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Abstract

Purpose This study aimed at investigating the anti-tumor effect of arsenic sulfide (As,S,) against liver cancer both in vivo
and in vitro and to elucidate its underlying mechanisms.

Methods Cell viability of the human hepatocellular carcinoma cell lines SMMC-7721, BEL-7402, HepG?2 were measured by
CCK-8 assay. The effects of As,S, on cell proliferation and apoptosis of SMMC-7721 cells were investigated using Calcein-
AM and PI staining, Hoechst 33258 staining, crystal violet staining, and JC-1 staining. Cell cycle and Annexin V/PI assay
were analyzed via flow cytometry. The expression of apoptosis-related proteins, phosphorylation of PI3K and AKT were
detected by Western blotting. H22-bearing mice model was established to evaluate the anti-tumor effect of As,S, in vivo.
HE staining, PCNA was observed via immunohistochemistry, and TUNEL assay was used to assess the anti-proliferation
and pro-apoptotic effects of As,S,.

Results As,S, significantly inhibited the growth of human hepatoma cells SMMC-7721, BEL-7402 and HepG2. As,S,
inhibited cell proliferation effectively by inducing GO/G1 cell cycle arrest in SMMC-7721 cells. As,S, could increase Bax/
Bcl-2 ratio, decrease mitochondrial membrane potential, promote the release of cytochrome c, increase the levels of cleaved
caspase-3 and PARP, indicating that As,S, induced apoptosis in SMMC-7721 cells via mitochondrial-mediated apoptosis
pathway. Further research showed that As,S, inhibited the PI3K/AKT signaling pathway leading to apoptotic cell death. In
addition, As,S, significantly inhibited tumor growth in H22-bearing mice and induced apoptosis by deactivating PI3K/AKT
pathway, which was consistent with the in vitro results.

Conclusion These findings suggested that As,S, could induce apoptosis of liver cancer cells in vitro and in vivo, which
was related to PI3K/AKT-mediated mitochondrial pathway and may provide a novel promising therapeutic agent for liver
cancer treatment.
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Introduction

Liver cancer has proved to be the most prevalent malig-
nancy, mainly comprising hepatocellular carcinoma (HCC)
and intrahepatic cholangiocarcinoma (iCCA). It is the sec-
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only 10% of the patients have the possibility of complete
hepatectomy [3]. The total survival rate of the patients with
liver cancer is still poor. To date, there is no effective pre-
vention and treatment for liver cancer patients; it is highly
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desirable to develop more efficient agents to treat liver can-
cer and improve the quality of life of patients.

The development of liver cancer is believed to be cor-
related with dysregulation of apoptosis [4]. In 1972, Kerr,
an Australian scholar, first proposed the concept of apopto-
sis. Apoptosis is a spontaneous, programmed cell death to
remove damaged, dysfunctional, or superfluous cells, which
is an indispensable process of adjustment and control for the
living organisms [5, 6]. Apoptosis mainly involves two rep-
resentative approaches: the extrinsic pathway and the intrin-
sic pathway. The extrinsic pathway is also called the death
receptor-mediated pathway. The death receptor is a certain
protein on the surface of the cell membrane, which can bind
to specific ligands carrying apoptotic signals and rapidly
transduce apoptotic signals into cells, thus inducing apopto-
sis [7]. The intrinsic pathway, also called the mitochondrial
pathway, is mediated by the Bcl-2 family. Members of Bcl-2
family lead to the unfolding of the mitochondrial perme-
ability transport pore (mPTP), the increase of membrane
permeability and promote cytochrome c release, which is the
key center in the regulation of apoptosis. Cytochrome ¢ and
caspase-9 precursors released into the cytoplasm and apop-
tosis activator Apaf-1 form apoptosomes, activate caspase-9
activation and subsequently trigger the caspase cascade acti-
vation. Poly ADP-ribose polymerase (PARP), which acts as
a DNA damage receptor, is sheared and inactivated to lose
its repair function, resulting in DNA fragmentation and chro-
matin condensation, ultimately, to apoptotic cell death [8, 9].

Previous researches have proved that phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) signaling pathway is
closely associated with the development and progression of
human tumors and comes into a negative regulator status in
apoptosis of tumor cells [10, 11]. AKT, a serine/threonine
kinase, is the critical mediator of PI3K-initiated signaling
and can promote the survival of tumor by up-regulating the
Bcl-2 expression [12]. The Bcl-2 family plays a vital role
of PI3K/AKT regulating apoptosis. Bcl-2 family refers to a
class of evolutionarily conserved proteins that contain Bcl-2
homology (BH) domains, which is most prominent for their
apoptosis regulation at the mitochondrion. Bcl-2 family is
divided into two kinds of members, namely pro-apoptotic
protein (such as Bax, Bid, Bad, Bik) and anti-apoptotic pro-
tein (such as Bcl-2, Bel-XL, Bel-w) [13]. As one of the prin-
cipal pathways regulating Bcl-2 family proteins, PI3K/AKT
regulates the phosphorylation level of Bcl-2 family proteins,
affects the formation of its conformation or dimers and thus
regulates apoptosis [14]. Therefore, inducing apoptosis of
liver cancer cells will be an effective and highly active way
for treating liver cancer and is a very significant index for
exploring anticancer drugs.

