
[CANCER RESEARCH 51. 349.1-3496. July 1. 199I|

Enhanced Induction of Gastric Carcinogenesis by W-Methy \-N' -nitro- N-

nitrosoguanidine in Wistar Rats Fed a Low-Protein Diet1

\ I:isalui i u Tatsuta,2 Hiroyasu lishi, Miyako Baba, Hiroyuki Uehara, Akihiko Nakai/umi, and Haruo Taniguchi

Departments of Gastrointestinal Oncology [M. T.. H. I., M. B., H. C., A. \J and Pathology Â¡II.T./. The Center for Adult Diseases, Osaka, 3-3, \akamichi I -chonte,
ri-kii, Osaka 537, Japan

ABSTRACT

The effects of ad libitum feeding of synthetic, low-protein diets on the
incidence and number of gastric cancers induced by /V-methyl-/V'-nitro-

/V-nitrosoguanidine were investigated in Wistar rats. Rats were fed syn
thetic diets of equal caloric content containing 25% casein (normal protein
diet), 10% casein (low-protein diet), or 5% casein (very-low-protein diet)
after treatment with jV-methyl-/V'-nitro-/V-nitrosoguanidinc p.o. for 25
weeks. Administration p.o. of a very-low-protein diet containing 5%
casein resulted in a significant increase in the incidence and number of
gastric cancers in experimental Week 52. I lowever. it did not affect the
histology of the cancers. The very-low-protein diet also caused a signifi
cant increase in tissue norepinephrine concentration of the antral portion
of the gastric wall and in the labeling index of the antral epithelial cells.
These findings indicate that a very-low-protein diet enhances gastric
carcinogenesis and that this effect may be related to its effect in increasing
norepinephrinc in the gastric wall and stimulating proliferation of antral
epithelial cells.

INTRODUCTION

The marked geographical variances seen worldwide for gas
tric cancer have been one of the major incentives for study of
the epidemiology of this disease. Populations at high risk for
gastric cancer have poor diets high in carbohydrate and low in
protein. This factor has not been sufficiently explored previ
ously in an experimental manner.

A possible role for the nervous system in the mechanism of
chemical carcinogenesis has been discussed (1-3). Gurkalo and
Volfson (1,2) suggested that pharmacological compounds that
enhance the activity of the sympathetic nervous system stimu
late carcinogenesis. whereas those that enhance cholinergic
functions inhibit carcinogenesis. Recently, we found that pro
longed administration of nialamide, a monoamine oxidase in
hibitor, after treatment with MNNG1 p.o. resulted in significant

increases in the tissue norepinephrine concentration of the
gastric wall and the incidence of gastric cancers in Wistar rats
(4). However, the role of the sympathetic nervous system in
gastric carcinogenesis is not yet established.

Dietary intake influences activity of the sympathetic nervous
system in experimental animals. For example, higher concen
trations of dietary protein decrease sympathetic nervous system
activity (5). Young et al. (6) found that activity of the sympa
thetic nervous system is increased in rats fed a low-protein diet.
These findings suggest that in MNNG-treated rats, a low-
protein diet might enhance gastric carcinogenesis. To test this
possibility we investigated the effect of ad libitum feeding of
synthetic low-protein diets on gastric carcinogenesis in Wistar
rats that had been treated with MNNG.
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MATERIALS AND METHODS

Animals. Ninety 6-week-old male inbred Wistar rats were purchased
from SLC (Shizuoka. Japan). The animals were housed in suspended,
wire-bottomed metal cages in animal quarters at controlled temperature
(21-22Â°C),humidity (30-50%). and lighting (12 h darkness/12 h light)

and given free access to regular chow pellets (Oriental Yeast. Tokyo,
Japan).

