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Effect of caloric restriction on pre-malignant and malignant stages
of mammary carcinogenesis
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Caloric restriction has documented beneficial effects on restriction. These data indicate the feasibility of identifying
numerous diseases including cancer, yet the mechanism(s) a chemical basis for the protective effect of caloric restric-
that accounts for these wide ranging benefits is unknown. tion that is independent of energy restriction per seand
Part of the difficulty in defining mechanisms has been this, in turn, indicates that it may be possible to circumvent
the long-term nature of experimental protocols in which the practical problem of implementing a program of chronic
these beneficial effects have been observed and the energy restriction in human populations, yet still achieve
inherent difficulty of investigating mechanisms in such the wide-ranging health benefits of such a program.
studies. The experiments reported were designed: (1) to
determine if caloric restriction would inhibit mammary
carcinogenesis in a model for this disease process that is Introduction
35 days in duration; (2) to determine if progression from

Decades of investigation have clearly established that dietarypre-malignant to malignant stages of mammary carcino-
restriction, in all animal species tested thus far, increases lifegenesis was affected by caloric restriction; and (3) to
span and reduces the occurrence of many age-associatedexplore whether the effects of caloric restriction were
degenerative diseases including cancer (1–4). Recent studiesassociated with changes in adrenal function. Mammary
have convincingly demonstrated that the inhibitory effect ofcarcinogenesis was induced in female Sprague–Dawley
dietary restriction on carcinogenesis is due specifically to arats by the i.p. administration of 1-methyl-1-nitrosourea
reduction in the intake of calories and that inhibition of(50 mg/kg body weight) at 21 days of age. Rats were
carcinogenesis is not due to a reduction in the intake of otherrandomized to one of four dietary treatment groups:
nutrients (5–7). Moreover, in several studies protection againstad libitum fed, or restriction of food intake to 90, 80 or
carcinogenesis by calorie restriction has been shown to be60% of the ad libitum intake. Rats were palpated for
directly proportional to the degree of calorie restrictiondetection of mammary tumors and all mammary lesions
imposed (8,9). Such findings have led to hypotheses that theexcised at necropsy were histologically classified. Twenty-
effect(s) of calorie restriction is non-specific and is linked tofour-hour collections of urine were obtained at weekly
a limitation of energy available for cancer cells to grow. Inintervals throughout the 35-day experiment. Urine was
fact, this and related hypotheses dominated the early decadesassayed for corticosterone by direct radioimmunoassay.
of research in this area (10,11). However, an accumulatingCaloric restriction resulted in both a dose dependent
amount of evidence points to a specific effect of caloricprolongation of latency to palpable carcinomas (P , 0.01)
restriction on various growth factors, oncogenes and tumorand a reduction in final incidence of mammary cancer; the
suppresser genes that are involved in the carcinogenic processdose response was linear (P , 0.05). The percentage of
(12–16). Moreover, data recently reported by our laboratorypre-malignant mammary lesions in a group increased
fails to support that energy restrictionper se is sufficientwith increasing degree of caloric restriction, whereas the
for protection against carcinogenesis to be manifest (17).percentage of carcinomas decreased (P , 0.05). The level
Specifically, it was observed that calorie restriction plus exer-of cortical steroid increased linearly with increasing caloric
cise failed to inhibit carcinogenesis, despite the fact that bodyrestriction (P , 0.01) an effect that was not attenuated
weight gain, carcass energy and carcass fat of exercised andover time. Poisson regression analyses with the number
calorie-restricted animals were reduced to a greater extent thanof cancers per rat as the dependent variable, level of
by calorie restriction or exercise alone. These unexpectedcaloric restriction as the independent variable and
findings underscore the importance of understanding the basisurinary cortical steroid excretion as a co-variate were
for the cancer inhibitory activity of agents, such as calorieperformed. These analyses indicated that the variation in
restriction or exercise, that modulate energy metabolism.cancers per rat, irrespective of the treatment group to

