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The effect of 22-oxa-1¢,25-dihydroxyvitamin D; (22-oxa-
1,25(0OH),D,) on the growth of autochthonous rat mam-
mary tumors induced by 7,12-dimethylbenz[a]anthracene
(DMBA) was examined on the basis of our previous
finding that this synthetic vitamin D, analog has a potent
angiogenesis inhibitory effect. Two doses of 22-oxa-
1,25(0H),D;, 0.1 and 1 pg/kg of body weight, due to the
limited amount of the compound available, were used.
The daily administration of 22-oxa-1,25(0H),D, at the dose
of 1pg/kg/day resulted in significant inhibition of the
growth of these mammary tumors at 1, 2 and 3 weeks
after the administration of this agent, although the agent
caused little or no regression of the tumors. After daily
administration for 3 weeks, a significant antitumor effect
was also observed in the group treated with 0.1 pg/kg/
day. Treatment with 22-oxa-1,25(0OH),D, did not affect the
serum calcium levels in the treated rats. The lower dose
of 22-oxa-1,25(0H),D; neither affected weight gain nor
caused a decrease in body weight, while the higher dose,
although having some effect on weight gain, did not
induce a decrease in body weight. There were no
significant differences in the weights of adrenals, uteri
and ovaries between the treated groups and controls.
These results suggest that 22-oxa-1,25(OH),D; has a
significant growth inhibitory effect on DMBA-induced
autochthonous mammary tumors in rats, without produc-
ing severe side effects, including hypercalcemic activity.
Additionally, it might be possible that the antitumor effect
of 22-oxa-1,25(0H),D, is due, in part, to the antiangiogenic
activity of this agent, since tumor growth depends on an
angiogenic response by the host tissues and since the
agent exhibits remarkable antiangiogenic activity.
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Introduction

It is widely accepted that solid tumors induce an
angiogenic response by the host blood vessels to
form a new vascular network for the supply of fresh
nutrients and oxygen and for the elimination of
metabolic waste, which are indispensable for
progressive growth. This might be supported by
the evidence that almost all, if not all, tumots
exhibit angiogenic activity in an /n vivo assay
system involving rabbit cornea or the chor-
ioallantoic membrane (CAM) of chick embryo, and
that tumors, when implanted into organs main-
tained by isolated perfusion in glass chambers, do
not grow beyond a mass of 2-3 mm in diameter."?
Thus it is reasonable to assume that inhibition of
angiogenesis results in the suppression of tumor
growth. Treatment involving an angiogenesis
inhibitor would be a new strategy for cancer
therapy.

Studies on angiogenesis inhibitors have become
a focus of increasing attention. Several steroids,
when co-administered with exogenous heparin,
have been found to inhibit angiogenic activity, as
determined with bioassay systems involving rabbit
cornea or the CAM of chick embryo.”” Some of
these angiostatic steroids have been shown to exert
a growth-inhibitory effect on experimental tu-
mors.> Recent studies showed that several
substances exhibit antiangiogenic activity, includ-
ing angiostatic antibiotics, angiostatic vitamins, a
sulfated polysaccharide-peptidoglycan complex and
a synthetic laminin peptide."" On the other hand,
we have shown that medroxyprogesterone acetate
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(MPA) alone remarkably suppresses the growth of
rat mammary tumors induced by 7,12-dimethyl-
benz[a]anthracene (DMBA), probably by inhibiting
angiogenic activity triggered by these tumors.”
MPA also inhibited embryonic angiogenesis in the
CAM assay system.’

