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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 Purina 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 AL consumed the greatest amount of feed and kcal/rat 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 DR 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 severity
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
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106-wk survival.
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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 (15, 27, 54). The National Toxicology Pro-
gram (NTP) has reported F-344 rat 2-yr survival as
low as 30% in males'and 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 (15, 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 libitum (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 (11, 20-23).

MATERIALS AND METHODS

Animals. Two-yr survival and average food con-
sumption data were obtained on control groups of
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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 115-175 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:

Assignment to Treatment Groups and 52- Wk In-
terim 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).

¢. 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 dict 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 Regimen 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 Minipump Implantation. 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, the 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,
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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 Proliferation Studies. The pituitary cell cu-
mulative DNA synthesis measured by BrdU nuclear
labeling over 1 wk was expressed as the percent
labeling index (% 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.

Tissue Biochemistry and 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 al (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 Peto et al (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 rat§ 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.

RESuULTS

Correlation of Daily Food Consumption
with 2-Yr Survival

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 (grams/day) ranged from 21.7 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 =< 0.05). This variability in
daily food consumption was likely due to interlabo-
ratory differences in feeders, caging, and husbandry
methods.
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In males, the average decrease was 4.9 percentage
points in survival for each gram increase in average
daily food consumption (overall R? = 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 R? = 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. ‘

Effects of Diet 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 determined
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 < 0.001), 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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Fi1G. 1.—The correlation of male SD rat 104-wk survival
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 of both 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 < 0.001) 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
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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).

Effects of Diet and DR on 52-Wk BW, 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 off.

The typical relationship observed between BW
and food consumption for the different dietary reg-
imens is shown in Table Il 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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TasLE L.—SD rat survival from all causes.?
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Males Females
Week* Average weeks Weeke Average weeks
Group % Survival® (p < 0.05) of survival % Survival (r < 0.05) of survival

5002 AL 7 — 80.1 36 - 86.4

5002 DR 6.5 hr LY i 57 05.7%** 42 ns — 88.3 ns
5002 DR T4+ 51 99.6*** 62%** 65 08.3%+*
5002-9 AL 3%+ 91 86.6%* 24 ns - 89.5 ns
5002-9 DR To¥*> 51 99.6%** 1¥** 69 08.3*%**

« Except interim necropsy at week 52.

® Percentage of survival to end of week 104.

¢ First week p =< 0.05 and remained < 0.05.

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

of BW, it is evident that ali 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 II. 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.

Taste II.—Fifty-wk BW, body fat,* and food consumption.

; BW (g)

Mean food consumption
‘Group Mean (Range) % Body fat g/day® g/g BW« Kcal/day? Kcal/g BW¢
Males
5002 AL 831 (642-1,073) 26.5 27.3 0.033 83.8 0.10
5002 DR 6.5 hr 597 (464-785) 15.8 15.8 0.027 48.5 0.08
5002 DR 603 (543-707) 16.1 21.1 0.035 64.8 0.11
5002-9 AL 758 (529-1,003) 24.0 355 0.047 83.8 0.11
5002-9 DR 472 (336-562) 9.3 23.6 0.050 55.7 0.12
Females
5002 AL 436 (348-733) 35.1 22.7 0.047 69.7 0.14
5002 DR 6.5 hr 329 (260-499) 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 (311-642) 271 28.5 0.068 67.3 0.16
5002-9 DR 278 (240-315) 6.6 18.6 0.067 43.9 0.16

* Body fat determined at 52-wk interim necropsy (approximately 10/sex/group).

8 Corrected for food wastage of 8.4% for 5002 diet and 14.5% for 5002-9 diet.

< Corrected for food wastage and expressed as grams/gram of mean BW.

¢ Calculated from corrected food consumption with 3.07 Kcal/g for 5002 diet and 2.36 Kcal/g for 5002-9 diet.

