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Abstract
The hypothesis, that a decrease in metabolic rate mediates the life span prolonging effect of caloric
restriction (CR), was tested using two strains of mice, one of which, C57BL/6, exhibits life span
extension as a result of CR, while the other, DBA/2, shows little or no effect. Comparisons of the
rate of resting oxygen consumption and body temperature were made between the strains after they
were fed ad libitum (AL) or maintained under 40% CR, from 4 to 16 months of age. Ad libitum-fed
mice of the two strains weighed the same when young and consumed similar amounts of food
throughout the experiment; however, the C57BL/6 mice weighed 25% more than DBA/2 mice at 15
months of age. The rate of oxygen consumption was normalized as per gram body weight, lean body
mass or organ weight as well as per animal. The body temperature and the rate of oxygen
consumption, expressed according to all of the four criteria, were decreased in the DBA/2 mice
following CR. The C57BL/6 mice also showed a CR-related decrease in body temperature and in
the rate of oxygen consumption per animal and when normalized according to lean body mass or
organ weight. The results of this study indicate that CR indeed lowers the rate of metabolism;
however, this effect by CR does not necessarily entail the prolongation of the life span of mice.
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1. Introduction
Although it has been repeatedly demonstrated that the life spans of laboratory rodents can be
extended by long-term reduction in food intake, or caloric restriction, the nature of the
underlying mechanisms is presently unclear. It was initially hoped that comparisons of ad
libitum (AL) fed and calorically restricted (CR) animals at different ages would reveal
physiological features and/or mechanisms that are associated with prolongation of life span;
however, the results of numerous studies have collectively indicated that most of the
manifestations of aging are attenuated or retarded by CR (for reviews see Weindruch and
Walford, 1988;Yu, 1994;Masoro, 2002). Instead, what may be reasonably inferred from such
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studies is that those age-related changes that are not affected by CR are unlikely to be the
primary determinants of longevity. One approach to overcome this limitation and to also
broaden the scope of the CR model may be the inclusion of a ‘negative control’, i.e., a relevant
strain of laboratory rodents in which CR does not lengthen the life span. For instance,
comparisons between AL and CR mice that do or do not respond to CR with an extension of
life span should distinguish the physiological effects that are associated with the extension of
life span, from among those produced by CR.

It is often generalized that CR prolongs the life spans of most species; however, several groups
have demonstrated that this is not a universal phenomenon (Fernandes et al., 1976;Harrison
and Archer, 1987;Willott et al., 1995;Forster et al., 2003;Cooper et al., 2004;Mockett et al.,
2006). Indeed, our studies have shown that while the AL-fed DBA/2 and C57BL/6 mice have
similar mean and maximum life spans, CR by 40% causes a 25% increase in the mean and
maximum life span in C57BL/6 mice, but has no life span prolongation effect in DBA/2 mice
(Forster et al., 2003). This finding is considered here to qualify this mouse strain as a possible
negative control for a strain whose life span is extended by CR.

One school of thought concerning the nature of the possible mechanisms by which CR extends
life span is that CR lowers the rate of metabolism (Sacher, 1977), thereby decreasing the
production of reactive oxygen species (ROS) and accrual of oxidative damage (for discussion
see Sohal and Weindruch, 1996;Ramsey et al., 2000). Whereas it is widely agreed that CR
indeed lowers the generation of ROS and the steady-state levels of oxidative damage (Sohal
and Weindruch, 1996), there is an intense controversy about its effect on the rate of metabolism
(oxygen consumption), with different studies reporting an increase, decrease, or no effect (for
discussion see Masoro, 2002;Selman et al., 2005;Hunt et al., 2006;Ramsey and Hagopian,
2006).

