
© Journal of Gastrointestinal Oncology. All rights reserved.   J Gastrointest Oncol 2021;12(4):1732-1742 | https://dx.doi.org/10.21037/jgo-21-4

Original Article

Synergistic effects of arsenic trioxide combined with Salmonella 
typhimurium in treating the advanced hepatocellular carcinoma in 
rat models

Qing Zhao, Ying Wang, Wen-Tao Li

Department of Interventional Radiology, Fudan University Shanghai Cancer Center, Shanghai, China

Contributions: (I) Conception and design: WT Li; (II) Administrative support: WT Li; (III) Provision of study materials or patients: Q Zhao; (IV) 

Collection and assembly of data: Q Zhao, Y Wang; (V) Data analysis and interpretation: Q Zhao; (VI) Manuscript writing: All authors; (VII) Final 

approval of manuscript: All authors.

Correspondence to: Wen-Tao Li, PhD. Department of Interventional Radiology, Fudan University Shanghai Cancer Center, No.270 Dongan Road, 

Shanghai 200032, China. Email: shcc3844@163.com.

Background: To evaluate the safety and efficacy of arsenic trioxide (ATO) combined with VNP20009 in 
treating the advanced hepatocellular carcinoma (HCC). 
Methods: The proliferation assay, migration assay and real-time PCR analyses were performed to assess the 
impact of ATO combined with VNP20009 on the McA-RH7777 cells. Forty Buffalo rats were orthotopically 
implanted with HCC in the livers and randomly divided into four groups: (A) ATO plus VNP20009; (B) 
ATO; (C) VNP20009; and (D) control. ATO (2 mg/kg) was administered by peritoneal injection once a 
day and continued for five days. VNP20009 (about 1×107 CFU) was directly injected into the tail vein. 
MRI examinations were performed to access the tumor responses one and 2 weeks later, respectively. Micro 
CT scans of chest were performed to assess the lung metastases. Hematoxylin-eosin (HE) staining and 
immunohistochemical analyses were performed to analyze the tumor tissues.
Results: In the in vitro experiments, VNP20009 suppressed the proliferation of McA-RH7777 cells, 
attenuated their migration ability, and weakened the potential of metastases. MRI examinations showed 
that the mean residual tumor volumes of ATO plus VNP20009 group on the 7th day and 14th day after the 
administration of ATO combined with VNP20009 were significantly smaller than those of other groups. 
Micro CT scans revealed that the lung metastases rates of ATO plus VNP20009 group and VNP20009 
group were significantly lower than those of other groups. Immunohistochemical analyses displayed that the 
levels of VEGF and Vimentin in the tumors of ATO plus VNP20009 group were obviously lower than those 
of other groups. The median survival of rats in the ATO plus VNP20009 group was longer than those of 
other groups.
Conclusions: The strategy of ATO combined with VNP20009 was safe and had a potential to inhibit 
tumor growth, decrease the lung metastases, and prolong the overall survival in treating the advanced HCC. 
The two complementary interventions may have synergistic effects.
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Introduction

Hepatocellular carcinoma (HCC) is the most common 
primary liver cancer. Worldwide, liver cancer ranks sixth 
in terms of incident cases and is one of the most lethal 
tumors (1). Arsenic trioxide (ATO) is an ingredient of the 
traditional Chinese medicinal arsenic, which has shown 
satisfactory efficacy in treating myelogenous leukemia (2). 
In recent years, it was reported that ATO might serve as an 
effective agent in the therapy of HCC (3,4). However, since 
the agent is transported to tumor issues through blood flow, 
its anti-tumor efficacy may be limited within the poorly 
vascularized compartments of tumors. Besides, the hypoxia 
due to ischemia may promote the resistance of ATO in the 
advanced HCC (5). Therefore, complementary approaches 
are required to improve the efficacy of ATO in treating the 
advanced HCC. 