¢ Kcal consumed/gram BW,
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TasLe 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 10 10 10 7 10
BW (g) 734.0 559.0% 570.08 640.0 431.08
Brain (g) 2.320 2.240 2.320 2.300 2.280
Spleen (g) 1.040 1.030 0.770% 0.870 0.6408
Lungs (g) 2,010 1.760s 1.790 1.900 1.5008
Thyroids (g) 0.035 0.030 0.025s 0.034 0.024s
Testes (g) 3.240 3.520 3.740 3.670 3.590
Prostate (g) 0.650 0.650 0.510 0.740 0.510

Females

Number 10 9 10 8 12
BW (g) 456.0 309.0% 286.0% 380.0s 24408
Brain (g) 2.090 2.140 2.120 2.090 2.050
Spleen (g) 0.770 0.540s 0.530 0.520° 0.490%
Lungs (g) 1.480 1.290s 1.240s 1.360 1.110s
Thyroids (g) 0.025 0.020s 0.020s 0.033 0.019s
Ovaries (g) 0.068 0.067 0.069 0.078 0.062
Uterus (g) 1.080 0.930 0.840 0.750s 0.670s

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

Effects of Diet and DR on Pituitary and
Mammary Glands up to 52 Wk

Table IV shows the incidence of anterior 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 % 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

TasLE 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
Number® 13 10 10 12 10
An!eﬁor pituitary

Adenomat 2 - — - -
Hyperplasia® 4 1 1 3 -
Weight (g) 0.020 0.015s 0.016¢ 0.015s 0.013s
% LI¢ 1.420 1.310 1.130 1.140 1.020
Females
Number< 12 11 10 10 15
Anterior pituitary
Adenoma*® 3 1 - 2 -
Hyperplasia® 1 3 1 2 —
Weight (g) 0.028 0.026 0.020¢ 0.022 0.016s
% LI¢ 1.530 1.120 0.980 1.160 0.710¢
Mammary glands
Fibroadenoma® 2,000 - - 1.000 -
Galactocele® 6.000 1.000 - . 1.000 2.000

« Number examined including 52-wk necropsy and early deaths.

# Number per group with the diagnosis up 10 52 wk (early deaths and interim necropsy).

< Fifty-two-wk interim necropsy rats only.

¢ Anterior pituitary BrdU percent labeling index in normal tissue of interim necropsy.

s Statistically significant (p < 0.05) compared to the 5002 AL group.



Vol. 22, No. 3, 1994 OVERFEEDING AND DR OF SD RATS 307
TasLE V.—Fifty-two-wk liver changes.
Group 5002 AL 5002 DR 6.5 hr 5002 DR 5002-9 AL 5002-9 DR
Males
Basophilic AHF= 0.30 - 0.20 0.66 0.10
Eosinophilic AHF? 0.46 0.20 0.20 0.50 -
Bile duct hyperplasia® 0.61 0.10 0.40 0.66 0.60
Periportal vacuolation® 1.07 - 0.10 0.25 -
Liver weight (g) 19.38 16.34s 14.01% 15.518 11.09%
Nuclei x 10%/cm? 99.00 92.00 106.00 116.00 94.00
Nuclei x 10¢/liver 1,551.00 1,216.00% 1,215.00% 1,469.00 852.008
Hepatocyte % LI 0.40 0.46 0.62 0.45 2.44s
Labeled nuclei x 10%/liver 6.20 5.60 7.50 6.70 20.80s
Mitotic rate/1,000 0.05 0.10 0.10 0.07 0.15
GSH (ug/mg)® 19.90 27.508 29.408 22,40 33.00%
MDA (um/mg) 0.55 0.23s 0415 1.16 0.55s
Females

Basophilic AHF* 0.33 0.36 0.50 0.60 0.46
Eosinophilic AHF= 0.16 0.27 0.10 — 0.06
Bile duct hyperplasia® 0.91 0.27 0.40 0.90 0.80
Periportal vacuolation® 1.66 0.27 - 1.10 0.20
Liver weight (g) 12.26 10.06s 8.728 10.263 6.88%

. Nuclei x 10%/cm? 104.00 94.00 98.00 95.00 98.00
Nuclei x 10¢/liver 1,028.00 775.00% 701.00% 795.005 553.00%
Hepatocyte % LI 3.60 3.20 3.80 4.30 14.908
Labeled nuclei x 10¢/liver 37.10 25.00 26.50 34.20 82.60%
Mitotic rate/1,000 0.25 0.22 0.25 0.38 0.79
GSH (pg/mg)? 17.40 21.80 18.90 18.80 18.40
MDA (zM/mg) 1.90 0.855 0.465 0.74s

4 Average grade (0-5) of histologic lesion.

* Glutathione content, pg/mg protein; values are means from 5 rats/group.

