ONCOLOGY REPORTS 36: 3504-3512, 2016

Angelicin inhibits human lung carcinoma A3549 cell growth and
migration through regulating JNK and ERK pathways
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Abstract. Angelicin is a member of a well-known class of
chemical photosensitizes that have anticancer properties in
several cancer cell lines. However, the effects and the potential
underlying mechanisms of angelicin action on human lung
cancer cells remain unclear. Here, we report that angelicin has
an essential role in inhibiting human lung carcinoma growth
and metastasis. We found that angelicin markedly induced cell
apoptosis and arrested the cell cycle in vitro. Angelicin also
inhibited the migration of non-small cell lung cancer (NSCLC)
A549 cells in a Transwell assay in a dose-dependent manner.
In addition, after angelicin treatment, the expression levels of
Bax, cleaved caspase-3 and cleaved caspase-9 were increased,
and Bcl-2 expression was decreased. Moreover, our results
indicate that angelicin inhibits NSCLC growth not only by
downregulating cyclin Bl, cyclin El and Cdc2, which are
related to the cell cycle, but also by reducing MMP2 and MMP9
and increasing E-cadherin expression levels. Furthermore,
extracellular signal-regulated kinase (ERK)1/2 and c-Jun
NH,-terminal protein kinase (JNK)1/2 phosphorylation
increased in parallel with the angelicin treatments. The inhibi-
tion of ERK1/2 and JNK1/2 by specific inhibitors significantly
abrogated angelicin-induced cell apoptosis, cell cycle arrest
and migration inhibition. We established in vivo A549 cell
transplant and metastasis models and found that angelicin
exerted a significant inhibitory effect on A549 cell growth and
lung metastasis. Overall, our results suggested that angelicin
is able to inhibit NSCLC A549 cell growth and metastasis by
targeting ERK and JNK signaling, which demonstrates poten-
tial for NSCLC therapy.
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Introduction

Lung cancer is one of the most common malignant tumors
and is a major cause of global morbidity and mortality. Even
with recent advances in diagnosis and clinical treatment, the
five-year survival rate is only 15% (1). Non-small cell lung
cancer (NSCLC), such as the A549 cell line, accounts for
85% of all lung cancer cases (2). Notably, most patients with
NSCLC are diagnosed after having reached a terminal stage
and developed metastases in adjacent or distant organs (3).
Systemic pharmacotherapy is the primary treatment for these
patients (4). Recently, drugs targeting key pathways involved in
NSCLC have generated new approaches for treating this condi-
tion. However, efficacious, curative drug therapies for NSCLC
and its metastases remain elusive (5). There is an urgent need
for more effective agents for the clinical treatment of NSCLC.

Tumor development involves abnormal cell proliferation
and migration (6). Additionally, cell proliferation is closely
related to the cell cycle; therefore, inducing apoptosis,
arresting the cell cycle and inhibiting metastasis are effective
methods of controlling tumor cell growth (7). Many cytokines
and signaling pathways, including Bax, Bcl-2, matrix metallo-
proteinases (MMPs), cyclins, AKT, mitogen-activated protein
kinase (MAPK), c-Jun NH,-terminal protein kinase (JNK) and
extracellular signal-regulated kinase (ERK), play influential
roles in regulating the abnormal proliferation and migration
of tumor cells (8-10). These molecular players and signaling
cascades are involved in regulating apoptosis, migration and
the cell cycle.

Angelicin is a traditional Chinese medicine and a well-known
furocoumarin that has been a common treatment for a long
time (11). Recently, it has been used to treat various skin dise-
ases (12,13). Moreover, previous studies have demonstrated that
angelicin has potential for curing leukemia by inhibiting tumor
cell proliferation (14). Furthermore, angelicin is reportedly a
potential candidate for treating neuroblastoma by inducing
cell apoptosis (11). However, there have been few studies on
the effect of angelicin on NSCLC (15).

In this study, we aimed to assess the abrogation of A549 cell
growth resulting from angelicin inducing apoptosis, arresting
the cell cycle and inhibiting metastasis. To gain insight into
the potential anticancer mechanism of angelicin, we further
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investigated its effects on growth and related metastasis
signaling pathways. Our results suggest that angelicin inhibits
A549 cell activity by regulating ERK and JNK signaling as
well as related metastasis signaling. All the results suggest
that angelicin could be an effective therapeutic candidate for
NSCLC intervention.