For decades, traditional Chinese medicine (TCM) has
shown impressive antineoplastic activity and has the distin-
guishing feature of lower drug resistance and higher safety.
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For example, the Curcuma wenyujin plant extract -elemene
has been widely used as an adjuvant therapeutic agent for can-
cer treatment including liver cancer in China [15]. In addition,
researches have illustrated that TCM had preventive and thera-
peutic effects on liver cancer; several modern TCM prepara-
tions, such as Kanglaite, cinobufotalin and Ganfule, have been
approved by the Chinese Pharmaceutical Administration for
complementary treatment of liver cancer, and pharmacologi-
cal actions and mechanisms of TCM are varied [16].

As three main types of arsenic compounds, arsenic trioxide
(As,05), arsenic sulfide (As,S,) and arsenic trisulfide (As,S;)
have been extensively applied to TCM for over 3000 years
[17]. As,O5 as a primary member of arsenic compound family
has shown excellent therapeutic effect on acute promyelocytic
leukemia, as well as for several solid tumors in clinical trials
[18]. As,S,, the main ingredient of realgar, has gained more
attention due to its advantages of easy oral intake, relative
safety and sufficient resource [19]. Recent reports have indi-
cated that As,S, has been found to show strong suppressive
anticancer effects in gastric cancer and osteosarcoma [20-24].
Nevertheless, little information about the underlying mecha-
nisms for its anticancer activity is known.

In this research, we investigated the anti-tumor effect of
As,S, on human hepatoma SMMC-7721 cells, H22-bearing
mice and underlying molecular mechanisms. It is expected that
these results would provide a basis for the application of As,S,
in the treatment of liver cancer. We found, for the first time, that
As,S, induced apoptosis both in vivo and in vitro via mitochon-
drial pathway and PI3K/AKT signaling pathway in liver cancer.

Materials and methods
Cells and cell culture

Murine H22 hepatoma cells were kindly provided by Prof.
Qin Fu (Jilin Cancer Institute). Human hepatocellular carci-
noma cell lines SMMC-7721, BEL-7402 and HepG2 were
purchased from Shanghai iCell Bioscience Inc. (Shanghai,
China). Cells were maintained in RPMI 1640 or MEM
medium including 10% fetal bovine serum and 100 units/mL
penicillin—streptomycin (all from iCell Bio) and incubated at
37 °C in a humidified atmosphere of 5% CO.,.

Chemicals and reagents

As,S, (purity of >98%) was bought from Baoji Herbest Bio-
technology (Baoji, Shanxi, China). The raw material solution
at 10 mM was dissolved in 0.1 M NaOH, and the pH value
was adjusted from 7.35 to 7.45 by HCI [20]. Next, the work-
ing solutions of As,S, were diluted in the basal medium and
stored at —20 °C in the dark. Cell counting kit (CCK-8), Cal-
cein-acetoxymethyl ester (Calcein-AM) and propidium iodide
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(PI) double stain kit, Hoechst 33258 staining kit, 5,5,6,6"-Tet-
rachloro-1, 1',3,3'-tetraethyl-imidacarbocyanine mitochon-
drial membrane potential assay kit (JC-1) were purchased
from Yeasenbio (Shanghai, China). LY294002 and Annexin
V-fluorescein isothiocyanate (FITC)/PI apoptosis detec-
tion kit were purchased from Beyotime (Nanjing, Jiangsu,
China). Rabbit polyclonal antibodies against phosphorylated
PI3K (p-PI3K/p85), AKT, p-AKT, Bcl-2, Bax, cytochrome
¢, cleaved caspase-3, PARP and p-actin, COX IV and horse-
radish peroxidase (HRP)-labeled secondary antibodies were
bought from Wanleibio (Shenyang, Liaoning, China).

Cell viability assay

Cell viability was measured by CCK-8 assay in accordance
with the manufacturer’s instruction. Cells (5 X 103 cells/well,
100 pL) were plated into 96-well plates. SMMC-7721, BEL-
7402 and HepG2 were treated with different As,S, concen-
trations (0, 5, 10, 20, 30, 40 and 50 uM) for 24, 48 and
72 h. Absorbance at 450 nm was determined by an iMark
Microplate reader (BioRad, California, USA). Complete cul-
ture medium without cells served as the blank group. The
drug inhibitory concentration of 50% (ICs;) was determined
through probability regression analysis.

