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ABSTRACT

The effects of the organic calcium channel blocker verapamil and the
inorganic calcium channel blocker MgCI2 on gastric Carcinogenesis, on
caerulein enhancement of gastric Carcinogenesis induced by /V-methyl-

W-nitro-iV-nitrosoguanidine, and on the labeling index of gastric mucosa
were investigated in inbred Wistar rats. After 25 weeks of treatment with
jV-methyl-jV'-nitro-/V-nitrosoguanidine (50 Mg/ml p.o.), rats received one

of the following alternate-day injections: caerulein (2 fig/kg body weight,

s.c.), MgCI2 (150 mg/kg, s.c.), verapamil (20 mg/kg body weight, Â¡.p.),
caerulein (2 Mg/kg body weight, s.c.) plus MgCI2 (150 mg/kg body weight,
s.c.), or caerulein (2 Mg/kg body weight, s.c.) plus verapamil (20 mg/kg
body weight, i.p.). At Week 52, prolonged administration of caerulein
had significantly increased the incidence and number of adenocarcinomas
in the glandular stomach and the incidence of gastric cancers that
penetrated through or beyond the muscle layer. Concomitant administra
tion of MgClj significantly attenuated the enhancing effect of caerulein
on gastric Carcinogenesis. Combined administration of cacrulein and
verapamil did not affect the incidence and number of gastric cancers but
significantly reduced the incidence of cancers penetrating through or
beyond the muscle layer. Administration of MgClj or verapamil alone
had no influence on gastric Carcinogenesis. Rats treated with caerulein
had a significantly elevated labeling index of the antral mucosa which
was significantly decreased by concomitant administration of MgCI2 and/
or of verapamil, as compared with the labeling index observed after
treatment with caerulein alone. Hither MgCI2 or verapamil alone had no
influence on the labeling index of the antral mucosa. These findings
indicate that caerulein enhances gastric Carcinogenesis and that MgCU
and verapamil attenuate this enhancement. These findings also indicate
that calcium may play an important role in caerulein enhancement of
gastric Carcinogenesis.

INTRODUCTION

Gastrointestinal regulatory peptides have been found to stim
ulate growth of normal gastrointestinal mucosa and the pan
creas ( 1). More recently, we found that several of these peptides,
such as gastrin (2) and vasoactive intestinal peptide (3), are
closely related to the development of cancers in various organs.

Trophic effects on the antral mucosa of the stomach have
been demonstrated for cholecystokinin and its analogue caeru
lein (4). We recently found that prolonged alternate-day injec
tion of caerulein in depot form after MNNG2 treatment caused

a significant increase in the incidence and number of gastric
cancers in Wistar rats (5). The exact intracellular mechanisms
by which caerulein enhances gastric Carcinogenesis are not
known.

Caerulein stimulates increases in intracellular Ca:+ and phos-

photidylinositide turnover in pancreatic acinar cells (6). There
fore, it seemed likely that calcium channel blockers might affect
the caerulein-stimulated enhancement of gastric Carcinogenesis.
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To test this idea, we examined the effect of combined admin
istration of caerulein and the organic calcium channel blocker
verapamil, or the inorganic calcium channel blocker MgCl2, on
the incidence and number of gastric cancers induced by MNNG
in rats.

MATERIALS AND METHODS

Animals. One hundred forty young (6-week-old) male Wistar rats
were purchased from SLC, Japan (Shizuoka. Japan). The animals were
housed in suspended, wire-bottomed metal cages in animal quarters
with controlled temperature (21-22Â°C),humidity (30-50%), and light

( 12-h cycle) and had free access to regular chow pellets (Oriental Yeast
Co., Tokyo. Japan).

Experimental Design. The animals were given drinking water con
taining MNNG (50 Mg/mUAldrich Chemical Co., Milwaukee, WI) for
25 weeks. The MNNG was dissolved in deionized water at a concentra
tion of 2 ing/ml and was kept in a cool, dark place. This stock solution
was diluted to 25 Mg/ml with tap water just before use. Forty ml of
MNNG solution (less than a single rat can consume in 48 h) were given
to each rat from a bottle that was covered with aluminum foil to prevent
photolysis of MNNG, and the bottles were replenished every other day.

