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Abstract: Hepatocellular carcinoma (HCC) is the primary liver cancer that occurs with a high incidence in Asia.
Owing to the poor prognosis of the disease, the mortality rate remains high, making HCC the third most common
cause of cancer-related mortality worldwide. Studies on current therapies have generated little empirical evidence
in improving the survival rate of patients with advanced HCC. Certain agents have exhibited promising results in
molecular targeted therapy, but they remain in clinical trials. Aconitine, a main bioactive constituent of a traditional
Chinese herb, Wutou, and belonging to the Aconitum genus, has been demonstrated to inhibit the growth of certain
tumors, including HCC, but the underlying molecular mechanism by which aconitine inhibits tumor growth is largely
unknown. In the present study, aconitine was applied to two types of hepatic carcinoma cells and normal hepatic
cells at various concentrations, and it was found to specifically inhibit the proliferation of cancer cells in a dose-
dependent manner. Further study found that aconitine activated the production of reactive oxygen species, leading
to an increased release of cytochrome ¢ from mitochondria and the activation of apoptosis. This is demonstrated by
the increased cleavage of caspases 3 and 7, as well as an increased B-cell ymphoma 2 (Bcl-2)-associated X protein
level and a decreased Bcl-2 level in cancer cells. An in vivo study also found that aconitine was able to inhibit the
growth of tumors in mice. The results of the present study suggest that aconitine has the potential to be developed
into an effective anti-HCC agent.

Keywords: Aconitine, aconitum, diterpenoid alkaloids, hepatocellular carcinoma, apoptosis, reactive oxygen spe-
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Introduction evidence demonstrating that systemic chemo-
therapy or hormonal therapy has improved the
survival rate of patients with advanced HCC.
Molecularly targeted therapy has exhibited cer-
tain exciting developments with a number of

promising agents, including sunitinib and

Hepatocellular carcinoma (HCC) accounts for
the majority of liver cancers and is therefore
also called primary liver cancer. It is the fifth
most common cancer in males and the seventh

in females globally. This type of cancer occurs
at a particularly high rate in Asia, and the rates
have increased between 2- and 3-fold in males
compared with in females [1]. Owing to the poor
prognosis of the disease, the mortality rate is
almost the same as the number of novel cases
(~598,000) annually, making HCC the third
most common cause of cancer-associated
mortality worldwide [2]. Currently, the treat-
ment for HCC includes systemic therapy, hor-
monal therapy, chemotherapy and molecularly
targeted therapy [3-5]. However, despite
decades of investigation, there is no empirical

brivanib, which remain in Phase Il clinical trials
[6].

Recently, owing to the effect of inhibiting tumor
growth and decreasing the rate of tumor recur-
rence and metastasis, Chinese medicine has
gained attention in the investigation of cancer
therapy. The root of Aconitum carmichaelii
Debx (Ranunculaceae) is a traditional Chinese
herb also known as Wutou present mainly in
Jiangyou of the Sichuan province in China.
Wutou has long been used as an analgesic and
anti-inflammatory agent [1]. In combination
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with other Chinese herbs, Wutou has also been
used in the treatment of cancer in Chinese
medicine [7-10]. Furthermore, it has been
reported that extracts of Wutou alone are able
to inhibit the proliferation of lung cancer in vitro
[11, 12]. The main bioactive constituents of
plants from the Aconitum genus are diterpe-
noid alkaloids that belongtothe C,, C,; and C,,
subtypes of alkaloids [2] and have attracted
interest owing to their antitumor activity [3, 4].
Of these diterpenoid alkaloids, aconitine has
been identified as a constituent of anticancer
agents [13, 14]. Recently, aconitine has been
demonstrated to inhibit the proliferation and
invasiveness of breast cancer cells by blocking
the phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt) signaling pathway [15]. In mela-
noma cells, aconitine inhibits the PI3K/Akt and
mitogen-activated protein kinase/extracellular-
signal-regulated kinase 1/2 signaling path-
ways, induces apoptosis and therefore inhibits
the proliferation of melanoma cells [16].
Injection of aconitine-based anticancer drugs
significantly decreased the symptoms of HCC
with minimal side effects [17]. Despite the
progress being made in applying aconitine in
the treatment of HCC, the molecular mecha-
nism by which aconitine inhibits the growth of
HCC remains largely unknown.

