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Abstract: This study aimed to investigate the antitumor effect of arsenic trioxide (ATO)-loaded CalliSpheres® micro-
spheres (CSM) by transarterial chemoembolization (TACE) in rabbits with VX2 liver tumors. A total of 120 VX2 liver
tumor rabbits were randomized into four groups (N = 30 for each group), which received ATO-loaded CSM by TACE
(CSM-ATO group), ATO by conventional TACE (cTACE-ATO group), transcatheter arterial embolization using CSM (TAE-
CSM group), and saline arterial injection (control group). Five rabbits in each group were sacrificed at 12 h, 3d, 7
d and 14 d, and then tumor proliferation, apoptosis, and angiogenesis/epithelial-mesenchymal transition (EMT)
markers were detected. Tumor volume, metastasis status and ascites were assessed at 14 d. Ten rabbits in each
group were observed until death for accumulating survival calculation. Tumor volume and ascites were decreased
in the CSM-ATO group compared to the cTACE-ATO and TAE-CSM groups. Pulmonary, abdominal wall and omentum
metastases were reduced while accumulating survival was increased in the CSM-ATO group compared to the TAE-
CSM group. However, no difference in metastasis foci or survival between the CSM-ATO and cTACE-ATO groups
was discovered. Meanwhile, tumor apoptosis was promoted while proliferation was suppressed in the CSM-ATO
group compared to the cTACE-ATO and TAE-CSM groups. Additionally, HIF-1a, VEGF and microvessel density were
decreased in the CSM-ATO group compared to the cTACE-ATO and TAE-CSM groups. Additionally, twist, N-cadherin,
vimentin and MMP-9 were reduced while E-cadherin was enhanced in the CSM-ATO group compared to the cTACE-
ATO and TAE-CSM groups. In conclusion, ATO-loaded CSM by TACE suppressed tumor growth, angiogenesis, and
metastasis and elongated survival in VX2 liver tumor rabbits.
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Introduction ommended as the first-line therapy for patien-
ts with intermediate stage HCC [2, 3]. Conven-

Hepatocellular carcinoma (HCC), the predomi- tional TACE (CTACE) is performed by delivering

nant type of liver cancer, is one of the major
global health problems and caused over 0.84
million newly diagnosed cases and 0.78 mil-
lion deaths in 2018 [1]. Current treatment for
patients with HCC mainly includes surgical
resection, orthotopic liver transplantation, ab-
lative techniques, transarterial chemoemboli-
zation (TACE), transarterial radioembolization,
stereotactic body radiation therapy and sys-
temic chemotherapy, among which TACE is rec-

lipiodol emulsified chemotherapy agent, fol-
lowed by particle embolization [3]. Despite the
efficiency of cTACE in inducing tumor necrosis
and apoptosis, it is still characterized by rela-
tively high systematic toxicity and abrupt drug
delivery [3, 4]. As one of the solutions to impro-
ve CcTACE, drug-eluting beads (DEB)-TACE uses
microspheres as the drug carrier and emboliza-
tion agent to provide elevated tolerance and
more stable drug release, thus improving the
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treatment effect in patients with HCC [5, 6].
The commonly used drugs in DEB-TACE treat-
ment include doxorubicin and irinotecan, which
have greatly improved the survival of patients
with HCC; however, the idealized prognosis of
patients with HCC is far from being reached [2,
7]. Therefore, searching for potential antican-
cer agents by DEB-TACE treatment with emi-
nent treatment efficacy might improve the pro-
gnosis of patients with HCC who receive DEB-
TACE treatment.

Arsenic trioxide (ATO), an inorganic compound
with anticancer properties, has been approved
to treat acute promyelocytic leukemia by the
Food and Drug Administration since 2000 [8].
For solid tumors (including HCC), ATO has been
reported to have a suppressive effect on tumor
progression. For example, an interesting study
revealed that ATO suppresses tumorigenesis
and distant metastasis in a mouse liver cancer
model and inhibits cancer stem cell-associated
traits by targeting the serum response factor/
minichromosome maintenance protein 7 com-
plex in HCC cells [9]. Additionally, another previ-
ous study illustrated that the administration of
ATO induces mitochondrial apoptosis by inhibit-
ing the phosphorylation of signal transducer
and activator of transcription 3 (STAT3) in the
HCC cell line Bel-7404 [10]. Despite the benefit
of ATO with antitumor properties in HCC, the
hypertoxicity of ATO limits its application as a
chemotherapy agent to directly treat HCC [11].
Owing to the characteristics of TACE with local
drug delivery, the application of ATO in TACE
might attenuate the toxicity and amplify the
treatment effect. ATO administration via cTACE
shows no significant hepatic or renal toxicity
and exerts a better treatment effect compared
to ATO administration via transarterial or intra-
venous injection in VX2 liver tumor rabbits [12].
However, for DEB-TACE (which has the advan-
tages of a lower systematic concentration of
therapeutic drug and more persistent and sta-
ble drug delivery than cTACE), little is known
about the treatment effect of ATO administra-
tion via DEB-TACE in patients with HCC.

