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Abstract Both physical activity and body mass affect
bone properties. In this study we examined how diet-
induced obesity combined with voluntary physical activity
affects bone properties. Forty 7-week-old male C57BL/6J
mice were assigned to four groups evenly: control diet (C),
control diet 4+ running (CR), high-fat diet (HF, 60%
energy from fat), and high-fat diet + running (HFR). After
21-week intervention, all mice were killed and the left
femur was dissected for pQCT and mechanical measure-
ments. Body mass increased 80% in HF and 62% in HFR,
with increased epididymal fat pad weight and impaired
insulin sensitivity. Except for total and trabecular volu-
metric bone mineral density (BMD), bone traits correlated
positively with body mass, fat pad, leptin, and osteopro-
tegerin. Obesity induced by a high-fat diet resulted in
increased femoral bone cross-sectional area, mineral con-
tent (BMC), polar moment of inertia, and mechanical
parameters. Of the mice accessing the running wheel, those
fed the control diet had thinner cortex and less total met-
aphyseal BMC and BMD, with enlarged metaphyseal
marrow cavity, whereas mice fed the high-fat diet had
significantly higher trabecular BMD and smaller marrow
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cavity. However, the runners had a weaker femoral neck as
indicated by decreased maximum flexure load. These
results suggest that voluntary running exercise affects bone
properties in a site-specific manner and that there is a
complex interaction between physical activity and obesity.
Thus, both diet and exercise should be considered when
optimizing the effects on body composition and bone, even
though the underlying mechanisms remain partly unknown.
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Introduction

Osteoporosis and obesity, two disorders of body compo-
sition, have grown in prevalence during recent years [1].
Epidemiological data and animal studies indicate that both
of these diseases involve genetic predisposition [2], share a
common progenitor cell [3], and are influenced by nutrition
and sedentary lifestyles [4, 5]. Numerous data have shown
that dietary fat intake is closely associated with increased
body mass in both humans and other animals [6, 7]. Both
body mass and exercise evidently act on bone through
altered mechanical loading. Mechanical loading modifies
bone structure or density by stimulating signaling pathways
that regulate bone formation and resorption. Furthermore,
abundant evidence suggests that adipose tissue as an en-
docrinal organ affects bone metabolism through secreted
adipokines [8—11].

Physical activity has been shown to maintain and pos-
sibly improve bone properties in humans and other ani-
mals. In fact, in humans, physical activity has a positive
effect on bone mass and microstructure in adolescents [12],
adults [13, 14], and the elderly [15, 16]. In animal models,
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forced exercise on a treadmill or jumping has also shown a
positive effect on bone strength [17, 18]. However, since
forced-exercise models may be problematic due to stress,
voluntary wheel running may be an alternative model. A
few studies have indicated that voluntary exercise can
improve bone properties through bone modeling or
remodeling [19, 20]. Overall, though, data on the effect of
voluntary exercise on bone in animal models remain
limited.

In order to gain insight into the effects of obesity and
exercise on bone properties, we used an obesity model in
which mice were fed a high-fat diet and allowed to freely
run on a running wheel. Finally, we evaluated the geometry
and density of femoral mid-shaft and distal region by
pQCT and the mechanical properties of the femoral neck
by mechanical testing.

Materials and Methods
Animals and Diets

This study was approved by the National Animal Experi-
ment Board, Finland. Forty male C57BL/6J mice were
obtained from Taconic (Ejby, Denmark) at the age of
6 weeks. Mice were housed, one per cage, in a humidity-
and temperature-controlled room on a 12:12 h dark-light
cycle (08.00-20.00) and allowed to adapt to their new
environment for 1 week before being allocated into one of
the four intervention groups (10 in each): control diet (C),
control diet + voluntary running (CR), high-fat diet (HF),
and high-fat diet + voluntary running (HFR).

For studying the effect of voluntary wheel-running
exercise, animals in the CR and HFR groups were housed in
custom-made cages with a running wheel (12 cm diameter,
8 cm width) with free access to the wheel 24 h/day for
21 weeks. Total wheel revolutions were recorded daily by a
magnetic switch, with total exercise performed per day
determined by multiplying the number of wheel rotations by
the circumference of the wheel. C and HF animals were
housed in similar cages without the running wheel. Mice
had continuous access to the control or high-fat diet and
regular tap water. The control diet was a standard rodent
diet (R36: 4% fat, 55.7% carbohydrate, 18.5% protein,
3 kcal/g; Labfor, Stockholm, Sweden). The high-fat diet
was a lard-based purified diet (D12492: 60% fat, 20%
carbohydrate, 20% protein, 5.24 kcal/g; Research Diets,
New Brunswick, NJ).

