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Increased Susceptibility to Acute Lung Injury via Histone
Deacetylase 6
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Abstract

Epidemiologic evidence indicates that cigarette smoke (CS) is associated
with the development of acute lung injury (ALI). We have previously
shown that brief CS exposure exacerbates lipopolysaccharide (LPS)-
induced ALI in vivo and endothelial barrier dysfunction in vitro. In this
study, we found that CS also exacerbated Pseudomonas-induced ALI
in mice. We demonstrated that lung microvascular endothelial cells
(ECs) isolated from mice exposed to CS had a greater permeability
or incomplete recovery after challenges by LPS and thrombin. Histone
deacetylase (HDAC)6deacetylates proteins essential formaintenanceof
endothelial barrier function.We found thatHDAC6phosphorylation at
serine-22was increased in lung tissues ofmice exposed toCS and in lung
ECs exposed to cigarette smoke extract (CSE). Inhibition of HDAC6
attenuated CSE-induced increases in EC permeability andCS priming
of ALI. Similar barrier protection was provided by the microtubule
stabilizer taxol, which preserved a-tubulin acetylation. CSE decreased
a-tubulin acetylation and caused microtubule depolymerization. In
coordination with increased HDAC6 phosphorylation, CSE inhibited
Akt and activated glycogen synthase kinase (GSK)-3b; these effects were
amelioratedby theantioxidantN-acetyl cysteine.Ourresults suggest that
CS increases lung EC permeability, thereby enhancing susceptibility to

ALI, likely through oxidative stress–induced Akt inactivation and
subsequentGSK-3b activation.ActivatedGSK-3bmayactivateHDAC6
via phosphorylation of serine-22, leading toa-tubulin deacetylation and
microtubule disassembly. Inhibition of HDAC6 may be a novel
therapeutic option for ALI in cigarette smokers.
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Clinical Relevance

Epidemiologic and animal studies have indicated that cigarette
smoking increases the risk of acute lung injury (ALI). However,
the contribution of lung endothelial cells (ECs) and underlying
mechanism are unknown. This study demonstrates that cigarette
smoke (CS) exposure alters histone deacetylase (HDAC) 6
signaling in lung ECs and that inhibition of this signaling
pathway protects against CS exacerbation of ALI and endothelial
permeability. These data suggest that inhibition of HDAC6 may
be a novel therapeutic option for ALI in cigarette smokers.

More than 20 million Americans died
prematurely as a result of cigarette smoke
(CS)–induced diseases in the last 50 years
(1). In addition to causing chronic

obstructive pulmonary disease (COPD) and
lung cancer, and increasing risk of heart
failure, stroke, and peripheral vascular
disease, CS also predisposes lungs to

infections by viruses (2) and bacteria (3–5).
Growing epidemiological evidence indicates
that CS also increases susceptibility to the
development of acute lung injury (ALI) and
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acute respiratory distress syndrome
(ARDS) in critically ill patients with trauma
or nonpulmonary sepsis (6–9). Active CS
also increases susceptibility to ARDS even
in younger, healthier patients (7). A
multicenter cohort study of 8,962 patients
in Australia and New Zealand reported that
smoking has a dose-related adverse effect
on mortality in critically ill patients after
adjusting for other confounders (10).
Compared with nonsmokers, smokers had
a longer intensive care unit stay and a
higher risk of requiring mechanical
ventilation and dying in hospital (10). ALI
and ARDS are characterized by lung
inflammation and loss of alveolar
endothelial and epithelial barrier integrity.
It is well known that CS causes lung
inflammation (11–13) and increases
alveolar epithelial permeability (14–16) in
human and animal models. Lung
inflammation and alveolar epithelial cell
injury has been shown to contribute to
CS-primed mechanical ventilation–induced
ALI in rats (17). However, the effect of CS
on pulmonary circulation, particularly lung
endothelial cells (ECs), is less clearly
documented. Chronic CS exposure causes
pulmonary endothelial dysfunction in
otherwise healthy young smokers (18) and
guinea pigs (19, 20). The injurious effect
of CS on pulmonary endothelium has
been implicated in the development of
pulmonary artery hypertension in patients
with COPD (21, 22). Pulmonary
endothelial denudation has also been
documented in chronic smokers with
COPD (23). We and others have
previously shown that CS increases
cultured lung endothelial monolayer
permeability in vitro (24–26) and
promotes lung vascular permeability in
mice (25). Increased vascular permeability
was also reported in myocardial capillaries
of rats exposed to CS (27). However, the
mechanism(s) of CS impact on lung ECs is
not well understood.

Endothelial barrier integrity is
regulated by the dynamic opening and
closure of intercellular adherens junctions
(AJs) (28, 29) and dynamics of F-actin
cytoskeleton and microtubules (30).
Tyrosine (Tyr) phosphorylation of two
major components of AJs, vascular
endothelial (VE)-cadherin and b-catenin, is
recognized as an important mechanism
of increased endothelial permeability by
promoting AJ disassembly (28, 31).
b-catenin deacetylation has also been

shown to cause b-catenin nuclear
translocation and AJ disassembly in
transformed cells (32). Cortactin promotes
actin polymerization and stabilizes
peripheral F-actin fibers, thus enhancing
endothelial barrier integrity (33, 34). An
intact microtubule network is critical for
maintenance of endothelial barrier integrity
(35–37). a-Tubulin is a building block of
microtubules. Acetylation of a-tubulin is
characteristic of microtubule stabilization.
CS extract (CSE) has been shown to cause
microtubule depolymerization in human
umbilical vein ECs (38). However, it is
unknown whether CS alters acetylation
status of proteins important in maintenance
of endothelial barrier integrity.

