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3. CANCER-PREVENTIVE EFFECTS IN
EXPERIMENTAL ANIMALS

3.1 Methodological considerations

3.1.1 Definition of dietary/calorie restriction

Dietary/calorie restriction involves altering
food intake qualitatively or quantitatively to
control body weight gain and presumably main-
tain body composition. Several terms have been
used to describe the different methodological
approaches in which amount, nutrient, calorie,
or energy intake is restricted or modulated to
control body weight (Thompson et al., 2002,
2003; Thompson, 2015). These terms are not
synonyms, and it is important to be aware of
the methodological distinctions between the
approaches when designing experiments.

Dietary restriction protocols refer to feeding a
reduced amount of a complete diet, such that less
total nutrients and dietary factors are ingested. If
excessive, this approach can lead to an intake of
micronutrients and/or macrocomponents that is
incompatible with optimal health and survival.
In early studies, this was the most commonly
used approach to study cancer prevention. These
studies have provided valuable insights, but
the results should be interpreted with caution,
because this approach does not allow the detec-
tion of effects that are specifically due to dietary
modulation. Termsused to describe thisapproach
include dietary restriction, food restriction, and
total dietary restriction.

In energy restriction protocols, diets are
formulated so that animals fed different amounts
of calories still receive the same levels of other
nutrients, such that the only variable is energy
intake (Thompson et al., 2002, 2003; Thompson,
2015). In other words, there is selective reduc-
tion in energy intake (nutrient density) while
feeding the same level of micronutrients as those
of the control group. Nutrient density is altered
in a manner that facilitates investigation of the
effects of energy restriction without changing
the amounts of nutrients and other dietary
factors. These studies may provide information
most relevant to understanding the mechanisms
involved. Terms used to describe this approach
include calorie restriction (CR), caloric restric-
tion, dietary energy restriction, and energy
restriction. In this section, the term dietary
restriction (DR) will be used to include both
dietary and calorie restriction.

3.1.2 Design issues in studies of dietary
restriction

DR has been one of the most widely used
methods for studying cancer prevention in exper-
imental models. In DR protocols, control and
carcinogen-treated animals are diet-restricted
by amounts that result in lower body weights
relative to those of controls fed ad libitum (AL),
without weight loss. Also, diet-restricted animals
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generally survive longer (Maeda et al., 1985; Yu
et al., 1985).

However, inherent within DR protocols are
factors that could confound the assessment of
tumorigenesis. An important factor in carcino-
genesis studies is that the sensitivity of bioassays
to detect xenobiotics-induced carcinogenic
responses may be altered by DR. A chemical that
is observed to be toxic or carcinogenic in animals
fed AL might not produce the same effects in
diet-restricted or otherwise leaner animals, i.e.
carcinogenic activity might be underestimated
in the diet-restricted animals. In addition, DR
may induce a variety of pleiotropic responses
that affect metabolism, distribution, and dispo-
sition of xenobiotics. Furthermore, because
diet-restricted animals live longer than those fed
AL, evaluations performed at age 2 years result
in comparisons at disproportionate times in the
respective lifespans (N'TP, 1997).

(a) Experimental systems

Animal models have been used to study how
DR modulates the development and/or progres-
sion of cancer in humans. Typically, animals are
fed diets that result in 20-40% reduction in daily
food/calorie intake relative to controls fed AL
while maintaining adequate nutrition (Klurfeld
et al., 1989a; Kritchevsky, 1999; Hursting et al.,
2010, 2013). The animals have lower body weight,
proportionately smaller skeletal size, lower
percentage of total body fat, and decreased weight
of most internal organs (with the exception of
the brain and testes) compared with animals fed
AL, indicating that malnutrition is not involved
(Keenan et al., 2013). DR models are designed
to directly parallel and model conditions in
humans. The range of DR controls body weight
and is intended to resemble the range of energy
balances that occur in healthy people.
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(b)  Selection of model

Characteristics that should be considered
when choosingamodel tostudy cancerinhumans
include the similarity of tumour morphology
and biological traits (e.g. hormonal responsive-
ness) to those observed in humans. Such models
are available for many organ sites. For example,
in rat models for breast cancer, not only are the
tumours in the rat morphologically similar to
tumours in humans, but the majority are ovarian
steroid-responsive.  N-nitrosobis(2-oxopropyl)
amine (BOP)-induced ductular pancreatic cancer
in the Syrian hamster is a model that has been
useful in studying aspects of pancreatic cancer in
humans (Pour et al., 1993), whereas other carcin-
ogen-induced pancreatic tumours are acinar cell
carcinomas, which are not a common lesion in
humans. There is a variety of animal models
for cancers of the mammary gland, colon, liver,
prostate, pancreas, skin, and pituitary gland,
and cancers of the haematopoietic system,
including lymphoma and leukaemia. In earlier
studies, spontaneous tumour models were used.
Increasingly in recent decades, researchers have
used transgenic mice to model cancer in humans
and to determine whether dietary interventions
can prevent cancer development driven by genes
known to be mutated in human cancer (Hursting
et al., 2011). These models are described in the
subsequent sections.

(c)  Selection of intervention protocol

When a chemical carcinogen is used in DR
models, the timing of carcinogen administration
and dietary intervention needs to be taken into
consideration. The intervention should gener-
ally be separate from the administration of the
chemical carcinogen. However, it is important
to assess the impact of the intervention both on
the cancer induction phase (before and at the
time of treatment with the carcinogen) and on
the promotion/progression (development) of the
cancer (after treatment with the carcinogen).
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Models involving a short induction phase provide
the ability to assess the impact of diet on early or
late stages of promotion. If tumours are allowed
to develop before the intervention, it is possible
to assess the impact of the intervention on the
regression or progression of the lesions. When
spontaneous or genetically modified models are
used, the dietary intervention can be applied
at different ages, depending on the individual
model (Thompson et al., 2002; Everitt & Alder,
2013).

(d)  Selection of diet

Laboratory rodents can be fed three types of
diets: (i) non-purified, (ii) purified or semi-puri-
fied, and (iii) chemically defined (Everitt & Alder,
2013; Lipman & Leary, 2015). Purified diets are
the most widely used in cancer-related studies
in rodents. These diets should meet and label
the minimum requirements for protein and fat
and maximum levels of fibre and ash; however,
the percentages of the various macronutrients
can vary. Purified diets (previously known as
semi-synthetic or semi-purified diets) are formu-
lated using refined ingredients, including sugars,
proteins, carbohydrates, and fats, with added
mineral and vitamin mixtures.

Non-purified and purified diets have been
used in studies of dietary impact on tumorigen-
esis. In these types of studies, it is very impor-
tant that the diet of both the intervention and
the control group be adequate in all nutrients.
Non-purified diets have the advantage that they
are formulated using whole food ingredients.
Purified diets have the advantage that each
component can be changed independently of
other constituents in a highly controlled fashion.

In most rodent models, DR administered
throughout life appears to be more effective in
controlling body weight than regimens started in
adult animals (Ross & Bras, 1971; Hursting et al.,
2010, 2013). There are three commonly used
animal DR regimens that model approaches to
and patterns of body weight regulation in adult

humans. In the first regimen, animals are fed a
restrictedamountofenergy (i.e. energyrestriction
to various extents) and continue to gain weight,
but at a slower rate than animals fed AL. This
DR does not usually cause weight loss, because
restriction is started shortly after weaning. In
the second regimen, when DR is started in older
animals, restriction initially causes weight loss,
but then diet-restricted animals maintain a body
weight that is lower than that of animals that
consume food AL. The third regimen mimics a
cyclic pattern of dieting. Animals are subjected
to intermittent and repetitive periods of DR or
total fasting that result in alternating patterns
of weight loss and weight gain (Thompson et al.,
2002; Cleary & Grossmann, 2011).

3.2 Overview of the effects of excess
body weight

3.2.1 Obesity models

The use of rodent models to study excess
body weight and associated diseases in humans
has steadily increased (Kanasaki & Koya, 2011).
These models have several modulating factors
that include species, strain, age of animals, type
of diet, level of fat, and type of control diet;
inflammation, metabolic status, and endocrine
status may be associated confounding factors.
Ray & Cleary (2013) and Cleary (2013) have
published comprehensive reviews on the use of
such animal models.

Most mouse models used to study obesity
and cancer are genetically manipulated (trans-
genic) animals: animals are either genetically
modified to induce carcinogenicity and fed a
modified diet to induce obesity, or genetically
modified to induce obesity and administered
chemicals to induce cancer. There are several
genetic mutations that result in obesity. One
common disturbance is in the function of leptin,
a critical anorexigenic adipokine that conveys
information about adipose status; leptin levels
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in serum/plasma are elevated in proportion
to adipose tissue mass. Genetically obese mice
include A" yellow obese mice, leptin-deficient
C57BL/6L-LepeLepe® (originally termed ob/ob)
mice, and leptin receptor-deficient Leprd®Leprd
(originally termed db/db) mice. Lep°®Lep°® mice
are homozygous recessive and do not produce
leptin (Zhang et al., 1994), whereas Leprd®Leprd®
mice have a defect in the leptin receptor (OB-R)
and manifest high circulating levels of leptin
(Frederich et al., 1995). Both strains are obese at
ayoung age, and develop hyperinsulinaemia and
insulin resistance. The A" yellow obese mouse
has mutations in the agouti gene that cause ubiq-
uitous expression of the agouti protein, which
results in appetite stimulation, leading to hyper-
insulinaemia (Wolff et al., 1999).

Genetically obese rat strains, such as the
Zucker and Corpulent strains that have leptin
receptor defects, have also been used in cancer
studies. The Zucker “fatty” rat carries a mutation
on the Lepr gene for obesity, which is inherited as
a Mendelian recessive trait and leads to extreme,
early-onset obesity by age 3 weeks (Zucker &
Zucker, 1961).

The diet-induced obesity (DIO) model is also
used to study the interplay between cancer and
increased body weight in mice and rats. Although
this model is generally considered to be closest to
the development of obesity in humans, the utility
of the model is limited by the fact that humans
do not normally consume extremely high quan-
tities of fat in their diets. In DIO studies, the fat
content of the diets is increased from 10% of total
calories to 30-60% of total calories. High-fat diets
(HFDs) also contain higher calorie density than
control or standard rodent chow, and therefore
are in fact high-fat, high-calorie diets. Although
the response is species- and strain-dependent, the
animals gain weight rapidly and develop other
health complications, such as glucose intolerance
and insulin resistance or diabetes. This response
may be species- and strain-specific, because not
all species gain weight when placed on a HFD.
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Other methods for inducing obesity in
rodents include surgical removal of the ovaries
to induce weight gain and a postmenopausal-like
state (Nkhata et al., 2009), or damaging the
hypothalamus by injection of gold thioglucose
(GTG), which results in overeating, rapid weight
gain, and subsequent obesity (Bergen et al., 1998).
These models have been used to study mammary
tumorigenesis (see Section 3.2.2).

3.2.2 Cancer of the mammary gland

See Table 3.1.

Various rodent models have been used to
assess the association between obesity and
cancer of the mammary gland, including genetic,
diet-induced, and GTG-induced obesity models.
The Avy yellow obese mouse model was one of the
first genetic obesity models used to study both
spontaneous and chemically induced cancer of
the mammary gland. In an early study, the time
to tumour detection (latency period) for spon-
taneous mammary tumours initiated by the
mouse mammary tumour virus (MMTV) was
determined in breeding and virgin Av mice. The
incidence of spontaneous mammary tumours
was 96-100% by 8 months in virgin obese mice,
whereas it reached 100% at 15 months in virgin
lean mice (Heston & Vlahakis, 1961, 1962). The
difference disappeared in the breeding mice, with
approximately 100% incidence at 8 months in
both lean and obese mice. In another study using
Av mice, the time course of appearance of hyper-
plastic alveolar nodules and mammary tumours
was determined in virgin “viable yellow” (Av/A)
[obese] and non-yellow (A/a) (C3H/HeNIcrWf x
VY/WH)F, [lean] female mice. Hyperplastic alve-
olar mammary nodules occurred by age 16 weeks
in virgin yellow obese mice compared with age
19 weeks in their non-yellow lean counterparts.
In addition, the incidence of hyperplastic alve-
olar nodules was increased among yellow obese
females compared with non-yellow lean females
by age 36 weeks. Mammary adenocarcinomas
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Table 3.1 Effect of obesity on the development of mammary tumours in mice and rats

Species Obesity model Cancer etiology Results (obese vs lean animals) Reference

Mouse A yellow obese MMTV Shortened latency until 100% Heston &
incidence of tumours Vlahakis (1961,

1962)

Mouse A yellow obese Spontaneous Shortened latency for Wolff et al.
hyperplastic alveolar nodules and (1979)
adenocarcinomas

Mouse A yellow obese DMBA Shortened latency and increased Wollft et al.
incidence of tumours (1982)

Mouse  Lep°*Lepe® Spontaneous Shortened latency but decreased Heston &
incidence of tumours Vlahakis (1962)

Mouse  Lep°®Lepe® Transgenic MMTV- No tumours; increased incidence Cleary et al.

TGF-a of tumours in wild-type and (2004c¢
heterozygous mice (see text)

Rat Zucker rat MNU No effect on latency of tumours; Lee etal. (2001
decreased incidence of carcinomas

Rat Zucker fa/fa rat; LA/Ncp DMBA Shortened latency and increased Klurfeld et al.

corpulent rat incidence of tumours (1991); Hakkak
etal. (2005)

Rat Zucker rat, ovariectomized =~ DMBA Shortened latency and increased Hakkak et al.
incidence of tumours (no tumoursin (2007
lean animals)

Mouse  GTG-induced Spontaneous (C3H) Shortened latency until 50% incidence Waxler et al.
of tumours (1953)

Mouse  GTG-induced Implantation of T47-D Increased incidence of tumours Nkhata et al.

human breast cancer cells (2009)
Mouse Diet-induced (33% fat diet; Transgenic MMTV- Shortened latency and increased Cleary et al.
mice divided into groups TGF-a (C57BL/6) incidence of palpable tumours; some  (2004a); Dogan
based on weight gain) high-grade adenocarcinomas et al. (2007)
Mouse Diet-induced (33% fat diet; Transgenic MMTV-neu No effect on latency or incidence Cleary et al.
mice divided into groups (FVB/N) of tumours; earlier onset of second (2004b); Khalid
based on weight gain) tumours, increased multiplicity etal. (2010)
Mouse  Diet-induced (5.2 kcal/g or Implantation of Significantly increased tumour Nuiiez et al.
3.8 kcal/g) mammary tumour cells volume and growth rate (2008)
from Wnt-1 transgenic
mice
Mouse Diet-induced, Implantation of Increased tumour volume Rossi et al.
ovariectomized mammary tumour cells (2016)
from Wnt-1 transgenic
mice
Rat Obesity-prone Sprague- MNU Shortened latency; increased tumour ~ Matthews et al.

Dawley

incidence and tumour weight

(2014)

DMBA, 7,12-dimethylbenz[a]anthracene; GTG, gold thioglucose; MMTYV, mouse mammary tumour virus; MNU, N-methyl-N-nitrosourea;

TGF-a, transforming growth factor alpha.

Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.
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were first observed at an earlier age in yellow
obese mice than in non-yellow lean mice (Wolff
et al., 1979).

In a study of chemically induced mammary
tumours, obese A" (BALB/c) mice aged 8 weeks
treated with 1.5 mg/kg of 7,12-dimethylbenz[a]
anthracene (DMBA) weekly for 2 weeks or
with 6.0 mg/kg of DMBA weekly for 6 weeks
had higher incidences of mammary tumours
compared with the lean mice at both doses. In
addition, the latency period was shorter for the
Av mice than for the lean mice at both doses of
DMBA (Wollff et al., 1982).

The Lepe®Lep® mouse is another model that
has been used to study obesity and cancer. In an
early study, obese Lep°®Lep® female mice had
decreased incidences of spontaneous mammary
tumours compared with lean mice; however,
tumours were first detected at an earlier age,
10.7 months for obese mice versus 17.6 months
for lean mice (Heston & Vlahakis, 1962).

In another study, obese Lep°®Lepe® female
mice crossed with transgenic mice overex-
pressing human transforming growth factor
alpha (MMTV-TGF-a) were used as a model
for postmenopausal mammary tumorigenesis.
The MMTV-TGF-a strain develops 30% inci-
dence of mammary tumours by age 16 weeks
and is useful in assessing tumour incidence
and latency. MMTV-TGF-a/Lep°®Lepe® mice did
not develop mammary tumours by age 2 years.
However, the incidence was 50% for wild-type
mice and 67% for heterozygous mice (Cleary
et al., 2004c¢). Similar results were obtained with
the leptin receptor-deficient (Lepri®Leprd) model
(Cleary et al., 2004d). [The lack of development
of mammary tumours in these two genetically
obese mouse strains has been attributed to prob-
lems with basic mammary gland development
as well as the now-known involvement of leptin
signalling in tumorigenesis.]

The Zucker rat is another genetic obesity
model that has been used to study mammary
tumours. Zucker rats developed fewer mammary
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tumours when treated with N-methyl-N-
nitrosourea (MNU) compared with lean rats (Lee
et al., 2001). However, two strains of genetically
obese rats, the LA/Ncp Corpulent rat and the
Zucker fa/fa rat,administered DMBA had higher
incidences and significantly shorter latency of
mammary tumours by approximately 112 days
and 150 days after administration, respectively,
compared with lean rats. Whereas multiplicity
and tumour size were increased in Corpulent
rats, such effects were not observed in Zucker fa/
fa rats (Klurfeld et al., 1991; Hakkak et al., 2005).

Lean and obese ovariectomized Zucker rats
were treated with DMBA at 50 days and killed
at 135 days after DMBA treatment. Obese rats
had higher incidences and shorter latency of
mammary tumours compared with lean rats,
which did not develop any mammary tumours
(Hakkak et al., 2007).

Chemically induced obesity has been another
approach to study increased body weight and
cancer of the mammary gland. Injection of GTG
to destroy the hypothalamus results in over-
eating and obesity (Bergen et al., 1998). Obese
C3H mice injected with 10 mg of GTG at age
2-3 months to induce obesity developed 50%
incidence of spontaneous mammary tumours by
295 days, whereas the incidence was only 19% in
lean control mice (Waxler et al., 1953). In another
study, ovariectomized mice aged 6 weeks were
treated with GTG, followed 4 weeks later by
implantation of the T47-D human breast cancer
estrogen-positive cell line with and without
estrogen implants. When assessed at 30 weeks,
GTG-obese mice without estrogen implants had
100% tumour incidence, compared with 50% for
GTG-lean controls, 20% for lean vehicle controls,
and 0% for GTG-obese mice with estrogen
implants (Nkhata et al., 2009).

HFDs have also been used to investigate
mammary tumour development in rats and
mice (Cleary, 2013; Ray & Cleary, 2013). In one
approach, tumour-prone MMTV-TGF-a trans-
genic C57BL/6 mice aged 10 weeks were fed the
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same HFDs and then divided into groups based
on whether they gained weight (obesity-prone) or
did not gain weight (obesity-resistant). All groups
had incidences of mammary tumours between
72% and 82%; however, obesity-prone mice
developed mammary tumours at an earlier age
than obesity-resistant or control (low-fat) mice.
In addition, some obesity-prone mice developed
a more malignant variant of mammary adeno-
carcinoma (Cleary et al., 2004a; Dogan et al.,
2007). In MMTV-neu mice, tumour latency
was similar in mice fed a HFD compared with
a low-fat diet (LFD) (Cleary et al., 2004b; Khalid
et al., 2010); however, twice as many HFD mice
developed a second tumour, compared with
LFD mice (Khalid et al., 2010). In another study,
C57BL/6 mice were fed either a high-calorie diet
with 5.2 kcal/g (obese) or 3.8 kcal/g (overweight)
or a 30% CR diet (lean). The mice were inocu-
lated with mammary tumour cells from Wnt-1
transgenic mice. Tumour volume and growth
rate were higher in obese mice and overweight
mice than in lean animals (Nufez et al., 2008).

Ovariectomized female C57BL/6 mice were
fed a control diet or a DIO regimen, resulting
in a normal weight or an obese phenotype,
respectively. At week 24, mice were injected
with MMTV-Wnt-1 mouse mammary tumour
cells. At 36 months, mean tumour volumes were
higher in DIO mice than in control animals
(Rossi et al., 2016).

Matthews et al. (2014) used a somewhat
different approach, with administration of
MNU. Sprague-Dawley rats that had been bred
to be obesity-resistant or obesity-prone were fed
a moderately HFD from age 20 days and followed
up for development of mammary tumours.
Tumour incidence was significantly higher in
the obesity-prone rats (91.1%) than in the obesi-
ty-resistant rats (65.1%). In addition, tumour
weight was increased and latency was shortened
in obesity-prone rats, compared with obesity-
resistant rats.

