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Abstract

Chronic obstructive pulmonary disease (COPD) is a
multisystemic respiratory disease that is associated with
progressive airway and pulmonary vascular remodeling due to
the increased proliferation of bronchial smooth muscles cells
(BSMCs) and pulmonary arterial smooth muscle cells (PASMCs)
and the overproduction of extracellular matrix (e.g., collagen).
Cigarette smoke (CS) and several mediators, such as PDGF
(platelet-derived growth factor) and IL-6, play critical roles in
COPD pathogenesis. HDAC6 has been shown to be implicated in
vascular remodeling. However, the role of airway HDAC6
signaling in pulmonary vascular remodeling in COPD and the
underlying mechanisms remain undetermined. Here, we show
that HDAC6 expression is upregulated in the lungs of patients
with COPD and a COPD animal model. We also found that CS
extract (CSE), PDGF, and IL-6 increase the protein levels and

activation of HDAC6 in BSMCs and PASMCs. Furthermore, CSE
and these stimulants induced deacetylation and phosphorylation
of ERK1/2 and increased collagen synthesis and BSMC and
PASMC proliferation, which were outcomes that were prevented
by HDAC6 inhibition. Inhibition of ERK1/2 also diminished the
CSE-, PDGF-, and IL-6–caused elevation in collagen levels and
cell proliferation. Pharmacologic HDAC6 inhibition with
tubastatin A prevented the CS-stimulated increases in the
thickness of the bronchial and pulmonary arterial wall, airway
resistance, emphysema, and right ventricular systolic pressure
and right ventricular hypertrophy in a rat model of COPD. These
data demonstrate that the upregulated HDAC6 governs the
collagen synthesis and BSMC and PASMC proliferation that lead
to airway and vascular remodeling in COPD.
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Chronic obstructive pulmonary disease
(COPD) is a severe inflammatory lung
disease with high morbidity and mortality
(1). Pathologic processes in COPD involve
chronic bronchitis, emphysema,
inflammation, and remodeling of the airways
and lung vasculature (2). Excessive
alterations and a disproportional deposition
of extracellular matrix proteins, including
collagen, and increased proliferation of
bronchial smooth muscle cells (BSMCs) and
pulmonary arterial smooth muscle cells

(PASMCs) lead to the thickening of the walls
and narrowing of the lumens of airways and
pulmonary arteries (PAs) that are
responsible for the development of airway
obstruction and pulmonary hypertension
(PH) in COPD (3–5). Cigarette smoke (CS)
exposure is the most significant causative
factor for COPD, but several other
mediators, including growth factors and
inflammatory cytokines, have been identified
to be involved in the pathogenesis of COPD
(6–9). CS exposure governs remodeling of

the small airway by increasing the
production of procollagen and growth
factors such as PDGF (platelet-derived
growth factor) (10). We have reported that
PDGF stimulates collagen synthesis and the
proliferation of smooth muscle cells (SMCs)
and is a crucial player in pulmonary vascular
remodeling (11–13). IL-6 is an important
proinflammatory cytokine and is involved in
the inflammatory processes in the airways
and pulmonary vasculature of patients with
COPD (14). High levels of serum IL-6 are

(Received in original form November 13, 2020 accepted in final form July 16, 2021)

Supported by Foundation for the National Institutes of Health grant R01 HL134934 (Y.S.), VA Merit Review Award BX002035 (Y.S.), and
American Heart Association Career Development Award 18CDA34110225 (L.K.).

Author Contributions: Conception, design, and experiment: Y.S., W.H., A.K.-K., and L.K. Analysis and interpretation: Y.S, W.H., and L.K.
Drafting the manuscript for important intellectual content: Y.S., A.D.V., and L.K.

Correspondence and requests for reprints should be addressed to Laszlo Kovacs, Ph.D., Department of Pharmacology and Toxicology,
Medical College of Georgia, Augusta University, 1120 15th Street, Augusta, GA 30912. E-mail: lkovacs@augusta.edu.

This article has a related editorial.

This article has a data supplement, which is accessible from this issue’s table of contents at www.atsjournals.org.

