Inflammation, Vol. 41, No. 5, October 2018 (© 2018)
DOI: 10.1007/s10753-018-0837-0

@ CrossMark

ORIGINAL ARTICLE

Spilanthol Inhibits COX-2 and ICAM-1 Expression

via Suppression of NF-kB and MAPK Signaling

in Interleukin-13-Stimulated Human Lung Epithelial Cells

Wen-Chung Huang,"* Ling-Yu Wu,? Sindy Hu,** and Shu-Ju Wu'**¢

Abstract—  Spilanthol a phytochemical derived from the Spilanthes acmella plant has antimi-
crobial, antioxidant, and anti-inflammatory properties. This study evaluated its effects on the
expression of intercellular adhesion molecule 1 ICAM-1) and inflammation-related mediators in
IL-13-stimulated human lung epithelial A549 cells. Human lung epithelial A549 cells were
pretreated with various concentrations of spilanthol (3—100 uM) followed by treatment with IL-
13 to induce inflammation. The protein levels of pro-inflammatory cytokines, chemokines, and
prostaglandin E2 (PGE2) were measured using ELISA. Cyclooxygenase-2 (COX-2), heme
oxygenase (HO-1), nuclear transcription factor kappa-B (NF-kB), and mitogen-activated protein
kinase (MAPK) were measured by immunoblotting. The mRNA expression levels of [CAM-1
and MUCSAC were determined by real-time polymerase chain reaction. Spilanthol decreased the
expression of PGE,, COX-2, TNF-«, and MCP-1. It also decreased ICAM-1 expression and
suppressed monocyte adhesion to IL-13-stimulated A549 cells. Spilanthol also significantly
inhibited the phosphorylation of MAPK and I-kB. These results suggest that spilanthol exerts
anti-inflammatory effects by inhibiting the expression of the pro-inflammatory cytokines, COX-2,

and ICAM-1 by inhibiting the NF-kB and MAPK signaling pathways.
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INTRODUCTION

The airway inflammation associated with asthma
is regulated by mutually interacting cytokines [1].
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Asthma, a heterogeneous chronic inflammatory air-
way disease, is associated with interleukin-1p (IL-
13), a pro-inflammatory cytokine that drives inflam-
mation and induces airway smooth muscle (ASM)
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responsiveness in asthma [2]. Studies have shown
that IL-13 levels are elevated in the early phases of
the inflammatory response and in the airways of
patients with asthma, which show altered responsive-
ness [3]. IL-13 acts by upregulating adhesion mole-
cules on endothelial cells and by inducing the syn-
thesis of tumor necrosis factor-«« (TNF-o) and MCP-
1, both of which are cytokines. Notably, TNF-«
causes airway hyper-responsiveness and stimulates
ASM cells, thereby playing an important role in the
pathogenesis of asthma [4].

In inflamed airway epithelium, ICAM-1 upregu-
lation mediates increased eosinophil adhesion to the
endothelium [5]. Specifically, when endothelial cells
are exposed to the pro-inflammatory mediators TNF-«
and IL-13, ICAM-1 is upregulated on the endothelial
cell surface [6]. Studies indicate that the inflammatory
response is mediated by phosphatidylinositol 3-kinase
(PI3K), protein kinase (PKC), and reactive oxygen
species (ROS), leading to NF-«B activation [7]. Lung
endothelial cell ICAM-1 mRNA expression is induced
by NF-«kB activation, suggesting that the induction of
ICAM-1 is mediated by NF-kB in the A549 cell by
IL-13 [8]. Notably, NF-kB acts as an activator of
multiple cytokines, chemokines, and adhesion mole-
cules that play important roles in inflammatory dis-
eases such as asthma. Consequently, NF-kB is con-
sidered as an attractive therapeutic target in asthma
[9]. Indeed, airway epithelial NF-kB activation is ob-
served in asthma patients, implying that NF-kB is a
critical modulator of inflammation in the pathogenesis
of this lung disease [10, 11].

