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Abstract There is a concern that the combination of
exercise with food intake reduction has a risk of reducing
bone strength and bone mass in young female athletes. We
examined the influence of the interaction of voluntary
running exercise and food restriction on bone in young
female rats. Seven-week-old female Sprague—Dawley rats
were divided into four groups: the sedentary and ad libitum
feeding group (SED), voluntary running exercise and
ad libitum feeding group (EX), sedentary and 30 % food
restriction group (SED-FR), and voluntary running exer-
cise and 30 % food restriction group (EX-FR). The ex-
periment lasted 12 weeks. Statistical analysis was carried
out by two-way analysis of variance with exercise and
restriction as the between-subjects factors. As a result,
there were significant interactions of running and restric-
tion on energy availability, breaking force, breaking ener-
gy, and bone mineral density (BMD). Breaking force and
energy in the EX group were significantly higher than in
the SED group; breaking force and energy were sig-
nificantly lower in the EX-FR group than in the EX group,
and breaking force in the EX-FR group was significantly
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lower than that in the SED-FR group. BMD in the EX-FR
group was significantly lower than in the EX and SED-FR
groups. These results suggest that food restriction induced
low bone strength in young female rats engaging in vol-
untary running exercise. Also, through the interaction of
exercise and food restriction, voluntary running exercise
combined food restriction, unlike ad libitum feeding con-
ditions, induced low bone strength, and low BMD in young
female rats.

Keywords Running - Food restriction - Bone strength -
Young female rat - Low energy availability

Introduction

There is a concern that the combination of exercise and
food intake reduction has a risk of reducing bone strength
and bone mass in young female athletes [1, 2]. It is gen-
erally recognized that exercise increases bone strength by
increasing mechanical loading [3-5]. For exercise to exert
an anabolic effect on bones, adequate nutritional status is
essential [6]. It has been reported that females who exercise
with an inadequate energy intake can suffer low bone
mineral density (BMD) due to a reduction in energy
availability, which is the amount of dietary energy re-
maining for other body functions after exercise training, as
well as menstrual dysfunction [1]. Low bone strength, in-
cluding that caused by the combination of exercise and
food intake reduction, may cause stress fractures [7, 8], is
an important problem to address.

Recently, low bone strength and bone mass resulting
from the combination of running exercise and food intake
reduction in females has been studied using mature female
rats [9-11]. Previous studies have reported that food
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restriction in sedentary female rats induces low BMD [12-
14]. Furthermore, it has been reported that food restriction
in female rats undergoing an exercise regimen induced low
bone mineral content (BMC) [9, 10] and BMD [11].
However, the influence of food restriction on bone in
“young” female rats engaging in running exercise is un-
clear. Research on bone during the adolescent years has
been regarded as important [2] because the adolescent
period is critical for acquiring bone mass [15]. Therefore, it
is essential to study this topic in an adolescent model such
as young female rats.

Additionally, it is necessary to reveal the influence of
running exercise on bone in female rats under food re-
striction conditions. In previous studies, it has been re-
ported that running exercise under ad libitum feeding
conditions in female rats induced high bone mass [16] or
high BMD [3, 17]. However, the influence of running ex-
ercise on bone in female rats has not been reported under
food restriction conditions. Engaging in running exercise in
combination with low energy availability due to food re-
striction may result in lower bone strength than a sedentary
lifestyle with food restriction because running exercise
further decreases energy availability.

Accordingly, the aim of the present study was to ex-
amine the influence of the interaction of voluntary running
exercise and food restriction on bone in young female rats.

Materials and Methods
Experimental Design

Female Sprague-Dawley rats (n = 32, 7 weeks old) were
randomly divided into four experimental groups after a
1-week acclimatization period. The groups included a
sedentary and ad libitum feeding group (SED, n = 8), a
voluntary running exercise and ad libitum feeding group
(EX, n = 8), a sedentary and 30 % food-restricted group
(SED-FR, n = 8), and a voluntary running exercise and
30 % food-restricted group (EX-FR, n = 8). The ex-
periment period was 12 weeks. The rats were purchased
from CLEA Japan (Tokyo, Japan) and were fed the diet
described in Table 1. The SED and SED-FR groups were
housed individually in normal cages (15 x 25 x 19.5 cm),
while the EX and EX-FR groups were housed individually
with free access to permit wheel cage to voluntary running
exercise (circumference 1 m; 27 x 35 x 35 cm). We used
voluntary running so that the changing daily running dis-
tance could be assessed and to ensure momentum. The
SED-FR and EX-FR groups were fed a 30 % restricted diet
that was calculated to contain 70 % of the mean amount
consumed in the previous week by the SED group. As a
result, the EX-FR group was fed a diet with a mean 35 %