From Week 26, the animals were given normal tap water ad libitum
and were randomly divided into six groups. They received three kinds
of injections every other day until the end of the experiment in Week
52: Group 1 (25 rats) received only the vehicles (olive oil s.c. and NaCl
solution s.c. and Â¡.p.);Group 2 (25 rats) received caerulein s.c. and
NaCl solution s.c. and Â¡.p.:Group 3 (25 rats) received caerulein and
MgCI; s.c. and NaCl solution i.p.; Group 4 (25 rats) received caerulein
and NaCl solution s.c. and verapamil i.p.; Group 5 (20 rats) received
MgCli and olive oil s.c. and NaCl solution i.p.; Group 6 (20 rats)
received verapamil i.p. and olive oil and NaCl solution s.c.

Caerulein (Sigma, St. Louis, MO) was given s.c. as a suspension in
olive oil at a concentration of 2 Mg/kg body weight. MgCl2 (Sigma) and
verapamil (Sigma) were dissolved in 0.9% NaCl solution and were given
at a concentration of 150 mg/kg body weight s.c. and 20 mg/kg body
weight Â¡.p.,respectively. Injections were given at various sites every
other day between 2 and 3 p.m. each day. Each rat received 1 ml/kg of
plain olive oil s.c., 2 ml/kg of NaCl solution s.c., and/or 2 ml/kg NaCl
solution i.p. as control-dose vehicles.

HistolÃ³gica!Observations. Animals that survived for more than 48
weeks were included in the effective numbers because the first tumor of
the glandular stomach was found in a rat from Group I that died in
Week 48. All surviving animals were sacrificed at the end of the
experiment in Week 52. All were autopsied. and the stomach and other
organs were carefully examined. The stomach was opened along the
greater curvature, pinned flat on a cork mat, and fixed with Zamboni's

solution (7) for histolÃ³gica! examination. The fixed stomach was cut
into longitudinal strips 3 mm wide. The specimens were embedded in
paraffin, and serial sections 5 Mmthick were stained with hematoxylin
and eosin. Sections were examined without knowledge of which group
they were from.

Histology of Gastric Cancers. Histologically, we defined adenocarci
nomas as lesions in which neoplastic cells had penetrated the muscularis
mucosae to involve the submucosa or deeper layers. As previously
reported (8), the adenocarcinomas were classified into highly well-
differentiated, well-differentiated, and poorly differentiated types.

Labeling Indices of Gastric Mucosa. Labeling indices for the gastric
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mucosa were measured in Weeks 30 and 52 with an immunohistochem-
ical analysis kit for assaying BrdUrd incorporation (9, 10) (Becton-
Dickinson Immunocytometry System, Mountain View, CA), by the
modified method described by Tada et al. (11). Briefly, the rats were
fasted for 12 h and then given their usual treatment. One h later the
rats received an i.p. injection of BrdUrd (20 mg/kg body weight) and
were sacrificed l h later with ether. The stomach was fixed in 70%
ethanol for 4 h. Sections 3 urn thick were immersed in 2 N HC1 solution
for 30 min at room temperature and then in 0. l MNa2B4O7to neutralize
the acid. The sections were then stained with anti-BrdUrd monoclonal
antibody (diluted 1:100) for 2 h at room temperature, washed, stained
with biotin-conjugated horse anti-mouse antibody (at a dilution of
1:200) for 30 min, and stained with avidin-biotin-peroxidase complex
for 30 min. The reaction product was localized with 3,3'-diaminoben-

zidine tetrahydrochloride. Cells containing BrdUrd were identified by
the presence of dark pigment over their nuclei.

To analyze the labeling index of the gastric mucosa, the BrdUrd-
labeled and -unlabeled cells in the zone of proliferating cells were
counted (12) without knowledge of which treatment group the samples
were from. The zone of proliferating cells in the fundic mucosa was
defined as a 250-^m rectangle between the highest and lowest labeled
cells in a well-oriented section. Ten such rectangular areas were selected
in each rat. In the antral mucosa, all cells below the highest labeled cell
in each pit-gland column were regarded as being within the zone of
proliferating cells. We selected 100 well-oriented columns of pits and
glands in each rat. On the basis of these measurements, we derived the
labeling index (number of BrdUrd-labeled cells/total number of cells
within the proliferation zone).