Am J Respir Cell Mol Biol Vol 65, Iss 6, pp 603–614, December 2021

Copyright © 2021 by the American Thoracic Society

Originally Published in Press as DOI: 10.1165/rcmb.2020-0520OC on July 19, 2021

Internet address: www:atsjournals:org

Su, Han, Kovacs-Kasa, et al.: HDAC6 in COPD Airway–Pulmonary Vascular Remodeling 603

http://crossmark.crossref.org/dialog/?doi=10.1165/rcmb.2020-0520OC&domain=pdf&date_stamp=2021-11-22
mailto:lkovacs@augusta.edu
http://dx.doi.org/10.1165/rcmb.2021-0269ED
http://www.atsjournals.org
http://dx.doi.org/10.1165/rcmb.2020-0520OC
http://www.atsjournals.org


associated with impaired lung function and
poor clinical outcomes in patients with
COPD (15, 16). IL-6 is also mitogenic for
airway SMCs, leading to the thickening of
airway walls, and contributes to the
proliferation of vascular cells in pulmonary
vascular remodeling (17, 18). However, the
precise signaling mechanism for how these
factors contribute to the development of
COPD has not yet been established.

HDAC6 is a class II HDAC and
regulates the acetylation status of several
cytosolic proteins that play crucial roles in
the proliferation and migration of cancer
cells and other cells, including fibroblasts,
endothelial cells, and SMCs (19–21). HDAC6
inhibition has been shown to exhibit
antitumor and antiinflammation properties
(22, 23). Protein expression of HDAC6 is
upregulated in cardiac fibrosis tissues, and
inhibition of HDAC6 abrogated the
proliferation of cardiac fibroblasts (20).
Overexpression of HDAC6 increased the
proliferation and migration of vascular
SMCs; in contrast, inhibition of HDAC6
prevented these processes and decreased
neointima formation after vascular injury
(24). Furthermore, inhibition of HDAC6
blunted CS-induced exacerbation of acute
lung injury in vivo and endothelial cell (EC)
barrier dysfunction in vitro (25). More
importantly, HDAC6 is overexpressed in
human and experimental models of
pulmonary arterial hypertension (PAH), and
inhibition of HDAC6 decreases vascular
remodeling in a rodent PAHmodel (21). In
addition, knockout of HDAC6 results in
protection against chronic hypoxia–induced
PAH (21). However, the role of airway
HDAC6 signaling in pulmonary vascular
remodeling in COPD and the underlying
mechanisms remain undetermined.

In the present study, we demonstrate
that increases in the protein expression and
relative activity of HDAC6 contribute to the
deacetylation and phosphorylation/activation
of ERK1/2 in the BSMCs and PASMCs of the
lungs of rats with CS-induced COPD.We
showed that inhibition of HDAC6
diminishes the CS extract (CSE)-, PDGF-
and IL-6–induced ERK deacetylation and
phosphorylation, collagen synthesis, and
BSMC and PASMC proliferation. ERK1/2
inhibition also abolished increases in
collagen protein levels and cell proliferation
stimulated by CSE and these mediators.
More importantly, our results reveal that the
HDAC6 inhibitor tubastatin A (Tub A)
prevents airway and pulmonary vascular

remodeling in a COPD animal model.
Inhibition of HDAC6might be a novel
therapeutic target for the intervention and
treatment of CS-induced COPD.

Methods

An extendedMATERIALS ANDMETHODS section
is included in the data supplement.

Human Tissues
Lung sections from patients with COPD
were obtained from the Lung Tissue
Research Consortium, and lung sections
from control subjects with normal lungs
were obtained from the PH Breakthrough
Initiative. For the clinical information of the
patients, see Table E1 in the data
supplement).

COPD Model
Sprague-Dawley rats were exposed to CS and
room air for 16 weeks in a whole-body
smoke inhalation system. The specific
HDAC6 inhibitor Tub A was given at the
14th week of CS exposure. The dose of Tub
A was 25 mg/kg, which was given
intraperitoneally once daily for the last 3
weeks, as previously reported (21). After 16
weeks, echocardiography was performed,
and the lung mechanics, PH status, and
extent of airway and pulmonary vascular
remodeling were assessed.

Echocardiography
Transthoracic echocardiography was
completed by using the Visual Sonics
Ultrasound Vevo2100 System. The cardiac
output, tricuspid annulus plain systolic
excursion, PA velocity–time integral and PA
acceleration time were measured.

Assessment of Lung Mechanics
Lungmechanical properties were measured
by performing intubation and connecting the
trachea to the FlexiVent system (SCIREQ).
Airway resistance, inspiratory capacity, and
respiratory system compliance were assessed.

Measurement of PH and
Histologic Analysis
Right ventricular systolic pressure was
assessed by using a pressure transducer (AD
Instruments). The Fulton index (right
ventricular hypertrophy) was calculated as
the ratio of the right ventricular weight to the
weight of the left ventricle and the septum
[right ventricular weight/(left ventricular

weight1 septal weight)]. The lung sections
were stained with hematoxylin and eosin and
then evaluated for bronchial wall thickness,
emphysema, and pulmonary arterial wall
thickness.

