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                                      Early and Late Onset of Voluntary Exercise Have Diff erential 
Eff ects on the Metabolic Syndrome in an Obese Mouse 
Model
  

  Although early childhood has been considered to 
be the key time for educating healthy behaviour, 
most studies addressing physical activity in the 
context of obesity and diabetes were performed 
with adult men or laboratory animals. Little is 
known about the lasting eff ects of exercise in the 
childhood on health in adulthood. Studies during 
the childhood were mainly focused on obesity 
interventions targeting school-aged children, but 
they comprised only a specifi c age and not the 
lasting eff ects of physical activity from childhood 
to adulthood   [ 10     – 12 ]  . Few studies indicate that 
childhood physical activity patterns may infl u-
ence adult physical activity and health   [ 13 ]  . 
Studies in rat models showed that early-onset 
exercise is able to prolong obesity resistance 
  [ 14   ,  15 ]   indicating that exercise could be a help-
ful instrument for the prevention of obesity and 
related disorders.
  The intention of this study was to compare the 
eff ects of exercise on body composition and met-
abolic syndrome when starting at childhood, as a 

        Introduction
 ▼
   One strategy to treat obesity and its associated 
disorders is a low calorie diet in combination 
with exercise. In general, there is a positive cor-
relation between the fat content of the diet and 
the body fat content and a negative correlation 
between the level of physical activity and the 
body fat content   [ 1 ]  . Meta-analyses of rand-
omized trials have shown that a reduction in 
dietary fat may cause weight loss   [ 2 ]  , whereas 
increased levels of physical activity have been 
associated with reduced body fatness   [ 3   ,  4 ]  . 
Although still controversially discussed, exercise 
seems to reduce the risk of type 2 diabetes and 
other features of the metabolic syndrome   [ 5         – 9 ]  . 
This further indicates that insuffi  cient physical 
activity is an important factor for the develop-
ment of obesity and demonstrates that exercise 
could contribute to the prevention of the devel-
opment of metabolic syndrome.
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                                      Abstract
 ▼
   In a mouse model for juvenile obesity, we inves-
tigated how the age of onset of voluntary exer-
cise aff ects factors of the metabolic syndrome. 
One exercise group had access to running wheels 
from 3 weeks (representing childhood) and 
another one from 9 weeks on (early adulthood). 
Both groups were compared to mice without 
exercise. The investigations were performed 
under 2 diets (standard maintenance and high-
fat diet). Average daily running activity was inde-
pendent of diet and exercise. On both diets, mice 
with exercise from 3 weeks on gained 10 g body 
weight and 5 g fat mass less than mice without 
exercise. The highest body weight diff erence 
between mice on HFD without exercise and mice 
on standard maintenance diet with exercise was 

24 g. Despite the higher energy expenditure dur-
ing exercise, young mice did not increase their 
energy intake adjusted for lean mass, while mice 
with exercise from 9 weeks had an increased 
energy intake of 6 kJ per day and therefore could 
not reduce fat mass on both diets. However, mice 
with exercise from 9 weeks had better glucose 
tolerance at 20 weeks than mice with exercise 
from childhood on. Independently of the age of 
exercise onset, triglycerides were reduced from 
2.4 to 1.7 mmol/l on both diets and insulin lev-
els from 1.5 to 0.3 and 4.5 to 1.8 μg/ml on stand-
ard maintenance and high-fat diet, respectively, 
which represents a considerable improvement. 
Physical activity seems to have long-lasting 
eff ects on body composition and health, but they 
are diff erent depending on when exercise has 
begun.
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prevention strategy, and in adulthood, as a therapeutic strategy. 
As most types of obesity are genetically infl uenced   [ 16 ]   we used 
the Berlin Fat Mouse inbred (BFMI) line as a model that develops 
obesity and the metabolic syndrome because of its genetic pre-
disposition. BFMI mice are obese as a result of repeated selection 
for high fatness over many generations. Therefore, they harbour 
natural mutations causing a higher fat percentage due to hyper-
phagia, an altered lipid metabolism and impaired insulin sensi-
tivity   [ 17       – 20 ]  . In this study, we examined the eff ects of running 
activity starting at diff erent time points on body weight, food 
intake, changes in body composition, serum lipids and glucose 
tolerance. This study is a contribution to evaluate strategies 
against the development of health risk factors in the light of 
genetic predisposition for obesity.

