIP assays were carried out using anti-CREB anti-
body. IL-1β signaling disrupted the binding of CREB to CRE2 and 
CRE5 within the 2.5-kb VE-cadherin promoter region (Figure 3D). 
A reporter assay also showed that IL-1β prevented CREB-medi-
ated VE-cadherin transcription (Figure 3E). Furthermore, upreg-
ulation of expression of CREB in lung endothelial cells reduced 
IL-1β–induced increase in endothelial permeability (Figure 3, F 
and G) whereas expression of CREB prevented the reduction in 
VE-cadherin expression induced by IL-1β (Figure 3H). Togeth-
er, these findings show the requisite role of IL-1β in promoting 
lung endothelial injury by downregulating CREB expression and 
CREB-mediated VE-cadherin transcription.

Increased cAMP signaling and CREB expression in endothelial 
cells prevents inflammatory lung injury. We next addressed wheth-
er enabling cAMP signaling would reduce inflammatory lung 
injury. Here we used rolipram, which selectively inhibits type 4 
cyclic nucleotide phosphodiesterase–mediated (PDE4-mediated) 
hydrolysis of cAMP (20, 21). Rolipram prevented LPS-induced 
reduction in cAMP concentrations (Figure 4A) as well as IL-1β–
induced reduction in CREB–VE-cadherin signaling in a concen-
tration-dependent manner (Figure 4, B and C). Rolipram treat-
ment of mice resulted in significantly reduced LPS-induced lung 
neutrophil infiltration (Figure 4, D–F) and lung vascular injury 
(Figure 4, G and H). Employing lung intravital imaging methods 
(22), we also determined the effects of rolipram on the dynamics 
of polymorphonuclear leukocytes (PMNs) in lung microvessels 
after LPS challenge. Rolipram significantly decreased PMN num-
ber and transit times in lung vessels and increased PMN velocity 
(Supplemental Figure 6 and Supplemental Video 1).

To address the role of endothelial CREB in regulating VE- 
cadherin expression and the mechanism of lung vascular inju-
ry, we generated endothelial-specific expression constructs by 
cloning the active fragments of the mouse VE-cadherin promoter 
into the upstream of the CREB coding sequence (Supplemental 
Figure 7A). Employing nanoparticle liposome-mediated gene 
delivery (23, 24), we observed that the 2.5-kb VE-cadherin pro-
moter induced CREB expression in the mouse lung endotheli-
um (Supplemental Figure 7, B–E). Endothelial-specific CREB 
expression in these mice increased VE-cadherin expression 
when compared with controls (Supplemental Figure 7, C–E), 
indicating that endothelial CREB was required for VE-cadherin 
transcription in the lung endothelium.

C). Corresponding changes in mRNA levels of CREB and VE-cad-
herin were seen during the injury and repair periods (Figure 1D), 
suggesting a key role for a CREB transcriptional mechanism in 
mediating the changes in endothelial permeability. Further-
more, similar changes in CREB and VE-cadherin expression were 
observed in the altogether different polymicrobial sepsis model 
cecal ligation and puncture (CLP) (Supplemental Figure 1, A–C; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI136908DS1).

We next determined whether CREB regulated VE-cadherin  
transcription and thereby promoted lung endothelial barrier 
function. CREB is known to bind preferentially the palindromic 
(TGACGTCA) or half-site (TGAC/G) cyclic AMP response ele-
ments (CREs) (18). The 2.5-kb mouse and human VE-cadherin 
promoter regions contain several of these conserved CREs for 
CREB binding (Supplemental Figure 2). Depletion of CREB by 
siRNA in mouse lung microvascular endothelial cells (mLMVECs) 
decreased VE-cadherin expression (Figure 1E) while upregulating 
the expression of CREB increased VE-cadherin (Figure 1F). ChIP 
assay showed that CREB bound both CRE2 and CRE5 within 
VE-cadherin promoter (Figure 1G). Luciferase reporter assays also 
demonstrated that CRE2 and CRE5 binding sites were essential 
for CREB-induced VE-cadherin transcription (Figure 1H).

IL-1β impairs CREB-mediated VE-cadherin transcription to 
induce endothelial injury. As IL-1β generation by immune cells 
via activation of inflammatory caspases and the inflammasome 
NLRP3 is a key mechanism of inflammatory tissue damage (6, 
8), we evaluated the possible role of IL-1β signaling in endothe-
lial cells as a critical mediator of lung vascular injury. Deletion of 
IL-1β receptor IL-1R1 in endothelial cells prevented the reduction 
in CREB and VE-cadherin expression in lung endothelial cells 
after LPS challenge (Supplemental Figure 3A). Lung vascular 
injury was also suppressed in IL-1R1–/– mice (Supplemental Fig-
ure 3B) and there was no lung edema as compared with WT mice 
(Supplemental Figure 3C).

The notion that IL-1β/IL-1R1 signaling in endothelial cells is 
an important determinant of endotoxemia-induced lung vascu-
lar injury was also addressed in studies showing that IL-1β chal-
lenge itself increased endothelial permeability (Figure 2A). IL-1β 
decreased the expression of both CREB and VE-cadherin in a 
concentration- and time-dependent manner in mLMVECs (Fig-
ure 2, B–D) but had no effect on β-catenin expression, another key 
component of endothelial adherens junctions. IL-1β also reduced 
CREB and VE-cadherin expression in hLMVECs, but had no 
impact on expression and Ser 114 phosphorylation of endothelial 
nitric oxide synthase (eNOS) (Supplemental Figure 4A). Further-
more, IL-1β did not change CREB ubiquitination (Figure 2E), rul-
ing out CREB proteolysis and degradation as a basis of the IL-1β–
mediated lung endothelial injury.

