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SUMMARY
Dietary restriction (DR)-related delay of ageing is hypothesized to be mediated by the reduction of the metabolic rate (MR).
However, studies on the effect of DR on MR have produced equivocal results. We demonstrated that this lack of congruency can
be due to a variation in the initial level of MR within a given pool of experimental subjects. We subjected laboratory mice from two
line types divergently selected for basal MR (BMR) to 30% DR lasting 6months to test whether the effect of DR depends on the
initial variation in BMR and peak MR. BMR and peak MR were independently affected by DR. The effect of DR was stronger in line
types with higher initial levels of MR. Line-type-specific changes in the proportions of body components explained contrasting
effects of DR on the mass-corrected BMR, which decreased in the high-BMR line type and did not change in the low-BMR line
type. We conclude that the initial variation in MR can significantly affect response to DR. However, we found no association
between the level of MR and mechanisms underlying the susceptibility to or protection against oxidative stress.
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INTRODUCTION

Dietary restriction (DR) is the most effective treatment known for
extending lifespan in a wide range of organisms (reviewed in
Weindruch and Walford, 1988; Masoro, 2002; Masoro, 2005).
However, the physiological and molecular mechanisms underlying
the anti-ageing effect of DR are still not fully understood (Masoro,
2005; Sinclair, 2005). One of the most-cited hypotheses relates this
effect to a reduction in metabolic rate (MR) (Sacher, 1977).
According to this, a lower rate of metabolism decreases the rate of
reactive oxygen species synthesis and, therefore, the magnitude of
oxidative stress, which plays a key role in ageing (Finkel and
Holbrook, 2000; Masoro, 2005). Although a higher rate of
metabolism does not always result in a higher rate of reactive oxygen
species synthesis (Barja, 2007), nor shorten lifespan (Speakman et
al., 2004; Vaanholt et al., 2009), the existence of a significant link
between the rate of metabolic processes and ageing is well
documented (Anderson and Weindruch, 2010). However, the
ubiquity of DR-induced reduction of MR is far from certain, and
numerous studies have reported an increase, decrease or the lack of
change in MR of animals subjected to DR (e.g. McCarter et al.,
1985; McCarter and Palmer, 1992; Selman et al., 2005; Faulks et
al., 2006; Ramsey and Hagopian, 2006; Ferguson et al., 2007; Sohal
et al., 2009; Hempenstall et al., 2010).
How DR affects the actual MR is not a trivial question because
the long-term effects of DR on metabolism are expected to
accumulate over an organism’s lifespan and thus slow ageing. A
number of recent studies have called attention to the importance of
intraspecific genetic variation in response to DR [including cases
when DR actually shortens lifespan (Rikke et al., 2003; Rikke and
Johnson, 2007; Liao et al., 2010; Rikke et al., 2010)]. In the present

study, we demonstrate that genetically based differences in MR can
account for equivocal results of the studies on directional effects of
DR on metabolism. We propose that physiological responses to DR
depend on the level of metabolism characteristic of individuals
subject to DR. More specifically, we predict that the magnitude of
DR-elicited reduction of MR should be larger in individuals having
higher initial MR. Conversely, the effect of DR on individuals
characterized by low MR should be smaller.
It is unclear, however, which measure of MR is most relevant to
DR. Many studies have adopted basal MR (BMR) or resting MR
as a measure of energy expenditure (e.g. Faulks et al., 2006;
Ferguson et al., 2007; Sohal et al., 2009). This seems well justified,
as BMR may represent a significant part of an animal’s total energy
expenditure (e.g. Speakman, 1999; Speakman et al., 2003), and is
significantly related to lifespan and mortality (Speakman et al., 2004;
Ruggiero et al., 2008). In contrast, both DR and ageing may
independently reduce the metabolic processes underlying
thermogenic and exercise capacity (Keys et al., 1950; Weiss et al.,
2007), which may be the most significant drawback of DR treatment
from both evolutionary and medical points of view. For this reason,
here we studied both BMR and peak MR (PMR) elicited by
swimming, which we adopted as a metabolic measure of animal’s
physical fitness.
From a methodological perspective, a strong test of the effect of
DR on MR should be provided by an artificial selection experiment,
which allows for manipulation of allele frequencies directly related
to the expected outcomes of DR treatment (for a review, see Garland
and Rose, 2009). Here, we report the results of an experiment in
which we used two line types of laboratory mice divergently selected
for BMR (Książek et al., 2004; Brzęk et al., 2007; Gębczynski and
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Konarzewski, 2009a; Gębczynski and Konarzewski, 2009b). There
are two reasons why these line types of mice are good models for
studying DR. First, apart from a 30% difference in BMR, they differ
distinctly with respect to daily food consumption [higher in mice
with high BMR (H-BMR) (Książek et al., 2004)], PMR [higher in
mice with low BMR (L-BMR) (Książek et al., 2004)], and the
relative sizes of the small intestine, liver, kidneys and heart [larger
in H-BMR mice (Książek et al., 2004)]. Second, our mouse line
types also differ with respect to the proportion of unsaturated fatty
acids (FAs) in cell membrane phospholipids [higher in L-BMR mice
(Brzęk et al., 2007)], which are particularly prone to oxidative stress
(Hulbert, 2005).
In our experiment, we analyzed the effects of long-term (6month),
30% DR in mice from both selected line types differing with respect
to initial levels of BMR. We expected that mice from the H-BMR
line type should be more likely to show DR-induced decreases in
both total and body mass (Mb)-corrected BMR. More specifically,
we asked whether long-term DR affects between-line-type
differences in BMR through: (1) reduction in the size of
metabolically active internal organs (such as the liver and heart) or
other body components (such as fat stores), and/or (2) reduction in
mass-corrected MR and changes in related traits, such as
composition of FA in cell membrane phospholipids. Furthermore,
we ascertained the effects of long-term DR on exercise and
thermogenic capacity by measuring PMR and hypothermia elicited
by 5min swimming in water at 25°C (Tswim), and compared these
effects with line-type-specific changes in BMR. Finally, to relate
whole-body metabolic responses to the molecular level, we
quantified the effect of DR on the anti-oxidative capacity of blood
serum (an index of total antioxidant capacity) and the FA
composition of cell membrane phospholipids in the liver and kidney
(an index of susceptibility to oxidative stress).
MATERIALS AND METHODS
Animals and housing