Immunohistochemistry
Double immunostaining of HDAC6/a-actin,
collagen-I/a-actin, p-ERK1/2/a-actin, and
total ERK1/2/a-actin was performed on lung
tissue slides from control subjects with
normal lungs, patients with COPD, and a
COPD rat model, and slides were examined
by using a Zeiss LSM 980 confocal
microscope.

Preparation of CSE Solution
University of Kentucky 3R4F research
cigarettes were continuously “smoked” by
using vacuum pressure. The smoke was
drawn through 30 ml of PBS by applying a
vacuum to the vessel containing the PBS.
Each cigarette was smoked for 5 minutes,
and three cigarettes for each 30 ml of PBS
were used to generate a CSE solution (27).

Cell Culture
Human primary BSMCs and PASMCs were
cultured according to the supplier’s
instructions. Human BSMCs and PASMCs
were originally isolated from the PAs of five
subjects with normal lungs (three males and
two females, 11–59 years of age). The cell
authentication has been established by the
supplier. Before all experiments, the third- to
seventh-passage cells were equilibrated in
growth factor– and serum-free medium for
24 hours.

HDAC6 Activity Assay
HDAC6 activity was measured by using the
fluorogenic acetylated peptide as a substrate.

Determination of Changes in the
Acetylation Status of ERK1/2
Cell lysates were immunoprecipitated with
acetyl-lysine affinity beads. The precipitates
were analyzed throughWestern blotting by
using an antibody against total ERK1/2.

Study Approval
All animal protocols were approved by the
Augusta University Institutional Animal
Care and Use Committee. A waiver of
informed consent for the use of human lung
samples was approved by the Augusta
University Institutional Review Board.
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Figure 1. Higher levels of HDAC6 are expressed in the smooth muscle of the bronchi and pulmonary arterioles of the lungs from patients with
chronic obstructive pulmonary disease (COPD) and from a COPD rat model. (A and B) Human lung slides were double-stained for a-actin (red)
and HDAC6 (green). (A) Representative images of lung tissues from 8 patients with COPD and 8 control (Cntr) subjects with normal lungs.
(B) Bar graph showing changes in HDAC6 fluorescence intensity in the airway and pulmonary arterial smooth muscle. *P, 0.05 versus Cntr
subjects with normal lungs. (C–F) Eight-week-old male Sprague-Dawley rats were exposed to cigarette smoke (CS) for 16 weeks. At the
beginning of the 14th week, CS-exposed rats were injected with tubastatin A (Tub A) (25 mg/kg, i.p.) or vehicle 5 d/wk for 3 weeks. Lung slides
were double-stained for a-actin (red) and HDAC6 (green) for the bronchus and pulmonary artery (PA). (C) Representative images. (D) Bar
graphs showing changes in HDAC6 fluorescence intensity in the airway and pulmonary arterial smooth muscle. (E and F) HDAC6 protein in lung
homogenates from a COPD rat model were measured by using Western blots (WBs). The blots are representative immunoblots of five
independent experiments. Results are expressed as means6SEs; n=5. Scale bars, 50 mm. *P, 0.05 versus RA. RA= room air.
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Statistical Analysis
Results are shown as means6 SEMs for n
experiments. One-way ANOVA followed
by a Tukey-Kramer post hoc test and an
unpaired Student’s t test (two-tailed) were
used to determine the significance of
differences between groups. P, 0.05 was
considered to indicate statistical
significance.

Results

Increased Expression Levels of
HDAC6 in Lungs of Human Patients
with COPD and a COPD Rat Model
To investigate the role of HDAC6 in COPD,
we examined the protein levels of HDAC6 in
lungs from patients with COPD and a COPD
rat model. The double-immunofluorescence

staining showed that HDAC6 protein was
significantly increased in the smooth muscle
layer of the bronchi and pulmonary
arterioles of the lungs from patients with
COPD compared with normal lungs
(Figures 1A and 1B). HDAC6 protein levels
were also higher in the smooth muscle
layer of the bronchi and pulmonary
arterioles of the lungs of rats exposed to

A B

C D

p-ERK

Total ERK

44 kD

42 kD

44 kD

42 kD

0 0.5 1 CSE (%)

0 0.5 1 CSE (%)

p-ERK

Total ERK

44 kD

42 kD

44 kD

42 kD

0 10 30 PDGF (ng/ml)