Body Mass, Food Consumption, and Feeding Efficiency

Body mass and food consumption were measured at 2-
week intervals. Feeding efficiency over the intervention
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period was calculated as body mass gain per unit energy
intake (mg/kcal).

Endurance Running Capacity Assessment

At week 16 of the intervention, all mice were exposed to a
forced maximum running test on a motor-driven treadmill.
The test was started at the speed of 10 m/minute for 5 min
against an angle of 0.8°. The speed was increased in
S5-minute intervals by 1 m/minute until exhaustion. The
total distance covered was recorded.

Glucose Homeostasis

The glucose and insulin tolerance tests (GTT and ITT,
respectively) were performed at 1-week interval for all
mice after 10- and 18-week intervention. Animals were
fasted for 5 h before GTT and for 2 h before ITT. A glu-
cose (2 g/kg body mass) or insulin (0.75 U/kg body mass;
Humuline® Regular; Eli Lilly, Indianapolis, IN) solution
was injected into the intraperitoneal cavity, followed by
blood sampling at time points 0, 15 (ITT only), 30, 60, 90,
and 120 min.

Blood Biochemistry

After 5-hour fasting, a blood sample was collected at 10
and 18 weeks of intervention. The blood glucose level was
determined by the B-Glucose photometer (HemoCue,
Angelholm, Sweden). After 21 weeks of intervention, the
mice were killed by cervical dislocation. Blood samples
were collected and serum samples were separated after
1-hour clotting and stored at —70°C for further analysis.
Levels of leptin, osteoprotegerin (OPG), and osteocalcin in
serum were measured using the Milliplex mouse bone
metabolism panel (Millipore, Bedford, MA) according to
the manufacturer’s instruction.

Tissue Sample Collection

After the mice were killed, the left femur was separated
and trimmed of attached soft and connective tissues,
wrapped within phosphate-buffered saline-soaked gauze,
and stored frozen at —20°C. Liver and epididymal fat pads
were surgically removed, weighed, snap-frozen in liquid
nitrogen, and stored at —70°C.

pQCT Densitometry

A pQCT apparatus (Stratec XCT Research; Stratec Medi-
zintechnik, Pforzheim, Germany), calibrated using a
hydroxyapatite standard cone phantom, was used for bone
densitometry. A voxel size of 0.07 x 0.07 x 0.5 mm was
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used for all measurements. The femur was thawed over-
night at 4°C and inserted into a specially constructed
plastic syringe with the shaft in the axial direction. The
scout view was obtained for the whole femur. Four slices
were scanned at the metaphyseal region at 0.5-mm inter-
vals starting from a 12.5% landmark and one slice from a
50% landmark for the diaphyseal area. For the best sepa-
ration, the third slice from the metaphysis and the slice
from the diaphysis were used for further analysis. All
scanned slices were analyzed by bone analysis software
(Geanie 2.1; Commit, Espoo, Finland). A contour-detecting
algorithm (k-mode) was used, with a threshold value of
500 mg/cm® for the separation of trabecular and cortical
bone and 100 mg/cm® for marrow and bone separation.
Parameters reported for the diaphyseal region included
total bone cross-sectional area (tCSA), total bone mineral
density (tBMD), total bone mineral content (tBMC), cor-
tical cross-sectional area (cCSA), cortical bone mineral
density (cBMD), cortical bone mineral content (cBMC),
cortical thickness (ThC, using a ring model), marrow cross
sectional area (mCSA), and density weighted polar
moment of inertia (Ipolar). Parameters reported for the
metaphyseal region included tCSA, tBMD, tBMC, trabec-
ular cross-sectional area (traCSA), trabecular bone mineral
density (traBMD), trabecular bone mineral content
(raBMC), mCSA, and Ipolar.

