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Abstract: Ailanthoidol (ATD), a neolignan, possessed an antitumor promotion effect in the mouse
skin model in our previous investigation. However, other antitumor properties remain to be eluci-
dated. Liver cancer is a major cause of death in the world, and its prognosis and survival rate are poor.
Therefore, the prevention and therapy of liver cancer have received much attention. TGF (transform-
ing growth factor)-β1, a cytokine, plays a critical role in the progression of liver cancer. This study
determined the inhibitory effects of ATD on the migration and invasion induced by TGF-β1 in HepG2
hepatoblastoma cells. Furthermore, ATD reduced the TGF-β1-promoted colony number of HepG2
hepatoblastoma cells. In addition to reversing TGF-β1-induced cell scattering, ATD suppressed TGF-
β1-induced expression of integrin α3, vimentin, N-cadherin, and matrix metalloproteinase 2 (MMP2).
Finally, this study found that ATD significantly inhibited TGF-β1-promoted phosphorylation of p-38
mitogen-activated protein kinase (MAPK) and Smad 2. Furthermore, the administration of SB203580
(p38MAPK inhibitor) suppressed TGF-β1-induced expression of integrin α3, N-cadherin, and MMP2.
These results demonstrate a novel mechanism of ATD against progression of liver cancer.

Keywords: Ailanthoidol; TGF-β1; p-38MAPK; anti-hepatic cancer progression

1. Introduction

Liver cancer is a common global malignancy with a high recurrence rate and poor
prognosis [1]. Metastasis has been notably reported as the major cause of treatment failure
in patients with liver cancer [2]. Metastasis, which is a multistep process, includes migra-
tion, invasion, implantation, colonization, and proliferation [3]. Migration and invasion of
the primary tumor cells occur through the basement membrane and extracellular matrix,
and form secondary tumors at distant sites, which are mediated by integrins and proteases.
Recently, it has been suggested that epithelial to mesenchymal transition (EMT) contributes
to the early spreading of cancer cells [4]. During EMT epithelial, polarized cells become
motile mesenchymal appearing cells, where cell–cell attachment is lost, epithelial markers
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are downregulated, and mesenchymal markers are upregulated [5]; thus, the search for an
agent to block metastasis in liver cancer is a hope to sustain life.

Chronic inflammation is associated with the high incidence rate of several cancers,
including liver cancer [6]. The inflammatory cells produce a vast number of cytokines,
growth factors, prostaglandin, and chemokines, which may contribute to hepatic tumori-
genesis and the progression of liver cancer. Transforming growth factor-β (TGF-β) is a
multifunctional cytokine that regulates cell growth, apoptosis, differentiation, cell motility,
extracellular matrix production, and angiogenesis. TGF-β is upregulated in liver cancer
tissue and elevated in the plasma of liver cancer patients [7,8], and is reported to acti-
vate multiple signaling pathways, including Smad-dependent and Smad-independent
pathways involving liver cancer progression. While many reports have demonstrated
that TGF-β activates Smad pathway mediating EMT, which contributes to hepatoma pro-
gression [9], it has been also demonstrated that the inhibition of p38MAPK, which is a
downstream substrate of TGF-β-activating kinase 1 (TAK-1), reversed TGF-β-induced
EMT [10]. Overall, developing agents to block TGF-β-mediated signal activation may
provide a novel preventive and therapeutic strategy to suppress hepatoma progression.

Within phytochemicals, phenolic compounds called lignans have attracted the in-
terest of medicinal and food chemists over years due to their broad range of biologi-
cal activities including antioxidant, anti-inflammatory, antitumor, and antiviral [11–13].
Growth evidence demonstrate that lignan derivatives possess potential in disease pre-
vention and therapy. Traditionally, lignans are classified into two types: classical lig-
nans and neolignans. Classical lignans are phenylpropane (C6-C3) dimers linked in a
β-β′ linkage and neolignans are composed of two C6-C3 units but not β-β′ linked [13].
Many classical lignans have been isolated from food such as sesame, whole-grain cereals,
and legumes. Lignan-rich diets have been shown to protect against cardiovascular dis-
eases and diabetes [14,15]. In addition, neolignans isolated from Magnolia bark, such as
magnolol and honokiol, exhibit efficient effects on inhibiting or preventing the growth
of various cancers [16]. Ailanthoidol (ATD) (Figure 1), a neolignan, has been isolated
from the barks of Zanthoxylum ailanthoidol and demonstrated to possess antioxidant, anti-
inflammatory, and anti-adipogenic activities [17–19]. Our previous study showed that
ATD displayed antitumor promotion effect using the multistep skin cancer model induced
by 12-o-tetradecanoylphobol-13-acetate [17]. While ATD is a neolignan, its anticancer
properties have not been well clarified, thus, this study investigated the effect of ATD on
TGF-β1-promoted HepG2 hepatoblastoma cell progression.
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2. Materials and Methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS),
fetal bovine serum (FBS, catalogue 10437028, Gibco BRL, Grand Island, NY, USA), peni-
cillin/streptomycin/neomycin (PSN, catalogue 15240062, Gibco BRL, Grand Island, NY,
USA), and trypsin-EDTA were purchased from Gibco Ltd. (Grand Island, NY, USA). TGF-
β1 was from PeproTech, Rocky Hill, NJ, USA (Catalog Number: 100-21). Primary antibodies
against integrin α3 (sc-374242), vimentin (sc-6260), N-cadherin (sc-8424), MMP2 (sc-13595),
Smad 2/3 (sc-398844), and tubulin (sc-5286) were obtained from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA, USA). Anti-p-p38MAPK (#9211), anti-p38MAPK (#9212), and anti-
p-Smad 2/3 (#8828) were from Cell Signaling Technology (Beverly, MA, USA). ATD was
provided by Dr. Lee and synthesized from 5-bromo-2-hydroxy-3-methoxybenzaldehyde,
as previously reported [20]. Matrigel is a solubilized basement membrane preparation
extracted from murine sarcomas, and contains proteoglycans, type IV collagen, laminin,
and growth factors (Catalog Number: 356234 BD Biosciences, Bedford, MA, USA). Triton
X-100, tris base, crystal violet, and all other materials were purchased from Sigma Chemical
Co. (St. Louis, MO, USA).