3.2.3 Cancer of the colon

See Table 3.2.

Elevated body weight and obesity in associa-
tion with cancers of the colon and intestine have
been investigated in several transgenic and DIO
rodent models. Genetically obese Lep°*Lep® and
Lepr®Lepr® mice treated with azoxymethane
(AOM) or MNU to induce cancer of the colon
had increases in the multiplicity of pre-neoplastic
aberrant crypt foci in the colon compared with
control lean mice (Hirose et al., 2004; Hayashi
et al., 2007; Bobe et al., 2008; Ealey et al., 2008).
Similar effects were observed in studies with
obese gastrin gene knockout (GAS-KO) mice
(Cowey et al., 2005), KK-Ay mice (derived from
A yellow obese mice) (Teraoka et al., 2011), and
Zucker rats (Raju & Bird, 2003) administered
AOM. In studies with Zucker obese (fa/fa) and
lean (Fa/Fa) rats, tumours of the colon induced by
administration of AOM or MNU were observed
in the obese rats, whereas none occurred in the
lean rats (Weber et al., 2000; Lee et al., 2001; Ray
& Cleary, 2013).

Mice harbouring mutations in the adenoma-
tous polyposis coli (Apc) gene develop tumours of
the intestine and colorectum and have also been
used to study the association between obesity
and colorectal cancer. When Apc'63¥N+ mice
were crossed with genetically obese Lepr® mice,
the resulting obese mice developed increased
numbers of colon adenomas by age 6 months,
compared with non-obese Apc mice, which did
not develop tumours (Gravaghi et al., 2008).

In male and female C57BL/6 mice fed a
high-calorie diet followed by subcutaneous
injection of the MC38 colon carcinoma cell line,
obese mice had increased numbers of palpable
tumours and significantly higher average tumour
size compared with non-obese mice (Yakar et al.
2006; Algire et al., 2010).
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Table 3.2 Effect of obesity on the development of colon tumours and pre-neoplastic lesions in

mice and rats

Species Obesity model Cancer etiology Results (obese vs lean animals) Reference
Mouse  LepebLepe® AOM Increased multiplicity of ACF Hirose et al. (2004); Hayashi et al. (2007);
Bobe et al. (2008); Ealey et al. (2008)
Mouse  LepriLeprd AOM Increased multiplicity of ACF Hirose et al. (2004); Hayashi et al. (2007);
Ealey et al. (2008)
Mouse  LeprdLeprd® MNU Increased multiplicity of ACF Ealey et al. (2008)
Mouse  Gastrin gene AOM Increased multiplicity of ACF Cowey et al. (2005)
knockout
(GAS-KO)
Mouse KK-Ay AOM Increased multiplicity of ACF Teraoka et al. (2011)
at age 13 wk; increased tumour
incidence at age 19 wk
Mouse  LeprdLeprd Apclo38N- Increased incidence of colon Gravaghi et al. (2008)
tumours at age 6 mo (no tumours
in lean animals)
Rat Zucker AOM Increased multiplicity of ACF Raju & Bird (2003)
Rat Zucker (fa/fa) ~AOM Increased multiplicity of ACF Weber et al. (2000
and incidence of colon tumours
Rat Zucker (fa/fa) MNU Increased incidence of colon Lee et al. (2001

tumours

Mouse Diet-induced  s.c. injection
of MC38 colon

carcinoma cell line

Increased number and size of
colon tumours

Yakar et al. (2006); Algire et al. (2010)

ACEF, aberrant crypt foci; AOM, azoxymethane; mo, month or months; MNU, N-methyl-N-nitrosourea; s.c., subcutaneous; wk, week or weeks.
Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

3.2.4 Cancer of the liver

See Table 3.3.

Several genetically modified animal models
have been used to study the link between obesity
and cancer of the liver. For example, genetically
obese yellow agouti (A"Y) mice and Lep°®Lep°®
mice had increased incidences of liver tumours,
which also developed at a younger age in obese
mice compared with lean mice (Heston &
Vlahakis, 1961, 1962).

The genetically obese Lep°®Lep® mouse is
often used as an animal model for non-alcoholic
fatty liver disease in humans. These mice have
increased incidences of hepatocellular carci-
noma (HCC) and of focal hepatocyte hyperplasia
(considered to be a pre-neoplastic lesion) at an
earlier age compared with lean littermates (Yang
etal., 2001). The fatty liver Shionogi (FLS)-Lep°b/
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Lepe® mouse is a congenic obese strain that
develops spontaneous hepatocellular adenomas
and carcinomas at a younger age and a higher
incidence than either parental strain (FLS and
Lepeb/Lepe®) (Soga et al., 2010).

The outbred obese, diabetic, male Swiss-
Webster mouse is another model for studying
the link between obesity and cancer of the liver.
These mice are polyuric, polydipsic, glucosuric,
and hyperglycaemic. Compared with their lean
counterparts, they develop a high incidence of
late-onset HCC (Lembke et al., 2008). Strain—diet
interactions are another important consideration
for genetically controlled, diet-induced HCC.
For example, male C57BL/6] mice made obese by
feeding a HFD developed HCC, compared with
none in mice fed a LED; in contrast, a HFD had
little effect on A/] mice similarly treated (Hill-
Baskin et al., 2009).
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Table 3.3 Effect of obesity on the development of liver tumours and pre-neoplastic lesions in
mice and rats

Species Obesity model Cancer Results (obese vs lean animals) Reference
etiology
Mouse A Spontaneous Shortened latency and increased incidence of Heston & Vlahakis
tumours 961
Mouse  Lepo®Lep® Spontaneous Shortened latency and increased incidence of Heston & Vlahakis
tumours (1962
Mouse  LepebLepe® Spontaneous Shortened latency and increased incidence of Yang et al. (2001)
tumours and of focal hepatocyte hyperplasia
Mouse  Lep*Lep° crossed with  Spontaneous Increased incidence of hepatocellular adenoma  Soga et al. (2010
fatty liver Shionogi and carcinoma at age 12 mo
(FLS)
Rat Obese, diabetic Swiss-  Spontaneous Increased incidence of late-onset hepatocellular Lemke et al. (2008
Webster carcinoma (male mice only)
Mouse Diet-induced C57BL/6  Spontaneous Increased incidence of hepatocellular Hill-Baskin et al.
(58% fat) carcinoma (none in lean mice) (2009)
Mouse Diet-induced A/] Spontaneous No effect Hill-Baskin et al.
(58% fat) (2009)
Mouse  LepebLepe® DEN Increased incidence and number and size of Park et al. (2010
tumours
Mouse Diet-induced C57BL/6 DEN Increased incidence and number and size of Park et al. (2010
(58% fat) tumours
Mouse Diet-induced IL6--; DEN + Induction of hepatocellular carcinoma without — Park et al. (2010
TNFRI-- phenobarbital ~ phenobarbital promotion in mice fed high-fat
(59% fat) promotion diet but not in mice fed low-fat diet

DEN, diethylnitrosamine; mo, month or months.

Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

Carcinogen-induced protocols involve induc-
tion of hepatocellular tumours by administration
of diethylnitrosamine (DEN). After administra-
tion of DEN, DIO C57BL6 mice and genetically
obese Lep°*Lepe® mice had increased incidence,
numbers, and size of hepatocellular tumours,
compared with lean mice fed a LFD. When IL-6-
deficient (IL6-) and tumour necrosis factor
receptor-deficient (TNFRI7-) mice were fed
either a LFD or a HFD and treated with DEN,
the majority of the mice fed the HFD devel-
oped HCC without phenobarbital promotion. In
contrast, DEN-treated mice fed the LFD did not
develop HCC unless treated with phenobarbital
(Park et al., 2010).

3.2.5 Cancer of the prostate

See Table 3.4.

There has been alack of suitable experimental
animal models that mimic the development and
progression of cancer of the prostate in humans.
Therefore, few published studies have reported
the long-term effects of a HFD and/or obesity
on the development of prostate cancer. In recent
years, several genetically engineered mouse
models of prostate cancer have been developed
(Parisotto & Metzger, 2013). The model that is
most commonly used is the transgenic adeno-
carcinoma of the mouse prostate (TRAMP)
mouse model. When maintained on a C57BL/6
genetic background, male TRAMP mice develop
prostatic intraepithelial neoplasia (PIN) (pre-
neoplastic lesions) in all lobes between age
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Table 3.4 Effect of obesity on the development of prostate tumours and pre-neoplastic lesions in

mice
Obesity model Cancer etiology Results (obese vs lean animals) Reference
Diet-induced, “Western TRAMP mice More advanced disease; increased Llaverias et al. (2010)
diet” (40% fat vs chow) percentage of metastasis
Diet-induced (33% fat) TRAMP mice More advanced disease; higher Bonorden et al. (2012)
incidence of metastasis (see text for
comment)
GTG-induced TRAMP mice Less advanced disease; lower percentage Bonorden et al. (2012)

of metastasis

Diet-induced in C57BL/6  Implantation of TRAMP-C2

cells
Diet-induced (60% fat)
Diet-induced

Transgenic Hi-Myc mice
s.c. injection of RM1 prostate
carcinoma cell line

LepebLepob s.c. injection of RM1 prostate
carcinoma cell line
Lepr®Leprd® s.c. injection of RM1 prostate

carcinoma cell line

Faster tumour growth

More advanced disease
Larger tumours

Larger tumours

Smaller tumours

Bonorden et al. (2012)

Blando et al. (2011)
Ribeiro et al. (2010

Ribeiro et al. (2010
Ribeiro et al. (2010

GTG, gold thioglucose; s.c., subcutaneous; TRAMP, transgenic adenocarcinoma of the mouse prostate.
Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

2 months and age 3 months, and progression to
poorly differentiated neuroendocrine carcinoma
occurs by age 4-7 months.

When fed a “Western-type” diet, enriched
in both fat and cholesterol, TRAMP-C57BL6
mice had accelerated tumour incidence and
burden compared with mice fed a control chow
diet. Mice fed the Western-type diet had more
advanced disease, characterized by highly inva-
sive and less well differentiated tumours and
fewer high-grade PIN, in contrast to the chow-fed
mice, which had only high-grade PIN. Increased
incidences of metastasis to the lung (67% vs 43%)
were also observed in mice fed the Western-type
diet (Llaverias et al., 2010).

In another study, TRAMP mice were fed
a moderately HFD (33% of calories from fat)
from age 7 weeks, and at age 18 weeks they were
divided into obesity-resistant, overweight, and
obesity-prone groups and were then followed
up until age 50 weeks (Bonorden et al., 2012).
An LFD group was also included. Obesity-
prone mice tended to have more severe lesions,
including a higher incidence of moderate and
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poorly differentiated tumours, than mice that
weighed less, and a higher incidence of metas-
tasis. [It should be noted that these results were
not statistically significant and also that the
aggressiveness of the development of prostate
cancer in the TRAMP mouse affects its useful-
ness in this type of study.]

Implantation of TRAMP-C2 cells into
diet-induced obese mice showed similar effects.
In contrast, GTG-induced obesity in TRAMP
mice led to a reduction in disease progression
and metastasis (Bonorden et al., 2012).

The Hi-Myc transgenic mouse model of pros-
tate cancer was used to study the effect of modu-
lating dietary energy balance on the development
and progression of prostate cancer. The mice
were placed on one of three diets: 30% CR; a
modified AIN-76A diet with 10% of calories from
fat (overweight); or a DIO diet with 60% of calo-
ries from fat (obese). All three groups had similar
incidences of hyperplasia and low-grade PIN at
age 3 months and 6 months. The CR group had
significantly reduced incidence of in situ adeno-
carcinomas at 3 months compared with the DIO




Absence of excess body fatness

Table 3.5 Effect of obesity on the development of skin tumours in mice

Obesity model Cancer etiology Results (obese vs lean animals) Reference

LepeLeped s.c. injection of Increased number of metastatic tumour fociin ~ Mori et al. (2006
B16BL6 mouse the lung
melanoma cells

LeprdvLeprd s.c. injection of Increased number of metastatic tumour fociin ~ Mori et al. (2006
B16BL6 mouse the lung
melanoma cells

LepebLepe® s.c. injection of Significantly larger tumours Brandon et al. (2009)
B16F10 melanoma
cells

MCA4R- s.c. injection of Significantly larger tumours Brandon et al. (2009)
B16F10 melanoma
cells

Diet-induced: HFD s.c. injection of
B16F10 mouse
melanoma cells
SKH-1 hairless mice +

UV radiation

Diet-induced: pelleted +
powdered (overweight) or
powdered (obese)

Time to tumour formation similar, but tumours
progressed more rapidly; increased tumour
weight and volume

Shortened latency and increased multiplicity:
obese > overweight > lean

Pandey et al. (2012

Dinkova-Kostova et al.

2008

HFD, high-fat diet; s.c., subcutaneous; UV, ultraviolet.

Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

group, and at 6 months compared with both the
overweight group and the DIO group. The DIO
regimen also significantly increased (P = 0.02)
the incidence of invasive adenocarcinoma (95%),
compared with the overweight group (65%) and
with the 30% CR group (no invasive adenocarci-
nomas) (Blando et al., 2011).

Cancer cell lines have also been used to study
the induction and progression of prostate cancer.
Obese Lep*Lep® and LepriLeprd® mice, DIO
mice, and control C57BL/6] mice were injected
subcutaneously with RM1, a murine andro-
gen-insensitive prostate carcinoma cell line, and
evaluated 14 days after inoculation. The tumours
induced in the obese Lep°®Lep® mice and the
DIO mice were significantly larger (P < 0.001),
and those induced in the Leprd®Lepri® mice were
significantly smaller (P = 0.047) than those in the
controls (Ribeiro et al., 2010).

3.2.6 Cancer of the skin (melanoma)

See Table 3.5.

Several studies have been performed to assess
the effect of obesity on the progression and metas-
tasis of skin tumours. In one study, BI6BL6 mela-
noma cells were injected into the tail vein of male
genetically obese Lep°®Lep®® and LepriLeprd®
mice to assess the effects of obesity on metastasis.
At 14 days after injection, the number of meta-
static tumour foci was significantly increased in
the lungs of both obese strains compared with
control C57BL/6 mice (Mori et al., 2006).

Inanother study, obese Lep°®Lepe> mice, obese
melanocortin receptor 4 knockout MC4R-
mice, lean wild-type mice, and pair-fed lean
Lepeb-'- mice were injected subcutaneously with
B16F10 melanoma cells. The resulting tumours
were significantly larger in the obese Lepe*Leped
(5.1 £0.9 g) and MC4R"- mice (5.1 £ 0.7 g) than
in the lean wild-type mice (1.9 + 0.3 g) or the
pair-fed Lepe>-/- mice (0.95 £ 0.2 g) (Brandon
et al., 2009).
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Table 3.6 Effect of obesity on the development of pancreatic tumours and pre-neoplastic lesions

in mice

Obesity Cancer etiology Results (obese vs lean animals) Reference

model

LepeLeped s.c. injection of PANO02 pancreatic Larger tumours; increased incidence of Zyromski et al. (2009)
and tumour cells metastases

Leprd®Leprd®

Diet-induced  s.c. injection of PANO02 pancreatic Larger tumours and increased tumour White et al. (2010
(60% fat) tumour cells weight

Diet-induced  KrasG2P More advanced PanIN lesions Dawson et al. (2013)
(HFHC diet)

Diet-induced ~ KrasG?P + Ink4a deficiency: LSL-Kras/ Increased number of PanIN, more Lashinger et al. (2013)
(HFHC diet)  Pdx-1-Cre/Ink4a/Arf advanced PanlN, increased number of

PDAC, and increased number of pancreatic
desmoplastic (fibrotic) stroma

KrasG12P with or without COX
conditional knockout: LSL-Kras/
Ela-CreERT; COXKO/LSL-Kras/Ela-
CreERT and LSL-Kras/Pdx-1-Cre

Diet-induced
(HFHC diet)

Increased numbers of PanIN and PDAC in
all 3 models

Philip et al. (2013

HFHC, high-fat, high-calorie; PanIN, pancreatic intraepithelial neoplasia; PDAC, pancreatic ductal adenocarcinoma; s.c., subcutaneous.
Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

In another study, male C57BL/6] mice made
obese by feeding a HFD for 6 months and subse-
quently injected subcutaneously with BI6F10
murine melanoma cells developed significantly
larger tumours compared with LFD control
mice (Pandey et al., 2012). Although there was
no noticeable difference in the time of initiation
of tumour formation between the two groups,
tumours in HFD mice progressed more rapidly
than those in controls. The average tumour
weight was 3.52 g in HFD mice and 0.92 g in
control mice, and the average tumour volume
was 1920 mm? in HFD mice and 924 mm? in
control mice.

One study involved the induction of skin
cancer by whole-body exposure to ultraviolet
radiation. SKH-1 hairless mice made obese by
feeding a powdered AIN-76A diet exclusively
from age 5 weeks to age 30 weeks, or made over-
weight by feeding a pelleted diet followed by a
powdered diet, were exposed to ultraviolet radia-
tion twice a week for 17 weeks (Dinkova-Kostova
etal., 2008). A control group received the pelleted
diet only. The obese group had a shortened
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tumour latency and an increased multiplicity of
squamous cell carcinoma/papilloma compared
with the control group; the overweight group had
intermediate values.

3.2.7 Cancer of the pancreas

See Table 3.6.

After BOP treatment, increased incidence
and multiplicity of cancer of the pancreas was
reported in an early study in Syrian hamsters
fed a HFD compared with those fed a LFD (Birt
et al., 1981). More recent studies assessing the
link between obesity and pancreatic cancer have
used inoculation of cell lines and have examined
progression rather than the induction and devel-
opment of pancreatic tumours. Obese Lep°®Lepe®
and Lepr®Leprd® mice injected subcutaneously
with PANO02 murine pancreatic adenocarci-
noma cells developed larger tumours, and a
significantly greater number of them developed
metastases compared with lean mice. Tumour
weights at 5 weeks after inoculation were highest
in the Lep°®Lep® mice, intermediate in the




Absence of excess body fatness

Table 3.7 Effect of obesity on the development of endometrial tumours in mice

Obesity model Cancer etiology Results (obese vs lean animals) Reference
Diet-induced (AIN-93G- Transgenic Pten*~  Increased incidence of glandular hyperplasia with atypia; ~ Yu et al. (2010)

based; 58% fat)

1 adenocarcinoma (0 in lean animals)

Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

Table 3.8 Effect of obesity on the development of acute lymphoblastic leukaemia in mice

Results (obese vs lean animals)

Reference

Shortened latency for development of B-cell-derived and

Yun et al. (2010)

T-cell-derived ALL

Obesity model Cancer etiology
Diet-induced (60% fat) Transgenic BCR/ABL
Diet-induced (60% fat) AKR/J

Shortened latency for development of B-cell-derived and

Yun et al. (2010)

T-cell-derived ALL

ALL, acute lymphoblastic leukaemia.

Adapted from Ray & Cleary (2013) by permission from Springer Nature, © 2013.

Lepri®Leprd® mice, and lowest in the lean mice.
Tumour weights were also positively correlated
with body weights, and tumours from both obese
groups exhibited higher proliferation rates than
those from lean mice (Zyromski et al., 2009).
DIO C57BL/6 mice injected with PAN02 murine
pancreatic tumour cells also had significantly
larger tumours compared with control mice, and
tumour weights were positively correlated with
body weights (White et al., 2010).

In mice, the Kras mutation combined with
Ink4a/Arf deficiency induces development
of pre-neoplastic pancreatic intraepithelial
neoplasia (PanIN) lesions and their progression
to invasive pancreatic ductal adenocarcinoma
(PDAC). The association between obesity and
pancreatic cancer was tested in three DIO studies
using mice with acinar cell-specific expression of
Kras61?P alone, or mice crossed with the COX2
conditional knockout or with Ink4a deficiency.
The mice were fed a control diet (12% of calories
from fat), or a high-fat, high-calorie diet (40-60%
of calories from fat) for 4-14 weeks. In all three
studies, mice fed the high-fat, high-calorie diet
had increased numbers of PanIN lesions, more
advanced PanIN, increased numbers of PDAC,

and shorter survival time than control mice
(Dawson et al., 2013; Lashinger et al., 2013; Philip
et al., 2013).

3.2.8 Cancer of the endometrium of
the uterus

See Table 3.7.

Heterozygous phosphatase and tensin homo-
logue deleted on chromosome 10 Pten*- mice
develop spontaneous multifocal glandular
hyperplasia and endometrial cancer between age
28 weeks and age 52 weeks. Feeding Pten*- mice
a HFD increased the incidence of focal atypical
glandular hyperplasia and malignant lesions
from 58% in the Pten*- mice fed a control diet
to 78% in the obese Pten*/- mice (Yu et al., 2010).

