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Abstract
Background—Short-term (<1 year) calorie restriction (CR) has been reported to decrease
physical activity and metabolic rate in humans and non-human primate models; however, studies
examining the very long-term (>10 year) effect of CR on these parameters are lacking.

Objective—The objective of this study was to examine metabolic and behavioral adaptations to
long-term CR longitudinally in rhesus macaques.

Design—Eighteen (10 male, 8 female) control (C) and 24 (14 male, 10 female) age matched CR
rhesus monkeys between 19.6 and 31.9 years old were examined after 13 and 18 years of
moderate adult-onset CR. Energy expenditure (EE) was examined by doubly labeled water (DLW;
TEE) and respiratory chamber (24hrEE). Physical activity was assessed both by metabolic
equivalent (MET) in a respiratory chamber and by an accelerometer. Metabolic cost of movements
during 24h were also calculated. Age and fat-free mass were included as covariates.

Results—Adjusted total and 24hr EE were not different between C and CR. Sleeping metabolic
rate was significantly lower, and physical activity level was higher in CR than in C independent
from the CR-induced changes in body composition. The duration of physical activity above 1.6
METs was significantly higher in CR than in C, and CR had significantly higher accelerometer
activity counts than C. Metabolic cost of movements during 24h were significantly lower in CR
than in C. The accelerometer activity counts were significantly decreased after seven years in C
animals, but not in CR animals.

Conclusions—The results suggest that long-term CR decreases basal metabolic rate, but
maintains higher physical activity with lower metabolic cost of movements compared with C.
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1.0 Introduction
The concept of delaying the morbidities of aging through caloric restriction (CR) can be
traced back at least three centuries to, Kaibara Ekiken (1630–1714) who wrote at the age of
83 years in his Yōjōkun (The Book of Life-nourishing Principles) that one way to remain
healthy and increase longevity is to stop eating when the stomach is less than full (Kaibara
and Translated by Wilson 2009 (Originally written in 1712)). Far more recently, careful
laboratory studies of CR without malnutrition have shown that CR does indeed extend the
maximal life span in multiple short-lived species (Anderson et al. 2009). In nonhuman
primates, CR has been shown to reduce or delay the onset of diverse age-related diseases
and disorders such as diabetes (Gresl et al. 2001), sarcopenia (Colman et al. 2008), immune
senescence (Messaoudi et al. 2006), hypertension, cancer, bone demineralization, and brain
atrophy (Colman and Anderson 2011; Colman et al. 2009). The study of rhesus monkeys at
the University of Wisconsin, begun in 1989, also demonstrated a reduction in age-related
mortality in CR animals (Colman and Anderson 2011; Colman et al. 2009), although an
effect on longevity was not found in a second study performed at the National Institute of
Aging (Mattison et al. 2012).

In rhesus monkeys CR is associated with an initial weight loss, but body weight plateaus
indicating that caloric balance is reestablished during the CR intervention (Colman et al.
2008). The metabolic transition is characterized by a decrease in energy expenditure
(Ramsey et al. 2000a), presumably to match the reduction in energy intake. Randomized
controlled trials for CR have shown that much of the adaptation is driven by a reduction in
body size, but reductions in energy expenditure that cannot be explained simply by the
smaller body size have been reported (DeLany et al. 1999; Ramsey et al. 1997; Weed et al.
1997), although findings are inconsistent (Kemnitz et al. 1993; Moscrip et al. 2000; Ramsey
et al. 1997; Weed et al. 1997).

Daily energy expenditure has three major components: resting metabolic rate, the thermic
effect of food, and the energy expenditure of physical activity. Most studies to date have
focused on resting metabolic rate and total energy expenditure. Physical activity has also
been studied and earlier reviews of the subject concluded that CR did not alter physical
activity in macaques (Heilbronn and Ravussin 2003; Ingram et al. 2001; Roth et al. 2002). In
rodent studies, however, differing results have been reported; specifically, it has been found
that wheel-running activity of rats was generally reduced in CR groups early in life, but CR
resulted in higher activity levels later in life when control groups began to exhibit a marked
age related decline in activity (Goodrick et al. 1983).