An acknowledged source of such discrepancies has been the use of different criteria or estimates
of body or metabolic mass for standardizing the rate of oxygen consumption. The AL and CR
animals greatly differ in the relative amounts of fat-laden, metabolically inert, white adipose
tissue (reviewed in Weindruch and Sohal, 1997). Thus, in comparisons between AL and CR
mice, units of total body mass alone would be inappropriate for standardizing the rate of oxygen
consumption. The problem with the use of lean body mass is that it is primarily constituted by
skeletal muscle tissue, which accounts for only 20−33% of the resting metabolic rate.
Furthermore, lean body mass may not necessarily reflect CR-related changes that occur in the
weights of tissues such as brain, heart, kidney and liver, which consume significant amounts
of oxygen (for discussion see Ramsey et al., 2000;Selman et al., 2005). Therefore, it has been
suggested that organ weights may provide a more valid criterion than the lean body mass for
normalizing the rate of oxygen consumption (Greenberg and Boozer, 2000). The
aforementioned complications highlight the complexities facing the comparisons of metabolic
rate between AL and CR animals.

The main purpose of the present study was to investigate whether extension of life span in
response to CR is linked to a decrease in the rate of oxygen consumption, and/or a decrease in
body temperature, using multiple criteria for standardizing the data as well as a negative control.
Specifically, comparisons were made between AL and CR groups of C57BL/6 mice, whose
life span is extended by CR, and DBA/2 mice, which exhibit little or no prolongation of life
span by CR. Rates of resting oxygen consumption and core body temperature were used as
indicators of metabolic rate. Four different criteria were used to normalize the rate of oxygen
consumption, namely the whole mouse, body weight, lean body mass, or organ weight (liver
+ kidney + heart + brain).
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2. Materials and methods
2.1. Experimental animals

Male DBA/2 and C57BL/6 male mice were obtained from The Jackson Laboratory (Bar
Harbor, ME) at 8−9 weeks of age. Immediately upon arrival at the University of Southern
California (USC) vivarium facilities, the mice were housed individually in polycarbonate cages
with mesh tops, connected to an automatic watering system. Prior to the initiation of caloric
restriction, all mice were fed standard NIH-31 diet ad libitum and kept on a 12 h light/dark
cycle, with the light phase beginning at 0600 h.

At 14 weeks of age, one half of the mice from each strain were put on the caloric restriction
(CR) regimen described previously by Turturro et al. (1999). The CR was introduced over a
3-week period, starting with a 10% reduction in the first week, 20% in the second, and 40% in
the third and thereafter. The CR animals were fed a special NIH-31 formulation to equalize
the intake of essential nutrients. The amount of food consumed by the AL mice was monitored
throughout the study, and used to ensure that the intake of CR animals was 60% of the amount
eaten by the AL mice. The rate of oxygen consumption during rest was measured in the AL
and CR groups between 14 and 16 months of age.

For studies on colonic temperature, 16-month-old male DBA/2 and C57BL/6 mice, kept on
the same AL or CR regimens described above, were obtained from the National Institute on
Aging (NIA) and housed in the University of North Texas Health Science Center (UNTHSC)
vivarium facilities under conditions similar to those at USC. They were fed at 2200 h, which
is approximately 2-h prior to the acrophase of the normal circadian feeding cycle of the AL
mice. The purpose of the night feeding regimen was to synchronize the circadian cycles of the
AL and CR mice. Colonic temperature was measured at 17−18 months of age.

2.2. Measurement of oxygen consumption
Mice were placed in a polycarbonate cylindrical respiration chamber (713 cm3) and desiccated
air, with carbon dioxide removed, was passed through the chamber at a flow rate of 200
ml•min−1 . Changes in oxygen concentration were determined at 1-s intervals thereafter using
an Oxzilla Dual Absolute and Differential Oxygen Analyzer (Sable Systems International, Las
Vegas, NV). The rate of oxygen consumption was calculated over a 10−30 min period when
the mouse was asleep, as indicated by inactivity, decreased oxygen consumption, and
stabilization of the recording line.

For studies on oxygen consumption, the feeding regimen of the CR mice was phase-shifted
from 0800−1000 h to 1600−1700 h, to preclude any effect on oxygen consumption (e.g.
temperature spikes prior to feeding or postprandial energy expenditure). Two mice, one of each
strain, were tested per day and the sequence of testing was alternated.

