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Calorie Restriction Suppresses the Progression of Radiation-
Induced Intestinal Tumours in C3B6F1 ApcMi*/+ Mice
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Abstract. Background/Aim: Progress in cancer treatment
and diagnosis has made second cancer after medical
radiation exposure a particular concern among childhood
cancer survivors. Calorie restriction (CR) is a broadly
effective cancer prevention strategy, although its effects on
radiation-induced intestinal tumours are unclear. Here we
examined the cancer-preventative efficacy of a CR diet at
different starting ages on radiation induction of intestinal
tumours in mice. Materials and Methods: Male C3B6F1
ApcMi"/Jr mice were irradiated with 0 or 2 Gy of X-rays at 2
weeks of age. After an interval of 2, 8 or 18 weeks, mice
were fed with a non-CR (95 kcal/week/mouse) or CR (65
kcal/week/mouse) diet. Intestinal tumours were evaluated for
number, size distribution and malignancy. Results: CR
suppressed the size and progression of both spontaneous and
radiation-induced intestinal tumours depending on age at
starting of CR. CR diets were effective even administered to
adult mice. Conclusion: CR was effective for suppression of
tumour progression, which was accelerated by radiation
exposure. Use of CR might be a useful cancer-prevention
strategy for radiation-induced tumours of the intestinal tract.

Ionizing radiation has been recognized as a human and rodent
carcinogen. Evidence for cancer risk is based on estimates
from various sources, including analyses of atomic bomb
survivors (1), nuclear power plant accident victims (2),

This article is freely accessible online.

Correspondence to: Takamitsu Morioka, Ph.D., and Shizuko
Kakinuma, Ph.D., Department of Radiation Effects Research,
National Institute of Radiological Sciences, National Institutes for
Quantum and Radiological Science and Technology, 4-9-1
Anagawa, Inage-ku, Chiba 263-8555, Japan. Tel: +81 432064053,
Fax: +81 432064138, e-mail: morioka.takamitsu@qst.go.jp and
kakinuma.shizuko@qst.go.jp

Key Words: Calorie restriction, radiation carcinogenesis, cancer
prevention.

occupational exposure (3), patients undergoing radiation-based
medical treatments (4) and animal experiments (5). Children
are also estimated to be at a higher risk for developing cancer
caused by ionizing radiation than adults (1, 2, 4), due mainly
to increased radiosensitivity and a longer lifespan after
exposure. Recently, an epidemiological study of atomic bomb
survivors has shown that the risk of colorectal cancer (CRC)
increased with radiation exposure (6). The colorectum is thus
highly susceptible to ionizing radiation exposure.

Medical technologies that use radiation have progressed
rapidly for cancer diagnosis and treatments. On the one hand,
as a result, the survival of patients after cancer treatment has
substantially improved over the past few decades. On the
other hand, the increase in medical radiation exposure and
the risk of second cancer have become serious problems (7,
8). Second cancer risk is significantly higher when medical
radiation exposure takes place during childhood relative to
exposure during adulthood (7, 9). Recently, Allodji et al.
showed the risk of CRC to be significantly increased after
radiotherapy of paediatric tumours (10). Hence, it is
important to establish a preventative strategy for CRC as
second cancer after medical radiation exposure.

Calorie restriction (CR) without incurring malnutrition has
been the most well-studied and robust non-genetic, non-
pharmacological experimental intervention for extending
healthspan and lifespan. Countless studies have confirmed
that CR is the only effective intervention for extending the
lifespan of many organisms including yeast, worms, flies,
rodents and primates (11-17). CR has also been reported to
prevent the occurrence of metabolic syndromes such as
obesity and to reduce the risk of age-associated diseases such
as cancer, diabetes and atherosclerosis in many mammals,
including humans (18-23). Although CR is a well-established
dietary intervention for cancer prevention in various
experimental models, the modifying effects of CR on
radiation-associated cancer have not been well described.