Anaerobic bacterium has the potential to treat the 
hypoxic area of tumors. More than 100 years ago, physicians 
found that tumors regressed in some cancer patients 
suffering from the bacterial infection (6,7). Since then, 
various bacterial strains had been investigated as anti-tumor 
agents (8). In the past few years, much attention had been 
attracted on cancer treatment using the anaerobic bacteria 
of Salmonella typhimurium (9-11). VNP20009, which is a 
genetically modified strain of Salmonella typhimurium with 
attenuated virulence and reduced risk of septic shock, is a 
kind of facultative anaerobia. As a kind of tumor-targeting 
anaerobia, VNP20009 is capable of colonizing the hypoxic 
tumor tissues and exerting adverse influence on the tumor 
microenvironment. VNP20009 had been investigated as 
a safe and effective anticancer agent in quite a few animal 
experiments and clinical trials (9,12). Therefore, the 
mechanisms of ATO and VNP20009 in treating tumor may 
be complementary. 

To our knowledge, there are no previous studies that have 
investigated the strategy of ATO combined with VNP20009 
in treating cancers. This study aimed to evaluate the safety 
and efficacy of ATO combined with VNP20009 in treating 
the advanced HCC in rat models. We present this study in 
accordance with the ARRIVE reporting checklist (available 
at https://dx.doi.org/10.21037/jgo-21-4).

Methods

Experiments were performed under a project license (No. 
FUSCC-IACUC-S20190337) granted by institutional 
ethics board of Fudan University Shanghai Cancer Centre, 

in compliance with Fudan University guidelines for the care 
and use of animals.

Cell line, bacteria

In our study, the cell line of McA-RH7777 was used, which 
was a kind of HCC of Buffalo rat. Its biological property 
was very similar with that of the human HCC (13). The 
cell line of McA-RH7777 was obtained from the American 
Type Culture Collection (no. CRL1601; ATCC, Manassas, 
VA, USA). Dulbecco’s Modified Eagle’s Medium (DMEM, 
Thermo Fisher Scientific, Waltham, MA, USA) including 
1% streptomycin and penicillin as well as 10% fetal bovine 
serum was utilized to incubate the tumor cells. The cell 
line was cultured at 37 ℃ in 5% CO2. The bacteria of 
VNP20009 (ATCC 202165, Manassas, USA) was prepared 
as previously reported (14). 

Cell proliferation assays

CCK-8 kits were used to evaluate the influence of ATO 
combined with VNP20009 on cell proliferation according 
to the instructions. VNP20009 (1×106 per well) and/or 
ATO (2 mg/L) were added to McA-RH7777 cells when the 
cell density was 1×104 per well in 96-well plates. The cells 
were incubated in a humidified incubator set at 37 ℃ and 5% 
CO2 for 72 hours. 

Migration assays

Transwell chambers (Corning, USA) were used to assess 
the impact of VNP 20009 in combination with ATO on 
the McA-RH7777 cells. The cell counting was performed 
before and after the migration assays. McA-RH7777 cells 
were plated at a density of 1×104 cells per well in 96-well 
plates. VNP 20009 (1×106 per well) and ATO (2 mg/L) 
were added to the cells, which were incubated for 12 hours. 

Real-time PCR analyses

McA-RH7777 cells were seeded at a density of 1×104 cells 
per well in 96-well plates. The cells were incubated with 
VNP 20009 (1×106 per well) and/or ATO (2 mg/L) for  
1 hour. After being extracted from the infected cells by the 
TRIzol reagent (Invitrogen, Carlsbad, USA), the RNAs 
were reverse transcribed into cDNA using a M-MLV qPCR 
Kit (Invitrogen, Carlsbad, USA).

https://dx.doi.org/10.21037/jgo-21-4
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Animal models

All animal experiments were ethically approved by our 
institute. The Buffalo rats (8 weeks, male, 80–100 g, Charles 
River Laboratories, Wilmington, USA) were selected for 
in vivo experiments in this study. All the operations were 
performed under anesthesia. The rats were anaesthetized 
by intravenous injection with 2% pentobarbital sodium at 
a dose of 30 mg/kg. To obtain the solid tumor of HCC for 
establishing rat models, McA-RH7777 cells (about 1×106) 
were subcutaneously injected into the inguinal area of a 
Buffalo rat. Three weeks later, the tumor was excised and 
cut into fragments (about 1 mm3) when it grew to be as 
large as 1 cm in diameter. To establish the orthotopic HCC 
animal models, abdominal incisions were made along the 
upper midline of rats to expose the livers. Then, the tumor 
fragments were implanted in the left lobes of livers under 
the scope of a magnification microscope (Nikon, Tokyo, 
Japan) (15). After sewing up the incisions, animals were sent 
back to the cages and had free access to the diet. 

