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Abstract
Smoking has become a major cause of chronic obstructive pulmonary disease through

weakening of the respiratory mucus-ciliary transport system, impairing cough reflex sensi-

tivity, and inducing inflammation. Recent researches have indicated that hydrogen sulfide is

essential in the development of various lung diseases. However, the effect and mechanism

of hydrogen sulfide on cigarette smoke-induced chronic obstructive pulmonary disease

have not been reported. In this study, rats were treated with cigarette smoke to create a

chronic obstructive pulmonary disease model followed by treatment with a low concentra-

tion of hydrogen sulfide. Pulmonary function, histopathological appearance, lung edema,

permeability, airway remodeling indicators, oxidative products/antioxidases levels, inflam-

matory factors in lung, cell classification in bronchoalveolar lavage fluid were measured to

examine the effect of hydrogen sulfide on chronic obstructive pulmonary disease model.

The results showed that hydrogen sulfide effectively improved pulmonary function and

reduced histopathological changes, lung edema, and permeability. Airway remodeling,

oxidative stress, and inflammation were also reduced by hydrogen sulfide treatment. To

understand the mechanisms, we measured the expression of TGF-b1, TGF-bIand TGF-bII receptors and Smad7 and phosphor-

ylation of Smad2/Smad3. The results indicated that the TGF-b1 and Smad were activated in cigarette smoke-induced chronic

obstructive pulmonary disease model, but inhibited by hydrogen sulfide. In conclusion, this study showed that hydrogen sulfide

treatment alleviated cigarette smoke-induced chronic obstructive pulmonary disease through inhibition of the TGF-b1/Smad

pathway.
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Introduction

Chronic obstructive pulmonary disease (COPD) has been
identified as incomplete reversible airflow limitation that
can progress to respiratory failure and pulmonary heart
disease.1 The pathological process of COPD mainly
includes progressively developed airflow limitation and
lung chronic inflammatory response.2 Smoking is the
chief pathogenic factor of COPD.3 Over 90% of deaths of

COPD patients are related to smoking.3 Previous experi-
ments have shown that stimulation by cigarette smoke
(CS) makes the respiratory system more prone to inflam-
matory reactions.4

A variety of signal transduction pathways participate in
the development of COPD. The transforming growth
factor-b1 (TGF-b1) and Smads proteins are most closely
related to airway remodeling in COPD. TGF-b1 belongs
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to the transforming growth factor super family,5 which can
induce the proliferation and transformation of fibroblasts
and airway smooth muscle cells6 and plays an essential role
in the lung remodeling.7 Microarray studies in patients
with COPD have shown that TGF-b1 is associated with
activation of thrombospondin.8 CS can transiently increase
TGF-b1 expression in mice, causing sustained phosphory-
lation of the downstream signaling protein Smad2, and
increasing collagen deposition.9 TGF-b receptors (TGF-
bRs) have three forms according to structural and function-
al characteristics.10 TGF-bRI/II are glycoproteins belonging
to the transmembrane receptor serine/threonine kinase
family.10 TGF-b1 reacts with both TGF-bRI and TGF-bRII,
which activates downstream effector molecules and signal
transduction, leading to chemotaxis, proliferation, and
immune cell activation.11 TGF-bRIII is not directly involved
in signal transduction as its intracellular region does not
contain a serine/threonine protein kinase active region.12

As downstream signal proteins of TGF-b1, Smad pro-
teins regulate many cellular functions, including cell pro-
liferation and protein synthesis.13 After they are activated
by TGF-b1, Smad2 and Smad3 form a Smad complex
(Smad4) and regulate target gene expression,14 resulting
in a series of airway remodeling changes, such as cell phe-
notypic transformation and airway wall extracellular
matrix deposition.15 Inhibitory Smads, including Smad7,
bind activated TGF-bRI and inhibit signal transduction of
the TGF-b family.16 Smad7 blocks the signal transduction
process by specifically binding to TGF-bRI.16