2.2. Cell Culture

Human hepatoma HepG2 hepatoblastoma cells, obtained from the American Type
Culture Collection (ATCC, Manassas, VA, USA), were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco BRL, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin–streptomycin–neomycin. The cell line was
maintained at 37 ◦C in a humidified incubator with 5% CO2. HepG2 is also referred to as a
hepatoblastoma cell line (PubMed: 6248960 and 19751877). ATD was dissolved in DMSO
(stock solution: 100 mM).

2.3. Cytotoxicity Assay

The HepG2 hepatoblastoma cells were seeded into 24-well culture plates (2× 104 cells/well),
and then treated with various concentrations of ATD (0–100 µM) for 24 h and 48 h, respectively,
at 37 ◦C in a humidified incubator with 5% CO2. After treatment, the medium was changed and
incubated in the presence of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
dye solution for 4 h. The number of viable cells was directly proportional to the production of
formazan, which was then dissolved with dimethyl sulfoxide (DMSO) and the optical density
was measured at 540 nm using an ELISA multiwall plate reader.

2.4. Wound Healing Assay

Cells (5 × 105 cells per well) were cultured in 6-well plates and pretreated with or
without (control group) TGF-β1 (10 ng/mL) for 24 h [21]. A wound was scratched by
a 200 µL pipette tip. After washing with PBS, the cultured medium was replaced with
fresh medium and cotreated with ATD (0, 10, 25, or 50 µM) and TGF-β1 (10 ng/mL) for
an additional 24 h and 48 h, respectively, at 37 ◦C in a humidified incubator with 5% CO2.
Cell migration into the wound area was photographed at 0, 24, and 48 h. The area of cell
migration was evaluated in 6 random fields, compared with the wound area at 0 h using
ImageJ software, and expressed as a percentage of the initial area. Data are represented as
the mean ± SD of the three independent experiments.

2.5. In Vitro Cell Invasion Assay

The invasion experiment was assessed using transwell plates. Matrigel (BD Trans-
duction Laboratories) was diluted at 1:25 with serum-free DMEM, and fifty microliters
of diluted Matrigel was used to coat the upper insert membrane. Cells were pretreated
with or without (control group) TGF-β1 (10 ng/mL) for 24 h, then co-treated ATD (0, 25,
50 µM) and TGF-β1 (10 ng/mL) for an additional 24 h at 37 ◦C in a humidified incubator
with 5% CO2. Then the cells were harvested and the cells (2 × 104 cells/well) in 200 µL of
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serum-free DMEM were added to the top chamber, while the complete growth medium
(15% FBS) was placed in the lower chamber. After incubation for 24 h, the cells on the
upper surface of the filter were wiped with a cotton swab, while the cells on the lower
surface of the filters were fixed for 15 min with 4% paraformaldehyde and stained with
0.1% crystal violet for 20 min. Then, the cells that had invaded the lower surface of the
filter were photographed by light microscopy. The invading cells in 6 randomly selected
fields were determined and the counts were averaged.

2.6. Colony Assay

HepG2 hepatoblastoma cells (2× 104 cells/well) were seeded and incubated overnight.
The cells were pretreated with or without (control group) TGF-β1 (10 ng/mL) for 24 h,
then cotreated with ATD (0, 25, 50 µM) and TGF-β1 (10 ng/mL) for an additional 24 h
at 37 ◦C in a humidified incubator with 5% CO2. Afterwards, the cells were fixed with
4% paraformaldehyde for 20 min, then stained with 0.1% crystal violet solutionin ethanol
for 5 min and photographed. The colony number was quantified by ImageJ software that
counts the spot of screan photos and expressed as a percentage of the control.

2.7. Preparation of Total Cell Extracts and Immunoblot Analysis

Cells were pretreated with or without (control group) TGF-β1 for 24 h, then co-treated
with ATD (0, 25, 50 µM) and TGF-β1 (10 ng/mL) for an additional 24 h at 37 ◦C in a
humidified incubator with 5% CO2. The cells were collected by trypsin-EDTA and lysed
in a RIPA buffer (50 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 1% NP40, and 0.5%
deoxycholic acid containing PMSF, NaVO4, DTT, and protease inhibitor). After mixing
for 30 min at 4 ◦C, the mixtures were centrifuged (10,000× g) for 10 min at 4 ◦C, and the
supernatants were collected as whole-cell extracts. The protein content was determined
with the Bio-Rad protein assay reagent using bovine serum albumin as the standard. After
equal protein contents of the total cell extracts were boiled for 8 min, the extracts were
separated by SDS-polyacrylamide gels and electrophoretically transferred to the PVDF
membrane. Following SDS-polyacrylamide gel electrophoresis (PAGE) (10–12% running,
4% stacking), it was transferred to the PVDF member, and protein expression was detected.
The blots were blocked with 5% skim milk in PBS for 1 h at room temperature, then
incubated overnight with the indicated primary antibodies, followed by incubation with
horseradish peroxidase-conjugated goat anti-mouse (or rabbit) IgG for 1 h. Proteins were
then blotted onto NC membranes, and reacted with the primary antibodies (integrin α3
(1:10,000), vimentin (1:10,000), N-cadherin (1:2000), MMP2 (1:2000), Smad 2/3 (1:2000), and
tubulin (1:10,000) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
USA). Anti-p-p38MAPK (1:1000), anti-p38MAPK (1:1000), and anti-p-Smad 2/3 (1:2000)
were from Cell Signaling Technology (Beverly, MA, USA)). The secondary antibody was
a peroxidase-conjugated goat anti-mouse antibody (1:10,000), obtained from Santa Cruz
Biotechnology, Inc., CA, USA. After binding for 1 h, the immune-reactive bands were
revealed by enhanced chemiluminescence using an ECL commercial kit. The relative image
density was quantitated by densitometry.

