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ABSTRACT

The effect of s.c. administration of deoxycorticosterone acetate
(DOCA) plus p.o. treatment with NaCl solution on gastric carcinogenesis
induced by /V-methyl-iY'-nitro-TV-nitrosoguanidine and the effect of p.o.

potassium supplementation on the enhanced induction of gastric carci
nogenesis in DOCA-NaCl rats were investigated in Wistar rats. After 25

weeks of p.o. treatment with the carcinogen, rats received s.c. injections
of DOCA (50 mg/kg) twice a week and were given 1% NaCl solution
with and without 1% KC1 as drinking water. In Week 52, the blood
pressure, the incidence of gastric cancer, and the number of cancers per
rat were significantly greater in DOCA-NaCl rats than in the untreated
group. Prolonged p.o. treatment of DOCA-NaCl hypertensive rats with

potassium significantly reduced their blood pressure, the incidence of
gastric cancers, and their number per rat. All gastric tumors were in the
glandular portions of the stomach. The norepinephrine concentration in
the gastric wall and the labeling indices of gastric mucosa were signifi
cantly greater in DOCA-NaCl hypertensive rats than in the untreated

group, but p.o. potassium supplementation significantly reduced the
norepinephrine concentration in the gastric wall and the labeling indices
of the gastric mucosa in DOCA-NaCl rats. Thus, administration of

DOCA and NaCl increased the norepinephrine concentration in the
gastric wall and promoted gastric carcinogenesis, and p.o. potassium
supplementation decreased the norepinephrine concentration in the gas
tric wall and suppressed gastric carcinogenesis in DOCA-NaCl hyperten

sive rats. Inasmuch as the norepinephrine concentration has been used
as a marker of sympathetic nervous activity, these findings suggest that
the sympathetic nervous system plays an important role in gastric carci
nogenesis, probably associated with cell proliferation of antral epithelial
cells.

INTRODUCTION

We found previously that spontaneously hypertensive rats
show a significantly greater incidence and number of gastric
cancers than normotensive control rats (1). The development
of hypertension in spontaneously hypertensive rats is dependent
on enhanced sympathetic neural activity (2), and a possible role
of the autonomous nervous system in the mechanism of action
of chemical carcinogens has been proposed (3, 4). However, the
exact mechanism of enhancement of gastric carcinogenesis in
these rats is unknown. Increased sympathetic nerve activity is
associated with the development and maintenance of DOCA2

and NaCl hypertension (5), and the blood pressure can be
lowered by increasing potassium intake (6). These findings
suggest that in MNNG-treated rats, treatment with DOCA and
NaCl might enhance gastric carcinogenesis and that potassium
loading might attenuate gastric carcinogenesis in DOCA-NaCl
hypertensive rats. To test this possibility, in the present work
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we investigated the effects on gastric carcinogenesis in Wistar
rats of treatment with DOCA and NaCl with and without
potassium supplementation.

MATERIALS AND METHODS

Animals. One hundred eighty young (6-week-old) male Wistar rats
were purchased from SLC Co. (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 given free access to regular chow pellets (Oriental
Yeast, Tokyo, Japan).

Carcinogen and Treatment. The animals were given drinking water
containing MNNG (25 Mg/ml; Aldrich, Milwaukee, WI) for 25 weeks.
From Week 26, the animals were given normal tap water ad libitum
and were randomly divided into six groups of 30 rats each. Groups 1-
3 received DOCA s.c., and 1% NaCl (Group 1), 1% NaCl plus 1% KC1
(Group 2), or tap water (Group 3) to drink. Groups 4-6 received the
vehicle, olive oil, s.c., and 1% NaCl (Group 4), 1% KC1 (Group 5), or
tap water (Group 6) to drink.

DOCA (Sigma Chemical Co., St. Louis, MO) was given s.c. for 27
weeks as a suspension in olive oil at a concentration of 50 mg/kg body
weight. Injections were given at various sites twice a week between 2
and 3 p.m. on each day. Groups 4-6 were treated s.c. with the vehicle,
olive oil, at I ml/kg.