Cell viability = (average OD of As,S,group
—average OD of blank group/
average OD of control group
—average OD of blank group) X 100%.

Clone formation assay

SMMC-7721 cells (500 cells/well) were seeded into 6-well
plates for 24 h, then incubated with different concentrations
of As,S, (12.5, 25 and 50 uM) for 24 h. Cells were recul-
tured for another 14 days in As,S,-free conditions until cells
grew into visible colonies. The culture medium was replaced
every 3 days. Then, the cells were fixed in methanol, dyed
in 0.1% crystal violet, and rinsed for 3 times with PBS. The
number of clones over 50 cells were counted.

Calcein-AM/PI double staining and Hoechst 33258
staining

Observation of live and dead cells and the morphology
of apoptotic cells by Calcein-AM/PI double fluorescent
staining and Hoechst 33258 staining. SMMC-7721 cells
(5% 10 cells/well, 100 uL) plated into 96-well plates were
treated with As,S, (12.5, 25, 50 uM) for 24 h. Cells were
then stained with 2 uM Calcein-AM and 4.5 pM PI or Hoe-
chst 33258 (10 pg/mL) for 30 min in the dark at 37 °C. The
number of live or apoptotic cells in three random fields

was counted under IX73 fluorescence microscope (Olym-
pus, Tokyo, Japan), and the results were expressed relative
to the total number of cells.

Cell cycle assay

SMMC-7721 cells were seeded at a concentration of
5% 10* cells/mL (4 mL) in 25 cm? flasks, after 24 h of
attachment, incubated with or without As,S, (12.5, 25
and 50 uM) for 24 h. Cells were collected by centrifuga-
tion, fixed in 70% ethanol, then washed in PBS and resus-
pended in 25 pL. RNase and 10 pL PI, incubated in the
dark at room temperature for 30 min. Cell cycle analysis
was performed on Accuri C6 and the data were analyzed
by Accuri C6 Software (Becton, Dickinson and Company,
CA, USA).

Cell apoptosis assay

Cell apoptosis was examined by Annexin V-FITC/PI stain-
ing according to the manufacturer’s instructions. Briefly,
2% 10° cells were cultured in 25 cm? flasks for 24 h and
manipulated with various concentrations of As,S, (0, 12.5,
25 and 50 uM) for 24 h. Then, 2 X 10* cells were harvested
and resuspended in 195 pL. Annexin V binding buffer com-
prising 5 pL. Annexin V-FITC and 10 pL PI for 15 min in
the dark. Apoptotic rates were analyzed by Accuri C6 using
Accuri C6 Software.

Mitochondrial membrane potential assay (AY,)

JC-1 was applied to gauge mitochondrial membrane poten-
tial, which is a fluorescent lipophilic carbocyanine dye-sensi-
tive detection of mitochondrial membrane potential changes
in cells [25]. Cells (5 x 10° cells/well, 100 pL) were cultured
in 96-well plates for 24 h and then incubated with or without
As,S, (0, 12.5, 25 and 50 uM) for 24 h. Cells were stained
with JC-1 working solution in the dark at 37 °C for 20 min,
washed with JC-1 binding buffer and placed in the medium.
Fluorescence images were observed by IX73 fluorescence
microscope (Olympus, Tokyo, Japan) and Image J version d
1.47 software (National Institutes of Health, Bethesda, USA)
was used to quantify the green/red fluorescence intensity to
indicate the change of mitochondrial membrane potential.

Western blot analysis
Western blot analysis was performed on SMMC-7721 cells

from different groups, cells (1 10° cells/mL) were treated with
or without As,S, (0, 12.5, 25, 50 uM) for 24 h. Total proteins
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were extracted using Radio Immunoprecipitation Assay lysis
buffer containing 1% vol/vol phenylmethanesulfonyl fluoride
(Wanleibio, Liaoning, China). The protein concentration of the
whole lysates was determined by the BCA Protein Assay Kit
(Wanleibio, Liaoning, China). Equivalent amounts of protein
were loaded (40 pg/lane) and separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and transferred to
polyvinylidenefluoride membranes (Millipore, Billerica, MA,
USA). 5% of the skimmed milk was used to seal the mem-
branes and with specific primary antibodies (1:500) incubated
overnight at 4 °C, then incubated with the corresponding horse-
radish peroxidase-conjugated goat anti-rabbit IgG secondary
antibodies (1:5000). The target proteins were visualized with
the enhanced chemiluminescence system (Wanleibio, Liaoning,
China). The intensity of the target bands was quantified by Gel-
Pro-Analyzer 4 (Media Cybernetics, Rockville, MD, USA).