Airway epithelial NF-kB is a central mediator in
the inflammatory and immune responses to infections
and environmental insults that modulate allergic sen-
sitization and the severity of subsequent allergic air-
way disease [12]. Furthermore, MCP-1 is involved in
mast cell, eosinophil, and macrophage recruitment and
promotes PGE2 generation. PGE2 is biosynthesized
from arachidonic acid, showing that COX-2 is primar-
ily responsible [13]. COX-2 can be induced by cyto-
kines IL-3 and TNF-«, which are involved in patho-
logical processes such as cancer and inflammatory
diseases and play important roles in the pathogenesis
of asthma [14]. The MAPK pathways regulate the
production of chemokines in primary epithelial cells
[15]. Studies show that asthmatic patients have in-
creased phosphorylated- (p)-ERK1/2, p-p38 (p-p38)
and pJNK1/2/3 (pJNK) in their airway epithelium
and smooth muscle cells [12]. Indeed, MAPK activity

is significantly higher in the lungs of asthmatic mice
than in normal controls [16].

A previous study reported that spilanthol has an
anti-inflammatory effect in lipopolysaccharide (LPS)-
stimulated macrophages [17]. We assumed that
spilanthol could inhibit IL-1{3-induced inflammatory
responses and suppress ICAM-1 expression to reduce
leukocyte adherence to lung epithelial cells. Hence,
in this study, we evaluated the anti-inflammatory
effect of spilanthol and the signaling mechanism of
the NF-kB and MAPK pathways in IL-1{3-induced
A549 human lung epithelial cells.

MATERIALS AND METHODS

Materials

Figure la shows the chemical structure of
spilanthol (ChromaDex, Irvine, CA, USA) which
was prepared as a 100 mM stock solution in dimeth-
yl sulfoxide (DMSO) and stored at —20 °C. The
final DMSO concentration was <0.1% in culture
medium, as described previously. All chemicals and
reagents were purchased from Sigma (St. Louis, MO,
USA). Antibodies against 3-actin, COX-2, and HO-1
were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Antibodies against JNK,
ERK, p38, phosphorylated (phospho)-JNK, phospho-
ERK, and phospho-p38 were purchased from
Millipore (Billerica, MA, USA). Enzyme-linked im-
munosorbent assay (ELISA) kits were obtained from
R&D Systems (Minneapolis, MN, USA).

Cell Line and Treatment

The A549 human lung epithelial cell line was
purchased from the Bioresource Collection and Re-
search Center (BCRC, Taiwan) and cultured in F12
medium (Invitrogen-Gibco™, Paisley, Scotland) sup-
plemented with 10% heat-inactivated fetal bovine
serum (Biological Industries, Haemek, Israel), peni-
cillin (100 units/mL), streptomycin (100 pg/mL), and
2 mM L-glutamine. All cells were incubated under a
humidified atmosphere of 5% CO, at 37 °C, and the
cells were sub-cultured twice each week.

Cell Viability Assay

The inhibitory effect of spilanthol on cell viabil-
ity was assessed using 3-(4,5-dimethylthiazol -2-yl)-



1936

Huang, Wu, Hu, and Wu

a (o]
20 -
() =)
; g 15
=~
[ on *
| £
N\ \\ /.\ /f\\' { //\ / 1 b ek
\/// \\_/ N/ \\//\\,/' \\// 3 0 "
= .
4 ]
H 5
i
0 L
SP (uM) - 5 s
IL-18 (1 ng/mL) - + + + + +
100% 3y — 20 1
e
S 80% 215
> g
: ~
= 60% é”
E -~ 10 -
> 40% -
= E-) 5
-] L
O 20% s
0% () -
SP (uM) - - 50 75 100 150 SP®EM) - - 50 75 100 150
IL-18 (1 ng/mL) - + + + + IL-1B (1 ng/mL) - + + + + +

Fig. 1. The chemical structure (a) and cytotoxicity of spilanthol in A549 cells (b). The effects of spilanthol on IL-1{3-induced production of TNF-« (¢) and
MCP-1 (d). Cells (10° cells/well) were pretreated with the indicated concentrations of spilanthol (SP) for 1 h and then stimulated with IL-15 (1 ng/mL) for
24 h. The data are presented as the mean = SD; *p < 0.05, **p < 0.01 compared with the IL-13-treated group.

2,5-diphenyltetrazolium bromide (MTT, Sigma) as
described previously [18]. In brief, cells (10* cells/
well) were seeded in 96-well plates and treated with
various concentrations of spilanthol for 24 h. After
treatment, the supernatant was removed and incubat-
ed with 5 mg/mL MTT solution for 4 h. Then, the
medium was removed, and isopropanol was added to
dissolve the formazan crystals. Absorbance was mea-
sured at 570 nm with a microplate reader (Multiskan
FC, Thermo Fisher Scientific, Waltham, MA, USA).

