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ABSTRACT
Faced with reduced levels of food, animals must adjust to the consequences
of the shortfall in energy. We explored how C57BL/6 mice withdrew energy from
different body tissues during three months of food restriction at graded levels up
to 40% (calorie restriction: CR). We compared this to the response to equivalent
levels of protein restriction (PR) without a shortfall in calories. Under CR there was
a dynamic change in body mass over 30 days and thereafter it stabilized. The time
to reach stability was independent of the level of restriction. At the end of three
months whole body dissections revealed differential utilization of the different tissues.
Adipose tissue depots were the most significantly utilized tissue, and provided 55.8
to 60.9% of the total released energy. In comparison, reductions in the sizes of
structural tissues contributed between 29.8 and 38.7% of the energy. The balance
was made up by relatively small changes in the vital organs. The components of the
alimentary tract grew slightly under restriction, particularly the stomach, and this was
associated with a parallel increase in assimilation efficiency of the food (averaging
1.73 %). None of the changes under CR were recapitulated by equivalent levels of PR.

INTRODUCTION

on healthspan and lifespan [6, 7]. There has also been
much recent interest in the potentially important roles
of different macronutrients within the diet [8] and the
importance of background genotype on the magnitude
and direction of the effect [9-14]. In addition there has
been a large effort for at least the last 3 decades to try and
discover the underlying molecular mechanisms by which
CR exerts its effects [6, 15-20].

The impact of reducing the level of food intake
(variously called dietary restriction or calorie restriction
CR) [1, 2] on animal lifespan was discovered almost 100
years ago [3]. Since that time there has been an expanding
interest in the generality of the effect across different
species [4, 5], and the impact of different levels of CR
www.impactjournals.com/oncotarget

15902

Oncotarget

When an animal is first placed onto CR it faces an
immediate discrepancy between the number of calories it
is ingesting and the number of calories it is expending.
The only way to bridge this immediate gap is to withdraw
energy that is stored in its tissues. All tissues contain
energy that can be metabolized to make good the shortfall.
They vary however in their energy density, and hence
utility as an energy supply. Fat tissue, contains more
calories per gram than lean body tissue, and therefore
might be considered the ideal source of energy to meet the
gap between intake and demand. Indeed up until relatively
recently many considered that this was the primary
function of adipose tissue: to provide an energy reserve
to meet the immediate energy shortfall when supply
fails. Following the discovery of leptin [21], a hormone
produced by white adipocytes, it has become clear that
adipose tissue also performs many vital endocrine roles
[22]. As CR continues, and fat reserves are finite, there is
a need to bring back into balance the level of expenditure
with the level of intake. This could be achieved by
increasing the level of energy extraction from the food [23]
or by reducing energy expenditure. This latter response
might be accomplished by reducing levels of physical
activity, reducing body temperature, or by reducing the
sizes of the organs in the body which utilize energy at the
highest rates. Such organs for example include the brain,
heart, kidneys, alimentary tract and liver [24]. Reducing
the sizes of these tissues may, however, compromise
their metabolic functions. Hence animals face a complex
choice in which tissues they should utilize, and which they
should preserve. Some tissues, however, may be readily
sacrificed, such as the reproductive organs. Indeed, one of
the ideas behind the lifespan increasing effects of CR is
that when individuals shut down reproductive physiology
and behavior, resources are instead diverted towards
somatic maintenance [25, 26].
Animals responding to CR therefore face a
complex set of decisions about which tissues they should
withdraw energy from, so that they are able to meet the
immediate shortfall and reduce their energy demands, yet
maintain as much as possible metabolic functioning. To
clarify, although we use the terms ‘choice’ and ‘decision’
with respect to these processes, following the terminology
of many previous studies regarding energy allocation
‘decisions’, we do not mean to imply that these processes
involve any conscious decision making on the part of
the animals involved. Moreover, while this terminology
also presumes that the changes observed are ‘adaptive’ it
should always be borne in mind that this may not be the
case. Although many studies have explored the impacts
of CR on the sizes of individual tissues [27-29], very
few studies have provided a comprehensive analysis of
the responses across the entire body e.g. [30] and [31],
and none previously at graded levels of restriction. In the
current study we sought to make such a comprehensive
body composition analysis. Since the need to modulate
www.impactjournals.com/oncotarget

the sizes of the energy consuming tissues would be
greater when the level of restriction is greater, it would be
anticipated that the extent of response would in some way
be linked to the extent of CR. How do animals change their
decisions about what tissues to protect and which ones to
utilize as the levels of restriction change? To address this
issue we explored the patterns of change in relation to
graded levels of CR from 0 to 40%. Finally, 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
[32]. We therefore contrasted the responses of the animals
to graded levels of CR (where both calorie and protein
supply change in tandem) to the responses to graded
restrictions only in the levels of dietary protein (hereafter
called protein restriction (PR)).

RESULTS
Calorie restriction (CR)
Food intake
All mice which were exposed to the same 12 hour
ad libitum (12AL) 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 (Figure
1a). The mean food intake recorded over the baseline
period across all the mice was 56.09 ± 0.26 kJ/day (n
= 49 individuals measured over 14 days) (Figure 1a).
The protein intake over the same period averaged 0.668
grams per day. No significant difference between the six
restricted groups was found over this period (One way
ANOVA, F(5, 48) = 1.26, p > 0.05). When the 24 hour ad
libitum (24AL) group was first given 24h access to food
there was a short period of about 3 days of hyperphagia
(Figure 1a). Food intake increased by 44% on day 1 to
80.2 ± 3.64 kJ/day, but this then returned to baseline
levels by day 4. Across the restriction phase, average
food intake over the entire period was not significantly
different between the two ad libitum groups and averaged
60.09 ± 1.71 kJ/day in the 24AL group and 54.81 ± 1.82
kJ/day in the 12AL group (GLM-RM, F(1, 15) = 4.46, p =
0.052). Because the CR animals always ate their entire
ration, when the average level of restriction was expressed
relative to the baseline intakes, the 10%, 20%, 30% and
40% restricted (10, 20, 30 and 40CR) groups achieved
exactly these percentage levels of restriction. However,
if the level of intake at the final week of restriction was
compared to the average intakes of the 12AL or 24AL
groups during the same weeks the estimated values of the
percentage levels of restriction were slightly different at
9, 18, 29 and 39 %, relative to 12AL, and 17, 24, 35 and
44 % relative to 24AL group, for nominally 10, 20, 30 and
15903
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Table 1: The wet tissue weights (g) of all organs across all treatment groups at the end of 3 months of calorie
restriction (CR).

www.impactjournals.com/oncotarget

15904

Oncotarget

24AL refers to 24h ad libitum feeding. 12AL refers to ad libitum feeding for just 12h per day. 10CR, 20CR, 30CR and
40CR refer respectively to 10%, 20%, 30% and 40% restriction relative to their own baseline intakes. The calculated weight
difference as a percentage of the weight of the same organ in the 12AL group are shown below the absolute values, %
=[(group mean/12AL group mean) -1]*100. Stats refer to differences detected between groups using Tukey tests after GLM
(see also Table 2). Groups sharing the same letter are nsd. Data are mean ± sd.
Rep organs = reproductive organs, BAT = brown adipose tissue, Mes fat = mesenteric fat, Retro = retroperitineal, sub cut =
subcutaneous fat, Epi = epididymal,
40CR groups respectively.