Establishment of mice bearing H22 and treatments

All animal care and experimental procedures conformed to
the Guidelines of the Care and Use of Laboratory Animals
and were approved by the Institutional Ethics Committee of
the Changchun University of Chinese Medicine. BALB/c SPF
mice (female, 20 +2 g, 6-week-old) were bought from Chang-
chun Institute of Biological Products (Changchun, Jilin, China)
and maintained on standard chow and water. BALB/c mice
were assigned to 5 groups with 8 mice in each group randomly.

H22 cells were resuspended in aseptic normal saline and
injected into the abdominal cavity of BALB/c mice (4 x 10°
cells per animal). Treatments were initiated 24 h after the
injections of H22 cells. As,S, (0.8, 1.6, 3.2 mg/kg) and 5-Fu
(25 mg/kg, Jinyao, Tianjin, China) were intraperitoneally
injected into the corresponding mice, respectively. The model
group mice were given the equal volume of saline. Consist-
ent treatment was given to the mice daily for 12 days. Mice
weight was recorded every 2 days until animals were killed
at day 13. Tumors were removed and weighed immediately.
Each tumor was assigned to two parts in which one was fixed
in 10% formaldehyde for histologic examination and immu-
nohistochemistry, whereas the other stored at —80 °C for the
analysis of Western blot.

Tumor inhibition rate =(1 — [tumor weight in 5
—Fu or As,S,group/
tumor weight in model group] )
X 100%.

Hematoxylin and eosin (HE) staining
and immunohistochemistry assay

The tumor specimens of the mice were fixed with 10%
formaldehyde for 24 h, paraffin embedded and cut into
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5 um-thick slices. For histologic examination, tissue slides
were stained with hematoxylin and eosin (Solarbio, Bei-
jing, China). For immunohistochemistry assay, tumor tis-
sue sections were dewaxed, hydrated and antigen repaired.
The slices were soaked in 3% H,0, at room temperature for
15 min, then sealed with goat serum. The fixed tissue was
incubated with primary antibodies against Proliferating cell
nuclear antigen (PCNA, 1:100) overnight at 4 °C. Subse-
quently, the slices were subjected to biotin-labeled goat anti-
rabbit IgG secondary antibody, horseradish enzyme label-
ling and DAB (all from Beyotime). Five separate fields were
randomly selected in each slide and the average proportion
of positive cells was assessed in each field.

TdT-mediated dUTP nick end labeling (TUNEL) assay

To measure apoptosis of tumor cells, we used TUNEL assay
kit (Roche, Switzerland) according to the manufacturer’s
instructions. TUNEL-positive cells were observed and
quantitatively analyzed under a DP73 microscope (Olym-
pus, Japan).

Statistical analysis

Repeated experiments were conducted at least three times,
and data were given as mean = SD. For statistical analysis,
one-way analysis of variance was performed for compari-
sons among groups using GraphPad Prism 7.0 version.
(GraphPad Software, San Diego, CA, USA). P <0.05 was
considered statistically significant.

Results
As,S, inhibited the proliferation of SMMC-7721 cells

To investigate the anti-proliferative of As,S,, SMMC-7721,
BEL-7402, HepG2 cells were incubated in As,S, with
concentrations from 5 to 50 uM for 24, 48 and 72 h, and
cell viability was detected using CCK-8 assay. The results
revealed that As,S, significantly decreased the growth of
SMMC-7721, BEL-7402, HepG2 cells in a dose-dependent
manner, after As,S, treatment for 24 h, the IC, values were
25.63+1.05,28.99+3.44 and 30.15+3.43 uM, respectively
(Fig. 1a). Since the SMMC-7721 cell line was the most
susceptible to As,S, treatment in the tested human hepa-
tocellular carcinoma cell lines, we selected SMMC-7721
cell line for further research. Moreover, long-term exposure
of SMMC-7721 cells to As,S, led to an increased growth
inhibitory effect, and colony formation assay showed that
As,S, could reduce colony numbers significantly (Fig. 1b,
c). These results indicate that As,S, showed strong anti-
cancer activity on SMMC-7721 cells in vitro.
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As,S, induced cell cycle arrest in GO/G1 Phase

After the observation of the impact of As,S, on the viabil-
ity of SMMC-7721 cells, we examined the effect of As,S,
on cell cycle distribution of this cell line using FCM. The
obtained results revealed that As,S, induced a remarkable
cell cycle arrest in GO/G1 phase. Cells at GO/G1 phase
increased from 42.9 to 60.7% when treated with 50 uM
As,S, for 24 h (Fig. 1d, e).

