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ABSTRACT

Topical application of la,25-dihydroxyvitamin D3 (la^SiOH^DjI, an
active form of vitamin D3, was previously shown to inhibit the induction
of umidirne decarboxylase (ODC) and tumor promotion by tumor pro
moters in mouse skin. In the present study, this observation in skin was
extended to other tissues, such as the stomach, colon, and liver, using
la-hydroxyvitamin D3 (lo(OH)Dj], which is converted to lo,25(OH)2D3
in the liver without hormonal control and thus evokes the systemic effects,
if any, of IÂ«,25(011Â».,!),.When mice were given laÂ«)(1)1), at a dose of
5 Mgby gastric tube, their plasma level of IÂ«,25(O1l),l), increased to a
peak of about 18-fold the normal level after 12 h, followed by hypercal
cÃ©mie(about 14 mg/dl), which reached a peak on Days 2 to 3. In
!<Â»Â«)!I)l),-treak'd mice, induction of epidermal ODC by 12-0-tetradec-
anoylphorbol-13-acetate was markedly inhibited, the inhibition being
maximal 2 to 4 days after MOI 1)1), administration. ODC induction in
the glandular stomach mucosa of rats by NaCl, a tumor promoter in
stomach carcinogenesis, was also inhibited dose and time dependently by
IMOI 1)1),. Similarly, IKÂ«)11)1),treatment of rats markedly inhibited
the induction of ODC in the colon mucosa by deoxycholate, a tumor
promoter of colon carcinogenesis, and of ODC in the liver by phÃ©nobar
bital, a promoter of liver carcinogenesis. These results suggest that an
active form of vitamin 1), has a systemic inhibitory effect on induction of
ODC activity by tumor promoters.

INTRODUCTION

The induction of ODC3 is thought to play a regulatory role

in tumor promotion. This was first demonstrated in mouse skin
carcinogenesis in which topical application of phorbol esters,
such as TPA, resulted in rapid induction of epidermal ODC
activity (1). Subsequent studies have shown that tumor pro
moters in other tissues also induce ODC activity in their re
spective target tissues. These promoters include NaCl in stom
ach carcinogenesis (2), bile acids in colon carcinogenesis (3),
and phÃ©nobarbitalin liver carcinogenesis (4, 5).

The importance of ODC induction in tumor promotion is
supported by the observations that inhibitors of ODC induction
also inhibit tumor promotion in mouse skin. These inhibitors
include retinoids (6, 7), dexamethasone (7), putrescine (8), a
biomimetic Superoxide dismutase (9), butylhydroxyanisol (10,
11), and la,25(OH)3D3 (12-14). The present study is on the
effects of the last of these inhibitors.

Recently, we have been studying the control of cellular dif
ferentiation and tumor promotion by la,25(OH)2D3, a hor-
monally active form of vitamin I.), regulating the plasma cal
cium level (for review, see Ref. 15). We found that
1Â«,25(OH)2D3inhibited both the induction of ODC and tumor
promotion by TPA and mezerein in mouse skin (12,13). In cell
cultures, however, this hormone was found to enhance chemical
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transformation of BALB/3T3 (16,17) and Syrian hamster cells
(18) and also to induce anchorage-independent growth of JB6
(19), BALB/3T3, and NIH/3T3 cells (20). The apparent dis
crepancy between these results in vitro and in vivo requires
further studies.

In the present work, we examined whether the inhibitory
effect of la,25(OH)2D3 on ODC induction by tumor promoters
in skin could be extended to other target tissues. For this
purpose, we administered 1<*(OH)D3, a synthetic analogue of
vitamin D3, by gastric tube to mice and rats. la(OH)D3 is
converted to la,25(OH)2D3 in the liver without hormonal con
trol and so evokes the systemic effects, if any, of 1Â«,25(OH)2D3
(21-23). We found that the inductions of ODC activity by
promoters of carcinogenesis in the skin, stomach, colon, and
liver were markedly inhibited in la(OH)D3-treated animals.

