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Angelicin inhibits liver cancer growth in vitro and in vivo
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Abstract. Previous studies have reported that angelicin
exerted antiproliferative effects on several types of tumor cell.
However, to the best of our knowledge, the effects of angelicin
monotherapy on human liver cancer remain to be investigated.
In the present study, the antitumor activity of angelicin was
evaluated in vitro and in vivo, and the molecular mechanisms
underlying its effects were investigated. The present results
revealed that angelicin induced apoptosis in liver cancer
cells in a dose- and time-dependent manner. Furthermore,
in HepG2 and Huh-7 cells, angelicin-induced apoptosis was
demonstrated to be mitochondria dependent, involving the
phosphatidylinositol-4,5-bisphosphate 3-kinase/RAC-a
serine/threonine-protein kinase signaling pathway. In addi-
tion, administration of angelicin to mice bearing liver tumor
xenografts inhibited tumor growth, without producing signifi-
cant secondary adverse effects. These results suggested that
angelicin may have potential as a novel therapeutic agent for
the treatment of patients with liver cancer.

Introduction

Primary hepatic cancer was reported as the second leading
cause of cancer-associated mortality worldwide (1).
Approximately 75% of primary liver cancer cases can be
histologically classified as hepatocellular carcinoma (HCC),
which causes >600,000 cases of mortality each year (2,3). The
majority of patients with liver cancer exhibit locally advanced
(40-50%) or metastatic (30-45%) disease at the time of diag-
nosis (4), whereas the average 5-year survival rate remains
<37%, despite recent advances regarding multimodal thera-
peutic strategies (5). The high mortality rates associated with
liver cancer have been attributed to a lack of tumor-specific
antineoplastic agents (6). Therefore, the identification of novel
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anticancer agents and therapeutic strategies is imperative for
the effective treatment of patients with liver cancer.

Angelicin is among the active compounds isolated from
the traditional Chinese herb Angelica archangelica. Angelicin
belongs to the chemical class of photosensitizers, which have
been used for their antiproliferative activities in various
skin diseases (7,8). Angelicin has been reported to exert
antiproliferative and genotoxic effects, to induce hemolysis
in erythrocytes, and inactivate prokaryotic and eukaryotic
microorganisms, and viruses (9-11). In addition, angelicin has
been reported to inhibit cell growth and/or induce cell death
in several types of tumor (12,13), whereas it demonstrated
reduced toxicity in healthy cells (14). However, the efficacy of
angelicin against liver cancer, as well as its safety, remain to
be elucidated.

The present study evaluated the cytotoxic effects of
angelicin on the HepG2 hepatoblastoma and Huh-7 human
HCC cell lines, and investigated the mechanisms underlying
its actions in vitro and in vivo. Angelicin was demonstrated
to inhibit liver cancer growth through the induction of mito-
chondria-mediated cellular apoptosis. Treatment with angelicin
resulted in the downregulation of the anti-apoptotic protein
apoptosis regulator Bcl-2 (Bcl-2) and the activation of the
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/RAC-a
serine/threonine-protein kinase (Akt) signaling pathway,
ultimately leading to nuclear DNA breakdown and apoptosis.
Furthermore, in a mouse orthotopic xenograft model of liver
cancer, angelicin administration was revealed to significantly
inhibit tumor growth, without exhibiting marked toxicity.
These results suggested that angelicin may have potential as a
novel therapeutic agent for the treatment of patients with liver
cancer.

