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Hyperinsulinemia and hyperglycemia in prediabetic and diabetic
patients are thought to increase the risk of developing neoplasms
because insulin is a growth factor with pre-eminent metabolic but
also mitogenic effects. To determine the effect of hypoinsulinemic
diabetic conditions on carcinogenesis, we examined N-Methyl-N¢-
nitro-N-nitrosoguanidine (MNNG)-induced forestomach carcino-
genesis in hypoinsulinemic diabetic WBN ⁄ Kob rats aged about
45 weeks (DM) compared with non-diabetic younger WBN ⁄ Kob
rats (C1), non-diabetic Wistar rats age-matched to DM (C2), and
non-diabetic Wistar rats age-matched to C1 (C3). All rats were trea-
ted with MNNG by gavage and were killed at 40 weeks after dos-
ing. Various-sized tumors were disseminated throughout the
forestomach of all rats, and the ratio of the area of tumors to the
whole forestomach area was 23.3% in the DM group and was
higher than in the C1–3 (4.2–14.3%) groups. The incidence of carci-
noma was much higher in the DM group (36.8%) than in the C1–3
(7.1–16.7%) groups, and the incidence of papilloma was also
significantly higher in the DM group (84.2%) than in the C1–3
(28.5–50.0%) groups. The average thickness of the squamous epi-
thelium in the non-neoplastic mucosa was significantly greater in
the DM group (50.8 lm) than in the C1–3 (29.6–37.9 lm) groups.
Immunohistochemically, the Ki-67-positive index in the non-tumor-
ous mucosa of the DM group (42.0%) was significantly higher than
that of the C1–3 groups (18.8–33.3%). These results suggest that
prolonged hyperglycemic conditions without hyperinsulinemia
enhance tumorigenesis of MNNG-induced tumors by enhanced
proliferative activity of the squamous epithelium in the rat fore-
stomach. (Cancer Sci 2010; 101: 1604–1609)

C urrent epidemiologic studies have reported that diabetes
mellitus may be one of the risk factors for carcinogene-

sis.(1–4) Although the underlying carcinogenic mechanism in
patients with diabetes mellitus remains unclear, concomitant
hyperinsulinemia,(5) hyperglycemia,(6–10) and obesity(11,12) have
been postulated as the factors causing the increased risk for
tumor development from some experimental and epidemiologic
studies. Hyperinsulinemia most likely favors cancer in diabetic
patients, as insulin is not only a growth factor with pre-eminent
metabolic effects but is also mitogenic to many kinds of cells.(5)

However, the clinical relevance of the cancer-promoting effect
of insulin in diabetic patients is still unclear.(13)

Hypoinsulinemic hyperglycemic conditions had been reported
to increase the risk for cancer in streptozotocin-induced diabetic
animals.(14–16) However, streptozotocin is also a mutagen,(17) so
it remains unclear if the hyperglycemia-enhanced carcinogenesis
is exclusive in this model. Insulin-independent promotion of
chemically-induced liver tumor has been recently reported in
hypoinsulinemic diabetic Akita mice,(18) and it is suggested that
Cancer Sci | July 2010 | vol. 101 | no. 7 | 1604–1609
hyperinsulinemia has no relevance to tumorigenesis promotion.
However, there are as yet few reports about hypoinsulinemic
diabetic conditions related to carcinogenesis.

WBN ⁄ Kob rats are an inbred strain of Wistar rats and have
been established as one of the diabetic model animals that spon-
taneously develop long-lasting diabetic symptoms in aged
males.(19) The diabetic conditions are characterized by low-level
serum insulin, hyperglycemia, and glucosuria without obesity
with onset at approximately 40 weeks of age.(20)

In the present study, to determine the effect of hypoinsuline-
mic diabetic conditions on the development of neoplastic lesions,
we examined chemically induced forestomach tumorigenesis
in hypoinsulinemic diabetic old WBN ⁄ Kob rats compared with
non-diabetic young WBN ⁄ Kob and age-matched Wistar rats.