Subjects in our experiment were Swiss-Webster mice (Mus musculus
Linnaeus 1758) selectively bred towards high and low Mb-corrected
BMR as described in detail elsewhere (Książek et al., 2004; Brzęk
et al., 2007; Gębczynski and Konarzewski, 2009a; Gębczynski and
Konarzewski, 2009b). Briefly, the BMR of 12–16-week-old mice
was measured for 3h in an open-circuit respirometry system at an
ambient temperature of 32°C. Males and females characterized by
the highest and lowest mass-corrected BMR were chosen as
progenitors of the H-BMR and L-BMR selection lines, respectively.
A similar procedure was repeated in subsequent offspring
generations, yielding significant differentiation of the lines with
respect to BMR, without simultaneous changes in Mb. Although
both line types came from an unreplicated selection experiment,
between-line-type differences in BMR and several other traits are
large enough to claim that they represent a genuine change in
frequencies of alleles directly related to BMR rather than genetic
drift (Książek et al., 2004; Brzęk et al., 2007; Gębczynski and
Konarzewski, 2009a). Throughout the course of the selection
experiment, mice were maintained in a climatic chamber at an
ambient temperature of 23°C under a 12h:12h light:dark cycle. The
same conditions were also applied during the present experiment.
All experimental procedures were approved by the Local Ethical
Committee in Bialystok (permission 2003/34).
Experimental design and sequence of measurements

Our experiment was carried out on males of generation F24. BMR
was measured at the age of 4–5months (for details, see Książek et

al., 2004). After BMR measurement was completed, we measured
the food intake of all mice (see below for methods) and then
randomly assigned half of the mice within each of the selected lines
to one of two feeding regimens: (1) unlimited access to food [ad
libitum (AL) regimen], or (2) every 2days mice were fed a precise
amount of food equal to 70% of their individually measured, 2day
ad libitum food consumption (DR). This design created four
experimental groups (34 individuals each): (1) H-BMR mice fed
AL, mean (±s.e.m.) 2day food consumption 12.44±0.18g; (2) HBMR mice fed DR, offered 8.74±0.19g every 2days; (3) L-BMR
mice fed AL, mean 2day food consumption 10.69±0.18g; and (4)
L-BMR mice fed DR, offered 7.33±0.18g every 2days. All mice
were housed individually and had unlimited access to water.
The described feeding experiment began when mice were
6months old and lasted for 6months. Upon completion of the
trial, the 12-month-old mice were subjected to a second BMR
measurement. Next, all individuals were subjected to
measurements of PMR elicited by forced swimming in 25°C
water. PMR was defined as the highest oxygen consumption
averaged over 2min of a 5min swim [for a detailed description
of this procedure, see Gębczynski and Konarzewski (Gębczynski
and Konarzewski, 2009b)]. Colonic temperature was measured
to the nearest 0.1°C with a thermocouple thermometer (BAT-12,
Physitemp Instruments, Clifton, NJ, USA), immediately before
(hereafter referred to as pre-swim core body temperature, T) and
after measurement of PMR. The difference between pre- and posttrial core temperatures was taken as the magnitude of Tswim. All
mice were then killed by cervical dislocation, and their
metabolically active organs (liver, kidney, heart and small
intestine) were excised and weighed. Liver and kidneys were
immediately frozen in liquid nitrogen for later analyses of
composition of membrane lipids. The remaining carcasses were
stored at –20°C for body fat measurements.
Measurement of food intake

For measurements of food intake, mice were housed individually
in cages equipped with plastic grids. Each mouse was fed a standard
laboratory chow diet (Labofeed B, Wytwórnia Pasz A. Morawski,
Kcynia, Poland; dietary proximate analysis was as follows: protein
174gkg–1, fat 32gkg–1, starch 290gkg–1, fiber 70gkg–1, ash
60gkg–1, metabolizable energy content 12.5MJkg–1). Food remains
(orts) dropping to the bottom of the cage were separated from feces,
dried in an oven at 65°C, and weighed to the nearest 0.01g. Average
food intake was calculated individually for each mouse during two
consecutive 2-day-long trials as the mass of food disappearing from
the food dispenser minus orts. Plastic grids were removed from cages
after completion of this trial.
Body fat measurement