Differing from quiescent vascular endothelial
cells, angiogenic endothelial cells are thought to
migrate and proliferate, and to subsequently
differentiate into vessel-forming quiescent pheno-
types. We have hypothesized that agents, which
modulate the differentiation activity of angiogenic
endothelial cells, could affect angiogenic responses
which are triggered by a variety of stimulants,
including tumor-derived factors or which occur in
the process of embryogenic development. To verify
this hypothesis, we firstly examined the antiangio-
genic activity of several natural and synthetic
retinoids, because these substances are well known
to exhibit differentiation-modifying activity to-
ward several cell types. All four retinoids tested
have been found to induce an antiangiogenic
action.® The order of the potency of antiangiogenic
activity of the retinoids well agreed with the order
of their abilities to cause cell differentiation in
in vitro systems. Additional evidence for our
hypothesis has been provided by experiments
involving vitamin D; analogs which, like retinoids,
induce the differentiation of several transformed cell
lines into normal phenotypes. Similar to the results
obtained using retinoids, the order of the
antiangiogenic activity of vitamin D; analogs tested
shows good agreement with the order of their
abilities to induce the differentiation of several
cultured cells, including that of human acute
promyelocyte leukemia cells HL-60; 22-oxa-1a,25-
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Figure 1. Structure of 22-oxa-1,25(0H),D,.
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dihydroxyvitamin D, (22-oxa-1,25(0OH),D;) exhi-
bits a stronger antiangiogenic effect than
1,25(0H),D;. The aim of the present study is to
determine whether or not 22-oxa-1,25(OH),D;
suppresses the growth of DMBA-induced autoch-
thonous mammatry tumors in rats. This was
found to have a significant antitumor effect on such
a mammary tumor, without inducing hypercalce-
mia, a critical side effect of the active forms of
vitamin Dj, including 1,25(OH),D;. The present
results strongly suggest that 22-oxa-1,25(OH),D; is
a promising agent which induces antitumor activity
through the inhibition of angiogenic activity.

Materials and methods
Chemicals

22-Oxa-1,25(0OH),D; was generously provided by
Chugai Pharmaceuticals (Tokyo, Japan). Its struc-
ture is shown in Figure 1. DMBA was obtained
from Wako Chemicals (Tokyo, Japan).

Treatment of mammary tumor-bearing
rats with 22-oxa-1,25(0OH),D,

Mammary tumors were induced in female Sprague-
Dawley (SD) rats (Charles River Japan Inc.,
Kanagawa, Japan) at 8 weeks of age by intragastric
administration of DMBA (100 mg/kg), as described
previously.'>> After 8-12 weeks, rats bearing
mammary tumors of about 10 mm diameter were
divided into three groups and given intramuscular
injections of 22-oxa-1,25(OH),D; (0.1 or 1 ug/kg)
or the vehicle (sesame oil) once a day for 21 con-
secutive days. The tumor size and body weight wete
measured before treatment and weekly there-
after. The stock solution of 22-oxa-1,25(0OH),D;
was dissolved in absolute ethanol (1 mg/ml) and
kept at —20°C. Immediately before use, the stock
solution was diluted with sesame oil.

The tumor size (mm®) was defined as the product
of the widest diameter and the greatest diameter
perpendicular to it, and was expressed as the
percentage of the initial size, i.e. on day 0.

At the end of the experiment (3 weeks), the
animals were killed, and their adrenals, uteri and
ovaries were removed and weighed. At the same
time, the serum calcium level in treated rats was
determined by the method of Connerty and
Briggs.'



Statistical analyses

Data as to antitumor experiments and body weight
were analysed by means of the Mann—Whitney
U-test. The results of other assays were analysed by
means of Student’s #test.

