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Abstract

v

Mice selectively bred for high wheel-running
activity (S) have decreased fat content compared
to mice from randomly bred control (C) lines. We
explored whether this difference was associated
with alterations in levels of circulating hormones
involved in regulation of food intake and energy
balance, and whether alterations were caused
by the presence of a running wheel. Plasma lev-
els of leptin, adiponectin, and corticosterone as
well as body composition were analyzed in male

S mice housed with (+) and without (-) access
to running wheels at ages of 10 and 18 months.
These levels were compared to those found in C+
mice. Plasma corticosterone did not differ among
groups. While plasma leptin levels tended to be
lower in S+ mice as compared to S— or C+ mice,
these differences were largely attributable to dif-
ferences in fat content. Adiponectin levels were
increased in S mice (+60%) compared to C mice,
irrespective of wheel access. High levels of this
hormone may be a trait co-segregated in mice
bred for high wheel-running activity.

Introduction

v

It is generally accepted that moderate physical
activity has a positive influence on health and life
expectancy [1,2]. From a clinical standpoint, the
most beneficial effect of regular exercise is that it
prevents or antagonizes increased adiposity and
the adverse health risks (e.g., cardiovascular dis-
ease and metabolic syndrome, type-2 diabetes
mellitus) that are associated with it [1,3] (for
review, see [4]). Indeed, physical activity pro-
motes the breakdown of triglyceride stores inside
adipose tissue and muscle, which in turn contrib-
utes to increased whole-body insulin action and
improvement of tissue perfusion [5].

Besides having a direct effect on metabolic and
vascular processes, it has been pointed out that
physical activity could also affect endocrine
activity, which in turn could influence body adi-
posity [6]. In this respect, adipose tissue has
received considerable attention because it
secretes the adipocyte hormones leptin and adi-
ponectin. These hormones are extremely impor-
tant in the long-term maintenance of energy
balance and fuel homeostasis [6-9] and thus
have a strong influence on sustainable health.
Circulating levels of leptin have been shown to
correlate highly with indices of fat content in

many species [10], and as such may signal the
available amount of body fat to the brain [8]. In
this way, leptin regulates appetite and metabo-
lism in a coordinated fashion [7,11]. Adiponectin,
on the other hand, does not correlate positively
with indices of fat content, but was found to be
negatively correlated with fat content in humans
[9,10,12] or be unrelated [13]. Adiponectin has
been implicated to stimulate fat oxidation in
metabolically active tissue [14-17] and periph-
eral insulin sensitivity [18-20]. Circulating adi-
ponectin levels are reduced and leptin levels are
enhanced in obese humans compared with lean
individuals [21,22]. This might contribute to the
insulin resistance that is observed in obese sub-
jects [23].

Human studies on the interaction between phys-
ical activity and endocrine activity of adipose tis-
sue are not conclusive, and outcomes may depend
on the intensity of the exercise paradigm and the
exercise capacity of subjects [13,24,25]. In labo-
ratory animals, however, leptin concentrations
were found to be decreased in life-long voluntary
exercising rats at 23 months of age [3] and in
hamsters that had been exercising voluntarily for
31 days [26], which may be consistent with a
lowering of triglyceride stores in exercising ani-
mals. Mice selectively bred for high physical
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activity [27] show a decreased body fat [28] and a decreased lep-
tin concentration in females at 3 months of age (Girard I,
Rezende E. L., and Garland T., Jr., unpublished observation). The
reduction in circulating leptin level, however, was greater than
could be explained by the reduced fat mass alone. To further
investigate the relation between physical activity, circulating
adipocyte hormones, and body composition, the present study
assessed these relationships in selectively bred high-activity
male mice with chronic access to running wheels, and compared
these effects to those found in their random-bred controls at dif-
ferent ages. Plasma levels of corticosterone were also assessed in
the present study, because relatively low plasma leptin levels in
the high activity-selected females were associated with
increased plasma corticosterone levels [29,30]. To investigate
the effects of wheel-running activity per sé on adipose and adre-
nal hormones and body composition, above-mentioned rela-
tions were also investigated in selectively-bred mice without
the presence of a running wheel. These comparisons may shed
light on the nature of changes that occur in the regulation of
adipose and adrenal hormones; i.e., whether they are caused by
high activity per sé, or whether it is a trait that has genetically
co-segregated with selection for high wheel-running activity.