Histone deacetylase (HDAC) 6 is
ubiquitously expressed and predominantly
located in the cytoplasm (39). Inhibition of
HDAC6 has recently been proposed as a
novel, promising, therapeutic option for a
variety of disorders, including cilial
dysfunction (40), cardiac dysfunction (41),
Alzheimer’s disease (42, 43), depression
(44, 45), diabetes (46), and cancers (47).
HDAC6 inhibitors also attenuate
thrombin-induced EC permeability in vitro
(48) and abrogate LPS-induced ALI in mice
(49). HDAC6 knockout mice do not have a
visible abnormal phenotype (50), but are
also resistant to LPS-induced ALI (51).
However, the role of HDAC6 in CSE-
induced endothelial permeability and CS
priming of ALI has not been studied.
Overexpression of HDAC6 causes
global deacetylation of a-tubulin (39),
whereas HDAC6 knockout mice display
hyperacetylated a-tubulin (50), suggesting
that a-tubulin is a major target of HDAC6.
HDAC6 also deacetylates cortactin (52, 53)
and b-catenin (32). The objective of this
study was to determine the role of HDAC6
in CS priming for ALI.

In this study, we demonstrate that CS
increased HDAC6 phosphorylation in vivo
and in vitro. Inhibition of HDAC6 blunted
CSE-induced EC barrier dysfunction and
CS priming for LPS-induced lung edema.
Inhibition of HDACs also prevented ALI
induced by infection of Pseudomonas
aeruginosa. We further demonstrate a
novel mechanism by which CS increased
lung EC permeability and susceptibility
to ALI, likely through oxidative
stress–induced Akt inactivation and
subsequent glycogen synthase kinase
(GSK)-3b activation. Activated GSK-3b
may phosphorylate HDAC6 (serine [Ser]-

22), thus activating HDAC6, leading to
a-tubulin deacetylation and microtubule
disassembly. Inhibition of HDAC6 may
be a novel therapeutic option for ALI,
including CS priming of ALI.

Materials and Methods

Cells and Reagents
Primary bovine pulmonary artery ECs
(PAECs) were purchased from Vec
Technologies, Inc. (Rensselaer, NY) and
propagated in Eagle’s minimum essential
medium containing 10% FBS and sodium
pyruvate. Primary human lung microvascular
ECs (LMVECs) were purchased from
Lonza Inc. (Allendale, NJ) and propagated
in microvascular endothelial growth
medium-2 containing 5% FBS. All primary
ECs were used between passages 2 and 7 in
this study. LPS (Escherichia coli [055:B5]),
thrombin, Griffonia simplicifolia lectin,
N-acetyl cysteine (NAC), and antibodies
directed against acetylated a-tubulin,
phospho-HDAC6 (Ser22), and vinculin
were from Sigma-Aldrich (St. Louis, MO).
LPS was filtered with 0.2-mm filters.
Taxol and trichostatin A (TSA) were
purchased from Tocris (R&D Systems,
Minneapolis, MN); Tubacin was from
Enzo Life Sciences (Farmingdale, NY);
HDAC6 small interfering RNA (siRNA),
control siRNA, and antibodies directed
against actin and VE-cadherin were from
Santa Cruz Inc. (Santa Cruz, CA);
antibodies directed against HDAC6,
Akt, phospho-Akt (Ser473),
phospho–GSK-3b (Ser9), and a-tubulin
were from Cell Signaling Technologies
(Danvers, MA); antibody directed
against GSK-3b was from BD
Biosciences (San Diego, CA); acetylated
low-density lipoprotein (Ac-LDL) was
from Life Technologies (Waltham, MA);
and antibodies directed against von
Willebrand factor (vWF) were from Dako
(Carpinteria, CA). P. aeruginosa (strain:
PA103) was a kind gift from Dr. Troy
Stevens (University of South Alabama,
Mobile, AL) (54).

CS Exposure of Mice
All animal protocols were approved by
the Institutional Animal Care and Use
Committee of the Providence Veterans
Affairs Medical Center (Providence, RI)
and comply with the Health Research
Extension Act and the U.S. Public Health
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Service Policy. Male C57BL/6 mice (6–8
weeks old) and AKR mice (6 weeks old)
were continuously exposed to CS or room
air (RA) for 6 hours per day using a TE-10
mouse smoking machine (Teague
Enterprises, Woodland, CA) and 3R4F
reference cigarettes (University of
Kentucky, Tobacco Research Institute,
Lexington, KY), as we previously described
(25). The smoking chamber atmosphere
was monitored for total suspended
particles at a concentration of 120 mg/m3

by burning three cigarettes at a time. The
smoke was a mixture of sidestream
(89%) and mainstream (11%)
smoke.

Isolation of Mouse LMVECs
Male C57BL/6 mice (6 weeks old) were
exposed to RA or CS for 6 hours. After
overnight rest, cortical lung tissues from
five mice in each group were collected,
pooled, and enzymatically digested using a
mouse lung dissociation kit (Miltenyi
Biotec, San Diego, CA) and gentleMACs
Dissociator (Miltenyi Biotec, San Diego,
CA) protocols. Cell suspensions were
passed through a 70-mm mesh. The cells
were then incubated with mouse anti-CD45
microbeads (Miltenyi Biotec) for 15
minutes at 48C. CD451 cells (leukocytes)
were depleted using a MACS column and
magnetic field (Miltenyi Biotec). The
flowthrough from the column containing
CD452 cells was collected, washed, and
then incubated with mouse anti-CD31
microbeads (Miltenyi Biotec) for 15
minutes at 48C. CD311 cells were enriched
using a MACS column and magnetic field
(Miltenyi Biotec). CD311 cells were then
eluted from the column and resuspended
in MCDB131 complete media (Vec
Technologies). The freshly isolated cells,
referred to as passage (P) 0, were counted
(z203 106 cells/five mice) and plated
onto a T75 flask coated with 0.2% gelatin
and allowed to grow to 100% confluency
(usually z4–5 days). Culture media were
changed every day for the first 3 days of
culture and then every other day. Phase
images were taken each day for recording
purposes. The confluent P0 cells were
replated (referred to as P1) onto both
collagen-coated glass coverslips for
characterization and electrical cell
impedance sensor (ECIS; Applied
Biophysics, Troy, NY) arrays for
experiments.
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Figure 1. Cigarette smoke (CS) exacerbated acute lung injury (ALI) in vivo and increased lung
microvascular endothelial cell (LMVEC) permeability in vitro. (A and B) Male C57BL/6 mice (6–8 weeks
old) were exposed to room air (RA) or CS for 6 hours. After 1 hour of rest, mice were intratracheally
administered 53 103 CFU of Pseudomonas aeruginosa (PA103) or equal volume of saline as vehicle (V).
24 hours later, mice were killed and bronchoalveolar lavage (BAL) protein levels and inflammatory cell
counts were assessed. Four to six mice per group were used. The data are presented as the mean6
SE. ANOVA and Tukey-Kramer post hoc test was used to determine statistically significant difference
across means among groups. *P, 0.05 versus (RA1 V); zP, 0.05 versus (RA1 PA103); (C–E) 6-
week-old male C57BL/6 mice were exposed to RA or CS for 6 hours. After overnight rest, LMVECs
were isolated from cortical lung tissues, as described in MATERIALS AND METHODS. A fraction of the isolated
cells at passage (P) 1 were characterized by fluorescent microscopy (C) using EC markers, including
acetylated low-density lipoprotein (Ac-LDL) uptake, von Willebrand factor (vWF), and vascular