3.2.9 Leukaemia

See Table 3.8.

Genetically modified models to study the
link between obesity and haematological malig-
nancies such as leukaemia and lymphoma are
limited. The progression of acute lymphoblastic
leukaemia (ALL) was tested in two animal
models (transgenic BCR/ABL and AKR/] mice)
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fed a HFD (60% of calories from fat). In both
models, the obese mice developed both B-cell-
derived and T-cell-derived acute lymphoblastic
leukaemia significantly earlier than control mice
(Yun et al., 2010).

3.3 Preventive effects of dietary/
calorie restriction

3.3.1 Cancer of the mammary gland

The effect of dietary/calorie restriction on
mammary tumorigenesis has been studied exten-
sively over many decades. In the JARC Handbook
on weight control and physical activity (IARC,
2002), the Working Group concluded that there
was “sufficient evidence in experimental animals
for a cancer-preventive effect of avoidance of
weight gain by restriction of dietary energy
intake” on tumours of the mammary gland.
The models used for these initial investigations
were primarily rats with carcinogen-induced
mammary tumours or mice with spontaneous
tumour development. Studies on the prevention
of mammary tumours by dietary/calorie restric-
tion are presented in Table 3.9 for mice and in
Table 3.10 for rats, in chronological order. The
text presents the key studies, by type of model
and/or intervention.

(a) Mice

Tannenbaum (1945a) studied the effect of
overall moderate CR, carbohydrate restriction,
and DR with increased fat intake - all in the
range of about 17% DR - in virgin DBA female
mice from age 10 weeks until age 136 weeks. The
mammary tumour incidence was lowest (47%)
in the carbohydrate-restricted group, compared
with 74% in the group fed AL, whereas the inci-
dence was 65% in mice with overall CR and 87%
in the high-fat group. In addition, tumour latency
was extended for the carbohydrate-restricted
group compared with the other three groups.
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[The basic diet had only 2% fat; no statistics were
presented.]

Inanother study using the same mouse strain,
a27% DR or 36% DR compared with the AL mice
was used (Tannenbaum, 1945b). No mice in the
36% DR group developed spontaneous mammary
tumours, compared with 54% in the AL group
and 12% in the 27% DR group. [No statistics were
provided, and the diets fed were very low in fat
(2-3%).] In a second study, parous DBA female
mice were subjected to DR at various degrees
(12-31% DR) beginning at age 21-25 weeks. A
50% reduction in incidence of spontaneous
mammary tumours was observed for the 31% DR
group. [No statistics were presented.]

Engelman et al. (1990) studied the effects
of DR and/or increased fat levels in the diet on
the development of spontaneous mammary
tumours associated with MMTYV in C3H/HeOu
female mice. The mice were assigned to one of
five experimental groups between age 6 weeks
and age 8 weeks. This included four groups fed
purified diets (AL LFD, 40% DR LFD, AL HFD,
and 40% DR HFD) and an AL group fed regular
laboratory chow. Mice were followed up until age
60 weeks. The chow-fed mice reached 100% inci-
dence of spontaneous mammary tumours by age
46 weeks, whereas the AL HFD mice and the AL
LFD mice did so by age 58 weeks and 64 weeks,
respectively. At termination of the study, the
incidence was 15% for the 40% DR HFD mice
and 0% for the 40% DR LFD mice. Body weights
were significantly reduced in the 40% DR groups
compared with the AL groups (P < 0.001).

Engelman et al. (1994) also tried to identify
potential critical periods for the impact of DR
on the development of spontaneous mammary
tumours in C3H/HeOu mice. Mice were sepa-
rated into three groups: (i) fed AL, (ii) contin-
uously 40% DR, or (iii) 40% DR only from age
4 weekstoage 12 weeks (40% DR4-12),after which
they were fed a HFD AL [this was not described].
Mice were followed up until age 60 weeks; the
incidence of mammary tumours was 83% in the
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Table 3.9 Studies on the prevention of mammary tumours by dietary/calorie restriction in female mice

Strain Dose and duration  Type of diet, dosing Type of tumours: Statistical Comments
Age at start of carcinogen regimen?, and duration of Tumour incidence (number of  significance vs AL,
Number of administration intervention (if not until tumours/effective number of unless otherwise
animals termination of study) animals, and/or percentage), specified
Duration of study multiplicity, or other outcomes
Reference as specified
DBA Spontaneous Cereal-based (fox chow), Mammary tumours: NR Diets low in fat; bw reduced in
9-10 wk tumours 2% fat AL, 74% all DR groups
n =200 16% DR-CHO restricted 16% DR-CHO restricted, 47% Latency extended for the 16%
126 wk 16% DR-all components 16% DR-all components, 65% DR-CHO restricted group
Tannenbaum 23% DR-18% fat 23% DR-18% fat, 87%
(1945a)
DBA Spontaneous Cereal-based (fox chow) Mammary tumours [no NR Diets low in fat; bw of DR
4 wk tumours diluted with cornstarch, indication of pathology]: groups reduced
n=150 2-3% fat AL, 54% Latency extended
96 wk DR: 27% or 36%, cornstarch ~ 27% DR, 12%
Tannenbaum removed 36% DR, 0%
1945b)
DBA parous Spontaneous Cereal-based (fox chow) Mammary tumours [no NR Diets low in fat; bw reduced to
21-25 wk tumours diluted with cornstarch, indication of pathology]: 76% and 69% of AL
n =140 2-3% fat AL, 73% DR started in adult animals
134-138 wk DR: 12%, 18%, 24%, or 31%, 12% DR, 57%
Tannenbaum cornstarch removed 18% DR, 63%
1945b) 24% DR, 68%
31% DR, 36%
C3H/HeOu Spontaneous Purified diets, either high- Mammary adenocarcinoma: Weibull Tumour latency: chow < AL
6-8 wk tumours (with CHO (sucrose), low-fat Chow, 100% distribution by high-fat < AL low-fat << 40%
n=215 MMTV) (4.5%) or high-fat (60%), no- AL low-fat, 100% survival analysis DR high-fat ~ 40% DR low-fat
60 wk CHO, AL or 40% DR 40% DR low-fat, 0%* (P values NR) Bw significantly reduced
Engelman et al. Chow-fed control AL high-fat, 100% [*Significant vs in DR groups vs AL groups
(1990) 40% DR high-fat, 15%** AL low-fat] (P < 0.001)
[**Significant vs
AL high-fat]
C3H/HeOu Spontaneous Purified diets Mammary tumours: *P < 0.000 001
4 wk tumours 40% DR AL, 83% *>*P =0.009 vs 40%
n =144 40% DR age 4-12 wk 40% DR, 13%*,** DR 4-12 wk
age 60 wk 40% DR 4-12 wk, 50%*** P =0.004

Engelman et al.
(1994
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Table 3.9 (continued)

Strain Dose and duration  Type of diet, dosing Type of tumours: Statistical Comments

Age at start of carcinogen regimen?, and duration of Tumour incidence (number of  significance vs AL,

Number of administration intervention (if not until tumours/effective number of unless otherwise

animals termination of study) animals, and/or percentage), specified

Duration of study multiplicity, or other outcomes

Reference as specified

B6C3F, Spontaneous NIH-31 diet Mammary tumours (benign and NR

4wk tumours 40% DR from age 14 wk malignant combined):

n=102 AL, 27%

Lifetime 40% DR, 4%

Sheldon et al.

(1996)

C57BL6 Spontaneous NIH-31 diet Mammary tumours (benignand NR

4 wk tumours 40% DR from age 14 wk malignant combined):

n=102 AL, 14%

Lifetime 40% DR, 0%

Sheldon etal.

(1996)

B6D2F, Spontaneous NIH-31 diet Mammary tumours (benign and NR

4 wk tumours 40% DR from age 14 wk malignant combined):

n=102 AL, 27%

Lifetime 40% DR, 0%

Sheldon etal.

(1996)

MMTV-TGF-a Human TGF-a AIN-93M Mammary adenocarcinoma: [*Significant, Final bw similar in all 3

C57BL6 CDR, mice pair-fed to IDR AL, 77% test] (P values NR)  groups, although IDR mice

10 wk (21% DR) CDR, 44%* lost bw during the 50% DR

n=93 IDR, mice fed 3 wk of 50% IDR, 3%* periods

age 79-80 wk DR + 3 wk of AL for 11 cycles Latency shorter in AL vs DR

Cleary et al. (2002) (21% DR) Only 1 tumour detected at
necropsy for IDR (n = 1, hence
no statistics)

HER2/neu Transgene- AIN-93M with 10% fat Mammary adenocarcinoma: NS Bw reduced in CDR and IDR

9 wk heterozygous for CDR, 25% CHO restriction AL, 37.5% vs AL

n=96 HER2/neu IDR, mice fed 3 wk of 50% CDR, 33.3%

age 80 wk DR + 3 wk of AL for 11 cycles IDR, 22.5%

Pape-Ansorge et al.
2002)

(~25% DR)

91 = NOILN3IATHd HIDNVYD 40 SHXOOAANVH DV



€0S

Table 3.9 (continued)

Strain Dose and duration  Type of diet, dosing Type of tumours: Statistical Comments
Age at start of carcinogen regimen?, and duration of Tumour incidence (number of  significance vs AL,
Number of administration intervention (if not until tumours/effective number of unless otherwise
animals termination of study) animals, and/or percentage), specified
Duration of study multiplicity, or other outcomes
Reference as specified
MMTV-TGE-a Human TGF-a Chow, 33% fat; at age 34 wk,  Histologically confirmed NS Latency shorter for obesity-
C57BL6 divided (based on weight mammary adenocarcinoma: prone mice (P < 0.0001);
10 wk status) into obesity-prone, AL, 72% higher multiplicity per
n=76 overweight, and obesity- Obesity-resistant, 82% tumour-bearing animal
age 85 wk resistant groups; 1 group Obesity-prone, 76% (P <0.015)
Cleary et al. chow-fed, lean
2004a
HER2/neu Transgene Diet NR Mammary adenocarcinoma: Metformin used as a CR
8 wk AL 100% incidence in both groups NS mimetic
n =106 AL-metformin (100 mg/kg Mean latency: P <0.05 No effect on bw
10 mo bw in drinking-water 5 d/ 187dvs 178 d
Anisimov et al. wk) Mean tumour size: P<0.05
2005 1.71 cm vs 1.59 cm
MMTV-TGE-a Human TGF-a AIN-93M Mammary adenocarcinoma: *P < 0.001, x? test Final bw similar for AL
C57BL6 CDR, mice pair-fed to IDR AL, 84% and IDR (within 1 wk of
10 wk (14% DR) CDR, 27%* refeeding); significantly
n =100 IDR, mice fed 3 wk of 50% IDR, 15%* higher than for CDR mice
age 79-80 wk DR + 3 wk of AL for 11 cycles
Cleary et al. (2007) (11% DR)
MMTV-TGF-a Human TGF-a AIN-93M Mammary adenocarcinoma: *Significant, 2 test  Final bw for IDR and CDR
C57BL6 CDR, mice pair-fed to IDR AL, 71% (P values NR) significantly lower (P < 0.001)
10 wk (27% DR) CDR, 35.4%* than for AL
n =200 IDR, mice fed 3 wk of 50% IDR, 9.1%* IDR mice limited to intake
age 79-82 wk DR + 3 wk pair-fed to AL for of AL mice during refeeding,
Rogozina et al. 11 cycles (25% DR) thus higher DR; latency
2009 extended for both CDR and
IDRvs AL
HER2/neu Transgene Diet NR Mammary adenocarcinoma: No effect on bw
8 wk AL >90% incidence in both groups NS
n=75 AL-metformin (100 mg/kg Slower kinetic of tumour P <0.001
Lifetime bw in drinking-water 5 d/ incidence with metformin
Anisimov et al. wk) Latency: 223 dvs 197 d P<0.05

2010)

ssauje} Apoq $Sa0Xa JO DUISAY



70S

Table 3.9 (continued)

Strain Dose and duration  Type of diet, dosing Type of tumours: Statistical Comments
Age at start of carcinogen regimen?, and duration of Tumour incidence (number of  significance vs AL,
Number of administration intervention (if not until tumours/effective number of unless otherwise
animals termination of study) animals, and/or percentage), specified
Duration of study multiplicity, or other outcomes
Reference as specified
C57BL6 (OVX) M-Wnt or E-Wnt AIN-76A, AL Allograft: P<0.02 Tumour growth enhanced by
6-8 wk cells implanted 30% DR Tumour growth (area in mm?) HFD for M-Wnt cells but not
n=120 8 wk after diets HFD (60% fat) reduced by 30% DR for both cell for E-Wnt cells
14 wk started, and mice lines
Dunlap et al. followed up for
(2012) 6 wk
C57BL6 (OVX) Wnt-1 cells AIN-76A Allograft: Bw reduced in 30% DR vs AL
6 wk implanted and mice  30% DR Tumour weight: P =0.0002
n=45 followed up for 0.045gvs0.39 g
4 wk 4 wk Latency: NS
Nogueira et al. 16.3 wk vs 15.6 wk
2012
HER2/neu Transgene- AL-CON, AIN-93M with Mammary adenocarcinoma: *P <0.05vs AL- Bw reduced in CDR and IDR
10 wk homozygous for 10% fat calories from soy oil ~ AL-CON, 87% CON vs AL
n=178 HER2/neu CDR-CON, 25% CHO CDR-CON, 47%*
age 60 wk restriction IDR-CON, 59%*
Mizuno et al. IDR-CON, 3 wk of 50% DR
2013 + 3 wk pair-fed to AL for 11
cycles (25% DR)
Same groups with EPA AL-EPA, 63% **P < 0.05 vs CDR-
substituted for some of the CDR-EPA, 40% EPA and AL-EPA
soy oil IDR-EPA, 15%**
MMTV-TGE-a Human TGF-a AIN-93M based diet with Mammary adenocarcinoma: *P <0.0001, x> test  Bw of AL mice greater than
C57BL6 22.7% fat AL, 66.7% CDR and IDR. IDR mice lost
10 wk CDR, mice matched to IDR CDR, 52.3%* and regained weight with
n=135 (22% DR) IDR, 4.4%* each cycle to values similar to
age 79-82 wk IDR, mice fed 3 wk of 50% Latency: AL < CDR* < IDR* *P < 0.0001, those of CDR

Rogozina et al.
2013)

See Rogozina et al.
2009)

DR + 3 wk pair-fed to AL for
11 cycles (22% DR)

Kaplan-Meier

91 = NOILN3IATHd HIDNVYD 40 SHXOOAANVH DV



S0S

Table 3.9 (continued)

Strain Dose and duration  Type of diet, dosing Type of tumours: Statistical Comments
Age at start of carcinogen regimen?, and duration of Tumour incidence (number of  significance vs AL,
Number of administration intervention (if not until tumours/effective number of unless otherwise
animals termination of study) animals, and/or percentage), specified
Duration of study multiplicity, or other outcomes
Reference as specified
C3(1)-TAg FVB/N  Transgenic C3(1)- LFD (10% fat) Basal-like mammary tumours: Bw of HFD-7 decreased and
3wk TAg HFD (60% fat) Tumour volume: remained at level of LFD
n=40 HED for 7 wk, switched to ~3-fold higher in HFD vs LFD P=0.0024 mice; both significantly lower
27 wk LFD for ~17 wk HFD-7 vs LFD NS than in HFD mice (P = 0.019);
Sundaram et al. latency and multiplicity not
(2014) affected
[Not clear whether effect due
to weight loss or to change in
diet composition]
HER2/neu/p53KO  Transgene Teklad 4% mash Mammary adenocarcinoma: Metformin used as a CR
60d AL Tumour multiplicity NS mimetic
NR AL-metformin (150 mg/kg) Tumour weight NS [No bw data]
11 mo Survival not affected

Thompson et al.
(2015)

AL, ad libitum; bw, body weight; CDR, chronic dietary restriction; CHO, carbohydrate; d, day or days; CON, control; CR, calorie restriction; DR, dietary restriction; EPA,

eicosapentaenoic acid; HED, high-fat diet; IDR, intermittent dietary restriction; LFD, low-fat diet; mo, month or months; MMTYV, mouse mammary tumour virus; NR, not reported; NS,
not significant; OVX, ovariectomized; TGF-a, transforming growth factor alpha; vs, versus; wk, week or weeks.
+The (%) indicates the percentage of calories from fat.
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Table 3.10 Studies on the prevention of mammary tumours by dietary/calorie restriction in female rats

Strain Dose and Type of diet, dosing regimen, Type of tumours: Statistical Comments
Age at start duration of and duration of intervention as Tumour incidence (number of significance
Number of carcinogen appropriate tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes
study as specified
Reference
Wistar Spontaneous AL, 20% DR after 1 mo for 23 mo Mammary tumours: P <0.001
NR tumours 17%, 3%
~50/group
24 mo
Tucker (1979)
Sprague-Dawley = DMBA, 5 mg, Rat chow, 50% DR for 7 d before and Palpable mammary tumours: *P<0.05vs AL Latency extended in 50%
57d once for 30 d after injection of DMBA. AL, 76% or 50% DR+E2 DR rats
n =104 One 50% DR group received various 50% DR, 29%*
26 wk hormone treatments (e.g. E2) 50% DR+E2, 71%
Sylvester et al.
(1981)
Sprague-Dawley = DMBA, 5 mg, Rat chow: Palpable mammary tumours: *P < 0.05 No significant effect
57d once AL; 50% DR for 1 wk before and for 80.9%, 27.8%%, 76.2%, 75.0%, on latency or tumour
n=101 1 wk after DMBA; 50% DR for 2 wk 75.0% multiplicity
22 wk starting 1 wk after DMBA; 50% DR for
Sylvester et al. 2 wk starting 3 wk after DMBA; 50%
1982) DR for 4 wk starting 5 wk after DMBA
F344 DMBA, 65 mg/kg Purified diet, dextrose reduced in 30% Mammary tumours: NR
52d bw, once fat diets, 1 d after DMBA: AL 30% fat,  73%, 43%, 7%
n=4>5 AL 5% fat, 14% DR 30% fat
24 wk
Boissonneault
etal. (1986)
Sprague-Dawley = DMBA, 5 mg, AIN-76A, sucrose reduced in DR diets, Histologically verified mammary  *P < 0.005 Tumour latency extended
50d once 1 wk after DMBA: AL, 10% DR, 20% tumours: in 30% DR and 40%

n =100
20 wk
Klurfeld et al.

1989a)

DR, 30% DR, 40% DR

60%, 60%, 40%*, 35%*, 5%*

DR groups. Tumour
multiplicity reduced in
40% DR group

91 = NOILN3IATHd HIDNVYD 40 SHXOOAANVH DV
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Table 3.10 (continued)

Strain Dose and Type of diet, dosing regimen, Type of tumours: Statistical Comments
Age at start duration of and duration of intervention as Tumour incidence (number of significance
Number of carcinogen appropriate tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes
study as specified
Reference
Sprague-Dawley =~ DMBA, 5 mg, AIN-76A, sucrose reduced in DR diets, Mammary tumours: *P<0.01vs AL Tumour multiplicity
50d once 1 wk after DMBA: AL 5% fat, AL 15% 65%*, 85%, 80%, 60%*, 30%** 15% fat and AL  reduced to similar levels
n =100 fat, AL 20% fat, 25% DR 20% fat, 25% 20% fat in both 25% DR groups
20 wk DR 26.7% fat **P < 0.0001 vs
Klurfeld et al. AL groups
(1989b)
Sprague-Dawley = DMBA, 5 mg, AIN-76A, sucrose reduced in DR diets, Palpable mammary tumours: *P < 0.001, Weight gain correlated
50d once 1 wk after DMBA. 6 groups: 50%, 20%*, 60%, 40%, 45%, 30% group Bvs A with tumour incidence
n=120 (A) AL; (B) 25% DR, wk 1-16; (C) 25% and group B (r=0.96) and with total
16 wk DR, wk 1-4; (D) 25% DR, wk 1-8; vs C calorie intake (r = 0.83)
Kritchevsky et al. (E) 25% DR, wk 5-12; (F) 25% DR,

1989) wk 9-16
Sprague-Dawley = DMBA, 5 mg, AIN-76A, sucrose reduced in DR diets, Mammary tumours: *P =0.007, Multiplicity of palpable
50d once 1 wk after DMBA: AL, 25% DR, 40% 90%, 61%*, 20%* test tumours reduced in 40%
n=110 DR DR rats (P < 0.05)
20 wk
Ruggeri et al.
(1989a, b)
LA/N DMBA, 5 mg, AIN-76A, sucrose reduced in DR diets, Mammary tumours: NR Tumour multiplicity
65d once 1 wk after DMBA: obese AL, obese 100%, 27%, 21% reduced in obese 25%
n=49 25% DR, lean AL DR rats; bw in DR

17 wk significantly lower than in
Klurfeld et al. obese AL rats

1991)
Sprague-Dawley ~ MNU, 25 mg/kg  Purified diet, 45% fat diet for ~10 wk Mammary tumours: *P < 0.05vs 100% incidence of
50d bw, at age 50 d, (until tumour of 1 cm?3), then divided Multiplicity: corresponding ~ mammary tumours;
n=2383 once into 4 groups: AL 45% fat, 30% DR 2.43, 1.74%,2.35, 0.95* AL group bw reduced by 10% in DR
30 wk 45% fat, AL 25% fat, 30% DR 25% fat Tumour/bw (%): groups

Zhu et al. (1991

3.8,2.2%,2.5,1.3F
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Table 3.10 (continued)

Strain Dose and Type of diet, dosing regimen, Type of tumours: Statistical Comments

Age at start duration of and duration of intervention as Tumour incidence (number of significance

Number of carcinogen appropriate tumours/effective number of

animals administration animals, and/or percentage),

Duration of multiplicity, or other outcomes

study as specified

Reference

F344 Spontaneous NIH-31; AL, 40% DR Mammary adenocarcinoma: Extended survival;

14 wk tumours Exp. 1: 8%, 2% [NS] reduced bw; reduced

n = 54/group Exp. 2: 5%, 0% [P =0.048] tumour multiplicity
(exp. 1); n =114~ Mammary fibroadenoma: [Low incidence of
116/group (exp. 2) Exp. 1: 36%, 2% [P <0.0001] tumours in AL animals]
Lifetime Exp. 2: 35%, 1% [P < 0.0001]

Thurman etal.

