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Oxidative stress is an importantpartofhost innate immuneresponse
to foreign pathogens, such as bacterial LPS, but excessive activation
of redox signaling may lead to pathologic endothelial cell (EC) ac-
tivation and barrier dysfunction.Microtubules (MTs) play an impor-
tant role in agonist-induced regulation of vascular endothelial
permeability, but their impact in modulation of inflammation and
EC barrier has not been yet investigated. This study examined the
effects of LPS-induced oxidative stress on MT dynamics and the
involvement of MTs in the LPS-induced mechanisms of Rho activa-
tion, EC permeability, and lung injury. LPS treatment of pulmonary
vascular EC induced elevation of reactive oxygen species (ROS) and
caused oxidative stress associated with EC hyperpermeability, cyto-
skeletal remodeling, and formation of paracellular gaps, as well as
activation of Rho, p38 stress kinase, and NF-kB signaling, the hall-
marks of endothelial barrier dysfunction. LPS also triggered ROS-
dependent disassembly of the MT network, leading to activation of
MT-dependent signaling. Stabilization of MTs with epothilone B, or
inhibition of MT-associated guanine nucleotide exchange factor
(GEF)-H1 activity by silencing RNA-mediated knockdown, suppressed
LPS-induced EC barrier dysfunction in vitro, and attenuated vascular
leak and lung inflammation in vivo. LPS disruptive effects were linked
toactivationofRhosignalingcausedby LPS-inducedMTdisassembly
and release of Rho-specific GEF-H1 from MTs. These studies dem-
onstrate, for the first time, the mechanism of ROS-induced Rho
activation via destabilization of MTs and GEF-H1–dependent acti-
vation of Rho signaling, leading to pulmonary EC barrier dysfunc-
tion and exacerbation of LPS-induced inflammation.
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Increased capillary endothelial permeability, along with reduced
alveolar liquid clearance capacity, are major pathologic mecha-
nisms of pulmonary edema and its life-threatening complication,
the acute respiratory distress syndrome.Mechanisms of endothelial
cell (EC) permeability involve dynamic cytoskeletal changes, as-
sembly and disassembly of cell–cell junctions, and signaling cross-
talk between various cytoskeletal compartments, such as actin
networks and microtubules (MTs) (see review in Refs. 1 and 2).
It also becomes evident that the cell cytoskeleton plays an impor-
tant role in the modulation of inflammatory responses. Activation
of vascular endothelium by inflammatory mediators increases ex-
pression of cell adhesion molecules (intercellular adhesion mole-
cule [ICAM]-1, vascular cell adhesion molecule, E-selectin),
which trigger adhesion and tissue transmigration of activated neu-
trophils (3–5). These events escalate general lung inflammation.

Oxidative stress resulting from activation of cellular reactive
oxygen species (ROS) production is a part of the innate im-
mune response to foreign pathogens, such as gram-negative
bacterial cell wall LPS, and serves as an important mechanism
leading to elimination of bacteria. However, uncontrolled ac-
tivation of ROS production can cause tissue damage, vascular
barrier dysfunction, and inflammation. Previous studies identi-
fied membrane/cytoplasmic (reduced nicotinamide adenine di-
nucleotide phosphate oxidase, xanthine oxidoreductase) (6–8)
and mitochondrial sources of LPS-activated ROS production
(9), and demonstrated redox-sensitive activation of inflamma-
tory signaling, including stress-activated mitogen-activated protein
kinases (MAPKs) and NF-kB complex, which further contrib-
ute to the mechanisms of inflammation and endothelial barrier
dysfunction.

We have demonstrated previously that agonist-induced MT
disassembly leads to EC permeability, and release of MT-bound
Rho GTPase-specific guanine nucleotide exchange factor (GEF)-
H1 triggers a Rho-dependent pathway of actin cytoskeletal re-
modeling and EC hyperpermeability (10). However, the impact
of inflammatory agonist-induced oxidative stress on MT cytoskel-
etal dynamics, MT-associated signaling, and MT-dependent reg-
ulation of EC inflammatory response has not been investigated.

This study tested a hypothesis that LPS-induced oxidative
stress may affect MT stability and stimulate alterations in EC per-
meability and inflammatory signaling via a GEF-H1–dependent
mechanism. We used functional, biochemical, imaging, and molec-
ular approaches to characterize LPS-induced changes inMT dynam-
ics, GEF-H1 release, and the resulting activation of inflammatory
signaling and barrier dysfunction in pulmonary ECs, and evalu-
ated the role of GEF-H1 in the LPS-induced lung injury in vivo.