< 0.001). The hyperphagic feeding response observed
in the 24AL mice at the start of treatment was mirrored
by an increase in body mass over first few days (Figure
1b). The rise lasted 3 days and then body mass declined
for a period of 7 days before subsequently rising again
over the remainder of the measurement period. Over
the three month treatment period body mass increased
in both the 12AL and 24AL groups by on average 1.88
± 0.59g and 3.91 ± 0.52g respectively (paired t-test, t14
= 4.59, p < 0.01 and t14 = 7.18, p < 0.001 compared to

Body mass
No significant difference in average body mass was
observed between groups over the baseline period (One
way ANOVA F(5, 48) = 1.03, p > 0.05) (Figure 1b). Over
the three month treatment body mass varied significantly
over time (RM-GLM, F(80, 3440) = 26.74, p < 0.001),
between diet groups (F(5, 43) = 28.84, p < 0.001), with a
significant diet by day interaction (F(400, 3440) = 11.61, p
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baseline body mass respectively) (Figure 1b). In contrast
body mass of the mice under CR started to decline in all
4 groups immediately after the treatment started (Figure
1b). This decline was significant compared to baseline
body mass after just 1 day in both 30 and 40CR groups
(paired t-test, t14 = 5.97 and 8.41, p < 0.001 respectively),
by day 2 in the 20CR (paired t-test, t14 = 4.45, p < 0.01)
and day 4 in the 10CR animals (paired t-test, t14 = 2.52, p
< 0.05). Compared to the 12AL controls, body mass was
significantly lower from days 4 and 11 onwards in the 40
and 30CR groups (One Way ANOVA F(5, 43) = 3.373 and
11.05, respectively, p < 0.05, post hoc Tukey p < 0.05
respectively). The weight loss of the 20 and 10CR groups
were more gradual and only significantly lower than 12AL
from 20 and 54 days onwards respectively (One Way
ANOVA F(5, 43) = 22.65 and 40.05, p for both < 0.001, post
hoc Tukey p < 0.05).
The initial rate of mass loss was approximately
linear and then slowed until around day 25, after which
no further mass loss occurred and in most individuals
there was a slight rise (Figure 1b). We fitted polynomial
curves to the mass loss trajectories of the individual mice
over days 1 to 30 of restriction and in all cases (except
1) the best fit curves were second order. (For one animal
under 20% restriction there appeared to be no weight loss
over the first 30 days and so a curve could not be fitted).
Parameters of the fitted curves are in supplementary
materials Table S1. The rate of initial mass loss on day 1,
reflected by the term of the polynomial in x plus the term
in x2 (i.e. the tangent to the fitted curve on day x = 1) was
positively related to the extent of restriction (ANOVA F(3,
= 28.16, p < 0.0005). The relationship, however, was not
27)
linear (Figure 1c) and best described by a power function
(r2 = 0.96 compared to 0.74 for linear fit). The exponent of
1.3 indicated that increasing levels of restriction provoked
more extreme rates of mass loss than anticipated from
the level of restriction alone. We calculated the points
of inflection of these fitted polynomial curves from the
coefficient of the term in x divided by twice the coefficient
of the term in x2 (equal to the differentiated polynomial
solved for x = 0). These inflection points, reflecting the
Figure 1: Food intake and body mass changes recorded
over 3 months graded calorie restriction. Daily records
of a. food intake (FI) (kJ/day) and b. body mass (BM) (g)
recorded over 2 weeks of baseline monitoring (days -14 to -1)
and 12 weeks of treatment comprising 12 or 24h ad libitum (AL)
feeding and graded levels of caloric restriction (CR) from 10
to 40% (10CR, 20CR, 30CR and 40CR respectively). Data are
presented as daily mean ± SEM (g). c. Initial rates of weight loss
for the four graded restriction groups. The value is the sum of
the coefficients in x and x2 of the second order fitted polynomial
to the body weights over the first 30 days of restriction. d.Time
taken (days) for weight loss to slow to zero in relation to the
extent of restriction. The inflection points were calculated from
the fitted polynomial curves to the weight loss data of days 1 to
30 inclusive. Error bars are SEM.
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day when mass change fell to zero, averaged 29.3 days
across all the restriction groups (n = 31, se = 2.09), and
were independent of the extent of restriction (Figure 1d
: ANOVA F(3, 27) = 0.40, p > 0.05). Hence the time taken
for mass loss to stabilize in response to the restriction was
independent of the extent of restriction.
Compared to the 12AL control group, a significantly
lower body mass was observed in all CR groups at the end
of treatment (one way ANOVA F(5, 43) = 34.12, p < 0.01; all
Tukey pairwise comparisons to 12 AL significant at p <
0.01, -3.75 ± 0.83 g with 10CR, -4.98 ± 0.67 g with 20CR,
-7.43 ± 0.45 g with 30CR and -9.73 ± 0.32 g, with 40CR.
The asymptotic levels of body mass relative to the 12AL
controls at the end of treatment were 12.40 ± 2.75%, 16.44
± 2.2%, 24.57 ± 1.5% and 32.18 ± 1.07% in 10, 20, 30 and
40 CR groups, respectively. In contrast the 24AL group
ended the experiment on average 0.85 g ± 0.61 g (2.81 ±
2.03%) heavier than the 12AL animals.

week measurement point for any of the CR groups.
Body composition by dissection after three months CR
The mean and standard deviations of the weights
of all the wet organs at dissection across all the groups,
and the calculated percent change relative to the 12AL
group are provided in Table 1. The correlation coefficients
of the responses of the different tissues across all the
individuals are provided in Supplementary Table 2. These
correlations are illustrated in Figure 3 (lower half), and
show a major division in the correlation structure between
the components of the alimentary tract and the other
organs. The responses of the alimentary tract components
were weakly positively correlated with each other, but

Dual energy x-ray absorptiometry (DXA) analysis of
body composition
Using DXA, body mass, fat mass and fat-free mass
were recorded at baseline, 4, 8 and ~ 12 weeks after
CR started. By pooling all measurements there was a
significant effect of time (F(3, 120) = 51.96, 7.34, 23.3, p <
0.001), and treatment (F(5, 40) = 23.16, 13.67, 19.53, p <
0.001) with a strong time by treatment interaction (F(15,
= 46.55, 3.49, 20.30, p < 0.001) for all 3 parameters
120)
(GLM with RM for body mass, fat mass and fat-free
mass respectively) (Figure 2a, 2b, 2c). There were no
significant differences between any of the groups for any
of the parameters at baseline. The body mass increase in
the 12AL and 24AL groups was reflected by an increase
in fat-free mass (2.15 ± 0.58 g, t-Test, t14 = 3.72, p < 0.01
and 3.32 ± 0.45 g, t14 = 7.31, p < 0.001 in 12AL and 24AL
respectively) (Figure 2c) but not fat mass (Figure 2b). The
reduction in body mass observed by 4 weeks in the 30 and
40CR mice was reflected by losses in both fat mass (-1.65
± 0.42g, t14 = 3.96, p < 0.01 and -1.31 ± 0.35g t14 = 3.74,
p < 0.01 respectively) and fat-free mass (-4.43 ± 0.51g, t14
= 8.62, p < 0.001 and -5.26 ± 0.42g, t14 = 12.42, p < 0.001
respectively) (Figure 2b, 2c). While no significant changes
were observed in fat mass and fat-free mass by DXA in the
10 CR group throughout the three month period, the 20 CR
mice reduced fat mass (-1.11 ± 0.32 g, t14 = 3.41, p < 0.05)
and fat-free mass (-1.29 ± 0.41 g, t14 = 3.11, p < 0.05) after
4 weeks. Consistent with the time courses for body mass
throughout the entire experiment (Figure 1) there were no
further significant changes in body composition after the 4
Figure 2: Body composition changes following 3
months of graded calorie restriction. a. body mass (BM),
b. fat mass (FM) and c. fat free mass (FFM) measure by DXA at
baseline (BL), 4, 8 and 12 weeks of ad libitum (AL) 12 & 24h
or graded levels of caloric restriction (CR) (10CR, 20CR, 30CR
and 40CR), Data represented as mean ± SEM (g).
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were either weakly (ileum, colon and caecum) or strongly
(stomach) negatively correlated with all the other organs.
In contrast, the responses of the other organs were mostly
strongly correlated with each other. The main exceptions
to this were the testes, reproductive accessory organs and
tail, which showed only weak correlations with the other
components and between themselves.
A dendrogram based on these correlation patterns
is shown in Figure 4a. This analysis grouped the organ
responses together into 4 major groups. Consistent with
the correlation matrix (Figure 3), the first major separation

was between the four components of the alimentary tract
and the rest of the body. Among the organs in the rest of
the body, the dendrogram analysis separated the responses
into three different groups. The first group consisted of
the main vital organs (brain, kidneys, spleen, heart, lungs
and pancreas). The second group consisted of a mix of
structural organs (carcass and skin) and the adipose tissue
compartments (epididymal (EPI), retroperitoneal (retro),
subcutaneous (sub cut), mesenteric and brown adipose
tissue (BAT)). The final grouping involved four organs
that were not functionally related. These included the

