








presentation, these normalized values are expressed relative to mean
control values (arbitrarily set at 1.0).

Statistics. Statistical analyses were performed using SPSS 11.0
software. Analysis of covariance (ANCOVA) models were used for
each dependent variable. Body mass was always included as a
covariate, except when it had been accounted for in the dependent
variable, or when examining raw ventricular masses independent of
body mass. Analyses of FAT/CD36 and H-FABP protein, maximal
enzyme activity, and mRNA content were also performed without
body mass as a covariate (21, 22), and this did not alter results in most
cases. Age and batch were also tested as covariates and were removed
from the model when they had no significant effects. To account for
individual variation during exercise bouts, the covariate of “relative
exercise intensity” (i.e., V̇O2 relative to individual V̇O2 max) was
included in the ANCOVA models for fuel oxidation rates and pro-
portional contributions to total oxidation.

For analyses in which a significant effect was detected, pairwise
comparisons with a Bonferroni correction were used to compare
mouse phenotypes. For all statistical analyses, tests were two-tailed
and the critical �-level was set at P � 0.05.

RESULTS

In vivo: V̇O2 max and fuel use during exercise. Both lines of
HR mice exhibited a greater V̇O2 max than nonselected control
mice, regardless of whether V̇O2 max was analyzed as a mass-
specific variable, or alternately, as a whole animal value with the
covariate of body mass (P 
 0.05; Fig. 1, Table 2). Moreover, the
mass-specific V̇O2 max of HRmini mice was elevated compared
with HRnormal mice (P 
 0.05; Table 2). However, when V̇O2 max

was analyzed as whole animal values with body mass as a
covariate, the difference between HRmini and HRnormal mice was
not statistically significant. The estimated marginal mean

whole animal V̇O2 max and SE for control, HRmini, and
HRnormal mice were 4.353 � 0.058, 4.933 � 0.059, and
4.794 � 0.057 ml/min, respectively, as evaluated at an
average body mass of 28.1 g (Fig. 1).

During low-intensity exercise (66 � 1% for controls, 64 �
1% for HRmini mice, and 69 � 2% V̇O2 max for HRnormal mice;
overall average 66% V̇O2 max; Table 2), the greater total V̇O2 of
HR mice (Table 2) was primarily supplied by an increased flux
of lipids; HRmini mice exhibited higher absolute rates of lipid
oxidation than control mice, a difference that approached
significance for HRnormal mice as well (P 
 0.05 for HRmini

mice, P � 0.057 for HRnormal mice; Table 2). Although the
concurrent rates of carbohydrate oxidation were not signifi-
cantly different among the three mouse phenotypes (Table 2),
there were no statistically significant differences in the pro-
portional mix of fuels supplying oxidation at 66% V̇O2 max

when fuel oxidation rates were expressed relative to total V̇O2

(Fig. 2A). For all mice, �70% of energy was supplied via the
oxidation of lipids, with the remaining 30% by the oxidation of
carbohydrates (Fig. 2A).

During high-intensity exercise (78 � 1% V̇O2 max for con-
trols, 76 � 1% V̇O2 max for HRmini mice, and 79 � 1% V̇O2 max

for HRnormal mice; overall average 78% V̇O2 max; Table 2), the
absolute lipid and carbohydrate oxidation rates in control mice
were equivalent to those in HR mice (Table 2). At this
increased intensity, carbohydrates contributed more than 40%
toward total oxidation in all mice (Fig. 2B).

Cardiac properties. Relative to body mass, HRmini mice had
significantly larger left ventricles than both control and HRnormal

mice (P � 0.001; Table 3). This was principally due to a reduced
body mass in HRmini mice compared with the other two lines
(P 
 0.05; Table 3); however, a slight enlargement of whole
ventricle mass in HRmini mice approached statistical significance
even without the inclusion of body mass as a covariate (P �
0.096; Table 3). There were no statistical differences in left
ventricle DNA content, whether expressed per gram wet mass or
per whole ventricle (Table 3).