MATERIALS AND METHODS

Reagents and Cell Culture

Human pulmonary macrovascular ECs (HPAECs) were obtained
from Lonza (Allendale, NJ). Antibodies to di-phospho–myosin light
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CLINICAL RELEVANCE

In pulmonary endothelium, LPS-induced reactive oxygen
species production causes disassembly of microtubule (MT)
network and dissociation of Rho-specific guanine nucleotide
exchange factor (GEF), GEF-H1, fromMTs, which leads to
its activation and stimulation of Rho signaling. Activated
Rho promotes activation of stress-induced mitogen-activated
protein kinases and NF-kB inflammatory cascade, thus lead-
ing to endothelial cell barrier dysfunction, increased IL-8
production, intercellular adhesion molecule-1 expression, and
IL-8–mediated neutrophil migration. The results of this study
suggest that therapeutic strategies directed at mitigation
of oxidative stress, stabilization of MTs, and suppression
of GEF-H1 activities in the settings of acute lung injury
may be a promising direction for future drug design.
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chain (MLC), phospho-p38 MAPK, phospho–heat shock protein (HSP)
27, IkBa, NF-kB, and GEF-H1 were from Cell Signaling (Beverly, MA);
phospho–vascular endothelial (VE)-cadherin and ICAM1 were from
Santa Cruz Biotechnology (Santa Cruz, CA); phospho-MLC phospha-
tase was from Millipore (Billerica, MA); phospho-tau antibodies were
from Invitrogen (Carlsbad, CA). Epothilone B was purchased from
EMD Chemicals (La Jolla, CA). Reagents for immunofluorescence
were purchased from Molecular Probes (Eugene, OR). Unless speci-
fied, all biochemical reagents were obtained from Sigma (St. Louis,
MO).

Measurements of transendothelial electrical resistance (TER) were
performed using an electrical cell-substrate impedance sensing system
(Applied Biophysics, Troy, NY) (11, 12).

ROS measurement was performed using the Image-iT LIVE Green
ROS Detection Kit fromMolecular probes (Eugene, OR), according to
the manufacturer’s recommendations.

MT Fractionation and Western Blot

Isolation of polymerized MTs was performed as previously described
(13, 14). Isolation of MT-enriched fraction was performed as de-
scribed elsewhere (15, 16). Protein extracts were separated by
SDS-PAGE, transferred to polyvinylidene difluoride membranes,
and incubated with specific antibodies. Equal protein loading was
verified by reprobing of membranes with b-tubulin or b-actin anti-
bodies. Immunoreactive proteins were detected using the enhanced
chemiluminescent detection system (Amersham, Little Chalfont,
UK).

Immunofluorescence Staining and Image Analysis

Immunofluorescence staining ofMTs and actin filaments was performed
as previously described (11, 12, 17). Slides were analyzed using Nikon
video-imaging system (Nikon Instech, Tokyo, Japan). Images were
processed using Adobe Photoshop 7.0 software (Adobe Systems, San
Jose, CA).

Neutrophil Migration and IL-8 Assays

Neutrophil chemotaxis was measured in a 96-well chemotaxis chamber
(Neuroprobe, Gaithersburg, MD), as described previously (18). Con-
centration of IL-8 was measured using an ELISA kit available from
R&D Systems (Minneapolis, MN).

Silencing RNA. Knockdown of GEF-H1 in EC culture and
in vivo was performed using predesigned standard purity StealthTM
GEF-H1–specific silencing (si)RNA sets (Invitrogen, Carlsbad, CA);
as previously described (11, 19). Nonspecific, nontargeting RNA
(Dharmacon, Lafayette, CO) was used as a control treatment for
in vitro and in vivo experiments.

Animal Studies

All animal care and treatment procedures were approved by the Uni-
versity of Chicago Institutional Animal Care and Use Committee.
Animals were handled according to the National Institutes of Health
guidelines. Male C57BL/6J mice (Jackson Laboratories, Bar Harbor,
ME) were anesthetized and bacterial LPS (0.63 mg/kg; Escherichia
coli O55:B5, intratracheally) or sterile water was injected with or
without epothilone B (4 3 1026 mol/kg, intravenously) or N-acetyl
cysteine (NAC) (2.5 3 1023 mol/kg, intravenously). In experiments
with siRNA, GEF-H1–specific or nonspecific siRNA (2 mg/kg) were
intravenously injected 72 hours before LPS administration. After 18
hours, animals were killed under anesthesia. Bronchoalveolar lavage
(BAL) was performed as previously described (20, 21).

Statistical Analysis

Results are expressed as means (6SD) of three to eight independent
experiments. Stimulated samples were compared by unpaired Student’s
t test. For multiple-group comparisons, one-way ANOVA and post hoc

multiple comparisons tests were used, and results with P values less
than 0.05 were considered statistically significant.