Biomechanical Testing

After pQCT measurement, a cantilever bending test of the
femoral neck was performed (Instron 3343; Instron, Nor-
wood, MA) [21, 22]. Briefly, the proximal half of the femur
was fixed axially in a methylmethacrylate plate stage and
compressed in a direction parallel to the femoral shaft axis
at a constant speed of 4.5 mm/minute. The following
parameters were obtained from the recorded load curve:
maximum flexure load (N), energy at break point (kJ), and
elastic modulus of the femur.

Statistics

Results are expressed as mean + SD. The Shapiro—Wilk test
was used to investigate within-group normality for a given
parameter of interest. Levene’s test was conducted to assess
the homogeneity of the variance assumption. When nor-
mality or equality of variance assumptions was not met, log
transformations were investigated. Two-way ANOVA was
used to determine the effect of diet (with two levels: control
and high-fat diet), exercise (with two levels: with and with-
out voluntary running), and their interaction on the measured
bone traits. Differences among the means of the intervention
groups were evaluated, and the significance of differences
was determined by post hoc testing using Tukey’s HSD test.

A Pearson correlation coefficient was used to determine the
relationship between body mass, fat pad, serum factors, and
the measured bone variables. All statistical analyses were
performed with SPSS 15.0 (SPSS, Inc., Chicago, IL). Dif-
ferences of P < 0.05 were considered significant.

Results
Body Mass, Food Consumption, and Efficiency

The development of body mass in the four groups is shown in
Fig. lc. After 4 weeks of intervention, significantly higher
body mass was observed in both HF and HFR compared to C
and CR. From this time point on, the body mass of mice fed
the high-fat diet increased continuously. The body mass of
mice fed the control diet reached a peak after 12 weeks of
intervention. Finally, the HF mice gained 18.0 £ 4.0 g
compared with 5.3 &= 1.8 g for the C mice. The running
groups gained slightly less body mass (15.4 &+ 3.8 g for
HFR, 5.2 + 1.4 g for CR), but the differences compared to
nonrunners were statistically nonsignificant. Consistently
with their body mass, mice fed the high-fat diet had a heavier
liver and fat pad than their counterparts on a low-fat diet
(Table 1). Significant differences in total energy consump-
tion and feeding efficiency were observed in mice fed the
high-fat diet compared with control mice, regardless of
access to a running wheel (Fig. 1a, b).
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Fig. 1 Total energy intake (a) (black, fat; gray protein; white

carbohydrate) and feeding efficiency (b) as body mass gained (mg)

per unit energy consumed (kcal) during the 21-week intervention in

mice. Mean body mass of the mice in each group during the diet
intervention ¢. ** P < 0.01, * P < 0.05; n = 10 mice/group
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Table 1 Liver and epididymal fat pad mass, femoral length, and serum factors (OPG, osteocalcin, leptin) of mice killed after 21-week

intervention
Basic data Control diet High-fat diet ANOVA P
C (n=10) CR (n = 10) HF n=9) HFR (n =9) Diet Running Diet x running

Liver (mg)* 1,057 (136) 1,253 (157) 1,523 (440)* 1,342 (410) <0.05 0.939 0.086

Fat (mg) 435 (87) 387 (51) 1774 (227)*° 1814 (180)™° <0.01 0.943 0.402

Femoral length (mm) 15.23 (0.19) 14.99 (0.18) 15.05 (0.19) 15.02 (0.13) 0.237 <0.05 0.072

OPG (pg/ml)* 1,201 (222) 1,027 (105) 1,423 (396) 1,369 (582) <0.05 0.368 0.653
Osteocalcin (pg/ml) 55,344 (9,226) 57,317 (5,643) 55,586 (11,564) 47,840 (7,023) 0.125 0.322 0.107

Leptin (pg/ml)* 2,767 (1,117) 3,311 (1,815) 25,559 (10,916)*** 17,241 (6,071)*,**  <0.01 0.449 0.227

Results are means (SD). P < 0.05 was considered significant
* P <0.05vs. C, ¥ P <0.05 vs. CR

4 Logarithm transformation for normality and comparison

Voluntary Running

Figure 2a shows the voluntary running distances covered
by the CR and HFR groups. There were no significant
differences between the CR and HFR groups in either daily
average or cumulative distances. Over 4 weeks, both CR
and HFR reached their maximum running distance and
then decreased gradually.

Figure 2b shows the results of the exhaustive running
tests. Voluntary exercise training improved the running
capacity of mice, especially in group HFR.