2.8. Statistical Analysis

Data were expressed as mean ± S.D. (n = 6/group) of three independent experiments
and analyzed by one-way ANOVA with Tukey’s Multiple Comparison Test. Significant
differences were established at p < 0.05. The data were analysed using the SAS software
statistical package SigmaPlot, version 9.0 (SAS Institute Inc., Cary, NC, USA).

3. Results
3.1. The Cytotoxicity of ATD on HepG2 Hepatoblastoma Cells

The cytotoxic effect of ATD was evaluated in HepG2 hepatoblastoma cells by MTT
assay. Various concentrations of ATD (0–100 µM) were applied to the HepG2 hepatoblas-
toma cells for 24 and 48 h. As shown in Figure 2, doses of ATD up to 25 µM exhibited
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no significant growth inhibition on HepG2 cells regandless of treatment for 24 h or 48 h.
In addition, 50 µM ATD treated for 24 h inhibited cell viability as compared to control
group (p < 0.05), but that was not significant as compared to the 25 µM ATD treated group.
IC50 of ATD on HepG2 cells for 48 h was near 100 µM. To clarify the role of ATD on
TGF-β1-induced progression of liver cancer, 0–50 µM concentrations of ATD were used in
this study.
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Figure 2. The cytotoxic effect of ATD on the HepG2 hepatoblastoma cells was measured by MTT
assay. Cells were seeded in 24-well plates at 2 × 104 cells/well. After attachment, cells were treated
with various concentrations of ATD (0–100 µM) for 24 h and 48 h. The cell viability was determined
by MTT assay as described in the text. Data are represented as the mean± SD from three independent
experiments. * p < 0.05, **** p < 0.0001, compared with the control group (0.2% DMSO) of treatment
for 24 h. ## p < 0.01, #### p < 0.0001, compared with the control group (0.2% DMSO) of treatment for
48 h.

3.2. Inhibitory Effect of ATD on TGF-β1-Promoted Migration and Invasion of HepG2
Hepatoblastoma Cells

Since metastasis depends on increased motility or invasion of tumor cells to success-
fully colonize a secondary site, the effect of ATD on TGF-β1-promoted cell motility growth
in HepG2 hepatoblastoma cells was evaluated by wound healing assay. According to
photographs (Figure 3), TGF-β1 treated for 48 h after the created wound displayed obvious
migration growth. The continuous rapid movement was observed for HepG2 cells, but a
resultant movement of a cell migration front was clearly evident at 48 h, where a highly
confluent monolayer region gradually migrated into the cell-free ‘scratch’ region. In the
presence of TGF-β1, migration was significantly increased after 24 and 48 h, whereas
treatment with ATD lead to an inhibition of cell migration in a dose-dependent manner,
shown as 91%, 83%, and 72% (Figure 3). As shown in Figure 3, TGF-β1 significantly
(p < 0.01) promoted cell migration, which was inhibited when cotreated with ATD (25 µM
and 50 µM) for 48 h in HepG2 hepatoblastoma cells significantly. We further examined
whether ATD affected TGF-β1-promoted invasion in HepG2 hepatoblastoma cells using
the transwell assay, and the results show that treatment with ATD (25 µM and 50 µM)
significantly inhibited TGF-β1-promoted cell invasion (Figure 4).
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Figure 3. Effect of ATD on TGF-β1-induced migration of HepG2 hepatoblastoma cells by wound-healing
assay. Cells were cultured in 6-well plates and pretreated with or without (control group) 10 ng/mL of
TGF-β1 for 24 h. A wound was scratched by a 200 µL pipette tip. After washing with PBS, cultured
medium was replaced with fresh medium and with or without coadministration of TGF-β1 and ATD
(0, 10, 25, or 50 µM) for 24 h and 48 h, then photographed at 0 h, 24 h, and 48 h. Migration activity of
cotreated with TGF-β1 and ATD for 48 h was quantified with ImageJ software. Data are represented
as the mean± SD from three independent experiments. ##: TGF-β1 vs. control, p < 0.01; *: TGF-β1 vs.
TGF-β1+ 25 µM ATD, p < 0.05; ****: TGF-β1 vs. TGF-β1+ 50 µM ATD, p < 0.0001; &&&&: TGF-β1+
25 µM ATD vs. TGF-β1+ 50 µM ATD, p < 0.0001; @@@@: TGF-β1+ 10 µM ATD vs. TGF-β1+ 50 µM ATD,
p < 0.0001.
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text. (A) After incubation for 24 h, invasion cells in the lower surface of membrane were fixed, then
stained with crystal violet solution and photographed at 200×magnification. (B) The invasion cells
were quantified in 6 randomly selected fields per well (n = 6) using a light microscope. Data are
represented as the mean ± SD. ##: TGF-β1 vs. control, p < 0.01; ****: TGF-β1 vs. TGF-β1+ 25 µM
ATD or + 50 µM ATD, p < 0.0001; &&&&: TGF-β1+ 25 µM ATD vs. TGF-β1+ 50 µM ATD, p < 0.0001.
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3.3. Effect of ATD on Colonization of HepG2 Hepatoblastoma Cells