    Materials and Methods
 ▼
    Animals and diet
  All animal treatments were in accordance with the German Ani-
mal Welfare Legislation (approval no. G0301/08). After weaning 
at 3 weeks, males of the BFMI860 line were randomly chosen 
and fed with either a standard maintenance diet (SMD) or a 
high-fat diet (HFD). The SMD contained 12.8 MJ/kg metaboliza-
ble energy with 9 % of its energy from fat, 33 % from protein con-
tent and 58 % from carbohydrates (V1534-000 ssniff  R/M-H, 
ssniff  Spezialdiäten GmbH, Soest, Germany), whereas the HFD 
contained 19.1 MJ/kg metabolizable energy with 45 % of its 
energy from fat, 24 % from protein content and 31 % from carbo-
hydrates (S8074-E010 ssniff  EF R/M, ssniff  Spezialdiäten GmbH, 
Soest, Germany). Animals were single housed and had  ad libitum  
access to water and diets. Mice were kept at room temperature 
(22 °C–24 °C) with a lightdark-cycle of 12 h.
  Food intake was estimated as the diff erence between the off ered 
and the remnant amount based on weekly measurements dur-
ing the whole experimental period. Food pellets were  specifi cally 
pressed for low spillage by the food providing company and pos-
sible residual spillage was not considered. Total energy intake 
was determined from the energy content in each diet. Energy 
intake adjusted for lean mass was taken to compare feed effi  -
ciency.
  Food and energy intake were calculated on a per-day basis. For 
the comparison of food and energy intake between diff erent 
groups, weekly measurements of food intake were averaged 
over the period between 4 and 9 weeks as well as between 10 
and 20 weeks.

    Voluntary running activity
  Each diet group was divided in 2 exercise groups and a control 
group. The fi rst group was off ered running wheels from 3 and 
the second group from 9 weeks on. Mice had unrestricted access 
to the running wheel during the whole experiment until 20 
weeks. The control group had no running wheels. Voluntary 
running activity was recorded with the automatic running 
wheel system TSE Labmaster (TSE Systems GmbH, Bad Hom-
burg, Germany). Data were collected every 30 min for a period of 
48 h from mice at the age of 4, 6, 8, 10, 12, 18 and 20 weeks. Run 
distance was transformed into km per day (km/d). For the com-
parison of the running activity between diff erent groups, meas-
urements of the daily run distance (km/d) per mouse were 
averaged over the period between 4 and 9 weeks as well as 
between 10 and 20 weeks. The total exercise activity was calcu-

lated based upon the average distances of 4–8 and 10–20 weeks 
multiplied by the number of days with access to the running 
wheel.

    Body composition and serum parameters
  To characterize obesity and the metabolic syndrome in BFMI 
mice under diff erent diet and exercise conditions, we compared 
body weight, body composition, energy intake, serum lipids and 
glucose tolerance. To distinguish between the eff ect of exercise 
in childhood and adulthood, we divided the investigation period 
into 2 phases: the growth phase encompassing childhood and 
adolescence between 3 and 9 weeks and the adult phase from 10 
to 20 weeks.
  Animals were weighed weekly and subsequently body fat and 
lean mass were determined in non-anesthetized animals by 
quantitative magnetic resonance analysis using the EchoMRI 
whole body composition analyser (Echo Medical Systems, Hou-
ston, Texas, USA)   [ 21 ]  . Fat content was calculated as the ratio of 
body fat mass to body lean mass. At 20 weeks, mice were fasted 
for 2 h and sacrifi ed to obtain blood, various white adipose tis-
sues, and organs.
  Blood glucose concentration was measured at 10 and 20 weeks 
after a fasting period of 2 h between 6–9 a.m. using the glucose 
analyser Ascensia Elite (Bayer HealthCare AG, Leverkusen, Ger-
many). Serum triglycerides and total cholesterol were deter-
mined at 20 weeks using the Fluitest TG and Fluitest Chol kits 
(both Analyticon Biotechnologies AG, Lichtenfels, Germany), 
respectively, and non-esterifi ed free fatty acids were measured 
using the NEFAHR(2) kit (Wako Chemicals GmbH, Neuss, Ger-
many).
  Glucose tolerance was determined with an intraperitoneal (ip)
glucose tolerance test after overnight fasting (12–14 h) in week 
20. Each animal received a single ip injection of glucose (B. Braun 
AG, Melsungen, Germany) at a dose of 2 g/kg body weight. For 
determining glucose concentrations, blood was collected from 
the tail vein immediately before (0 min), and at 15, 30, 60, and 
120 min after ip injection of glucose. Glucose tolerance is 
expressed as the area under the curve (AUC) of the glucose con-
centrations between 0–120 min in the glucose tolerance test. At 
0 min an additional blood sample was collected to determine 
fasting insulin. Insulin was measured in 4–5 μl serum samples 
using a commercial Insulin Mouse Ultrasensitive ELISA Kit (DRG 
Instruments GmbH, Marburg, Germany). Values below or above 
the detection level of the standard curve were set to the detec-
tion level.