We next addressed the signaling mechanisms of IL-1β–mediat-
ed downregulation of CREB and VE-cadherin expression. Here we 
posited that activation of soluble adenylyl cyclase (sAC, or ADCY10) 
(19) and generation of the second messenger cAMP in endothelial 
cells regulated CREB expression through an autoregulatory CREB 
transcriptional feedback loop in which cAMP-activated CREB 
induces its own transcription by binding to CRE sites on CREB pro-
moter. We observed that IL-1β reduced sAC activity (Figure 2F) and 
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Figure 1. Endotoxin impairs CREB-mediated VE-cadherin 
expression and promotes lung vascular injury. (A–D) C57BL/6J 
mice (n = 6) were injected intraperitoneally with LPS (12 mg/
kg) for 1, 3, and 5 days. Lung vascular permeability was analyzed 
(A). Western blot detection of protein expression in whole 
lung lysates (B) and in fresh isolated endothelial cells (C) from 
LPS-challenged mice. (D) Real-time PCR detection of CREB and 
VE-cadherin mRNA levels in freshly isolated endothelial cells (n 
= 3). (E) CREB depletion by siRNA decreases VE-cadherin expres-
sion in mLMVECs (n = 3). (F) Overexpression of CREB dose- 
dependently increases VE-cadherin levels in mLMVECs (n = 3). 
(G) CREB binds to the mouse VE-cadherin promoter in mLMVECs 
by ChIP assays. Soluble chromatin was coimmunoprecipitated 
with anti-CREB or an equal amount of rabbit IgG. DNA purified 
from starting (1% input) and immunoprecipitated samples was 
subjected to PCR. The amplified region surrounds each proposed 
CRE binding element within the mouse VE-cadherin promoter 
regions. (H) Identification of central CREB CREs enabling VE-cad-
herin transcription by reporter assay (n = 4). mLMVECs were 
transiently transfected with the indicated sequential deletion 
luciferase constructs or pGL3.0 basic control vector together with 
CREB expression vector, and the internal control p-RL-TK vector. 
Representative immunoblots and the bar graph quantification 
are shown. *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 2. IL-1β represses cAMP-CREB signaling. (A) mLMVECs were treated with IL-1β (5 ng/mL) or vehicle for the indicated time. Transwell permeability 
to HRP was measured (n = 6). (B and C) mLMVECs were stimulated with increasing doses of IL-1β for 24 hours (B) or stimulated with IL-1β (5 ng/mL) over 
time (C). Protein expression was detected by Western blot. (D–G) mLMVECs were stimulated with IL-1β (5 ng/mL) over time. RNA expression levels were 
analyzed by RT-PCR (D). Ubiquitination status of CREB was analyzed by immunoprecipitation with CREB antibody and blotting with an anti-ubiquitin 
antibody (E). sAC activity was detected (F) (n = 4). Intracellular cAMP levels were measured (G) (n = 4). (H) CREB itself binds to the putative CREs within 
the CREB promoter in mLMVECs by ChIP assays. The amplified region surrounds each proposed CRE binding element within the mouse CREB promoter 
regions. (I) mLMVECs were stimulated with IL-1β (5 ng/mL) for the indicated time. Effect of IL-1β treatment on CREB binding to the promoter regions 
(CRE2 and CRE6) in mLMVECs was investigated by ChIP assays (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; NS, no significant difference. Statistics 
obtained from ANOVA.
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and B) and overall leukocyte accumulation (Figure 5C) as well as 
lung vascular injury (Figure 5, D and E) in response to LPS. These 
mice when subjected to a lethal dose of LPS (20 mg/kg i.p.) also 
showed 90% survival as compared with the control group show-
ing only 10% survival (Figure 5F). Moreover, in the CLP polymi-

As downregulation of CREB reduced VE-cadherin transcrip-
tion in inflammatory lung injury (Figure 1), we surmised that 
ectopic expression of CREB in ECs would suppress the injury 
response. We observed that ectopic expression of CREBEC in con-
trol mice significantly reduced neutrophil infiltration (Figure 5, A 

Figure 3. IL-1β transcriptionally downregulates CREB-mediated VE-cadherin expression to increase endothelial permeability. (A–C) mLMVECs were 
transfected with siRNA of sAC or control scrambled siRNA for 3 days. Cells were then stimulated with IL-1β (5 ng/mL) for 12 hours. Intracellular cAMP levels 
were measured (A) (n = 4). Protein expression by Western blot (B) and permeability to HRP (C) were determined (n = 6). (D) mLMVECs were stimulated 
with IL-1β (5 ng/mL) for the indicated time. Effect of IL-1β treatment on CREB binding to the mouse VE-cadherin promoter regions (CRE2 and CRE5) in 
mLMVECs was investigated by ChIP assays (n = 3). (E) mLMVECs were transiently transfected with the 2.5-kb VE-cadherin promoter luciferase construct, 
CREB expression vector, and the internal control p-RL-TK vector by lipofectamine 3000 reagent for 2 days. Cells were then treated with IL-1β (5 ng/mL) 
over time. CREB-regulated VE-cadherin transcription activity was measured using the dual luciferase reporter assay system (n = 6). (F–H) mLMVECs were 
transfected with CREB plasmids or control for 2 days, and stimulated with IL-1β (5 ng/mL) for 1 day. Immunofluorescence staining of VE-cadherin (F); 
arrows denote disruption of endothelial barrier integrity. Permeability to HRP (n = 6) (G) and protein expression by Western blot (H) were determined.  
**P < 0.01; ***P < 0.001; NS, no significant difference. Statistics obtained from ANOVA. Scale bars: 10 μm.
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crobial sepsis model of inflammatory lung injury, we observed 
that CREBEC mice displayed markedly reduced neutrophil infil-
tration (Figure 5, G and H) and leukocyte accumulation (Figure 
5I) as well as lung vascular injury (Figure 5J) and pulmonary 
edema (Figure 5K) when compared with controls. Furthermore, 
CREBEC mice showed significantly increased survival after CLP 
as compared controls (Figure 5L).

Endothelial cell–specific deletion of CREB promotes inflamma-
tory lung injury. To address the requisite and sufficient role of 
endothelial CREB signaling in mediating lung vascular injury, we 
next generated endothelial-specific CREB knockout mice by back-
crossing CREB floxed with Cdh5-Cre-ERT2 mice (Figure 6A). Loss 
of endothelial CREB (CREBEC–/–) in mice as compared with control 
mice induced basal reduction in VE-cadherin expression (Supple-