Reactive oxygen species (ROS) are chemically
reactive molecules containing oxygen. They are
formed as natural byproducts of the normal
metabolism of oxygen and serve important
roles in cell signaling [18]. ROS are normally
generated from mitochondria and are destruc-
tive to both DNA and proteins of pathogens.
ROS are able to interact with the voltage-
dependent Na*® channels, and maintain the
channels in an open state for longer and cause
membrane depolarization [19]. The disruption
of the mitochondrial membrane potential
caused by ROS therefore promotes the release
of cytochrome c into the cytosol, which leads to
the aggregation of the adaptor molecule apop-
totic protease-activating factor 1, and the initia-
tion of apoptosis.

In the present study, aconitine was applied to
two types of hepatic carcinoma cells, HepG2
and Huh7, and the normal hepatic cell line LO2
at various concentrations, and it was found
that aconitine specifically inhibits the prolifera-
tion of the cancer cells in a dose-dependent
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manner. Further study found that aconitine
induced apoptosis by activating the production
of ROS, leading to an increased release of cyto-
chrome ¢ from mitochondria and enhanced
apoptosis. An in vivo investigation also deter-
mined that aconitine was able to inhibit the
growth of tumors in mice. These results sug-
gest that aconitine has the potential to be
developed into an effective anti-HCC agent.

Materials and methods
Cell culture and reagents

HepG2 and Huh7 human hepatocellular carci-
noma cells and LO2 human hepatic cells
(Shanghai Institute of Cell Biology, Chinese
Academy of Sciences, Shanghai, China) were
cultured in complete Dulbecco’s modified
Eagle’s medium (C-DMEM; Mediatech Inc,;
Corning Incorporated, Corning, NY, USA) con-
taining 10% heat-inactivated fetal bovine
serum (FBS; Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany), 1% penicillin and strep-
tomycin (Lonza Group, Ltd., Basel, Switzerland)
in a 37°C incubator containing 5% CO,. The
aconitine was purchased from Sigma-Aldrich;
Merck KGaA and its purity was >95%, as con-
firmed using high-performance liquid chroma-
tography (HPLC) by Sigma-Aldrich (Merck-
KGaA). It was dissolved in C-DMEM at a
concentration of 654 mg/ml as a stock solu-
tion. The aconitine stock solution was freshly
diluted in C-DMEM containing 10% FBS prior to
use in each experiment.

Cell viability assay

HepG2 cells were plated at a density of 1x10*
cells/well in a 96-well plate. After 24 h, the
cells were mock-treated or treated with aconi-
tine at various concentrations (between O and
100 pg/ml) for 24, 48 and 72 h. The cell viabil-
ity was determined using an MTT assay, and
the absorbance was measured at 570 nm using
a plate reader (SpectraMax; Molecular Devices,
Sunnyvale, CA, USA). The results were collated
from three individual experiments.

Apoptosis assay

Annexin V-fluorescein isothiocyanate (FITC)/
propidium iodide (Pl) double staining was
employed to quantify the apoptosis of HepG2
cells treated with either aconitine or with the
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caspase inhibitor benzyloxycarbonyl-Val-Ala-
Asp-fluoromethylketone (Z-VAD-FMK). Following
the treatment of cells with aconitine at the indi-
cated concentrations for 72 h, the cells were
harvested and washed twice with ice-cold PBS,
and then stained using an annexin V-FITC/PI
double fluorescence apoptosis detection kit
(Roche Diagnostics GmbH, Mannheim, Ger-
many), according to the manufacturer’s proto-
col. The samples were analyzed using a
FACSCalibur flow cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) within 1 h of staining.
The results were analyzed using Cell Quest
software (version 6.0; BD Biosciences).