Measurement of Pro-inflammatory Cytokines,
Chemokines, and PGE2

A549 cells (10° cells/mL) were cultured and
pretreated with different concentrations of spilanthol (50—
150 u5) in 24-well plates for 1 h, then IL-13 (1 ng/mL)
was added and the cells were cultured for an additional
24 h. The supernatants were tested using ELISA kits spe-
cific for MCP-1, TNF-«, PGE2, and ICAM-1 (R&D Sys-
tems, Minneapolis, MN, USA). The OD was determined

spectrophotometrically at 450 nm in a microplate reader
(Multiskan FC).

Preparation of Total and Nuclear Proteins

To assay the total protein and phosphorylated
protein content, A549 (10% cells/mL) cells were
pretreated with or without spilanthol for 1 h in 6-
well plates. Then, the cells were stimulated with or
without IL-13 (1 ng/mL) for 30 min (before assaying
for protein phosphorylation) or for 24 h (to evaluate
total protein. The cells were harvested in 300 pL
protein lysis buffer (50 mM Tris-HCIl, pH 8,
150 mM NaCl, 1 mM EDTA, 0.5% NP40, 0.1%
SDS) containing protein inhibitor cocktail and phos-
phatase inhibitors (Sigma). Cells were also cultured
for 1 h to detect NF-kB. To investigate the expres-
sion of nuclear proteins, cells were treated using the
NE-PER® nuclear and cytoplasmic extraction reagent
kits (Pierce, Rockford, IL, USA). All protein concen-
trations were measured with the BCA protein assay
kit (Pierce).
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Western Blot Analysis

Protein samples (10-30 pg) were loaded onto 10%
SDS polyacrylamide gels, and the gels were transferred
to polyvinylidene fluoride membranes (Millipore, Bil-
lerica, MA, USA). The membranes were blocked and
incubated overnight at 4 °C with the following primary
antibodies: antibodies to HO-1, COX-2, IkB-«, phos-
phorylated-IkB-«, and p65 (Santa Cruz, CA, USA); to
ERK1/2, p38, JNK, phospho-ERK 1/2, phospho-p38,
and phospho-JNK (Millipore); and to ICAM-1 and f3-
actin (Sigma). After the membranes were washed three
times in Tris-buffered saline with Tween 20 (TBST)
buffer (150 mM NaCl, 10 mM Tris-HCI pH 8.0, 0.1%
Tween 20), they were incubated with secondary anti-
bodies for 1 h at room temperature. Next, the mem-
branes were incubated with HRP-conjugated secondary
antibodies for 1 h at room temperature. Finally, the
membranes were washed with TBST and incubated with
Luminol/Enhancer Solution (Millipore), exposed to
film, and bands were quantitated using the BioSpectrum
600 system (UVP, Upland, CA, USA).
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Real-Time PCR to Quantitate Gene Expression

The mRNA expression levels of ICAM-1 and
MUCSAC were determined by real-time polymerase
chain reaction (PCR) using the 3-actin-encoding gene
as an internal reference. Total RNA was prepared
using TRIzol solution (Invitrogen, Carlsbad, CA,
USA). RNA was isolated according to the manufac-
turer’s instructions. TagMan real-time quantitative
PCR was performed and analyzed according to the
manufacturer’s instructions (Applied Biosystems, Fos-
ter City, CA, USA). The primers used for amplifica-
tion were as follows: for ICAM-1, forward 5-AGA
CGC AGA GGA CCT TAA-3' and reverse 5’-CAC
ACT TCA CAG TTA CTT GG-3'; for MUCSAC,
forward 5°-CTG TTA CTA TGC GAT GTG TAG-3'
and reverse 5'-GTG GCG TGG TAG ATG TAG-3';
and for (-actin, forward 5-AAG ACC TCT ATG
CCA ACA CAG T -3’ and reverse 5'- AGC CAG
AGC AGT AAT CTC CTT C -3'. The results are
expressed as arbitrary units and normalized against
[3-actin mRNA expression.
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Fig. 2. The effects of spilanthol on IL-13-induced production of COX-2 and HO-1 (a), COX-2 and HO-Irelative protein expressions were measured relative
to the expression of 3-actin were detected by Western blots (1 = 3 per group) in (b) (¢), respectively. The effects of spilanthol on IL-1{3-induced production of
PGE; (d). Data are presented as the mean + SD; *p < 0.05, **p < 0.01 compared with the IL-1-treated group.
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Cell Adhesion Assay

