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A Multi-stage Carcinogenesis Model to Investigate
Caloric Restriction as a Potential Tool for
Post-irradiation Mitigation of Cancer Risk
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The risk of radiation-induced cancer adds to anxiety in low-dose exposed populations. Safe and effective lifestyle changes which can
help mitigate excess cancer risk might provide exposed individuals the opportunity to pro-actively reduce their cancer risk, and improve
mental health and well-being. Here, we applied a mathematical multi-stage carcinogenesis model to the mouse lifespan data using
adult-onset caloric restriction following irradiation in early life. We re-evaluated autopsy records with a veterinary pathologist to determine
which tumors were the probable causes of death in order to calculate age-specific mortality. The model revealed that in both irradiated
and unirradiated mice, caloric restriction reduced the age-specific mortality of all solid tumors and hepatocellular carcinomas across most
of the lifespan, with the mortality rate dependent more on age owing to an increase in the number of predicted rate-limiting steps.
Conversely, irradiation did not significantly alter the number of steps, but did increase the overall transition rate between the steps.
We show that the extent of the protective effect of caloric restriction is independent of the induction of cancer from radiation exposure,
and discuss future avenues of research to explore the utility of caloric restriction as an example of a potential post-irradiation mitigation

strategy.
(J Cancer Prev 2016;21:115-120)
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INTRODUCTION

Following exposure of a population to radiation, concern about
the risk of radiation-induced cancer can be a major source of
anxiety,"” particularly for parents concerned about the future
health of their children.’ Despite the obvious importance of
preventing accidental radiation exposure and reducing exposure
levels, it is not currently known whether there is a practical way
to specifically mitigate radiation-induced cancer risk once
exposure has occurred.*” Post-exposure measures to increase
survival from acute radiation are available for individuals
needing intensive care after high-dose exposure; however, for
large populations exposed to low radiation doses, there are no
medical interventions which are currently advised to reduce the
probability of a radiation-induced malignancy later in life.

Research into chemical and biologic radio-protectors has been
ongoing for many decades,” and while some agents have been
found to confer a certain degree of protection against acute
effects when delivered within a short period after irradiation,
many need to be administered prior to exposure in order to be
effective. In the absence of a specific medical countermeasure, a
consensus regarding other strategies proven to be effective in
minimizing radiation-induced cancer risk and/or cancer risk more
generally, would likely be a valuable public health tool. In addition
to direct effects on cancer burden, empowering individuals in
exposed populations by providing safe, proven methods to lower
their cancer risk could assist in decreasing anxiety and improving
coping skills.”

One candidate for such an approach is caloric restriction (CR).
Controlled dietary intake has long been studied in terms of its
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effects on increasing longevity and reducing cancer incidence.”
CR has also been investigated for its potential as an adjuvant
cancer treatment, to slow the growth of existing tumors.”"
Although many specific mechanisms of CR have been documented,
it has effects on a wide range of physiological and cellular
systems, not all of which are understood. In fact, the levels of CR
required to produce the greatest longevity effects in experimental
animals are perhaps beyond what could be reasonably mainta-
ined by most people, and certainly would not be advised for
children or young people during their developmental years." Yet,
understanding the kinetics of how cancer preventative/supp-
ressive approaches can be instigated long after the time of irradi-
ation affects the risk of radiation-induced cancer can help us to
determine the utility of such approaches, and whether they can
specifically prevent or merely offset radiation-induced cancer risk.

We recently published the results from a relevant lifespan
study in mice. Seven weeks after 1-week-old mice were subjected
to 3.8 Gy irradiation, they were fed either a diet equivalent to
their ad libitum calorie intake (95 kcal/mouse/week) or switched
to a nutritionally-balanced diet limited to approximately 1/3
fewer calories (65 kcal/mouse/week).'” The results showed that
irradiation alone decreased tumor-free lifespan, CR alone incre-
ased tumor-free lifespan, and initiating CR after irradiation was
able to partially mitigate radiation-induced cancer. Separating the
data by cause of death revealed that different tumor types/sites
responded differently to CR, with radiation-induced lymphomas
showing little to no response, while a clear effect could be seen for
late-occurring solid tumors. Here, we analysed the pathology
results further to identify cases of lethal solid tumors and applied
a multistage mathematical model of carcinogenesis to the data"
in order to gain mechanistic insight into the protective effect of
CR, specifically as it relates to radiation-induced cancers.