Materials and methods

Ethics statement. All experiments were approved by the
Huazhong University of Science and Technology Committee
and the Tongji Medical College Ethics Committee, Tongji
Hospital (Wuhan, China).

Reagents. Dimethyl sulfoxide (DMSO), angelicin and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich, Invitrogen
Life Technologies (Carlsbad, CA, USA). Polyclonal antibodies
against Bax, Bcl-2, caspase-3, caspase-9, cyclin Bl, cyclin El,
Cdc2, E-cadherin, MMP2, MMP9, p-ERK1/2, ERK1/2,
p-JNKI, JNKI, P-p38 MAPK, p38 MAPK, Akt and p-Akt
were purchased from Cell Signaling Technology, Inc. (Danvers,
MA USA). GAPDH, goat anti-mouse IgG and goat anti-rabbit
IgG were purchased from Proteintech Group, Inc. (Rosemont,
IL, USA). Dulbecco's modified Eagle's medium (DMEM),
fetal bovine serum (FBS), penicillin and streptomycin were
purchased from Gibco, Invitrogen Life Technologies (Carlsbad,
CA, USA). A protease inhibitor cocktail was purchased from
Roche Diagnostics (Basel, Switzerland). A BCA protein assay
reagent kit and an enhanced chemiluminescence (ECL) plus
reagent kit were obtained from Pierce Biotechnology, Inc.
(Rockford, IL, USA).

Cell lines and culture. Human lung cancer A549 cells were
purchased from the Chinese Academy of Sciences Cell
Bank (CBP60084; Shanghai, China) and were maintained
in RPMI-1640 with 10% FBS and antibiotics (penicillin
and streptomycin) in an incubator with a humidified atmo-
sphere (5% CO,, 37°C).

MTT assay. An MTT colorimetric assay was performed
according to the manufacturer's instructions. In brief, exponen-
tially growing cells were seeded in 96-well plates at a density
of 5x10° cells/well. Following an overnight incubation, the cells
were treated with various doses of angelicin for 24 h at 37°C.
Then, the medium was discarded, and MTT (0.5 mg/ml) was
added into each well and incubated for 4 h at 37°C. Subsequently,
the MTT-containing medium was removed and replaced
with 150 gl of DMSO. The absorbance at 570 nm was then
determined using a Bio-Rad Model 680 microplate reader
(Bio-Rad Laboratories, Inc., Hercules, CA, USA). The ICs, was
calculated from the MTT dose-response curves of cell viability
against drug concentration. Three replicate wells were used for
each analysis.

TdT-mediated dUTP nick end labeling (TUNEL) assay. A
TUNEL assay was utilized to analyze the pro-apoptotic effect
of angelicin in A549 cells. After being appropriately treated
with angelicin, cells were fixed in 4% paraformaldehyde for
30 min and then permeabilized with 0.05 % Triton X-100 on
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ice for 5 min. The cells were subjected to TUNEL while being
incubated in a humidified chamber at 37°C for 60 min in the
dark. The cells were washed 3 times with phosphate-buffered
saline (PBS; pH 7.4); anti-fluorescence quenching solution was
then added and allowed to react for 5 min. Finally, the cells
were examined using a confocal laser scanning microscope.

Flow cytometric apoptosis assay. To detect the apoptotic
effects of angelicin on A549 cells, an Annexin V-FITC/prop-
idium iodide (PI) apoptosis detection kit was used. In brief,
AS549 cells were seeded in a 6-well plate and incubated for
24 h; the cells were then treated with the DMSO control or
angelicin (10, 25 or 50 ymol) for 24 h. Next, the cells were
collected, washed with PBS, and resuspended in 100 ul of
1X binding buffer. Annexin V-FITC/PI were added to each
group, and the cells were incubated for 15 min at room
temperature in the dark. The cells were then analyzed by flow
cytometry (BD Calibur; BD Biosciences, San Jose, CA, USA).
Each experiment was performed 3 times.

