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ABSTRACT

A commonly observed response in mammals to calorie restriction (CR) is reduced
body temperature (T,). We explored how the T, of male C57BL/6 mice responded to
graded CR (10 to 40%), compared to the response to equivalent levels of protein
restriction (PR) over 3 months. Under CR there was a dynamic change in daily T, over
the first 30-35 days, which stabilized thereafter until day 70 after which a further
decline was noted. The time to reach stability was dependent on restriction level.
Body mass negatively correlated with T, under ad libitum feeding and positively
correlated under CR. The average T, over the last 20 days was significantly related to
the levels of body fat, structural tissue, leptin and insulin-like growth factor-1. Some
mice, particularly those under higher levels of CR, showed periods of daily torpor
later in the restriction period. None of the changes in T, under CR were recapitulated
by equivalent levels of PR. We conclude that changes in T, under CR are a response
only to the shortfall in calorie intake. The linear relationship between average T, and
the level of restriction supports the idea that T, changes are an integral aspect of the
lifespan effect.

INTRODUCTION

Calorie restriction (CR) (sometimes called dietary
restriction or DR) [1, 2] is one of the few known
environmental modulations that leads to an increase in
animal lifespan [3]. CR has been shown to be effective
in a wide range of species [4—6] although its impact is
not universal [7]. Given the contrasting results between
two major studies of CR on non-human primates there
has been much recent interest in the potentially important

roles of different macronutrients within the diet [6, 8, 9]
and renewed interest in the potential importance of
background genotype on the magnitude and direction of
the effect [10—15]. However, despite a concentrated effort
for several decades the underlying molecular mechanisms
by which CR exerts its life enhancing effects remain
unclear [16-21].

A commonly observed response to CR among
endothermic species is a reduction in body temperature,
particularly in rodents [4, 22-28] but also including
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non-human primates [29-31]. This effect has also
been observed among human subjects under voluntary
restriction [32] or during randomized controlled CR
trials (CALERIE) [33, 34]. Transgenic manipulation of
mice to elevate levels of uncoupling protein 2 (UCP2)
in hypocretin expressing neurons in the hypothalamus
leads to a regional increase in brain temperature adjacent
to the temperature sensing mechanism in the pre-optic
areca, which precipitates a compensatory decline in
peripheral body temperature by about 0.5-0.6°C and
a 12-20% extension of lifespan [35]. Consequently,
the body temperature response to CR may be a critical
component of the lifespan extension effect. Koizumi
et al (1996) suggested that as much as 50% of the life
extending effects of CR might be due to body temperature
lowering [36]. Supporting this view the Ames and Snell
dwarf mice, which are both long lived, have lower body
temperatures than wild type controls [37]. Lowered body
temperature may also be an important factor influencing
the lifespan of ectothermic animals [38, 39] although in
this case the mechanisms may be different from those at
play in endotherms. Of particular relevance is the fact
that temperature mediated impacts on ectotherms appear
independent of CR mediated extensions in lifespan [40],
with CR delaying the onset, and temperature altering the
gradient, of the mortality trajectory [27].

Because graded levels of restriction lead to a graded
response in lifespan [41, 42] the factors that relate to
graded levels of restriction are of particular interest.
We have shown previously that graded levels of CR
lead to reductions in body mass (BM) and altered body
composition over a period of about 30 days following
the initiation of restriction [43]. This reduction involves
a preferential utilization of both body fat and structural
tissue, with more minor impacts on the reproductive and
vital organs [43]. These changes in body composition lead
to parallel changes in various hormonal factors, notably
leptin, insulin and insulin like growth factor 1 (IGF-1) [44].
In the current paper we sought to explore whether changes
in body temperature under graded levels of restriction are
coordinated with or disconnected from these alterations
in body composition and hormonal changes. Previous
work has shown that late onset (14 month old mice)
27% CR has complex effects on the minute by minute
changes in body temperature, physical activity patterns
and circadian rhythms [45]. We address here only the
effects of CR at the scale of the mean body temperature
averaged over entire days. We have addressed the impact
of graded restriction on these microscale changes in
circadian temperature and physical activity responses in a
separate paper (Lusseau ef al, submitted) [44, 46].

Although it was suggested in the 1970s that the
key impact of DR was the shortfall in calorie intake
(hence why it is generally called CR rather than DR [2])
more recently it has been suggested that the responses
to reducing the availability of food depend less on the

shortfall in calories, and more on the shortfall of specific
macronutrients—notably protein [47]. We have shown
that the changes in body composition under graded levels
of CR are not recapitulated by the same levels of protein
restriction (PR) [43]. In the current study we sought
therefore to also explore whether the responses of body
temperature to graded levels of CR (where both calorie
and protein supply change in tandem) were similar to
the responses to equivalent restrictions in the levels of
dietary protein (PR), where profound changes in body
composition are not observed.

RESULTS

Calorie restriction (CR)

Mean daily body temperature

All mice, which were exposed to the same 12AL
(food provided ad libitum over the 12 hr of darkness)
feeding regime during baseline, quickly acclimated to
only having their food available during darkness and
consumed their daily energy requirements within the
restricted time that it was accessible. The mean daily
body temperature over the baseline period across all
the mice was 36.6 = 0.3°C (SD, n = 45 individuals
measured over 7 days). No significant difference between
the six groups was found over this period (GLM,
Fi 269 = 045, p = 0.813). On the first day of the
manipulation the mean daily body temperature of the
24AL mice (food available 24 hr ad libitum) increased by
0.4°C to an average of 37.0 + 0.2°C (Figure 1). This was
significantly higher than the 12AL animals which averaged
36.6°C on the same day (one-way ANOVA: F 14 =20.58,
p <0.0001) and the level remained significantly elevated
for a period of 8 days (ANOVA on mean over the 8 days
p < 0.05). This period of elevation corresponded to a
period of hyperphagia and elevated BM in the 24AL
group following the transition from the food being only
available during darkness to being available 24 hr per
day. After day 8 of manipulation the 24AL and 12AL
groups did not differ for the remainder of the experiment
(Figure 1) and averaged 36.4 + 0.5°C in the 24AL group
and 36.5 + 0.3°C in the 12AL group (GLM, Fi o = 074,
p = 0.712). There was however a significant effect of
day of measurement (GLM covariate, F“’ 01 = 20.27,
p <0.0005) and a significant interaction between the group
and measurement day (F, 0 =5.5, p=0.019). There was
a significant decline in temperature over the time course of
the experiment in both groups, but this decline was steeper
in the 24AL animals (gradient —0.044°C per 10 days
compared with —0.013°C per 10 days in the 12AL animals)
(Figure 1).