Body weights were measured immediately before the mice were placed in the respiration
chamber. Oxygen consumption, lean body mass and organ weight could not be determined
from the same mice, due to the longitudinal nature of this study. Instead, lean body mass and
organ weight were calculated by correcting the total body mass according to percentage
estimates from the same mouse strains in comparable studies of CR. The percent body fat
content was reported by Brochmann et al. (Brochmann et al., 2003) and organ weight (the
combined weight of the liver, kidney, heart, and brain) was determined by us in separate cohorts
of 14-month-old DBA/2 and C57BL/6 mice.
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2.3 Colonic temperature
Measurements of colonic temperature were made at 4-h intervals over a 24-h period, using a
Sensortech rectal probe (Thermalert model TH-6, Bailey Instr., Inc., Saddle Break, NJ). To
minimize discomfort and stress, measurements were made such that only two of the time points
(at least 12-h apart) occurred within a given 24-h period.

2.4 Statistical Analysis
Respiration rates were analyzed using separate two-way Analyses of Variance, with Strain and
Diet as the factors. Planned comparisons of AL and CR groups of each strain were made using
single degree of freedom F-tests within the overall analyses. Body weight and colonic
temperature were considered in three-way analyses, with Strain and Diet as between-groups
factors, and Time (age or time of day) as a within groups factor. These results were confirmed
using a regression-based adjustment of oxygen consumption that included body weight, lean
body mass, or organ weight as covariates in the analysis. Statistical significance was defined
as P < 0.05.

3. Results
3.1 Effect of strain and CR on food intake and body weight

Food consumption and body weight of the mice were monitored between 2 and 16 months of
age. The food intake by the AL groups showed little variation as a function of age, and
throughout the experiment the amounts of food consumed by DBA/2 and C57BL/6 mice did
not differ significantly (average food intake = 3.99 ± 0.1 gm/day). Thus, for the duration of the
experiment, both strains of mice on the CR regimen were provided with the same amount of
food (2.4 ± 0.05 gm) daily, effecting a 40% reduction in caloric intake.

Prior to the initiation of CR, the body weights of the mice of the two strains were similar. The
AL-fed mice of both strains showed a similar increase in body weight from 3 to 8 months of
age (Fig. 1). Thereafter, the C57BL/6 mice continued to gain weight until the age of 15 months,
whereas the weights of the DBA/2 mice remained stable until 13 months of age and then
gradually declined. Notably, at 15 months of age, the C57BL/6 mice on the AL regimen were
25% heavier than the corresponding DBA/2 mice.

Caloric restriction was imposed incrementally starting at 14 weeks of age and the reduction of
caloric intake by 40% was fully implemented when the mice reached 4 months of age. There
was a similar decrease in body weight in the two strains following the initiation of CR, and
their body weights remained nearly equivalent from 5 to 7 months. Thereafter, small
differences began to develop between the two strains, paralleling the divergence in body
weights of the corresponding AL-fed mice. After 15 months of age, which is approximately
12 months after the onset of 40 % CR, the DBA/2 mice weighed 14% less than the
corresponding C57BL/6 mice. It is important to note that the percent differences in body
weights between AL and CR groups of each strain at this age were quite similar (33% for DBA/
2 and 38% for C57BL/6), although the absolute difference in weights of AL and CR mice (i.e.,
the weight differential in grams) was 43% greater in the C57BL/6 mice (−10.2 g for DBA/2
vs −14.6 g for C57BL/6). Analysis of variance of body weights yielded a significant 3-way
interaction between Strain, Diet, and Age (P<0.001). This interaction was driven primarily by
the different effect of age on body weight of the AL-fed C57BL/6 mice, when compared with
the AL-fed DBA/2 mice.

3.2 Effect of strain and CR on rate of resting oxygen consumption
The rate of resting oxygen consumption was measured in groups of 14- to 16-month-old mice
that had been maintained on AL or CR regimens. Four different criteria were used for
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standardizing the rate of oxygen consumption: (i) whole mouse, (ii) body weight, (iii) lean
body mass and (iv) organ weight (Fig. 2).