The objective of this current study was to determine the metabolic and behavioral
adaptations to long-term diet restriction in rhesus monkeys. Longitudinal changes in energy
expenditure including the metabolic cost of movement, and duration and intensity of
physical activity during 24h were determined in monkeys enrolled in the on-going
University of Wisconsin CR and Aging study (Kemnitz et al. 1993; Ramsey et al. 2000a).
The youngest animals in this longitudinal study were 19 years of age at the last assessment
time-point for this analysis, an age considered past the age of sarcopenia onset, which has
been clinically assessed to be 14–16 years of age in rhesus monkeys at the Wisconsin
National Primate Research Center (WNPRC) (Colman et al. 2005).
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2.0 Materials and Methods
2.1 Animals

The CR study at WNPRC has been previously described (Kemnitz et al. 1993; Ramsey et al.
1997). Briefly, the study includes three groups of adult rhesus monkeys (Macaca mulatta of
Indian derivation); 30 male monkeys entered in the study in 1989 (Group 1), and 30 females
(Group 2) and an additional 16 males (Group 3) were introduced in 1994. All groups
averaged ~10 years of age at the onset of CR. Within each group animals were stratified by
body weight and randomly assigned to either the control (C) or CR group. For this study,
energy expenditure data were collected at two time-points, 1999–2000 and 2007–2008,
along with additional analysis of activity at interim time-points. At the end of the 2008 data
collection period, 18 of 38 animals in C group and 24 of 38 animals in CR group were still
alive, and it was these 42 surviving animals that were included in this analysis at both time-
points so that within-animal changes could be evaluated. Mean age was 24.6 ± 2.8 years old
and intervention duration was over 18 yr for Group 1 and over 13 yr for Group 2 and 3. The
median life span of control rhesus monkeys at WNPRC is 27 years and the maximum life
span is 40 years (Colman and Anderson 2011).

The animals were housed in individual cages to minimize aggressive encounters and to
control and quantify food intake. All animals had extensive visual and auditory contact with
other study animals. The animals were allowed continuous access to water and the rooms
were maintained at 21–26°C with ~50–65% relative humidity. Artificial room lighting was
automatically controlled to provide 12-h light and dark periods. The protocol was approved
by the Animal Care and Use Committee of the Graduate School of the University of
Wisconsin-Madison, an AAALAC-accredited program.

2.2 Diet
At the outset of the study, ad libitum food intake was assessed to define an individual
baseline intake for each animal. Thereafter, the C monkeys were allowed ad libitum access
to food for 6–8 h per day, while CR monkeys underwent individualized calorie restriction of
~30% from the baseline assessment amount. The C monkeys were fed a defined, pelleted
diet (no. 85387, Teklad Co., Madison, WI) containing 15% lactalbumin, 10% corn oil, and
approximately 65% carbohydrate, as previously described (Ramsey et al. 2000a). CR
animals were fed a similar diet (no. 93131, Teklad Co., Madison, WI), except that the
mineral and vitamin mix were increased by about 30% to minimize differences in mineral
and vitamin intake between groups. Food was provided in the morning and removed 6–8 h
later. At this time, weight of spilled food was estimated and food remaining in the trays was
weighed to calculate daily food intake, and the animals were given a piece of fresh fruit.

The feeding protocol was modified slightly in the calorimetry chambers to standardize
timing of intake and to insure that all animals consumed their assigned allotment (Blanc et
al. 2003; Ramsey et al. 1997). A palatable sandwich (fat 49%, carbohydrate 38%, protein
13%) was provided as two meals. The first meal was at 1000 h, and the energy content of
this meal was the same for all animals. The afternoon meal was provided at 1500 h, and the
energy content of this meal was adjusted to conform to designated daily energy intake.

2.3 Doubly Labeled Water procedures
Total energy expenditure (TEE) was determined during a 5-d period by the two-point DLW
methodology described previously (Blanc et al. 2003). After anesthesia (ketamine HCl, 15
mg/kg im), a baseline blood sample was collected, and a premixed 1.51 g/kg estimated total
body water (TBW) dose of DLW was given intravenously. The dose was composed of 0.3 g/
kg estimated TBW of 94% H2 18O (Rotem Industries Ltd., Beer Sheva, Israel) and 0.17 g/kg
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estimated TBW of 99.9% 2H2O(Cambridge Isotope Laboratories, Andover, MA) and was
diluted with 3% NaCl to physiological osmolarity. Blood samples were collected at 2 hr and
1 and 5 d after dosing. Immediately after collection, blood was centrifuged for 10 min for
serum separation. Serum was stored at −20°C in cryogenically stable tubes until analysis by
isotope ratio mass spectrometry.