A549 cells were treated with spilanthol for 1 h and
incubated with 1 ng/mL IL-1f for 24 h. Then, human
monocytic THP-1 cells in calcein AM solution (Sigma)
were co-cultured with A549 cells for 1 h. Cells were washed
and the adhesion of THP-1 cells to A549 cells was observed
under fluorescence microscopy (Olympus, Tokyo, Japan).

Statistical Analysis

Data are reported as the mean + standard deviation (SD).
The significance of differences was assessed using one-way
analysis of variance (ANOVA) and Tukey’s test. Differences
were considered statistically significant at p < 0.05.

RESULTS
The Effects of Spilanthol on the Viability of Human
Lung Epithelial A549 Cells

To determine the cytotoxicity of spilanthol in A549
cells, the MTT assay was used to measure cell viability.
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Spilanthol did not significantly affect cell viability at concen-
trations < 150 uM (Fig. 1b). Therefore, all subsequent exper-
iments used concentrations of spilanthol that ranged from 50
to 150 uM.

Pretreatment with Spilanthol Efficiently Inhibits
Pro-inflammatory Cytokines and Chemokines in
IL-13-Induced A549 Cells

Spilanthol is reported to have anti-inflammatory ef-
fects on LPS-induced macrophages [18]. Therefore, we
investigated whether spilanthol could suppress the inflam-
matory response in terms of affecting IL-1{3-induced pro-
inflammatory cytokine and chemokine production. A549
cells were pretreated with 50, 75, 100, and 150 uM
spilanthol and stimulated with IL-13 (1 ng/mL) for 24 h.
Analysis showed that IL-1f3 significantly induced the re-
lease of the inflammatory cytokine TNF-« and the chemo-
kine MCP-1, and addition of spilanthol significantly sup-
pressed the secretion of these inflammatory mediators at all
concentrations of spilanthol compared with IL-13 alone.
We found that 50-150 puM spilanthol significantly de-
creased TNF-« and MCP-1 levels compared with IL-1f3
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Fig. 3. The effects of spilanthol on IL-1{-induced the phosphorylation of IkB«, total IkB-oc and NF-kB protein expressions (a). Phosphorylation of IkB«,
total IkB-oc and NF-kB relative protein expressions were measured relative to the expression of 3-actin in (b) (¢) (d), respectively. Phosphorylation of IkBex,
total IkBoc and NF-kB proteins were detected by western blots (n = 3 per group). Data are presented as the mean + SD; *p < 0.05, **p < 0.01 compared with

the IL-1{3-treated group.
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alone (TNF-o; SP50 10.18 £0.45 ng/mL, p <0.05; SP75
8.19+£0.16 ng/mL, p<0.01; SP100 7.43+£0.15 ng/mL,
p<0.01; SP150 5.14+0.11 ng/mL, p<0.01 versus IL-
13 alone 13.53 +£0.25 ng/mL, respectively. MCP-1; SP50
10.124+0.13 ng/mL, p <0.05; SP75 10.11 £0.14 ng/mL,
p<0.05; SP100 9.21 £0.19 ng/mL, p <0.01; SP150 8.65
+0.12 ng/mL, p<0.01 versus IL-13 alone 13.41 £
0.88 ng/mL, respectively). Further, the inhibitory effects
of spilanthol on TNF-a and MCP-1 levels were dose-
dependent (Fig. 1c, d).

Spilanthol Inhibits PGE2 Production and Affects
COX-2 and HO-1 Protein Expression in IL-13-
Induced A549 Cells

To investigate the effect of spilanthol on COX-2 pro-
tein expression, A549 cells were pretreated with spilanthol,
followed by stimulation with IL-13 for 24 h. Pretreatment
with 75-150 uM spilanthol significantly inhibited COX-2
expression compared with IL-13-stimulated cells that were
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not treated with spilanthol (Fig. 2a, b). In addition, spilanthol
modulated the expression of HO-1, which has anti-
inflammatory and anti-oxidant activity [19]. Specifically,
> 100 uM spilanthol concentrations increased HO-1 expres-
sion compared with IL-13 treatment alone (Fig. 2a, c).
Spilanthol also significantly decreased the level of PGE,
compared to IL-1{3 alone (Fig. 2d).