Materials and Methods

Animals and diets. Male WBN ⁄ Kob rats and Wistar rats were
obtained from Japan SLC (Shizuoka, Japan). They were reared
in a barrier-sustained animal room maintained at a temperature
of 23 ± 2�C and a relative humidity of 55 ± 10% with 12-h
light ⁄ dark cycles, and ventilated at least 10 times ⁄ h by high-
efficiency particulate air-filtered fresh air. All rats were housed
and reared in fiber-reinforced plastic cages with a stainless steel
wire-mesh cage floor. To protect against infection, the cages
were changed at least once each week. Rats were given a pellet
diet (CRF-1; Oriental Yeast, Tokyo, Japan) and chlorinated
water ad libitum.

All procedures for animal handling and experimental treat-
ment were in accordance with the Guidelines for the Care
and Use of Laboratory Animals of the Committee for Animal
Experiments of Hiroshima International University and the
Japanese Association for Laboratory Animal Science. The
level of care provided to the animals met the basic require-
ments outlined in the National Institutes of Health guidelines
(Humane endpoints for animals used in biomedical research
and testing, ILAR Journal Vol. 41(2), 2000; National Institute
of Health Guide For the Care and Use of Laboratory Ani-
mals, NIH Publication, 1996).

Glucosuria and glycemia monitoring. Urinary glucose levels
were measured semi-quantitatively by a urine test paper (Wako
Pure Chemical Industries, Osaka, Japan) using fresh urine.
Blood glucose levels were also measured semi-quantitatively by
the glucose oxidase method (Glutest Pro R; Sanwakagaku,
Aichi, Japan) using blood samples from the tail vein. Urinary
glucose levels and blood glucose levels were measured once
every month. Samples of fresh urine and blood from the tail vein
were collected from 13:00 to 16:00 h.
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Fig. 1. Experimental design. MNNG, N-Methyl-N¢-
nitro-N-nitrosoguanidine.
Experimental design. Experimental design is shown in
Figure 1. A total of 34 male WBN ⁄ Kob rats and 31 male Wistar
rats were divided into the following four groups. The DM group
consisted of 19 male, approximately 45-week-old diabetic
WBN ⁄ Kob rats; the C1 group consisted of 15 male 8-week-old
non-diabetic WBN ⁄ Kob rats; the C2 group consisted of 15 male
45-week-old non-diabetic Wistar rats as an age-matched control
of the DM group; and the C3 group consisted of 16 male
8-week-old non-diabetic Wistar rats as an age-matched control
of the C1 group. All rats were treated once with 100 mg ⁄ kg
N-Methyl-N¢-nitro-N-nitrosoguanidine (MNNG) (GL Sciences,
Tokyo, Japan) suspended in corn oil (Wako Pure Chemical
Industries) by gavages and were killed for pathologic examina-
tion at 40 weeks after dosing.

Macroscopic analysis. Four animals were excluded from this
study due to premature death (one rat each in the C1 and C2
groups) or elevated blood-glucose level (two rats in the C1
group) during the examination period. A moribund animal of the
DM group was sacrificed during the examination period, and
provided for macroscopic and histopathological analyses. All
remaining rats were killed by exsanguination from the abdomi-
nal aorta under deep anesthesia at the end of each scheduled per-
iod, or when they began to show a moribund condition. The
blood samples were collected from the abdominal aorta, and the
serum insulin level was measured by ELISA (Ultra Sensitive
Rat Insulin kit; Morinaga Institute of Biological Science, Kanag-
awa, Japan). The entire alimentary tract was immediately
removed following autopsy. The representative tissues and
organs including the alimentary canals of all rats were fixed by
immersion in 10% phosphate-buffered formalin solution imme-
diately after necropsy. At the time of tissue fixation, the stomach
was incised along the greater curvature from the pylorus to the
cardia and was pinned out flat on a cork plate. In order to ana-
lyze tumor severity of the forestomach mucosa in rats from each
group, the ratio of the area of tumors to the whole forestomach
area was calculated using Adobe Photoshop’s histogram func-
tion as follows:

Scale rate of tumors in forestomach (severity) = total number
of pixels in tumor area ⁄ number of pixels in whole forestomach
area · 100 (%)

Histopathological analysis. After macroscopic examination,
the fixed organs were trimmed, dehydrated by an automated
processor, and embedded in paraffin. Sections (4-lm thick)
of tissue specimens were stained with hematoxylin–eosin for
histopathological examination. Measurement of the thickness
of the forestomach mucosa without any macroscopic abnor-
malities was done using the scale function of a DP controller
with an Olympus DP70 digital camera. The average thickness
of the forestomach epithelium in each rat was calculated
from five randomly selected sites excluding the neoplastic or
focal hyperplastic lesions throughout the whole forestomach
mucosa.

Immunohistochemical analysis (Ki-67) for cell proliferation
marker. The expression of Ki-67, a cell proliferation marker,
was examined immunohistochemically in the forestomach
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sections of all rats. Those sections were deparaffinized in
xylene, and rehydrated through graded ethanol at room tem-
perature. Rehydrated sections were microwaved in 10 mM cit-
rate buffer (pH 6.0) for 20 min to retrieve the antigen. To
prepare solutions and washes between the various steps,
0.05 M Tris-buffered saline (TBS, pH 7.6) with 0.01% Tween
20 was used. Non-specific endogenous peroxidase activity was
blocked by exposure to 0.03% hydrogen peroxide in 100%
methanol for 5 min, and masking was conducted with 1%
bovine serum albumin for 5 min at room temperature. Incuba-
tion was carried out overnight at 4�C with a primary antibody,
Ki-67 rabbit monoclonal antibody (diluted 1:500, 4203-1;
Epitomics, Burlingame, CA, USA). The slides were subse-
quently rinsed with TBS plus Tween 20, treated for 30 min at
room temperature with Histofine simple stain MAX PO rat
(R) (Nichirei, Tokyo, Japan), rinsed with TBS plus Tween 20,
incubated in diaminobenzidine solution containing 0.01%
hydrogen peroxide for a peroxidase coloring reaction, and
counterstained with Mayer’s hematoxylin. The Ki-67-positive
cell index of each group was estimated as the percentage of
Ki-67-labeled nuclei ⁄ 1000 squamous epithelial cells in the
forestomach mucosa without neoplastic changes.

Statistical analysis. Student’s t-test was used for statistical
analysis of the macroscopic severity data, histopathologic mor-
phometrical data, and Ki-67-positive index data. The v2-test was
used for statistical analysis of the frequency.

Results

Glycemia, glucosuria monitoring, and body weight. Hyper-
glycemia (>200 mg ⁄ dL) and glucosuria (>250 mg ⁄ dL) contin-
ued for 23.4–49.9 weeks from approximately 50 weeks of age
in the DM group. In contrast, the blood glucose levels of the C1,
C2, and C3 groups were kept under 200 mg ⁄ dL and glucose was
negative for all urine samples from all but two rats. During the
experimental period, two rats of the C1 group were excluded
from this study because of elevated blood-glucose levels. One
rat each in the C1 and C2 groups died from leukemia and emaci-
ation with severe anemia.

The final average body weight of the DM (407 g ± 71.3)
group was not significantly different from the C1 (435 g ± 17.1)
group. The C2 (574 g ± 61.3) group was comparable to the C3
(562 g ± 40.2) group. The mean serum insulin level was low in
the DM group (0.965 ± 0.644 ng ⁄ mL) compared to the C1
(1.398 ± 0.446 ng ⁄ mL), C2 (1.788 ± 0.764 ng ⁄ mL), and C3
(1.030 ± 0.335 ng ⁄ mL) groups.

