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Abstract

Background: 3-Nitro-4-hydroxy phenyl arsenic acid, roxarsone, is widely used as an organic arsenic feed additive for
livestock and poultry, which may increase the level of arsenic in the environment and the risk of exposure to arsenic in
human. Little information is focused on the angiogenesis roxarsone-induced and its mechanism at present. This paper
aims to study the role of PI3K/Akt signaling in roxarsone-induced angiogenesis in rat vascular endothelial cells and a
mouse B16-F10 melanoma xenograft model.

Results: The results showed that treatment with 0.1-10.0 umol/L roxarsone resulted in an increase in the OD rate

in the MTT assay, the number of BrdU-positive cells in the proliferation assay, the migration distance in the scratch
test and the number of meshes in tube formation assay. Further, treatment with 1.0 umol/L roxarsone was associated
with significantly higher phosphorylation of PI3K/Akt and expression of VEGF than the control treatment. The PI3K
inhibitor was found to significantly combat the effects of 1.0 umol/L roxarsone. Furthermore, roxarsone treatment was
observed to increase the weight and volume of B16-F10 xenografts and VEGF expression and PI3K/Akt phosphoryla-

tion in a dose-dependent manner, with the 25 mg/kg dose having significant effects.

Conclusions: These results demonstrate that roxarsone has the ability to promote growth and tube formation in
vascular endothelial cells and the growth of mouse B16-F10 xenografts. Further, the findings also indicate that
PI3K/Akt signaling plays a regulatory role in roxarsone-induced angiogenesis in vivo and in vitro.
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Background

3-Nitro-4-hydroxy phenyl arsenic acid, also known as
roxarsone, is widely used as an organic arsenic feed addi-
tive for livestock and poultry. Only a small amount of
roxarsone that in ingested in animals is absorbed by
the body, which means that the vast majority of roxar-
sone is excreted via the feces [1, 2]. Thus, the use of ani-
mal manure as an organic fertilizer is associated with an
increase in the level of arsenic in the environment and a
subsequent increase in the risk of arsenic exposure in
humans [3, 4]. There is a high correlation between the
level of arsenic in environment and the risk of human
cancers including skin, bladder, lung, and liver cancers [5].
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Arsenic has been identified as a type II carcinogen by
the International Agency for Research on Cancer [6]. On
the other hand, certain arsenic compounds have been
approved by the Food and Drug Administration for the
treatment of some blood cancers such as acute promye-
locytic leukemia and their efficacy has been evaluated in
clinical trials of the treatment of multiple myelomas and
a variety of solid tumors [7]. Arsenic is known to have
a biphasic impact on angiogenesis: that is, it promotes
angiogenesis at low levels and inhibits angiogenesis at
high levels. This may explain the controversial biological
effects of arsenic on cancers. For example, Nicole et al.
[8] suggested that the levels used clinically to treat leu-
kemia may not be suitable for treating solid tumors, since
the therapeutic levels for leukemia may enhance solid
tumor growth instead of limiting it.

Roxarsone is widely used as a growth promoter to
improve weight gain, feed efficiency and pigmentation
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in chicken and pigs. The mechanism by which roxar-
sone increases productivity is not yet clear, but increased
blood supply (venous stasis) is recognized as a factor that
promotes coloration [9]. Basu et al. [10] reported that
low concentrations of roxarsone had a higher angiogenic
index than As™ in human aortic endothelial cells and
lung microvascular endothelial cells. Their results also
indicated that roxarsone and As"! promote the angio-
genic phenotype in human endothelial cells through their
distinct effects on signaling mechanisms. Our previous
studies have also demonstrated the potential of roxar-
sone to promote angiogenesis in vitro in rat endothelial
cells and ex vivo in rat aortic rings [11, 12]. Angiogene-
sis plays a pivotal role in the initiation of carcinogenesis
and tumor progression, vascular diseases and various
ischemic and inflammatory diseases [13-16]. The pro-
angiogenic effect of roxarsone may explain why arsenic
exposure is closely associated with the development of
many cancers [17].

Phosphatidylinositol-3-kinase (PI3K) is located at the
cell membrane; when it is activated by a number of recep-
tor tyrosine kinases, it initiates the signaling cascade via
phosphorylation of phosphatidylinositol-4,5-diphosphate
(PIP2), which leads to accumulation of phosphatidylino-
sitol-3,4,5-triphosphate (PIP3). This secondary lipid mes-
senger recruits Akt to the cell membrane, where Akt is
phosphorylated and regulates cellular processes by acti-
vating a number of substrates, such as the mammalian
target of rapamycin (mTOR), BclxL/Bcl-2-associated
death promoter (BAD), murine double minute (MDM?2)
and nuclear factor kB (NF-«B) [18, 19]. PI3K/Akt sign-
aling plays an important role in the events activated in
response to angiogenic signals including basement mem-
brane remodeling, tip cell migration and stalk cell prolif-
eration [20-22]. Additionally, the activation of PI3K/Akt
signaling can promote endothelial progenitor cell homing
to ischemic tissue in the brain and heart, which is crucial
for angiogenesis [23, 24].

Vascular endothelial growth factor (VEGEF) is widely
accepted as a primary inducer of angiogenesis [25]. Our
previous results indicated that a VEGF/VEGFR mecha-
nism may be involved in in vivo roxarsone-promoted
angiogenesis [12]. Since PI3K/Akt activation mediates
VEGF production and functions as a downstream signal
of VEGF/VEGFR [26-28], the in vivo inter-relationship
between VEGF and the PI3K/Akt pathway is complex,
and it would be interesting to examine if and how these
factors play a role in arsenic-induced angiogenesis.