Materials and methods

Reagents. Angelicin, dimethyl sulfoxide (DMSO), DAPI, Cell
Counting kit 8 (CCKS) assay kit (06432379001), LY294002
hydrochloride (L9908), and 5-bromo-2-deoxyuridine
(BrdU) were purchased from Sigma-Aldrich (Merck KGaA,
Darmstadt, Germany). Polyclonal antibodies against PI3K
(AF3242), Akt (AF6261), phosphorylated (p)-Akt (AF0016),
apoptosis regulator BAX (Bax; AF0083) and Bcl-2 (AF6139)
were purchased from Affinity Biologicals, Inc. (Ancaster, ON,
Canada); antibodies against caspase-9 (9508T), caspase-3
(9665S), cytochrome ¢ (427285), Ki-67 (12075) and p-vascular
endothelial growth factor receptor (VEGFR) 2 (9698) were
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purchased from Cell Signaling Technology, Inc. (Danvers, MA,
USA). Horseradish peroxidase-conjugated anti-GAPDH anti-
body (10494-1-AP), goat anti-mouse immunoglobulin (Ig) G
(10317-1-AP) and goat anti-rabbit IgG (10285-1-AP), were
obtained from ProteinTech Group, Inc. (Chicago, IL, USA).
Dulbecco's modified Eagle's medium (DMEM), fetal bovine
serum (FBS), penicillin and streptomycin were purchased
from Gibco (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). A protease inhibitor cocktail was obtained from
Roche Diagnostics (Basel, Switzerland). The bicinchoninic
acid (BCA) protein assay and the enhanced chemilumines-
cence (ECL) kits were obtained from Pierce (Thermo Fisher
Scientific, Inc.).

Cell lines and cell culture. HepG2 hepatoblastoma and Huh-7
human HCC cell lines were obtained from the Cell Bank of
Shanghai Institute of Biochemistry and Cell Biology, Chinese
Academy of Sciences (Shanghai, China). HepG2 cells are a
hepatoblastoma cell line known to have been misidentified
as an HCC cell line (15). Cells were cultured in DMEM,
supplemented with 10% FBS, and were maintained at 37°C in
a 5% CO, atmosphere.

All experiments were approved by the Hubei University
for Nationalities Committee and the Affiliated Minda Hospital
Ethics Committee (Enshi, China).

Cellular viability assay. Cellular viability was determined
using a Cell Counting kit 8 (CCKS) assay kit, according to
the manufacturer's protocol. Cells were seeded into 96-well
plates, at a density of 5x10° cells/well, and cultured overnight.
Various concentrations (0, 2.5, 5, 10, 20, 40, 60, 80, 100, 120,
160 and 200 xM) of angelicin were added to each well for
48 h. Subsequently, CCK8 solution (10 ul) was added to each
well and cells were incubated at 37°C for 3 h. Cell viability
was also measured at 12, 24, 36, 48 and 72 h following treat-
ment with angelicin (60 yuM). The optical density (OD) of the
formed crystals was measured using a 96-well microtiter plate
reader (Molecular Devices, LLC, Sunnyvale, CA, USA) to
determine the absorbance of each sample at 450 nm. The mean
concentration in each set of 3 wells was measured. Viability
of the control cells, treated with 0.5% DMSO, was set as
100%. Percentage viability was calculated using the following
formula: % Viability=(OD of treated cells/OD of control
cells) x100. The CCKS assay was performed in triplicate.

Colony formation assay. Cells were seeded into 6-well plates
and cultured overnight, prior to incubation with various
concentrations of angelicin for an additional 48 h. Cells were
then maintained for 10 days, with medium being replaced
periodically. The resulting colonies were fixed with methanol
at -20°C for 30 min and were stained with 1% crystal violet
for 15 min at room temperature. Colonies with a diameter
>0.5 mm were counted under an inverted phase-contrast
microscope (Olympus Corporation, Tokyo, Japan).