2.25

¢ Malondialdehyde content, pmoles/mg protein; values are means from 5 rats/group.

$ Statistically significant (p =< 0.05) compared to 5002 AL.

adenomas and/or focal hyperplasia of the anterior
pituitary. BrdU % 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 % LI was higher for the
adenoma or focal hyperplasia compared with the
normal adjacent anterior pituitary (pars distalis) tis-
sue (p <'0.001 and p = 0.002 for females and males,
respectiyely). Some of the highest pituitary % Lls
were observed in the adenomas, but the adenomas
also had some of the lowest % LlIs.

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).

Effects 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. Periportal 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 AL and 5002-9 AL groups
(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



TasLe VI.—Fifty-two-wk degenerative changes of kidney, heart, pancreas, and adrenals.
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Group 5002 AL 5002 DR 6.5 hr 5002 DR 5002-9 AL 5002-9 DR
Males
Kidneys
Weight (g) 5.14 3.69s 3.74s 4.08 3.01s
Nephropathy- 1.92 0.20 0.20 0.83 0.00
Tubular basophilia® 2.31 0.80 1.00 1.75 1.10
Glomerular sclerosis® 1.31 0.10 - 0.58 —
Heart
Weight (g) 1.85 1.58s 1.55¢ 1.78 1.368
Cardiomyopathy” 0.84 0.50 0.60 0.58 0.10
Pancreas
Acinar atrophy- 0.30 0.20 0.30 0.16 0.20
Islet fibrosis” 0.92 0.50 0.60 1.00 0.00
Adrenal
Weight (g) 0.074 0.067 0.064s 0.066 0.054s
Cystic degeneration? —b - — - -
Females
Kidneys
Weight (g) 2.87 2.358 2.30s 2.60 1.958
Nephropathy- 0.58 - — - —
Tubular basophilias 1.50 0.64 0.40 1.30 1.06
Glomerular sclerosis? 0.25 - - - —
Heart
Weight (g) 1.34 1.11s 1.018 1.19 0.87s
Cardiomyopathy® 0.83 0.27 0.10 0.80 0.20
Pancreas
Acinar atrophy~ 0.08 0.36 - - 0.06
Islet fibrosis® 0.16 - - — —
Adrenal
Weight (g) 0.100 0.091 0.072s 0.068 0.059s
Cystic degeneration® 1.330 1.180 0.700 0.400 0.130

a Average histological grade (0-5).
» One pheochromocytoma in 5002 AL group.
s Statistically significant (p < 0.05) compared to 5002 AL.

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/cm?®) 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 % 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.

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

There were clear differences in the incidence and
severity of the 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
glomerular 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
(11, 22).

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.

X DiscussioN

1

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 of current “ad libitum”
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.
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Any attempt to modify “ad libitum™ 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 21.5 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
21.7 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 (11, 20-23, 34,
35, 41, 56, 57, 63, 70, 72).

McCay et al (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 II). 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 II). 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 (15, 31, 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 (11, 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
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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, 71). 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 (51, 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
AlL-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

of proteins 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 (11) 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 (11). 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 of AL-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).

Whilé 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 (12, 71-73). 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 (17, 24, 25, 29, 64,
71, 72). Lipid peroxidation is inhibited as measured
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in vitro by analysis of the age-related increase in
MDA produced 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 (17).

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 (24—-45% 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,
29, 71-73).

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-
verity 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 (17).

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 cm? and BrdU % 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
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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 % 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 % 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 % 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 lesi([ms 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-
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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 (11,
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 of minimal benefit in preventing
chronic nephropathy if fed AL but was of some
benefit when fed DR. Quantitative data presented
elsewhere (11) 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 (11, 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 (11, 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-
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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, 38—41, 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 (31, 34, 3941, 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-termn 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 libitum”—fed studies
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(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.