Jiagiao et al. [11] reported that roxarsone appeared
to show the angiogenic potential in rat aorta endothe-
lial cells by cell proliferation assays and tube formation
assays. Only two events of angiogenesis were focused
on in their research, which may not fully investigate the
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roles of roxarsone on different periods. In this study,
the role of PI3K/Akt signaling in roxarsone-induced
angiogenesis in rat vascular endothelial cells (ECs) was
firstly investigated by evaluating growth, survival, migra-
tion and tube formation in these cells. Zhang et al. [12]
reported the promotion effect of roxarsone on growth
of the MCEF-7 xenograft tumors. As MCE-7 cells were
oestrogen-responsive and may not be optimal for inves-
tigating the effects of roxarsone on tumor growth so that
a xenograft model of B16—F10 cells in C57BL/6 mice was
investigated to understand the potential carcinogenic or
tumor-promoting risk of roxarsone.

Methods

Experimental animals and chemicals

Male Wistar rats (weighing ~250 g) and C57BL/6 mice
(weighing 20 £ 2 g) were obtained from the Center of
Comparative Medicine, Yangzhou University, China. The
animals were housed at 22 4+ 2 °C and under 55 + 5 %
relative humidity with a regular 12-h light/dark schedule.
Food and water were available ad libitum.

Roxarsone (Sigma-Aldrich, St. Louis, MO, USA) was
dissolved in 5 mL methanol and then diluted to 50 mL
with deionized water to obtain a 1.0 mM stock solution.
The working solution of 0.01-10.0 pM roxarsone was
made by further diluting the stock solution with incuba-
tion medium.

Sodium heparin and trypsin were purchased from
Sigma-Aldrich. Dulbecco’s modified Eagle medium
(DMEM), penicillin/streptomycin and fetal bovine
serum (FBS) were purchased from Gibco (Invitrogen,
Carlsbad, CA, USA). Recombinant rat VEGF,¢; was pur-
chased from Peprotech CO. (Rocky Hill, NJ, USA). The
PI3K inhibitor LY294002 was from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA). Growth Factor Reduced
Matrigel™ Matrix was purchased from BD Biosciences
(San Jose, CA, USA). Rabbit monoclonal PI3K, phospho-
PI3K, Akt and phospho-Akt antibodies were from Cell
Signaling Technology (Danvers, MA, USA). Rabbit poly-
clonal VEGF antibody, 5-bromo-2-deoxyUridine (BrdU)
and mouse monoclonal BrdU antibody were purchased
from Boster Biotechnology (Wuhan, China).

Isolation of rat thoracic aorta and primary EC culture

The Wistar rats were anaesthetized using 2 % thiopental
sodium and sacrificed, and ECs were isolated from the
thoracic aorta as described previously [11] and cultured
in DMEM supplemented with 15 % (v/v) FBS, 100 pg/mL
sodium heparin, 4 ng/mL VEGF and 100 U penicillin/
streptomycin at 37 °C in a 5 % CO, atmosphere. The cells
were subcultured once they had formed a monolayer
(after approximately 6 days of incubation). For the follow-
ing assays, the ECs were digested with 2 % trypsin, briefly
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centrifuged at 1000 rpm for 10 min and resuspended at
the required density in DMEM.

Cell survival assessment by the MTT assay

Cells were plated in reduced serum and growth factor-
containing DMEM (1:5 dilution of complete DMEM
with non-supplemented DMEM) in 96-well plates at
a cell density of 2 x 10 cells/well, and incubated over-
night. The wells were subsequently treated with PBS;
5 ng/mL VEGF; 0.1, 1.0 or 10.0 uM roxarsone; 20.0 uM
LY 294002 or 20.0 pM LY 294002 plus 1.0 uM roxar-
sone for 24 h. After incubation, MTT reduction assays
were performed at a final concentration of 0.4 mg/mL
in medium. After 4 h, reduced formazan was solubilized
with 150 pL dimethyl sulphoxide (DMSO) by shaking
for 10 min, and absorbance was measured at 570 nm in
a microplate reader (Multiskan MS, Labsystems, USA).
The optical density (OD) rate was calculated by dividing
the OD value of the test compounds by the OD values of
the PBS control to evaluate the changes in cell viability
caused by treatment. Six wells were replicated for each
treatment.

Cell proliferation assessment by the BrdU staining assay
Cells were seeded in 6-well plates at a cell density of
1 x 10* cells/well in reduced serum and growth factor-
containing DMEM and treated with the reagents as
described above. After treatment for 24 h, BrdU was
added at a final concentration of 30 pg/L in the medium,
and incubated with the cells for 4 h. The cells were fixed
with methanol containing 0.04 % H,O, for 15 min; they
were then incubated in 2 N hydrochloric acid at 37 °C for
1 h. Subsequently, the cells were blocked in 5 % bovine
serum albumin (BSA) for 20 min at room temperature,
and were then incubated overnight with the BrdU anti-
body (1:200 dilution) at 4 °C. After the first antibody was
washed off, the cells were incubated with goat anti-mouse
IgG-FITC (1:50 dilution) for 30 min at room temperature
lucifugally. This was followed by excitation at 494 nm,
after which BrdU-positive cells were counted under the
Leica DMI 400B fluorescence microscope under 200x
magnification.

Cell migration assessment by the scratch assay

Cells were seeded in 6-well plates that were incubated
in reduced serum and growth factor-containing DMEM
till a monolayer was formed. The monolayer was then
wounded by scratching with pipette tips and washed
with PBS. The reagents described before were added to
each well, and the wells were incubated at 37 °Cina 5 %
CO, atmosphere for 24 h. Cells were photographed at
100x magnification under a light microscope, and the
distances to which they had migrated were quantified by
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subtracting the width of the scratch at 0 h from that at
24 h, measured by the Lecia QWin Pro V 3.5.1 software.

Matrigel-induced tube formation assay

The Matrigel assay has been widely used for the in vitro
measurement of tube formation of ECs and was per-
formed as described previously [11]. Each well of 96-well
plates was coated with 50 uL Matrigel, and the plates
were incubated at 37 °C for 6 h to allow the Matrigel
to polymerize fully. Cells were seeded at a density of
1.5 x 10% per well into the prepared plates. Cells were
treated as described before for 6 h. Images were acquired
from five random fields of each well at a 200x magnifi-
cation and were photographed using a Lecia inverted
phase-contrast microscope. Endothelial tube formation
was evaluated during the period of incubation. Capillary-
like tube formation was quantified by counting the num-
ber of meshes in randomly selected images from each
treatment group using Image-] with the Angiogenesis
Analyze Plugin.