In addition to physical changes, both lines of HR mice
exhibited some degree of cardiac metabolic remodeling com-
pared with control mice, as indicated by increased maximal
HK activity concurrent to reduced maximal CPT II activity
(P 
 0.05; Fig. 3). However, there were no statistically
significant differences in the mRNA content of PPAR�,
MCAD, CPT-1�, or CPT-1� in either the right or left ventricles
of HRmini, HRnormal, or control mice (Table 4).

Skeletal muscle FAT/CD36 and H-FABP. The skeletal mus-
cle of nonexercised HRmini mice was characterized by a mark-

Table 1. Primer sequences used for real-time PCR mRNA quantification

Gene Forward Primer (5=-3’) Reverse Primer (5=-3’)

Cpt-1�* AAACCCACCAGGCTACAGTG TCCTTGTAATGTGCGAGCTG
Cpt-1�* CCCATGTGCTCCTACCAGAT CCTTGAAGAAGCGACCTTTG
FAT/CD36 CAACTGGTGGATGGTTTCCT GCAGAATCAAGGGAGAGCAC
MCAD* TCGGAGGCTATGGATTCAAC TCAATGTGCTCACGAGCTATG
PGC-1� ATGTGTCGCCTTCTTGCTCT ATCTACTGCCTGGGGACCTT
PPAR�* TCATACATGACATGGAGACCTTG ACTGGCAGCAGTGGAAGAATC
PPAR�/� GGTAGAAGCCATCCAGGACA CCGTCTTCTTTAGCCACTGC
SIRT1† GATACCTTGGAGCAGGTTGC CTCCACGAACAGCTTCACAA
TBP* GGCCTCTCAGAAGCATCACTA GCCAAGCCCTGAGCATAA
18S TGTGGTGTTGAGGAAAGCAG TCCCATCCTTCACATCCTTC

*From Templeman et al. (48). †From Asher et al. (1). See text for definitions of abbreviations.

Fig. 1. Individual whole animal maximal aerobic capacity (V̇O2 max) of control
mice and mice selectively bred high voluntary wheel running (HR) characterized
by small hindlimb muscles (HRmini) and without this phenotype (HRnormal),
presented across the range of body masses (n � 9–10).
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edly enhanced capacity for fatty acid uptake and intracellular
transport. Both FAT/CD36 mRNA levels and FAT/CD36 sar-
colemmal protein content was nearly threefold higher in the
gastrocnemius of HRmini mice than in mice with the normal
muscle phenotype (P 
 0.05; Fig. 4). Additionally, HRmini

mice had nearly double the amount of cytosolic H-FABP
protein (per mg total cytosolic protein) of HRnormal or control
mice in the gastrocnemius (P 
 0.05; Fig. 5).

Skeletal muscle metabolic enzyme activities. The mass-spe-
cific maximal activities of CS, HOAD, and HK were greatly
augmented in the gastrocnemius of HRmini mice compared with
mice with a normal muscle phenotype (P 
 0.05; Fig. 6A). In
fact, because mass-specific enzyme activities nearly double
those of control mice (Fig. 6A), in a gastrocnemius less than
half the mass (P 
 0.05; Table 3), for these enzymes HRmini

mice had equivalent total maximal activities as control mice
when expressed per whole muscle (Fig. 6B). The mass-specific
maximal CPT II activity was not significantly different be-
tween HRmini and control mice, as reflected in the reduced
whole muscle maximal CPT II activity in the mini muscles
(Fig. 6).

Conversely, although HRnormal mice did not have altered mass-
specific enzyme activities compared with control mice, on a
whole muscle basis they exhibited significantly greater maximal
activities of CS, HOAD, CPT II, and HK (P 
 0.05; Fig. 6B).
These differences were also significant with body mass as a
covariate (data not shown). The elevation in total muscle meta-
bolic enzyme activity was likely reflective of a slightly increased
gastrocnemius mass in HRnormal mice, which approached statisti-
cal significance (P � 0.053; Table 3). HRnormal whole muscle CS,
CPT II, and HK maximal activities were significantly elevated
above those of HRmini mice as well (P 
 0.05; Fig. 6B).