The Effects of Spilanthol on IkBx Phosphorylation,
and Suppression of IkB Degradation in IL-1(3-
Activated Human Lung Epithelial Cells

The NF-kB pathway plays a critical role in the in-
flammatory response by regulating the expression of in-
flammatory cytokines, including IL-1f3, IL-6, and TNF-cx.
The rapid protease-mediated degradation of [kBa leads to
NF-kB release from the cytoplasm into the nucleus [20].
Therefore, we investigated whether spilanthol could regu-
late NF-«kB activity in A549 cells treated with IL-1f3
(Fig. 3a). Interestingly, spilanthol significantly decreased
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Fig. 4. The effects of spilanthol on the IL-1{3-induced phosphorylation of MAPK. A549 cells were pretreated with varying concentrations of spilanthol (SP)
for 1 h and then incubated with or without IL-1{3 (1 ng/mL) for 30 min. Protein samples were analyzed by Westemn blotting with phospho-specific antibodies
(a). The phospho-specific JNK, ERK, and p38 relative protein expressions were measured relative to the expression of total MAPK levels were used as the
internal control in (b) (¢) (d), respectively. Data are presented as the mean + SD; *p <0.05, **p <0.01 compared with the IL-13-treated group.
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IkBa phosphorylation, and suppression IkB degradation
which is an indication that spilanthol suppresses NF-xB
transcriptional activation and translocation to the nucleus
induced by IL-1{3-stimulated in A549 cells (Fig. 3b, c, d).

Spilanthol Inhibits MAPK Phosphorylation in IL-1(3-
Activated Human Lung Epithelial Cells

The MAPK signaling pathways regulate cellular ac-
tivities and the release of pro-inflammatory cytokines. We
investigated whether spilanthol could modulate MAPK
signaling pathways, including the ERK1/2, p38, and JNK
proteins, in A549 cells treated with IL-1(3 (Fig. 4a). We
found that spilanthol significantly decreased the phosphor-
ylation of ERK1/2, p38, and JNK in a concentration-
dependent manner compared with IL-1f3 treatment alone
(Fig. 4b, c, d). These results indicated that spilanthol
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modulated the activation of the MAPK signaling pathways
in A549 cells that were treated with IL-1f3.

Spilanthol Inhibited ICAM-1 and MUCS5AC Expression
in IL-13-Stimulated Human Lung Epithelial Cells

Previous studies have demonstrated that the ex-
pression of ICAM-1 by inflammatory endothelial cells
results in eosinophil adhesion [11]. Here, we found that
spilanthol significantly reduced ICAM-1 production
compared to IL-13 treatment alone (Fig. 5a). In addi-
tion, > 50 pM spilanthol concentrations significantly
suppressed ICAM-1 protein expression (Fig. 5b, c).
Together, these results showed that spilanthol signifi-
cantly decreased ICAM-1 production and suppressed its
release into the cell culture medium. We used real-time
PCR to assess gene expression and found that spilanthol
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Fig. 5. The effects of spilanthol on the IL-1p-induced production of ICAM-1 and MUC5AC. A549 cells (10° cells/mL) were stimulated with IL-1( for 24 h,
then the level of ICAM-1 in the supematant was assayed by ELISA (a), the level of ICAM-1 protein in the cells was assayed by Western blot (n = 3 per group)
(b), and ICAM-1 protein relative expressions were measured relative to 3-actin (¢). The cells were pretreated with the indicated concentrations of spilanthol
(SP) for 1 h and then stimulated with IL-13 (1 ng/mL) for 4 h before assaying the ICAM-1 (d) and MUCSAC (e) gene expression levels, which were
determined using real-time RT-PCR. Data are presented as the mean + SD; *p < 0.05, **p <0.01 compared with the IL-1{3-treated group.
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significantly decreased the mRNA levels of ICAM-1
and MUCS5AC in A549 cells (Fig. 5d, e).