Glucose Homeostasis

The fasting glucose level (Fig. 3a) was significantly higher
in HF and HFR compared to C and CR. CR had lower
fasting glucose than C, but no differences were observed
between HF and HFR. GTT and ITT curves were con-
structed and the area under the curves (AUC) was calcu-
lated using the trapezoidal rule (Figs. 3b, c). Two-way
ANOVA showed a significant diet effect on AUC-GTT,
with a reduced response of obese mice to glucose (Fig. 3b).
Similarly, a significant dietary effect was found on AUC-
ITT whereby obese mice had a larger AUC-ITT, suggest-
ing insulin resistance (Fig. 3c). CR had smaller AUC-GTT
and -ITT than C, but no significant differences were found
between HF and HFR.

Blood Sample Biochemistry

Table 1 shows plasma leptin levels, which were over sev-
enfold higher in HF and HFR than in C and CR, while no
significant differences were found either between C and
CR or between HF and HFR. The high-fat diet also
increased the OPG level, but no significant differences in
osteocalcin were observed between the four groups.
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Fig. 2 Voluntary running distances (a) every 2 weeks on the running
wheel during the 21-week intervention in mice. Running distance (b)
during a forced endurance running test on a motor-driven treadmill at
week 16 of the intervention. ** P < 0.01, * P < 0.05; n = 10 mice/

group

Effects of High-Fat Diet and Voluntary Running
on Bone

Most of the measured bone traits, except for tBMD, cor-
related positively with body mass and fat mass, as well as
leptin and OPG in both the diaphyseal and metaphyseal
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Table 2 Pearson correlation Variables Body mass Fat pad OPG Leptin Osteocalcin

coefficients between body mass, (n = 40) (n = 38) n = 38) (n = 38) n = 38)

epididymal fat pad, serum _ _ _ _ _

factors, and bone traits in mice: Diaphysis

r values >
tCSA (mm®) 0.8427% 0.6997 0.508%*%* 0.620%* —0.207
tBMD (mg/cm®) —0.007 0.045 —0.172 —0.057 —0.148
tBMC (mg/mm) 0.808%** 0.701%%* 0.410* 0.582%%* —0.262
Ipolar (mg cm) 0.850%* 0.709%* 0.463%* 0.642%%* —0.230
cCSA (mm?) 0.793% 0.685%* 0.377* 0.574%% —0.256
¢cBMD (mg/cm®) 0.6337%* 0.556%* 0.324 0.497# —0.175
c¢BMC (mg/mm) 0.795% 0.686%* 0.380* 0.582%% —0.250
ThC (mm) 0.4397%* 0.436%* 0.099 0.298 —0.256
mCSA (mm?) 0.564%** 0.402* 0.518%* 0.402%* —0.130

Metaphysis
tCSA (mm?) 0.798%*%* 0.664** 0.509%%* 0.588%** —-0.212
tBMD (mg/cm®) —0.130 —0.143 —0.300 —0.126 0.155
tBMC (mg/mm) 0.676%* 0.5517%%* 0.330* 0.490%* —-0.137
Ipolar (mg cm) 0.764%* 0.622°%* 0.437%%* 0.5627%%* —-0.212
traCSA (mm?) 0.796%* 0.694 0.556%* 0.573%: —0.281
traBMD (mg/cm’®) 0.127 0.179 0.005 0.050 0.002
traBMC (mg/mm) 0.722%%* 0.647%** 0.482%%* 0.497%%* —0.241
mCSA (mm?) 0.135 0.187 0.120 0.179 —0.023
Mechanical properties

Max flexure load (N) 0.4497%%* 0.405* 0.199 0.394 —0.148
Energy at break (kJ) 0.268 0.273 0.145 0.116 —0.140

* P <0.05 % P <00l Elastic modulus (MPa) 0312 0.340% 0.123 0.222 —0252

(two-tailed)

regions. No correlation between osteocalcin and the mea-
sured bone traits were found (Table 2).