MATERIALS AND METHODS

Chemicals. The following chemicals were used: TPA from Consoli
dated Midland Co. (Brewster, NY); deoxycholic acid sodium salt from
Nakarai Chemicals (Kyoto, Japan); phÃ©nobarbitalsodium from Wako
Pure Chemical Industries (Osaka, Japan); and la,25(OH)2D3 from
Duphar B. V. (Amsterdam, Netherlands). la(OH)D3 was a gift from
Chugai Pharmaceutical Co. (Tokyo, Japan). DL-[l-'4C]Ornithine hy-

drochloride (specific activity, 49.1 mCi/mmol) was obtained from New
England Nuclear (Boston, MA). TPA was used as a solution in acetone,
phÃ©nobarbital, and deoxycholate as solutions in 0.9% NaCl, and
la (Oll) D i as solution in medium chain triglycÃ©ride,obtained from
Nisshin Seiyu Co. (Tokyo, Japan).

Animals. Female Sencar mice (24) and male Fischer rats (1344,'

NSlc) were purchased from Shizuoka Agricultural Cooperative Asso
ciation for Laboratory Animals (Hamamatsu, Japan). Animals were
housed in steel cages in a room with normal rhythm (12 h light, 12 h
dark) periods. Food and water were available ad libitum unless other
wise stated.

Treatment of Animals, Tissue Preparation, and Assay of ODC Activ
ity. ln(( )l 1)1), was administered by gastric tube in SOn\ (for mice) or
100 ul (for rats) of solution of medium chain triglycÃ©ride.Control
animals were treated with solvent alone. After appropriate times, pro
moter-induced ODC activities in the skin, stomach, colon, and liver
were determined by measuring release of CO2 from [l-MC]omithine as

described previously (12). Protein contents of enzyme solutions were
determined by the method of Bradford (25).

Epidermal ODC activity was induced by topical application of TPA
at 5 Mgto the skin of the back of 6- to X u k old Sencar mice. The area
of topical application was shaved with electric clippers and treated with
a depilatory agent (Kowa Co., Nagoya, Japan) 2 days before experi
ments. At appropriate times after topical application of S /ig TPA, mice
were killed by cervical dislocation, and the skin treated with TPA was
rapidly excised. The epidermis was heated at 55*C for 30 s, scraped off

with a razor blade, sonicated at or in O.S ml of extraction solution
consisting of 50 HIMsodium phosphate (pH 7.2), 0.1 HIMpyridoxal
phosphate, and 0.1 HIMEDTA, and then centrifuged at 30,000 x g for
30 min. The supernatant fraction was used as a source of the enzyme.
Details of the procedure were reported previously (12).

For induction of ODC activity in the stomach, rats of 7 to 9 wk of
age were fed a restricted amount of diet overnight to reduce their
stomach contents and then given a saturated solution of NaCl (30%,
w/v) at 1.5 g/kg body weight by gastric tube (26). At appropriate times
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after treatment, the animals were killed by decapitation, and the pyloric
mucosa of the glandular stomach was scraped off with a razor blade.
The enzyme source was prepared by the same procedure as that of
mouse skin.

ODC activity of the colon was induced by intrarectal instillation of
deoxycholate into 7- to 9-wk-old rats under anesthesia with avertin (27,
28); 1.0 ml of 0.9% NaCl solution containing 2.5 mg of deoxycholate
was applied by catheter to rats in the prone position, and the anus was
occluded for 1 min to prevent rectal opening. After exposure, the colon
was washed twice with 1 ml of 0.9% NaCl solution to remove deoxy
cholate. Four h after application of deoxycholate, rats were killed by
decapitation, and the descending colon was removed, rinsed with ice-
cold 0.9% NaCl solution, and scraped with a razor. The enzyme source
was prepared by the procedure described above.