The C57BL/6] (B6) ApcM™+ mouse is heterozygous for
a nonsense mutation at codon 850 in exon 15 of the
adenomatous polyposis coli gene (Apc; located on
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chromosome 18), which is analogous to APC mutations
found in some kindred with familial adenomatous polyposis
(24, 25). B6 ApcMi'+ mice rarely live past 150 days of age
and develop an average of 88 tumours in the small intestinal
tract (26). All tumours in B6 ApcM™* mice are adenomas
(ADs), and advanced cancer (i.e. invasive cancer) has not
been observed. The F1 offspring generated from B6 ApcMin/+
mice crossed to C3H mice (i.e. B6C3F1 and C3B6F1 mice)
show a significant decrease in the number of tumours
relative to B6 ApcMi+ mice (26).

We (27) and Yoshida et al. (28) reported that CR reduced
the risk of hepatocellular carcinoma, lung tumours and
myeloid leukaemia in irradiated B6C3F1 and C3H mice,
respectively. However, the preventative effects of CR on
radiation-induced intestinal tumours have, to date, been
unclear. In this study, we examined the influence of radiation
exposure on intestinal tumourigenesis in hybrid C3B6F1
ApcM"+ mice. In addition, we also investigated the
relevance of the starting age of CR regarding its cancer
preventative effects on radiation-induced intestinal tumours.

Materials and Methods

Mice. Male B6 ApcMin/+ mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). Female C3H/HeJ mice were
obtained from Charles River Laboratories (Kanagawa, Japan). Male
B6 ApcMin/+ and female C3H/Hel mice were intercrossed to obtain
male F1 hybrid C3B6F1 ApcMin/+ mice. The Apc genotype was
determined by polymerase chain reaction of DNA from a mouse ear
punch sample. The F1 mice were housed in a conventional
environmentally controlled clean room under the following
conditions: 12-h dark/light cycle, temperature of 23+2°C and
50+10% humidity. The mice were irradiated at 2 weeks of age (see
below), weaned at 4 weeks of age and were fed the appropriate diet
as indicated below.

Experimental procedure. Male C3B6F1 ApcMin/+ mice were
randomly divided into eight experimental groups according to
whether irradiated or not and to receipt of a non-CR diet (95
kcal/week) or CR diet (65 kcal/week) (Figure 1A). All IR mice
were whole-body irradiated with 2 Gy X-rays at 2 weeks of age
(IR), when they are most susceptible to radiation (29), and CR
was started at 4, 10 or 20 weeks of age (4W, 10W, 20W,
respectively). A dose of 2 Gy was chosen to assess the effect of
CR on the small intestine because this dose effectively induces
small intestinal tumours in B6 ApcMin/+ mice (29). X-Ray
irradiation (200 kVp, 0.6 Gy/min) was carried out using a Pantak
X-ray generator (Pantak, East Haven, CT, USA) as described
(30). All mice were weighed weekly during the experimental
period. Some mice in the non-CR and IR+non-CR groups were
sacrificed at 4, 10 or 20 weeks of age, with all remaining mice
sacrificed at 30 weeks of age, after euthanasia under isoflurane
anaesthesia for gross and histological examination of small
intestinal tumours. All mice were handled according to the
principles and procedures outlined in our institutional protocols
after authorization by the Institutional Animal Care and Use
Committee (authorization number: 12-1029-5).
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Experimental diets. The diets consisted of two different calorie-
controlled regimens, 65 (CR diet) and 95 (Non-CR diet)
kcal/week/mouse. The CR diet contained 32% fewer calories, which
were derived from cornstarch carbohydrate, than the non-CR diet
(Figure 1B). The CR diet consisted of a reduction in total calorie
intake without incurring malnutrition or side-effects such as
dysfunction of the liver, kidneys and spleen due to hypogenesis.
Details about the food composition of each diet have been reported
(28). The diets were fed according to the method previously
established in our laboratory (27).

