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Hedgehog signaling regulates the expression levels of
inflammatory mediators in cigarette-induced airway inflammation

YI GUO, GUOCHAO SHI, HUANYING WAN and MIN ZHOU

Department of Pulmonary and Critical Care Medicine, Shanghai Rui Jin Hospital, School of Medicine,
Shanghai Jiao Tong University, Shanghai 200025, P.R. China

Received October 22, 2017; Accepted March 27,2018

DOI: 10.3892/mmr.2018.8861

Abstract. Chronic obstructive pulmonary disease (COPD) is a
persistent airway inflammation influenced by cigarette smoke.
Previous studies have reported that Hedgehog (Hh) signaling
is aberrantly activated by cigarette smoke and dysregulated in
COPD. The present study explored the role of the Hh signaling
pathway on the expression levels of certain inflammatory
mediators in cigarette-induced airway inflammation. Herein,
a total of three A549 cell populations were generated: The
A0 group as control cells, the Al group cells treated with
nicotine at a concentration of 10 M for 12, 24 and 48 h,
and the A2 group cultured simultaneously with nicotine and
cyclopamine for the same duration. The total concentrations
of the inflammatory mediators interleukin-6 (IL-6), IL-8 and
tumor necrosis factor (TNF)-a, and an anti-inflammatory
cytokine, IL-10, were assessed in all of the cells by ELISA and
western blotting. The protein levels of sonic hedgehog (Shh),
glioma-associated oncoprotein 1 (Glil) and Smoothened
(Smo) in nicotine-induced Hh signaling were also detected.
The results indicated that A549 had increased levels of IL-6,
IL-8 and TNF-a when cultured with nicotine when compared
with the control cells. By contrast, the expression levels of
these inflammatory mediators decreased with varying degrees
when treated with cyclopamine that blocked the Hh signaling
pathway. The IL-10 expression levels exhibited the reverse. The
expressions of the Shh, Glil and Smo proteins were higher in
the Al group when compared with the control and decreased
with cyclpoamine treatment. In conclusion, the Hh signaling
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pathway may partly have an impact on cigarette-induced
airway inflammation via the regulation of inflammatory
mediators. Thus, blocking Hh signaling and diminishing the
airway inflammation reaction may serve as a potential therapy
for COPD.

Introduction

Chronic obstructive pulmonary disease (COPD) is mainly
a consequence of persistent airway inflammation caused
by cigarette smoke (CS) and genetic predisposition (1). The
exposure to cigarette smoke (CS) activates the hedgehog
(Hh) signaling pathway in bronchial epithelial cells. Hh
activation occurs in BEAS2B cells when repeatedly exposed
to smoke (2).

Hh signaling is one of the most conserved pathways, that
regulates morphogenesis of multiple organs, including lung,
intestines, and nervous system during embryogenesis. In the
adult, Hh signaling also maintains organ homeostasis and
modulates tissue repair (3). The Hh pathway is comprised of
a complex network of molecules. Three Hh ligands have been
identified: sonic hedgehog (Shh) for human, Indian hedgehog
(Ihh) and desert hedgehog (Dhh). Hh ligands bind to their
repressive receptor, Patched (Ptc), a twelve-transmembrane
protein; it relieves the suppression of the signaling transducer,
Smoothened (Smo), a seven-transmembrane protein, thereby
activating the Hh pathway. The unleashed Smo passages from
the vesicles to the primary cilium on the cell membrane,
leading to translocation of the transcription factors and
glioma-associated oncoproteins (Glil, Gli2, Gli3), especially
Glil, and subsequently promotes the transcription of the
target genes.

The first identified Hh blocker is cyclopamine. It is a steroid
alkaloid and inhibits the Hh pathway by directly binding Smo,
which causes developmental abnormalities in animals (4).

Previous data implicated a role of Hh in postnatal lung
development; the interruption of Hh signaling at earlier
time points leads to enlarged alveolar airspaces. In the adult
lung, the Hh pathway maintains mesenchymal quiescence
and is dysregulated in disease such as COPD (5). These
results suggest that the Hh pathways underlie the initiation,
maintenance, proliferation, and survival of CSE-transformed
epithelial cells. However, the role of Hh signaling pathway in
cigarette-induced airway inflammation remains unclear.
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Materials and methods

Cell culture and reagents. Human alveolar epithelial cells
(A549) were purchased from the Shanghai Institutes for
Biological Sciences and cultured in a humidified incubator
with 5% CO, at 37°C in RPMI 1640 medium (Gibco Life
Technologies, Gaithersburg, MD, USA) supplemented with
10% fetal bovine serum (FBS), penicillin, and streptomycin.
After reaching early confluency, the cells were trypsinized and
plated for experiments.