Water from serum samples was extracted by centrifugation (4°C, 1 h, RCF 12,000×g) on
regenerated cellulose filters (YM-50, Centricon, Bedford, MA). Deuterium and oxygen-18
isotopic enrichments were determined as previously described (Blanc et al. 2003). CO2
production was calculated according to the equation of Schoeller et al. (1986):

rCO2(mol/d) = N/2.078(1.007ko−1.041kd) −0.0266N(1.007ko−1.041kd)

where N represents the average isotope dilution space of deuterium and 18O calculated from
Coward et al. by the plateau method using the 2-h post-dose sample and corrected for
isotope exchange by the factors 1.041 and 1.007, respectively. The observed isotope dilution
space ratio was 1.041 ± 0.009 (mean ± SD). ko and kd represent the isotope elimination rates
calculated by linear regression of the natural logarithm of isotope enrichment as a function
of elapsed time from approximately one day after the dose (day 1 samples). TEE was
calculated using the modified Weir equation and a food quotient of 0.93, which was
estimated from the animal’s diet. Day 1 samples were chosen for calculation of ko and kd to
avoid the potential artifacts (hypometabolism, hypoactivity, etc.) introduced in the TEE
estimates by anesthesia.

2.4 Calorimetry
Twenty-four hour energy expenditure (24hEE) was measured in a standard cage enclosed
within a transparent metabolic chamber with dimensions of 75 cm wide × 75 cm deep × 80
cm high as previously described (Raman et al. 2007a; Raman et al. 2007b). Chamber
temperature was maintained at 21°C to maintain the animals at thermoneutrality. The
animals were housed in these chambers 1 day before the start of measurements for
acclimatization. Respiratory gas exchange was measured for2 consecutive days. The
chamber was located in a room where other animals were housed to provide a familiar social
environment.

Filtered air was drawn into the chamber, and the flow rate, temperature, and humidity were
measured. A portion of the exhaust air from the chamber was dried and analyzed for oxygen
(S-3AO2 analyzer; Ametek, Pittsburgh, PA) and CO2 (CD-3 CO2 analyzer; Ametek)
contents. The 24hrEE was calculated on the basis of the oxygen consumption and CO2
release rates using the modified Weir equation. Ethanol was burned from a lamp and the
%recovery of O2 and CO2 was used to calibrate the chambers. Night EE (NEE) was defined
as the EE during the light-off period of 6PM to 6AM. Sleeping metabolic rate (SMR) was
defined as the lowest continuous 3 h period recorded during the night with confirmation of
no physical activity by activity count. Physical activity level (PAL) was calculated both by
TEE/SMR and 24hr EE/SMR. Metabolic equivalent intensity (MET) were calculated every
5 min as times of SMR.

2.5 Accelerometer
Physical activity data were collected using a commercial accelerometer (Actiwatch AW-64,
Resprionics/Mini-Mitter, Bend, OR) (Zhdanova et al. 2002). Prior to using the
accelerometer-based system, physical activity (i.e. movement) was recorded for each animal
over a one week period by motion detectors. We fully validated the accelerometer data
against the motion detector data before switching methodologies. During this validation
there was no indication of a differential response to the collars by the two diet groups. The
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accelerometer was attached on a collar fastened around the animal’s neck. Annual
accelerometry measures were taken over a 3–4 week period each year. The first ~5 days of
activity were considered to be the adaptation period and those data were not included in the
analysis. For accelerometry measures during the 2007–8 metabolic rate assessment periods,
collars were attached a minimum of 5 days prior to animals being placed in the respiratory
chambers. The accelerometer sampled activity counts every 1 min and these measurements
were averaged for every hour, day (0600–1800 h), night (1800–0600 h), morning (0600–
1200 h), afternoon (1200–1800 h), and 24hr.

Accelerometer data were collected for all CR animals but only 13 of 18 C animals because
at the time of measurement the collars were not well tolerated by 5 of the C animals.

