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Tetras (tetra-arsenic oxide, As;Og) is a derivative of arsenic used in Korean traditional med-
icine for the treatment of cancer, but its mechanism remains largely undefined. Recently, a
similar arsenic derivative, diarsenic trioxide (As,03, ATO), has been shown to mediate anti-
tumor activity, therefore reigniting interest in the therapeutic effect of arsenic compounds.

Here we report that Tetras can effectively mediate an anti-vascular effect on tumors, lead-
ing to delay in tumor growth and increased survival. Our study demonstrates for the first
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time the potential use of Tetras as a radiation therapy enhancement agent for solid tumors.
These findings reveal an unappreciated role of Tetras in cancer therapy and its potential
application to radiotherapy in achieving local tumor control.

Crown Copyright © 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The efficacy of arsenic compounds as potent anti-cancer
agents has been well documented in medical history. How-
ever acute toxicities and oncogenic effects after prolonged
exposure limited its therapeutic application in cancers [1].
Then for the better part of the 20th century the use of ar-
senic compounds became largely abandoned with the arri-
val of more reliable antibiotics and chemotherapeutic
agents. However, recent success acheiving remission in
85% of adults with refractory acute promyelocytic leuke-
mia (APL) by diarsenic trioxide (ATO, As,03) has revived
the idea of using arsenic compounds in cancer therapy
and has provided new insights into the pathogenesis and
malignancies of cancer [2-4]. ATO has been shown to also
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mediate anti-tumor activity in APL by the induction of cel-
lular differentiation, tumor cell apoptosis, degradation of
specific APL transcripts, inhibition of tumor cell growth,
and modulation of redox balance and/or mitochondrial
membrane potential [5,6]. Furthermore, on well-estab-
lished murine solid tumors, such as fibrosarcoma, a high
dose of ATO has been shown to abrogate vascular networks
and cause blood flow to tumors to shut down, subse-
quently causing necrosis [7,8]. ATO has also been shown
to increase the anti-tumor effects of hyperthermia [9]
and radiation in vivo [7,10-12]. However, the therapeutic
ratio could be further improved if the toxicity of intrave-
nously administered ATO was reduced. Adverse reactions
to arsenic containing compounds include elevated serum
transaminases, nausea, vomiting, abdominal pain, consti-
pation, electrolyte imbalance, hyperglycemia, dermatitis,
and headache [13].
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Tetra-arsenic oxide (Tetras, As4Og; 2,4,6,8,9,10-Hexan-
oxa-1,3,5,7-tetraarsatricyclo[3.3.1.1>7|decane) (Fig. 1A) is
another well documented arsenic compound derivative
that has been used as an empirical anti-cancer agent in
Korean alternative medicine. A recent report has shown
that Tetras shares similar anti-tumor effects as ATO in
inhibiting tumor cell proliferation, inducing apoptosis of
tumor cells, and inhibiting angiogenesis by arresting cells
in the G1 or G2/M phases of the cell cycle [14].

A notable effect of ATO on solid tumors is the synergy
with fractionated radiation in abrogating tumor vascula-
ture [7,8,11,12,15]. Controlling primary tumor growth
can lead to a better prognosis and preclude the develop-
ment of metastases which is the primary cause of mortality
of many cancer patients. Targeting the primary tumor with
radiotherapy as part of a standard treatment has been
shown to reduce the local tumor burden, but often fails
to elicit complete regression. Established tumors form
physical and immunological barriers that hinder targeted
destruction by radiotherapy alone. In this study, we show
that when local radiation was combined with the adminis-
tration of Tetras, tumor growth was arrested for 6-7 weeks
in vivo in not only murine fibrosarcoma, but also in human
squamous tumors. This study is the first to report the ef-
fects of Tetras on shutting down vascular supply to solid
tumors and its potential use as a radiation therapy
enhancement agent.

2. Materials and methods
2.1. Mice and tumor cell lines

Balb/c and Balb/c nu/nu female mice, 6-8 weeks of
age and weighing 20-25 grams were obtained from Ori-
ent bio (Taejun, Korea). WEHI164 tumor cell lines (de-
rived from Meth-A induced fibrosarcoma) and FaDu
tumor cell lines (originated from a human nasopharyn-
geal squamous cancer) were purchased from KCCB
(Seoul, Korea). WEHI164 cells (5 x 10°) or FaDu cells
(1 x 10°) in 50 ul MEM were inoculated into the hind
leg subcutaneously in either the Balb/c or Balb/c nu/nu
mice. Tumor growth was monitored. All animal proce-
dures and care were performed using guidelines ap-
proved by the Animal Ethics Committee of the College
of Medicine at Inje University.