Figure 3: Correlation matrix showing the magnitude of the correlation in the responses to calorie restriction (CR) of
different organs across all individuals. The lower triangle represents animals under CR and the upper triangle animals under protein
restriction (PR). EPI is epididymal white adipose tissue (WAT), Retro is retroperitoneal WAT, Sub Cut is subcutaneous WAT, rep orgs are
the reproductive accessory organs, BAT is the interscapular brown adipose tissue. The scale for the correlations is shown at the top of the
diagram increasing intensity of red was greater positive correlation and increasing intensity of blue was greater negative correlation (for
actual correlation values see Supplementary Table 2).
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reproductive tissues (accessory organs and testes), the
liver and the tail.
The patterns of change in these different organs
separated into the groups identified from the correlation
and dendrogram analysis are illustrated in Figure 5. The
vital organs generally showed an almost linear pattern
of decline in size in relation to the severity of restriction
(Tables 1 and 2 and Figure 5a). However the percentage
reductions relative to the 12AL group were relatively
modest, especially for the brain which declined by a
maximum of 4.4% under 40CR, and generally only
reached significance at the highest levels of restriction
(Table 1). The lungs, heart and pancreas showed larger
maximal percent weight losses between 11.7 and 26.7%
and the largest losses relative to the 12AL animals were
observed in the kidney (maximal loss 46.9%) and spleen
(66.3%). The patterns of change in the second grouping

from the correlation analysis were also roughly linear
with the extent of restriction (Table 1 and Figure 5b), but
in these cases the extent of loss in mass relative to the
12AL group was much greater (Tables 1 and 2 and Figure
5b), particularly for the white adipose tissue components
which showed maximal losses at 40CR between 59.4
% (mesenteric) and 85.5 % (retro). The structural
components had relatively lower losses compared to the
white adipose tissue, being maximally around 34% loss
in the 40CR group relative to 12AL in both the skin and
carcass. BAT showed an intermediate maximal relative
loss of 44%. In the third group identified by the correlation
analysis the changes did not appear to be linearly related
to the extent of restriction. Hence the liver appeared to
lose mass at a relatively constant 26% below the 12AL
liver mass in the 20CR, 30CR and 40CR groups (all
significantly different to 12AL but not different from each

Figure 4: Dendrograms showing the similarity in responses of the different organs to a. graded caloric restriction (CR) and

b. graded protein restriction (PR). EPI is epididymal white adipose tissue (WAT), Retro is retroperitoneal WAT, Sub Cut is subcutaneous
WAT, rep orgs are the reproductive accessory organs, BAT is the interscapular brown adipose tissue.
www.impactjournals.com/oncotarget
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Table 2: Effects of treatment (3 months exposure to calorie restriction (CR) or ad libitum (AL) intake) and the effect
of baseline body mass on the tissue masses of C57BL/6 mice.

Data were analyzed using general linear modelling with baseline body mass as a covariate. Bold highlighted values were
significant after Bonferroni correction (p < 0.0024).
www.impactjournals.com/oncotarget
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Table 3: Parameters of regression equations between individual organ masses at final dissection and the final
total body weight pooled across all individuals in the calorie restricted treatment groups.
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other: Table 1). The tail lost very little mass, averaging 5.7
to 10.8% below the 12AL group in the 20CR, 30CR and
40CR groups (all non-significantly different from 12AL:
Tables 1 and 2), and the testes were on average 9% smaller
than the 12AL group for 10CR, 20CR and 30CR groups
(all non-significant), only showing a significant decline
at 40CR (28.8% lower than the 12AL group). The only
organs in this group that deviated from this pattern were
the reproductive accessory organs, which showed a more
linear decline with the extent of restriction (Tables 1 and
2 and Figure 5c). The final grouping was the alimentary
tract components. These all had positive changes relative
to the 12AL group. Although the patterns with change in
the level of restriction were less clear (Table 1 and Figure
5d) there did appear to overall be greater investment as the
extent of restriction increased.
Utilizing ratios to express data may lead to
interpretation issues, e.g. [33]. To express the relative
utilization of different tissues across all the treatment
groups, avoiding the use of ratios, we plotted the final
weight of each organ against the final body mass across
all individuals. We then fitted a linear least squares
fit regression to these data and used the gradient (β) to
express the differential utilization of the tissues. On this
basis, an organ with a gradient of β = 1 would be utilized
at the same rate as total body mass as restriction severity
increased. Anything with a gradient greater than 1 was
declining more rapidly than body mass and hence was
being preferentially utilized at high levels of restriction.
In contrast, organs that had β gradients between 0 and
1 were being relatively protected, and any organ with
a negative gradient (β < 0) was increasing in weight as
the animals overall got lighter. Hence, these organs were
being invested in. The parameters of the fitted regressions
are shown in Table 3 and the regression gradients are
illustrated in Figure 6. These data show that the organs
of the alimentary tract were invested in (β < 0). This was
particularly so for the stomach, but to a lesser extent for
all the gut components. The organs and tissues that were
relatively protected included all the vital organs such as
the brain, lungs, heart, liver and pancreas. This ‘protected’
group of organs also included the tail (which was almost
as protected as the brain) and the testes. Among the tissues
that were preferentially utilized were the kidneys, spleen

and the reproductive accessory organs. All the other
preferentially utilized tissues were structural (carcass and
skin) or fat depots. The most preferentially utilized fat
stores were the EPI and retro.

Figure 5: Changes in organ size following three months
of graded calorie restriction (CR). Histograms showing the

extent of change in organ sizes relative to the sizes of the organs
in the 12AL group (% difference) after three months of CR.
Tissues are grouped in accord with the hierarchical clustering
analysis in Figure 4a. panc is pancreas, EPI is epididymal white
adipose tissue (WAT), Retro is retroperitoneal WAT, Sub Cut is
subcutaneous WAT, Mes is mesenteric WAT, rep orgs are the
reproductive accessory organs, BAT is the interscapular brown
adipose tissue. Compare to Figure 10 for the same changes under
PR.
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Table 4: Wet tissue weights (g) of all organs across all treatment groups at the end of 3 months of protein restriction
(PR).

12AL refers to ad libitum feeding for just 12 hours per day. 20PR, 30PR and 40PR refer respectively to 20%, 30% and 40%
restriction of protein relative to their own baseline intakes. The calculated weight difference as a percentage of the weight of
the same organ in the 12AL group are shown below the absolute values, % =[(group mean/12AL group mean) -1]*100. Data
are mean and ± 1.0 sd. None of the differences between treatment groups were significant after Bonferroni correction.
www.impactjournals.com/oncotarget
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Table 5: Effects of treatment (three months exposure to 3 protein restricted diets (PR) or ad libitum
protein intake) and the effect of baseline body mass on the tissue masses of C57BL/6 mice.
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Table 6: Statistical comparison of organ sizes in calorie and protein restricted groups (CR and PR).