In contrast to the shallow linear effect of time over
the experimental period in the two ad libitum fed groups
(Figure 1) there was a strong significant non-linear effect
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of time on the mean daily body temperature in all the
groups exposed to CR (10%, 20%, 30% and 40% restricted
food intake denoted as 10CR, 20CR, 30CR, and 40CR
respectively) (Figure 2a). All of the animals on restriction
showed an elevated body temperature on the first day that
the food was restricted. This was followed by a progressive
decline over the following period of up to 40 days
followed by a slight increase. We fitted polynomial curves
to the individual patterns of temperature change over the
initial 40 days and in all but 3 cases there was a significant
fit to a second order polynomial. The parameters of these
fits are presented in Table 1. We calculated the inflection
points of the fitted curves from the coefficient with
respect to x divided by minus twice the coefficient in x?
(i.e. the solution of the differential of the polynomial for
x = 0). For three animals on 10CR we could not fit curves
because the body temperatures of these animals did not
decline during this initial phase. Excluding these three
animals the time taken to reach the inflection point was
positively related to the level of restriction (Figure 3a)
(F 505, =9:21, p <0.001). On average the animals on 10CR
took 19.4 days to reach the nadir but the animals on 40CR
took on average almost twice as long at 35 days. Following
the nadir there was a slight increase in daily mean body
temperature which lasted around 5 days in all groups.
Body temperatures were then relatively stable until day 70.
The average level of daily mean body temperature during
this period of stability was significantly related (p < 0.001)
to the extent of restriction (Figure 3b). Following day 70
there was a further period of decline in body temperature
among the groups under restriction which lasted until the
end of the experiment at day 84. This decline was not
observed in the animals under ad libitum. The decline
was linear and the gradient of the decline was positively
related to the level of restriction. The body temperature
of animals under greater restriction declined more during
this final phase (gradients for each group for fitted linear
regressions over last 15 days were 12AL = —0.0014,

Figure 1: Mean daily body temperatures of the
two ad libitum (AL) fed groups throughout the
experiment. The animals with 24 hour AL food access
(24AL) are shown as open symbols and the mice with

12 hour AL food access (12AL) are shown as closed
symbols. The x-axis is the day of treatment with Day is
the start of ‘calorie restriction’. Prior to that (negative
days) all mice were at baseline and fed only during the

12 hrs of darkness. (n = 7 in the 24AL and 8 in the 12AL
groups). The grey line shows fitted regression over days 0
to 83 for 24AL animals and the black line fitted regression
for 12AL animals over the same period. Results are
expressed as mean + SD.

100

10CR =-0.0158, 20CR =—0.0188, 30CR = —0.0281 and
for 40CR =—0.0243).

There were some similarities and differences in
these patterns to the simultaneously recorded changes
in BM [43]. BM also declined during the initial phase
of restriction and reached a nadir about 30 days later.
However, in contrast to the change in body temperature
the time to reach the minimum BM was independent of the
level of restriction. BM (and body fatness/lean mass) also
remained constant after this initial 30 day dynamic phase
until the end of the experiment and there was no indication
of a secondary phase of modulation during the last 15 days
of the manipulation—as occurred with body temperature.
Despite this, there was a significant relationship between
BM and mean daily body temperature within each of
the restriction groups throughout the duration of the
experiment (Figure 4). In the two ad libitum groups there
was a significant negative relationship between BM and
body temperature (Figure 4a and 4b) with a significant
random effect of individual, and a significant individual
by BM interaction (Table 2). Hence, the individuals did
not sit on a common line, or have a common negative
gradient. Within each of the restriction groups the pattern
was similar in that there were significant effects of BM and
individual and a significant BM by individual interaction
(Table 2) but in these groups the relationship of BM to
body temperature was positive (Table 2 and Figure 4c—4f).
Pooling all the data across all the individuals revealed that
there was a peaked relationship between daily records of
BM and body temperature (Figure 5). Above a BM of
27 g the relationship between temperature and BM was
slightly negative. Within the data cloud in this region the
individual mice had negative relationships between BM
and body temperature. Below 27 g there was a positive
curvilinear relationship between temperature and BM.
In this zone the individuals had positive relationships
between BM and body temperature (Figure 5). Hence
while the detailed pattern of the time courses of the
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Figure 2: Mean daily body temperatures of the graded calorie restriction (CR) and protein restriction (PR) groups
throughout the experiment. a. The four CR groups, 10%, 20%, 30% and 40% restriction are labelled 10CR, 20CR, 30CR and 40CR
respectively, along with the 12AL group fed ad libitum in 12 hrs of darkness. The 24AL group is omitted for clarity. b. The three PR groups,
labelled 20PR, 30PR and 40PR, matched levels of protein for 20CR, 30CR and 40CR without a reduction in calories. The x-axis is the
day of restriction with Day 0 the start of ‘calorie restriction’. Prior to that (negative days) all mice were at baseline and fed only during the
12 hrs of darkness. (n = 6 to 8 individuals per group). Note the different body temperature axis on this plot compared with Figure 1. Results

are expressed as mean + SD.

relationships between BM and body temperature differed,
they did so within a broad general relationship between
the two variables.

