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ABSTRACT 
A significant correlation exists between average daily food consumption and 2-yr survival in control ad 

libitum (AL)-fed Sprague-Dawley (SD) rats. SD rats were fed Punna Rodent Chow 5002 or  a modified chow, 
5002-9, with lower protein, fat, metabolizable energy and increased fiber AL or  by dietary restriction (DR) 
to 65% of the AL amount by measurement or time (6.5 hr). At 52 wk, food consumption and key pathology 
biomarkers correlated with 106-wk survival. The modified chow, 5002-9 fed AL, did not significantly improve 
survival. SD rats fed either diet A,L consumed the greatest amount of feed and kcallrat but consumed the 
same amount of feed per gram body weight as DR-fed rats. At 52 wk, AL rats fed either diet had the same 
brain weights as D R  rats, but the AL-fed rats had greater body weight and body fat content and increased 
heart, lung, kidney, liver, adrenal, thyroid, and pituitary weights as well as an increased incidence and seventy 
of degenerative and/or proliferative lesions in these organs. This study demonstrates that overfeeding best 
correlates with low 2-yr survival in SD rats and that simple DR by caloric restriction modifies key pathology 
biomarkers in the pituitary, mammary gland, kidney, and heart of SD rats at  52 wk that are predictive of 
106-wk survival. 

Keywords. Caloric restriction; cell proliferation; bromodeoxyuridine labeling; pituitary hyperplasia; neo- 
plasia; nephropathy; cardiomyopathy 

INTRODUCTION 
The Sprague-Dawley (SD) rat is the principal stock 

used by the pharmaceutical industry for toxicity and 
carcinogenicity studies in the United States. Two- 
year laboratory rat survival has been declining over 
the past 30 yr throughout the pharmaceutical and 
chemical industry (3, 15, 18, 20, 21, 23,26-28,45, 
49, 56). This decline has been seen in all rat strains, 
including the relatively long-lived Fischer-344 (F- 
344) rat (1 5,27, 54). The National Toxicology Pro- 
gram (NTP) has reported F-344 rat 2-yr survival as 
low as 30% in m a l e s k d  50% in females (Dr. G. 
Boorman, personal communication). Thus, the sur- 
vival of all commercially available rat strains and 
stocks is decreasing, and the specific reasons for this 
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change are complex, involving an interaction of the 
rat's genome with its environment. The declining 
survival has caused some regulatory agencies to 
question the adequacy of rat carcinogenicity studies 
submitted with less than 50% survival or 25 animals 
alive per group at the end of a 24-mo study. 

Between the publication of the National Cancer 
Institute's 1976 recommendations and the NTP's 
1984 recommendations, an international consensus 
developed that the duration of a rat carcinogenicity 
study should be 24 mo (1 5,  18, 20, 50). The group 
size should be at least 50 rats/sex/group, and a 50% 
survival should be achieved at the terminal necrop- 
sy. This guideline is stated in the Food and Drug 
Administration's "Redbook" and is widely accept- 
ed internationally. 

The scientific motivation for requiring 50% sur- 
vival at the end of a rat carcinogenicity study is 
2-fold. First, a substantial number of the rats should 
be exposed to the test compound for the full 2 yr of 
the bioassay. Second, the ability to detect a treat- 
ment effect is the working definition of adequate 
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statistical sensitivity or power of the bioassay. For 
example, a decrease in survival from 50 to 20% does 
cause a decrease in statistical sensitivity, especially 
for late-onset tumors. An increase in the total sam- 
ple size from 50 to 75 rats/sex/group offsets some 
of this decrease in sensitivity for most tumor types 
if survival does not decline further, but at a 50% 
increase in animal use, manpower, and time to com- 
plete the study. An attempt to solve the problem of 
declining survival and potential loss of statistical 
sensitivity by simply increasing the number of an- 
imals in the group has other disadvantages beyond 
the increased time and expense of the study. Even 
75 rats/sex/group is insufficient to offset the loss of 
statistical power if the 24-mo survival declines near 
or below 10%. Moreover, potential problems arising 
from treatment-related mortality is exacerbated in 
a study with low control group survival. The pref- 
erable solution to the potential loss of statistical 
power is to increase the 2-yr survival to near or 
above 50%, because the total time the animals are 
exposed to the test compound and the sensitivity of 
the bioassay to distinguish true treatment effects from 
concurrent controls are both increased. 

While both genetic and environmental factors are 
involved, laboratory rat survival can be improved 
by simple dietary caloric restriction (9, 41, 56, 70). 
Dietary restriction (DR), or food restriction, is a 
well-established method of extending the life-span 
of.rodents. It has been known for several decades 
that the common practice of ad libitirin (AL) feeding 
of rodents nutritionally rich, high-energy diets has 
many negative effects on physiological and toxico- 
logical endpoints and results in poor survival when 
compared to the beneficial effects of simple caloric 
restriction (8, 9, 34, 35, 39, 41, 70, 72). The bene- 
ficial effects of DR have been well documented in 
studies of aging and senescence in invertebrates, ro- 
dents, and nonrodent vertebrates, such as fish, birds, 
and other mammals, including humans (8, 9, 70). 
This paper reviews data showing the association 
between overfeeding and poor survival in SD rats 
and presents the design of our long-term studies of 
dietary caloric restriction with the SD rat, the sur- 
vival results obtained after 106 wk of study, and the 
key pathologic biomarkers observed at a 52-wk in- 
terim necropsy that proved predictive of the final 
survival outcome of the 106-wk study. A prelimi- 
nary report of some of these data, the results of the 
carcinogenicity study, and the effect of these diets 
and treatments on chronic disease are presented sep- 
arately (1 1, 20-23). 

MATERIALS AND METHODS 
Animals. Two-yr survival and average food con- 

sumption data were obtained on control groups of 

SD (Crl:CD@BR) rats from 58 carcinogenicity stud- 
ies containing approximately 50/sex/group that had 
been initiated between 1978 and 1989 and con- 
ducted in different contract and toxicology labora- 
tories, including our own. The studies used VAF@ 
SD rats obtained from Charles River Laboratories, 
Inc., production sites at Portage, MI, Kingston, NY, 
Lakeview, NJ, Montreal, Canada, and Raleigh, NC. 
While conditions varied between laboratories, the 
rats in these studies were singly housed in wire-mesh 
cages, maintained on a 12-hr light/dark cycle, and 
provided water and Certified Purina Rodent Chow 
5002 as meal or pellets AL. Additional data were 
provided by Dr. Patricia L. Lang, consulting toxi- 
cologist, Charles River Laboratories; Dr. Gary 
Wolfe, Hazleton Laboratories, Vienna, VA; and Dr. 
Charles E. Cover, E. I. DuPont DeNemours and Co., 
Newark, DE. 

For the 106-wk carcinogenicity study, 350 male 
and 350 female SD rats (Crl:CD@(SD)BR) were ob- 
tained from Charles River Laboratories, Raleigh, 
NC. The rats were 36 days of age at the initiation 
of the study, with the males weighing 1 15-1 75 g and 
the females weighing 91-156 g. The rats were in- 
dividually housed in stainless-steel wire cages in en- 
vironmentally controlled clean air rooms with a 12- 
hr light/dark cycle. 

Assigninent to Treatment Groups and 52- Wk 111- 
teriiii Necropsy. The rats were identified by tattoos 
and assigned to the 5 different diet groups described 
below using a balanced random allocation scheme. 
Rats to be selected for the 52-wk interim necropsy 
described in this report were assigned by a stratified 
randomization allocation procedure as follows. For 
each sex and dietary group, the rats were ordered 
by body weight (BW) from the lowest to the highest 
weight. They were then divided into 10 strata by 
BW, and 1 rat from each stratum was randomly 
chosen for the interim necropsy with a second back- 
up animal selected in the event the primary animal 
in the stratum did not survive to the necropsy date. 
This procedure was to optimize the probability that 
a truly representative sample of animals from each 
dietary regimen would be examined at the 52-week 
interim necropsy. 