The diet- and running-induced effects on bone traits
measured by pQCT are shown in Table 3. Two-way
ANOVA showed a significant overall interaction of diet by
running on tBMD and ThC in the diaphysis and on tBMD,

tBMC, traBMD, and mCSA in the metaphysis. In both the
diaphysis and metaphysis, voluntary wheel running
decreased tBMD in mice on the control diet but increased
tBMD for those on the high-fat diet. Of the mice with
access to the running wheel, those fed the high-fat diet had
a thicker diaphyseal cortex and higher metaphyseal tBMC
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Table 3 pQCT measurements of left femur dissected from mice after 21-week intervention

Variables Control diet High-fat diet ANOVA P
C (n=10) CR (n = 10) HF (n = 10) HFR (n = 10) Diet Running  Diet x running

Diaphysis
tCSA (mm?) 2.13 (0.12)** 2.08 (0.10)** 2.34 (0.14)*,** 2.34 (0.21)*,** <0.01 0.555 0.614
tBMD (mg/cm®) 623 (20) 604 (25) 612 (18) 622 (24) 0.572 0.548 <0.05
tBMC (mg/mm) 1.33 (0.05) 1.26 (0.06) 1.43 (0.10)*,** 1.45 (0.14)%* <0.01 0.412 0.143
Ipolar (mg cm) 634 (65) 582 (56) 768 (100)%*,%** 769 (145)* ** <0.01 0415 0.403
cCSA (mm?) 1.20 (0.04) 1.14 (0.06)** 1.28 (0.09)*,** 1.30 (0.11)%*,** <0.01 0.334 0.108
¢BMD (mg/cm?) 971 (11) 956 (23) 985 (15)%* % 983 (18)%* <0.01 0.121 0.215
¢BMC (mg/mm) 1.17 (0.05) 1.09 (0.07) 1.26 (0.10)*,** 1.28 (0.13)%*,** <0.01 0.259 0.109
ThC (mm) 0.21 (0.01) 0.19 (0.02)* 0.21 (0.01)** 0.21 (0.02) <0.01 0.303 <0.01
mCSA (mm?)?* 0.36 (0.06) 0.36 (0.05) 0.44 (0.08)*,** 0.39 (0.05) <0.01 0.204 0.196

Metaphysis
tCSA (mm?) 3.54 (0.17) 3.40 (0.16) 3.85 (0.22)*,** 3.81 (0.34)* ** <0.01 0.233 0.496
tBMD (mg/cm®)* 435 (10) 408 (36)* 418 (11)* 425 (18) 0.866 0.144 <0.05
tBMC (mg/mm) 1.54 (0.09) 1.39 (0.13)* 1.61 (0.10)** 1.62 (0.16) <0.01 0.068 <0.05
Ipolar (mg cm) 1,276 (119) 1,123 (125)* 1,448 (167)** 1,425 (234)%* ** <0.01 0.106 0.230
traCSA (mm?) 2.34 (0.14) 2.42 (0.21) 2.67 (0.17)*,** 2.70 (0.30)*,** <0.01 0.448 0.747
traBMD (mg/cm®) 285 (17) 289 (13) 283 (10) 302 (8)*,*** 0.150 <0.01 <0.05
traBMC (mg/mm) 0.67 (0.06) 0.70 (0.05) 0.75 (0.05)*,** 0.82 (0.10)*,** <0.01 <0.05 0.434
mCSA (mm?)®* 0.25 (0.15) 0.33 (0.18)* 0.35 (0.09)* 0.20 (0.06)%* *** 0.941 0.371 <0.01

Results are mean (SD). P < 0.05 was considered significant
* P < 0.05 vs. C, ** P <0.05 vs. CR, *** P < 0.05 vs. HF

? Logarithm transformation for normality and comparison

compared to those fed the control diet, the interaction thus
overriding the main effect of running. Actually, CR mice
had a thinner cortex and lower metaphyseal tBMC. Vol-
untary wheel running increased traBMD only in mice fed
the high-fat diet. For mCSA in the metaphysis, there was a
“crossover” effect; for those on the control diet running
increased mCSA but for those on the high-fat diet it
decreased mCSA.

Apart from the above interactions, the high-fat diet had a
significant main effect by improving all the other bone
traits at both bone sites, while the main effect of running
was seen only in the increased metaphyseal traBMC.

Table 4 shows the biomechanical properties of the
femoral neck. No significant interactions of diet by running
were found. The high-fat diet had a significant main effect
by increasing maximum flexure load and elastic modulus,
whereas voluntary running decreased the maximum flexure
load.