In our previous study, we investigated the ph-
armacokinetics and intratumoral concentra-
tion of ATO-loaded CalliSpheres® microspheres
(CSM) by TACE treatment in VX2 liver tumor
rabbits, and we found that DEB-TACE decrea-
sed plasma, kidney and lung concentrations
while increasing the intratumoral concentra-
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tion of ATO without extra liver or renal toxicity
compared with cTACE [13]. Our previous study
suggested that ATO-loaded CSM by TACE might
be a promising way to reduce systematic toxic-
ity. Therefore, in the present study, we further
investigated the effect of ATO-loaded CSM by
TACE on tumor growth, angiogenesis, metasta-
sis and survival in VX2 liver tumor rabbits, aim-
ing to explore the antitumor property of ATO-
loaded CSM by TACE in liver cancer.

Materials and methods
Animals

Healthy adult Japanese white rabbits weighing
2.8 kg~3.4 kg without sex preference or preg-
nancy were provided by the Experimental Ani-
mal Center of Henan Province (Henan, China).
All rabbits were bred in the Laboratory Animal
Center of our institution and had free access
to standard diets and water during the experi-
mental period. The study was approved by the
Animal Care and Use Committee of Henan
Province, and all related experiments were
conducted in accordance with the principles
set by the Animal Care and Use Committee of
our institution.

Rabbit VX2 liver tumor model construction and
validation

The rabbit VX2 liver tumor model was con-
structed according to the method described in
a previous study [14]. The tumor location and
size were measured by contrast-enhanced
computed tomography (CT) at 16 d after the
construction of the rabbit VX2 liver tumor
model, and the tumor volume (V) was calculat-
ed according to the formula: V = (1/2) ab?
(where a is the maximum diameter, and b is
the minimum diameter). At least 120 rabbit
VX2 liver tumor models were successfully con-
structed for the current study.

Grouping and intervention

A total of 120 VX2 liver tumor rabbits were ran-
domly assigned into 4 groups (CSM-ATO group,
CcTACE-ATO group, TAE-CSM group, and control
group) using the Random Number Remainder
Grouping Method as described in our previous
study [13]. The rabbits in the 4 groups were
treated as follows: (1) CSM-ATO group: the rab-
bits were treated with ATO-loaded CSM (100-
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300 um, Jiangsu Hengrui Medicine Co., Ltd.,
China) at a dose of 0.5 mg/kg ATO and 0.1 g
CSM by transcatheter arterial embolization
(TAE) operation; (2) cTACE-ATO group: the rab-
bits were treated with a mixture of ATO and
lipiodol (Laboratoire Guerbet, France) at a dose
of 0.5 mg/kg ATO by TAE operation; (3) TAE-
CSM group: the rabbits were treated with 0.1
g blank CSM (100-300 um, Jiangsu Hengrui
Medicine Co., Ltd., China) by TAE operation; (4)
control group: the rabbits were treated with 10
ml saline by arterial injection. The detailed pro-
cedures of CSM preparation were described in
our previous study [13].

TAE procedure

The VX2 liver tumor rabbits were fasted for 24
h before TAE operation. The rabbits were anes-
thetized by injection of Sumianxin Il anesthetic
(Dunhua Shengda Animal Medicine Co., Ltd.,
China) and then fixed on the table in the supine
position. Thereafter, the right femoral artery
incision area of rabbits was routinely depilat-
ed, disinfected and covered with towels. Then,
the right femoral artery was exposed, and a 4F
sheath (Terumo, Japan) was placed into the
artery. After that, a 4F catheter (Terumo, Japan)
was introduced by a guide wire, and hepatic
arteriography was performed to identify the tu-
mor supply artery and tumor site. A 2.7F coax-
ial microcatheter (Terumo, Japan) was cathe-
terized to the tumor supply artery. Subsequent-
ly, ATO-loaded CSM, ATO-mixed lipiodol, blank
CSM, or saline was injected into the tumor sup-
ply artery according to the grouping. For the
CSM-ATO group and TAE-CSM group, the end-
point of embolism was that there was no tumor
staining observed after injection; for the cTACE-
ATO group, the endpoint of embolism was that
no tumor staining was observed, or deposition
occurred in the small branches of the portal
vein. After the completion of embolism, the
sheath and the catheter were removed from
the artery, and the wound was sewn up.