Moreover, there was an extremely strong and
significant relationship between the average body
temperature over the final 20 days of manipulation and
body composition of the mice based on dissection on
the final day (data from [43]). Average body temperature

was significantly non-linearly related to the total mass
of dissected body fat (epididymal, retroperitoneal,
subcutaneous and mesenteric fat depot sizes pooled)
(Figure 6a: F, . = 66.15, p < 0.0001, 2 =0.759 for
quadratic fit) and significantly nonlinearly related with
the total mass of structural tissue (pooled mass of carcass,
skin and tail) (Figure 6b: F, = 113.69, p < 0.0001,
72 = 0.844 for quadratic fit). There was also a significant
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Table 1: Parameters of fitted quadratic equations

Group ID a b c int r
10CR 8 0.00297 —0.106 36.619 17.85017 0.772
9 0.0044 0.15174 36.9075 17.24318 0.899
21 0.00074 0.02538 36.408 - 0.08
33 0.00041 0.00742 36.533 - 0.052
46 0.00074 0.02892 36.489 19.54054 0.114
50 0.00094 0.03855 36.61 20.50532 0.155
54 0.00109 0.04805 36.72 22.04128 0.285
56 0.00037 0.02724 36.716 - 0.028
Mean 19.44 +1.954
20CR 4 0.00042 0.02708 36.613 32.2381 0.573
10 0.00127 0.06935 36.63 27.30315 0.812
27 0.00089 —0.0538 36.502 30.22472 0.783
37 0.00066 0.03574 36.65 27.07576 0.281
39 0.0004 —0.0195 36.673 24.375 0.097
47 0.00093 0.05015 36.512 26.96237 0.423
57 0.0013 0.07133 36.8151 27.43462 0.63
64 0.00115 0.06661 36.389 28.96087 0.628
Mean 28.07 +2.381
30CR 6 0.00281 0.14281 36.679 25.41103 0.814
24 0.00178 0.08805 36.594 24.73315 0.843
36 0.00082 0.06029 36.617 36.7622 0.732
49 0.00251 0.13376 36.741 26.64542 0.744
52 0.00318 0.19288 37.002 30.32704 0.741
53 0.0011 0.07258 36.69 32.99091 0.722
Mean 29.48 + 4.758
40CR 7 0.00367 0.19159 36.61 26.10218 0.867
28 0.00348 0.23502 36.65 33.76724 0.893
30 0.00257 0.17821 36.59 34.67121 0.811
34 0.00242 0.19787 37.23 40.88223 0.779
44 0.00117 —0.1208 36.71 51.62393 0.758
48 0.0034 0.22284 36.88 32.77059 0.829
58 0.00344 0.19393 36.31 28.1875 0.701
62 0.00298 0.18842 36.87 31.61409 0.801
Mean 34.95 £ 8.06

y=ax?+b.x + ¢ where y is the body mass, x is the day of restriction and a, b and ¢ are arbitrary

constants. Curves were fitted over the first 40 days of restriction, for individual mice (ID numbers)

at 4 different restriction levels (10, 20, 30 and 40% signified as 10CR, 20CR, 30CR and 40CR
respectively). The 72 of the fitted quadratic equation is shown along with the calculated interpolation

point in days (int). Calculations were not made where the quadratic fit was not significant.

Mean interpolation points + SD are calculated for each group.
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to calorie restriction (CR). a. the time taken for the mean daily
body temperature curve to inflect following the onset of restriction,
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Figure 4 (continued) : c—f. In all groups there was a significant effect of BM on mean body temperature, a random effect of individual,
and also an individual by mass interaction (for detailed statistics refer to Table 2). In the AL fed groups BM was negatively related to body

temperature and in the CR fed animals it was positively related to body temperature.

interaction between these effects (F, ,  =48.0, p <0.0001
for interaction effect in GLM). Together fat tissue,
structural tissue and their interaction explained 85.1% of
the variance in the body temperature over the last 20 days
of the manipulation. There was no significant relationship
between body temperature and the pooled mass of the
vital organs (F = 1.21, p > 0.05), alimentary tract
components (F, , = 0.25, p > 0.05) or the mass of the
reproductive tissue (F =0.76, p > 0.05). We also examined
the relationships between circulating hormone levels
at the end of the experiment [44] and the average body
temperature over the last 20 days of the experiment. There
was a significant relationship between body temperature
and circulating leptin levels (Figure 7a: log leptin
F, 5, = 4499, p < 0.0005), circulating insulin levels
(Figure 7b: log insulin F | ;¢ =4.73, p = 0.036), circulating
tumor necrosis factor alpha levels (Figure 7c: log TNF-a
F = 10.39, p = 0.003) and circulating IGF-1 levels

1,37

(1, 41)

(Figure 7d: log IGF-1 F
association to levels of resistin (log resistin F =1.58,
p < 0.217) and interleukin-6 (log IL-6: F = 0.14,
p = 0.714) were both not significant. In a multiple
regression only the effects of leptin and IGF-1 remained
significant and together these two variables explained
60.2% of the variation in body temperature during the
last 20 days of the experiment (combined F =26.46,
p <0.0001).

Inspection of the time course of the variation in
body temperature (Figure 2a) suggested that once the
initial decline in temperature was over there might be
cycles of change over the remaining period. We therefore
explored this possibility by calculating autocorrelation
and partial autocorrelation functions for the mean daily
body temperatures between days 35 and 85 for each
group (supplementary Figure 1). These autocorrelation
and partial autocorrelation functions suggested that there

= 23.42, p < 0.0005). The

(1,36)

(2.37)
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Table 2: Significant parameters influencing mean daily body temperature

Source df F D
24AL

Individual 6 3.8 0.001
Body mass 1 101.27 <0.0005
BM*ID 6 5.31 <0.0005
Error 574

12AL

Individual 7 75.44 <0.0005
Body mass 1 46.71 <0.0005
BM*ID 7 2.01 NS
Error 661

10CR

Individual 7 19.31 <0.0005
Body mass 1 32.47 <0.0005
BM*ID 7 20.06 <0.0005
Error 670

20CR

Individual 7 4.32 <0.0005
Body mass 1 322.7 <0.0005
BM*ID 7 2.92 0.005
Error 672

30CR

Individual 5 13.55 <0.0005
Body mass 1 905.2 <0.0005
BM*ID 5 13.41 <0.0005
Error 508

40CR

Individual 7 6.49 <0.0005
Body mass 1 1560.5 <0.0005
BM*ID 7 5.89 <0.0005
Error 672

GLM analyses including factors that influence mean daily body temperature at each level of
restriction. The factors included in the models were daily body mass (BM), individual and
the individual by BM interaction (BM*ID).

were strong correlations between days only with a lag of
a single day. There was no evidence of any longer term
cycles in the daily body temperatures.