The experiments reported in this study were conducted usingwhich an animal was assigned, could be accounted for by
a short term model for mammary carcinogenesis recentlyurinary cortical steroid excretion (P,0.05); i.e. urinary
published by our laboratory (18). This model offers significantcortical steroid excretion was an independent predictor of
advantages compared to other related models. Morphologicallyan animal’s carcinogenic response. The data reported in
identifiable intermediate stages in the disease process compar-this study support the use of a short term model to study
able to those that occur in the human disease can be studied
and the disease process is compressed into a 5-week versus a*Abbreviations: AC, adenocarcinoma; DCIS, ductal carcinomain situ; IDP,

intraductal proliferation. 6-month time period. The experiments reported were designed:
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Table II. Composition of dietsTable I. Sequence of events that comprised the experimental design

DOAa 21 25 27 30 32 39 42 46 53 56 Constituent Control 90% RFa 80% RFa 60% RFa

DPCa 0 4 6 9 11 18 21 25 32 35
Cornstarch 32.50 30.56 28.12 20.84
Cerelose 32.50 30.56 28.12 20.84MNU-injectionb X

Meal feeding ←------------------------------------------------→ Solka-Floc 5.00 5.56 6.24 8.33
Casein 20.00 22.22 25.00 33.33Calorie restriction ←-----------------------------------------→

Tumor palpation ←-------------------→ DL-methionine 0.30 0.33 0.38 0.50
Corn oil 5.00 5.56 6.26 8.33Urine collection 1 2 3 4 5

Termination X AIN-93 G vitamin mixb 1.00 1.11 1.25 1.67
AIN-93 G mineral mix 3.50 3.88 4.38 5.83
Choline bitartrate 0.20 0.22 0.25 0.33aDays of age, DOA; days post-MNU, DPC.

bDetails of the procedures listed are provided in the Materials and methods Total 100.00 100.00 100.00 100.00
Energy (kcal/g) 3.94 3.93 3.93 3.90section.
Protein/total kcal 0.21 0.23 0.26 0.35
Carbohydrates/total kcal 0.68 0.64 0.60 0.46(1) to determine if caloric restriction would inhibit this robustly
Fat/total kcal 0.11 0.13 0.14 0.19

developing disease process; this was done using a calorie
restriction dose response protocol at a single dose of carcino-aGiven in g/100 g; restricted fed (RF).

bThe composition of the vitamin and mineral mixes is given in referencegen; (2) to determine how progression from pre-malignant to
(21).malignant stages of the disease process was affected; and (3)

to explore whether effects of caloric restriction involved
initiated. All rats were meal fed and given two meals per day (6:00–9:00 a.m.changes in adrenal function. As early as 1948, Boutwell and
and 2:00–5:00 p.m.), 7 days per week. The meal feeding protocol was usedcoworkers implicated the adrenal gland as a mediator of theso that the same pattern of meal eating would be imposed on calorie-restricted

effects of caloric restriction (19). More recently it has beenand onad libitum fed rats. Using this design, possible confounding due to
intergroup variation of meal timing, meal number, and duration of fasting thatreported that the effects of calorie restriction on chemically
has not generally been controlled in caloric restriction experiments wasinduced skin carcinogenesis in the mouse can be blocked by
avoided. Rats in thead libitum-fed groups were allowed access to an unlimitedadrenalectomy, and that adrenal cortical steroids are involved
amount of diet each meal, while rats in calorie restricted groups were given

in mediating the protective effect of calorie restriction (20). a restricted amount of the diet each meal as designated in the protocol.
Thus, changes in adrenal function were investigated in relationUneaten or spilled diet was carefully collected to permit calculation of the

actual amounts of diet consumed.to degree and duration of calorie restriction, administration of
carcinogen and induction of mammary carcinogenesis. Assessment of adrenal function

An assessment strategy was developed that would permit the same animals
to be monitored overtime, and that would minimize the likelihood that theMaterials and methods
assessment procedure would itself alter adrenal function. To achieve these

Animals objectives 24-h urine collections were obtained from all animals on a weekly
basis throughout the study. Urine was always collected from 8:00 a.m. onA total of 147 weanling female Sprague–Dawley rats were obtained from