Results

Effect of 22-oxa-1,25(0H),D; on autochthonous
mammary tumor growth in rats

22-Oxa-1,25(0OH),Ds, a synthetic analog of vitamin
D;, is a potent angiogenesis inhibitor. Experiments
were therefore conducted to determine whether or
not this angiostatic vitamin affects the tumor
growth in the DMBA-induced autochthonous rat
mammary tumor model system. Rats bearing
mammary tumots received consecutive injections of
two different doses of 22-oxa-1,25(OH),D; or the
vehicle (sesame oil) for 3 weeks. The results are
shown in Figure 2. The values for the tumor size
(mean + SE; n =17) of the control group treated
with the vehicle were 131 £ 7, 145+ 13 and
174 4+ 16% at 1, 2 and 3 weeks, respectively, of the
control size at the start of the experiment (day 0).
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Figure 2. Effect of 22-oxa-1,25(0OH),D; on autochthonous
rat mammary tumors induced by DMBA. Values represent
means for groups treated with 22-oxa-1,25(0H),D;: the
numbers of tumors used were 17, 19 and 19 for the doses
of 0 (O), 0.1 (@) and 1 (A) ug’kg 22-oxa-1,25(0H),Ds,
respectively. *Significant differences between groups
(p < 0.05).

Antitumor effect of 22-0xa-1,25(0H ) ;D ;

The values for the tumor size (mean + SE; #» = 19)
of the group treated with 0.1 ug/kg of 22-oxa-
1,25(0OH),D; were 115+ 4, 130 £ 6 and 128 +
6% at 1, 2 and 3 weeks, respectively, of the initial
size on day 0. At this dose, 22-oxa-1,25(0OH),D; had
significantly inhibited the growth of the rat
mammary tumors after 3 weeks of consecutive
administration (p < 0.05). More effective inhibition
was observed in the group treated with the dose of
1 ug/kg/day. After consecutive administration for
1, 2, and 3 weeks, 22-oxa-1,25(OH),D; showed a
significant antitumor effect on the mammary tumors
(p < 0.05); significant growth inhibition was
found, although little or no regression was induced.
The values for the tumor size (# = 19) were 74, 59
and 69% at 1, 2 and 3 weeks, respectively, of the
respective controls.

Effect of 22-oxa-1,25(0H),D; treatment on
the serum calcium level

Active metabolites of vitamin Dj, including
1,25(0OH),D;, have been shown to induce severe
hypercalcemia in treated animals. Thus, experi-
ments were petformed to determine whether ot not
such activity was also induced by 22-oxa-
1,25(0OH),D;. There were no significant differences
in the serum calcium level between the control and
1,25(0OH),D;-treated groups, suggesting that 22-
oxa-1,25(OH),D;, unlike other active vitamin D,
derivatives such as 1,25(OH),D; does not exhibit
hypercalcemia-inducing activity (Table 1).

Effect of 22-oxa-1,25(0OH),D; treatment on
body and organ weights

A decrease in body weight was not observed in the
two treated groups compared to the initial body
weight on day 0, although weight gain was slightly
retarded in the groups treated with 1 ug/kg of
22-oxa-1,25(0OH),D; for 2 or 3 weeks. The agent,

Table 1. Serum calcium levels in 22-oxa-1,25(0OH),D;-
treated rats

Dose (ug/kg) Serum calcium levels (mg/dl)

0 10.96 + 0.64°
0.1 11.76 + 0.78
1 10.62 + 0.38

2 Values are the means + SE for six animals.
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at the dose of 0.1 ug/kg, neither caused a body
weight decrease nor affected weight gain (Figure 3).

The ovaries, uteri and adrenals of the control and
treated groups were also weighed at the end of the
experiment to determine the toxicity of 22-oxa-
1,25(0OH),D;. No significant differences were found
in the weights of the ovaries, uterus and adrenals
between the control and 22-oxa-1,25(OH),Ds-
treated groups (Table 2).