Western blot analysis

HepG2 cells with or without aconitine treat-
ment were harvested and lysed on ice in a solu-
bilizing buffer [300 mM NaCl, 50 mM Tris-HClI,
pH 7.6, 0.5 % Triton X-100, 2 mM phenylmeth-
ane sulfonyl fluoride (PMSF), 2 ul/ml aprotinin
and 2 pl/ml leupeptin], supplemented with a
protein kinase inhibitor cocktail (complete™
Mini EDTA-free; Sigma-Aldrich; Merck KGaA).
Following centrifugation at 10,000x g for 10
mins, the supernatants were collected. Total
protein levels of the cell lysates were quantified
using a bicinchoninic acid protein assay kit
(Pierce; Thermo Fisher Scientific, Inc., Waltham,
MA, USA), according to the manufacturer’s pro-
tocol. Protein (40 ig/lane) was separated on
10% gradient polyacrylamide gels and trans-
ferred onto polyvinylidene difluoride mem-
branes. The membranes were blotted with anti-
bodies against poly (ADP-ribose) polymerase
(PARP) (catalog no. 9542S; Cell Signaling
Technology, Inc., Danvers, MA, USA), B-cell lym-
phoma 2 (Bcl-2; catalog no. ab32124; Abcam,
Cambridge, MA, USA), Bcl-2-associated X pro-
tein (Bax; catalog no. ab53154; Abcam),
cleaved caspase 3 (catalog no. ab32351;
Abcam), cytochrome c (catalog no. 4272S; Cell
Signaling Technology, Inc.), GAPDH (catalog no.
ab8245; Abcam), tubulin (catalog no. 2146S;
Cell Signaling Technology, Inc.) and cytochrome
oxidase subunit IV (Cox IV; catalog no. 4850S;
Cell Signaling Technology, Inc.) at the dilutions
recommended by the manufacturers in a block-
ing solution (5% skim milk diluted in Tris-
Buffered Saline Tween) overnight at 4°C, and
then incubated for 2 h with a horseradish
peroxidase-conjugated secondary antibody
(1:2,000-1:5,000; catalog no. 7074; Cell Sig-
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naling Technology, Inc.) at room temperature.
The signals were visualized using an enhanced
chemiluminescence detection system (GE
Healthcare, Chicago, IL, USA). GAPDH, tubulin
or Cox IV was blotted as a loading control.
ImagelJ (version v2.1.4.7; National Institutes of
Health, Bethesda, MD, USA) was used for the
densitometric analysis of bands.

Collection of cytosol and mitochondrial pro-
teins

HepG2 cells (5x10° cells/ml) were harvested
by centrifugation at 1,000x g for 10 min,
washed twice with PBS and resuspended in
lysis buffer A (250 mM sucrose, 10 mM KCI, 1.5
mM MgCl,, 1 mM EDTA, 1 mM EGTA, 0.5 mM
dithiothreitol, 0.1 mM PMSF, 10 ug/ml apro-
tinin, 10 pg/ml leupeptin and 20 mM HEPES-
KOH, pH 7.5). The cell lysates were further
homogenized by successive passages through
a 26-gauge hypodermic needle. The homoge-
nates were centrifuged at 100,000x g for 15
min, and the supernatant was used for western
blot analysis.

Mitochondrial fractions were isolated using the
digitonin lysis method [20]. Briefly, cells (5x10°)
were incubated with an ice-cold digitonin lysis
buffer (250 mM sucrose, 10 mM KCI, 1.5 mM
MgCl,, 1L mM EDTA, 1 mM EGTA, 0.5 mM dithio-
threitol, 0.1 mM PMSF, 190 pg/ml digitonin and
20 mM HEPES-KOH, pH 7.5) for 10 min. The cell
suspension was centrifuged at 2,500x% g for 10
min, and the supernatant was centrifuged
again at 15,000x% g for 15 min. The pellet (mito-
chondrial fraction) was resuspended in buffer B
(10 mM Tris-HCI, pH 7.4, 150 mM NaCl, 5 mM
EDTA, 0.5% Triton X-100, 10 pg/ml aprotinin, 1
mM PMSF and 1 mM sodium orthovanadate)
for 30 min on ice. The suspension was centri-
fuged at 12,000x g for 30 min at 4°C in a
microcentrifuge, and the supernatant was col-
lected as the mitochondrial protein extract.