Daily body temperature fluctuations over 4
time points of the 12 weeks of the study are shown in
Figure 8a—8d. Over baseline body temperatures were

similar across the groups (GLM-RM: diet F = 1.83,
p = 0.128). However the fluctuations were significant
over the 24 hours (GLM-RM: time F(B’ 00 = 449.11,
p < 0.0005) with body temperature naturally lowered in
the non-active light phase (Figure 8a). The peak in body
temperature around 0630 is coincident with the removal of
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Figure 5: The relationship between mean daily
body temperature and body mass (BM). Data was
pooled data across all individuals in all treatment groups
(n = 4126). Individuals are coded with different symbols.
There appeared to be a pivotal BM of 27g above which
mass had a negative effect on body temperature and below
which the effect was positive.

Figure 6: The relationship between mean daily
body temperature (T,) measured over the last 20
days of the experiment and body composition. T,
was averaged over days 65-84 and plotted against the body
composition of the animals at dissection (day 84). Data
on body composition are from [43]. a. the effect of total
body fat (pooled masses of sub-cutaneous, epididymal,
retroperitoneal and mesenteric fat depots). b. the effect of
total structural tissue (pooled carcass, skin and tail masses).
(Please see text for statistical details).
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Figure 7: The relationship between mean daily body temperature (T,) measured over the last 20 days of the experiment
and hormone levels. T, was averaged over the last 20 days 65-84 and plotted against circulating hormone levels measured at dissection
(day 84). Data on hormone levels were previously reported [44]. a. leptin b. insulin, ¢. tumor necrosis factor alpha (TNF-a)) and d. insulin
like growth factor 1 (IGF-1). In all cases there were significant effects (see text for statistical details).

food from the 12AL. As early as week 1 changes in body
temperatures were evident (GLM-RM: diet Fs 10 =478,
p =0.002; time F 33,920, = 253.80, p < 0.0005, diet X time
interaction (F 5. 020) = 1.76, p < 0.0005)) (Figure 8b).
Compared to the 12AL animals the body temperature
of 30 and 40CR groups were significantly lower (post
hoc Tukey p = 0.007 and p = 0.001 respectively). By
week 4, reflective of the time taken to reach inflection
point of the 30 and 40CR groups (Figure 3a), clear
differences in the pattern of daily body temperatures were
observed (GLM-RM: diet Fs 4, = 62.46, p < 0.0005),
time (Fs. 920y = 129.60, p < 0.0005) with a strong
interaction between the 2 parameters (F 115 020) = 11.06,
p < 0.0005) (Figure 8c). Post-hoc Tukey tests found, in
addition to the 30CR (p < 0.0005) and 40CR (p < 0.0005)

groups, body temperatures of the 20CR (p < 0.05) were
also significantly lower than that of the 12AL with
minimum temperatures of 35.5 + 1.85°C, 31.8 = 2.36°C
and 28.64 + 1.97°C at 1400, 0930 and 1030 respectively.
The diet (GLM-RM: diet F; ,, = 49.51, p < 0.0005),
time (Fs. 920y = 56.90, p < 0.0005) and interaction
(F 15, 020 = 11.54 p < 0.0005) remained significant at
11 weeks (Figure 8d). Mice in the 40CR group further
lowered their body temperature (28.15 = 0.45°C) while
there was a slight increase in body temperature of the
30CR group (32.55 + 0.55°C). The body temperature
of these two groups was significantly lower than
all other groups (post hoc Tukey p < 0.008). The mean
daily temperatures of these 4 time points are shown in
Table 3a.
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presented as mean + SD.

Torpor use

We defined torpor as having occurred if, any hourly
average was 31°C or lower (dashed line in Figure 8) [48].
Hence, by this criterion, the 40CR animal displayed torpor
during this daily cycle, but the 24AL animal did not. We
defined the torpor temperature as the average minute by
minute temperature during the period spent below 31°C.
In this case the torpor temperature for the 40CR animal
was 27.5°C.

We split the time course of the experiment
into 5 day periods and then counted the number of
days that the animals in each treatment group went
torpid and expressed this as a proportion of the total
potential torpid animal-days (Figure 9a). Torpor was

only observed in the 40CR and 30CR groups, and on 3
occasions in the 10CR group, but was never observed
in the 20CR, 12AL and 24AL groups. No animals were
observed torpid during the baseline period or during the
first 5 days on restriction. The first torpid animal was
observed on day 8 in the 40CR group. The proportion of
days when torpor was observed increased steadily in the
40CR animals and to a lesser extent in the 30CR animals
until during days 26 to 35 it was observed on 97.5% of
possible occasions for the 40CR group and between days
31 to 40 it was observed on 40% of possible occasions
for the 30CR animals. Thereafter the frequency of
occurrence declined slightly in both groups averaging
80-90% of occasions in the 40CR animals and 20-30%
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Table 3: Mean daily body temperatures at 4 timepoints recorded over 12 weeks
a) graded levels of calorie restriction (10, 20, 30 and 40% CR). Data presented as mean + SD

Group BL 1 week 4 week 11 week
24AL 36.6 £0.15 36.9+0.14 36.7+0.19 36.5+0.24
12AL 36.6 £0.14 36.7£0.11 36.6 +£0.24 36.5+0.22
10CR 36.7 £0.08 36.4+0.11 36.3 +0.30 36.0+0.31
20CR 36.6 £0.21 36.3+£0.15 36.1 +0.40 35.8+0.49
30CR 36.7+0.17 36.1 £0.09 35.1+0.76 349+0.85
40CR 36.7+0.17 35.9+0.18 33.9+0.50 33.2+0.68
b) graded levels of protein restriction (20, 30 and 40% PR).
Group BL 1 week 4 week 11 week
12AL 36.3+0.21 36.4+0.12 36.3 +£0.04 36.2 +£0.05
20PR 36.4+0.16 36.5+0.03 36.5+0.04 36.6 = 0.06
30PR 36.5+0.12 36.5+0.02 35.6 +£0.02 36.4+£0.01
40PR 36.3£0.09 36.5+0.03 36.5+0.03 36.5+0.04
a Figure 9: Torpor use during calorie restriction
1.0 - (CR). a. the proportion of animal-days when torpor was
g reported within the 3 treatment groups displaying torpor
K] (10CR, 30CR and 40CR. The x-axis shows the time course
2 08 - of'the experiment split into 5 day periods. b. The probability
E of an individual animal showing torpor in relation to body
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of occasions in the 30CR animals. A single animal in the
10CR group had 3 days of torpor between days 75-80.
In total across 4126 animal days of observation there
were 604 days with torpor (14.64%) or 15.85% if the
baseline days are excluded. BM was a strong predictor
of the probability of entering torpor (binary logistic
regression: BMz = 23.3, p < 0.0001). We divided the
data cross all individuals ordered by BM into batches of
100 samples (n = 41) and in each batch calculated the
proportion of days including torpor and the average BM
(Figure 9b). No mice with BM greater than 24.8 g ever
entered torpor. The proportion entering torpor increased
dramatically at lower BMs. The pivotal BM, where 50%
of occasions involved torpor, was 21.8 g. Below a BM
of 20 g torpor occurred on >80% of days but at no mass
was torpor observed on 100% of occasions.