As,S, induced apoptosis in SMMC-7721 cells

Blocking cell cycle could induce apoptosis, after being
treated with As,S,, SMMC-7721 cells were dyed with
Annexin V/PI, then analyzed using FCM. As shown in
Fig. 2a, As,S, induced apoptosis in a concentration-
dependent manner in SMMC-7721 cells. The percentage
of apoptosis were increased by 12.92, 40.66 and 49.33%
when SMMC-7721 cells were treated with 12.5, 25 and 50
mM of As,S, for 24 h (Fig. 2b). For qualitative analysis
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Fig.1 As,S, inhibited the cell viability in human liver cancer cell
lines, inhibited colony formation and GO/G1 cell cycle arrest in
SMMC-7721 cells. a SMMC-7721, BEL-7402, HepG2 cells were
treated with indicated concentrations of As,S, for 24, 48 or 72 h.
Cell viability was measured by CCK-8. b, ¢ SMMC-7721 cells were

of live and dead cells we used Calcein-AM and PI simul-
taneous fluorescence staining. As shown in Fig. 2c, d, the
control cells glowed green fluorescence, meaning they were
alive. The living cells in the control group were polygonal
or spindle shaped, and the cells in the As,S, groups became
round. Dead cells dyed by PI with a red fluorescence were
observed, and cells treated with As,S, increased signifi-
cantly by comparison with the untreated control group.
Hoechst 33258 staining was used to evaluate whether As,S,
induced reduction in SMMC-7721 cell viability was respon-
sible for the induction of apoptosis (Fig. 2e, f). After staining
with Hoechst 33258, different degrees of growth inhibition
and nuclear apoptotic bodies were observed in SMMC-7721
cells detected by a blue fluorescence staining of nuclei.
These results showed that most of the cell death induced by
As,S, could be classified as apoptosis and As,S, induced
apoptosis through a dose-dependent manner.
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treated with As,S, (0, 12.5, 25, 50 uM) for 14 days and colony forma-
tion was evaluated by crystal violet staining. d, e Cell cycle distri-
bution was analyzed by FCM. SMMC-7721 cells were treated with
different concentrations of As,S, (0, 12.5, 25 and 50 uM) for 24 h.
**P <0.01, compared to control group
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Fig.2 As,S, induced apoptosis in SMMC-7721 cells. a, b FCM anal-
ysis using Annexin V/PI staining was to identify apoptosis induced
by As,S,. SMMC-7721 cells were treated with As,S, for 24 h. ¢ Live
and dead cells were observed by Calcein-AM and PI double staining
after treatment with As,S, for 24 h. Scale bars represent 50 pm. d

As,S, induced mitochondrial dysfunction
in SMMC-7721 cells

To observe changes of the mitochondrial membrane poten-
tial of SMMC-7721 cells, JC-1 staining was applied to
cells after As,S, treatment. JC-1 aggregated in the mito-
chondria of normal cells to form a polymer that emitted red
fluorescence. Once the mitochondrial membrane potential
decreased, JC-1 mainly existed in the cytoplasm and emitted
green fluorescence in the form of monomers.

As shown in Fig. 3a, images of fluorescence microscopy
showed that red fluorescence decreased and green fluores-
cence increased markedly after As,S, treatment for 24 h.
There was a dose-dependent increase of green/red fluores-
cence intensity after treatment with 12.5, 25 and 50 pM of
As,S, for 24 h, and the ratios of green/red intensities were
1.34, 1.57 and 1.91, respectively (Fig. 3b). These results
indicated that As,S, could increase mitochondrial mem-
brane permeability and lead to dysfunction of mitochondrial
function in SMMC-7721 cells, revealing that As,S, induced

@ Springer

ke

wk

5
IS
[

ot

Soimn 1w 1w 1

FLZ-A
N
o

-

Apoptosis rate(%)

b

0 125 25 50
As2S2 (uM)

25 uM 50 uM

Quantification of live cells. e Hoechst 33258 staining of SMMC-7721
cells treated with As,S, for 24 h. Scale bars represent 50 um. f Quan-
tification of apoptotic cells. *P<0.05, **P<0.01, compared to con-
trol group

apoptosis in SMMC-7721 cells through the mitochondrial
pathway.