Macroscopic examination. The small intestines were carefully
collected, washed with cold saline and opened longitudinally, with the
mucosal layer spread out over a piece of filter paper to expose any
tumours protruding into the lumen. The tissues were then fixed with
10% phosphate-buffered formalin for 24 h. The number and size of
tumours were measured under a stereomicroscope (Leica DFC310 FX
digital camera and Leica Application Suite LAS V4.12; Leica
Microsystems, Tokyo, Japan). The individual tumours were scored by
tumour size as follows: Score 1: <1 mm in diameter; score 2: 1-<2
mm; score 3: 2-<3 mm; score 4: 3-<4 mm; score 5: 4-<5 mm; score
6: =5 mm. The ‘tumour load” was used to assess the effect of CR and
was calculated as described elsewhere (31), with the exception that the
sum of scores for all tumours in each mouse was reported.

Histopathological examination. The tumours were embedded in
paraffin, sectioned at 4 um thick and then stained with haematoxylin
and eosin for histological analysis. All haematoxylin and eosin
specimens were transformed into digital virtual slides using a
NanoZoomer-XR slide scanner (Hamamatsu Photonics Corp., Ltd.,
Hamamatsu, Japan) and stored in a J-SHARE archive (Japan
Storehouse of Animal Radiobiology Experiments), which is an
animal experiment archiving system constructed in our laboratory
(32). The diagnosis of tumours and measurement of tumour
diameters were performed with NDP.view2 Plus viewing software
(Hamamatsu Photonics Corp., Ltd.), which provides digital
histopathological images and direct absolute dimensions such as
area and length. The tumours were histologically classified into two
diagnostic categories [adenoma (AD) to adenocarcinoma (AC)]
according to established criteria (33). The correlation between
tumour size and tumour progression, and the ratio of ADs to ACs
were analysed statistically as described below.

Biochemical analysis of plasma. Glucose, total cholesterol,
triglyceride (TG), non-esterified fatty acid (NEFA), low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) were
measured by using the Milliplex multiplex immunoassay analysis
kit (Merck Millipore Darmstadt, Germany). The assay is a novel
multiplexed, particle-based, flow-cytometric assay conducted on a
Luminex System (Luminex Corp., Austin, TX, USA).

Statistical analysis. The data were analysed using SPSS ver. 24
(IBM Corp., Tokyo, Japan) and GraphPad Prism8.0 (GraphPad Inc.,
San Diego, CA, USA) software. Statistical differences between two
sets of independent data were determined using Student’s or Welch’s
t-test based on the results of the F-test. A repeated-measures two-
way analysis of variance was used to analyse changes in body
weight (BW) over time. Histopathologically diagnosed data were
analysed using the chi-squared test. Differences with p<0.05 were
considered statistically significant.
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Figure 1. Experimental design of the study and composition of the non-calorie-restricted and calorie-restricted diets. A: The C3B6F1 ApcMin'+ mice
were divided into eight groups, treated with or without irradiation (2 Gy of X-rays) at 2 weeks of age and with calorie restriction (CR) (65
kcal/week/mouse) from 4, 10 or 20 weeks of age, or without CR (non-CR, 95 kcal/week/mouse). The numbers in parentheses indicate the number of
mice. B: Caloric intake was adjusted by varying the amount of corn starch and dextrose while keeping constant the amounts of other nutrients.
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Figure 2. Time course of body weight (BW) changes in mice treated without (A) or with (B) irradiation (IR) (2 Gy of X-rays) at 2 weeks of age and
with calorie restriction (CR) (65 kcal/week/mouse) from 4, 10 or 20 weeks of age, or without CR (non-CR, 95 kcal/week/mouse). CR significantly
suppressed weight gain from the first week after the start of the diet. The data shown are the mean=SE. Significantly different at *p<0.001, 35p<0.05,

and *p<0.05 as compared with the IR+non-CR group.