Material and Methods

v

Animals and housing

The progenitors for the original selection experiment [27] were
112 pairs of outbred, genetically variable Hsd:ICR mice obtained
from Harlan-Sprague-Dawley in Indianapolis, Indiana, USA.
After initial generations of random mating, the selection proce-
dure then employed 8 separate lines, 4 in which breeders were
chosen randomly within each line (control or C lines) and 4 in
which the highest-running males and females from each family
were used as breeders (preventing sib-matings, selected or S
lines). At generation 31, 80 breeding pairs, representing all 8
lines, were shipped by air to the animal facility of the Biological
Center in Haren, and a breeding colony was started. Male off-
spring from all 8 lines were used in the experiment described
below. After weaning, mice were housed with their littermates
until the age of 5 months when all animals were individually
housed with or without a running wheel for the rest of their
lives (Macrolon, Type I, UNO Roestvaststaal B.V., Zevenaar, NL;
adapted to fit in a plastic running wheel with a 7cm radius and
1cm spacing between bars). Wood shavings were used as bed-
ding material and all animals got a wooden stick. The animals
had ad libitum food (Standard lab chow 2181, Hopefarms B.V.,
Woerden, NL) and water and were under a 12h:12h light-dark
cycle (lights on at 8:00h). All procedures concerning animal care
and treatment were in accordance with the regulations of the
ethical committee for the use of experimental animals of the
University of Groningen [DEC 2777(-1)].

Experimental procedures

Three experimental groups were created; group 1: Control mice
housed with a running wheel (C+), group 2: Selected mice with
arunning wheel (S+), and group 3) Selected mice without a run-
ning wheel (S-). For both C and S groups, mice from all four
lines were represented, although not in equal proportions. Ani-
mals of two different ages were used, mice in the 10-month age
group were 312+7 days old (mean+SD) and mice in the 18-
month group were 559+ 10 days old. Every mouse was weighed

once per month and left undisturbed except for the weekly cage
cleaning. In the week prior to killing food intake was monitored
over 3 consecutive days. In addition, wheel-running activity was
assessed in the S+ and C+ groups over two weeks prior to sacri-
fice with a PC-based event recording system (ERS).

At different ages (10 and 18 months) 7-8 mice per cohort were
briefly anaesthesized with CO, then killed by decapitation in the
middle of the light phase. Mice were not fasted prior to blood
sampling and all mice were asleep when they were taken for
blood sampling. Trunk blood was collected in pre-chilled tubes
with anti-coagulant (EDTA) within 90 seconds from initial dis-
turbance to the final drop of blood. Samples were spun down at
2600¢ for 15 minutes at 4 "C. Plasma was collected and stored
at —80 "C until later analysis for hormone levels. Corticosterone,
leptin, and adiponectin levels were determined in duplicate
with commercial radioimmunoassay kits (Linco Research, Nucli
lab, The Netherlands).

After blood collection animals were dissected and fresh mass of
different organs (heart, liver, kidney, lung, stomach, intestines,
skin) and the remainder of the carcass were weighed to the
nearest 0.0001 g. The fat content of all animals was determined
by drying [ISO 6496-1983(E)] all separate tissues at 103°C fol-
lowed by fat extraction using petroleum ether (Boom BV, Mep-
pel, Netherlands) and subsequent drying.

Data analysis

To test for effects of treatment and/or age we applied ANCOVA
models in the MIXED procedure in SAS for Windows (version
9.1). Group, age, and the group x age interaction were fixed
effects. The main interest of this study was to determine effects
of selective breeding and effects of the presence of a running
wheel; therefore, a priori, we tested for differences between
group 1 and group 2 (C+ vs. S+), and between group 2 and group
3 (S+ vs. S-), by adding contrasts to the model. Because we did
not maintain a C- group and because sample sizes per
group x age combination were relatively small (see Table 1), we
did not include line as a random effect nested within line type.
Covariates were included as appropriate. For instance, leptin and
adiponectin are produced by fat cells and have been shown to
correlate with total fat content. Therefore, fat content was added
into the model as a covariate for both hormone levels. Data were
log;o-transformed as necessary to improve normality and line-
arity of relations with covariates. Based on previous findings,
one-tailed tests could be used for some traits; however, for sim-
plicity two-tailed p-values are given for all variables. The signifi-
cance level of p<0.05 was used. Pearson correlations were used
to explore relations between traits of interest, considering each
group separately.