The thawed carcasses were dried at 65°C to a constant mass,
homogenized with an electric mill, and fat was extracted from
homogenates with petroleum ether in a Soxhlet extractor. The
residues were then re-dried, and the fat content was calculated as
the mass lost during extraction (Sawicka-Kapusta, 1975).
FA composition

Liver and kidney samples were pulverized in an aluminum mortar
with a stainless steel pestle pre-cooled in liquid nitrogen. The powder
was then transferred to clean glass tubes containing methanol at a
temperature of –20°C. Butylated hydroxytoluene (Sigma-Aldrich,
St Louis, MO, USA) was added, as an antioxidant, to methanol at
a dose of 30mg100ml–1. Lipids were extracted by the method of
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Analysis of antioxidative capacity of blood serum

Body mass (g)

37

We quantified the total antioxidative capacity of blood serum with
a Cayman Chemical Antioxidant Assay Kit (no. 709001, Ann Arbor,
MI, USA). This assay quantifies the overall ability of antioxidants
in blood serum to inhibit the oxidation of 2,2⬘-azino-di-[3ethylbenzthiazoline sulphonate] (ABTS) by metmyoglobin. Blood
samples of all mice were collected immediately after the animals
were killed. Blood samples were centrifuged and blood serum was
stored at –20°C and subsequently assayed according to the kit
manual.
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Fig.1. Changes in body mass of mice in four experimental groups during
the course of the present experiment. H-AL, high-basal metabolic rate
(BMR) mice fed ad libitum; H-DR, high-BMR mice subject to DR; L-AL, lowBMR mice fed ad libitum; L-DR, low-BMR mice subject to DR. On this and
subsequent graphs, means [or least-square (LS) means when indicated] ±
s.e.m. are shown.

Statistical analyses

Results of anatomic and metabolic measurements in 12-month-old
mice were analyzed by means of ANOVA or analysis of covariance
(ANCOVA), with line type and feeding regimen as fixed factors,
and family affiliation nested within line type as a random factor
controlling for the effect of animals’ relatedness (number of families:
L-AL, 12; H-AL, 13; L-DR, 18; H-DR, 13). We analyzed data in
two ways: (1) without Mb as covariate – here, we tested for changes
in total values of measured parameters; and (2) with Mb or mass of
body organs as covariates – here, we analyzed for changes in masscorrected values. Different covariates were applied for particular
traits (as listed in the Results). For most traits measured in 12-monthold mice, lean Mb (Mlean, i.e. total mass minus the mass of fat and
digestive tract content) was used as a covariate. In separate analyses,
BMR measured at that age was also corrected for the summed mass
of metabolically active internal organs (liver, kidney, heart and small
intestines), or for the mass of remaining body carcass (i.e. Mlean
minus mass of these internal organs).
We applied repeated-measures ANOVA to compare Mb at 6 and
12months of age (i.e. at the beginning and at the end of experiment).
We did not analyze Mb during the whole course of experiment
because of the non-linearity of changes in Mb with time (see Fig.1).
FA composition in 12-month-old mice was analyzed by means of
ANOVA with line type and feeding regimen as fixed factors, family
affiliation nested within line type as a random factor and the
respective interaction terms.
Differences were considered significant at P<0.05. In all analyses,
factors other than line type and feeding regimen were included in
the final model only when their P-values were <0.05. Whenever
significant interactions between line type and feeding regimen were
detected, we tested for inter-group differences by means of a Tukey’s
test (separate ANOVA/ANCOVA analyses within each of the fixed
effects produced the same results). All tests were carried out using
the GLM procedure in SAS 9.1.3 (SAS Institute, Cary, NC, USA).

Folch et al. (Folch et al., 1957). To isolate phospholipids, the samples
were fractionated on silica plates (Kieselgel 60, 0.22mm, Merck,
Darmstadt, Germany) using chloroform-methanol-acetic acid-water
(50:37.5:3.5:2, v/v/v/v) as the developing solvent. Lipid bands were
visualized under UV light after spraying with a 0.5% solution of
3⬘,7⬘-dichlorofluorescein in absolute methanol. The gel bands
corresponding to phospholipids were scraped off of the plate and
transferred into screw tubes containing methylpentadecanoic acid
(Sigma-Aldrich) as an internal standard. FAs were then
transmethylated along with the gel in the presence of 1ml of 14%
boron fluoride in methanol at 100°C for 90min. The resulting methyl
esters were extracted with hexane and analyzed by gas-liquid
chromatography. A Hewlett-Packard 5890 Series II gas
chromatograph with a double flame ionization detector and a fused
HP-INNOWax (100m) capillary column were used (HewlettPackard, Palo Alto, CA, USA). The injector and detector
temperatures were both set at 250°C. The oven temperature was
increased linearly from 160 to 230°C at rate of 5°Cmin–1. Individual
FA methyl esters were quantified using the area corresponding to
the internal standards. FA standards were purchased from SigmaAldrich.
We expressed relative molar amounts of the most common FAs
as their relative percentage of all FA chains. We also calculated the
relative abundance of saturated (SFA; no double bonds),
monounsaturated (MUFA; one double bond) and polyunsaturated
(PUFA; at least two double bonds) FAs, the unsaturation index (UI;
the average number of double bonds per 100 FA chains) and the
average length of FA chains.