Discussion

In this study, by feeding C57BL/6J mice a high-fat diet for
21 weeks, we obtained obese mice with over 60%
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increased body mass and insulin resistance. These mice
also showed a sevenfold increase in leptin level. Voluntary
wheel running increased running capacity under the control
and high-fat diets, but under the high-fat diet it had no
significant effect on insulin sensitivity. The effects of diet
or running on bone properties were complex in a site-
specific manner.

Our main findings were as follows: (1) Heavier body
mass induced by the high-fat diet accompanied increased
total bone cross-sectional area, mineral content, and polar
moment of inertia in both the diaphyseal and metaphyseal
regions of the femur. Diaphyseal cortical cross-sectional
area, marrow cavity, mineral content and density, meta-
physeal trabecular cross-sectional area, and mineral content
as well as femoral neck maximum flexure load and elastic
modulus were also increased. (2) Voluntary wheel running
under the control diet decreased diaphyseal cortical thick-
ness and total metaphyseal bone mineral content and den-
sity and increased metaphyseal marrow cavity. For those
on the high-fat diet, voluntary wheel running increased
metaphyseal trabecular density, decreased marrow cavity,
and decreased maximum flexure load in the femoral neck.

Epidemiological evidence has established a close link
between body mass (fat mass and/or fat free mass) and
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Table 4 Compression test of the femoral neck after 21-week intervention in mice

Variables Control diet

High-fat diet

ANOVA P

C (n=10) CR (n = 10) HF (n = 10) HFR (n = 10) Diet Running Diet x running
Max flexure load (N) 23.9 (3.2) 22.2 (27 28.1 (4.4)* ** 24.8 (4.5)%** <0.01 <0.05 0.511
Energy at break (kJ) 5.62 (1.35) 4.72 (1.97) 6.59 (3.71) 5.98 (2.41) 0.169 0.349 0.853
Elastic modulus (MPa) 31.6 (8.9) 35.6 (8.3) 40.8 (8.5)* 38.7 (5.8)* <0.05 0.721 0.235

Results are mean (SD). P < 0.05 was considered significant
* P <0.05 vs. C, ** P <0.05 vs. CR, *** P < 0.05 vs. HF

bone mass in humans [11]. It is also known that obesity is
inversely correlated with fracture risk [8]. Cobayashi et al.
[23] have shown that obese and overweight adolescents in
the final stages of sexual maturity had higher BMD of the
lumbar spine compared to their normal-weight counter-
parts, suggesting a positive role of obesity on growing
bone. More recently, Aubertin-Leheudre et al. [24] sug-
gested that even in sarcopenic postmenopausal women
obesity might offer some positive effects against osteopo-
rosis. Similarly, low body mass index increasing the risk of
osteoporotic fracture due to low bone mass independent of
age and sex was reported by Galusca et al. [25]. In animal
studies, similar to our results, Brahmabhatt et al. [26]
reported that the weight gain produced by diet-induced
obesity may lead to bone adaptation and improved bio-
mechanics of the femur in mature male rats. In contrast,
Cao et al. [27] showed that obesity induced by a high-fat
diet had negative effects on cancellous bone mass but no
effects on cortical bone mass in the tibia of mice. This
discrepancy may be due to differences in the analytical
procedures and weight-bearing skeleton sites.

Our results add to a growing body of evidence that bone
mass and density are highly correlated with body mass.
Obese mice had larger and stronger bone compared to lean
mice. This positive effect of obesity on both bone mass and
strength has been explained by several mechanisms. In
obesity, the increase of bone mass and strength may be
firstly due to higher mechanical loading stimulated by
increased body mass. In our study, the body mass of mice
fed the high-fat diet was increased more than 60%, sug-
gesting that body mass is a major influencing factor for
bone traits. Another potential explanation is the increased
secretion of bone-protecting factors from adipose tissue.
During recent years, adipose tissue has been considered not
just as a passive tissue for the storage of excess energy as
triglycerides but also as an active endocrine organ secreting
a variety of biologically active molecules, e.g., leptin [28]
and adiponectin [8]. It has been shown that leptin inhibits
bone formation through the central nervous system [29].
Moreover, it is proposed that peripheral leptin is associated
positively with bone formation and negatively with bone

resorption, leading to increased bone mass [30]. In accor-
dance with earlier reports (on humans and other animals),
our obese mice showed high serum leptin levels. We also
noticed that there was a positive correlation between serum
leptin level and the measured bone traits except tBMD in
both the diaphyseal and metaphyseal regions. However, the
correlation was diminished when adjusted for body mass;
thus, further studies are needed to address the specific role
of leptin in explaining the association between obesity and
bone geometry and strength.