Hydrogen sulfide (H2S) is involved in multiple lung dis-
eases, including pulmonary hypertension, diffuse obstruc-
tive pulmonary disease, and acute lung injury.17–20 It can
inhibit the release of inflammatory factors and lung cell
apoptosis, and affect the expression of alveolar surfac-
tants.20,21 NaHS (an exogenous H2S donor) inhibits chemo-
taxis of leukocytes, reduces lung damage, and improves the
circulation state of sepsis and the survival rate of rats.20,22

However, the effect and underlying mechanism of H2S on
CS-associated COPD has not yet been explored. Therefore,
the present study examined the effect of H2S inhalation on
CS-associated COPD and identified the underlying
mechanism.

Methods and materials

Animals

Sprague–Dawley rats (male, 250–270 g) were purchased
from Hebei Chest Hospital Animal Center. All rats were
allowed to get food and water ad libitum and tested in
the specific pathogen-free barrier laboratory of Hebei
Chest Hospital Animal Center. The laboratory was on a
12-h light:dark cycle under 23�C and 35% humidity. The
investigators took all efforts to minimize pain or distress
to the animals. Rats were kept in a holding room for five -
days after arrival at the laboratory for adaptation. The
whole protocol has been authorized by the Animal Ethics
Committee of the Hebei Chest Hospital Animal Center and
completed complying with the Guide of the Care and Use

of Laboratory Animals published by NIH. The overall pro-
cedure is demonstrated in Figure 1.

CS-induced COPD model

Rats were designated into the following groups in a
random manner (N¼ 10), including Control, Sham, CS,
CSþH2S, and H2S groups. The COPD model of rats was
created according to the report of Ke et al.23 Rats in the CS
and CSþH2S groups inhaled CS for 28weeks using the
BUXCO system (Data Sciences International, New
Brighton, NM, USA). The smoke was produced by Derby
cigarettes (Wuhu Cigarettes, China). Each cigarette con-
tains 10mg tar, 0.9mg cotinine, and 12mg carbon monox-
ide. Rats were treated with inhalation of the equivalent of
20 cigarettes for 2 h, and then allowed to rest for 4 h, which
was repeated again on the same day. Rats inhaled CS for
six days/week. Sham rats breathed air using the BUXCO
animal CS-exposure system for 28weeks, then breathed air
in a 20-L plastic chamber for seven days.

H2S inhalation

For H2S inhalation, after the CS-induced COPD model was
established, rats were put in a 20-L plastic chamber and
allowed to breathe air mixed with H2S for 8 h daily for
seven days. H2S passed through a regulator and flowmeter
and mixed with air. The flow of H2S and air was adjusted to
maintain the concentration of H2S at 40 ppm. Rats in the
H2S group also inhaled 40 ppm H2S for 8 h daily for seven -
days, without the CS-induced COPD model. H2S was
purchased from Shijiazhuang Specialty Gas Company
(Shijiazhuang, Hebei, China).

Histopathology evaluation

One day after the H2S inhalation period, rats were anesthe-
tized with sodium pentobarbital (100mg/kg, i.p.) and pan-
curonium bromide (6mg/kg, i.p.). They were sacrificed by
cervical dislocation and the lungs were exposed by thora-
cotomy. The lungs were perfused with sterile phosphate-
buffered saline (PBS). The left lobes of lungs were harvested
and fixed with 4% formalin for 48 h at 25�C. Afterwards, the
lung was cut into 4 lm sections, which were stained with
H&E method. These slides were evaluated with a micro-
scope by a pathologist to evaluate the histopathological
appearance (three slides and four fields of view per
sample, magnification �200). The lung injury score was
graded on a 5-point scale. The changes in airway remodel-
ing indicators, including smoothmuscle thickness, collagen
thickness, the ratio of wall thickness/bronchiole diameter,
and the ratio of wall area/total bronchiole area, were mea-
sured with the Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, USA) on H&E-stained histological
sections, with the method described by Fei et al.24

Lung wet/dry ratio and Evans blue assay

Lung edema was evaluated with the W/D weight ratio
method. Briefly, one day after H2S inhalation was finished,
the lung tissue was collected and weighed (wet weight,
about 400mg) and kept in a 70�C oven for 60 h, after
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which the dry weight was measured to calculate the lung
W/D ratio.