Diet and Dietary Regimens. The experimental 
groups contained 70 rats/sex/group and were de- 
signed to compare two different diets as well as mod- 
erate DR. The diets and DRs were as follows: 

a. Purina Certified Rodent Chow 5002 fed AL (5002 
AL) as pellets (this diet contains approximately 
21.4% protein, 5.7% fat, and 4.1% crude fiber 
and has a calculated metabolizable energy value 
of 3.07 kcal/g). 

b. Certified Rodent Chow 5002 fed AL for approx- 
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imately 6.5 hr/day during the light cycle (5002 
DR 6.5 hr). 

c. Purina Certified Rodent Chow given in measured 
amounts daily (5002 DR) at approximately 65% 
of adult SD rat AL food consumption (approx- 
imately 16 g/day for females and 21.5 g/day for 
males). 

d. Purina Certified Rodent Chow 5002-9 fed AL 
(5002-9 AL) as extruded pellets (this diet con- 
tains approximately 13.6% protein, 4.6% fat, and 
15.7% crude fiber and has a calculated metabo- 
lizable energy value of 2.36 kcal/g). 

e. Purina Certified Rodent Chow 5002-9 fed in 
measured amounts (5002-9 DR) to provide ap- 
proximately the same caloric intake as animals 
fed under Regime'n c (approximately 20.8 g/day 
for females and 28.8 g/day for males). 

Food consumption was measured over 3 nights 
for the 5002 AL and the 5002 DR 6.5 hr groups, 
over 2 nights for the 5002-9 AL group, and over 1 
night for the 5002 DR and the 5002-9 DR groups. 
An estimation of food wastage was made on weeks 
32, 35, 74, and 94 by weight for all groups. 

Clinical Evaluations. All animals were observed 
daily for clinical signs and mortality and were 
weighed pretest, once during week 1, twice through 
weeks 13, and once weekly thereafter. Ophthal- 
moscopic examinations were conducted on all an- 
imals pretest and at 51 and 103 wk. Hematology, 
clinical biochemistry, and urinalyses were conduct- 
ed in weeks 52, 78 and 103 and will be reported 
separately. 

Osmotic Minipiimp Iniplantation. One wk prior 
to the 52-wk interim necropsy, rats selected by the 
stratified random allocation scheme were implanted 
with osmotic minipumps (Model #2ML1,2ML, Alza 
Corp., Palo Alto, CA) for the continuous 7-day de- 
livery of 5-bromo-2'-deoxyuridine (BrdU; Sigma 
Chemical Co., St. Louis, MO). Prior to implanta- 
tion, th'e minipumps were loaded with BrdU at a 
concentration of 50 mg/ml in a 0.5 N sodium bi- 
carbonate solution. The loaded minipumps were 
surgically implanted subcutaneously in rats under 
ether inhalation anesthesia. The minipumps were 
implanted via a small dorsal midline skin incision 
with the opening of the minipump facing caudally. 
The incisions were closed with surgical staples, and 
the rats were returned to their cages until scheduled 
necropsy (66). 

Necropsy and Histopathology. Rats selected for 
the 52-wk interim necropsy were weighed, deeply 
anesthetized by ether inhalation, and sacrificed by 
exsanguination. The minipumps were removed, ter- 
minal BWs were taken, and the following organs 
were weighed when present: adrenals, ovaries, brain, 

pituitary, heart, prostate, kidneys, liver, testes, lung, 
thymus, uterus, and thyroids with parathyroids. The 
organ weights were expressed as absolute values 
(grams) and as relative values (percentage of BW 
and percentage of brain weight). Each animal un- 
derwent complete gross necropsy with numerous tis- 
sues sampled, including all gross lesions. The tissue 
samples were routinely fixed in 10% neutral-buf- 
fered formalin (testes fixed in Bouin's solution), and 
routine histologic sections of paraplast-embedded 
tissues were stained with hematoxylin and eosin from 
all rats, including salivary gland, stomach, small in- 
testine, large intestine, liver, pancreas, adrenals, pi- 
tuitary, thyroid and parathyroid, kidneys, urinary 
bladder, ovaries, uterus, testes and epididymides, 
prostate, skin, mammary gland, heart, lung, spleen, 
lymph nodes, thymus, bone and bone marrow, skel- 
etal muscle, brain, spinal cord, sciatic nerve, eyes 
with optic nerve, and any gross lesions. In addition, 
selected target tissues were sectioned and stained for 
BrdU immunohistochemistry and included kid- 
neys, liver, pituitary, thyroid and parathyroid, ad- 
renals, pancreas, and small intestine (66). 

Cell Prolferatioiz Studies. The pituitary cell cu- 
mulative DNA synthesis measured by BrdU nuclear 
labeling over 1 wk was expressed as the percent 
labeling index (Yo LI). In each pituitary section, 2,000 
random pituitary cells in the anterior lobe were 
scored for BrdU labeling. In addition, any pituitary 
hyperplasias or adenomas were separately scored for 
percentage of BrdU labeling. 

The hepatocyte cumulative DNA synthesis mea- 
sured by BrdU nuclear labeling was determined by 
scoring 2,000 random hepatocyte nuclei per liver 
for BrdU labeling. The total number of BrdU-la- 
beled hepatocyte nuclei per liver was determined by 
multiplying the individual % LI by the total hepa- 
tocyte nuclei per liver as determined stereologically 
(7, 55, 58, 66). Liver volume was determined by 
direct measurement with corrections for process 
shrinkage by planimetry. Hepatocyte nuclei per cu- 
bic centimeter and total hepatocyte nuclei per liver 
were determined by stereologic evaluation of the 
paraplast sections with standard methods (7, 58). 
Hepatocyte nuclei from all hepatic zones were in- 
cluded in the sampling to allow for zonal differences 
in hepatocyte size. 

Tissiie Biochemistry atid Carcass Analysis. Whole 
liver glutathione content was estimated by the non- 
protein sulfhydryl method, and liver malondialde- 
hyde content was measured using the thiobarbituric 
(TBA) acid reaction on 5 rats/sex/group. Both meth- 
ods were adapted from Rush et a1 (59). 

After complete necropsies were performed on all 
animals, the remaining organs and carcasses were 
frozen for carcass analysis. These tissues were com- 
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pletely ground through a #3 (!& in.) screen and re- 
mixed, and 3-g samples were taken from each ani- 
mal for the determination of protein by the method 
of Kjedahl, body fat by ether extract, and moisture 
and ash content. 

Statistics. Mortality curves over the 106-wk study 
were summarized with life-tables as described by 
Kaplan and Meier (19) and were compared using 
the log-rank test (52). Tumor incidences were com- 
pared using the method of Pet0 et a1 (53), including 
adjustment for age and context of tumor observa- 
tion (observed prior to death, observed at necropsy 
and deemed a cause of death, observed at necropsy 
but not deemed a cause of death). 

Organ weights and terminal BWs from the 52-wk 
interim necropsy rati were analyzed by linear mod- 
els, specifically the analysis of variance with the Stu- 
dent-Newman-Keuls (SNK) procedure (48) to iden- 
tify statistically significant differences among 
treatment groups. Data were analyzed using a log- 
arithmic or rankit scale (14) when appropriate to 
satisfy assumptions required for linear models, in- 
cluding normality and variance homogeneity. Cell 
proliferation and stereology data for the liver and 
pituitary were analyzed in a logarithmic scale for 
organ weight, density of nuclei, total labeled nuclei 
per organ, and labeling index. 

Summary statistics on survival and average food 
consumption in 2-yr studies from multiple labora- 
tories were analyzed using linear models. 

RESULTS 
Correlatioii of Daily Food Conslimption 
with 2- Yr Stirviva1 

Data were correlated and analyzed by linear re- 
gression on 58 SD rat control groups from 2-yr car- 
cinogenicity studies begun between 1978 and 1989 
and fed AL with Purina Certified Rodent Chow 5002 
(Figs. 1 and 2). There was a statistically significant 
relationship between the percentage of survival and 
the average daily food consumption in Charles Riv- 
er SD rats. However, there was considerable vari- 
ability in survival and food consumption among 
laboratories and within the same laboratory. Sur- 
vival ranged from 7.0 to 73.0% for males and 29.0 
to 68.0% for females. Average daily food consump- 
tion (gramdday) ranged from 2 1.7 to 32.3 g/day for 
males and from 16.1 to 24.9 g/day for females. SD 
rats of both sexes from studies conducted in our 
laboratory had a statistically significant higher av- 
erage food consumption compared to SD rats in 
other laboratories (p s 0.05). This variability in 
daily food consumption was likely due to interlabo- 
ratory differences in feeders, caging, and husbandry 
methods. 