Table 1 Compositions of the experimental diets

Constituents (%)
Glucose monohydrate 62.37
Casein® 18.0
Cystine 0.2
Cottonseed oil 10.0
CaCos 1.490
KH,PO, 1.158
K,HPO, 1.482
Roughage 3.0
Choline chloride 0.2
Water-soluble vitamin mixture® 0.1
Oil-soluble vitamin mixture 0°
Ca- and P-free salt mixture® 2.0
Energy (kcal/100 g) 373

Crude protein 18.0 %; Ca 0.6 %; P 0.6 %
 Casein contained 0.22 mg calcium/g and 4 mg phosphorus/g

® The water-soluble vitamin mixture(in %): thiamin 0.5; riboflavin,
0.5; pyridoxine 0.5; calcium pantothenate 2.8; nicotinamide 2.0;
inosito 20.0: folic acid 0.02; vitamin B;, 0.002; biotin 0.01; and
glucose monohydrate 73.7

¢ The rats received a supplement of the following oil-soluble vita-
mins in cottonseed oil three times a week: [-carotene 70 pg;
2-methyl-1.4-naphthoquinone 105 pg; a-tocopherol 875 pg; and vi-
tamin D5 525 U

4 Ca- and P-free salt mixture(in %): KCl 57.7; NaCl 20.9; MgSO,
17.9; FeSO,4-7H,0, 3.22; CuSO,4-5H,0, 0.078; NaF, 0.133; CoCl,.
6H,0, 0.004; KI, 0.01; MnSO4-5H,0, 0.06; ZnSO,-7H,0, 0.44; and
(NH,4)¢Mo,0,4-4H,0, 0.005

reduction compared to the Ex group. The room was
maintained at 22 4+ 1 °C under a constant 12:12 h light-
dark cycle (light 8:00-20:00).

Daily Data Collection and Specimen Harvesting

The body weight and amount of dietary intake were mea-
sured every second day, and the running distance was
measured every day. On the day before the dissection, all
rats fasted for 12 h. Whole blood samples were collected
from the abdominal aorta using syringes under diethyl
ether anesthesia. Serum samples were separated by cen-
trifugation at 2500 rpm for 20 min at 4 °C. The serum was
frozen at —80 °C for the determination of bone metabolic
markers in the serum. The abdominal fat, uterus, adrenal
gland, femurs, tibias, and lumbar spine were collected from
each rat after death. Femurs were collected, freed from the
adhering connective tissues, and their bone strength was
immediately measured. The tibias and lumbar spines were
stored in 70 % ethanol after being harvested and cleaned of
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soft tissue for measurement of the BMC, bone area, and
BMD. The animals were placed in individual metabolic
cages (24 x 20 x 18 cm®) on the 80th and 81st days, just
before the end of the experimental period. Urine was col-
lected over two 24-h periods. Urine was collected under
acidic conditions using 2 ml 2N hydrochloric acid. All
urine was centrifuged at 2500 rpm for 15 min to eliminate
refuse, and tested by measuring bone turnover.

Calculation of Energy Availability

Energy intake was calculated by multiplying the amount of
food intake in grams by the energy content of the food
(3.73 kcal/g) (energy intake = food intake x 3.73 kcal/g).
Exercise-induced energy expenditure due to daily wheel
running was calculated by taking 5.0 kcal/kg body weight
times the km run [18], as in a previous study [9] (energy
expenditure = wheel-running distance x body weight x
5.0 kcal/kg body weight/km). Energy availability was
calculated as energy intake minus exercise energy expen-
diture as previously described [9].

Evaluation of Estrous Cycle by Spectral Analysis
of the Running Distance

This analysis was performed to examine whether the run-
ning distance increased every 4 or 5 days in order to assess
the estrous cycle. To remove the slowly varying baseline
from the data for the voluntary wheel-running distance, we
used empirical mode decomposition (EMD) [19]. The
EMD is a new adaptive data analysis method for analyzing
nonlinear and non-stationary data. It decomposed the signal
into several basic components called intrinsic mode func-
tions (IMFs), and a residual understood as the signal trend.

First, we acquired the voluntary wheel-running distance
date after 30 days (period which data were acquired was
approximately 52 days), because estrous dysfunction due
to food restriction with running exercise appears after
30 days according to a previous study [9]. Second, we
analyzed the data using the EMD method and re-created
the data set to extract the residual signal trend and the
lowest-frequency IMF component from the original data.
Third, we analyzed the data using the techniques of max-
imum entropy spectral analysis, using the final prediction
error criterion for optimal order selection. Last, to exclude
the inter-individual difference in the total power affecting
the local power, we also computed the proportion of the
power spectrum of the running distance from 0.2 to 0.3 Hz
in the total power spectrum. We calculated the proportion
of the power spectrum of the running distance from 0.2 to
0.3 Hz in the total power spectrum, because previous
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studies showed that female rats have a 4- or 5-day running
cycle in association with the estrous cycle, and their run-
ning activity was observed to be high in proestrous [2, 9,
20]. If the running distance increased cyclically every 4 or
5 days, the proportion of the power spectrum of the run-
ning distance from 0.2 to 0.3 Hz in the total power spec-
trum was high. In contrast, wheel-running fluctuation in
anestrous female rats was reported to be minimal [9]. So if
female rats are anestrous, the proportion of the power
spectrum of the running distance from 0.2 to 0.3 Hz in the
total power spectrum is low.