Taconic Farms Germantown, NY, and were housed individually in stainless Sunday to 8:00 a.m. on Monday, further controlling environmental factors
that might acutely influence adrenal function since human intrusion intosteel metabolic cages with wire mesh bottoms. The cages were equipped with

adjustable width external tunnel feeders that permitted accurate quantification animal quarters was minimal during this time frame. Urine was collected
under toluene to inhibit bacterial growth and evaporation. Urine volumes wereof food intake. The animal facility in which the rats were housed is AAALAC

accredited. Rooms were maintained at 226 1°C with 50% relative humidity determined and collected urine was stored at –20°C until it was analysed.
Urine was assayed for immunoreactive cortical steroids via a direct radio-and a 12-h light/12-h dark cycle. The work reported was reviewed and

approved by AMC’s Institutional Animal Care and Use Committee (IACUC) immunoassay specific for corticosterone (ICN Biomedicals, Inc., Costa
Mesa, CA).and conducted according to IACUC guidelines.

Experimental design Necropsy
All rats were euthanized at 35 days post-carcinogen. Rats were skinned andThe sequence of events that comprised the experimental protocol is shown in

Table I. Because a limited number of metabolic cages equipped with tunnel the skin was examined under translucent light. All grossly detectable mammary
gland lesions were excised. In addition, whole mounts were prepared asfeeders were available, two experiments were conducted. In experiment 1, 75

rats were administered 50 mg MNU/kg body weight (i.p.) at 21 days of age described in reference (18). Lesions identified in mammary gland whole mounts
were also excised and processed for histopathological classification (22).as previously described (18). Following carcinogen treatment rats were

randomly divided into three groups:ad libitum fed, restricted-fed 90% ofad Statistical analyses
libitum intake, or restricted-fed 80% ofad libitum intake. Twenty-five rats

Differences among groups in cancer incidence were evaluated by chi-squarewere assigned to each group. In experiment 2, 72 rats were injected with
analysis (23). Differences among groups in the number of mammary lesions—either saline in which MNU was dissolved (24 rats) or 50 mg MNU/kg body
intraductal proliferations (IDP*), ductal carcinomain situ(DCIS) and adenocar-weight (48 rats). One half of the rats injected with the saline solvent or with
cinoma (AC) per rat among groups were evaluated by multivariate analysisMNU were randomized to one of two dietary treatment groups:ad libitum
of variance (24). Body weights and levels of urinary cortical steroids werefed or restricted-fed to 60% ofad libitum intake. Rats in all groups were meal
analysed by ANOVA (24). Poisson regression analysis was used to explorefed as described in a subsequent paragraph.
the relationship between cancers per rat, level of caloric restriction, and

Diets urinary excretion of cortical steroids (24).
A modification of AIN-93G diet was used (21). The diets fed to calorie-
restricted animals were formulated to ensure an equivalent intake of allResults
nutrients, while limiting total dietary calories. The composition of the diets
provided toad libitum-fed and calorie-restricted rats is presented in Table II. Food intake, energy utilization ratio and body weight gain
Feeding protocol As shown in Figure 1, panel A the food intake, the cumulative
After administrating carcinogen, all rats were acclimated to their environmentalweight gain to food intake ratio and growth curves of animals
conditions and fed modified AIN-93G diet for 8 days. For the first 5 days in both control groups were essentially identical. The datarats had continuous access to food. For the next 3 days rats were meal fed,

from both groups were pooled into a single control group asmeaning that they could consume an unlimited quantity of food, but only
during two food access periods or meals per day. Caloric restriction was thenplotted in panels B–D. Panel B shows the pattern of daily
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Fig. 1. Effect of caloric restriction on dietary intake, body weight gain and the ratio of cumulative body weight/cumulative diet intake. Panel A. Diet intake
(DI), cumulative ratio of body weight gain (BWG) to diet intake and group mean body weights of rats fedad libitum (control group) in Experiment 1 and
Experiment 2. Values were not statistically different. The data from both control groups were pooled for presentation in Panels B–D. Diet intake, cumulative
ratio of body weight gain to diet intake and body weight of control and calorie restricted rats are shown in panels B, C and D, respectively. Values are mean
6 SEM for each point. Differences among groups were analysed by ANOVA.

