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Abstract

The statins are now recognized to have pleiotropic properties,
including augmentation of endothelial barrier function. To explore
themechanisms involved, we investigated the effect of simvastatin on
endothelial cell (EC) tight junctions. Western blotting of human
pulmonary artery ECs treated with simvastatin (5 mM) confirmed
a significant time-dependent increase (16–48 h) in claudin-5 protein
expression compared with controls, without detectable alterations in
zonula occludens-1 or occludin. These effects were associated with
membrane translocation of VE-cadherin, whereas translocation of
vascular endothelial cadherin (VE-cadherin; silencing RNA)
inhibited simvastatin-induced claudin-5 up-regulation. Moreover,
simvastatin treatment of ECs induced increased phosphorylation of
both FoxO1 and b-catenin, transcriptional regulators of claudin-5
expression mediated by VE-cadherin. Subsequently, we found no
effect of claudin-5 silencing on EC barrier protection by simvastatin
in response to thrombin stimulation, as measured by either
transendothelial electrical resistance or by EC monolayer flux of
FITC-dextran (2,000 kD). However, silencing of claudin-5 did
significantly attenuate simvastatin-mediated ECbarrier protection in
response to thrombin, as measured by monolayer flux of sodium
fluorescein (376 Da). Finally, employing a murine model of LPS-
induced acute lung injury, there was no effect of claudin-5 silencing

in vivo (intratracheal injection) on bronchoalveolar lavage fluid
protein or cell counts, but LPS-induced lung tissue extravasation of
the small molecular weight markers, sodium fluorescein and Hochst
stain (562 Da), were significantly increased in claudin-5–silenced
animals compared with simvastatin-treated control animals. These
findings implicate a distinct mechanism underlying size-selective
endothelial barrier–protective properties of statins, and may
ultimately lead to new novel therapeutic targets for patients with
acute lung injury.
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Clinical Relevance

Acute lung injury (ALI) is a devastating syndrome associated
with significant morbidity and mortality. We previously
reported that simvastatin confers protection in a mouse model
of ALI. In the current study, we confirm a significant role for
claudin-5, an endotheial cell tight junctional protein, in
simvastatin-mediated ALI protection, thus implicating
claudin-5 as a potential novel therapeutic target in patients
with ALI.

Statins are now well recognized to have
pleiotropic properties beyond their ability to
lower serum cholesterol levels, including the
augmentation of endothelial cell (EC)
barrier function, which we have reported is
associated with the protective effects of these
drugs in murine acute lung injury (ALI) (1,
2). The direct effects of statins on EC
signaling and activation are complex, and

include actin cytoskeletal rearrangement via
differential effects on the small GTPases,
RhoA and Rac1 (2), inhibition of
superoxide generation via reduced
nicotinamide adenine dinucleotide
phosphate oxidase (3), and the up-
regulation of integrin-b4 (2), a molecule
that attenuates EC inflammatory responses
via effects on mitogen-activated protein

kinase signaling, and mediates the lung-
protective effects of simvastatin in murine
ALI (4). To more fully characterize the
statin protection of EC barrier function
in vitro and murine ALI in vivo, we
investigated the effects of simvastatin on
lung EC tight junctional proteins, and
have identified an important role for
claudin-5 in this context.
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EC tight junctions are composed of
transmembrane proteins, including claudins,
occludins, and junctional adhesion molecules
that associate with cytoplasmic proteins,
including zonula occludens (ZO). Notably,
mice deficient in claudin-5, which is
specifically expressed in ECs (5), demonstrate
a selective increase in permeability of the
blood–brain barrier to small molecules (6),
whereas the up-regulation of claudin-5 has
been reported in rat brain ECs treated with
pitavastatin (7). Separately, expression levels
of lung claudin-5 correlate inversely with ALI
severity in a mouse model (8). However, the
role of claudin-5 in statin-mediated ALI
protection is unknown.