Experimental Design. The animals were given drinking water con
taining MNNG (50 Mg/ml: Aldrieh, Milwaukee. WI) for 20 weeks.
From Week 21, the animals were given normal tap water ad libitum
and divided into 3 groups of 30 rats each. These groups were given
synthetic diet (Oriental) containing 25% casein (normal protein diet),
10% casein (low-protein diet), or 5% casein (very-low-protein diet) until
the end of the experiment in Week 52. The synthetic diets contained
the constituents listed in Table 1 and were given in isocaloric amounts.

Tissue Sampling. Animals that survived for more than 48 weeks were
included in the effective numbers, because the first tumor of the glan
dular stomach was found in a rat in Group 3 that died in Week 48. All
surviving animals were killed at the end of the experiment in Week 52.
All rats were autopsied. and the stomach and other organs were care
fully examined. The stomach was opened along the greater curvature,
pinned flat on a cork mat. and fixed in Zamboni's solution (7) for

histological examination. The fixed stomach was cut into longitudinal.
3-mm-wide strips. The specimens were embedded in paraffin, and 5-
pm-thick serial sections were stained with hematoxylin and eosin.
Sections were examined without knowledge of which group they were
from.

Classification of Gastric Cancers. Histologically, adenocarcinomas
were defined as lesions of the neoplastic glands that had penetrated the
muscularis mucosae to the submucosa or deeper layers. Adenocarci
nomas were classified as very well differentiated, well differentiated,
and poorly differentiated, as reported previously (8).

Measurement of Catecholamines in the Gastric Wall. The norepi
nephrine and epinephrine concentrations in gastric wall tissue were
determined in Weeks 30 and 52 by high-performance liquid chroma-
tography as reported previously (9). For this, nonstarved rats were
killed by cerv ical dislocation, and samples of about 50 mg of the wall
of the fundic and antral portions of the stomach were removed from
each rat.

Measurement of Labeling Index of Gastric Mucosa. The labeling
index of gastric mucosa was measured in Weeks 30 and 52 with an
immunohistochemical analysis kit for assaying BrdUrd incorporation
(Becton Dickinson Immunocytometry System. Mountain View, CA)
(10, 11) by the modified method described by Tada et al. (12). For this,
nonstarved rats received an i.p. injection of BrdUrd (20 mg/kg body
weight) and were killed l h later with ether.

The labeling index of the gastric mucosa was determined by counting
BrdUrd-labeled and unlabeled cells in the proliferating zone (13) with
out knowledge of which group the sample was from. In each rat, 100
well-oriented columns of pits and glands were examined, and the
labeling index was calculated as the number of BrdUrd-labeled cells per
total number of cells within the proliferating zone.

Measurements of Antral pi I and Serum Gastrin Level. The antral pH
and the serum gastrin level in response to refeeding were examined in
Weeks 30 and 52. For this purpose, the rats were starved for 12 h and
then refed ad libitum on synthetic diets containing 25% (Group 1),
10% (Group 2), and 5% (Group 3) casein for 60 min. They were then
killed by cervical dislocation, and blood was obtained by cardiac punc
ture. The stomach was opened, and after removal of food in the
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stomach, it was pinned flat on a cork mat, and the antral pH was
measured with a fine electrode. The gastrin contents of serum specimens
were measured within 1 week with a radioimmunoassay kit from
Dainabot Radioisotopes (Tokyo. Japan) (14).

Statistical Analysis. Results were analyzed by one-way analysis of
variance by Dunn's multiple comparison (15-17). Data are shown as

mean Â±SE. P < 0.05 was regarded as significant.

RESULTS

Incidences, Numbers, Histological Types, and Depths of Gas
tric Cancers. Ten rats from each group were killed in Week 30
for measurement of the catecholamine concentration in the
gastric wall and the labeling index of the gastric mucosa. Two
rats in Group 2 and one rat in Group 3 died before Week 42.
No tumors were found in these animals, which were excluded
from the effective numbers.