For induction of ODC activity in the liver, phÃ©nobarbitalwas injected
i.p. at a dose of 100 mg/kg body weight into 4-wk-old rats that had
been starved for 24 h (29). Four h later, the liver was quickly removed
and transferred to 2 volumes (v/w) of ice-cold SOimi sodium phosphate
buffer (pH 7.2) containing 1 HIMdithiothreitol. Livers were homoge
nized in a Potter-Elvehjem homogenizer. The supernatant fraction
obtained by centrifugation at 100,000 x g for l h was used as a source
of the enzyme.

Measurement of Plasma Calcium and l<Â».25(()IIhl).i.Periodically
after p.o. application of (<>((>l1)1)>.blood was collected by heart punc
ture from animals under ether anesthesia. Total plasma calcium was
measured by the method of Connerty and Briggs (30). Three measure
ments were made at each point.

The plasma concentration of 1<>,25(<>1I)..I),was measured by the
method of Kimura et al. (31) with the chick intestinal cytosol receptor
for la,25(OH)2D3 (purchased from Yamasa Shoyu Co., Chosi, Japan).
la,25(OH)2D3 was extracted by addition of 8 ml of methanoheth-
ylacetate (1:3, v/v). The upper layer was collected, and the water phase
was extracted twice with the same solution. The combined organic
layers were dehydrated with anhydrous sodium sulfate and evaporated,
and the residue was suspended in n-hexane:chloroform:methanol (9:1:1)
and applied to an LH-20 Sephadex column. la,25(OH)2D3 was eluted,
evaporated, subjected to high-pressure liquid chromatography on a Â¿i-
porasil column, and eluted with n-hexane:isopropanol (9:1, v/v). The

la,25(OH)2D3 level was determined by competitive binding to
11>.2M<>lI)..I), receptor of chick intestine. In mice, single measurements
of pooled plasma from 10 mice were made at each point. The intra
and interassay coefficients of variation were 5.9% and 15.3%, respec
tively. In rats, plasma of a single animal was sufficient for the measure
ment, and 4 to 6 rats were used at each point.

RESULTS

Effect of MOI I)l>,on the Plasma Calcium and la,25(OH)2D3
Levels. la(OH)D3, a synthetic derivative of vitamin D3, is
converted to la,25(OH)2D3 by hydroxylation at position 25 in
the liver without hormonal regulation (21-23). We examined
the level of I<i.25(()M).-l ) i in the plasma of mice and rats after
intragastric administration of la(OH)D3 (Fig. 1). When mice
were treated with 5 ng of 1Â«(OH)D3, the level of plasma
1Â«,25(OH)2D3increased to a peak of about 18-fold the normal

level after 12 h and then gradually returned to the normal range
on Days 5 to 7. This increase of plasma la,25(OH)2D3 was
followed by hypercalcemia of about 14 mg/dl on Days 2 to 3,
which decreased gradually until Day 7. The induction of hyper
calcemia was dependent on the dose of la(OH)D3 from 1 to 5
Mg(Fig. 2). Similar time courses were obtained when rats were
treated with 100 Mg/kg body weight of la(OH)D3, although the
peak value of la,25(OH)2D3 was much higher in rats than in
mice (Fig. 1). These results indicate that la(OH)D3 is convened
to la,25(OH)2D3, which in turn causes hypercalcemia. Thus,
the effects of la(OH)D3, if any, may be attributable to increase
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Fig. 1. Changes in plasma levels of la,25(OH)2D3 (A) and calcium (B) after
p.o. administration of la(OH)D3 at 5 Mgto mice (â€¢)or at 100 pg/kg to rats (O).
. 1.concentration of 1f..25(<)l 1).,I), measured by receptor binding assay; B, plasma
calcium level measured by the method of Connerty and Briggs. Points, mean for
10 measurements; bars, SI). Significance of difference from the solvent control
(0 time): *, P < 0.05; **, P < 0.01.
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Fig. 2. Dose-dependent induction of hypercalcemia by p.o. administration of
la(OH)D3 in mice. Points, mean for 3 to 4 measurements; bars, SD.*, P< 0.05;

in the plasma level of calcium and/or la,25(OH)2D3.
Inhibition by la(OH)D3 of Induction of ODC by TPA in