Mouse B16-F10 xenograft studies

B16-F10 melanoma cells were provided by the Research
Group of Laboratory Animals of Yangzhou University,
and maintained in DMEM containing 10 % FBS and peni-
cillin/streptomycin. Six-week-old C57BL/6 male mice
weighing 20 g were housed at 22 + 2 °C temperature,
55 £ 5 % relative humidity with 12 h light/dark sched-
ule for 1 week of acclimatization. Then, 1 x 10° B16~F10
cells in 0.3 mL nonsupplemented DMEM were injected
subcutaneously into the external surface of the right ribs
of the mice. The animals with visible tumors after cells
injection 7 days, were intragastrically administered 0, 1,
5 or 25 mg/kg roxarsone in 100 pL PBS once a day for
1 week. During this week of administration, the body
weight, feed and drink of the animals were assessed,
and tumor measurement was conducted once a day. The
length (L) and width (W) of tumors were measured using
vernier calipers, and tumor volume was calculated using
the formula L x W2 After the animals were sacrificed at
1 week administration, the tumors were excised, weighed,
fixed overnight in neutral buffered formalin, embedded
in paraffin, and sectioned. The sections were then stained
with hematoxylin—eosin (H&E) and photographed using
a light microscope at 100x magnification.

Immunohistochemical staining for VEGF

Mouse tumor sections were de-paraffinized using tra-
ditional protocols and then incubated in 3 % peroxide
for 10 min to inactivate endogenous peroxidase. Anti-
gen retrieval was accomplished in 0.1 M sodium citrate
brought to a boil in a microwave oven at high power, and
then heating was continued at 30 % power for 10 min.



Wang et al. Cell Biosci (2016) 6:54

Tissues were blocked with 5 % BSA, and incubated over-
night at 4 °C with antibodies against VEGF (1:100 dilu-
tion). Then, the tissues were incubated with secondary
antibody conjugated to horseradish peroxidase, and
AEC peroxidase substrate (Boster, Wuhan, China). Sec-
tions were then counterstained with Mayor’s hematoxy-
lin and photographed using a light microscope at 400x
magnification.

Western blot analysis of PI3K/Akt signaling and VEGF
expression

Treated cells and tumor tissues were lysed in RIPA lysis
buffer with phenylmethyl sulfonylfluoride (PMSF) and
a phosphatase inhibitor cocktail (Beyotime, Shanghai,
China) on ice. Then, the lysates were subjected to SDS-
polyacrylamide gel electrophoresis with 20 pg protein
loaded per lane. The gels were transferred to nitrocellu-
lose (NC) membranes using a Bio-Rad Transblot appa-
ratus. The membranes were blocked with 5 % BSA in
TBS for 2 h at room temperature and then incubated
overnight with the rabbit antibody against PI3K (1:1000
dilution), phospho-PI3K (1:1000 dilution), Akt (1:1000
dilution), phospho-Akt (1:1000 dilution), VEGF (1:200
dilution) and B-actin (1:250 dilution). Blots were devel-
oped using the enhanced chemiluminescence (ECL)
detection system (Bio-Rad Laboratories). The intensity of
the blots was measured using Image-].

Statistical analysis

The experiments were performed independently at least
three times. The quantitative data are expressed as the
mean + standard deviation. Statistical analysis was per-
formed using one-way analysis of variance (ANOVA)
followed by the Bonferroni post-test unless otherwise
noted, and p < 0.05 was considered to indicate statistical
significance.

Results

Roxarsone stimulates EC survival, proliferation, migration
and angiogenesis

When ECs were incubated with 1.0 uM roxarsone and
VEGE, the relative OD rate was significantly higher than
that of the PBS control, as determined by the MTT assay
(Fig. 1). The effect of roxarsone on EC proliferation was
also determined by BrdU staining (Fig. 2). Treatment
with 1.0 puM roxarsone and VEGF led to a significant
increase in cell proliferation compared with the control
cells. The scratch assay (Fig. 3) was performed to evaluate
the impact of roxarsone on cell migration. The distance
that the cells treated with 1.0 uM roxarsone had migrated
was significantly longer than that travelled by the cells
treated with the PBS control, and similar to that migra-
tion length of cells treated with VEGE.
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Fig. 1 The effects of different treatments on the vitality of endothe-
lial cells (ECs). The MTT assay was performed to evaluate the vitality
of ECs treated with the indicated reagents for 24 h. The results pre-
sented are the mean = SD values of three independent experiments
relative to the PBS control. *p < 0.05 vs. the PBS control; #p < 0.01 vs.
1.0 UM roxarsone

We next examined in vitro angiogenesis following
stimulation of ECs with the reagents described before in
Matrigel plates (Fig. 4). The results revealed that treat-
ment with 1.0 uM roxarsone and VEGF significantly
stimulated in vitro angiogenesis in ECs. However, treat-
ment with 0.1 and 10.0 pM roxarsone did not have a sta-
tistically significant effect on any angiogenic parameters.
Further, treatment with LY294002, a PI3K inhibitor,
resulted in a significant reduction in vascular endothe-
lial cell vitality, the number of BrdU-positive cells, the
migration distance and the number of meshes in the tube
formation assay. Treatment with LY294002 combined
with 1.0 uM roxarsone led to a significant decrease in
the angiogenic parameters compared to treatment with
1.0 pmol/L roxarsone alone.