Flow cytometric cell cycle analysis. Flow cytometry used to
examine the effect of angelicin on the cell cycle. After being
treated with the DMSO control or angelicin (10, 25 or 50 ymol)
for 24 h, A549 cells were harvested, washed twice with
PBS (pH 7.4) and fixed with 70% ethanol for 20 min. Then,
the cells were centrifuged (300 x g, 5 min) to eliminate the
ethanol, washed twice with PBS (pH 7.4) and stained with PI
in the dark for 30 min. Finally, the cell cycle distribution was
assessed by flow cytometry (BD Calibur; BD Biosciences).
Each experiment was performed 3 times.

Wound-healing assay. The anti-migratory effects of angelicin
on A549 cells were examined through a wound-healing assay.
After attached cells had grown to 90% confluence, a wound
in the monolayer was created using a pipette tip, and the cells
were washed twice with PBS (pH 7.4). Then, the cells were
treated with the DMSO control or angelicin (10, 25 or 50 gmol)
for 24 h. The number of migrated cells was determined using
an inverted microscope. Five randomly chosen fields were
analyzed in each well.

Transwell migration assay. Transwell chambers (Corning
Costar, Cambridge, MA, USA) were used for the cell migra-
tion assays. A549 cells (1x10%) were seeded in the top chamber
with FBS-free medium. Culture medium containing the DMSO
control or angelicin (10,25 or 50 xmol) was added to the bottom
chamber. After the cells were incubated for 24 h at 37°C, the
upper side of the membrane was removed, and the cells in the
lower chamber were fixed in 4% paraformaldehyde for 15 min.
The fixed cells were washed with PBS (pH 7.4) 3 times and then
stained with 0.25% crystal violet for 5 min. Cell migration was
evaluated using an inverted microscope (x200). Six randomly
chosen fields were analyzed in each group and presented as the
mean of 3 independent experiments.

Western blotting. After the cells were treated with the DMSO
control or angelicin, proteins from the A549 cell lysates
were extracted and 12% SDS-PAGE was used to separate the
protein samples. Then, the proteins were transferred to a PVDF
membrane, which was blocked with 5% skim milk and incubated
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Figure 1. Cytotoxic effect of angelicin on A549 cells. (A) Chemical structure of angelicin. (B) MTT assay was performed to select the appropriate doses
of angelicin for subsequent experiments. (C) Inverted microscope observation of A549 cell morphology (x200 magnification). Data are presented as the
mean = standard deviation obtained from 3 independent experiments. “P<0.05, ““P<0.01 compared with DMSO, n=4.

with different antibodies overnight at 4°C. The antibodies
were diluted to the following concentrations: Bax (1:1,000),
Bcl-2 (1:2,000), caspase-3 (1:1,000), caspase-9 (1:800),
cyclin B1 (1:1,000), cyclin E1 (1:1,000), Cdc2 (1:2,000),
E-cadherin (1:2,000), MMP2 (1:800), MMP9 (1:800),
p-ERK1/2 (1:2,000), ERK1/2 (1:2,000), p-JNK1 (1:1,000),
JNK1 (1:1,000), P-p38 MAPK (1:1,000), p38 MAPK (1:1,000),
Akt (1:2,000) and p-Akt (1:1,000). After being washed 3 times
in TBST, the membrane was incubated with HRP-conjugated
secondary antibodies for 1 h at room temperature. An ECL kit
was used to develop the immuno-reactive bands.

Animal groups and in vivo xenograft study. For the
A549 xenograft studies, female nude mice aged 5 weeks were
used. A549 cells (5x10°) were subcutaneously implanted in
the right flank of the mice. The tumor-bearing mice were
randomly divided into two groups: the PBS (pH 7.4) control
group and the angelicin group. Mice in the angelicin group
were treated with angelicin for 4 consecutive weeks by oral
gavage (100 mg/kg), while mice in the control group received
PBS (pH 7.4). Tumor volume and body weight were moni-
tored once every 2 days. At the end of 4 weeks, the mice
were sacrificed and the tumor xenografts were removed and
measured.

Experimental lung metastasis experiments. Male nude mice
(SIPPR-BK Laboratory Animal Co., Ltd., Shanghai, China)
aged 5 weeks were used. A549 cells (5x10°) were injected via
the tail vein. Two weeks later, the mice were randomly divided
into two groups: the PBS (pH 7.4) control group and the
angelicin (100 mg/kg/day) group. Mice in the angelicin group
received an intragastric administration of angelicin dissolved
in PBS (pH 7.4) every day for 4 weeks. The animals were
sacrificed after this period. The lungs were then removed and
fixed in Bouin's solution for 4 h, and the number of metastatic
lesions was determined macroscopically.