HistolÃ³gica!Observations. Animals that survived for more than 50
weeks were included in effective numbers because the first tumor of the
glandular stomach was found in a rat in Group 6 that died in Week 50.
All surviving animals were killed at the end of the experiment in Week
52 and autopsied. The stomach and other organs were carefully exam
ined. 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 of
5 jum thickness 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 glands had penetrated the mus-
cularis mucosae to involve the submucosa or deeper layers. As reported
previously (8), adenocarcinomas were classified as very well-differen
tiated, well-differentiated, and poorly differentiated types.

Measurements of Blood Pressure and Antral pH. The blood pressure
and antral pH were examined in Weeks 30 and 52. The systolic blood
pressure was measured in conscious rats by the tail-cuff method (9).
For measurement of the antral pH, rats were starved for 12 h and then
received DOCA and 2 h later they were killed by ether anesthesia. The
stomach was opened and pinned flat on a cork mat, and the antral pH
was measured with a fine electrode.

Measurement of Catecholamines in Gastric Wall Tissue. The epi-
nephrine and NE concentrations in tissues of the gastric wall were
determined by high-performance liquid chromatography as reported
(10) in Weeks 30 and 52. For this purpose, rats were given drinking
water but no food for 12 h, treated with DOCA, and killed by cervical
dislocation 2 h later.

Measurement of Labeling Index of Gastric Mucosa. The labeling
index of the gastric mucosa was examined in Weeks 30 and 52. The
labeling index was measured with an immunohistochemical analysis kit
for assay of BrdUrd incorporation (11, 12) (Becton-Dickinson Immu-
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nocytometry System, Mountain View, CA). by a modification of the
method of Tada et al. (13). Briefly, after receiving water but not food
for 12 h, the 5 rats in each group received DOCA and I h later an i.p.
injection of 20 mg/kg BrdUrd. One h later, they were killed with ether.

For determination of the labeling index of the gastric mucosa, the
BrdUrd-labeled and -unlabeled cells in the zone of proliferating cells
were counted (14) without knowledge of which group the preparations
were from. From these measurements, we calculated the labeling index
as the number of BrdUrd-labeled cells/total number of cells within the
proliferating zone.

Statistical Analysis. Results were analyzed by the x~ 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 of less than 0.05.

RESULTS

Body Weight, Blood Pressure, and Water Intake. As shown
in Table 1, in Week 52, the body weights of rats treated with
DOCA with and without NaCl and/or KC1 had decreased
significantly. Moreover, in Weeks 30 and 52, the arterial blood
pressure was significantly higher in Group 1 treated with
DOCA and NaCl than in the control group, and was signifi
cantly lower in Group 2 (DOCA + NaCl + KC1) than in Group
1. Treatment with DOCA alone (Group 3) also caused a signif
icant increase in blood pressure, but treatment with NaCl
(Group 4) or K.C1(Group 5) only had no influence on the blood
pressure. Table 1 also shows that at both times examined, the
rats treated with DOCA and NaCl with and without KC1 drank
significantly more water than the control Group 6.

Incidence, Number, HistolÃ³gica! Type, and Depth of Involve
ment of Gastric Cancers. Ten rats from each group were killed
in Week 30 for measurements of the catecholamine concentra
tions in the gastric wall and the labeling index of the gastric
mucosa. Two rats in Group 2, 1 in Group 3, 2 in Group 4, 1 in
Group 5, and 2 in Group 6 died before Week 46. No tumors
were found in any of these animals, which were excluded from
the effective numbers.

The incidences, numbers per rat, histolÃ³gica! types, and

depths of involvement of gastric cancers are shown in Table 2.
In the control Group 6, gastric cancers were found in two (11%)
of 18 rats examined, and the average number of gastric cancers
pre rat was 0.1 Â±0.1. The incidence of gastric cancers and their
number per rat were significantly higher in Group 1 (DOCA +
NaCl) than in Group 6. Treatment of DOCA-NaCI rats with
K.C1solution (Group 2) resulted in significant decreases in the
incidence of gastric cancers and their number per rat compared
with the values in Group 1. Treatment with DOCA (Group 3),
NaCl (Group 4), or KC1 (Group 5) caused slight but not
significant increases in the incidence of gastric cancer and their
number per rat compared with the values in Group 6.