Results

v

Body composition, food intake, and wheel-running
activity

Table 1 shows the main characteristics of the three experimental
groups. As expected from previous studies, selected mice with a
running wheel (S+) tended to have lower body mass (F;40=17.4,
p<0.001) and higher food intake than control mice with wheels
(C+) (not significant: Fy49=3.72, 2-tailed p=0.061). Food intake
also did not differ significantly between S+ and S- mice, but
body mass of S+ mice was lower than S- mice (Fj40=54,
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Table 1
running wheel (S-)
Body mass (g)
Food intake (g/d)

Fat mass (g)
Dry lean mass (g)

Wheel-running activity (km/d)

Age

10
18
10
18
10
18
10
18

10¢

18

C+
42.52
44.4
4.3
6.2
8.8°
10.5
9.4°
9.7
14.0
7.4

Main characteristics of mice from control lines housed with a running wheel (C+) and of mice from selected lines housed either with (S +) or without a

S+ S-
(1.8) 36.7 (2.1) 39.6° (2.4)
(2.8) 33.4 (1.4) 39.5 (1.6)
(0.5) 6.8 (1.5) 5.3 (0.7)
(0.3) 6.4 (0.6) 5.9 (0.6)
(1.2) 5.3 (1.9) 10.7° (1.7)
(2.3) 4.7 (0.7) 8.9 (1.7)
(0.2) 8.3 (0.2) 8.3 (0.3)
(0.3) 8.1 (0.4) 8.8 (0.2)
(2.2) 18.2 (4.5) - -

(3.1) 9.4 (1.3) - -

Values are simple means (SEM). Two-way ANOVA was used to test for differences between groups and with age (months). Data were log-transformed as necessary to improve

normality

3Indicates a significant difference between C+ and S+ mice (p<0.05)

bindicates a significant difference between S+ and S- mice (p<0.05)

Sindicates a significant effect of age (p<0.05). Sample size was 8 per group, but in the S+ and S- groups it was 7 at 18 months

12 25 Fig. 1 Relation between body mass, dry lean mass
A B o (A) and fat mass (B) in C+ (white circles), S+ (black
114 e ” circles) and S - (grey circles) mice.
o
o © o e
= 10 & @
E 8 o e 3 15 - 0% %o
E 9 ol %.000 &o . § o Oooo
3 °Cae ° 5 °
2 & o 5 10+ “o
5 s &% ° 2
L] °
e 0%p @
(<] @ o
7] o 51 e° 3
L] '0. L]
@ oo
6 - - - - . . . 0 : . . . T T :
25 30 35 40 45 50 55 60 65 25 30 35 40 45 50 55 60 65
Body mass (g) Body mass (g)

p=0.025). Adding body mass to the model as a covariate did not
alter these effects for food intake.

Absolute fat content was approximately 50% lower in S+ mice
compared to C+ and S— mice (F; 49=12.2,p=0.001 and F; 49=11.3,
p=0.002, respectively) and absolute dry lean mass was higher in
controls than both selected groups (F;40=12.1, p<0.001). Both
fat and dry lean mass strongly correlated with total wet body
mass (see © Fig. 1) and therefore body mass was added to
ANOVA models as a covariate. This analysis showed that fat mass
was significantly lower in S+ mice compared to S- mice
(F139=6.1, p=0.02) and that age did not affect fat mass. Dry lean
mass did not differ significantly anymore between the groups or
with age once wet body mass was included as a covariate.
Wheel-running activity assessed over the two weeks prior to
sacrifice was calculated in km per day. As expected, wheel-run-
ning activity was higher in the selected mice and decreased with
age. On average selected mice ran approximately 30% more than
controls at both ages and wheel-running activity decreased
approximately 50% in both groups between 10 and 18 months.
The group effect on wheel-running activity was not significant,
but the age effect was (F;,;=4.6, p=0.043).

Hormone concentrations

© Fig. 2 shows leptin, adiponectin, and corticosterone levels in
plasma for the different experimental groups and Table 2 gives
an overview of the statistical analysis. Leptin levels were slightly
lower in S+ mice compared with C+ and S— mice. This effect of

group was statistically significant when comparing S+ with S-
mice. No effect of age on leptin levels was shown. When total fat
mass was added to the model as a covariate, no significant effects
of age or group remained and total body fat was a significant
predictor of leptin levels in the model.