To further evaluate the effect of ATD on the TGF-β1-promoted colonization growth
in vitro, a colony assay was performed. After various administrations of TGF-β1 and ATD
for 24 h, one thousand cells were counted and seeded onto a dish, and the culture was
maintained for 2 weeks. The result showed that administration of TGF-β1 increased the
colony formation of HepG2 cells as compared to the control group (Figure 5). The cotreat-
ment group showed that ATD significantly reduced TGF-β1-promoted colony formation of
HepG2 cells (Figure 5).
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formation assay. After treatment with ATD or cotreatment ATD and TGF-β1 for 24 h, 1000 cells were
seeded on 6-well plate and cultured for 2 weeks, then cells were fixed with methanol and stained
with crystal violet. Colony numbers were quantified by ImageJ software. Data are represented as
the mean ± SD from the three independent experiments. # p < 0.05, ## p < 0.01, #### p < 0.0001,
compared with the control group treated (0.2% DMSO). ***: TGF-β1 vs. TGF-β1+ 25 µM ATD,
p < 0.001; ****: TGF-β1 vs. TGF-β1+ 50 µM ATD, p < 0.0001.

3.4. Effect of ATD on TGF-β1-Induced Cell Scattering

Cell scattering is a critical manifest of several physiological and pathological processes
such as tissue regeneration and cancer cell invasion. In the morphology observation, we
found that the cells exhibited remarkable cell scattering after treatment with TGF-β1, while
the cultured HepG2 hepatoblastoma cells displayed a tight junction. Figure 6 shows that
treatment with TGF-β1-induced cell scattering was reversed by co-treatment with ATD.

3.5. Alterations of ATD on TGF-β1-Induced Progression Associated Protein Marker Expression in
HepG2 Hepatoblastoma Cells

Due to their diverse roles, integrins are key players in cancer metastasis, such as in
cell motility [22]. It has been reported that TGF-β1 plays a critical role in liver cancer
progression by stimulating integrin α3 expression [23]. In addition, the expression of
N-cadherin and vimentin facilitates the process of EMT and promotes migration and
invasion. ECM degradation by MMPs also promotes cell migration and invasion. This
study examined the effect of ATD on TGF-β1-induced expression of cancer cell progression
associated proteins, and the results showed TGF-β1 promoted the expression of integrin
α3, N-cadherin, vimentin, and MMP2, while TGF-β1 cotreated with ATD inhibited such
expression (Figure 7). It implicated that ATD suppressed TGF-β1-induced expression of
progression-associated proteins.
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The cell was applied with or without (control group) TGF-β1 for 24 h, and then TGF-β1 co-treated
with or without ATD for an additional 24 h. The cell was observed under phase contrast microscopy
(200×) and photographed.
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Figure 7. Effect of ATD on the cancer progression markers induced by TGF-β1 in HepG2 hepato-
blastoma cells. Following the TGF-β1 and ATD treatment as described in the text, the cell lysates
were prepared and subjected to the immunoblotting analysis using antibodies against integrin-α3,
vimentin, N-cadherin, MMP2, and α-tubulin or β-actin as loading control. The relative image density
was quantitated by densitometer.

3.6. ATD Inactivating TGF-β1-Induced p38MAPK and SMAD Signaling

In addition to activating the Smad signaling pathway, TGF-β1 activates kinase-1
(TAK1), which in turn triggers the activation of downstream p38MAPK [24]. p38MAPK
has been implicated in a wide range of complex biologic processes, such as migration
and invasion in solid tumors [25]. In order to resolve the mechanisms by which ATD
inhibited migration and invasion, as induced by TGF-β1 in HepG2 hepatoblastoma cells,
we examined the phosphorylation of p38MAPK and Smads. While TGF-β1 upregulated
phosphorylation of Smad2 and p38MAPK, ATD (25 or 50 µM) co-treated significantly
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inhibited the phosphorylation of p38MAPK, and ATD (50 µM) co-treated significantly
inhibited the phosphorylation of Smad2 (Figure 8A). In addition, SB203580, which is a
p38MAPK inhibitor, was used to confirm the effect of blocking p38MAPK and alleviating
the TGF-β-induced progression associated protein expression. The results showed that
SB203580 (5 µM) inhibited TGF-β-enhanced expression of integrin α3, N-cadherin, and
MMP2 (Figure 8B).
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described in the text, the cell lysates were prepared and subjected to immunoblotting analysis using antibodies against
p-p38MAPK, p-Smad 2/3, p38MAPK, Smad 2/3, and α-tubulin (loading control). The average densitometric value was
shown as mean ± SD (n = 3). #: TGF-β1 vs. control, p < 0.05; *: TGF-β1 vs. TGF-β1+ 25 µM ATD, p < 0.05; ** TGF-β1 vs.
TGF-β1+ 50 µM ATD, p < 0.01; &: TGF-β1+ 25 µM ATD vs. TGF-β1+ 50 µM ATD, p < 0.05. (B) Cells were pretreated with or
without TGF-β1 for 24 h, then co-treated with 5 µM p38 MAPK inhibitor (SB203580) and TGF-β1 for an additional 24 h.
The cell lysates were subjected to immunoblotting analysis using antibodies against integrin-α3, N-cadherin, MMP2, and
α-tubulin (loading control). The relative image density was quantitated by a densitometer.