2. 6 Metabolic cost for movements
Gross metabolic rate was divided by body mass (BM), BM0.67, and SMR to obtain the array
of normalized gross metabolic rate that have been published by others (Blanc et al. 2003;
Kleiber 1947; White and Seymour 2005). The relationship between metabolic rate and
activity count is approximately linear over a broad range of activity counts (Puyau et al.
2002; Puyau et al. 2004; Yamada et al. 2009), and cost of activity (COA) can be calculated
as the slope of the regression of metabolic rate (the dependent variable) on activity counts
because the regressions of activity counts on metabolic rates return significant intercepts
(Rezende et al. 2006). We plotted metabolic rates against activity counts for every hour in
the respiratory chamber to estimate COA for each individual. Using least squares linear
regressions, we estimated the slope (i.e., incremental COA) and intercept for each
individual. The sum of the so-called postural and thermic effect of food (TEF) costs was
calculated as the difference between SMR and the zero-activity count intercept of the
activity count versus gross metabolic rate regression (Rezende et al. 2006; Taylor et al.
1982; Taylor et al. 1970). This is equal to the zero-activity intercept of the activity count
versus net metabolic rate regression. The slopes (COA) were calculated with gross
metabolic rate and gross metabolic rate divided by BM, BM0.67, and SMR.

2. 7 Body composition analysis
Dual-energy X-ray absorptiometry (DXA) (Model DPX-L, GE/Lunar Corp., Madison, WI)
was used to assess lean tissue mass of the total body and limbs and to estimate skeletal
muscle mass. Following an overnight fast, animals were sedated with ketamine HCl (10 mg/
kg, IM) and weighed. Animals were further administered a mixture of ketamine HCl and
xylazine (7 mg/kg, 0.6 mg/kg xylazine, respectively, IM) for additional muscle relaxation
and anesthesia maintenance. Upon scan completion, yohimbine (0.06 mg/kg, IV) was given
to reverse xylazine. Approximate scan time was 20 minutes per animal.

Total body scans were acquired with the animal in the supine position and analyzed using
Lunar pediatric software (version 1.5e for acquisition, version 4.0a for analysis) as
previously described (Blanc et al. 2005; Colman et al. 2008). Analyses were conducted on
the total body and regions of interest (arms, legs). For total body composition, fat free mass
(FFM) and fat mass (FM) were obtained. Regions of interest were defined based upon bony
landmarks (i.e., upper and lower legs were divided at the interface of the femur and tibia).
Appendicular skeletal muscle mass (ASM) was determined by summing the lean tissue mass
from the arms and legs (Colman et al. 2008). DXA coefficients of variation ([mean/standard
deviation]*100) for sites evaluated in this study were as follows: total body lean mass 0.8%,
ASM 1.6%, lean mass of legs 1.9%, lean mass of upper legs 3.7%, lean mass of lower legs
4.3%, and lean mass of arms 2.2% (Colman et al. 2008).
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2. 8 Statistical analysis
All analyses were performed using SPSS 12.0 for Windows (SPSS Inc., Chicago, IL).
Results were presented as the mean ± standard deviation (SD). The group differences in
physical and metabolic characteristics were tested by repeated-measures three-way analysis
of covariance (ANCOVA) with groups (C vs. CR) and sex (male vs. female) as between-
subject-factors; time (1999–2000 vs. 2007–8) as a within-subject factor; and age as a
covariate in the model, because the animals of all three groups varied in age. For the
metabolic characteristics, the ANCOVA were examined also with age and FFM as
covariates. The group differences of the duration of metabolic intensity in the respiratory
chamber were tested by repeated three-way ANCOVA with groups (C vs. CR) as a between
subject-factor; intensity (1.2–1.4, 1.4–1.6, 1.6–1.8, 1.8–2.0 vs. 2.0 METs and over) and time
(1999–2000 vs. 2007–8) as within-subject factors; and age as a covariate in the model. For
the variables that did not have normal distribution, ANCOVA was applied for the data after
logarithmic transformation when appropriate. For all of the analyses, an alpha of 0.05 was
used to denote statistical significance.

3. 0 Results
3. 1 Dietary intake

The impact of age on calorie intake has influenced the extent of CR achieved in this study
over time. Until 2001 the difference in energy intake between C and CR had been about 28–
30% (Blanc et al. 2003); however, the difference in energy intake between C and CR
decreased thereafter. As the study progressed, the 18 C animals ate 11% less than at the
outset of the study (2.72 MJ/d at 1999 to 2.41 MJ/d at 2007, P = 0.020 by paired t-test).
Energy intake did not change over the same period for the 24 CR animals (4% decrease
from 2.12 MJ/d to 2.03 MJ/d, P = 0.268). Due to the age-associated decline in energy intake
among C animals, the difference of energy intake between C and CR animals dropped to
about 16% by the second assessment time-point in 2007–2008.