Figure 4. Augmentation of cAMP signaling by rolipram suppresses inflammatory lung injury. (A) C57BL/6J mice (n = 4) were administrated with rolipram 
(2, 5, and 10 mg/kg) for 1 hour, and injected intraperitoneally with LPS (12 mg/kg) for 1 day. Intracellular cAMP levels of the lung lysates were measured by 
ELISA. (B) Lung lysates were prepared for expression detection of IL-1β maturation, CREB, and VE-cadherin by Western blot. (C) Measurement of IL-1β levels 
in mouse serum, as determined by ELISA (n = 4). (D) H&E staining of the lung is shown (scale bar: 200 μm; n = 3). (E) Quantitative analysis for leukocyte 
infiltration in lungs (n = 6). (F) Quantitative analysis of neutrophil infiltration by measurement of lung tissue MPO activity (n = 4). (G) Lung vascular perme-
ability is detected by EBD leakage in the lungs (n = 3–5). Extracted dye contents in the formamide extracts are quantified by measuring at 620 nm. (H) The 
ratios of the wet lung to dry lung weight were assessed (n = 3–5). Results are shown as mean ± SEM. ***P < 0.001. Statistics obtained from ANOVA.
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cular injury (Figure 7, A–C). This protective effect was abolished 
in CREBEC–/– mice, suggesting that activation of the endothelial 
CREB–VE-cadherin axis is a potential therapeutic target pre-
venting endotoxemia-induced lung vascular injury. To evaluate 
whether sepsis-induced IL-1β production and reduced cAMP-
CREB–VE-cadherin signaling cascade are clinically relevant, we 
measured cAMP, IL-1β, and IL-1 receptor antagonist (IL-1RA) 
levels in plasma from patients with ARDS and cardiogenic pul-
monary edema (CPE). ARDS but not CPE patients exhibited aug-
mented levels of IL-1β (Figure 7D) and IL-1RA (Figure 7E) as well 
as decreased plasma cAMP concentrations (Figure 7F) as com-
pared with healthy controls. There was no significant difference 
between CPE patients and healthy controls.

Discussion
Lung vascular leakage in response to an unchecked cytokine storm 
generated by activation of innate immune cells such as the produc-
tion of IL-1β from proinflammatory macrophages is a hallmark of 
sepsis-induced inflammatory injury (25, 26). The vascular leakage 
in lungs is the result of endothelial barrier breakdown at the level 
of AJs that control the flux of liquid and protein across the barri-
er (27, 28). Endothelial permeability is normally finely tuned by 
homotypic interaction of VE-cadherin in endothelial monolayers, 
a central component of AJs, as well as associated catenins inter-
acting with VE-cadherin and actin cytoskeleton (12, 13). Although 
multiple studies have demonstrated that posttranslational modifi-
cations of VE-cadherin are important for regulation of VE-cadher-
in junctions (12, 14), precious little is known about transcriptional 
regulation of VE-cadherin expression and its role in mediating 
inflammatory lung injury. Here, we showed that the transcrip-
tional factor CREB regulated VE-cadherin expression through 
direct promoter binding, and downregulation of CREB-mediated 
VE-cadherin expression in endothelial cells was a central event in 
mediating sepsis-induced inflammatory lung injury.

IL-1β is a key mediator in sepsis-induced inflammation and 
tissue injury (10, 11, 29). Macrophage-generated IL-1β acting 
through IL-1R1 during sepsis disrupted vascular stability (11, 26). 
Pharmacological approaches used to target IL-1β signaling includ-
ing IL-1R antagonists, soluble decoy receptors, and human IL-1β 
monoclonal antibody (canakinumab), have been recently tested 
(30, 31). Targeting the IL-1β pathway ameliorated atherosclero-
sis in patients (30), although their effectiveness in ARDS patients 
has not been completely addressed. As IL-1β has a key role in 
host defense, its suppression may lead to increased infection and 
sepsis-related death (32). Thus, delineating the mechanisms by 
which IL-1β disrupts lung endothelial permeability would allow 
for the development of targeted therapies without compromising 
the lung’s host-defense functions. Here, we showed that IL-1β–
induced downregulation of the cAMP-CREB–VE-cadherin path-
way was a key mechanism underlying sepsis-induced lung endo-
thelial barrier impairment and lung injury.

Clinical benefits of IL-1β signaling inhibitors such as recombi-
nant human IL-1R antagonist for sepsis-related respiratory diseas-
es such as ARDS have been equivocal (33–35). SNP studies showed 
that expression of IL-1R antagonist in patients (SNP rs315952C) 
was associated with decreased risk of ARDS (34), suggesting that 
IL-1R antagonism may attenuate ARDS risk. We observed elevat-

mental Figure 8A), a moderate degree of lung inflammation as evi-
denced by increased MPO activity (Supplemental Figure 8B), gen-
eration of IL-1β (Supplemental Figure 8C), small increase in basal 
lung vascular permeability (Supplemental Figure 8, D and E), and 
reduced survival rate in response to a lethal dose of LPS challenge 
(Supplemental Figure 8F). To investigate the effects of endothelial- 
specific loss of CREB on PMN dynamics in lungs, we used the 
intravital imaging approach (Supplemental Video 2). Deletion of 
endothelial-expressed CREB significantly increased PMN num-
bers and prolonged transit times and decreased PMN velocity 
(Supplemental Figure 9, A–E). We also observed enhanced adhe-
sion of PMN to the endothelium in lungs of CREBEC–/– mice in asso-
ciation with increased expression of adhesive proteins ICAM-1,  
LFA-1, and Mac-1 (Supplemental Figure 9F).

We next addressed whether restoration of CREB-regulated  
VE-cadherin signaling would reverse the lung inflammation and 
vascular injury seen in CREBEC–/– mice. Employing the 2.5-kb 
murine VE-cadherin promoter–directed CREB expression construct 
by nanoparticle liposome-mediated delivery as above, we observed 
that CREB–VE-cadherin signaling was successfully restored in 
endothelial cells isolated from CREBEC–/– mouse lungs (Figure 6B). 
Notably, the development of lung inflammation in CREBEC–/– mice, 
as evaluated by neutrophil infiltration by H&E staining (Figure 
6C), leukocyte accumulation (Figure 6D), increased MPO activity 
(Figure 6E), and production of proinflammatory cytokines, includ-
ing IL-1β (Figure 6F), was reversed in endothelial CREB-restored 
mice. Furthermore, restoration of CREB–VE-cadherin signaling in 
endothelial cell–specific CREB-deficient mice restored lung vascu-
lar permeability (Figure 6G) and fluid balance (Figure 6H).