Results

CR suppressed BW gain and improved lipid metabolism in
C3B6F1 ApcMi* mice. We examined the influence of
radiation exposure and CR on BW. Age-dependent changes
in the BWs of unirradiated and irradiated mice are shown in
Figure 2. The BW in non-CR mice increased gradually with
age toward the end of the experimental period (Figure 2A).
In contrast, the BW in IR+non-CR mice increased until 23
weeks of age and then slowly decreased with age (Figure
2B). The BW in IR+non-CR mice was significantly lower
than that of non-CR mice. In the unirradiated groups (Figure

2A), the BW in all groups that received a CR diet was
significantly lower than that in the non-CR group from the
first week after the CR diet was fed to the mice until the end
of the experimental period. In the irradiated groups (Figure
2B), changes in BW in groups administered the CR diet
followed similar patterns to those in the unirradiated groups.

Next, we investigated the effects of radiation exposure on
glucose and lipid metabolism. The levels of TG and LDL in
20-week-old irradiated mice showed a 2.7-fold and 3.2-fold
(no significant difference) increase as compared with
unirradiated mice, respectively (Figure 3C and E).
Conversely, the levels of HDL in 20-week-old and 30-week-
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Figure 3. Influence of time on plasma glucose (GLU) (A), total cholesterol (T-CHO) (B), triglyceride (TG) (C), non-esterified fatty acid (NEFA)
(D), low-density lipoprotein (LDL) (E) and high-density lipoprotein (HDL) (F) levels in C3B6F1 ApcMin/+ mice fed the non-calorie-restricted diet
(95 kcal/week/mouse) treated with or without irradiation (2 Gy of X-rays) at 2 weeks of age. Data shown are the mean+SE. Significantly different

at *p<0.001, #p<0.005, $p<0.01 and ¥p<0.05.

old irradiated mice were significantly lower than those in
unirradiated mice (Figure 3F). The levels of glucose, total
cholesterol and NEFA did not show dramatic differences
between non-CR and IR+non-CR mice (Figure 3A, B and
D). These data indicate that radiation exposure accelerated
the deterioration of lipid metabolism between 10 and 20
weeks of age.

The effects of CR on biochemical parameters related to
glucose and lipid metabolism are shown in Figure 4. CR in
both unirradiated and irradiated groups suppressed the levels
of TG, NEFA and LDL and conversely increased the HDL
levels, as compared with the corresponding non-CR mice.
The improvement effects of CR on lipid metabolism were
generally stronger when CR was started earlier, although the
differences were not significant. Interestingly, even a CR diet
started at 20 weeks of age was effective, for which there was
a consistent ~200 mg/dl increase in the TG level associated
with irradiation. These results indicate that even the late
administration of the CR diet was effective in improving
lipid metabolic abnormalities caused by irradiation.

Radiation exposure accelerated the increase in the number
and size of tumours in C3B6F1 ApcM™* mice fed the non-
CR diet. Gross views of small intestinal tumours in
unirradiated and irradiated non-CR mice at 30 weeks of age
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are shown in Figure 5A and B. Unirradiated mice had a few
tumours that were mostly small in size and with a round or
oval shape but without constriction at the junction between
the tumour and normal mucosa (Figure 5A). Conversely,
irradiated mice had numerous tumours that were large and
irregularly shaped and showed constriction at the junction
between the tumour and normal mucosa (Figure 5B).

Next, we analysed age-dependent alterations in tumour
number after radiation exposure (Figure 5C). Only a few
tumours were observed in non-CR mice at 4 weeks of age.
In the unirradiated mice, the average number of tumours
gradually increased in an age-dependent manner up to 30
weeks of age. In contrast, the average number of tumours in
the irradiated mice rapidly increased to 2.3-fold of that in the
unirradiated mice during the period between 10 and 20
weeks of age; the number at 30 weeks of age was maintained
at this high level. The average number of tumours at 20 and
30 weeks of age in the irradiated mice was significantly
higher than that of the unirradiated mice.