ORIGINAL RESEARCH

Borgas, Chambers, Newton, et al.: Cigarette Smoke Disrupted Endothelial Barrier Integrity via HDAC6 685



Characterization of Isolated Mouse
LMVECs
The 80–90% confluent P1 cells grown on
coverslips were characterized using the
EC markers, Ac-LDL uptake, vWF, and
VE-cadherin, and through binding to the
microvascular EC marker, G. simplicifolia.
The cells were repeatedly characterized
at each passage. To perform Ac-LDL
uptake assay, isolated cultured cells were
labeled with Alexa Fluor 488–conjugated
Ac-LDL at 10 mg/ml in complete
MCDB-131 media for 4 hours at 378C.
Cells were then washed and fixed with
4% paraformaldehyde. The nuclei were
counterstained with 49,6-diamidino-2-
phenylindole staining. Images were
visualized and acquired by fluorescence
microscopy. For lectin staining, fixed
cells were labeled with G. simplicifolia.
For other staining, cells were fixed
with 4% paraformaldehyde and then
labeled with antibodies directed
against vWF and VE-cadherin.

Intratracheal Administration of LPS
and P. aeruginosa
P. aeruginosa (PA103) were grown on solid
tryptic soy agar and resuspended in sterile
PBS. The concentrations of PA103 were
determined by a series of dilutions, cells
replated on agar plates, and quantitated by
CFUs. Mice were anesthetized with 3%
isoflurane and intratracheally instilled with
2.5 mg/kg LPS (dissolved in saline), an
equal volume of saline (control), or
certain doses (i.e., 105 CFU) of PA103. At
4 hours (PA103) or 24 hours (LPS) after
treatment, mice were killed, and ALI was
assessed.

Preparation of CSE
As we described previously (25),
mainstream smoke from Kentucky
research cigarettes (3R4F) was drawn into
30 ml of PBS by a vacuum. Each cigarette

was lit for 5 minutes, and five cigarettes
were used per 30 ml of PBS. Control
solution (sham PBS) was prepared using
the same method, except that the cigarettes
were unlit. The CSE–PBS was diluted
with culture medium and used
immediately.

Assessment of Protein
Concentrations and Inflammatory
Cell Counts in Bronchoalveolar
Lavage Fluid
As we described previously (55), mice
were killed using an overdose of
pentobarbital (120 mg/kg) through
intraperitoneal injection. The lung was
lavaged with 600 ml of sterilized saline.
The protein concentrations and the
total numbers of inflammatory cells in
the bronchoalveolar lavage (BAL) fluid
were assessed by detergent-compatible
protein assay and TC20 Automated Cell
Counter (Bio-Rad, Hercules, CA),
respectively.

Endothelial Monolayer Permeability
Assay
Endothelial monolayer permeability assay
was performed as we previously described
(56) using the ECIS technique.

Transfection of siRNA
As we previously described (57), ECs were
plated on ECIS arrays at 70% confluence.
After 24 hours, cells were transfected
with HDAC6 siRNA or scrambler siRNA
as control using Lipofectamine 2,000
transfection reagent (Life Technologies/
ThermoFisher, Waltham, MA). After
72 hours, cells were treated with vehicle
or CSE for varying times. Monolayer
permeability was monitored and cells
were collected for assessment of
HDAC6 protein levels by the end of
experiment.

Assessment of Microtubule
Monomers and Polymers by
Microtubule Extraction:
As previously described (58), ECs were
rinsed with PBS and then lysed in situ
with extraction buffer containing 1%
vol/vol Triton-X 100 and protease and
phosphatase inhibitors cocktail for
5 minutes at room temperature. The
supernatant (free microtubule [MT]
monomers) was collected and dissolved in
Laemmli sample buffer. The remaining
MT ghost (MT polymers) was dissolved
in situ and collected by scraping the plates
with Laemmli sample buffer. DNA in
the MT ghost was severed by running
samples through a 22-gauge needle
10 times. Both dissolved MT monomers
and polymers were collected and equal
volume loading of these supernatants
(MT monomers) and MT ghost
(polymers) was subjected to Western
blot analysis.

Statistical Analysis
For animal studies, three to seven mice per
group were used. All experiments using
cultured cells were performed at least three
independent times. Data are presented as
mean (6SE). ANOVA and Tukey-Kramer
post hoc test were used to determine
statistically significant difference across
means among three or more groups.
Differences across means are considered
significant when P was less than 0.05.
Details on methods used for statistical
analyses and significance are indicated in
the figure legends.