Discussion

The progressive growth of solid tumors depends
on an angiogenic response by the host blood tissues.
It is, therefore, expected that angiogenesis inhibi-
tion would be a novel strategy for cancer treatment.
Our previous study showed that the antitumor
effect of MPA, a synthetic derivative of progester-
one, on DMBA-induced autochthonous rat mam-
mary tumors was probably due to the inhibitory
activity of the agent toward angiogenesis triggered
by these tumors.'” We also found that 22-oxa-
1,25(OH),D;, an analog of 1,25(OH),D;, exhibited
more potent angiogenesis-inhibitory activity than
1,25(0OH),D; in the CAM assay system and exerted
antiangiogenic activity comparable to that of Ch 55,
a synthetic retinoid, which is the most effective
angiogenesis inhibitor identified so far.®® Based on
these findings, the present study was performed to
determine whether or not 22-oxa-1,25(OH),D,
shows antitumor activity toward DMBA-induced
autochthonous mammary tumors in rats. Treatment
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Figure 3. Effect of 22-oxa-1,25(0H),D, treatment on weight
gain. Values represent means for six rats with SE of
0.01-0.03 for all values. O, Vehicle only; @, 0.1 ug/kg
22-oxa-1,25(0H),Ds; A, 1 ug/kg 22-oxa-1,25(0H),D;.
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Table 2. Wet weights of organs of 22-oxa-1,25(0H),D;-
treated rats

Organs 22-Oxa-1,25(0H),D;-treated groups
(ng/kg)
] 0.1 1
Uterus (mg) 464.0 + 49.6° 535.0 + 80.1 427.0 + 36.4
Ovary (mg) 1120+ 6.7 1065+ 9.1 1033+ 25
Adrenal (mg) 732+ 31 673+ 27 713+ 18

? Values are the means + SE for six animals.

with two doses (0.1 and 1 ug/kg) of 22-oxa-
1,25(0OH),D; produced, although it did not induce
tumor regression, significant supptession of the
tumor growth. Additionally, the higher dose caused
an interesting phenomenon: the tumor size
throughout the treatment remained roughly con-
stant and approximately similar to the initial size
before treatment. It is conceivable that the primary
action of an angiogenesis inhibitor is on any step(s)
of the angiogenic process to prevent new vascular
network formation, resulting in the suppression of
tumor growth, and not to influence the pre-existing
vascular network in the tumor tissues and thereby
induce tumor regression. The inhibitory effect of
22-0xa-1,25(OH),D; on the growth of a DMBA-
induced rat mammary tumor observed in this study
appears to be along these lines. Thus, the present
results indicate the possibility that 22-oxa-
1,25(OH),D; exerts its antitumor activity toward
autochthonous mammary tumors by inhibiting
angiogenic activity induced by these tumors. Abe
¢t al. have shown the growth inhibition, but not
the regression, by 22-oxa-1,25(OH),D; of a
transplantable human breast carcinoma implanted
into athymic mice.” Since 22-0xa-1,25(0OH),D;,
like 1,25(OH),Ds3, exhibits differentiation activity or
growth-inhibitory activity toward several tumor
cell lines,'™'” it is also possible that these effects
might be involved in the antitumor effect of the
agent on DMBA-induced rat mammary tumors. By
contrast, some angiogenesis inhibitors such as
cortisone (in the presence of exogenous heparin)
and MPA alone exhibited tumor-regressive activity.
Thus, it would be interesting to determine whether
22-oxa-1,25(0OH),D;, at higher doses than those
used in this study, induces the regression of a
DMBA-induced rat mammary tumor, or whether
the agent exhibits a cytotoxic effect on mammary
tumor cells or affects the differentiation of
angiogenic endothelial cells.