Measurements of Gastric Acid Secretion, Serum Gastrin, and Antral
pH. Gastric acid secretion, serum gastrin level, and antral mucosal pH
were determined in experimental Week 52. Gastric acid secretions were
collected for 3 h by the method of Shay et al. (13). Rats were fasted for
12 h and then given their usual treatment. Half of the animals were
then anesthetized with ether, and the stomach pylorus was ligated.
Three h later the stomach was rapidly removed, and the fluid in the
gastric cavity was collected. Its volume was measured, and its acid
content was determined by titration of a 2-ml portion with 0.1 N NaOH
to pH 7.0, using a glass electrode. Then the acid output was calculated.
One h after the injections, the remaining rats in each group were
anesthetized and blood was obtained by cardiac puncture. The stomach
was opened and the antral mucosal pH was measured with a fine glass
electrode. The serum was separated and stored at â€”¿�20Â°Cfor not more

than 1 week. Its gastrin content was assayed with a radioimmunoassay
kit from Dainabot Radioisotope Laboratories, Ltd. (Tokyo, Japan)
(14).

Statistical Analysis. Results were analyzed by the x2 test or by one
way analysis of variance with Dunn's multiple comparison (15-17).
Data are given as means Â±SE. "Significant" indicates a calculated P

value <0.05.

RESULTS

Incidence and Number of Gastric Cancers. Five rats from each
group were killed in Week 30 for measurement of the labeling
index of gastric mucosa. No rat died before Week 48. As shown
in Table 1, at Week 52 the body weights of rats treated with
verapamil alone had significantly decreased. Weight was also
slightly decreased in rats that had received caerulein plus MgCl2
or verapamil and MgCl2 alone, as compared with untreated rats.

The incidence and number of gastric cancers per rat in each
group are summarized in Table 1. In Group 1 (control), gastric
cancers were found in 7 (37%) of 19 rats examined, and the
average number of gastric cancers per rat was 0.4 Â±0.1. In
Group 2 (caerulein), the incidence and number of gastric can
cers per rat were significantly higher than in Group 1. Concom
itant administration of caerulein and MgCI2 in Group 3 resulted
in a significantly reduced incidence and number of gastric
cancers, as compared with Group 1. However, combined ad
ministration of caerulein and verapamil in Group 4 had no

influence on incidence and number of gastric cancers as com
pared with Group 2. Moreover, either MgCl2 or verapamil alone
had no influence on the incidence and number of gastric cancers
as compared with Group 1.

HistolÃ³gica! Types and Depths of Involvement of Gastric
Cancers. Data on the incidence of different histolÃ³gica! types
and the depth of involvement of gastric cancers in each group
are summarized in Table 2. All tumors induced in the glandular
stomach were adenocarcinomas. In Group 2 (caerulein), highly
well-differentiated cancers were slightly decreased, and well-
differentiated lesions were slightly increased. However, the
difference in the incidence of highly well-differentiated cancers
among the six groups was not statistically significant. No poorly
differentiated cancers were found in this series.

Table 2 also shows that administration of caerulein in Group
2 significantly increased the incidence of gastric cancers that
penetrated into or beyond the muscle layer, as compared with
Group 1 (control). However, concomitant administration of
caerulein and MgCI2 in Group 3, as well as of caerulein and
verapamil in Group 4, significantly reduced the incidence of
deeply penetrating gastric cancers, as compared with Group 2
(caerulein).

Labeling Indices of Gastric Mucosa. Table 3 summarizes the
data on the labeling indices of gastric mucosa for each group
in Weeks 30 and 52. At both times examined, administration
of caerulein caused a significant increase in the labeling index
of the antral mucosa but not of the fundic mucosa, as compared
with control Group 1. At both times, combined use of caerulein
and MgCl2in Group 3 significantly decreased the labeling index
of the antral mucosa, as compared with that in caerulein-treated
Group 2. At Week 52, combined use of caerulein and verapamil
in Group 4 significantly decreased the labeling index of the
antral mucosa, as compared with that in Group 2. Administra
tion of MgCl2 alone in Group 5 and verapamil alone in Group
6 had no influence on the labeling index of gastric mucosa.

Serum Gastrin, Antral pH, and Gastric Acid Secretion. Table
4 summarizes the data on the serum, gastrin levels, antral pH,
and gastric acid secretion for each group in Week 52. Combined
administration of caerulein and verapamil in Group 4 signifi
cantly decreased antral pH, as compared with Group 2 (caeru
lein). Table 4 shows that gastric acid secretion in Group 2 was
significantly higher than in Group 1 (control). There was no
significant difference in the serum gastrin levels among the six
groups.