(1994)

F344 MNU, 50 mg/kg  AIN-76A with cornstarch + cerelose; Mammary adenocarcinoma: *P < 0.05 Tumour multiplicity
50d bw, at age 50 d AL, 20% DR 23.3%, 6.7%* reduced in AL vs 20%
n=132 and 57 d, once DR; exercise by treadmill

20 wk running not effective in
Gillette et al. any group

(1997)

Sprague-Dawley ~ MNU, 50 mg/kg ~ AIN-93G with cornstarch + cerelose, Mammary carcinoma: Pirena < 0.01, Dose-dependent

21d bw, once fed AL, 10% DR, 20% DR, 40% DR 100%, 80%, 60%, 25% dose-dependent increased latency for DR
n=75 reduction Additional results

35d presented (Zhu et al.

Zhu etal. (1997) 1999a, b)

ACI E2 treatment Purified diet, 5% fat; AL, 40% DR in Mammary tumours: *P < 0.001 vs Latency of palpable

49d from age 59 d controls or mice treated with E2 AL, 0% AL+E2 tumour: 69 d after E2 for
n=_84 40% DR, 0% AL+E2 vs 104 d for 40%

220d AL+E2, 100% DR+E2

Harvell et al. 40% DR+E2, 59%* Bw reduced in 40% DR
2002) groups

Sprague-Dawley = MNU, 50 mg, AIN-93G; AL, 40% DR (CHO reduced) Mammary adenocarcinoma: *P < 0.001, Bw similar; incidence

3 wk once for 6 wk, and then fed AL (DR-AL) Detectable tumour incidence at X2 test of tumours in DR-AL

n==066
90d
Zhu et al. (2002)

day 42 after MNU:
AL, 61%; DR, 11%*

similar to AL by end of
experiment

91 = NOILN3IATHd HIDNVYD 40 SHXOOAANVH DV
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Table 3.10 (continued)

Strain Dose and Type of diet, dosing regimen, Type of tumours: Statistical Comments
Age at start duration of and duration of intervention as Tumour incidence (number of significance
Number of carcinogen appropriate tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes
study as specified
Reference
Sprague-Dawley ~ MNU, 50 mg, AIN-93G; 40% DR; 40% DR for 6 wk, =~ Mammary adenocarcinoma: P <0.001 Bw reduced in DR rats
3wk once and then fed AL (DR-AL) Tumour volume of DR rats 2 meals daily
n =108 significantly smaller than AL or
54d DR-AL rats
Thompson et al..
(2004a)
Sprague-Dawley = MNU, 50 mg, AIN-93G; 40% DR (CHO reduced) Mammary adenocarcinoma: *P < 0.01 2 meals daily
3 wk once from age ~4 wk 96%, 59%* P <0.001
n=78 Multiplicity: 4.3, 1.0**
77-78 d
Thompson et al.
(2004b)
Wistar DMBA, 2 mg, AL, HFD (60% fat) Mammary tumours: NS Bw significantly lower in
7 wk once IDR-HFD (50% DR CHO reduction), HFD, 17.6% IDR-HFD rats
n=90 first cycle at age 15 wk to loss of 20% -  IDR-HFD, 8.8%
50 wk 4 cycles
Buison et al.
2005
Sprague-Dawley ~ MNU, 50 mg/kg ~ AIN-93G; AL, 40% DR (CHO) at age Mammary adenocarcinoma: *P < 0.0006
3 wk bw, at age 21 d 30 d for 6 wk, then divided into DR, AL, 96.6%
n=299 DR-AL, DR+IGF-1 DR, 56.7%*
57-58 d DR-AL, 80%
Zhu et al. (2005 DR+IGEF-1, 60%
Sprague-Dawley ~ MNU, 50 mg/kg ~ AIN-93G: AL, AL+0.03% Mammary adenocarcinoma: P <0.005 2-deoxyglucose used as a
3wk bw, at age 21 d 2-deoxyglucose 86.7%, 53.3% CR mimetic
n =60 Multiplicity: P=0.018 No difference in bw
7 wk 2.03,1.37
iang et al.
2008a)
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Table 3.10 (continued)

Strain Dose and Type of diet, dosing regimen, Type of tumours: Statistical Comments
Age at start duration of and duration of intervention as Tumour incidence (number of significance
Number of carcinogen appropriate tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes
study as specified
Reference
Sprague-Dawley ~ MNU, 50 mg/kg ~ AIN-93G: AL, 20% DR, 40% DR Mammary adenocarcinoma: *P < 0.001 Bw reduced in DR rats
21d bw, at age 21 d 96%, 60%*, 23%*
n=90 Multiplicity:
52d 2.1, 1.1%, 0.3*
iang et al.
2008b
Sprague-Dawley ~ MNU, 50 mg/kg ~ SUMO32 diet (32% HFD corn 0il-9.4% Mammary adenocarcinoma: *P < 0.01 OP rats weighed 15%
21d bw, atage 21d saturated fat) OP, 91%; OR, 65%* more than OR rats at
n =103, 101 Obesity-prone (OP) study termination
60d Obesity-resistant (OR) Tumour weight reduction
Matthews et al. of 80% for OR vs OP;
2014) tumour latency extended
for OR vs OP
Sprague-Dawley =~ MNU, 75 mg/kg ~ Teklad standard diet (8% fat) ER* mammary tumours: Metformin used as a CR
50d bw, atage 50 d Control; metformin, 50 mg/kg/d; Tumour latency NS mimetic
NR metformin, 150 mg/kg/d Tumour weight NS 2 meals daily
126 d Bw NR
Thompson et al.
2015
Sprague-Dawley =~ MNU, 50 mg/kg ~ AIN-93G Mammary adenocarcinoma: *P <0.003 Compounds studied as

21d

n=120
(30/group)

51d

Zhu et al. (2015

bw, once

Control; metformin, buformin, or
phenformin

83.3%, 93.3%, 43.3%%, 76.7%

CR mimetics
Bw reportedly measured,
but no data presented

AL, ad libitum; bw, body weight; d, day or days; CHO, carbohydrate; CR, calorie restriction; DMBA, 7,12-dimethylbenz[a]anthracene; DR, dietary restriction; E2, 173-estradiol; ER,
estrogen receptor; exp., experiment; F344, Fischer 344; HFD, high-fat diet; IDR, intermittent dietary restriction; IGF-1, insulin-like growth factor 1; MNU, N-methyl-N-nitrosourea; mo,
month or months; NR, not reported; NS, not significant; OP, obesity-prone; OR, obesity-resistant; vs, versus; wk, week or weeks.

91 = NOILN3IATHd HIDNVYD 40 SHXOOAANVH DV
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AL group, 13% in the 40% DR group, and 50% in
the 40% DR4-12 group.

The effect of 40% DR on ageing and longevity
in three different mouse strains was reported by
Sheldon et al. (1996). DR was initiated at age
14 weeks and extended to 48 months in B6C3F,,
C57BL6, and B6D2F, mice. AL mice in the
B6C3F,, C57BL6, and B6D2F, groups had inci-
dences of spontaneous mammary tumours of
27%, 14%, and 27%, respectively, compared with
4%, 0%, and 0% for the corresponding 40% DR
groups.

More recently, transgenic mice have been
used to evaluate the effect of DR on develop-
ment of mammary tumours. Several studies
were conducted using mice that overexpress
human TGF-a, in which two modes of DR were
compared (Cleary et al., 2002, 2007; Rogozina
et al., 2009, 2013). In the initial experiments,
mice received either intermittent DR (IDR) or
chronic DR (CDR). IDR mice were subjected
to 50% DR for 3-week intervals, followed by
3 weeks of refeeding AL. This resulted in an
overall DR of 21%, because of overconsumption
during refeeding compared with what the AL
mice consumed. CDR mice were matched for
calorie intake for each 6-week cycle of 50% DR/
refeeding. The IDR mice had significantly lower
mammary tumour incidence compared with the
CDR mice, i.e. mammary tumour incidences of
3% and 15% in the two reports, compared with
77% and 84% for AL mice and 44% and 27%
for the CDR mice (Cleary et al., 2002, 2007). In
subsequent studies, IDR mice were pair-fed to the
AL group during the refeeding phases, resulting
in significantly lower body weights in both DR
groups, with fluctuating body weights in the IDR
group; both the CDR and IDR groups had lower
tumour incidence than the AL mice (Rogozina
et al., 2009, 2013). This was also observed when
the fat content of the diets was moderately
increased (Rogozina et al., 2013). IDR compared
with CDR was also examined in the transgenic
mouse strain HER2/neu. IDR resulted in lower

tumour incidence than in CDR, although not
significantly so (Pape-Ansorge et al., 2002;
Mizuno et al., 2013).

In another transgenic mouse strain, C3(1)-
TAg mice were fed either a LED (10% of calories
from fat) ora HFD (60% of calories from fat) from
age 3 weeks (Sundaram et al., 2014), and a group
of the HFD mice was switched to the LFD after
7 weeks on the HED. The switch to the LFD from
the HFD resulted in weight loss to the level of the
LFD mice. The tumour volume in the HFD mice
was 3 times that in the LFD mice, and switching
from the HFD to the LFD resulted in tumour
volumes similar to those in the LFD mice. [It is
not clear whether the findings are due to weight
loss or to the change in diet composition.]

Allograft models were also used to assess
tumour progression in response to dietary
intervention. For example, ovariectomized
C57BL6 mice were fed AL, 30% DR, or a HFD
(60% of calories from fat) for 8 weeks, before
two types of Wnt cells (M-Wnt or E-Wnt cells)
were implanted; the mice then continued on
their diets for 6 weeks while tumour growth was
monitored. DR reduced tumour growth for both
cell lines compared with AL, whereas tumour
growth was enhanced by the HFD only for the
M-Wnt cells (Dunlap et al., 2012). In another
study, Wnt-1 cells were implanted in AL or 30%
DR mice. Tumour weight was lower in DR mice
than in AL mice, but latency was not affected
(Nogueira et al., 2012).

Another approach to assess the effects of
body weight independent of diet is to use mouse
or rat strains that respond to HFD feeding with
a range of body weights. Cleary et al. (2004a) fed
MMTV-TGF-a mice on a C57BL6 background
a LFD or a moderately HFD (33% of calories
from fat) and then divided the mice into three
groups (obesity-prone, overweight, and obesi-
ty-resistant), based on body weight status at age
34 weeks. The heaviest group, obesity-prone,
had the shortest mammary tumour latency,
compared with obesity-resistant mice fed the

511



IARC HANDBOOKS OF CANCER PREVENTION - 16

same diet, i.e. with body weights similar to
those of the LFD mice. Furthermore, the heavier
mice had more palpable tumours than mice that
weighed less, although this was not statistically
significant.

A murine model of basal-like breast cancer
was used to assess whether the obesity-induced
pro-tumour effects are reversed by weight
normalization. Ovariectomized female C57BL/6
mice were fed a control diet or a DIO regimen
for 17 weeks, resulting in a normal weight or an
obese phenotype, respectively. After 17 weeks,
mice on the DIO regimen were randomized to
continue the DIO diet or switched to the control
diet. The resulting formerly obese mice had body
weights comparable to those of the controls. At
week 24, the mammary pads of all mice were
injected with MMTV-Wnt-1 mouse mammary
tumour cells, and tumour growth was then
measured twice per week until 36 months. Mean
tumour volumes in the DIO and formerly obese
mice were similar, and were higher than those in
the controls (Rossi et al., 2016).

(b) Rats

In a longevity study, the incidence of
mammary tumours was significantly lower in
20% DR Wistar rats (3%) than in the AL group
(17%) (Tucker, 1979).

In one study (Thurman et al., 1994), groups
of female Fischer 344 (F344) rats were fed AL
or subjected to 40% DR from age 14 weeks and
followed up for their lifetime in two experiments
with a similar study design. In general, survival
was extended by DR [the increase was modest,
and no statistics were presented]. Incidence
of spontaneous mammary adenocarcinoma
was 8% and 5% in the AL rats and 2% and 0%
[P = 0.048] in the 40% DR rats in the first and
second experiment, respectively. Reductions in
the incidence of mammary fibroadenoma were
also reported, from 36% and 35% in the AL rats
to 2% [P < 0.0001] and 1% [P < 0.0001] in the 40%

512

DR rats. Reduced body weight was associated
with extended survival and reduced multiplicity.

Female Sprague-Dawley rats were admin-
istered 5 mg of DMBA dissolved in corn oil at age
50 days (Klurfeld et al., 1989a). The rats treated
with DMBA were then subjected to 10%, 20%,
30%, or 40% DR from age 57 days and followed
up for 20 weeks. The 10% DR had no effect on
tumour incidence, but the 20%, 30%, and 40%
DR resulted in incidences of 40%, 35%, and 5%,
respectively. Tumour multiplicity was signifi-
cantly reduced in the 40% DR group, and latency
was extended in the 30% DR and 40% DR groups.

In another study also using DMBA (Ruggeri
et al., 1989a, b), only three groups of rats were
included: AL, 25% DR, and 40% DR. The inci-
dence of mammary tumours in these groups was
90%, 61%, and 20% (P = 0.007), respectively. In
the 40% DR group, the majority of the tumours
were small and non-palpable (P < 0.05). The
authors also used rats treated with DMBA and
fed diets combining increased fat levels with
DR and determined effects on development of
mammary tumours (Klurfeld et al., 1989b). The
experimental groups included AL rats fed diets
with 5%, 15%, and 20% of calories from fat, as
well as 25% DR rats fed diets with 20% and 26.7%
of calories from fat. The incidence of mammary
tumours was significantly lower in the 25%
DR, 26.7% fat group than in the other groups,
for which the incidences were in the range of
60-85%. Although there was only a slight reduc-
tion in incidence for the 25% DR, 20% fat group,
tumour weight and tumour multiplicity were
reduced to similar levels as in the other DR group
(i.e. 25% DR, 26.7% fat).

Asimilar studywasreported by Boissonneault
et al. (1986) using female F344 rats that were
switched to experimental diets 1 day after DMBA
treatment (at age 52 days); these groups included
AL 30% fat, AL 5% fat, and 14% DR 30% fat. The
groups were then followed up for 24 weeks after
DMBA treatment. The incidence of mammary
tumours was 73% for the AL 30% fat group
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and 43% for the AL 5% fat group but only 7%
for the 14% DR 30% fat group [no statistics were
reported].

Klurfeld et al. (1991) also investigated the
effects of DR on the development of DMBA-
induced mammary tumours in genetically
obese rats. After administration of DMBA at age
65 days, female LA/N Corpulent rats were fed
purified diets either AL or 40% DR, and an AL
lean group was also included. The body weight
of the obese 40% DR rats remained at a level
substantially lower than that of the AL obese
rats but higher than that of the AL lean rats. The
incidence of mammary tumours was 100% in the
AL obese rats, compared with 27% in the obese
40% DR rats and 21% in the AL lean rats. [The
Working Group noted that this study assessed
DR in obese rats.]

Several investigations have focused on timing
of DR interventions and development of mam-
mary tumours.

One study examined the impact of 25% DR
imposed at different times relative to the admin-
istration of DMBA (Kritchevsky et al., 1989).
There were a total of six groups in the 16-week
experiment: fed AL throughout (group A), fed
25% DR throughout (group B), fed 25% DR
for the first 4 weeks (group C), fed 25% DR for
the first 8 weeks (group D), fed 25% DR for the
8 weeks (weeks 5-12) in the middle of the exper-
iment (group E), and fed 25% DR for the last
8 weeks (group F). The incidence of mammary
tumours was 50% in the AL rats and 20% in the
rats fed 25% DR throughout the study. The other
groups had incidences of 30-60%; the incidence
was 30% in the group fed 25% DR for the last
8 weeks (group F).

Sylvester et al. (1981, 1982) also investigated
the effect of timing of DR in Sprague-Dawley rats
treated with DMBA. In their first study, a 50%
DR was imposed 1 week before and continued
until 30 days after DMBA injection (Sylvester
et al., 1981). After 26 weeks, the incidence of
mammary tumours was 76% in the AL group

and 29% in the 50% DR group. In the follow-up
study, five groups of rats were used (Sylvester
et al., 1982): AL control rats, 50% DR 1 week
before and 1 week after DMBA treatment,
50% DR for 2-week periods starting 1 week or
3 weeks after DMBA treatment, and 50% DR for
4 weeks starting 5 weeks after DMBA treatment.
All groups had similar incidences of mammary
tumours (75.0-80.9%), except for the group
subjected to 50% DR for 1 week before and 1 week
after DMBA treatment, in which the incidence
was only 27.8%. [The Working Group noted that
DR started before administration of DMBA, and
hence the effect of DR on DMBA metabolism is
unknown and might have been partly respon-
sible for the observed effect.]

Zhu et al. (1991) used Sprague-Dawley rats
administered MNU at age 50 days to induce
mammary tumours. The rats were then fed a 45%
fatdietand followed up until the tumours reached
a volume of 1 cm?, which was 10 + 2 weeks after
administration of MNU. The rats were then
divided into four groups: AL 45% fat (group 1),
30% DR 45% fat (group 2), AL 25% fat (group
3), and 30% DR 25% fat (group 4). The rats were
then followed up for an additional 30 weeks, after
which tumour progression was assessed. DR
reduced the number of tumours per animal, the
tumour weight, and the tumour weight per body
weight, compared with AL. Body weight was
reduced by 10%. [No statistics were reported.]

A rapidly developing carcinogen-induced
mammary tumour model was developed in
Sprague-Dawley rats to investigate the effect
of DR on mammary tumorigenesis (Gillette
etal., 1997; Zhu et al., 1997, 1999a, b, 2002, 2005;
Thompson et al., 2004a, b). In this model, rats
are administered MNU at age 21 days and then
followed up until age 100 days or more as the
tumours develop; they are subjected to 40% DR
through carbohydrate restriction. This degree of
DR consistently and significantly reduced body
weightas wellasmammary tumour development,
as reflected by incidence and tumour volume.
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In an additional study (Jiang et al., 2008b), 20%
DR led to an incidence of 60%, compared with
96% in AL rats and 23% in the 40% DR rats.
Multiplicity was also significantly reduced. [The
Working Group noted that in this study model,
tumours develop in pre-pubertal animals.]

Buison et al. (2005) used the DMBA
mammary tumour model with the carcinogen
administered at age 50 days and the rats followed
up for 50 weeks. The intervention consisted of
feeding the rats a 60% HFD followed by 50%
DR (with carbohydrate restriction) for 4 cycles
of 20% weight loss, followed by refeeding; this
resulted in a 50% reduction in mammary tumour
incidence, from 17.6% to 8.8% [not significant].
The body weight of the IDR rats fluctuated and at
termination of the study was significantly lower
than that of the HFD control rats. [The Working
Group noted that a control group with chronic
DR is missing.]

In another model (Matthews et al., 2014),
ovary-intact female Sprague-Dawley rats were
injected with 50 mg/kg of MNU at age 21 days.
Obesity-resistant or obesity-prone animals were
fed a purified diet containing 32% of calories
from fat. At termination of the study, obesi-
ty-prone rats were approximately 15.5% heavier
than obesity-resistant rats. Obesity-resistant rats
had lower incidence, multiplicity, and burden
of mammary carcinomas, with a concomitant
increase in cancer latency compared with obesi-
ty-prone rats (P < 0.01 for all analyses).