Spilanthol Suppresses Monocyte Adhesion to Human
Lung Epithelial Cells

The human cell line THP-1 with monocytic properties
can be active to macrophage-like cells in the inflammatory
response. Activated THP-1 release more inflammatory
mediators and adhesion molecules and caused cells adher-
ence [27]. We found that spilanthol significantly reduced
ICAM-1 gene expression in IL-1{3-stimulated A549 cells
(Fig. 5d). Therefore, we further investigated whether
spilanthol inhibited monocyte adhesion to IL-1{3-
stimulated A549 cells (Fig. 6a—f). THP-1 cells were stained
with calcein AM and co-cultured with IL-1{3-induced
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A549 cells. We found that THP-1 cells adhered to IL-1[3-
activated A549 cells and that pretreatment with spilanthol
significantly reduced this adhesion (Fig. 6g).

DISCUSSION

When respiratory epithelial cells and macrophages are
activated, they release pro-inflammatory cytokines increas-
ing the secretion of chemokines and evoking an inflamma-
tory response [20]. One study indicated that bacterial stim-
uli induce respiratory epithelial cells to secrete pro-
inflammatory mediators such as IL-13 and TNF-x, which
leads to upregulation of adhesion molecules [21]. There is
also evidence that LPS-stimulated airway bronchiolar and
alveolar epithelial cells induce NF-kB activation and

- 50 75 100 150
+ + + + +

Fig. 6. Spilanthol inhibits the adherence of THP-1 cells to activated A549 cells. THP-1 cells were labeled with calcein AM, mixed with A549 cells, and
observed using fluorescence microscopy. The adherence of THP-1 cells to normal (a) and IL-1{3-activated A549 cells (b) is shown. THP-1 cells were treated
with 50 uM spilanthol (¢), 75 uM spilanthol (d), 100 uM spilanthol (e), or 150 uM spilanthol (f). Fluorescence intensity of THP-1 cell adhesion to A549 cells
(g). THP-1 cell adhesion in spilanthol treated cells were detected by fluorescence microscope (n =3 per group). Data are presented as the mean + SD;

*p <0.05, #*p <0.01 compared with the IL-13-treated group.
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increase ICAM-1 expression [22]. In adult respiratory dis-
tress syndrome (ARDS) the levels of pro-inflammatory
cytokines TNF-« and IL-1f3 are increased. Notably, 1L-
13 is the major cytokine that maintains lung inflammation
in ARDS [23]. Studies show that IL-1f3 is an important
factor in inflammatory responses as well as in
fibroproliferative processes in the lungs of adult patients
with ARDS [24].

Spilanthol is the compound (2E,6Z,8E)-N-
isobutylamide-2,6,8-decatrienamide and a physiologically
active substances from Spilanthes acmella, which is
known as the anti-toothache plant and which has anti-
bacterial effects [25]. An aqueous extract of S. acmella
has important anti-inflammatory and analgesic properties
in animal models [26]. One study suggested that spilanthol
attenuates the LPS-induced inflammatory responses in
murine RAW 264.7 macrophages, in part due to the inac-
tivation of NF-«kB, which negatively regulates the produc-
tion of proinflammatory mediators [27]. However, the anti-
inflammatory effects of spilanthol have not been shown
previously in human lung epithelial cells. In this study, we

Huang, Wu, Hu, and Wu

found that spilanthol can downregulate COX-2 production
and decrease TNF-o« and MCP-1 production in IL-13-
stimulated lung epithelial cells. In particular, spilanthol
significantly decreased the phosphorylation of IkBx and
MAPK pathways compared with IL-1{3 alone. These re-
sults indicated that spilanthol can inhibit the activation of
NF-kB and MAPK pathways in IL-13-activated A549
cells. We demonstrated hypothesis that spilanthol dampen
the inflammatory effects of IL-1f3 in stimulated lung epi-
thelial cells.