For data on mean and sd’s of organ sizes in each group refer to Tables 1 and 4. 12AL refers to mice that had ad libitum
(AL) access to food for 12h per day. 20CR, 30CR and 40CR are mice under 20, 30 and 40% CR and 20PR, 30PR and 40PR
refer to groups under 20, 30 and 40% PR respectively. Items highlighted in bold are significant after Bonferoni correction for
multiple testing.
Assimilation efficiency

level of restriction Tukey pairwise comparisons indicated
that in fact all the CR groups did not differ significantly
(p > 0.05) from each other or from 12AL, but they were
all greater than the 24AL group. The extent of increase in
assimilation efficiency varied between 1.16 % (sd = 1.15)
in the 20CR group and 2.97% (sd = 2.10) in the 30CR
group. If we use the average increased assimilations, then
actual realized levels of restriction in the nominally 10CR,
20CR, 30CR and 40CR groups based on gross intake
were 8.4 %, 18.8 %, 27.0 % and 38.3 % respectively. At
an individual level, we found no relationship between the

Assimilation efficiency calculated as the percent
of the ingested energy that was assimilated, excluding
urinary losses, did not differ significantly between the CR
treatment groups at baseline when they were all treated
identically (F(5, 36) = 0.42, p > 0.05). Assimilation efficiency
averaged 92.3 % (Figure 7a). Following CR exposure
there was a significant group effect on assimilation
efficiency (F(5, 32) = 9.53, p < 0.0005) (Figure 7a). Although
the assimilation efficiency appeared to increase with the
www.impactjournals.com/oncotarget
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Figure 6: Hierarchy of utilization of different organs following three months of caloric restriction (CR). Hierarchy

is reflected in the gradient of the relationship between the Loge tissue weight and the Loge final body mass (BM) (see Table 3 for actual
regression coefficients). Tissues with values below 0 were invested in. Those with values between 0 and 1 were relatively protected. Those
with values greater than 1 were preferentially utilized. Preferential utilization was greater at greater values.

Figure 8: Food intake and body mass changes recorded
over 3 months graded protein restriction. Daily records

Figure 7: Changes in assimilation efficiency (%)
following calorie restriction (CR) or protein restriction
(PR). assimilation efficiency% of the different treatment groups

of a. food intake (kJ/day), b. body mass (BM) (g) recorded over
2 weeks of baseline monitoring (days -14 to -1) and 12 weeks of
treatment: 12h ad libitum (12AL) feeding and graded levels of
protein restriction (PR) from 20 to 40%. Data are presented as
daily mean ± SEM (g). The plots use the same scale as the plots
in Figure 1 to facilitate comparison to the changes under CR.

measured during baseline (BL) and a. post-CR or b. post-PR.
24AL and 12AL refer to the two ad libitum groups and the 10CR,
20CR, 30CR and 40CR refer to 10, 20, 30 and 40%. 20PR, 30PR
and 40PR refer to equivalent PR groups.
www.impactjournals.com/oncotarget
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Table 7: Percentage water contents of the tissues of C57BL/6 mice.

Data was based on dissection of 60 mice and drying tissues for 14 days at 60oC. Data are averages across individuals and
SEM.
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level of assimilation efficiency when under CR and the
sizes of the components of the alimentary tract (multiple
regression analysis p > 0.05 for all alimentary tract
components).

Figure 10: Changes in organ size following three
months of graded protein restriction. Histograms showing

the extent of change in organ sizes after three months of protein
restriction (PR) relative to the sizes of the organs in the ad libitum
fed group (% difference). EPI is epididymal white adipose tissue
(WAT), Retro is retroperitoneal WAT, Sub Cut is subcutaneous
WAT, Mes is mesenteric, rep orgs are the reproductive accessory
organs, BAT is the interscapular brown adipose tissue. Tissues
are grouped in accord with the hierarchical clustering analysis in
Figure 4b. The plots use the same scale as the plots in Figure 5
to facilitate comparison to the changes in the same tissues under
CR.

Figure 9: Body composition changes following 3
months of graded protein restriction. a. body mass (BM),

b. fat mass (FM) and c. fat free mass (FFM) measured by DXA
at baseline (BL), 4, 8 and 12 weeks of 12h ad libitum (12AL)
or graded levels of protein restriction (PR) (20PR, 30PR and
40PR). Data represented as mean ± SEM (g).
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Table 8: Calculated energy and protein released by reducing the sizes of the major organs when under calorie
restriction (CR).
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10CR, 20CR, 30CR and 40CR refer to restriction by 10, 20, 30 and 40%. See text for details of the calculations. At the
base of the table are the grand totals across all tissues and the contribution of this energy and protein release to the total
shortfall in energy and protein intake over the first 29 days of restriction.
www.impactjournals.com/oncotarget
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Bone characteristics

Analysis of body composition by DXA

No restriction effect was found in the DXA
measurements of bone mineral content and density (BMC
and BMD) and bone area (BA). However changes over
time within the diet groups were significant (GLM-RM,
BMC: F(3, 129) = 4.35, p < 0.01, BMD: F(3, 129) = 3.461,
p < 0.05, BA: F(3, 129) = 13.27, p < 0.001). Contrary to
previous reported negative impacts of CR on bone, post
hoc comparisons at 12 weeks found BMC and BA to be
higher (p < 0.05) in the 40CR mice compared to 12AL.
A CR effect was found on the length of both the tibia
(ANOVA, F(5, 39) = 3.69, p < 0.01) and femur (F(5, 39) =
5.80, p < 0.001) and diameter (F(5, 39) = 6.83, p < 0.001)
of the latter only. The femur was longer in the 10, 20 and
30CR mice, significantly so in 10 and 30CR groups (16.84
± 0.12 mm and 16.79 ± 0.29 mm, p < 0.05) compared
to the 12AL (16.03 ± 0.11 mm), while the tibia was
longest in the 20CR (18.09 ± 0.18mm, p < 0.01). Both
the widest (2.33 ±0.06 mm) and narrowest (1.6 ±0.08
mm) diameter of the femur were also largest in the 20CR
mice compared to 12 AL (2.04 ±0.03 mm and 1.33 ±0.06
mm). Although a significant response to CR was found
in the dimensional measurements, no differences were
found in the mechanical properties measured using the
3-point bending test. No changes in organic or mineral
content of either tibia or femur were observed following
CR. Analysis of the micro-architectural structure found
the fractional bone volume, (i.e. the percentage of bone
volume relative to the total volume (BV/TV), trabecular
thickness (Tb Th) and trabecular number TbN of both the
tibia and femur were higher but not significantly so in the
30CR compared to the 12AL (t-test, t = p > 0.05) which
supports data indicating a higher BMC recorded by DXA
in the CR groups.