MATERIALS AND METHODS

We used lifespan data from male B6C3F1 mice published by
Shang et al."” Briefly, mice were either irradiated with 3.8 Gy of
X-rays at 1 week of age, or were sham-irradiated. This radiation
dose was chosen because it is known to efficiently induce both
haematopoietic and various solid tumors in the B6C3F1 mouse
strain, providing the opportunity to examine whether CR would
have differential effects by tumor type. At 7 weeks of age, irra-
diated and unirradiated mice were switched from an ad /ibitum
diet to either a diet limited to 95 kcal/week/mouse (equivalent to
ad libitum) or to a nutrient-balanced but calorically restricted diet
of 65 kcal/week/mouse (a caloric reduction of approximately

one-third). At this age, mice are fully developed adults but have
not yet reached their peak body weight, allowing the mice to
physiologically adapt to longterm CR without interrupting
normal development or inducing a sharp decline in body weight.
The four groups were monitored over their natural lifespan, with
detailed autopsy and pathology analysis for each mouse. tumor
spectrum and latency, and their effects on overall lifespan, were
used as measures of the interaction between radiation-induced
carcinogenesis and CR.

In the original study, lifespans were compared based on
tumors that the mice harboured at the time of autopsy. However,
as such tumors could be either incidental or lethal, the age of the
mouse at the time of death may not have been directly related to
any one of the tumors discovered at autopsy.'* Thus, we elected
to use data only from mice with tumor(s) that were diagnosed as
lethal, with the autopsy and pathology records re-evaluated by a
veterinary pathologist. This approach allowed us to compare the
age-specific tumor mortality in a manner analogous to that used
in human cancer epidemiology. Since CR was not observed to
have a significant effect on leukaemia/lymphoma, we limited our
analyses to deaths due to any solid tumor (except sarcoma, which
was rare), and then further analysed deaths due to lethal
hepatocellular carcinoma (HCC), lethal lung tumor, or lethal
hemangioma.

We used a simple implementation of the Armitage-Doll
model,”” which postulates that a normal single cell must undergo
several critical steps, such as mutations or other rate-limiting
events, to become a malignant cell. Armitage and Doll used this
model to explain the temporal variation in the death rate for solid
cancer, and it has since been used across a large number of
epidemiological studies to estimate the stages of cancers at many
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The mortality rate of cancer at age ¢ I( (tumor
deaths/mouse-day), is related to the probabilities of the transition
between each step, p (transitions per unit time). Because the
transitions must proceed in a unique, sequential order, I(9 is
expressed as shown in Equation (1), below, where kis the number
of critical stages in the course of carcinogenesis a cell needs to
pass through before becoming fully malignant, #is the age of the
mice, and p is the probability of a transition from the (£1)" to the

;0 change (i < A).

(1) 1( = 4])1(22_ 1;,9 R

The logarithm of I(4 is directly proportional to the logarithm of
age, as shown in Equation (2), where a is a constant representing



the product of the transition (Py) rates divided by (4-1)!, and #(in
our analysis) is the mid-point of age divided into 200-day
increments.

2 logl(d =a + (k—1)log ¢

By plotting the log of age-specific mortality rate, I(3, against the
log of age () obtained from the lifespan and pathology data, we
used a linear fit (estimated using the non-linear least squares
method with R software version 3.1.3) to calculate the intercept
(a) and slope (%1) for each of the three site-specific tumors and all
solid tumors to derive the model parameters Py and £ An
estimate of the per-stage transition rate, py, was calculated from
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Figure 1. Armitage-Doll model fits of age-specific mortality data tak-
en from Shang et al,"” calculated from deaths from all solid cancers
(except sarcoma). The data points are plotted as the log of age-specif-
ic mortality (tumor-deaths per mouse day) versus the log of age
(days) for each incremental 200-day period. The lines show the fit
used to calculate the model parameters & and a, and the & parameter
derived from each fit is shown. Drop lines from each point show
the deviations from the fit.
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the product of the transition rates, P