Measurement of ROS

The intracellular changes in ROS generation
were measured by staining the HepG2 cells
with  2’,7’-dichlorodihydrofluoresceindiacetate
(DCFH-DA) (Sigma-Aldrich; Merck KGaA). The
cell membrane-permeant fluorescent dye
DCFH-DA is converted into cell membrane-
impermeant non-fluorescent compound 2’,7'-
dichlorodihydrofluorescein (DCFH) by intracel-
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lular esterases. The oxidation of DCFH by ROS
produces fluorescent 2',7’-dichlorofluorescein
(DCF). The fluorescence intensity of DCF inside
the cells is proportional to the amount of perox-
ide produced. After 72 h of treatment with 25
and 50 pg/ml aconitine, the HepG2 cells were
further incubated with 10 uM DCFH-DA (diluted
with free FBS DMEM) at 37°C for 30 min in the
dark. The cells were harvested, washed, resus-
pended in PBS, filtered with 300 aperture fil-
ters, and the DCF fluorescence was analyzed
using flow cytometry (BD LSRII flowcytometer;
BD Biosciences). The excitation wavelength
was 488 nm, and the emission wavelength was
530 nm. 10000 cells in every group were
acquired. The results were analyzed using
CellQuest software (version 6.0; BD Bio-
sciences).

Measurement of the mitochondrial membrane
potential

The mitochondrial membrane potential was
determined using the 5,5,6,6-tetrachloro-
1,1',3,3'-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) probe (Beyotime Institute of
Biotechnology, Haimen, China) as described
previously [21, 22]. JC-1 is used to monitor
mitochondrial membrane depolarization. In
healthy cells with a high mitochondrial mem-
brane potential, JC-1 spontaneously forms
complexes known as J-aggregates with an
intense red fluorescence. Conversely, in apop-
totic or unhealthy cells with low mitochondrial
membrane potential, JC-1 remains in the mono-
meric form, which exhibits only green fluores-
cence. Thus, mitochondrial depolarization is
indicated by an increase in the green/red fluo-
rescence intensity ratio. Briefly, following treat-
ment of HepG2 cells with 25 and 50 ug/ml
aconitine for 72 h, the cells were suspended in
a culture medium to a concentration of 1x10°
cells/ml and incubated with 20 nM JC-1 at
37°C in the dark for 30 min. Next, the cells
were washed twice with the JC-1 staining buf-
fer, and the fluorescence intensity of the JC-1
aggregates was detected at an excitation wave-
length of 525 nm and an emission wavelength
of 590 nm. The JC-1 monomer was measured
at an excitation wavelength of 490 nm and an
emission wavelength of 530 nm using a fluo-
rescence microplate reader (BD Biosciences).
The fluorescence intensity ratio of monomers
to monomers plus aggregates was calculated
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as an indicator of the proportion of depolarized
cells.

Mouse xenografting

A total of 30 6-week-old male BALB/c nude
mice (weight, ~20 g) were purchased from the
Institute of Animal Center, Chinese Academy of
Science (Shanghai, China). The mice had free
access to standard animal food and water
throughout the experiment. Their housing con-
ditions included 12 h light/dark cycles, the air
was ventilated 15 times every hour, and the
temperature was maintained between 20 and
22°C. All animal studies were conducted in
accordance with an animal use protocol that
was approved by the Animal Care and Use
Committee of the Second Military Medical
University. Huh7 cells (6x10°%) in 0.1 ml PBS
were injected subcutaneously into the right
flank of each of the fifteen BALB/c nude mice.
At 14 days after inoculation, the subcutaneous
nodules reached ~5 mm in diameter. The mice
were then randomly assigned to three groups
(5 in each group): Group 1, PBS; Group 2, aconi-
tine (2 mg/kg); and Group 3, aconitine (4 mg/
kg). Tumor volumes (Vt) were measured once
every 3 days for 3 weeks, using a vernier cali-
per, and subsequently calculated using the fol-
lowing formula: 0.5 x height x length x width.
All the mice were sacrificed 21 days following
treatment by CO, asphyxiation (The device is
filled with 100% CO, within about 5 mins).
Another set of male 15 BALB/C nude mice aged
4-6 weeks (weight, ~20 g) was used to observe
the survival time. These 15 mice were injected
with Huh7 cells, divided into three groups, and
treated with different treatments. All of the
operations were the same as the first set of 15
mice. The survival time of the mice due to the
heavy tumor burden was observed until the
experiments were terminated.

Histology and immunohistochemistry

All excised tumors were fixed in 10% neutral
formaldehyde for 6 h at room temperature and
embedded with paraffin. Tumor sections (4 im)
were subjected to hematoxylin (0.5%) and eoi-
sin (1%) staining for 5 min in 22°C and
immunohistochemistry.