Skeletal muscle gene expression and transcriptional regulation.
mRNA levels of PGC-1�, PPAR�/�, and SIRT1 were not
significantly different among phenotypes, but PPAR� mRNA
content was �2.5-fold greater in the resting gastrocnemius of
HRmini mice than in HRnormal or control mice (P 
 0.05; Fig. 7A).
Furthermore, transcript levels of the PPAR-regulated gene
FAT/CD36 were closely correlated with PPAR� among all
mice (r � 0.92, p � 0.001; Fig. 7B).

DISCUSSION

Our primary goal was to determine whether mice selectively
bred for high voluntary running have greater whole body
absolute lipid oxidation rates during exercise and a greater
contribution of lipids to total aerobic energy expenditure. Our
results indicate that selective breeding for high voluntary

Table 2. Mass-specific V̇O2max and whole body lipid and carbohydrate oxidation rates of control, HRmini, and HRnormal mice
during low- and high-intensity submaximal exercise

Control mice HRmini Mice HRnormal Mice

Mass-specific V̇O2max, ml O2 �h�1 �g�1 9.26 � 0.12a (10) 10.63 � 0.12b (10) 10.18 � 0.13c (9)
66% VO2max

Exercise intensity, % V̇O2max 66 � 1 (10) 64 � 1 (10) 69 � 2 (9)
V̇O2, ml O2 �h�1 �g�1 6.14 � 0.09a (10) 7.04 � 0.09b (10) 6.84 � 0.10b (9)
V̇CO2, ml CO2 �h�1 �g�1 4.93 � 0.08a (10) 5.54 � 0.09b (10) 5.37 � 0.09b (9)
Lipid oxidation, ml O2 �h�1 �g�1 4.12 � 0.23a (10) 5.09 �0.24b (10) 4.97 � 0.25b* (9)
Carbohydrate oxidation, ml O2 �h�1 �g�1 2.02 � 0.20 (10) 1.95 � 0.21 (10) 1.85 � 0.23 (9)

78% V̇O2max

Exercise intensity, % V̇O2max 78 � 1 (10) 76 � 1 (9) 79 � 1 (9)
V̇O2, ml O2 �h�1 �g�1 7.22 � 0.09a (10) 8.21 � 0.11b (9) 8.00 � 0.10b (9)
V̇CO2, ml CO2 �h�1 �g�1 5.93 � 0.12a (10) 6.88 � 0.14b (9) 6.73 � 0.14b (9)
Lipid oxidation, ml O2 �h�1 �g�1 4.39 � 0.33 (10) 4.53 � 0.37 (9) 4.32 � 0.37 (9)
Carbohydrate oxidation, ml O2 �h�1 �g�1 2.83 � 0.32 (10) 3.68 � 0.37 (9) 3.67 � 0.36 (9)

Mass-specific maximal aerobic capacity (V̇O2max) is presented as estimated marginal means � SE, as adjusted for the cofactor of group batch. Exercise
intensities (% V̇O2max) are presented as simple means � SE. All mass-specific oxidation rates are presented as estimated marginal means � SE, as adjusted for
the covariate of individual % V̇O2max. Sample size is shown in parenthesis for each trait. The presence of letters denotes statistical significance, where values
not sharing a common letter are significantly different from each other (P 
 0.05, except an * indicates P � 0.057). See text for definitions of abbreviations.