In males, the average decrease was 4.9 percentage 
points in survival for each gram increase in average 
daily food consumption (overall RZ =._ 0.42). After 
adjusting for differences in survival among labora- 
tories, the partial correlation between food con- 
sumption and survival was r = -0.48 (p < 0.001). 

In females, the average decrease was 3.7 percent- 
age points in survival for each gram increase in av- 
erage daily food consumption (overall R2 = 0.41). 
The adjusted partial correlation between food con- 
sumption and survival was r = -0.47 (p < 0.001). 

The correlation of food consumption and survival 
data was highly significant. Each regression model 
included separate intercepts for each laboratory and 
a common slope for food consumption. Partial cor- 
relation coefficients were adjusted for interlabora- 
tory differences. These data show that daily food 
consumption and survival are tightly correlated al- 
though variable among laboratories. The greater the 
daily food consumption, the greater the likelihood 
of poor survival by 104 wk. Therefore, it is the 
amount of feed provided per day that appears crit- 
ical in the long-term survival of SD rats fed the same 
feed. 

Eflects of Die& and DR on 104- Wk Survival 
The results of the 106-wk carcinogenicity study 

used the Kaplan-Meier survival curves to estimate 
survival through study week 104. Mortality from 
all causes was considered, except for the approxi- 
mately 10 rats/sex/group selected for interim nec- 
ropsy in study week 52. One-sided log rank statistics 
were used to test for increased survival compared 
with the 5002 AL groups. In addition, the earliest 
week that statistical significance was reached and 
retained through terminal sacrifice was deteimined 
and is indicated in Table I. 

There was no difference in mortality among any 
of the dietary groups during the first 52 wk of the 
study. However, over the course of the second year 
very obvious differences in survival became appar- 
ent. In general, the best survival was seen in dietary- 
restricted groups. The 5002-9 diet fed AL with re- 
duced protein, fat, and energy content and increased 
fiber content did not improve 104-wk survival to 
the 50% level for either sex. Restricting feeding time 
of the 5002 diet to 6.5 hr per day improved survival 
for males (p < 0.00 l), but not for females (p > 0.10). 

DR of either diet, by providing measured amounts 
of food daily, was associated with a great improve- 
ment in survival in both males and females at 104 
wk. The difference in survival between the 5002 AL 
group and the 5002 DR and 5002-9 DR groups 
reached statistical significance (p < 0.05) in week 
51 for males and in weeks 65 and 69 for females. 
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and average daily food consumption. 

The median survival (first week of 50% mortality) 
for the 5002 AL rats was 85 wk for males and 90 
wk for females compared to a median survival of 
over 104 wk for the 5002 DR rats and the 5002-9 
DR rats ofboth sexes. This comparison clearly shows 
that moderate DR of the same diet by 30-35% of 
AL amounts results in dramatic differences in long- 
term survival. 

Average survival for each treatment group was 
calculated after excluding the 52-wk interim nec- 
ropsy animals. Average survival (time to natural 
death or terminal necropsy) is equal to the average 
number of weeks of exposure in a 2-yr rat carcinoge- 
nicity study. The average survival expressed as total 
weeks of survival per rat and their significance rel- 
ative to the mortality in the 5002 AL group are 
shown in Table I. 

These data show that DR can be expected to sub- 
stantially increase the average weeks of survival and, 
thus, the average duration of exposure in rat car- 
cinogenicity studies compared with AL feeding. For 
example, the average time on study for 5002 AL 
males was 80.1 wk, whereas the 5002 DR males 
were on study for an average of 99.6 wk. This dif- 
ference was highly significant (p < 0.00 1) and would 
mean that the 5002 DR males would have 19.5 wk 
(5 mo) of additional exposure to a test compound. 
This increased survival and, thus, increased expo- 
sure would increase the statistical sensitivity of the 
bioassay to detect a treatment-related event and dis- 
tinguish it from controls. 

The tumor incidence data from the 106-wk car- 
cinogenicity study will be presented separately (22, 
23). However, the most common cause of death in 
rats fed either diet AL or DR was pituitary tumors. 
This -was followed by mammary gland tumors in 
females and renal and cardiovascular disease in the 
AL-fed males. The largest number of undetermined 
deaths was seen in the 5002 AL males. The only 
unusual cause of death in SD rats was seen in the 
5002-9-fed animals. Six male and 3 female 5002-9 

801 
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FIG. 2.-The correlation of female SD rat 104-wk sur- 
vival and average daily food consumption. 

AL rats and 1 5002-9 DR female died or were sac- 
rificed due to the effects of the high fiber content of 
the 5002-9 diet that resulted in colonic impaction, 
colonic dilatation, and chronic colitis. Otherwise, 
the AL rats of both sexes, fed either diet had an 
earlier onset and more severe lesions and tumors 
than their DR-fed counterparts (22, 23). 

Eflects of Diet and DR on 52- Wk B W, Body Fat, 
Food Consumption, and Organ Weights 

Anticipated changes in the rate of BW gain were 
associated with the restriction of caloric intake and 
included significant decrements in all groups relative 
to the 5002 AL group. These changes were apparent 
after the first week, and the rate of change in weight 
gain was most dramatic between weeks 1 and 10. 
After 10 wk, BW gain began to level OK 

The typical relationship observed between BW 
and food consumption for the different dietary reg- 
imens is shown in Table I1 during week 50 prior to 
the implantation of minipumps and the 52-wk in- 
terim necropsy. In general, the 5002 AL and 5002-9 
AL groups of both sexes were the largest animals 
and had the greatest variability in BW as seen by 
the range. 

The measured mean daily food consumption cor- 
rected for wastage in grams/day shows that the 
5002-9 AL animals eat 25-30% more feed than the 
5002 AL groups. However, the measured food con- 
sumption is calculated on a gram of feed consumed 
per gram of BW basis, the amount of food consumed 
per gram of BW is remarkably similar for the AL 
and DR regimens for a given diet. When the daily 
kcal consumed per animal is calculated from the 
corrected food consumption, it is seen that the 5002 
AL and the 5002-9 AL rats consume very similar 
amounts of kcal per day. Likewise, the DR rats fed 
either diet consume relatively similar kcal per day. 
When these figures are converted to kcal per gram 
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TABLE I.-SD rat survival from all causes." 

Males Females 

Wee& Average weeks Week' Average weeks 
Group % Survivalb (p < 0.05) of survival % Survival (p < 0.05) of survival 

5002 AL 7 - 80.1 36 - 86.4 
5002 DR 6.5 hr 57*** 57 95.7*** 42 ns - 88.3 ns 
5002 DR 74*** 51 99.6*** 62*** 65 98.3*** 
5002-9 AL 32*** 91 86.6*** 24 ns - 89.5 ns 
5002-9 DR 75*** 51 99.6*** 8l*** 69 98.3*** 

Except interim necropsy at week 52. 
Percentage of survival to end of week 104. 
First week p I 0.05 and remained < 0.05. 

* * * p  % 0.001. ns = p > 0.10 compared with the 5002 group. 

of BW, it is evident that all of the groups fed either 
AL or  under a DR consume a similar amount of 
kcal per gram of BW: Therefore, rats fed either diet 
AL consume the greatest number of grams and kcal 
per rat, but approximately the same number of grams 
and kcal per gram of BW as rats fed DR at 65-70% 
of AL food consumption. 

Carcass analysis from 52-wk interim necropsy an- 
imals reflected anticipated responses as shown by 
the percentage of body fat in Table 11. In general, 
all of the restricted groups were leaner with a sig- 
nificantly lower body fat content and a higher car- 
cass protein than their AL counterparts. The AL 
females had a higher body fat content, while the DR 
females had lower body fat content than their male 
counterparts. The carcass fat of the 5002-9 DR an- 
imals was less than either the 5002 DR 6.5 hr and 
5002 DR rats, despite a similar calculated metab- 
olizable energy intake. 