As,S, regulated the expression of apoptosis-related
proteins in SMMC-7721 cells

To investigate the potential mechanisms of As,S, induced
apoptosis, Western blotting was applied to measure the
expression of apoptosis-related proteins in SMMC-7721
cells. After exposure to As,S, for 24 h, cytochrome ¢ in
mitochondria decreased while cytochrome ¢ increased in
the cytoplasm (Fig. 3c, d). After treatment with As,S, for
24 h, the expression level of cleaved caspase-3 and PARP
were increased. Meanwhile, the expression of pro-apoptotic
protein Bax was increased while the anti-apoptotic protein
Bcl-2 was suppressed by As,S, (Fig. 3e—g). The above
results indicated that As,S, induced apoptosis probably via
the mitochondrial-mediated apoptotic pathway in SMMC-
7721 cells.
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Fig.3 As,S, induced mitochondrial apoptosis in SMMC-7721 cells.
a Cells were treated with As,S, (0, 12.5, 25 and 50 uM) for 24 h,
stained with JC-1 and observed under fluorescence microscope. Scale
bars represent 50 um. b Quantitative analysis of green/red fluores-
cence in SMMC-7721 cells. ¢, d Cytochrome ¢ protein levels in the

As,S, induced apoptosis through PI3K/
AKT-mediated mitochondrial pathways
in SMMC-7721 cells

As one of the important signal transduction pathways in
cells, PI3K/AKT signaling pathway acts a pivotal role in
suppressing apoptosis and enhancing proliferation by influ-
encing the activation status of a variety of effector molecules
downstream [26]. To explore the effect of As,S, on PI3K/
AKT pathway in SMMC-7721 cells, Western blotting was
applied to detect the expression levels of PI3K/AKT after
treatment of As,S, for 24 h. As in Fig. 4a—c, the phospho-
rylation of PI3K and AKT was significantly decreased, and
with the increase of the concentration of As,S,, the inhibi-
tion effect was more obvious. We used LY294002 (PI3K
specific inhibitor) to pretreat SMMC-7721 cells to detect
the role of PI3K/AKT pathway in As,S,-induced apoptosis.
Compared with the control cells, 25 and 50 uM LY294002
could significantly reduce the expression of p-PI3K, p-AKT
and regulate the expression of apoptosis-related proteins.
While the simultaneous treatment of 25 pM LY 294002 and

mitochondria and cytoplasm. e—g Regulative effects of As,S, on Bax,
Bcl-2, Cleaved Caspase-3, Cleaved PARP. p-Actin and COX IV were
used as the loading control. *P <0.05, **P <0.01, compared to con-
trol group

25 uM As,S, could also play the same role, there were sig-
nificant differences with 25 pM LY294002 or As,S, treat-
ment alone (Fig. 4d—g). These results suggested that PI3K/
AKT-mediated mitochondrial pathways participated in
As,S,-induced apoptosis.

As,S, antineoplasmic activity in H22-bearing mice

To discuss the role of As,S, on tumor growth, we established
the model of H22-bearing mice. Compared to the model group,
tumor weights of As,S, treated groups decreased significantly
(P<0.01). After treatment with As,S, for 12 days, there was
no significant difference in weight growth between the treat-
ment groups (Fig. 5a), as shown in Fig. 5b, tumor growth inhi-
bition in 5-Fu group (25 mg/kg), high-dose group (3.2 mg/kg),
medium-dose group (1.6 mg/kg) and low-dose group (0.8 mg/
kg) was 71.05, 53.51, 49.51 and 45.77%, respectively. To
observe the pathological changes of tumors, we used HE stain-
ing. As shown in Fig. 5c, the tumor cells of the model group
were heteromorphic, the volume of tumor cells increased,
the ratio of nucleoplasm increased significantly, the ratio of
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Fig.4 Effects of As,S, on the expression of PI3K/AKT-mediated
mitochondrial pathway. SMMC-7721 cells were treated with vari-
ous concentrations of As,S, (0, 12.5, 25 and 50 uM) for 24 h. a—c
The protein levels of phosphorylation of PI3K and AKT were deter-
mined by Western blot analysis. d—g Western blot analysis of PI3K/

nucleoplasm was imbalanced and inflammatory cell infiltration
was found. However, the tumor cells of 5-Fu, As,S, groups
showed varying degrees of apoptosis. We used immunohisto-
chemical staining of PCNA to evaluate the the impact on cell
proliferation of As,S,. As shown in Fig. 5d, compared with
the model group, the number of PCNA-positive cells reduced
significantly. Quantitative analysis showed that As,S,-treated
groups could inhibit cell proliferation in a dose-dependent
manner (Fig. 5f). Moreover, to explore whether As,S, could
induce apoptosis in H22-bearing mice, we used TUNEL assay
to detect it by fluorescence microscopy. Compared with the
model group, the number of TUNEL-positive cells increased
significantly, indicating that As,S,-treated groups could pro-
mote cell apoptosis (Fig. Se, g). These results were consistent
with in vitro results, suggesting that the anti-tumor effect of
As,S, may be caused by apoptosis.
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AKT-mediated mitochondrial pathway proteins, including Bax, Bcl-
2, cleaved caspase-3 and PARP. p-Actin was used as loading con-
trol. *P<0.05, **P<0.01, compared to control group, *P<0.05,
#pP <0.01, compared to 25 uM LY294002

To illustrate the mechanisms of As,S, resistance to
H22-bearing mice, we detected the expression and phos-
phorylation of PI3K, AKT, Bax, Bcl-2 via Western blotting.
As shown in Fig. 5h, i, compared with the model group, the
phosphorylation of AKT and PI3K was decreased in tumors
of H22-bearing mice treated with As,S,, significantly. These
results indicated that PI3K/AKT signaling pathway might be
involved in As,S,-treated tumors of H22-bearing mice.