Adiponectin levels were increased by approximately 60% in both
groups of selected mice compared with control mice at both
ages (10 and 18 months) and decreased significantly with age.
This group effect remained when fat content was added to the
model as a covariate. Fat content was not a significant predictor
of adiponectin levels in the model. Basal corticosterone levels
did not significantly differ between control and selected mice
with or without a wheel (See ¢ Fig. 2 and Table 2) and did not
change with age.

Correlations

As shown in Table 3, body mass and fat content were negative
predictors of wheel-running activity in control mice. In selected
mice, a similar trend was visible but probably due to the small
sample size (n=9), the correlations were not significant. Overall,
lighter and leaner animals ran more than heavier and fatter ani-
mals. Food intake did not correlate with any of the measures of
body composition. Plasma leptin levels positively correlated
with fat in all groups and correlated with dry lean mass and
body mass in C+ and S- mice, but not S— mice. Leptin did not
correlate with food intake or wheel-running activity. Plasma
adiponectin and corticosterone did not correlate with any of the
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Fig. 2 Leptin, adiponectin, and corticosterone concentrations in C+
(white bars), S+ (black bars) and S- (grey bars) mice. Values represent
simple means + SEM. Sample size is 8 in C+ mice at all ages. In S+ and S—
mice the sample size was 8 and 7 at 10 and 18 months, respectively.

measures of body composition nor with wheel-running activity
and food intake in any of the groups. No significant correlations
between the different hormones measured were found in
selected mice, but in control mice corticosterone significantly
correlated with adiponectin. © Fig. 3 shows the relationships
between hormones and two measures of body composition,
total fat, and dry lean mass.

Discussion

v

Mice selectively bred for high wheel-running activity (S) gener-
ally have decreased body mass and fat content compared to con-
trol (C) mice [28,31]. We explored whether these differences are
associated with alterations in plasma levels of leptin, adiponec-

tin, and corticosterone, and whether they depend on age, the
actual levels of physical activity or other traits. Consistent with
our expectations was the observation that wheel-running activ-
ity of mice was a negative predictor of body fat content, and fat
content in turn correlated positively with circulating levels of
leptin. The levels of leptin were better predicted by fat content
than by physical activity, which suggests that the leptin-reduc-
ing effects of physical activity may be mediated primarily
through an effect on body fat content. In contrast to previous
studies on these mice, at younger ages [28,32], we did not find a
positive relationship between wheel-running activity and food
intake in control or activity-selected mice. Food intake was
increased in S+ mice compared to C+ mice in the present study,
and sample sizes may have been too small to show effects of
wheel running on food intake at the individual level.

Leptin levels were found to be significantly decreased in S+ mice
compared to S— mice (not corrected for fat mass), but not com-
pared to C+ mice. The latter is at odds with unpublished obser-
vations of decreased plasma leptin levels in young female S mice
compared to C mice, even after correction for fat mass (Girard I,
Rezende EL, Garland T. Jr., unpublished observation). The differ-
ence in outcome between this study and the one mentioned
above may reflect a partial sex-dependent difference in the reg-
ulation of leptin levels. Indeed, women are known to have higher
leptin levels than men with a similar fat content [22,33]. Leptin
levels are known to decrease in voluntarily exercising rodents
compared to sedentary controls (rats; [3] and hamsters; [26])
and this was also shown in the present study when comparing
S+ and S- mice. Obviously differences in activity were largest
between the sedentary housed S- mice and the S+ mice, than
between the S+ and C+ mice, and this might explain why
leptin levels were not decreased in the S+ mice compared to C+
mice.