A time, but no diet effect, with a significant
interaction was found over the 4 weekly measures of body
mass (GLM-RM, time F(3, 84) = 80.56, p < 0.001, interaction
F(9, 84) = 2.92, p < 0.01) and fat mass (GLM-RM, time F(3, 84)
= 105.30, p < 0.001, interaction F(9, 84) = 3.45, p < 0.001).
Fat-free mass however was only affected by time (GLMRM, time F(3, 84) = 15.44, p < 0.001) (Figure 9a, 9b and 9c).
Body composition by dissection at three months
The mean and standard deviations of the weights
of all the wet organs at dissection across all the groups
are provided in Table 4. The correlation coefficients
of the responses of the different tissues across all the
individuals are provided in the Supplementary material
(Supplementary Table 2). These correlations are illustrated
in Figure 3 in the top half of the diagram. The correlation
structure under PR was completely different from that
under CR. The correlations between tissues were much
weaker than under CR and in both positive and negative
directions. Moreover, there was no clear separation
between the responses of the alimentary tract components
and the rest of the body as was evident under CR. The
dendrogram (Figure 4b) based on this correlation matrix
separated the responses into four groups. Note that the
branch points in this dendrogram sit much further back
than in the CR dendrogram (Figure 4a), reflecting the
poorer correlations between tissues in the PR animals.
The first group comprised four vital organs (brain, heart,
kidneys and spleen). The second group comprised 5
tissues with variable functions (carcass, BAT, mesenteric
fat, testes and the pancreas). The third group comprised
all the alimentary tract components along with the tail
and lungs. Finally, the fourth group consisted of three
white adipose tissue depots along with the liver, skin and
reproductive organs.
The patterns of change in the individual organs
in these 4 groupings are illustrated in Figure 10 and
the relevant statistics are shown in Table 4. PR did not
significantly affect the sizes of the different organs, apart
from a marginal effect on the testes (GLM, p > 0.05),
not significant after Bonferroni correction). There were
significant relationships however between the final masses
of several organs and the initial baseline body mass (Table
5). These included the major structural organs (carcass,
skin and tail) and the liver.

Protein restriction (PR)
Food intake
Average food intake over the baseline period, 54.21
± 3.91 kJ/day, was not significantly different between
groups. Over the restriction period all diet groups lowered
food intake (GLM-RM, time F(1, 56) = 26.70, p < 0.001) but
no differences were found between diets (Figure 8a).
Body mass

Assimilation efficiency

A similar body mass between groups was measured
at the start of the treatment period, 30.11 ± 0.30g (Figure
8b). Although the level of PR did not affect body mass
over the restriction phase (GLM-RM, diet F(3, 56) = 0.3, p >
0.05), there was a time effect (GLM-RM, F(1, 28) = 129.88,
p < 0.001) with a significant interaction between time and
diet (GLM-RM, F(3, 28) = 3.47, p < 0.05) and a significant
but similar increase in body mass found in all groups
(Figure 8b).
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Assimilation efficiency did not differ between
PR treatments at baseline, average AE 93.3% (F(3, 28) =
0.387, (p > 0.05) or following 3 months PR treatment or
following 3 months PR treatment, average AE 92.3% (F(3,
= 0.368, p > 0.05) (Figure 7b).
28)
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Comparison of responses to calorie and protein
restriction (CR vs PR)

was no relationship between the size of a tissue depot
and its water content so we assumed that when an animal
withdrew tissue, the tissue composition was unchanged.
When mobilizing the lean tissue compartments, we
assumed the tissue comprised the relevant amount of
water, with the balance comprising protein with an energy
equivalence of 17 kJ/g [35] and that when the animals
utilized their fat stores, we assumed the tissue comprised
the relevant amount of water and the balance was lipid
comprising 39.5 kJ/g [35]. We utilized the average
difference in tissue sizes between each of the CR groups,
and the 12AL group, to make these calculations and then
summed the energy across all the tissues to obtain the
energy made available by reducing their tissues masses.
These calculations are summarized in Table 8.
As the severity of CR increased the amount of
energy withdrawn from body tissues also increased from
42.2 kJ at 10CR to 109.5 kJ at 40CR. The proportional
contribution to these totals from different tissues was
not constant. The proportion of energy supplied from
structural tissues (carcass, skin and tail) increased as the
severity of CR increased from 29.8 % at 10CR to 38.4% at
40CR. In contrast, the percent contributions from the vital
organs, and the adipose tissue, declined as the severity
of CR increased. In the case of the vital organs, the
contribution fell from 4.7% to 3.7 % as CR increased from
10 to 40 % and in fat tissue it fell from 60.9% at 10CR
to 56% at 40CR. The reproductive organs also decreased
from 3.8 % to 2.6 %.
We calculated the energy shortfall of the supplied
food relative to the baseline intake, adjusting for the
change in assimilation efficiency under restriction, over the
first 29 days of restriction. We chose this period because
from the DXA analysis it seemed that all the organ changes
were complete after the first month and 29 days was the
average inflection point of the mass loss curve. This
allowed us to calculate the contribution that withdrawing
tissues had made to the total energy shortfall. At 10CR this
was 31.2 %. However, for the more severe restrictions the
contribution was remarkably similar across the different
levels at 17.5 to 19.9 % (Table 8). The calculated protein
released by mobilizing the tissues was also estimated and
then compared with the shortfall in protein intake. We
compared the estimated intake of 0.668g per day protein at
baseline and the estimated levels of restriction (accounting
for changes in assimilation). Over the first 29 days of
restriction the percent contribution of withdrawn tissue to
the protein shortfall was 59.1 % in the 10CR group. In the
other three groups the contribution was lower, but similar
across the groups at 38 to 43 %.

Since protein contents of the PR diets were designed
to match the protein intakes of the nominal 20, 30 and 40%
CR animals, we compared the body composition 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 (Table 6).
If for example the decline in weight of a particular organ
under CR was mirrored by the same change under PR
then we could attribute the change in that organ to the
protein rather than calorie deficit. In contrast, if the loss
in weight under CR was not mirrored by the same change
under PR then we could be confident the effect was not
due to the protein deficit and more likely due to the calorie
deficit. Both CR and PR experiments had a 12AL group
fed the same diet throughout. As expected most organs
in these two groups did not differ significantly (p >
0.0006 equivalent to > 0.05 using Bonferroni correction)
between the CR and PR treatments, although we did detect
significant differences in the sizes of the lungs, stomach,
caecum and ileum. The sources of these differences
are unclear. Comparing the 20CR and 20PR groups the
organs that were significantly different (GLM, p < 0.0006)
included the liver, lungs, reproductive accessory organs,
skin, and the BAT, retro, EPI and subcutaneous fat depots.
Comparing the 30CR and 30PR groups the significantly
different organs included everything except the brain,
testes, tail, mesenteric fat depot and the four components
of the alimentary tract. Finally, comparing the 40CR and
40PR groups, everything was significantly different except
the tail and the four components of the alimentary tract.

Calculated energy equivalence of the altered
tissue masses under CR
We did not measure directly the energy contents
of the component tissues following dissection since we
preserved the tissues for other analyses (see methods).
All tissues consist of a mix of water containing no usable
energy and organic materials that can be mobilized to
provide energy. To convert the changes in wet tissue mass
from the dissections into equivalent energy it is therefore
necessary to know the tissue water contents. We measured
the water contents in the tissues of 60 individual C57BL/6
mice dissected using the same protocol as used for the CR
and PR animals. Tissues were dried to constant weight (14
days at 60oC as described previously [34]. Water contents
of the vital organs and alimentary tract averaged around
70 to 72.5% and were highly reproducible (standard errors
across all individuals for given tissues were generally
under 1%) (Table 7). In contrast the water contents of
the adipose tissue depots were highly variable between
individuals (except for BAT). Across individuals there
www.impactjournals.com/oncotarget
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DISCUSSION