2.2. Tetra-arsenic oxide (As4Og, Tetras)

Tetras supplied from Chunjisan (Seoul, Korea) was dis-
solved in H,O by continuous stirring. Tetras solution was
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Fig. 1. Structures of arsenic chemicals. (A) Tetra-arsenic oxide (Tetras).
(B) Diarsenic trioxide (ATO).

kept at 4 °C as a stock solution. Dilution was made with
phosphate buffered saline to a final concentration of
0.5 mg/ml. Dextrose was added to a final concentration
of 5% to minimize acute arsenic toxicity [16].

2.3. Radiation and Tetras treatment

Radiation was delivered to tumors using a cobalt-60
unit (Theratron 780; AECL, Kanata, Ontario, Canada) with
a secondary collimator of 2-inch-thick cerrobend. A 2 cm-
thick tissue-equivalent bolus was used to bring the maxi-
mal radiation dose onto the surface of the target tissue.
Tetras (8 mg/kg) was administered i.p. 1h after to each
radiation exposure.

2.4. Tumor growth

Tumor volume was assessed two or three times a week.
Tumors were measured with a caliper, and tumor volumes
were calculated using the formula a x b x h/2, where q, b,
and h are the minor and major dimensions and height from
normal skin area, respectively.

2.5. Histopathology

Animals were treated with 8 mg/kg Tetras. At selected
time points tumors were excised and fixed in 10% neutral
formalin and embedded in paraffin. Paraffin-embedded tis-
sues were sectioned for routine staining with hematoxylin
and eosin.

2.6. Confocal microscopy

To examine the effect of Tetras on the tumor vascula-
ture, fluorescein isothiocyanate-labeled dextran (dextran-
FITC) (2 x 10° MW, Sigma) were used as previously re-
ported [7]. Briefly, 100 ul of PBS containing 1 mg dextran-
FITC was administered intravenously into anesthetized
mice with 200 ul of anesthetics (10 mg/ml ketamine and
1 mg/ml xylazine). After 3 min, the tumor tissues, kidney,
and normal skins were excised. Resected tissues were
embedded in Tissue-Tek (Sakura Finetek, Netherlands)
and snap frozen in liquid nitrogen. Fifty micrometer thick
cryostat sections were cut and mounted on superfrost plus
slides. Tissue-sections were post-fixed for 30 min at room
temperature. After drying, tumor cells were stained with
propidium iodide (PI) and the slides were mounted in flu-
oromount-G (Southern Biotechnology Associates Inc., Bir-
mingham, AL), and the fluorescence was visualized using
a Zeiss LSM 510 laser scanning confocal device (Carl Zeiss,
Germany).

3. Results

3.1. Administration of Tetras to tumor bearing mice can retard tumor growth
and prolong survival

To evaluate the direct effect of Tetras on tumor growth, 8 mg/kg of
Tetras was administered intra-peritoneally (i.p.) in the Meth-A tumor
bearing mice. Repeat administration (R TTO) or single administration (S
TTO) of Tetras delayed the tumor growth rate when compared to that
of 5% dextrose treated control group (P < 0.05) (Fig. 2A). However, the



214 S.-G. Park et al./Cancer Letters 277 (2009) 212-217

median survival time of the single administration of Tetras (S TTO) group
was comparable to that of the control group (Fig. 2B), while repeat
administration of Tetras (R TTO) extended the median survival of mice
by more than 10 days when compared to the controls (Fig. 2B).

3.2. Increased incidence of necrosis observed in Tetras treated tumor

Meth-A tumor bearing mice were sacrificed for pathological analysis
at indicated times after administration of 8 mg/kg Tetras. Tetras treated
tumor revealed varying degrees of tumor cell necrosis (Fig. 3). Extensive
necrotic death could be observed in the tumor tissue obtained from the
mice sacrificed at 24 and 48 h after Tetras injection (Fig. 3). To test
whether evidence of tumor vascular changes are induced by with Tetras,
we injected dextran-FITC i.v. 3 min prior to removing the tumor mass
from mice (Fig. 4). When vasculature is intact, dextran-FITC can be visu-
alized as distinct clusters, however disruption in vascular permeability al-
lows broad diffusion of dextran-FITC. While dextran-FITC was distinctly
separated from the PI stained tumor cells in 5% dextrose treated control
groups, FITC was dispersed throughout the tumor tissues in Tetras treated
groups. However, this dispersion of FITC within the tumor tissue was
short-lived as separation between the dextran-FITC and the PI stained tu-
mor cells became evident at 72 h post Tetras injection. This reversion was

>

-~ —# 5% Dextrose
40001 —¥— STTO
—— RTTO

Tumor volume (mm?)