The 52-wk interim necropsy mean terminal BWs 
and mean organ weights are shown in Tables III- 
VI. Differences in terminal BWs of the 52-wk in- 
terim necropsy animals reflected the changes in BW 

gains observed in the entire groups to this time point. 
In both sexes, the 5002 AL-fed animals were the 
heaviest, followed by the 5002-9 AL groups. All of 
the DR groups were smaller. These differences ap- 
pear to reflect body fat composition. In contrast, the 
differences in absolute brain weight was minimal 
(0-3% of 5002 AL) between the different diets and 
the DR regimens for both sexes. This observation, 
coupled with the carcass analysis, indicates that DR 
did not interfere with brain development and that 
in comparing various organ weights between groups 
the percentage of brain weight is the most appro- 
priate relative comparison. 

Absolute and relative (percentage of brain weight) 
weights of spleen, heart, kidneys, liver, adrenals, 
lungs, thyroids, pituitary, or uterus were generally 
smaller in the DR groups compared to the 5002 AL 
group. Absolute and relative weights of testes, pros- 
tates, or ovaries were not different in the DR groups 
compared to the AL groups. In most cases, the lower 
organ weights seen in the different DR groups cor- 
related with a decrease in lesion incidence or se- 
verity, as discussed later. 

TABLE 11.-Fifty-wk BW, body fat: and food consumption. 

BW (s) Mean food consumption I 

Group hfean (Range) % Body fat g/daYb dg KCaVdayd KcaVg BW' 
~ 

Males 

5002 DR 6.5 hr 597 (464-785) 15.8 15.8 0.027 48.5 0.08 
5002 AL 831 (642-1,073) 26.5 27.3 0.033 83.8 0.10 

5002 DR 603 (543-707) 16.1 21.1 0.035 64.8 0.1 1 
5002-9 AL 758 (529-1,003) 24.0 35.5 0.047 83.8 0.1 1 
5002-9 DR 472 (336-562) 9.3 23.6 0.050 55.7 0.12 

Females 
5002 AL 436 (348-733) 35. I 22.7 0.047 69.7 0.14 
5002 DR 6.5 hr 329 (260499) 13.5 13.9 0.042 42.7 0.13 . 
5002 DR 312 (271-344) 11.7 16.7 0.054 51.3 0.16 
5002-9 AL 421 (31 1-642) 27.1 28.5 0.068 67.3 0.16 
5002-9 DR 278 (24CL3 15) 6.6 18.6 0.067 43.9 0.16 

Body fat determined at 52-wk interim necropsy (approximately IOlsedgroup). 
*Corrected for food wastage of 8.4% for 5002 diet and 14.5% for 5002-9 diet. 
c Corrected for food wastage and expressed as grarnslgram of mean BW. 
'Calculated from corrected food consumption with 3.07 KcaVg for 5002 diet and 2.36 KcaVg for 5002-9 diet. 
' Kcal consumeflpram BW. 
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TABLE 111.-Fifty-two-wk interim necropsy mean BW and organ weights. 

Group 5002 AL 5002 DR 6.5 hr 5002 DR 5002-9 AL 5002-9 DR 

Number 
BW k) 
Brain (g) 
Spleen (g) 
Lungs (g) 
Thyroids (9) 
Testes (9) 
Prostate (g) 

Number 
B w  (9) 
Brain (g) 
Spleen (g) 
Lungs (g) 
Thyroids (g) 
Ovaries (9) 
Uterus (g) 

10 
734.0 

2.320 
1.040 
2.010 
0.035 
3.240 
0.650 

10 
456.0 

2.090 
0.770 
1.480 
0.025 
0.068 
1.080 

Males 
10 

559.0' 
2.240 
1.030 
1 .76OS 
0.030 
3.520 
0.650 

9 
309.0F 

2.140 
0.540' 
1 .29OS 
0.020s 
0.067 
0.930 

Females 

10 
570.05 

2.320 
0.770' 
1.790 
0.025' 
3.740 
0.510 

10 
286.0' 

2.120 
0.530 
1.240' 
0.0205 
0.069 
0.840 

7 
640.0 

2.300 
0.870 
1.900 
0.034 
3.670 
0.740 

8 
380.0' 

2.090 
O.52Os 
1 .3605 
0.033 
0.078 
0.750' 

10 
43 1 .Os 

2.280 
0.6405 
1.500s 
0.024' 
3.590 
0.510 

12 
244.0' 

2.050 
0.490' 
1.1105 
0.0 19s 
0.062 
O.67Os 

Statistically significant (p 5 0.05) compared to the 5002 AL group. Unmarked values were not statistically significant compared to the 5002 AL group. 

Eflects of Diet and DR on Pitiiitary and 
Maininary Glands up to 52 Wk 

Table IV shows the incidence ofanterior pituitary 
focal hyperplasia and adenoma, the mean pituitary 
weight, and the mean 7-day cumulative BrdU % LI 
of the normal anterior pituitary. The highest inci- 
dence and severity of focal hyperplasia and/or ad- 
enoma was seen in the 5002 AL rats followed by 
the 5002-9 AL rats of both sexes. All DR groups 
had a lower incidence of hyperplasia. However, the 
5002 DR 6.5 hr females had an increased incidence 
of adenoma and hyperplasia compared to the other 
female DR groups. 

The 5002 AL males had the largest pituitary 
glands. The female pituitary gland weights were sim- 
ilar among the 5002 AL, the 5002 DR 6.5 hr, and 
the 5002-9 AL groups. Compared to the 5002 AL 
group, the females in the 5002 DR and the 5002-9 
DR groups had significantly smaller pituitaries. 

Compared to the 5002 AL females, the 7-day cu- 
mulative BrdU Yo LI was statistically significantly 
lower in the 5002-9 DR group. It was also lower, 
although not significantly, in the 5002 DR group. 
This general pattern was repeated for the males, but 
none of the male groups were statistically signifi- 
cantly different (p > 0.05). 

A total of 12 females and 10 males had pituitary 

TABLE IV.-Fifty-two-wk pituitary and mammary gland changes. 

Group 5002 AL 5002 DR 6.5 hr 5002 DR 5002-9 AL 5002-9 DR 

Males 
Number" 13 10 10 12 10 
Anterior pituitary 

- - - - Adenornab 2 
H yperplasiab 4 1 1 3 - 
Weight (g)' 0.020 0.01F 0.0 1 6s 0.0 15s 0.0 1 3s 
% LId 1.420 1.310 1.130 1.140 1.020 

Females 
NumbeP 12 11 10 10 15 
Anterior pituitary 

- 2 - Adenomah 3 1 
Hyperphiah 1 3 1 2 - 
Weight (g)' 0.028 0.026 0.020s 0.022 0.0 1 6s 
% LId 1.530 1.120 0.980 1.160 0.7 1 Os 

Mammary glands 
Fibroadenornab 2.000 - - 
GalactocelP 6.000 I .ooo - 

1 .ooo - 
1.000 2.000 

Number examined including 52-wk necropsy and early deaths. 
Number per group with the diagnosis up to 52 wk (early deaths and interim necropsy). 
Fifty-two-wk interim necropsy rats only. 