We generated three A549 cell populations. We defined
the primary cultures as untreated control cells (AO group),
Al group represented A549 cells stimulated with nicotine
(Sigma-Aldrich St. Louis, MO, USA) at appropriate concen-
trations evaluated by Cell Counting Kit-8 (CCK-8; Dojindo
Laboratories, Kumamoto, Japan) assay for 12,24 and 48 h, and
A2 group represented A549 cells treated simultaneously with
nicotine and cyclopamine (Sigma-Aldrich) at a concentration
of 10 uM according to published studies (6-8).

Cellviability assay. The proliferation A549 cells was measured
using the CCK-8 according to the manufacturer's instructions
in order to determine the appropriate concentrations of nico-
tine treatment in the experiment. Cells (2,000/100 ul/well)
were plated in triplicate into 96-well plates and cultured before
treatment with nicotine at 0.1, 1, 10, and 100 uM for 12, 24 and
48 h, respectively. Subsequently, the cells were incubated with
CCK-8 reagent (10 ul) for an additional 2 h. The absorbance
was determined at 450 nm, and the cell viability was calcu-
lated as a percentage of the OD value in the control cells. The
most appropriate concentration of nicotine was determined
and used in downstream experiments.

ELISA. The total concentrations of specific inflamma-
tory mediators (IL-6, IL-8, TNF-a) in AO, Al and A2 cells
stimulated by nicotine with and without cyclopamine (at a
concentration of 10 uM) were assessed by commercial ELISA
kits (Anogen, Canada), according to the manufacturer's
instructions. The total concentration of IL-10, known as the
cytokine synthesis inhibitory factor (CSIF), which inhibits the
production of IL-6, IL-8, TNF-a and downregulates inflam-
mation was also measured by ELISA immunoassay. The
results were expressed as pictogram of cytokine per milliliter
plasma (pg/ml).

Western blot analysis. The expression levels of Shh, Smo, and
Glil proteins in control AO, in Al cells treated with 10 M
nicotine, and in A2 cells cultured simultaneously with nico-
tine (10 xuM) and cyclopamine (10 xM) for 24 and 48 h were
assessed respectively using Western blot. We also measured
the expressions of IL-6, IL-8, and TNF-a at protein levels
in AO, A1, and A2 groups at 12, 24 and 48 h using the same
methods. The cells were lysed in RIPA lysis buffer, and the
lysates incubated on ice and centrifuged at 14,000 rpm, 4°C
for 15 min. Total protein concentrations were determined
by Bradford assay. The protein samples were subjected
to SDS-PAGE and transferred to polyvinyliene difluoride
membranes. The non-specific binding sites on the membranes
were blocked with skimmed milk for 1 h, and the blots were
incubated with primary antibody overnight at 4°C (1:1,000,
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Figure 1. Cell viability of A549 cells treated with nicotine at different
concentrations. “P<0.05 vs. control.

Proteinch, USA). Subsequently, the membranes were probed
with secondary antibodies (1:2,000, Santa Cruz, USA) for 1 h
at room temperature. Finally, the relative protein levels were
determined with Image J software.

Statistical analysis. All statistical analyses were performed
using SPSS (version 20.0; IBM Corp., Armonk, NY, USA).
The values are expressed as the mean + standard deviation.
Analysis of variance was performed to evaluate the differ-
ences between the groups, followed by Scheffe post hoc test
for multiple comparisons. A P-value <0.05 was considered as
statistically significant.

Results

Cellviability assay. Cell viability curves were plotted as viable
cell percentage based on the CCK-8 assay. As shown in Fig. 1,
nicotine inhibited the proliferation of the tested cell lines in a
time and dose dependent manner. According to the results of
the CCK-8 assay, with nicotine treatment, a concentration of
0.1 and 1 uM were not sufficient to stimulate cells at all the
three time points; however, cells failed to survive at 100 M.
Therefore, 10 uM was the most appropriate nicotine concen-
tration used in the subsequent study.

Expression levels of IL-6, IL-8, TNF-a, and IL-10 in cells by
ELISA. AO were cultured as control cells, Al cells were stimu-
lated with nicotine at a concentration of 10 uM for 12, 24 and
48 h, respectively, and A2 cells were treated simultaneously
with nicotine (10 xM) and cyclopamine (10 M) for 12, 24
and 48 h, respectively. Nicotine induced the production of the
inflammatory mediators in A549 cells.