44 kD

42 kD

44 kD

42 kD

44 kD

42 kD

Lysate input
WB: total ERK

IP: Ac-Lys Affinity Beads
WB: total ERK
(low/high exposure)

0 10 30 PDGF (ng/ml)

44 kD

42 kD

44 kD

42 kD

44 kD

42 kD

Lysate input
WB: total ERK

IP: Ac-Lys Affinity Beads
WB: total ERK
(low/high exposure)

0.0

0.5

1.0

1.5

*
*

**

*

*

*

**

*

0.0

0.5

1.0

0 0.5 1

CSE (%)

0 0.5 1

CSE (%)

*

*

A
ce

ty
la

te
d 

E
R

K
 (

R
el

at
iv

e
de

ns
ity

 to
 to

ta
l E

R
K

)

p-
E

R
K

 le
ve

l (
R

el
at

iv
e

de
ns

ity
 to

 to
ta

l E
R

K
)

0.0

0.5

1.0

2.0

1.5

0 10 30

PDGF (ng/ml)

p-
E

R
K

 le
ve

l (
R

el
at

iv
e

de
ns

ity
 to

 to
ta

l E
R

K
)

*

*

p42-ERK2

p44-ERK1

0.0

0.5

1.0

0 10 30

PDGF (ng/ml)

A
ce

ty
la

te
d 

E
R

K
 (

R
el

at
iv

e
de

ns
ity

 to
 to

ta
l E

R
K

) p42-ERK2

p44-ERK1

Figure 2. CS extract (CSE) and PDGF-BB (platelet-derived growth factor BB) induce ERK1/2 deacetylation and phosphorylation/activation of the
enzymes. (A–D) Human bronchial smooth muscle cells (BSMCs) were incubated with and without CSE (0.5–1%) and PDGF-BB (10–30 ng/ml) for
30 minutes, after which the acetylation level of ERK1/2 (A and C) and the protein levels of p-ERK and total ERK (B and D) were measured. The
blots are representative immunoblots of three independent experiments. Bar graphs depicting changes in acetylated ERK1/2 and in p-ERK
levels are shown. Results are expressed as means6SEs; n=3. *P, 0.05 and **P,0.01 versus Cntr (0). Cntr (0) indicates that the
concentration of CSE or PDGF was 0% or 0 ng/ml in A and B as well as C and D. Ac-Lys=acetyl-lysine.

ORIGINAL RESEARCH

606 American Journal of Respiratory Cell and Molecular Biology Volume 65 Number 6 | December 2021



CS than in those of rats exposed to room air
(Figures 1C and 1D). To further quantify the
HDAC6 expression,Western blot analysis
of lung tissue homogenates was performed.
As shown in Figures 1E and 1F, in agreement

with the immunofluorescence results,
theWestern blot results confirmed the
elevated expression levels of HDAC6 in
the CSE-induced COPD animal model
(Figures 1E and 1F). Despite of the increased

protein expression of HDAC6, CS did not
decrease the levels of acetylated a-tubulin,
an HDAC6 substrate, in the rat lung
homogenates. However, inhibition of
HDAC6 by Tub A was associated with
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Figure 3. CSE, PDGF, and IL-6 induce collagen synthesis and BSMC and pulmonary arterial smooth muscle cell (PASMC) proliferation. (A–F)
Human BSMCs (A–C) and human PASMCs (D–F) were incubated with CSE (1%), PDGF-BB (10 ng/ml), and IL-6 (10 ng/ml) for 24 hours, after
which the intracellular collagen-I protein levels were measured by using WBs (A and D), and the levels of cell proliferation were measured by using a
bromodeoxyuridine assay (B and E) and Ki67 staining (C and F). In A and D, the blots are representative immunoblots of four independent experiments.
Bar graphs show changes in collagen-I levels in A and D and in proliferation in B and E. In C and F, representative images show labeling of proliferative
Ki67-positive cells (red) and DAPI (blue). Results are expressed as means6SEs; n=4. Scale bars, 50 mm. *P, 0.05 versus Cntr.
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Figure 4. Inhibition of HDAC6 prevents CSE-, PDGF-, and IL-6–induced deacetylation and phosphorylation/activation of ERK1/2 in BSMCs.
(A–F) Human BSMCs were incubated with CSE (1%), PDGF-BB (10 ng/ml), and IL-6 (10 ng/ml) in the presence and absence of the HDAC6
inhibitor Tub A (1mM) for 30 minutes, after which the acetylation level of ERK1/2 (A, C, and E) and the protein levels of p-ERK and
total ERK (B, D, and F) were measured. The blots are representative immunoblots of three independent experiments. Bar graphs depict
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elevated acetylation of a-tubulin
(Figure E11).