ACKNOWLEDGMENTS

The authors wish to thank Mrs. B. J. Morgan for
preparing this manuscript, C. Hoe, E. Senderak, A.
Daye, L. Bracht, K. Bradshaw, A. Williams-Diaz,
T. Conboy, J. Frank, D. Alberts, G. Schmouder, M.
A. Roos, and C. R. Angel for assistance, and Drs.
C. P. Peter, C. F. Hollander, M. J. van Zwieten, J.
D. Burek, R. T. Robertson, and D. L. Bokelman for
advice and support.

REFERENCES

1. Bertrand HA, Anderson WR, Masoro EJ, and Yu BP
(1987). Action of food restriction on age-related
changes in adipocyte lipolysis. J. Gerontol. 42: 666—
673.

2. Bertrand HA, Lynd FT, Masoro EJ, and Yu BP (1980).
Changes in adipose mass and cellularity through the
adult life of rats fed ad libitum or a life prolonging
restricted diet. J. Gerontol. 35: 827-835.

3. Burek JD (1990). Survival experience with the
Sprague-Dawley-derived rat. The Toxicology Forum.
Transcript of 1990 annual meeting, Aspen, Colorado,
pp. 506-518.

4. Campbell GA, Kurcz M, Marshall S, and Meites J
(1977). Effects of starvation on serum levels of follicle
stimulating hormone, luteinizing hormones, thyro-
tropin, growth hormone and prolactin: Response to
LH-releasing hormone and thyrotropin releasing hor-
mone. Endocrinology 100: 580-587.

5. Cerami A (1985). Hypothesis. Glucose as a mediator
of aging. J. Am. Gerontol. Soc. 33: 626-634.

6. Comwell GG, Thomas BP, and Snyder DL (1991).
Myocardial fibrosis in aging germ-free and conven-
tional Lobund-Wistar rats: The protective effect of
diet restriction. J. Gerontol. 46: B167-169.

7. Elias H and Hyde DM (eds) (1983). A Guide to Prac-
tical Stereology. S. Karger, New York.

8. Finch CE (ed) (1990). Longevity, Senescence and the
Genome. The University of Chicago Press, Chicago.

9. Fishbein L (ed) (1991). Biological Effects of Dietary
Restriction. Springer-Verlag, New York.

10. Fogo A and Ichikawa I (1989). Evidence for the cen-
tral role of glomerular growth promoters in the de-
velopment of sclerosis. Sem. Nephrol. 9: 329-342.

11. Gumprecht LA, Long CR, Soper KA, Smith PF, Has-
check-Hock WM, and Keenan KP (1993). The early
effects of dietary restriction on the pathogenesis of
chronic renal disease in Sprague-Dawley rats at 12
months. Toxicol. Pathol. 21: 528-537.

12. Harman D (1956). Aging: A theory based on free
radical and radiation chemistry. J. Gerontol. 11: 298-
300.

13. Harrison DE, Archer JR, and Astole CM (1984). Ef-
fects of food restriction on aging: Separation of food



314

14.

15.

16.

17.

18.

19.

20.

22,

23.

24,

25.

KEENAN ET AL

intakes and adiposity. Proc. Natl. Acad. Sci. USA 81:
1835-1838.

Harter HL (1961). Expected values of normal order
statistics. Biometrika 48: 151-165.

Haseman JK and Rao GR (1992). Effects of corn-oil,
time-related changes and inter-laboratory variability
on tumor occurrence in control Fisher 344 (F-344/
N) rats. Toxicol. Pathol. 20(1): 52-60. °

Iwasaki K, Gleiser CA, Masoro EJ, McMahan CA,
Seo EJ, and Yu BP (1988). Influence of the restriction
of individual dietary components on longevity and
age-related disease of Fischer rats: The fat component
and the mineral component. J. Gerontol. 43: B13—
B21.

Iwasaki K, Maeda H, Shimokawa I, Hayashida M,
Yu BP, Masoro EJ, and Ikeda T (1988). An electron
microscopic examination of age-related changes in
the rat liver. The influence of diet. ACTA Pathol. Jap.
38: 1119-1130.

Jordan A (1992). FDA requirements for nonclinical
testing of contraceptive steroids. Contraception 46:
499-509.

Kaplan EL and Meier P (1958). Nonparametric es-
timation from incomplete observations. J. Am. Stat.
Assoc. 53: 457-481.