RESULTS

Figure 1 shows the model fit for all solid tumors for the four
treatment groups, with the model parameters for all solid tumor
data and for the three site-specific analyses shown in Table 1. The
data clearly show a more rapid increase in the mortality rate with
age in the two 65 kcal groups (CR) compared to the mortality rate
of mice on the 95 keal diet. This is consistent with the increased
lifespan associated with CR reported in the original data, since,
although there is a stronger effect of age on the increase in the
mortality rate, the mortality rate starts at a lower point and
remains lower for most of the animals’ lifespans, exceeding that
of the standard diet only at the most advanced ages, by which
time few animals remain alive. The increase in the slope and thus
in the model parameter & with CR is significant for all solid
tumors, HCC, and lung tumor deaths (Table 2), but is not signi-
ficant for hemangioma. For all solid tumors and HCC, the increase
in k associated with CR was equivalent in irradiated and uni-
rradiated mice. On the contrary, irradiation did not change the
estimate of & with no significant change in the slopes of the
graphs of solid tumor deaths or any of the site-specific data.

For each of the four treatment groups, the age-specific mor-
tality data for all solid tumors shows an increase with age that is
consistent with the power function characteristic of the simple
Armitage-Doll model (R® > 0.98). HCC represented between 27%
to 56% of the diagnoses for solid tumor death in each group, and
the model for the HCC data (R’ > 0.93) was very consistent with
the all-solid tumor model. Although the model fits were rea-
sonable (R® > 0.88), there were too few cases of lung cancer to
provide a model fit for each group, and the model fit was poor for
hemangioma (R® > 0.38).

DISCUSSION

Both the pooled solid tumor and HCC models showed a

Table 1. Parameters of the Armitage-Doll model for deaths from all solid cancers and site-specific tumors

All solid cancer Hepatocellular carcinoma Lung tumors Hemangiomas
Dose (Gy) Diet (kcal/wk)
P k P k P k P k
0 65 1.9 x 10 ® 6.8 27 x 10 % 7.8 7.4 x 10 ® 9.5 39 x 10 © 5.2
95 25 x 10 ! 3.9 58 x 10 4.9 22 x 10 2 4.1 1.6 x 107 4.6
3.8 65 19 x 1077 5.8 50 x 10 6.9 19 x 107 ™ 4.4 24 x 10" 3.7
95 18 x 10°° 3.4 53 x 10 " 3.9 20 x 10°¢ 2.7 29 x 10°¢ 2.5

°This value is for reference only, based on a fit to only two points from the experimental data.
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Table 2. Changes of the stages (AK) affected by calorie and irradiation

Effect of CR (Ak = SE)

Effect of Irradiation (A% * SE)

0 Gy 3.8 Gy Difference with radiation 65 kcal 95 kcal Difference with CR
All solid tumors 29 = 0.5* 24 + 0.6* —0.5 —10 = 0.7 —05 = 04 —0.5
HCC 29 = 1.0* 3.0 £ 1.0 0.1 —09 = 0.8 —10 = 1.2 0.1
Lung cancer’ 54 = 1.9% 1.7 - —5.1% —14 = 09
Hemangioma 06 = 1.2 1.2 £ 19 0.6 —15 =10 —21 =23 0.4

CR, caloric restriction; HCC, hepatocellular carcinoma. “These values are derived from a slope co-efficient based on

only two age-specific mortal-

ity points in the 3.8 Gy — 65 kcal group. *The difference in slopes is statistically significant (7 < 0.05).

significant increase in £ with CR. An increase in 4 of around 3
reflects a more rapid increase in the mortality rate in aging mice
on the lower calorie diet, albeit starting from a lower baseline
mortality rate. According to the tenets of the model, these data
could be construed as reflecting the presence of additional 'steps’
necessary for the carcinogenic process which delay the onset of
tumors but also allow for the accumulation of cells in the
penultimate stages of tumor formation. The reduction in the
product of the transition rates with CR could be the result of an
overarching effect common to all of the steps (such as a decrease
in the spontaneous mutation rate), or the result of a specific effect
which alters the probability of one particular transition. The
results presented here confirm that solid tumor mortality is
indeed lower when mice are subjected to CR for most of their
lifespan, and excludes artefacts due to variations in tumor stage
or accelerated discovery of incidental tumors due to earlier death
caused by another tumor type.