For the Evans blue assay, one day after H2S inhalation
was finished, rats were anesthetized with sodium pento-
barbital (100mg/kg, i.p.) and pancuronium bromide
(6mg/kg, i.p.); 1% Evans blue dye in PBS was then injected
via the tails (30mg/kg). Half an hour later, the lungs were
perfused with PBS and homogenized in PBS with formam-
ide and incubated overnight at 60�C. Next day, it was cen-
trifuged (10,000� g, 30min). The absorbance of the lung
homogenate at 620 nm was obtained, and the permeability
index was calculated as described previously.25

Pulmonary function measurement

The pulmonary function was measured with an AniRes
2005 system (SYNOL High-Tech, Beijing, China). Briefly,
one day after H2S inhalation was finished, rats were anes-
thetized. Afterwards, endotracheal intubation was per-
formed on the rats, and the tube was connected to a
ventilator (Voltek Enterprises, Toronto, ON, Canada). The
peak expiratory flow (PEF) and maximal mid-expiratory
flow curve (MMF) were obtained from 30 respiratory
cycles.

Evaluation of oxidative products/antioxidases

The levels of 8-Hydroxydeoxyguanosine (8-OHdG), malon-
dialdehyde (MDA), and protein carbonyl in the lung were
examined using commercial kits. The 8-OHdG was mea-
sured with the method of Ji et al.26 A MDA detection kit
(Beyotime, Shanghai, China) was used to measure MDA
levels in lung tissue. MDA reacts with thiobarbituric acid
and forms a red product. Briefly, the lung tissue was
extracted with radio-immunoprecipitation Assay (RIPA)
lysis buffer. The lung tissue lysate was incubated with
200 mL of testing solution for half an hour. The absorbance
values (532 nm) were quantified with a microplate reader
(BioTek Instruments, Winooski, USA) to calculate the con-
centration (mmol/mg protein). The protein carbonyl
in the supernatant was measured with the method of
Levine et al.27

The activities of antioxidases, including catalase, super-
oxide dismutase, and glutathione peroxidase were investi-
gated using commercial kits (Beyotime, Shanghai, China).
The lung tissue was homogenized and centrifuged at
5000� g for 10min. Afterwards, the supernatant was col-
lected and incubated with testing solution for 20min, and
the absorbances at 520, 560, or 340 nm were quantified by a
microplate reader. The catalase, superoxide dismutase, and

glutathione peroxidase activities (U/mg protein) were cal-
culated based on the absorbance values.

Cell classification in BALF

Following the CS-induced COPD model and H2S inhala-
tion, rats were sacrificed and the lung was exposed. BALF
was collected from the left lung and centrifuged at 110� g
(10min, 4�C), and the cells were re-suspended in Hank’s
solution (Beyotime, Shanghai, China). An aliquot of the cell
suspension (100 mL) was analyzed using a blood cell coun-
ter to determine the total number of cells. Another aliquot
(200 mL) was subjected to Diff-Quick staining (Baxter
Diagnostics, Deerfield, IL, USA).28 Approximately 200
cells were counted in each sample and classified as neutro-
phils, lymphocytes, and macrophages according to mor-
phological characteristics.29

Measurement of inflammatory factors

BALF was collected as previously described. The superna-
tant of lung homogenate was collected after it was centri-
fuged (12,000� g, 20min). The levels of inflammatory
factors were measured using ELISA kits (Beyotime,
Shanghai, China). Briefly, the monoclonal capture antibody
was pre-coated on an ELISA plate. The absorbance of the
reaction solution was quantified by a microplate reader
(450 nm). The data of absorbance were used to calculate
the concentrations of the inflammatory factors.

