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ABSTRACT. Dietary restriction (DR) slows the rate
of aging in laboratory rodents but the mechanism of
action is unknown. DR is known to induce beneficial
effects in a variety of tissues and organ systems. DR
also maintains high levels of physical activity over
the life span. We tested the hypothesis that lifelong
physical activity is an important component of the
anti-aging action of DR. Male specific pathogen-free
Fischer 344 rats were divided into 4 groups at 6
weeks of age: A: fed ad libitum; AE: fed ad libitum
and in cages with running wheels; B: fed 60% ad li-
bitum; BE: fed 60% ad libitum and in cages with
running wheels. Running activity and spontaneous
cage activity were measured over 24 hours and over
the life span. Metabolic rate was measured indirectly
by analysis of air entering and leaving cages. AE rats
exhibited low levels of running activity and ran very
little beyond 6 months of age. In contrast, BE rats
sustained high running levels even after all A and
AE rats had died. High levels of wheel running did
not decrease spontaneous cage activity. Median life
span (50% survival) was in the order A = AE < B <
BE. Ten percent survival was in the order A = AE <
B = BE. BE rats had greatest median life span and
also highest specific metabolic rate. Exercise and DR
altered pathology: At death BE rats had a high inci-
dence of cardiomyopathy, whereas A and AE rats
had high incidence of chronic nephropathy and pi-
tuitary tumors. The data indicate that increased
physical activity is probably not an important factor
in the action of DR on aging.
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INTRODUCTION

Dietary restriction (DR) is the only manipulation

known to consistently retard aging processes in
mammals (1). Available evidence indicates that it is
the reduction in intake of calories without malnutri-
tion which is responsible for this effect, but the
mechanism of action is unknown (2). Of the many
beneficial effects of DR, one of the most striking is
that DR leads to sustained high levels of physical
activity. Yu et al. (3) demonstrated that Fischer 344
rats fed a restricted diet (40% less than ad libitum)
maintained high levels of spontaneous activity over
the life span, whereas rats fed ad libitum exhibited
decreasing activity with age. Similarly, Holloszy and
Schechtman (4) found that male Long-Evans rats fed
30% less than ad libitum had higher voluntary run-
ning activity over the life span than rats fed ad libi-
tum.

Sustained physical activity is known to have many
effects which counter the effects of aging (5). These
results suggest, therefore, that the action of DR on
aging may be due, in part, to sustained high levels of
physical activity. The early work of Goodrick (6) sug-
gests such a role. This author found that Wistar rats
running in exercise wheels from 6 weeks of age had
a significant extension of both median and maximum
life spans. In contrast, Holloszy et al. (7) found that
specific pathogen-free (SPF) Long-Evans rats, run-
ning in wheels from 6 months of age, had no exten-
sion of maximum life span. These authors suggested
the earlier results might have arisen because of the
protective effects of exercise against infectious dis-
ease in non-SPF rats. This conclusion was strength-
ened by the work of Holloszy and Schechtman (4).
The study combined running wheels and dietary re-
striction (about 30% less than ad libitum) in SPF
Long-Evans rats, with running commencing at 3
months of age. The authors found no increase in
maximum life span of rats fed the restricted diet and
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running in wheels vs sedentary restricted rats. How-
ever, the restricted runners exhibited higher initial
rates of mortality, i.e., the study suggested possible
deleterious consequences of exercise in restricted
rats.

The purpose of the present study was to address
these effects in the rat strain most often used as a
model system for aging studies, i.e., the male Fischer
344 rat. We used the paradigm of DR for which most
data are available: restriction by 40% less than ad Ii-
bitum, with both restriction and voluntary running
commencing at 6 weeks of age. The possibility that
intense wheel running might be compensated by less
spontaneous cage activity at other times of the day
was examined, as was the effect of DR and exercise
on 24-hour energy expenditure. In addition, tissue
pathology was determined in all rats at death. Our
results demonstrate a major effect of DR on voluntary
physical activity in this rat strain, with no significant
effect on maximum life span. Pathology present at
death was altered by the running activity and median
life span was increased. However, the data indicate
that physical activity is not a major factor in the ac-
tion of DR on aging.

