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Abstract. Effects of compounds of the okadaic acid type
(okadaic acid, dinophysistoxin-1, calyculin A and taut-
omycin) on proliferation by digestive-tract epithelial cells
were investigated in mice and rats. In mice, a single oral ad-
ministration of these agents caused significant enhancement
of BrdU labeling indices in a dose/response manner. Excep-
tions showing no response were limited to the pyloric muco-
sa for okadaic acid, the pyloric and fundic mucosa for ca-
Iyculin A and the pyloric mucosa for tautomycin. Sequential
analysis of labeling indices after a single oral administration
of dinophysistoxin-1 revealed two peaks of cell proliferation
at 18 h and 36 h in the esophagus, ileum and colon. The la-
beling indices of the forestomach, fundus, pylorus and jeju-
num, on the other hand, continuously increased from 6 h af-
ter the administration. Elevated proliferation was also
observed in the skin after 30 h or after, but no effects on the
liver or kidney were evident. A single oral administration of
the okadaic acid type of compounds also dose-dependently
enhanced cell proliferation of the rat digestive tract. These
results strongly suggest that the okadaic acid class of com-
pounds may exert promoting potential for the gastrointesti-
nal mucosa when administered orally.
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Introduction

Compounds of the okadaic acid type, which are all potent in-
hibitors of protein phosphatases 1 and 2A, are tumor promot-
ers in various organs, such as mouse skin (Suganuma et al.
1988, 1990; Fujiki et al. 1988), rat glandular stomach (Suga-
numa et al. 1992 b) and rat liver (Nishiwaki-Matsushima et al.
1992). From these results, we hypothesized that the okadaic
acid pathway, mediated through inhibition of protein phos-
phatases 1 and 2A, is a general mechanism of tumor promo-
tion in human cancer development (Fujiki 1992). At present,
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four different structural forms of compounds of the okadaic
acid type have been identified, as follows: okadaic acid, ca-
lyculins, microcystins and tautomycin (Fujiki and Suganuma
1993). Their potencies in terms of inhibition of protein phos-
phatases 1 and 2A are slightly varied, indicating differences
in their chemical natures. For example, okadaic acid inhibited
protein phosphatase 1 less strongly than protein phosphatase
2A, and the three other compounds inhibited the two protein
phosphatases with this order of potency. Microcystin is the
strongest inhibitor and tautomycin demonstrates the weakest
inhibition (Suganuma et al. 1992 a). In particular, microsys-
tin-LR has a specific organotrophy limited to the liver. Stud-
ies with these different types of compound should allow clar-
ification of the significance of inhibition of protein
phosphatases 1 and 2A in the cells and facilitate our under-
standing of the mechanisms of tumor promotion.

As a result of the finding that okadaic acid and dinophy-
sistoxin-1, otherwise known as 35-methylokadaic acid, con-
tained in the hepatopancreas of mussels and scallops, are
causative agents of diarrhetic shellfish poisoning (Murata et
al. 1982), the effects of okadaic acid on rat intestinal epitheli-
um have been studied (Terao et al. 1986; Edebo ct al. 1989).
Recently we reported that okadaic acid administration in the
drinking water significantly increases the development of
neoplastic changes in the glandular stomach of rats initiated
with N-methyl-N'-nitro-N-nitrosoguanidine (Suganuma et al.
1992 b). As a preliminary to further two-stage carcinogenesis
experiments, the present study of cell proliferation induction
by various compounds of the okadaic acid class, given p.o.,
in the gastrointestinal tract, kidney, liver and skin was per-
formed. This. paper documents findings on the kinetics of
BrdU labeling indices in various organs after a single oral ad-
ministration of the agents to mice and rats, and on a unique
biphasic response to dinophysistoxin-1.

Materials and methods
Chemicals

Okadaic acid, dinophysistoxin-1, calyculin A and tautomycin, more
than 99.0% pure, were isolated from various sources, as reported previ-



ously (Pujiki and Suganuma 1993). Bromodeoxyuridine (BrdU) was ob-
tained from Sigma Chemical Co., St. Louis, Mo., and monoclonal
mouse antibody to BrdU was purchased from Dakopatts a/s, Denmark.