Results

CS Exacerbated Pseudomonas-
Induced ALI in Mice
We have previously shown that CS
exacerbated LPS-induced ALI (25). The

Figure 1. (Continued). endothelial–cadherin, as well as LMVEC marker, Griffonia simplicifolia (GS) binding. The nuclei were counterstained with 49,6-
diamidino-2-phenylindole staining. Scale bars, 10 mm. Representative images from mice exposed to CS are shown. The remaining cells at P1 were
plated onto electrical cell impedance sensor (ECIS) arrays at equal numbers of cells (2.53 105 cells/ well). After overnight attachment, cells were
treated with vehicle (V), LPS (1 mg/ml), or thrombin (2 U/ml) for 20 hours and monolayer permeability was assessed by measuring electrical resistance
across a monolayer using ECIS (D and E). Four independent experiments with duplicated ECIS wells for each condition each time were conducted.
(F) Primary human LMVECs were treated with vehicle (V, 10% PBS) or varying concentrations of cigarette smoke extract (CSE) for indicated times, and
monolayer permeability was assessed by ECIS. Three independent experiments with duplicated ECIS wells for each condition each time were
conducted. For D–F, the data are presented as the mean6 SE of the normalized electrical resistance at the selected time points relative to their initial
resistance. ANOVA and Tukey-Kramer post hoc test was used to determine statistically significant difference across means among groups. *P, 0.05
versus (RA1 V) (D and E) or V (F); zP, 0.05 versus (RA1 LPS) (D) or (RA1 thrombin) (E). Arrows indicate the time for addition of treatments.
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common human infections, such as
pneumonias, are often caused by
P. aeruginosa, a gram-negative aerobic
bacterium. P. aeruginosa infections are
difficult to eradicate, and often develop
resistance to antibiotics, therefore
contributing to the most serious fatal
infections and ALI, particularly in those
patients immunosuppressed by severe
trauma, burns, and wounds. Similar
to other gram-negative bacteria,
P. aeruginosa uses LPS to maintain outer
membrane structural integrity and to
serve as the key endotoxin and mediator
of host–pathogen interactions. Therefore,
it is clinically important to test if
CS increases the susceptibility to
P. aeruginosa–induced ALI. We found
that CS pre-exposure exacerbated
P. aeruginosa (PA103)–induced lung
edema, as indicated by significant
increases in BAL protein content
(Figure 1A) and BAL inflammatory cell
counts (Figure 1B). These data further
support the concept that CS primes
individuals for ALI.

CS Promoted LMVEC Permeability
In Vitro
Epidemiologic evidence (6, 8, 9) and our
previous animal studies (25) have revealed
that CS increases susceptibility to the
development of ALI. To begin to
understand the contribution of lung ECs to
CS-induced increased susceptibility to ALI,
we examined the effect of CS exposure on
lung endothelial barrier function in vitro.
LMVECs were isolated from mice exposed
to CS or RA for 6 hours and rested
overnight. The isolated cells at P1 were
characterized by the EC markers, including
Ac-LDL uptake, vWF, and VE-cadherin, as
well as the LMVEC marker, binding to
G. simplicifolia lectin (Figure 1C). The
isolated cells at P1 were also subjected to
treatments of LPS, thrombin, or vehicle
controls. A low dose of LPS increased
endothelial monolayer permeability in
LMVECs isolated from mice exposed to
RA. However, LMVECs isolated from mice
exposed to CS showed a much greater
permeability after LPS challenge
(Figure 1D). Thrombin rapidly increased
monolayer permeability, and the barrier
function was almost recovered over time
in LMVECs isolated from mice exposed
to RA (Figure 1E). The peak increase in
permeability of cells isolated from CS-
exposed mice was not different from cells

isolated from RA-exposed mice. However,
after a brief recovery, the endothelial
barrier of cells from CS-exposed mice
underwent a second gradual, sustained
increase in permeability, which did not
recover over 20 hours (Figure 1E). These
results indicate that CS pre-exposure had
an injurious impact on lung endothelial
barrier function.

We have previously shown that CSE
increases PAEC permeability (25). In this
study, we also assessed the effect of CSE
on barrier integrity of human LMVECs
in vitro. Not surprisingly, CSE dose-
dependently increased monolayer
permeability of primary cultures of
human LMVECs, and barrier function

was slowly recovered over time
(Figure 1F).

Inhibition of HDAC6 Blunted CSE-
Induced EC Barrier Dysfunction
In Vitro and Attenuated CS-Induced
Priming for ALI In Vivo
Endothelial barrier function is maintained
by intercellular AJs, cortactin-associated
cortical F-actin, and intact microtubules.
AJs (32), cortactin (52, 53), and
microtubules (39) are potential targets of
HDAC6 deacetylation. To determine the
role of HDAC6 in CS-induced increased
endothelial permeability, HDAC6 was
inhibited by a specific pharmacological
inhibitor, tubacin (59). The IC50
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Figure 2. Blocking histone deacetylase (HDAC) 6 blunted CSE-induced EC barrier dysfunction in vitro.
(A) Bovine pulmonary artery ECs (PAECs) were preincubated with 100 nM tubacin for 1 hour and then
treated with vehicle (V; 15% PBS) or 15% CSE in the absence or presence of 100 nM tubacin for
indicated times. Monolayer permeability was assessed by ECIS. (B and C) Human LMVECs were
transfected with control siRNA (Ctrl-siRNA) or HDAC6 siRNA (HDAC6-small interfering RNA [siRNA]). At
72 hours after transfection, cells were exposed to vehicle (V; 15% PBS) or 15% CSE for up to 5 hours and
monolayer permeability was assessed by ECIS (C). Cells were collected from arrays after ECIS for
assessment of HDAC6 protein levels by Western blot (B). Three independent experiments with duplicated
ECIS wells for each condition each time were conducted. (B) Representative immunoblots. For A and C,
the data are presented as the mean6 SE of the normalized electrical resistance at the indicated time
points relative to their initial resistance. ANOVA and Tukey-Kramer post hoc test was used to determine
statistically significant difference across means among groups. *P, 0.05 versus V (A) or (Ctrl-siRNA1 V)
(C); VP, 0.05 versus CSE (A) or (Ctrl-siRNA1CSE) (C). Arrows indicate the time for addition of
treatments.
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response is reduced by half) of tubacin
inhibiting HDAC6 was reported to be
2.5 mM in cultured cells (59). We tested
the effects of varying concentrations of
tubacin (i.e., 10 nM, 50 nM, 100 nM, 1 mM,
and 10 mM) on CSE-induced endothelial
permeability and found that 50 nM–1 mM
of tubacin blunted CSE-induced increase
in endothelial permeability, with 100 nM
being the optimal concentration. Neither
the lower (10 nM) nor the higher (10 mM)
doses of tubacin were effective (data not
shown). Tubacin (100 nM) treatment
alone had no significant effect on