Bacterial infection and ATO administration

Three weeks after the orthotopic implantation of HCC 
fragments, MRI (3.0 T, Magnetom avanto, Siemens, 
Germany) examinations were performed to evaluate the 
tumor growth, as MRI owned higher per-lesion sensitivity 
than multidetector CT and was supposed as the preferred 
imaging modality for the diagnosis of HCC (16). Forty rats 
with liver tumors measuring about 1 cm in diameter were 
selected for the following experiments. The animals were 
randomly divided into four groups (10 rats each group): (A) 
ATO plus VNP20009; (B) ATO; (C) VNP20009; and (D) 
control. The bacteria of VNP20009 (about 1×107 CFU/mL) 
was directly injected into the tail veins of rats in the (A) and 
(C) groups. ATO was administered (2 mg/kg/day, once a 
day for 5 days) by the means of intraperitoneal injection for 
the (A) and (B) groups. The dose of ATO in this study was 
chosen according to the instructions of clinically available 
ATO products. The control group received administration 
of equivalent phosphate buffered saline (PBS).

Analyses of anti-tumor efficacy 

MRI were utilized to evaluate tumor responses on the 7th 
day and 14th day after the administration of ATO and 
VNP20009, respectively. The following formula was used to 
calibrate the tumor volumes: (length × width2)/2 (17). Since 

CT was considered as the cornerstone of imaging studies in 
the evaluation of lung cancer (18), micro-CT scans of chest 
were performed to access the metastatic progression two 
weeks after the administration of ATO and VNP20009. Five 
rats of each group were sacrificed in the method of cervical 
dislocation after undergoing the micro-CT scans. Death of 
rats were confirmed by lack of heartbeat, respiratory arrest, 
and lack of reflex. The remaining animals were observed 
for survival research. When the weight of rat decreased by 
nearly 20% or the rat had serious difficulties in moving, 
eating, and drinking due to the tumor load with or without 
the bacterial infection, euthanasia was performed by cervical 
dislocation to reduce the suffering. 

Hematoxylin-eosin (HE) staining and 
immunohistochemical analysis 

After the rats were sacrificed, tumors were dissected and 
fixed with 4% formaldehyde. Immunohistochemical 
analysis and HE staining were performed to pathologically 
analyze the tumor tissues complying with the standardized 
pathologic procedures and instructions (19). Sections were 
observed under the microscope by two pathologists with at 
least 5-year experience independently. 

Statistical analyses

S-N-K method (one-way ANOVA) was utilized to 
process the comparison between groups after validating 
the assumption of normality. Kaplan-Meier (Log rank 
and Breslow) methods were used to compute the survival 
analyses. Statistical Package for the Social Sciences (SPSS) 
program (version 23.0; IBM, Armonk, USA) was used to 
process the data. The criterion for significance was set as 
P<0.05.

Results

In vitro experiments

In the in vitro experiments, the cell proliferation assay, 
migration assay and real-time PCR were performed to 
assess the impact of ATO combined with VNP20009 on 
McA-RH7777 cells. The cell proliferation assay showed 
that the viable cells of ATO plus VNP20009 group were 
evidently less than those of other groups (P<0.001). The 
viable cells of both ATO group and VNP20009 group were 
less than that of the control group (P<0.05), but there was 
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no significant difference between them (Figure 1).
In the migration assay, the cells that passed through the 

permeable membrane in ATO plus VNP20009 group were 
obviously less than those of other groups (P<0.05) (Figure 2),  
which suggested that ATO combined with VNP20009 
could impair the migration ability of McA-RH7777 cells.