MATERIALS AND METHODS
Animal care and dietary procedures

Rat maintenance and dietary manipulations have
been extensively reported previously (3,8). In brief,
male Fischer 344 rats were purchased from Charles
River Laboratories (Kingston, NY) at 4 weeks of age.
They were singly housed throughout life in a barrier
facility under specific pathogen-free conditions and on
a 12:12h light-dark cycle, in accordance with guide-
lines of the University of Texas Health Science Cent-
er. At 6 weeks of age, 40 rats were randomly as-
signed to each of 4 groups: A: fed ad libitum a
semisynthetic diet; AE: fed ad libitum and housed in
cages containing exercise wheels; B: fed 60% of the
food consumed by group A rats; BE: fed the same as
B rats and housed in cages containing exercise
wheels. The semisynthetic diet consisted of (g/100g):
21% casein, 10% corn oil, 15% sucrose, 43.7% dex-
trin, 5% Ralston-Purina mineral mix and 2% Ralston-
Purina vitamin mix. In B and BE rats the vitamin mix
was increased to 3.3% of total so that restricted rats
received the same vitamin intake as rats eating ad [i-
bitum. Food intake was measured as described by Yu

et al. (3).

Measurements of physical activity

Running activity and spontaneous cage activity
were monitored non-invasively. Running wheels (35
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cm in diameter) were attached to standard plastic
cages with wire mesh floors and these were placed on
Hazelton-Enviro Rack systems. Running activity was
detected using silent magnetic counters attached to
wheels and was monitored 24h/day over the life span.
Spontaneous cage activity was measured as before (3):
cages were placed in the path of light beams (Digiscan
System, Omnitech Corp., Columbus, OH) and move-
ment detected by the interruption of these beams over
a 24-hour period. These measurements were carried
out using rats randomly selected from each group.

Activity was measured with rats in their home
cages in the same room in which they usually lived.
Activity monitors were calibrated before and after
measurement by determining the number of counts
corresponding to movement around the periphery of
an area corresponding to the home cage. Cages
housing control and exercising rats had floor surface
areas of 575 cm? and 610 cm?, respectively, avail-
able for voluntary movements. Rats were monitored
continuously for 1 week and results averaged to
provide counts per 24 hours.

Tissue pathology

All rats were inspected twice daily (from 07.00 to
08.00 and from 15.00 to 16.00h). Dead rats were
removed from cages and either necropsied immedi-
ately or refrigerated for a brief period. Organs were
examined histologically as described by Iwasaki et al.
(9). Grades of major diseases present (chronic ne-
phropathy, cardiomyopathy, leukemia/lymphoma,
and pituitary tumor) were determined based on the
grading criteria that were described previously (8, 10-
12). The probable cause of death of each rat was es-
timated by the severity of diseases found at necropsy.
Each rat was diagnosed without reference to experi-
mental group.

Measurements of metabolic rate

Daily energy expenditure was assessed by indirect
calorimetry over 24 hours as reported in several pre-
vious studies (13). This was done by monitoring the
oxygen and carbon dioxide content of air entering
and leaving sealed rat cages. In the case of AE and
BE rats, this was accomplished by constructing plexi-
glass housings surrounding the exercise wheels. Mon-
itoring of these cages in the absence of rats and using
combustion of known quantities of alcohol confirmed
the adequate sealing of these structures. For seden-
tary A and B rats, cages were sealed with lids contain-
ing air outlets and water inlets, as used in previous
studies (13). The measurements were carried out us-
ing animals selected at random from each of the 4
groups. Rats were acclimated to sealed cages for 48



hours prior to measurement and energy expenditure
was then determined over a 24-hour period. Fat-free
mass could not be determined in these rats since they
were held until death by natural causes and were then
necropsied for determination of tissue pathology.
Specific metabolic rates were, therefore, determined
by normalizing daily caloric expenditure to “meta-
bolic” mass, or body mass in kg raised to the power
0.75 (14).

Statistical analysis

Survival curves were estimated using product limit
estimates and curves were compared using the Wil-
coxon Test (15). The median and 10th percentile
survival times were compared using the quantile test
(16). Frequencies of lesions or grades of lesions were
analyzed with a y2 test or Fisher’s exact test for 2 X
2 tables (17). Interactions between age, nutrition and
function were analyzed by analysis of variance (18)
with post-hoc identification of significant interactions
using the Tukey-Kramer test and assuming signifi-
cance of differences between mean values at
p<0.05.