We identified a significant up-regulation
of claudin-5 in human pulmonary artery ECs
in response to simvastatin, and linked this
finding to increased membrane translocation

of vascular endothelial cadherin (VE-
cadherin), known to regulate claudin-5 via
the inhibition of the transcriptional
regulators, FoxO1 and b-catenin, resulting
in increased claudin-5 mRNA expression
(9). These effects of simvastatin were
associated with a reduction in agoinst-
induced EC barrier permeability to small
molecules both in vitro and in vivo in our
murine ALI model. These data identify
claudin-5 as an important mediator of ALI
protection by simvastatin, and implicate
claudin-5 as a potential novel therapeutic
target in patients with ALI.

Materials and Methods

Cell Culture
Human pulmonary artery ECs were purchased
from Clonetics (San Diego, CA), and were

cultured in EGM-2 supplemented with 2%
FBS, hydrocortisone, hFGF, VEGF, ascorbic
acid, hEGF, GA-1000, heparin, and R3-IGF-1
(Clonetics). Cells were incubated in 75-cm2

flasks and cultured at 378C in 5% CO2 and
95% air. All cells were used at passages 4–8.

Materials and Reagents
Claudin-5 antibody was purchased from
Life Technologies (Grand Island, NY).
FoxO1 antibody was purchased from Cell
Signaling (Danvers, MA). ZO-1 antibody
was purchased from BD Biosciences (San
Jose, CA). All other antibodies and reagents
were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Transfection with Silencing RNA
The target sequence for silencing RNA
(siRNA) specific for claudin-5 was

Figure 1. Simvastatin up-regulates endothelial cell (EC) claudin-5 expression. (A) ECs were treated with simvastatin (5 mM, 4–48 h) and lysates subjected
to Western blotting for the tight junctional proteins, claudin-5, zonula occludens (ZO)-1, and occludin (representative blots shown). (B) Densitometry
confirmed a significant increase in claudin-5 at 16 hours after simvastatin treatment that was sustained at 48 hours. (C) Similarly, claudin-5 mRNA levels
were significantly increased at 16 hours, and were further increased at 48 hours after simvastatin (*P , 0.05, n = 3/condition). (D) Representative
blots are shown from membrane fractionation experiments followed by Western blotting for claudin-5 at various time points after treatement with simvastatin
(5 mM, 4–48 h). Results are expressed as means (6 SE).
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59-CCAACAUUGUCGUCCGCGAtt-39
(Life Technologies). All other siRNAs were
purchased from Dharmacon (Layfayette, CO).
For b-catenin siRNA, the target sequence
was 59-GGAUGUUCACAACCGAAUUtt-39.
SMARTpool siRNA was used for FoxO1
and VE-cadherin (Dharmacon). The
target sequence for nonspecific RNA
(nsRNA) used as a control was 59-
UAGCGACUAAACACAUCAA-39. ECs
were plated (60–80% confluent) and were
transfected with nsRNA or siRNA specific
for claudin-5 (100 nM) using siPORT
Amine (Ambion, Austin, TX). After
incubating for 72 hours, knockdown of
protein was verified by Western blotting.

Western Blotting
Samples were prepared according to
standard protocols. Western blotting was
performed using primary antibodies and
horseradish peroxidase-conjugated
secondary antibodies before visualization
via chemiluminescence (Amersham
Biosciences, Piscataway, NJ). Blot density
was determined by Alpha Imager software
(Alpha Innotech, San Leandro, CA).

Immunofluorescent Microscopy
Confluent ECs grown on coverslips were
exposed to experimental conditions, fixed

with 3.7% formaldehyde, and permeabilized
with 0.25% Triton X-100. After blocking
with 2% bovine serum albumin, cells were
exposed to primary antibodies for 60
minutes. Fluorescently tagged secondary
antibodies were applied for 60 minutes.
Cells were imaged using a Nikon video
imaging system (Nikon, Melville, NY).

Transendothelial Electrical
Resistance Measurements
ECs were grown to confluence over
evaporated gold microelectrodes connected
to a phase-sensitive lock-in amplifier, as
previously described (10). Transendothelial
electrical resistance (TER) was measured
in response to specific agonists using an
electrical cell substrate impedance sensing
system (ECIS; Applied BioPhysics Inc.,
Troy, NY).