All the tumors were in the glandular stomach, and they were
all adenocarcinomas. In Group 1, the number of very well-
differentiated cancers was slightly decreased, but the differences
in the incidences of very well-differentiated cancers in the 6
groups were not significant. As shown in Table 2, the number
of submucosal cancers was slightly, but not significantly less in
Group 1 than in the other groups. All cancers were in the am nil
mucosa, and no mÃ©tastaseswere found in any rat.

Tissue Catecholamine, Labeling Index, and Antral pH. Table
3 summarizes data on the NE concentrations in the gastric
wall, labeling indices of the gastric mucosa, and antrat pH
values in each group in Weeks 30 and 52. At all times examined,
the tissue NE concentrations in both the fundic and antrat
portions of the stomach were significantly higher in Group 1
(DOCA + NaCl) than in control Group 6. Treatment of DOCA-
NaCI rats with KC1 solution p.o. (Group 2) resulted in signifi
cant decrease in the NE concentrations of both the fundic and
antral portions of the gastric wall compared with the values in
Group 1 in Weeks 30 and 52. Treatment with DOCA (Group
3), NaCl (Group 4), or KC1 (Group 5) only had no influence on
the NE concentration in the gastric wall. Epinephrine was not
detected in any sample from the gastric wall at any time
examined.

In Weeks 30 and 52, the labeling indices of the fundic and
antral mucosa and antral pH were significantly higher in Group

Table 1 Body weight, systolic blood pressure, and water intake of MNNG-treated rats
Treatment" Body wt (g)

Group no. and name p.o. Wk 26 Wk 52

Blood pressure (mm Hg)

Wk 30 Wk 52

Water intake (ml/rat)

Wk 30 Wk 52

1 DOCA +NaCl2
DOCA + NaCl +KCI3

DOCA4
NaCl5
KCI6

ControlDOCADOCADOCAOlive

oilOlive
oilOlive

oilNaClNaCl

+KCITap
waterNaClKCITap

water331+5

290 6* 155 10f 164 + 9C 117 11* 115 +6*336
+ 4 234 2* 119 4^ 120 + 5a 118 7* 132 +7*331
Â±5 354 6* 135 3' 138 Â±3' 33 3 33 Â±2331

Â±5 393 7 121 1 122 Â±3 35 2 30 Â±2334
+ 6 383 9 124 4 122 Â±4 34 3 29 Â±4326
Â±6 404 5 119 3 121 Â±3 31 2 38 Â±2

"Treatments: Rats were given drinking water containing MNNG for 25 weeks and then tap waler with or without \''i NaCl or \% KCI. DOCA (50 mg/kg) or

olive oil (1 ml/kg) was injected s.c. twice a week from Week 26.*â€¢"'Significantly different from the value for Group 6: * P < 0.001. ' P < 0.01. ' P < 0.05.
''Significantly different from the value for Group 1 at P< 0.01.

Table 2 Incidence, number, histological type, and depth of involvement of gastric cancers in MNNG-treated rats

Group no. andname"1

DOCA + NaCl
2 DOCA + NaCl + KCI
3 DOCA
4 NaCl
5 KCI
6 ControlEffective

no. of
rats20

18
19
18
19
18No.

of
rats with
gastric

cancers(%)11

(55)*
3(17)''

6(32)
6 (33)
3(16)
2(11)No.

of
gastric

can
cers17

3
87

32Histological

type(%)No.

of gas
tric can

cers/rat0.9
Â±0.2r

0.2 Â±0.1"

0.4 Â±0.2
0.4 Â±0. 1
0.2 Â±0.1
0.1 + 0.1Very

well
differentiated8(47)

2(67)
6 (75)
6(86)
3(100)
2(100)Well

differ
entiated8(47)

1 (33)
2(25)
1(14)
0(0)
0(0)Poorly

dif
ferentiated1(16)

0(0)
0(0)
0(0)
0(0)
0(0)Depth

of involvement(%)Submucosal

layer11(65)

3(100)
7(88)
6(86)
3(100)
2(100)Muscle

layer
ordeeper6(35)