We also evaluated the effects of rolipram on LPS-induced 
lung vascular injury in CREBEC–/– mice. Rolipram treatment of 
mice after LPS challenge showed significantly reduced lung vas-

Figure 5. Ectopic expression of CREB in endothelial cells prevents 
inflammatory lung injury. (A–E) The 2.5-kb VE-cadherin promoter– 
directed CREB expression constructs (CREBEC) and control plasmids were 
delivered into C57BL/6J mice by liposome-mediated retroorbital injection 
for 7 days. Mice were then injected intraperitoneally with LPS (12 mg/kg) 
for 1 day. (A) H&E-stained cross-section of the lung from control and  
CREBEC gene–delivered mice shows inflammation and lung injury in 
control, but not in mice delivered by CREBEC (scale bar: 100 μm; n = 3). 
Quantitative analyses for lung tissue MPO activity (B) and leukocyte 
accumulation in lungs (C) were performed (n = 3–6). (D) Lung vascular 
permeability was detected by EBD leakage in the lungs isolated from 
control and CREBEC gene–delivered mice (n = 3–4). Extracted dye contents 
in the formamide extracts are quantified by measuring at 620 nm. (E) 
The ratio of the wet lung to dry lung weight was assessed (n = 4–6). (F) 
Mice (n = 10) were delivered by control and CREBEC for 7 days. Survival of 
mice subjected to a lethal dose of LPS (20 mg/kg i.p.) for the indicated 
days was monitored and is presented as a Kaplan-Meier plot. (G–K) Mice 
were delivered by control and CREBEC for 7 days, and then subjected to 
CLP surgery for 1 day. (G) Representative H&E staining of lung sections 
from control and CREBEC gene–delivered mice is shown (scale bar: 100 μm; 
n = 3). (H) Quantitative analyses for lung tissue MPO activity (n = 4–5) 
and (I) leukocyte accumulation in lungs were measured (n = 5–6). (J) Lung 
vascular permeability was detected by EBD leakage (n = 3–5). (K) The ratio 
of the wet lung to dry lung weight was determined (n = 4–5). (L) Survival 
of mice after CLP surgery for the indicated days was monitored and is 
presented as a Kaplan-Meier plot (n = 10). **P < 0.01; ***P < 0.001; NS, no 
significant difference. Statistics obtained from ANOVA.
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(37). The plasma IL-1RA levels in our tested ARDS patients were 
greater than this cut-off point. Thus, the efficacy of IL-1RA treat-
ment at least in subgroups of sepsis patients holds promise.

The conclusion that IL-1β–induced downregulation of the 
cAMP-CREB–VE-cadherin axis is a key mechanism underlying 
sepsis-induced lung endothelial barrier impairment and lung 
injury was based on multiple lines of evidence. We employed a 
combination of global and endothelial-specific genetic knockout 
mouse models, 2 independent endotoxemia-LPS and polymicro-
bial infection CLP sepsis models, and liposomal nanoparticle- 
directed, endothelial-specific gene delivery in the lung endothe-

ed plasma concentrations of IL-1β and IL-1RA in ARDS patients as 
compared with healthy controls, findings consistent with previous 
reports (34, 35). Although measurements of individual cytokines in 
serum and bronchoalveolar lavage (BAL) of ARDS patients did not 
predict the onset or outcome of ARDS (34, 36), elevated circulating 
plasma concentration of IL-1R antagonists in ARDS patients is a 
possible measure of outcome and may inform the value of target-
ing IL-IR. Meyer et al. showed that blockade of IL-1β signaling by 
IL-1RA exhibited significant survival benefits in sepsis patient sub-
groups (preenrollment IL1RA concentrations greater than 2071 pg/
mL), but not in subjects with a concentration less than 2071 pg/mL 

Figure 6. Endothelial CREB expression is required and sufficient for inflammatory lung injury in mice. (A) EC-specific CREB knockout mice were gener-
ated by backcrossing CREBfl/fl mice with Cdh5-Cre-ERT mice. (B) The 2.5-kb VE-cadherin promoter–directed CREB expression constructs were delivered into 
CREBEC–/– mice (n = 3) by liposome-mediated retroorbital injection for 7 days. Endothelial cells were isolated from mice using anti-CD31 beads. EC-specific 
CREB restoration was confirmed by Western blot. (C) Representative H&E staining of lung sections from CREBfl/fl, CREBEC–/–, and the EC-CREB–restored 
CREBEC–/– mice (scale bar: 200 μm; n = 3). (D) Quantitative analysis for leukocyte infiltration in lungs (n = 7). (E) Measurement of lung tissue MPO activity 
(n = 7). (F) Inflammatory cytokine levels of IL-1β in mice serum were measured by ELISA (n = 7–10). (G) Lung vascular permeability is detected in lungs from 
CREBfl/fl, CREBEC–/–, and the EC-CREB–restored CREBEC–/– mice (n = 8). (H) The ratio of the wet lung to dry lung weight was determined (n = 8). ***P < 0.001. 
Statistics obtained from 1-way ANOVA.
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to activation of the membrane repair mechanisms such as the 
endosomal sorting complex required for transport (ESCRT) path-
way (39). The present study implies that IL-1β releases from the 
pyroptotic immune cell pool, macrophages, and endothelial cells, 
and targets nonpyroptotic endothelial cells via repression of the 
cAMP-CREB–VE-cadherin signaling cascade to disrupt endothe-
lial barrier stability.

Zhu et al. (11) showed that IL-1β disrupted VE-cadherin cell- 
surface localization to impair endothelial stability in a human in 
vitro cell model via an NF-κB–independent pathway that relied 
on signaling through the small GTPase ADP-ribosylation fac-
tor 6 (ARF6) and its activator ARF nucleotide binding site open-
er (ARNO). As ARNO bound the adaptor protein MYD88, the 
MYD88-ARNO-ARF6 pathway mediated IL-1β–induced endothe-
lial disruption (11). However, it is not known how or if the MYD88- 
ARNO-ARF6 pathway intersects with the cAMP-CREB–VE-cad-
herin pathway described herein. It is likely that a cytokine as 
pleiotropic as IL-1β injures the endothelium by multiple pathways 
that depend on concentrations, duration of exposure, and types 
of endothelial cells activated. Zhu et al. (11) used a higher dosage 
of IL-1β (10 ng/mL) in contrast to the present study (2–5 ng/mL). 
We demonstrated that the drug rolipram, a cell-permeable selec-
tive inhibitor of PDE4 (which mediates cAMP degradation), as 
well as multiple endothelial-specific genetic approaches, prevent-
ed sepsis-induced loss of lung endothelial integrity and markedly 
improved outcomes in animal model of inflammatory lung injury.

The observed lung endothelial barrier protective role of 
cAMP-CREB signaling hearkens back to endothelial barrier pro-

lium to demonstrate the essential role of cAMP-CREB-VE-cad-
herin pathway in mediating IL-1β–induced lung endothelial injury. 
We showed that IL-1β via binding to receptor IL-1R1 in endothelial 
cells reduced the activity of sAC, resulting in downregulation of 
cAMP generation and expression of the transcription factor CREB, 
and thereby reduced the expression of VE-cadherin and promot-
ed loss of VE-cadherin junctional integrity. The CREB-dependent 
loss of VE-cadherin appeared to be the primary mechanism of vas-
cular injury since targeted restoration of CREB expression in lung 
endothelial cells reversed sepsis-induced inflammatory lung inju-
ry (as described in Figure 6). Notably, the cAMP-CREB pathway 
of lung injury was also amenable to pharmacological therapy. We 
used rolipram, a selective inhibitor of PDE4. Rolipram prevents 
hydrolysis of cAMP and maintains high cellular cAMP concentra-
tions (20). Preventing LPS-induced reduction in cAMP concentra-
tion in this manner abrogated IL-1β–induced reduction in CREB 
activity and VE-cadherin expression.