    Statistical analyses
  ANOVA was performed to evaluate diff erences between (i) the 
diets and (ii) between the exercise groups. Longitudinal data for 
body weight, fat mass and lean mass were subjected to ANOVA 
with repeated measurements. For the comparison of body com-
position, serum parameters, food intake and running wheel 
parameters, the Wilcoxon rank sum test was used. P-values 
smaller than 0.05 were considered statistically signifi cant. For 
correlation analyses, Spearman’s rank correlation coeffi  cient 
was applied. The calculations were performed using the R statis-
tical software package   [ 22 ]  .
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     Results
 ▼
    Eff ect of diet on features of the metabolic syndrome
  Without exercise BFMI mice developed a marked obesity with 
the greatest gain of body weight and fat mass in the growth 
phase between 3 and 9 weeks (     ●  ▶     Fig. 1  ). On HFD, obesity was 
even more pronounced than on SMD due to higher energy intake 
during the whole experimental period (p < 0.001). Accordingly, 
HFD led to increased mass of all white adipose tissues, muscles 
and most organs and to signifi cantly elevated total serum cho-
lesterol and fasting insulin concentrations at 20 weeks and blood 
glucose concentrations at 10 weeks (     ●  ▶     Table 1  ). Serum triglycer-
ides, free fatty acids and blood glucose concentrations at 20 
weeks and glucose tolerance were not aff ected by diet in our 
model.

        Eff ects of exercise on mice fed a standard maintenance 
diet
  Diet and age of onset of voluntary exercise had no infl uence on 
the average daily running activity which was about 2 km per day.
  In general, exercise from 3 weeks on reduced body weight and 
fat content compared to no exercise. During the growth phase, 
mice with exercise from 3 weeks on gained about 10 g less body 
weight and about 5 g less body fat mass than control mice. In the 

adult phase, mice with and without exercise from 3 weeks on 
gained the same weight, thus the diff erences in body weight and 
fat mass were maintained until the age of 20 weeks (     ●  ▶     Fig. 2  ). 
Voluntary exercise from 9 weeks on stabilized body weight and 
body fat mass and prevented further increase, but did neither 
reduce body weight nor body fat mass. Mice with exercise from 
9 weeks on gained 5 g less body weight and 3 g less body fat mass 
than control mice and mice with exercise from 3 weeks on. Like-
wise, there was a negative correlation between the total run dis-
tance and body weight gain (r =  − 0.76; p < 0.001) and fat mass 
gain (r =  − 0.71; p < 0.001), respectively, in the growth phase but 
not in the adult phase. The eff ect of exercise on lower fat deposi-
tion was seen in all white adipose tissues, in particular in subcu-
taneous, mesenteric and renal, but also in lower organ weights 
(kidney, liver, pancreas and spleen) (     ●  ▶     Table 1  ). Weights of the 2 
muscle groups, heart and quadriceps, were not aff ected by exercise.
   The eff ect of exercise on total energy intake depended on the age 
of onset of exercise and diff ered between the growth and the 
adult phase. In the growth phase, exercise led to a reduced total 
energy intake in mice of about 8 kJ per day (correlation between 
total run distance and total energy intake: r =  − 0.44; p < 0.01). 
Energy intake adjusted for lean mass was the same in the exer-
cise group as in the control group in the growth phase (     ●  ▶     Fig. 2  ). 
In the adult phase, exercise from 3 weeks on had no infl uence on 
energy intake compared to the control group whereas mice with 
exercise from 9 weeks on consumed more energy than control 
mice. In this phase, a weak positive correlation between total 
run distance and total energy intake was found (r = 0.32; p < 0.01). 
Adjusted for lean mass, however, energy intake was increased by 
13.9 kJ/d in mice with exercise from 3 weeks on and by 7.6 kJ/d 
in mice with exercise from 9 weeks on compared to the control 
group (correlation between total run distance and adjusted 
energy intake: r = 0.77; p < 0.0001).
  On serum parameters, exercise from 3 weeks on contributed to 
slightly reduced blood glucose concentrations at 10 weeks and 
to reduced total serum cholesterol, triglyceride and fasting insu-
lin concentrations of 20 week old mice, but glucose tolerance 
was not improved. Free fatty acids were not aff ected by exercise. 
Exercise from 9 weeks on improved serum triglycerides, fasting 
insulin and blood glucose concentrations at 20 weeks and glu-
cose tolerance (     ●  ▶     Table 1  ,      ●  ▶     Fig. 3  ). Likewise, insulin concentra-
tions were positively correlated with body weight gain (r = 0.63; 
p < 0.001) and fat mass gain in the growth phase (r = 0.61; 
p < 0.001), whereas blood glucose concentrations at 20 weeks 
and glucose tolerance (AUC) were only correlated with body 
weight gain (r = 0.42 and r = 0.46, respectively; p < 0.001) and fat 
mass gain (r = 0.36 and r = 0.40, respectively; p < 0.01) in the adult 
phase.