The PI3K/Akt/VEGF cascade is stimulated by roxarsone

in ECs

Since activation of PI3K/Akt is an important signaling
event for angiogenesis, we examined whether roxarsone
regulates phosphorylation of PI3K and Akt in ECs. We
found that treatment with VEGF and 1.0 uM roxarsone
significantly increased phosphorylation of PI3K and Akt
(Fig. 5A) as well as VEGF expression (Fig. 5B). Further,
LY294002 was found to suppress PI3K and Akt phospho-
rylation via its effect on VEGF expression. Phosphoryla-
tion of PI3K and Akt and the expression of VEGF in ECs
treated with LY294002 plus 1.0 uM roxarsone were sig-
nificantly lower than that in ECs treated with 1.0 pM rox-
arsone. These results suggest that the PI3K/Akt signaling
pathway may be stimulated by roxarsone and required for
roxarsone-induced VEGF expression in ECs.
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Fig. 2 The effects of different treatments on the proliferation of endothelial cells (ECs). A The ECs treated with the indicated reagents for 24 h were
subjected to BrdU staining (x200), and the number of positive ECs from at least five random fields per group were counted. Representative images
are shown for the a PBS control; b VEGF; c-e 0.1, 1.0 and 10.0 uM roxarsone; fLY294002 and g LY294002 plus 1.0 uM roxarsone groups. B The number
of positive cells are presented as the mean = SD values from three independent experiments. *p < 0.05, **p < 0.01 vs. the PBS control; #p < 0.01 vs.

1.0 M roxarsone

Roxarsone promotes the growth of mouse B16-F10
xenografts

From the day of intragastric administration of 0, 1, 5
or 25 mg/kg roxarsone, the body weights of the mice
changed, decreasing first and then increasing, but there
was no significant difference between treatment groups
(data not shown). Additionally, none of the mice showed
any abnormal nervous symptoms. Surface measure-
ment indicated that tumor growth occurred in all of the
mice in the study, regardless of which treatment group
they belonged to (Fig. 6A). However, mice that received
25 mg/kg of roxarsone had significantly heavier (Fig. 6B)
and larger tumors than the untreated mice. Mice treated
with 5 mg/kg roxarsone also had heavier and larger
tumors, but the difference was not significant compared

to the untreated group. Staining of paraffin sections of
2-week-old tumors stained with H&E (Fig. 7) indicated
that there were changes in the growth pattern of tumor
cells and blood vessel size, according to the roxarsone
dose administered. As seen in Fig. 7, the B16—F10 cells in
the xenograft tumors of untreated mice were typically dif-
fuse, without a distinct growth pattern. The structure and
organization of the xenograft tumors in the 5 and 25 mg/
kg roxarsone groups appeared tight, and the B16-F10
cells showed inward cluster growth that was centered on
a blood vessel. In contrast, the structure of the xenograft
tumors of mice treated with 1 mg/kg roxarsone was simi-
lar to that of untreated mice. Additionally, the xenografts
in mice administered 5 and 25 mg/kg roxarsone contained
a high number of vessels and vessels of a larger diameter.
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Fig. 3 The effects of different treatments on the migration ability of endothelial cells (ECs). A ECs were wounded with a pipette and treated

with the indicated reagents for 24 h. Representative images (x 100) are shown for the a PBS control; b VEGF; c-e 0.1, 1.0 and 10.0 uM roxarsone, f
LY294002 and g LY294002 plus 1.0 uM roxarsone groups. B The distance that the cells had migrated was calculated by subtracting the width of the
scratch at 0 h from the width at 24 h. The results represent the mean =+ SD values from three independent experiments. *p < 0.05, **p < 0.01 vs. the

Roxarsone induces activation of PI3K/Akt signaling

and VEGF expression

Recent evidence has indicated that the dysregulation of
PI3K signaling promotes tumorigenesis and angiogenesis
in various cancer types [18, 19, 29]. Therefore, in the pre-
sent study, phosphorylation of PI3K/Akt signaling in the
B16-F10 xenografts of mice that were administered roxar-
sone was examined using western blot analysis. We found
that treatment with 25 mg/kg roxarsone resulted in a sig-
nificant increase in phosphorylation of PI3K and Akt when
compared with untreated mice (Fig. 8A). Similarly, expres-
sion of VEGE, an index related to clinical outcome in can-
cer patients [24], in the B16-F10 xenografts of mice that

were administered 25 mg/kg roxarsone was significantly
higher than that of untreated mice; this was also observed
in our western blot results (Fig. 8B). Immunohistochemi-
cal analysis of VEGF demonstrated that the xenografts in
untreated and 1 mg/kg roxarsone-treated mice contained
a low number of vessels surrounded by positive staining,
whereas the xenografts in the 5 and 25 mg/kg roxarsone
groups contained a greater number of vessels (Fig. 8C).

Discussion

In this study, we used rat endothelial cells and a B16-F10
xenograft model to determine (1) whether exposure to
roxarsone induces angiogenesis, (2) whether PI3K/Akt
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Fig. 4 The effects of different treatments on endothelial cell (EC) tube formation. A After treatment with the indicated reagents for 6 h, tubular
structure in each group was photographed at x 200 magnification. Representative images are shown for the g PBS control; b VEGF; c-e 0.1, 1.0 and
10.0 uM roxarsone, £LY294002 and g LY294002 plus 1.0 uM roxarsone groups. B The number of meshes in five randomly selected images for each
group was measured using Image-J with the Angiogenesis Analysis Plugin. The results represent the mean = SD values from three independent
experiments. *p < 0.05, **p < 0.01 vs. the PBS control; *p < 0.01 vs. 1.0 pM roxarsone

signaling is involved in roxarsone-induced angiogenesis,
and (3) whether roxarsone promotes tumor growth.
Vessel sprouting (angiogenesis) is an extensively stud-
ied aspect of vascularization. Upon activation of ECs by
proangiogenic molecules, cell-cell junctions and the
basement membrane are remodeled in tandem with
pericyte detachment, which allows tip cells to migrate in
response to signals. The sprout then elongates through
the proliferation of stalk cells, which form a lumen and
recruit pericytes for stabilization [29]. In a previous