3.2 Body weight and composition
Table 1 summarizes the physical characteristics of the animals for the two times periods of
study (1999–2000 and 2007–2008). The two diet treatment groups were of similar age (P =
0.425). The average body weight (BW) of all CR animals was 18 and 22% lower than that of
the C animals during 1999–2000 and 2007–2008 respectively. This was reflected in a
reduction in FM in all CR animals compared to C. The FFM of the CR animals was lower
than the C animals by 8% during both periods, but ASM difference did not reach
significance (P = 0.115). Expressed as a percentage of body weight, fat mass was 11 and 12
percentage points lower in the CR animals (P<0.001). Females had lower BW, FM, FFM,
and ASM than males (P≤0.013), but did not differ in percent body fat (P = 0.703). There
were significant interactions of sex vs. time in FFM and ASM. In males, average FFM and
ASM were significantly decreased in 2007–2008 compared with those in 1999–2000
(P<0.001). In contrast, among females, average FFM and ASM were not significantly
different between study periods (P = 0.934 and 0.128, respectively). There was no
significant interaction of group vs. sex or group vs. time.

3.3 Energy expenditure and concurrent short-term intake
As part of the study design the energy intake in the metabolic chamber was lower for CR
compared with C during both assessment periods by 22 and 16%, respectively (Table 2).
Energy intake during the double labeled water (DLW) periods was lower by 24% in the CR
animals at the period of 1999–2000 compared with the C, but no significant difference was
observed during the 2007–2008 period (6%). C monkeys ate less food under ad lib.
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conditions during recovery from anesthesia required for the DLW administration and body
composition measures in 2007–2008, although energy intake recovered and returned to
baseline within days (Supplemental Figure 1). C monkeys are about 15% less and returned
to baseline with about 5 days, while CR animals displayed no dietary intake response. The
chamber 24hr energy expenditure (24hrEE) and DLW total energy expenditure (TEE) were
not significantly different between C and CR, even when FFM was added as a covariate
(Table 2). The CR animals had significantly lower sleeping metabolic rate (SMR) than C
animals during both study periods (11 and 19%, respectively), and the difference was still
significant when FFM was added as covariate (P = 0.007). Physical activity levels (PAL)
during DLW (PALDLW) and metabolic chamber (PALchamber) assessments were both
significantly higher in the CR groups than in the C groups (P = 0.017 and 0.014
respectively).

3. 4 Activity
The average time-series activity and associated metabolic equivalent intensity (MET)
measures for C and CR animals during the respiratory chamber assessments in 2007–2008
are shown in Figure 1. The CR animals displayed greater accelerometer activity counts and
higher MET during the day than the C animals. There was no difference in accelerometer
activity frequencies between C and CR during the night (P = 0.407) (Figure 2). Figure 3
shows the longitudinal change of accelerometer activity counts in home cages measured
each year between 2000 and 2007. Significant interactions of time × group were observed in
24hr, day time, morning, and afternoon activity counts, but not in night activity counts. The
activity counts were significantly decreased with time in C animals, but not in CR animals.

Figure 4 shows the duration of physical activity categorized by metabolic intensity (EE/
SMR) in the respiratory chamber during both assessment periods. A significant time × group
× intensity interaction was observed (P = 0.029) indicating that the duration of each
intensity changed between the two assessment periods, but in a different manner for C and
CR animals. Thus, we further analyzed each intensity category separately. The results of
repeated-measures two-way ANCOVA and post-hoc analysis are shown in Figure 4. The CR
animals had significantly longer (~2 times longer) duration of the activities at 1.6METs and
above than the C animals for the period of 2007–2008.