     Eff ects of exercise on mice fed a high-fat diet
  Although mice on a HFD were heavier than mice on SMD, the 
eff ect of exercise on reduced body weight gain was similar in 
both regimes. HFD-fed mice with exercise from 3 weeks on 
gained less body weight and body fat mass than control mice (Δ 
HFD ~ Δ SMD) in the growth phase, which also had no further 
eff ect on weight gain in the adult phase. Likewise, there was a 
negative correlation between the total run distance and body 
weight gain (r =  − 0.76; p < 0.001) and fat mass gain (r =  − 0.46; 
p < 0.001) in this phase. Again voluntary exercise from 9 weeks 
on only stabilized body weight. Unlike SMD-fed mice, the body 
fat content of HFD-fed mice was reduced only until 15 weeks 
after access to running wheels at 3 weeks. Afterwards, it slowly 
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    Fig. 1    Body weight  a  and body fat mass  b  of BFMI mice in diff erent diet 
and exercise regimes from 3–20 weeks of age. Each point represents the 
mean weight with standard deviation (n = 15–25 per group). The arrows 
indicate the time points when the running wheel was made available. 
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increased until it reached the same fat content as mice with 
exercise from 9 weeks on (     ●  ▶     Fig. 1  ). Although organ weights and 
concentrations of serum parameters were generally higher in 
HFD-fed mice, subcutaneous and renal adipose tissue, kidney 
and liver weights profi ted from exercise as in SMD-fed mice. 
Pancreas, heart and quadriceps were not aff ected by exercise in 
HFD-fed mice.
  As on SMD, exercise led to reduced total energy intake in the 
growth phase (Δ HFD ~ Δ SMD) whereas energy intake adjusted 
for lean mass did not diff er (     ●  ▶     Fig. 2  ). In the adult phase, the 
exercise groups did not diff er in their total energy intake, 
whereas energy intake adjusted for lean mass was increased in 
mice with exercise from 3 weeks on by 13.7 kJ/d and in mice 
with exercise from 9 weeks by 4.5 kJ/d compared to the control 

group (correlation between total run distance and adjusted 
energy intake: r = 0.54; p < 0.0001).
  On serum parameters, exercise from 3 weeks on and from 
9 weeks on contributed to reduced total serum cholesterol, trig-
lyceride and fasting insulin concentrations at 20 weeks, whereas 
free fatty acids were not aff ected. As in SMD-mice, glucose con-
centrations at 10 weeks and insulin concentrations were signifi -
cantly improved by exercise (     ●  ▶     Table 1  ). In particular, the insulin 
concentrations were half as high with exercise as without. Glu-
cose clearance was similar in all exercise groups on HFD as on 
SMD, with an improved glucose clearance only in mice exercis-
ing from 9 weeks on. But fasting serum insulin concentrations 
on HFD were 3–5 times as high as on SMD. As in SMD-fed mice, 
insulin concentrations were positively correlated with body 

Growth phase (week 3–9) Adult phase (week 10–20)
Exercise
Diet

p<0.001
p<0.001

Exercise
Diet

SMD HFD

p<0.001
p<0.001

60

40

20

0

0

0

50

100

150

5

10

15

20

0

5

10

15

20

Bo
dy

 w
ei

gh
t g

ai
n 

(g
)