Fig. 2. Proportional contributions to whole body oxidation rates by carbohy-
drates and lipids, at average exercise intensities of 66% V̇O2 max (A) and 78%
V̇O2 max (B) in control mice and selectively bred HRmini and HRnormal mice
(n � 9–10). Data are presented as estimated marginal means � SE, as adjusted
for the covariate of individual relative exercise intensity.
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exercise leads to an increase in the absolute rate of lipid
oxidation when individuals exercise at the same relative inten-
sity. These oxidation rates are scaled with increases in maximal
aerobic capacity in both HRnormal and HRmini mice, resulting in
the proportional contributions by lipids and carbohydrates to
total exercise energy expenditure being equal among all mice.
The two selectively bred HR lines examined showed distinct
capacities in the gastrocnemius muscle for cellular lipid uptake
(FAT/CD36), cytosolic transport (H-FABP), and mitochon-
drial oxidation (enzyme Vmax), suggesting that in these distinct
high-running phenotypes, the response to selective breeding
may have targeted different mechanisms to enhance lipid
oxidation rates (e.g., capacity for oxidation of circulatory
versus intramuscular sources) over that of the control line.

Aerobic capacity and cardiac properties. Our study not only
confirms a 10–14% rise in V̇O2 max in HR mice (24, 38, 40, 47)
but also indicates that generation 57 HRmini mice achieve a
greater mass-specific V̇O2 max than HRnormal mice (at least the
line 8 studied here), although this difference was not signifi-
cantly different on a whole animal V̇O2 max basis with body
mass as a covariate. Previous studies indicated that the phys-
iological constraints of V̇O2 max differ between control and HR
mice; specifically, that selection for high voluntary wheel running

may have resulted in changes to central factors in the oxygen
cascade, contributing to the increased aerobic capacity of HR
mice (38, 39). As cardiac output is an important central
component of oxygen delivery, we characterized some physi-
cal and metabolic properties of HRmini, HRnormal, and control
mouse hearts.

HRmini mice have a significantly greater left ventricle mass
and thus whole ventricular mass than both control and HRnormal

mice, relative to body mass (Table 3), which is consistent with
the findings of Rezende and colleagues (39). However, without
body mass as a covariate, neither left nor whole ventricles are
significantly larger in HRmini mice, and left ventricles of all
mouse phenotypes contain comparable levels of DNA (Table
3). Therefore, this difference in relative heart size could be
viewed as predominately reflective of the reduced body masses
of HRmini mice as opposed to cardiac hypertrophy per se.
However, relative heart mass can give a good indication of an
animal’s ability to perform sustained aerobic locomotion (4,
51), so it is likely that the increased ratio of heart to body size
contributes to the elevated V̇O2 max of HRmini mice.

Additionally, both phenotypes of HR mice show evidence of
metabolic alterations in the left ventricle. Compared with
control mice, HR mice show a reduction in the left ventricular
maximal activity of CPT II, an enzyme in the fatty acid
catabolic pathway (Fig. 3). Although a nonreversible switch in
the basal-preferred fuel substrate from fatty acids to carbohy-
drates is often regarded as a deleterious hallmark of pressure-
or volume-overloaded hypertrophic hearts (36), these mice
show no statistically significant differences in ventricular
mRNA levels of several genes involved in fatty acid catabo-
lism, including PPAR�, MCAD, and both muscle- and liver-
type CPT-1. Therefore, it is unlikely that this reduced maximal
activity of CPT II in HR left ventricles signifies a diminished
capacity for fatty acid oxidation, particularly as there is no
change in the maximal activity of HOAD, another fatty acid
catabolic enzyme. There is, however, increased maximal ac-
tivity of HK in the left ventricles of sedentary (i.e., not exercise
trained) HR mice compared with control mice (Fig. 3). Up-
regulated HK is also characteristic of physiologically hyper-
trophic hearts in exercise-trained rats as a component of the
elevated overall metabolic capacity (45). Therefore, differ-
ences between HR and control mouse cardiac metabolic en-
zyme activities may contribute to the enhancement of V̇O2 max

and capacity for sustained aerobic exercise in HR mice in

Table 3. Physical and cardiac characteristics of control, HRmini, and HRnormal mice