Specimen collection/detection and survival
analysis

Five VX2 liver tumor rabbits in each group were
sacrificed by intravenous injection of excess
sodium pentobarbital (100 mg/kg) at 12 h, 3 d,
7 d and 14 d post TAE treatment. For the sur-
vival analysis, the remaining 10 VX2 liver tumor
rabbits in each group were observed until they
died. Following sacrifice, the abdominal cavity
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of rabbits was opened to observe ascites and
the tumor metastasis status, including intrahe-
patic metastasis, pulmonary metastasis, abdo-
minal wall metastasis, and omentum metasta-
sis. Tumor tissue was incised along the long
axis of the primary lesion, and the total tumor
volume was calculated using the formula V =
(1/2) ab? (where a is the maximum diameter
and b is the minimum diameter). Then, the
tumor tissue was continuously sectioned along
the long diameter at 3-5 mm intervals. One of
the two pieces with the largest sectional area
was photographed, fixed with 4% paraformal-
dehyde, dehydrated conventionally, and em-
bedded in paraffin for further immunohisto-
chemical (IHC) staining and the terminal deoxy-
nucleotidyl transferase (TdT)-mediated dUTP
nick end labeling (TUNEL) assay. The other
piece with the largest sectional area was sto-
red at -80°C for reverse transcription-quan-
titative polymerase chain reaction (RT-qPCR)
assay. In addition, accumulating survival for
the remaining 10 VX2 liver tumor rabbits in
each group was calculated from the day of TAE
treatment to the day of death.

IHC staining and analysis

IHC staining was used to assess hypoxia in-
ducible factor-1a (HIF-1a), vascular endothelial
growth factor (VEGF), matrix metalloprotein-
ase 9 (MMP-9), twist, E-cadherin, N-cadherin,
vimentin, proliferating cell nuclear antigen (PC-
NA) and CD31 expression in tumor tissue. The
IHC staining procedures were performed in
accordance with a previous study [14]. The
antibodies are listed in Table 1. IHC staining
was evaluated by two experienced patholo-
gists in a blinded manner. All slides were ex-
amined under a light microscope throughout
the entire section. HIF-1q, twist, E-cadherin, N-
cadherin, vimentin and PCNA expression was
determined by the percentage of positive cells
in 5 high-power fields (x200) randomly select-
ed under the microscope (Olympus Corpora-
tion, Japan) [14, 15]. VEGF and MMP-9 expres-
sion was assessed by semiquantitative IHC
based on staining intensity and density [16],
which was performed as follows: the staining
intensity was scored as O (negative), 1 (weak),
2 (moderate), and 3 (strong); the staining den-
sity was scored on the basis of the percentage
of positively stained cells: 0 (0%), 1 (1-25%), 2
(26-50%), 3 (51-75%), and 4 (76-100%); the
total IHC score was calculated by multiplying
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Table 1. Antibodies

Antibodies Dilution ratio Company Country
Mouse HIF-1 alpha Monoclonal Antibody 1:50 Invitrogen USA
Mouse VEGF Monoclonal Antibody 1:20 Invitrogen USA
Mouse MMP9 Monoclonal Antibody 1:500 Invitrogen USA
Rabbit CD31 Polyclonal Antibody 1:200 Bioss Inc. USA
Rabbit Twist Polyclonal Antibody 1:200 Novus Biologicals USA
Rabbit E-cadherin Polyclonal Antibody 1:100 MyBioSource USA
Mouse N-cadherin Monoclonal Antibody 1:20 Invitrogen USA
Rabbit Vimentin Polyclonal Antibody 1:500 Abcam USA
Mouse PCNA Monoclonal Antibody 1:1000 Novus Biologicals USA
Goat Anti-Mouse IgG H&L 1:10000 Abcam USA
Goat Anti-Rabbit IgG H&L 1:10000 Abcam USA

Table 2. Primers

lation; the First-Strand

cDNA Synthesis Kit (To-

Gene Forward primer Reverse primer
HIF-1o 5’-GCATCTCCGTCTCCTAACCA-3’  5’-ACACGTTAGGGCTTCTTGGA-3’
VEGF 5’-GCAGACCAAAGAAAGACAG-3’ 5-TTGCAGGAACATTTACACG-3’

Twist 5’-GGCGCTACAGTAAGAAGTCG-3" 5’-AGTCTATGTATCTGGCGGCC-3’
E-cadherin 5’-ATACCTCCCCCTTCACCGCA-3"  5’-GGATGAGCAGAGCCAGGATTC-3’
N-cadherin 5’-GCCAGGCCAAGCAACTTTTA-3” 5’-CTCTCATCCAGCCGCCGTAT-3’
Vimentin  5-CAGGCAAAGCAGGAGTCAAAT-3’ 5-GCGAGCCATTTCTTCCTTCA-3’
B-actin 5-TGGCTCTAACAGTCCGCCTAG-3' 5’-AGTGCGACGTGGACATCCG-3’

yobo, Japan) was used
for cDNA synthesis; SY-
BR Green Real-time PCR
master mix (Toyobo, Ja-
pan) was used for poly-
merase chain reaction.
The primers used in RT-
gPCR are listed in Table

the intensity score by the density score, ran-
ging from O to 12. CD31-positive cells were
used to assess microvessel density (MVD),
and any CD31-stained endothelial cell or cell
cluster that was clearly separated from adja-
cent tissue elements was counted as a single
countable microvessel [14].

TUNEL assay

Apoptotic nuclei in paraffin sections were as-
sessed by TUNEL-DAPI kits (Roche, Germany)
according to the kit instructions. Five regions
were selected for each sample, and the per-
centage of apoptotic-positive cells in each
high-power visual field (x200) was calculated
for the analysis of the apoptosis rate.