Keenan KP, Smith PF, Ballam GC, Soper KA, and
Bokelman DL (1992). The effect of diet and dietary
optimization {caloric restriction) on rat survival in
carcinogenicity studies— An industrial viewpoint. In:
Centre for Medicines Research Workshop. The Car-
cinogenicity Debate, JAN McAuslane, CF Lumley,
and SR Walker (eds). Butler and Tanner Ltd., Lon-
don, pp. 77-102.

. Keenan KP, Smith PF, and Soper KA (1994). The

effects of dietary (caloric) restriction on rat aging,
survival, pathology and toxicology. In: Pathobiology
of the Aging Rat, Vol. 1I, U Mohr, DL Dungworth,
and CC Capen (eds). ILSI Press, Washington, D.C.,
pp. 609-628.

Keenan KP, Soper KA, Hertzog PR, Gumprecht LA,
Smith PF, Mattson BA, Ballam GC, and Clark Rl
(1994). Diet, overfeeding and moderate dietary re-
striction in control Sprague-Dawley rats: 1I. Effects
on age-related proliferative and degenerative lesions.
Toxicol. Pathol. (in press).

Keenan KP, Soper KA, Smith PF, Ballam GC, and
Clark RL (1994). Diet, overfeeding and moderate di-
etary restriction in control Sprague-Dawley rats: 1.
Effects on spontaneous neoplasms. Toxicol. Pathol.
(in press).

Laganiere S and Yu BP (1989). Effect of chronic food
restriction in aging rats. I. Liver subcellular mem-
branes. Mech. Ageing Dev. 48: 207-219.

Laganiere S and Yu BP (1989). Effect of chronic food
restriction in aging rats, II. Liver cytosolic antioxi-

*- dants and related enzymes. Mech. Ageing Dev. 48:

26.

27.

221-230.

Lang PL (1989). Survival of Crl:CD® BR Rats During
Chronic Toxicology Studies. Charles River Labora-
tories Reference Paper, Wilmington, Massachusetts,
pp. 1-4.

Lang PL (1990). Survival of CDF® (F-344)/CrlBR
Rats During Chronic Toxicology Studies. Charles

28.

29,

30.

31.

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45.

ToxicoLoGgiC PATHOLOGY

River Laboratories Reference Paper, Wilmington,
Massachusetts, pp. 1-4.

Lang PL (1991). Changes in life span of research an-
imals leading to questions about validity of toxicolog-
ic studies. Chem. Reg. Rep. 14: 1518-1520.

Lee DW and Yu BP (1990). Modulation of free rad-
icals and superoxide dismutases by age and dietary
restriction. Aging 2: 357-362.

Lewis DJ (1992). Nonneoplastic lesions in the car-
diovascular system. In: Pathobiology of the Aging Rat,
Vol. 1, U Mohr, DL Dungworth, and CC Capen (eds).
ILSI Press, Washington, D.C., pp. 301-309.

Maeda H, Gleiser CA, Masoro EJ, Murata I, Mc-
Mahan CA, and Yu BP (1985). Nutritional influences
onaging of Fischer 344 rats I1. Pathology. J. Gerontol.
40: 671-688.

Masoro EJ (1985). Metabolism. In: Handbook of the
Biology of Aging, 2nd ed., CE Finch and EL Schneider
(eds). Van Nostrand Reinhold Co., New York, pp.
540-563.

Masoro EJ (1988). Extension of life span. In: Aging
in Liver and Gastrointestinal Tract, L Bianchi, P Holt,
OFW James, and RN Butler (eds). MTP Press Ltd.,
Lancaster, UK, pp. 49-58.

Masoro EJ (1991). Biology of aging: Facts, thoughts,
and experimental approaches. Lab. Invest. 65: 500-
510.

Masoro EJ (1991). Use of rodents as models for the
study of “normal aging”: Conceptual and practical
issues. Neurobiol. Aging 12: 639-643.

Masoro EJ (1992). Aging and proliferative homeo-
stasis: Modulation by food restriction in rodents. Lab.
Animal Sci. 42: 132-137.

Masoro EJ, Iwasaki K, Gleiser CA, McMahan CA,
Seo EJ, and Yu BP (1989). Dietary modulation of the
progression of nephropathy in aging rats: An evalu-
ation of the importance of protein. Am. J. Clin. Nutr.
49: 1217-1227.