Control Mice HRmini Mice HRnormal Mice

Body mass, g 29.8 � 0.6a (20) 27.5 � 0.6b (18) 30.1 � 0.5a (20)
Gastrocnemius mass, mg 123 � 3a (20) 64 � 3b (17) 132 � 3a (20)
Left ventricle mass, mg 104.2 � 2.9 (10) 110.9 � 2.1 (10) 105.0 � 3.8 (10)
Right ventricle mass, mg 20.2 � 0.8 (10) 22.5 � 1.0 (10) 21.8 � 1.3 (10)
Ventricular mass, mg 124.4 � 2.8 (10) 133.4 � 2.7 (10) 126.8 � 3.1 (10)
Relative left ventricle mass, mg/g body mass 3.24 � 0.07a (10) 3.68 � 0.06b (10) 3.29 � 0.06a (10)
Relative right ventricle mass, mg/g body mass 0.63 � 0.02 (10) 0.75 � 0.04 (10) 0.70 � 0.06 (10)
Relative ventricular mass, mg/g body mass 3.87 � 0.06a (10) 4.43 � 0.09b (10) 3.99 � 0.08a (10)
Left ventricle DNA, mg/g wet mass 5.59 � 0.42 (8) 5.65 � 0.38 (8) 4.99 � 0.43 (8)
Total left ventricle DNA, mg/left ventricle 0.60 � 0.05 (8) 0.62 � 0.04 (8) 0.50 � 0.06 (8)

Data are presented as simple means � SE, with the exception of gastrocnemius muscle mass, which is presented as estimated marginal means � SE as adjusted
for the covariate of body mass. Sample size is shown in parenthesis for each trait. The presence of letters denotes statistical significance, where values not sharing
a common letter are significantly different from each other (P 
 0.05).

Fig. 3. Maximal enzyme activities (relative to g tissue wet weight) for citrate
synthase (CS), �-hydroxyacyl-CoA dehydrogenase (HOAD), carnitine palmi-
toyltransferase (CPT) II, and hexokinase (HK) in the left ventricle of control
mice and selectively bred HRmini and HRnormal mice (n � 7–8). Data are
presented as simple means � SE. For each enzyme, the presence of letters
denotes statistical significance, where bars not sharing a common letter are
significantly different from each other (P 
 0.05). U � �mol/min.
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conjunction with the increased relative heart size of HRmini

mice.
Whole body fuel use during exercise. The mix of metabolic

fuels used across two submaximal relative exercise intensities
does not differ statistically among HRmini, HRnormal, and con-
trol mice, when fuel oxidation rates are expressed as a percent-
age of total oxygen consumption (Fig. 2). Rather, HR mice
exhibit greater rates of lipid oxidation (i.e., enhanced total lipid
flux) than control mice during low-intensity exercise (66%
V̇O2 max), commensurate with their elevated V̇O2 max (Fig. 1,
Table 2). When exercising at a higher intensity (78% V̇O2 max),
the increased energetic demand in all mice is supported by an
elevated flux of carbohydrates, and the absolute rate of lipid
oxidation in control mice matches the rates in HR mice (Table 2).

HR mice primarily achieve greater levels of voluntary wheel
running by running faster than control mice on exercise wheels
(13–15, 17, 46). Our findings suggest that due to an increased
aerobic capacity, HR mice are able to run at these faster speeds
predominately sustained by lipid oxidation, whereas mice from
nonselected control lines would require a higher proportion of
carbohydrates to achieve equivalent absolute exercise intensi-
ties. Therefore, an enhanced capacity for absolute lipid oxida-
tion in conjunction with an increased V̇O2 max may have en-
abled the shift in locomotor speed preference in HR mice, thus
allowing them to achieve the greater levels of voluntary exer-
cise for which they are selectively bred (see also Ref. 41). In
fact, consumption of a high-fat diet further increases the
amount of voluntary wheel running performed by HR (but not
control) mice (33). Interestingly, rats from a line selectively
bred for high treadmill endurance capacity with an elevated
V̇O2 max exhibit greater in vitro skeletal muscle palmitate oxi-
dation rates compared with a line selected for low endurance
capacity (23, 26), signifying that increased lipid oxidation
capacity is a common result of selection for running capacity.