RT-gPCR assay

The mRNA expression levels of HIF-1a, VEGF,
twist, E-cadherin, N-cadherin, and vimentin in
the tumor tissue were detected by RT-gPCR
assay, which was performed as described in
previous studies [14, 15, 17], and B-actin ser-
ved as an internal reference. TRIzol reagent
(Invitrogen, USA) was used for total RNA iso-
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2.

Statistical analysis

Statistical analysis was performed using SPSS
24.0 software (SPSS Inc., USA) and GraphPad
Prism 7.01 software (GraphPad Software Inc.,
USA). Data are displayed as the mean * stan-
dard deviation or percentage. Comparisons
among groups were determined by the chi-
square test or multiple t test corrected using
the Holm-Sidak method. Accumulating survival
was displayed using the Kaplan-Meier (KM)
method, and the comparison of accumulating
survival between/among groups was determin-
ed by the log-rank test. A P value <0.05 was
considered significant, which is displayed as
*P<0.05, **P<0.01, and ***P<0.001, while a
P value >0.05 is marked as NS (not significant)
in all figures.

Results

Tumor volume, metastasis site, ascites and
accumulating survival

At 14 d post treatment, the tumor volume was

decreased in the CSM-ATO group compared to
the cTACE-ATO group (P<0.05), TAE-CSM group
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(P<0.01) and control group (P<0.01) (Figure
1A). Regarding the tumor metastasis site, no
difference was found in intrahepatic, pulmo-
nary, abdominal wall, or omentum metastases
between the CSM-ATO group and the cTACE-
ATO group (all P>0.05); pulmonary (P<0.01),
abdominal wall (P<0.01) and omentum metas-
tases (P<0.05) were decreased in the CSM-
ATO group compared to the TAE-CSM group;
intrahepatic (P<0.01), pulmonary (P<0.01), ab-
dominal wall (P<0.01) and omentum metasta-
ses (P<0.05) were decreased in the CSM-ATO
group compared to the control group. Ascites
were decreased in the CSM-ATO group com-
pared to the cTACE-ATO group, TAE-CSM group
and control group (all P<0.05) (Figure 1B). Re-
garding accumulating survival, it was increa-
sed in the CSM-ATO group compared to the
TAE-CSM group and the control group (both
P<0.01), while no difference was found bet-
ween the CSM-ATO group and the cTACE-ATO
group (P>0.05) (Figure 1C). These data indi-
cated that ATO-loaded CSM by TACE inhibited
tumor growth, metastasis and ascites while
prolonging survival in VX2 liver tumor rabbits.

Tumor apoptosis and proliferation markers af-
ter treatment

Compared to the cTACE-ATO group, the tumor
apoptosis rate was increased at 7 d and 14 d
(both P<0.05) but was similar at 12 hand 3 d
(both P>0.05) in the CSM-ATO group; more-
over, it was elevated in the CSM-ATO group
compared to the TAE-CSM group and control
group at each time point (all P<0.05) (Figure
2A). For the proliferation marker, PCNA-po-
sitive cells were decreased in the CSM-ATO
group compared to the cTACE-ATO group, TAE-
CSM group and control group at each time
point (all P<0.05) (Figure 2B). In addition, rep-
resentative images of apoptosis detected by
the TUNEL assay (peak at 12 h) and PCNA
expression by IHC staining (peak at 14 d) in
tumor tissue of the four groups are shown in
Figure 2C. These data indicated that ATO-
loaded CSM by TACE promoted tumor apopto-
sis while inhibiting proliferation in VX2 liver
tumor rabbits.

HIF-1a and VEGF expression after treatment

HIF-1a mRNA expression was decreased in the
CSM-ATO group compared to the cTACE-ATO
group at 7 d (P<0.05) compared to the TAE-
CSM group at 3 d, 7 d and 14 d (all P<0.05);
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however, it was increased in the CSM-ATO
group compared to the control group at each
time point (all P<0.001) (Figure 3A). HIF-1a-
positive cells were also reduced in the CSM-
ATO group compared to the cTACE-ATO group
at 14 d and the TAE-CSM group at 7 d (both
P<0.05), while they were increased in the CSM-
ATO group compared to the control group at
each time point (all P<0.001) (Figure 3C). VEGF
mMRNA expression was decreased in the CSM-
ATO group compared to both the cTACE-ATO
group and TAE-CSM group at 3d, 7dand 14 d
(all P<0.01), while it was elevated in the CSM-
ATO group compared to the control group at
each time point (all P<0.001) (Figure 3B).
Meanwhile, the VEGF IHC score was also de-
creased in the CSM-ATO group compared to
the cTACE-ATO group and TAE-CSM group at 12
h, 3 d and 7 d (all P<0.05); however, it was
increased in the CSM-ATO group compared to
the control group at 12 h (P<0.01) and 3 d
(P<0.001) (Figure 3D). In addition, representa-
tive images of HIF-1a (peak at 3 d) and VEGF
(peak at 12 h) expression by IHC staining in
tumor tissue of the four groups are shown in
Figure 3E. These data suggested that ATO-
loaded CSM by TACE suppressed tumor angio-
genesis in VX2 liver tumor rabbits.