Discussion

Liver cancer is one of the most frequent, malignant neo-
plasms worldwide, and for decades, the incidence and mor-
tality of liver cancer have gradually increased [27]. Sur-
gery, local destructive treatment and liver transplantation
are available medical measures for patients with early liver
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cancer. In addition, radiotherapy and chemotherapy also
have certain effect on liver cancer patients, but constant side
effects make patients miserable [28]. Hence, it is of great
significance to develop new therapeutic agents for liver can-
cer to relieve patients’ pain and improve their quality of life.

TCM has shown its unique advantages and has proved
to be effective in anti-cancer [29]. At present, research
on anti-tumor activity of mineral arsenicals in traditional

medicines has become a hot topic. As,S, is the main effec-
tive component from the realgar of traditional Chinese
mineral medicine, which has been applied to treat various
diseases for thousands of years. Good antitumor effect of
As,S, has been confirmed, particularly for hematological
malignancies, and the ability of As,S, to induce apoptosis
in several solid tumors has also been demonstrated [30-34].
The effect of As,S, in liver cancer has rarely been reported;
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therefore, its role in the treatment of liver cancer needs to
be further elaborated. In the present study, we investigated
the antitumor effect of As,S, on liver cancer and its potential
mechanism of action in vivo and in vitro.

In the current study, we found that As,S, could signifi-
cantly inhibit the proliferation of human hepatoma cell
lines SMMC-7721, BEL-7402 and HepG2 via CCK-8
assay, and the ICy, value were 25.63 +1.05, 28.99 +3.44
and 30.15+3.43 uM after treatment of As,S, for 24 h
in vitro (Fig. 1a). Subsequent experimental results revealed
that As,S, significantly restrained the colony formation in
SMMC-7721 cells and presented a concentration-dependent
relationship (Fig. 1b, ¢), which was mainly due to the block-
ing of cells at GO/G1 phase and inducing apoptosis. The
process of cell cycle dominates cell proliferation, and its
imbalance is one of the critical stages of cancer develop-
ment [35]. Accordingly, regulating cell cycle progression by
stalling the cell cycle may be an appropriate treatment for
cancer. FCM analysis stated clearly that compared with con-
trol cells, As,S,-treated SMMC-7721 cells apparently accu-
mulated in GO/G1 phase, while S phase and G2/M phase
decreased correspondingly (Fig. 1d, e). These results showed
that As,S, inhibited cell proliferation in a concentration-
dependent manner by blocking cells at the GO/G1 phase, and
the G1/S checkpoint prevents cells from passing through G1
phase into the S phase of DNA synthesis.

Cell cycle arrest and apoptosis induction are two con-
cernment accounts to inhibit the growth and proliferation of
tumor cells [36]. In our research, Annexin V-FITC/PI stain-
ing FCM analysis results represented that the apoptotic rates
of SMMC-7721 cells concentration-dependently increased
with As,S, treatment (Fig. 2a, b). Apoptotic cells exhibit
unique morphology during the process of apoptosis, such
as cell surface changes, DNA fragmentation, nuclear con-
densation and chromosome agglutination [37]. By Calcein-
AMY/PI staining and Hoechst 33258 staining, the number of
As,S,-treated SMMC-7721 cells significantly decreased and
showed typical apoptotic characteristics (Fig. 2c, d). These
results indicated that As,S, inhibited tumor cell proliferation
by significantly inducing apoptotic cell death.