Another model for breast cancer is the ACI
rat; when supplementary estrogen is given to
ovary-intact animals, this leads to develop-
ment of mammary tumours (Shull et al., 1997).
Harvell et al. (2002) determined the impact of
40% DR starting at age 7 weeks on mammary
tumorigenesis in this model. By 216 days of
estrogen treatment, 100% of the AL rats had at
least one palpable mammary tumour, with the
first tumour detected at 69 days. In contrast,
the first palpable mammary tumour in the 40%
DR group was not detected until 104 days of
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estrogen treatment, and at termination of the
study, mammary tumour incidence was 59%. As
expected, body weight was reduced for the 40%
DR rats. No tumours were detected in ACI rats
not treated with estrogen, whether they were fed
AL or subjected to 40% DR.

(c)  Calorie restriction mimetics

An additional approach to study the effect of
CR on mammary tumour development has been
the use of CR mimetics. Metformin, the most
common CR mimetic, did not have an effect on
mammary tumour development in the MNU
rat model, when MNU was administered at age
50 days, or in transgenic HER2/neu/p53KO mice
(Thompson et al., 2015). Several earlier studies
using the HER2 mouse model of breast cancer
had reported some effects of metformin on
latency, but tumour incidence was not affected
(Anisimov et al., 2005, 2010).

In the rapidly emerging tumour model in
rats, treatment with 2-deoxyglucose (Jiang et al.,
2008a) but not with metformin (Thompson et al.,
2015; Zhu et al., 2015) decreased the incidence of
mammary tumours; buformin and phenformin
both reduced tumour incidence.

3.3.2 Cancer of the colon

See Table 3.11.

The early studies of the effect of DR on cancer
of the colon used carcinogen-induced models in
rats, whereas more recent studies used mouse
models.

In one of the early studies, male Lobund
Sprague-Dawley rats were administered meth-
ylazoxymethanol at 30 mg/kg at weaning, and
about 25% DR started either 10 days or 63 days
after and continued until 140 days after admin-
istration of methylazoxymethanol (Pollard et al.
1984). [It is not clear what the natural ingredient
diet contained.] The long-term DR significantly
reduced tumour incidence and multiplicity,
whereas there was no effect when DR wasinitiated
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Table 3.11 Studies on the prevention of colon tumours by dietary/calorie restriction in rats and mice

Species, strain Route, dose, Type of diet, dosing regimen, Type of tumours: Statistical Comments

(sex) and duration and duration of intervention = Tumour incidence (number of  significance

Age at start of carcinogen tumours/effective number of

Number of animals administration animals, and/or percentage),

Duration of study multiplicity, or other outcomes

Reference as specified

Rat

Lobund Sprague- MAM,s.c,, 30 mg/kg  Natural ingredient diet L-485;  Tumours of colon and small Small group sizes may have

Dawley (M) bw AL or 25% DR, starting at intestine: affected findings, and possibly

Weanling either 10 d or 63 d after MAM, AL, 90%; 25% DR-10, 30% P <0.0001 components of diet had

n=76 or ADF from 8 d or 31 d after AL, 85%; 25% DR-63, 100% NS protective effect

20 wk MAM (each intervention own AL, 60%; ADF-8, 60% NS

Pollard et al. (1984 AL group) AL, 90%; ADF-31, 67% NS

F344 (M) AOM, 15 mg/kg bw, Semi-purified diet (23% fat); Colon adenoma or P<0.05 Tumour multiplicity

5wk once a wk from age AL or 30% DR from 4 d after ~ adenocarcinoma (combined): significantly reduced by DR

n =60 7 wk for 2 wk AOM, followed up for 32 wk AL, 83%; 30% DR, 33%

32 wk Colon adenocarcinoma: P <0.05

Reddy et al. (1987) AL, 30%; 30% DR, 0%

Sprague-Dawley DMH, s.c., Two groups: pups raised 4/ Colon tumours: *P < 0.01 vs [The Working Group

(F, M) 10 mg/kg bw, once litter or 8/litter; weaned to 8/litter: M, 48%; F, 42% respective 8/  considered that using litter

Neonatal a wk for 10 wk from semi-purified diet (20% fat) 4/litter: M, 85%*; F, 60%* litter M or F size as an indicator of early-

n=179 1 mo after weaning AL 4/litter pair-fed: M, 76%**; F, **P<0.01vs life access to nutrition made

32 wk Third group: 4/litter pair-fed ~ 52% 8/litter M it difficult to evaluate the

Newberne et al. to 8/litter after weaning effect of DR on colon tumour
1990 development]

Zucker lean and AOM, 10 mg/kg bw, Lean rats, AL Multiplicity of ACF: 100% incidence of ACF in all

obese (fa/fa) (F) atage 6 wk, onceawk Obese rats, AL All ACF NS groups; bw not affected by DR

6 wk for 2 wk Obese rats, 20-25% DR Advanced ACF (= 7 crypts) P<0.001for [Small n values; effect seen only

n =32 obese, n =16 DR vs obese  when distinguishing between

lean AL advanced and early foci, which

15 wk is questionable]

Raju & Bird (2003

Mouse

C57BL6 ApcMin (M)  Transgenic AIN-76A Colon polyps: NS Bw reduced in DR vs AL (19.4 g

10 wk 25% DR (CHO restriction) Mean number/mouse: vs 25.9 g). No effect of feeding

28-30/group AL, 5;25% DR, 7 a HFD (30% of calories from

9 wk corn oil)

Mai et al. (2003)

[Values reported in graph]
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Table 3.11 (continued)

Species, strain Route, dose, Type of diet, dosing regimen, Type of tumours: Statistical Comments
(sex) and duration and duration of intervention = Tumour incidence (number of  significance
Age at start of carcinogen tumours/effective number of
Number of animals administration animals, and/or percentage),
Duration of study multiplicity, or other outcomes
Reference as specified
C57BL6 (M) MC38 murine HFD (60% fat) for 7 wk, then Allograft tumour: Bw of HFD and LCD mice
6 wk adenocarcinoma cells  divided into 4 groups: Tumour latency: NS higher than other groups;
n =80 (20/group) injected at wk 15 HFD (60% fat + 20% protein + HED, 11.2 d; LCD, 11.4 d; 30% HCD mice maintained bw;
23 wk 20% CHO) DR, 20.1d 30% DR mice lost bw and then
Wheatley et al. LCD (60% fat + 35% protein + Ty mour size : P < 0.001 vs Maintained it
(2008) 5% CHO) ~ HFD, 397.2 mm> LCD, all the other

HCD (10% fat +20% protein + 351 6 mm2 HCD, 474.6 mm%  groups

70% CHO) 30% DR, 162.4 mm>*

30% DR (10% fat + 20%

protein + 70% CHO)
BALB/c (M) CT26 murine colon LFD (10% fat) for 16 wk Allograft tumour: Metastasis to lung [number
4 wk carcinoma cells HFD (60% fat) for 16 wk Tumour volume increase P <0.05 of tumour nodules] higher in
21/group inoculated at age from 3 wk after cell injection HFD vs LFD (P < 0.05)
24 wk 20 wk, and tumours (measured in situ) Bw slightly higher, by 5.9%, in
Park et al. (2012 harvested after 31 d Tumour weight (g): P <0.05 HFD vs LFD

LED, 1.2; HED, 1.5 [BALB/c mice resistant to HFD]

C57BL6 (F) MC38 murine AIN-76A Allograft tumour: P <0.001 Bw of DR mice remained stable
7 wk adenocarcinoma cells  30% DR (CHO restriction) for ~Tumour volume: over the 22 wk of restriction,
15/group inoculated at age 25 wk AL, 2286 mm?; 30% DR, whereas AL mice gained bw
25 wk 29 wk, and tumours 515 mm? (P<0.05)
Harvey etal. (2013)  harvested after 24 d
FVB (M) AOM, 10 mg/kg bw, AIN-76A Colon tumours: *P < 0.05 vs 30% DR mice lost bw and then
10 wk once a wk for 5 wk 30% DR (CHO restriction) for ~ Multiplicity after 20 wk: AL maintained it; increase in bw
12/group 5, 10, or 20 wk AL, 9.5;30% DR, 7.2* and tumour number in HFD
up to 20 wk HED (45% fat) group
Olivo-Marston [Values read from graph]
et al. (2014)

ACF, aberrant crypt foci; ADF, alternate-day fasting; AL, ad libitum; AOM, azoxymethane; bw, body weight; CHO, carbohydrate; d, day or days; DMH, dimethylhydrazine; DR, dietary
restriction; F, female; F344, Fischer 344; HCD, high-carbohydrate diet; HFD, high-fat diet; LCD, low-carbohydrate diet; LFD, low-fat diet; M, male; MAM, methylazoxymethanol; mo,
month or months; NS, not significant; s.c., subcutaneous; vs, versus; wk, week or weeks.
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Absence of excess body fatness

in the older rats. Alternate-day fasting was also
initiated at either 8 days or 31 days after admin-
istration of methylazoxymethanol, but there was
no effect of this intervention. [ The low number of
animals per group in this experiment may have
affected the study conclusions.]

Several other studies used the carcinogen
AOM to induce cancer of the colon. For example,
Reddy et al. (1987) fed F344 male rats a HFD AL
or 30% DR from age 5 weeks. They were treated
with an AOM regimen beginning at age 7 weeks
and followed up until age 32 weeks. No adeno-
carcinomas were detected in the 30% DR group,
compared with a 30% incidence in the AL rats. In
a study with Zucker rats, AL lean and AL obese
rats were used, as well as a 20-25% DR obese
group, fed 75-80% of the consumption of the AL
lean rats. After 8 weeks of DR, there was no effect
on the multiplicity of total aberrant crypt foci
in the colon (Raju & Bird, 2003). [The Working
Group noted the small n values; an effect was
seen when distinguishing between advanced and
early foci, which is questionable.]

Another approach by Newberne et al. (1990)
to study the effect of body weight on develop-
ment of colon cancer was to use pups obtained
from litter sizes adjusted to either four or eight.
Dimethylhydrazine was administered from
1 month after weaning for 10 weeks. In addition
to rats raised in litter sizes of four or eight, some
pups from the litters of four were pair-fed to the
pups from the litters of eight. Tumour incidence
was significantly higher in male and female
rats raised in the smaller litters when fed AL
compared with the corresponding groups raised
in the larger litters. Pair-fed male rats from litters
of four had a higher incidence of colon tumours
than the male rats from litters of eight. [The
Working Group considered that the use of litter
size as an indicator of food intake made interpre-
tation difficult for the evaluation of the effect of
DR on colon tumour development.]

More recent studies on the effect of DR on
colon cancer development have focused on mice

models. Transgenic ApcMi» mice that develop
“spontaneous” tumours were subjected to 25%
DR for 9 weeks and compared with AL mice (fed
AIN-76A-based diets). DR had no effect on the
number of colon polyps. In addition, feeding
a HFD (30% of calories from fat) had no effect
(Mai et al., 2003). In another study, AOM was
used to induce colon tumours in FVB male
mice. AL mice were fed the AIN-76A diet and
compared with mice subjected to 30% DR (with
carbohydrate restriction). Mean numbers of
colon tumours were significantly reduced after
20 weeks of 30% DR (Olivo-Marston et al., 2014).

Allograft implants of colon cancer cell lines
have also been used to assess the effects of DR
on tumour growth. MC38 cells were used in two
different studies (Wheatley et al., 2008; Harvey
et al., 2013). In one study, female C57BL6 mice
were fed the AIN-76A diet or were subjected
to 30% DR (with carbohydrate restriction)
from age 7 weeks (Harvey et al., 2013); the cells
were implanted at age 29 weeks, and tumours
were harvested 24 days later. Tumour volume
was reduced significantly in the 30% DR mice
compared with the AL mice (515 mm?® vs
2286 mm?). In the other study (Wheatley et al.,
2008), male C57BL6 mice were fed a HFD (60%
of calories from fat) for 7 weeks and then divided
into four experimental groups, including a group
subjected to 30% DR (10% of calories from fat).
MC38 cells were injected at week 15. Tumour size
was reduced in the 30% DR group compared with
all the other experimental groups. [The Working
Group noted that this study assessed DR in obese
mice.]

The CT26 murine carcinoma cell line, which
was developed from BALB/c mice, was used to
evaluate tumour growth in LFD versus HFD
mice (Park et al., 2012). The HFD group was fed
from age 4-20 weeks; the cells were inoculated
at age 20 weeks, and the mice continued on their
respective diets for an additional 31 days. Body
weight was only slightly higher in the HFD mice
than in the LFD mice, whereas tumour volume

517
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and weight were significantly higher in the HFD
group. Metastasis to the lungs, as determined
by the number of tumour nodules, was signif-
icantly higher in the HFD mice. [This study is
of interest because — although it did not use DR
- the BALB/c mice were resistant to the HFD.]

3.3.3 Cancer of the liver

See Table 3.12.

Comprehensive studies of nutrition and
ageing, conducted in collaboration with the
United States Food and Drug Administration’s
National Center for Toxicological Research and
the United States National Institute on Aging
provided pathological data on mice subjected to
40% DR (Blackwell etal., 1995; Sheldon etal., 1995,
1996). In scheduled-sacrificed female B6C3F,
mice, no liver tumours were found in DR mice
until age 30 months, whereas in AL mice, 4.9%
(2 of 41 mice) had liver tumours at 24 months
and 13.3% (2 of 15 mice) had liver tumours at
30 months (Sheldon et al., 1995). At 36 months,
the incidences were similar between female AL
and DR mice, at 42.9% (6 of 14 mice) and 33.3%
(5 of 15 mice), respectively. In male B6C3F, mice,
the incidence increased with advancing age in
the AL group, and the incidence was significantly
lower in the DR group than in the AL group at
24 months and 36 months. Necropsy data from
mice that died spontaneously or were killed
when moribund also showed that the incidence
of liver tumours was lower in female and male
DR mice, compared with the respective control
AL mice. In C57BL6 mice, the incidence of liver
tumours in scheduled-sacrificed male and female
AL mice was less than 5%, and no tumours were
found in the DR group (Blackwell et al., 1995).
The incidence of liver tumours in male mice at
necropsy was also lower in the DR group than in
the AL group; there was no significant difference
in female mice between the AL group and the DR
group at necropsy.

518

In a study by the United States National
Toxicology Program (NTP, 1997), administra-
tion of salicylazosulfapyridine (SASP) in the feed
decreased the body weights of male B6C3F, mice
by 15% in the 2-year bioassay. To eliminate a
possible effect of the weight reduction by SASP on
the occurrence of neoplasms, a weight-matched
control group was included, in which the food
intake was restricted by 13-22% to reduce the
body weight to the level of AL mice treated with
SASP (15% less than for the untreated AL group).
The incidence of hepatocellular adenomas or of
carcinomas was lower in the weight-matched
control group, although this difference was not
statistically significant. However, the incidence
of adenoma and carcinoma combined was signif-
icantly lower in the weight-matched control
group compared with the untreated AL group.
Although the DR level in the 40% DR group was
double (i.e. 40%), and therefore body weight was
lower in the 40% DR group than in the weight-
matched controls, the incidences of adenoma,
of carcinoma, and of adenoma and carcinoma
combined were not significantly lower even
when compared with the untreated AL group.
In contrast, in the animals treated with SASP,
the 40% DR group had a significantly lower inci-
dence of hepatocellular adenoma (P < 0.001), of
carcinoma (P < 0.05), and of adenoma and carci-
noma combined (P < 0.001), compared with the
SASP AL controls.

In the National Toxicology Program feeding
study of scopolamine hydrobromide trihydrate
(SHT), the untreated weight-matched group
(20% lower body weight compared with the AL
group) and the DR group had lower incidences
of hepatocellular adenoma, and of adenoma and
carcinoma combined, although for carcinoma
the difference was not statistically significant
(NTP, 1997). In animals treated with SHT, the
40% DR group had a significantly lower inci-
dence of hepatocellular adenoma (P < 0.05),
of carcinoma (P < 0.05), and of adenoma and
carcinoma combined (P < 0.01), compared with
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Table 3.12 Studies on the prevention of tumours of the liver by dietary/calorie restriction in mice

Strain (sex)

Route, dose, and

Type of diet, dosing

Type of tumours:

Statistical significance

Comments

Ageatstart  duration of carcinogen  regimen, and duration of Tumour incidence (number of
Number of  administration, intervention tumours/effective number of
animals duration of study animals, and/or percentage),
Duration of multiplicity, or other outcomes as
study specified
Reference
Swiss OF1 NDEA, 0.4 pmol/g bw, Nafag 857 diet, fed AL or  Liver G6Pd foci; adenoma;
™M) i.p., at birth 30% DR, from age 12 wk,  carcinoma; adenoma or carcinoma
Weanling killed at 24, 36, 48 wk (combined):
(214d) Control (AL):
14-20/group 12 wk 17/20, 0/20, 0/20, 0/20
® ”‘(’)k o 24 wk 17/20, 16/20, 0/20, 16/20
Sl 36 wk 11/18, 18/18, 5/18, 18/18
48 wk 2/14,9/14, 6/14, 14/14
30% DR:
12 wk 7/19%, 0/19, 0/19, 0/19 *P < 0.05 vs AL group,
X test
24 wk 16/20, 0/20%, 0/20, 0/20* *P < 0.001 vs AL group,
Fisher exact test
36 wk 16/17%, 12/17, 1/17, 12/17* *P < 0.05 vs AL group,
X test
48 wk 15/16%, 10/16, 0/16**, 10/16*** *P < 0.001, **P < 0.01,
P <0.05vs AL
group, x> test or Fisher
exact test
C57BL6 Spontaneous neoplasms ~ NIH-31 diet, fed AL or Hepatocellular tumours, mostly *P < 0.01 vs controls, Incidence of liver tumours
(F, M) 40% DR, from age 14 wk adenoma or carcinoma (%) Fisher exact test was small; therefore, data
4 wk (0-33 mo): of 0-27 mo and 28-33 mo
266/group Control (AL) F: 4/115 (3.5%), M: 18/156 (11.5%) were combined
SSat 40% DR F: 2/100 (2%), M: 2/106 (1.9%)*
12-36 mo, or
lifelong
Blackwell
etal. (1995
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Table 3.12

(continued)

Strain (sex)

Route, dose, and

Type of diet, dosing

Type of tumours:

Statistical significance Comments

Ageatstart  duration of carcinogen  regimen, and duration of Tumour incidence (number of

Number of  administration, intervention tumours/effective number of

animals duration of study animals, and/or percentage),

Duration of multiplicity, or other outcomes as

study specified

Reference

B6C3F, Spontaneous neoplasms ~ NIH-31 diet, fed AL or Hepatocellular tumours, mostly *P < 0.05, **P < 0.001 Data of necropsied mice
(F, M) 40% DR; DR increased adenoma or carcinoma (%): vs controls, Fisher from the SS group and the
4 wk gradually: 10% at 14 wk, 0-27 mo, 28-40 mo exact test lifespan study group were
266/group 25% at 15 wk, and 40% at combined

SS at age 16 wk AL: 31 hepatocellular
12-42 mo, Control (AL) F: 7/56 (12.5%), 14/131 (10.7%) neoplasms, 13 of

or lifelong M: 13/39 (33.3%), 48/118 (40.7%) them carcinomas; 7
Sheldon 40% DR F: 0/10 (0%), 1/72 (1.4%)* metastasized to the lungs

et al. (1995

B6D2F,
(F, M)

4wk
56/group
Lifelong
Sheldon

et al. (1996
B6C3F, (M)
6 wk

50 or 52/
group

104 wk
NTP (1997)

Spontaneous neoplasms

SASP, 2700 mg/kg bw in
corn oil by gavage, once
a day, 5 d/wk

NIH-31 diet, fed AL or
40% DR

Control (AL)
40% DR

NIH-07 diet, fed AL or (on
average) 15% DR (weight-
matched to SASP group),
or 40% DR

Untreated, AL
Untreated, 15% DR
Untreated, 40% DR
SASP, AL

SASP, 40% DR

M: 0/7 (0%), 1/45 (2.2%)**

Benign and malignant liver tumours:

F: 13%, M: 24%
F: 4%*, M: 2%**

Hepatocellular adenoma; carcinoma;
adenoma or carcinoma (combined):

13/50, 13/50, 24/50
8/50, 6/50, 14/50*
13/52, 7/52, 18/52
42/50, 8/50, 44/50
9/50%, 1/50**, 9/50*

40% DR: 18 hepatocellular
neoplasms, 9 of

them carcinomas; 1
metastasized to the lungs

*[NS]; **[P < 0.001]

*P < 0.05 vs untreated
AL group, 2 test

*P < 0.001, **P < 0.05
vs SASP AL group, x>
test or Fisher exact test
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Table 3.12 (continued)

Strain (sex)  Route, dose, and Type of diet, dosing Type of tumours: Statistical significance Comments
Ageatstart  duration of carcinogen  regimen, and duration of Tumour incidence (number of
Number of  administration, intervention tumours/effective number of
animals duration of study animals, and/or percentage),
Duration of multiplicity, or other outcomes as
study specified
Reference
B6C3F, (M)  SHT, 25 mg/kg bw in NIH-07 diet, fed AL or (on Hepatocellular adenoma; carcinoma; Untreated weight-matched
6 wk corn oil by gavage, once  average) 15% DR (weight-  adenoma or carcinoma (combined): group had 20% lower bw
70/group a day, 5 d/wk matched to SHT group), or compared with AL group
104 wk 40% DR
NTP (1997) Untreated, AL 26/50, 6/50, 30/50 *P < 0.001 vs untreated
Untreated, 15% DR 5/50%, 5/50, 10/50* AL group, * test
Untreated, DR 3/50%, 2/50, 5/50* *P < 0.001 vs untreated

AL group, x? test or
Fisher exact test

SHT, AL 8/50%, 7/50, 15/50** *P < 0.001, **P < 0.01
vs untreated AL group,
X test

SHT, 40% DR 0/50%, 1/50%, 1/50** *P < 0.05,**P < 0.001
vs SHT AL group,

Fisher exact test

Les

AL, ad libitum; bw, body weight; d, day or days; DR, dietary restriction; F, female; G6Pd, glucose-6-phosphatase-deficient; i.p., intraperitoneal; M, male; mo, month or months; NDEA,
N-nitrosodiethylamine; NS, not significant; NTP, National Toxicology Program; SASP, salicylazosulfapyridine; SHT, scopolamine hydrobromide trihydrate; SS, scheduled-sacrificed;
vs, versus; wk, week or weeks.
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the SHT AL controls. [The protective effect on
adenoma development may have been due to
decreased food intake and was not a direct effect
of administration of SHT.]