4. Discussion

Most liver cancer occurs in patients with chronic liver disease, which appears as hep-
atitis, fibrosis, and cirrhosis, and suggests that liver cancer is an inflammation-associated
cancer [26]. Cytokines are key mediators of inflammation. TGF-β is a multifunctional
cytokine, which plays a critical role in arranging a favorable microenvironment for tumor
growth and progression. TGF-β promotes hepatocellular carcinoma progression via an
autocrine or paracrine growth factor, which induces microenvironment changes that trigger
cell migration and invasion [27]. TGF-β1 has been reported to promote HepG2 hepato-
blastoma cell migration and invasion [28]. The occurrence of EMT is affected by various
factors such as TGF-β1 [29]. Furthermore, TGF-β1 stimulates integrin α3 expression, which
has been suggested to play an important role in liver cancer invasiveness [23]. In the
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present study, in addition to reversing TGF-β1-promoted cell scattering, ATD attenuated
TGF-β1-induced the expression of cancer progression-associated proteins (Figure 7), which
is a novel action of ATD on antitumor progression.

Cancer is a multiple-cause disease in which many signaling pathways are affected [30].
MAPK mediates a wide variety of cellular behaviors in response to extracellular stimuli. As
one of the main subgroups, p38MAPK has been implied in a broad range of complicated bi-
ological processes, including cell proliferation, cell death, cell differentiation, cell migration,
and cell invasion. The specific function of p38MAPK appears to depend not only on the cell
type, but also on the stimulants. Liver cancer development is controlled by both extracellu-
lar factors and intracellular signaling pathways. TGF-β1, which is a cytokine, plays a critical
role in liver cancer progression involving Smad-dependent and independent pathways [31].
TGF-β1 activates the TGF-βI/II receptor, which phosporylates Smad2 and Smad3, leading
to the formation of a heteromeric Smad complex with cytosolic Smad4. The Smad complex
translocates to the nucleus, where it regulates gene transcription of several transcription
factors involved in the EMT induction. In addition to the Smad pathway, the activation of
the p38MAPK pathway has been reported to contribute to the EMT in the primary tumor,
as well as to the acquisition of tumor cell migration and invasion. It has been reported that
TGF-β1 activates Smad and TAK1/p38MAPK pathways targeting ATF-2 synergistically
induce trans-activation capacity [32]. Silencing ATF2 demonstrates anticancer effects in
liver cancer [33]. This study found that ATD could attenuate TGF-β1-induced phosphory-
lation of nuclear ATF2 (data not shown), thus, whether ATD inactivated other transcription
factors in the downstream of p38MAPK requires further clarification. The results show that
ATD attenuated TGF-β1-promoted HepG2 hepatoblastoma cell progression by inhibiting
Smad-dependent and independent pathways (Figure 9). According to Figure 8, it also
reveals that ATD reduced TGF-β1-induced expression of invasion-associated proteins in
large part through blocking p38MAPK signaling.
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Plants are the major food and pharmaceutical origins of humans. Some phytochemi-
cals, such as alkaloids, diterpenoids, and sesquineterpenes, display therapeutic potential in
cancer [34]. However, these therapeutic phytochemicals are also associated with adverse
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side effects, such as cardiovascular diseases, vomiting, renal dysfunction, and myelotoxicity.
In addition, certain polyphenol-rich foods have been reported to reduce the incidence and
mortality rates of cancer, as well as delay cancer progression [35]. However, past studies
have found that in order to exert the health benefits, the required dose of polyphenols is
higher than humans can consume [36]. Therefore, it is imperative to develop chemother-
apy or chemoprevention substances with minimal side effects and good bioavailability.
Thus, it has been suggested that plants are still a reservoir possessing enormous poten-
tial to provide chemotherapy or chemoprevention. Recently, neolignan derivatives are
suggested to possess great potential for chemoprevention and treatment [37]. In addi-
tion, it has been reported that compounds containing heterocyclic moieties can boost salt
formation properties, which are important for bioavailability [38]. Recently, neolignan
derivatives were suggested to possess great potential for chemoprevention and treat-
ment [16]. Several neolignans from the Magnolia family are biphenyl neolignans found
to possess a good safety prolife while ATD is a neolignan with a 2-arylbenzofuran skele-
ton. [16] In addition, it has been reported that compounds containing heterocyclic moieties
can boost salt formation properties, which are important for bioavailability [38]. For real
application, animal studies of ATD are required to clarify the in vivo properties such as
adsorption, distribution, metabolism, and elimination in the future. In addition, growing
evidence has been shown that chronic inflammation is associated with high incidence of
several cancers [6]. Targeting inflammatory pathways has proven effective in preventing
the formation of colonic tumors and their malignant progression in both preclinical and
clinical studies. Synthetic non-steroidal anti-inflammatory drugs have been recognized
as potential colorectal cancer chemopreventive agents; however, most of these synthetic
agents are associated with sometimes fatal or unwanted side effects [39]. A large amount
of evidence supports the effectiveness of natural phytochemicals with anti-inflammatory
activity in the prevention and treatment of cancer [40]. Our previous study found that ATD
inhibited 12-o-tetradecanoylphobol-13-acetate induced COX-2 expression and myeloper-
oxidase activation. It implicated that ATD possessed anti-inflammatory bioactivity [17].
Kim and Jun reported that ATD suppresses lipopolysaccharide-stimulated inflammatory in
RAW 264.3 cells and endotoxin shock in mice [18]. The present investigation demonstrates
that ATD exerts antitumor progression properties by modulating the effect of cytokine.
While ATD is a neolignan with heterocyclic moiety and possesses antiinflammatory activity,
whether it can play a role in chemoprevention requires further investigation.