Table1. Summary of repeated-measures ANOVA on body mass of mice (Mus musculus) from both ad libitum (AL) and dietary restriction
(DR) feeding regimens and from each feeding regimen separately
AL and DR feeding regimen

Feeding regimen
Line type
Feeding regimen ⫻ line type
Family affiliation
Time
Time ⫻ feeding regimen
Time ⫻ line type
Time ⫻ line type ⫻ feeding regimen
Time ⫻ family affiliation

F

d.f.

P

47.27
0.06
7.72
2.83
201.36
85.41
2.04
7.75
1.22

1,49
1,49
1,49
40,49
1,49
1,49
1,49
1,49
40,49

<0.0001
0.80
0.0077
0.0003
<0.0001
<0.0001
0.16
0.0076
0.25

AL feeding regimen

DR feeding regimen

F

d.f.

P

F

d.f.

P

3.40

1,17

0.083

5.89

1,46

0.019

2.77
11.56

26,17
1,17

0.016
0.0034

n.s.
416.22

n.s.
1,46

n.s.
<0.0001

8.51

1,17

0.0096

0.26

1,46

0.61

1.34

26,17

0.27

n.s.

n.s.

n.s.

n.s. not significant.
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Table2. Summary of ANOVA/ANCOVA for total (whole body) and lean body mass (Mlean)-corrected mass of internal organs of mice
Feeding regimen

Total mass
Fatb
Liver
Kidneys
Heart
Intestine
Mlean-corrected mass
Fatc
Liver
Kidneys
Heart
Intestine

Line type

Mleana

Family affiliation

F

d.f.

P

F

d.f.

P

F

d.f.

P

30.87
38.37
44.27
91.27
0.00

1,83
1,84
1,46
1,46
1,46

<0.0001
<0.0001
<0.0001
<0.0001
0.98

29.36
11.66
29.86
18.24
28.61

1,83
1,84
1,46
1,46
1,46

<0.0001
0.001
<0.0001
<0.0001
<0.0001

n.s.
n.s.
1.95
2.99
2.12

n.s.
n.s.
38,46
38,46
38,46

n.s.
n.s.
0.016
0.0002
0.0077

1.01
3.49
1.23
18.66
0.80

1,82
1,83
1,45
1,45
1,45

0.32
0.065
0.27
<0.0001
0.37

60.06
20.21
49.04
19.75
28.92

1,82
1,83
1,45
1,45
1,45

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

n.s.
n.s.
1.75
2.95
2.14

n.s.
n.s.
38,45
38,45
38,45

n.s.
n.s.
0.037
0.0003
0.0074

F

d.f.

P

72.86
81.52
42.78
13.51
1.33

1,82
1,83
1,45
1,45
1,45

<0.0001
<0.0001
<0.0001
0.0006
0.26

a

Mass of analyzed organ was subtracted from Mlean.
Interaction between feeding regimen and line type: F1,8316.22, P0.0001.
c
Interaction between feeding regimen and line type: F1,826.52, P0.012.
Interaction between feeding regimen and line type was never significant for internal organs. Mlean was not significant as a covariate for intestine mass, but we
present this analysis for comparison with other organs.
b

Effect of experimental treatment on BMR

The effects of feeding regimen and line type on the final level of
BMR (measured at the completion of the experiment, in 12-monthold mice) depended on how we corrected BMR for the effect of
body or organ masses. There was a significant interaction between
line type and feeding regimen for Mlean-corrected and lean-carcasscorrected BMR (Table3, Fig.4B,C). A Tukey’s test revealed that
DR reduced Mlean-corrected BMR in H-BMR (P0.0068) but not

Effect of experimental treatment on PMR and T

The effect of feeding regimen on total PMR was line-typedependent, as indicated by strong line type ⫻ feeding regimen
interaction (Table4, Fig.5A). A Tukey’s test showed that DR
significantly reduced total PMR in mice of both line types (P<0.0001
in both cases). However, within AL mice, L-BMR individuals had
significantly higher PMR than H-BMR individuals (P0.0006),
whereas the between-line-type difference was not significant within
DR mice (P0.96). This indicates that total PMR decreased more
in the L-BMR than the H-BMR line type. However, the line type
⫻ feeding regimen interaction became non-significant when PMR

Total fat mass (g)