Pyroptosis is induced in endothelial cells by the binding of 
intracellular LPS to caspase-11, which results in cleavage of IL-1β 
and membrane pore-forming protein Gasdermin D (Gsdmd) (8). 
Gsdmd pores function as a conduit for secretion of proinflamma-
tory IL-1β into the circulation (38). We showed the essential role 
of intracellular LPS-sensing caspase-11 in mediating endothelial 
pyroptosis and IL-1β production during sepsis-induced acute lung 
injury (ALI) (8). However, the mechanistic link between endothe-
lial pyroptosis and disruption of endothelial barrier AJs remains 
unknown. It appears that only a small pool of endothelial cells 
undergoes pyroptosis after LPS (8). Presumably, this is related 

Figure 7. CREB–VE-cadherin 
axis is required for ameliorative 
effects of rolipram on LPS- 
induced lung vascular injury. 
(A–C) CREBfl/fl and CREBEC–/– mice 
(n = 7) were injected i.p. with LPS 
(8 mg/kg) for 1 day, and adminis-
trated with rolipram (5 mg/kg) or 
control vehicle for another day. (A) 
Measurement of lung tissue MPO 
activity. (B) Changes in lung vas-
cular permeability under different 
conditions. (C) The ratio of wet 
lung to dry lung weight mea-
surements to assess pulmonary 
edema. (D–F) Circulating concen-
trations of IL-1β (D), IL-1 receptor 
antagonist (IL-1RA) (E), and cAMP 
(F) in plasma of healthy volunteers 
(control) and ALI/ARDS and CPE 
patients (n = 7–10) were measured 
by ELISA. **P < 0.01; ***P < 0.001; 
NS, no significant difference by 
1-way ANOVA. 
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to be involved in regulating the integrity of AJs via expression of 
VE-cadherin (17, 24), can also participate in a homeostatic process 
as fundamental as maintenance of endothelial barrier function. 
In summary, the present study provides what we believe are novel 
insights into the mechanism of IL-1β–induced inflammatory lung 
injury. IL-1β deactivated cAMP-CREB signaling and suppressed 
VE-cadherin expression in lung endothelial cells, raising the pros-
pect of preventing inflammatory lung injury by selectively inter-
fering with the cAMP-CREB pathway.

Methods
Mice. C57BL/6 mice were purchased from Charles River Laborato-
ry. IL-1R1–/– and VE-cadherin (Cdh5)–Cre-ERT2 mice were purchased 
from Jackson Laboratory. Endothelial-specific CREB–/– mice were gen-
erated by backcrossing CREB floxed and Cdh5-Cre-ERT2 mice. Geno-
typing of mice was performed by PCR using tail DNA. The seventh 
and eighth generations of the backcrossed offspring were used for 
studies. All experimental mice were 2 to 3 months old. For the num-
ber of animals needed to achieve statistically significant results, we 
conducted a priori power analysis. We calculated power and sample 
sizes according to data from small pilot experiments, variations within 
each group of data, and variance similarities between the groups that 
were statistically compared. Animals with sex- and age-matched lit-
termates were randomly included in experiments. No animals had to 
be excluded because of illness after experiments. Animal experiments 
were carried out in a blinded fashion. 

Cell preparation and culture. Murine and human lung microvascular 
endothelial cells (mLMVECs and hLMVECs) were isolated and cultured 
as previously described (8). In brief, mouse lungs were minced, digest-
ed with collagenase at 37°C for 60 minutes, and centrifuged at 1000g. 
Cell suspension was incubated with anti-CD31–coated Dynabeads for 
2 hours, and ECs were magnetically sorted. Isolated ECs were cultured 
with DMEM containing endothelial growth supplement.

Antibodies and reagents. We purchased antibodies targeting 
IL-1β (R&D Systems, AF-401-NA), soluble adenylate cyclase 10 
(Aviva Systems Biology, ARP47447_P050), CREB (Cell Signaling, 
48H2), p-CREB Ser133 (Cell Signaling, 9198), Ubiquitin (Invitro-
gen, 13-1600), VE-cadherin (Santa Cruz Biotechnology, sc-6458), 
ICAM-1 (Santa Cruz Biotechnology, sc-1511), LFA-1 (Santa Cruz Bio-
technology, sc-15327), Mac-1 (Santa Cruz Biotechnology, sc-6614), 
NOS-3 (H-159) (Santa Cruz Biotechnology, sc-8311), p-eNOS (Ser114) 
(MilliporeSigma, 07-357), CD31 (Millipore, CBL13371), CD11B (BD 
Pharmingen, 553307), Flag (MilliporeSigma, F1804), β-catenin (Milli-
poreSigma, SAB4300470), GAPDH (Cell Signaling, 5174), and β-actin 
(Santa Cruz Biotechnology, sc-47778).

LPS-EB Ultrapure (catalog tlrl-3pelps) for in vitro study was pur-
chased from InvivoGen. LPS (catalog L2630) for mice experiments, 
albumin (catalog A7906), O-Dianisidine dyhydrochloride (catalog 
D3252), 3,3′,5,5′-tetramethylbenzidine (TMB, catalog T0440), and 
protease inhibitor cocktail (catalog P8340) were from Millipore-
Sigma. The 6.5-mm Transwell inserts (catalog 3413) were from Corn-
ing. Recombinant murine TNF-α (catalog 315-01A) was from Pepro-
Tech. Mouse IL-1β (catalog 14-8012-62) recombinant protein was 
from Thermo Fisher Scientific. cAMP direct immunoassay kit (catalog 
K-371-100) were from BioVision. Dual-Luciferase Reporter Assay Sys-
tem (catalog E1910) was from Promega. Mouse IL-1β/IL-1F2 Quanti-
kine ELISA Kit (catalog SMLB00C), human IL-1β/IL-1F2 Quantikine 

tection elicited acutely by raising endothelial cell concentration 
of cAMP (40). In these studies, cAMP restored endothelial per-
meability in response to multiple permeability-increasing stimuli 
such as thrombin (40) and ischemia/reperfusion (41). The barrier 
protection was ascribed to cAMP-dependent activation of guanine 
nucleotide exchange factor (EPAC), which promoted exchange of 
GTP in the small GTPase Rap1 (40, 42). Rap1 enhanced reduced 
endothelial permeability by promoting AJ assembly (42). In the 
present study, however, the endothelial barrier effect of cAMP-
CREB signaling was due to transcriptional control of VE-cadherin 
expression and led to repair of the endothelium. The transcrip-
tional regulation of endothelial permeability required hours, in 
contrast to the rapid response elicited by cAMP; these 2 cAMP- 
mediated mechanisms appear to be independent.