We explored the individual characteristics at
the end of the experiment that were associated with
the display of torpor in the individual animals. The
maximum number of days that any animal displayed
torpor was 71 out of 84 possible treatment days for one
of the 40CR animals. Torpor occurrence (n days) was

negatively related to the level of body fat (F oay=37.04,
p <0.0005, r> = 0.638 for quadratic fit: Figure 10a), the
level of structural tissue (F. 4o = 82.80, p < 0.0005,
r2=0.798 for quadratic fit: Figure 10b) and the total mass
of the reproductive organs (F, 4= 17.66, p < 0.0005,
r?=0.457 for quadratic fit). The single animal in the
10CR group that showed 3 days of torpor near the end
of the experiment had the lowest level of structural
tissue, and the second lowest level of fat tissue, of all
the animals in the 20CR, 10CR, 12AL and 24AL groups.
Among the circulating hormone levels the occurrence
of torpor was significantly related to, the circulating
levels of leptin (lower levels more torpor, log leptin
F | 3 = 28.02, p < 0.0005), TNF-a (lower levels more

=7.29, p=0.011) and IGF-1

torpor, log TNF-a F .
(lower levels more torpor, F | 5, =14.92, p <0.0005) but
136 = 2:23,p = 0.144),

the relationships with insulin (F

IL-6 (F, ., =0.39,p = 0.:536) and res1st.1n (F(L.%) =1.56,
p = 0.222) were not significant. When including all the
hormone levels together in a multiple regression analysis
only leptin and IGF-1 were significant (combined

F,, 1, = 17.50, p < 0.00005, * = 0.500).

Figure 10: The effect of body composition on
the propensity of individual animals to display

80 - torpor. a. body fat and b. structural tissue. The maximum
— = possible number of torpor days during the experiment
Gl - was 84. Different groups are shown with different symbols.
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The average temperature during torpor declined
significantly over the measurement period (F, |, =
20.29, p < 0.001). The first displays of torpor included
average temperatures around 29-30°C, but the final
torpor bouts included average temperatures that were
about 3°C cooler than this at 26-27°C. The rate of
decline was significantly different between the 30CR
and 40CR animals (Figure 10: group by day interaction
F 1y =6.76,p=0.015) but the main group effect was
not significant. The mean temperature during torpor in
the 40CR group was 26.8 £ 1.1°C compared with 28.1 +
1.4°C in the 30CR group (Figure 11a). The mean body
temperature when not torpid averaged across the last
20 days of the manipulation was strongly related to the
level of restriction (One way ANOVA F, = 25.35,
p < 0.0005) with those under greater levels of
restriction having lower non-torpid body temperatures
(Figure 11b). On average the AL animals had non-
torpid body temperatures of 36.5 (0.22)°C for 24AL and
36.6 (0.20)°C for 12AL (nsd p > 0.05 by Tukey test), but
the means for the restricted animals were 36.2 (0.25)°C
for 10CR, 36.0 (0.45)°C for 20CR, 35.5 (0.49)°C for
30CR and 35.1 (0.19)°C for those under 40CR. The
overall lower body temperature in mice under the
highest levels of restriction was therefore due to a
combination of increased time spent in torpor and lower
body temperature both when in and not in torpor.

Protein restriction (PR)

Mean daily body temperature

The mean daily body temperature over the baseline
period across all the mice in the PR groups was 36.3°C
(SD = 0.14, n = 17 individuals measured over 14 days;
Figure 12a). There was no significant group difference
over this period (Fs 153 = 0.89, p = 0.47). Over the
entire experiment there was a non-significant effect of
group (F, |, =2.81, p=0.075) but a highly significant
group by day interaction (F 3. 1700 = 22.89, p < 0.0005).
Day of measurement was not significant (F . 1704 = 0-02,
p =0.897). Using the daily means across individuals there
was a significant effect of group (GLM-RM, F 403
19.52, p <0.0005 and a significant group by day interaction
F 5 103 =29.01, p <0.0005, but no overall significant effect
of day (F 1 405 = 0.63, p = 0.428). Tukey pairwise post hoc
comparisons revealed that the 40PR group had significantly
higher mean daily body temperature than the other 3
groups, but no other pairwise differences were significant.
Over time the mean daily body temperature of the 40PR
mice significantly increased (Figure 2b) (mean daily
body temperature = 36.412 + 0.0023 Day, Fio=3871,
p < 0.0005, > = 0.279). In contrast there was a small
but significant decline in the 30PR animals (regression:
mean daily body temperature = 36.527 —0.000785
Day, F = 6.39, p = 0.013, 2 = 0.060), and no

(1, 101)

significant relationship in the 20PR group (regression:
mean daily body temperature = 36.441 —0.000151
Day, F |, =0.14, p=0.713, 7 = 0.001). In the 12AL
animals there was a more significant decline during the
period of the experiment (regression: mean daily body
temperature = 36.344 —0.00223 Day, Foioy = 51.61,
p < 0.0005, »= 0.336) (Figure 2b). The mean daily
temperatures of mice under PR over the course of the
study are shown in Table 3b.

Torpor use

In contrast to mice on CR (Figure 8a—8d) the daily
fluctuations in body temperatures of the PR mice remained
similar to that of baseline over the 12 weeks of PR
(Figure 12a—12d). No animals in the PR or PR-12ALgroups
were observed to enter torpor during the entire experiment.