Macroscopic findings. Various-sized multiple polypoid or
cauliflower-like tumor masses were observed in the forestomach
mucosa in all rats of the DM, C1, C2, and C3 groups. The typi-
cal forestomach lesions of each group are shown in Figure 2. In
the DM group, larger tumor masses were predominant, and the
total number of masses was much larger than those in the non-
diabetic C1–C3 groups. The scale ratio of tumors in the fore-
stomach (severity) was 22.3 ± 18.2% in the DM group, and the
severity of the DM group was higher than in the non-diabetic
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Fig. 2. Gross findings of gastric mucosa. Various-sized multiple
neoplastic nodules and masses were observed in the forestomach of
all groups (arrows). Nodules and masses in the DM (hypoinsulinemic
diabetic WBN ⁄ Kob rats) group are larger than those of other groups.
Bar: 1 cm.

Fig. 3. Scale rate of forestomach tumors (severity) in each group.
The ratio in the DM (hypoinsulinemic diabetic WBN ⁄ Kob rats) group
is higher than in the non-diabetes C1, C2, and C3 groups. Values
represent the mean ± SD. †P < 0.05, †††P < 0.001 compared to the C2
group; ‡P < 0.05, ‡‡‡P < 0.001 compared to the C3 group.

Table 1. Frequency of lesions in forestomach

Group No. of rats
Frequency of lesions

Carcinoma (%) Papilloma (%)

DM 19 7 (36.8)† 16 (84.2)*,‡,§

C1 12 2 (16.7) 6 (50.0)

C2 14 1 (7.1) 4 (28.6)

C3 16 2 (12.5) 6 (37.5)

*P < 0.05 compared to the C1 group, †P < 0.05; ‡P < 0.01 compared
to the C2 group, §P < 0.01 compared to the C3 group.
C1 (14.3 ± 13.7%), C2 (4.3 ± 4.3%), and C3 groups
(4.2 ± 3.5%) (Fig. 3). The difference between the DM group
and the C2 or C3 group was significant (P < 0.001).

Histopathology. Histopathological findings of the forestom-
ach are summarized in Table 1. The incidence of carcinoma was
higher in the DM group (36.8%) than in the non-diabetic C1
(16.7%), C2 (7.1%), and C3 (12.5%) groups. The difference
between the DM group and C2 group was statistically significant
(Table 1). Almost all carcinomas were diagnosed as well-differ-
entiated squamous cell carcinoma (SCC) (Fig. 4a), and only a
tumor mass originating in the region of the limiting ridge of one
case was diagnosed as adenosquamous carcinoma. All SCCs
invaded the submucosal layer. In the 28.6% of rats with SCC in
the DM group, tumor cells further invaded the muscular and
serosal layers. Metastasis to the lymph node or the other organs
was not observed. The incidence of squamous cell papilloma
was significantly higher in the DM group (84.2%) than in the
non-diabetic C1 (50.0%), C2 (28.6%), and C3 (37.5%) groups
(Table 1). Squamous cell papilloma was characterized by exo-
phytic projection of the tumor tissue above the stratified squa-
mous epithelium (Fig. 4c).

The average thickness of the mucosal epithelium in non-
neoplastic areas was significantly greater in the DM group
(50.8 lm) than in the C1 (37.9 lm), C2 (29.6 lm), and C3
(31.4 lm) groups (Fig. 5). Ki-67-positive cells in the same area
were located in the basal cell layer of the squamous epithelium
despite the increased cell layers (Fig. 6a,b). The mean Ki-67-
positive index of the DM group (42.0 ± 3.3%) was significantly
higher than that of the non-diabetic C1 (33.3 ± 2.8%), C2
(20.0 ± 4.8%), and C3 (18.8 ± 3.5%) groups (Fig. 7).