DR resulted in a reduction of Mb in DR mice (Fig.1). However, the
effect of feeding regimen was line-type-dependent, as indicated by
significant three-way interaction between line type, feeding regimen
and the time course of the experiment (Table1). Separate repeatedmeasures ANOVAs within each of the feeding regimens suggest
that this interaction reflected line-type-specific changes of Mb in
AL-fed mice (significant interaction between line type and the time
course within this feeding regimen; Table1), whereas DR affected
Mb similarly in mice from both line types (no significant interaction
between line type and the time course in DR feeding regimen;
Table1).
A significant feeding regimen ⫻ line type interaction revealed
that the effect of DR on total and Mlean-corrected fat mass was also
line-type-dependent (Table2, Fig.2A,B). A Tukey’s test revealed
that DR significantly reduced total fat mass in the L-BMR
(P<0.0001) but not the H-BMR line type (P0.72; Fig.2A).
However, when corrected for Mlean, DR-elicited changes of fat mass
were not significant within either of the line types (P>0.1 in both
cases; significant interaction reflected the opposite directions of nonsignificant trends; Fig.2B), which indicates that reduction of total
fat mass was strictly proportional to changes in Mlean.
H-BMR mice retained significantly larger total and Mleancorrected masses of all internal organs (Table2, Fig.3). DR
significantly reduced total masses of the liver, kidneys and heart
but not the small intestine; when corrected for Mlean, the effect of
DR remained significant only for the heart mass (Table2, Fig.3F).
The lack of significant interactions between line type and feeding
regimen in these analyses revealed that the effect of DR on organ
mass was similar in both line types.

in L-BMR mice (P1; Fig.4B). We obtained similar results when
BMR was corrected for lean carcass mass (H-BMR line type:
P0.0042; L-BMR line type: P0.98; Fig.4C). In contrast, there
was no significant DR ⫻ line type interaction when BMR was
corrected for the summed mass of all four metabolically active
organs studied here (Table3, Fig.4D).

4.4

A

3.4
2.4
1.4

Mlean-corrected fat mass (g)

RESULTS
Effect of feeding regimen on Mb, fat content and mass of
internal organs

3.0

H-AL

H-DR

L-AL

L-DR

H-AL

H-DR

L-AL

L-DR

B

2.5
2.0

Fig.2. Total (A) and lean body mass (Mlean)-corrected (B; LS means) fat
mass of mice in four experimental groups after completion of the present
experiment. For further details see Fig.1.
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C
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0.35
H-AL H-DR
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0.19

Mlean-corrected mass (g)

0.45
Total mass (g)

H-AL H-DR
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H-AL H-DR
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L-DR

H-AL H-DR

L-AL

L-DR

Fig.3. Total (left column) and
Mlean-corrected (right column; LS
means) masses of the liver
(A,B), kidney (C,D), heart (E,F)
and small intestine (G,H) of mice
in four experimental groups after
completion of the present
experiment. For further details
see Fig.1.
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0.48
0.43
0.21

F

0.19

0.17
0.17
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0.15
H-AL H-DR

2.3
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L-DR
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1.9

1.9

1.7

1.7

1.5

H

1.5
H-AL H-DR

L-AL
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was controlled for Mlean (Table4, Fig.5B), which suggests that DRelicited reduction in PMR largely reflects a reduction in Mb, rather
than in mass-corrected MR.
DR significantly reduced T in mice of both line types (Table4,
Fig.5C). Interestingly, DR reduced body temperature similarly in
both line types (Fig.5C), despite significant differences in BMR.
This inconsistency of DR-mediated changes in BMR and T
corresponds with the lack of differences in T of H-AL and L-AL
mice, despite their conspicuously different Mlean-corrected BMRs
(Fig.4, Fig.5C).
The effect of DR on Tswim was much stronger in L-BMR than
H-BMR mice (Table4, Fig.5D): DR significantly increased Tswim
in L-BMR but not in H-BMR mice (Tukey’s test; P>0.0001 and
P1, respectively). However, although the interaction between line
type and feeding regimen remained significant when Tswim was
corrected for Mlean (Table4), the effect of DR was no longer
significant for either line type (P>0.1 in both cases; Fig.5E). Thus,
the interaction most likely reflected opposite, non-significant effects
of DR within each of the line types.
Antioxidative capacity of blood serum

Neither feeding regimen (F1,791.05, P0.31) nor line type
(F1,791.93, P0.17) had significant effects on the antioxidant
capacity of blood serum (feeding regimen ⫻ line type interaction
was non-significant; data not shown).

H-AL H-DR

L-AL

L-DR

FA composition of cell membrane phospholipids

DR significantly modified FA composition of membrane
phospholipids in liver and kidneys (Table5, supplementary material
TablesS1, S2). In general, DR elevated the content of MUFA at the
expense of SFA (only in the liver) and PUFA. As a result, DR
significantly reduced UI (Table5). DR affected the FA profiles of
cell membranes similarly in mice from both selected line types, as
shown by an almost complete lack of significant interactions between
line type and feeding regimen for analyzed parameters (Table5,
supplementary material TablesS1, S2). Line type had little effect on
cell membrane phospholipids, except for higher DHA (22:6) content
in the livers of L-BMR mice (supplementary material TableS1).
DISCUSSION

DR elicited a significant reduction of both total BMR (Fig.4A) and
total PMR (Fig.5A). However, because the effect of DR on total
Mb, fat mass and Mlean depended on the effect of line type (Figs1,
2), all other results had to be corrected for Mb or Mlean to analyze
how DR affected mice from both line types. Our findings suggest
that the effect of DR frequently depended on the initial betweenline-type differences in the studied traits.
Effect of experimental treatment on BMR

Mice used in our study came from line types divergently selected
for BMR measured at the age of 3–5months (Książek et al., 2004).
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Table3. Summary of ANOVA/ANCOVA of total (whole body), Mlean-, lean-carcass-mass- and organ-mass-corrected basal metabolic rate
measured at the completion of the experiment in 12-month-old mice
Feeding regimen

Total
Mlean-corrected
Lean-carcass-mass-corrected
Organ-mass-corrected

Feeding regimen
⫻ line type

Line type

Covariate

F

d.f.