In male Swiss OF1 mice treated with
N-nitrosodiethylamine, the incidence of
glucose-6-phosphatase-deficient pre-neoplastic
foci was significantly lower in the 30% DR group
compared with the AL group at age 12 weeks.
In the AL group, 80% of the mice had hepato-
cellular adenoma or carcinoma at 24 weeks, and
100% at 36 weeks and 48 weeks. The incidence
of hepatocellular neoplasms (adenoma and carci-
noma combined) was significantly lower in the
30% DR group than in the AL group at 24 weeks,
36 weeks, and 48 weeks (Lagopoulos et al., 1991).

3.3.4 Cancer of the pancreas

See Table 3.13.

The incidence of spontaneous pancreatic
tumours is very low in mice, on both C57BL6
and B6C3F, backgrounds (Blackwell et al., 1995;
Sheldon et al., 1995). LSL-KrasS?P; Pdx-1/Cre
mice, a genetic model, develop pancreatic
precursor lesions such as PanIN, which progress
to PDAC. In one study (Lanza-Jacoby et al.,
2013), two regimens for 25% DR were used with
this model. One was CDR at 25% less than the
AL average intake; the other was IDR, i.e. 50%
restriction for 1 week after 100% provision of AL
intake for 1 week, and therefore IDR also reduced
the calorie intake by 25% over the 2-week
interval. The body weight of the IDR mice fluc-
tuated according to calorie intake. In the 100%
feeding week, body weights were similar to those
in the AL group; in the 50% restriction week,
body weights were lower than those in the CDR
mice. The incidence of PanIN was lower in both
the CDR and IDR groups than in the AL group,
with a greater effect of DR in the IDR regimen
than in the CDR regimen. PDAC was found in
the AL group, whereas no PDAC was observed in
the CDR and IDR groups at age 44 weeks.

522

Another genetic model uses FVB-Tg (BKS5.
COX-2) mice and calculates a composite score for
pancreatic dysplasia. In the study of Lashinger
et al. (2011), formation of severe dysplasia in
pancreatic ducts was lower in the 30% DR group
than in the AL group. When tumour cells were
injected into wild-type mice, tumour weight at
4 weeks after injection was significantly lower
in 30% DR mice. Lashinger et al. (2013) used
Kras©'2P/Ink4a*- male mice and observed longer
median survival in 30% DR mice than in AL
mice, and no PDAC in 30% DR mice compared
with 3 PDAC in AL mice.

In Sprague-Dawley rats, 4-6% of the AL group
rats spontaneously developed pancreatic islet
adenomas or carcinomas (Keenan et al., 1995).
The overall incidence of pancreatic islet neoplasms
over a 2-year study seemed to be lower in the 35%
DR group. [The baseline incidence was low, and
therefore the effect of 35% DR on spontaneous
islet neoplasms could not be evaluated.] In another
study in Sprague-Dawley rats (Molon-Noblot et al.,
2001), the incidence of adenomas was 24% and 18%
in female and male AL groups, respectively. The
inhibition of adenomas by three different levels
of DR was significant in female rats, whereas the
effect of DR was modest in male rats. In a third
study in male Sprague-Dawley rats (Duffy et al.,
2008), the incidence of islet adenomas was lower in
the 31% DR group than in the AL group, but this
difference was not statistically significant.

In male Lewis rats, the effect of DR on the
post-initiation phase of pancreatic carcinoma
induced by azaserine was assessed (Roebuck et al.
1993). Feeding AL for alimited time (5-6 hours per
day), designated as a “meal-fed” regimen, reduced
the food intake to an equivalent of 10-15% DR
relative to AL. The meal-fed regimen significantly
reduced the incidence of adenomas and carci-
nomas 14 months after azaserine initiation.

In male Syrian golden hamsters, the inci-
dence of pancreatic carcinoma, induced by BOP,
did not differ among control AL, 20% CR, and
40% CR groups (Birt et al., 1997). However, the




€¢S

Table 3.13 Studies on the prevention of tumours of the pancreas by dietary/calorie restriction in experimental animals

Species, strain (sex) Route, dose, and

Age at start duration of carcinogen
Number of animals administration,
Duration of study  duration of study

Type of diet, dosing
regimen, and duration
of intervention

Type of tumours:

Tumour incidence (number of
tumours/effective number of
animals, and/or percentage),

Statistical significance = Comments

Reference multiplicity, or other outcomes as
specified

Mouse
FVB-Tg (BK5.COX- Genetic model for Control diet (Research Composite score for pancreatic **P <0.01
2) (F, M) dysplastic lesions Diets, Inc., New dysplasia:
6 wk Brunswick, NJ, AL: 10+ 4
24/group #D12450B), fed AL or 30% DR: 5 + 4**
20 wk 30% DR
Lashinger et al.
(2011)
FVB-WT (F, M) JC101 pancreatic Control diet (Research Tumour weight 4 wk after s.c. *P < 0.05
6 wk tumour cell injection at ~ Diets, Inc., New transplantation:
24/group age 13-15 wk Brunswick, NJ, AL:1.05+0.38 g
20 wk #D12450B), fed AL or 30% DR: 0.47 + 0.30 g*

Lashinger et al. 30% DR

2011)
LSL-KrasS2b; Pdx-1/ Genetic model for Modified AIN-93 diets, PanIN (PanIN-2 or greater); PDAC:  *P < 0.05vs AL control ~ IDR: 50% DR for 1
Cre (M) PDAC fed AL or 25% DR (CDR)  Control (AL): 70%, 27% (n = 11) group, exact Poisson wk, then 100% of AL
6 wk or IDR, 6-44 wk CDR: 40%*, 0% (1 = 15) regression analysis intake for 1 wk
31/group IDR: 27%/*, 0% (1 = 16) “P < 0.05 vs AL control
44 Wk #

group, *P < 0.05 vs CDR
Lanza-Jacoby et al. .
2013 group, exact Poisson

KrasC20/Ink4a+- Genetic model for
™M) PanIN-2 or PDAC
6 wk
42-43/group

10 wk or 56 wk

Lashinger et al.

2013)

Control diet (Research
Diets, Inc., New
Brunswick, NJ,
#D12450B), fed AL

or 30% DR, from age
6-9 wk

PanIN (PanIN-2 or greater); PDAC:

10 wk study:

AL: 7/15 (46.7%), 3/15 (20%)
30% DR: 9/15 (60%), 0/15 (0%)
56 wk study, median survival:
AL: 20.0 wk

30% DR: 30.0 wk*

regression analysis
NS

*P < 0.001, log-rank test
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Table 3.13 (continued)

Species, strain (sex) Route, dose, and
duration of carcinogen
administration,
duration of study

Age at start
Number of animals
Duration of study
Reference

Type of diet, dosing
regimen, and duration
of intervention

Type of tumours:

Tumour incidence (number of
tumours/effective number of
animals, and/or percentage),
multiplicity, or other outcomes as
specified

Statistical significance

Comments

Rat

Lewis (M)

2 wk

22-23/group
14 mo

Roebuck et al.
1993)

Sprague-Dawley
[Crl:CD’ (SD) BR]
(F, M)

36d

70/group

106 wk

Keenan et al. (1995)

Azaserine, 30 mg/kg bw,
i.p., once, at age 2 wk

Spontaneous neoplasms

AIN-76A diet, fed AL or
10-15% DR by meal-
feeding

Control

Purina Certified Rodent
Chow 5002 or 5002-9 at
various regimens

Chow 5002:

Control (AL)
DR 6.5h (AL for 6.5 h)

35% DR

Chow 5002-9:
Control (AL)

DR (fed at the same
calorie intake as rats fed
35% DR chow 5002)

Pancreatic adenoma (%); carcinoma
(%); adenoma multiplicity;
carcinoma multiplicity:

AL: 23/23 (100%), 15/23 (65%),

8.04 £ 0.99, 1.60 + 0.214

10-15% DR: 5/22 (23%)*, 0/22 (0%)*,
1.00 £ 0% 0

Pancreatic islet adenoma (%); islet
carcinoma (%):

F: 3/70 (4.3%), 0/70 (0%)
M: 4/70 (6.2%), 4/70 (6.2%)
F: 1/70 (1.4%), 1/70 (1.4%)
M: 2/70 (2.9%), 7/70 (10%)
F: 1/70 (1.4%), 0/70 (0%)
M: 5/70 (7.1%), 1/70 (1.4%)

F: 3/70 (4.3%), 0/70 (0%)
M: 3/70 (4.3%), 5/70 (7.1%)
F: 1/70 (1.4%), 2/70 (2.9%)
M: 3/70 (4.3%), 0/70 (0%)

*P < 0.05 vs control
group, x2 test or Fisher
exact test

*P<0.05vs AL

group, ANOVA with
Bonferroni test

NS
NS
NS
NS

NS
NS

Chow 5002: 21.4%
protein, 5.7% fat,
4.1% crude fibre,
energy value

3.07 keal/g;

Chow 5002-9:
13.6% protein, 4.6%
fat, 15.7% crude
fibre, energy value
2.36 kcal/g
Baseline incidence
was low, so that the
effect of DR could
not be evaluated
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Table 3.13 (continued)

Species, strain (sex) Route, dose, and Type of diet, dosing Type of tumours: Statistical significance = Comments
Age at start duration of carcinogen regimen, and duration = Tumour incidence (number of
Number of animals administration, of intervention tumours/effective number of
Duration of study  duration of study animals, and/or percentage),
Reference multiplicity, or other outcomes as
specified
Sprague-Dawley Spontaneous neoplasms  Purina Certified Rodent =~ Pancreatic islet adenoma (%); islet *P < 0.05 vs AL group,

[Crl:CD’ (SD) IGS
BR] (F, M)

7 wk

15/group

100 wk
Molon-Noblot et al.

2001)

Sprague-Dawley Spontaneous neoplasms
[Crl:CD’ (SD) BR]

(M)

6 wk

40 or 60/group

108 wk

Duffy et al. (2008)

Hamster

Syrian golden (M) BOP, 20 mg/kg bw, 3
8 wk weekly s.c. injections
25-35/group

Up to 44 wk

Birt et al. (1997

Diet, 21-28% DR,
28-32% DR, 52-53% DR
Control (AL)

21-28% DR
28-32% DR
52-53% DR

AIN-93M diet, fed AL
or 31% DR from age
6-114 wk

Control diet, fed AL or
20% CR or 40% CR for
42-44 wk

carcinoma (%):

F: 12/50 (24%), 2/50 (4%)
M: 9/50 (18%), 3/50 (6%)
F: 3/52% (5.8%), 0/52 (0%)
M: 16/50 (32%), 5/50 (10%)
F: 3/52% (5.8%), 0/52 (0%)
M: 12/50 (24%), 0/50* (0%)
F: 1/51* (2%), 0/51 (0%)
M: 4/50 (8%), 3/50 (6%)
Pancreatic islet adenoma:
AL: 11.8% (n =57)

31% DR: 6.7% (n = 38)

Pancreatic carcinoma; multiplicity:
AL:17/29,0.9 £ 0.2

20% CR:19/29,1.2+£0.2

40% CR:17/26, 1.7 £ 0.3*

Fisher exact test

NS (poly-3 test)

Incidence: NS
Multiplicity: *P < 0.02
vs control

AL, ad libitum; ANOVA, analysis of variance; BOP, N-nitrosobis(2-oxopropyl)amine; bw, body weight; CDR, chronic dietary restriction; CR, calorie restriction; d, day or days; DR,

dietary restriction; F, female; h, hour or hours; IDR, intermittent dietary restriction; i.p., intraperitoneal; M, male; mo, month or months; NS, not significant; PanIN, pancreatic
intraepithelial neoplasia; PDAC, pancreatic ductal adenocarcinoma; s.c., subcutaneous; vs, versus; wk, week or weeks; WT, wild-type.
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multiplicity of pancreatic carcinoma was greater
in the 40% CR group than in the AL group.

3.3.5 Cancer of the skin and subcutaneous
tissue

See Table 3.14.

Lifespan studies using mice and rats have
indicated the low incidence of spontaneous skin
tumours (Blackwell et al., 1995; Sheldon et al.,
1995). In one study, less than 2% of scheduled-sac-
rificed male B6C3F, mice had skin or subcuta-
neous tumours (Sheldon et al., 1995). In contrast,
female mice had relatively high incidences of skin
or subcutaneous tumours. However, there was
no statistical difference between the AL and DR
groups for either sex (Sheldon et al., 1995). [The
occurrence of skin tumours could be delayed in
the DR group.]

Topical application of benzo[a]pyrene is one
of the models used to induce skin tumours in
rodents. Boutwell et al. (1949) demonstrated that
50% DR reduced the incidence of skin carcinoma
induced by benzo[a]pyrene.

Birt et al. (1991) reported the effect of DR on
either the initiation or the promotion phase of
a chemically induced skin carcinoma model in
female SENCAR mice. They used two regimens
for 40% DR: one was a total DR of the control
diet (TDR), and the other involved CR using
a diet that was low in fat and glucose but high
in protein and fibre. Mice that were subjected
to 40% TDR or CR at the initiation phase had
reduced weight gain, and the subsequent AL
regimen led to recovery of the weight gain within
4 weeks. Mice that were subjected to 40% TDR
and CR starting at the promotion phase had
significantly lower body weight according to the
energy restriction levels. Neither 40% TDR nor
CR at the initiation phase affected the incidence
or multiplicity of skin papilloma or the incidence
of skin carcinoma. Mice that were subjected to
40% TDR and CR starting at the promotion

526

phase had significantly lower incidence of skin
papilloma and skin carcinoma.

Birt et al. (1993) tested the effect of 35%
CR from fat or carbohydrate in the chemically
induced DMBA skin tumour model in female
SENCAR mice. The incidence of skin carcinoma
was significantly lower in the groups subjected to
CR from either fat or carbohydrate, and there was
no difference in incidence between the two CR
regimens, although papilloma multiplicity was
greater in the carbohydrate-restricted (and thus
HFD) group, compared with the fat-restricted
group [no statistics were reported]. A subsequent
study indicated that moderate (i.e. 20%) CR of
a HFD or a LFD was ineffective, suggesting the
importance of the level of CR (Birt et al., 1996).

Birt et al. (1994) also tested the effect of
40% DR in the two-stage promotion protocol,
which  comprised early-stage treatment
with DMBA at age 9 weeks, promotion by
12-O-tetradecanoylphorbol-13-acetate (TPA) for
2 weeks, and subsequent late-stage promotion
by mezerein for 15 weeks. The individual effect
of DR on the promotion phase by either TPA or
mezerein was evaluated. Mice subjected to DR at
age 10-27 weeks recovered their weight loss once
they returned to AL feeding with a control diet at
age 28 weeks. However, those mice subjected to
DR during the period of treatment with TPA and/
or mezerein had a reduction of approximately
10% in body weight compared with the control
AL mice at age 71 weeks. DR during the entire
period of promotion, i.e. at age 10-27 weeks (DR/
DR group), and DR during the period of treat-
ment with mezerein, at age 12-27 weeks (AL/
DR group), significantly reduced the incidence
and multiplicity of skin papilloma at 28 weeks;
the cumulative incidence of skin carcinoma was
also reduced (not significantly) in the DR/DR
group and the AL/DR group. However, 2-week
DR feeding during TPA treatment was insuffi-
cient to produce an inhibitory effect of DR on
skin tumorigenesis.
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Table 3.14 Studies on the prevention of tumours of the skin and subcutaneous tissue by dietary/calorie restriction in mice

Strain (sex)  Route, dose, and duration of Type of diet, dosing Type of tumours: Statistical Comments
Ageatstart  carcinogen administration regimen, and duration of = Tumour incidence (number of significance
Number of intervention (if not until tumours/effective number of
animals termination of study) animals, and/or percentage),
Duration of multiplicity, or other
study outcomes as specified
Reference
Rockland (F) 60 pg of benzo[a]pyrene (skin High-calorie, low-fat (AL),  Skin carcinoma: **P < 0.01, x? test
~2-3 mo application), twice a wk for or low-calorie, low-fat (50%
48/group 19 wk from 26 d after beginning DR)
173d of DR Control (AL) 32/39
Boutwell 50% DR 8/44**
etal. (1949
C57BL/6 (M) 10° B16 melanoma cells injected ~ Purina Laboratory Chow, Tumour volume (mm?)/1000 *P < 0.05,
4.5 mo s.c., 2 wk after beginning of DR fed AL or 40% DR (mean + SE): Student ¢ test
7-10/group Control (AL) 79+ 1.5
>-6 wk 40% DR 2.3+0.5*
Ershler et al.
1986)
SENCAR (F) 10 nmol of DMBA (skin AIN; fed AL or 40% DR by  Skin papilloma (%) at age Both TDR and CR from
6 wk or application), once at age TDR or CR, from 6-9 wk 30 wk; papilloma multiplicity 10-56 wk lowered bw by 30%
10 wk 9 wk; 3.2 nmol of TPA (skin or 10-56 wk at age 34 wk (mean + SE); skin No significant difference
15-30/group  application), twice a wk for carcinoma (%) until age 56 wk in tumour incidence and
Upto56 wk 20 wk from age 10 wk Control (AL) 27/30 (90%), 5.7 + 0.4, 15/24 _ multiplicity between TDR
Birt et al. (71%) and CR groups
{991 40% TDR, 6-9 wk 24/30 (80%), 4.9 £ 0.9, 14/24 NS et el
(58%) from figure]
40% TDR, 10-56 wk 11/20 (55%)***, 2.2 + 0.4**%, P < 0.001,
7117 (41%)* *P < 0.05 vs
AL, x? test or
ANOVA
40% CR, 6-9 wk 25/29 (89%), 6.6 £ 0.9, 11/17 NS
(69%)
40% CR, 10-56 wk 13/23 (56%)***, 1.8 + 0.4**%, P < 0.001,
5/15 (28%)* *P < 0.05 vs
AL, x? test or
ANOVA
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Table 3.14 (continued)
Strain (sex)  Route, dose, and duration of Type of diet, dosing Type of tumours: Statistical Comments
Ageatstart  carcinogen administration regimen, and duration of = Tumour incidence (number of significance
Number of intervention (if not until tumours/effective number of
animals termination of study) animals, and/or percentage),
Duration of multiplicity, or other
study outcomes as specified
Reference
CD-1 (F) 51.2 ug of DMBA (skin Purina 5015 chow, fed Number of skin papillomas/ *P <0.01,
~6-7 wk application), once at age 6 wk AL or ~35% DR from age mouse: Wilcoxon
42-59/group  or 7 wk; 2 pg of TPA (skin 8-9 wk Mann-Whitney
100d application), twice a wk for 82d  Control (AL) 55 sum test
Pashko & from 1 wk after beginning of DR 0.9*
Schwartz DR
1992
SENCAR (F) 10 nmol of DMBA (skin AIN diet fed AL, balanced =~ Number of papillomas/mouse ~ *P < 0.05 vs Bw reduced in HCD and HFD
6 wk application), once at age 9 wk; high fat (BHD) AL, 35% at 28 wk after DMBA; time to control and vs control AL and BHD AL
38-42/group 2.0 ug of TPA (skin application), CR with high carbohydrate carcinoma at 50% incidence BHD AL groups; no difference between
Up to 68 wk  twice a wk for 20 wk from age (HCD), 35% CR with high #P < 0.01 vs HCD and HFD, or between
Birt et al. 10 wk fat (HFD), from age 10 wk control and control AL and BHD AL
(1993) Control AL 6.5, ~40 wk BHD AL, log-
BHD AL 6.2, ~44 wk rank test
35% CR HCD 1.5%, > 59 wk*
35% CR HFD 3.2%, > 59 wk*
SENCAR (F) 10 nmol of DMBA (skin Ingredient diet, fed AL Skin papilloma; papilloma Bw loss of ~10% in DR mice
7 wk application), once at age or 40% DR at various multiplicity at age 28 wk; skin vs AL at age 71 wk
30-52/group 9 wk; 3.2 nmol of TPA (skin regimens carcinoma (%) at age 71 wk: Multiplicity was tested by
Upto 62wk application), twice a wk at Control (AL), age 7-71 wk  42%, 0.9, 14/48 (29%) _ a Poisson random variable,
Birt et al. 10-11 wk, and 10 nmol of MEZ 40% DR, 10-27 wk; AL, 179%, 0.3%, 3/31% (10%) *P < 0.05, *NS using the generalized
1994 twice a wk at age 12-27 wk 28-71 wk estimating equation approach