Transwell Permeability Assay
A commercially available kit (Millipore,
Billerica, CA) was used to measure EC
monolayer permeability to high– and
low–molecular weight proteins on the basis
of the Transwell model that our laboratory
previously described (11). In separate
experiments, 100 ml FITC-dextran (2,000
kD) or 2 mg/ml sodium fluorescein (376
Da) was added to cells and incubated for

1 hour. The Transwell insert was then
removed and 100 ml medium collected.
Fluorescent density was analyzed on
a Titertek Fluoroskan II Microplate
Fluorometer (Diversified Equipment,
Lorton, VA) at excitation and emission
wavelengths of 485 and 530 nm,
respectively.

Murine ALI Model
All experiments and animal care procedures
were approved by the University of Illinois
at Chicago Animal Care and Use
Committee. C57/Bl6 mice (8–12 wk old;
Jackson Laboratory, Bar Harbor, ME) were
administered a single dose of siRNA via
intratracheal injection (10 mg/g body
weight), as we have previously described
(12), 3 days before simvastatin (20 mg/kg)
or vehicle via intraperitoneal injection. The
mice were treated again 24 hours later
with simvastatin or vehicle, followed by
intratracheal LPS (1.25 mg/kg body weight,
4 d after siRNA delivery). The next day,
24 hours after LPS, the mice were killed
and bronchoalveolar lavage (BAL) was
performed as previously described (1). In
select animals, sodium fluorescein was
injected via internal jugular (IJ) vein 24
hours after LPS and BAL fluid collected
1 hour later. In a separate group of animals,

Figure 2. Vascular endothelial cadherin (VE-cadherin) translocates in response to simvastatin and mediates claudin-5 up-regulation. (A) ECs were either
untreated or treated with simvastatin (5 mM, 4–48 h) and then subjected to membrane fractionation before Western blotting of cytosolic and membrane
fractions for VE-cadherin (representative blots shown). (B) Immunofluorescence imaging of control ECs and simvastatin-treated ECs demonstrated
membrane translocation of VE-cadherin in response to simvastatin at 16 hours. Scale bar, 10 mm. (C) Subsequently, ECs were transfected with
nonspecific RNA (nsRNA) or silencing RNA (siRNA) specific for VE-cadherin (siVE-cad) before treatment with simvastatin (5 mM, 16 h), and then
immunblotted for claudin-5 (representative blots shown). (D) Densitometry confirmed significantly reduced claudin-5 expression in simvastatin-treated ECs
transfected with siVE-cad compared with simvastatin-treated EC controls (nsRNA) (*P , 0.05, n = 3/condition). Results are expressed as means (6 SE).
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Hoechst stain H33258 (562 Da) was
injected (IJ) 24 hours after LPS and lungs
then flushed with PBS 2 hours later and
harvested for histological analysis.

Statistical Analysis
Student’s t test was used to compare the
means of data from two experimental
groups, whereas significant differences
(P , 0.05) among multiple group
comparisons were confirmed by one-way
ANOVA followed by Tukey’s Studentized
range test. Results are expressed as
means (6 SE).

Results

Effect of Simvastatin on EC
Expression of Tight
Junctional Proteins
ECs were treated with simvastatin (5 mM,
4–48 h) and lysates subjected to Western
blotting for the tight junctional proteins,
claudin-5, ZO-1, and occludin (Figure 1).
Although there was no change in ZO-1 or
occludin expression levels at any time
point, a significant increase in claudin-5
protein was evident 16 hours after
simvastatin treatment, and was sustained
at 48 hours. There was no change in
claudin-5 expression at 4 or 8 hours after
simvastatin treatment. This time course
corresponds to the time course of
simvastatin-mediated EC barrier protection
as we have previously reported (2). Of note,
two other claudins, claudin-1 and claudin-
14, were also assessed, and no changes in
their expression levels were evident at any
time point (0–48 h) in response to
simvastatin treatment. Claudin-5 mRNA
levels were also evaluated, and a significant
increase in response to simvastatin at 16
hours was evident, with a further increase
at 48 hours. Subsequently, membrane
fractionation, followed by Western blotting,
confirmed increased claudin-5 expression
induced by simvastatin was localized
predominantly in the membrane.