Masoro EJ, Katz MS, and McMahan CA (1989). Ev-
idence for the glycation hypothesis of aging from the
food-restricted rodent model. J. Gerontol. 44: B20—
22.

Masoro EJ and McCarter RJM (1991). Aging as a
consequence of fuel utilization. Aging 3: 117-128,
Masoro EJ, McCarter RJM, Katz MS, and McMahan
CA (1992). Dietary restriction alters characteristics
of glucose fuel use. J. Gerontol. 47: B202-208.
Masoro EJ, Shimokawa 1, and Yu BP (1991). Retar-
dation of the aging process in rats by food restriction.
Ann. N.Y. Acad. Sci. 621: 337-352.

McCarter R, Masoro EJ, and Yu BP (1985). Does
food restriction retard aging by reducing the meta-
bolic rate? Am. J. Physiol. 248: E488-492.
McCarter RJ and McGee JR (1989). Transient re-
duction of metabolic rate by food restriction. Am. J.
Physiol. 257: E175-179.

McCay C, Crowell M, and Maynard L (1935). The
effect of retarded growth upon the length of the life
span and upon the ultimate size. J. Nutr. 10: 63-79.
McMartin DN, Sahota PS, Gunson DE, Hsu HH,
and Spaet RH (1992). Neoplasms and related prolif-
erative lesions in control Sprague-Dawley rats from



Vol. 22, No. 3, 1994

46.

47.

48.

49.

50.

carcinogenicity studies. Historical data and diagnos-
tic considerations. Toxicol. Pathol. 20: 212-225.
Meites J (1989). Evidence that underfeeding acts via
the neuroendocrine system to influence aging pro-
cesses. In: Dietary Restriction and Aging, DL Snyder
(ed). Alan R. Liss, New York, pp. 169-180.

Meites J (1990). Aging: Hypothalamic catechol-
amines, neuroendocrine-immune interactions, and
dietary restriction. Proc. Soc. Exp. Biol. Med. 195:
304-311.

Miller RG Jr (1981). Simultaneous Statistical Infer-
ence, 2nd ed. Springer-Verlag, New York, pp. 90-94.
Neumann F (1991). Early indicators for carcinogen-
esis in sex-hormone-sensitive organs. Mutat. Res. 248:
341-356.

Nohynek GJ, Longeart L, Geffray B, Provost JP, and
Lodola A (1993). Fat, frail and dying young: Survival
body weight and pathology of the Charles River

~ Sprague-Dawley-derived rat prior to and since the

51.

52.

53.

54.

55,

56.

5.

58.

59.

60.

" introduction of the VAF® variant in 1988. Human

Exp. Toxicol. 12: 87-98.
Pearl R (ed) (1928). The Rate of Living. Alfred Knopf,
New York.

Peto R and Peto J (1972). Asymptotically efficient
rank invariant procedures. J. Roy. Stat. Soc. Ser. A
135: 185-207.

Peto R, Pike MC, Day NE, Gray RG, Lee PN, Parish
S, Peto J, Richard S, and Wahrendorf J (1980).
Guidelines for simple, sensitive significance tests for
carcinogenic effects in long-term animal experiments.
In: IARC Monographs on the Evaluation of Carci-
nogenic Risk of Chemicals to Humans, Supplement
of Long-Term and Short-Term Screening Assays for
Carcinogens: A Critical Appraisal. IARC, Lyon,
France, pp. 311-426.

Rao GN, Hasemen JK, Grumbein S, Crawford DD,
and Eustis SL (1990). Growth, body weight, survival,
and tumor trends in F-344/N rats during an eleven-
year period. Toxicol. Pathol. 18: 61-70.

Reid JM (1980). Morphometric methods in veteri-
nary pathology: A review. Vet. Pathol. 17: 522-542.
Roe FJC (1991). 1200-Rat biosure study: Design and
over\)/icw of results. In: Biological Effects of Dietary
Restriction, L Fishbein (ed). Springer-Verlag, New
York, pp. 287-304.

Roe FIC, Lee PN, Conybeare G, Tobin G, Kelly D,
Prentice D, and Matler B (1991). Risk of premature
death and cancer predicted by body weight in early
life. Human Exp. Toxicol. 10: 285-288.