Animals

Eighty-eight male ICR mice, 5 weeks of age, and 40 male SD rats, 7
weeks of age, each specific-pathogen-free, were obtained from Charles
River Japan Inc., Kanagawa, Japan. The anitnals were maintained on
standard diets (Oriental MF for rats and Oriental NMF for mice) and tap
water ad libitum, and housed in plastic cages in an air-conditioned room
under a 12-h light/dark schedule. Before administration of okadaic-acid-
type compounds, animals were fasted for 13—15 h. N

Experiments with mice

Dose/response effects of okadaic acid, dinophysistoxin-1, calyculin A
and tautomycin. Forty-six male ICR mice, 6 weeks of age, were divided
into nine groups. Each group consisted of five or six mice. Okadaic acid,
dinophysistoxin-1 and calyculin A were administered orally through a
gastric tube at two different doses, 2 lig and 10 ug, and tautomycin at
50 pg and 300 pg. These amounts of the compounds were dissolved in a
standard 0.2-ml volume of corn oil or sesame oil. Mice received BrdU at
a dose of 75 mg/kg body weight intraperitoneally 17 h after the adminis-
tration, and were sacrificed 1 h thereafter. The gastrointestinal tract, in-
cluding the esophagus, forestomach, fundic and pyloric glandular stom-
ach, jejunum, ileum, and proximal and distal colon, was removed, fixed
in neutral buffered 10% formalin solution, and embedded in paraffin.
Thin sections were stained with hematoxylin and eosin (H&E) and
immunohistochemically with anti-BrdU monoclonal antibody. BrdU la-
beling indices were expressed as either the mean of positive nuclear
counts per 20 pits in glandular tissues, or as numbers of positive cells per
1000 cells counted in other tissues.

Time-course of the effects of dinophysistoxin-1. Forty-two male ICR
mice, 6 weeks of age, were used. Each group consisted of six mice. Din-
ophysistoxin-1, 10 pg/0.2 ml corn oil, was given orally to each mouse,
and groups were sacrificed 6, 12, 18, 24, 30, and 36 h thereafter. The
control group received vehicle alone. BrdU was administered (75 mg/kg
b.w.) intraperitoneally to all animals 1 h before each sacrifice for label-
ing of S-phase cells. In addition to the organs mentioned in a dose/re-
sponse study, skin samples, the kidneys and liver were subjected to
histological examinations. Labeling indices were determined in the
same manner as above.
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Experiments with rats

Forty male SD rats, 8 weeks of age, were divided into nine groups con-
sisting of four to six animals. Okadaic acid and calyculin A were admin-
istered at doses of 1, 10, and 50 Ug, and tautomycin at 50 ug and 300 ug.
Each compound dose was dissolved in 0.2 ml sesame oil. Animals re-
ceived BrdU at a dose of 50 mg/kg body weight intraperitoneally 17 h
after administration and were sacrificed 1 h thereafter. Control animals
received the vehicle alone. Organs, including the forestomach, fundic
and pyloric glandular stomach, jejunum, ileum, and proximal and distal
colon, were processed for determination of labeling indices.

Statistical analysis

The mean values obtained were compared by Student’s #-test. When
variances between groups were different, the degree of freedom was cor-
rected by the method of Cochran and Cox.

Results
Experiments with mice

Dose/response effects of okadaic acid, dinophysistoxin-1,
calyculin A and tautomycin. Table 1 summarizes the average
labeling indices of various tissues in the mouse gastrointesti-
nal tract after administration of the higher doses of okadaic
acid, dinophysistoxin-1, calyculin A and tautomycin. In gen-
eral, these four compounds increased labeling indices in all
parts but the pylorus. Although the effects of lower doses of
the four compounds are not presented here, most of the tis-
sues showed a dose dependence.

In H&E staining, edema or acute inflammation of the
squamous mucosa of the esophagus and forestomach, and
erosion of the fundic mucosa of mice treated with 10 ug ok-
adaic acid animal or with the same dose of calyculin A were
noted. No significant changes were evident in the other re-
gions of the gastrointestinal tracts of mice treated with ok-
adaic acid or calyculin A, or in any region of mice treated
with dinophysistoxin-1 or tantomycin.

Table 1. Labeling indices of gastrointestinal tract epithelial cells in mice 18 h after oral administration of okadaic acid, dinophysistoxin-1, calyculin A

and tautomycin

Cells Control (corn oil) Okadaic acid Dinophysistoxin-1 Calyculin A Tautomycin
0ug 10 ug 10 ug 10 1g 60 pg
&) (5) ©) %) (5
Esophagus
Proximal 4.0£1.7 9.2%4.4 20.5%*14 4 10.0%*4£2.9 11.2%%%40.4
Distal 27114 8.2+5.8 22.3%%*£3 8 9.1%%4.7 12.3**%4£3 3
Forestomach 2.0£0.9 15.5£12.5 24.6*£14.0 23.2%+16.1 11.4%*%+0.4
Glandular stomach
Fundus 3.0£1.1 7.0%%10.6 6.8**£1.5 3.940.7 5.6%£1.5
Pylorus 3.310.8 34£13 5.6%42.1 3.0£0.7 38£1.2
Small intestine
Jejunum 11.3+£1.9 18.7*%**%£1.5 21.4%%%£) 6 17.8%**%+1.3 20.0%**+1.4
{leum 10.9£1.8 14.5%*+1.0 15.3%%4+2.9 14.2%+2.7 17.7%#£1.1
Colon
Proximal 1.2+0.8 6.6%**+£1.3 8.8%#+3.7 6.2+**+(.8 8.4%*12.8
Distal 1.5+£0.7 13.4%%%£1.2 15.1%**£2.6 11.2#**4£2.0 10.3**£3.4