food intake throughout the course of the experiment. Food ductal carcinomain situ (DCIS) or adenocarcinoma (AC).
intake in all groups increased steadily and the amounts ofMammary lesions containing areas of malignant and pre-
food consumed confirmed that the intended levels of caloricmalignant cells were scored as cancers. As expected, the
restriction were achieved. Panel C shows the ratio of cumulativeadministration of MNU resulted in the induction of both pre-
weight gain to cumulative diet intake. This ratio provided anmalignant and malignant lesions. The carcinogenic response
indication of the partition in the use of ingested dietary energyin both control groups was statistically indistinguishable;
for growth relative to maintenance functions. This ratio wasthus the data were pooled for the purposes of analysis and
lower with increasing level of caloric restriction, an observationpresentation. The effect of calorie restriction on the latency to
that was consistent with the expectation that when an animal’sdetection of palpable mammary carcinomas is shown in
available energy for maintenance and growth is restricted, aFigure 2. Latency in this model system is short. Nonetheless,
greater proportion of that energy is utilized for maintenancelatency was delayed by caloric restriction (P , 0.01), and no
versus growth. The rate of body weight increase is shown inpalpable carcinomas were detected in rats restricted to 60%
panel D. Two points are noteworthy. First, all rats were inof ad libitumfed controls. This figure also shows the incidence
positive energy balance, i.e. they were growing. Secondly, asof mammary carcinomas based on all lesions identified at
a percentage of the control group, animals fed 90, 80 or 60%necropsy. Caloric restriction resulted in a dose-dependent
of the amount eaten by thead libitum fed rats (control group) reduction in cancer incidence (P , 0.01). Table III and Figure
had final group mean body weights that were 87, 81 and 69%3 show the effects of caloric restriction on the average
of that observed in the control group, respectively. number of pre-malignant and malignant lesions induced in the
Carcinogenic response mammary gland. The overall effect of caloric restriction on

induction of IDP, DCIS and AC was evaluated simultaneouslyAll mammary tumors excised at necropsy and lesions excised
using multivariate regression analyses. The ordering of thefrom mammary whole mount preparations were histologically

diagnosed and classified as intraductal proliferations (IDP), magnitude of inhibitory activity of caloric restriction on lesion
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occurrence was AC. DCIS. IDP. Interestingly, the inhibitory
Table III. Effect of calorie restriction on the proportion of intraductal effect of caloric restriction on IDP was not statistically signi-
proliferations, ductal carcinomain situ and carcinomas in mammary glands ficant (P 5 0.18). It was particularly notable that the percent

of IDP and DCIS in a group increased with increasing degreeGroup IDPa DCISa ACa Total
of caloric restriction, whereas the percentage of AC decreased

Controlb 1.08 0.37 4.55 6.00 (Figure 3). Since exploratory graphical analysis of these data
90% RF 0.88 0.16 2.72 3.76 suggested that the protective effect of caloric restriction was
80% RF 1.08 0.04 1.76 2.88 increasing at an increasing rate with greater restriction, regres-
60% RF 0.63 0.13 0.29 1.04

sion analyses were performed. Those analyses supported a
linear rather than a curvilinear response curve (P , 0.05).aAll rats were meal fed. Animals in the control group were fedad libitum at

each meal; calorie-restricted rats (RF) were fed 90, 80 or 60%.
Adrenal functionbThese data have a negative binomial distribution. They were statistically

analysed by multivariate analysis of variance. There was a highly significantThe effect of caloric restriction on urinary excretion of cortical
overall effect of calorie restriction on lesion occurrence (P , 0.01); this steroid (CS) is shown in Figure 4. Data were obtained
effect was primarily due to a reduction in AC (P , 0.001), and to DCIS