40% DR, 10-11 wk; AL,
12-71 wk

AL, 10-11 wk; DR,
12-27 wk; AL, 28-71 wk

54%, 0.9, 10/30 (33%)

17%, 0.2*, 5/33 (15%)

vs AL, x? test or
Fisher exact test

NS

*P<0.05vs AL

of Liang and Zeger, and the
estimation of regression
coeflicients
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Table 3.14 (continued)

Strain (sex)  Route, dose, and duration of Type of diet, dosing Type of tumours: Statistical Comments
Ageatstart  carcinogen administration regimen, and duration of  Tumour incidence (number of significance
Number of intervention (if not until tumours/effective number of
animals termination of study) animals, and/or percentage),
Duration of multiplicity, or other
study outcomes as specified
Reference
B6C3F, Spontaneous neoplasms NIH-31 diet, fed AL or Skin tumours (%): NS Incidence of spontaneous
(F, M) 40% DR; DR increased 0-27 mo, 28-33 mo, 34-39 mo, skin tumours was low even in
4 wk gradually: 10% at 14 wk, 40-51 mo: the AL groups
245-266/ 25% at 15 wk, and 40% at
group age 16 wk; SS at age 12, 18,
SS at 24, 30, 36, 42 mo
12-42 mo, or Control (AL) M: 1/72 (1.4%), 1/83 (1.2%),
lifelong 0/65 (0%), 0/15 (0%)
Sheldon et al. F: 4/97 (4.1%), 10/110 (9.1%),
{1995) 1/50 (2%), 0/1 (0%)
40% DR M: 0/49 (0%), 0/27 (0%), 0/48
(0%), 0/138 (0%)
F: 1/52 (1.9%), 2/38 (5.3%), 6/64
(9.4%), 3/111 (2.7%)
SENCAR (F) 10 nmol of DMBA (skin Fed AL, 20% or 40% CR Skin carcinoma (%):
9 wk application), once at age from fat or carbohydrate
35/group 9 wk; 3.2 nmol of TPA (skin using LFD (10% fat) or
45 wk application), twice a wk for HFD (42% fat), from age
Birt et al. 18 wk from age 10 wk 10 wk
(1996) Control: LFD AL 35% *P < 0.05vs LFD
20% CR of LFD 20% AL, HFD AL,
40% CR of LFD 15%* and 20% CR of
HFD AL 35% HFD
20% CR of HFD 35%
40% CR of HFD 0%*
ICR (M), 25 ug of DMBA (skin Teklad 2018 diet, fed AL or ~ Skin tumour: time at 25% and Kaplan-Meier survival
Nrf2 gene application), once at age 20% DR, 30% DR, or 40%  50% incidence: analysis was performed to
knockout 15 wk or 16 wk; 4 ug of TPA DR for 5-6 wk compare the 2 curves of
10 wk (skin application), twice a wk, Control (AL) 13 wk, 15 wk _ papilloma occurrence
10-15/group  from 2 wk after DMBA until 20% DR 18 wk, 25 wk (< 50% incidence) P < 0.05 Time of appearance of
up to42wk  appearance of first papilloma 30% DR 18 wk, 20 wk tumour was recorded when
Pearson et al. 40% DR 42 wk, 42 wk at least 1 papilloma with a
(2008) radius > 1 mm was identified
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Table 3.14 (continued)

Strain (sex)  Route, dose, and duration of Type of diet, dosing Type of tumours: Statistical Comments

Ageatstart  carcinogen administration regimen, and duration of = Tumour incidence (number of significance

Number of intervention (if not until tumours/effective number of

animals termination of study) animals, and/or percentage),

Duration of multiplicity, or other

study outcomes as specified

Reference

129S1/SvIim] 25 pg of DMBA (skin AIN-93G diet, fed AL or Skin papilloma (%); *P < 0.0083 [Values read from graph]

(M) application), once; 4 ug of TPA  30% DR multiplicity + SD vs WT AL,

3-5mo (skin application), twice a wk, Bonferroni t

11-13/group  from 2 wk after DMBA until tests

18 wk appearance of first papilloma Control (AL) 100%, 4.0 £ 2.7 _

Minor etal. 30% DR 589%, 1.0 + L.1*

(2011)

ICR (F) 25 nmol of DMBA (skin AIN-76A diet, fed AL,15%  Skin papilloma (%) at age Bw lower in both DR groups

7 wk application), once at age 7 wk; DR, or 30% DR from age 30 wk; multiplicity at age 39

30/group 3.4 nmol of TPA, twice a wk 11 wk wk; skin carcinoma (%) at

58 wk (skin application), from age age 65 wk; multiplicity at age

Moore etal. 15wk for 50 wk 65 wk:

(2012) Control (AL) 81%, 8.2, 92%, 1.6 —

15% DR 81%, 6.2%, 69%*, 1.6 *P<0.05vs AL,
Mann-Whitney
U test
#P < 0.05vs AL,
X2 test
30% DR 68%, 4.3%, 58%7, 1.0* *P<0.05vs AL,

Mann-Whitney
U test
#P < 0.05vs AL,
X2 test

AL, ad libitum; ANOVA, analysis of variance; BHD, balanced high-fat diet; bw, body weight; CR, calorie restriction; d, day or days; DMBA, 7,12-dimethylbenz[a]anthracene; DR, dietary
restriction; F, female; HCD, high-carbohydrate diet; HFD, high-fat diet; LFD, low-fat diet; M, male; MEZ, mezerein; mo, month or months; NS, not significant; s.c., subcutaneous; SD,
standard deviation; SE, standard error; SS, scheduled-sacrificed; TDR, total dietary restriction; TPA, 12-O-tetradecanoylphorbol-13-acetate; vs, versus; wk, week or weeks; WT, wild-

type.
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Absence of excess body fatness

Moore et al. (2012) used female ICR mice to
assess the effect of 15% DR or 30% DR on the
promotion of skin tumours. At the end of the
experiment, the body weights were 36% lower in
the 30% DR group and 15% lower in the 15% DR
group, compared with the control AL group. The
cumulative incidences of skin papilloma in the
experimental groups did not differ significantly
among these groups. However, the multiplicity
of skin papilloma was significantly lower in the
15% DR and 30% DR groups compared with the
AL group. The incidences of skin carcinoma were
also significantly lower in the 15% DR and 30%
DR groups; the multiplicity of skin carcinoma
was significantly lower only in the 30% DR group
(Moore et al., 2012).

In the B16 melanoma cell injection model,
the tumour volume was significantly lower in
C57BL/6 mice subjected to 40% DR compared
with AL mice (Ershler et al., 1986).

Using the two-stage skin tumorigenesis
model in CD-1 mice treated with DMBA, Pashko
& Schwartz (1992) reported that DR suppressed
TPA promotion of skin papillomas.

The preventive effect of 40% DR on DMBA-
TPA-induced skin tumours was diminished in
ICR mice (Pearson et al., 2008) and in 129S mice
(Minor et al., 2011).

3.3.6 Cancer of the pituitary gland

See Table 3.15.

In lifespan studies in mice, the incidence of
pituitary tumours is very low in males (Blackwell
et al., 1995; Sheldon et al., 1995, 1996).

The incidence in female scheduled-sacrificed
C57BL6 control mice was reported to be 14% at
24 months and 64% at 30 months. In DR mice, no
pituitary tumours were found at 24 months and
30 months. Necropsies of mice that died spon-
taneously or were killed when moribund also
indicated a significant reduction in the incidence
of pituitary tumours in the female DR group
compared with the AL group (Blackwell et al.,

1995). In female B6C3F, and B6D2F, mice, the
incidence of spontaneously occurring pituitary
tumours was also lower in the DR group than in
the AL group (Sheldon et al., 1995, 1996).

In a 2-year study in Sprague-Dawley rats fed
35% DR with either a standard diet or a low-pro-
tein, high-fibre diet, incidences of spontaneous
pituitary adenomas were very high in both male
and female AL rats (Keenan et al., 1995). In male
rats, both 35% DR groups had lower incidences
of pituitary adenomas. In contrast, in female rats
the preventive effect of 35% DR was observed
only in the 35% DR group fed the low-protein,
high-fibre diet and not in the 35% DR group fed
the standard diet.

In a lifespan study in F344 rats (Thurman
etal., 1994), the incidence of pituitary tumours in
the 40% DR group was significantly lower than
in the AL group in both female and male rats.
The mean age at death of rats bearing pituitary
tumours was also higher in the 40% DR group
compared with the AL group in both male and
female rats.

Estrogen stimulates the proliferation of
prolactin-producing lactotrophs, and therefore
continuous administration of estrogen promotes
the development of prolactin-producing tumours
in the rat. Pituitary weight can be measured as a
quantitative indicator of estrogen-induced pitu-
itary tumour development, because increased
weight correlates with increases in pituitary cell
number and DNA content. Several studies (Shull
etal., 1998; Spady et al., 1998, 1999; Harvell et al.,
2001) have used this model to study pituitary
tumour development, and some have shown a
reduction of tumour development with 40% DR.
[In this model, response to DR for the inhibition
of tumours depends on the strain of rat used.
These results are confounded by the fact thatbody
weight was reduced by estrogen administration
in the AL group, whereas it was not significantly
reduced in the DR group. In addition, there was
no indication of histopathology or of tumour
incidence. Therefore, these studies are regarded
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Table 3.15 Studies on the prevention of tumours of the pituitary gland by dietary/calorie restriction in mice and rats

Species, Route, dose, and Type of diet, dosing Type of tumours: Statistical Comments
strain (sex) duration of carcinogen regimen, and duration of = Tumour incidence (number of significance
Age at start administration intervention (if not until tumours/effective number of
Number of termination of study) animals, and/or percentage),
animals multiplicity, or other outcomes as
Duration of specified
study
Reference
Mouse
C57BL6 (F) Spontaneous neoplasms NIH-31 open formula diet,  Pituitary tumours (%): [*P < 0.05,
Weanling fed AL or 40% DR from age Mice SS at 0-24 mo, 30 mo: **P < 0.0005 vs
266/group 4 wk; SS at 12, 18, 24, 30, controls, Fisher
SSat 12- 36 mo exact test]
36 mo, or Control (AL) 6/43 (14%), 9/14 (64%)
glfeling | 40% DR 0/44 (0%)*, 0/15 (0%)**
prackme s Pituitary tumours (%): *P < 0.001 vs
el L1903 Mice cht died spontaneously or controls, Fisher
were killed when moribund in the  exact test
SS and the lifespan study groups
(0-27 mo, 28-33 mo):
Control (AL) 17/75 (22.7%), 31/40 (77.5%)
40% DR 0/50 (0%)*, 2/50 (4%)*
B6C3F, (F) Spontaneous neoplasms NIH-31 open formula diet, ~ Pituitary tumours: NS
Weanling fed AL or 40% DR from age Mice SS at 24 mo, 30 mo, 36 mo:
266/group 4 wk; SS at 12, 18, 24, 30,
SSat 12— 36 mo
36 mo, or Control (AL) 0/41, 4/15, 3/14
ity 40% DR 0/42, 1/15, 0/15
781}‘9‘*;‘51” etal, Pituitary tumours (%): *P < 0.001 vs
Mice that died spontaneously or controls, Fisher
were killed when moribund in the  exact test
SS and the lifespan study groups
(0-27 mo, 28-33 mo, 34-39 mo):
Control (AL) 3/56 (5.4%), 13/95 (13.7%), 15/36
(41.7%)
40% DR 0/10 (0%), 0/23 (0%)*, 1/49 (2.0%)*
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Table 3.15 (continued)

Species, Route, dose, and Type of diet, dosing Type of tumours: Statistical Comments
strain (sex) duration of carcinogen regimen, and duration of = Tumour incidence (number of significance
Age at start administration intervention (if not until tumours/effective number of
Number of termination of study) animals, and/or percentage),
animals multiplicity, or other outcomes as
Duration of specified
study
Reference
B6D2F, (F) Spontaneous neoplasms NIH-31 open formula diet,  Pituitary tumours: NR
Weanling fed AL or 40% DR
4 wk Control (AL) 17%
>6/group 40% DR 0%
Lifelong
Sheldon et al.
1996)

Rat
F344 (F, M) Spontaneous neoplasms NIH-31 open formula diet,  Pituitary tumours: *P <0.01, Mean age at death of 40%
4 wk fed AL or 40% DR, from Mice SS at 18 mo, 24 mo, 30 mo: *P < 0.05vs DR rats bearing pituitary
54/group age 14 wk controls, Fisher tumours was higher
SS at 18- Control (AL) F: 3/10, 11/12, 11/12 exact test compared with AL rats in
3'0 mo, or M: 6/10, 9/11, 9/9 both sexes
lifelong 40% DR F: 0/10, 4/12%, 4/12*
Thurman
et al. (1994) M: 2/12, 3/12*%, 7/12

Pituitary tumours: *P<0.01vs

Mice that died spontaneously or controls, x? test

were killed when moribund:

Control (AL) F: 118/160, M: 92/128
40% DR F: 60/137%, M: 55/152*
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Table 3.15 (continued)

Species, Route, dose, and Type of diet, dosing Type of tumours: Statistical Comments
strain (sex) duration of carcinogen regimen, and duration of = Tumour incidence (number of significance
Age at start administration intervention (if not until tumours/effective number of
Number of termination of study) animals, and/or percentage),
animals multiplicity, or other outcomes as
Duration of specified
study
Reference
Sprague- Spontaneous neoplasms Purina Certified Rodent Pituitary adenoma: No difference in incidence
Dawley Chow 5002 (energy value: of pituitary focal
[Crl:CD (SD) 3.07 kcal/g) or 5002-9 hyperplasia between
BR] (F, M) (energy value: 2.36 kcal/g), groups
36d fed at various regimens
70/group Chow 5002:
106 wk Control (AL) F: 50/70, M: 40/70 =
Keenan et al. DR 6.5 h (AL for 6.5 h) F: 49/70, M: 32/70 NS
L9931 35% DR F: 47/70, M: 28/70* *P < 0.05 vs
controls, x2 test
Chow 5002-9:
Control (AL) F: 55/70, M: 37/70 NS
DR (fed at the same calorie ~ F: 31/70%, M: 19/70** *P < 0.001,
intake as rats fed 65% DR **P < 0.01 vs
chow 5002) controls, x2 test
F344 (M) Silastic tubing implants Ingredient diet, fed AL or Prolactin-producing pituitary *P < 0.05vs Pituitary weight was
32d containing 5 mg of DES, s.c.  40% DR tumour: controls measured as a quantitative
6-8/group at age 39 d; animals killed Fold increase of the weight vs indicator of estrogen-
9 wk 8 wk after DES DES-untreated counterparts; induced pituitary
Shull et al. pituitary-to-bw ratio (bw + SD): development
(1998) Control (AL) 11.2-fold, 55.8 x 105 (125 + 7 g) DES treatment reduced
40% DR 3.5-fold", 18.4 x 105 (80 + 3 g) the food intake and thus

bw by ~50% in both AL
and DR groups
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Table 3.15 (continued)

Species, Route, dose, and Type of diet, dosing Type of tumours: Statistical Comments

strain (sex) duration of carcinogen regimen, and duration of  Tumour incidence (number of significance

Age at start administration intervention (if not until tumours/effective number of

Number of termination of study) animals, and/or percentage),

animals multiplicity, or other outcomes as

Duration of specified

study

Reference

Holtzman (M) Silastic tubing implants Ingredient diet, fed ALor  Prolactin-producing pituitary NS Pituitary weight was

32d containing 5 mg of DES, s.c. 40% DR tumour: measured as a quantitative

6-8/group at age 39 d; animals killed Fold increase of the weight vs indicator of estrogen-

9 wk 8 wk after DES DES-untreated counterparts; induced pituitary

Shull et al. pituitary-to-bw ratio (bw + SD): development

(1998) Control (AL) 5.3-fold, 31.6 x 10-5 (263 + 10 g) DES treatment reduced
40% DR 4.1-fold, 30.2 x 105 (175 + 5 g) the food intake and thus

the bw by ~40% in both
AL and DR groups

F344 (F-OVX) Silastic tubing implants Ingredient diet, fed AL, Prolactin-producing pituitary *P < 0.05vs Pituitary weight was

57d containing 27.5 mg of E2, 25% DR, or 40% DR tumour: controls measured as a quantitative

5-8/group by s.c. injection at age 63 d; Fold increase of the weight vs indicator of estrogen-

11 wk animals killed 10 wk after E2-untreated counterparts: induced pituitary

Spady etal. E2 Control (AL) 4.9-fold development

{1998) 25% DR 4.1-fold
40% DR 2.0-fold*

ACI (F-OVX) Silastic tubing implants Ingredient diet, fed AL or Prolactin-producing pituitary NS Pituitary weight was

35d containing 27.5 mg of E2, 40% DR tumour: measured as a quantitative

12/group s.c. at age 45 d; animals Fold increase of the weight vs E2- indicator of estrogen-

22 wk killed 20 wk after E2 untreated counterparts; pituitary- induced pituitary

Spady et al. to-bw ratio (bw): development

(1999) Control (AL) 5.3-fold, 31.6 x 10-5 (160 g) E2 treatment reduced
40% DR 4.1-fold, 30.2 x 10-5 (85 g) the bw by 22% in AL

rats and 21% in DR rats,
vs respective untreated
groups
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Table 3.15 (continued)

Species, Route, dose, and Type of diet, dosing Type of tumours: Statistical Comments
strain (sex) duration of carcinogen regimen, and duration of = Tumour incidence (number of significance
Age at start administration intervention (if not until tumours/effective number of
Number of termination of study) animals, and/or percentage),
animals multiplicity, or other outcomes as
Duration of specified
study
Reference
COP (F-OVX) Silastic tubing implants Ingredient diet, fed AL or Prolactin-producing pituitary NR Pituitary weight was
or ACI containing 27.5 mg of E2, 40% DR tumour: measured as a quantitative
(F-OVX) s.c. at age 45 d; animals Fold increase of the weight vs E2- indicator of estrogen-
35d killed 12 wk after E2 untreated counterparts: induced pituitary
12/group COP development
13 wk Control (AL) 2.4-fold
Harvelletal. 40% DR 1.5-fold
2001 ACI
Control (AL) 3.4-fold
40% DR 4.5-fold

AL, ad libitum; bw, body weight; d, day or days; DES, diethylstilbestrol; DR, dietary restriction; E2, 17B-estradiol; F, female; h, hour or hours; M, male; mo, month or months; NR, not

reported; NS, not significant; OVX, ovariectomized; s.c.; subcutaneous; SD, standard deviation; SS, scheduled-sacrificed; vs, versus; wk, week or weeks.
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as less informative and are considered to provide
only supporting evidence.]

3.3.7 Cancer of the prostate

See Table 3.16.

Several rat models have been used to evaluate
the effects of DR on prostate cancer development.
Only one early study reported the effect of DR
on spontaneous prostate cancer development in
rats. Lobund-Wistar rats raised in conventional
or germ-free conditions were followed up for
up to 41 months. Rats subjected to 30% DR and
raised in conventional conditions had reduced
incidence of prostate adenocarcinoma compared
with the AL rats (6% vs 26%), but among rats
raised in germ-free conditions, the incidence
was higher in the 30% DR rats than in the AL
rats (10% vs 5%), although the overall incidence
of prostate cancer was reduced for rats raised in
germ-free conditions compared with those raised
in conventional conditions (Pollard et al., 1989).