Role of VE-Cadherin in Claudin-5
Up-Regulation by Simvastatin
As VE-cadherin is a known mediator of
claudin-5 expression (9), we next examined
the effects of simvastatin on EC VE-
cadherin expression and localization. There
was no change in protein levels of VE-
cadherin in response to simvastatin (5 mM,
16 h), however, there was increased

translocation of VE-cadherin to the EC
membrane evident by both Western
blotting of membrane fractions and
immunohistochemistry, which

demonstrated more discrete localization of
VE-cadherin at the cell periphery in
response to simvastatin (Figures 2A and
2B). Notably, evidence of VE-cadherin

Figure 3. Simvastatin induces time-dependent phosphorylation of FoxO1 and b-catenin. (A) ECs
were treated with simvastatin (5 mM, 0–180 min), and lysates were subjected to Western blotting for
phosphorylated and total FoxO1 (representative blots shown). (B) FoxO1 phosphorylation was
significantly increased at 5 minutes, and was sustained at 180 minutes, as confirmed by densitometry
analyses (*P , 0.05, n = 3/condition). (C) Western blots confirmed increased claudin-5 expression in
simvastatin-treated (5 mM, 16 h) ECs transfected with either control siRNA or siRNA specific for
FoxO1 (siFoxO1) compared with their respective, untreated controls (representative blots shown). (D)
In separate experiments, ECs were treated with simvastatin (5 mM, 0–180 min) and immunoblotted for
phophorylated and total b-catenin (representative blots shown). (E) Densitometry revealed
a significant increase in phosphorylated b-catenin (p-b-catenin) at 30 minutes that was sustained at
180 minutes (*P , 0.05, n = 3/condition). (F) Western blots confirmed decreased claudin-5
expression in simvastatin-treated (5 mM, 16 h) ECs transfected with either control siRNA or siRNA
specific for b-catenin (sib-catenin) compared with their respective, untreated controls (representative
blots shown). Results are expressed as means (6 SE).
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translocation was apparent as early as
4 hours after simvastatin treatment
(Figure 2A), before detectable changes in
claudin-5 mRNA or protein levels. In
addition, silencing of VE-cadherin
significantly attenuated the increased

expression of claudin-5 induced by
simvastatin (Figures 2C and 2D). These
data are consistent with the idea that the
up-regulation of claudin-5 by simvastatin
is mediated by the translocation of
VE-cadherin to the cell membrane.

Role of FoxO1 and b-Catenin
in Claudin-5 Up-Regulation
by Simvastatin
VE-cadherin mediates claudin-5 expression
via the inhibition of the nuclear
accumulation of the transcriptional