RESULTS

Body weight and food consumption

Variation of body weight with age, diet and exer-
cise is shown in Figure 1. Voluntary running activity

had a significant effect on weight. The intense, sus-
tained running of BE rats resulted in significantly

Exercise, dietary restriction and aging

Figure 2 - Food consumed per gram of body weight with age by
rats in each of the four groups. Results are mean = SE, N=10.
O A: sedentary rats fed ad libitum; B AE: exercising rats fed
ad libitum; O B: sedentary rats fed 40% less than ad libitum;
@ BE: exercising rats fed same as B rats.

lower body weights over most of the life span (3-40
months of age vs B rats). In the case of ad libitum
fed (AE) rats, low levels of running activity resulted in
significantly lower body weight (vs A rats) from 12-
26 months of age. Daily food consumption of A and
AE rats was not significantly different; B and BE rats
consumed 40% less food than A rats. The low body
weights of BE rats, therefore, resulted in significantly
higher specific food consumption (Kcal/g body
weight/day) for BE rats than other rats over most of
the life span, as shown in Figure 2.

e

Figure 1 - Body weights of rats with age. Results are mean +
SE, N=40 in each group. [1 A: sedentary rats fed ad libitum; B
AE: exercising rats fed ad libitum; O B: sedentary rats fed 40%
less than ad libitum; @ BE: exercising rats fed same as B rats.

—
.

Figure 3 - Voluntary wheel rumming per24 foareof AE and BE

rats with age. Running commenced at 6 weeks of age. Results are
mean +SE, N=40. B AE: exercising rats fed ad libitum; @ BE:
exercising rats fed 40% less than ad libitum.
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Figure 4 - Spontaneous cage activity of rats with age. Results are
expressed as mean = SE, N=10. [0 A: sedentary rats fed ad li-
bitum; B AE: exercising rats fed ad libitum; O B: sedentary rats
fed 40% less than ad libitum; @ BE: exercising rats fed same as
B rats.

—_ .

Figure 5 - Metabolic rate measured over 24 hours and under
usual living conditions. Results are mean + SE, N=10. (] A: sed-
entary rats fed ad libitum; B AE: exercising rats fed ad libitum; @
B: sedentary rats fed 40% less than ad libitum; O BE: exercising
rats fed same as B rats.

Physical activity

The very large effect of DR on voluntary running
activity is shown in Figure 3. This effect appeared at
the onset of the DR regimen and resulted in a large
and sustained difference in running activity between
DR rats and rats fed ad libitum. Fischer 344 rats on
the DR regimen continued running at high levels,
even at a time when all A and AE rats had died. Run-
ning activity of AE rats declined rapidly with age but
these rats exhibited low levels of running activity (50-
100m/day) over most of their life span. In view of the
intense voluntary running of BE rats, measurements
of spontaneous cage activity (i.e., movement of rats
around their cages unrelated to running-wheel activity)
were of interest. These measurements (Fig. 4) show
no significant differences between rats over the life
span. The results demonstrate that high levels of vol-
untary wheel running did not result in lower levels of
spontaneous cage activity at other times of the day.
Rather, the lifelong intense running resulted in high
levels of spontaneous cage activity in late life.

Energy expenditure

Measurements of daily energy expenditure are
shown in Figure 5. There were no significant differ-
ences in specific metabolic rate (SMR) between groups
up to age 18 months. From 24 months of age on-
wards, BE rats exhibited the highest levels of SMR in
comparison with rats of all other groups.

Survival
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Survival data are shown in Figure 6. Despite the
high levels of physical activity, specific food con-
sumption and SMR, BE rats had the greatest longev-
ity. Median life span (50% survival) of BE rats (1123
days) was significantly greater than that of B rats
(1024 days), but maximum life span (10% survival) of

Figure 6 - Survival of rats in each of the 4 groups. There were
40 rats in each group at the start of the experiment. Dietary
restriction and wheel running commenced at 6 weeks of age.
O A: sedentary rats fed ad libitum; B AE: exercising rats fed
ad libitum; O B: sedentary rats fed 40% less than ad libitum;
@ BE: exercising rats fed same as B rats.




Table 1 - Incidence of severe disease at death (No. of rats exhib-
iting severe lesions).

Group Nephropathy Cardiomyopathy Pituitary Leukemia/
Tumor Lymphoma

A 16 3 7 8
AE 9 3 10 10
B 1 3 1 6
BE 0 10 0 6

A total of 40 rats were necropsied in each group. For nephropathy the
numbers represent rats exhibiting lesions of grades 4 and E. For cardio-
myopathy, pituitary tumors and leukemia/lymphoma the numbers represent
rats exhibiting lesions of grade 3 or greater.

both B and BE rats was similar (1205 days and 1235
days, respectively). Survival of B and BE rats was
significantly greater than that of A and AE rats. Ex-
ercise did not significantly affect median and maxi-
mum length of life of rats fed ad libitum. Fifty percent
survival of A and AE rats was 768 and 802 days,
respectively. Maximum length of life of A and AE
rats was 860 and 944 days, respectively, but the dif-
ference between these values did not reach statistical
significance (p>0.2).