'Anterior pituitary Urdu percent labeling index in normal tissue of interim necropsy. 
* Statistically significant (p 5 0.05) compared to the 5002 AL group. 
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TABLE V.-Fifty-two-wk liver changes, 

Group 5002 AL 5002 DR 6.5 hr 5002 DR 5002-9 AL 5002-9 DR 

Males 
Basophilic A H P  0.30 - 0.20 0.66 0.10 
Eosinophilic AHFa 0.46 0.20 0.20 0.50 - 
Penportal vacuolation" 1.07 - 0.10 0.25 - 
Liver weight (s) 19.38' 16.345 14.0lS 15.5 lS 1 1.09s 

Bile duct hyperplasia" 0.6 1 0.10 0.40 0.66 0.60 

Nuclei x 106/cm3 99.00 92.00 106.00 1 16.00 94.00 
Nuclei x 106/liver 135  1.00 1,216.005 1,215.OOs 1,469.00 852.005 
Hepatocyte % LI 0.40 0.46 0.62 0.45 2.44s 
Labeled nuclei x 106/liver 6.20 5.60 7.50 6.70 20.805 
Mitotic rate/1,000 0.05 0.10 0.10 0.07 0.15 
GSH bg/msIb 19.90 27.5OS 29.4OS 22.40 33.OOs 
MDA bdmg)' 0.55 0.235 O.4ls 1.16 0.555 

Basophilic AHFa 
Eosinophilic AHF" 
Bile duct hyperplasia# 
Periportal vacuolationo 
Liver weight (g) 
Nuclei x 106/cm3 
Nuclei x 1O6/liver 
Hepatocyte % LI 
Labeled nuclei x 106Aiver 
Mitotic rate/1,000 

MDA h d m d '  
GSH Olg/mg)* 

0.33 
0.16 
0.9 1 
1.66 

12.26 
104.00 

1,028.00 
3.60 

37.10 
0.25 

17.40 
1.90 

Females 
0.36 
0.27 
0.27 
0.27 

10.06s 
94.00 

775.OOs 
3.20 

25.00 
0.22 

21.80 
0.8S 

0.50 
0.10 
0.40 

8.72s 
98.00 

70 1 .OOs 
3.80 

26.50 
0.25 

18.90 
0.465 

- 

0.60 

0.90 
1.10 

10.26s 
95.00 

795.005 
4.30 

34.20 
0.38 

18.80 
2.25 

- 0.46 
0.06 
0.80 
0.20 
6.88s 

98.00 
553.005 

14.905 
82.68 
0.79 

18.40 
0.74s 

a Average grade (C-5) of histologic lesion. 
Glutathione content, &ng protein; values are means from 5 rats/proup. 
Malondialdehyde content, pmoledmg protein; values are means from 5 ratdgroup. 
Statistically significant (p 5 0.05) compared to 5002 AL. 

adenomas and/or focal hyperplasia of the anterior 
pituitary. BrdU Yo LIs were similar whether an an- 
imal had multiple adenomas or hyperplasias, so these 
values were averaged so that each animal might 
contribute equally to the analysis. Too few animals 
at 52 wk had hyperplasia or adenoma for compar- 
ison of all 5 treatment groups. The AL groups were 
combined for comparison with the DR groups. In 
each of the 22 animals, the Yo LI was higher for the 
adenoma or focal hyperplasia compared with the 
normal adjacent anterior pituitary (pars distalis) tis- 
sue (p </O.OO 1 and p = 0.002 for females and males, 
respectiyely). Some of the highest pituitary Yo LIs 
were observed in the adenomas, but the adenomas 
also had some of the lowest Yo LIs. 

The females in the 5002 AL and the 5002-9 AL 
groups were the only rats with fibroadenomas by 52 
wk. The 5002 AL females also had the highest in- 
cidence of galactoceles (Table IV). 

Efects of Diet and DR on Liver 
A summary of the liver changes observed at the 

52-wk interim necropsy are shown in Table V. De- 
generative changes were most evident in the 5002 
AL rats. Degenerative changes, such as periportal 
hepatocellular vacuolation and telangiectasis were 
more evident and severe in the 5002 AL rats than 
any other group. Penportal vacuolation and other 

degenerative changes were less evident in the DR 
groups on both diets. In rats showing periportal vac- 
uolation, particularly the females, there was an in- 
crease in BrdU nuclear labeling of hepatocytes in 
this region. These and other changes appear to cor- 
relate directly with increased malondialdehyde con- 
tent observed in the 5002 ALand 5002-9 ALgroups 
(Table V). 

Bile duct hyperplasia was more frequent and se- 
vere in both AL groups and was accompanied by 
increased BrdU labeling of the bile ductules. Ba- 
sophilic and eosinophilic altered hepatocellular foci 
(AHF) were seen in all groups, but clear differences 
among groups were not evident at 52 wk. The AHF 
had increased BrdU labeling compared to the sur- 
rounding normal hepatocytes. 

The mean glutathione content of the male livers 
was statistically significantly greater in the DR rats 
than in either AL group (p < 0.001). In the females 
rats, a similar trend was noted but was not statis- 
tically significant. 

Liver malondialdehyde (MDA) content was high- 
er in both the 5002 AL and the 5002-9 AL groups. 
In both males and females, the liver MDA was sta- 
tistically significantly less in the DR groups com- 
pared to either AL group. 

For both males and females, the 5002 AL group 
had the heaviest livers, while the 5002-9 DR group 
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TABLE VI.-Fifty-two-wk degenerative changes of kidney, heart, pancreas, and adrenals. 

Group 5002 AL 5002 DR 6.5 hr 5002 DR 5002-9 AL 5002-9 DR 

Kidneys 
Weight (g) 
Nephropathy" 
Tubular basophiliaO 
Glomerular sclerosiso 

Heart 
Weight (g) 
Cardiomyopathya 

Acinar atrophyo 
Islet fibrosisu 

Weight (g) 
Cystic degenerationo 

Pancreas 

Adrenal 

Kidneys 
Weight (g) 
Nephropathy" 
Tubular basophiliaO 
Glomerular sclerosisa 

Weight (g) 
Cardiomyopathya 

Acinar atrophy" 
Islet fibrosisE 

Weight (g) 
Cystic degenerationm 

Heart 

Pancreas 

Adrenal 

5.14 
1.92 
2.31 . 
1.31 

1.85 
0.84 

0.30 
0.92 

0.074 
- b  

2.87 
0.58 
1 S O  
0.25 

1.34 
0.83 

0.08 
0.16 

0.100 
1.330 

Males 

3.69s 
0.20 
0.80 
0.10 

1.58s 
0.50 

0.20 
0.50 

0.067 

Females 

2.3Y 

0.64 

- 

- 

- 

1.11s 
0.27 

0.36 - 

0.09 1 
1.180 

3.74s 
0.20 
1 .oo - 

1.5S 
0.60 

0.30 
0.60 

0.064s 
- 

2.3OS 

0.40 
- 

- 

1.01s 
0.10 

- 
- 

0.072= 
0.700 

4.08s 
0.83 
1.75 
0.58 

1.78 
0.58 

0.16 
1.00 

0.066 
- 

2.60 

1.30 
- 
- 

1.19 
0.80 

- 
- 

0.068s 
0.400 

3.0Is 
0.00 
1.10 
- 

1 .36s 
0.10 

0.20 
0.00 

0.054s - 

1.9F 

1.06 
- 
- 

0.87s 
0.20 

0.06 - 

0.059s 
0.130 

Average histological grade (0-5). 

Statistically significant (p 5 0.05) compared to 5002 AL. 
*One pheochromocytoma in 5002 AL group. 

had the lightest livers. The geometric means by 
treatment group of the hepatocellular proliferation 
and stereologically determined nuclear density are 
shown in Table V. The density of hepatocyte nuclei 
(nuclei/cm3) showed no statistical differences among 
groups, So the results for total hepatocyte nuclei per 
liver are quite similar to those for liver weight. The 
5002-9 DR group showed an increased average % 
LI and total labeled nuclei per liver compared with 
other groups for sexes. In every treatment group, 
females had higher average Yo LI and total labeled 
nuclei per liver compared with the respective male 
groups. 

Too few mitotic cells were observed for analysis 
of variance, so a nonparametric test was used. In 
males, no treatment group differed with the 5002 
AL group. Females in the 5002-9 group had more 
mitotic hepatocytes compared with other groups, 
but this was not statistically significant. As with the 
labeling data, the observed average mitotic rate was 
higher for females than male rats in every treatment 
group. 