The incidences and numbers of gastric cancers and the mean
body weights in each group are shown in Table 2. The body
weights of rats fed on synthetic diet containing 5% casein were
significantly lower than those of control rats. In Group 1
(normal protein diet), gastric cancers were found in only 3
(15%) of the 20 rats examined, and the average number of
gastric cancers per rat was 0.2 Â±0.1. In Group 3 (very-low-
protein diet), the incidence and number of gastric cancers were
significantly higher than those in Group 1. The incidence and
number of gastric cancers in Group 2 (low-protein diet) were
not significantly different from those in Group 1.

The histolÃ³gica! types and depths of involvement of gastric
cancers are summarized in Table 3. All tumors induced in the
glandular stomach were identified histologically as adenocar-
cinomas. In Group 1. all cancers were very well differentiated.
Well-differentiated cancers were found in 3 rats (15%) in Group

Table 1 Composition of synthetic diet

Table 3 Histological types and depths ofinrolrement of gastric cancers in
\l\.\G-lreateJ rats

Coment(g/100g)IngredientCorn

starch
Casein
Â«-Starch
Cellulose
Linol salad oil
Sucrose
Mineral mix"
Vitamin mix*Normal

protein
diet41.5

25.0
10.0
8.0
6.0
5.0
3.5
1.0Low-protein

diet56.510.5

10.0
8.0
6.05.03.5

1.0Very-low-

protein
diet61.5

5.0
10.0
8.0
6.0
5.0
3.5
1.0

" Mineral mix contains 50 g of CaHPO4. 7.4 g of NaCI. 22 g of K,C6H5O7-

H,O. 5.2 g of K:.SO4, 2.4 g of MgO, 0.35 g of MnCO,. 0.6 g of iron citrale (iron
17Ã•ÃŽ).0.16 g of ZnCO,. 0.03 g of CuCO, Cu(OH)2 H,O. 0.001 g of Na;SeO,
5H2O. 0.001 g of KIOj. and 0.055 g of CrK(SO4)2 12H,O/100 g.h Vitamin mix contains 40.000 II of vitamin A acetate. 10.000 II' of \itamin

Di. 500 mg of MI.uniii E acetate. 0.5 g of vitamin Kj. 60 mg of vitamin BI. 60
nig of MI.limn B2. 70 mg of vitamin Bh. 0.1 mg of vitamin B12,2 mg of i>-biotin.
20 nig of folie acid. 160 mg of calcium pantothate. 300 mg of nicotinic acid, and
20 mg of choline bitartarate/100 g.

Table 2 Incidence and number of gastric cancers in \l\.\G-treated rats

Group1

2
3Treatment"

(''r casein)25

105Body

wt (g)1\V

k 26 Wk52320

Â±10 375 Â±7
320 Â±5 379 Â±9
321 Â±7 327 Â±8*effective

No. of rats
no. of with gastric
rats cancer(rr)20

17
193(15)

3(18)
12(63)fNo.

of gas
tric can

cers/rat0.2

Â±0.1
0.2 Â±0.1
1.1 Â±0.2*

" Rats were given a synthetic diet containing 25r< (normal protein diet). 10'7
(low-protein diet), or 5% (very-low-protein diet) casein after treatment with
MNNG p.o. for 25 weeks.

*â€¢'Significantly different from the value for Group I.
*/>< 0.001.

Histology (Ã Depth of involvement

No. of Sub-
gastric Very-well- Well-differ- mucosal Muscle layer

Group Treatment" cancers differentiated entiated layer or deeper

1 Casein 25r;
2 Casein 10<V
3 Casein 5rÃ

3
3

20

3(100)
3(100)

17(85)

0(0)
0(0)
3(15)

3(100) 0(0)
3(100) 0(0)

15(75) 5(25)
" For explanations of treatments, see Table 1.

3. There were no significant differences in the histolÃ³gica! types
of adenocarcinomas in the three groups. No poorly differen
tiated cancers were found in this series. Table 3 also shows that
there were no significant differences in the depths of involve
ment of gastric cancers in the three groups. All cancers were
seen in the antral mucosa, and no mÃ©tastaseswere found in any
rats.