Western blotting

The lung tissue was homogenized with a lysis buffer
(Beyotime, Shanghai, China) and centrifuged (12,000� g,
10min, 4�C) to collect the proteins, which were separated
by SDS-PAGE membranes (Millipore, Burlington, MA,
USA) and transferred to PVDF membranes (Millipore,
Burlington, MA, USA). The blotted membranes were
blocked with 5% nonfat dry milk (Beyotime, Shanghai,
China). After 2 h, they were rinsed with TBST solution
and incubated with primary antibodies, then with goat
anti-rabbit IgG. Finally, the blots were washed with TBST
and imaged with enhanced chemiluminescence reagent
(Thermo Scientific, Rockford, USA).

Statistical tests

Statistical tests were completed using SPSS 17.0 by
one-way analysis of variance with Tukey–Kramer
multiple comparisons tests. P< 0.05 was considered to be
significant.

Figure 1. The flow chart to demonstrate the overall procedure of the study. (A color version of this figure is available in the online journal.)
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Results

Histopathological changes, lung edema, permeability,

and pulmonary function

CS treatment induced alveolar septa thickening and inflam-
matory cells infiltration, which was reduced significantly
by H2S (Figure 2(a) to (e)). The lung injury score, lung
edema, and permeability were also significantly increased
by CS, but decreased by H2S (Figure 2(f) to (h)). Figure 2(i)
and (j) shows the changes of pulmonary function as tested
by PEF and MMF. PEF and MMF were both significantly
decreased by CS treatment, but recovered by H2S. These
results indicated that H2S could not only attenuate the
structural damage caused by CS, but could also recover
pulmonary function.

Changes in airway remodeling indicators and proteins

Figure 3 shows the changes in airway remodeling indica-
tors, including smooth muscle thickness, collagen thick-
ness, the ratio of wall thickness/bronchiole diameter, and

the ratio of wall area/total bronchiole area. These indica-
tors were significantly increased in the CS group, but were
reversed by H2S (P< 0.05). As demonstrated in Figure 4,
the expression of Collagen I and a-SMA was significantly
increased in the CS group compared to the Control or Sham
groups (P< 0.05), but were significantly inhibited by H2S
treatment (P< 0.05).

The levels of oxidative products and antioxidases in
the lung

The levels of 8-OHdG and MDA were both significantly
increased by CS, but significantly inhibited by H2S
(Figure 5). The level of carbonyl protein has no change
among the groups. Oppositely, the level of CATwas signif-
icantly decreased by CS, but significantly recovered by H2S.
In Sham or H2S-alone groups, it was not significantly
changed. The levels of SOD and GPx did not change
among groups.

Figure 2. Effect of H2S inhalation on histopathological appearance, lung edema, permeability, and pulmonary function in rats. Values shown are mean�S.E.M

(N¼ 10). a-e, H&E staining of lung; f, lung injury score; g, lung W/D weight ratio; h, Evans blue leakage amounts; i, peak expiratory flow (PEF); j, maximal mid-expiratory

flow (MMF). #P< 0.05 compared to Control; &P< 0.05 compared to the CS group. CS: cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S:

hydrogen sulfide. (A color version of this figure is available in the online journal.)
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Changes in inflammatory factors and cell classification
in BALF

As shown in Figure 6, the levels of TNF-a, IL-8, and IL-1b in
BALF and lung tissue were all significantly increased by CS
group, but significantly decreased by H2S. In Sham or
H2S-alone groups, they were not significantly changed.
The level of IL-6 was not changed between groups.

Figure 7 shows the changes in cell classification in BALF.
The numbers of total cells, neutrophils, lymphocytes, and
macrophages were all significantly increased by CS
(P< 0.05 compared to Control), which were significantly
decreased by H2S treatment (P< 0.05). In Sham or H2S-
alone groups, the cell classification did not significantly
change.