60

40

20

0

Bo
dy

 w
ei

gh
t g

ai
n 

(g
)

a
b

a
a* a*

b

a

a*
b*

b*

3wk none 3wk none

3wk none 3wk none

3wk none 3wk none

3wk none 3wk none

3wk 3wknone 9wk9wk none

Exercise
Diet

p<0.001
p<0.001

Exercise
Diet

p<0.001
p<0.001

Exercise
Diet

p<0.001
p<0.001

Exercise
Diet

p<0.001
p<0.001

Exercise
Diet p<0.001

Exercise
Diet

ns

ns

p<0.001

Bo
dy

 fa
t m

as
s 

ga
in

 (g
)

Bo
dy

 fa
t m

as
s 

ga
in

 (g
)

To
ta

l e
ne

rg
y 

in
ta

ke
/d

ay
 (k

J)

0

50

100

150

Ad
ju

st
ed

 e
ne

rg
y 

in
ta

ke
 (k

J/d
)

0

50

100

150

Ad
ju

st
ed

 e
ne

rg
y 

in
ta

ke
/d

ay
 (k

J)

0

50

100

150

To
ta

l e
ne

rg
y 

in
ta

ke
/d

ay
 (k

J)

a

aab

a
b

b

a
a a

c
b

b

a

a*

a*

a*

a* a*

a*

b* c*

a*

a*

a*
b*

b*

a b

a*
b*

3wk 3wknone 9wk9wk none

3wk 3wknone 9wk9wk none

3wk 3wknone 9wk9wk none

a b

c d

e f

g h

    Fig. 2    Body weight gain  a/b , body fat mass gain 
 c/d , total energy intake  e/f  and energy intake 
adjusted for lean mass  g / h  of BFMI mice under 
diff erent diet and exercise conditions during the 
growth phase encompassing weeks 3–9  a, c, e, g  
and adult phase encompassing weeks 10–20  b, 
d, f, h . 
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weight gain (r = 0.67; p < 0.001) and fat mass gain in the growth 
phase (r = 0.72; p < 0.001), while blood glucose concentrations at 
20 weeks and glucose tolerance (AUC) were correlated with 
gains of body weight (r = 0.44 and r = 0.38; p < 0.01) and fat mass 
(r = 0.42 and r = 0.49; p < 0.001) in the adult phase.

     Discussion
 ▼
   The purpose of this study was to test the impact of the age of 
onset of voluntary exercise as a strategy to prevent or to improve 
features of the metabolic syndrome. As a model the high-fatness 
selected BFMI line was used, which shows juvenile obesity, 
reduced insulin sensitivity, and impaired fat metabolism as 
components of the metabolic syndrome on SMD   [ 17 ,    18   ,  20 ]  . On 
HFD, BFMI mice gained additional weight and features of the 
metabolic syndrome were even more pronounced.
  Although the daily running activity of BFMI mice was relatively 
low compared to many other mouse lines   [ 23         – 27 ]  , exercise led 
to reduction of weight gain; and features of the metabolic syn-
drome were improved on both diets. The earlier the exercise 
started the lower the body weight was at 20 weeks of age. Exer-
cise did not necessarily reduce body weight, but could stop fur-
ther fat mass gain. Consistent with exercise eff ects in agouti and 
MC4R KO mice, most fat was reduced in subcutaneous adipose 
tissue   [ 23   ,  28 ]  . The best outcome was observed, if voluntary 