The sections were blocked with 0.2% bovine
serum album (catalog no. 15019; Cell Signaling
Technology, Inc.) at 37°C 10 min, and incubat-
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Figure 1. Aconitine inhibits the viability of hepatocellular carcinoma cells, but not normal hepatic cells. (A) Chemical
structure of aconitine. (B) HepG2, (C) Huh7 and (D) LO2 cells were treated with aconitine at various concentrations
for 24, 48 or 72 h. Cell survival was determined using an MTT assay. Results are from three independent experi-

ments, each conducted in triplicate.

ed with the anti-human Ki-67 antibody (catalog
no. 9449T, 1:1500, Cell Signaling Technology,
Inc.) at 4°C overnight. Then, redundant antibod-
ies were washed and the second antibody with
horseradish peroxidase (catalog no. 8125,
1:2000, Cell Signaling Technology, Inc.) was
used for 30 min incubation at 37°C. Finally, the
avidin-biotin horseradish peroxidase system
was used to develop sections with diaminoben-
zidine (DAB, catalog no. 8059, Cell Signaling
Technology, Inc.). The results were observed by
light microscope (BX51, Olympus America, Inc.)
with the magnification of 200x, and photo-
graphed with a digital camera (DP70, Olympus
America, Inc.).

The expression of Ki-67 was evaluated through
immunohistochemistry using the mouse anti-
human Ki-67 antibody (catalog no. 9449T, Cell
Signaling Technology, Inc.).

Statistical analysis

Statistical analysis was performed using SPSS
software (version 20.0; IBM Corp., Armonk, NY,
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USA). The data were expressed as the mean +
standard deviation. Significant differences be-
tween groups were analyzed by one-way facto-
rial analysis of variance or Student’s t test.
P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Aconitine inhibits the viability of HCC cells, but
not normal hepatic cells

Since aconitine, the structure of which is pre-
sented in Figure 1A, has been demonstrated to
inhibit the viability of breast cancer and mela-
noma cells, the aim of the present study was to
determine whether it has the same effect on
HCC cells. For this purpose, hepatic carcinoma
HepG2 and Huh7 cells were treated with aconi-
tine at concentrations of 0O, 6.25, 12.5, 25, 50
and 100 pg/ml. Normal hepatic LO2 cells were
also included as a negative control. The viability
of the cells was determined using an MTT assay
at 24, 48 and 72 h after treatment. As present-
ed in Figure 1, at 24, 48 and 72 h after treat-
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Figure 2. Aconitine induces apoptosis in HepG2 cells. (A) Representative flow cytometric analysis of HepG2 cells
stained with annexin V-FITC/PI following exposure to O (left panel), 25 (middle panel) and 50 (right panel) yg/ml
aconitine for 72 h. The number in the top-right corner of each panel indicates the percentage of cells undergoing
apoptosis. (B) The proportion of cells undergoing apoptosis following treatment with aconitine at various concentra-
tions. (C) HepG2 cell lysates treated with aconitine at concentrations of 0, 25 and 50 pug/ml were immunoblotted
for Bax, Bcl-2, cleaved caspase 3, cleaved caspase 7 and cleaved PARP. GAPDH was used as a loading control. (D)
Densitometric analysis of the Western blot bands in (C) using ImageJ software. (E) Aconitine induced apoptosis in
HepG2 cells, but Z-VAD-FMK inhibited the apoptosis in the presence of 50 ug/ml aconitine. FITC, fluorescein iso-
thiocyanate; Pl, propidium iodide; Bax, Bcl-2-associated X protein; Bcl-2, B-cell ymphoma 2; PARP, poly (ADP-ribose)
polymerase; Z-VAD-FMK, benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone.

ment, higher concentrations of aconitine pro- specific to carcinoma cells, as the viability of
duced a significant inhibitory effect on the normal hepatic cells was barely affected by the
viability of HepG2 (Figure 1B) and Huh7 (Figure drug.