sAC (ADCY10) generates cAMP pools within various cellular 
compartments; cytosol, mitochondria, nucleus, and subplasma-
lemma space (43). Studies showed that cAMP compartmentaliza-
tion, depending on its localization, may exert opposite effects on 
endothelial permeability (44–47). The effects of cAMP signaling 
are thus highly complex and dynamic (48). The distinct roles of 
compartmentalized cAMP signaling also depends on the specific 
AC isoforms coupled to specific GPCRs with different localization 
patterns and cAMP regulatory enzymes such as PDEs (48). Our 
evidence supports the concept that the intracellular cAMP sig-
naling pool generated by sAC and downstream CREB activation 
was endothelial barrier protective. The present study shows CREB 
directly regulates VE-cadherin expression. We demonstrated 
that depletion of sAC in endothelial cells reduced cAMP genera-
tion and the expression of CREB and VE-cadherin, and increased 
endothelial permeability. These results together support the role 
of IL-1β in inhibiting cAMP-CREB–VE-cadherin signaling and 
thereby increasing endothelial permeability.

An important question is how LPS-generated IL-1β impairs 
sAC activity to reduce intracellular cAMP levels resulting in defec-
tive CREB induced expression of VE-cadherin. The intracellular 
concentrations of cAMP are tightly controlled by the activity of 
sAC, which synthesizes cAMP from ATP, and the cyclic nucleotide 
PDEs, which hydrolyze cAMP (21). Our data showed that IL-1β 
reduced sAC activity and cAMP concentrations within a few min-
utes, ruling out the possibility that reduction in cAMP was due to 
induction of PDE expression. Sepsis is known to severely disrupt 
the acid-base, ion, and pH status of cells (49). Based on the crys-
tal structure of human sAC catalytic domains, it was shown that 
an anionic inhibitor, 4,4′-diisothiocyanatostilbene-2,2′-disulfon-
ic acid (DIDS), prevented sAC activation through binding to the 
active site entrance and inhibited sAC by steric hindrance (50). 
Thus, it is possible that a similar perturbation through generation 
of anionic inhibitors interferes with sAC in a disease as complex 
as sepsis, resulting in defective CREB expression and CREB tran-
scription of VE-cadherin.

Although cAMP-CREB is known to control the expression of 
multiple genes via binding to CREs within promoter regions (51), 
we focused on cAMP-CREB signaling in regulating the endothe-
lial barrier via VE-cadherin expression. We identified for the first 
time VE-cadherin as the crucial target of endothelial CREB during 
sepsis-induced lung vascular leakage. We cannot exclude the pos-
sibility that other transcriptional factors HIFs and SOX17, known 
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VE-cadherin and CREB promoter regions. Standard PCR reactions 
were performed. The GAPDH promoter was analyzed by ChIP in par-
allel as a control. The relative ChIP units were calculated by the ratio 
of ChIP DNA to input DNA using densitometry.

mRNA expression analysis by RT-PCR and quantitative real-time 
PCR. One-step RT-PCR amplification was performed using the Super-
Script 1-step RT-PCR system with Platinum Taq DNA polymerase 
(Invitrogen). One microgram total RNA isolated from IL-1β–treated 
mLMVECs was used as a template for subsequent 1-step RT-PCR. 
GAPDH served as an internal control of the reaction. One-step 
RT-PCR products were analyzed by electrophoresis on 1.2% agarose 
gels containing ethidium bromide. For quantitative real-time PCR, 
total RNA was extracted from fresh isolated endothelial cells from 
C57BL/6 mice after LPS or CLP challenge for various days using with 
RNeasy Mini Kit (Qiagen) followed by DNase treatment. Total RNA 
(1 μg) was reverse-transcribed with Superscript III (Invitrogen) using 
random primers. Synthesized cDNA samples were amplified in the 
ABI PRISM 7000 Sequence Detection System (Applied Biosystems) 
thermocycler using SYBR Green JumpStart Taq ReadyMix (Millipore-
Sigma). PCR primers are described in Supplemental Table 1. The 
results of relative expression were normalized to GAPDH mRNA lev-
els in each sample. Results are expressed as mean plus or minus SEM.

Western blotting and immunoprecipitation. Mouse lungs were surgi-
cally removed and washed in cold PBS, and homogenized on ice in lysis 
buffer to prepare tissue lysates. Cell lysates of the freshly isolated endo-
thelial cells were prepared in lysis buffer (50 mM HEPES pH 7.4, 50 mM 
NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM DTT, 1 mM PMSF, 10 μg/
mL aprotinin, 10 μg/mL leupeptin, 10 mM sodium pyrophosphate, 50 
mM sodium fluoride, and 1 mM sodium orthovanadate) for 1 hour. For 
immunoprecipitation, 500 μg total tissue or cell lysates were immuno-
precipitated with the primary antibodies and protein A/G PLUS-Aga-
rose beads. Samples were separated by SDS-PAGE, transferred to 
nitrocellulose membranes, and incubated overnight with the indicated 
antibodies. After incubation with secondary antibodies, proteins were 
detected by enhanced chemiluminescence. Quantification of band 
intensities by densitometry was carried out using ImageJ software.

Liposome-mediated lung endothelial cell–specific gene delivery in vivo. 
For preparation of liposome (23, 24, 52), added 315 μL DDAB (dimeth-
yl dioctadecyl ammonium bromide), stock solution (400 mg DDAB in 
20 mL chloroform), 200 μL cholesterol stock solution (400 mg cho-
lesterol in 20 mL chloroform), and 9.5 mL chloroform into the auto-
claved round-bottom flask, and swirled everything to mix well. The 
mixed solution was evaporated using a rotavapor at 37°C and 1.85g for 
30 to 60 minutes. Two milliliters of 5% glucose was added to the flask 
to dissolve the lipid. The lipid was sonicated by touching the bottom 
of the round-bottom flask to the water in the ultrasonic cleaner (2510 
Branson) for 30 minutes. The sonicated liposome was transferred 
from the flask to a polystyrene Eppendorf tube, and sterilized using 
a 0.45-μm filter. Proper amount of plasmid DNA was gently mixed 
well with the liposome to avoid aggregation (about 50 μg of the 2.5-kb 
VE-cadherin promoter–directed CREB expression plasmids and 100 
μL liposome) at a total volume of 150 μL. Liposome-mediated gene 
delivery was performed by retro-orbital vein injection (150 μL mixture 
per mice). Seven days later, the expression efficiency and specificity of 
target genes in tissues and cells were confirmed by Western blot.