DISCUSSION

The data presented in this report reveal that the inorganic
calcium channel blocker MgCl2and the organic calcium channel
blocker verapamil attenuate the enhancing effect of caerulein
on MNNG-induced gastric carcinogenesis in Wistar rats. Treat
ment of rats with a combination of caerulein and MgCl2 after
MNNG treatment led to a significant reduction in the incidence
and number of gastric cancers at Week 52. Combined admin
istration of caerulein and verapamil did not affect the incidence
and number of gastric cancers but significantly reduced the
incidence of cancers penetrating through or beyond the muscle
layer. Recently, we found that prolonged administration of
caerulein alone without the carcinogen significantly increased
the labeling index of the antral mucosa but did not induce
gastric cancers in the glandular stomach.3

The mechanisms involved in this effect of calcium channel
blockers are not fully understood at this time, but several

1 M. Tatsuta. H. lishi. and M. Baba, unpublished data.
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Table 1 Incidence and number of gastric cancers in MNNG-treated rats

Treatment"Group1.

Control2.
Caerulein3.

Caerulein+4.
Caerulein+5.

MgCI26.
VerapamilMgCl2Verapamils.c.Olive

oilCaerulein.
2Mg/kgCaerulein,
2Mg/kgCaerulein,
2Mg/kgOlive

oilOlive
oilNaCINaCIMgCl2.NaCIMgCl2.NaCIS.C.150

mg/kg150

mg/kgi.p.NaCINaCINaClVerapamil,
20mg/kgNaCIVerapamil.

20 mg/kgBody

wt(g)Wk263543603543583588'5674363

5Wk

52401

Â±10414
+4389

Â±7378
+9396
+9368
Â±T1Effectiverats19IXIX171215No.

(%)ofgastric

cancer7(37)14(78)'7

(39)"12(71)4

(33)7(47)No.

ofcancers/rat0.4

Â±0.11.3
Â±0.3C0.6

Â±0.2"1.1

Â±0.20.3
Â±0.10.8

+ 0.3
" Rats received three kinds of alternate-day injections after MNNG treatment for 25 weeks.
* Mean Â±SE.
c Significantly different from the value for Group 1: P < 0.05.
* Significantly different from the value for Group 2: P < 0.05.

Table 2 HistolÃ³gica!types and depth of involvement of gastric cancers in
MNNG-treated rats

Histological type(%)1.2.

3.4.5.

6.Group"Control

Caerulein
Caerulein

+ MgCl2
Caerulein

+ Verapamil
MgCI2
VerapamilNo.

of
gastric
cancer8

24
1018412Highly

well
differentiated7(88)

14(58)
8(80)15(83)3(75)

10(83)Well

differentiated1(12)

10(42)
2(20)3(17)1(25)

2(17)Depth

of
involvement(%)Sub-

mucosal
layer7(88)

15(63)
10(100)18(100)4(100)

12(100)Muscle

layer or
beyond1(12)

9 (37)*
0(0)c0(0)''0(0)

0(0)
Â°For explanation of treatments, see Table 1.
* Significantly different from the incidence of gastric cancers penetrating

muscle layer and beyond for Group 1: P < 0.05.
r Significantly different from the incidence of gastric cancers penetrating

muscle layer and beyond for Group 2: P < 0.05.
rfSignificantly different from the incidence of gastric cancer penetrating muscle

layer and beyond for Group 2: P < 0.02.

Table 3 Labeling indices of gastric musoca in MNNG-lreated rats in Weeks 30
and 52

Experimental
WkGroup"30

1.Control2.
Caerulein3.

Caerulein +MgCI24.
Caerulein +Verapamil5.

MgCI26.
Verapamil52

1.Control2.
Caerulein3.

Caerulein +MgCI24.
Caerulein +Verapamil5.

MgCI26.
VerapamilFundic

mucosa0.16
Â±0.01*0.16

Â±0.010.15
Â±0.010.16
Â±0.010.16

Â±0.010.16
+0.000.16

Â±0.000.15
Â±0.000.15
Â±0.010.15

Â±0.010.15
Â±0.010.16

Â±0.00Antral

mucosa0.20

Â±0.000.27
+0.01r0.20
Â±0.00''0.23

Â±0.010.19
Â±0.010.20

Â±0.010.20

+0.010.27
+0.01f0.21

Â±0.01'0.21
Â±0.01''0.20
+0.010.19
+ 0.01

Â°For explanation of treatments, see Table 1.
* Mean Â±SE.
' Significantly different from the value for Group \:P< 0.001.
* Significantly different from the value for Group 1: P < 0.01.
' Significantly different from the value for Group 1: P < 0.001.