endothelial permeability, but almost
completely protected against CSE-induced
increase in monolayer permeability
(Figure 2A). HDAC6 siRNA was also used
to suppress HDAC6 protein expression
(Figure 2C). Suppression of HDAC6
expression by siRNA also attenuated
CSE-induced increased permeability in
human LMVECs (Figure 2C). These results
suggest that HDAC6 activation contributes
to CSE-induced increase in human
LMVEC permeability.

To determine the role of HDAC6
activation in CS priming for the

development of ALI, we tested the effects of
HDAC6 inhibitors, TSA and tubacin, on CS
priming for ALI after LPS challenge. Neither
TSA nor tubacin alone had any effect on
BAL protein levels or inflammatory cell
counts (Figures 3A and 3B). Similar to
our previous results (25), 6-hour CS
pre-exposure exacerbated LPS-induced
elevation in BAL protein content; the
effect was significantly blunted by
inhibition of HDAC6 with either TSA or
tubacin (Figure 3A). TSA and tubacin
also prevented CS plus LPS–induced
lung inflammation, as assessed by
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Figure 3. Blocking HDAC6 attenuated CS priming for LPS-induced ALI and P. aeruginosa–induced ALI in mice. (A and B) Male C57BL/6 mice
(6–8 weeks old) were intraperitoneally administered the HDAC6 inhibitors trichostatin A (TSA; 20 mg/kg) or tubacin (Tub; 20 mg/kg) or vehicle (V1).
After 30 minutes, mice were exposed to RA or CS for 6 hours. After 1 hour of rest, mice were given 2.5 mg/kg LPS or saline (vehicle, V2) intratracheally.
After 24 hours, BAL protein levels (A) and total numbers of inflammatory cells in BAL fluid (B) were assessed. Three to seven mice per group were used.
(C and D) Male C57BL/6 mice (6–8 weeks old) were intraperitoneally administered TSA (20 mg/kg) or vehicle (V1). After 30 minutes, mice were
intratracheally administered 13 105 CFU of P. aeruginosa or an equal volume of saline (vehicle, V2). After 4 hours, mice were killed and BAL protein
levels and inflammatory cell counts were assessed. Four to six mice per group were used. The data are presented as the mean6 SE. ANOVA and
Tukey-Kramer post hoc test was used to determine statistically significant difference across means among groups. *P, 0.05 versus (RA1 V11 V2)
(A and B) or (V11 V2) (C and D); zP, 0.05 versus (RA1 V11 LPS) (A); VP, 0.05 versus (CS1 V11 LPS) (A and B) or (V11 PA103) (C and D). NS,
not significant.
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BAL inflammatory cell counts
(Figure 3B).

Inhibition of HDACs also Blunted
P. aeruginosa–Induced ALI
To determine if inhibition of HDACs blunts
lung edema caused by other agents, we tested
the effect of TSA on lung edema induced by
P. aeruginosa, a potentially fatal cause of
lung infection and ALI in humans. We found
that inhibition of HDACs by TSA indeed
blunted P. aeruginosa (PA103)–induced lung
edema, as indicated by significant attenuation
of increases in BAL protein content
(Figure 3C) and BAL inflammatory cell
counts (Figure 3D).

CS Increased HDAC6
Phosphorylation In Vitro and In Vivo
To elucidate the mechanism of CS-induced
HDAC6 activation, we examined post-
translational modifications of HDAC6.
Although HDAC6 total protein levels were
not significantly altered in cultured PAECs
exposed to CSE for up to 6 hours (Figures
4A and 4C), PAECs exposed to CSE
for varying time periods demonstrated a
time-dependent increase in HDAC6
phosphorylation at Ser-22 (Figures 4A and
4B). We also noted that CSE exposure
induced a protein with a higher molecular
weight and recognized by HDAC6
antibody, in a time-dependent manner
(Figure 4A), suggesting an additional
unknown post-translational modification
of HDAC6 in vitro. A similar increase in
HDAC6 phosphorylation of Ser-22 was
also shown in lung homogenates of mice
exposed to CS for 3 weeks (Figures 4D
and 4E). Unlike cultured PAECs,
HDAC6 total protein levels were reduced in
lung homogenates of mice exposed to CS for
3 weeks (Figures 4D and 4F).