Doses are in Jig/mouse; numbers of mice are shown in parentheses

*,#% #%% Significantly different from respective control value: * P<0.05; ** P<0.01; *** P<0.001
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Time-course of the effects of dinophysistoxin-1. Data for se-
quential changes in the labeling index of the mouse gastroin-
testinal tract, liver and kidney are summarized in Fig. 1.
Within the 36-h observation period, the labeling indices of

soo1pu] SUIfPqeT

Hours after Administration

Fig. 1A-D. Time course of the effects of dinophysistoxin-1. A The
proximal esophagus (O), distal esophagus (@) and forestomach (A); cu-
bic curves were fitted using the computer software “Cricket graph”. B
The fundic (O) and pyloric (@) areas of the stomach. C The jejunum
(O), ileum (@), proximal colon (A) and distal colon (A). D The skin
(O), liver () and kidney (A). Significant differences from O h:
*P<0.05; #*#P<0.01; ***P<0.001

the esophagus, ileum and colon regions (see Fig. 1 A, C)
demonstrated two peaks, the first appearing 18 h after the
treatment, and the second at 36 h. In contrast, the labeling in-
dices of the forestomach, fundus, pylorus and jejunum sho-
wed continuous significant plateau increases from6 hto 18 h
after the administration (see Fig. 1 A, B). In the skin, the la-
beling index gradually increased with time and with marked
elevation after 30 h (see Fig. 1 D). Labeling indices of the
liver and kidney did not significantly alter during the 36-h
observation period.

Experiments with rats

The labeling indices of the various tissues in the rat gastroin-
testinal tracts after treatment with okadaic acid, calyculin A
or tautomycin are tabulated in Table 2. These three com-
pounds increased the labeling indices in almost all gastroin-
testinal mucosae in a dose-dependent manner. After treat-
ment with tautomycin, cell proliferation in the colon was not
altered, but a relatively strong influence was exerted on the
stomach and small intestine.

No remarkable changes were recognized in any regions of
the gastrointestinal tracts of rats treated with okadaic acid,
calyculin A or tautomycin.

Discussion

The present study revealed clearly increased cell prolifera-
tion of various tissues of the alimentary canal of both mice
and rats, 18 h after oral application of okadaic acid, dinophy-
sistoxin-1, calyculin A or tautomycin. From 6 h after a single
oral administration of dinophysistoxin-1, cell proliferation
was in fact induced in the digestive tracts of the mice. Organ
specificity was demonstrated by the contrasting lack of re-
sponse in the liver and kidney while a proliferative reaction
in the skin first became marked after 30 h.

In the esophagus, ileum and colon of the mouse, a first
wave of cell division occurred after 18 h with a subsequent
drop before rising again within 36 h. The first peak in label-
ing indices presumably relates to DNA synthesis synchro-

Table 2. Labeling indices of gastrointestinal tract epithelial cells in rats 18 h after oral administration of okadaic acid, calyculin A and tautomycin

Cells Control Okadaic acid Calyculin A Tautomycin
(corn oil}
Oug 1 ug 10 ug 50 pg 1ug 10 ug 50 ug 50 ug 300 g
(3 C)) 6)) &) C)) C)) 3) C)) (5)
Forestomach 8.7£0.8  12.3%42.4 177437  392%*+11.3 10.7£2.6 6.7£3.1 26.5%%++£1.1 11.0£3.3 18.8*%+5.4
Glandular stomach
Fundus 2.5+0.8 3.9%+1.0 4.7%%30.8 6.5%%+1.4 1.810.3 2.0+£0.4 3.6x1.7 4.6%10.7 8.4%+2.8
Pylorus 3.1+0.4 34431 5.4%%+0.9 8.5**%+1.3 2.910.6 3.7£0.8 4.8%*10.1 3.9%+0.4 7.9%%%10.4
Small intestine
Jejunum 16.0£1.6  22.5%%k24 237%%+2.6  24.7%*£]19 17.743.3  20.9**£1.5 20.5%+3.2 21.5%%1.4  22.6%%*11.0
Heum 16.0£2.1  23.5%%+31 255%*+33  24.6%**+]12 18.442.0 20.8**£1.0 20.6*t1.6 21.6%%£1.7  22.7***+1.0
Colon
Proximal 8.1£1.5 15.3##40.9 16.9**x1.7 17.5%*£2.3 9.0=0.7 14.3%*+1.4  17.0%*+£3.6 9.5+0.7 8.8+0.6
Distal 8.4+0.5 11.3x0.2 16.1%¥%£0.7  17.8%**+0.9 9.3+0.5  10.240.6 11.5*£0.5 8.410.2 8.710.2