MVD and MMP9 expression after treatment

For MVD, no difference was found between the
CSM-ATO group and cTACE-ATO group at any
time point (all P>0.05); however, it was de-
creased in the CSM-ATO group compared to
the TAE-CSM group at 3 d, 7 d and 14 d (all
P<0.001), while it was increased in the CSM-
ATO group compared to the control group at 7 d
and 14 d (both P<0.001) (Figure 4A). The
MMP-9 IHC score was reduced in the CSM-
ATO group compared to the cTACE-ATO group,
TAE-CSM group and control group at 3 d, 7 d
and 14 d (all P<0.05) (Figure 4B). In addition,
representative images of MVD (peak at 14 d)
and MMP-9 (peak at 14 d) expression by IHC
staining in tumor tissue of the four groups are
shown in Figure 4C. These data further reveal-
ed that ATO-loaded CSM by TACE suppressed
tumor angiogenesis and metastatic potential
in VX2 liver tumor rabbits.

Epithelial-mesenchymal transition (EMT) after
treatment

Twist MRNA expression was decreased in the
CSM-ATO group compared to the cTACE-ATO

Am J Transl Res 2020;12(9):5511-5524



ATO-loaded CSM in TACE-treated liver tumors

>
(oy)

100

80

60

at 14d (%)

40

Percentage of cases

20

Tumor volume at 14d (cm®)

I Control

I TAE-CSM
Bl cTACE-ATO
HEl CSM-ATO

@)

Accumulating survival (%)

20- CSMATO va. cTACEATO, NS

1004 —— Control

~— TAE-CSM
80

—— CTACE-ATO
60 —— CSM-ATO
40

CSM-ATO ve. TAE-CSM, mw

CSM-ATO vs. Cortrel,

0 T T T 1
0 10 20 30 40

Days

Figure 1. Comparisons of tumor volume, metastasis status, ascites, and accumulating survival among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. A:
Comparison of tumor volume in VX2 liver tumor rabbits among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. B: Comparison of metastasis status and
ascites in VX2 liver tumor rabbits among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. C: Comparison of accumulating survival in VX2 liver tumor rabbits
among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. 14 d: 14 days; CSM: CalliSpheres® microspheres; ATO: arsenic trioxide; cTACE: conventional transar-
terial chemoembolization; TAE: transcatheter arterial embolization; **, P<0.01; *, P<0.05; NS, not significant.
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Figure 2. Comparisons of the tumor apoptosis rate and PCNA-positive cells among the CSM-ATO, cTACE-ATO, TAE-
CSM, and control groups. A: Comparison of the tumor apoptosis rate in VX2 liver tumor rabbits among the CSM-ATO,
cTACE-ATO, TAE-CSM, and control groups. B: Comparison of tumor PCNA-positive cells in VX2 liver tumor rabbits
among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. C: Example images of the TUNEL assay (peak at 12
h) and PCNA expression detection by IHC staining (peak at 14 d) in the four groups. 12 h: 12 hours; 3 d: 3 days; 7
d: 7 days; 14 d: 14 days; CSM: CalliSpheres® microspheres; ATO: arsenic trioxide; cTACE: conventional transarterial
chemoembolization; TAE: transcatheter arterial embolization; PCNA: proliferating cell nuclear antigen; TUNEL: termi-
nal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling; IHC: immunohistochemical; ***, P<0.001;
** P<0.01; *, P<0.05; NS, not significant.

group, TAE-CSM group and control group at 7 d TAE-CSM group at 7 d and 14 d (both P<0.05);
and 14 d (all P<0.05) (Figure 5A). E-Cadherin meanwhile, they were reduced in the CSM-
MRNA expression was promoted in the CSM- ATO group compared to the control group at
ATO group compared to the cTACE-ATO group each time point (all P<0.05) (Figure 6A). For E-
at 7 d and 14 d (both P<0.001); compared to cadherin-positive cells, these were enhanced
the TAE-CSM group at 3 d (P<0.05), 7 d (P< in the CSM-ATO group compared to the cTACE-
0.001) and 14 d (P<0.001); and compared to ATO group and TAE-CSM group at 7 d and 14 d
the control group at each time point (all P< (all P<0.05); meanwhile, these cells were in-
0.05) (Figure 5B). N-Cadherin mRNA expres- creased in the CSM-ATO group compared to
sion was decreased in the CSM-ATO group the control group at 3 d, 7 d and 14 d (all
compared to the cTACE-ATO group, TAE-CSM P<0.001) (Figure 6B). For N-cadherin-positive
group and control group at 7 d and 14 d (all cells as well as vimentin-positive cells, both
P<0.05) (Figure 5C). Vimentin mRNA expres- were decreased in the CSM-ATO group com-
sion was reduced in the CSM-ATO group com- pared to the TAE-CSM group and cTACE-ATO
pared to the cTACE-ATO group and TAE-CSM group at 7 d and 14 d (all P<0.05), and they
group at 7 d and 14 d (all P<0.05) and com- were reduced in the CSM-ATO group compared
pared to the control group at 3 d (P<0.05), 7 d to the control group at 3 d, 7 d and 14 d (all
(P<0.01) and 14 d (P<0.001) (Figure 5D). P<0.05) (Figure 6C, 6D). In addition, represen-

