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ABSTRACT

Cancer that occurs at numerous organ sites, including the colon and breast,
is inhibited by energy restriction, and the inhibition is proportional to the degree of
restriction imposed. In an effort to identify the mechanism(s) by which energy restric-
tion exerts this effect, a short term model system of experimentally induced mammary
carcinogenesis was used. Given that carcinogenesis is known to involve a dysregulation
of tissue size homeostasis in which cell proliferation and cell death are in dysequilib-
rium, we hypothesized that energy restriction exerts its effect by altering one or more
aspects of cell cycle regulation. It was observed that energy restriction inhibited cell
proliferation and increased cell death due to apoptosis. Thus attention was next focused
on aspects of cell cycle regulation that might be affected by energy restriction. It was
observed that the amount of p27 protein, one member of the Cip/Kip family of genes
that are involved in cell cycle arrest, was increased dose dependently by energy restric-
tion. Based on this and related observations, the hypothesis is advanced that energy
restriction inhibits carcinogenesis, at least in part, by delaying cell cycle progression via
shifting cell populations into a G(0)/G(1)state. Ongoing work indicates that corticos-
teroids, which are produced in increased amounts in response to energy restriction, may
be involved in mediating this effect.

1. OVERVIEW

Decades of investigation have clearly established that dietary restriction, in all
animal species tested thus far, increases life span and reduces the occurrence of many
age-associated degenerative diseases including cancer."* Recent studies have convinc-
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ingly demonstrated that the inhibitory effect of dietary restriction on carcinogenesis
is due specifically to a reduction in the intake of calories, and that inhibition of
carcinogenesis is not due to a reduction in the intake of other nutrients.>” Moreover,
in several studies protection against carcinogenesis by energy restriction has been
shown to be directly proportional to the degree of restriction imposed.*” An acc-
umulating amount of evidence points to a specific effect of energy restriction on various
growth factors, oncogenes, and tumor suppresser genes that are involved in the car-
cinogenic process.''* Moreover, data recently reported by our laboratory fails to
support that energy restriction per se is sufficient for protection against carcinogene-
sis to be manifest.'”” Specifically, it was observed that energy restriction plus exercise
failed to inhibit carcinogenesis, despite the fact that body weight gain, carcass energy,
and carcass fat of exercised and energy restricted animals were reduced to a greater
extent than by energy restriction or exercise alone. These unexpected findings
underscore the importance of understanding the basis for the cancer inhibitory
activity of agents, such as energy restriction or exercise, that modulate energy
metabolism.

2. INHIBITION OF CARCINOGENESIS BY
ENERGY RESTRICTION

The experiments from our laboratory that are reviewed in this chapter were con-
ducted using a short term model for mammary carcinogenesis.'® This model offers sig-
nificant advantages compared to other related models. Morphologically identifiable
intermediate stages in the disease process comparable to those that occur in the human
disease can be studied, and the disease process is compressed into a 5-week versus a
6-month time period. We judge that the results obtained using this model and that are
reviewed in this paper are applicable to other cancer types, particularly cancer of the
colon. Using this system in combination with a meal feeding protocol to avoid poten-
tial confounding of fasting-refeeding that is frequently introduced into energy res-
triction studies, we observed a reduction in the carcinogenic response that was
proportional to the level of energy restriction imposed.'” These results are summarized
in composite form in Table 1. The magnitude of protection against cancer that was

Table 1. Effect of energy restriction on the carcinogenic
response in the mammary gland

Energy Restriction Carcinogenic Response

% Control' % Control®
90 62.7
80 48.0
60 17.3

'All rats were permitted access to two meals per day. Each meal was three hours
in duration. Control animals had access to an unlimited amount of diet during each
- meal. Restricted-fed rats had access to 90, 80, or 60% of the amount consumed by
the control group each meal.
*These data are based on the average number of adenocarcinomas per animal
induced in each group as reported in reference 17. The average number of carci-
nomas in each energy restricted group is expressed as the percent of the response
observed in the control group. The effect of energy restriction on the occurrence
of carcinomas was statistically significant (p < 0.01).
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observed is consistent with the levels of inhibition of carcinogenesis that have been
reported by others.”®

3. CHEMICAL BASIS FOR PROTECTIVE ACTIVITY

An objective of the experiment reported in Table 1 was to assess the potential
merit of an old hypothesis, namely that a change in adrenal function, more specifically
the increased production of cortical steroids, is associated with the cancer inhibitory
activity of energy restriction.'"" Due to the time averaged, non-invasive nature of urine
collection, cortical steroid abundance in 24 hour urine collections was used to assess
adrenal cortical activity. This approach avoids the well documented confounding issues
associated with serum corticosteroid measurement, i.e. episodic secretion, diurnal vari-
ation, and sample collection induced stress.”” The data reported in Table 2 show that
urinary cortical steroid excretion increased in proportion to the degree of energy
restriction imposed and was inversely proportional to the magnitude of the carcino-
genic response that was observed. In fact, urinary levels of cortical steroids explained
the individual variation in the number of carcinomas per animal irrespective of the
level of energy restriction to which animals were exposed.”” This observation strongly
argues that adrenal cortical steroids are either directly involved in mediating cancer
inhibitory activity or that urinary cortical steroid excretion is a biomarker for other
factors that account for the cancer inhibitory activity of energy restriction.