In general, the rate of oxygen consumption was lower in the CR compared to the AL mice of
the same strain. According to all four of the criteria used for standardization, CR significantly
decreased the rate of oxygen consumption in DBA/2 mice. The magnitude of the decrease
ranged from 24% (per gram body weight) to 50% (per mouse). In the C57BL/6 mice, CR had
a comparable effect on the rate of oxygen consumption per mouse (50%) and per gram lean
body mass (37%), but the difference between AL and CR groups of this strain was smaller than
that exhibited by DBA/2 mice, when expressed in units of organ weight (13% in C57BL/6 vs
32% in DBA/2). Caloric restriction had little or no effect on oxygen consumption when
calculated on the basis of per gram body weight in the C57BL/6 mice. Separate two-way
analyses of variance performed on rates of oxygen consumption, and expressed as units of
body weight or organ weight, suggested a significant Diet × Strain interaction (P< 0.016),
which is consistent with the observed relatively smaller effect of CR on C57BL/6 versus DBA/
2 for these measures. However, when considered per mouse or per gram lean body mass, there
was no indication of a significant main effect of Strain, nor a Strain × Diet interaction (all
P>0.063). A significant main effect of Diet was noted regardless of the criteria used to
standardize the rate of oxygen consumption (all P < 0.01).

3.3 Effect of strain and CR on colonic temperature
Colonic temperature of 17- to 18- month-old AL and CR mice was measured at 4-h intervals,
over a 24-h period (Fig 3). Circadian variations in body temperature occurred in both strains
of mice and under both dietary regimens, with a peak between 2200 to 0200 h and an apparent
nadir at 1400 h. Overall, the DBA/2 mice on the AL regimen maintained a higher colonic
temperature than the C57BL/6 mice on the same regimen.

During the light segment of the light:dark cycle (0600 to 1800 h), the colonic temperature of
the CR group was lower than the AL group in both strains of mice. This effect of CR on daytime
colonic temperature was slightly greater in the DBA/2 when compared with C57BL/6 mice.
Notwithstanding, a 3-way analysis of variance on the temperature data did not indicate
significant 2- or 3-way interactions of Strain with Diet or Time (all P>0.42), but revealed
significant main effects of these factors (all P<0.002), as well as a Diet × Time interaction
(P<0.001). When average daytime temperature was considered separately (Fig. 4), there was
a significant difference in the temperature of the CR mice in both strains.

4. Discussion
The question, whether or not long-term reduction in caloric intake results in a chronic lowering
of metabolic rate, has been vigorously debated in the literature, but still remains unresolved
(for discussion see Greenberg and Boozer, 2000;Masoro, 2002;Blanc et al., 2003). In our view,
there are two separate issues in this debate: one is whether CR lowers metabolic rate, and the
other is whether CR-associated life span extension is linked to a decrease in metabolic rate,
and vice versa.

The present study addresses these issues by employing a ‘negative control’, the DBA/2 mice,
in which the standard CR regimen fails to prolong the median or maximum life span (Fernandes
et al., 1976;Forster et al., 2003). It was reasoned here that if the life span prolongation-effect
of CR depends on its ability to decrease the metabolic rate, then an obvious prediction would
be that such an effect is attenuated or absent in the DBA/2 mice, but present in the C57BL/6
mice, a genotype that responds to the CR regimen with an increase in median and maximum
life span (Turturro et al., 1999;Forster et al., 2003). In this context, a key finding of this study
was that CR decreased the rate of oxygen consumption and body temperature in both strains
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of mice, suggesting that a reduction in metabolic rate by itself is insufficient to account for the
longevity extension effect of CR.

At 14−16 months of age, which is approximately 12 months after the initiation of 40% CR,
the rate of resting oxygen consumption tended to be relatively lower in both strains of mice.
When considered per mouse, the decrease relative to AL groups was nearly equal in the two
strains, suggesting that the overall impact of CR on resting energy expenditure was similar. A
decrease in oxygen consumption following CR was also evident in both strains of mice, when
normalized to metabolically-significant body mass, such as the lean body mass and organ
weight, i.e., the combined weight of liver, kidney, heart, and brain (Greenberg and Boozer,
2000).