to a combination of changes in gross morphology and
changes in nutrient transport, since previous work has
shown that sugar transport and the absorption of amino
acids are both elevated under long term CR in mice [41,
42]. These changes together clearly moderate the impact
of restriction. The energy (and protein) required to grow
the alimentary tract was trivially small compared with
the consequent amelioration of the restriction. Hence, on
average, the change in the tract morphology required an
investment of between 0.4 to 0.8 kJ of energy (Table 8),
yet the improved assimilation resulted in between 0.58
and 0.89 kJ/day greater energy absorption. So the cost of
growing the tract was covered by the improved energy
absorption in just one day, and the benefits persisted
through the restriction period.
Apart from the alimentary tract all the other body
tissues lost weight under CR and increasingly so in
relation to the severity of restriction. However, there was
a clear hierarchy in utilization with some organs/tissues
preferentially utilized while others were protected. Among
the most preferentially utilized tissues were the adipose
tissue depots. This preferential utilization of adipose tissue
has been reported previously in several studies [28, 43-46]
including in humans [47-49] and is consistent with the fact
that adipose tissue contains the least water (Table 7) and
lipids have the highest energy yield per gram [35]. Adipose
tissue therefore represents the most effective source of
energy to make up for the immediate shortfall in intake
when CR commences. The utilization of fat, however,
was regulated so that its use was proportional to the level
of restriction. This strongly suggests that the mice do not
employ a strategy of first utilizing their fat stores and then
drawing on other tissues when placed under restriction.
Rather they continuously coordinate the use of both fat
and lean tissues from the onset of restriction in relation
to the restriction level. Presumably the slightly greater
reliance on fat in the 10 % CR group explains why the
initial weight loss was not linearly related to the restriction
level (Figure 1c).
Previous work has suggested that utilization of fat
during CR may occur preferentially from the visceral
adipose tissue depots leading to a change in fat distribution
[46] (but see [48, 49] for studies that found no such effect).
Our data were consistent with this pattern, since EPI and
retro stores were preferentially exploited as CR severity
increased relative to the sub cut compartment in the 12AL
animals. Mesenteric fat, however, contrasted these patterns
and was utilized less than the other three stores. Overall,
however, the ratio of sub cut to visceral (summed EPI,
retro and mesenteric fat) fell from 1.13 in 12AL animals to
0.94 in 40CR animals. This trend was consistent with the
supposed remodeling away from the visceral compartment
as severity of CR increased, although the ratio was almost
constant in the 10, 20 and 30 % CR groups (1.017, 0.985
and 1.007 respectively).
The fact that use of fat and lean tissue is coordinated

Calorie restriction
The trajectories of body mass change and the
calculated inflection points of the mass loss curves
suggested that independent of the level of CR, it took the
animals about 29 days to adjust to the imposition of CR
feeding. This was consistent with the longitudinal DXA
analyses of body composition, which showed a large
significant difference by day 30, but no significant further
change until the end of the experiment. The detailed
changes in body composition that we detected at the end
of the three month feeding had probably already occurred
therefore by the end of the first month of restriction. The
dynamics of change during the first 30 days of restriction
remain unclear from this study. However, several previous
studies have explored changes in organ sizes during this
early dynamic phase of restriction, and they suggest that
fat withdrawal occurs rapidly [36] and that the liver is
among the first organs to respond by decreasing in weight
[37] before detectable changes occur in the heart and
brain.
We found that mice under CR invested in growth of
their alimentary tracts, particularly the stomach. Previous
work has also suggested that CR induced growth of the
stomach of rats, particularly the fundus [38]. Although
this was not observed in other studies where stomach
weight was preserved but not enlarged [30]. Similarly
others found preservation but not enlargement of the
stomach, small intestine and large intestine of C57BL/6
mice subjected to 27% CR at 14 months of age for 70
days [31]. The enlargement of the small intestine was
significant when body mass was used as a covariate in the
analysis. The enlargement reported in the current study
was probably driven by the fact the mice on restriction
rapidly consume all the food that is provided for them.
This may be adaptive because mice in the wild under
restriction may need to ingest food rapidly to avoid it
being eaten by conspecific or interspecific competitors.
Enlargement of the other portions of the alimentary tract
was less marked than for the stomach, but consistent with
previous observations of elevated protein synthesis rates
in the intestines of CR rats [39, 40]. The enlargement of
the alimentary tract was accompanied by an increase in
assimilation efficiency for the mice under CR (relative
to the 24AL group), by on average 1.7 %. Others also
reported an increase in digestive efficiency by mice
on 27% CR by 1.58% but in that case the difference
was not significant [31]. In our study, these changes
were not closely linked together, since there was no
correlation at the individual level between the elevated
assimilation and the morphology of the alimentary
tract. More likely the elevated assimilation was linked
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and simultaneous rather than sequential leads inevitably
to the steady state levels of body fat, after the dynamic
phase of restriction is completed, being in proportion to
the level of restriction (Figure 5, Tables 1 and 2). Since
life and health span also vary in direct relation to the level
of restriction [7, 50] the effect of CR on fat storage has
been suggested to be the primary mechanism by which
CR exerts its life and healthspan enhancing effects [46,
51-53]. Surgically removing (particularly visceral) fat
increases lifespan [53] and mice with adipose tissue
selective ablation of the insulin receptor (FIRKO mice)
have reduced adipose tissue and live about 18 % longer.
However, applying CR to ob/ob mice results in a mouse
that is still fatter than control AL fed wild type mice
yet lives longer [54]. Moreover, across strains of mice
that varied in the lifespan response to CR, it was those
mice that lost the most fat that had the most negative
lifespan responses to CR, suggesting that fat loss may
be actually detrimental to the CR effect [55]. However
if the analysis of these data is restricted to mice that
improved lifespan when treated with CR, this negative
relationship disappears [2], although it does not become
positive. The most preserved adipose tissue depot was the
interscapular BAT. Nevertheless it was still preferentially
utilized relative to other organs (gradient > 1) and in the
40CR group the BAT was only 44.4% of that in the 12AL
animals. Very few other studies have examined the effects
of CR on BAT, an exception being Selman (2005) who
found in rats that BAT was much larger in the CR animals
after both 6 and 24 months of restriction [30]. We did
not replicate these findings in mice after three months of
restriction.
Consistent with many other studies on calorie
reduced diets we observed that there was also a substantial
reduction in lean tissue mass. In fact, although the
proportional use of lean tissue (ie non adipose tissue but
excluding the vital and reproductive organs) was lower
than the adipose tissue stores (Figure 6) the absolute
weight loss in the carcass and skin was much higher. For
example, compared to 12AL mice, the mice on 40CR lost
2.1 g of fat across the four white adipose tissue stores but
lost 4.7 g from the carcass and 1.4 g from the skin. This
reduction contrasts with early studies, which suggested
that lean tissue mass is preserved under CR [37]. An
even greater difference was observed after six months of
CR in rats, where the carcass was 30 g lighter and skin
10g lighter but the combined fat stores only differed by
just under 5 g [31]. It might be argued that the failure
to preserve lean tissue mass occurred because under the
protocol we used protein was also restricted at the same
time as energy [56]. This interpretation seems unlikely,
however, because when we placed mice under PR without
a calorie deficit, the same reductions in the lean tissue
mass did not occur (Figure 10 and Table 4). The lean
tissue reductions were therefore driven by the shortfall
in calories rather than protein. In fact energy in these
www.impactjournals.com/oncotarget