tative images of twist (peak at 14 d), E-cad-
Furthermore, IHC staining was also perform- herin (peak at 14 d), N-cadherin (peak at 14 d)
ed. Twist-positive cells were decreased in the and vimentin (peak at 14 d) expression by IHC
CSM-ATO group compared to the cTACE-ATO staining in tumor tissue of the four groups are
group at 14 d (P<0.05) and compared to the shown in Figure 6E. These data suggested that
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Figure 3. Comparisons of HIF-1a and VEGF among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. A: Com-
parison of tumor HIF-1a mRNA expression in VX2 liver tumor rabbits among the CSM-ATO, cTACE-ATO, TAE-CSM,
and control groups. B: Comparison of tumor VEGF mRNA expression in VX2 liver tumor rabbits among the CSM-ATO,
cTACE-ATO, TAE-CSM, and control groups. C: Comparison of tumor HIF-1a-positive cell liver tumor rabbits among the
CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. D: Comparison of tumor VEGF IHC scores in VX2 liver tumor rab-
bits among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. E: Example images of HIF-1a (peak at 3 d) and
VEGF (peak at 12 h) expression detected by IHC staining in the four groups. 12 h: 12 hours; 3 d: 3 days; 7 d: 7 days;
14 d: 14 days; HIF-1a: hepatocyte growth factor-1o; VEGF: vascular endothelial growth factor; CSM: CalliSpheres®
microspheres; ATO: arsenic trioxide; cTACE: conventional transarterial chemoembolization; TAE: transcatheter arte-
rial embolization; IHC: immunohistochemical; ***, P<0.001; **, P<0.01; *, P<0.05; NS, not significant.

ATO-loaded CSM by TACE inhibited tumor EMT ing lesion had no blood supply, indicating thor-
in VX2 liver tumor rabbits. ough embolism (Supplementary Figure 1B). At

1 d after treatment, the singular embolism
lllustration of CSM-ATO treatment example microsphere remained round in the peritumor

vessel (long arrow), and the red blood cells in
At 16 d after tumor construction, the parenchy- the vessel gathered and formed a thrombus
mal phase of hepatic arteriography revealed a (short arrow). Additionally, inflammatory cell in-
space-occupying lesion with rich blood supply filtration was found around the vessel. Mean-
in the left lateral lobe of the liver (black arrow) while, peripheral liver tissue and tumor tissue
(Supplementary Figure 1A). After the adminis- (marked as T) showed extensive necrosis and
tration of ATO-loaded CSM by TACE, hepatic bleeding (Supplementary Figure 1C). At 14 d
arteriography revealed that the space-occupy- after treatment, several embolism microsph-
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by IHC staining in the four groups. 12 h: 12 hours; 3 d: 3 days; 7 d: 7 days; 14 d: 14 days; MVD: microvessel density;
MMP-9: matrix metalloproteinase 9; CD31: cluster of differentiation 31; CSM: CalliSpheres® microspheres; ATO: ar-
senic trioxide; cTACE: conventional transarterial chemoembolization; TAE: transcatheter arterial embolization; IHC:
immunohistochemical; ***, P<0.001; **, P<0.01; *, P<0.05; NS, not significant.
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Figure 5. Comparisons of twist, E-cadherin, N-cadherin, and vimentin mRNA expression among the CSM-ATO, cTACE-
ATO, TAE-CSM, and control groups. A: Comparison of tumor twist mMRNA expression in VX2 liver tumor rabbits among
the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. B: Comparison of tumor E-cadherin mRNA expression in
VX2 liver tumor rabbits among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups. C: Comparison of tumor N-
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cadherin mRNA expression in VX2 liver tumor rabbits among the CSM-ATO, cTACE-ATO, TAE-CSM, and control groups.
D: Comparison of tumor vimentin mRNA expression in VX2 liver tumor rabbits among the CSM-ATO, cTACE-ATO, TAE-
CSM, and control groups. 12 h: 12 hours; 3 d: 3 days; 7 d: 7 days; 14 d: 14 days; CSM: CalliSpheres® microspheres;
ATO: arsenic trioxide; cTACE: conventional transarterial chemoembolization; TAE: transcatheter arterial emboliza-
tion; *** P<0.001; **, P<0.01; *, P<0.05; NS, not significant.
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*, P<0.05; NS, not significant.
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eres were compressed into bead bunches, and
residual tumor tissue (marked as T) was found
in the tumor foci (Supplementary Figure 1D). A
liver specimen from a rabbit sacrificed 14 d
after treatment is shown in Supplementary
Figure 1E in which part of the liver presented
necrosis (short arrow), and no metastatic le-
sion was found in the liver. The tumor tissue
was cut along the largest diameter, and a small
amount of peripheral tumor tissue was alive

(long arrow) (Supplementary Figure 1F).