Figure 4. Differential effects of claudin-5 silencing on endothelial barrier function. (A) ECs were transfected with nsRNA or siRNA specific for claudin-5
(siCLN5) and then either remained untreated or were treated with simvastatin (5 mM, 16 h) with silencing subsequently confirmed by Western blotting
(representative blots shown). (B) Densitometry confirmed a significant increase in claudin-5 expression in simvastatin-treated cells transfected with control
siRNA compared with untreated controls and significantly decreased claudin-5 expression in siCLN5-transfected cells, with no effect in response to
simvastatin. (C) Subsequently, transfected ECs were grown to confluence overlying gold-plated microelectrodes to measure transendothelial electrical
resistance (TER), and were treated with simvastatin (5 mM, 16 h) before thrombin stimulation (1 U/ml). Fold TER change at 30 minutes is shown
corresponding to the time to maximal barrier disruption after thrombin administration (n = 3/condition). (D) In separate experiments under the same
conditions, transfected ECs were grown in transwell inserts and FITC–dextran (2,000 kD) monolayer flux measured 1 hour after thrombin (n = 3/group). (E)
Finally, ECs were transfected with nsRNA or siCLN5 and grown on transwell inserts. Cells were treated with simvastatin (5 mM, 16 h) before
measurements of sodium fluorescein (376 Da) monolayer flux 1 hour after thrombin stimulation (1 U/ml) (*P, 0.05, n = 3/group). Results are expressed as
means (6 SE).
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repressors, FoxO1 and b-catenin (9).
To further investigate the link between VE-
cadherin and claudin-5 expression in
response to simvastatin, we assessed the
effects of simvastatin on FoxO1 and
b-catenin phosphorylation. Simvastatin
treatment (5 mM) of ECs was associated
with a significant time-dependent
increase in both FoxO1 and b-catenin
phosphorylation that was evident at 5 and
30 minutes, respectively, and was sustained
at 3 hours (Figure 3). Moreover, silencing
of FoxO1 was associated with an increase
in both basal and simvastatin-induced
(5 mM, 16 h) claudin-5 expression,
consistent with the known role of FoxO1 as
a transcriptional repressor (that
translocates from the nucleus on
phosphorylation) (9). Conversely, silencing
of b-catenin effected a decrease in both
basal and simvastatin-induced (5 mM, 16 h)
claudin-5 expression, suggesting that it acts
as a potential enhancer of transcription in
this context.

Role of Claudin-5 in EC Barrier
Protection by Simvastatin
We have previously characterized potent EC
barrier–protective properties of simvastatin
both in vitro and in vivo (1–3). To
determine the role of claudin-5 in
simvastatin-mediated EC barrier
protection, we initially measured TER in
claudin-5–silenced ECs pretreated with
simvastatin (5 mM, 16 h) before thrombin
stimulation (1 U/ml). Maximal barrier
disruption was achieved at 30 minutes after
thrombin administration, and was
significantly attenuated in simvastatin-
treated ECs (Figure 4C). However, silencing
of claudin-5 had no effect on either the
degree of barrier disruption induced by
thrombin or the degree of protection
conferred by simvastatin. In separate
experiments with identical experimental
conditions, measurement of FITC–dextran
across EC monolayers grown in transwell
inserts also did not identify a significant
effect of claudin-5 silencing on EC barrier
function (Figure 4D).

As TER is an indirect measurement of
barrier function, and the FITC–dextran
used was a particularly large molecule
(2,000 kD), we next studied the role of
claudin-5 in EC barrier regulation assessed
by transwell flux of the low–molecular
weight marker, sodium fluorescein (376
Da). Although silencing of claudin-5 did
not affect a significant change in

Figure 5. Silencing of claudin-5 attenuates simvastatin protection against LPS-induced lung vascular
leak of low–molecular weight molecules in vivo. (A) Mice were administered siCLN5 (10 mg/kg, 3 d) or
nsRNA via intratracheal injection before pretreatment with simvastatin (20 mg/kg via intraperitoneal
injection, 16 h), followed by intratracheal LPS (1.25 mg/ml, 24 h). In select animals, whole-lung
homogenates were subjected to Western blotting for claudin-5 to confirm silencing (representative
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permeability at baseline, it did result in
both a significant increase in thrombin-
induced permeability and a significant
attenuation of simvastatin protection
(Figure 4E).

Claudin-5 as a Mediator of Murine ALI
Protection by Simvastatin
Having confirmed a size-selective effect of
claudin-5 on EC barrier regulation in vitro,
we sought to confirm a role for claudin-5 in
simvastatin-mediated murine ALI
protection. Mice were initially administered
10 mg/kg siRNA specific for claudin-5
(siCLN5) or nsRNA via intratracheal
injection, and lungs were harvested from
select animals for Western blotting of
homogenates to confirm claudin-5
knockdown. After siRNA administration,
animals were either untreated or pretreated
with simvastatin (20 mg/kg via
intraperitoneal injection, 16 h) and then
received intratracheal LPS. Consistent with
our prior report (1), these studies
confirmed a significant protective effect of
simvastatin on LPS-induced increases in
BAL fluid cell counts and total protein
levels at 24 hours, but there was no
significant difference between mice treated
with siCLN5 and nsRNA-treated control
animals (data not shown). Notably,
Western blotting of whole-lung
homogenates demonstrated a significant
decrease in claudin-5 protein levels
associated with siCLN5 treatment relative
to the respective untreated or simvastatin-
treated controls that received nsRNA
(Figures 5A and 5B).