RESULTS

Role of Oxidative Stress in LPS-Induced Endothelial

Barrier Dysfunction

LPS challenge induced sustained activation of ROS production,
with a modest increase observed at 0.5 hour and pronounced
ROS production observed after 5 hours of LPS challenge. This
result correlated with the time course of LPS-induced permeabil-
ity increase (Figure 1). Pretreatment with ROS scavenger,
NAC, inhibited ROS production in response to LPS (Figure
1A), and significantly attenuated LPS-induced EC hyperperme-
ability detected by measurements of TER (Figure 1B).

ROS scavenging by NAC prevented LPS-induced actin cyto-
skeletal remodeling. Immunofluorescence staining of actin cyto-
skeleton performed after 5 hours of LPS treatment at the time point
corresponding to pronounced EC barrier dysfunction showed
LPS-induced actin stress fiber formation and disruption of
EC monolayer integrity, indicated by paracellular gaps (Figure
1C). These changes were markedly reduced by cell pretreatment
with NAC. NAC also attenuated LPS-induced VE-cadherin
phosphorylation at Y731 (Figure 1D), known to promote dis-
assembly of VE-cadherin containing cell–cell adhesive com-
plexes (22, 23).

Analysis of cell signaling showed that NAC inhibited LPS-
induced phosphorylation of myosin-binding subunit of myosin-
associated phosphatase type 1 at the Rho kinase–specific site,
Y850, and decreased MLC phosphorylation. It also suppressed
p38 MAPK cascade, detected by decreased phosphorylation of
p38 MAPK and its cytoskeletal target, HSP27, and inhibited
NF-kB signaling, as detected by reduced degradation of IkBa-
inhibitory subunit (Figure 1E). Collectively, these data empha-
size a role of oxidative stress in the development of pulmonary
EC barrier failure in response to LPS.

Oxidative Stress Is Involved in LPS-Induced

MT Remodeling

MTs play an important role in the regulation of EC permeability
(10, 13, 24). The next series of experiments investigated effects
of LPS on MT network remodeling. In quiescent endothelium,
MT organized into a faint, uniformly distributed lattice network,
whereas LPS challenge caused pronounced MT disassembly (Fig-
ure 2A). LPS-induced changes in the pool of polymerized MTs
were further analyzed using biochemical methods. MT polymer-
izing agent, epothilone B, and depolymerizing agent, colchicine,
were used as positive and negative controls, respectively. Analysis
of the MT-enriched fraction (Figure 2B) showed that a majority of
tubulin in vehicle-treated cells was present in the polymerized
form (assembled MTs). In contrast, LPS-induced MT disassembly
detected by cell immunostaining correlated with decreased tubu-
lin content in the MT-enriched fraction and increased depolymer-
ized tubulin content in the cytosolic fraction. Remarkably, NAC
pretreatment preserved the MT network against LPS-induced dis-
assembly (Figures 2A and 2B).

The pool of stable MTs undergoes post-translational modifi-
cations, such as acetylation and detyrosination (25), which may
reflect stability of the MT network under particular conditions
(26–28). We analyzed a pool of acetylated and tyrosinated MTs
in the LPS-stimulated HPAECs. LPS treatment decreased the
pool of acetylated tubulin and increased the pool of tyrosinated
tubulin (Figure 2C). Similarly, LPS-induced reduction of acety-
lated tubulin was also observed in MT-enriched fractions (Figure
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2D). Remarkably, suppression of oxidative stress by NAC re-
stored levels of acetylated tubulin and decreased tubulin tyrosi-
nation in LPS-treated ECs (Figures 2C and 2D).

Direct induction of oxidative stress in pulmonary EC cul-
tures by incubation with hydrogen peroxide demonstrated ef-
fects similar to LPS with regard to decreased polymerized
tubulin content and reduced acetylated tubulin pool (Figure
2E). Taken together, our results strongly suggest the direct
involvement of LPS-induced oxidative stress in the alteration
of MT network.

MT Disassembly Mediates LPS-Induced

Endothelial Permeability

The studies described subsequently here addressed involvement
of the observed MT remodeling in the development of LPS-
induced EC barrier dysfunction. In these experiments, LPS-
induced MT disassembly was prevented by cell pretreatment
with MT stabilizer, epothilone B. Control biochemical analysis
of the MT-enriched fraction confirmed preservation of the pool
of polymerized tubulin by epothilone B against LPS-induced
depolymerization (Figure 3A). Next, we analyzed the effects
of MT preservation by epothilone B on the LPS-induced EC
barrier disruption. Cell pretreatment with epothilone B attenu-
ated LPS-induced hyperpermeability (Figure 3B), stress fibers,
and paracellular gap formation (Figure 3C), and suppressed

LPS-induced activation of Rho, p38 MAPK, and NF-kB signal-
ing (Figure 3D).