We also examined the influence of time after radiation
exposure on the size distribution of tumours (Figure 5D). The
size distribution of tumours at 4 and 10 weeks of age showed
similar patterns in both unirradiated and irradiated mice. In
irradiated mice at 20 weeks of age, the number of tumours
with a diameter of <3 mm was significantly increased as
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Figure 4. The effects of diet on plasma glucose (GLU) (A), total cholesterol (T-CHO) (B), triglyceride (TG) (C), non-esterified fatty acid (NEFA) (D),
low-density lipoprotein (LDL) (E) and high-density lipoprotein (HDL) (F) levels at 30 weeks of age in C3B6F1 ApcMin'+ mice treated with or without
irradiation (2 Gy of X-rays) at 2 weeks of age and fed with calorie restriction (CR) (65 kcal/week/mouse) from 4, 10 or 20 weeks of age, or without

CR (non-CR, 95 kcal/week/mouse). Data shown are the mean=SE. Significantly different at *p<0.001, #p<0.005, $p<0.01 and ¥p<0.05. W: Weeks.

compared with those in the unirradiated mice. By the same
token, in irradiated mice at 30 weeks of age, the number of
tumours with a diameter of 2-<3 mm and of =5 mm was
significantly increased as compared with the unirradiated
mice. As the above results indicate, the C3B6F1 ApcM"”/Jr
mice underwent an increase in the number and size of tumours
after radiation exposure in an age-dependent manner.

CR suppressed the growth of spontaneous and radiation-
induced intestinal tumours. We next examined the effects of
CR on the number and size of tumours in unirradiated and
irradiated C3B6F1 Apc™/+ mice. In the unirradiated groups,
the CR diet significantly reduced the average number of
tumours compared with the non-CR diet when started from
4 or 10 weeks of age (Figure 6A). CR from 4 or 10 weeks
of age also significantly reduced the number of tumours with
a diameter of =2 mm and, conversely, significantly increased
the number of tumours with a diameter of <1 mm (Figure
6B). In contrast, the average number of tumours in the
irradiated groups did not differ between the CR and non-CR
groups (Figure 6A). Therefore, we next analysed the effects
of CR on the size distribution of tumours in irradiated mice.

CR significantly reduced the number of tumours with a
diameter of 2-<3 mm in IR+CR 4W and IR+CR 10W, 4-<5
mm in IR+CR 4W, and =5 mm in IR+CR 4W, IR+CR 10W
and IR+CR 20W groups. Conversely, it significantly
increased the number of tumours with a diameter of <1 mm
in IR+CR 4W and IR+CR 10W, and 1-<2 mm in IR+CR 4W
and IR+CR 10W groups (Figure 6B). Consistent with the
above findings, the average tumour loads of unirradiated and
irradiated groups fed the CR diet from 4 or 10 weeks of age
were significantly lower than those of the non-CR and
IR+non-CR groups, respectively (Figure 6C). These results
suggest that the earlier administration of CR diet is useful
for suppression of growth of both spontaneous and radiation-
induced intestinal tumours.

CR inhibited progression of spontaneous and radiation-induced
intestinal tumourigenesis. We further validated the effects of
CR on malignant progression from a histopathological
viewpoint. The typical histological findings of normal mucosal
epithelium and tumours are shown in Figure 7. Tumours were
divided into two types, AD (Figure 7B) and AC (Figure 7C),
the latter of which exhibited invasion into the proper muscular
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Figure 5. Influence of time after radiation exposure on the number and size distribution of tumours in C3B6F 1 ApcMin'+ mice. Mice were irradiated
with 0 or 2 Gy of X-rays at 2 weeks of age and fed a non-calorie-restricted diet (95 kcal/week/mouse). Macroscopic views of the small intestine
from an unirradiated (A) and irradiated (B) C3B6F1 ApcMin/+ mouse. Gross inspection (left) identified tumours of various sizes (red arrowheads)
on the mucosal surface of the small intestine; individual tumours in boxed regions are shown at higher magnification (right). C: The average number
of tumours per mouse at each age. Radiation exposure increased the number and size of tumours relative to those in mice of the unirradiated group.
D: Comparison of tumour size distribution between unirradiated and irradiated mice at each age. Data shown are the mean+SE. Significantly

different at *p<0.001, #p<0.005, $p<0.01 and #p<0.05.