The most important finding in the present study was the obser-
vation that plasma adiponectin levels were significantly
increased in S mice compared to the levels found in their ran-
dom-bred controls. This increase was found in S mice irrespec-
tive of the availability of running wheels and occurred in all of
the separate selection lines (results not shown), which suggests
that this increase is a genetically co-segregated trait with selec-
tion for increased wheel-running activity, instead of being medi-
ated via increased physical activity per sé. At present, we do not
know whether this increased adiponectin is of high or low
molecular weight (active or inactive form; [16]), or whether it is
a cause of altered release or clearance. Future work is necessary
to study this and to determine whether the increased adiponec-
tin levels in activity-selected mice are associated with increased
insulin sensitivity. Also, if the increased levels of adiponectin are
responsible for their low fat content, does this or the high adi-
ponectin levels protect them against diet-induced obesity?
There are a number of reasons to suggest that increased circulat-
ing adiponectin levels might contribute to the different pheno-
types seen in S mice compared to C mice. For example, Fruebis et
al. [16] found that chronic administration of gAcrp30 (i.e., adi-
ponectin) caused weight loss in mice despite the fact that food
consumption was unaffected. This is a phenotype which appears
homologous to the one found in selected animals in this and
previous studies [28,34]. Fruebis et al. attributed the effect of
adiponectin on body mass to increased fat oxidation, specifically
in liver and muscle [16], and this was confirmed in subsequent
studies [14, 15, 17]. Although not directly assessed in the present
study, we recently observed a decrease in the respiratory quo-
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Table2 Results of two-way nested ANCOVA of leptin, adiponectin, and corticosterone plasma levels in control (C) and selected mice (S) housed with (+) or
without (—) a running wheel

Variable

n
Leptin (ng/ml) 45
Leptin (ng/ml) 45
Adiponectin (ng/ml) 46
Adiponectin (ng/ml) 46
Corticosterone (ng/ml) 46

p
Age

0.346
0.154
0.035
0.037
0.309

p
C+vs.S+

0.091
0.154
0.001
0.003
0.203

p

S+ vs.

0.029
0.641
0.673
0.939
0.805

P
S- Covariate Covariate
none -
FAT 0.001
none -
FAT 0.534
none -

Two-way ANOVA were performed with age, group, and group x age as fixed factors. A priori we tested for differences between C+ and S+ or S+ and S- mice. All data were log-

transformed to improve normality. p-Values of age effects and group (C+vs. S+ and S+vs. S-) are given. No significant interaction effects were found and therefore p-values for

interaction effects (age x group) are not shown. Fat mass was added into the model as a covariate for leptin and adiponectin. Total sample size (n) and degrees of freedom (d.f.) are
given for all groups. Sample size was 8 per group, except for S+ and S- group at 18 months where n was 7. One leptin plasma sample gave a leptin concentration of 0 ng/ml, so this

sample was not used in the analyses (S+ group at 10 months)
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Fig. 3  Correlations between hormones (leptin,
adiponectin, and corticosterone) and body
composition (fat mass and dry lean mass). Linear
regressions were performed to examine significant
relations. White dots represent C+ mice, black dots
represent S+ mice and grey dots represent S— mice.
Regression lines are shown in graphs when relations
were significant (dotted line for C+, solid line for S+,
dashed line for S-—).
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Table 3 Pearson correlations between body composition, wheel-running activity, food intake, and hormones

Body Mass Dry Lean Mass Fat Mass Running Adiponectin Leptin
C+
Wheel-running activity -0.69" -0.68" -0.60°
Adiponectin -0.07 -0.14 -0.04 0.28
Leptin 0.70"" 0.56" 0.81" -0.28 0.04
Corticosterone 0.15 0.25 -0.09 -0.21 -0.52" -0.08
S+
Wheel-running activity -0.46 -0.06 -0.61%
Adiponectin -0.18 -0.20 -0.48* 0.43
Leptin 0.53 0.01 0.79"" -0.40 -0.20
Corticosterone 0.22 -0.03 0.17 -0.40 -0.15 0.01
S-
Adiponectin 0.27 0.06 0.38
Leptin 0.83" 0.61" 0.85"" 0.10
Corticosterone 0.10 -0.02 0.25 -0.07 0.03

"Denotes p<0.05
“"denotes p<0.01

*denotes p>0.05 and p<0.1 (all unadjusted for multiple comparisons). Food intake did not correlate significantly with any of the other traits and results are not shown

tient (RQ) in S mice compared to C mice measured over a period
of 24 hours in non-fasted animals (unpublished results), which
indeed indicates higher levels of fat oxidation in selected mice.
It might be speculated that an increased capacity to down-grade
lipids in muscular tissue contributes the increased physical
activity displayed by activity-selected mice. The effects of adi-
ponectin on fat oxidation are believed to arise through stimula-
tion of AMP-activated protein kinase (AMPK) [17,35]. Zhang et
al. have shown increased levels of phosphorylated AMPK in
aorta of male activity-selected mice compared with controls
[36], which is consistent with the observed elevated levels of
adiponectin in this study. At present we do not know whether
there is a positive relationship between adiponectin and AMPK
at the individual level in the activity-selected mice.