MTT assay or tube formation assay, roxarsone showed
a non dose-depended effect on angiogenesis [11, 12],
which appeared to have peak value of stimulating effects
at 1 uM levels and slightly decreased in the stimulating
effects at high levels (1-10 uM). The data presented here
suggest that roxarsone not only increased EC vitality
(Fig. 1) and promoted tube formation in Matrigel (Fig. 4),
but also enhanced EC proliferation (Fig. 2) and migra-
tion (Fig. 3), based on the findings of the BrdU assay and
scratch assay respectively. These are rarely reported but
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indicated reagents for 1 h was performed, and B-actin was used as a loading PBS control. A The levels of PI3K and Akt phosphorylation were deter-
mined by phosphorylated proteins standardized to non-phosphorylated proteins. B The VEGF level of the cell lysates was determined by standard-
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Fig. 6 Roxarsone promotes the growth of B16-F10 xenografts growth. B16-F10 tumor cells (1 x 10°) were implanted subcutaneously into the
external surface of the right ribs of mice. After 7 days, the mice were intragastrically administered 0, 1, 5 or 25 mg/kg roxarsone once a day for
another 7 days; the corresponding groups are designed as the Control, Low Rox, Middle Rox and High Rox groups respectively. A Tumor size was
measured using vernier calipers, and tumor volume was calculated as described in “Methods" section. Data represent the average tumor volumes
at the given day after implantation. Significant growth was observed in all the groups (p < 0.05, n = 6), and significant differences were observed
between treatment groups and the PBS control group (*p < 0.05, as determined by two-way ANOVA). B B16-F10 xenografts were excised and
weighed. The results represent the mean =+ SD values of six mice. *p < 0.05, **p < 0.01 vs. the PBS control

not trivial events associated with angiogenesis. Addi-
tionally, the effects of roxarsone were concentration
dependent and observed in the concentration range of
0.01-1.0 uM. Although no obvious inhibitory effect was
observed when 10.0 uM of roxarsone was used, the pro-
angiogenic effect was indeed weakened at this concen-
tration. It was without a doubt that the dosage range we
used here was narrow while interval was broad, which
limited the precise investigation in dose-effect relation-
ship of roxarsone.

PI3K/Akt signaling is involved in multiple signaling
pathways in the regulation of cell proliferation, differ-
entiation, survival and migration [30], and it is closely
associated with the occurrence and development of angi-
ogenesis. To determine whether PI3K/Akt signaling was
required for the effects of roxarsone on ECs, we assessed
PI3K/Akt signaling by western blot analysis. The results
indicated that roxarsone indeed triggered phosphoryla-
tion of PI3K and Akt (Fig. 5A). Further, incubation of
ECs with the PI3K inhibitor LY294002 abrogated acti-
vation of ECs induced by roxarsone via decrease in the
phosphorylation of PI3K and Akt. These findings indi-
cate that activation of PI3K/Akt signaling is required for
roxarsone-induced angiogenesis. In the present study,
we also found that roxarsone induced an increase in the
expression of VEGF (Fig. 5B), which is a key factor in the
induction of angiogenesis. Inhibition of PI3K/Akt signal-
ing abrogated the increase in VEGF expression induced
by roxarsone, which suggests that roxarsone triggered the
PI3K/Akt/VEGF signaling cascade. Our current results

are consistent with previous reports [31, 32]. However,
we did not examine how PI3K/Akt signaling triggered
by roxarsone regulates VEGF expression. Wang et al.
[33] showed that arsenic increased HIF-la expression
through PI3K/Akt signaling to induce VEGF expression
in an oxygen-independent manner in human uroepi-
thelial cells. Additionally, Tsai et al. [34] demonstrated
that inhibitor of DNA binding 1 (Id1) was involved in
the arsenic-promoted angiogenesis via PI3K/Akt/NF-«xB
signaling. Arsenite treatment decreased the activity of
GSK3 [35], and also played the role of a downstream
effector of PI3K/Akt, which caused B-catenin accumula-
tion in the nucleus and VEGF expression [36]. Interest-
ingly, Wang et al. [37] reported that arsenic exposure
activated PI3K/Akt signaling to induce GSK3 phospho-
rylation in DLD-1 and HLT116 cells, while Piyajit et al.
[35] demonstrated that arsenite inhibited the activity of
GSK3 without activating its upstream kinase Akt. Thus,
some of the findings reported in the literature so far are
controversial. Given that the mechanism for arsenic-
induced promotion of VEGF expression through PI3K/
Akt signaling is complicated, the mechanisms underlying
the effects of roxarsone remain to be investigated in the
future.

For many years, arsenic has been related to various
types of cancer, but there is very little evidence for the
direct carcinogenic effect of arsenic [38, 39]. Instead,
the tumor-promoting effect of arsenic appears to be
enhanced in the presence of other carcinogens such
as UV radiation [40]. In fact, the present and previous
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Fig. 7 Roxarsone affects the growth pattern of B16-F10 xenografts. The xenograft tumors were excised; paraffin sections were created and stained
with H&E staining and histologically analyzed (x 100). Representative images (of at least five mice per group) are shown for the A PBS control and
B-D 1, 5, and 25 mg/kg roxarsone groups designed as Control, Low Rox, Middle Rox and High Rox. Clustered growth with centrally located blood
vessels (indicated by the arrow) was observed in the roxarsone groups, but this was rarely observed in the PBS control group

research on the B16-F10 xenograft model and the MCEF-7
xenograft model [12] has only provided evidence for the
tumor-enhancing effect of roxarsone when it is present as
a co-carcinogen. Nicole et al. [8] demonstrated that sig-
nificant tumor growth was observed in all animals that
were given biweekly injections of 0.5-5.0 mg/kg As(III),
with the largest tumors occurring in animals treated with
lower doses of As(III). The present results indicate that
25 mg/kg roxarsone, a far higher dose than that used in
the Nicole et al. study, significantly enhanced B16-F10

xenograft growth (Fig. 6). The similarity in the effects of
these arsenic compounds even though they were admin-
istered at different dosages may be related to differences
in the mode of administration: that is, intraperitoneal
administration may be associated with higher plasma
concentration and longer maintenance time than oral
administration [41].