Comparison of responses to calorie and protein
restriction (CR vs PR)

Since protein content of the PR diets were designed
to match the protein intake of the nominal 20, 30 and 40%
CR animals, we compared the body temperature responses
of the CR groups to the equivalent PR animals to establish
the extent to which the impact of CR might be attributable
to the reduced levels of protein in the CR diet. In both
experiments there was a 12AL group fed 20% protein diet
which were treated identically throughout the treatments.
Despite this identical treatment these groups differed in
their body temperatures throughout the overall experiment
(F(l’ oeny = 12.55, p = 0.005) with the PR-12AL animals
having significantly lower body temperatures than the
CR-12AL group (Figure 13a) by about 0.3°C. Despite this
difference there were also broad similarities in the way the
two groups responded over the duration of the treatment.
Hence, both 12AL groups declined in body temperature
throughout the experiment (Day effect: F | . = 20.04,
p <0.005) and the gradient of decline was almost identical
between the two groups (—0.0022 in the CR-12AL animals
and —0.0021 in the PR-12AL animals) with the group by
day interaction not significant (F =2.03,p=0.37:
Figure 13a).

Although the CR-12AL and PR-12AL groups
differed significantly at the start of the experiment during
baseline (F(l, 00y = 2414, p < 0.0001) this was not true
for the 20CR vs 20PR and 30CR vs 30PR comparisons
(20CR v 20PR: GLM-RM: group effect at baseline
F . 100 =39, p=10.074; 30CR vs 30PR : group effect at
baseline F | ., =4.47, p=0.061) However for the 40CR
and 40PR groups there was also a baseline difference
with the 40CR group having a significantly higher body
temperature than the 40PR animals; 40CR vs 40PR group
effect at baseline F | ,, =10.47, p <0.001). The responses
of the 20CR and 20PR to the treatment were significantly
different (Figure 13b). There was a large day effect on

(1, 1067)
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Figure 11: Body temperature during torpid and non-torpid bouts. a. the average body temperature during torpor bouts in
relation to the day of restriction for mice under 30% calorie restriction (30CR) (closed symbols) and 40CR (open symbols). Mice went into
deeper torpor when exposed to 40CR compared to 30CR and torpor temperature declined as the experiment proceeded. b. non-torpid body
temperature over the last 20 days of the manipulation (days 65 to 84) calculated as the temperature averaged across hourly periods when
the body temperature was greater than 31°C. Data are presented as mean + SD.

mean body temperature (GLM-RM F | = 244.01,
p < 0.0005) and a large random effect of individual
(F(“‘ sy = 98.1, p < 0.0005) and a large day by group
interaction (F 1. nsyy = 264.31, p < 0.0001) reflecting the
almost constant level of mean temperature in the 20PR
animals, and the significant decline in those under
20CR (Figure 13b). These effects and the significances
of the differences were magnified in the 30CR vs
30PR (Figure 13c) and 40CR vs 40PR comparisons
(Figure 13d). Hence for the 30CR vs 30PR groups there
was a large day effect on mean body temperature (GLM-
RMF =397.3, p <0.0005), a large random effect of

(1,907)

individual (F 007 — 4997, p < 0.0005) and a large day by
group interaction (F(l’ o7, = 205.59, p < 0.0001). Finally
for the 40CR animals compared with the 40PR group
(Figure 12d) there was a large day effect on mean body
temperature (GLM-RMF | |\ -'=394.4, p <0.0005) a large
random effect of individual (F 10, 1085 = 20.53, p < 0.0005)
and a large day by group interaction (F . 10ss) = 215.19,
p <0.0001), reflecting the fact the 40PR group increased
temperature slightly over the treatment period while the
body temperatures of the 40CR animals were dramatically
reduced.
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Figure 12: Body temperature fluctuations over a 24 hr period at varying timepoints over 12 weeks of graded protein
restriction (PR) throughout the experiment. Body temperatures were measured in the three restricted protein intake groups (20%,
30% and 40% restriction labelled 20PR, 30PR and 40PR respectively) along with the control group fed 12 hrs ad libitum (12AL) at a. baseline,
b. 1 week, ¢. 4 week and d. 11 weeks of study. The x-axis is the day of measurement. Day 0 is the start of PR. Prior to that (negative days) all
mice were at baseline and fed only during the 12 hours of darkness. (n = 8 individuals per group). Data is presented as mean + SD.

DISCUSSION (days 70-84) the body temperature declined further
(Figure 2a), but BM did not. Many previous studies
Following the initiation of restriction all mice in have shown an impact of CR on body temperature [22,
the CR groups showed a progressive decline in mean 24, 26, 45, 49-51] also see review by [52]. What is
daily body temperature below the baseline levels, until a new in our study is the demonstration that the effect on
new steady state was reached 17 to 35 days later (Table 1 body temperature, across graded levels of restriction,
and Figure 3). Although BM also declined over the is progressive. Since lifespan extension is also linearly
same period the two were not closely coordinated. For linked to the extent of CR, the parallel impact on body
example, the time for the body temperature to stabilize temperature, especially given the role it plays in a
was strongly dependent on the level of restriction variety of physiological mechanisms, is consistent with
(Figure 3), but the time for the BM to stabilize was suggestions that the reduced temperature may be an
not [43]. Also in the latter stages of the experiment integral causal aspect of the CR effect [36, 52].
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Despite asynchronicity in the way BM and
body temperature changed with CR there was a broad
consistency in both variables in tandem with CR
levels (Figure 5). This broad linkage was exemplified
by the association between terminal measures of
body composition, hormone levels and mean body
temperature over the last 20 days of restriction (Figures
6 and 7). Expression of torpor was also closely
associated with the BM and body composition of the
animals (Figures 8 to 11) being expressed only when
BM fell below a critical level (Figure 9). Rikke and
colleagues also observed that across mouse strains the
body temperature under CR was lower in strains with
lower BM [26]. In the mouse lemur, a small primate
that uses torpor [53], expression of torpor in lactation
was similarly only observed at the highest levels of
restriction [54]. The effect of body composition on mean
daily temperature, however, was more than an effect
on torpor expression, because there was a relationship
between BM and mean daily body temperature across

the 12AL, 10CR and 20CR animals (Figure 3) in
which torpor was not observed (apart from 3 reports
in a single individual from the 10CR group which had
exceptionally low adipose and structural tissue levels
compared to others in these groups). Moreover, rats
and non-human primates under CR that show a lifespan
extension effect, do so without displaying torpor [6, 24].