Apoptosis is tightly regulated by multiple genes, mainly
containing two kinds of signal transduction pathways: death
receptor-mediated exogenous apoptosis pathway and mito-
chondria-mediated endogenous apoptosis pathway [38].
Mitochondria are not only the energy supply center to main-
tain cell growth and division, but also exert a pivotal role in
endogenous apoptosis pathway and are the ultimate regula-
tor of apoptosis [39]. The mPTP located between the inner
and outer mitochondrial membrane is one of the factors
that affect transmembrane potential. After receiving apop-
totic signals, the opening of mPTP channels directly leads
to the decrease or even loss of transmembrane potential,
which destroys the structure of inner and outer membrane
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and finally disintegrates mitochondria [40]. In our results,
JC-1 staining revealed that mitochondrial membrane poten-
tial collapsed (Fig. 3a). Bcl-2 family proteins are the major
regulators of mitochondrial-dependent apoptosis. They
are membrane integrins belonging to the oncogene family,
which exist in mitochondria, endoplasmic reticulum and cell
nuclear membrane. Disproportionality of Bax/Bcl-2 leads
to permeabilization of the outer mitochondrial membrane,
thereby releasing cytochrome c to cytosol, activating cas-
pases-3, and ultimately inducing apoptosis [41]. Caspase-3
is the most significant apoptotic executor of the caspase
family, responsible for the action of the enzyme (activa-
tion or inactivation) of all or part of the key proteins at the
stage of apoptosis [42]. In this study, Western blot analysis
demonstrated that As,S, increased the Bax expression and
decreased Bcl-2 expression (Fig. 3d, e). The rise in Bax/
Bcl-2 ratio led to the intrinsic pathway of depolarization
activation of mitochondrial membrane potential, which
resulted in cytochrome c release; the caspase-3 precursor
protein was cut into the activated caspase-3, and the dam-
age repair sensing molecule PARP was deactivated. As,S,
released cytochrome c from the lumen between the inner and
outer membranes of the mitochondria into the cytoplasm
(Fig. 3b, c¢) and increased the levels of cleaved caspase-3
and PARP in a concentration-dependent manner (Fig. 3d, f),
ultimately leading to apoptotic cell death. These results dem-
onstrated that As,S, could induce apoptosis of SMMC-7721
cells through mitochondrial-mediated apoptosis pathway.

PI3K/AKT signaling pathway, as an important signal-
ing pathway to regulate cell survival and apoptosis, has
been proved to be overexpressed and activated in various
cancers [43]. PI3K/AKT pathway is closely related to the
activity of Bcl-2 family proteins, regulating metastasis pro-
gression and blocking apoptosis by phosphorylating apop-
totic proteins and preventing the release of mitochondrial
cytochrome c. Therefore, activation of PI3K/AKT pathway
is carcinogenic, which is due to cell cycle disorder and the
stimulation of anti-apoptotic pathway, and activated AKT
promotes the resistance of cancer cells to apoptosis [44]. At
present, blocking the activation of a variety of anti-apop-
totic molecules in the PI3K/AKT pathway and promoting
apoptosis have become the focus of cancer treatment. In
the present study, As,S,-treatment decreased the expres-
sion level of p-PI3K and p-AKT significantly and regulated
the expression of apoptosis-related proteins (Fig. 4a—c). It
could be said that As,S, and 25 uM LY294002 inhibited the
expression of phosphorylated PI3K and AKT, activated the
pro-apoptotic target Bax, inhibited the expression of Bcl-2,
and the caspase-3 and PARP were deactivated that eventu-
ally led to apoptosis (Fig. 4d—g). The above results showed
that As,S, promoted the apoptosis via PI3K/AKT-mediated
mitochondrial pathways of SMMC-7721 human hepatoma
cells.
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To evaluate the antitumor effect of As,S, on liver cancer
in vivo, BALB/c mice were ectopic inoculated with H22
murine tumor cells. In the selection of animal models and
tumor cells in vivo, we chose H22-bearing mice model,
which is widely and authoritatively established in the animal
models of liver cancer, and the H22 cells are mouse-derived
cells, it is more suitable for the model of liver cancer in mice
[45]. We verified the effect of As,S, on tumor weight reduc-
tion in mice. As,S, could reduce the average tumor weight,
and the tumor inhibition rates of different concentrations of
As,S, (3.2, 1.6 and 0.8 mg/kg) were, respectively, 53.51,
49.51 and 45.77%. Our results indicated that As,S, was
remarkably effective for inhibiting tumor growth (Fig. 5b)
in a concentration-dependent manner and had no signifi-
cant effect on body weight in mice (Fig. 5a). The results of
immunohistochemical staining and TUNEL assay revealed
that As,S, suppressed tumor growth by inhibiting cell pro-
liferation and inducing tumor cell apoptosis (Fig. 5d—g).
The results of Western blot showed that As,S, could down-
regulate Bcl-2 and up-regulate Bax (Fig. 5h, 1), indicating
that the anti-tumor effect of As,S, was achieved by induc-
ing apoptosis. Simultaneously, treatment of As,S, down-
regulated the phosphorylation of PI3K and AKT (Fig. 5h,
i), indicating that As,S, induced apoptosis via inhibition of
PI3K/AKT pathway in vivo, which was consistent with those
obtained in vitro.

In conclusion, our results demonstrated that As,S,
induced apoptosis of liver cancer cells both in vivo and
in vitro through PI3K/AKT-mediated mitochondrial path-
way. These data indicated that As,S, may be a promising
anti-cancer drug for the treatment of malignant solid tumors.
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