Role of MT-Associated GEF-H1 in the Mechanisms

of LPS-Induced MT Disassembly

Because the activation state of Rho-specific GEF, GEF-H1,
depends on its association with MTs, and Rho signaling in turn
may additionally regulate MT dynamics (10, 29), we examined
the involvement of GEF-H1 in the LPS-induced MT changes
and EC barrier disruption. EC stimulation with LPS decreased
GEF-H1 content in the MT fractions. Importantly, ROS block-
ing by NAC or MT stabilization by epothilone B prevented
LPS-induced decrease in the GEF-H1 content observed in the
MT fractions (Figures 4A and 4B).

Molecular inhibition of GEF-H1 using siRNA-based knock-
down preserved the MT network in the LPS-treated ECs, as
compared with LPS-challenged cells transfected with nonspecific
RNA (Figure 4C). GEF-H1 knockdown also preserved the pool
of acetylated tubulin against LPS-induced deacetylation (Figure
4D). In addition, LPS induced phosphorylation of MT regula-
tory protein, Tau, at Rho kinase–dependent sites, S262 and S409,
which leads to Tau dissociation from MTs and MT destabiliza-
tion (30–32). This phosphorylation was inhibited by GEF-H1
knockdown (Figure 4D). These results demonstrate a positive
feedback mechanism of additional MT disassembly by GEF-H1–

Figure 1. Role of oxidative

stress in LPS-induced endothe-
lial barrier disruption. Human

pulmonary artery EC (HPAEC)

monolayers were pretreated

with vehicle or N-acetyl cyste-
ine (NAC; 1 3 1023 mol/L,

30 min) followed by LPS stim-

ulation (300 ng/ml). (A) Reac-

tive oxygen species (ROS)
production was measured in

live cells using fluorescent de-

tection assay, as described in

MATERIALS AND METHODS. Data
are expressed as means (6SD)

of three independent experi-

ments; *P , 0.05. (B) Mea-
surements of transendothelial

electrical resistance (TER) were

monitored over 20 hours using

an electrical cell-substrate im-
pedance sensing system. (C)

Analysis of actin cytoskeletal

rearrangement was performed

after 5 hours of LPS treatment
by immunofluorescence stain-

ing with Texas Red phalloidin.

Paracellular gaps are marked by
arrows. (D and E) Phosphoryla-

tion of VE-cadherin (D), myosin-

associated phosphatase type 1

(MYPT1), myosin light chain
(MLC), p38, and heat shock

protein (HSP) 27 (E) was deter-

mined by Western blot with

corresponding phospho-specific
antibodies. Degradation of IkBa was detected using pan IkBa antibodies. Equal protein loading was confirmed by determination of b-actin content in

total cell lysates. Results are representative of three to five independent experiments.
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dependent Rho activation, which can be inhibited by GEF-H1
suppression.

Effects of GEF-H1 inhibition were further tested in the
model of LPS-induced EC permeability. In comparison to
LPS-stimulated EC monolayers transfected with nonspecific
siRNA, GEF-H1 knockdown abolished the LPS-induced TER
decrease, suggesting preservation of EC barrier function (Fig-
ure 5A). Down-regulation of GEF-H1 expression also atten-
uated cytoskeletal remodeling and intracellular signaling in
response to LPS, characterized by a reduced number of

paracellular gaps (Figure 5B), decreased VE-cadherin phos-
phorylation leading to preservation of cell–cell junctions, and
inhibition of LPS-induced Rho, p38 MAPK, and NF-kB cas-
cades (Figure 5C).

Role of MTs in LPS-Induced Inflammatory

Endothelial Activation

Endothelial activation by inflammatory agonists plays an impor-
tant role in the development of acute lung injury (ALI), because

Figure 2. Role of oxidative

stress in LPS-induced microtu-

bule (MT) remodeling. Human

pulmonary artery endothelial
cells (HPAECs) were pretreated

with vehicle or NAC (1 3 1023

mol/L, 30 min) followed by
LPS (300 ng/ml). In control

experiments, cells were trea-

ted with epothilone B (EpoB;

1 3 1028 mol/L) or colchicine
(Colch; 13 1026 mol/L) for 30

minutes. (A) MT structure was

analyzed by immunofluores-

cence staining for b-tubulin. In-
sets indicate high-magnification

images of peripheral MT net-

work. (B) Fractionation assay

was performed and content
of polymerized tubulin in MT-

enriched fraction and depoly-

merized tubulin in cytosolic
fraction was determined by

Western blotting with b-tubulin

antibodies. (C) Pools of acety-

lated MTs and tyrosinated MTs
were determined in whole-cell

lysates. Equal tubulin content

was confirmed by probing of

membranes for b-tubulin. (D)
Effects of NAC on LPS-induced

alteration of stable MTs were

evaluated by Western blot anal-
ysis of MT-enriched fraction with

antibodies against acetylated tu-

bulin. Equal tubulin expression

was confirmed by detection of
b-tubulin in total cell lysates.