weekly throughout the experiment. The level of cortical steroid(P 5 0.04; the effect on IDP was not significant (P 50.18)
increased with increasing caloric restriction (P , 0.01). This
same relationship was observed irrespective of whether the
data were expressed asµg CS per kg body weight/day, total
amount of CS excreted in 24 h,µg CS excreted per mg
creatinine orµg CS per mg creatinine per day. It is noteworthy
that administration of carcinogen caused a transient increase
in urinary cortical steroid excretion in comparison to rats not
treated with carcinogen. Interestingly, the level of urinary
cortical steroid was not only directly related to level of caloric
restriction, but the effect was maintained throughout the period
of observation. The only exception was in the MNU-treated
control group in which levels decreased throughout the experi-
ment and which were indistinguishable statistically from those
of untreated animals during the last 2 weeks of the experiment.
The results of Poisson regression analyses with number of
cancers per rat as the dependent variable, level of caloric
restriction as the independent variable and urinary cortical
steroid as a covariant revealed that when the variance in
cancers per rat that was attributed to urinary cortical steroid

Fig. 2. Effect of calorie restriction (CR) on cumulative and final incidences was removed from the regression analysis, that there was no
(FI) of mammary carcinomas. Differences among groups in latency were effect on cancers per rat that was attributed to level of caloric
evaluated by a life table procedure and differences in final incidence of restriction. In other words, urinary cortical steroid excretion
cancer among groups were evaluated by chi-square analyses. CR was

of an independent predictor of the carcinogenic response asassociated with a dose-dependent prolongation of latency (P , 0.01) and a
affected by caloric restriction.dose dependent reduction in final incidence (P , 0.01).

Fig. 4. Effect of caloric restriction (RF) on urinary excretion ofFig. 3. Percentage distribution of lesions in a dietary group that were:
intraductal proliferations (IDP), ductal carcinomain situ (DCIS) and immunoreactive cortical steroid. Values are means6 SEM and are

expressed asµg cortical steroid per kg body weight (BW) per day.adenocarcinoma (AC). The proportion of lesions in a group that were AC
decreased with increasing caloric restriction (P , 0.05). The proportion of Differences among groups were analysed by ANOVA. Caloric restriction

caused a significant (P , 0.01) elevation in urinary cortical steroidlesions in a dietary group that were IDP or DCIS increased with increasing
caloric restriction (P , 0.05). excretion.
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Discussion can be investigated. As shown in Table III, caloric restriction
dramatically reduced the number of mammary carcinomasOverview
detected at necropsy and the response was calorie restriction

While the effects of caloric restriction on mammary carcino-dose dependent and best fit by a linear regression model.
genesis have been investigated extensively, the data presentedHowever, it was observed that restriction did not cause a
in this study provide new insights about the protection that isproportionate reduction of all lesion types, but as shown in
rendered by caloric restriction, and these data demonstrate theFigure 3, the percentage of lesions within a treatment group
utility of a new model system for investigating the effects of that were classified as IDP or DCIS actually increased with
caloric restriction on the process of mammary carcinogenesis.increasing level of caloric restriction; whereas, the proportion
Having stated this, an important question to address at theof lesions that were classified as AC decreased. We are unaware
outset of this discussion is whether the phenomenon of calorieof any previous reports of differential effects of caloric
restriction mediated inhibition of carcinogenesis merits furtherrestriction on the frequency of occurrence of pre-malignant
investigation. We submit that it does. While it could be arguedand malignant mammary gland lesions and recognize the need
that a sufficient rationale for this work rests on data indicatingfor cautious interpretation of such data. Nonetheless, these
that (1) caloric restriction is the most universally protectivedata imply that caloric restriction may be inhibiting a molecular
agent against carcinogenesis that has been identified (5–9), orcascade of events involved with progression from locally non-
(2) that caloric restriction is the best tolerated and mostinvasive stages of the disease to the invasive state. These data
beneficial intervention defined for cancer prevention that alsoalso imply a specificity in the effect(s) of caloric restriction
has documented beneficial effects on numerous other diseasesthat previously has not been reported. Clearly, such data
(1–4), we promote a different rationale. Emerging evidenceprovide a new direction on which to focus mechanistic inquires.
indicates that the protective effects of caloric restriction are