Mouse Skin. We previously reported that topical application of
la,25(OH)2D3 markedly inhibited induction of ODC by TPA
in mouse skin (12). For validation of the present experimental
system, we first examined the possible inhibitory effect of p.o.
la(OH)D3 on induction of ODC by TPA in the skin. Mice were
given 5 Â¿Â¿gof la(OH)D3 by gastric tube, and after appropriate
times, 5 tig of TPA were applied to the skin of their back.
Epidermal ODC activity was measured 4 h after TPA applica
tion when the activity reached a peak (Refs. 1 and 12; see also
Fig. 4). An inhibitory effect of la(OH)D3 was evident 2 to 4
days after its administration, the ODC activity being reduced
to 60 to 70% of that of control mice treated with the solvent
only (Fig. 3). ODC activity was gradually restored by Day 5. In
repeated experiments, no inhibitory effect was observed within
24 h after administration of la(OH)D3 (Fig. 3, inset ). On the
basis of these results, la(OH)D3 was administered 3 days before
promoters in subsequent experiments.

Fig. 4 shows the time courses of ODC induction by TPA in
control and la(OH)D3-treated mice. Consistent with previous
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Fig. 3. ODC activity after topical application of TPA in la(OH)D3-treated
(â€¢)or solvent-treated (O) mice as a function of time after p.o. application of
1..(( )11)1.),.Mice were given 5 ^g of 1a(OH)D3 by gastric tube. After the indicated
times, TPA at a dose of 5 pg or acetone was applied topically to the skin of their
backs. Epidermal ODC activity (nmol COj/h/mg protein) was measured 4 h after
TPA application. In.wt, same as above, except that animals were treated with
TPA within 24 h after 1Â«(OH)D3administration. Points, mean for 2 to 5
measurements; han, SD. The absence of a bar indicates that the SD was within
the symbol.
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Fig. 4. Time courses of induction of epidermal ODC activity by TPA in mice
treated with 1.Â»(011)1),and solvent. Mice were given S pg of la(OH)D3 or solvent
by gastric tube. Three days later, TPA at a dose of 5 pg or acetone was applied to
the skin of their backs and epidermal ODC activity (nmol COj/h/mg protein)
was measured at the indicated times. â€¢.TPA-induced ODC activity in la(OH)D3-
treated mice; O, TPA-induced ODC activity in solvent-treated mice; â€¢and n,
ODC activity after application of acetone in mice treated with la(OH)D3 (â€¢)or
solvent (II). Points, mean for 3 measurements; bars, SD.

observations (1, 12), topical application of TPA to solvent-
treated control mice caused rapid and transient increase of
ODC activity, with a sharp peak at 4 h. In la(OH)D3-treated
mice, ODC activity was markedly inhibited: the inhibitions
after 4 and 6 h were 90 and 71%, respectively. Administration
of 1Â«(OH)D3alone did not increase epidermal ODC activity.

The inhibitory effect was dependent on the dose of
la(OH)D3. For the results in Fig. 5, la(OH)D3 was given p.o.
at doses of 0.5, 1, 2, 5, and 10 ng, and TPA-induced ODC
activity was measured on Day 3. la(OH)D3 inhibited the in
duction of ODC dose dependently, and about 95% inhibition
was observed at doses of more than 5 /Â¿g.

Inhibition by la(OH)D3 of Induction of ODC by NaCl in Rat
Stomach. Epidemiological and experimental studies have sug
gested that NaCl acts as a promoter of stomach cancer. Intake
of salted foods is a risk factor of stomach cancer (32). A high
NaCl diet enhanced formation of cancers and preneoplastic
hyper piasi a in the stomach of rats initiated by ./V-methyl-W-
nitro-A'-nitrosoguanidine (2). Furthermore, like TPA in mouse
skin, NaCl induced ODC activity in rat stomach mucosa when