(E) Effect of H2O2 (1 3 1024

mol/L, 15 min) on MT structure

was analyzed by immunofluo-
rescence staining (upper panel),

determination of polymerized

tubulin content in MT-enriched

fraction (lower left panel), and
detection of acetylated tubulin

in total cell lysates (lower right

panel). Results are representa-
tive of three to six independent

experiments.
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it stimulates neutrophil adhesion to the vascular ECs, followed
by neutrophil transmigration through EC monolayer, and neu-
trophil infiltration to the lung parenchyma. We evaluated a role
of MTs in LPS-induced endothelial activation. ICAM-1 is an en-
dothelial surface adhesionmolecule involved in neutrophil adhe-
sion to the activated endothelium. LPS increased expression of
ICAM-1 in the HPAECs, and this effect was significantly atten-
uated by EC pretreatment with NAC, MT stabilization by epo-
thilone B, or siRNA-based GEF-H1 knockdown (Figures 6A
and 6B).

Because LPS-induced production of proinflammatory cyto-
kines by vascular endothelium is important for neutrophil trans-
migration as a second step of LPS-induced polymorphonuclear
leukocytes (PMN) infiltration in the lung, we examined the role
of MT stabilization and ROS inhibition on LPS-induced IL-8 pro-
duction. LPS markedly increased IL-8 production by pulmonary
ECs, which was significantly attenuated by pretreatment with epo-
thilone B or NAC (Figure 6C). Next, we evaluated effects of pre-
conditioned medium collected from LPS-stimulated EC cultures on
directed neutrophil migration. LPS stimulation of EC cultures
significantly increased neutrophil migration response to precondi-
tioned medium from LPS-stimulated ECs, whereas EC pretreat-
ment with epothilone B or NAC during LPS challenge suppressed
neutrophil migration response (Figure 6D). Control PMN migra-
tion experiments using the same LPS dose added to fresh, nonpre-
conditioned culture medium showed background PMN migration
rates compared with vehicle control (data not shown). Collectively,
these data suggest potent protective effects of MT stabilization
against activation of inflammatory signaling in pulmonary endothe-
lium induced by LPS.

Role of MTs in the Development of LPS-Induced Lung

Injury In Vivo

The role ofMT-associated signaling was further tested in the sep-
tic model of ALI induced by intratracheal instillation of LPS.
C57BL6 mice were challenged with LPS for 18 hours with or
without epothilone B treatment, and lung injury was assessed
by analysis of protein content and cell count in BAL fluid. Intra-
tracheal LPS instillation caused pronounced increase in BAL
protein concentration, total cell counts, and neutrophil counts (Fig-
ure 7A). Intravenous injection of epothilone B significantly de-
creased BAL protein content and reduced total and neutrophil
cell counts in LPS-treated mice. In keeping with cell culture stud-
ies, MT stabilization also inhibited LPS-induced IkBa degradation
and ICAM1 expression (Figure 7B), which was detected by West-
ern blot analysis of lung tissue homogenates. We also evaluated
the levels of acetylated tubulin, which represents a pool of stable
MTs, in the lungs of mice exposed to LPS with and without NAC
cotreatment. NAC markedly attenuated LPS-induced decrease in
the acetylated tubulin content in the lung extracts (Figure 7C).

In the next studies, we performed in vivo knockdown of GEF-
H1 using an siRNA approach. Mice were transfected with nonspe-
cific or GEF-H1–specific siRNA for 72 hours, followed by LPS
instillation for 18 hours. Similar to nontransfected animals (Figure
7A), in mice transfected with nonspecific RNA, LPS caused
a prominent increase in BAL and protein concentration and total
cell and neutrophil counts (Figure 7D), whereas GEF-H1 knock-
down abolished these effects. Analysis of lung tissue samples
also revealed a protective effect of GEF-H1 down-regulation
against LPS-induced IkBa degradation and ICAM1 expression
(Figure 7E). These results demonstrate the critical role of

Figure 3. Effect of MT stabili-

zation on LPS-induced EC bar-
rier dysfunction. HPAECs were

pretreated with vehicle or epo-

thilone B (1 3 1028 mol/L,

30 min) followed by LPS
(300 ng/ml) stimulation. (A)

Content of polymerized tubu-

lin in MT-enriched fraction

was determined by Western
blot analysis with b-tubulin

antibodies. Equal tubulin ex-

pression was confirmed by de-

tection of b-tubulin in total
cell lysates. (B) TER measure-

ments were performed over

15 hours. (C) Actin cytoskele-
tal remodeling after 5 hours of

LPS treatment was examined

by immunofluorescence stain-

ing with Texas Red–conjugated
phalloidin. Paracellular gaps are

marked by arrows. (D) Phos-

phorylation of MLC and HSP27,

or IkBa content was analyzed by
Western blotting. Equal protein

loading was confirmed by deter-

mination of b-actin content in
total cell lysates. Shown are rep-

resentative results of three to five

independent experiments.
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MT-associated GEF-H1–dependent signaling in the development
of septic inflammation and vascular endothelial barrier dysfunc-
tion in cell culture and animal models of LPS-induced lung injury.