Eflect of Diet and DR on Kidney, Heart, and 
Other Organs 

There were clear differences in the incidence and 
severity ofthe changes observed in the kidneys, heart, 
pancreas, and adrenals of the 5002 AL group versus 
the other treatment groups (Table VI). In general, 
the 5002 AL rats had the largest kidneys with the 
most severe morphologic changes. The glomerular 
sclerosis, tubular basophilia, interstitial fibrosis, and 
cellular infiltrates were individually graded for all 
animals. When an individual manifested all of these 
changes, an overall grade was given under the cat- 
egory of chronic nephropathy. The BrdU-labeled 
slides showed high labeling in areas of tubular ba- 
sophilia, cellular infiltration, interstitial fibrosis, and 
glomemlar sclerosis. The 5002-9 rats had less severe 
renal lesions, suggesting a sparing effect of the lower 
protein diet. However, in all DR groups fed either 
diet, there was a clear decrease in the incidence and 
severity of renal lesions compared to either diet fed 
AL. Quantitative analyses of the morphologic and 
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proliferative changes have been presented elsewhere 

The 5002 AL and 5002-9 AL rats had the largest 
hearts and their incidence and severity of cardiomy- 
opathy as manifest by myocardial degeneration, fo- 
cal fibrosis, and cellular infiltration was greater than 
in their restricted counterparts (Table VI). . 

The rats fed AL either diet had the highest inci- 
dence and severity of degenerative changes in the 
pancreas, particularly islet fibrosis and acinar de- 
generation (Table VI). 

The 5002 AL females had the highest incidence 
and severity of adrenal cortical cystic degeneration. 
The only pheochromocytoma seen by the time of 
the 52-wk interim necropsy was in a 5002 AL male. 
The 5002 AL rats had the largest adrenals (Table 
VI). 

Additional changes observed in the aforemen- 
tioned and other organs, generally indicated the 5002 
AL group had the highest incidence and severity of 
degenerative and proliferative lesions; however, only 
a slight improvement was seen in the 5002-9 AL 
group. In general, all of the DR regimens decreased 
the incidence and severity of lesions in the kidney, 
liver, pituitary, heart, mammary gland, pancreas, 
adrenal, and other organs compared to the 5002 AL 
and 5002-9 AL groups. The 5002-9 diet fed AL 
appeared to have a slight sparing effect on the se- 
verity of renal lesions but did not have an appre- 
ciable effect on the overall incidence of lesions ob- 
served in other organs or in relative BW gain or 
carcass composition. DR by measurement or time 
with both diets appeared to have a sparing effect on 
the incidence and severity of the common degen- 
erative and proliferative lesions of this stock, with 
the exception of the 5002 DR 6.5 hr regimen in 
females that did not prevent the early onset of pi- 
tuitary hyperplasia and adenoma. 

(11, 22). 

I DISCUSSION 
I 

The data demonstrate that overfeeding is a major 
contributor to poor SD rat survival. Moreover, 
moderate controlled DR that provides feed in 
amounts that are in the range ofcurrent “ad libittiid’ 
studies (Figs. 1 and 2) will improve survival, lower 
the incidence and/or severity of chronic diseases 
associated with overfeeding, and improve the rat as 
a model in which to test candidate pharmaceuticals 
(20-23). We have also studied a modified diet with 
lower protein, fat, and metabolizable energy content 
and increased fiber content and found no survival 
benefit if this diet was fed AL. These data indicate 
that SD rats should be maintained on a standardized 
diet by dietary caloric restriction by providing ap- 
proximately 60-65% of their true AL food con- 
sumption per day. 

Any attempt to modify “ad libiiunl” food con- 
sumption must be done with an appreciation of the 
wide variability seen in daily food consumption and 
2-yr survival for the same SD rat stock, fed the same 
feed in different laboratories (Figs. 1 and 2). In our 
laboratory, adult SD rats fed AL eat approximately 
33.0 or 24.6 g of Purina 5002 diet daily for males 
or females, respectively. The 65% amounts of these 
AL amounts (35% DR) are 2 1.5 and 16.0 g for males 
and females, respectively. Laboratories that feed less 
than this amount see an increase in long-term sur- 
vival, as indicated by the correlations plotted in 
Figs. 1 and 2. Compared to our daily AL food con- 
sumption, many other laboratories are currently 
practicing a form of food restriction under their 
feeding conditions. For example, SD male rats given 
2 1.7 g/day are fed at our 35% DR level, and those 
given 23 g/day would require less than a 10% re- 
duction to reach our 35% DR level of 21.5 g/day. 
Only laboratory rodents are maintained by AL feed- 
ing, whereas other laboratory animals (i.e., dogs and 
primates) are fed measured amounts of feed, and it 
is considered a poor veterinary practice to do oth- 
erwise. 

The most successful DR regimens provide essen- 
tial nutrients at adequate amounts but restrict ca- 
loric intake to 30-70% below the true AL food con- 
sumption levels. The beneficial effects on longevity 
appear to depend primarily on caloric restriction, 
because the specific restriction of fat, protein, min- 
erals, or other nutritional components without ca- 
loric restriction does not increase the overall long- 
term survival or the maximum species-specific 
life-span (8, 9, 34, 39, 41, 56, 70). A chronic 30- 
40% restriction of energy intake without essential 
nutrient deficiency lowers the incidence and/or de- 
lays the onset of most spontaneous and induced 
tumors; reduces the severity and/or onset of most 
spontaneous degenerative diseases, such as ne- 
phropathy and cardiomyopathy of rats; and extends 
the average and maximum life-span (1 1,20-23,34, 
35, 41, 56, 57, 63, 70, 72). 

McCay et a1 (44) first clearly demonstrated an 
extension of maximum rat life-span via DR almost 
60 yr ago and postulated that food restriction ex- 
tends life-span by slowing growth and development. 
Recent studies, however, have shown that DR be- 
gun in adult life also increases survival in rats (33, 
35,41,74). A 40% DR of 6-mo-old F-344 male rats 
was as effective as a similar degree of food restriction 
started at 6 wk of age (33, 74). Thus, DR is very 
effective in mature rats when growth is complete, 
indicating that DR is not mechanistically linked with 
a delay in growth and development or early BW 
gain. 

Rats fed either diet by DR had lower body fat 
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than AL-fed animals (Table 11). It was proposed in 
the 1960s that food restriction retarded aging and 
extended life-span by reducing body fat content (34, 
39). This view is consistent with the general belief 
that excessive body fat leads to premature death in 
humans and AL-fed rats have body fat content sim- 
ilar to obese humans. In contrast, DR-fed.rats have 
body fat content in the range of normal adult hu- 
mans. This simple analogy may be ill advised due 
to the marked differences between the 2 species in 
metabolic rate and other physiological processes (8, 
34, 70, 72). Moreover, it has been shown that no 
correlation between body fat content and length of 
life exists for AL-fed male F-344 rats and, in fact, 
a positive correlation between body fat content and 
length of life was observed in dietary-restricted F-344 
rats (1,2,36). Similar conclusions have been drawn 
from studies with male Wistar rats (65) and in stud- 
ies of food restriction with lean and genetically obese 
mice (13). These data make it highly unlikely that 
reducing the body fat content per se plays a causative 
role in extending life-span by DR (1, 2, 36). 

The data from this study with 2 diets differing in 
specific nutrient content and energy content indicate 
DR increases longevity by restriction of energy rath- 
er than restriction of a specific nutrient. While food 
restriction involves restricting all of the specific nu- 
trients as well as calories, energy intake appears to 
be the main process improving survival because DR 
rats fed either diet have the same or slightly higher 
food intake per gram of BW as AL rats given a 
specific diet (Table 11). Many studies using different 
diets and rodents have shown food restriction per 
se extends life (21, 32, 52, 70, 71). 

For example, in studies of male F-344 rats, re- 
stricting the protein intake by 40% without restrict- 
ing calories resulted in only a small improvement 
on longevity, and, except for decreased renal dis- 
ease, few other aging processes were affected (31, 
37). However, a 40% caloric restriction without pro- 
tein restriction was as effective as caloric restriction 
with protein restriction in improving F-344 rat sur- 
vival (1 5 ,  3 1, 37). Our studies of SD rats have led 
to the same conclusion that protein restriction with- 
out caloric restriction is not a major factor in most 
of the actions of food restriction in improving lon- 
gevity (1 1, 22). 

In studies restricting dietary fat or minerals in a 
similar way, no effect on F-344 rat longevity was 
seen (16, 74). In our studies of SD rats, marked 
increases in dietary fiber were not effective in im- 
proving survival above 50% at 2 yr when fed AL 
(Table I). While a possible specific role for the car- 
bohydrate component of the diet cannot be ruled 
out, these and other studies indicate that the ability 

of DR to extend longevity is due to the restriction 
of energy intake rather than the restriction of a spe- 
cific nutrient. 