0(0)
1(12)
1(14)
0(0)
0(0)

" For explanation of treatments, see Table 1.
*-cSignificantly different from the value for Group 6: * P < 0.02. ' P < 0.01.
d Significantly different from the value for Group 1 at P < 0.05.
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Table 3 .Vf concentration in the gastric n-all, labeling index of gastric mucosa, and antrat pH in MNNG-trealed rats

NE (Â»ig/gtissue)Experimental

wk Group no. andname"Wk

30 1 DOCA +NaCI2
DOCA + NaCI +KC1.1

DOCA4
NaCI5
KC16

ControlWk

52 1 DOCA +NaCI2
DOCA + NaCI +KCI3

DOCA4
NaCI5
KCI6

ControlFundic

portion0.521
Â±0.042*0.31

8Â±0.009''0.325

Â±0.0010.41
7Â±0.0380.356

Â±0.0240.384
+0.0210.530

Â±0.034*0.338
Â±0.009'0.31

7Â±0.0520.448
Â±0.0330.375
Â±0.0260.365
+ 0.017Antral

portion0.325
Â±0.022*0.182

Â±0.014''0.193

Â±0.0130.196
+0.0200.1

90 Â±0.0170.177
Â±0.0160.298

+0.014*0.180Â±0.01470.1

83 Â±0.013O.I
95Â±0.0210.185

Â±0.0180.181
Â±0.015Labeling

indexFundic

mu
cosa0.20Â±0.01f0.12Â±0.01/0.11

Â±0.000.09
Â±0.000.10
+0.010.10

Â±0.010.18Â±0.01r0.11

Â±0.0170.10

Â±0.010.10
Â±0.010.10
Â±0.000.10

Â±0.01Antral

mu
cosa0.21
Â±0.01'0.12
Â±0.01'0.10
Â±0.010.11
Â±0.010.11
Â±0.010.11
Â±0.010.18Â±0.01r0.11

Â±O.OI/0.10

Â±0.010.10
Â±0.010.10
Â±0.000.10

+ 0.01Antral

pH6.3
+0.1*3.5
Â±0.2'3.6
+0.23.7
Â±0.23.8
Â±0.33.1

Â±0.16.0

+0.2*3.4
+0.2r3.6

Â±0.24.1
Â±0.53.7

Â±0.23.3
+ 0.1

" For explanation of treatments, see Table 1.
* Significantly different from the value for Group 6 at P < 0.001.
' Significantly different from the values for Groups 3. 4. 5, and 6 at P < 0.001. respectively.
^Significantly different from the value for Group I: dP< 0.05. ' P< O.Oi/P< 0.001.

1 than in Group 6. Treatment of DOCA-NaCI rats with KCI
solution (Group 2) significantly decreased the labeling indices
of the fundic and antral mucosa and antrat pH compared with
those in Group 1. Treatment with DOCA (Group 3), NaCI
(Group 4), or KCI (Group 5) only had no influence on the
labeling index of the gastric mucosa.

DISCUSSION

In the present study, the incidence and number of gastric
cancers induced by MNNG were significantly higher in DOCA-
NaCI hypertensive rats than in normotensive control rats in
Week 52.

The mechanism of this effect of DOCA plus NaCI is un
known, but 3 possible explanations may be considered. One is
an effect of DOCA and NaCI on gastric mucosal growth.
Rasanen (18) studied changes in mitotic index in rat gastric
and duodenal mucosa after treatments with ACTH and gluco-
corticoids. Multiple low doses of ACTH caused a slight increase
in the number of mitoses in the stomach but not in the duo
denum. However, the vast majority of studies have shown that
such treatment leads to a decrease in mucosal growth. The
effect appears to vary with the dosage and length of treatment.
There are no reports on the effect of NaCI on cell growth of
gastric mucosa. In the present work, we found that prolonged
combined administration of DOCA and NaCI, but not DOCA
or NaCI alone, resulted in significant increase in the labeling
index in both the fundic and antral mucosa.