Voluntary running improved the endurance running
capacity of mice especially under the high-fat diet and was
associated with a concomitant statistically nonsignificant
improvement in insulin sensitivity. However, body mass
was not significantly reduced. Runners gained somewhat
more calories from their diets, but due to increased energy
expenditure, their body mass was not increased. These
effects of reduced body mass on bone under the control diet
were negative, but under the high-fat diet they were posi-
tive. Similar to our results, Hamrick et al. [31] reported that
reduced body mass due to energy restriction resulted in
decreased cortical bone mass and spared trabecular bone in
mice.

Epidemiological data from randomized control trials or
intervention studies in humans after partially controlling
factors (intrinsic: age, genetic background, sex, hormones;
extrinsic: nutrition, exercise, and other environmental
factors) that influence bone properties assessed by pQCT,
DEXA, or ultrasound [32] have proved that physical
activity is associated with bone mass and strength and has
positive effects on bone properties. Especially the data
from people who participated in special exercise training
programs showed more clearly beneficial effects of exer-
cise on bone mass or bone strength [15, 16]. More inter-
estingly, voluntary leisure-time physical activity also
showed positive effects on both cortical thickness and
trabecular bone after controlling for genetic background
[33, 34]. In accordance with our results in obese mice,
previous animal studies have also shown protective effects
of exercise on trabecular bone density [18, 35]. Somewhat
unexpectedly, in the present study voluntary running under

@ Springer



418

H. Ma et al.: Obesity, Exercise, and Bone

the control diet had detrimental effects on bone mass and
strength in both the femoral diaphysis and distal metaph-
ysis in terms of enlarged marrow cavity. This was consis-
tent with bone mechanical properties showing that runners
had lower maximum flexure load but somewhat higher
elastic modulus, meaning higher possibility of breaking.
Similar findings have been reported for the rat proximal
tibia after intensive treadmill running [36] and for the
mouse tibia after 3-week weight-bearing running during
growth [37]. A recent study showed reduced mid-tibial
volumetric BMD and strength in 23-week-old female
C57BL/6J mice after 1 month of voluntary wheel running
[38]. This discrepancy might be explained by activated
modeling or remodeling of bone during growth under
continuous mechanical stimulation [39, 40]. Histomor-
phometric analysis [36] has proven that in young rats
reduced longitudinal bone growth and bone loss under
strenuous training were caused by decreased osteoblastic
activity rather than a global adaptation of bone remodeling.
Later on, Mori et al. [19] showed more complicated results
in vivo and in vitro in 8-week-old C57BL/6J mice after
voluntary climbing exercise. They showed that intermittent
climbing initially increased trabecular bone volume and
reduced bone resorption, partially due to downregulated
marrow osteoclastogenesis and upregulated osteogenesis,
while further exercise desensitized both pathways.

In general, in C57BL/6J mice from the age of 6 weeks
[41, 42] trabecular volume and trabecular number decrease
continuously. However, trabecular spacing, trabecular
thickness, and cortical area increase up to 24 weeks of age.
In our study, the voluntary running exercise lasted for
20 weeks during the growth period of the mice. Arrays of
data have indicated that during the growth period physical
activity imposes its effect on bone more efficiently [43].

It has been documented that BMD and BMC are pow-
erful predictors of fracture risk [44, 45]. Interestingly, our
results show positive effects of voluntary running on bone
with the high-fat diet since the runners had higher trabec-
ular BMC and BMD and smaller marrow cavity, similar to
our previous twin study [34]. Consequently, both diet and
exercise should be considered when optimizing the effects
on body composition and bone, even though the underlying
mechanisms remain partly unknown.

In conclusion, mice with obesity induced by a high-fat
diet had larger and stronger femur, thicker diaphyseal
cortex, but lower distal metaphyseal BMD. Voluntary
running had protective effects on distal metaphyseal BMC
and BMD, particularly in the high-fat diet group. These
results suggest that voluntary running exercise affects
bone properties in a site-specific manner and that there is
a complex interaction between physical activity and
obesity.
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