Expression of TGF-b1, TGF-b receptors and Smad7 and
phosphorylation levels of Smad2/Smad3

Figure 8 shows the expression levels of TGF-b1 and TGF-b
receptors in lung tissue. They were increased significantly
in the CS group, but were significantly reduced by H2S. In
Sham or H2S-alone groups, their protein levels had no
change. Figure 9 shows the protein levels of Smad7 and
phosphorylation levels of Smad2 and Smad3. The phos-
phorylation levels of Smad2 and Smad3 were significantly
increased by CS but decreased by H2S treatment. By con-
trast, the expression of Smad7 was decreased by CS, while
significantly increased by H2S. In Sham or H2S-alone
groups, the expression of Smad7 or phosphorylation of
Smad2/Smad3 did not significantly change.

Discussion

Inflammation, oxidative stress, protease/anti-protease
imbalance, and autonomic nervous system dysfunction
are the main mechanisms of COPD pathogenesis.30

Airway remodeling involves tissue repair, epithelial meta-
plasia, increased mucosal epithelial hyperplasia, submuco-
sal gland hyperplasia, bronchial wall fibrosis, increased
collagen deposition, and airway smooth muscle hyperpla-
sia.31 The present study showed that after treatment with
CS, the lung injury score, lung W/D weight ratio, and per-
meability were all increased in rats. Pulmonary function,
indicated by PEF and MMF, was significantly decreased by
treatment with CS. Airway remodeling indicators, includ-
ing smooth muscle thickness, collagen thickness, the ratio
of wall thickness/bronchiole diameter, the ratio of wall
area/total bronchiole area, and airway remodeling proteins
(Collagen I and a-SMA), were all significantly increased by
CS. These results suggest that CS caused lung structural
damage and pulmonary function impairment, indicating
the successful establishment of the CS-induced COPD
model.

Figure 3. Effect of H2S inhalation on airway remodeling indicators in rats. Smooth muscle thickness (a), collagen thickness (b), ratio of wall thickness/bronchiole

diameter (c), and the ratio of wall area/total bronchiole area (d) are shown. Values shown are mean�S.E.M (N¼ 10). #P< 0.05 compared to Control; &P< 0.05

compared to the CS group. CS: cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.

Figure 4. Effect of H2S inhalation on airway remodeling proteins (Collagen I and

a-SMA) in rats. The representative protein bands are shown in (a); The quanti-

tative results are shown in (b). Values shown are mean�S.E.M (N¼ 10). #P< 0.05

compared to Control; &P< 0.05 compared to the CS group. CS: cigarette smoke;

CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.
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Studies have confirmed that H2S functions in inflamma-
tory response regulation,32 anti-oxidative stress,33 vasodi-
lation,34 and anti-fibrosis.35 Intravenous administration of
sodium hydrosulfide, which provides exogenous H2S, has
anti-inflammatory, anti-oxidative, anti-apoptotic, and

pulmonary protective effects.33,36 The present study con-
firmed that inhalation of H2S significantly improved the
histopathological appearance, lung edema, permeability,
and pulmonary function of rats in the COPD model
induced by CS. H2S diminished the injury score, lung

Figure 5. Effect of H2S inhalation on oxidative products (8-OHdG, MDA and protein carbonyl) and antioxidases (SOD, catalase and GPx) in the lung. Values shown are

mean�S.E.M (N¼ 10). a, 8-OHdG levels; b, MDA levels; c, protein carbonyl levels; d, SOD levels; e, catalase levels; f, GPx levels. #P< 0.05 compared to Control;
&P<0.05 compared to the CS group. CS: cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.

Figure 6. Effect of H2S inhalation on inflammatory factors (TNF-a, IL-8, IL-1b and IL-6) in BALF and lung tissue. Values shown are mean�S.E.M (N¼10). a, levels of

TNF-a, IL-6, IL-8, and IL-1b in BALF; b, levels of TNF-a, IL-6, IL-8, and IL-1b in lung tissue. #P< 0.05 compared to Control; &P< 0.05 compared to the CS group. CS:

cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.
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Figure 7. Effect of H2S inhalation on cell classification (total cells, neutrophils, lymphocytes, and macrophages) in BALF. Values shown are mean�S.E.M (N¼ 10). a,

total cell count in BALF; b, neutrophil count in BALF; c, lymphocyte count in BALF; d, macrophage count in BALF. #P< 0.05 compared to Control; &P< 0.05 compared

to the CS group. CS: cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.