Despite this correlation between the level of CR
and mean body temperature, the pattern of change
in body temperature over time suggests the body
temperature responses were not directly driven by the
shortfall in calorie intake relative to demand. That is, the
shortfall in calorie intake would have been greatest on
the first day of restriction and then would progressively
get smaller as the animals energy expenditure declined,
eventually falling to zero at the point where mass
loss fell to zero (about 30 days). In contrast the body
temperature declined slowly from day 1 of restriction and
then stabilized at a low point after the shortfall had been
eliminated.
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Figure 14: A hypothetical model for the interplay of body composition and body temperature in response to caloric

restriction (CR). For further explanation refer to the text.

The data in the current and previous studies of these
mice [43, 44] suggest a model for the body temperature
response to CR as follows (Figure 14). Food is ingested
into the alimentary tract and some of it is absorbed
with the remainder eliminated as feces. The absorbed
energy and the level of energy expenditure together
define the level of energy shortfall. This shortfall is

detected by the energy balance regulation system in the
arcuate, dorsomedial and ventromedial nuclei of the
hypothalamus. Exactly how this is signaled is unclear
but gut hormones (in red Figure 14) may provide a
mechanism for monitoring intake, and signals from
the vital organs, reproductive organs, structural tissues
and adipose tissues (also in red) may be instrumental
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in signaling energy expenditure. The response to the
perceived energy shortfall is to invest in growth of the
alimentary tract to elevate absorption efficiency [43, 55],
at the same time as mobilizing the remaining body tissues.
This mobilization happens in a hierarchical fashion
[43] with the vital organs least and adipose tissue most
favored for mobilization (arrows in Figure 14 indicate
magnitude of mobilization). The mechanisms underlying
this differential tissue utilization and investment are
currently unknown. However, altered levels of SIRT in
adipose tissue probably underlie a shift towards elevated
lipolysis [56, 57] and hence reduced adipose tissue
mass. The consequences of the tissue utilization are that
energy derived from burning the tissues contributes to
reducing the shortfall between intake and expenditure
(blue arrows). Moreover the altered masses of the body
components affect energy expenditure. The largest
contributors to this effect are the vital and reproductive
organs and structural tissue [58, 59] with fat playing a
lesser role [59, 60]. The impact of fat may be mediated
via the reduced levels of adipokines that then impact on
lean tissue metabolism (e.g. [61]). This reduced energy
expenditure also contributes to minimizing the shortfall.
The changes in the sizes of the adipose tissue and
lean tissue compartments results in changes in the levels of
circulating hormones produced by these tissues. We have
shown that this includes reduced levels of leptin produced
by adipose tissue, IGF-1 produced by skeletal muscle,
and insulin produced by the pancreas [44]. Reductions
in levels of reproductive hormones such as testosterone,
which we did not measure, have been previously reported
in rodents on 40-60% CR [62] including wild rodents that
show no longevity benefits from CR [63]. Testosterone
was not reduced with 20% CR [64], pointing to a graded
effect of restriction. The effect of 20% CR on testosterone
levels in non-human primates also appears minimal [65].
As it becomes increasingly clear that most tissues produce
circulating factors, there is no doubt that other signaling
molecules that we have not measured, and probably yet
others that we do not even know about at present, are
also changed by these alterations in tissue size (indicated
by .... OTHERS, at the relevant points of Figure 14).
These circulating factors are probably integral components
of the energy balance sensing and regulation system in the
hypothalamic nuclei and the body temperature regulation
system located in the pre-optic area of the hypothalamus
(red arrows) [27, 66, 67]. The consequence of the
declining hormone levels is that the body temperature
regulation system located in the pre-optic area (POA)
reduces the mean daily body temperature in relation to the
hormone levels. This may be a direct effect on the POA
since there are abundant leptin receptors on neurons in the
POA [68], and receptors for other signaling compounds
from the periphery such as TNF-a and IL-6 [27], or an
indirect effect mediated from the arcuate, ventromedial
and dorsomedial nuclei of the energy homeostasis system

[69]. Since there are also projections from the POA to the
dorsomedial nuclei [70] a reciprocal interaction seems
likely. It has also been suggested that key components
of the temperature regulation system in the POA, in
the context of CR effects, may include sensitization of
adenosine 1A receptors [71] and the microglia [S1].

At critically low levels of BM, indicating extremely
low body energy stores, the temperature regulation
system also initiates the use of torpor (Figures 5 and 9).
Low leptin levels appeared to be a key signaling factor
initiating this response. Leptin has previously been
strongly implicated in regulation of torpor [72]. Ob/Ob
mice lacking functional leptin enter torpor readily when
food deprived, despite having large fat stores [73, 74].
This torpor response can be completely abolished by
treating with exogenous leptin [75]. However, leptin
alone appears insufficient to regulate torpor levels since
it does not abolish torpor in A-ZIP/F-1 mice which lack
white adipose tissue [75]. Testosterone and prolactin [76],
norepinephrine [77], sirtuins and fibroblast growth factor
21 [78] have all been implicated as additional important
signaling molecules in torpor initiation. Since we did not
measure these factors in the present study, their role in
CR induced torpor in our mice is uncertain. However, as
structural tissue levels were the primary factor governing
the occurrence of torpor in our mice, uncharacterized
circulating factors related to these tissues will likely
prove an important mechanism initiating torpor in CR.
Body temperature during torpor was lower in mice under
40CR compared to mice under 30CR and became lower
as the duration of restriction increased. This suggested
the depth of torpor was also under regulation by unknown
or uncharacterized factors. Previous work has implicated
ghrelin and the neuropeptide Y (NPY) signaling system
in the arcuate nucleus as playing a key role in regulating
torpor depth [79].

Both lowered body temperature and torpor
contribute to reduced energy expenditure, which ultimately
balances the reduced intake. At this point the mobilization
of the tissue ceases, but the sizes of the reduced tissues
mean that all the signaling molecules produced by these
tissues remain affected and hence the reduced body
temperature and use of torpor are sustained. The main
shortfall of this model is to understand the changes in
body temperature under CR that do not closely match
the alterations in body composition and resultant signals.
Is this a consequence of the complex interplay of different
signaling molecules from the body tissue compartments
as the animals lose BM? Alternatively there may be
additional factors impinging temperature regulation
independent of the body composition for example ambient
temperature (indicated in Figure 14 as ‘other factors?’).