To assess a potential effect of claudin-5
on lung vascular permeability to small
molecules in our ALI model, mice were
administered sodium fluorescein (1 mg/ml)
via the IJ vein 24 hours after LPS, and BAL
was collected 1 hour later. These studies
confirmed a significant attenuation of LPS-

induced BAL fluid sodium fluorescein
content by simvastatin that was attenuated
in animals treated with siCLN5 (Figure 5C).
Notably, siCLN5 had no effect on baseline
or LPS-induced BAL sodium fluorescein
levels in animals that did not receive
simvastatin.

Finally, in subsequent experiments
under the same conditions, Hoechst stain
H33258 (562 Da) was injected (IJ) 24 hours
after LPS, and lungs were then flushed and
harvested after 2 hours. Fluorescent
microscopy confirmed a significant
extravasation of Hoechst in LPS-treated
animals that was markedly attenuated by
simvastatin pretreatment (Figures 5D and
5E). However, this effect of simvastatin was
partially reversed in animals also treated
with siCLN5.

Discussion

The potential role for statins in the
treatment of ALI is an area of ongoing
investigation, and is supported by abundant
in vitro data (2, 3, 13), findings in animal
models (1, 14–17), numerous observational
reports involving relevant patient
populations (18–21), as well as data from
recent human studies (22, 23). These drugs
are recognized to have pleiotropic
properties, including numerous direct
effects on EC signaling and activation. In
this study, we further elucidate the
remarkably complex effects of statins as
they relate to their therapeutic potential in
ALI, and characterize claudin-5 as a critical
mediator of the protective properties of
simvastatin in a murine model of ALI.

The endothelial barrier regulates
permeability to fluid, proteins, and
inflammatory cells via two distinct
pathways: the paracellular pathway, which
plays a prominent role in these functions,

and the transcellular pathway (24). The
paracellular pathway is regulated largely by
tight junctional complexes comprised of
two types of transmembrane proteins,
occludins and claudins (25). The claudins
represent a family of more than 20 proteins,
20–24 kD in size, characterized by four
transmembrane domains, two extracellular
loops, and two cytoplasmic tails. Their
ability to regulate tight junctions is
evidenced by the sensitive response to cell
conductance and permeability to charged
molecules affected by changes in claudin
expression or by specific claudin mutations
(26, 27). Claudins can also regulate cell
permeability via size selectivity, as
evidenced by increased permeability of
small molecules (, 800 Da) across the
blood–brain barrier of mice deficient in
claudin-5 (6).

Despite the important role of claudins
as regulators of tight junctional complexes
and cell permeability, the role of claudin-5
in the increased vascular permeability
associated with ALI remains poorly
characterized. In a murine model of
acroelin-induced ALI, decreased lung
claudin-5 expression was found to be
associated with increased susceptibility to
injury (8). In a separate study, human lung
microvascular ECs transfected with
a replication-deficient human influenza
virus were found to have increased
permeability in association with increased
degradation of claudin-5 (28). The
functional role of claudin-5 in these studies,
however, was not investigated.

We previously reported the protective
effects of simvastatin in a murine model of
ALI (1). These effects are associated with
EC barrier protection conferred by
simvastatin and mediated by differential
Rho GTPase activation (2), inhibition of
superoxide generation via reduced
nicotinamide adenine dinucleotide
phosphate oxidase (3), and the up-
regulation of integrin-b4 (2). However,
circumstantial evidence of a role for
claudin-5 in ALI protection by statins is
suggested by increased expression of EC
claudin-5 in response to statin treatment (7,
29). Moreover, a functional link between
statins and claudin-5 is suggested by statin
regulation of integrin-b1 (30, 31), which
has been identified as a mediator of
increased vascular permeability via effects
on claudin-5 (32).