In a carcinogen-induced prostate cancer
model, Wistar-Unilever rats were treated with
the luteinizing hormone-releasing antagonist
cyproterone, followed by treatment with testos-
terone, followed by administration of MNU to
induce prostate cancer. Rats subjected to 20%
DR had longer prostate cancer-free survival
compared with AL rats, and this was accompa-
nied by reduced body weight (Boileau etal.,2003).
However, in a similar study, no effect of 15% DR
or 30% DR on incidence of prostate cancer was
reported, and DR did not reduce body weight
gain (McCormick et al., 2007).

Transgenic models have also been used to
determine the effect of DR on the development of
prostate cancer in rodents. In the probasin/SV40
T antigen transgenic rat model, 30% DR had no
effect on incidence of PIN or of adenocarcinoma
but significantly reduced the percentage ratio
of the epithelial area to the whole prostate area
(which included PIN and tumour cells) (Kandori
et al., 2005). There was reduced weight gain due

to DR. [The Working Group noted the difficulty
in performing morphometric measures in the
prostate gland.]

Another model has been the TRAMP mouse.
When TRAMP mice were subjected to 20%
DR from age 7 weeks for 4 weeks or 13 weeks,
lesions of a lower grade were reported compared
with AL mice [no body weight information was
provided] (Suttie et al., 2003). In a second study
from the same group, 20% DR was not imple-
mented until age 20 weeks and had no effect on
survival or lesion severity [body weight data were
not presented] (Suttie et al., 2005). In an addi-
tional study using TRAMP mice, two different
modes of DR were used, with the same overall
degree of restriction, i.e. 25% DR (Bonorden
etal., 2009a, b). Mice that received IDR - 2 weeks
of 50% DR with 2 weeks of AL feeding, for
11 cycles - had delayed time to prostate tumour
detection, compared with both AL and 25% DR
mice. Body weights were lower in the 25% DR
mice than in the AL mice. [Although the find-
ings are of interest, the Working Group noted the
strong influence of the transgene as the mice age,
thus possibly limiting the model’s usefulness for
evaluating the effect of DR on prostate cancer
development.]

The Hi-Myc mouse model was also used to
assess the effects of 30% DR or a HFD (60% fat)
implemented at age 6 weeks compared with an
AL group. At age 26 weeks, the incidence of pros-
tate adenocarcinomas was 62% in the AL mice,
compared with no tumours observed in the 30%
DR group (Blando et al., 2011).

3.3.8 Cancers of the haematopoietic system
(a) Lymphoma

See Table 3.17.

Two lifespan studies in male BIOC3E,
(Weindruch & Walford, 1982) and C57BL/6 mice
(Volk et al., 1994) started DR at age 45-50 weeks
and assessed incidence of malignant lymphoma.
DR (44% DR or 25% DR) significantly increased
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Table 3.16 Studies on the prevention of tumours of the prostate by dietary/calorie restriction in rats and mice

Species, strain (sex)
Age at start
Number of animals

Route, dose, and duration of
carcinogen administration

Type of diet,
dosing regimen,
and duration of

Type of tumours:
Tumour incidence (number of
tumours/effective number of

Statistical
significance

Comments

Duration of study intervention animals, and/or percentage),
Reference multiplicity, or other outcomes as
specified

Rat

Lobund-Wistar (M) Spontaneous tumours in Cereal-based Prostate adenocarcinoma: [*P < 0.008, Fisher A second study (Snyder
Weanling either conventional or germ-  L-485 Conventional AL, 26%; 30% DR, exact test, 2-tailed] et al., 1990), with the same
n =100 free housing 30% DR for 6, 6%* design, reported similar
up to 41 mo 18, 30 mo or Germ-free AL, 5%; 30% DR, 10% results: 22%, 7% [NS],
Pollard et al. (1989 > 30 mo 7%, 6%

Wistar-Unilever (M)  Cyproterone, 4 weekly i.p. AIN-93M for Prostate adenocarcinoma: P=0.03 Lower bw in DR rats than
6 wk injections; then testosterone, 4 wk; then half Cancer-free survival at 50 wk: in AL rats

n=194 daily i.p. injection; then of all rats given AL, 35%; 20% DR, 52% Additional groups fed
age 73 wk MNU, 50 mg/kg bw, at age 20% DR lycopene or tomato
Boileau et al. (2003) 9 wk supplements AL or at 20%

DR

Probasin/SV40 T Probasin/SV40 T antigen NIH-07 Adenocarcinoma: NS 100% incidence of PIN in
antigen transgenic (soybean-free) Ratio of epithelial area to whole P <0.01 for ventral, all groups
on Sprague-Dawley 30% DR prostate area lateral, or dorsal Small # values; bw
background (M) prostate significantly lower in 30%
6 wk DR group vs controls

n =40

13 wk

Kandori et al. (2005)
Wistar-Unilever (M)  Cyproterone, oral gavage Purina 5001 Prostate adenocarcinoma: NS 30% DR had no effect on
7-8 wk for 21 d; then testosterone, laboratory chow  Control, 74% bw

n =159 daily s.c. for 3 d; then MNU,  15% DR 15% DR, 64%

52 wk 30 mg/kg bw, at age ~12 wk 30% DR 30% DR, 72%
McCormick et al.

2007)
Mouse
TRAMP on C57BL6 TRAMP mice NTP-2000 Lower grade of lesions: *P < 0.05,
background (M) 20% DR for 4 wk 11 wk: ventral***, lateral***, P < 0.01,

7 wk or 13 wk dorsal**, and anterior** lobes P < 0.001,

n=10 20 wk: ventral, lateral**, dorsal***, Mann-Whitney

13 wk and anterior* lobes U test

Suttie et al. (2003
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Table 3.16 (continued)

Species, strain (sex) Route, dose, and duration of Type of diet, Type of tumours: Statistical Comments
Age at start carcinogen administration  dosing regimen, Tumour incidence (number of significance
Number of animals and duration of tumours/effective number of
Duration of study intervention animals, and/or percentage),
Reference multiplicity, or other outcomes as
specified

TRAMP on C57BL6 TRAMP mice NTP-2000 No effect on grade of lesions NS [Model not adequate for
background (M) 20% DR for 4 wk, Survival at 19 wk: NS studying prostate cancer
20 wk 12wk,or 19wk AL, 75%; DR, 90% at later age]
n=10
19 wk
Suttie et al. (2005)
TRAMP on C57BL6 TRAMP mice Ain-93M fed Adenocarcinoma: P <0.006, IDR vs Bw of DR mice fairly
background (M) AL, 25% DR, or Latency to detection: AL constant, whereas that of
5 wk 25% IDR (50% AL, 33 wk; 25% DR, 35 wk; IDR, P=0.39,DRvs AL IDR mice fluctuated
n =130 DR for 2 wk, 38 wk See also cross-sectional
48-50 wk then AL for 2 wk study by Bonorden et al.
Bonorden et al. for 11 cycles) (2009b)

2009a)

Hi-Myc FVB/N (M)
6-8 wk

n=36

age 26 wk

Blando et al. (2011

Transgenic Hi-Myc mice

AIN76A, fed AL,
30% DR, or
HED (60% fat)

Prostate invasive adenocarcinoma:
AL, 62%; DR, 0%*; HFD, 97%

Prostate in situ carcinoma:

AL, 100%; DR, 38%*; HFD, 100%

*P =0.0001, DR vs
AL or HFD

[Values read from graph]

AL, ad libitum; bw, body weight; d, day or days; DR, dietary restriction; F, female; HFD, high-fat diet; IDR, intermittent dietary restriction; i.p., intraperitoneal; M, male; mo, month or
months; MNU, N-methyl-N-nitrosourea; NR, not reported; NS, not significant; PIN, prostatic intraepithelial neoplasia; TRAMP, transgenic adenocarcinoma of the mouse prostate;
vs, versus; wk, week or weeks.
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Table 3.17 Studies on the prevention of lymphomas by dietary/calorie restriction in mice

Strain (sex) Route, dose, Type of diet, dosing regimen, and Type of tumours: Statistical Comments
Age at start and duration duration of intervention Tumour incidence (number of significance
Number of of carcinogen tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes as
study specified
Reference
B10C3F, (M) Spontaneous Semi-purified diet, fed AL or 44%  Lymphoma (%); mean lifespan with *NS (P < 0.08) Animals were killed
45-50 wk neoplasms DR with supplementation, from lymphoma: *P < 0.01, t test when moribund
67-68/group age 12-13 mo
Lifelong Control (160 kcal/wk) 47%, 31.9 mo
Weindruch & 44% DR (90 kcal/wk) 31%*#, 36.2 mo*
Walford (1982
C57BL/6 (M)  Spontaneous AL or 25% DR, from age 12 mo Lymphoma (%): *P < 0.05, X2 test
45 wk neoplasms Control (AL) 14/72 (19%)
60-72/group 25% DR 3/60 (5%)*
Age 25 mo
Volk et al.
1994
C57BL6 (F, M) Spontaneous NIH-31 open formula diet, fed AL Lymphoma: *P < 0.05 vs controls, SS mice were combined
4 wk neoplasms or 40% DR. Mice were SS at 12,18, Mice SS at 0-24 mo, 30 mo: Fisher exact test because of the low

266/group

SS at 12—

36 mo, or

lifelong

Blackwell et al.
1995)

24, 30, and 36 mo, or necropsied
when died spontaneously or were
killed when moribund

Control (AL)

40% DR

Control (AL)

40% DR

F: 11/43, 5/14

M: 2/43,2/14

F: 3/44%, 0/15

M: 2/44, 0/15

Lymphoma (%):

Mice that died spontaneously or
were killed when moribund in the
SS and the lifespan study groups
(0-33 mo):

F: 35/115 (29.6%)

M: 12/156 (7.7%)

F: 13/100 (13%)*

M: 9/106 (8.5%)

*P < 0.01 vs controls,
X test

incidence of lymphoma
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Table 3.17 (continued)

Strain (sex) Route, dose, Type of diet, dosing regimen, and Type of tumours: Statistical Comments
Age at start and duration duration of intervention Tumour incidence (number of significance
Number of of carcinogen tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes as
study specified
Reference
Blackwell et al. Histiocytic sarcoma: NS
1995 SS at 0-24 mo, 30 mo:
(cont.) Control (AL) F: 1/43, 5/14
M: 1/43, 4/14
40% DR F: 3/44, 3/15
M: 1/44, 5/15
Histiocytic sarcoma (%): *P < 0.001 vs
Mice that died spontaneously or controls, Mantel-
were killed when moribund in the ~ Haenszel x? test
SS and the lifespan study groups
(0-27 mo, 28-33 mo):
Control (AL) F: 19/75 (25%), 18/40 (45%)
M: 34/83 (41%), 54/73 (74%)
40% DR F: 20/50 (40%), 27/50 (54%)
M: 9/32 (28.1%), 31/74 (41.9%)*
B6C3F, (F, M) Spontaneous NIH-31 open formula diet, fed AL  Lymphoma (%): NS Incidence of malignant
4 wk neoplasms or 40% DR. Mice were SS at 12, 18, SS at 30 mo, 36 mo: lymphoma during the
266/group 24, 30, and 36 mo, or necropsied period 0-24 mo was
SSat12- when died spontaneously or were < 3% in F and M mice of
36 mo, or killed when moribund AL and DR groups
lifelong Control (AL) F: 4/15 (26.7%), 9/14 (64.3%)
Sheldon et al. M: 3/15 (20.0%), 6/15 (40.0%)
(1995) 40% DR F: 0/15 (0%), 1/15 (6.7%)
M: 0/15 (0%), 0/15 (0%)
Lymphoma (%): NS
Mice that died spontaneously or
were killed when moribund in the
SS and the lifespan study groups
(0-27 mo, 28-40 mo):
Control (AL) F: 24/56 (42.9%), 84/161 (52.2%)

M: 8/39 (20.5%), 46/118 (39%)
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Table 3.17 (continued)

Strain (sex) Route, dose, Type of diet, dosing regimen, and Type of tumours: Statistical Comments
Age at start and duration duration of intervention Tumour incidence (number of significance
Number of of carcinogen tumours/effective number of
animals administration animals, and/or percentage),
Duration of multiplicity, or other outcomes as
study specified
Reference
Sheldon et al. 40% DR F: 2/10 (20%), 28/72 (38.9%)
(1995) M: 0/7 (0%), 13/45 (28.9%)
(cont.) Histiocytic sarcoma (%): NS

Mice that died spontaneously or

were killed when moribund in the

SS and the lifespan study groups

(27-33 mo, 28-40 mo):

Control (AL) F: 7/95 (7.4%), 4/36 (11.1%)
M: 9/68 (13.2%), 5/50 (10%)
40% DR F: 3/23 (13%), 3/49 (6.1%)

M: 4/12 (33%), 5/33 (15%)
P53/, p53+/* Spontaneous AIN-76A diet, fed AL or 40% DR~ Lymphoma; mean time to death by =~ *P < 0.05 vs controls ~ Median time to death:
[94% C57BL/6, neoplasms from 6-9 wk, lifelong lymphoma (n): 16 wk in p53-- AL, 25 wk
6% 129/Sv] Control (AL) p53--: 17/30, 110 + 50 d (16) in p53-- DR; 68 wk in
M) p53+/+: 4/30, 384 + 187 d (4) p53++ AL, 102 wk in
4-7 wk 40% DR p53--: 19/28, 162 + 59 d (16) p537* DR
28-30/group P53+ 6/30, 679 + 198 d* (6)
Lifelong
Hursting et al.
(1997)
p53+- C57BL6  Spontaneous AIN-76A diet, fed AL or 40% DR,  Number of mice that died from *P =0.001, Mean bw: ~50 g in AL,
(M) neoplasms or 1 d/wk fast (14% DR) lymphoma/effective number of **P=0.039 vs 27 gin 40% DR, 38 g in
10.5 mo mice; mean lifespan: AL group, Cox 1 d/wk fast
31-32/group Control (AL) 17/32,313 £17d proportional hazards
12.5mo 40% DR 15/31, 388 + 23 d* analysis (1-tailed)
Berrigan etal. 1 d/wk fast (14% DR) 15/31, 357 + 23 d**
2002)

AL, ad libitum; bw, body weight; d, day or days; DR, dietary restriction; F, female; M, male; mo, month or months; NS, not significant; SS, scheduled-sacrificed; vs, versus; wk, week or

weeks.
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the mean lifespan of mice with lymphoma or
reduced the incidence of lymphoma.

In another study (Blackwell et al., 1995), the
incidence of spontaneous malignant lymphoma
was significantly lower in the female 40% DR
group than the female AL group at 24 months
and 30 months; however, there was no differ-
ence between the male 40% DR and AL groups.
[Lymphoma incidence in male AL mice was
substantially lower than that in female AL mice.]

In the same study, the incidence of histio-
cytic sarcoma [diffuse large B-cell lymphoma] in
scheduled-sacrificed mice did not differ signif-
icantly between the 40% DR and AL groups in
either male or female mice. However, the inci-
dence of histiocytic sarcoma in mice that died
spontaneously or were killed when moribund
was significantly lower in the male DR group
compared with the male AL group (Blackwell
et al., 1995). [The Working Group noted that
the study provided separate results for sched-
uled-sacrificed and moribund animals, which
makes evaluation of the effect difficult.]

In another study in male and female B6C3F,
mice, the incidence of malignant lymphoma was
lower than 3% up to 24 months in both AL and
40% DR groups (Sheldon et al., 1995). At age
30 months and 36 months, the incidence was
greater than 20% in both female and male AL
mice, whereas it remained at mostly 0% in 40%
DR mice. In mice that died spontaneously or
were killed when moribund during the periods
of 0-27 months and 28-40 months, the inci-
dence was lower in the DR groups than in the
AL groups of male and female mice, although
the difference was not statistically significant. No
difference was observed for histiocytic sarcomas.

Tp53-deleted mice display earlier occurrence
of spontaneous neoplasms, including malignant
lymphoma (Hursting et al., 1994). The incidence
of malignant lymphoma in necropsied Tp53-/-
mice subjected to 40% DR did not differ from
that in their AL counterparts, but the mean
time to death by lymphoma was longer in the

40% DR group than in the AL group (Hursting
et al., 1997). In another study, p53+- mice prone
to malignant tumours including lymphoma
(mostly histiocytic sarcoma) were subjected to
adult-onset 40% DR (Berrigan et al., 2002). The
mean lifespan was longer in the 40% DR group
than in the AL group. Even with 1 day of fasting
per week followed by AL feeding, the regimen
reduced the body weight to 76% of that of the
AL group and extended the lifespan, although
the effect was modest (P = 0.039) compared with
that observed in the 40% DR group.

(b) Leukaemia

See Table 3.18.

In long-term studies, F344 rats (particularly
F344/N) often develop leukaemia, mostly mono-
nuclear (large granular) cell leukaemia.

The incidence of leukaemia in rats killed at
24 months and 30 months did not differ between
AL and 40% DR groups of male and female rats
(Thurman et al., 1994). The proportion of rats
bearing leukaemia that died spontaneously or
were killed when moribund seemed to be greater
in the 40% DR groups of male and female rats.
However, the mean ages at death in rats found
dead or killed when moribund were higher in the
40% DR groups of male and female rats than in
the AL groups. [The number of animals may have
been too small to allow relevant statistics; also,
leukaemia incidence may have been increased in
the DR rats because they lived longer.]

Peto et al. (1980) and Gart et al. (1986) have
addressed thebiasesinherent tolong-termanimal
studies in which lifespan is extended by an inter-
vention such as DR, and have described statistical
analyses to circumvent the problem. By following
their statistical procedures, Shimokawa et al.
(1996) estimated that the onset rate of leukaemia
in F344 rats was reduced by 20% in the 40% DR
rats compared with the AL animals.

Pathological data of F344/N rats generated
in the National Toxicology Program study of
butyl benzyl phthalate (NTP, 1997) indicated
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Table 3.18 Studies on the prevention of leukaemia by dietary/calorie restriction in rats

Strain (sex) Route, dose, Type of diet, dosing regimen, and  Type of tumours: Statistical Comments

Age at start and duration duration of intervention Tumour incidence (number  significance

Number of of carcinogen of tumours/effective

animals administration number of animals, and/or

Duration of study percentage), multiplicity, or

Reference other outcomes as specified

F344 (F, M) Spontaneous NIH-31 open formula diet, fed AL Leukaemia (%) at 24 mo, NS

4 wk neoplasms or 40% DR gradually implemented 30 mo:

54/group over 2 wk from age 14 wk

Lifelong Control (AL) F: 1/12 (8.3%), 7/12 (58.3%)

Thurman et al. M: 6/12 (50%), 5/9 (55.6%)

(1994) 40% DR F: 4/12 (33.3%), 3/12 (25%)

M: 7/12 (58.3%), 6/12 (50%)

F344 (M) Spontaneous Semi-synthetic diet, fed AL or 40% Leukaemia (%); relative onset  *P < 0.05, The relative onset rate, defined by

6 wk neoplasms DR rate: Peto test Peto et al. (1980), is a descriptive

153 or 155/group Control (AL) 38/111 (34.2%), 1.00 index useful in determining whether

Shimokawa et al. 40% DR 39/89 (43.8%), 0.80* a dietary modulation influences

1996 the occurrence of a neoplasm.

The expected number of rats with
leukaemia/lymphoma was calculated
by analysing the death rate and the
prevalence rate separately.

F344/N Spontaneous NIH-07 open formula diet, fed AL;  Leukaemia (mostly *P < 0.01 Adjusted rate: Kaplan-Meier-

(F, M) neoplasms M: 20% DR between 14 wk and mononuclear cell leukaemia); estimated neoplasm incidence at the

6 wk 52 wk and 7% DR between 53 wk adjusted rate: end of the study after adjustment for

60/group and 101 wk; intercurrent mortality

104 wk F: 25% DR between 14 wk and 52 wk

NTP (1997) and 30% DR between 53 wk and

104 wk
Control (AL)

Weight-matched control of a
carcinogen testing protocol (7-30%
DR) from 14 wk to 104 wk

F: 21/50, 51.7%
M: 31/50, 71.8%
F: 13/50, 28.6%
M: 15/50%, 34.9%

AL, ad libitum; DR, dietary restriction; F, female; F344, Fischer 344; M, male; mo, month or months; NS, not significant; NTP, National Toxicology Program; wk, week or weeks.
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a reduction in the incidence of leukaemia in
F344 rats in which daily feed allocations were
restricted to 7-30% less than that of untreated
AL rats, to weight-match the animals. When the
rates were adjusted for intercurrent mortality,
the Kaplan-Meier-estimated incidences of
leukaemia were approximately 50% less than
those in AL animals.
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