Previous studies have shown an increase in resting corticoster-
one levels in 2-month old male and female S mice [29,30], with-
out a change in the absolute corticosterone concentration in
response to 40 minutes restraint stress [30]. In the present study
we have investigated whether these differences were present in
older animals. No statistically significant differences were found
in corticosterone levels between C and S males at 10 or 18
months of age. Glucocorticoids increase in response to exercise
[37] and can affect leptin and adiponectin concentrations [37-
39]. Nevertheless, we did not show any relations between
wheel-running activity, plasma adiponectin or leptin and corti-
costerone levels in C+ and S- mice. In S+ mice, however, a neg-
ative relationship between corticosterone and adiponectin was
found.

In conclusion, mice from lines that have been selectively bred
for high wheel-running activity over many generations show
several endocrine alterations. Male activity-selected animals
have higher adiponectin levels than their randomly-bred con-
trols, independent of the presence of a running wheel. Leptin
and corticosterone levels were unchanged in selected mice of 10
months and older, although a decrease in leptin and an increase
in corticosterone were shown previously in younger females.
These effects might be driven mainly by differences in wheel-
running activity between the groups at young ages. Selected
mice have been shown to be leaner than control mice [28,31]
and together with the observed increase in adiponectin concen-
tration this might render the mice less prone to develop insulin

resistance and other aspects of the metabolic syndrome. This
would make them a suitable model to study whether “physical
activity genes” exist, and whether these could influence mecha-
nisms underlying proneness for diet-induced obesity and related
diseases.

Acknowledgments

v

The authors thank Gerard Overkamp for expert technical assist-
ance and Berber de Jong for help with the experimental proce-
dures. Jan Bruggink is thanked for performing analytical
procedures. This work was supported primarily by a Career
Development Grant from the Dutch Diabetes Association (to
GvDijk). Additional funding was provided by grants from the U.
S. National Science Foundation to T.G., most recently IOB-
0543429.

Affiliations

"University of Groningen, Department of Behavioural Biology, Haren, The
Netherlands

2 University of Groningen, Molecular Neurobiology, Haren, The Netherlands

3 University of California, Riverside, Department of Biology, Riverside, USA

4 Centre for Isotope Research, Nijenborgh 4, Groningen, The Netherlands

>University of Groningen, Neuroendocrinology, Haren, The Netherlands

References
1 Holloszy JO. Exercise and longevity: studies on rats. ] Gerontol 1988;
43: B149-B151
2 Navarro A, Gomez C, Lopez-Cepero JM, Boveris A. Beneficial effects of
moderate exercise on mice aging: survival, behavior, oxidative stress,
and mitochondrial electron transfer. Am J Physiol Regul Integr Comp
Physiol 2004; 286: R505-R511
3 Novelli M, Pocai A, Skalicky M, Viidik A, Bergamini E, Masiello P. Effects
of life-long exercise on circulating free fatty acids and muscle triglyc-
eride content in ageing rats. Exp Gerontol 2004; 39: 1333-1340
4 Carroll S, Dudfield M. What is the relationship between exercise and
metabolic abnormalities? A review of the metabolic syndrome. Sports
Med 2004; 34: 371-418
5 Boden G. Role of fatty acids in the pathogenesis of insulin resistance
and NIDDM. Diabetes 1997; 46: 3-10
6 McMurray RG, Hackney AC. Interactions of metabolic hormones, adi-
pose tissue and exercise. Sports Med 2005; 35: 393-412
7 Caro JF, Sinha MK, Kolaczynski JW, Zhang PL, Considine RV. Leptin: the
tale of an obesity gene. Diabetes 1996; 45: 1455-1462

Vaanholt LM et al. Adiponectin in Mice Bred for High Activity ... Horm Metab Res 2007; 39: 377-383



8 Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D,
Lallone RL, Burley SK, Friedman JM. Weight-reducing effects of the
plasma protein encoded by the obese gene. Science 1995; 269: 543-
546