Immunohistochemistry. Sections of the lung specimens were
deparaffinized and rehydrated. Then, the sections were rinsed
in PBS (pH 7.4) 3 times and incubated in 3% hydrogen peroxide
for 15 min at room temperature. After being blocked in
10% goat serum for 30 min, the tissue sections were incubated
overnight at 4°C with polyclonal antibodies (MMP2, 1:100;
MMP9, 1:80; and E-cadherin, 1:50). The sections were subse-
quently incubated with peroxidase-conjugated goat anti-rabbit
secondary antibody (1:100) for 1 h at room temperature,
washed 5 times with PBS (pH 7.4), and visualized with the
peroxidase substrate diaminobenzidine (DAB) under a micro-
scope.

Statistical analysis. The data shown in this study were obtained
from at least 3 independent experiments and analyzed using
SPSS 16.0 (SPSS, Inc., Chicago, IL, USA). Statistical signifi-
cance was determined using an unpaired Student's t-test. All
results are presented as the mean + standard deviation (SD).
P<0.05 was considered statistically significant vs. the control

group.
Results

Angelicin inhibits the growth of A549 cells. The chemical
structure of angelicin is shown in Fig. 1A. To examine the
cytotoxic effects of angelicin on A549 cells,an MTT assay was
performed. A549 cells were treated with different concentrations
of angelicin (0, 2.5, 5, 10, 25, 50, 100, 150 and 200 gmol/1) for
24 h. As shown in Fig. 1B, the proliferation of angelicin-treated
A549 cells was markedly suppressed at 24 h compared with
that of cells in the control group. These results showed that
the angelicin treatment suppressed A549 cell proliferation
in a dose-dependent manner. As the ICy, value for angelicin
was 50.14 ymol, doses of 10, 25 and 50 gmol angelicin were
selected for use in subsequent experiments to assess A549 cell
growth suppression.
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Figure 2. Angelicin induces apoptosis in A549 cells. (A) Representative flow cytometry scatter plots of PI (y-axis) vs. Annexin V-FITC (x-axis) and (B) quan-
titation data of the average of 3 independent flow cytometry experiments. (C) Bar chart showing quantitation data of the average of 3 independent TUNEL
assay experiments. (D) TUNEL assay was performed to measure the ratio of apoptotic cells. TUNEL-positive cells were counted from at least 100 random
fields. (E) The expressions of Bax, Bcl-2, caspase-3 and caspase-9 were analyzed with western blotting and (F and G) the proteins expression were evaluated.
“P<0.05, “P<0.01 compared with DMSO, n=3. PI, propidium iodide; FITC, fluorescein isothiocyanate.

Additionally, the morphological changes of angelicin-tre-
ated cells were assessed using an inverted microscope (Fig. 1C).
The results showed that the angelicin treatment caused marked
morphological alterations, including the adherence of cells in
poor condition, reduced cell volume, chromatin condensation,
karyopyknosis and nuclear fragmentation. Furthermore, as
the dose of angelicin increased, the morphological alterations
became more apparent.

Angelicin induces apoptosis and regulates the expression
of apoptosis-associated proteins in A549 cells. To assess
whether angelicin-induced cell growth suppression was asso-
ciated with cell apoptosis, the effects of angelicin on apoptosis
were evaluated by flow cytometry using Annexin V-FITC/PI
double staining. As shown in Fig. 2A and B, the percentage of
early- and late-stage apoptotic cells increased in a dose-depen-
dent manner. This result showed that the angelicin treatment
caused a significant increase in apoptosis.

Moreover, the extent of A549 cell apoptosis was exam-
ined using TUNEL staining. The TUNEL assay revealed
only 2+2% TUNEL-positive nuclei in the DMSO control cells,

and in accordance with the flow cytometric analysis, a signifi-
cantly increased percentage of TUNEL-positive nuclei was
observed in the cells incubated with angelicin (Fig. 2C and D).
In addition, angelicin-induced apoptosis occurred in a
dose-dependent manner.