CSE, PDGF, and IL-6 Induce Activa-
tion and Expression of HDAC6 in
BSMCs and PASMCs
To determine whether CSE and mediators
such as PDGF and IL-6 cause HDAC6
activation and increases in the protein
levels of HDAC6, BSMCs and PASMCs
were treated with or without CSE (1%),
PDGF-BB (10 ng/ml), and IL-6 (10 ng/ml)
for 30 minutes to 24 hours. As shown in
Figure E1, incubation of BSMCs and
PASMCs with CSE, PDGF, and IL-6 for 30
minutes significantly increased HDAC6
activity (Figures E1A–E1F). Furthermore,
incubation of BSMCs and PASMCs with
these mediators for 24 hours markedly
increased HDAC6 activity and
intracellular HDAC6 protein levels
(Figures E1G–E1L).

CSE and Mediators Such as PDGF
and IL-6 Induce Deacetylation and
Phosphorylation of ERK1/2
To determine the effect of CSE, PDGF, and
IL-6 on the acetylation status and
phosphorylation/activation of ERK1/2,
BSMCs were incubated with and without
CSE (0.5–1%), PDGF-BB (10–30 ng/ml), and
IL-6 (10–30 ng/ml) for 30 minutes. As
shown in Figure E2, PDGF-BBmarkedly
decreased the acetylation levels of ERK1/2.
Moreover, incubation of BSMCs with these
stimulants caused dose-dependent decreases
in ERK1/2 acetylation and increases in
phosphorylation/activation of the enzymes
(Figures 2 and E3).

CSE, PDGF, and IL-6 Increase Colla-
gen Synthesis and BSMC and PASMC
Proliferation
To examine whether CSE andmediators
such as PDGF and IL-6 stimulate collagen
synthesis and cell proliferation, BSMCs and
PASMCs were treated with CSE (1%),
PDGF-BB (10 ng/ml), and IL-6 (10 ng/ml)
for 24 hours. As shown in Figure 3,
incubation of the cells with these mediators
caused significant increases in the protein
levels of collagen-I (Figures 3A and 3D) and

in the BSMC and PASMC proliferation
(Figures 3B, 3C, 3E, and 3F).

Inhibition of HDAC6 Prevents CSE-,
PDGF-BB–, and IL-6–induced Deacety-
lation and Phosphorylation/Activation
of ERK1/2
To study whether CSE-, PDGF-, and
IL-6–induced deacetylation and
phosphorylation of ERK1/2 is caused by
HDAC6 activation, BSMCs and PASMCs
were incubated with and without CSE (1%),
PDGF-BB (10 ng/ml), and IL-6 (10 ng/ml) in
the absence and presence of the HDAC6
inhibitor Tub A (1mM) for 30 minutes. As
shown in Figures 4 and E4, treatments of
BSMCs and PASMCs with CSE and these
mediators caused remarkable reductions in
ERK1/2 acetylation and increases in ERK1/2
phosphorylation. More importantly, Tub A
abolished CSE-, PDGF-BB–, and
IL-6–induced increases in deacetylation and
phosphorylation of ERK1/2, indicating that
HDAC6 regulates the ERK activation
induced by CSE and these mediators in
BSMCs and PASMCs.

Inhibition of HDAC6 Reduces CSE-,
PDGF-BB–, and IL-6–stimulated Colla-
gen Synthesis and BSMC and PASMC
Proliferation
To investigate the role of HDAC6 in CSE-,
PDGF-, and IL-6–induced collagen synthesis
and cell proliferation, BSMCs and PASMCs
were incubated with and without CSE (1%),
PDGF-BB (10 ng/ml), and IL-6 (10 ng/ml) in
the absence and presence of the HDAC6
inhibitor Tub A (1mM) for 24 hours. We
found that Tub A diminished the increases in
collagen-I protein levels and cell proliferation
induced by CSE and these mediators in
BSMCs and PASMCs (Figures 5A–5D,
E5A–E5D, E6A–E6D, and E7A). Moreover,
inhibition of HDAC6 prevented the CSE-,
PDGF-, and IL-6–induced increases in the
number of viable BSMCs and PASMCs
(Figure E12). Furthermore, knockdown of
HDAC6 reduced collagen-I protein levels
and completely abrogated CSE-, PDGF-BB–,
and IL-6–induced increases in collagen-I
protein levels and BSMC and PASMC
proliferation (Figures 5E–5H, E5E–E5H,
E6E–E6H, and E7B). These data indicate that

HDAC6mediates the collagen synthesis and
BSMC and PASMC proliferation induced ty
CSE and these mediators.