Pathology

Effects of diet and exercise on the diseases present
at death are given in Table 2. Results are expressed
in terms of the incidence of lesions which would be
expected to be associated with significant impairment
of function. In the case of chronic nephropathy, this
corresponded to the presence of lesions of Grades 4
and E; for cardiomyopathy, this corresponded to le-
sions of Grade 3; for leukemia/lymphoma and pitui-
tary tumor, Grades 3 and 4 (8, 10). In each group all
40 rats were necropsied. Results given in Table 1
represent the number of rats in each group exhibit-
ing such major diseases. A large number of different

Table 2 - Probable cause of death.

Group Neoplastic Non-Neoplastic Undetermined
Disease Disease

A 16 19 2

AE 22 10 3

B 23 6 10

BE 11 17 11

40 rats were necropsied in each of the 4 groups. The text provides refer-
ences for criteria used in establishing major contributions to death.

Exercise, dietary restriction and aging

tissues and lesions were examined (following the
procedures of Iwasaki et al., 9). Results are presented
only for the most prevalent and serious lesions
found. As reported before (9, 10), chronic nephrop-
athy was a major problem for these Fischer 344 rats
fed ad libitum a diet containing casein as a protein
source. Restriction of food intake significantly less-
ened the incidence of those lesions as did even the
mild running activity of AE rats. Incidence of cardio-
myopathy was significantly greater in BE rats, pre-
sumably a consequence of the intense running activ-
ity. The incidence of pituitary tumors was signifi-
cantly suppressed by dietary restriction, and sus-
tained exercise did not affect this suppression. The
incidence of leukemia/lymphoma was not influenced
by diet and exercise (Table 1), but it should be noted
that B and BE rats exhibited this degree of severity at
a much later age since pathology was obtained only
following spontaneous death. Both diet and exercise,
therefore, influenced tissue pathology presented at
death: AE, B and BE rats had significantly lower in-
cidence of chronic nephropathy; B and BE rats had
significantly lower incidence of pituitary tumor; and
BE rats had the highest incidence of cardiomyopathy
at death. The prevalence of neoplastic and non-neo-
plastic diseases at death in each group are listed in
Table 2. BE rats had significantly lower incidence of
neoplastic diseases as probable causes of death com-
pared to AE and B rats. This reduction in neoplastic
disease is likely a major factor in the extension of
median life span of BE vs B rats. It should be empha-
sized that A rats had less incidence of neoplastic
diseases because they died earlier, due to severe
chronic nephropathy. Interestingly, B and BE rats
had high incidence of undetermined causes of death
i.e., in some of these rats there was little incidence of
severe tissue pathology presented at death.

DISCUSSION

The major finding of the present study was that
lifelong voluntary physical activity did not extend
maximum life span of SPF Fischer 344 rats using the
10% survival criterion, both for rats eating ad libitum
and for rats fed a diet restricted to 40% less than ad
libitum. Median survival of sedentary rats fed ad libi-
tum was similar to that of exercising ad libitum fed
rats. It should be noted that these rats ran very little
over the life span however, and no attempt was made
to induce additional running by dietary or other
means (such as in reference 4). We have previously
shown that even these low levels of running activity
reduced lipid peroxidation damage and increased
levels of anti-oxidant defenses in cardiac muscle (19),
but these beneficial effects did not alter survival. Me-
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dian survival of exercising restricted rats was signifi-
cantly greater than that of sedentary restricted rats.
This effect of sustained, high level exercise on sur-
vival was associated with reduced incidence of neo-
plastic disease but higher incidence of cardiomyopa-
thy (Tables 1 and 2). Effects on median survival may
be mediated by the intensity of exercise since they
were found in restricted but not in ad libitum-fed rats.