Endotoxemia and polymicrobial sepsis models. For LPS-induced 
endotoxemia sepsis, mice were injected intraperitoneally with a single 

ELISA Kit (catalog DLB50), human IL-1RA/IL-1F3 Quantikine ELISA 
Kit (catalog DRA00B), and streptavidin-HRP (catalog DY998) were 
purchased from R&D Systems. Enhanced chemiluminescence (ECL) 
Western blotting detection reagents and nitrocellulose membranes 
(Hybond-ECL) were from Amersham Biosciences. Lipofectamine 
3000 transfection reagents were from Invitrogen. Basic nucleofector 
kit (catalog VPI-1001) for primary endothelial cells was from Lonza.

Construction of plasmids. Mouse CREB coding sequences (NM_ 
001037726.1) were cloned into pcDNA3.0 expression vector at 
EcoRI and XhoI restriction enzyme sites with a flag tag using the 
primers: forward primer, ATAAGAATTCGACTACAAAGACGAT-
GACGACAAGATGACCATGGAATCTGGAGCAG; reverse primer, 
ATAACTCGAGTTAATCTGATTTGTGGCA.

For cloning of mouse VE-cadherin (NM_009868) promoter 
regions, genomic DNA from mLMVECs or lung tissues was prepared 
using PureLink Genomic DNA mini kit (K1820-00, Invitrogen) fol-
lowing the manufacturer’s instructions. The 1.3-, 2.0-, and 2.5-kb 
murine VE-cadherin promoter regions were cloned into the upstream 
of CREB coding sequences at NdeI and EcoRI sites of expression 
plasmids using the following forward primers for the VE-cadherin pro-
moters: ACTCGCATATGAAGCACACATATTCAG (2.5-kb); ACTCG-
CATATGAGGGTTGCTGTCCATCGTTTA (2.0-kb); ACTCGCATAT-
GAGTATTTTCTCCATGCCCGGAA (1.3-kb). The common reverse 
primer was CGACTAGAATTCCGTGAGCAGAAGGCTCTCTCCA. 
For cloning of murine VE-cadherin luciferase reporter constructs, 
various fragments of the 5′ flanking sequence of the mouse VE-cad-
herin gene were amplified directly from mLMVECs genomic DNA by 
polymerase chain reaction (PCR) and subcloned into the pGL3-Basic 
vector (Promega) at the SacI and XhoI sites. The plasmids contain 
the regions from +18 to various sizes of the 5′-flanking region of the 
murine VE-cadherin gene with respect to the transcriptional start site. 
All PCR reactions were performed using the Expand High Fidelity 
PCR system (Roche Applied Science). PCR primers are described in 
Supplemental Table 2. Sequences of the constructs were determined 
by autosequencing to verify transcription in frame.

Luciferase reporter gene assay. mLMVECs in 24-well plates were 
cotransfected with VE-cadherin luciferase constructs or empty pGL3 
vector (400 ng), expression vector encoding CREB or empty pcDNA3 
vector (400 ng) and the internal control p-RL-TK vector (50 ng) using the 
Basic Nucleofector Amaxa transfection kit for 48 hours. Total amounts 
of DNA for each well were normalized by adding empty vector pcDNA3. 
Cells were harvested and luciferase activity was measured using the 
Dual-Luciferase Reporter Assay System (Promega, E1910) according to 
the manufacturer’s instructions. The relative activity was normalized by 
the ratio of firefly luciferase activity to renilla luciferase activity (inter-
nal control) and calculated as the folds to control pGL3-basic or pcDNA3 
empty vector. Data are from 2 to 3 independent experiments.

ChIP assay. ChIP assay was performed following the manufac-
turer’s instructions (Upstate). mLMVECs were fixed with 1% form-
aldehyde at 37°C for 10 minutes, lysed, and sonicated. Soluble chro-
matin was coimmunoprecipitated with CREB antibodies or an equal 
amount of rabbit IgG. Cells at approximately 80% confluence grown 
in one 140-mm diameter dish were used per immunoprecipitation. 
After decross-linking of the DNAs, DNA purified from starting (1% 
input) and immunoprecipitated samples were subjected to PCR using 
the primers listed in Supplemental Tables 3 and 4. Those regions of 
amplification contain the potential CREB-binding CREs in the murine 

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/7
https://www.jci.org/articles/view/136908#sd
https://www.jci.org/articles/view/136908#sd
https://www.jci.org/articles/view/136908#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

3 6 9 6 jci.org   Volume 130   Number 7   July 2020

minutes. Absorption was measured at 460 nm to estimate MPO activ-
ity. Data were calculated as A460/min/mg protein.

Transwell endothelial permeability measurements. The Transwell 
permeability assay was done following the kit’s instructions (Cell 
Biologics, CB6929). Briefly, mLMVECs were transfected with CREB 
expression plasmid using lipofectamine 3000 regents for 2 days. 
Transfected cells were seeded on the 0.4 μm polycarbonate membrane 
of 6.5-mm Transwell inserts in a 24-well plate, and incubated for 3 days 
until full confluent monolayers were formed. IL-1β (2 ng/mL) and HRP 
(100 μg/mL) were added into starved cells in Transwell inserts filled 
with serum-free medium. Cells were incubated for the indicated time 
for permeability analysis. Media (20 μL) from the lower chamber was 
transferred to a 96-well ELISA plate. TMB substrate (50 μL) was add-
ed into the wells, and left for 5 minutes until the solution turned blue. 
Spectrophotometric absorbance analysis at 450 nm provided a quanti-
tative evaluation of the amount of HRP that was leaked from the dis-
rupted barrier of endothelial cells. Data are presented as mean ± SEM 
of at least 3 independent experiments performed in triplicate.

Intravital lung imaging of polymorphonuclear leukocytes (PMNs) in 
lung microvessels. Surgical methods for gaining access to lungs were 
previously described (22). We injected Brilliant Violet 421–labeled 
LY6G antibody (10 μg/mice) (clone 1A8, BioLegend) via jugular vein 
as well as SeTau647-labeled (SETA BioMedicals) CD31 antibody 
(20 μg/mice) (clone 390, BioLegend) to stain PMNs and lung vessel 
endothelium, respectively, before the surgery. A resonant-scanning 
2-photon Ultima Multiphoton Microscope (Bruker) with an Olympus 
XLUMPlanFL N ×20 (NA 1.00) was used to collect dual-color imag-
es (emission filter; 460/50 nm for Brilliant Violet 421, 708/75 nm for 
SeTau647) with 820 nm excitation. Images were processed and ana-
lyzed by Image J and customized LabVIEW programs.