Roberts et al. (41) and McClelland (29) have suggested that
conserved mammalian fuel-use patterns are the result of the
progression of muscle fiber recruitment, with the increasing
proportionate reliance on carbohydrates at higher exercise
intensities corresponding to the recruitment of fast glycolytic
muscle fibers among all mammals (25, 44). Intriguingly,

HRmini mice do not have a large quantity of type IIB (fast
glycolytic) fibers available for recruitment in their reduced-size
hindlimb muscles (3, 18, 19), and yet they exhibit the ability to
reach a whole body rate of carbohydrate combustion that is
equivalent to mice with the normal muscle phenotype, at least
under the submaximal exercise conditions tested here. More-
over, as the proportional reliance on carbohydrates for total
oxidation at higher exercise intensities is comparable between
HRmini mice and HRnormal mice, it may be possible for mam-
mals to differ in muscle fiber recruitment patterns during
exercise without deviating from a conserved whole body pat-
tern of proportionate fuel mix.

From these findings, we investigated other potential regula-
tors of metabolic fuel use to determine whether phenotypically
divergent HR mice might utilize different strategies to adjust
substrate flux. Specifically, we focused here on several regu-
lators of fatty acid uptake and catabolism in the skeletal
muscle, in keeping with our stated hypothesis. However, future
studies should explore other pathways (see Refs. 29 and 50),
such as carbohydrate or amino acid metabolism or lactate
clearance capacity, to further delineate different mechanisms
regulating all of the fuels available to power exercise in
mammals.

Table 4. mRNA expression in cardiac muscle of control,
HRmini, and HRnormal mice

Control Mice HRmini Mice HRnormal Mice

PPAR� relative mRNA
Left ventricle 1.00 � 0.18 (7) 0.78 � 0.03 (7) 1.05 � 0.14 (8)
Right ventricle 1.00 � 0.09 (6) 0.88 � 0.10 (7) 1.28 � 0.20 (8)

MCAD relative mRNA
Left ventricle 1.00 � 0.13 (7) 0.99 � 0.11 (7) 0.94 � 0.13 (8)
Right ventricle 1.00 � 0.14 (7) 0.94 � 0.14 (8) 1.31 � 0.23 (8)

CPT-1� relative mRNA
Left ventricle 1.00 � 0.22 (7) 0.74 � 0.10 (7) 0.79 � 0.10 (8)
Right ventricle 1.00 � 0.17 (6) 0.92 � 0.18 (7) 1.42 � 0.32 (8)

CPT-1� relative mRNA
Left ventricle 1.00 � 0.17 (7) 0.86 � 0.06 (7) 0.82 � 0.06 (8)
Right ventricle 1.00 � 0.09 (6) 0.88 � 0.10 (7) 1.28 � 0.20 (8)

Data are presented as simple means � SE, with sample size shown in
parenthesis; mRNA expression levels are corrected against TBP mRNA, and
values are reported normalized to the mean control mouse value (arbitrarily set
at 1.00). Statistical analyses were performed on raw mRNA levels corrected
against TBP mRNA; no differences between groups were statistically signif-
icant. See text for definitions of abbreviations.

Fig. 4. Cellular mRNA levels of FAT/CD36 (A) and sarcolemmal FAT/CD36
protein content (B) in the gastrocnemius of control mice and selectively bred
HRmini and HRnormal mice (n � 6–10). mRNA levels are expressed corrected
against 18S mRNA and normalized to the mean control mouse value (arbi-
trarily set at a value of 1.0). Statistical analyses for gene expression were
performed on raw mRNA levels corrected against 18S mRNA. Protein levels
are expressed relative to a mixed standard sample, in arbitrary units. Inset in B
shows a single representative immunoblot of sarcolemmal FAT/CD36 in
control, HRmini, and HRnormal mice, respectively (5 �g total protein loaded per
gel lane). All data are presented as simple means � SE. Bars not sharing a
common letter are significantly different from each other (P 
 0.05).
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Capacity for circulatory fuel uptake into working muscle.
FAT/CD36 is a pivotal sarcolemmal transporter of long-chain
fatty acids, and its overexpression can lead to elevated fatty
acid oxidation, as well as increased rates of fatty acid transport