exercise started in childhood in combination with SMD. Mice on 
HFD without running wheels and mice on SMD with running 
wheels from 3 weeks on had 61.5 ± 3.22 g and 37.2 ± 5.27 g body 
weights, respectively, which is a huge diff erence of 24.3 g, 
although even mice on SMD and running wheels were still 
obese. For comparison, C57BL/6NCrl males weighed 27.5 g ± 1.6 g 
on SMD and 33.5 g ± 2.7 g on HFD at 20 week in our experimental 
animal unit (unpublished data). 28 mouse strains that were 
maintained under a standard diet (4.4 % fat) had an averaged 
body weights of 30.0 ± 5.4 g at the age of 28 weeks   [ 29 ]  .
  Interestingly, exercise of BFMI mice during the major growth 
phase between 3 and 9 weeks reduced food intake, while exer-
cise beginning in early adulthood was accompanied by higher 
food intake compared to control mice without exercise. This 
observation is in line with a study with genetically obese rats, 
where young exercising animals ate less than controls   [ 15 ]  , and 
studies with exercising adult mice whose food intake was 
increased in response to running wheel activity   [ 23   ,  27   ,  28   ,  30 ]  . 
Our data suggest that energy intake adjusted for lean mass was 
independent of exercise in young BFMI mice, while in the older 
mice energy intake adjusted for lean mass was increased with 
higher energy expenditure due to more running wheel activity. 
In BFMI mice on HFD, exercise from childhood on could slow 
down the genetically determined juvenile obesity, in particular 
until 10 weeks, but afterwards weight gain could not be stopped. 
In contrast, running activity from 9 weeks on prevented further 
body weight gain. As a result, mice on HFD with exercise either 
from childhood or from early adulthood on had the same fat 
content at 20 weeks, and, albeit their fat contents were still high, 
exercise could improve fasting insulin concentrations in both 
groups.
  Exercise from childhood on could not only dramatically reduce 
the excessive fat mass gain but also suppress lipid dysregulation 
and hyperinsulinemia. However, the positive eff ects on health 
dependent on the diet. Mice on running wheels had improved 
serum triglyceride and cholesterol concentrations compared to 
diet matched controls. These fi ndings are consistent with exer-
cise eff ects in agouti and MC4R KO mice   [ 23 ,    27 ,   28 ]  .
  The reduced fat mass gain in exercising BFMI mice was associ-
ated with normal circulating insulin concentrations. These 
eff ects were also observed in genetically and diet-induced obese 
rat models   [ 14   ,  15 ]  . However, in other studies with obese mouse 
lines, where exercise began after puberty, the genetic eff ect for 
obesity could only be overridden in MC4R KO mice, which 
showed reduced fat mass gain as well as insulin, glucose and 
cholesterol concentrations in response to exercise   [ 23 ,    28   ,  30 ]  .
  Surprisingly, glucose homeostasis in BFMI mice was not directly 
linked to energy expenditure. Glucose homeostasis in BFMI mice 
depended on both age of onset of exercise and duration of exer-
cise. Albeit on both diets, mice had lower insulin concentrations 
the more they ran, glucose clearance at 20 weeks was only 
improved in mice that started exercise at 9 but not at 3 weeks. 
Even mice on HFD with exercise from 9 weeks on, which had 
much higher fat deposition than SMD-fed mice, showed a better 
glucose clearance at 20 weeks than mice on SMD and exercise 
from childhood on. These data suggest that glucose clearance 
that was improved by exercise during childhood could disappear 
at a higher age. Causes that could account for the loss of positive 
eff ect of exercise on glucose homeostasis that mice have during 
the young age could include (1) adaptation to the higher energy 
expenditure during exercise or (2) independent regulatory path-
ways that aff ect glucose homeostasis during diff erent phases of 
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glucose tolerance tests in overnight fasted BFMI mice on a standard main-
tainance (SMD)  a  and high-fat diet (HFD)  b  in week 20. 
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aging. For example, prolonged exercise leads to an adaptation 
response in muscle which involves morphological changes, met-
abolic responses as well as an increase in the oxidative capacity 
  [ 31 ]  . Since oxidative stress stimulates muscle glucose uptake 
  [ 32 ]   it could be speculated that an increase in oxidative stress 
capacity could contribute to the adaptation of the body to exer-
cise followed by a reduced glucose tolerance. In BFMI mice, dif-
ferent genes are responsible for obesity in early and later age. 
Linkage analysis provided evidence that juvenile obesity is the 
result of a major gene defect while weight gain in early adult-
hood is caused by additional genetic factors   [ 19 ]  . Thus, the 
genetic predisposition of the body to adapt to diff erent exercise 
and diet conditions changes with age.
  In summary, our study provides a complex picture of diff erent 
eff ects on the metabolic syndrome as a result of voluntary exer-
cise from either childhood or early adulthood on. Our data sug-
gest that energy intake in response to energy expenditure by 
exercise is diff erently regulated in the juvenile growth and the 
adult phase and may depend on the developmental stage of the 
organism and the age dependent action of genetic factors. 
Mechanisms that regulate glucose homeostasis act in part inde-
pendently of the body fat content. Basal fasting serum insulin 
concentrations seem to depend on adaptations or previous body 
weight changes. Thus, physical activity in childhood has 
longlasting eff ects on body composition and health in adult-
hood, but they diff er from those of exercise beginning at adult-
hood.
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