1C) cells. However, even at a concentration of

100 pg/ml, aconitine had little effect on the Aconitine inhibits the viability of HCC cells by
viability of the LO2 cells (Figure 1D). Conversely, inducing apoptosis

at a certain concentration, the longer treat-

ment led to a significant inhibition of the viabil- Since aconitine is inhibitory to HCC cells, the
ity of the tumor cells (Figure 1B, 1C). These next step was to elucidate the underlying
results suggest that aconitine inhibits the via- molecular mechanism of how aconitine may
bility of HCC cells in a time- and dose-depen- regulate the viability of the cancer cells. It was
dent manner. This inhibition appeared to be speculated that this inhibition was achieved by
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Figure 3. Aconitine induces the release of cytochrome ¢ from mitochondria and the increase in the intracellular ROS
level in HepG2 cells. A. Aconitine induced the release of cytochrome c¢ to the cytosol in HepG2 cells treated with 25
(lane 2) and 50 (lane 3) yg/ml aconitine. Lanes 1 and 4 are solvent controls. Lanes 5 and 6 indicate the decrease
in mitochondrial cytochrome ¢ when cells were treated with 25 and 50 pg/ml aconitine, respectively. B. Densitomet-
ric analysis of the Western blot bands, presented as cytosolic cytochrome c/tubulin (left panel) and mitochondrial
cytochrome c¢/Cox IV (right panel) ratios. C. The proportion of depolarized cells following treatment with aconitine
at various concentrations. The fluorescence intensity ratio of monomers to monomers plus aggregates was deter-
mined as an indicator of the proportion of depolarized cells. D. Detection of intracellular ROS production in HepG2
cells treated with solvent (left panel), 25 (middle panel) and 50 (right panel) ug/ml aconitine. Cells were stained
with 2’,7’-dichlorodihydrofluorescein diacetate. E. The expression of ROS in cells treated with aconitine at various
concentrations. Results are the mean + standard deviation of three independent experiments. ROS, reactive oxygen
species; COX IV, cytochrome oxidase subunit IV; FITC, fluorescein isothiocyanate.

activating the apoptosis pathway within the caspases 3 and 7, and cleaved PARP, as well as
cells. To test this hypothesis, HepG2 cells were GAPDH as a loading control. As presented in
stained with annexin V-FITC/PI following treat- Figure 2C, the levels of Bax, cleaved caspases
ment of the cells with 25 and 50 pg/ml aconi- 3 and 7, and cleaved PARP increased, but the
tine for 72 h, and then comparing the results level of the anti-apoptotic protein Bcl-2
with those from the negative control cells treat- decreased in an aconitine dose-dependent
ed with C-DMEM containing 10% FBS only. manner. The level of GAPDH remained largely
Representative flow cytometric data for the unchanged. The increased Bax/Bcl-2 ratio was
cells treated with solvent, 25 and 50 pg/mi determined following a densitometric analysis
aconitine are presented in Figure 2A. The of the Western blot bands (Figure 2D) indicat-
increase in the proportion of cells undergoing ing the activation of apoptosis. To confirm that
apoptosis was found to be associated with the the induction of apoptosis was the main cause
increase in the aconitine concentration used to of the inhibition of the viability of the cancer
treat the cells (Figure 2B). cells, the caspase inhibitor Z-VAD-FMK was

added together with aconitine to the HepG2
To further characterize these cells, the lysates cells, and it was identified that the percentage
of the HepG2 cells were immunoblotted with of cells undergoing apoptosis was decreased to
apoptotic markers, including Bax, Bcl-2, cleaved a level similar to that in the control cells (Figure
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2E). It was noted that the addition of Z-VAD-
FMK alone did not have any effect on the cells.
These results suggest that aconitine specifi-
cally inhibits the viability of human HCC cells by
inducing apoptosis.

Aconitine induces apoptosis possibly by in-
creasing the production of ROS and promoting
the release of cytochrome ¢ from mitochondria

There are two main mechanisms that regulate
apoptosis: Targeting mitochondria functionality
or transducing apoptotic signals via adaptor
proteins on the membrane. Since changes in
cleaved PARP, cleaved caspases 3 and 7, Bcl-2
and Bax were detected in the HepG2 cells, it
was hypothesized that mitochondria were
involved in the aconitine-induced apoptosis. To
test this hypothesis, HepG2 cells were treated
with solvent or aconitine at concentrations of
25 and 50 pg/ml for 72 h, and cytochrome ¢

5285

was immunoblotted in the cytosol and mito-
chondria. It was found that, in association with
the increase in aconitine concentration, the
level of cytochrome c increased in the cytosol
and decreased in the mitochondria in an aconi-
tine dose-dependent manner, whereas the
level of tubulin in the cytosolic fractions and the
level of Cox IV in the mitochondrial fractions
remained unaltered (Figure 3A). The densito-
metric analysis of the level changes of cytosolic
and mitochondrial cytochrome c relative to the
level of tubulin is presented in Figure 3B. This
result suggests that aconitine induces apopto-
sis through the mitochondrial signaling pa-
thway.