DISCUSSION

A role of redox signaling in the activation of inflammatory pathways
in the lungs upon LPS challenge is well recognized (33–35). The
canonical pathway of NF-kB cascade activation by LPS involves
activation of Toll-like receptor-4, leading to recruitment of the
adaptor molecules, MyD88, IL-1R–associated kinase, and TNF
receptor–associated factor 6, and activation of MAPKs, Jun amino-
terminal kinase, p38, and extracellular signal–regulated kinase 1/2
(ERK 1/2) and IkB kinase complex, a cytoplasmic inhibitor of
NF-kB (reviewed in Ref. 36). These cascades activate expres-
sion of inflammatory cytokines and surface adhesion molecules,
leading to neutrophil and monocyte adhesion to vascular endo-
thelium, extravasation, and activation of tissue inflammation.

In addition to this canonical pathway, LPS activates ROS pro-
duction (7, 37, 38) and Rho signaling (39–42), and these mech-
anisms further enhance LPS-induced NF-kB and stress kinase
activation. A recent report by Zhang and colleagues (43) shows
Rho activation downstream of ROS production; however, the ex-
act mechanism of this signaling sequence remained unclear. This
study demonstrates, for the first time, the mechanism of activation
of Rho signaling by LPS, which involves ROS-dependent MT de-
stabilization and release of MT-associated GEF-H1. These events
stimulate Rho-dependent EC permeability and activation of NF-kB
cascade and p38 stress MAPK signaling.

LPS-induced MT disassembly was documented by immuno-
fluorescence microscopy and additionally verified by a decreased
pool of polymerized tubulin detected in a sedimentation assay.
LPS also decreased the pool of stableMTs, as judged by decreased
content of acetylated tubulin (26), and increased the pool of un-
stable (tyrosinylated) MTs (44). Both the ROS quencher, NAC,
and MT stabilizer, epothilone B, prevented the LPS-induced

Figure 4. Role of MT-associated

guanine nucleotide exchange
factor (GEF)-H1 in LPS-induced

MT alteration. ECs were pre-

treated with vehicle, NAC
(1 3 1023 mol/L, 30 min), or

epothilone B (1 3 1028 mol/L,

30 min), followed by LPS

(300 ng/ml) stimulation for 5
hours. (A and B) GEF-H1 con-

tent in MT-enriched fraction

(A) or polymerized MT fraction

(B) was determined by West-
ern blot analysis with specific

antibodies. Equal tubulin con-

tent was confirmed by detec-
tion of b-tubulin in total cell

lysates. (C–E) Human pulmo-

nary ECs were transfected with

GEF-H1–specific siRNA or non-
specific RNA followed by LPS

stimulation. MT structure was

analyzed by immunofluores-

cence staining for b-tubulin.
Insets represent high-magnifi-

cation images of peripheral

MT network (C). Pool of stable

MTs was determined by West-
ern blot analysis with antibodies

against acetylated tubulin. Equal

tubulin content was confirmed
by probing of membranes with

b-tubulin antibodies (D). Tau

phosphorylation after LPS chal-

lenge was analyzed by Western
blot with specific antibodies.

Equal protein loading was con-

firmed by determination of b-

actin content in total cell lysates.
Shown are representative results

of three to four independent

experiments.
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MT disassembly and attenuated LPS-induced EC permeability.
Collectively, these results suggest the direct link between redox-
dependent control of the pool of polymerized MTs, Rho signal-
ing, activation of NF-kB, and p38 stress kinase and EC barrier
properties. In LPS-stimulated ECs, the MT-stabilizing effect of
NAC was comparable to epothilone B. These data suggest that
intrinsic redox signaling may serve as a critical regulator of
MT dynamics and MT-dependent cellular processes. These in-
teresting aspects of ROS-dependent regulation of cell functions
require further investigation.

MT-associated Rho activator, GEF-H1, has been implicated in
the activation of Rho signaling, contractile cell morphology, and
EC permeability (10, 45, 46). Our results show LPS-induced re-
lease of GEF-H1 from MTs, which leads to its activation (29).
GEF-H1 release from MT cytoskeleton was attenuated by NAC
and epothilone B, and correlated with attenuation of LPS-
induced EC permeability, p38 and NF-kB activation, ICAM-1
and IL-8 expression, and neutrophil adhesion to activated ECs.
These results strongly support the mechanism of MT-dependent
control of Rho signaling, EC permeability, and innate immunity
response to LPS. It has been noted before that NF-kB, ERK 1/2,
and p38/MK-2 MAPK pathways may be directly regulated in a
redox-sensitive manner (37, 47, 48). The results of this study do not
exclude this mechanism, but provide an additional MT-dependent
mechanism of inflammatory signaling regulation by release and
activation of MT-bound GEF-H1.