Figure 8. Effect of H2S inhalation on expression of TGF-b1 and TGF-b receptors (TGF-bRI and TGF-bRII) in the lung. Values shown are mean�S.E.M (N¼ 10). a,

representative blots of TGF-b1 and TGF-b receptors; b, expression levels of TGF-b1 and TGF-b receptors. #P< 0.05 compared to Control; &P< 0.05 compared to

the CS group. CS: cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.
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W/D weight ratio, and Evans blue leakage induced by CS.
PEF and MMF values were also significantly increased by
H2S. Airway remodeling indicators, including smooth
muscle thickness, collagen thickness, the ratio of wall thick-
ness/bronchiole diameter, the ratio of wall area/total bron-
chiole area, and airway remodeling proteins (Collagen I
and a-SMA) were all significantly decreased by H2S treat-
ment. These results suggest that H2S might be effective in
protection against CS-induced COPD and can attenuate
airway remodeling.

Inflammatory cells, such as neutrophils, macrophages,
eosinophils, and lymphocytes, are closely related to
airway obstruction in COPD patients.37 Our results
showed that the numbers of inflammatory cells in BALF
were significantly enhanced in the COPD model, but
were decreased by treatment with H2S. These cells secrete
inflammatory cytokines, chemokines and proteases, which
lead to the development of COPD.38,39 In the early stages of
COPD, macrophages and neutrophils cause the release of a
series of inflammatory mediators. On the other hand, elas-
tase and reactive oxygen species (ROS) secreted by inflam-
matory cells can degrade extracellular matrix components
of the alveolar wall, leading to emphysema.40 Next, we
measured oxidative products and antioxidases and inflam-
matory factors in BALF and lung tissue. The levels of
8-OHdG and MDA in the lung were significantly increased
by CS, but this increase was inhibited by H2S. The level of
protein carbonyl in the lung, however, was not significantly
changed by H2S, indicating that H2S did not attenuate the
oxidative injury of proteins. By contrast, the level of CAT in
the lung was significantly decreased by CS but was
increased by H2S. The SOD and GPx activities were not
significantly changed by H2S, indicating that rather than
restoring all the antioxidases, H2S selectively affected the
activity of CAT. These results suggest that H2S can reduce

oxidative stress and selectively restore some antioxidases in
a CS-induced COPD model, which may contribute to its
protective effects against COPD.

In the present study, the amounts of TNF-a, IL-8 and IL-
1b were significantly increased by CS, but were significant-
ly decreased by H2S. TNF-a, IL-8, and IL-1b majorly con-
tribute to CS-induced COPD. CS induced the release of
IL-1b and IL-8 from the bronchial epithelium through oxi-
dative stress, causing neutrophil and monocyte chemotax-
is.41 TNF-a is essential in the airway inflammatory response
in COPD.42 It is involved in remodeling of extracellular
matrices by enhancing the release of elastase, as well as
MMP-2 and MMP-9.43 A TNF-a receptor knockout mouse
had less CS-induced connective tissue damage, suggesting
a role of TNF-a in tissue remodeling.44 IL-8, secreted by
macrophages and neutrophils, plays an important role in
the development of COPD. IL-8 is a key cytokine in neu-
trophil recruitment and activation in the airway.45 IL-
8 levels were positively correlated with the degree of air-
flow obstruction in COPD patients.4 IL-1b is essential for
neutrophil airway inflammation in COPD patients and is a
major inducer of IL-8 in bronchial epithelial cells.45 The
decrease of TNF-a, IL-8, and IL-1b induced by H2S indi-
cates that H2S could effectively inhibit the inflammatory
reaction in the COPD model. However, the level of IL-6
was not significantly changed by H2S, indicating that
rather than inhibiting all the inflammatory factors, H2S
selectively inhibited the levels of TNF-a, IL-8, and IL-1b.