The release of cytochrome c into the cytosol is
often caused by a loss of potential in the mito-
chondrial membrane [23]. To investigate wheth-
er the mitochondrial membrane became depo-
larized following aconitine treatment, the
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HepG2 cells were stained with JC-1 dye and
their fluorescence intensity was determined. As
presented in Figure 3C, the proportion of depo-
larized cells increased in an aconitine dose-
dependent manner. The depolarization of the
mitochondrial membrane may be induced by
ROS, and, if the intracellular ROS level reaches
a certain high level, ROS becomes toxic and
selectively kills cancer cells by promoting apop-
tosis. To ascertain whether aconitine also regu-
lates the ROS level, the intracellular ROS pro-
duction was determined. Figure 3D presents
the results of the analysis of intracellular ROS
production in HepG2 cells treated with solvent,
25 and 50 pg/ml aconitine for 72 h. The results
presented in Figure 3E indicate that aconitine
led to an increase in the ROS level in a dose-
dependent manner in the HepG2 cells. These
results suggest that aconitine may promote
apoptosis in HepG2 cells by inducing the pro-
duction of intracellular ROS, which, in turn, trig-
gers the depolarization of the mitochondrial
membrane and therefore leads to the release
of cytochrome ¢ from the mitochondria into the
cytosol.

Aconitine inhibits tumor growth in vivo

Considering that aconitine inhibits the viability
of HepG2 cells, we investigated whether it was
also able to inhibit the growth of tumors in vivo.
For this purpose, nude mice were xenografted
with Huh7 cells and the tumor was allowed to
grow to ~5 mm in diameter. Then, solvent or
aconitine was injected into the tumors, and the
size of the tumor was measured every 3 days
until 21 days after the injection. Results pre-
sented in Figure 4A indicate that aconitine sig-
nificantly decreased the proliferation rate of
the tumor in volume, and the injection of aconi-
tine at 4 mg/kg almost completely inhibited the
growth of the tumor. It was also demonstrated
that aconitine extended the survival time of the
mice. At the injection amount of 4 mg/kg, acon-
itine doubled the survival time of the mice com-
pared with the mice in the solvent control
(Figure 4B). To examine the histology of the
tumors and the proliferation of tumor cells,
tumor tissue sections were stained with hema-
toxylin and eosin (Figure 4C, upper panel) and
Ki-67 (Figure 4C, lower panel). Along with the
increase in the amount of aconitine being
injected, the staining by HE and Ki-67
decreased in the tumor tissue sections, indicat-
ing a deceleration in tumor cell proliferation.
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Discussion

In the present study, it was demonstrated that
aconitine, a constituent from Aconitum plant
extracts, has an inhibitory effect on HCC cell
viability in vitro and in vivo. This inhibition is
achieved by inducing apoptosis, possibly by
increasing the production of ROS and, there-
fore, promoting the release of cytochrome ¢
from mitochondria. Aconitine inhibited the pro-
liferation of two HCC cell lines, HepG2 and
Huh7, in a dose- and time-dependent manner,
where increased doses and longer treatment
resulted in more marked inhibition of the prolif-
eration of these carcinoma cells. Furthermore,
the same conditions exhibited little effect on
normal hepatic LO2 cells, suggesting that the
inhibition is specific towards the carcinoma
cells.

A previous study demonstrated that aconitine
was able to induce apoptosis in melanoma
cells, and it was hypothesized that the same
mechanism also applied to HCC cells [16]. To
test this hypothesis, HepG2 cells were stained
with annexin V-FITC/PI, and it was identified
that the proportion of apoptotic cells increased
in the aconitine-treated samples. The increase
in the proportion of apoptotic cells was posi-
tively associated with the length of treatment
and the dose of aconitine being applied, indi-
cating that aconitine was the agent that induced
apoptosis. Furthermore, when the pan-caspase
inhibitor ZVAD-FMK was added together with
aconitine (50 pg/ml), the apoptotic rate was
decreased to a level similar to that of the con-
trol cells. Importantly, the inhibitor alone had
little effect on the cell apoptotic rate compared
with the control cells, indicating that the
decrease in the apoptotic rate in cells treated
with the combination of aconitine and inhibitor
was due to the inhibition of apoptosis. This
result suggests that apoptosis in HepG2 cells
was induced by aconitine. Notably, the ability of
aconitine to induce apoptosis appears to be
specific to cancer cells, as the addition of acon-
itine did not affect the viability of normal hepat-
ic LO2 cells.