Knockdown of GEF-H1 using an siRNA approach attenuated
LPS-induced EC permeability, stress fibers and paracellular gap
formation in EC monolayers, decreased phosphorylation of
MLC, VE-cadherin, p38 stress kinase target, HSP-27, and
suppressed LPS-induced degradation of the NF-kB inhibitory

subunit, IkBa. As a result, GEF-H1 knockdown suppressed
LPS-induced activation of ICAM-1 and IL-8 expression and neu-
trophil adhesion. Interestingly, besides effects on EC permeabil-
ity, GEF-H1 knockdown also partially suppressed LPS-induced
MT disassembly and prevented a decline in the stable (acety-
lated) MT pool. These results suggest a positive feedback mech-
anism of MT control by GEF-H1. Tau is another MT-associated
protein that stabilizes polymerized MTs, whereas tau phos-
phorylation by several kinases decreases its capacity to bind
MTs and leads to MT disassembly (30, 31). Tau amino acid
residues Ser262 and Ser409 have been identified as Rho kinase–
mediated phosphorylation sites (32), and our previous studies
demonstrated that Rho kinase–mediated tau phosphorylation
decreased MT assembly (13, 14). Our results show LPS-induced
tau phosphorylation at Ser262 and Ser409, which was abolished by
GEF-H1 knockdown. In agreement with the role of tau in the
MT stabilization, inhibition of Rho kinase–mediated tau phos-
phorylation as a result of GEF-H1 knockdown also partially
prevented MTs from LPS-induced disassembly. These data
suggest the positive feedback activation of Rho signaling via
the following mechanism: LPS-induced partial MT disassem-
bly → dissociation and activation of GEF-H1 → stimulation
of Rho-Rho kinase → phosphorylation of tau → further desta-
bilization of MT cytoskeleton → additional GEF-H1 release
and propagation of Rho signaling. It is also important to note
that initiation, plateau, and resolution phases of inflammatory
response are controlled by multiple and complex mechanisms.
Subsiding inflammation leads to reduction of ROS production,
which reverses ROS-induced MT instability, promotes the res-
toration of MT network structure, and increases the pool of
MT-bound (inactivated) GEF-H1. Thus, restoration of native

Figure 5. Role of MT-associated

GEF-H1 in LPS-induced MT al-

teration. HPAECs were trans-

fected with GEF-H1–specific or
nonspecific siRNA followed by

LPS (300 ng/ml) stimulation.

(A) TER measurements were
performed over 10 hours. (B)

Actin cytoskeletal remodeling

after 5 hours of LPS treatment

was examined by immunoflu-
orescence staining with Texas

Red–conjugated phalloidin.

Paracellular gaps are marked

by arrows. (C) Phosphorylation
profile of proteins, IkBa, or

GEF-H1 content was analyzed

by Western blotting. Equal pro-
tein loading was confirmed by

determination of b-actin con-

tent in total cell lysates. Shown

are representative results of
three to five independent

experiments.
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MT structure under normalized redox conditions may be very
rapid.

MT destabilization upon LPS treatment may also involve al-
ternative mechanisms and be controlled by ROS-dependent tu-
bulin oxidation. Tubulin oxidation demonstrated in cells treated
with certain anticancer agents was associated with reduced

tubulin polymerization (49, 50), although these additional mech-
anisms were not addressed in this study.

In addition to protective effects of MT stabilization and
GEF-H1 knockdown against LPS-induced permeability and in-
flammatory activation in pulmonary EC cultures, attenuation
of LPS-induced lung dysfunction and inflammation was also

Figure 6. Role of MTs in LPS-induced endothelial activa-
tion. (A) ECs were pretreated with vehicle, NAC (1 3 1023

mol/L, 30 min), or epothilone B (1 3 1028 mol/L, 30 min)

followed by LPS (300 ng/ml) stimulation for 5 hours. In-

tercellular adhesion molecule (ICAM)-1 expression was
detected by Western blot with specific antibodies. b-actin

staining was used as a normalization control. (B) HPAECs

were transfected with GEF-H1–specific or nonspecific
siRNA followed by LPS stimulation (300 ng/ml, 5 h).

ICAM-1 expression was detected by Western blot analysis.