5. Conclusions

This study first demonstrated a novel mechanism—that ATD exerted antitumor po-
tential through suppressing TGF-β1-promoted HepG2 hepatoblastoma cell progression,
which involves blocking p38MAPK and Smad 2 signaling (Figure 9). Further investiga-
tion is required to elucidate the universal anticancer properties of ATD against human
hepatoblastoma cell lines.

Author Contributions: T.-H.T.: Provision of study material, collection and assembly of data, histopatho-
logical evaluation, and manuscript writing. H.-J.L., Y.-J.L. and K.-C.L.: Provision of study material,
collection, and assembly of data. C.-H.S. and H.-C.K.: Conception and design, financial support, adminis-
trative support, manuscript writing, final approval of manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Technology Grant (MOST 108-
2320-B-040-016-MY3 and MOST 110-2320-B255-005-MY3), Taiwan. The instruments were performed
in the Instrument Center of Chung Shan Medical University, which was supported by the Ministry of
Science and Technology, Ministry of Education and Chung Shan Medical University, Taiwan. This
study was supported by grants CMRPG6J0151, CMRPG6J0152, CMRPG6J0153, and ZRRPF6K0011
from Chang Gung Memorial Hospital, and Chang Gung University of Science and Technology,
Chia-Yi, Taiwan.

Institutional Review Board Statement: Not applicable.



Biomedicines 2021, 9, 1110 12 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are within the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bruix, J.; Gores, G.J.; Mazzaferro, V.M. Hepatocellular carcinoma: Clinical frontiers and perspectives. Gut 2014, 63, 844–855.

[CrossRef]
2. Song, P.-M.; Zhang, Y.; He, Y.-F.; Bao, H.-M.; Luo, J.-H.; Liu, Y.-K.; Yang, P.-Y.; Chen, X. Bioinformatics analysis of metastasis-related

proteins in hepatocellular carcinoma. World J. Gastroenterol. 2008, 14, 5816–5822. [CrossRef] [PubMed]
3. Jiang, W.; Sanders, A.; Katoh, M.; Ungefroren, H.; Gieseler, F.; Prince, M.; Thompson, S.K.; Zollo, M.; Spano, D.; Dhawan, P.; et al.

Tissue invasion and metastasis: Molecular, biological and clinical perspectives. Semin. Cancer Biol. 2015, 35, S244–S275. [CrossRef]
[PubMed]

4. Giannelli, G.; Koudelkova, P.; Dituri, F.; Mikulits, W. Role of epithelial to mesenchymal transition in hepatocellular carcinoma.
J. Hepatol. 2016, 65, 798–808. [CrossRef]

5. Shankar, J.; Nabi, I.R. Actin Cytoskeleton Regulation of Epithelial Mesenchymal Transition in Metastatic Cancer Cells. PLoS ONE
2015, 10, e0119954. [CrossRef]

6. Multhoff, G.; Molls, M.; Radons, J. Chronic Inflammation in Cancer Development. Front. Immunol. 2012, 2, 98. [CrossRef]
7. Gupta, D.K.; Singh, N.; Sahu, D.K. Article Commentary: TGF-β Mediated Crosstalk between Malignant Hepatocyte and Tumor

Microenvironment in Hepatocellular Carcinoma. Cancer Growth Metastasis 2014, 7, CGM.S14205–8. [CrossRef] [PubMed]
8. Refolo, M.G.; Messa, C.; Guerra, V.; Carr, B.I.; D’Alessandro, R. Inflammatory Mechanisms of HCC Development. Cancers 2020,

12, 641. [CrossRef] [PubMed]
9. Peng, L.; Yuan, X.-Q.; Zhang, C.-Y.; Ye, F.; Zhou, H.-F.; Li, W.-L.; Liu, Z.-Y.; Zhang, Y.-Q.; Pan, X.; Li, G.-C. High TGF-β1 expression

predicts poor disease prognosis in hepatocellular carcinoma patients. Oncotarget 2017, 8, 34387–34397. [CrossRef]
10. Yu, L.; Hébert, M.C.; Zhang, Y. TGF-beta receptor-activated p38 MAP kinase mediates Smad-independent TGF-beta responses.

EMBO J. 2002, 21, 3749–3759. [CrossRef]
11. Durazzo, A.; Lucarini, M.; Camilli, E.; Marconi, S.; Gabrielli, P.; Lisciani, S.; Gambelli, L.; Aguzzi, A.; Novellino, E.; Santini, A.; et al.

Dietary Lignans: Definition, Description and Research Trends in Databases Development. Molecules 2018, 23, 3251. [CrossRef]
12. Teponno, R.B.; Kusari, S.; Spiteller, M. Recent advances in research on lignans and neolignans. Nat. Prod. Rep. 2016, 33, 1044–1092.

[CrossRef] [PubMed]
13. Pan, J.-Y.; Chen, S.-L.; Yang, M.-H.; Wu, J.; Sinkkonen, J.; Zou, K. An update on lignans: Natural products and synthesis.

Nat. Prod. Rep. 2009, 26, 1251–1292. [CrossRef] [PubMed]
14. Peterson, J.; Dwyer, J.; Adlercreutz, H.; Scalbert, A.; Jacques, P.; McCullough, M.L. Dietary lignans: Physiology and potential for

cardiovascular disease risk reduction. Nutr. Rev. 2010, 68, 571–603. [CrossRef]
15. Barre, D.E.; Mizier-Barre, K.A. Lignans’ Potential in Pre and Post-onset Type 2 Diabetes Management. Curr. Diabetes Rev. 2019, 16,

2–11. [CrossRef]
16. Ong, C.P.; Lee, W.L.; Tang, Y.-Q.; Yap, W.H. Honokiol: A Review of Its Anticancer Potential and Mechanisms. Cancers 2019, 12, 48.