Notably, in C57BL/6 mice, the effect of CR on the rate of oxygen consumption per gram body
weight was smaller than that calculated on the basis of per gram lean body mass. This difference
could be attributed to a relatively higher amount of body fat in mature AL C57BL/6 mice
(Brochmann et al., 2003;Funkat et al., 2004). In contrast, there was a robust CR-induced
decrease in metabolic rate, normalized as per gram body weight, in DBA/2 mice. The latter
are leaner than C57BL/6 mice under the AL condition, but are reported to have a similar
percentage of body fat as the C57BL/6 mice when maintained under CR (Brochmann et al.,
2003;Funkat et al., 2004). Given the strain-related difference in the relative amount of body
fat under the AL condition, total body weight would obviously be a less desirable criterion
than lean body mass or organ weight for the normalization of metabolic rate. Indeed, when the
latter two measures were used to standardize the rate of resting oxygen consumption, there was
little or no difference between the strains in the effect of CR.

It has been argued that metabolic rate may decrease only transiently following initiation of CR
(e.g., Masoro, 2002). Results of the present study indicate that in two genetically divergent
strains of mice, a relatively lower metabolic rate is evident 12 months after the initiation of
40% CR. Although it may be necessary to test mice of younger and older ages to determine
the exact period over which the decreased metabolic rate is sustained, the current results accord
with the conclusions of Blanc et al. (2003), that CR may indeed result in a sustained decrease
in the metabolic rate in a number of other species, including rats, humans and monkeys (Blanc
et al., 2003;Raman et al., 2007). In humans and monkeys, these decreases are associated with
a decline in the levels of triiodothyronine (T3) (Roth et al., 2002a;Fontana et al.,
2006;Heilbronn et al., 2006). It is not yet clear to what extent this may be the case in C57BL/
6 or DBA/2 mice.

While there is considerable disagreement about whether or not CR affects the rate of oxygen
consumption, there is a virtual consensus that CR decreases the body temperature in rodents
and primates, an effect that has been postulated to be linked to the life span-prolongation effect
of CR (Lane et al., 1996;Duffy et al., 1997;Roth et al., 2002b;Rikke et al., 2003;Rikke and
Johnson, 2004;Heilbronn et al., 2006). Since body temperature in homeotherms is largely
dependent upon oxidative phosphorylation, reduction in body temperature in the context of
CR is quite likely reflective of a corresponding decrease in the rate of oxygen consumption.
In this study, under a long-term CR regimen, both C57BL/6 and DBA/2 mice exhibited a
decrease in colonic temperature, which accords with the finding of Rikke et al (Rikke et al.,
2003;Rikke and Johnson, 2004), who tested the same strains of mice at younger ages. The CR-
related decreases in body temperature in the current studies are consistent with the diminished
rates of oxygen consumption in the DBA/2 and C57BL/6 mice. While studies of transgenic
mice have suggested that reduction of body temperature may increase median life span
independently of CR (Conti et al., 2006), the current results do not support the hypothesis that
this effect, in the context of CR, necessarily entails a prolongation of life span.
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In this context, the question arises why CR and the resultant lowering of the rate of metabolism
and body temperature do not extend the life span of DBA/ mice. One notable difference
between the two strains of mice was the age-related pattern of changes in the body weight.
Although both mouse strains consumed similar amounts of food throughout the study, the body
weight of the AL-fed C57BL/6 mice showed a steady increase between 8 and 15 months of
age, whereas the AL-fed DBA/2 mice maintained relatively stable weights after 8 months of
age, followed by a decrease beginning at approximately 13 months. These results suggest that
under AL feeding conditions, the DBA/2 and C57BL/6 strains may differ in some physiological
or behavioral factors influencing energy expenditure that are not reflected in the resting
metabolic rate, but result in an apparent negative energy balance in the AL-fed DBA/2 mice
over a significant portion of their later life span. Indeed, the results of this study show that AL-
fed DBA/2 mice maintain a higher body temperature than C57BL/6 mice, in agreement with
reports for mice at younger ages (Rikke et al., 2003;Rikke and Johnson, 2004). Although
spontaneous or voluntary motor activity of AL mice of the two strains was found to be similar
at young ages (Forster and Lal, 1991;Rocha et al., 1998;Funkat et al., 2004), studies have found
that the DBA/2 mice are more active than C57BL/6 following CR (Gelegen et al.,
2006;Gelegen et al., 2007). In addition, the DBA/2 mice have been reported to secrete more
insulin in response to glucose stimulation than C57BL/6 or 129T2 mice (Andrikopoulos et al.,
2005), which may be indicative of strain differences in nutrient absorption and/or utilization.
Regardless of the mechanisms involved, the maintenance of a neutral or negative energy
balance in the AL-fed DBA/2 mice, may confer upon them a diminished ability for CR to
increase longevity.