Discussion

In the present study, we investigated the treat-
ment effect of ATO-loaded CSM by TACE in VX2
liver tumor rabbits and found that (1) ATO-
loaded CSM by TACE suppressed tumor growth,
metastasis, and ascites and increased accu-
mulating survival; (2) ATO-loaded CSM by TACE
repressed angiogenesis; and (3) ATO-loaded
CSM by TACE inhibited EMT and metastatic
potential.

TACE is listed as the first-line therapy for pati-
ents with intermediate-stage HCC and uses dif-
ferent drug carriers (including lipiodol (cTACE)
or microspheres (DEB-TACE)) to deliver chemo-
therapy agents (such as doxorubicin) and exerts
ischemic effects of embolization on the tumor
site, resulting in a good therapeutic effect [2]. A
previous study identified cTACE as an appropri-
ate treatment with good efficacy to prolong the
overall survival of patients with HCC [18]. How-
ever, the agent administered with cTACE is rele-
ased abruptly, which amplifies the side effects
of the therapeutic agent and further potentially
limits the application of cTACE in patients with
HCC, especially in fragile patients (such as
Child-Pugh B patients) [19]. As one of the strat-
egies to improve cTACE, DEB-TACE is able to
release the absorbed agent more stably and
persistently. According to a previous study in
VX2 liver cancer rabbits, doxorubicin-loaded
DEB-TACE results in vast tumor necrosis; me-
anwhile, a high tumor concentration but a low
plasma concentration of doxorubicin is obser-
ved, and the doxorubicin level remains at its
peak until 7 d after treatment [5]. Hence, DEB-
TACE might possess a broader application pro-
spective to treat HCC than cTACE.

ATO, an inorganic compound, has been used to
treat diseases for 2000 years, and it has been
identified to suppress the progression of HCC
[20]. For instance, a recent study revealed that
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ATO represses the expression of cyclin B1 to
induce G2/M checkpoint arrest, which further
hampers the repair of damaged DNA and thus
promotes apoptosis in the HCC cell line HepG2
[21]. Meanwhile, ATO inhibits VEGF mRNA and
protein expression in MHCC97-H cells, and it
promotes de novo ceramide synthesis to sup-
press MMP-9 expression in HCCLM3 cells,
thereby suppressing the angiogenesis and in-
vasion of HCC [22, 23]. Moreover, ATO down-
regulates twist expression in the tumor tissue
of xenografted liver tumor rats and further in-
hibits tumor invasion as well as distant metas-
tasis [15]. Thus, these studies indicate that
ATO impairs HCC progression by inducing ap-
optosis while suppressing angiogenesis, inva-
sion and metastasis. However, ATO could indu-
ce systematic toxicity, which restricts its appli-
cation in treating HCC, and balancing the sys-
tematic toxicity and the treatment effect of
ATO might realize its application in treating
HCC. Notably, one previous study revealed that
ATO administration through cTACE shows less
hepatic as well as renal toxicity and enhanced
treatment efficacy in VX2 liver tumor rabbits
than direct ATO administration (transarterial or
intravenous injection) [12]. Considering the
advantage of DEB-TACE over cTACE, using CSM
(which possesses high drug loading efficiency
and stable release profile [24]) to load ATO and
administer it by TACE might further amplify the
treatment effect and lower the systematic tox-
icity of ATO in patients with HCC.

In our previous study, we found that ATO-load-
ed CSM by TACE maintained a high level of
ATO in the tumor and a low level of ATO in plas-
ma, kidney and lung by the sustained intratu-
moral release of ATO, and no difference was
found in drug tolerance or kidney/liver impair-
ment between ATO-loaded CSM by TACE and
other treatments [13]. In this study, we fur-
ther explored the effect of ATO-loaded CSM by
TACE on tumor progression in VX2 liver tumor
rabbits and found that ATO-loaded CSM by
TACE greatly suppressed tumor growth, metas-
tasis in multiple sites, and ascites and pro-
longed the accumulating survival of rabbits,
which could be explained by the persistent
high intratumoral level of ATO suppressing
tumor growth, epithelial-mesenchymal transi-
tion (EMT)-related pathways and angiogenesis
while promoting apoptosis (mentioned below)
to hamper tumor growth as well as metastasis,
which further resulted in prolonged survival of
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VX2 liver tumor rabbits. In addition, we discov-
ered that ATO-loaded CSM by TACE inhibited
proliferation while promoting apoptosis in
tumors. A possible explanation might be that
the persistent high intratumoral concentration
of ATO induced cell cycle arrest, impeded DNA
repair and promoted apoptosis to suppress the
proliferation of HCC cells [21]. However, the
effect of ATO-loaded CSM by TACE on cell pro-
liferation should be further verified by KI67
detection in tumor tissues, and drug toxicity
should also be investigated. In this study, we
only used CSM to evaluate ATO administration
by DEB-TACE, and further studies using micro-
spheres from different brands could be inves-
tigated.