[CrossRef]
17. Lee, Y.-J.; Kao, E.-S.; Chu, C.-Y.; Lin, W.-L.; Chiou, Y.-H.; Tseng, T.-H. Inhibitory effect of ailanthoidol on 12-O-tetradecanoyl-

phorbol-13-acetate-induced tumor promotion in mouse skin. Oncol. Rep. 2006, 16, 921–927. [CrossRef]
18. Kim, J.-K.; Jun, J.-G. Ailanthoidol suppresses lipopolysaccharide-stimulated inflammatory reactions in RAW264.7 cells and

endotoxin shock in mice. J. Cell. Biochem. 2011, 112, 3816–3823. [CrossRef]
19. Park, J.-H.; Jun, J.-G.; Kim, J.-K. Anti-Adipogenic Activity of Ailanthoidol on 3T3-L1 Adipocytes. Biomed. Sci. Lett. 2014, 20, 62–69.
20. Lin, S.-Y.; Chen, C.-L.; Lee, Y.-J. Total Synthesis of Ailanthoidol and Precursor XH14 by Stille Coupling. J. Org. Chem. 2003, 68,

2968–2971. [CrossRef]
21. Lee, H.; Pyo, M.J.; Bae, S.K.; Heo, Y.; Choudhary, I.; Hwang, D.; Yang, H.; Kim, J.-H.; Chae, J.; Han, C.H.; et al. Nemopilema

nomurai jellyfish venom exerts an anti-metastatic effect by inhibiting Smad- and NF-κB-mediated epithelial–mesenchymal
transition in HepG2 cells. Sci. Rep. 2018, 8, 2808. [CrossRef] [PubMed]

22. Ganguly, K.K.; Pal, S.; Moulik, S.; Chatterjee, A. Integrins and metastasis. Cell Adhes. Migr. 2013, 7, 251–261. [CrossRef]
23. Giannelli, G.; Fransvea, E.; Marinosci, F.; Bergamini, C.; Colucci, S.; Schiraldi, O.; Antonaci, S. Transforming Growth Factor-β1

Triggers Hepatocellular Carcinoma Invasiveness via α3β1 Integrin. Am. J. Pathol. 2002, 161, 183–193. [CrossRef]
24. Hao, J.; Chen, D. TGF-β signaling in hepatocellular carcinoma suppression and progression. Tradit. Med. Res. 2018, 3, 10–21.

[CrossRef]
25. Koul, H.K.; Pal, M.; Koul, S. Role of p38 MAP Kinase Signal Transduction in Solid Tumors. Genes Cancer 2013, 4, 342–359.

[CrossRef]
26. Yu, L.-X.; Ling, Y.; Wang, H.-Y. Role of nonresolving inflammation in hepatocellular carcinoma development and progression.

NPJ Precis. Oncol. 2018, 2, 6. [CrossRef] [PubMed]
27. Giannelli, G.; Villa, E.; Lahn, M. Transforming Growth Factor-β as a Therapeutic Target in Hepatocellular Carcinoma. Cancer Res.

2014, 74, 1890–1894. [CrossRef] [PubMed]

http://doi.org/10.1136/gutjnl-2013-306627
http://doi.org/10.3748/wjg.14.5816
http://www.ncbi.nlm.nih.gov/pubmed/18855979
http://doi.org/10.1016/j.semcancer.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25865774
http://doi.org/10.1016/j.jhep.2016.05.007
http://doi.org/10.1371/journal.pone.0119954
http://doi.org/10.3389/fimmu.2011.00098
http://doi.org/10.4137/CGM.S14205
http://www.ncbi.nlm.nih.gov/pubmed/24741325
http://doi.org/10.3390/cancers12030641
http://www.ncbi.nlm.nih.gov/pubmed/32164265
http://doi.org/10.18632/oncotarget.16166
http://doi.org/10.1093/emboj/cdf366
http://doi.org/10.3390/molecules23123251
http://doi.org/10.1039/C6NP00021E
http://www.ncbi.nlm.nih.gov/pubmed/27157413
http://doi.org/10.1039/b910940d
http://www.ncbi.nlm.nih.gov/pubmed/19779640
http://doi.org/10.1111/j.1753-4887.2010.00319.x
http://doi.org/10.2174/1573399814666180914094520
http://doi.org/10.3390/cancers12010048
http://doi.org/10.3892/or.16.4.921
http://doi.org/10.1002/jcb.23312
http://doi.org/10.1021/jo020653t
http://doi.org/10.1038/s41598-018-20724-3
http://www.ncbi.nlm.nih.gov/pubmed/29434219
http://doi.org/10.4161/cam.23840
http://doi.org/10.1016/S0002-9440(10)64170-3
http://doi.org/10.53388/TMR201809060
http://doi.org/10.1177/1947601913507951
http://doi.org/10.1038/s41698-018-0048-z
http://www.ncbi.nlm.nih.gov/pubmed/29872724
http://doi.org/10.1158/0008-5472.CAN-14-0243
http://www.ncbi.nlm.nih.gov/pubmed/24638984


Biomedicines 2021, 9, 1110 13 of 13

28. Chen, B.; Zhou, S.; Zhan, Y.; Ke, J.; Wang, K.; Liang, Q.; Hou, Y.; Zhu, P.; Ao, W.; Wei, X.; et al. Dioscin Inhibits the Invasion
and Migration of Hepatocellular Carcinoma HepG2 Cells by Reversing TGF-β1-Induced Epithelial-Mesenchymal Transition.
Molecules 2019, 24, 2222. [CrossRef]