It is widely hypothesized that life span extension by CR may be due to an attenuation of
oxidative stress (Sohal and Weindruch, 1996). Indeed CR diminishes the rate of mitochondrial
generation of ROS and oxidative damage to proteins and DNA (Sohal et al., 1994a;Sohal et
al., 1994b), as well as causes an elevation in glutathione redox potential in C57BL/6 mice
(Rebrin et al., 2003). It was therefore of interest to determine whether or not CR also lowers
the level of oxidative stress in the DBA/2 mice. Studies on different regions of the brain of
DBA/2 mice indicated that CR decreased the level of oxidative stress, as indicated by the
elevation of GSH:GSSG ratio and glutathione redox potential, and a decrease in the amount
of protein mixed disulfides (Rebrin et al., 2007). These findings suggest that adaptations
besides the lowering of metabolic rate, body temperature, or oxidative stress, may be required
for effecting life span prolongation by CR. It can be speculated that CR-mediated extension of
life span requires more than one or two physiological modulations, and the DBA/2 mice are
resistant to some of them.

In summary, results suggest that although rates of oxygen consumption and body temperature
are lowered by CR, they do not necessarily associate with life span prolongation.
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Fig 1.
Effect of caloric restriction on body weight (± SEM) of surviving DBA/2 and C57BL/6 mice
as a function of age. Mice of each strain (n = 19−20) were maintained under the ab libitum
(AL) or caloric restriction (CR) feeding regimen from 14 weeks until the rate of resting oxygen
consumption was measured at 14−16 months of age. A 10% CR was initiated at 14 weeks
(leftmost data point), which was increased in a stepwise fashion to 40% by 4 months of age.
One mouse (a DBA/2 maintained on CR) died after 8.2 months.
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Fig 2.
Rate of resting oxygen consumption in 14−16-month-old C57BL/6 (top panel) and DBA/2
mice (bottom panel) maintained under ad libitum (AL) or 40% caloric restriction (CR)
regimens since 4 months of age. Resting oxygen consumption of each mouse was determined
during a 10−30 min period of sleep and standardized using different criteria as shown in the
panels from left to right: The whole mouse, body weight, lean body mass and organ weight
(liver + kidney + heart + brain) (see METHODS). Data are represented as the mean ± SEM (n
= 10). * P < 0.025 when compared with AL group.
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Fig 3.
Colonic temperatures of 17−18-month-old C57BL/6 (left panel) and DBA/2 mice (right panel)
maintained under ad libitum (AL) or 40% caloric restriction (CR) regimens since 4 months of
age. Colonic temperatures were sampled at 4-h intervals, over a 24-h period, while the mice
were on a 12-h light:dark cycle (indicated by grey/white bars). The CR groups were fed at 2200
h to mimic the feeding cycle of the AL mice. Data are represented as the mean ± SEM (n = 12
−13).
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Fig 4.
Average colonic temperature of 17−18-month-old C57BL/6 and DBA/2 mice under AL or CR
regimens. Average temperature was calculated from measurements made during the light
portion of the light:dark cycle (0600, 1000, and 1400 h). Data are represented as the mean ±
SEM (n = 12−13). * P < 0.025 when compared with strain-matched AL group.
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