CSE Inactivated Akt and Activated
GSK-3b In Vitro
Akt is activated by phosphorylation at
threonine-308 and Ser-473 (60). Activated
Akt phosphorylates GSK-3b at Ser-9, thus
inhibiting its kinase activity (60). GSK-3b is
a potential kinase for phosphorylation of
HDAC6 at Ser-22 (61). Therefore, we
assessed the effects of CS on Akt/GSK-3b
signaling. PAECs exposed to CSE for
varying times (30 minutes to 6 hours)
demonstrated a time-dependent reduction
in Akt phosphorylation at Ser-473 (Figures
5A and 5B), indicating inactivation of
Akt. In line with the decrease in Akt

phosphorylation, exposure of PAECs
to CSE for 30 minutes to 3 hours
also significantly reduced GSK-3b
phosphorylation at Ser-9 (Figures 5D and
5E), indicating activation of GSK-3b.
Decreased phosphorylation of Akt–Ser-473
and GSK-3b–Ser-9 were also observed in
lung tissue of mice exposed to CS for 6
hours (Figures 5G–5I). Although CSE did
not significantly alter protein levels of
either Akt or GSK-3b in cultured PAECs

(Figures 5A, 5C, 5D, and 5F), the total
protein levels of both Akt and GSK-3b
were significantly diminished in lung
homogenates of mice exposed to CS for
6 hours (Figures 5G–5I). The ratio of
either phosphorylated Akt to total Akt
(Figure 5H) or phosphorylated GSK-3b to
total GSK-3b (Figure 5I) was not altered in
lung homogenates of mice exposed to CS
for 6 hours. These results suggest that it is
likely that the decrease in the levels of
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Figure 4. CS promoted HDAC6 phosphorylation in vitro and in vivo. Bovine PAECs were treated with
vehicle (10% PBS) or 10% CSE for the indicated times (A–C); 6-week-old male AKR mice were
exposed to RA or CS for 3 weeks at 4 days per week, as described in MATERIALS AND METHODS (D–F).
The levels of HDAC6 total protein and phosphorylated HDAC6 at Ser-22 in cell lysates and lung
homogenates were assessed. Actin was used as protein loading controls. (A and D) Representative
images. Densitometry was performed on immunoblots; n = 3 for A–C and n = 4 for D–F. The data are
presented as the mean6 SE of the ratio of the densitometry of phospho-HDAC6 (Ser-22) to total
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used to determine statistically significant difference across means among groups. *P, 0.05 versus
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Figure 5. CSE inactivated Akt and activated glycogen synthase kinase (GSK)-3b in vitro and in vivo. Bovine PAECs were treated with vehicle (V; 10%
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phosphorylated Akt and GSK-3b in lung
tissues was due to the decrease in total Akt
and GSK-3b protein levels.

CSE Caused GSK-3b Activation and
Subsequent HDAC6 Phosphorylation,
Likely through Oxidative
Stress–Mediated Akt Inhibition
We have previously shown that CS
increases reactive oxygen species (ROS)
levels in lung tissues and cultured lung ECs,
and that the antioxidant, NAC, prevented
CSE-induced endothelial monolayer
permeability (25). In this study, we found
that NAC also prevented CSE-induced
decrease in Akt phosphorylation and
GSK-3b phosphorylation and increase
in HDAC6 phosphorylation in PAECs
(Figures 6A and 6B). Our results suggest
that CS activates HDAC6, likely via
oxidative stress–induced Akt inactivation
and subsequent GSK-3b activation.

CSE Caused Lung Endothelial Barrier
Dysfunction via a-Tubulin
Deacetylation and Subsequent
Microtubule Disassembly
Because a-tubulin is a major substrate of
HDAC6 (39, 50), we assessed the effect of
CSE on a-tubulin acetylation and found that
CSE dramatically reduced a-tubulin
acetylation (Figures 7A–7C). An intact
microtubule network is essential to
endothelial barrier integrity (30). Correlating
with loss of endothelial barrier integrity, CSE
also caused microtubule depolymerization,
as indicated by increased monomers and
decreased polymers of a-tubulin in ECs
exposed to CSE for varying times (Figures
7D and 7E). The microtubule stabilizer,
taxol, enhanced a-tubulin acetylation (data
not shown) and also abolished CSE-induced
increase in endothelial permeability
(Figure 7F). These results suggest that CSE
increases EC permeability, likely via
a-tubulin deacetylation and subsequent
microtubule disassembly.

Discussion

Growing epidemiological evidence has
demonstrated that both active and passive
CS exposure increases susceptibility to the

development of ALI (6, 8, 9). The
mechanism underlying CS priming for
ALI is not well understood. Donor lungs
from smokers are heavier and have worse
clinical outcomes after transplantation,
suggesting that smokers’ lungs are
edematous (62). This notion is supported
by our animal studies, demonstrating that
brief CS exposure increases lung wet:dry
weight ratio and exacerbates LPS- (25) and
Pseudomonas-induced lung edema in
mice. Inhalation of CS in vivo has complex
effects on multiple cell types. Lung edema
may be caused by increased alveolar
endothelial and epithelial permeability
and/or impaired alveolar fluid clearance.
Greater alveolar epithelial permeability has
been reported in human smokers (15) and
guinea pigs exposed to CS (14, 16). CS
exposure also affects pulmonary ECs. For
example, CS causes pulmonary endothelial
dysfunction in otherwise healthy young
smokers (18) and guinea pigs (19, 20).
Pulmonary endothelial denudation has
also been documented in chronic smokers
with COPD (23). We (25) and others
(14, 27) have previously shown that
CS exposure increases lung vascular
permeability in animal models. In
addition, CSE increases monolayer
permeability of cultured lung ECs (24–26).
Although the CSE exposure of cultured
cells is a widely used and acceptable
in vitro system to model CS effects on
endothelium and epithelium (13, 63),
the nature and concentrations of CS
components may differ between CS
inhalation in vivo and CSE exposure
in vitro. It was unknown if CS indeed
increased LMVEC permeability in vivo,
due to the limitations of in vivo and
in vitro models. In this study, we used
LMVECs isolated from CS-exposed mice
to determine the consistency and
discrepancy of CS effects on lung ECs
using an in vivo mouse model, a freshly
isolated LMVECs, and a primary LMVECs
exposed to CSE in vitro model. We provide
direct evidence that LMVECs isolated
from mice exposed to CS were more
susceptible to increased permeability after
a second insult, LPS, or thrombin. This
result is consistent with our previous

in vivo and in vitro findings (25). Our data
indicate that diminished lung EC barrier
integrity contributes to increased
susceptibility to ALI.