Table 4 Serum gastrin level, antrat pH, and gastric acid secretion in Week 52

1.
2.
3.
4.5.

6.Group"Control

Caerulein
Caerulein + MgCI2
Caerulein + Verapamil
MgCI2
VerapamilSerum

gastrin
(pg/ml)419

Â±45*

643 Â±70
642 Â±22
644 Â±85
629 Â±88
624 Â±92Antral

mucosalpH3.4

3.83.2

2.3
3.7
2.8Â±0.2

Â±0.4
Â±0.2
Â±0.3"

Â±0.4
Â±0.5Gastric

acid
secretion

(mEq/h)0.015

0.054
0.015
0.046
0.025
0.0470.001

0.000r
0.002''

0.001
0.000
0.001

" For explanation of treatments, see Table 1.
* Mean Â±SE.
' Significantly different from the value for Group 1:P < 0.05.
* Significantly different from the value for Group 2: P < 0.05.

possible direct and indirect mechanisms exist. One possibility
would involve gastric acid secretion. Calcium is known to play
an important role in stimulation of gastric acid secretion by
histamine, gastrin, or carbachol (18). A recent report has indi
cated that MgCl2 protects against ethanol- and indomethacin-
induced gastric mucosal lesions (19). During the development
of gastric cancers induced by MNNG, proliferation of erosions
and shallow ulcÃ©rationsis considered to represent a precancer-
ous condition (20). Therefore, MgCl2 and verapamil may pro
tect against development of a premalignant condition by acting
as a calcium antagonist. In fact, our present work shows that
MgClj attenuated the hypersÃ©crÃ©tionof gastric acid induced by
caerulein and verapamil significantly decreased antrat pH, as
compared with the caerulein-treated group.

A second mechanism may involve an effect on the trophic
action of caerulein on the gastric mucosa. Cholecystokinin and
its derivatives, such as caerulein, stimulate cell growth in the
exocrine pancreas, the duodenum, and the gallbladder mucosa
(21-23). Recently, Caes and Willems (24-26) found that ad
ministration of caerulein to normal rats significantly increased
both labeling and mitotic indices in the antral mucosa. How
ever, it is not known whether this is a direct effect, nor is it
clear what intracellular mechanisms are involved (6). Caerulein
stimulates increases in intracellular Ca2* and phosphatidylino-

sitide turnover in pancreatic acinar cells (4, 6). In the present
work, we found that prolonged administration of caerulein
significantly elevated the labeling index of the antral mucosa
and that concomitant use of MgCUor verapamil attenuated the
increase of cell proliferation induced by caerulein. These find
ings indicate that calcium plays a critical role in the trophic
action of caerulein, although why verapamil did not attenuate
the trophic action of caerulein is not known.

A third mechanism may involve an effect of magnesium on
gastric carcinogenesis. Kasprzak and Waalkes (27) have re
viewed the role of magnesium in carcinogenesis and have shown
that magnesium can significantly modify the known mecha
nisms of carcinogenesis and affect the progression of existing
tumors. An increased incidence of lymphoma and thymoma
was observed in rats kept on a magnesium-deficient diet (28,
29). Recently, Tanaka et al. (30) examined the effect of dietary
magnesium hydroxide on colon carcinogenesis induced by
methylazoxymethanol acetate in male rats. These authors found
that in rats receiving magnesium hydroxide the incidence of
colon neoplasms was decreased as compared with that in un
treated rats. The mechanism(s) of this protective effect against
chemically induced carcinogenesis may involve regulation of
the cell cycle by magnesium, which is recognized as a possible
central regulator of cell proliferation and growth (31). Magne
sium activates many enzymes involved in the cell cycle and in
oxidative phosphorylation (31). These findings suggest that
magnesium has an important role in the attenuation by MgCl2
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of caerulein enhancement of gastric carcinogenesis. However,
in the present work, prolonged administration of MgCl2 had
little or no influence on the incidence of gastric cancers as
compared with that in rats treated with MNNG alone.

There is also a possibility of direct inactivation of caerulein
by magnesium or verapamil, e.g., through formation of a salt.
This required further investigation.

The present results show that combined administration of
caerulein and MgCl2 or verapamil attenuates caerulein enhance
ment of gastric carcinogenesis. These findings indicate that
calcium may play an important role in the enhancement of
gastric carcinogenesis by caerulein.
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