In the present study, the H&E staining (Fig. 7) and
VEGF immunohistochemical staining (Fig. 8C) results
indicated that roxarsone was capable of inducing tumor

(See figure on next page.)

Fig. 8 Roxarsone promotes activation of PI3K/Akt and expression of VEGF in B16-F10 xenografts. Western blotting of total tumor lysates was
performed with 3-actin used as a loading PBS control. The groups designed as Control, Low Rox, Middle Rox and High Rox represent the mice that
were administered 0, 1, 5 and 25 mg/kg roxarsone respectively. A The levels of PI3K and Akt phosphorylation were determined by phosphorylated
proteins standardized to non-phosphorylated proteins. B The VEGF level of tumors was determined by VEGF expression standardized to -actin
expression. The results represent the mean = SD values from three independent experiments. *p < 0.05 vs. the PBS control. € The xenograft tumors
were excised, and paraffin sections were subjected to VEGF immunochemical analysis (x400). Representative images (of at least five mice per
group) are shown for the a PBS control and b—d 1, 5 and 25 mg/kg roxarsone groups. Blood vessels surrounding the positive staining regions (arrow
indicated) were observed in the PBS control and roxarsone groups
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angiogenesis, which is an important process in the devel-
opment of most tumors and might further explain the
co-carcinogenicity of roxarsone. IHC analysis of VEGF in
tumors might be a feasible method for assessing angio-
genesis when the blood vessels of tumors are immature
with the intact lumen of ECs invisible in H&E staining.

Vasculogenic mimicry (VM), which was observed in
melanomas by Maniotis [42], has been widely recog-
nized as a novel indicator of tumor microcirculation
[43, 44]. The mechanism of VM may be attributed to
tumor cell transformation and matrix remodeling [45].
Notably, VEGF has an impact on the formation of VM,
and cells with high expression of VEGF appear to have
the potential to form VM [46, 47]. The relative expres-
sion of VEGF in xenografts as measured via western blot
analysis (Fig. 8B) also indicated that high levels of VEGF
expression were closely associated with the growth of
xenografts, in which microcirculation was more obvious
(Figs. 7, 8C) in mice exposed to high doses of roxarsone.

Recent studies have highlighted the importance of the
PI3K/Akt axis in various types of tumor cells. PI3K/Akt
signaling is implicated in different processes that are
characteristic of cancer including growth signal auton-
omy, insensitivity to antiproliferation signals, inhibition
of apoptosis, angiogenesis, invasion and metastasis [48].
In the current study, western blot analysis of B16—F10
xenografts showed that the phosphorylation level of
PI3K/Akt increased with the dose of roxarsone adminis-
tered (Fig. 8A). Although these data are still preliminary
and need to be confirmed in more detailed experiments,
they nonetheless demonstrate that a PI3K/Akt mecha-
nism may be involved in the development of B16—-F10
xenografts induced by roxarsone.

Conclusions

Altogether, our findings suggest that roxarsone promoted
EC vitality, proliferation, migration and tube formation
in vitro and B16-F10 xenograft growth with pro-angi-
ogenic potential in vivo. Importantly, PI3K/Akt signal-
ing played a role in the roxarsone-induced angiogenesis.
Thus, understanding the angiogenic impact of roxarsone
and its mechanism would shed light on the potential
safety and risks of using arsenic compounds in human
beings.

Abbreviations

Rox: roxarsone; PI3K: phosphatidylinositol3-kinase; PIP2: phosphatidylinositol-
(4,5)-bisphosphate; PIP3: phosphatidylinositol-(3,4,5)-triphosphate; Akt:
protein kinase B; mTOR: mammalian target of rapamycin; BAD: BcIxL/Bcl-
2-associated death promoter; Bcl-2: B-cell lymphoma/leukemia-2; MDM2:
murine double minute; NF-kB: nuclear factor kB; VEGF: vascular endothelial
growth factor; eNOS: endothelial NO synthase; HIF: hypoxia inducible fac-
tor; LY294002: PI3K inhibitor; ROS: reactive oxygen system; ECs: vascular
endothelial cells; MVD: micro-vessel density; DMSO: dimethyl sulphoxide;
DMEM: Dulbecco’s modified eagle medium; FBS: foetal bovine serum; MTT:

Page 12 of 13

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide; PBS:
phosphate buffered saline; BSA: albumin from bovine serum; TBS/TBST: tris-
buffered saline (with Tween 20); OD: optical density; H&E: hematoxylin—eosin;
PMSF: phenylmethy! sulfonylfluoride; NC: nitrocellulose; ANOVA: analysis of
variance; SD: standard deviation.

Authors’ contributions

YMZ and YJW conducted these assays and were major contributors in writing
the manuscript. DLY, CX, KW and LMZ gave their help for performing and
analysing. All authors read and approved the final manuscript.

Author details

! Department of Veterinary Pharmacology and Toxicology, College of Veteri-
nary Medicine, Yangzhou University, 12# Wenhui East Road, Yangzhou 225009,
Jiangsu, China. 2 Department of Veterinary Internal Medicine, College of Vet-
erinary Medicine, Yangzhou University, Yangzhou, Jiangsu, China. * Jiangsu Co-
innovation Center for Prevention and Control of Important Animal Infectious
Diseases and Zoonoses, Yangzhou, China.

Acknowledgements
We thank the staff of the Comparative Medicine Center of Yangzhou Univer-
sity for their assistance with animal treatment.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The datasets during and/or analysed during the current study available from
the corresponding author on reasonable request.

Ethics approval and consent to participate

All the protocols were reviewed by the Committee on the Ethics of Animal
Experiments of Yangzou University and carried out in accordance with the EU
Directive 2010/63/EU for animal experiments.