Inhibition of HDACs by TSA and
butyrate has been shown to prolong survival
and attenuate ALI induced by LPS (49),
cecal ligation and puncture–induced
polymicrobial sepsis (64), and mechanical
ventilation (65). HDAC6 knockout mice
were also resistant to LPS-induced ALI
(51). In this study, we show that inhibition
of HDACs by TSA significantly blunted
lung edema and lung inflammation induced
by infection of P. aeruginosa, a clinically
relevant model of pneumonia and ALI. It
has been suggested that HDAC6 inhibitors
protect against ALI by suppressing
inflammation (66). CS causes lung
inflammation (11–13). A novel finding of
this study is that inhibition of HDAC6 by a
specific inhibitor, tubacin, significantly
protected against CS priming of LPS-
induced ALI. We further demonstrated that
both pharmacological and molecular
inhibition of HDAC6 blunted CSE-induced
barrier dysfunction of human LMVECs
in vitro. Our data suggest that the direct
effect of HDAC6 inhibition on lung
endothelial barrier integrity contributes to
its protection against CS priming for ALI.
Our results further support the notion that
inhibition of HDAC6 is a novel therapeutic
option for ALI by maintaining endothelial
barrier integrity and by attenuating lung
inflammation.

Nuclear HDACs, such as HDAC2, are
decreased in lung tissues of smokers (67).
Diminished nuclear HDAC expression has
been implicated in pathogenesis of COPD
via epigenetic histone modifications and
subsequent NF-kB–mediated lung
inflammation (11–13). In contrast to
nuclear HDACs, cytoplasmic HDAC6
expression is elevated in lung tissues of
chronic smokers with COPD (40). In our
experimental model, HDAC6 protein levels
were not changed in cultured lung ECs
exposed to CSE in vitro, but significantly
decreased in lung tissues of mice exposed
to CS for 3 weeks. Further studies are
necessary to determine HDAC6 expression
in cell type–specific and exposure

Figure 5. (Continued). immunoblots of A, D, and G. The data are presented as the mean6 SE of the ratios of the densitometry of: phospho-Akt (Ser-473)
to total Akt; phospho–GSK-3b (Ser-9) to total GSK-3b; total Akt to vinculin or actin; total GSK-3b to vinculin or actin; phospho-Akt (Ser-473) to actin;
and phospho–GSK-3b (Ser-9) to actin; n = 3 for all panels. ANOVA and Tukey-Kramer post hoc test was used to determine statistically significant
difference across means among groups. *P, 0.05 versus respective V (B and E) or RA (H and I).
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duration–dependent manners. Although
there is a discrepancy regarding CS impacts
on HDAC6 protein levels in vivo and
in vitro, HDAC6 phosphorylation at Ser-22
was significantly elevated in lung tissues of
mice exposed to CS for 3 weeks and in lung
ECs exposed to CSE. HDAC6 activity is
modulated by Tyr and Ser phosphorylation

(68–70). Phosphorylation of HDAC6 at
Ser-458, a residue found exclusively in
higher primates (70), activates HDAC6
and increases autophagy (70). The G
protein–coupled receptor kinase 2
phosphorylates HDAC6 at an unknown
residue and activates HDAC6, thus
promoting cell spreading and migration
(68). In contrast, epidermal growth factor
receptor–mediated phosphorylation of
HDAC6 at Tyr-570 reduces HDAC6
deacetylase activity (71). In this study,
enhanced HDAC6 phosphorylation at
Ser-22 was associated with increased
endothelial permeability and susceptibility
to ALI. Moreover, inhibition of HDAC6
protected against CSE-induced EC barrier
dysfunction in vitro and CS priming of
LPS-induced and P. aeruginosa–induced
lung edema in vivo. Our data suggest that
HDAC6 phosphorylation at Ser-22 may
activate HDAC6.

GSK-3b has been shown to
phosphorylate HDAC6 at Ser-22 (61). Akt
inhibits GSK-3b via phosphorylation of
GSK-3b at Ser-9 (60). Akt is activated by
phosphorylation at Ser-473 and threonine-
308 (60). In this study, we show that Akt
phosphorylation at Ser-473 and GSK-3b
phosphorylation at Ser-9 were decreased,
whereas HDAC6 phosphorylation at Ser-22
was increased, in cultured lung ECs exposed
to CSE in vitro and in lung tissue of mice
exposed to CS in vivo. Our data suggest that
CS causes phosphorylation of HDAC6 at Ser-
22, thus activating HDAC6 via Akt inhibition
and subsequent GSK-3b activation.

Akt has two cysteine (Cys) residues,
Cys-297 and Cys-311, in its activation loop;
these are potential oxidation sites (72).
ROS, components of CS and generated
upon CS exposure, are increased in the
blood of smokers (73). We have previously
shown that CS increases ROS levels in lung
tissues and cultured lung ECs, and that the
antioxidant, NAC, prevented CS-induced
lung vascular endothelial permeability
in vivo and in vitro (25). In this study, we
found that CSE-induced Akt inactivation,
GSK-3b activation, and HDAC6
phosphorylation were prevented by NAC.
It has been suggested that Akt oxidation
may increase protein phosphatase
(PP) 2A binding, thus increasing Akt
dephosphorylation/inactivation (74). CSE
has been shown to cause Akt degradation
in lung fibroblasts (75). Because CSE
dramatically reduced Akt phosphorylation
without alteration of Akt total protein