Inhibition of ERK 1/2 Prevents CSE-,
PDGF-BB–, and IL-6–induced Colla-
gen Synthesis and BSMC and PASMC
Proliferation
To determine whether CSE-, PDGF-, and
IL-6–induced elevation of the collagen-I
protein levels and cell proliferation occurs via
an HDAC6–ERK1/2 signaling mechanism,
ERK1/2 expression was knocked down in
BSMCs and PASMCs, and cells were treated
with CSE and these mediators for 24 hours.
As shown in Figure E8, knockdown of
ERK1/2 abolished the increases in collagen
synthesis and BSMC and PASMCproliferation
caused by CSE, PDGF-BB, and IL-6.

HDAC6 Inhibition by Tub A
Suppresses Airway Remodeling and
Elevation in Airway Resistance in a
CS-induced COPD Model
To assess whether HDAC6 inhibition is
able to prevent the development of COPD,
we tested the effect of the HDAC6
inhibitor Tub A in a rat model of
CS-induced COPD. After 13 weeks of CS
exposure, rats exposed to CS were injected
with Tub A (25 mg/kg, i.p.) or vehicle 5 d/
wk for 3 weeks. As shown in Figure 6,
administration of the HDAC6 inhibitor
Tub A attenuated the increases in bronchial
wall thickening (Figures 6A and 6B), airway
resistance (Figures 6C), inspiratory capacity
(Figure 6D), and the mean linear intercept
(Figures 6E and 6F) caused by 16 weeks of
CS exposure. Moreover, Tub Amarkedly
reduced the elevation in protein levels of
collagen-I and p-ERK1/2 in the smooth
muscle of the bronchi of the lungs (Figures
E9A, E9B, E10A, and E10B) and in the lung
homogenates (Figures E9E, E9F, E10C, and
E10D) of rats exposed to CS. In addition, we
observed a trend toward increased
respiratory system compliance in the
CS-exposed rats compared with the room
air–exposed rats (room air: 1.226 0.09 vs.
CS: 1.376 0.10), which was attenuated by
the HDAC6 inhibitor Tub A (CS:
1.376 0.10 vs. CS1Tub A: 1.246 0.11).
However, there were no significant

Figure 4. (Continued). changes in acetylated ERK1/2 in A, C, and E and in p-ERK levels in B, D, and F. Results are expressed as
means6SEs; n=3. *P, 0.05 versus Cntr. #P, 0.05 versus CSE, PDGF, and IL-6.
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differences between the groups due to the
high variation among the subjects. Together,
these data demonstrate that the HDAC6
inhibitor Tub A attenuates the development
of CS-induced airway remodeling and
emphysema in a rat COPDmodel.

HDAC6 Inhibition by Tub A Prevents
the Development of Pulmonary
Vascular Remodeling and PH in a
CS-induced COPD Model
Exposure to CS for 16 weeks caused
significant increases in the pulmonary
arterial wall thickness (Figures 7A and 7B),
right ventricular systolic pressure (Figure
7C), Fulton index (Figure 7D), and protein
levels of collagen-I (Figures E9C and E9D)
and p-ERK1/2 (Figures E10A and E10B) in
the smooth muscle of the pulmonary
arterioles of rat lungs, and administration of
the HDAC6 inhibitor Tub A attenuated these
changes. Furthermore, echocardiography
revealed that Tub A attenuated the
diminishment of the cardiac output (Figure
7E), tricuspid annulus plain systolic excursion
(Figure 7F), PA velocity–time integral (Figure
7G), and PA acceleration time (Figure 7H) in
CS-exposed rats. Together, these results
suggest that the inhibition of HDAC6 reduces
pulmonary vascular remodeling and improves
PH and right ventricular function in
CS-induced COPD.

In addition, changes in body-weight
gain were observed (Figure E13). From the
third week of CS exposure, body-weight gain
was significantly decreased in the CS-exposed
rats compared with the rats exposed to room
air. After 12 weeks of CS exposure,
CS-exposed rats showed amild declining
trend in body-weight gain, whereas the room
air–exposed rats had a continuous increase in
body weight. During the 3 weeks of Tub A
treatment (betweenWeeks 13 and 16),
inhibition of HDAC6 attenuated the decreases
in body-weight gain in CS-exposed rats.