Lung vascular permeability measurements. Evans blue–albumin 
pulmonary transvascular flux measurements were performed to mea-
sure vessel endothelial permeability (8, 53). Briefly, 150 μL Evans 
blue–albumin (1% Evans blue dye [EBD] and 4% albumin in PBS) 
was injected into anesthetized mice and allowed to circulate in the 
blood vessels for 30 minutes. Mice were scarified and lungs were per-
fused by PBS for 2 minutes. Lung tissues were then excised, weighed, 
homogenized in 1 mL PBS and extracted overnight in 2 mL formamide 
at 60°C. Evans blue concentration in lung homogenate supernatants 
was quantified by the spectrophotometric method at absorbance of 
620 nm and 740 nm. Tissue EBD content (μg EBD/g fresh lung tissue) 
was calculated by comparing tissue supernatant A620 readings with an 
EBD standard curve. Concentration of Evans blue dye was determined 
in micrograms per gram of lung tissue. The ratio of wet lung to dry lung 
weight was calculated.

ELISA. The levels of IL-1β, IL-18, and TNF-α in mouse serum 
were determined by Quantikine sandwich ELISA kits (R&D Systems). 
Mouse IL-18 levels were measured with the MBL ELISA kit. The cyto-
kine concentration was measured at 450 nm wavelength of absor-
bance, and calculated by GraphPad Prism linear regression analysis.

Patient samples. Seven ARD patients (4 males, 3 females) and 7 
cardiogenic pulmonary edema (CPE) patients (5 males, 2 females) 
from the intensive care unit of the Guangdong General Hospital who 
received mechanical ventilation for ARD and CPE were enrolled. Ten 
healthy volunteers were included as controls. The levels of cytokine 
IL-1β, IL-1RA, and cAMP levels in plasma were measured by ELISA. 
Data on demographic characteristics and medical history were previ-

dose of LPS (12 mg/kg) for the indicated time. For the CLP-mediated 
polymicrobial sepsis, the mouse cecum was ligated below the ileocecal 
valve with 0.5 cm ligation length. The cecum was then punctured twice 
with a 16-gauge needle. Sham control mice were subjected to the same 
procedure, including opening the peritoneum and exposing the bowel.

sAC activity assay. The activities of sAC (ADCY10) were measured 
as previously described (19). Briefly, sACs were immunoprecipitated 
by incubating 20 μL polyclonal anti-mouse ADCY10 with 1 mL total 
cell lysates (about 1 mg protein) in extraction buffer (50 mM Tris-buf-
fer pH 7.4, 1 mM EGTA, and 1 mM dithiothreitol) with gentle stirring at 
4°C for 2 hours. Protein A/G sepharose beads (50 μL) were added and 
incubated for another 2 hours. The mixture was centrifuged at 425g 
for 10 minutes, and the pellet was suspended in 3 mL assay buffer con-
taining 50 mM Tris-HCL buffer pH 7.4, 2 mM DTT, 0.1 mM EGTA, 
and 1 mM 3-isobutyl-l-xanthine. The reaction was initiated by a fresh 
addition of 10 mM MgCl2 and 10 mM ATP at 37°C for 20 minutes and 
stopped by adding 10 μL of 0.5 M EDTA to chelate the Mg2+ cofactor. 
Samples were stored at –20°C for future analysis. Accumulated cAMP 
was quantified with the cAMP direct immunoassay kit according to the 
manufacturer’s instructions (BioVision). Samples were properly dilut-
ed with assay buffer for quantification.

cAMP measurements. Lysates from mouse lung cells were prepared 
with proper amounts of 0.1 M HCL. Samples were homogenized and 
centrifuged at top speed for 5 to 10 minutes. Supernatants were then 
used for cAMP measurement. The levels were determined with a 
mouse cAMP immunoassay kit (R&D Systems, KGE012B) according 
to the manufacturer’s instructions. The absorbance at 450 nm was 
determined using a 96-well plate reader. Quantification was calculat-
ed as pmol/μg compared with the standard curve.

RNA interference. The mouse CREB (NM_009952.2) and solu-
ble adenylate cyclase 10 (ADCY10, NM_173029.3) SMARTpool siRNA 
duplexes were synthesized by Dharmacon RNA Technologies. The 
SMARTpool siRNA is a mixture of 4 different siRNA duplexes against 
mouse CREB and ADCY10 cDNA sequences. The scrambled siRNA 
duplex controls were designed and supplied by Dharmacon. Trans-
fection of siRNA duplexes in cells was performed according to the 
manufacturer’s instructions for the Basic Nucleofector Kit for Primary 
Endothelial Cells (Amaxa Biosystem).

Myeloperoxidase (MPO) assay. MPO activity was performed 
according to the manufacturer’s instructions (Cell Biologics, CB6937). 
Briefly, lung tissues isolated from mice were homogenized in cold PBS 
at a ratio of 1:4 (100 mg tissues to 400 mL PBS) containing proteinase 
inhibitor (MilliporeSigma cocktail inhibitor 1:100 dilution), and cen-
trifuged at 5000g for 5 minutes at 4°C. Supernatants were removed 
and the pellets were solved in lysis buffer (50 mM HEPES pH 7.4, 50 
mM NaCl, 1% Triton X-100, 5 mM EDTA, 1 mM DTT, 10 mM sodium 
pyrophosphate, 50 mM sodium fluoride, and 1 mM sodium orthovana-
date) with freshly added proteinase inhibitors, and rotated for 1 hour 
in a room kept at 4°C. Samples were centrifuged at 13,000g for 10 min-
utes at 4°C to remove insoluble material. The supernatants (protein 
samples) were collected for a direct MPO assay. Protein concentra-
tion (about 1–2 μg/μL) was determined by the standard Bio-Rad BCA 
method. MPO reaction was performed as follows: 50 μl of the protein 
samples (about 50–100 μg) were added into 950 μL reaction buffer 
(50 mM phosphate buffer containing 0.167 mg/mL of o-dianisidine 
dihydrochloride and 0.0005% H2O2) for 3–10 minutes. Reaction was 
stopped by adding 100 μL stop buffer (2 M HCl or 1 M H2SO4) for 5 
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