Flow cytometric analysis. Apoptosis was assessed using the
Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis kit (BioVision, Inc., Milpitas, CA, USA),
according to the manufacturer's protocol. Briefly, 1x10° cells
were seeded into 6-well plates and cultured overnight, prior to
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exposure to various concentrations of angelicin for different
times (HepG2 cells 48 h and Huh-7 36 h). HepG2 cells were
treated with 200 nM LY294002 in the absence or presence
of angelicin for 24 h. Subsequently, cells were collected and
incubated with Annexin V-FITC/PI, according to the manu-
facturer's protocol. Apoptosis was assessed using a Guava®
easyCyte Flow Cytometer (EMD Millipore, Billerica, MA,
USA), and the data were analyzed using CellQuest Pro soft-
ware (version 5.1, BD Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. Following treatment with different
concentrations of angelicin (HepG2 cells with 0, 30, 60 and
90 uM; Huh-7 cells with for 0, 10, 30 and 60 M), cells (1x10°)
were collected and lysed in sterile Eppendorf tube, containing
0.1 M phenylmethylsulfonyl fluoride, and a protease and
phosphatase inhibitor cocktail, for 30 min on ice. Lysates were
centrifuged at 7,200 x g at 4°C for 15 min and the supernatants
were collected. Protein concentration was measured using the
BCA method. Equal amounts of extracted protein samples
(40 pg/lane) were separated by 12% SDS-PAGE and trans-
ferred onto polyvinylidene difluoride membranes. Membranes
were blocked with 5% bovine serum albumin (BSA; Beyotime
Biotechnology, Wuhan, China) for 1 h at room temperature,
probed with primary antibodies (caspase-9, 1:1,000; caspase-3,
1:1,000; cytochrome ¢, 1:2,000; Bax, 1:2,000; Bcl-2, 1:1,000;
PI3K, 1:1,000; Akt, 1:2,000 and phosphorylated (p)-Akt,
1:2,000) overnight at 0-4°C in a refrigerator, and subsequently
with an appropriate secondary antibody (goat anti-mouse
immunoglobulin (Ig) G, 1:4,000; and goat anti-rabbit IgG,
1:4,000) for 1 h at 4°C. The protein bands were visualized using
an ECL kit and images were captured using an ImageQuant
LAS 4000 Mini system (GE Healthcare Life Sciences,
Chalfont, UK). The results were quantified by densitometry
and processed with the ImageJ software (version 1.46r;
National Institutes of Health, Bethesda, MD, USA).

Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay. For the detection of apoptosis,
TUNEL assay was performed, according to the manufac-
turer's protocol. Cells (1x10%) were cultured on coverslips and
after 24 h, treated with angelicin for different time periods
(HepG2 cells 48 h and Huh-7 36 h). The cells were harvested
and fixed with 4% paraformaldehyde in PBS for 45 min at
room temperature, then permeabilized with 0.25% Triton
X-100 in PBS for 20 min at room temperature. Subsequently,
TUNEL assay was performed according to the manufac-
turer's protocol and nuclei were stained for 6 min at room
temperature with DAPI. Stained cells were observed under
an Axio Imager Al fluorescence microscope (Zeiss AG,
Oberkochen, Germany).

Tumor xenografts in nude mice. Male BALB/c-nu/nu mice
(age, 4-6 weeks; mean weight 25 g; n=18) were obtained
from the Animal Experiment Center of Wuhan University of
Medicine (Wuhan, China). They were housed at a constant
room temperature and humidity with normal air (21% O,)
under a 12-h light/dark cycle with regular diet at room air,
they were kept in 4 cages and had access to standard chow and
water ad libitum daily. HepG2 cells (1x107) were implanted
into nude mice via subcutaneous injection in the back and
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Figure 1. Treatment with angelicin reduces the viability of HepG2 and Huh-7 cells in vitro. (A) Chemical structure of angelicin. (B) HepG2 and Huh-7 cell
viability following treatment with various concentrations of angelicin for 48 h, assessed using a CCKS8 assay. (C) HepG2 and Huh-7 cell viability following
treatment with angelicin for 12, 24, 48 and 72 h, assessed using a CCK8 assay. (D) HepG2 and Huh-7 cell clonogenicity following treatment with various
concentrations of angelicin, assessed using a colony formation assay. "P<0.05, “P<0.01 vs. the control group (0 #M angelicin). CCK8, Cell Counting kit-8.

allowed to grow for ~14 days to reach a tumor volume of
~100 mm?. Mice were divided into 3 groups (n=6 mice/group).
Mice in the two treatment groups were treated with angelicin
(dissolved in saline), at a concentration of 20 or 50 mg/kg daily,
delivered via intraperitoneal injection; mice in the negative
control group were treated with an equal volume of vehicle
(saline). Tumor growth was monitored by measuring the tumor
size every 2 days with a digital caliper. Body weight was moni-
tored every 2 days throughout the treatment period. Mice were
sacrificed at the end of the experiment, and tumor xenografts
were removed and weighed.