layer, as in human CRC. Tumour grading based on histological
analysis showed that ACs were significantly larger than ADs
in both unirradiated and irradiated groups, regardless of CR
(Figure 7D). In addition, radiation exposure significantly
increased the proportion of ACs from 31% (non-CR) to 58.5%
(IR+non-CR) (Figure 7E).

We next examined the effect of the age at starting CR
on tumour progression. The proportions of ACs in the CR
4W and IR+CR 4W groups were significantly lower than
those in the non-CR and IR+non-CR groups, respectively
(Figure 7E). In addition, CR from 10 and 20 weeks of age
also exhibited a tendency in the irradiated groups to
suppress the proportion of ACs as compared with the non-
CR diet, although this result was not significant (Figure
7E). These results indicated that CR particularly
suppressed the malignant progression from AD to AC,
which is accelerated by irradiation. Moreover, earlier
administration of the CR diet was more effective in
suppressing progression of both spontaneous and radiation-
induced tumours.
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Discussion

In the present study, we described the characteristics of
intestinal tumourigenesis and radiation sensitivity in the
C3B6F1 ApcM™* mice. We then clarified the modifying
effects of CR on both spontaneous and radiation-induced
intestinal tumourigenesis.

The C3B6F1 ApcMi'+ mice developed a smaller number of
tumours spontaneously and thus survived for a longer period of
time relative to the B6 ApcM™* mice, making it possible to
histopathologically observe the process of tumour progression
until an advanced, invasive stage. In fact, ~30% of the
spontaneous tumours in this model had progressed to invasive
cancer by 30 weeks of age, and the histopathology of multistage
tumourigenesis closely resembled that of human CRC. In
contrast, the widely used B6 ApcM™* mice develop multiple
small intestinal ADs by 10-18 weeks of age, and the number of
ADs in this mouse model has been used as a convenient
indicator of tumourigenesis for studies on cancer prevention
(34, 35). However, in the B6 ApcM""/+ mouse model, the
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multistage carcinogenesis process cannot be analysed
histopathologically due to its short lifespan (~150 days), which
is caused by severe anaemia as a result of its heavy tumour
burden. Therefore, the C3B6F1 ApcMi"/ * mice used in the
present study are considered to be a more suitable model for
studies using the histological tumour grade as an indicator.
Exposure of the C3B6F1 ApcM"/* mice to radiation increased
their tumour numbers by 2.3-fold and accelerated the
progression of benign tumours to malignancy. Induction of
intestinal tumours by radiation exposure has been studied using
both B6 and several hybrid ApcMi”/ * mouse strains (29, 36-38).
Among them, the study by Okamoto et al. (29) is the only one
that used an experimental protocol that was similar to ours,
including the age at exposure (10 days of age) and an X-ray
dose of 2 Gy. They showed that the radiation-related increase
in tumour number in the B6 and the (MSMxB6) F1 ApcMi”/ +
mice was ~1.4-fold at 16-20 weeks of age and ~2.3-fold at 35-
40 weeks of age, respectively (29). In the (MSMxB6) F1
ApcMi”/ * mice, the increase in tumour number was similar to
ours but the size distribution and grading of tumours were not
shown. In other studies, an increase in tumour number was
reported for several hybrid mice with the B6 genetic
background, although exposure in those studies occurred most
often during adulthood (36-38). Our results thus are the first to
show in detail the characteristics of intestinal tumourigenesis