P

F

d.f.

P

F

d.f.

P

F

d.f.

P

18.66
4.72
7.05
5.48

1,84
1,82
1,82
1,83

<0.0001
0.033
0.0095
0.022

42.91
73.45
77.20
10.13

1,84
1,82
1,82
1,83

<0.0001
<0.0001
<0.0001
0.0021

n.s.
5.25
4.17
n.s.

n.s.
1,82
1,82
n.s.

n.s.
0.025
0.044
n.s.

50.94
36.99
37.21

1,82
1,82
1,83

<0.0001
<0.0001
<0.0001

The effect of family affiliation was never significant, and is thus not presented here.

A

Mlean-corrected
BMR (ml O2 h–1)

60
55
50
45
40

H-AL H-DR

58

L-AL

C

54
50
46
42
H-AL H-DR

L-AL

L-DR

58

membrane phospholipids is considered a hallmark for low rate of
metabolic processes (Hulbert, 2007; but see Brzęk et al., 2007), and
may suggest that DR not only reduced the size of internal organs but
also downregulated their mass-corrected metabolism. This is indirectly
supported by significant DR-elicited reduction of BMR corrected for
the summed mass of internal organs (Table3, Fig.4D). However,
because the magnitude of UI reduction was similar in both line types
(Table5), we conclude that the reduction in mass-corrected MR was
not affected by a between-line-type difference in BMR.
Our experimental mice came from non-replicated selection
(Książek et al., 2004). Nevertheless, we have repeatedly shown that
differences between H-BMR and L-BMR line types in BMR, size
of internal organs and composition of cell membrane FAs arose as
a result of selection rather than genetic drift (Książek et al., 2004;
Brzęk et al., 2007). This consistency allows us to assume that the
responses to DR reported in the present study also indirectly resulted
from the selection on BMR, rather than random fluctuations of
phenotypes driven by genetic drift. However, it must be kept in mind
that responses to DR reported therein might be specific to the genetic
make-up of our selected mice and therefore cannot be considered as
universal [particularly because of significant between-strain variation
in response to DR in mice (e.g. Rikke et al., 2003; Liao et al., 2010)].
In any case, our study suggests that inconsistent results of earlier
studies on associations between metabolism and long-term DR may
stem from between-study differences in the initial level of MR. For
example, although some authors have reported that DR does not affect
or even elevates mass-corrected MR (e.g. McCarter et al., 1985;
Selman et al., 2005; Faulks et al., 2006; Hempenstall et al., 2010),
others found a significant reduction in the metabolism of DR-treated
mice (Ferguson et al., 2007; Sohal et al., 2009). Likewise, some

B

54
50
46
42

L-DR
Organ-mass-corrected
BMR (ml O2 h–1)

Lean-carcass-masscorrected BMR (ml O2 h–1)

Total BMR (ml O2 h–1)

Here, we demonstrated that between-line-type differences in Mbcorrected BMR and organ masses observed at that age (Książek et
al., 2004; Brzęk et al., 2007) are preserved after 6months of DR
(Figs3, 4). However, DR reduced Mlean-corrected BMR only in mice
from the H-BMR line type, and had no significant effect on mice
from the L-BMR line type (Fig.4B).
The DR-induced changes in MR may be due to concurrent
reduction in the mass of metabolically active internal organs, fat and/or
the proportion of remaining body components (carcasses), or in their
mass-corrected MR. BMR mainly reflects the metabolic costs of
maintenance of internal organs related to food processing, such as
the liver, kidney and heart (Konarzewski and Diamond, 1995).
Following DR treatment, these organs became smaller in mice of both
line types (Fig.3), which was reflected in the observed reduction of
total BMR (Fig.4A). In contrast, however, DR did not affect Mleancorrected organ masses, except for the heart (Table2), which suggests
that organ mass reduction was proportional to Mlean reduction. Thus,
organ downsizing had a weak effect on Mb-corrected BMR. Indeed,
the interaction between line type and feeding regimen disappeared
when BMR was corrected for summed mass of internal organs
(Table3, Fig.4D). All of these results suggest that the observed DRelicited changes in Mlean-corrected BMR (Fig.4B) are due to linetype-specific changes in fat and carcass mass, rather than organ mass.
This is supported by the significant interaction between line type and
feeding regimen in the analysis of BMR corrected for carcass mass
(i.e. Mb without fat and internal organs; Fig.4C). Likewise, Faulks
et al. (Faulks et al., 2006) reported a stronger effect of DR on mice’s
relative size of skin than that of liver, heart or kidneys.
DR resulted in a significant reduction of the UI in cell membrane
phospholipids of the liver and kidneys (Table5). Low UI of cell