Furthermore, to gain insight into the potential pro-apop-
totic mechanisms of angelicin, the protein expression levels
of Bax, Bcl-2, caspase-3 and caspase-9, which are important
apoptosis-associated proteins, were detected by western blot-
ting. As shown in Fig. 2E-G, the angelicin treatment markedly
induced Bax expression to a level comparable to that of the
control cells and significantly reduced Bcl-2 expression in a
dose-dependent manner. In addition, the angelicin treatment
promoted the expression of cleaved caspase-3 and caspase-9
in a dose-dependent manner, demonstrating the pro-apop-
totic effect of angelicin. All the results demonstrated that the
pro-apoptotic effect of angelicin may be associated with the
regulation of these proteins.

Angelicin arrested the cell cycle and regulated related proteins.
The effect of angelicin on the cell cycle distribution was
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Figure 3. Angelicin arrested the A549 cell cycle at the G2/M phase. A549 cells were treated with increasing concentrations of angelicin for 24 h.
(A) Representative flow cytometry cell cycle of PI. (B) Quantitation data of flow cytometry cell cycle of 3 independent experiments and (C) effect of angelicin
on cycle proteins expression of cyclin B1, cyclin E1 and Cdc2 by western blotting. (D) Quantitation data of (C). "P<0.05, “P<0.01 compared with DMSO, n=3

PI, propidium iodide.

determined using flow cytometry. Cells were or were not
treated with angelicin at 10, 25 and 50 ymol for 24 h and were
then stained with PI. The results showed that the proportion of
cells in the G2/M and GO0/G1 phase increased and decreased,
respectively, in a dose-dependent manner (Fig. 3A and B).

To further elucidate the specific regulatory proteins respon-
sible for the cell cycle arrest, we explored the effect of angelicin on
the regulatory proteins cyclin B, cyclin El and Cdc2. As shown
in Fig. 3C and D, the levels of cyclin B1, cyclin El and Cdc2
were significantly downregulated in the angelicin-treated cells.
These data revealed that alterations in the expression levels of
cell cycle regulatory proteins and the arrest of cell growth in the
G2/M phase are involved in angelicin-induced changes in cell
cycle progression.

Angelicininhibits A549 cell migration and invasion. Tumor cell
migration and invasion are key steps in cancer metastasis (16).
To evaluate the potential effect of angelicin on A549 cell
migration, we assessed alterations in cell mobility using a
scratch test and a Transwell assay. The results showed that the
angelicin treatment significantly decreased A549 cell migra-
tion capability in a dose-dependent manner (Fig. 4A and B).
The Transwell assay results showed that the migration and
invasion of the angelicin-treated A549 cells were significantly
inhibited in a dose-dependent manner compared with that of
the control cells (Fig. 4C and D).

E-cadherin, MMP2 and MMP9 are responsible for cell
migration, invasion and cell-matrix adhesion, particularly in
the process of cancer metastasis (17). Therefore, we detected
the effects of angelicin on the expression of these proteins

using western blotting. As shown in Fig. 4E and F, we
observed that angelicin strongly increased E-cadherin expres-
sion but reduced MMP2 and MMP9 expression in A549 cells
in a dose-dependent manner compared with that of the control
cells. These results indicate that angelicin directly inhibits the
migration and invasion of A549 cells.

Angelicin inhibits A549 cell growth and migration via ERK
and JNK pathways. The MAPK and Akt signaling pathways
have important roles in regulating tumor cell apoptosis, cell
cycle progression and metastasis (17). To further explore the
mechanism underlying angelicin-induced apoptosis, cell cycle
arrest and migration inhibition in A549 cells, we evaluated
whether angelicin modulates the MAPK and Akt signaling
pathways when affecting A549 cells. We first examined the
activation status of p38 MAPK, JNK, ERK and AKT by
western blotting with antibodies specific to the phosphory-
lated forms of these kinases. As shown in Fig. SA-C, treating
A549 cells with angelicin significantly increased the levels of
phosphorylated INK and ERK compared with the total protein
expression levels in a dose-dependent manner. However,
angelicin had no effect on the phosphorylation of p38 MAPK,
AKT, or the total expression levels of these proteins. These
results suggest that angelicin may activate the JNK and ERK
pathways in A549 cells.