Weeks after treatment

likely attributed to the intact tumor vasculature that was left undisrupted
even after administering Tetras. To test effects on normal tissues of tet-
ras-induced vascular damage, we remove kidney and non-tumor thigh
skins. In the normal tissues, we find FITC were well located in vascula-
tures (Fig. 4D).

3.3. Tetras treatment can act synergistically with local radiation to inhibit
tumor growth

Based on the vascular abrogating effect of Tetras on tumors, we
wanted to test whether Tetras can act synergistically with local radiation
to reduce the tumor burden and promote local control in either the mur-
ine fibrosarcoma (Meth-A) or human squamous tumor (FaDu) models.
Balb/c mice bearing Meth-A tumor on the hind legs were treated with
fractionated irradiation (12 Gy, once a week for 4 weeks). 8 mg/kg of Tet-
ras was administrated 1 h after each radiation exposure. Local radiation
alone did inhibit tumor growth (Fig. 5A), but when used in conjunction
with Tetras, tumor growth inhibition was sustained for three additional
weeks. To determine whether Tetras can effectively synergize with local
radiation in human tumor models, human squamous tumor (FaDu, naso-
pharyngeal squamous tumor) bearing Balb/c nu/nu mice were treated
with 8 mg/kg of Tetras i.p. with or without local radiation. While Tetras
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Fig. 2. Anti-tumor effect of Tetras in Meth-A fibrosarcoma mouse model. Balb/c mice with subcutaneous Meth-A tumors on the hind leg were treated with
8 mg/kg of Tetras i.p. one time (triangle) or 4 times weekly (circle), or 5% dextrose (box). (A) Tumor diameters were measured with caliper to assess tumor
volume. Each value is the mean * sd obtained from six mice. « (asterisk) denotes P < 0.05 compared with control group (5% dextrose). (B) Mice survival
curve for each treatment (each groups n = 15-14). Tetras showed the tumor growth inhibition effect and repeat administration of Tetras (R TTO) extended

the median survival of mice by more than 10 days than the controls.
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Fig. 3. Histological features of tumors stained with H&E. (A) x2 magnification. (B) x20 magnification. Balb/c mice with subcutaneous Meth-A tumors on the
hind leg were treated with 8 mg/kg of tetras i.p. At indicated times, tumor tissues were removed and stained with H&E. Tetras induced tumor cell necrosis.
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alone did not show any effect, its combination with radiation significantly
decreased the tumor growth rate when compared to radiation alone
(Fig. 5B and C). Thus these data suggest the synergistic effect of Tetras
with radiation in effectively controlling tumor growth.

4. Discussion

The interest in the use of arsenic chemicals as a thera-
peutic agent against tumors has increased after diarsenic
trioxide (ATO) has conclusively been shown to dramati-
cally elicit remission in patients with acute promyelocytic
leukemia (APL) [2,4]. While Tetras shares similar charac-
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teristics with ATO in inducing apoptosis in tumor cells
and inhibiting angiogenesis [14,17-20], its chemical and
physical characteristics differ from that of ATO (Fig. 1). Tet-
ras has also been shown to induce 50% apoptosis in U937
leukemic cells in vitro, but at a lower concentration
(0.5 uM) than ATO (1 uM) [18]. Furthermore, Tetras has
been reported to inhibit angiogenesis induced by nerve
growth factor (NGF), bFGF, and VEGF, while ATO has been
shown to be effective in preventing neovascularization
dependent on VEGF and bFGF only [20]. Ahn et al. [17]
have also reported that Tetras is more effective than ATO
in growth inhibition of established cervical carcinoma cells