Some have speculated that food restriction in- 
creases longevity simply by reducing the intake of 
toxic contaminants in the diet. This is unlikely con- 
sidering the variety of feeds used in different food 
restriction studies (8,9, 16,23,31,56,70,74). That 
DR-fed rodents eat approximately the same or 
slightly more food per gram of BW as AL-fed ro- 
dents indicates they would be exposed to the same 
level of contaminants as their AL counterparts on 
a per gram of BW basis. Also, in many food-re- 
stricted studies, vitamins have not been restricted 
or have been supplemented, showing that a possible 
contamination from this source is not involved (8, 
16, 70, 7 1). Thus, research from a number of dif- 
ferent laboratories strongly indicates that the retar- 
dation of aging processes and the increasing longev- 
ity that food restriction produces is due to the 
restriction of energy rather than the restriction of a 
specific nutrient. 

The data from this study rule out hypotheses that 
DR acts by reducing the intake of calories or other 
nutrients per unit of body mass, because the amount 
of grams of feed or kcal consumed per gram of BW 
is very similar between AL and DR groups. Because 
AL and DR rats fed either diet consume approxi- 
mately the same kcal per gram of BW, these data 
also rule out hypotheses that DR increases survival 
by decreasing metabolic rate (5 1,60). The BW and 
food consumption data of SD rats fed DR either 
diet and similar data of F-344 rats restricted by 40% 
of AL (34, 39, 41) show that caloric-restricted rats 
rapidly change BW in response to food restriction 
that results in similar food intake per gram of BW 
in both DR- and AL-fed rats. Metabolic studies of 
F-344 rats have shown that 40% DR initially does 
cause a transient fall in energy expenditure per unit 
of lean body mass, but within 6 wk the DR- and 
AL-fed F-344 rats had similar rates of oxygen con- 
sumption per unit of lean body mass (42, 43). The 
reason for these results is that lean body mass is 
rapidly reduced in the DR animals in proportion to 
the reduction of energy intake. These data make it 
unlikely that the effects of DR are due to a reduction 
in metabolism or a decrease in energy intake or any 
other nutrient per unit of lean body mass. Rather, 
these data indicate that the effects of DR on aging 
and longevity depend not on the rate of food use 
but on total amount of food consumed (energy in- 
take) by the entire organism. Thus, the antiaging 
action of dietary restriction is not a reduction in 
metabolic rate per unit of “metabolic mass,” but 
the reduction in energy intake per animal (34, 39, 
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42, 43). It appears that this reduction of energy in- 
take per animal modulates aging by altering char- 
acteristics of fuel use rather than the rate of use (32, 
34, 39, 41, 43). 

Data from this study do support 2 widely held 
theories that caloric restriction acts not by changing 
the rate but by modulating certain characteristics of 
fuel use to prevent long-term damage of fuel use 
from the glycation reaction or oxidative metabo- 
lism. Glucose, a reducing sugar, undergoes a nonen- 
zymatic reaction. with amino groups of proteins 
called the glycation reaction. The glycation theory 
proposes glucose is a mediator for aging by glycation 
ofproteins and nucleic acids (5,38). The importance, 
of damage from glycation can readily be seen in 
diabetes mellitus. - 

In this study, glucose levels at 52 wk presented 
elsewhere (1 1) were elevated in the 5002 AL and 
5002-9 AL groups relative to their DR counterparts. 
The lowest levels were seen in the 5002-9 DR males 
and 5002 DR and 5002-9 DR females (1 1). Glo- 
merular sclerosis, a component of chronic nephrop- 
athy, is a structural change similar to that seen in 
diabetic nephropathy (10). This change was most 
evident in the 5002 AL males and females and the 
5002-9 males. Similarly, pancreatic islet degenera- 
tion and fibrosis was most evident in the same groups 
(Table VI). In studies of F-344 male rats, 40% DR 
lowered plasma glucose levels to about 15% of AL- 
fed counterparts (38). However, the rate of glucose 
utilization per unit of lean body mass of DR-fed 
F-344 male rats is as great as that ofAL-fed animals 
(38). These data indicate that glucose effectiveness 
or insulin sensitivity or both are increased by DR 
(38, 40). These findings indicate that the effect of 
food restriction on plasma glucose levels may be a 
fundamental mechanism, because it results in the 
more efficient use of an important, but potentially 
toxic, fuel (glucose) at sustained lower, and presum- 
ably less long-term damaging, concentrations (5,38, 
40). ; 

While fuels such as glucose are reactive molecules 
in their own right, oxygen use in the oxidative me- 
tabolism of fuels results in free-radical production 
and forms the basis of the free-radical theory of 
aging (1 2,7 1-73). This theory assumes that life-long 
damage from reactive oxygen species occurs during 
basic metabolic processes of life and that DR pro- 
tects the organisms by maintaining protective mech- 
anisms into advanced age (17, 24, 25, 29, 64, 71- 
73). A 40% DR of male F-344 rats will modulate 
free-radical production, scavaging enzyme activi- 
ties, free-radical damage, and the detoxification of 
products of free-radical damage (1 7,24,25, 29, 64, 
7 1,72). Lipid peroxidation is inhibited as measured 

' 

in vitro by analysis of the age-related increase in 
MDA produccd by liver microsomal and mito- 
chondrial membranes, and hydroperoxide content 
of hepatic membranes is reduced by DR (73). Glu- 
tathione reductase and catalase change little with 
age but are maintained at significantly higher levels 
in DR F-344 rats. Reduced glutathione levels are 
stable through 18 mo of age but fall by 24 mo of 
age in the AL-fed but not DR-fed F-344 rats. Mn- 
superoxide dismutase and glutathione peroxidase 
changed little with age (17, 24, 25, 29, 64, 71-73). 
DR influences the metabolism of MDA, a product 
of lipid peroxidation from free-radical damage. He- 
patic mitochondria from AL-fed rats lose the ability 
to oxidize MDA with age, and this decrease is par- 
tially prevented by DR (73). This action may un- 
derlie the ability of food restriction to prevent the 
age-associated accumulation of lipofuscin and re- 
lated substances in the livers of aging animals (1 7). 

Data from SD rat livers in this study indicate that 
DR rats are better able to withstand spontaneous 
oxidative injury than the AL rats. At 52 wk, the 
mean hepatic glutathione (GSH) content of males 
from all DR groups was clearly higher than that of 
livers from either AL group. While a similar differ- 
ence in GSH was not observed in females, the he- 
patic malondialdehyde (MDA) content in the DR 
females (all groups) was lower (2445% of the 5002 
AL group for 5002 DR rats and 33% of the 5002-9 
AL group in 5002-9 DR rats). The differences noted 
at 1 yr indicate that livers of dietary-restricted SD 
rats are better able to defend against oxidative in- 
jury, as has been shown in F-344 rats (17, 24, 25, 

The proliferative and degenerative changes seen 
in the livers at 52 wk also indicate that DR-fed SD 
rats are better able to withstand long-term metabolic 
load and oxidative damage. The incidence and se- 
venty of bile duct hyperplasia, periportal hepato- 
cellular vacuolation, and related degenerative 
changes were greater in AL-fed rats given either diet 
compared to their DR-fed counterparts. The changes 
observed in this study were consistent with those 
reported in F-344 rats (1 7). 

In response to increased total fuel intake per rat 
from both diets, liver size was greater in AL-fed 
rats, expressed as relative and absolute weight, total 
hepatocyte nuclei per liver, or total BrdU-labeled 
hepatocyte nuclei per liver. The density of hepato- 
cyte nuclei per cm3 and BrdU Yo LI were generally 
the same among the AL and DR groups. These data 
indicate that AL-fed rats have a greater liver mass 
at 52 wk, more hepatocellular degeneration, more 
oxidative damage (less GSH, more MDA), and po- 
tentially more hepatocytes in DNA synthesis at risk 

29, 71-73). 
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of DNA damage from ongoing chronic oxidative 
metabolism and glycation reactions. 