The active forms and derivatives of vitamin Ds,
such as 1,25(OH),D;, and its hydroxylated or
fluorinated analogs, have been assessed as to their
effects on the growth or the development of solid
tumors as well as non-solid tumots /# vivo on the
basis of previous observation that these active
vitamin D; derivatives affected the proliferation of
several tumor cell lines in vitro.'® ® Treatment with
these agents, however, produced significant or
severe hypercalcemia in the treated animals, with or
without the induction of antitumor activity. This
critical side effect is a limiting factor for application
of these active analogs to the treatment of cancers.
Therefore, it has been demanded that a novel,
effective analog with little or no hypercalcemic
activity be developed or that a new treatment
system in which an increase in serum calcium level
does not occur at all or is within acceptable limits be
established. Eisman e# a/. found that 1,25(OH),D;
at a high dose (0.1 ug/mouse) induced severe
hypercalcemia in mice maintained on a normal
laboratory diet but did not cause unacceptable
hypercalcemic activity in mice maintained on a low
calcium diet.” On the basis of this observation they
showed that 1,25(OH),D; exhibited a growth-
inhibitory effect or a regressive effect on some solid
tumors in mice maintained on a low calcium diet.
This suppressive effect was limited to xenografts
derived from human cancer cells having a detectable
level of 1,25(0OH),D; receptor. In this study we
demonstrated that 22-oxa-1,25(OH),Dj; significantly
suppresses the growth of DMBA-induced mam-
mary tumors without the production of critical
hypercalcemia in rats maintained on a normal
laboratory diet. In addition, this agent seemed not
to induce significant toxicity in the treated rats, as
judged from data concerning the weights of their
uteri, ovaries and adrenals, as well as their body
weights, although further study is necessary to
determine whether or not there are other side
effects, including the weight of the lower
limb bone or kidneys, the calcium content of
kidneys, and the contents of host cells such as
erythrocytes, neutrophils and platelets. It is,
therefore, highly likely that 22-oxa-1,25(0H),D; is
a highly promising antitumor agent for treating
human cancers.

The exact mechanism of the antitumor activity
of 22-oxa-1,25(OH),D; toward a DMBA-induced
rat mammary tumot remains to be determined. The
biological activities of 1,25(OH),Ds, including its
differentiation-inducing activity toward HL-60
cells, are believed to be mediated by a mechanism
involving a receptor. Thus, it appears that a vitamin

Antitumor effect of 22-0xa-1,25(OH) »>D;

D, analog having higher binding affinity for the
receptor exhibits more potent biological activity
than one having lower affinity for it. However,
although 22-0xa-1,25(OH),D; shows lower binding
affinity for the 1,25(OH),D; receptor than
1,25(OH),D;, the former exhibits greater activity
than the latter in inducing antiangiogenic activity in
the CAM assay system,’ as well as the differentia-
tion of HL-60 cells in iz vitro'® and in vive immuno-
regulating activity.'” Therefore, it is reason-
able that the antitumor activity of 1,25(OH),D; in
the in vivo model system employed in this
study cannot be explained only by a receptos-
mediated mechanism. The stability, cellular uptake
and intracellular metabolism of vitamin D,
compounds have been suggested to be factors other
than the binding affinity for the receptor.'®"
Until now, most angiogenesis inhibitors have
been examined as to their antitumor activity in
experimental systems involving a transplantable
tumor. Additionally, in most of the experiments the
angiogenesis inhibitor was injected into the animals
immediately after implantation of the tumors or
when the implanted tumors were not yet fully
established, and their antitumor effects were
assessed. Accordingly, if there is a positive
antitumor effect, careful interpretation is required,
because its effect might include an inhibitory effect
on the anchoring of the tumor implanted into the
host tissues. For the first time, to our best
knowledge, we demonstrated the antitumor effect
of MPA on DMBA-induced autochthonous mam-
mary tumors in rats, in which the tumor size
diameter was at least 10 mm. In this study we
obtained additional evidence by using 22-oxa-
1,25(OH),D;, a potent angiostatic vitamin. Thus,
the DMBA-induced mammary tumor is supposed
to be a useful model system in which to assess the

antitumor effects of certain angiogenesis in-
hibitor(s).
Conclusion

22-Oxa-1,25(OH),D;, a potent angiogenesis in-
hibitor, exhibited significant antitumor activity in
an 7n-vivo model system involving a DMBA-induced
autochthonous mammary tumor in rats. The agent
at the doses used in this study did not induce
unacceptable toxicity, including hypercalcemia.
These results strongly suggest that 22-oxa-
1,25(0OH),D; is a promising antitumor agent which
exerts its effect by inhibiting tumor angiogenesis.
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