into giant sarcolemmal vesicles (35). Both cellular mRNA
expression and sarcolemmal protein content of FAT/CD36 is
substantially augmented in the gastrocnemius muscle of HRmini

mice compared with HRnormal or control mice (Fig. 4), which
suggests that the mini muscles of HRmini mice may have an
enhanced capacity for uptake of circulatory fatty acids. Fur-
thermore, the gastrocnemius of HRmini mice exhibit an 80%
higher cytosolic content of H-FABP (Fig. 5), a protein that
serves as an intracellular sink for fatty acids transported across
the sarcolemma, and enables their movement through the
cytoplasm (16). Although it seems that H-FABP is not a direct
regulator of fatty acid translocation across the sarcolemma,
increased H-FABP levels could accommodate rapid changes in
substrate flux, such as during the transition from resting to
contracting muscle (27). Interestingly, despite these innate
biochemical differences in the skeletal muscle, our in vivo
results suggest that HRmini mice do not have (or do not
capitalize upon) an enhanced whole body capacity to utilize
lipids during high-intensity exercise compared with mice with
the normal muscle phenotype. Perhaps the muscle phenotype

Fig. 5. Cytosolic heart-type fatty acid binding protein (H-FABP) protein
content (relative to mg of total cytosolic protein) in the gastrocnemius of
control mice and selectively bred HRmini and HRnormal mice (n � 8–9). Data
are presented as simple means � SE. Bars not sharing a common letter are
significantly different from each other (P 
 0.05).

Fig. 6. Maximal enzyme activities for citrate synthase (CS), �-hydroxyacyl-
CoA dehydrogenase (HOAD), carnitine palmitoyltransferase (CPT) II, and
hexokinase (HK) in the gastrocnemius of control mice and selectively bred
HRmini and HRnormal mice (n � 7–10), expressed relative to g tissue wet mass
(A) or per whole muscle mass (B). Data are presented as simple means � SE.
For each enzyme, the presence of letters denotes statistical significance, where
bars not sharing a common letter are significantly different from each other
(P 
 0.05). U � �mol/min.

Fig. 7. Relative gene expression of transcriptional factors in the gastrocnemius
of control mice and selectively bred HRmini and HRnormal mice (n � 7–9).
A: mRNA levels of PPAR�, PGC-1�, PPAR�/�, and SIRT1 are expressed
corrected against 18S mRNA and normalized to the mean control mouse value
(arbitrarily set at a value of 1.0). Data are presented as simple means � SE.
Statistical analyses were performed on raw mRNA levels corrected against 18S
mRNA; for each gene, the presence of letters denotes statistical significance,
where mouse phenotypes not sharing a common letter are significantly differ-
ent from each other (P 
 0.05). B: relationship between the transcript levels of
PPAR� and FAT/CD36, where mRNA levels of individual mice are expressed
corrected against 18S. For this correlation, r � 0.92, P � 0.001.
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differences reflect more an increased reliance on circulatory
versus intramuscular lipids in the HRmini line.

HRmini mice may also have an enhanced capacity for utiliz-
ing circulatory glucose in working muscle. During exercise,
when the glucose transporter GLUT-4 has been translocated to
the plasma membrane, the phosphorylation of glucose by HK
becomes a significant functional barrier of glucose uptake into
the myocyte (see Ref. 49). While it has previously been shown
that there are no differences in constitutive GLUT-4 levels in
the gastrocnemius of resting HRmini, HRnormal, or control mice,
when housed without access to running wheels (17), HRmini

mice do have increased mass-specific maximal HK activity in
the gastrocnemius (Fig. 6). This elevated HK activity may
facilitate enhanced glucose uptake into the gastrocnemius dur-
ing exercise (see also Refs. 3, 18, 22), given that transgenic
mice overexpressing HK II show increased glucose uptake into
skeletal muscle during moderate-intensity exercise (20). In-
deed, before exercise, HRmini mice have larger liver glycogen
depots than the other mouse phenotypes (17), and liver glyco-
gen is an important source of energy during exercise for
rodents (2).