3. 5 Metabolic costs for movements
Figure 5 shows the relationship between energy expenditure and activity count for every
hour in the respiratory chamber of a representative C monkey and a representative CR
monkey. The mean correlation coefficients were 0.689 (25% and 75% quartiles by value of
r; 0.640 and 0.705, P < 0.001) for the C group and 0.650 (0.527 and 0.773, P < 0.001) for
CR group. The energy cost of activity (COA) which was calculated from the slope of energy
expenditure per kg for each hour vs. activity count for that hour was different for C and CR
animals. Figure 6 shows the unadjusted COAs of C and CR animals shown as gross
metabolic and adjusted COA where gross metabolic rate was divided by either BM, BM0.67,
or SMR. All four expressions of COA were significantly lower in CR compared with the C
group (P < 0.05) by ANCOVA with age and sex as a covariate in the model. The slope,
which reflects COA, was independent mathematically from SMR and intercept. The
intercept of the regression analysis, which reflects the sedentary energy expenditure during
the day but also includes themic effect of food (TEF) and postural costs, was not
significantly different between two diet groups. When the intercepts were adjusted for BM,
BM0.67, and SMR (P < 0.05), significant differences were observed in the postural and TEF
cost by ANCOVA with age and sex as a covariate in the model.
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4. 0 Discussion
The present study provides the most comprehensive analysis of energy expenditure in
nonhuman primates under control and CR conditions conducted to date. To circumvent the
prior limitation of possible night-time wakefulness, we refined our proxy resting metabolic
rate measurement by using a sleeping metabolic rate (lowest 3 h night time energy
expenditure) in place of a 12 h night-time metabolic rate, and confirmed our previous report
of reduced resting metabolic rate among CR animals (Blanc et al. 2003). This metabolic rate
remained significantly lower after adjustment for body size suggesting that CR animals are
metabolically distinct from the C animals. In the previous study, we could not explain why
TEE only tended to be lower in CR than C, despite the significantly lower resting metabolic
rate. The current study provides us with an explanation: the old CR animals perform more
movements than the C animals and although these movements are associated with a lower
energy cost compared to C, the increase in movement results in increased TEE although
unadjusted TEEDLW still tended to be lower in CR.

Although both this study and our previous study found the SMR was reduced in CR, we
believe the use of 3 h SMR in this study is a superior proxy measure of resting metabolic
rate under near basal conditions. As shown in Figure 2B, the energy expenditure was still
high after turning off the lights at 6 PM. The animals do move during some periods of the
night and this may explain some of the variation in energy expenditure across the night-time
hours, and thus why night EE has not always been found to be different between our CR and
C animals. For example, a significant decrease in mass-adjusted night EE was reported after
30 months of CR in these animals (Ramsey et al. 2000a). Subsequent measures a decade
later detected only a trend in the night EE between C and CR at 9 to 15 years of CR after
adjustment by FFM (P=0.06) (Raman et al. 2007b). A possible explanation for the lower
SMR in CR animals reported here could be a difference in thyroid hormone levels that have
been shown to be lower in rhesus monkeys on CR (DeLany et al. 1999). Although we did
not find that TEE was significantly lower in CR animals compared to C animals, it did tend
to be lower. An independent long-term primate CR study reported that CR caused a
significant and sustained reduction in TEE when corrected for lean body mass (DeLany et
al. 1999). It should be mentioned that the former study applied a weight-clamping procedure
that may have had a different impact on body composition compared to the CR regimen
used in the current study.

Recent human studies on the metabolic and behavioral effects of CR used both 24h room
calorimetry and DLW to measure energy expenditure (Heilbronn et al. 2006; Redman et al.
2009), but at this time, the data is limited to only 3 and 6 months of CR intervention. During
these early phases of CR, significant decreases in SMR, 24h energy expenditure and free-
living TEE were detected in human CR subjects and this difference remains significant after
adjusting for body composition. In contrast to our long-term findings, a reduction in physical
activity has been reported for humans on short-term CR. In the human study metabolic rate
measures were conducted during the period of CR induced weight loss. In this way,
measures of energy expenditure could have been influenced by the energy imbalance that
occurs before weight plateaus during long-term CR.

Behavioral changes in physical activity and the metabolic costs of physical activity have a
greater impact on TEE in human studies compared to non-human primate studies because
physical activity is a larger component of TEE in free-living adults. Assuming that the
thermic effect of meals (TEM) contributes 10% of TEE, and that PAL values average about
1.65, physical activity energy expenditure (PAEE) is calculated to comprise about one-third
of TEE in healthy free-living subjects (Prentice et al. 1996; Westerterp 2008). Moreover this
fraction does not change much with age, although TEE and PAEE both decrease in terms of
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MJ/d (Blanc et al. 2004). In the current non-human primate study, however, the PAL was
about 1.3 meaning that PAEE is much smaller; contributing only about one-fifth of TEE in
C animals and thus our primate model differs slightly from the human. This of course is
likely to have been influenced by restrictions on physical activity imposed by the monkeys
being housed in cages. Interestingly, among humans housed in our indirect calorimetry
chamber having 3.5 m2 of floor space and without instructions to exercise, PAL average
about 1.4, which is more similar to our non-human primate value than free-living humans.