We next tested whether SP600125, a JNK inhibitor, or
U0126, an ERK inhibitor, could reverse the angelicin-induced
apoptosis, cell cycle arrest and migration inhibition in
A549 cells. First, the levels of phosphorylated JNK and ERK
were analyzed by western blotting. The SP600125 and U0126
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treatments significantly attenuated angelicin-induced JNK  angelicin-mediated effects on A549 cells. Next, the cell cycle,
and ERK activation (Fig. 6A and B). The results suggested apoptosis and migration of A549 cells were examined with
that JNK and ERK activation may play a crucial role in  or without SP600125 and U0126 pretreatments. As shown
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were measured by western blotting. (B) Results were quantified by densitometry analysis of the bands from (A) and then normalization to GAPDH protein.
(C) Representative flow cytometry scatter plots of PI (y-axis) vs. Annexin V-FITC (x-axis). (D) Representative flow cytometry cell cycle of PI. (E) The invasive
ability was evaluated by a Transwell invasion assay (x200 magnification). (F) Quantitative results of (C). (G) Quantitative results of (D). (H) Quantitative
results of (E). "P<0.05, “P<0.01 compared with control, n=4. JNK, c-Jun NH,-terminal protein kinase; ERK, extracellular signal-regulated kinase; PI, prop-

idium iodide; FITC, fluorescein isothiocyanate.

in Fig. 6C-H, the SP600125 and U0126 treatments partially
alleviated the angelicin-induced apoptosis, cell cycle arrest
and migration inhibition of A549 cells. The results indicated
that angelicin inhibits A549 cell growth and migration through
both the ERK and JNK pathways.

Angelicin inhibits A549 cell growth and metastasis in vivo.
We further evaluated the antitumor effect of angelicin in
A549 cancer cells by utilizing nude mouse xenograft models.
As anticipated, tumor size and weight decreased significantly in
the angelicin group compared with the control group (Fig. 7A).
The anti-metastatic effects of angelicin were further assessed
with an in vivo model of lung metastasis. As shown in Fig. 7B,
angelicin had an inhibitory effect on A549 tumor metastasis to
the lungs compared with the control group. TUNEL labeling

and the expression levels of MMP2, MMP9 and E-cadherin
were evaluated immunohistochemically (Fig. 7C). Angelicin
significantly increased the ratio of TUNEL-positive cells,
which is indicative of apoptosis, in metastatic nodules of the
lung metastasis model. Furthermore, the angelicin treatment
resulted in decreased expression levels of MMP2 and MMP9
and increased expression of E-cadherin, which was consistent
with the in vitro study. These results indicate that angelicin can
significantly inhibit A549 cell growth and metastasis in vivo.

Discussion
Recently, angelicin has gained much attention due to its

biological multifunctionality. In the present study, angelicin
suppressed the growth and metastasis of A549 human lung
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Figure 7. Angelicin suppresses cancer growth and lung metastasis of
A549 cells in vivo. (A) Effect of angelicin (100 mg/kg) on the tumor growth
was investigated in the model of A549 subcutaneous transplantation.
(B) Effect of angelicin (100 mg/kg) on the number of lung metastatic nodules.
(C) The expression of TUNEI, E-cadherin, MMP2 and MMP?9 proteins were
analyzed by immunohistochemical assay (x400 magnification). Each experi-
ment was performed thrice. "P<0.05 compared with control, n=6. MMP,
matrix metalloproteinase.

adenocarcinoma cells both in vitro and in vivo. The mecha-
nisms underlying this process involve apoptosis induction,
cell cycle arrest at the G2/M phase and migration inhibition.
Additionally, angelicin was able to regulate the expression
of apoptosis-, cell cycle-, and migration-related proteins and
activate caspase activity. Moreover, the effects exerted by
angelicin in A549 cells may be regulated by ERK and JNK
pathway modulation. Angelicin was capable of inducing apop-
tosis, inhibiting growth and hindering metastasis in vivo.

In this study, we observed that angelicin strongly inhib-
ited A549 cell growth. As shown in MTT, the ICs, values of
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angelicin against A549 cells was nearly 50 gmol. Further, we
found 10 ymol angelicin exhibited inhibitory effects on cell
proliferation (P<0.05). Thus, angelicin concentrations of 10,
25 and 50 pmol were selected for the subsequent assays.