Discussion

The present study demonstrated that hypoinsulinemic diabetic
conditions enhanced tumorigenesis of MNNG-induced tumors
in the forestomach, and these tumors increased their malig-
1606
nancy more prominently in diabetic rats compared with non-
diabetic rats. Although MNNG-induced mucosal tumors in
both non-diabetic and diabetic rats were squamous papillomas
and carcinomas, the scale ratio (total number of pixels in the
tumor area ⁄ number of pixels in the whole forestomach area)
in the rats of diabetic group was apparently much larger than
that of the non-diabetic group. Moreover, the mucosal epithe-
lium without neoplastic changes was associated with increased
cell layers and higher cell proliferative indices of squamous
epithelial cells in the diabetic rats. These facts suggest that
hyperglycemia has a direct effect of its own on the prolifera-
tion of mucosal epithelial cells and may be a cancer promoter
in this model in which there is no relationship between insulin
level and tumorigenesis.

Many investigations have reported that the endogenous
hyperinsulinemia and exogenous insulin should play a role in
promoting cancer development in diabetic patients.(5,13,21,22)

One epidemiological report from the USA described the over-
all cancer risk to be more pronounced in insulin-resistant,
pre-diabetic humans with hyperinsulinemia than with uncom-
pensated overt type 2 diabetes mellitus.(23) On the other hand,
doi: 10.1111/j.1349-7006.2010.01589.x
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(a) (b)

Fig. 4. Histopathologic features in forestomach.
(a) Squamous cell carcinoma (SCC) in the
forestomach in the DM (hypoinsulinemic diabetic
WBN ⁄ Kob rats) group. Well-differentiated SCC
invaded the submucosal layer (arrowheads). Bar:
500 lm. (b) Squamous cell papilloma of the
forestomach in the DM group (arrow). Bar: 1 mm.

Fig. 5. Average thickness of squamous epithelium of non-tumorous
area in each group. DM (hypoinsulinemic diabetic WBN ⁄ Kob rats)
group thickness is significantly greater than in the C1, C2, and C3
groups. Values represent the mean ± SD. ***P < 0.001 compared to
the C1 group; †††P < 0.001 compared to the C2 group; ‡‡‡P < 0.001
compared to C3 group.
it is also worth paying attention to one recent report of a
Korean cohort with diabetes mellitus indicating that cancer
risk is simply influenced by fasting blood glucose levels in a
(a)

(c)

Fig. 6. Immunohistochemistry for Ki-67. Ki-67-
positive cells are observed in the basal cell layer of
squamous epithelium (arrowheads). Bar: 100 lm.
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dose-dependent manner and is uncorrelated with the body
mass index or insulin resistance.(2) These facts seemed to cast
simple doubt on the supposed direct action of insulin on the
promotion of cancers.

Recently, we reported that a single dose of alloxan, a non-
genotoxic diabetogenic chemical, frequently induced prolifera-
tive lesions of squamous epithelium in the forestomach of
diabetic WBN ⁄ Kob rats, and about 20% of these lesions
progressed to squamous cell carcinoma.(24) Alloxan induces a
loss of insulin-producing islet b-cells and causes a hypoinsuline-
mic condition. Thus, hypoinsulinemic hyperglycemic conditions
promoted carcinogenesis in alloxan-induced diabetic WBN ⁄ Kob
rats. Furthermore, continuous control of the blood glucose level
by a subcutaneous insulin implant resulted in a notable suppres-
sion of neoplastic changes in alloxan-induced diabetic rats.(25)

In addition, insulin-deficient conditions possibly increased the
risk for oral cancer in streptozotocin-induced diabetic rats(16)

and chemically-induced hepatocellular tumor in genetically dia-
betic mice.(18) Results from these experimental studies strongly
suggest that tumorigenesis was promoted by a hyperglycemic
condition alone in diabetic animals and was independent of the
insulin level.