Following aconitine treatment, changes in
cleaved PARP, caspases 3 and 7, Bcl-2 and Bax
were detected in HepG2 cells characteristic of
mitochondria-regulated apoptosis. This result
prompted the investigation of the role of
mitochondria in aconitine-induced apoptosis.
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Cytochrome ¢ was immunoblotted in the cyto-
solic and mitochondrial samples, and it was
identified that aconitine treatment led to the
increase in cytochrome c in the cytosol and the
decrease in cytochrome c in the mitochondria.
It has been reported that oxidation of the mito-
chondrial pores by ROS may contribute to cyto-
chrome c release due to the disruption of the
mitochondrial membrane potential. The release
of cytochrome ¢ from mitochondria is therefore
possibly due to the depolarization of the mito-
chondrial membrane. To verify this, the produc-
tion of intracellular ROS was examined in
HepG2 cells. It was demonstrated that the
treatment with aconitine led to the increase in
the ROS level associated with the increase in
the dose of aconitine being applied to the
HepG2 cells. It is currently unclear how the ini-
tial ROS is produced. Intracellular ROS are typi-
cally produced through multiple mechanisms
depending on the cell and tissue types. The
majority of ROS comes from cell membranes,
mitochondria, peroxisomes and the endoplas-
mic reticulum [24]. Thus, it is possible that
mitochondria are the source and the target of
ROS in this case. The results suggest that acon-
itine may cause the increase in the intracellular
ROS level, which triggers the depolarization of
the mitochondrial membrane and the enrich-
ment of cytosolic cytochrome ¢, leading to the
induction of apoptosis in HepG2 cells.

ROS are a ‘double-edged sword’. On one hand,
ROS facilitate cancer cell survival when at low
levels, and, on the other, are able to suppress
tumor growth through the sustained activation
of cell-cycle inhibitors [25-27] and the induc-
tion of apoptosis at high concentrations. Cancer
cells typically exhibit increased ROS levels and
depend heavily on the antioxidant defense sys-
tem. ROS-increasing drugs including aconitine
further increase the cellular ROS stress level,
resulting in an overall increase in endogenous
ROS, which, when above a cellular tolerance
threshold, may induce cell death. In the present
study, the ROS level was increased between 2-
and 3-fold in cells treated with aconitine com-
pared with the levels in the control cells, there-
fore possibly reaching a level that was inhibitory
to cancer cells. However, under lower basal
stress and production from normal metabo-
lism, normal cells may have an increased
capacity to withstand additional ROS than do
cancer cells [28]. This may explain why aconi-
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tine preferentially induced apoptosis in HCC
cells, but not in normal LO2 cells. Although pre-
liminary, our results also demonstrated that, at
relatively high concentrations, aconitine was
able to inhibit the growth of tumors in vivo.

Wutou, a traditional Chinese herb, has been
successfully used to treat HCC in a number of
hospitals, including our hospital, the Changhai
Hospital (Shanghai, China) [29, 30]. In vitro
study has demonstrated that aconitine, the
main constituent of Wutou, induced apoptosis
in HCC cells, but not in normal hepatic cells.
This was possibly due to the increased produc-
tion of ROS, which subsequently caused the
depolarization of the mitochondrial membrane
and the release of cytochrome c into the cyto-
sol. An in vivo study demonstrated that aconi-
tine was able to significantly inhibit the growth
of tumors in a mouse model. It is noteworthy
that, in the present study, aconitine only
became effective at concentrations of 25 and
50 pg/ml in vitro, and 2 mg/kg and 4 mg/kg in
vivo. The requirement for a relatively high dose
of aconitine to achieve inhibition of cancer cells
in vitro and tumors in vivo suggests that other
factors in Wutou may also contribute to the
anticancer effect, or that aconitine and other
factors work synergistically to inhibit the prolif-
eration of cancer cells. This requires further
investigation. Nevertheless, the results of the
present study suggest that aconitine has the
potential to be developed into an effective anti-
cancer drug to treat patients with HCC.
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