Immunohistochemical staining. Liver tissues from the tumor
xenografts or normal controls were removed and fixed in 4%
formalin for 24 h at 4°C. Following dehydration, they were
embedded in paraffin wax and sectioned at 4 ym. Sections
were deparaffinized in xylene and rehydrated in graded alco-
hols then treated with a citrate buffer (pH=8.0) for antigen
retrieval in a pressure cooker for 5 min. Subsequently, samples
were blocked with 1% BSA, incubated with a primary antibody
Ki-67 (1:100) and p-VEGFR2 (1:50) in a moist chamber over-
night at 4°C, and with a secondary antibody (Histostain-Plus
kit; Beyotime Institute of Biotechnology, Wuhan, China) for
30 min at 37°C. The values of TUNEL were determined using
Apop Tag peroxidase in situ apoptosis detection kits (Merck
KGaA, Darmstadt, Germany) in accordance with the manu-
facturer's protocols and the values of Ki-67 and p-VEGFR2
were determined using the integrated optical density (IOD) at
each visual field (magnification, x400) were calculated using

Image-Pro Plus software version 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA).

Statistical analysis. The statistical significance of the diffe-
rence between groups was assessed by student's t tests and
one-way analysis of variance followed by Bonferroni post hoc
analysis. Data were expressed as the mean + standard
deviation. P<0.05 was considered to indicate a statistically
significant difference. The analysis was performed using
GraphPad Prism software version 5.0 (Graph Pad Software,
Inc., La Jolla, CA, USA).

Results

Angelicin inhibits hepatic cancer cell growth in vitro. The
chemical structure of angelicin is presented in Fig. 1A. To
assess the anticancer effects of angelicin on the HepG2 and
Huh-7 cell lines, cellular viability was evaluated using the
CCKS assay. Angelicin was revealed to inhibit the growth of
HepG2 and Huh-7 cells in a concentration- and time-depen-
dent manner, with ICs, values of 90+6.565 and 60+4.256 uM,
respectively, following 48 h of treatment (Fig. 1B and C). A
colony formation assay was used to evaluate the long-term
effects of angelicin on cell survival. The present results
demonstrated that angelicin inhibited the formation of HepG2
and Huh-7 colonies in a concentration-dependent manner
(Fig. 1D). Upon observation, HepG2 and Huh-7 cells treated
with increasing concentrations of angelicin appeared to shrink
in size and lose their adhesion capabilities (Fig. 2A and B).
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Figure 2. Treatment with angelicin alters the morphology of HepG2 and Huh-7 cells in vitro. (A) HepG2 cellular morphology following treatment with
angelicin. (B) Huh-7 cellular morphology following treatment with angelicin. Magnification, x200.
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Figure 3. Treatment with angelicin induces apoptosis in HepG2 and Huh-7 cells in vitro. Flow cytometric analysis of (A) HepG2 and (B) Huh-7 cells following
treatment with angelicin, using Annexin V-FITC/PI staining. FITC, fluorescein isothiocyanate; PI, propidium iodide; Q, quadrant.
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Figure 4. Treatment with angelicin increases caspase-9 and caspase-3 activation in vitro. Treatment with angelicin activated caspase cleavage in a concen-
tration-dependent manner in (A) HepG2 cells and (B) Huh-7 cells. Western blot analysis was performed using antibodies against proteins associated with
caspase-dependent apoptosis. Cl, cleaved.
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Figure 5. Treatment with angelicin induces apoptosis via a mitochondrial pathway in HepG2 and Huh-7 cells in vitro. (A) Representative photomicrographs
demonstrate the results of the TUNEL assay. Alterations in apoptotic cells were assessed using the ratio of green fluorescence. (B) Protein expression levels
of Bcl-2, Bax and cytochrome ¢ in HepG2 and Huh-7 cells following treatment with angelicin were assessed using western blot analysis. Bcl-2, apoptosis
regulator Bcl-2; Bax, apoptosis regulator BAX; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; Cyt ¢, cytochrome c.