The anticancer effects of therapeutics have been observed
to be linked to the process of inducing apoptosis (19). Apoptosis
is a process leading to programmed cell death that is highly
regulated by several signaling pathways, including those of
caspases and the Bcl-2 family (20). Bax and Bcl-2 are two key
proteins of the Bcl-2 family and are critical for cells to undergo
apoptosis (21). In this study, we observed significant changes
in Bax and Bcl-2 protein expression after angelicin treatment,
which occurred in a dose-dependent manner. Specifically, the
ratio of Bax to Bcl-2 markedly increased, which is considered
the driving force of apoptosis (22). The caspase family consists
of cysteine-containing proteolytic enzymes that have a potent
role in executing apoptosis (23). In the present study, angelicin
was shown to induce caspase-3 and caspase-9 activation in a
dose-dependent manner. Thus, we conclude that angelicin may
induce apoptosis by regulating these apoptosis-related proteins.

Cell cycle disorder is known to contribute to cancer cell
growth and the development of various types of cancer (24).
Thus, arresting the cell cycle is considered a very effective
method for eradicating tumor cells. The G2/M phase is an impor-
tant checkpoint in the cell cycle that prevents the initiation of
mitosis until DNA damaged during replication is repaired (25).
The majority of the cells treated with angelicin were arrested in
the G2/M phase. Additionally, cell cycle progression is tightly
related to various cyclins and cyclin-dependent kinases (CDKs),
such as cyclin Bl, cyclin El and Cdk2 (26). We examined the
modulation of these key proteins involved in cell cycle arrest
and observed that cyclin B1, cyclin E1 and Cdk2, master regu-
lators of the cell cycle, were efficiently modulated by angelicin.
These data indicate that angelicin could inhibit cell growth by
regulating cyclin B1, cyclin E1 and Cdk?2 expression levels,
thereby arresting the cell cycle in the G2/M phase.

Tumor metastasis is a major cause of death in NSCLC
patients; thus, it is crucial to identify promising anti-metastatic
agents to prevent or inhibit metastasis (27). In this study, we
found that angelicin significantly inhibited A549 cell invasion
and migration. Additionally, the expression levels of several
crucial metastasis genes were assessed, including E-cadherin,
MMP2 and MMP9, which play key roles in regulating cancer
cell invasion and metastasis (28). Abnormal expression levels
of E-cadherin, MMP2 and MMP9 in tumor cells will lead
to decreased adhesion as well as enhanced migration and
invasion, thus promoting cancer progression (29). Our results
showed that angelicin increased the expression of E-cadherin
and strongly decreased the expression of MMP2 and MMP9,
which suggested that angelicin would be an effective agent
against NSCLC metastasis.

Previous studies have demonstrated that the MAPK and
AKT signaling pathways play important roles in regulating
apoptosis, the cell cycle and migration (30). The present
study evaluated the effects of angelicin on the phosphoryla-
tion of signaling molecules in these pathways in A549 cells.
The MAPK family includes JNC/stress-activated protein
kinase (SAPK), p38 MAPK and ERK (31). In this study, we
showed that angelicin increased JNK and ERK phosphoryla-
tion in A549 cells in a dose-dependent manner, while the total
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protein level remained steady; however, angelicin had no effect
on p38 MAPK and AKT activation. Furthermore, treatment
with a JNK1/2-specific inhibitor (SP600125) or an ERK1/2
inhibitor (U0126) effectively alleviated the angelicin-induced
apoptosis, cell cycle arrest and migration inhibition in A549 cells.
These findings suggest that INK and ERK activation plays a
critical role in angelicin-induced apoptosis, cell cycle arrest
and migration inhibition in NSCLC A549 cells.

In addition to investigating the in vitro anticancer and
anti-metastatic activity of angelicin, we assessed the antitumor
and anti-metastatic effects of angelicin in vivo. The angelicin
treatment decreased the volume and weight of subcutaneous
tumor mass in this model. Moreover, in the lung metastasis
model, we found that treatment with angelicin not only inhib-
ited the formation of metastatic nodules but also induced
apoptosis and decreased the expression of migration-related
proteins in the lungs.

In conclusion, angelicin exerts antitumor and anti-meta-
static activity by inducing apoptosis, arresting the cell cycle
and inhibiting migration in human lung carcinoma A549 cells.
The mechanisms underlying these effects are associated with
activation of the JNK and ERK pathways. Therefore, angelicin
may be a potential therapeutic agent for the treatment of human
lung cancer.
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