Even though there was no overall change in PAEE observed in the monkeys during the
chamber measure, breaking down the PAEE by intensity did find interactions between diet
group, time (year of study), and intensity (Figure 2). Intensities between 1.6 and 2.0 METS
or multiples of SMR decreased between 1990–2000 and 2007–2008 in the C animals but not
the CR animals. This is consistent with a delay in age-related decreases in vigor in the CR
animals. Parallel studies of skeletal muscle mass and fiber morphology in the same cohort
have shown that CR delays the onset of sarcopenia, at 2007–2008 the C animals had lost
43% of their upper leg muscle mass whereas CR animals had lost 27% (McKiernan et al.
2012)

In non-human primates, older adult C animals spend less time in locomotion, and there is a
marked decline in vertical movement by older monkeys (Ramsey et al. 2000b). In humans,
older subjects also spend significantly less time at moderate or high intensity activities than
young subjects and spend significantly more time at low intensity activities (Blanc et al.
2004; Harris et al. 2007a; Meijer et al. 2001). Despite this, elderly individuals consume
more metabolic energy during walking than young adults at same speeds (Dean et al. 2007;
Harris et al. 2007b; Jones et al. 2009; Mian et al. 2006; Ortega and Farley 2007). Harris et
al. (2007b) suggested that the elderly individuals may have a biological drive to be less
active than the young because of their higher energetic cost of movements.

The adaptive changes in energy expenditure reported in the present study may be explained
by changes in metabolism. In humans undergoing weight loss, the energy cost of activities
has been reported to be lower than for weight stable individuals and shown to be due to an
increase in skeletal muscle work efficiency with energy restriction (Rosenbaum and Leibel
2010). Metabonomic analysis of serum collected from the monkeys in this study reveals that
CR has a significant impact on circulating metabolites, including changes in key lipoproteins
and metabolites associated with energy metabolism (Rezzi et al. 2009). These findings are
consistent with the concept that CR induces a reprogramming of metabolism (Anderson and
Weindruch 2010). The impact of age on the serum metabolite profile was attenuated by CR,
and distinct age-dependent metabolic trajectories were identified in CR animals that
correlate with insulin sensitivity and diminished adiposity. Taken together these findings
suggest that changes in metabolism induced by CR are linked to the improved energy cost of
movement identified in this study.

The metabolic intensity (EE/SMR) calculated from the respiratory chamber data depends on
SMR. These are ratios and the denominator does influence the data analysis. However, the
COA calculated from the accelerometer and respiratory chamber data is independent of
SMR. We plotted metabolic rates against activity counts for every hour in the respiratory
chamber to estimate COA for each individual. Using least squares linear regressions, we
estimated the slope (i.e., incremental COA) and intercept for each individual animal. The
zero-activity count intercept was calculated from the activity count versus gross metabolic
rate. In this way the intercept includes SMR, postural effects, and TEF. With this analysis,
the measured SMR was not used in the calculations. The slope (COA) is mathematically
independent from SMR (Puyau et al. 2002; Puyau et al. 2004; Rezende et al. 2006). The COA is
statistically lower in CR group than in C group whether unadjusted or adjusting with BM,
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BM0.67, or SMR. This results suggest that not only SMR but also COA is decreased, and
thus, higher physical activity can be achieved by long-term CR despite of decreasing energy
intake.

An additional finding of this study is that measures of TEE in the metabolic chamber are
equivalent to those measured by DLW in the animal’s home cage. This reduces concern over
a potential artifact in energy expenditure measures performed in a cage other than the
animal’s home cage. Non-human primates have been shown to be sensitive to changes in
their facilities and handling and thus there was some concern on our part that TEE measures
in the chamber might be artificially increased by the stress of being outside their home cage.
It was also noted that the stress of anesthesia or perhaps handling associated with the annual
exam and start of the IV injection of the DLW dose may have had an effect on animal
behavior. We observed a slight decrease in food intake in the C animals following this
procedure. This was not noted in the CR animals and we speculate that indicates a stronger
food drive in the CR animals.