These results suggested that angelicin exerted cytotoxic effects
in HepG2 and Huh-7 cells.

Angelicin induces cellular apoptosis and increases caspase-9
and caspase-3 activity. To investigate the proapoptotic effects
of angelicin, HepG2 and Huh-7 cells were treated with various
concentrations of angelicin for 48 h. Apoptosis was assessed
using Annexin V-FITC/PI double-staining and flow cytom-
etry. The percentage of apoptotic HepG2 and Huh-7 cells,
including early and late apoptotic cells, increased following
treatment with angelicin in a concentration-dependent manner
(Fig. 3A and B).

The activation of caspases is considered to be a hall-
mark of apoptosis, and caspase-9 and caspase-3 are critical
molecules within the caspase apoptotic cascade (16,17). In the
present study, western blot analysis was used to assess caspase
activation. Cleaved caspase-9 and cleaved caspase-3 protein

expression appeared to be upregulated in HepG2 and Huh-7
cells following treatment with angelicin (Fig. 4A and B).
These results suggested that angelicin may induce apoptosis in
HepG2 and Huh-7 cells via enhancing caspase-9 and caspase-3
activity.

Angelicin induces apoptosis through mitochondrial pathways.
The proapoptotic effects of angelicin in cancer cells were also
assessed using a TUNEL assay. The present results demon-
strated that angelicin induced HepG2 and Huh-7 cell apoptosis
in a dose-dependent manner (Fig. 5A).

Mitochondria serve important roles in the regulation
of cellular apoptosis, through the release of proapoptotic
factors (18). Bcl-2 has been demonstrated to inhibit apoptosis
via preventing the mitochondrial release of cytochrome ¢ and
inhibiting caspase activation (19), whereas Bax has been
revealed to induce apoptosis via disintegrating the outer
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Figure 6. Treatment with angelicin alters the protein expression levels of PI3K, p-Akt and total Akt in HepG2 and Huh-7 cells in vitro. (A) Representative
blots demonstrating PI3K, p-Akt and total Akt protein expression levels in HepG2 and Huh-7 cells, following treatment with various concentrations of
angelicin. (B) PI3K blots were semi-quantified using densitometry analysis of the protein bands and normalized to GAPDH. (C) p-Akt/Akt blots were
semi-quantified using densitometry analysis of the protein bands. (D) Effects of LY294002 on angelicin-induced apoptosis. Cells were treated with the PI3K
inhibitor LY294002 (3 mM) for 1 h prior to treatment with angelicin. The percentage of apoptotic cells following treatment with angelicin in the presence
or absence of LY294002 was assessed using Annexin V-fluorescein isothiocyanate/propidium iodide staining and flow cytometry. Data are expressed as
the mean + standard deviation of 3 independent experiments. "P<0.05, “P<0.01 vs. the control group (0 M angelicin); “P<0.05 vs. the DMSO group. PI3K,
phosphatidylinositol-4,5-bisphosphate 3-kinase; p-, phosphorylated; DMSO, dimethyl sulfoxide; Akt, RAC-a serine/threonine-protein kinase.
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Figure 7. Treatment with angelicin inhibits tumor growth in a mouse orthotopic xenograft model of liver cancer. Following tumor development, mice were
randomly assigned into 3 groups (n=6 mice/group) and treated daily with 20 or 50 mg/kg of angelicin, or with equal volume of saline (NC group), delivered
intraperitoneally for 16 days. (A) Tumor volume, (B) body weight and (C) tumor weight were measured. Data are expressed as the mean =+ standard deviation
of 6 individual mice in each group from one experiment. “P<0.01 vs. the NC group. NC, negative control.