4. TISSUE SIZE REGULATION

Carcinogenesis is characterized by a failure in the regulation of tissue size home-
ostasis in which a clone(s) of transformed cells achieves growth-advantage due to an
increased rate of cell proliferation and/or a decreased rate of cell death in comparison
to neighboring populations of cells.”'? The net result of this process in epithelial tissues
is the development of a tumor. The objective of the experiment reported in Table 3 was
to examine the effects of energy restriction on tissue size regulation. The question

Table 2. Effect of energy restriction on urinary excretion of
immunoreactive cortical steroids

Energy Restriction Urinary Corticosterone
% Control' % Control®

90 156

80 219

60 363

'All rats were permitted access to two meals per day. Each meal was three hours
in duration. Control animals had access to an unlimited amount of diet during each
meal. Restricted-fed rats had access to 90, 80, or 60% of the amount consumed by
the control group each meal.

*These data are based on the average 24 hour excretion of immunoreactive corti-
cal steroids during the final week of the five week experiment as reported in ref-
erence 17. In this table average excretion of immunoreactive cortical steroids in
urine, expressed as ug/kg body weight per day, in each energy restricted group is
expressed as the percent of the response observed in the control group. The effect
of energy restriction on urinary excretion of immunoreactive urinary cortical
steroid excretion was statistically significant (p < 0.01).
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Table 3. Effect of energy restriction on body weight and mammary gland and mammary
carcinoma size

Mammary ductal Mammary Mammary carcinoma
Energy restriction’ Body weight? extension® epithelial area* volume®
% Control % Control % Control % Control % Control
90 85.2 86.2 74.3 21.0
80 79.2 83.6 63.4 11.1
60 68.5 64.9 43.8 49

'All rats were permitted access to two meals per day. Each meal was three hours in duration. Control animals had access
to an unlimited amount of diet during each meal. Restricted-fed rats had access to 90, 80, or 60% of the amount consumed
by the control group each meal.

These data are based on the average final body weight of each group as reported in reference 35. The average final body
weight in each energy restricted group is expressed as the percent of the response observed in the control group. The effect
of energy restriction on final body weight was statistically significant (p < 0.01).

*These data are based on the average distance to which mammary ductal epithelium had extended into the mammary gland
fat pad in each group as reported in reference 35. The average length of extension in each energy restricted group is expressed
as the percent of the response observed in the control group. The effect of energy restriction on ductal extension was sta-
tistically significant (p < 0.01) and was in proportion to the effects of energy restriction on final body weight.

“These data are based on the average amount of area occupied by mammary epithelium in each group as reported in ref-
erence 35. The average epithelial area in each energy restricted group is expressed as the percent of the response observed
in the control group. The effect of energy restriction on the occurrence of carcinomas was statistically significant (p < 0.01).
The effect of energy restriction on mammary epithelial area was greater than its effect on final body weight (p < 0.05).
“These data are based on the average volume per adenocarcinoma in each group as reported in reference 35. The average
volume of carcinomas in each energy restricted group is expressed as the percent of the response observed in the control
group. The effect of energy restriction on carcinoma volume was statistically significant (p < 0.001). The effect of energy
restriction on carcinoma volume was greater than its effect on body weight (p < 0.01).

addressed was whether the growth of the mammary gland or mammary carcinomas
was disproportionately affected by energy restriction in comparison to the effects of
energy restriction on overall growth measured as body weight. The data shown in Table
3 demonstrate that overall size of an animal, measured as body weight, was reduced in
a manner directly proportional to the degree of energy restriction imposed. This obser-
vation is consistent with a large body of literature.” Ductal extension, i.e. the linear
growth of mammary gland ducts was reduced in direct proportion to the effect of
energy restriction on body weight. However, the development of ductal branches as
well as the growth of carcinomas was reduced to a greater extent than was the effect
of energy restriction on overall growth measured as body weight. These findings imply
that factors other than estrogen are likely to be involved in mediating the activity of
energy restriction since ductal extension within the mammary gland is under control
of estrogen. In addition these findings identify a previously unrecognized differential
effect of energy restriction on mammary epithelial cells depending on the develop-
mental processes with which they are involved. The investigation of this phenomenon
may provide further clues about the mechanism(s) that account for the cancer inhibi-
tory effects of energy restriction.