We compared the IL-6 levels produced by A549 cells
among the three groups. IL-6 levels in A1 cells were increased
significantly as compared to AO cells at 24 and 48 h (all
P<0.05) but not at 12 h. Supposedly, the 12 h time point was
extremely short to induce the secretion of IL-6. Additionally,
the levels of IL-6 in A2 group were significantly lower than A1
group at 24 and 48 h (all P<0.05) (Fig. 2A).

The levels of IL-8 also increased significantly in Al cells
at 24 and 48 h as compared to the AO group (all P<0.05). The
levels of IL-8 in the A2 group were significantly lower than
that in the A1 group (12, 24, 48 h) (all P<0.05) (Fig. 2B).



MOLECULAR MEDICINE REPORTS 17: 8557-8563, 2018

A 150, mAQ
BAI
OA2

100 f

50

[L-6 concentrations (pg/ml)

=
h 1
mAQ

BAl
OA2

o

i
« T

TNF-o concentrations (pg/ml)

48 h

2 h

8559

B =
€ 1200
= HAQ
£1000} BAl
8 800F 0A2
£ 600}
=
8
=
8
“i 1
= 48 h
D
mAO #
BAl w
OA2

IL-10 concentrations (pg/ml)

12 h

Duration of nicotine treatment

Figure 2. Concentrations of the inflammatory mediators in the AO, A1 and A2 groups by ELISA. The average concentrations of (A) IL-6, (B) IL-8, (C) TNF-a
and (D) IL-10. "P<0.05 vs. AO; “P<0.05 vs. Al. IL, interleukin; TNF, tumor necrosis factor.

The TNF-a levels in Al group were significantly higher
than that in AO at 48 h (P<0.05); however, that in A2 decreased
non-significantly as compared to Al when treated simultane-
ously with cyclopamine only at 24 h, while increased at
12 and 48 h (P<0.05 at 48 h) (Fig. 2C). Therefore, the variation
trend of TNF-a levels appears to be different from that of IL-6
and IL-8. The underlying mechanism necessitates further
investigation.

The level of the anti-inflammatory mediator, IL-10 in Al
group, increased at 12 and 24 h as compared to the control
cells (P<0.05 at 12 h), while a decreased level was observed at
48 h. When treated with cyclopamine, in contrary to IL-6 and
IL-8, the IL-10 levels increased in A2 cells as compared to
the Al cells at 12, 24, 48 h, but significantly at 48 h ( P<0.05)
(Fig. 2D).

Expression levels of Shh, Glil and Smo proteins. We detected
the faint expression of Shh protein in control cells (AO);
however, when treated with nicotine (A1) at a concentration of
10 uM for 24 and 48 h, the levels of Shh increased significantly
(P<0.05 at 24 and 48 h), while it decreased significantly with
cyclopamine (A2) as compared to the Al cells (Fig. 3). Since
the expression of Glil reflects the activation of Hh pathway,
we also measured the Glil levels. The results were similar to
that of Shh. The expression of the Glil protein, stimulated by
nicotine (10 M), was significantly higher than the control but
decreased significantly with cyclopamine treatment for 48 h
(P<0.05) (Fig. 3). The results of Smo protein were also similar
to that of Shh, the expressions were significantly higher in Al
group than AO, but significantly lower in A2 compared to Al
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Figure 3. Shh, Glil and Smo expressions at the protein level in control cells
(A0), in cells treated with 10 M nicotine (A1) and in cells treated with nico-
tine and cyclopamine (10 zM; A2) for 24 and 48 h, as determined by western
blot analysis. Shh, sonic hedgehog; Glil, glioma-associated oncoprotein 1;
Smo, Smoothened.

(P<0.05 at 24 and 48 h) (Fig. 3). The densitometric analyses of
the three proteins are shown in Fig. 4.

Expressions of IL-6, IL-8, TNF-o at protein levels. We assessed
the protein expressions of IL-6, IL-8, and TNF-a in AO, Al
and A2 cells using Western blot. We compared the expression
levels of these inflammatory mediators produced by A549
cells between the three groups and found that the expression of
IL-6 protein level in Al cells increased compared to AO at all
the times, but significantly at 24 h (P<0.05). On the other hand,
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Figure 4. Relative protein levels of (A) Shh, (B) Glil and (C) Smo in A549 cells. "P<0.05 vs. AO; “P<0.05 vs. Al. Shh, sonic hedgehog; Glil, glioma-associated

oncoprotein 1; Smo, Smoothened.

the treatment with cyclopamine decreased the IL-6 level in
the A2 group as compared to Al, the significant decrease was
observed only at 24 h (P<0.05) (Fig. 5). We suggest that 24 h is
the most appropriate times for change of IL-6 in inflammatory
stimuli in the current study.