Real-time PCR analyses revealed that both VEGF 
and Vimentin levels in ATO plus VNP20009 group and 
VNP20009 group were lower than those of other groups 
(P<0.05) (Figure 3). VEGF is a key factor in the process 
of angiogenesis, which serves to promote tumor growth 
and metastasis. Vimentin is not only a diagnostic marker 
but also a hematogenous metastasis predictor for various 
carcinomas. It was suggested that ATO combined with 
VNP20009 could weaken the metastatic ability of McA-
RH7777 cells.

Primary tumor growth suppression and metastases 
inhibition

To evaluate tumor responses to the joint therapy, all rats 
underwent MRI examinations on the 7th day and 14th 
day after the administration of ATO and VNP20009, 
respectively. MR images showed that the average viable 
tumor volume of ATO plus VNP20009 group was 
obviously smaller than those of other groups (Table 1, 
P<0.001; Figure 4). Since lungs are the most common sites 
for HCC metastases, the micro-CT scans of chest were 
representatively performed to assess the metastases. The 
CT scans on the 14th day after the procedure revealed that 
the ratios of rats with lung metastases to the total rats in 

the ATO plus VNP20009 group and VNP20009 group 
were significantly lower than those of other groups (0%, 
60%, 20%, and 80% for ATO plus VNP20009 group, ATO 
group, VNP20009 group and control group, respectively; 
P<0.001; Figure 5). Besides, there were no findings of other 
metastases on the imagines of MR of the 7th day and 14th 
day after the procedure.

Survival analysis 

The median survivals of animals in each group were as 
follows: ATO plus VNP20009 group 75.0±4.38 days, ATO 
group 57.0±1.10 days, VNP20009 group 52.0±1.10 days, 
and control group 30.0±2.19 days, respectively. The Kaplan-
Meier analyses demonstrated that the overall survival of 
ATO plus VNP20009 group was obviously longer than 
those of other groups (P<0.001; Figure 6). 

HE staining and immunohistochemical analyses 

The tumor tissues were presented for HE staining and 
immunohistochemical analyses. HE staining showed 
that the tumor cells of ATO plus VNP20009 group 
were obviously less than those of other groups (P<0.001;  
Figure 7). Immunohistochemical analyses displayed that 
Vimentin and VEGF levels in the ATO plus VNP20009 
group were distinctly lower than those of other groups 
(P<0.001; Figure 8).

Discussion

In this study, the strategy of ATO combined with 
VNP20009 in treating the advanced HCC was investigated. 
In the in vitro experiments, the results of proliferation assays 
and migration assays demonstrated that the combination of 
ATO and VNP20009 produced better effects of suppressing 
the cell proliferation and impairing the migration ability 
of McA-RH7777 cells than either ATO or VNP20009 
alone. The real-time PCR analyses revealed that ATO 
combined with VNP20009 could effectively downregulate 
the expression of VEGF and Vimentin. Both VEGF and 
Vimentin play important roles in the process of tumor 
metastases. So it was suggested that the combination 
therapy might exert an inhibitory influence on the tumor 
metastases. 

In the in vivo experiments, ATO mainly functioned in the 
well-oxygenated area of tumor to induce apoptosis and cell 
death, which could in turn create a favorable environment 

Figure 1 ATO combined with VNP20009 suppressed the 
proliferation of McA-RH7777 cells. CCK8 kit was used to assess 
the cell proliferation after the administration of ATO and/or 
VNP20009. The combination of ATO and VNP20009 had the 
strongest effect in terms of suppressing the proliferation of McA-
RH7777 cells.
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for anaerobia, while VNP20009 had the advantage of 
colonizing the anoxic area of tumor and exerting anti-
cancer properties. Thus, the combination of ATO and 
VNP20009 may produce a synergistic effect in treating 
the advanced HCC. The possible mechanisms of ATO in 
treating cancer include: down-regulation of genes BCL-
2; up-regulation of genes BAX, P16 and NM23; induction 
of tumor cell apoptosis; inhibition of cell proliferation, 
telomerase activity, and vascular endothelial growth factor; 
cytotoxic effects; and so on (20-22). 