Doses are in Ug/mouse; numbers of mice are shown in parentheses

* x% x%% Sionificantly different from respective control value: * P<0.05; ** P<0.01; *** P<0.001
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Fig. 2. Mouse proximal colon. Sporadic positive cells are present at the
bottom of the colonic glands of a control animal (left field). A marked in-
crease in the numbers of positive cells in the proliferative zone (right
field) is apparent 18 h after treatment with 10 g of dinophysistoxin-1.
Anti-BrdU immunostaining. X242

Fig.3. Mouse skin. Very few positive cells (arrow) are noted in the
squamous epithelium of the skin of a control animal (upper field). An in-
crease in the number of positive cells (arrows) is apparent in the basal
layer (lower field) 36 h after treatment with dinophysistoxin-1. Anti-
BrdU immunostaining. X300

nized by direct stimulation of the digestive cavities of the
treated animals. The second peak could be associated with
the cell proliferation cycle, which turns around within
16-24 h (Pardee et al. 1986). Persistence of the stimulation
influence, inducing a second peak of labeling indices, has
also been recognized in other systems, whereby okadaic acid
caused sustained expression of c-fos and c-jun genes in cul-
tured cells (Schonthal et al. 1991 a, b) and resulted in the ex-
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pression of the c-fos gene with two peaks 6 h and 48 h after
topical treatment on mouse skin (Holladay et al. 1992). In ad-
dition, persisting stimulation is also shown by partial he-
patectomy, where a second peak of incorporation of tritiated
thymidine is well known in the rat liver (Fabrikant 1967).

The fact that two peaks were not recognized in the stom-
ach and jejunum suggests that continued exposure to the
orally administered okadaic-acid-type compounds, partially
remaining in the diet in the forestomach, resulted in a con-
stant stimulation of these mucosae. A preliminary examina-
tion (unpublished data, H. Yuasa), after i.g. intubation of oil
containing coloring matter (O1l red O) revealed material per-
sisting in the forestomach and rectum after 3 h. This suggests
that okadaic-acid-type compounds dissolved in oil had rea-
ched the colon within 3 h after dosing but also still remained
in the forestomach.

With regard to the observed tissue specificity of dinophy-
sistoxin-1, the earlier report that the steady-state level of
c-jun gene expression in skin treated with okadaic acid was
slightly increased from 12h to 48 h after the treatment
(Holladay et al. 1992) is of interest. This phenomenon might
explain the delay in effective stimulation of cell proliferation
by okadaic-acid-type compounds in this tissue. In addition,
proliferating populations might be more sensitive to such
compounds than normally non-proliferating cells like those
in the liver and kidney. In cultured cells, such as C3H10T1/2
for example, non-dividing cells were found to be less vulner-
able to okadaic acid toxicity than dividing cells (Herschman
et al. 1989).

In the present study, the larger the doses of okadaic-acid-
type compounds administered, the more enhanced was the
cell proliferation. Tissue damage was detected in the esopha-
gus of mice treated with okadaic acid, but an inverse relation
to labeling indices was found for high and low doses. This
could have reflected an inhibitory effect or direct toxicity to
the mucosa. Large standard deviations for forestomach val-
ues of mice treated with ckadaic acid, dinophysistoxin-1 and
calyculin A might also be ascribed to variation in toxicity. It
was earlier reported that intraperitoneal injection of dinophy-
sistoxin-1 to suckling mice produces mucosal injuries in the
small intestine (Terao et al. 1986) and okadaic acid was also
described to be cytotoxic for C3H10T1/2 and 3713 cells in vi-
tro (Herschman et al. 1989). However, okadaic acid stimulat-
ed cell proliferation in the small and large intestine without
any obvious degenerative changes in the present case. Fur-
thermore the finding of strong effects of tautomycin as well
as okadaic acid on the glandular stomach and small intestine
of rats, but not on the large intestine, suggests a regional
specificity in the cell-division-promoting and cytotoxic ef-
fects in the gastrointestinal tract.

In conclusion, the present finding of significant enhance-
ment of cell proliferation in the various mucosae of the
esophagus, stomach and intestine by compounds of the ok-
adaic-acid-type suggests that they might have promoting po-
tential for carcinogenesis involving those populations when
administered orally. In addition, oral administration of ok-
adaic-acid-type compounds might even exert a promoting in-
fluence on the skin.
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