mitochondrial membrane and promoting cytochrome ¢
release (20). Therefore, Bcl-2 and Bax expression was
investigated in HepG2 and Huh-7 cells following treatment
with angelicin. Western blot analysis demonstrated that
protein expression levels of Bax were markedly increased,
whereas protein expression levels of Bcl-2 were decreased
in a dose-dependent manner following angelicin administra-
tion, thus leading to an increased Bax/Bcl-2 ratio (Fig. 5B).
Cytochrome c is an apoptotic marker, which, upon release from
the mitochondria into the cytosol, can activate caspase-9 and

caspase-3 to execute the apoptotic cascade (21,22). Western
blot analysis revealed that angelicin markedly increased cyto-
chrome c protein expression levels. These results suggested
that angelicin may induce liver cancer cell apoptosis through
the activation of mitochondrial pathways.

Angelicininhibits PI3K/Akt signaling. The PI3K/Akt signaling
pathway is involved in several cellular processes, including
survival, proliferation, differentiation and apoptosis (22).
The present study examined the effects of angelicin on the
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Figure 8. Treatment with angelicin reduced the proliferation and induced the apoptosis of tumor cells, and inhibited angiogenesis in vivo. (A) Representative
photomicrographs of immunohistochemical staining for TUNEL, Ki-67 and p-VEGFR?2 in tumor tissue samples; magnification, x200. Quantitative results of
immunohistochemical staining for (B) TUNEL, (C) Ki-67 and (D) p-VEGFR2. Data are expressed as the mean + standard deviation of 6 individual mice in
each group from one experiment. "P<0.05, “P<0.01 vs. the NC group. TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; p-VEGFR2,
phosphorylated vascular endothelial growth factor receptor 2; NC, negative control; IOD, integrated optical density.

PI3K/Akt pathway and evaluated whether PI3K/Akt signaling
participated in angelicin-mediated apoptotic cell death.
Following treatment with angelicin, the protein expression
levels of PI3K, Akt and p-Akt were significantly downregu-
lated in a dose-dependent manner (Fig. 6A-C).

To further investigate the contribution of the PI3K/Akt
pathway to angelicin-induced apoptosis, the PI3K inhibitor
LY294002 was employed. Inactivation of PI3K by LY294002
significantly increased angelicin-induced apoptotic cell death
(Fig. 6D). These results suggested that the PI3K/Akt pathway
may be implicated in liver cancer cell survival, and its inhi-
bition may be able to potentiate the proapoptotic effects of
angelicin.

Angelicin inhibits liver tumor growth in vivo. Based on the
aforementioned in vitro results, the effects of angelicin on
tumor progression were investigated in vivo, using an ortho-
topic xenograft model of liver cancer. Notably, treatment
with angelicin caused a marked decrease in tumor volume
and weight compared with vehicle treatment, whereas it
exerted little effect on body weight (Fig. 7A-C). Furthermore,
a significant increase in labeling with the apoptotic marker
TUNEL and a decrease in the proliferation marker Ki-67 were
observed in tumor tissue samples following treatment with
angelicin (Fig. 8A). These results suggested that angelicin may
suppress tumor growth in vivo, via inhibiting the proliferation
and inducing the apoptosis of liver cancer cells. In addition,
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treatment with angelicin resulted in significant reduction of
p-VEGFR?2 levels in tumor tissue, thus suggesting that disrup-
tion of vascularity may participate in the tumor-suppressive
effects of angelicin (Fig. 8B-D). No cases of mortality were
observed in the angelicin-treated groups. Therefore, it may
be hypothesized that angelicin can exert antitumor actions
in vivo, possibly via promoting cancer cell apoptosis.

Discussion

Angelicin is a structural isomer of psoralen and belongs to
the furanocoumarin class of chemical compounds, which
have been reported to possess anticancer properties (23,24).
However, the antitumor effects of angelicin in human liver
cancer, as well as the mechanisms underlying its actions,
remain to be elucidated. The present study aimed to assess the
effects of angelicin on human liver cancer and to investigate
the molecular mechanisms underlying its actions. Results
revealed that angelicin significantly reduced the viability and
promoted the apoptosis of HepG2 and Huh-7 liver cancer cells.