These results are in general agreement with the
previous work of Holloszy et al. (7) and Holloszy and
Schechtman (4) in SPF Long-Evans rats. The results
are at variance with those of Goodrick (6) for non-
barrier maintained Wistar rats. The data suggest that
beneficial effects of sustained voluntary exercise do
not retard aging processes, as evidenced by a lack of
effect of the lifelong running on maximum life span,
in contrast to the marked effect of DR in extending
both median and maximum life span. There are a
number of differences between the present results
and those of the earlier studies: exercise appeared to
have deleterious consequences for the restricted run-
ners studied by Holloszy and Schechtman (4). This
was indicated by increased early mortality (20-30
months of age) in runners vs either pair-fed or paired
weight sedentary control animals. Goodrick et al.
(20) used voluntary wheel running (from 6 weeks of
age) to study effects of exercise and every-other-day
(EOD) feeding on longevity in male Wistar rats. Vol-
untary running (about 1.5 miles/day over the life
span) increased longevity of ad libitum fed rats but
decreased longevity of EOD rats: maximum life span
(10th percentile survivors) decreased to 145 weeks
from 158 weeks in exercising vs sedentary EOD rats,
respectively. A similar effect appeared in the studies
of Skalicky et al. (21), who combined mild DR (10%
less than ad libitum) with forced treadmill running (5
days/week) from 6 months of age in non-barrier
maintained Sprague-Dawley rats. In this study, exer-
cise decreased the beneficial effects of DR as deter-
mined by a battery of biochemical and functional in-
dices. No increase in early mortality or decrease in
spontaneous physical activity were found in the
present work. Rather, the increase in median life
span and increased spontaneous cage activity in late
life indicate few deleterious consequences of the
sustained high levels of physical activity in these SPF
Fischer 344 rats.

One adverse consequence of this activity, howev-
er, was a significant increase in severe cardiomyopa-
thy, present in 25% of these rats at death (Table 1).
The present study also demonstrated that high levels
of voluntary wheel running did not result in less spon-
taneous movement around the cage at other times of
the day. Rather, the data of Figure 4 indicate that
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spontaneous “cage” activity was similar in all groups.
BE rats had significantly lower body weights over
most of the life span but had the same daily food
intake and similar caloric expenditure measured over
24 hours. Consequently, specific food intake and the
specific metabolic rate of these rats was greater over
most of the life span than those of other rats (Figs. 2
and 5), despite the increased longevity of these rats
(Fig. 6). This finding is in contradiction to predictions
of shorter life span with increased specific metabolic
rate associated with the Rate of Living theory of ag-
ing (22). The data thus add to the accumulating lit-
erature in disagreement with predictions of that
theory (14, 23, 24). It should be noted however, that
physiological benefits of exercise, in affording protec-
tion from disease, might outweigh the contributions
of increased oxidative stress associated with intense
lifelong physical activity. Resolution of such para-
doxes must await additional study.

A further difference between the present and pre-
vious work, is in the level of voluntary running of
control rats. There was an immediate and large dif-
ference between daily running of restricted vs ad [i-
bitum fed rats (Fig. 3). In contrast, the earlier study
of Holloszy and Schechtman (4) found higher initial
running activity in control than in restricted rats. This
difference probably reflects strain differences (Fischer
344 vs Long-Evans rats) and differences in age of
initiation of running (6 weeks vs 12 weeks) but it
should also be noted that the latter authors restricted
food intake of control rats by a small amount (about
8%) in order to induce sustained running over the life
span.

Despite these differences in experimental design
and in genetic composition, a consistent finding of
the present and previous studies in SPF rats is that
maximum life span of restricted rats was not ex-
tended by additional physical activity. The present
results demonstrate that restricted rats with wheels in
cages ran great distances and also sustained high
levels of physical activity around their cages over the
life span. If physical activity is a significant compo-
nent of the action of DR on aging, increased activity
would be expected to further extend life span in a
manner similar to the graded extension of maximum
length of life produced by greater levels of DR (25).
Since this result has not been found in studies of
varying design and using different rodent strains, a
reasonable conclusion is that increased physical activ-
ity is not a major factor in the action of DR on aging.
Rather, the many beneficial effects of voluntary exer-
cise extended life expectancy (50% survival) by pro-
viding protection against disease and by altering the
pathology present at death.



ACKNOWLEDGEMENTS

The authors gratefully recognize E. J. Masoro and S. Lee for

their intellectual contributions, H. Bertrand for the high quality of
animals provided, and the excellent technical assistance of J.
Palmer. The work was supported by NIH grant AG0118 from the

NREFERENCEST™

1.

2.

10.

Masoro E.J.: Food restriction in rodents: An evaluation of its
role in the study of aging. J. Gerontol. 43: B59-B64, 1988.

Masoro E.J., McCarter R.J.M.: Aging as a consequence of
fuel utilization. Aging Clin. Exp. Res. 3: 117-128, 1991.