HIF-1a and VEGF are two vital regulators that
promote angiogenesis in solid tumors includ-
ing HCC [19]. After cTACE treatment, HIF-1a
expression has been reported to be upregulat-
ed by hypoxia in residual tumor tissue; more-
over, it increases VEGF expression to enhance
angiogenesis and accelerate the progression
of residual tumors, eventually boosting recov-
ery or even metastasis of tumor lesions [25]. In
the present study, the data showed that ATO-
loaded CSM by TACE increased HIF-1a and
VEGF expression as well as MVD in VX2 liver
tumor rabbits, which could be explained by
hypoxia in tumors after treatment increasing
HIF-1a, thus enhancing VEGF expression and
further promoting angiogenesis [19]. In addi-
tion, we also found that ATO-loaded CSM by
TACE had less effect on promoting HIF-1a and
VEGF expression as well as MVD than cTACE. A
possible explanation might be that the persis-
tent high level of ATO in tumors attenuated the
increase in HIF-1a and VEGF expression caus-
ed by hypoxia, which further suppressed angio-
genesis and thus reduced MVD in tumor tissue
after treatment [22].

EMT is a critical biological process that partici-
pates in the regulation of migration and inva-
sion of HCC [26]. Among the regulators of EMT,
the transition of cadherin is also vital in which
the transition of E-cadherin towards N-cadherin
induces the acquisition of a fibroblast-like phe-
notype in tumor cells and further promotes
their invasiveness and metastasis ability [27].
Moreover, Twist and its downstream target
vimentin participate in the regulation of several
key signaling pathways, including EMT, to pro-
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mote the progression of cancers [28, 29]. In
this study, we found that ATO-loaded CSM by
TACE decreased N-cadherin, twist and vimen-
tin expression while increasing E-cadherin
expression in the tumor tissues of VX2 liver
tumor rabbits, which could be explained by the
following: (1) the sustained high level of ATO
inhibited the phosphorylation of STAT3 to pro-
mote E-cadherin while suppressing N-cadherin
expression [30]; and (2) the persistent high
level of ATO in tumors suppressed the activity
of twist, which further decreased vimentin ex-
pression. In addition, ATO-loaded CSM by TACE
also suppressed MMP-9 expression, which fur-
ther illustrated the inhibitory effect of ATO-
loaded CSM by TACE on metastasis.

To the best of our knowledge, this study was
the first to evaluate the treatment effect of
ATO-loaded CSM by TACE in liver tumor-bearing
animals; however, several issues in this study
should be clarified. First, according to previous
studies, the dose of ATO varies from 0.5-5 mg/
kg in a liver tumor rabbit model [12, 13]. We
chose the dose of ATO at 0.5 mg/kg for the fol-
lowing two reasons: (1) the drug-loaded micro-
spheres used in this study presented with good
embolization effect; thus, a lower dose of ATO
was more appropriate for this study; and (2)
considering the safety of experimental ani-
mals, the dose of the chemotherapeutic agent
should be minimized under the premise of
acquiring reliable data; therefore, we finally
chose 0.5 mg/kg ATO after performing a pre-
liminary experiment (data not shown). Second,
the literature and standards on evaluating the
prognosis of tumor-bearing animals after DEB-
TACE treatment were relatively limited; thus,
we chose the tumor volume at 14 d after treat-
ment to evaluate the effect of different thera-
pies on tumor progression. Further studies veri-
fying our results in other tumor-bearing animal
models and determining the effect of ATO-
loaded CSM by TACE on signaling pathways are
encouraged.

To conclude, ATO-loaded CSM by TACE exerts
good antitumor effects, as shown by the de-
crease in tumor growth, angiogenesis, and
metastasis and the prolongation of the accu-
mulating survival in VX2 liver tumor rabbits,
which indicates that ATO-loaded CSM by TACE
might be a potential therapy for HCC. However,
more studies are needed to further validate
this conclusion.
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Supplementary Figure 1. Representative images of CSM-ATO treatment. A: The parenchymal phase of hepatic arte-
riography of tumors in VX2 liver tumor rabbits at 16 d after tumor construction. B: The parenchymal phase of hepatic
arteriography of tumors in VX2 liver tumor rabbits after treatment. C: The morphology of CSM beads in the peritumor
vessels of VX2 liver tumor rabbits at 1 d after treatment. D: The morphology of CSM beads in the peritumor vessels
of VX2 liver tumor rabbits at 14 d after treatment. E: The liver specimens of VX2 liver tumor rabbits at 14 d after
treatment. F: Tumor specimens (cut by the maximum diameter) of VX2 liver tumor rabbits at 14 d after treatment.
CSM: CalliSpheres® microspheres; ATO: arsenic trioxide; T: tumor tissue.