Phase contrast

Fig. 4. Laser scanning using confocal microscope. Balb/c mice with subcutaneous Meth-A tumors on the hind leg were treated with 8 mg/kg of tetras i.p. At
indicated time (before (A), 48 h after (B, D), or 72 h after (C) Tetras injection), mice were anesthetized with ketamine and xylazine. Fluorescein-labeled
(FITC) dextran (1000 kDa) was administered i.v. 3 min prior to surgically removing tumors, kidney, and normal skin. Kidney and skins were removed at 48 h
after Tetras injection. Tetras induce vascular permeability change in tumor tissues but not in normal tissues.
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(SiHa). In this study, intraperitoneal injections of 8 mg/kg
Tetras into Meth-A tumor bearing mice arrested tumor
growth for approximately two days, but the growth rate
returned to control group levels after two days. This tumor
growth pattern is similar to ATO treatment [8]. When ATO
was administered at high doses (10 mg/kg), Meth-A fibro-
sarcoma tumor tissues developed gross necrosis at the cen-
ter and a reduction in perfusion was observed. However,
when tumor bearing mice were treated with Tetras,
Meth-A fibrosarcoma tumor tissues did not exhibit gross
necrosis but instead had microscopic necrosis (Fig. 2) as
shown with H&E staining under high magnification
(x2 and x20). To determine whether the microscopic tu-
mor necrosis was associated with damage to the tumor
vasculature, we administered FITC-conjugated dextran
intravenously. Within 24 h of Tetras treatment, the
FITC-conjugated dextran was dispersed throughout the
tumor tissues (Fig. 3) and this observation was readily
detected for up to 48 h (data not shown). Increased vascu-
lar permeability caused by Tetras peaked at 24 h post
treatment and gradually declined to steady state levels
72 h post treatment (Fig. 3).

We propose that vascular disruption induced by Tetras
may synergize with the effects of radiation similar to ATO
[7,12]. Most vascular targeting agents are hypoxic radio-
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sensitizers, and their effects decrease with reoxygenation
during fractionated irradiation [21,22]. To test whether
Tetras synergizes with radiation in both murine and hu-
man tumor cell lines, we used a murine fibrosacoma
(WEHI164) and a human squamous cell carcinoma
(FaDu) (Fig. 5). For murine fibrosarcoma model, Tetras
showed good radiation-enhancing effects in statistically
significant level (P<0.05). Tetras showed radiation-
enhancing effect in human squamous carcinoma model
also but not statistically significant. It might be caused
by starting tumor masses are smaller than murine fibro-
sarcoma model. If we started with tumor sizes around
150-300 mm? like murine fibrosarcoma model and Grif-
fin et al. study [11], Tetras will show better effects than
this study. ATO has also been shown to be effective at
radiosensitizing tumors at fractionated radiation doses
[7,11,12]. However direct comparison between ATO and
Tetras in the degree of radiosensitization of tumors is
problematic. Even though ATO and Tetras have similar
activity in enhancing the radiosensitivity of tumors, Tet-
ras has advantages in the routes of administration. It has
been reported that ATO induces severe gastrointestinal
toxicity by oral administrations [2], but Tetras does not,
even at oral administration of 50 mg/kg per day for 7
days in rats or for 22 days in C57BL/6 mice [19]. For tox-
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Fig. 5. Tetras as a radiation therapy enhancement agent. Meth-A fibrosarcoma (A) tumor bearing Balb/c mice or human squamous tumor (FaDu) (B and C)
bearing Balb/c nu/nu mice were treated with 5% dextrose alone as control (open circles), Tetras alone (filled circles), single high dose of radiation alone
(boxes), radiation and Tetras (triangles). Radiation was carried with single high dose at 24 Gy (B) or fractionated radiation at 12 Gy, once a week for 4 weeks
(A and C). Tetras was administered in 8 mg/kg doses 1 h after every radiation treatment. Tumor diameters were measured with caliper at least weekly. Each
value is the mean * sd obtained from six mice. x, P < 0.05 compared with control group (radiation alone). Tetras showed good radiation-enhancing effects in
statistically significant level in Meth-A fibrosarcoma tumor model (P < 0.05). In human squamous carcinoma model, combination of radiation and Tetras

were more effective than radiation alone, but not statistically significant.
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icity problem, we did not do exact experiments but there
are no vascular damages in normal tissues especially,
kidney and skins (Fig. 4D).

In summary, this report demonstrates for the first time
that Tetras functions as a potent anti-cancer agent for solid
tumors by disrupting neovasculature and radiosensitizing
tumors to control growth of cancers. Further studies are
needed to define the mechanism of vascular disruption
and to determine the optimal combination course to max-
imally reduce tumor burden while minimizing toxicity,
potentially leading to eradication of tumors.
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