A second possibility is an effect of increased activity of the
sympathetic nervous system on the gastric mucosa. Increased
sympatho-adrenal tone and reactivity have repeatedly been
found to be associated with the development and maintenance
of DOCA and NaCI hypertension (19-22). Increase in the
plasma catecholamine level has often been used as an index of
increased sympathetic activity in DOCA-NaCI hypertensive
rats. The development and maintenance of a high blood pres
sure in the DOCA-NaCI hypertension model are associated
with increased catecholamine turnover and synthesis in highly
vascularized peripheral organs and in the adrenal medulla (23).
In the present work, we found that the NE concentrations in
the fundic and antral portions of the gastric wall were signifi
cantly higher in DOCA-NaCI hypertensive rats than in un
treated rats. Recently, direct and indirect evidence has accu
mulated for the concept of neural involvement in control of cell
proliferation in various cell systems (24). NE released by the

actions of the sympathetic nervous system appears to stimulate
crypt cell proliferation in both the small and large intestine (25,
26). In the present work, we found that the labeling indices of
the antral and fundic mucosa were significantly higher in
DOCA-NaCI hypertensive rats than in normotensive control
rats in Weeks 30 and 52. These findings suggest that this effect
of NE may be related to the enhancement of gastric carcinogen-
esis in DOCA-NaCI hypertensive rats.

A third possibility is an effect of NaCI on the development
of gastric cancers. Ingestion of highly salted foods is thought
to be a risk factor for human gastric cancer (27). Tatematsu et
al. (28) found that NaCI itself had no apparent carcinogenicity
in rats, but that its administration with MNNG enhanced the
induction of adenocarcinomas in the glandular stomach. In the
present work, we found that DOCA-NaCI hypertensive rats
drank significantly more NaCI solution than rats treated p.o.
with NaCI solution only. Epidemiological studies in Belgium
have shown that as the dietary NaCI intake decreased in the
1960-1975 period, as a public health measure to reduce hyper
tension and stroke, gastric cancer incidence decreased also.
These represent alternatives to the sympathetic nervous system
role.

In the present work, p.o. treatment with potassium attenuated
the enhancement of MNNG-induced gastric carcinogenesis in
DOCA-NaCI hypertensive rats, resulting in significant reduc
tions in the incidence of gastric cancers and their number per
rat in Week 52. The mechanism of this effect of potassium is
unknown, but 3 possible explanations may be considered. One
is the reduction in the activity of the sympathetic nervous
system. Studies in humans (29) and experimental animals (30,
31) have confirmed that potassium lowers the blood pressure.
In the present work also, potassium supplementation signifi
cantly decreased the arterial blood pressure of DOCA-NaCI
hypertensive rats. The mechanism by which potassium lowers
the blood pressure is unknown, but one possibility is by decreas
ing the activity of the sympathetic nervous system. Treatment
of rats with DOCA and NaCI increases the renal NE level or
turnover rate and sympathetic tone, and these changes are
attenuated by potassium loading (32-34). In the present work,
potassium supplementation resulted in a significant decrease in
the NE concentrations in the fundic and antral portions of the
gastric wall. Inasmuch as the NE concentration is considered
to be a marker of activity of the sympathetic nervous system,
this finding suggests that potassium intake reduced sympathetic
nerve activity in the stomach of DOCA-NaCI hypertensive rats.
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A second possibility is the enhancement of a detoxification
of the carcinogen. Jacobs (35) found that potassium in drinking
water inhibited intestinal tumors in rats, and suggested that
prevention by potassium of intestinal tumors induced by 1,2-
dimethyl-hydrazine might at least be in part attributed to the
enhancement of a detoxification pathway. A third possibility is
calcium ion intake into cells. In many tissues, calcium ion
intake into cells is rapidly facilitated by depolarization induced
by local elevation of potassium ions (36). Furihata et al. (37)
found that the replication stimulation of rat gastric mucosa by
NaCI is inhibited by calcium. Thus, the effect of potassium has
been to mediate calcium intake.

In the present work, we found that treatment with DOCA
and NaCI enhances gastric carcinogenesis induced by MNNG.
Our findings suggest that increased activity of the sympathetic
nervous system may be related to enhancement of gastric car
cinogenesis. Further investigations are required on this subject.
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