Discussion

We previously reported that ERK1/2
signaling contributes to the elevation of
collagen production and BSMC and PASMC
proliferation in the airway and to pulmonary
vascular remodeling in COPD and that
inhibition of ERK1/2 attenuates PH and the
thickening of the SMC layer of pulmonary
arterioles in the lungs of rats in a Sugen/
hypoxia PAHmodel (11, 26). In the present
study, we further studied the mechanism for

CS-induced ERK1/2 activation in BSMCs
and PASMCs in CS-induced COPD.We
found that phosphorylation/activation of
ERK1/2 is associated with deacetylation
induced by HDAC6, which contributes to
the collagen synthesis and BSMC and
PASMC proliferation induced by CSE and
mediators such as PDGF and IL-6.

In COPD, the components of CS induce
inflammation and excessive cell proliferation
in the airway and lungs (6, 28). CSE
stimulates the proliferation of airway SMCs
and extracellular matrix deposition, leading
to airway remodeling (29, 30). CSE also
induces PASMC proliferation via PDGF
activation, contributing to the pulmonary
vascular remodeling that leads to PH (31). In
addition, the PAs of rats exposed to CS have
higher expression levels of PDGF and
PDGFRb (PDGF receptor b). Inhibition of
the PDGF receptor blocked the CSE-induced
proliferation of PASMCs, indicating that
PDGF signaling plays an important role in
CS-induced PH (32). Cigarette smoking is
also correlated with increased IL-6
expression (33). IL-6 signaling contributes to
pulmonary vascular remodeling by
promoting the proliferation and survival of
PASMCs (34). The signaling mechanism
responsible for the CSE-, PDGF-, and
IL-6–caused elevation of cell proliferation
and collagen production in the airways and
for the vascular remodeling of COPD is
poorly understood. Our previous studies
show that ERK1/2 signaling contributes to
the elevation in collagen synthesis and in
BSMC and PASMC proliferation in
CS-induced COPD (26). Phosphorylation of
the threonine and tyrosine residues of ERK1/
2 is responsible for the activation of the
enzymes (35). In the present study, we
revealed that both ERK1 and ERK2 are
acetylated in BSMCs and PASMCs.We also
found that CSE, PDGF, and IL-6 induce
deacetylation of ERK1/2, causing increases in
the phosphorylation/activation of ERK1/2.
More importantly, inhibition of HDAC6 by
using Tub A prevented the decreases in the
acetylation levels of ERK 1/2 and the
increases in the phosphorylation of the
enzymes evoked by CSE and mediators such
as PDGF and IL-6. Tub A also diminished
the increases in ERK1/2 phosphorylation in
BSMCs and PASMCs in COPD rat lungs. In
addition, we found that silencing of ERK1/2
by siRNA abolished the CSE-, PDGF-, and
IL-6–induced collagen synthesis and BSMC
and PASMC proliferation. Collectively, these
results indicate that HDAC6 regulates the

CSE-, PDGF-, and IL-6–induced increases in
the protein levels of collagen-I and BSMC
and PASMC proliferation via the deacetylation
and phosphorylation/activation of ERK1/2.

Acetylation and phosphorylation are the
two major posttranslational modifications.
The cross-talk between acetylation and
phosphorylation regulates the function of
proteins. Our data suggest that HDAC6
deacetylates ERK and increases ERK
phosphorylation and activation induced by
CSE, PDGF, and IL-6. We speculate that
deacetylation of ERKmay cause protein
conformational changes that make the
phosphorylation site more accessible. Indeed,
it has been shown that inhibition of HDACs
regulates protein phosphorylation in the
heart via inducing phosphatase gene
expression or activating constitutively
expressed phosphatases (36). We cannot
exclude that HDAC6may deacetylate other
kinases or phosphatases that regulate ERK
phosphorylation and activation.