Funding

This work was financially supported by the Priority Academic Program Devel-
opment of Jiangsu Higher Education Institutions and the Talented Person
Project of Yangzhou University.

Received: 19 July 2016 Accepted: 20 September 2016
Published online: 28 September 2016

References

1. Jackson BP, Bertsch PM. Determination of arsenic speciation in poultry
wastes by IC-ICP-MS. Environ Sci Technol. 2001;35(24):4868-73.

2. Brown BL, Slaughter AD, Schreiber ME. Controls on roxarsone transport in
agricultural watersheds. Appl Geochem. 2005;20:123-33.

3. Makris KC, Quazi S, Punamiya P, Sarkar D, Datta R. Fate of arsenic in swine
waste from concentrated animal feeding operations. J Environ Qual.
2008;37(4):1626-33.

4. Morrison JL. Distribution of arsenic from poultry litter in broiler chickens,
soil and crops. J Agric Food Chem. 1969;17:1288-90.

5. Farzan SF, Karagas MR, Chen Y. In utero and early life arsenic exposure
in relation to long-term health and disease. Toxicol Appl Pharmacol.
2013;272:384-90.

6. IARC Working Group on the Evaluation of Carcinogenic. Risks to humans.
Some drinking-water disinfectants and contaminants, including arsenic.
Monographs on chloramine, chloral and chloral hydrate, dichloroacetic
acid, trichloroacetic acid and 3-chloro-4-(dichloromethyl)-5-hydroxy-
2(5H)-furanone. IARC Monogr Eval Carcinog Risks Hum. 2004;84:269-477.

7. Anderson KC, Boise LH, Louie R, Waxman S. Arsenic trioxide in multiple
myeloma: rationale and future directions. Cancer J. 2002;8:12-25.

8. Soucy NV, Ihnat MA, Kamat CD, Hess L, Post MJ, Klei LR, et al. Arsenic stim-
ulates angiogenesis and tumorigenesis in vivo. Toxicol Sci. 2003;76:271-9.

9. Gravlee CC, Dressler WW. Skin pigmentation, self-perceived color,
and arterial blood pressure in Puerto Rico. Am J Human Biol.
2005;17:195-206.



Wang et al. Cell Biosci (2016) 6:54

13.

15.

20.

21

22.

23.

24,

25.

26.

27.

28.

29.

30.

Basu P, Ghosh RN, Grove LE, Klei L, Barchowsky A. Angiogenic potential
of 3-nitro-4-hydroxy benzene arsonic acid (roxarsone). Environ Health
Perspect. 2008;116:520-3.

. Jiagiao Z, Weibo C, Xue L, Jun'Y, Chengyun H, Yumei Z. In vitro and ex vivo

angiogenic effects of roxarsone on rat endothelial cells. Toxicol Letters.
2013;223:175-82.

Zhang YM, Wang YG, Lu QQ, Xin WF, Cui WB, Zhu JQ. Organoarsenic
roxarsone promotes angiogenesis in vivo. Basic Clin Pharmacol Toxicol.
2015;118:259-70.

Folkman J. Angiogenesis. J Biol Chem. 1992,267:10931-4.

Logan A. Angiogenesis. Lancet. 1993;341:1467-8.

Jones MK, Wang H, Peskar BM, Levin E, Itani RM, Sarfeh 1, et al. Inhibition
of angiogenesis by nonsteroidal anti-inflammatory drugs: insight into
mechanisms and implications for cancer growth and ulcer healing.
Nature Med. 1999;5:1418-23.

Welti J, Loges S, Dimmeler S, Carmeliet P. Recent molecular discoveries
in angiogenesis and antiangiogenic therapies in cancer. J Clin Invest.
2013;123:3190-200.

Pershagen G. The carcinogenicity of arsenic. Environ Health Perspect.
1981,40:93-100.

Vivanco |, Sawyers CL. The phosphatidylinositol 3-kinase AKT pathway in
human cancer. Nat Rev Cancer. 2002;2:489-501.

Vara JAF, Casado E, Castro JD, Cejas P, Belda-Iniesta C, Gonzalez-

Baron M. PI3K/Akt signalling pathway and cancer. Cancer Treat Rev.
2004,30:193-204.

Vinals F, Pouysségur J. Transforming growth factor 1 (TGF-1) promotes
endothelial cell survival during in vitro angiogenesis via an autocrine
mechanism implicating TGF-signaling. Mol Cell Biol. 2001;21:7218-30.
Jayasooriya RGPT, Sang RP, Choi YH, Hyun JW, Chang WY, Kim GY.
Camptothecin suppresses expression of matrix metalloproteinase-9 and
vascular endothelial growth factor in DU145 cells through PI3K/Akt-
mediated inhibition of NF-kB activity and Nrf2-dependent induction of
HO-1 expression. Environ Toxicol Pharmacol. 2015;39:1189-98.

Chen J, Somanath PR, Razorenova O, Chen WS, Hay N, Bornstein P, et al.
Akt1 regulates pathological angiogenesis, vascular maturation and
permeability in vivo. Nat Med. 2005;11:1188-96.

Everaert BR, Craenenbroeck EM, Van Hoymans VY, Haine SE, Luc VN,
Conraads VM, et al. Current perspective of pathophysiological and inter-
ventional effects on endothelial progenitor cell biology: focus on PI3K/
AKT/eNOS pathway. Int J Cardiol. 2010;144:350-66.

Zhao L. Homing of circulating blood endothelial progenitor cells after
myocardial infarction is mediated by Akt-SDF-1-signal pathway. China
Med Abstracts. 2013;1:33-4.

Hoeben A, Landuyt B, Highley MS, Wildiers H, Van Oosterom AT, De Bruijn
EA.Vascular endothelial growth factor and angiogenesis. Iranian J Med
Sci. 201540:2-12.

Gerber HP, Malik AK, Solar GP, Sherman D, Liang XH, Meng G, et al. VEGF
regulates haematopoietic stem cell survival by an internal autocrine loop
mechanism. Nature. 2002;417:954-8.