This study demonstrates, for the first
time, a role for claudin-5 on size-selective

Figure 5. (Continued). blots shown). (B) Densitometry confirmed a significant increase in whole-lung
claudin-5 expression in response to simvastatin and decreased claudin-5 expression in animals
treated with siCLN5 that was not affected by simvastatin treatment (*P, 0.05, n = 3/group). (C) Mice
were then administered sodium fluorescein (1 mg/ml) via the internal jugular (IJ) vein 24 hours after
LPS, and bronchoalveolar lavage (BAL) was collected 1 hour later (*P , 0.05 compared with LPS
control animals transfected with nsRNA and pretreated with simvastatin; n = 3/group). (D) In sub-
sequent experiments under the same conditions, Hoechst stain H33258 (562 Da) was injected (IJ)
24 hours after LPS and lungs were then harvested after 2 hours. Fluorescent microscopy was used to
assess extravasation of Hoechst into the lung (representative images shown). Scale bar, 3200. (E)
Quantification (ImageJ; National Institutes of Health, Washington, DC) confirmed a significant increase
in LPS-induced Hoechst stain extravasation in simvastatin-treated animals that were pretreated with
siCLN5 compared with animals treated with control siRNA (*P , 0.05, n = 3/group). Results are
expressed as means (6 SE).
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lung vascular permeability in ALI, and
strongly suggests that the attenuation of
agonist-induced EC permeability to small
molecules by simvastatin, both in vitro and
in vivo, is mediated by claudin-5. Moreover,
evidence of membrane translocation of VE-
cadherin in response to simvastatin and
increased phosphorylation of FoxO1 is
consistent with the observed increase in
claudin-5 expression as the down-
regulation of FoxO1, a transcriptional
repressor of claudin-5, is mediated by its
phosphorylation via PI3K-Akt in response
to VE-cadherin clustering at the cell
membrane (9). Notably, although it has
been reported that b-catenin serves to
augment FoxO1 binding to the claudin-5
promoter, and thus acts as a transcriptional
repressor in this context (9), our results
indicate that silencing of b-catenin is
associated with a marked decrease in
claudin-5 protein expression, suggesting
that phosphorylated b-catenin is, in fact,
a transcriptional activator of claudin-5.
This is consistent with the known role of

b-catenin in the transcriptional activation
of other genes (33, 34). Accordingly,
additional studies aimed at further
characterizing the regulation of claudin-5
by both FoxO1 and b-catenin, as well as
their functional interactions with each
other, are needed.

A potential limitation of our study is
the use of siRNA delivery in vivo via
intratracheal administration, which raises
questions regarding cell specificity. Although
this approach is not specific for targeting of
lung ECs, we were able to confirm both
significant knockdown of whole-lung
claudin-5 expression as well as significant
effects on simvastatin-mediated ALI
protection, thus strongly implicating a novel
role for claudin-5 in this context. Moreover,
as we have previously reported, there is
evidence to suggest that the naked delivery
of siRNA via intratracheal injection does, in
fact, target lung ECs without evidence of
marked nonspecific effects otherwise (12).

Although our findings are consistent
with increased lung vascular permeability to

small molecules associated with claudin-5
knockdown in our mouse model, we did not
observe a significant effect on lung vascular
permeability to inflammatory cells or large
proteins, which raises the question as to the
clinical significance of these observations.
This is an important area of future
investigation, although we speculate that
these effects are relevant to the complex
pathobiology of ALI, perhaps, for example,
via increased paracellular flux of
microparticles that contribute to injury (35).
Accordingly, it is certainly possible that
strategies aimed at augmenting either
claudin-5 expression directly or upstream
signaling pathways may lead to novel and
effective therapies for patients with ALI.
Our results also further bolster the
justification for clinical trials, some of
which are currently underway, to evaluate
the efficacy of statins as a treatment in these
patients. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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