Rohr H, Oberholzer J, Bartsch G, and Keller M (1976).
Morphometry in experimental pathology: Methods,
baseline data and applications. In: International Re-
viewof Experimental Pathology, RW Richterand MA
Epstein (eds). Academic Press, New York, pp. 233-
325.

Rush GF, Gorski JR, Riple MG, Sowinski J, Bugelski
P, Hewitt WR, (1985). Organic hydroperoxide-in-
duced lipid peroxidation and cell death in isolated
hepatocytes. Toxicol. Appl. Pharmacol. 78: 473-483.
Sacher GA (1977). Life table modifications and life
prolongation. In: Handbook of the Biology of Aging,

OVERFEEDING AND DR OF SD RATS

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.
72.

73.

74.

315

CE Finch and L Hayflick (eds). Van Nostrand Rein-
hold, New York, pp. 538-638.

Sano T, Kovacs K, Stefaneanu L, Asa SL, and Snyder
DL (1989). Spontaneous pituitary gonadotroph nod-
ules in aging male Lobund-Wistar rats. Lab. Invest.
61: 343-349.

Sarkar DK, Gottschall PE, and Meites J (1983). Re-
lation of the neuroendocrine system to development
of prolactin-secreting pituitary tumors. In: Neuroen-
docrinology of Aging, J Meites (ed). Plenum Press,
New York, pp. 353-376.

Snyder SL, Pollard M, Wostmann BS, and Luckert P
(1990). Life span, morphology, and pathology of diet-
restricted germ-free and conventional Lobund-Wis-
tar rats. J. Gerontol. 45: B52-58.

Stadtman ER (1992). Protein oxidation and aging.
Science 257: 1220-1224.

Stucklikova E, Juricova-Horakova J, and Deyl Z
(1975). New aspects of dietary effect of life prolon-
gation in rodents. What is the role of obesity in aging?
Exp. Gerontol. 10: 141-144.

Tanaka K, Smith PF, Stromberg PC, Eydelloth RS,
Herold EG, Grossman SJ, Frank JD, Hertzog PR,
Soper KA, and Keenan KP (1992). Studies of early
hepatocellular proliferation and peroxisomal prolif-
eration in Sprague-Dawley rats treated with tumor-
igenic doses of clofibrate. Toxicol. Appl. Pharmacol.
116: 71-77.

van Putten LJA and van Zwieten MJ (1988). Studies
on prolactin-secreting cells in aging rats of different
strains. II. Selected morphological and immunocy-
tochemical features of pituitary tumors correlated with
serum prolactin levels. Mech. Ageing Dev. 42: 115-
127.

van Putten LJA, van Zwicten MJ, Mattheij JAM, and
van Kemenade JAM (1988). Studies on prolactin-
secreting cells in aging rats of different strains. I. Al-
terations in pituitary histology and serum prolactin
levels as related to aging. Mech. Ageing Dev. 42: 75~
90. :

van Zwieten MJ, HogenEsch H, Majka JA, and Boor-
man GA (1994). Nonneoplastic and neoplastic le-
sions of the mammary gland. In: Pathobiology of the
Aging Rat, Vol. 11, U Mohr, DL Dungworth, and CC
Capen (eds). ILSI Press, Washington, D.C., pp. 459-
476.

Weindruch R and Walford RL (1988). The Retar-
dation of Aging and Disease by Dietary Restriction.
Charles C Thomas, Springfield, Illinois.

.Yu BP (1990). Food restriction: Past and present sta-

tus. Rev. Biol. Res. Aging 4: 349-371.

Yu BP (ed) (1993). Free Radicals in Aging. CRC Press,
Boca Raton, Florida.

Yu BP, Laganiere S, and Kim JW (1989). Influence
of life-prolonging food restriction on membrane li-
poperoxidation and antioxidant status. In: Oxygen
Radicals in Biology and Medicine, MG Simic, KA
Taylor, JF Ward, and C von Sonntag (eds). Plenum,
New York, pp. 1067-1073.

Yu BP, Masoro EJ, and McMahan CA (1985). Nu-
tritional influences on aging of Fischer 344 rats: L.
Physical, metabolic, and longevity characteristics, J.
Gerontol. 40: 657-670.