levels in cultured lung ECs, it is likely that
increased dephosphorylation may be the
major mechanism of Akt inactivation
upon CS exposure in lung ECs. It is
unknown whether CSE exposure
causes Akt oxidation, leading to
dephosphorylation/inactivation. In this
study, although Akt total protein levels
were not significantly altered in ECs
exposed to CSE, they were significantly
diminished in lung tissues of mice exposed
to CS for 6 hours. Because the ratio of the
phosphorylated Akt to total Akt protein
was not altered in lung tissues, it is likely
that the decrease in the levels of
phosphorylated Akt in lung tissues was
due to a decrease in Akt total protein
as a result of protein degradation. It
is unknown whether CS causes Akt
oxidation, leading to Akt degradation
in vivo. Because Akt total protein levels
were not altered by CSE in cultured lung
ECs, it is possible that the observed
changes in Akt total protein in vivo are
attributed to other cells than ECs. The
discrepancy in CS effects on Akt/GSK-3b
total protein levels in vivo and in vitro may
also be due to differences in nature and
concentrations of smoke inhalation in vivo
and CSE exposure in vitro. Further studies
are necessary to determine whether CS
causes Akt oxidation, the site(s) of
oxidation, and the roles of protein
dephosphorylation and protein
degradation in CS-induced Akt inhibition
in vitro and in vivo. Taken together, our
data suggest that CS may activate HDAC6
via Akt inhibition–dependent HDAC6
phosphorylation at Ser-22.

We noted that there is an additional
modification in HDAC6. Identification of the
nature of that modification will be pursued in
future studies. b-Catenin (32) and cortactin
(52, 53) are among the substrates of HDAC6
deacetylation. However, CSE did not
significantly alter b-catenin acetylation (data
not shown). Whether CS changes acetylation
status of cortactin remains to be determined
in future studies.

Microtubule stability is critical for
maintenance of EC barrier integrity
(35–37). For example, chemical
disruption of microtubules increases EC
permeability (37), whereas microtubule
stabilization by taxol attenuates
endotoxin-induced vascular leakiness
and inflammation (36). Microtubule
disassembly also contributes to thrombin-
induced endothelial hyperpermeability
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Figure 6. CSE caused GSK-3b activation and
HDAC6 phosphorylation likely through oxidative
stress–mediated Akt inactivation. Bovine PAECs
were pretreated with 100 mM N-acetyl cysteine
(NAC) for 30 minutes and then treated with
vehicle or 10% CSE in the absence or presence
of 100 mM NAC for 3 hours. Akt/GSK-3b/
HDAC6 total protein levels, Akt phosphorylation
at Ser-473, GSK-3b phosphorylation at Ser-9,
and HDAC6 phosphorylation at Ser-22 in cell
lysates were assessed. Actin was used as
protein loading controls. (A) Three independent
experiments. Densitometry was performed on
immunoblots. The data are presented as the
mean6 SE of the ratio of the densitometry
of: phospho-Akt (Ser-473) to total Akt;
phospho–GSK-3b (Ser-9) to total GSK-3b; and
phospho-HDAC6 (Ser-22) to total HDAC6 (B);
n = 3. ANOVA and Tukey-Kramer post hoc test
was used to determine statistically significant
difference across means among groups. *P,
0.05 versus respective V; VP, 0.05 versus CSE.
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(35). Deacetylation of a-tubulin causes
microtubule destabilization in vivo (76,
77). a-Tubulin is a major target of
HDAC6 deacetylation (50). In a previous
study, CSE was found to cause

microtubule depolymerization via
oxidative stress in human umbilical vein
ECs (38). However, that study did not
document the role of a-tubulin acetylation
in CSE-induced barrier dysfunction. In

this study, we found that CSE decreased
a-tubulin acetylation and increased
microtubule depolymerization in lung ECs.
Similar to HDAC6 inhibition, increasing
a-tubulin acetylation by the microtubule
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Figure 7. CSE caused lung endothelial barrier dysfunction, a-tubulin deacetylation, and microtubule disassembly. (A–C) Bovine PAECs were treated
with vehicle (V; 10% PBS) or 10% CSE for the indicated times. Acetylated a-tubulin (a-tubulin-Ac) was assessed by Western blot (A and B) and
immunofluorescence microscopy (C), using anti–acetylated a-tubulin antibody. a-Tubulin was also assessed. (D and E) Bovine PAECs were treated with vehicle
(V; 10% PBS) or 10% CSE for the indicated times. Microtubule depolymerization was assessed by examining the levels of monomers and polymers of a-tubulin
using microtubule extraction assay. (F) Bovine PAECs were pretreated with 5 mM Taxol for 30 minutes and then treated with vehicle (V; 10% PBS) or 10%
CSE in the absence or presence of 5 mM taxol for the indicated times, and monolayer permeability was assessed. Arrows indicate the time of addition of
treatments. (A, C, and D) Three independent experiments. Densitometry was performed on immunoblots for A and D. The data are presented as the mean6 SE
of the ratio of the densitometry of a-tubulin-Ac to total a-tubulin (B), or as the mean6 SE of the densitometry of a-tubulin at 2 hours (E). ANOVA and Tukey-
Kramer post hoc test was used to determine statistically significant difference across means among groups. *P, 0.05 versus respective V; for F, the data
are presented as the mean6 SE of the normalized electrical resistance at each time point relative to initial resistance; n= 4. ANOVA and Tukey-Kramer post hoc
test was used to determine statistically significant difference across means among groups. *P, 0.05 versus V; VP, 0.05 versus CSE. Scale bars, 10 mm.
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stabilizer, taxol, attenuated CSE-induced
EC barrier dysfunction. Our data
suggest that CSE increases lung EC
permeability via a-tubulin deacetylation
and resultant microtubule
depolymerization.

In summary, we have demonstrated that
CS caused Akt inactivation, GSK-3b
activation, and HDAC6 phosphorylation
in vivo and in vitro. CS also caused a-tubulin
deacetylation and microtubule disassembly.

Inhibition of HDAC6 blunted CSE-induced
EC barrier dysfunction in vitro and CS
priming for LPS- and Pseudomonas-induced
lung edema in vivo. Our data suggest that CS
increases lung EC permeability, likely through
Akt inhibition–induced HDAC6 activation
and subsequent a-tubulin deacetylation and
resultant microtubule depolymerization,
as depicted in Figure E1 in the online
supplement. Inhibition of HDAC6 may be a
novel therapeutic option for ALI. n
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