The present study demonstrated that angelicin suppressed
the proliferation of HepG2 and Huh-7 cells in a concentra-
tion- and time-dependent manner. Mitochondria have been
reported to serve essential roles in proapoptotic signaling
pathways (25). Angelicin was revealed to induce the activa-
tion of caspase-9 and caspase-3 in HepG2 and Huh-7 cells,
thus suggesting that mitochondrial processes may be impli-
cated in the proapoptotic actions of angelicin. Members of
the Bcl-2 family of proteins serve key roles in the regulation
of mitochondrial apoptotic pathways (26). Previous studies
have reported that the proapoptotic factor Bax enhanced the
mitochondrial release of cytochrome ¢ and activated caspase-9
and caspase-3 to execute the apoptotic program; conversely,
the anti-apoptotic protein Bcl-2 inhibited Bax activation
and cytochrome c release, and prevented apoptosis (27,28).
Alterations in the Bax/Bcl-2 ratio have been reported to cause
mitochondrial destabilization, which can lead to the release of
proapoptotic factors (29). Proapoptotic factors can induce the
intrinsic apoptotic pathway by triggering caspase cleavage and
activation, and the subsequent initiation of caspase-dependent
proteolytic cascades (30). The present results demonstrated
that treatment with angelicin resulted in a decrease in Bcl-2
expression and an increase in Bax expression. In addition,
protein expression levels of cytochrome ¢ were also decreased
following administration of angelicin. These results suggested
that mitochondrial processes may be involved in the proapop-
totic actions of angelicin.

The PI3K/Akt signaling pathway is involved in numerous
cellular processes, including survival, proliferation,
differentiation and apoptosis (31). To investigate whether
PI3K/Akt signaling may be involved in angelicin-induced
apoptosis, HepG2 and Huh-7 cells were treated with various
concentrations of angelicin for 48 h. Western blot analysis
demonstrated that treatment with angelicin resulted in decreased
PI3K expression and Akt phosphorylation compared with
vehicle-treated cells. These results suggested that PI3K/Akt
signaling may be implicated in angelicin-induced cancer cell
apoptosis. To further test the contribution of PI3K/Akt pathways
to angelicin-induced apoptosis, cells were treated with
LY294002, a specific PI3K inhibitor, in the absence or presence
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of angelicin for 48 h. The present results revealed that the
combination of angelicin and LY294002 exerted a synergistic
effect in the induction of apoptosis. These results suggested that
PI3K/Akt pathways may be involved in the survival of HepG2
and Huh-7 cells, whereas inhibition of PI3K/Akt signaling may
potentiate angelicin-induced apoptosis.

To determine the potential of angelicin to inhibit cancer cell
growth in vivo, its antitumor effects were investigated using a
liver tumor xenograft model. The present results demonstrated
that angelicin inhibited tumor growth and promoted cancer
cell apoptosis in vivo. Furthermore, no major toxic adverse
events were noted in mice treated with angelicin. Angiogenesis
is essential for the establishment of the necessary oxygen and
nutrient supply to solid tumors, and thus promotes tumor
growth and metastasis (32). To investigate whether the mecha-
nisms underlying the antitumor effects of angelicin involved
the inhibition of angiogenetic processes, the expression of
p-VEGFR2, a marker of cancer-associated angiogenesis, was
assessed using immunohistochemistry. Tumor tissue isolated
from mice treated with angelicin exhibited decreased expres-
sion of p-VEGFR compared with tissue from untreated control
mice. These results suggested that angelicin may suppress
tumor growth via disrupting angiogenetic processes and tumor
vascularity.

In conclusion, the present study demonstrated that
angelicin significantly inhibited the growth of liver
cancer cells in vitro and in vivo through the induction of
apoptosis. These results suggested that angelicin may have
potential as a chemotherapeutic agent against liver cancer
cells, acting via inducing cancer cell apoptosis through
caspase-dependent mitochondrial pathways. Further studies
are required to elucidate the complex molecular mechanisms
underlying the effects of angelicin in various types of cancer
cells.
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