tissues contributed between 29.8 and 38.4 % of the total
energy released by tissue mobilization, and this percentage
increased as the severity of restriction increased, while
the percent contribution from the fat stores declined. The
reduction in lean tissue mass was therefore a substantial
contributor to the energy shortfall.
We found that most of the vital organs also lost
weight in relation to the extent of restriction, but they were
relatively protected (i.e. the gradients of mass at dissection
against total mass were < 1.0) (Table 3 and Figure 6). The
main exceptions were the kidneys, spleen and reproductive
accessory organs where the gradients all exceeded 1.0,
indicating preferential utilization. Preferential utilization
of the reproductive accessory organs was not surprising
given that one idea for the life enhancing impact of
CR is that it entails a diversion of resources away from
reproductive performance towards somatic maintenance
(the disposable soma interpretation [25]). What was
unexpected was that this change was not also mirrored by
a reduction in the size of the testes which were actually
the third most protected organ. The relative protection of
the testes under CR was also observed previously [28,
29]. This protection of the testes begs the question of
whether reproductive performance really is compromised
by CR [26]. In female mice it has been found that mice
under CR had improved rates of fertility and reproductive
performance [57]. It is uncertain whether the same also
true of males?
The preferential use of the kidneys was also
unexpected given that several previous studies have
suggested that the kidneys are preserved under CR. For
example, after 6 months of CR the kidneys were 8 %
smaller compared to ad libitum fed rats, with an overall
mass difference of 16 % [30]. McCay and colleagues
found the kidneys decreased proportionately to body mass
in rats under CR (i.e. β = 1) [27], while Lowry commented
that rats under restriction “maintained younger kidneys”
[58]. Weindruch et al. (1986) found that kidney mass was
relatively protected compared with total mass loss (ie β <
1) [28]. One interpretation might be that the kidney size
declined preferentially in our study because of the lower
protein contents in the CR diets and hence a lower load
on the organ. Although there was some reduction in the
kidney size in the PR animals this was much less than
in the CR mice, and the difference between the two was
highly significant in the 30CR v 30PR and 40CR v 40PR
comparisons (Table 6). This interpretation is therefore not
supported. Several other studies have also found relative
preservation in the sizes of the heart, liver and particularly
the brain under CR [27, 28, 30]. It was unclear from the
present study the extent to which changes in the vital
organs are reversible once restriction ends. It may be that
the hierarchy of utilization reflects in part the differential
ability to regrow the organs once restriction ends.
The brain was the most resistant organ to mass loss
with decreases only evident at the most severe level of
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restriction. Since we did not perform any cognitive tests
it is uncertain whether the observed 4.4 % mass loss at
40CR had any negative impacts on brain function. Among
the more surprising observations was that the tail was
the second most preserved organ after the brain. This is
probably not related to its functional importance. Several
rodent lineages have much reduced or even absent tails
(e.g. voles and hamsters) and seem to survive well without
them. Hence, it would not appear essential for survival.
Its apparent preservation probably has more to do with
the fact it consists mostly of bone, tendons and skin, and
hence has relatively little utilizable energy in it that can be
withdrawn and utilized.
Overall the reductions in the sizes of the vital organs
provided very little energy towards the shortfall in intake
(Table 8). Summed together they contributed about 4 %
of the total released energy (Table 8), and this total at 2040 % CR was about 18 % of the shortfall during the first
month of restriction. Thus the reductions in the sizes of the
vital organs contributed in total less than 1% to the energy
shortfall. Why then do animals compromise the functions
of these vital tissues under CR, when the benefit seems
trivial? Why would a mouse risk reducing the size of its
brain by 4.4 % when by doing so it only releases 0.12 kJ
of energy? One possible reason is that such tissues are the
principal sites where energy is utilized [24]. By reducing
the sizes of these tissues the animal might dramatically
reduce its energy needs thereby bringing its energy
requirements back into line with the restricted energy
supply. This explains why the changes in the sizes of these
organs were linearly related to the extent of restriction,
since the demand for reduced energy expenditure to
balance intake is directly related to the restriction level.
We will address elsewhere whether the changes in these
organ sizes are sufficient to reduce energy demands to
match supply (Mitchell et al., in prep).
One of the suggested potential downsides of CR is a
negative impact on skeletal health [27, 59]. However, our
results offer no evidence that three months of CR, even at
the 40 % level, had a negative effect on bone composition
or mechanics. In fact one could conclude that there was a
beneficial effect of CR on bone mass in the current study.
The causes of these changes are uncertain. However, they
may be correlated to hormonal and activity changes in
the animals. The reduced fat mass under CR produced a
reduction in levels of circulating leptin (Mitchell et al., in
prep). Although contradictory reports exist [60, 61] leptin
has been identified as a major inhibitor of bone mass
accrual [62] with a higher bone mass phenotype observed
in the leptin-deficient ob/ob mouse [63, 64]. Additionally,
changes in the physical activity patterns of the mice
under CR may have had an impact on bone structure.
Mice on CR display extreme food anticipatory activity
(FAA) behavior, a phenomenon related to their constant
hunger [65, 66]. Weight-bearing physical activity plays an
important role in bone health [67, 68] and the structure
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and composition of bone adapts to match the mechanical
demands placed on it, which may have led to the longer
and larger bones observed in the CR groups.

Protein restriction
Most CR protocols, like ours, restrict the total
diet and hence provide not only fewer calories but also
proportionately lower levels of all the macronutrients,
perhaps chief among which is the level of protein supply
[2]. In fact it has been argued that the impact of CR may be
due primarily to the reduced intake of protein, rather than
reduced intake of calories [32, 69, 70]. We were interested,
therefore, in the extent to which the observed changes
in body composition under CR might be explained by
changes in PR, and thus ran a second experiment in which
protein was restricted without a calorie deficit to determine
what aspects of the CR changes would be recapitulated
under PR alone.
We observed that under PR the body composition
remained virtually unchanged. Moreover, none of the
observed differences in individual organ sizes after three
months of PR reached statistical significance compared to
the 12AL group. However, there was an overall significant
impact on the total fat mass (summed across depots). As
PR increased the animals became fatter over the three
month manipulation period. Since the animals were
provided with the same total calorie intake as during the
baseline period and the same intake across the different
PR groups, the most likely reason for this effect on
fatness was that reducing the levels of protein in the diet
reduced the specific dynamic action (SDA) of the diet,
which is known to be greatest for the protein component
[71]. Thus while gross energy intake remained constant
the net metabolizable energy increased as the protein
level declined. This would lead to surplus energy above
requirements that the animals could deposit as fat. Since
the extra fat in the 40PR group amounted to just over 1
g (39.5 kJ), this was equivalent to less than 0.3 kJ/day
over the 90 day experiment and hence entirely consistent
in magnitude with an alteration in the level of SDA.
The only organs that did not differ between the CR
and PR treatments were those organs that were invested
in or highly protected under CR (Figure 6 and Table
6). All the tissues that lost significant mass only did so
under the CR and not under the PR treatments (compare
Figures 5 and 10). Since the PR experiments recapitulated
none of the major changes observed under equivalent
levels of CR, we conclude that the major alterations in
body composition of mice under CR come about entirely
because of the restriction of calories, and the need to
make good the immediate shortfall of energy and to match
longer term energy demands to the diminished supply. The
former is achieved primarily by withdrawing energy from
the fat reserves and structural tissues (e.g. skin and skeletal
muscle) and the latter by reducing the sizes of the vital
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organs.

replacing it 12h later at lights off when the CR animals
were also fed. Hence these animals, like the CR animals,
had been starving for at least 7.5 h when we came to cull
them between 1400 and 1800h.
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 started with the
same diet containing 20 % protein as the control group.
We then modified this diet by reducing its protein level
and replacing the missing protein with carbohydrate to
achieve protein levels of 16, 14 and 12 % protein. Animals
on these protein diets 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 (D13020201, D13020202 and D13020203
respectively, Research Diets, NJ, USA). To match the CR
protocol these animals were also only fed in darkness.
For both studies the period of restriction was set at three
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
includes the changes in daily food intake, body mass,
digestive efficiency, Dual-energy x-ray absorptiometry
(DXA) measures throughout the restriction period, and
primarily detailed aspects of the body composition
changes established after the three months of restriction
were complete. Future papers will address the other
outcome measures.