. YuB.P., Masoro E.J., McMahan C.A.: Nutritional influences

on aging of Fischer 344 rats. 1. Physical, metabolic and lon-
gevity characteristics. J. Gerontol. 40: 657-670, 1985.

. Holloszy J.0., Schechtman K.B.: Interaction between exer-

cise and food restriction: Effects on longevity of male rats. J.

Appl. Physiol. 70: 1529-1535, 1991.

. Astrand P.: Physical activity and fitness. Am. J. Clin. Nutr.

1231S-1236A, 1992.

. Goodrick C.L.: Effects of long-term voluntary wheel exercise

on male and female Wistar rats. Gerontology 26: 22-33,
1980.

. Holloszy J.0., Smith E.K., Vining M., Adams S.: Effect of

voluntary exercise on longevity of rats. J. Appl. Physiol. 59:
826-831, 1985.

. Shimokawa I., Higami Y., Hubbard G.B., McMahan C.A.,

Masoro E.J., Yu B.P.: Diet and the suitability of the male
Fischer 344 rat as a model for aging research. J. Gerontol.
48: B27-B32, 1993.

. Iwasaki K., Gleiser C.A., Masoro E.J., McMahn C.A., Seo

E., Yu B.P.: The influence of dietary protein source on lon-
gevity and age-related disease processes of Fischer 344 rats.
J. Gerontol. 43: B5-B12, 1988.

Maeda H., Gleiser C.A., Masoro E.J., Murata I., McMahan

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Exercise, dietary restriction and aging

C.A., Yu B.P.: Nutritional influences on aging of Fischer 344
rats: II. Pathology. J. Gerontol. 40: 671-688, 1985.

Peto R., Pike M.C., Day N.E., Gray R.G., Lee P.N., Parish
S., Peto J., Richards S., Wahrendorf J.: Long-term and
short-term screening assays for carcinogens. ARC Mono-
graph (Suppl. 2), 1980.

Yu B.P., Masoro E.J., Murata I., Bertrand H.A., Lynd F.T.:
Life span study for SPF Fischer 344 male rats fed ad libitum
or restricted diets: Longevity, growth, lean body mass and
disease. J. Gerontol. 37:130-141, 1982.

McCarter R.J.M., Palmer J.: Energy metabolism and aging:
A lifelong study in Fischer 344 rats. Am. J. Physiol.
263:E448-E452, 1992.

McCarter R.J.M.: Aging and the use of energy. In: Masoro
E.J. (Ed.), Handbook of Physiology of Aging. Oxford Uni-
versity Press, Oxford, 1995, pp. 95-118.

Gross A.J., Clark V.A.: Survival distributions: Reliability ap-
plications in the biomedical sciences. Wiley, New York,

1975, pp. 55-70.

Conover W.J.: Practical nonparametric statistics. Wiley, New
York, 1980, pp. 105-116.

Siegel S.: Nonparametric statistics for the behavioral scienc-
es. McGraw-Hill, New York, 1956, pp. 175-179.

Snedecor G.W., Cochran W.G.: Statistical methods. Ames,
lowa State University Press, 1980, pp. 288-392.

Kim J.D., Yu B.P., McCarter R.J.M., Lee S.Y., Herlihy J.T.:
Exercise and diet modulate cardiac lipid peroxidation and
antioxidant defenses. Free Rad. Biol. Med. 20: 83-88,
1996.

Goodrick C.L., Ingram D.K., Reynolds M.A., Freeman J.R.,
Cider N.L.: Effects of intermittent feeding upon growth activ-
ity and life span in rats allowed voluntary exercise. Exp. Ag-
ing Res. 9: 203-209, 1983.

Skalicky M., Hofecker G., Kment A., Niedermuller H.: Mod-
els of the biological age of the rat. Il. Multiple regression
models in the study on influencing aging. Mech. Aging Deuv.
14:361-377, 1980.

Pearl R.: The rate of living. Alfred Knopf, New York, NY,
1928, p. 1-185.

Austad S., Fischer K.E.: Mammalian aging, metabolism and
ecology: Evidence from the bats and marsupials. J. Gerontol.
46: B47-B53, 1991.

Lints F.A.: The rate of living theory revisited. Gerontology
35: 36-57, 1989.

McCarter R.J.M.: Role of caloric restriction in the prolonga-

tion of life. Clin. Geriatr. Med. 11: 553-565, 1995.

Aging Clin. Exp. Res., Vol. 9, No. 1-2 79