Tissue Norepinephrine, Labeling Index of Gastric Mucosa,
Antral pH, and Serum Gastrin Level. Table 4 summarizes data
on the norepinephrine concentrations in the gastric wall, label
ing indices of the gastric mucosa, antral pH. and serum gastrin
level. At both times examined, the tissue norepinephrine con
centration in the antral but not the fundic portion of the
stomach wall and the labeling index of the antral but not the
fundic mucosa were significantly higher in Group 3 (very-low-
protein diet) than in Group 1 (normal protein diet). Results in
Group 2 showed that the low-protein diet had little or no
influence on the norepinephrine concentration of the gastric
wall or the labeling index of the gastric mucosa. Epinephrine
was not detected in any gastric wall sample at any time exam
ined. Table 4 also shows that in Group 3, the very-low-protein
diet resulted in a significantly reduced response of serum gastrin
to refeeding. There were no significant differences in the antral
pH values in the three groups.

DISCUSSION

In the present study, we found that a very-low-protein diet
enhanced gastric carcinogenesis in Wistar rats. After treatment
with MNNG p.o. for 25 weeks, ad libitum feeding of very-low-
protein diet containing 5% casein resulted in significantly
higher incidences and numbers of gastric cancers in Week 52
than in rats fed normal protein diet containing 25% casein.
However, a low-protein diet containing 10% casein had little
or no influence on the development of gastric cancers.

The mechanism of this effect of very-low-protein diet is not
known, but at least three possible mechanisms may be consid
ered. One mechanism is immunomodulation by dietary protein.
Dietary components may influence the development of neopla-
sias by effects on the host immune mechanisms. In particular,
the level and type of fat have been shown to modulate immune
responsiveness (18, 19). In addition to the level of dietary fat,
the source of dietary protein also affects tumor development,
because lower tumor growth and higher mitogen-induced lym-
phoproliferative ability have been observed in casein-fed mice

(20,21).
Another possible mechanism is an effect on the secretions of

various hormones, including growth hormone, thyroid hor
mones, gastrin, and somatostatin. Sommerville and Harvey (22)
found that the circulating growth hormone level was high in
chicks fed protein-deficient diet. Kaptein et al. (23) examined
the relationship between the changes in serum thyroid hormone
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Table 4 NortpinepkrilU concentration in the stomach wall, labeling index of gastric mucosa, antral pii, and serum gaslrin in .\l.\\G-lrealed rats

Norepincphrine
(ng/g tissue)

Labeling index (r;)

Experimental\\k
GroupTn.30

1 C'a
2 C'a

3 Ã‡a
52 1 Ã‡a

2 Ã‡a
3 Ã‡al-'iuulie

Antral l-'undic Anlral An
aiment" portion portion mucosa mucosapin

25'r 43(1
in 10'; 476
Â¡n5'. 474
in 25'; 241
in 10'; 299
inS'V 31622

299 Â±15 11.2 :
47 316 Â±12 12.7
41 394 Â±30" 12.0

22 221 Â±23 11.7
22 286 Â±20 14.7
29 352 Â±15'' 14.2t(I.K

12.4
.2 12.4
.0 20.5
.1 12.4
.4 13. 1
.1 22.00.6

3.9
0.9 3.2
0.7' 3.7

0.6 4.1
0.9 3.0
1.5' 3.9Serum

trai gastrin
H(pg/ml)0.

1 362
0.32990.3

170
0.1 327
0.4 288
0.2 17220

2l20'

23
59
11"

" For explanations of treatments, see Table I.
* '' Significant!) different from the \aluc for (iroup 1.
* P< 0.05.
' />< 0.001.

levels and a low-protein diet in obese men and found that this
regimen induced increases in the serum levels of total and free
thyroxine. Growth hormone and thyroid hormones are closely
related to the growth of gastrointestinal mucosa. Evidence of
trophic activity following growth hormone treatment is fairly
conclusive and consistent (24). Administration of thyroxine
resulted in body weight gain and restoration of the crypt cell
number and mitotic activity (25). Earth and Leblond (26)
suggested that at least part of the trophic action of thyroxine is
secondary to increased endogenous release of growth hormone.
These findings suggest that these hormones might enhance
gastric carcinogenesis.