MATERIALS AND METHODS
Overall design and rationale
We characterized the body composition response
to CR and PR in C57BL/6 male mice, a strain known to
have a positive lifespan response under CR [9]. The timepoint at which CR is started has an impact on the lifespan
effect. Initiation of CR at 4 weeks of age shortened
lifespan [72] while CR introduced at 6 weeks increased
lifespan [1]. Nevertheless both these early start points
impact development, and are probably unrealistic models
for implementation of CR in humans. Here mice were
introduced to CR or PR at 20 weeks of age, approximately
equivalent to early human adulthood, and close to the
time when mice reach skeletal maturity [73]. This start
time avoids impacts of CR on developmental processes.
Previous studies suggested CR begun at six months was as
effective at increasing lifespan as starting at 6 weeks [74].
A linear relationship between the extent of CR
and the magnitude of the lifespan effect has also been
indicated, up to at least a restriction of 65 % which led
to a 60 % increase in lifespan [28, 65, 75]. 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. Mice on restriction were
individually housed and fed daily at lights out (1830h).
There is a potential issue with an appropriate control group
in CR studies [2, 76]. Animals that are fed completely ad
libitum (AL) may become obese and hence the comparison
of CR to AL animals may simply reflect an anti-obesity
effect of CR. This is less of an issue when graded levels
of CR are used instead of a single comparison of one CR
level to AL animals. A further problem however occurs
in relationship to terminal measurements. When animals
are under CR they generally consume their food during
the first few hours after it has been provided. They then
have a protracted period without food before the next
daily allocation of food arrives. AL animals in contrast
can by definition eat at any time throughout the 24h
period. Consequently, when it comes to culling animals
to perform molecular biology work the CR animals may
have been starving for 10-16 h, while the AL animals
may have eaten in the hour immediately prior to culling.
The CR v AL comparison may then be confounded by an
immediate ‘time since last meal’ effect. To avoid these
issues we used 2 ‘control groups’ exposed to 0% CR. For
the first group (24AL) we allowed them 24h access to
food without restriction. For the second group (12AL) we
allowed them unrestricted access to food for the 12h of
darkness but then removed the food at lights on (0630h),
www.impactjournals.com/oncotarget

Animals

Ethics statement
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. Body
mass and food intake were recorded daily, immediately
prior to feeding. Over a 2 week baseline period a number
of measures were taken among which are reported here:
DXA, and digestive efficiency measures. Mice were
allocated into 6 experimental groups matched for body
mass. Prior to culling all parameters measured at baseline
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were repeated and referred to as the final measures (F).
Mice were killed approximately 4 hours prior to lights out
from 1400 to 1800 h by a terminal CO2 overdose. After
death a blood sample was collected by heart puncture.
Brains were removed, weighed and frozen in isopentane
over dry ice. All remaining tissues were rapidly removed
(~10mins), weighed, divided appropriately for future
analysis and snap frozen in liquid nitrogen. The liver was
divided into 7 pieces and individually frozen in cryovials
to avoid freeze/thaw artefacts. Any apparent disease states
were recorded. The tibia and femur of the right leg were
preserved by wrapping in phosphate-buffered saline
(PBS) soaked tissue, sealed in plastic bags and stored at
-20°C for analysis of mechanical properties. The tibia and
femur of the left leg were fixed in 3.7% formaldehyde,
and scanned by micro-computed tomography (microCT). For full details on methods please refer to [77, 78].
Precise measurements of length and diameter of both tibia
and femur were recorded using a digital micrometer (±
0.01 mm) (RS 572-044, Mitutoyo, Andover, UK) and
the mechanical properties were evaluated by three-point
bending using an Instron 5564 testing machine (Instron,
High Wycombe, UK). MathCAD software was used for
analysis of data (Mathsoft Engineering and Education Inc.,
Cambridge, MA, USA). Ultrasound was used to measure
the speed of sound in a bone slice using a pulser receiver
(Model 5052 PR, Panametrics Inc, Waltham, MA, USA)
and an oscilloscope (Hitachi V-665A, Tokyo, Japan).
The density of the cortical bone was determined using
Archimedes’ principle. Finally, the water, organic and
mineral contents of the bones were calculated from wet,
dry (24h at 105oC) and ashed (24h at 600oC) weights. The
left tibia and femur of 12AL control (n = 5) and 30CR
mice (n = 4) were analyzed by three-dimensional microCT using Skyscan 1072 X-ray Microtomograph Scanner
(Skyscan, Aartselaar, Belgium). Skyscan Nrecon software
was used to reconstruct the images using a modified
Feldkamp algorithm to obtain a three-dimension image
which was then analyzed using the software CTAN.
The fractional bone volume, (i.e. the percentage of bone
volume relative to the total volume (BV/TV), trabecular
thickness (Tb Th), trabecular separation (Tb Sp),
trabecular number (Tb N), trabecular pattern factor (Tb
Pf), the structural model index (SMI) and the degree of
anisotropy (DoA) were recorded).

Feces collected over 6 days during baseline and
following 11-12 weeks of restriction, were carefully
separated from sawdust, weighed and dried along with a
sample of each diet. Gross energy content for each diet
or fecal sample was measured by bomb calorimetry (Parr
6100 calorimeter using a semi-micro 1109 oxygen bomb
1109A, Scientific and Medical Products Ltd, Cheadle,
UK) with a minimum of three replicates, within ±0.25
kJ. Metabolizable energy intake (MEI) (kJ/day) was
calculated from the gross energy intake (GEI) and energy
output assuming a 3 % energy loss via urine [80, 81]. The
apparent energy absorption efficiency was calculated as
the percentage of the ingested food taken up by the body.

Statistical analysis
Statistical analyses were performed using the PASW
Statistics package 18, Minitab version 16 and R. All data
were first checked for normality using the KolmogorovSmirnov test and if necessary were normalized by log
transformation prior to analysis. Unless otherwise stated
general linear models (GLM), were used to compare data
across time with individual ID entered into the model as a
random factor nested within group to account for repeated
measures (RM). Where time was not a factor (e.g.
comparing groups at baseline) we used one way ANOVA.
Where appropriate, following GLM or one way ANOVA
post-hoc Tukey tests were used, with a significance
threshold set at p < 0.05, to isolate differences between
the 6 diet groups at specified time points. Pairwise
comparisons were also occasionally made using t-tests
when appropriate, for example when comparing the two
AL fed groups, or paired t-tests when comparing animals
to their own baseline measurements. We fitted second
order polynomial relationships to the time courses of
weight change over the initial period of exposure to the
diets, and used the fitted coefficients to calculate the rates
of initial change and the time to inflection in the mass loss
curves. These latter parameters when analyzed in relation
to the extent of restriction using non-linear regression
analysis and one way ANOVA respectively.
For the detailed body composition analysis we
probed the responses of individual tissues as a function
of the level of restriction using GLM with initial body
mass as a covariate in the analysis, followed where
appropriate by post-hoc Tukey tests. We performed a
Pearson correlation analysis of the responses of different
tissues, and analyzed the patterns of response across the
different tissues using clustering analysis, with complete
linkage and the distances based on correlation coefficients.
This suggested common patterns among the vital organs,
structural components, adipose tissue and the alimentary
tract components and hence we pooled the individual

Dual energy X-ray absorptiometry (DXA)
Fat mass, fat-free mass, bone mineral density
(BMD), content (BMC) and bone area (BA) were
quantified using DXA (GE PIXImus2 Series
Densitometers installed with software version 1.46.007)
(GE Medical Systems Ultrasound and BMD, UK) [79].
Measurements were taken at baseline, 4 and 8 weeks after
restriction started and 3-4 days prior to the final kill.
www.impactjournals.com/oncotarget
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measures into these functional groups as well, before
evaluating the impact of CR on these functional groupings
using GLM. To evaluate the relative importance of tissue
level changes compared with the overall weight loss we
plotted individual tissue weights against the final body
mass at the point of death and fitted linear (least squares)
relationships to these functions. The gradients (β) of these
relationships provided a measure of whether a particular
tissue was disproportionately withdrawn (β > 1.0),
relatively protected (β ≤ 1.0 and ≥ 0.0) or invested in (β <
0.0). Finally we used literature values of the tissue energy
contents to assess the contribution of different tissue
withdrawal to the total energy shortfall during restriction.
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