10
Dose

Fig. 5. Dose-dependent inhibition by la(OH)D3 of induction of epidermal
ODC activity in mice. Mice were given la(OH)D3 at the indicated doses by
gastric tube. Three days later, 5 Mgof TPA were applied to the skin of their backs.
Epidermal ODC activity was measured 4 h after TPA application. ODC activity
is expressed as a percentage of that in solvent-treated mice. Points, mean for 3
measurements; har.\. SD.
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Fig. 6. Time-dependent ODC induction by NaCl in the glandular stomach
mucosa of rats treated with la(OH)D3 (â€¢)or solvent (O). Rats were treated p.o.
with la(OH)D3 at 100 pg/kg body weight or solvent and 3 days later were given
saturated NaCl solution at 1.5 g/kg body weight by gastric tube. The ODC activity
of the pyloric mucosa (nmol <'<) ,/h/mg protein) was measured at the indicated

times. Points, mean for 2 measurements; bars, SD. The absence of a bar indicates
that the SD was within the symbol.

applied p.o. (26). We used this rat stomach system to examine
the possible inhibitory effect of la(OH)D3 on promoter-induced
ODC activity.

Fig. 6 shows the ODC activity in the pyloric mucosa of the
glandular stomach of rats induced by saturated NaCl solution
at a dose of 1.5 g/kg body weight. Consistent with the obser
vation of Furihata et al. (26), ODC activity increased from 3 to
16 h after this treatment with a peak at 6 h. When rats had
been treated with la(OH)D3 at 100 fig/kg body weight 3 days
previously, induction of ODC by NaCl was markedly inhibited:
91 and 93% inhibitions were observed at 3 and 6 h, respectively.
This inhibitory effect was dependent on the dose of la(OH)D3
in the range of 0.1 to 10 /ig/kg body weight (Fig. 7). The
patterns of time- and dose-dependent inhibition are very similar
to those observed in mouse skin (Figs. 4 and 5).

Inhibition by la(OH)D3 of Induction of ODC by Deoxycholate
in Rat Colon. Bile acids derived from dietary factors have been
shown to induce colonie ODC activity and to enhance carci-
nogenesis in the colon (3, 27, 28). We found that la(OH)D3
also inhibited ODC induction by deoxycholic acid in rat colon.
Table 1 shows that intrarectal instillation of 2.5 tng of deoxy-
cholate induced more than 16-fold increase in ODC activity of
the colon mucosa 4 h after treatment. This induction of ODC
by deoxycholate was markedly inhibited by la(OH)D3 treat
ment of rats.
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Fig. 7. Dose-dependent inhibition of NaCl-induced ODC activity of the glan
dular stomach mucosa in 1a(OH)D3-treated rats. Rats were treated with
la(OH)D] at the indicated doses and 3 days later were given saturated NaCl
solution at a dose of 1.5 g/kg body weight by gastric tube. The ODC activity of
the pyloric mucosa was measured 4 h after NaCl application. ODC activity is
expressed as a percentage of that in solvent-treated mice. Points, mean for 2
measurements; hur\. SD.

Table 1 DeoxycHolate-induced ODC activity of colon mucosa in Ia(OH)D3- and
solvent-treated rats

Rats were given la(OH)D3 at a dose of 100 ^g/kg body weight by gastric tube
3 days before deoxycholate at a dose of 2.5 mg was applied intrarectally, and
ODC activity of the mucosa of the descending colon was measured 4 h later.

Treatment
ofanimalsSolvent

MOH)D3ODC

activity
(nmol CO2/h/mgprotein)Basal<0.01

<0.01Induced0.16

Â±0.07"
0.02 Â±0.01*

"Mean Â±SD of 3 measurements.
* Significant difference from value in solvent-treated rats (/' < 0.05).

Table 2 Phenobarbital-induced ODC activity of liver in rats treated with
la(OH)D) and solvent

Rats were given I.><()t 1)1><at a dose of 100 pg/kg body weight by gastric tube
3 days before ODC induction by i.p. injection of phÃ©nobarbitalat a dose of 100
mg/kg. ODC activity in the liver was measured 4 h later.