The mechanisms underlying the function of VNP20009 
are very complex, which remain incompletely understood. 
In addition to direct toxicity to cancer cells, VNP20009 

may exert an impact on the immune system and tumor 
microenvironment, which thus can be considered as a 
kind of immunotherapy. Up to date, the findings point 
to the increased immunogenicity of tumors caused by 
the accumulation of bacteria within tumor tissues and 
the alterations of innate immune cells modulated by the 
bacterial therapy (11). 

The strategy of anaerobic bacterium combined with 
other modalities has been explored in several researches 
in literature. Avogadri et al. demonstrated that Salmonella 
in combination with low-dose radiotherapy could dampen 
tumor immune escape mechanisms and control the growth 
of distal established melanoma in a CD8+ T cell-dependent 

Figure 2 ATO combined with VNP20009 impaired the migration ability of McA-RH7777 cells. This experiment included four groups: 
(A) ATO plus VNP20009; (B) ATO; (C) VNP 20009; (D) Control. Transwell chambers were used to evaluate the migration ability in the 
experiment. The assay lasted for 12 hours. ATO combined with VNP20009 produced better effect in terms of impairing the migration ability 
of McA-RH7777 cells than either ATO or VNP20009 alone. *, P<0.05; **, P<0.01, magnification ×200. Crystal violet staining was used.
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manner (23). Dang et al. intravenously injected C. novyi-
NT spores together with conventional chemotherapeutic 
drugs such as dolastatin-10, mitomycin C, vinorelbine and 
docetaxel, producing extensive tumor necrosis and obvious 
anti-tumor effects (24). In our study, the results of MRI 
examinations also demonstrated that the combination 
of ATO and VNP20009 was more efficient than either 
VNP20009 or ATO alone in terms of suppressing tumor 
growth, which implied that a synergistic effect might 
be produced by the combination regime. The results of 
HE staining and immunohistochemical analyses were in 
accordance with this point. 

Another encouraging observation made in our study was 
that the micro-CT scans of chest revealed that VNP20009 
was capable of decreasing the rate of lung metastases. The 
possible mechanisms were related to the interaction between 

the bacteria and immune system. Chang et al. reported that 
Salmonella was able to convert an immunosuppressive tumor 
microenvironment into an immunogenic one by reducing 
the expression of immunosuppressive molecules (25). 
While tumor microenvironment has been proved to play an 
important role in the process of metastasis (26). 

Based on the analyses of MRI and micro-CT, VNP20009 
seemed to be more potent than ATO against HCC. 
However, it was noted that the median survival of animals 
appeared to be almost similar between the VNP20009 and 
ATO groups. There are several factors that may influence 
the survival of rats in the study. For example, as the number 
of rats in each group is relatively small, any accident deaths 
may exert an impact on the statistical result. Besides, one of 
the possible mechanisms of VNP20009 in treating tumors is 
suppressing tumor growth and metastasis by activating the 
systemic immune response. But excessive immune response 
can be harmful to the host if not be managed timely and 
properly, which may be an important factor influencing the 
survival of animals. It is necessary to further investigate this 
problem in the future.

The most common potential side effects of ATO are 
gastrointestinal damage and peripheral nerve impairment, 
such as nausea, vomit, impairing the liver function and 
renal function. In our study, no obvious decrease in physical 
activity and eating & drinking ability was observed in the 
rats of ATO group. The dose of ATO in this study was 
chosen according to the instructions of clinically available 
ATO products. It is a pity that the dose range of ATO for 

Figure 3 ATO combined with VNP20009 decreased the expression of Vimentin and VEGF in McA-RH7777 cells. (A,B) Real-time PCR 
analyses displayed that both Vimentin and VEGF levels were the lowest in the ATO plus VNP20009 groups. Vimentin and VEGF were 
important markers related to the metastases. So, it was suggested that the joint strategy of ATO and VNP20009 might inhibit the metastases 
by downregulating the expression of Vimentin and VEGF. *, P<0.05. 