57

H-AL H-DR

L-AL

L-DR

H-AL H-DR

L-AL

L-DR

D

54
51
48
45
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Fig.4. Total (A), Mlean-corrected
(B), lean-carcass-masscorrected (C) and organ-masscorrected (D) BMR measured in
mice during the present
experiment (panel A shows
means, panels B–D show LS
means). For further details, see
Fig.1.
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Table4. Summary of ANOVA/ANCOVA of total (whole body) and Mlean-corrected peak metabolic rate (PMR), pre-swim core body
temperature (T) and post-swim hypothermia (Tswim)
Feeding regimen

Total
PMRa
T
Tswim
Mlean-corrected
PMRb
Tswim

Feeding regimen ⫻ line type

Line type

F

d.f.

P

F

d.f.

P

F

d.f.

P

140.34
13.05
13.18

1,44
1,84
1,82

<0.0001
0.0005
0.0005

9.15
0.48
33.17

1,44
1,84
1,82

0.0041
0.49
<0.0001

12.43
n.s.
13.00

1,44
n.s.
1,82

0.001
n.s.
0.0005

34.53
1.00

1,41
1,81

<0.0001
0.32

8.00
39.79

1,41
1,81

0.0072
<0.0001

n.s.
6.67

n.s.
1,81

n.s.
0.012

Mlean
F

d.f.

P

15.54
12.45

1,41
1,81

0.0003
0.0007

Mlean was not significant as covariate for T.
a
Effect of family affiliation: F37,443.15, P0.0002.
b
Effect of family affiliation: F37,412.05, P0.013; effect of channel in respirometer: F3,413.57, P0.022.

A

Mlean-corrected
PMR (ml O2 h–1)

275
250
225
200

L-AL

C

38.0
37.5
37.0
36.5

–7

B

250
225
200

L-DR

H-AL H-DR

L-AL

L-DR

H-AL H-DR

L-AL

L-DR

Post-swim hypothermia
(°C)

H-AL H-DR

38.5

275

Effect of experimental treatment on PMR

At the age of 3–5months, AL-fed mice from the L-BMR line type
have higher PMR than those from the H-BMR line type (Książek
et al., 2004) and this difference was preserved over the course of
our 6-month-long experiment (Table4, Fig.5A,B). However, the
PMR of mice subjected to DR was significantly reduced, with a
much stronger effect on L-BMR than H-BMR mice (Fig.5A,B),
which was analogous to a larger DR-elicited reduction of BMR
in the H-BMR mice. This important observation deserves two
comments. First, just like in the case of BMR, changes in PMR
elicited by DR seem to be proportional to its initial level, which
highlights the importance of variation in the level of metabolic
traits of individuals in studies on DR and ageing. Second, changes
in body components and composition, discussed above in the
context of BMR variation, clearly do not correspond with the
magnitude of between-line-type differences in DR-induced

175

175

Mlean-corrected post-swim
hypothermia (°C)

Body temperature (°C)

Total PMR (ml O2 h–1)

studies reported a significant decrease of BMR with age (e.g.
Speakman et al., 2003; Ruggiero et al., 2008; Moe et al., 2009),
whereas others found no BMR change (e.g. O’Connor et al., 2002;
Chappell et al., 2003; Moe et al., 2007). None of these studies
considered the initial level of MR, which, as we have shown here,
can significantly affect the responses to DR and age-related changes
(i.e. the effect of time course in our experiment). This concurs with
a study by Speakman et al. (Speakman et al., 2004), which showed
that a 17% difference in initial RMR in mice (i.e. two times lower
than in our experiment) resulted in a 36% difference in their lifespan.
Similarly, Ruggiero et al. (Ruggiero et al., 2008) demonstrated that
variation in BMR is correlated with mortality risk in humans. Thus,
we suggest that metabolic responses to DR are more likely to be
found in populations with a high initial variation in MR, where at
least some individuals can manifest significant DR-related changes
in the studied parameters.

–6

H-AL H-DR

L-AL

L-DR

H-AL

L-AL

L-DR

D

–7
–8
–9
–10
H-DR

E

–8
–9

–10

THE JOURNAL OF EXPERIMENTAL BIOLOGY

Fig.5. Total peak metabolic rate
(PMR) (A), Mlean-corrected PMR
(B; LS means), core body
temperature (C), post-swim
hypothermia (D) and Mleancorrected post-swim
hypothermia (E; LS means) of
mice in four experimental
groups after completion of the
present experiment. For further
details, see Fig.1.
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Table5. Composition of total cell membrane phospholipids from liver and kidney in mice from four experimental groups and summary of
ANOVA results
Experimental group