Equal protein loading was confirmed by determination of

b-actin content in total cell lysates. (C and D) Cells were
pretreated with vehicle, NAC (13 1023 mol/L, 30 min), or

epothilone B (1 3 1028 mol/L, 30 min) followed by LPS

stimulation (20 ng/ml, 4 h). IL-8 production was deter-

mined in control and treated samples using an ELISA kit
(C). Neutrophil migration assay was performed as described

in MATERIALS AND METHODS (D). Data are expressed as means

(6SD) of five independent experiments; *P , 0.05.

Figure 7. Role of MTs in LPS-

induced lung injury. (A–C)
C57BL/6J mice were chal-

lenged with LPS (0.63 mg/kg,

intratracheally) with or with-
out concurrent intravenous in-

jection of epothilone B (4 3
1026 mol/kg, intravenously)

or NAC (2.5 3 1023 mol/kg).
Control animals were treated

with sterile saline solution or

epothilone B alone. (A) Protein

concentration, total cell count,
and neutrophil count were de-

termined in bronchoalveolar

lavage fluid collected 18 hours
after treatments. Data are

expressed as means (6SD)

(n ¼ 4–8 per condition); *P ,
0.05, as compared with LPS
treatment. (B) IkBa degrada-

tion and ICAM1 expression af-

ter LPS challenge with or

without epothilone B treat-
ment were determined in lung

tissue homogenates by West-

ern blot analysis with specific

antibodies. Equal protein load-
ing was confirmed by mem-

brane reprobing with b-tubulin

antibodies. (C) Levels of acety-
lated tubulin after LPS chal-

lenge with or without NAC

treatment were determined in

lung tissue homogenates by
Western blot analysis with spe-

cific antibodies. Equal protein loading was confirmed by membrane reprobing with b-tubulin antibodies. (D and E) Mice were transfected with nonspecific

or GEF-H1–specific siRNA for 72 hours followed by LPS (0.63 mg/kg, intratracheally) administration for 18 hours. (C) protein concentration, total cell count,

and neutrophil count were determined in bronchoalveolar lavage fluid. Data are expressed as means (6SD) (n ¼ 4–6 per condition; *P , 0.05). (D) IkBa
degradation and ICAM1 expression after LPS challenge were determined in lung tissue homogenates from nonspecific or GEF-H1–specific siRNA-treatedmice

by Western blot analysis. Equal protein loading was confirmed by membrane reprobing with b-tubulin antibodies.
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observed in mice with GEF-H1 knockdown or in LPS-challenged
mice treated with epothilone B or NAC. In agreement with these
data, treatment with another NAC-like antioxidant compound,
amifostine, was also protective against LPS-induced lung vascular
permeability and inflammation in vivo (21). Altogether, these
data demonstrate that prevention of LPS-induced MT destabili-
zation by antioxidants or direct stabilizers of MTs down-regulates
GEF-H1–dependent Rho signaling and contributes to both in-
creased vascular permeability and inflammatory effects of LPS.

Our results show direct involvement of GEF-H1 in the two
pathologic Rho-dependent cascades triggered by LPS: lung vas-
cular leak and inflammation. GEF-H1 inhibition has also been
observed to be protective in themodel of ventilator-induced lung
injury (46). Besides functional activation, expression levels of
GEF-H1 can be additionally stimulated by LPS (51), bringing
about an even more significant role for GEF-H1 in LPS-induced
lung dysfunction. Because these two conditions are often inter-
twined in clinical practice, and may lead to severe ALI/acute
respiratory distress syndrome and high mortality, pharmaco-
logic targeting of GEF-H1 may be strongly considered as a ther-
apeutic option. Taken together, these data strongly support the
novel mechanism of modulation of LPS-induced innate immune
response and lung injury in vivo via redox-dependent regulation
of MT stability and GEF-H1/Rho signaling.

In summary, this work describes a novel role of MTs in the
regulation of EC responses triggered by inflammatory agonists.
We have demonstrated, for the first time, the redox-sensitive
mechanism of Rho pathway activation by MT-associated GEF-
H1. Based on these results, we propose the following model of
MT-dependent signaling in LPS-treated ECs (Figure 8): LPS
treatment activates ROS production by ECs via activation of
reduced nicotinamide adenine dinucleotide phosphate oxidase
(6, 7) or xanthine oxidoreductase (8), which promotes partial
MT disassembly by yet-to-be-defined mechanisms; one mechanism
may involve direct tubulin oxidation. MT disassembly results in

dissociation of GEF-H1 from MTs and its activation, which
stimulates Rho signaling and Rho-dependent potentiation of
stress kinases and NF-kB cascade, thus leading to EC barrier
dysfunction, activation of IL-8 and ICAM-1 expression by
pulmonary ECs, and IL-8–mediated PMN migration. The
results of this study suggest that therapeutic strategies directed
at mitigation of oxidative stress, stabilization of MTs, and sup-
pression of GEF-H1 activities in the settings of ALI may be
a promising direction for future drug design.

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