29. Yilmaz, M.; Christofori, G. EMT, the cytoskeleton, and cancer cell invasion. Cancer Metastasis Rev. 2009, 28, 15–33. [CrossRef]
30. Samadani, A.A.; Norollahi, S.E.; Rashidy-Pour, A.; Mansour-Ghanaei, F.; Nemati, S.; Joukar, F.; Afshar, A.M.; Ghazanfari, S.;

Safizadeh, M.; Rostami, P.; et al. Cancer signaling pathways with a therapeutic approach: An overview in epigenetic regulations
of cancer stem cells. Biomed. Pharmacother. 2018, 108, 590–599. [CrossRef]

31. Tu, S.; Huang, W.; Huang, C.; Luo, Z.; Yan, X. Contextual Regulation of TGF-β Signaling in Liver Cancer. Cells 2019, 8, 1235.
[CrossRef] [PubMed]

32. Luo, L.; Cai, L.; Luo, L.; Tang, Z.; Meng, X. Silencing activating transcription factor 2 promotes the anticancer activity of sorafenib
in hepatocellular carcinoma cells. Mol. Med. Rep. 2018, 17, 8053–8060. [CrossRef]

33. Sano, Y.; Harada, J.; Tashiro, S.; Gotoh-Mandeville, R.; Maekawa, T.; Ishii, S. ATF-2 Is a Common Nuclear Target of Smad and
TAK1 Pathways in Transforming Growth Factor-β Signaling. J. Biol. Chem. 1999, 274, 8949–8957. [CrossRef] [PubMed]

34. Desai, A.; Qazi, G.; Ganju, R.; El-Tamer, M.; Singh, J.; Saxena, A.; Bedi, Y.; Taneja, S.; Bhat, H. Medicinal Plants and Cancer
Chemoprevention. Curr. Drug Metab. 2008, 9, 581–591. [CrossRef] [PubMed]

35. Amawi, H.; Ashby, J.C.R.; Samuel, T.; Peraman, R.; Tiwari, A.K. Polyphenolic Nutrients in Cancer Chemoprevention and
Metastasis: Role of the Epithelial-to-Mesenchymal (EMT) Pathway. Nutrients 2017, 9, 911. [CrossRef]

36. Manach, C.; Williamson, G.; Morand, C.; Scalbert, A.; Rémésy, C. Bioavailability and bioefficacy of polyphenols in humans. I.
Review of 97 bioavailability studies. Am. J. Clin. Nutr. 2005, 81, 230S–242S. [CrossRef]

37. Ranaware, A.M.; Banik, K.; Deshpande, V.; Padmavathi, G.; Roy, N.K.; Sethi, G.; Fan, L.; Kumar, A.P.; Kunnumakkara, A.B.
Magnolol: A Neolignan from the Magnolia Family for the Prevention and Treatment of Cancer. Int. J. Mol. Sci. 2018, 19, 2362.
[CrossRef]

38. Leeson, P.D.; Springthorpe, B. The influence of drug-like concepts on decision-making in medicinal chemistry. Nat. Rev. Drug Discov.
2007, 6, 881–890. [CrossRef]

39. Ghanghas, P.; Jain, S.; Rana, C.; Sanyal, S. Chemopreventive action of non-steroidal anti-inflammatory drugs on the inflammatory
pathways in colon cancer. Biomed. Pharmacother. 2016, 78, 239–247. [CrossRef] [PubMed]

40. Khor, T.; Yu, S.; Kong, A.-N. Dietary Cancer Chemopreventive Agents—Targeting Inflammation and Nrf2 Signaling Pathway.
Planta Medica 2008, 74, 1540–1547. [CrossRef] [PubMed]

http://doi.org/10.3390/molecules24122222
http://doi.org/10.1007/s10555-008-9169-0
http://doi.org/10.1016/j.biopha.2018.09.048
http://doi.org/10.3390/cells8101235
http://www.ncbi.nlm.nih.gov/pubmed/31614569
http://doi.org/10.3892/mmr.2018.8921
http://doi.org/10.1074/jbc.274.13.8949
http://www.ncbi.nlm.nih.gov/pubmed/10085140
http://doi.org/10.2174/138920008785821657
http://www.ncbi.nlm.nih.gov/pubmed/18781909
http://doi.org/10.3390/nu9080911
http://doi.org/10.1093/ajcn/81.1.230S
http://doi.org/10.3390/ijms19082362
http://doi.org/10.1038/nrd2445
http://doi.org/10.1016/j.biopha.2016.01.024
http://www.ncbi.nlm.nih.gov/pubmed/26898448
http://doi.org/10.1055/s-0028-1088303
http://www.ncbi.nlm.nih.gov/pubmed/18937168

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cytotoxicity Assay 
	Wound Healing Assay 
	In Vitro Cell Invasion Assay 
	Colony Assay 
	Preparation of Total Cell Extracts and Immunoblot Analysis 
	Statistical Analysis 

	Results 
	The Cytotoxicity of ATD on HepG2 Hepatoblastoma Cells 
	Inhibitory Effect of ATD on TGF-1-Promoted Migration and Invasion of HepG2 Hepatoblastoma Cells 
	Effect of ATD on Colonization of HepG2 Hepatoblastoma Cells 
	Effect of ATD on TGF-1-Induced Cell Scattering 
	Alterations of ATD on TGF-1-Induced Progression Associated Protein Marker Expression in HepG2 Hepatoblastoma Cells 
	ATD Inactivating TGF-1-Induced p38MAPK and SMAD Signaling 

	Discussion 
	Conclusions 
	References