In the present study, since we used animals of different ages
and strains, we cannot exclude the possibility that the different
incidence of tumors between the DM and C1–3 groups was due
to age-related or strain-dependent gene expression. No age-
related differences in cell proliferation were observed in the
forestomach of male and female rats.(26) The incidence of ade-
nocarcinomas of the glandular stomach induced by MNNG was
also significantly decreased with the advance in age.(27) In our
study, there was no age difference in tumor incidence and sever-
ity between old (C2) and young Wistar rats (C3). Thus, we con-
sidered that tumorigenesis induced by MNNG is less affected by
aging in this study. The difference between old WBN ⁄ Kob rats
(DM) and young WBN ⁄ Kob rats (C1) may not be affected by
aging but rather diabetic conditions. Therefore, we concluded
(b)

(d)
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Fig. 7. Ki-67 antigen-positive cell indices of forestomach squamous
cell epithelium of non-tumorous area. Ki-67 antigen-positive index of
the DM (hypoinsulinemic diabetic WBN ⁄ Kob rats) group is
significantly higher than that of the non-diabetes C1–C3 groups.
Values represent mean ± SD. ***P < 0.001 compared to the C1 group;
†††P < 0.001 compared to the C2 group; ‡‡‡P < 0.001 compared to
the C3 group.
that hyperglycemia itself may have a direct effect on the prolif-
eration of mucosal epithelial cells in this model.

The direct action of hyperglycemia and its related conditions
as a carcinogenic factor have also been postulated. Dandona
et al.(6) have demonstrated in a clinical study with diabetic
subjects and healthy volunteers that diabetes is associated with
increased production of reactive oxygen species and greater oxi-
dative damage to DNA. High glucose itself was shown to induce
1608
DNA damage in cultured endothelial cells.(9) Thus, it is possible
that increased production of reactive oxygen species or high
glucose itself contributes to DNA damage, which may lead to
mutational changes in oncogenes and tumor suppressor genes.
Given this concept, the enhancement of tumorigenesis, or pro-
gression of the forestomach tumors in the present study might
have resulted in further mutation of MNNG-initiated cells by
oxidative stress due to the diabetic condition. The chemically
induced oral oncogenesis process in diabetic rats was considered
to promote the activation of the Ras ⁄ Raf ⁄ MAPK signal trans-
duction pathway by induction of receptors erbB2 and erbB3,
mainly leading to increased cell proliferation.(16) Additionally,
the expression of the proliferation marker Ki-67 was signifi-
cantly higher in diabetic rats both in previous chemically
induced oral oncogenesis(28) and the present study. Judging from
the common findings in previous and present studies, it is also
evident that diabetic conditions result in increased cell prolifera-
tion during tumorigenesis by enhanced proliferative activity of
squamous epithelium.

Male WBN ⁄ Kob rats spontaneously developed acute pancrea-
titis from 12 weeks of age, and the acute inflammation is
reduced with advancing age and advances to the fibrosis and
fatty infiltration as the end-stage of inflammation.(19) In the pres-
ent study, the inflammatory changes of the pancreas were
observed in all rats of the DM and C1 groups. These changes
consisted of fibrosis and fatty infiltration in all but three rats of
the C1 group which showed acute inflammation. Inflammation
in the pancreas may affect the tumorigenesis in the C1 group
rather than the DM group. Thus, we consider that pancreatitis
was unlikely to enhance tumorigenesis of the forestomach.

Non-diabetic WBN ⁄ Kob rats (C1) had a greater tendency to
tumorigenesis in the forestomach than age-matched non-diabetic
Wistar rats (C3) in this study. We previously reported that the
incidence of alloxan-induced proliferative lesions was higher in
WBN ⁄ Kob rats compared with F344 rats.(24,29) These results
suggest that WBN ⁄ Kob rats tend to be more sensitive or predis-
posed to tumorigenesis in the forestomach and are a suitable ani-
mal to investigate carcinogenesis.

In conclusion, our study provides more substantial evidence
that hypoinsulinemic and non-obese diabetic conditions enhance
tumorigenesis of MNNG-induced tumors in the forestomach. It
is suggested that prolonged hyperglycemic conditions without
hyperinsulinemia enhance tumorigenesis by promoting the
proliferative activity of squamous epithelium in the rat fore-
stomach.
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