Sumiyoshi et al. (27) examined the effects of a protein-free

diet containing a mixture of free amino acids on the stomach
in male Wistar rats and found that, in the antrum, somatostatin-
producing cells increased in an early stage and gastrin-produc-
ing cells decreased in a later stage. We found previously that
prolonged administration of tetragastrin in depot form after
treatment with MNNG p.o. for 25 weeks resulted in a signifi
cant reduction in the incidence of gastric cancers (28). More
over, we found that administration of cysteamine significantly
increased the serum level of gastrin and decreased the devel
opment of gastric cancers (29). In the present study, we found
that a very-low-protein diet significantly decreased the serum
level of gastrin. We have also found that prolonged administra
tion of somatostatin significantly increased the incidence and
number of gastric cancers induced by MNNG in Wistar rats in
Week 52 (30). These findings suggest that gastrin and soma
tostatin might be closely related to gastric carcinogenesis in the
rat.

A third possibility is an increase in activity of the sympathetic
nervous system. Diet influences the activity of the sympathetic
nervous system in experimental animals (6, 31). In the present
study, we found that the norepinephrine concentration in the
antral but not the fundic portion of the gastric wall was in
creased in rats on a very-low-protein diet. There is evidence of
neural involvement in the control of cell proliferation (32).
Norepinephrine released by the action of the sympathetic nerv
ous system appears to stimulate crypt cell proliferation in both
the small and large intestines (33, 34). Recently, we found that
spontaneously hypertensive rats had a significantly increased
norepinephrine concentration in the gastric wall and showed a
significantly elevated labeling index of gastric epithelial cells.
We also observed a significantly increased incidence and num
ber of gastric cancers induced by MNNG in hypertensive rats
compared with control Wistar Kyoto rats (35). Sumiyoshi et al.
(27) found that the number of DNA-synthesizing cells in the
fundic and antral mucosae of the stomach was significantly
higher in rats fed a synthetic protein-free diet than in control

rats. In the present study, we also found that prolonged feeding
of a very-low-protein diet caused a significant increase in the
labeling index of the antral epithelial cells. These findings
indicate that enhancement of gastric carcinogenesis in animals
fed a very-low-protein diet may be related to its effects in
increasing norepinephrine in the antral portion of the stomach
wall and in stimulating proliferation of the antral epithelial
cells.

Clinton et al. (36) found that higher dietary protein during
the initiation phase was associated with a significant reduction
in 7,12-dimethylbenz(a)anthracene-induced breast cancer in
rats. They suggested that increasing dietary protein decreased
the carcinogenic response by enhancing clearance of the carcin
ogen and excretion of detoxified products. In the present work,
a relevant mechanism might be that the dietary protein acts as
a nucleophilic trap for the reactive carcinogen derived from
MNNG. Thus, the direct effect of the low-protein diet would
be to raise the effective dose of the carcinogen. However, in the
present work, the animals were given low- or very-low-protein
diets after MNNG treatment for 20 weeks.

In the present work, there was no control group treated with
5cc casein diet alone. Sumiyoshi et al. (27) examined the effect
of protein-free diet on the stomach and found that mucous neck
cells increased, parietal cells and chief cells decreased in the
fundus, and goblet cells and intestinal metaplasia occurred in
the antral glands. These authors concluded that dietary protein
might play a crucial role in the differentiation of gastric epithe
lium and the development of intestinal metaplasia in the
stomach.

In the present work, we found that a very-low-protein diet
had a stimulatory effect on gastric carcinogenesis. Our findings
suggest that increased sympathetic nervous system activity may
be related to enhancement of gastric carcinogenesis. Further
investigations are required on this subject.
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