Tong Q, Yong Q, Hu X, Lei J, Wu X, Yong Q, et al. Deltonin, a steroidal sapo-
nin, inhibits angiogenesis via suppressing VEGFR2 signaling pathway and
AKT/MAPK signaling pathways in endothelial cells. Steroids. 2014;96:1-7.
Kang Z, Jiang W, Luan H, Zhao F, Zhang S. Cornin induces angiogenesis
through PI3K-Akt-eNOS-VEGF signaling pathway. Food Chem Toxicol.
2013;58:340-6.

Chen YT, Tan KA, Pang LY, Argyle DJ. The class | PI3K/Akt pathway is critical
for cancer cell survival in dogs and offers an opportunity for therapeutic
intervention. BMC Vet Res. 2012;8:1-15.

Tokunaga E, Oki E, Egashira A, Sadanaga N, Morita M, Kakeji Y, et al.
Deregulation of the Akt pathway in human cancer. Curr Cancer Drug Tar.
2008;8:27-36.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Page 13 of 13

. Candelaria Gomez-Manzano MD, Juan Fueyo MD, Hong J, Ms TLG, Lee

HY, Min HM, et al. Mechanisms underlying PTEN regulation of vascular
endothelial growth factor and angiogenesis. Ann Neurol. 2003;53:109-17.

. Karar J, Maity A. PI3K/AKT/mTOR Pathway in Angiogenesis. Front Mol

Neurosci. 2011;4:51.

Wang F, Liu S, Xi S, Yan L, Wang H, Song Y, et al. Arsenic induces the
expressions of angiogenesis-related factors through PI3K and MAPK
pathways in SV-HUC-1 human uroepithelial cells. Toxicol Letters.
2013;222:303-11.

Tsai CH. Identification of Id1 as a downstream effector for arsenic-pro-
moted angiogenesis via PI3K/Akt, NF-kB and NOS signaling. Toxicol Res.
2015;5(1):151-9.

Watcharasit P, Suntararuks S, Visitnonthachai D, Thiantanawat A, Sataya-
vivad J. B-catenin involvement in arsenite-induced VEGF expression in
neuroblastoma SH-SY5Y cells. Environ Toxicol. 2014,29:672-8.

Ferndndez JG, Rodriguez DA, Valenzuela M, Calderon C, Urzda U, Munroe
D, et al. Survivin expression promotes VEGF-induced tumor angiogenesis
via PI3K/Akt enhanced B-catenin/Tcf-Lef dependent transcription. Mol
Cancer. 2014;13:5710-20.

Wang L, Son YO, Ding S, Wang X, Hitron JA, Budhraja A, et al. Ethanol
enhances tumor angiogenesis in vitro induced by low-dose arsenic in
colon cancer cells through hypoxia-inducible factor 1 alpha pathway.
Toxicol Sci. 2012;130:269-80.

Hughes MF. Arsenic toxicity and potential mechanisms of action. Toxicol
Letters. 2002;133:1-16.

Rossman TG, Uddin AN, Burns FJ, Bosland MC. Arsenite cocarcinogenesis:
an animal model derived from genetic toxicology studies. Environ Health
Perspect. 2002;110(Suppl 5):749-52.

Rossman TG, Uddin AN, Burns FJ, Bosland MC. Arsenite is a cocarcinogen
with solar ultraviolet radiation for mouse skin: an animal model for arse-
nic carcinogenesis. Toxicol Appl Pharmacol. 2001;176:64-71.

Salusky IB, Kuizon BD, Belin TR, Ramirez JA, Gales B, Segre GV, et al.
Intermittent calcitriol therapy in secondary hyperparathyroidism: a
comparison between oral and intraperitoneal administration. Kidney Int.
1998;54:907-14.

Maniotis AJ, Folberg R, Hess A, Seftor EA, Gardner LMG, Pe'Er J, et al. Vas-
cular channel formation by human melanoma cells in vivo and in vitro:
vasculogenic mimicry. Am J Pathol. 1999;155:739-52.

Folberg R, Maniotis AJ. Vasculogenic mimicry. Apmis. 2004;112:508-25.
Folberg R, Hendrix MJC, Maniotis AJ. Vasculogenic mimicry and tumor
angiogenesis. Am J Pathol. 2000;156:361-81.

Hendrix MJ, Seftor EA, Hess AR, Seftor RE. Vasculogenic mimicry

and tumour-cell plasticity: lessons from melanoma. Nat Rev Cancer.
2003;3:411-21.

Hao XS, Sun BC, Zhang SW. Correlation between the expression of coll-
gen IV, VEGF and vasculogenic mimicry. Chin J Oncol. 2003;25:524-6.
Fang Zhenyu, Jinghua Gang, Gang Peng. Study of relationship between
VEGF expression and vasculogenic mimicry of tumor. Chin Ger J Clin
Oncol. 2009;8:655-8.

Veeriah S. Opposing roles of the oncogene Akt isoforms in tumour
progression: is there a dark side to Akt pathway inhibition. J Chem Bio.
2012;,5:115-7.

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal
* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Roxarsone induces angiogenesis via PI3KAkt signaling
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Experimental animals and chemicals
	Isolation of rat thoracic aorta and primary EC culture
	Cell survival assessment by the MTT assay
	Cell proliferation assessment by the BrdU staining assay
	Cell migration assessment by the scratch assay
	Matrigel-induced tube formation assay
	Mouse B16–F10 xenograft studies
	Immunohistochemical staining for VEGF
	Western blot analysis of PI3KAkt signaling and VEGF expression
	Statistical analysis

	Results
	Roxarsone stimulates EC survival, proliferation, migration and angiogenesis
	The PI3KAktVEGF cascade is stimulated by roxarsone in ECs
	Roxarsone promotes the growth of mouse B16–F10 xenografts
	Roxarsone induces activation of PI3KAkt signaling and VEGF expression

	Discussion
	Conclusions
	Authors’ contributions
	References