HDAC6 is a cytoplasmic deacetylase
that acts as a master regulator coordinating
several cellular processes, including the
proliferation, migration, and survival of a
variety of cell types (37, 38). In our present
study, we found that HDAC6-dependent
deacetylation and phosphorylation/activation
of ERK1/2 contribute to the CSE-, PDGF-,
and IL-6–induced collagen synthesis and
BSMC and PASMC proliferation. HDAC6 is
upregulated in several diseases and
participates in the pathologic processes seen
in cancer, cardiovascular disorders, and lung
disorders (39–42). We found that the smooth
muscle layer of the bronchi and PAs of the
lungs of patients with COPD, the lungs of
rats with COPD, and the lung homogenates
of rats with COPD have higher expression
levels of HDAC6. Here, we showed that CSE,
PDGF, and IL-6 significantly increased the
activity and protein levels of HDAC6 in
BSMCs and PASMCs.We also found that
inhibition of HDAC6 with the specific
inhibitor Tub A or with knockdown of
HDAC6 by siRNA diminishes the increases
in collagen-I protein levels and BSMC and
PASMC proliferation induced by CSE,
PDGF, and IL-6. More importantly,
administration of the HDAC6 inhibitor Tub
A attenuated the elevation of the protein
levels of collagen-I in the smooth muscle of
the bronchi and pulmonary arterioles and
lung homogenates of CS-exposed rats.
Moreover, inhibition of HDAC6 by using
Tub A suppressed increases in the thickness
of the bronchial and pulmonary vascular
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Figure 5. Inhibition of HDAC6 prevents CSE-induced collagen synthesis and BSMC and PASMC proliferation. (A–D) Human BSMCs (A and B)
and human PASMCs (C and D) were incubated with CSE (1%) in the absence and presence of the HDAC6 inhibitor Tub A (1mM) for 24 hours,
after which the collagen-I protein levels (A and C) and cell proliferation (B and D) were measured. (E–H) Human BSMCs (E and F) and human
PASMCs (G and H) were transfected with siRNAs against HDAC6 or Cntr siRNA, respectively. After 72 hours, the cells were incubated with CSE
(1%) for 24 hours, and then the protein levels of collagen-I and HDAC6 (in E and G) and the level of cell proliferation (in F and H) were
measured. In A, C, E, and G, the blots are representative immunoblots of four independent experiments. In B, D, F, and H, bar graphs depict
changes in cell proliferation. Results are expressed as means6SEs; n=4. *P, 0.05 versus Cntr and #P, 0.05 versus CSE. Cont= control.
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walls, increases in airway resistance, and PH
in a CS-induced COPDmodel. These
observations indicate that HDAC6 has
crucial role in the COPD-associated
collagen synthesis and SMC proliferation
in the airway and pulmonary
vasculature.

Notably, our data show that HDAC6
protein levels are similarly increased in
BSMCs and PASMCs in patients with COPD
and COPD rats, suggesting that this COPD
animal model can reproduce the pathologic
alterations of human COPD, in which
HDAC6 is a critical molecule. Interestingly,
we found that administration of the HDAC6
inhibitor Tub A alleviated the CS-induced

increases in the mean linear intercept of the
lungs and the in inspiratory capacity in a
COPD rat model, suggesting that inhibition
of HDAC6 suppresses CS-induced
emphysema. It has been shown that CS
exacerbates acute lung injury in vivo and
increases EC barrier dysfunction in vitro and
that these outcomes are blunted by the
inhibition of HDAC6 (25). Others reported
that selective inhibition of HDAC6 by using
Tub A blocks TNF-a–induced caspase 3
activation and lung endothelial barrier
disruption and prevents endotoxin-induced
pulmonary edema (41, 43). Therefore, we
speculate that CS exposure may also activate
HDAC6 in the alveolar regions, which results

in emphysema and increased inspiratory
capacity.

In conclusion, our study demonstrates
that CSE-, PDGF-, and IL-6–induced
overexpression and activation of HDAC6
play a critical role in airway and pulmonary
vascular remodeling in the development of
COPD associated with CS. HDAC6mediates
deacetylation and activation of ERK1/2 and
leads to collagen synthesis and BSMC and
PASMC proliferation in COPD (Figure E14).
Targeting HDAC6might be an attractive
therapeutic approach for COPD.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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Figure 6. Tub A attenuates airway remodeling and elevation in airway resistance in a CS-induced COPD model. Eight-week-old male Sprague-
Dawley rats were exposed to CS for 16 weeks. At the beginning of the 14th week, CS-exposed rats were injected with Tub A (25 mg/kg, i.p.) or
vehicle 5 d/wk for 3 weeks, and then airway remodeling and airway resistance were assessed. (A and E) Representative images of lung
sections of rats exposed to RA or CS. (B–D and F) Bar graphs depict changes in the ratio of the bronchial wall area to the total bronchial area
(B), changes in airway resistance (C), changes in the inspiratory capacity (D), and changes in the mean linear intercept (F). Results are
expressed as means6SEs; n=5. Scale bars, 50 mm. *P, 0.05 versus RA and #P, 0.05 versus smoke. BR=bronchus.
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