Earlier studies showed that a hydroethanolic extract
of S. acmella has anti-inflammatory properties that could
decrease the levels of the lipid peroxidation product
malondialdehyde (MDA) and increase antioxidant enzyme
activity (catalase and superoxide dismutase) [26, 28]. We
found that spilanthol enhanced heme oxygenase-1 (HO-1)
protein expression. HO-1 can regulate the balance of anti-
inflammatory mediators and has antioxidant properties
[29], prompting us to evaluate the anti-inflammatory mo-
lecular mechanisms underlying the effects of spilanthol.
Our results showed that spilanthol significantly reduced

-Nucleus promoter
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Fig. 7. Model explaining the mechanism underlying the anti-inflammatory effects of spilanthol (SP). Spilanthol decreased the levels of pro-inflammatory
cytokine (TNF-«) and chemokine (MCP-1), and inhibited COX-2 and ICAM-1 expression via suppression of the NF-kB and MAPK signaling in IL-1f3-
stimulated human lung epithelial cells. SP also inhibited leukocyte adherence to lung epithelial cells by reducing ICAM-1 expression via inhibition of the IL-
1$3 pathway. Spilanthol is a potential anti-inflammatory compound that could ameliorate inflammatory in human lung epithelial cells.
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COX-2 and PGE, production in LPS-stimulated macro-
phages and IL-1{3-activated human lung epithelial cells.
We suggest that spilanthol may be useful as a COX-2
inhibitor to attenuate the inflammatory response. In addi-
tion, bronchoalveolar lavage fluid from patients with inter-
stitial lung disease contains more MCP-1, TNF-«, and IL-8
than normal tissue [4]. We found that spilanthol signifi-
cantly decreased TNF-o and MCP-1 in IL-1{3-stimulated
lung epithelial cells, suggesting that spilanthol might sup-
press the inflammatory response of lung epithelial cells and
improve lung disease symptoms.

As part of their response to inflammation of lung
epithelial cells express cell adhesion molecules including
ICAM-1 and VCAM-1, which induce monocyte adherence
and lead to neutrophil migration and infiltration into lung
tissue [5]. Inflammatory mediators are released from acti-
vated monocytes and neutrophils, thereby increasing lung
inflammation. In this study, real-time PCR and Western blot
analysis showed that spilanthol suppressed ICAM-1 gene
and protein expression. In addition, inflammatory epithelial
cells release “soluble” intercellular adhesion molecule-1
(sSICAM-1), which is a marker of inflammation and pro-
mote the inflammatory responses. In inflammation-relative
diseases, as in autoimmune diseases, viral infections and
bronchoalveolar lavage fluid of asthma patients serum
SICAM-1 levels increase more than healthy individual.
Inflammatory mediators (IL-13, TNF-«, IL-6 and angio-
tensin II) could stimulate epithelial cells and endothelial
cells to secrete SICAM-1 in circulating [30]. Inflammatory
lung epithelial cells express ICAM-1 were cleaved to
SICAM-1 and released into the supernatant. In this study,
ELISA analysis showed that spilanthol decreased ICAM-1
levels. Although the roles of sSICAM-1 have not been
completely clear, the evidence suggests its implication in
lung epithelial cells inflammatory progression at this works.

Further, to understand whether the spilanthol decrease
in ICAM-1 expression could decrease lymphocyte adhe-
sion to inflammatory lung epithelial cells, we co-cultured
monocyte THP-1 cells with IL-1{3-stimulated A549 cells.
We found that spilanthol decreased THP-1 adherence to
A549 cells compared with IL-13 treatment alone. Lung
epithelial cells secrete excessive mucus as part of the
inflammatory response, which obstructs the airway and
leads to difficulty breathing and even to suffocation [6].
By preventing ICAM-1 expression, spilanthol decreases
inflammatory leukocyte infiltration into lung tissue,
possibly reducing mucus production. Comprehensive
detections of sSICAM-1, ICAM-1 gene and protein ex-
pression and THP-1 adherence to A549 cells indicated
that spilanthol decreased ICAM-1 expression in

adherent monocytes as well. We confirmed hypothesis
that spilanthol could suppress ICAM-1 expression to
reduce leukocyte adherence to lung epithelial cells.

To summarize, we found that spilanthol not only
inhibited the levels of TNF-« and MCP-1, but it also
suppressed COX-2 protein expression and promoted
HO-1 protein expression by suppressing NF-kB acti-
vation and MAPK pathways in IL-1[3-activated hu-
man lung epithelial cells. In addition, we found evi-
dence that spilanthol decreased ICAM-1 expression
in these cells. Based on these results, we propose a
model that explains the anti-inflammatory effects of
spilanthol (Fig. 7).

CONCLUSION

We conclude that spilanthol, which is a natural anti-
inflammatory agent, acts as a regulatory factor in MAPK
pathways and in NF-«B activation of COX-2 and ICAM-1
expression. Further studies are needed to investigate its
effects in vivo.
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