To further explore the underlying mechanisms of H2S,
we inspected the participation of the TGF-b1/Smad path-
way, a key pathway in airway remodeling. It has been
shown that progesterone could inhibit TGF-b1/Smad sig-
naling and airway remodeling in bronchopulmonary dys-
plasia (BPD), and attenuates its development.46 Our results
showed that the protein levels of TGF-b1, TGF-bRI, and

Figure 9. Effect of H2S inhalation on expression of Smad7 and phosphorylation of Smad2/Smad3 in the lung. Values shown are mean�S.E.M (N¼10). a, repre-

sentative blots of Smad7 and phosphorylated Smad2 and Smad3; b, expression levels of Smad7; c, phosphorylation levels of Smad2 and Smad3. #P< 0.05 compared

to Control; &P< 0.05 compared to the CS group. CS: cigarette smoke; CSþH2S: cigarette smoke and hydrogen sulfide; H2S: hydrogen sulfide.
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TGF-bRII were escalated by CS, but the escalation was
inhibited by H2S. These results suggest that TGF-b1 and
its receptors were activated in the CS-induced COPD
model, but H2S treatment could inhibit their activation.
Smads are important downstream proteins regulated by
TGF-b1. Previous studies have shown that Smad3-specific
inhibitors inhibit fibroblast-type collagen expression in
normal fibroblasts and scleroderma induced by TGF-b1.47

Le et al.16 showed that in Smad3 gene knockout mice,
airway remodeling pathological changes such as collagen
deposition and decreased smooth muscle proliferation
were alleviated. Our results indicated that the phosphory-
lation levels of Smad2 and Smad3 were significantly
boosted in COPD rats, indicating that these AR-Smads
were activated by CS. On the other hand, protein levels of
Smad7, an inhibitory Smad, were decreased in the CS-
induced COPD model. Taken together, it is suggested that
smoking can activate the TGF-b1/Smad signaling pathway.
Previous studies have shown that smoking induced airway
inflammation and oxidative stress, and activated MMP-9
and TGF-b1/Smad pathway.48 TGF-b1 is expressed in CS
extract-stimulated lung fibroblasts in vitro.49 ROS can
enhance the phosphorylation of Smad2/3 and promote
the conversion of TGF-b into an active form that activates
TGF-b/Smad signaling.50,51 Activated TGF-b/ROS signal-
ing promotes airway remodeling by inducing smooth
muscle cell proliferation, fibroblastic fibrosis, and extracel-
lular matrix synthesis and deposition.50,51 Our results fur-
ther demonstrated that H2S increased the expression of
Smad7 and inhibited the activation of Smad2 and Smad3,
indicating that H2S treatment can inhibit the TGF-b/Smad
signaling pathway. Previously, Cheng et al.52 revealed that
H2S inhibited inflammation and the TGF-b/Smad pathway
in peritoneal mesothelial cells. It was also revealed that H2S
inhibited airway remodeling caused by CS by attenuating
oxidative injury and epithelial-mesenchymal transition.53

Perry et al.54 reported that H2S inhibited the proliferation
of smooth muscle and cytokine release in airway. These
studies suggest that the mechanism of H2S involves many
signal pathways and proteins. Our study showed that in a
CS-induced COPD model, H2S treatment inhibited TGF-
b/Smad signaling. Given the participation of TGF-
b/Smad signaling in COPD, inhibition of this pathway
may be associated with its protective effect on COPD
induced by CS.

In conclusion, this study demonstrated that H2S
improved pulmonary function and reduced lung injury in
a CS-induced COPD model. The underlying mechanism
may be associated with its inhibition of the TGF-b1/Smad
pathway. The clinical implications of our findings include
the role of H2S in the development of COPD and the poten-
tial use of H2S in the treatment of COPD. Medicine that
targets TGF-b1/Smad pathway may also be developed to
treat COPD. Although further studies are required to elu-
cidate the pharmacodynamics, pharmacokinetics, and
pharmacology of H2S in the CS-induced COPD model,
our findings provide an experimental basis for the potential
clinical application of H2S in COPD treatment.
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