9 Ryan AS, Berman DM, Nicklas BJ, Sinha M, Gingerich RL, Meneilly GS,
Egan JM, Elahi D. Plasma adiponectin and leptin levels, body compo-
sition, and glucose utilization in adult women with wide ranges of
age and obesity. Diabetes Care 2003; 26: 2383-2388

10 Park KG, Park KS, Kim MJ, Kim HS, Suh YS, Ahn JD, Park KK, Chang YC,
Lee IK. Relationship between serum adiponectin and leptin concentra-
tions and body fat distribution. Diabetes Res Clin Pract 2004; 63:
135-142

11 van Dijk G, Seeley RJ, Thiele TE, Friedman MI, Ji H, Wilkinson CW, Burn
P, Campfield LA, Tenenbaum R, Baskin DG, Woods SC, Schwartz MW.
Metabolic, gastrointestinal, and CNS neuropeptide effects of brain
leptin administration in the rat. Am ] Physiol 1999; 276: R1425-
R1433

12 Cnop M, Havel P, Utzschneider KM, Carr DB, Sinha MK, Boyko EJ, Retzlaff
BM, Knopp RH, Brunzell JD, Kahn SE. Relationship of adiponectin to
body fat distribution, insulin sensitivity and plasma lipoproteins: evi-
dence for independent roles of age and sex. Diabetologia 2003; 46:
459-469

13 Ferguson MA, White LJ, McCoy S, Kim HW, Petty T, Wilsey J. Plasma
adiponectin response to acute exercise in healthy subjects. Eur J Appl
Physiol 2004; 91: 324-329

14 Berg AH, Combs TP, Scherer PE. ACRP30/adiponectin: an adipokine
regulating glucose and lipid metabolism. Trends Endocrinol Metab
2002; 13: 84-89

15 Bruce CR, Mertz VA, Heigenhauser GJ, Dyck DJ. The stimulatory effect
of globular adiponectin on insulin-stimulated glucose uptake and
fatty acid oxidation is impaired in skeletal muscle from obese sub-
jects. Diabetes 2005; 54: 3154-3160

16 Fruebis J, Tsao TS, Javorschi S, Ebbets-Reed D, Erickson MR, Yen FT, Bihain
BE, Lodish HF. Proteolytic cleavage product of 30-kDa adipocyte com-
plement-related protein increases fatty acid oxidation in muscle and
causes weight loss in mice. Proc Natl Acad Sci USA 2001; 98: 2005-
2010

17 Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S, Yamashita
S, Noda M, Kita S, Ueki K, Eto K, Akanuma Y, Froguel P, Foufelle F, Ferre
P, Carling D, Kimura S, Nagai R, Kahn BB, Kadowaki T. Adiponectin
stimulates glucose utilization and fatty-acid oxidation by activating
AMP-activated protein kinase. Nat Med 2002; 8: 1288-1295

18 Baratta R, Amato S, Degano C, Farina MG, Patane G, Vigneri R, Frittitta
L. Adiponectin relationship with lipid metabolism is independent of
body fat mass: evidence from both cross-sectional and intervention
studies. ] Clin Endocrinol Metab 2004; 89: 2665-2671

19 Schondorf T, Maiworm A, Emmison N, Forst T, Pfutzner A. Biological
background and role of adiponectin as marker for insulin resistance
and cardiovascular risk. Clin Lab 2005; 51: 489-494

20 Yamauchi T, Kamon ], Waki H, Terauchi Y, Kubota N, Hara K, Mori Y,
Ide T, Murakami K, Tsuboyama-Kasaoka N, Ezaki O, Akanuma Y,
Gavrilova O, Vinson C, Reitman ML, Kagechika H, Shudo K, Yoda M,
Nakano Y, Tobe K, Nagai R, Kimura S, Tomita M, Froguel P, Kadowaki T.
The fat-derived hormone adiponectin reverses insulin resistance asso-
ciated with both lipoatrophy and obesity. Nat Med 2001; 7: 941-
946

21 Arita Y, Kihara S, Ouchi N, Takahashi M, Maeda K, Miyagawa JI, Hotta
K, Shimomura I, Nakamura T, Miyaoka K. Paradoxical Decrease of an
Adipose-Specific Protein, Adiponectin, in Obesity. Biochem Biophys
Res Commun 1999; 257: 79-83

Original Clinical

22 Havel PJ. Peripheral Signals Conveying Metabolic Information to the
Brain: Short-Term and Long-Term Regulation of Food Intake and
Energy Homeostasis. Exp Biol Med 2001; 226: 963-977