Liver
SFA
MUFA
PUFA
UI
Length
Kidney
SFA
MUFA
PUFA
UI
Length

Feeding regimen

Line type

H-AL

H-DR

L-AL

L-DR

F

P

F

P

48.1±0.3
11.4±0.4
40.5±0.3
160.2±1.1
18.0±0.1

46.6±0.3
15.3±0.3
38.1±0.3
153.9±1.1
17.9±0.1

48.2±0.3
10.8±0.4
40.9±0.3
161.5±1.1
18.0±0.1

46.0±0.3
15.7±0.3
38.2±0.3
156.7±1.0
17.9±0.1

35.67
164
58.07
24.95
36.79

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

0.47
0.01
0.59
3.64
0.79

0.5
0.9
0.44
0.06
0.38

47.5±0.5
8.4±0.2
44.1±0.4
189.1±2.1
18.5±0.1

48.3±0.4
10.2±0.2
41.6±0.4
175.3±2.1
18.3±0.1

46.9±0.5
8.2±0.2
44.9±0.4
195.4±2.1
18.5±0.1

47.7±0.4
10.6±0.2
41.8±0.4
176.5±1.9
18.3±0.1

2.76
112
52.2
64.7
79.4

0.1
<0.0001
<0.0001
<0.0001
<0.0001

1.68
0.24
1.53
2.99
3.16

0.2
0.63
0.22
0.088
0.079

H-AL, high-basal metabolic rate (BMR) mice fed ad libitum; H-DR, high-BMR mice subject to dietary restriction (DR); L-AL, low-BMR mice fed ad libitum; L-DR,
low-BMR mice subject to DR.
Data are means ± s.e.m. Units for saturated fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA) are percentage of
total FA; units for unsaturation index (UI) are the average number of double bonds per 100 FA chains; units for length are the average number of carbon
atoms in the FA chain.
d.f.1,84 for liver and 1,83 for kidney.

reduction of BMR and PMR. This indicates that both BMR and
PMR are largely underlined by different metabolic pathways, and
that they are independently affected by DR treatment (see also
Rikke and Johnson, 2007).
Indeed, except for the heart, changes in the masses of other
metabolically active internal organs are likely to contribute to
changes in BMR, rather than PMR (Książek et al., 2004; Gębczynski
and Konarzewski, 2011). We showed earlier that swim-elicited PMR
involves not only an increased MR due to locomotor activity, but
also a significant component of thermogenic capacity related to a
higher mass of brown adipose tissue in L-BMR mice (Książek et
al., 2004; Gębczynski, 2008). There are two lines of evidence that
suggest that reduction of thermogenic capacity is associated with
the DR-elicited changes of PMR. First, DR caused a significant
decrease of T measured prior to swimming (Table4, Fig.5C).
Second, the effect of DR on Tswim was stronger in L-BMR than
H-BMR mice (Table4, Fig.5D; although this can be partly explained
by differences in body mass, Fig.5E); this pattern was also found
in PMR (Fig.5A,B). Taken together, our results indicate that DR
reduced thermogenic capacity, but only in L-BMR mice that had a
higher initial level of this parameter than H-BMR mice.
Effect of DR on susceptibility to oxidative stress

Although a higher level of BMR may be associated with more
effective antioxidative protection (e.g. Speakman et al., 2002), we
did not find a significant effect of either line type or DR on
antioxidative capacity of blood serum. The lack of a beneficial effect
of DR on antioxidative mechanisms has been reported in many other
studies (see Masoro, 2002; Masoro, 2005). However, DR
presumably increases the resistance to oxidative stress through
decreased UI in cell membrane lipids (Merry, 2002; Hulbert, 2005;
Hulbert et al., 2007). In our experiment, DR reduced the UI of mice
from both line types by 3–4% in liver and 7–10% in kidneys
(Table5). These values are comparable to those reported by Faulks
et al. (Faulks et al., 2006) for mice subjected to identical DR
regimens, and are probably sufficient to exert a beneficial effect on
lifespan (Hulbert et al., 2006). However, our results provide no
support for the association between variation in MR and mechanisms
underlying protection against oxidative stress (antioxidant capacity

of blood serum or DR-mediated changes in susceptibility of cell
membranes for oxidative stress).
Conclusions

To the best of our knowledge, this study offers the first experimental
analysis of the link between DR-induced changes in BMR and PMR,
and differences in their initial levels within a given pool of studied
animals. We found that long-term DR had a stronger effect on BMR,
PMR and thermogenic capacity in animals characterized by their
higher initial levels. These results have three important implications
for studies of the effect of DR on metabolism and ageing. First,
they suggest that the initial level of BMR can affect how DR
modulates lifespan. Second, initial differences in MR can
significantly affect the responses to DR and should be controlled
for, because they can confound the interpretation of results. Third,
even within a given set of experimental animals, DR can affect
different measures of metabolism in different ways (e.g. BMR and
PMR in our case), and thus the choice of studied metabolic traits
may affect the final conclusions of the experiment.
LIST OF SYMBOLS AND ABBREVIATIONS
BMR
DR
FA
H-BMR, L-BMR
Mb
Mlean
MR
MUFA
PMR
PUFA
SFA
T
UI
Tswim

basal metabolic rate
dietary restriction
fatty acid
mice selected for high and low BMR, respectively
body mass
lean body mass
metabolic rate
monounsaturated fatty acid
peak metabolic rate
polyunsaturated fatty acid
saturated fatty acid
pre-swim core body temperature
unsaturation index
post-swim hypothermia
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