Treatment
of animals

ODC activity
(pmiil CO.. h mu protein)

Basal Induced

Solvent 3.4 Â±1.1Â°
2.1 Â±0.5

18.4+ 2.1
6.8 Â±2.9*

" Mean Â±SD of 2 measurements.
* Significant difference from solvent-treated rats I/' < 0.05).

Inhibition by la(OH)D3 of Induction of ODC in Rat Liver by
PhÃ©nobarbital.A single i.p. injection of phÃ©nobarbitalinto rats
at 100 mg/kg body weight increased the ODC activity in their
liver to a maximum of about 5-fold the basal level after 4 h.
This induction of ODC activity was also inhibited by treating
the rats with la(OH)D3 (Table 2).

maximum on Days 2 to 3, which coincided with the time of
increase in the plasma level of calcium, suggesting that this
inhibitory effect was attributable to hypercalcemia. However,
when 1Â«,25(OH)2D3was applied topically, unlike in the present
study, inhibition of the ODC induction was observed only within
2 h before or after its administration (12), whereas the plasma
level of calcium was elevated after 24 h (13), suggesting the
alternative possibility that the effect was due to the tissue level
of la,25(OH)2D3) rather than the plasma level of calcium.
These possibilities can be studied by measuring the tissue level
of la,25(OH)2D3 and by use of new analogues of vitamin D3 to
distinguish hypercalcemia from other biological effects. We are
now studying this phenomenon by the latter approach.

The inhibition of ODC induction by la(OH)D3 seems not
attributable to its nonspecific cytotoxicity, if any. We found
previously that topical application of la,25(OH)2D3 to mouse
skin inhibits the induction of ODC, but not that of hyperplasia
by TPA (12), suggesting specific action of this hormone.

Although it is formed from the vitamin, la,25(OH)2D3 is
now regarded as a hormone because of its presence in the
plasma at a certain concentration (about 40 pg/ml) and because
of its action through binding to the cytosolic/nuclear receptor
(for review, see Ref. 33). Specific receptors for 1Â«,25(OH)2D3
have been found in almost all tissues and cells. The skin is
known to contain specific receptors for 1Â«,25(OH)2D3 (for
review, see Ref. 34). The presence of its receptors in the stomach
and colon was demonstrated by autoradiography after injection
of [3H]1Â«,25(OH)2D3into rats given vitamin D3-deficient diet

(35). Although there are no reports of its receptors in the liver,
we found that they are present in partially hepatectomized liver
of rats and in a parenchyma! cell line (IAR-20) derived from
rat liver.4

The present findings suggest an antipromoting effect of vi
tamin 1)Â¡on carcinogenesis in the stomach, colon, and liver.
We (13) and Wood et al. (14) demonstrated that la,25(OH)2D3
is an inhibitor of promotion of carcinogenesis in mouse skin.
Epidemiologically, Garland et al. (36) found in cohort study
with about 2000 men for a period of 19 yr that risk of colorectal
cancer is inversely correlated with dietary vitamin D and/or
calcium. A previous report of a descriptive epidemiology study
also suggested this association (37). This decrease of risk of
colorectal cancer may be explained by the present observation
that ODC induction by deoxycholate is inhibited in 1Â«(OH)D3-
treated rats. Further studies are needed to prove this hypothesis
experimentally.
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DISCUSSION

In the present study, we demonstrated that p.o. treatment
with la(OH)D3 inhibited ODC induction by tumor promoters
in the skin, stomach, colon, and liver. This systemic effect may
be mediated by la,25(OH)2D3 formed in the liver by hydrox-
ylation of 1,.(()! 1)1), at position 25. Indeed, the plasma level
of 1Â«,25(OH)2D3increased to a peak 12 h after p.o. application
of la(OH)D3 and then gradually returned to the normal range
on Days 5 to 7. Increase in plasma la,25(OH)2D3 was followed
by hypercalcemia, which showed a peak on Days 2 to 3.

The inhibitory effect on ODC induction by promoters was
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