An exception to this general observation was the 
DR rats fed the 5002-9 low-protein, low-energy, 
high-fiber diet. These rats had the smallest, least 
damaged livers but the highest BrdU 9'0 LI and total 
labeled hepatocyte nuclei per liver. This observation 
indicates that increased hepatocellular DNA syn- 
thesis per se, in the absence of other biochemical or 
pathological changes, is not necessarily indicative 
of hepatocellular injury. 

The most common cause of death in old SD rats 
in general and in SD rats in this study was pituitary 
tumors in both sexes and mammary gland tumors 
in females (3,20, 22, 23,44, 50, 68). At 52 wk, the 
5002 AL and 5002-9 AL rats of both sexes and the 
5002 DR 6.5 hr females had the largest pituitaries 
and the highest incidence of pituitary adenomas or 
focal hyperplasias. The anterior pituitary (pars dis- 
talis) BrdU Yo LI of normal cells was lower in the 
5002 DR and 5002-9 DR females. Significant dif- 
ferences were seen between the AL- and DR-fed 
males. However, the BrdU Yo LI of focal hyperpla- 
sias and adenomas of the anterior pituitary were 
similar for both lesions and did not differ among 
groups or sexes. These data suggest that both lesions 
represent a continuum and, once established, have 
similar proliferative kinetics. 

Since increased prolactin secretion has been as- 
sociated with pituitary adenomas (46, 61, 62, 67, 
68), it is not surprising that the 5002 AL and 5002-9 
AL females had the only mammary gland fibroad- 
enomas at 52 wk. The 5002 AL females also had 
the highest incidence of galactoceles at this time. 
These data indicate that AL feeding accelerates the 
time of onset of pituitary and mammary gland pro- 
liferative lesions, and DR delays their time of onset. 
The changes observed in these 2 organs at 52 wk 
were the pathology biomarkers that best correlated 
with final 2-yr survival and the final incidence of 
fatal lesions and tumors (20-23). 

Spontaneous prolactin-secreting pituitary tumors 
in aging rats have been well studied, with certain 
stocks and strains developing a high incidence (4, 
46,47,49, 61-63, 67, 68). In aging rats, a decrease 
develops in secretion by hypothalamic neurons of 
catecholamines, particularly dopamine and norepi- 
nephrine, that lowers hypothalamic release of go- 
nadotropin-releasing hormone, growth hormone- 
releasing hormone and thyrotropin-releasing hor- 
mone. These result in reduced pituitary secretion of 
gonadotropic hormones, growth hormone, thyro- 
tropic hormone, and increased pituitary secretion 
of prolactin. This age-related decrease in hypotha- 
lamic prolactin-inhibitory activities is associated 
with the development of prolactin-secreting pitui- 

tary tumors (4,46,47,49,62). While DR has been 
shown to reduce hormone secretion by the hypothal- 
amus, DR also prevents the age-related decrease in 
hypothalamic dopaminergic activity. DR does not 
decrease the responsiveness of the pituitary to hy- 
pothalamic hormones or the target endocrine glands 
to pituitary hormones (4,46,47). This indicates that 
DR has a major protective effect on the hypothala- 
mus. In contrast, overfeeding by AL apparently ac- 
celerates the reduction of hypothalmic dopaminergic 
activity that increases pituitary prolactin release 
leading to the early development of potentially fatal 
pituitary tumors and mammary gland tumors in the 
rat (46, 49, 62). 

After pituitary tumors, the most common cause 
of early death in male SD rats was renal disease (1 1, 
20-23). The earliest onset, highest incidence, and 
most severe chronic nephropathy was seen in the 
5002 AL males, followed by the 5002-9 AL males. 
The rats fed either diet by DR had a low incidence 
and severity of renal disease that was not a contrib- 
uting factor to mortality in the DR-fed animals. 
Interestingly, the low-protein, low-energy, high-fi- 
ber 5002-9 diet was ofminimal benefit in preventing 
chronic nephropathy if fed AL but was of some 
benefit when fed DR. Quantitative data presented 
elsewhere (1 1) support these observations and in- 
dicate AL feeding of either diet was associated with 
the early development of glomerular hypertrophy 
that leads to glomerular sclerosis (1 1,22). These and 
other data suggest that the pathogenesis of chronic 
nephropathy in the rat is initiated by glomerular 
hypertrophy and DR prevents the early develop- 
ment of this change (1 1, 22). 

Besides pituitary tumors and renal disease, the 
third contributing factor to mortality in the 5002 
AL males was chronic cardiomyopathy. This lesion, 
involving combinations of myofiber degeneration, 
mononuclear cell infiltration, and myocardial fibro- 
sis was seen in the highest incidence and severity in 
the 5002 AL and 5002-9 AL males. These same 
groups also had the largest hearts and lungs at 52 
wk. All of the DR groups had smaller hearts and 
lungs and a lower incidence and severity of car- 
diomyopathy. This lesion is common in most strains 
of laboratory rats and increases in severity and in- 
cidence with age (6,22,30, 56, 63). DR in other rat 
strains and stocks partially protects against car- 
diomyopathy (6, 30, 56, 63). 

While not a significant contributing factor to mor- 
tality by 2 yr, the changes seen in the adrenal glands 
at 52 wk were predictive of the lesion and tumor 
incidence seen at the end of this study (23). The 
single pheochromocytoma in the 5002 AL males 
reflected an earlier onset time of this common ad- 
renal tumor. The greater adrenal weights and se- 



Vol. 22, No. 3, 1994 OVERFEEDING AND DR OF SD RATS 313 

verity of adrenal cortical cystic degeneration in the 
5002 AL and 5002 DR 6.5 hr females were predic- 
tive of the severity of adrenal changes seen by 2 yr 
and indicate an earlier onset time of these degen- 
erative changes (22). 

The mechanisms underlying the action of DR on 
aging and longevity have proven to be difficult to 
explore and several of the major hypotheses pro- 
posed for the action of DR have been ruled out by 
recent studies (31, 34, 36, 3841,47,  71, 72). How- 
ever, it is apparent that DR does retard aging pro- 
cesses and extends longevity by allowing the rodent 
to utilize fuel in less damaging ways than is the case 
for its AL-fed counterparts. Most of the basic work 
in dietary-restricted rodents has accumulated evi- 
dence on the use of glucose and oxygen, both po- 
tentially toxic processes (3 l ,  34, 39-4 l , 64, 70-73). 

The data from this study of SD rats are consistent 
with the observations of others over the past 4 de- 
cades that reducing energy intake by caloric restric- 
tion will increase the survival, retard age-related 
senescence and degeneration, and delay the onset of 
age-related diseases and tumors (8, 9, 31, 37, 41, 
47, 56, 63, 70, 74). Although the mechanisms un- 
derlying these effects are not yet completely under- 
stood, our data support several of the most widely 
held hypotheses that caloric restriction acts by mod- 
ulating the characteristics, but not the rate, of fuel 
use in a way to prevent long-term damage of such 
fuel use through oxidative damage or glycation ( 5 ,  
8, 12, 34, 38-42, 70-73). While other hypotheses 
should be considered, it is apparent that caloric re- 
striction is affecting survival primarily through its 
action on fuel utilization. It is likely that primary 
aging processes are involved in the pathogenesis of 
many of these different age-associated diseases and 
that caloric restriction retards the occurrence and 
progression of these diseases by its ability to slow 
primary. aging processes. Conversely, our present 
methods of feeding rodents AL apparently accel- 
erates primary aging processes as manifested by low- 
er survival and the acceleration of the onset and 
severity of age-related degenerative diseases and tu- 
mors. 

Considering the beneficial effects of moderate DR, 
it is anticipated that the chronic toxicity would be 
readily detected in animals maintained by this 
method. Moreover, the beneficial effects of DR in 
preventing long-term degenerative disease and de- 
laying the onset of diet-related endocrine tumors 
would result in the animals being exposed to the 
test compound for a longer period of time and, thus, 
allowing a better assessment of chronic toxicity and 
carcinogenicity. This controlled method of moder- 
ate DR, which provides feed in amounts that are 
within the range of current “ad fibitron7’-fed studies 

(Figs. 1 and 2), should result in a more appropriate 
rodent model for long-term Carcinogenicity studies 
to assess the human safety of candidate pharma- 
ceuticals. 
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