23 Gil-Campos M, Canete R, Gil A. Adiponectin, the missing link in insulin
resistance and obesity. Clin Nutr 2004; 23: 963-974

24 Jurimae J, Purge P, Jurimae T. Adiponectin is altered after maximal
exercise in highly trained male rowers. Eur J Appl Physiol 2005; 93:
502-505

25 Zoladz JA, Konturek SJ, Duda K, Majerczak J, Sliwowski Z, Grandys M,
Bielanski W. Effect of moderate incremental exercise, performed in
fed and fasted state on cardio-respiratory variables and leptin and
ghrelin concentrations in young healthy men. ] Physiol Pharmacol
2005; 56: 63-85

26 Coutinho AE, Fediuc S, Campbell JE, Riddell MC. Metabolic effects of
voluntary wheel running in young and old Syrian golden hamsters.
Physiol Behav 2006; 87: 360-367

27 Swallow |G, Carter PA, Garland T, Jr. Artificial selection for increased
wheel running behavior in house mice. Beh Gen 1998; 28: 227-237

28 Swallow |G, Koteja P, Carter PA, Garland T, Jr. Food consumption and
body composition in mice selected for high wheel- running activity.
JComp Physiol [B] 2001; 171: 651-659

29 Girard I, Garland T, Jr. Plasma corticosterone response to acute and
chronic voluntary exercise in female house mice. ] Appl Physiol 2002;
92: 1553-1561

30 Malisch JL, Saltzman W, Gomes FR, Rezende EL, Jeske DR, Garland T, Jr.
Baseline and stress-induced plasma corticosterone concentrations of
mice selectively bred for high voluntary wheel running. Physiol Bio-
chem Zool 2006, in press

31 Dumke CL, Rhodes JS, Garland T, Jr., Maslowski E, Swallow ]G, Wetter
AC, Cartee GD. Genetic selection of mice for high voluntary wheel
running: effect on skeletal muscle glucose uptake. ] Appl Phys 2001;
91: 1289-1297

32 Koteja P, Swallow JG, Carter PA, Garland T, Jr. Energy cost of wheel
running in house mice: implications for coadaptation of locomotion
and energy budgets. Physiol Biochem Zool 1999; 72: 238-249

33 Hickey MS, Israel RG, Gardiner SN, Considine RV, McCammon MR, Tyn-
dall GL, Houmard JA, Marks RH, Caro JF. Gender differences in serum
leptin levels in humans. Biochem Mol Med 1996; 59: 1-6

34 Swallow ]G, Koteja P, Carter PA, Garland T. Artificial selection for
increased wheel-running activity in house mice results in decreased
body mass at maturity. J] Exp Biol 1999; 202: 2513-2520

35 Berg AH, Combs TP, Du X, Brownlee M, Scherer PE. The adipocyte-
secreted protein Acrp30 enhances hepatic insulin action. Nat Med
2001; 7: 947-953

36 Zhang Y, Lee TS, Kolb EM, Sun K, Lu X, Sladek FM, Kassab GS, Garland
T, Jr., Shyy JY. AMP-activated protein kinase is involved in endothelial
NO synthase activation in response to shear stress. Arterioscler
Thromb Vasc Biol 2006; 26: 1281-1287

37 Droste SK, Gesing A, Ulbricht S, Muller MB, Linthorst AC, Reul JM. Effects
of long-term voluntary exercise on the mouse hypothalamic-pitui-
tary-adrenocortical axis. Endocrinology 2003; 144: 3012-3023

38 Fallo F, Scarda A, Sonino N, Paoletta A, Boscaro M, Pagano C, Federspil
G, Vettor R. Effect of glucocorticoids on adiponectin: a study in healthy
subjects and in Cushing’s syndrome. Eur ] Endocrinol 2004; 150:
339-344

39 van Dijk G, Donahey JC, Thiele TE, Scheurink AJ, Steffens AB, Wilkinson
CW, Tenenbaum R, Campfield LA, Burn P, Seeley R], Woods SC. Central
leptin stimulates corticosterone secretion at the onset of the dark
phase. Diabetes 1997; 46: 1911-1914

Vaanholt LM et al. Adiponectin in Mice Bred for High Activity ... Horm Metab Res 2007; 39: 377-383

383