This model is consistent with the observations of
both the body composition [43], hormonal changes [44]
and body temperature responses (this paper) of the animals
that were placed on matched levels of PR. In these PR
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animals we observed no reductions in body temperature
under restriction (Figures 2b and 12). Following the model
in Figure 14 this absence of an effect under PR would be
because there was no energy imbalance when fed these
diets, hence there was no mobilization of the body tissue
(confirmed in [43]) to precipitate changed levels of the
circulating hormones (confirmed in [44]) that would then
stimulate the reduced body temperature, and ultimately
use of torpor (observed here).

MATERIALS AND METHODS

Overall design and rationale

The overall project rationale has been presented
elsewhere [43]. In the current paper we characterized the
body temperature response to CR and PR in C57BL/6
male mice, a strain known to have a positive lifespan
response under CR [10]. Mice were introduced to CR or
PR at 20 weeks of age, approximately equivalent to early
human adulthood. A linear relationship between the extent
of CR and the magnitude of the lifespan effect has been
indicated, up to at least a restriction of 65% which led
to a 60% increase in lifespan [41, 42, 80]. We therefore
exposed mice to 5 different levels of CR: 0, 10, 20, 30
and 40% lower calories than their own individual intakes
measured over a baseline period of 14 days prior to
introducing the restricted diets (n = 8 or 9 per group).
Mice on restriction were individually housed and fed
daily at lights out (1830). We used two different control
groups exposed to 0% CR. For the first group (24AL) we
allowed them 24 hr access to food without restriction. For
the second group (12AL) we allowed them unrestricted
access to food for the 12 hr of darkness but the food was
then removed at lights on (0630), replacing it 12 hr later
at lights off when the CR animals were also fed. Mice
fed completely ad libitum (AL) tend to overeat which can
lead to obesity & related morbidities. Consequently, the
reliability of using 24AL groups as controls in CR studies
is questionable [2, 81]. This 12 hour feeding regime also
ensures all mice have been fasted for a minimum of 7.5 hr
when culled from 1400 and eliminates skewed results in
for example, hormone levels from control mice which may
have fed prior to cull [43].

We fed mice every day since previous work has
indicated frequency of feeding may affect their body
temperature responses [26].

All animals were fed a high carbohydrate open source
diet (D12450B: Research diets, NJ, USA) which contains
20% protein, 70% carbohydrate and 10% fat (by energy).
For the animals on PR we used the same diet containing
20% protein as the control group. We fed additional groups
diets designed to match the baseline diet but with reduced
protein contents equal to 16, 14 and 12% protein (made up
by increased carbohydrate) (D13020201, D13020202 and
D13020203 respectively, Research Diets, NJ, USA). These

animals were prevented from overeating to compensate for
the reduced protein and were fed a fixed weight of food
equivalent to their own individual baseline intake on the
20% protein diet. Hence their energy intakes were the
same as during the baseline period but their protein intakes
were restricted by 20, 30 and 40%, to match the protein
levels consumed by the 20, 30 and 40% CR groups. The
diets used, control (D12450B) and protein restricted, were
specifically designed to be isocaloric with a calorie content
of 3.8kcal/g. To match the CR protocol these animals were
also only fed in darkness. For both studies the period of
restriction was set at 3 months. The overall aim of the study
was to collect extensive phenotype data across the 7-9
animals in each group. These data included transcriptomic,
proteomic and metabolomic profiles in multiple tissues,
physiological, endocrinological and behavioral responses,
as well as morphological changes. The focus of the current
paper is the effects of CR and PR on daily average body
temperature and the occurrence of torpor.

Animals

All procedures were reviewed and approved by
University of Aberdeen ethical approval committee
and carried out under a Home Office issued license
compliant with the Animals (Scientific Procedures) Act
1986. C57BL/6 mice were purchased from Charles River
(Ormiston, UK). Free access to water was provided. Mice
were allocated into experimental groups matched for
body mass (BM). Ambient temperature was maintained
at21 £ 1°C.

Body temperature

Core body temperature (and physical activity)
were measured using the VitalView™ telemetry and
data acquisition system (MiniMitter, OR, USA) as
used previously [82]. The transmitters, implanted
intraperitoneally, are unrestrictive allowing free
movement of the animals. Minute by minute recordings
are transmitted via an ER-4000 receiving platform
and VitalView™ software was used to acquire data
(MiniMitter, OR, USA). All surgeries were performed at
12 weeks of age allowing adequate recovery time prior to
experimentation. Due to a malfunction of 2 transmitters
n = 8 for all groups bar 30CR where n = 6. Animals were
undisturbed bar feeding, weighing and routine checks. For
a full description of the system refer to [83].

Statistical analysis

Statistical analyses were performed using the
PASW Statistics package 18, Minitab version 16 and
the R statistical environment. Visual inspection of the
responses in body temperature over time suggested that
there was a dynamic phase followed by a more stable
phase. We analyzed these sections separately. Within
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each section we explored the effects of level of CR
using general linear models (GLM). We included the
day of restriction as a covariate and individual nested
within restriction group as a random factor to account
for the fact we had repeated measurements (RM)
of the individuals. When the treatment group was
significant we located the pairwise differences using
post hoc Tukey tests. During the first phase when the
body temperature was changing dynamically with day,
we fitted quadratic equations to the data (day and day?
as predictors) and summarized salient features of the
changes using parameters derived from these fitted
equations—specifically the time to reach the nadir in
temperature and the initial rate of temperature change
at the onset of restriction. To explore the relationships
between body temperature over the last 20 days of the
experiment and morphological and circulating hormonal
factors at the end of the experiment we used least squares
single and multiple regression analysis, eliminating non-
significant terms using a backward elimination stepwise
procedure. Linear regression analyses were verified by
exploration of the diagnostic plots of residuals against
fitted values. We explored temporal patterning in the
body temperature responses using autocorrelation and
partial autocorrelation analysis. In all tests p < 0.05 was
regarded as significant.
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