Energy metabolismunlikely to be accounted for directly by factors related to energy
The body weight data shown in Figure 1, panel D emphasizemetabolism and that simply invoking an energy restricted state
that both ad libitum-fed and restricted-fed animals were inis insufficient to protect against cancer (12–17). This suggests
positive energy balance; all rats were gaining weight in parallel,a chemical basis for the protective effect of caloric restriction
but at different rates that were proportional to the level ofthat is independent of energy restriction per se and this in turn
caloric restriction imposed. This point is important since thereindicates that it may be possible to circumvent the practical
is frequently the perception that in studies of energy restrictionproblem of implementing a program of chronic energy restric-
that animals are starving and that they are losing weight; thistion in human populations, yet still achieve the wide-ranging
clearly was not the case. Whereas the food intake data in panelhealth benefits of such a program. Thus, by understanding the
B serve to verify that the targeted levels of food restrictionbasis for the protective effect of caloric restriction, new insights
were attained, the cumulative weight gain/diet intake ratiosmay be gained that point to both a genetic cascade of events
shown in Figure 1, panel C indicate that the manner in whichthat can be targeted to prevent cancer in the absence of
total dietary energy ingested was utilized for growth versusdetrimental side-effects and the chemical basis by which to
maintenance functions was significantly impacted by caloricregulate these events. It is with these goals in mind that we
restriction. As noted in the Results section this ratio providesjudge that the pursuit of the mechanistic basis of calorie
a useful index by which to monitor whether the effect ofrestriction-mediated inhibition of carcinogenesis has merit.
energy restriction on the relative use of energy is changingCarcinogenic response
within the same treatment group over time, as well as providingAs shown in Figure 2 caloric restriction resulted in both aan index to assess relative differences among groups at anydose-dependent prolongation of latency to palpable carcinomasgiven time. Thus, the data presented in Panel C indicate thatand a reduction in final incidence of mammary cancer. Thedespite the fact that a fixed level of dietary restriction wasdose-response curve is best fit by a linear rather than aimposed over time, that a stable pattern of relative energyquadratic regression equation; thus these data are consistentutilization was maintained. Without such data, it could bewith previous reports that the protective effect of caloricargued that the effective degree of energy restriction mightrestriction in other chemically-induced models of mammarydecline over time due to metabolic compensations in energycarcinogenesis is directly proportional to the level of caloricmetabolism. However the data reported are not supportive ofrestriction imposed (8,9). Thus, these findings support the usethat hypothesis.of what we refer to as a short-term model of mammary
Adrenal functioncarcinogenesis as described in reference (18) for the

investigation of the protective effects of caloric restriction An objective of this study was to assess the potential merit
of an old hypothesis, namely that a change in adrenalagainst this disease process. This is not a trivial point. The

labor required to carefully conduct controlled feeding studies function, more specifically the over production of cortical
steroids is associated with the cancer inhibitory activity ofis considerable and the opportunity for error is great, par-

ticularly if studies must be conducted for 4–6 months. The caloric restriction (19,20). Due to the time averaged, non-
invasive nature of urine collection, cortical steroid abundanceability to study the effects of caloric restriction on mammary

carcinogenesis in an experimental protocol of 35 days duration in 24-h urine collections was selected as the method of choice
for assessing adrenocortical activity. Urinary cortical steroidis therefore significant. In addition, since the various elements

of carcinogenesis are compressed from 6 months to 5 weeks, measurement is a well established method of estimating
adrenal cortical activity that largely avoids the well docu-we argue that this model will facilitate the investigation of

mechanisms. mented confounding issues associated with serum cortico-
steroid measurement (episodic secretion, diurnal variation, andOne particular advantage of the short-term model (18), is

that both pre-malignant and malignant mammary gland lesions sample collection induced stress) (25–27).
The data reported in Figure 4 strongly support the hypothesiscan be detected and the effects of a treatment on their frequency
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