The IL-8 protein level in the Al group was significantly
higher than that for AO group at 12, 24, and 48 h (all P<0.05).
The level was decreased with cyclopamine treatment in the
A2 group, significantly at 48 h (P<0.05) (Fig. 5). We suggest
that 48h is the most appropriate times for change of IL-8 in
inflammatory stimuli in the current study on Hh signaling.

The results of TNF-a protein were similar to that of IL-8;
the level was maximal in Al cells (all P<0.05) and decreased
significantly in A2 cells as compared to Al at 48 h (P<0.05).
Although these Western blot results were not completely
identical as those of ELISA owing to the differences in the
techniques, the results showed that the expression levels of
the inflammatory mediators tended to decrease with cyclopa-
mine treatment, when the Hh pathway was blocked (Fig. 5).
The results of the densitometric analyses are shown in Fig. 6.

Discussion

In the current study, we measured the expression levels of some
airway inflammatory mediators, such as IL-6, IL-8, TNF-a
and also an anti-inflammatory mediator, IL-10, produced by
A549 cells treated by nicotine with and without cyclopamine,
the inhibitor of Hh pathway. Next, we attempted to explore
the effect of Hh signaling on cigarette-induced airway
inflammation, since few studies focusing on the role of such
chronic airway disease were carried out.

The Hh pathway regulates organ homeostasis and stem
cell renewal in the adult (9). This signaling is involved in early
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Figure 5. Expressions of IL-6, IL-8, and TNF-a at the protein level in A549
cells, as determined by western blot analysis. IL, interleukin; TNF, tumor
necrosis factor.

embryogenesis, where it promotes cell growth, differentiation,
tissue patterning, and vascularization. The canonical process of
this pathway is that when Shh is secreted and reaches its target
cells, Smo is suppressed, which results in the transcription
of Glil, Gli2, and Gli3. Nonetheless, Glil exclusively acts
as a transcription activator, while Gli2 and Gli3 act either as
repressors or activators (10,11). In the nucleus, Glil modulates
the transcription of a multitude of genes including Fox, Myc
and cyclin D, involved in tissue development, differentiation,
epithelial-mesenchymal transition (EMT), and stem cell
maintenance.

Although the expression level of Shh is decreased at birth,
it is continually observed in epithelial cells. The Hh pathway
is also demonstrated to be involved in postnatal lung matura-
tion (12). In the healthy adult lung, Hh signaling maintains
adult lung quiescence and regulates repair (13). The Shh
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expression from the embryonic day is critical for branching
and growing bronchi. The interruption of Hh signaling at
earlier time points leads to defects in the wall structure of
enlarged alveolar airspaces and fewer secondary septa (5),
as well as, in the regeneration and repair after injury to adult
lungs (10).

Some previous studies revealed that Hh signaling
pathway was dysregulated in diseases such as COPD and
idiopathic pulmonary fibrosis. The results of the study by
Lemjabbar-Alaoui et al (2) demonstrated that CSE exposure
activated Hh signaling in bronchial epithelial cells, rendering
that Hh plays a causal role in the initiation, maintenance,
proliferation, and survival of CSE-transformed epithelial cells;
however, its role in airway inflammation is yet unclear.

The present study detected low Shh protein expression in
AO control cells; however, the levels increased significantly
when treated with nicotine, and inhibited by cyclopamine.
This phenomenon demonstrated that Hh signaling is lowly
expressed in normal alveolar epithelial cells. We have also
shown that exposure to nicotine results in aberrant reactiva-
tion of Hh pathway, as indicated by the marked expression of
Shh. In addition, the expression level of Glil reflects the acti-
vation of Hh pathway significantly higher than control when
stimulated by nicotine; however, it was decreased significantly
with cyclopamine treatment. The results of Smo protein were
similar to that of Glil. Taken together, these results suggested
that Hh signaling might be implicated in cigarette-induced
airway diseases; nonetheless, the mechanism should be inves-
tigated further.