5. CELL PROLIFERATION AND APOPTOSIS

In order to further pursue the observations reported in Table 3 we extended our
investigation to the effects of energy restriction on rates of cell proliferation and apop-
tosis in mammary epithelium in uninvolved ducts and pre-malignant and malignant
mammary gland lesions. These data are summarized Table 4. Energy restriction inhib-
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Table 4. Effect of energy restriction on cell proliferation and apoptosis in uninvolved
mammary gland duct and in pre-malignant and malignant mammary gland lesions

Uninvolved mammary Mammary intraductal Mammary
ducts® proliferations® adenocarcinomas*
Energy restriction' P A . P A P A
% Control % Control % Control % Control
90 88 100 77.2 118 86 104
80 92 111 75.6 138 77 106
60 71 160 68.5 175 72 121

'All rats were permitted access to two meals per day. Each meal was three hours in duration. Control animals had access
to an unlimited amount of diet during each meal. Restricted-fed rats had access to 90, 80, or 60% of the amount consumed
by the control group each meal.

’These data are based on the average rates of cell proliferation (P) and cell death due to apoptosis (A) in mammary ductal
epithelial cells not involved in morphological identifiable neoplastic foci observed in each group as reported in reference
35. The average rate of P or A in each energy restricted group is expressed as the percent of the response observed in
the control group. The effects of energy restriction on the rates of cell proliferation or apoptosis were not statistically
significant.

*These data are based on the average rates of cell proliferation (P) and cell death due to apoptosis (A) in mammary intra-
ductal proliferations, a pre-malignant neoplasm, observed in each group as reported in reference 35. The average rate of P
or A in each energy restricted group is expressed as the percent of the response observed in the control group. The effects
of energy restriction on the rates of cell proliferation or apoptosis were statistically significant, p < 0.01 and p < 0.04,
respectively.

“These data are based on the average rates of cell proliferation (P) and cell death due to apoptosis (A) in mammary ade-
nocarcinomas observed in each group as reported in reference 35. The average rate of P or A in each energy restricted group
is expressed as the percent of the response observed in the control group. The effect of energy restriction on the rates of
cell proliferation was statistically signficant (p < 0.001) whereas the effect on apoptosis was not.

ited cell proliferation and induced apoptosis to varying degrees depending on the his-
tology of the mammary structure studied. These data are consistent with several reports
about the effects of energy restriction on cell proliferation and apoptotic cell death in
other model systems.” "’ They are also consistent with “dual signal” hypothesis of cell
number homeostasis; this hypothesis proposes that the pathways of proliferation and
apoptosis are coupled, and implies that a proliferating somatic cell survives only if it
receives appropriate survival signals.”® According to this hypothesis, proliferating cells
in somatic tissues exist on a “knife-edge” between survival and death, with survival
cytokines constituting a homeostatic mechanism to control inappropriate cell expan-
sion. Our findings of increased apoptosis and cell proliferation in adenocarcinomas of
control animals, which energy restriction further increased or decreased, respectively,
is consistent with this notion.

6. EXPRESSION OF CYCLIN D1 AND p27

Because of these observations we searched for potential interrelationships among
the regulation of the cell cycle and adrenal cortical steroids. Based on reports that cor-
tical steroids can modulate the expression of both cyclin D1 and p27,”* we investi-
gated the effects of energy restriction on the levels of these two proteins within cells
involved in mammary carcinogenesis. As shown in Table 5, cyclin D1 was decreased
and p27 was increased dose-dependently by energy restriction in terms of the number
of cells expressing these proteins. Clearly the magnitude of the effect of energy restric-
tion on p27 protein expression greatly exceeded the effect on cyclin D1. The finding




82 H. J. Thompson et al. Energy Restriction and Cance

Table 5. Effect of energy restriction on the percent of cells staining postive for the expression ACKNOWLEDGMI
of cyclin D1 and p27

This work was suj

Uninvolved mammary Mammary intraductal Mammary B
ducts? proliferations’ adenocarcinomas* Institute.
| Energy restriction' D1 p27 D1 p27 D1 p27
‘[ ) % Control % Control % Control % Control REFERENCES
/ 90 58.9 303 86.3 285 85.5 700
‘ 80 4.8 584 78.1 451 59.1 971
60 . 41.5 601 753 619 56.9 1295 1. Masoro, E.J. Dietary re

[\

. Kritchevsky, D. Diet in

'All rats were permitted access to two meals per day. Each meal was three hours in duration. Control animals had access i N
3. Kiritchevsky, D. Caloric

to an unlimited amount of diet during each meal. Restricted-fed rats had access to 90, 80, or 60% of the amount consumed

by the control group each meal. 1992.