It should be noted that TEEDLW and 24hrEEchamber was higher (~8%) in C than in CR, but
the difference did not reach significance in the present study. We previously reported that
24hrEEchamber measured annually for 7yr in their younger age was significantly higher
(~10%) in C than in CR (Raman et al. 2007b). That study contained 469 (67×7 time-points)
measures from 34 C and 33 CR. The present study contained only 84 (42×2 time-points)
measures from 18 C and 24 CR, and this lowered statistical power. In both cases, the
difference in energy expenditure between groups was much smaller than that expected from
the difference in energy intake. Metabolizable energy intake for the C and CR diets has been
previously reported and shown to differ slightly from energy intake as measured herein
(Raman et al. 2007a). Energy density of diet, urine, and feces were measured by bomb
calorimetry. The metabolizable energy coefficients were 0.87±0.03 in the CR and 0.91±0.03
in C monkeys, and thus significantly lower in CR than in C monkeys (P<0.001). There was
an interesting difference in eating style noted between groups. The CR animals dropped
almost no small crumbs during consumption of the diet pellets, while C animals dropped
crumbs equal to 6% of dietary intake. The dietary intake data herein were not corrected for
crumb loss in C group because it can only be measured through labor intensive methods.
Diet pellets larger than ¼ size were visually monitored and corrections made. We also
reported that food moisture was higher than listed on the manufacturer’s label. Because the
moisture content is probably seasonally variable and not different between diets corrections
for moisture content variation were not made. Perhaps the largest single contributor to the
smaller, but no longer significant, difference in TEE between C and CR was the age-
associated decline in energy intake among C animals but not CR, the difference of energy
intake between C and CR animals dropped to about 16% and hence the TEE necessary to be
at energy balance by the second assessment time-point in 2007–2008.

5. 0 Conclusion
Short-term (<1 yr) calorie restriction (CR) lowers TEE, activity energy expenditure, and
physical activity in human and non-human primates. In long-term CR, however, CR does
not decrease either TEEDLW or 24hEEchamber even though SMR is lower in CR non-human
primates. Furthermore, CR animals maintain a higher physical activity level than C animals,
with significantly longer duration of physical activity and more frequent high intensity
activities observed in CR animals. Importantly, the metabolic cost of movements is
significantly lower for CR animals compared to C. No significant interactions of sex against
dietary treatment were observed. These data suggest that long-term CR induces profound
metabolic changes in both male and female non-human primates to sustain the ability to
expend energy in movement and to improve skeletal muscle work efficiency.
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Highlights

We measured energy expenditure in rhesus monkeys in control caloric restricted after
more than 10 years of study

Caloric restriction was found to reduce sleeping metabolic rate and the energy cost of
movement

Caloric restriction increased physical activity as measured by movement

These differences observed after animals weight had stabilized are the opposite of those
usually observed during short-term (dieting) caloric restriction
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Figure 1.
Time-series of the activity count (A) and metabolic equivalent intensities (METs) (B) for C
and CR animals in the metabolic chamber. The animals were taken out of the chamber
between 7:00–8:00 (↔) for recalibration of the equipment (2007–2008). Data are shown as
Mean ± SEM.
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Figure 2.
Activity counts during the 12h of light (day) and dark (night) for C and CR animals.
Although there was no significant difference between C and CR during the night, a
significant difference (* P<0.05) was observed during the day (2007–8). Data are shown as
Mean ± SD.
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Figure 3.
The longitudinal change of accelerometer daily activity counts in home cages measured each
year between 1999 and 2008 for 24hr (A), day time (B), night (C), morning (D), and
afternoon (E) activity counts. Except for night-time, a significant time × group interaction
was observed. Activity counts were significantly decreased with time in C animals, but not
in CR animals. ** P<0.01, *** P<0.001; significantly lower than 2000 period. † P<0.05, ††
P<0.01; significantly lower than CR group.
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Figure 4.
Duration of physical activity in the respiratory chamber for the range of metabolic
equivalent intensities. Logarithmic transformations were applied because the data could not
be regarded as a normal distribution. * Significantly higher than C group (P<0.05).
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Figure 5.
Summary calculation of incremental cost of activity using regression as shown for energy
expenditure per kg against activity count based on 1-hour averages obtained in the metabolic
chamber (A). Cost of activity (COA) was determined as the slope of the linear regression.
Postural and TEF costs were estimated as the difference between the y-intercept of the
metabolic rate on activity counts least squares linear regression and SMR. (B) The data
show a representative C monkey and a representative CR monkey.
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Figure 6.
Cost of activity (COA) unadjusted or adjusted for body weight during assessments in the
metabolic chamber. The CR monkeys had significantly lower unadjusted COA and COA
adjusted by body mass (BM), BM0.67, and SMR than C monkeys. Data are shown as Mean
± SD.
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