Systemic oxidative stress and inflammation have been
implicated in COPD. This process involves the pro-inflam-
matory cytokines such as IL-6, IL-8, and TNF-a, as the

main promoters of the inflammation, which serve as markers
of COPD progression. Therefore, we measured the levels of
IL-6, IL-8, and TNF-a in A549 cells treated with nicotine
and with and without cyclopamine using ELISA and Western
blot. The alveolar epithelial cells distinctly produced higher
levels of IL-6, IL-8, and TNF-a when cultured with nico-
tine as compared to control cells for 24 and 48 h. Although
Western blot results were not completely identical to that of
ELISA; the results showed that the expression levels of these
inflammatory mediators in A2 group tended to decrease with
cyclopamine treatment at different time points as compared to
the Al group, IL-6 at 24 h, IL-8 at 48 h, and TNF-a at 48 h,
significantly respectively). These results showed a potential
role of Hh probably in cigarette-induced airway inflammation
via regulation of specific inflammatory mediators' expressions.
Hence, we suggested that smoking aberrantly reactivated the
Hh pathway, while IL-6, IL-8, and TNF-a levels increase
progressively, which partly enhances the airway inflam-
mation. If the Hh signaling can be blocked, the expressions
of these mediators may decrease, thereby reducing the
inflammatory reaction.

Moreover, IL-10 was also tested in our study, along with
the effect of Hh on an anti-inflammatory mediator. Its expres-
sion in Al group was significantly higher than that in AO at the
12 h time point, while a decrease was noted at 48 h. Moreover,
the IL-10 levels increased significantly in cells as a result of
cyclopamine treatment at 48 h, which was contrary to that of
IL-6, IL-8, and TNF-a. This phenomenon could be explained
by its role of anti-inflammation.

Several studies revealed the role of Hh pathway in tumors;
the constitutive activation of Hh has been observed in cancers,
such as lung, stomach, and colon (14). Hitherto, few studies
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focused on the effect of Hh on cigarette-induced airway
inflammation. The additional evidence further showed that
the Hh pathway could promote the inflammatory process not
only in lung diseases but also in other systems. The study by
Li et al (15) showed that the inhibition of Hh signaling in rats
with arthritis using cyclopamine reduced the expressions of
TNF-a, IL-1f and IL-6.

Interestingly, the role of Hh in airway inflammation
effectuated via hedgehog interacting protein (HIP), a nega-
tive regulator of the Hh pathway, exerts a protective role
in COPD pathogenesis (16). HIP competitively binds to all
three ligands: Shh, Ihh, and Dhh. Lao et al (17) detected
approximately 32% reduced expression of the HIP gene
in human COPD lung tissues as compared to ex-smoker
controls with normal lung function. Mice with HIP haplo-
insufficiency (HIP+/-) are susceptible to present more
severe airspace enlargement and emphysema induced by
cigarette smoke than the wild-type. Moreover, the study also
demonstrated that numbers of lymphoid aggregates, MCP1
(monocyte chemotactic protein 1), MMP-9 and MMP-12
levels increased in HIP+/- mice lung after cigarette smoke
exposure. In addition, a significantly increased cell death
was detected in lungs from HIP+/- mice. Our previous study
also identified some single nucleotide polymorphisms on a
HIP gene associated with the susceptibility of COPD in the
Chinese Han population (18).

Consequently, HIP plays a critical role in COPD patho-
genesis; reduction in HIP expression probably increases
susceptibility to develop emphysema. HIP represses the
Hh signaling by competitive binding with three Hh ligands.
However, whether the mechanism is linked to the Hh signaling
pathway is yet to be elucidated, which has been explored in
this study.

In addition, other systems showed that Hh signaling is
critical in T-cell development (19), which plays a significant
role in gastric development, homeostasis, and neoplastic
transformation (20). Reportedly, Hh signaling components are
expressed in acute myeloid leukemia cells (21).

Nevertheless, the current study had some limitations.
First, additional experiments are essential to accumulate
evidence in order to understand the mechanisme underlying
the impact of Hh pathway on inflammatory mediators. Are
these inhibitions are recovered by Hh signaling activator?
Second, these inflammatory cytokines are also controlled by
another transcriptional factor such as NF-«B. Thus, the rela-
tionship of NF-xB with the Hh pathway necessitates further
studies. Third, the current study focused on somking-related
airway inflammation; however, the impact of Hh signaling on
non-smoking-related cases of COPD remains unclear, further
studies should be performed.

The current study showed that Hh signaling pathway
expressed at a low level in normal alveolar epithelial cells.
It can be aberrantly activated by nicotine, resulting in
upregulation of certain inflammatory mediators; however, the
expression levels of mediators decreased after blockage of the
Hh pathway. In conclusion, the Hh pathway might play a major
role in cigarette-induced airway inflammation via regulation
of inflammatory mediators. Therefore, blocking the Hh signal
and diminishing the airway inflammation reaction might be a
new therapy of somking-related COPD.
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