after radiation exposure at infancy (2 weeks of age) by using
the advantages of C3B6F1 Apc™™* mice. The current study
showed that CR suppressed BW gain and improved lipid
metabolism in unirradiated and irradiated mice. Our study also
indicated that CR prevented the incidence, as well as growth,
of tumours in unirradiated mice, whereas the effect of CR was
confined to suppression of tumour growth (especially
progression to the malignant stage) in irradiated mice. The early
administration of the CR diet (starting at 4 weeks of age) was
strongly effective in improving lipid metabolism and
suppressing spontaneous tumourigenesis, and even adult
administration of the CR diet (starting at 10 and 20 weeks of
age) was effective, albeit to a lesser extent. Interestingly, even
CR starting from 4 weeks of age did not modify the number of
tumours after radiation exposure. In the current study, tumour
development was initiated by irradiation before the start of CR,
and therefore it was considered that CR would not be able to
reduce the number of tumours that had already been initiated.
Consistently, CR was effective in suppressing tumour growth,
and its effect depended on the age at which this dietary regimen
was started. Our present study thus first clarifies the relevance
of the age at starting of CR on its modifying effects on lipid
metabolism and cancer prevention after radiation exposure.
Numerous biological effects of CR have been reported, and
proposed mechanisms of its anticancer effects have been
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Figure 7. The effect of diet on tumour progression in 30-week-old C3B6F1 ApcMin/+ mice. Mice were irradiated with 2 Gy of X-rays at 2 weeks of age
(IR) or not and were fed with calorie restriction (CR) (65 kcal/week/mouse) from 4, 10 or 20 weeks of age, or without CR (non-CR, 95 kcal/week/mouse).
Resected intestinal tumours from mice were stained with haematoxylin and eosin, assessed under microscopy and photographed. Representative images
are shown. A: Normal histology of small intestinal mucosa in a CR 4W mouse. B: Adenoma found in an unirradiated non-CR mouse localized within the
mucosa. C: Adenocarcinoma deeply invading the outer layer of the muscularis propria in an irradiated non-CR mouse. Radiation exposure accelerated
malignant alteration of small intestinal tumours. D: Average size of adenomas (ADs) and adenocarcinomas (ACs) in unirradiated and irradiated groups.
The average size of ACs was significantly larger than that of ADs in mice with and without CR, with and without irradiation (IR) (*p<0.0001). E: The
relative proportion of ADs and ACs in unirradiated and irradiated groups. The proportion of ACs in the IR+non-CR mice was significantly higher as
compared with the non-CR mice (¥*p<0.0001). Conversely, the proportion of ACs in the CR 4W mice was significantly reduced as compared with the
non-CR mice, with and without IR (*p<0.001). The numbers in brackets indicate the number of tumours analysed histopathologically.
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reviewed (39). It is of note that the suppressive effect of CR on
tumour progression has been ascribed to a decrease in growth
factor signalling and inflammation. Antihyperlipidemic drugs
have also been shown to reduce the number of ADs in B6
ApcMi”/ * mice (40, 41). It is therefore plausible that our CR
regimen had a similar mechanism. As the preventative
mechanism of CR is still unclear regarding radiation-induced
intestinal tumours, further studies are warranted to elucidate the
particular molecular mechanisms underlying CR suppression of
tumour progression for translation into effective cancer
prevention strategies in cancer survivors receiving radiotherapy.
CR and its mimetics are thus a novel candidate strategy for
reduction of second cancer risk after medical radiation exposure.

In conclusion, our study revealed that the C3B6FI
ApcMi'* mice are a useful model for studying the
tumourigenic properties and cancer-preventative effects of
agents such as radiation and CR using histological tumour
grade as a human-relevant indicator. In addition, we showed
for the first time that the cancer-preventative effect of CR on
radiation-induced intestinal tumours, and even of a later-
administered CR diet, suppresses tumour progression, which
is accelerated by radiation exposure. CR thus has the
potential to serve as an effective regimen for the reduction
of second cancer risks after radiotherapy.
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