The similarity in the effect of CR on both parameters between
the irradiated and unirradiated groups may suggest that there is
no or little interaction between the detrimental effects of
irradiation and the beneficial effects of the dietary regimen. It is
thus possible that CR offsets both spontaneous and radia-
tion-induced carcinogenesis in a similar fashion. This could mean
that existing data on the optimal levels, duration, and timing of
CR may be applicable to individuals who have previously been
exposed to radiation. Interestingly, although the products of the
transition rates did increase, the modelled values of & were not
significantly lower in the irradiated mice, consistent with the
notion that the probability of mutations was altered without
concomitant alterations in the oncogenic pathway. It may be that
a radiation-induced DNA mutation, such as inactivation of a
tumor suppressor gene, might instantaneously move cells one or
more steps forward through a multistage progression towards
carcinogenesis, effectively removing the step(s). Although not
significant, the effect of irradiation on the values of & were
estimated to be in the range of a loss of a single step, and, thus,

such an explanation is not excluded by our data. Since radiation
may act on the carcinogenic process by inducing genomic
instability, stimulating tissue regeneration following radia-
tion-induced apoptosis, and other physiological changes, as well
as introducing DNA mutations, it is plausible that the overall
effect of irradiation on age-specific mortality would affect both
the number of steps and the transition rate.

Here, the effects of radiation and CR were not included in the
model itself, since a sufficient quantity of data are not currently
available to formalize the relationship. However, having demons-
trated an effect of CR on both the parameters of this simple
model, we can begin to consider the types of experimental data
that would be valuable for incorporating radiation exposure and
CR directly into the model. The most pertinent questions
pertaining to CR would be:

— What is the relationship between the level of CR and the

induction of protective effects, and is there a threshold?

— What is the effect of the interval between radiation

exposure and the onset of CR?

— What is the effect of the duration of CR?

In one study, adult 7tp53” mice (which are highly predi-
sposed to cancer development) were assigned to either a
calorie-restricted diet or a one-day-a-week fasting regimen, and
both diets were associated with a delay in cancer-related death.'”
As discussed above, if radiation-mediated cancer induction and
CR-mediated cancer suppression are indeed independent of one
another, existing data on CR regimens could be used to formulate
a model to examine optimal strategies for offsetting both radia-
tion-induced and spontaneous cancer risk. Such approaches have
been used to model lung cancer risk after smoking cessation to
understand the competing effects of smoking levels, duration,
and time since quitting.'® Analogously, comparing the effecti-
veness of long-term/lifetime CR versus short-term intense CR
after irradiation might provide insight into the nature of the
additional steps implied by the model discussed here, and such
animal experiments are now being undertaken.



Ultimately, the impractical nature of extreme CR gives rise to
the question of whether complementary stressors or mimetics
could be used instead. Much research has been undertaken to
find CR mimetics," and candidates which prove effective will
likely be applicable to post-radiation risk mitigation. We are
investigating the effect of addition of dietary supplements (such
as the plant phenol resveratrol, one candidate CR mimetic™® to
the standard laboratory diet of mice. We are also undertaking
experiments to determine whether radiation-induced tumors
arising in calorie-restricted and -unrestricted animals show any
differences in key carcinogenic pathways at the molecular level.
Any differences in tumor phenotype may indicate pathways
where CR interacts with the accumulation or selection of
mutations. In parallel, we have established experiments utilizing
environmental enrichment for laboratory mice (play equipment,
increased housing space, nesting materials) following radiation
exposure to explore whether other simple lifestyle changes may
mitigate radiation-induced cancer. It is not expected that any one
of these measures alone will have a dramatic impact on cancer
incidence, but lifestyle changes that are safe, simple, and
beneficial represent low-hanging fruit that might be included in
post-disaster counselling and public health campaigns. Human
populations invariably have additional cancer risk factors,” such
as smoking, alcohol consumption, sedentary lifestyles, and
associated obesity, which are difficult to reproduce in experi-
mental animals. However, it is likely that existing public health
recommendations for reducing cancer risk will be similarly
effective in offsetting or mitigating low dose radiation-induced
cancer risk.

Ultimately, at the radiation exposure levels relevant to large
populations in the wake of environmental contamination, the
increased risk to the individual is small compared to the
background risk of cancer in the population. Simple lifestyle
changes which can be proven to help offset both spontaneous and
radiation-induced risk might provide significant public health
benefits, both in terms of decreased cancer burden and improved
mental health and well-being,
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