These data are based on the percent of cells positive for cyclin D1 (D1) and cyclin dependent kinase inhibitor p27 (p27) 4. Weindruch, R. and Wal
in mammary ductal epithelial cells not involved in morphological identifiable neoplastic foci observed in each group as field, IL: Charles C Tho
reported in reference 36, The average percent of D1 or p27 positively labeling cells in each energy restricted group is 5. Birt, D.F, Pelling, J.C.,1
expressed as the percent of the response observed in the control group. The effect of energy restriction on the number of tion on the initiation a
cyclin D1 positive cells was not statistically significant whereas the effect of energy restriction on the number of p27 posi- Res. 51:1851-1854, 1991
tive staining cells was highly significant, p < 0.001. 6. Klurfeld, DM., Weber,

*These data are based on the percent of cells positive for cyclin D1 (D1) and cyclin dependent kinase inhibitor p27 (p27)
in mammary intraductal proliferations, a pre-malignant mammary neoplasm, observed in each group as reported in refer-
ence 36.The average percent of D1 or p27 positively labeling cells in each energy restricted group is expressed as the percent
of the response observed in the control group. The effect of energy restriction on the number of cyclin D1 positive cells was

colon tumor promotic
47:2759-2761, 1987.
7. Welsch, C.W. Relations

not statistically significant whereas the effect of energy restriction on the number of p27 positive staining cells was highty and critique. Cancer Re
significant, p < 0.003. 8. Welsch, C.W. Dietary
“These data are based on the percent of cells positive for cyclin D1 (D1) and cyclin dependent kinase inhibitor p27 (p27) 322:203-222, 1992.

in mammary adenocarcinomas observed in each group as reported in reference 36. The average percent of D1 or p27 pos- 9. Ip,C. Quantitative asse:
itively labeling cells in each energy restricted group is expressed as the percent of the response observed in the control imental model. Prog. C
group. The effect of energy restriction on the number of cyclin D1 positive cells was statistically significant (p < 0.004) as 10. Husting, S.D., Switzer, B

was the effect of energy restriction on the number of p27 positive staining cells (p < 0.001). 1 axis is a mediator of d

Cancer Res. 53:2750-27
11. Ruggeri, B.A., Klurfiel

) . . dimethylbenz(a)anthra
that energy restriction has a dominant effect on p27 protein expression patterns carries insulin-like growth fact
with it the potential of identifying a cause and effect relationship. Among the intrigu- 12. Boissonneault, G.A. Ca

Nutrition, Toxicity, and
13. Fernandes, G., Chandra
calorie restriction affec

ing aspects of this finding is that loss of p27 protein expression in p27 knock out mice
results in organomegaly,”' a finding that would be predicted if p27 played an important

role in maintenance of tissue size.!?? It is also of interest that p27 is an inhjbitor of the virus/v-Ha-ras transgen
cyclin D1/cdk 4 and cyclin E/edk 2 complexes,”* for which there is mounting evidence ' 14. Hursting, S.D., Perkins,
of dysregulation in mammary carcinogenesis.” p33-knockout transgeni

15. Gillette, C.A., Zhu, Z.,
of the effects of calorie
16. Thompson, H.J., McGirn

7. SUMMARY ' ductal proliferations, du
female rats with 1-mett
Energy restriction is one of the most potent physiological inhibitors of the car- 17. Zhu, Z., Haegele, A., an

stages of mammary car
} 18. Boutwell, R.K., Brush, }
restriction. Am. J. Phys

cinogenic process identified to date, and energy restriction inhibits carcinogenesis in
many epithelial target organs. This situation suggests that a common mechanism could,

at least in part, account for energy restriction mediated protection in different tissues. 19. Pashko, L.L. and Schwa
While it is probable that multiple mechanisms are involved, we interpret the data pre- promotion by adrenale
sented in this chapter to indicate that energy restriction may work in part by delaying ; 20. Zadik, Z., De Lacerda,

the entry of carcinogen initiated cells as well as their none transformed counterparts comparative study of
centration of plasma co

into thg cpll cygle. The mdpc‘uon of p27 (.:ould be an 1mp0rtagt r_nolecular effe(.:tor of 21. Thompson, H.I., Strang
this activity. This hypothesis should provide the basis for designing new experiments Cancer Epidemiol. Bior
that ultimately will elucidate the mechanistic basis for the protective effects of energy ) 22. Steel, G.G. Growth ra
restriction in preventing the development of cancer. Clarendon, 1977, 6.