1.5

1.0

0.5

0.0

R
el

at
iv

e 
va

lu
es

2.0

1.5

1.0

0.5

0.0

R
el

at
iv

e 
va

lu
es

AT
O +

 V
NP20

00
9

VNP20
00

9

Con
tro

l
AT

O

AT
O +

 V
NP20

00
9

VNP20
00

9

Con
tro

l
AT

O

Vimentin VEGF

*
* *

*

A B

Table 1 Mean tumor volume of each group on the 7th day and 14th 
day measured by MRI

Group
Tumor volume, mm3

7 d 14 d

ATO plus VNP20009 31.44±3.12 124.21±25.76

ATO 128.65±8.43 3,011.43±421.23

VNP20009 78.53±7.52 223.69±41.72

Control 200.91±32.45 4,186.85±427.74

The average tumor volume of ATO plus VNP20009 group was 
obviously smaller than those of other groups, P<0.001. 
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rats is not investigated in our study, which warrants further 
exploration in future study.

There are some limitations in our work. First, the 

number of subjects is relatively small. Second, the 
mechanisms of this strategy are not fully investigated. 
Further researches on the mechanisms involving such as 

Figure 4 ATO combined with VNP20009 inhibited tumor growth in rat models. To evaluate tumor responses to the joint therapy, all 
rats underwent MRI examinations on the 7th day and 14th day after the administration of ATO and VNP20009, respectively. The arrows 
pointed to the tumors in the livers of the rats. The viable tumor tissues were enhanced in the tumors. (Aa,Ba) ATO plus VNP20009; (Ab,Bb) 
ATO; (Ac,Bc) VNP20009; (Ad,Bd) Control. The mean viable tumor volume of ATO plus VNP20009 group was distinctly smaller than 
those of other groups. P<0.001. 
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Figure 5 Micro CT scans of chest were representatively performed to assess the metastases. The CT scans on the 14th day after the 
procedure revealed that the ratios of rats with lung metastases to the total rats in the ATO plus VNP20009 group and VNP20009 group 
were significantly lower than those of other groups (0%, 60%, 20%, and 80% for ATO plus VNP20009 group, ATO group, VNP20009 
group and control group, respectively; P<0.001). The arrows pointed to the lesions of lung metastases in the rats. (A) ATO plus VNP20009; (B) 
ATO; (C) VNP20009; (D) control. 
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immune system and apoptosis are required in the future. 
Third, in the context of joint therapy, further experiments 
to optimize the doses of agents and the intervals of each 

treatment are warranted. Last, the volume and weight of 
tumors were not measured after the rats were sacrificed in 
the study. It would be more impressive to display the gross 

Figure 6 ATO combined with VNP20009 might prolong the overall survival of animal models. The Kaplan-Meier analyses demonstrated 
that the overall survival of ATO plus VNP20009 group was obviously longer than those of other groups. P<0.001. 
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Figure 7 HE staining for tumor tissues. (A) ATO plus VNP20009; (B) ATO; (C) VNP20009; (D) Control. HE staining showed that the 
tumor cells of ATO plus VNP20009 group were obviously less than those of other groups, which were in accordance with the results of MRI 
analyses. *, P<0.001; magnification ×10.
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appearance of tumor tissues if the volume and weight of 
tumors were recorded.

Conclusions

In summary, this was an exploratory research and 
preliminary study to evaluate the synergistic effects of ATO 
combined with VNP20009 in treating the advanced HCC 
in rat models. This joint strategy is safe and effective and 
the two complementary interventions may have important 
synergistic effect. Further researches on the mechanisms of 
Salmonella typhimurium in treating cancer are warranted in 
the future.
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Figure 8 Immunohistochemical analyses for tumor tissues. (Aa,Ba) ATO plus VNP20009; (Ab,Bb) ATO; (Ac,Bc) VNP20009; (Ad,Bd) 
Control. The levels of VEGF and Vimentin in the tumors of ATO plus VNP20009 group were significantly lower than those of other 
groups, which were in compliance with the results of real-time PCR analyses. *, P<0.001; magnification ×30.
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to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved. Experiments 
were performed under a project license (NO. FUSCC-
IACUC-S20190337) granted by institutional ethics board of 
Fudan University Shanghai Cancer Centre, in compliance 
with Fudan University guidelines for the care and use of 
animals.
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