Although these data point to variation in the capacity for
utilizing circulatory fuels, since neither postexercise intramuscular
substrate depletions nor in vivo muscle uptake rates for circulatory
fuels during locomotion were measured in these mice, further
inferences are limited by the complexities of fuel metabolism.

Skeletal muscle capacity for oxidative metabolism. The in-
creased capacity for substrate uptake into the skeletal muscle of
HRmini mice is accompanied by an enhanced mass-specific
capacity to utilize fatty acids. In addition to the increased
mass-specific maximal activities of CS, which is a hallmark of
the “mini muscle” phenotype’s enhanced aerobic capacity (18,
22), we show that sedentary HRmini mice also have an en-
hanced capacity for �-oxidation at the level of HOAD specific
activity in the gastrocnemius (Fig. 6).

On a whole muscle basis, HRmini mice tend to have equiv-
alent maximal enzyme activities as control mice (see also Ref.
22). Conversely, HRnormal mice (at least the line sampled here)
appear to exhibit an enhancement of the overall metabolic
capacity of the gastrocnemius. Because of the slight (but
statistically nonsignificant) muscle enlargement compared with
control mice, HRnormal mice have significantly greater whole
muscle maximal activities of CS, HOAD, CPT II, and HK than
control mice (and HRmini mice, with the exception of HOAD;
Fig. 6). Having a bigger muscle mass as opposed to greater
mass-specific activities of metabolic enzymes may be a distinct
mechanism that help HRnormal mice achieve elevated whole
body fuel oxidation rates (compared with control mice), com-
mensurate with their increased V̇O2 max.

Transcriptional regulation of skeletal muscles properties.
Constitutive gene expression of PGC-1�, PPAR�/�, and SIRT1
in muscle are not significantly different among HRmini, HRnormal,
and control mice (Fig. 7), suggesting that these transcription
factors do not play a major role in the distinct properties of the
“mini muscle.” However, HRmini mice do exhibit greatly en-
hanced PPAR� mRNA expression in the gastrocnemius, and
this may be an underlying basis for many of the altered
metabolic characteristics of this skeletal muscle. PPAR� is one
of the most predominant PPAR isoforms in skeletal muscle,
and it is involved in the upregulation of many genes in the fatty
acid metabolic pathway (29). For instance, our results show a

strong correlation between mRNA levels of PPAR� and FAT/
CD36 among all mice, which suggests a close relationship
between the transcript levels of this transcription factor and a
target gene (Fig. 7).

Perspectives and Significance

Despite divergent patterns in daily locomotor behavior and
aerobic capacity, the proportionate mix of fuels used across
relative exercise intensities was not statistically different for
HRmini, HRnormal, and control mice. Instead, this experimental
evolution model supports the results of interspecific compara-
tive studies (29, 41, 50) and shows that absolute rates of fuel
use during submaximal exercise scale with variation in aerobic
capacity among diverse mammals. Furthermore, owing to
substantial differences in muscle anatomy and biochemistry,
the HR mouse model demonstrates that it may be possible for
mammals to differ in muscle fiber recruitment patterns while
maintaining a conserved whole body pattern of fuel use, thus
emphasizing the robustness of the mammalian fuel use pattern.
Based on our findings, we propose that aerobic capacity and
locomotor behavior may be evolutionary linked to the capacity
for lipid oxidation. Through the course of evolution, mammals
may exhibit multiple potential mechanisms or “solutions”
[sensu Garland et al. (14)] to enhance lipid oxidation rates
commensurate with aerobic capacity; biochemical traits can
therefore differ between genetically or phenotypically distinct
mammals without causing deviation from a conserved whole
body fuel-use pattern.
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