Measurement of Bone Strength by Three-Point
Bending Test

The strength of the femoral mid-shaft was assessed by a
three-point bending test (DYN-1255, IO DENKI, Tokyo,
Japan) using previously described methods (distance be-
tween the fulcrums 1 cm; plunger speed 100 mm/min; full
scale 50 kg; chart speed 120 cm/min) [21]. Breaking force
refers to the loading weight (gravitational acceleration)
required for bone breaking. Breaking energy refers to the
workload that resulted in the breaking of the bone.

Measurement of BMC, Bone Area, and BMD
by Dual-Energy X-ray Absorptiometry (DXA)

The BMC, bone area, and BMD values of the tibia and L3-
L6 lumbar spines were measured by dual-energy X-ray
absorptiometry (DXA; Aloka, DCS-600R, Tokyo, Japan)
as previously described [22]. The tibia was divided into
five divisions, and the first division from the upper side was
considered to be the proximal metaphysis site. The second
and third divisions from the upper side were considered to
be the diaphysis site. The tibia at the metaphysis site
contains mainly cancellous bone, and the tibia at the
diaphysis site contains mainly cortical bone.

Bone Metabolic Markers

Serum bone-specific alkaline phosphatase (BAP) activity, a
marker of bone formation, and tartrate-resistant acid
phosphatase (TRAP) activity, a marker of bone resorption,
were measured as previously reported [23]. The bone re-
sorption marker deoxypyridinoline (Dpd, bone-specific
type 1 collagen degradation product) was measured in the
24-h urine sample using commercially available kits (Me-
tra Dpd EIA Kit, Quidel, San Diego, CA, USA). Urine
calcium excretion (mg/d) was measured using the ICPS-
8100 (Sequential Plasma Spectrometer, Shimadzu, Japan)
according to the manufacturer’s protocol.
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Statistical Analysis

All data were expressed as mean =+ standard error (SE).
Statistical analysis was carried out by two-way analysis of
variance (ANOVA) with exercise (sedentary or exercise)
and restriction (ad libitum feeding or food restriction) as
between-subjects factors. In any analysis, if significant
interactions were observed, the variables were analyzed
with the Bonferroni multiple comparison test. Main effects
were only considered when interactions were not sig-
nificant. Running distance, exercise-induced energy ex-
penditure, and the proportion of the power spectrum of the
running distance from 0.2 to 0.3 Hz in the total power
spectrum were analyzed using the Welch’s 7 test. The
significance level was set at p < 0.05. All statistical ana-
lysis was performed using SPSS Statistical Packages (Ver.
19.0; SPSS Inc., Chicago, USA).

Results

Body Weight, Food Intake, Running Distance,
Energy Availability, and Internal Organs Weight

Figure 1 presents the results of the change in body weight,
food intake, running distance, and energy availability
during the experimental period. The body weight is ex-
pressed as the mean at the beginning of week. The food
intake, running distance, and energy availability are ex-
pressed as the mean of the weekly average. The increase in
body weight in the EX-FR group was suppressed. Food
intake in the SED-FR and EX-FR groups continued to be
restricted during the experimental period.

Moreover, the body weight and internal organ weight at
the dissection, the food intake, running distance, and re-
lated categories of energy availability are presented in
Table 2. There was no significant interaction of exercise
and restriction on abdominal fat weight, but there were
significant main effects of exercise or restriction on causing
lower abdominal fat weight.

There were significant interactions of exercise and re-
striction on average of food intake and energy intake. The
average food intake and energy intake in the EX group were
significantly higher than those in the SED group. The aver-
age food intake and energy intake in the SED-FR group were
significantly lower than those in the SED group. The average
food intake and energy intake in the EX-FR group were
significantly lower than those in the EX group (Table 2). The
average wheel-running distance and exercise-induced ener-
gy expenditure were not significantly different between the
EX group and the EX-FR group. The average energy avail-
ability (kcal/day) levels of each group were as follows: SED;
66.3 + 1.8, EX; 62.0 & 1.4, SED-FR; 47.3 £+ 0.1, and EX-
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Fig. 1 Changes in body weight (a), food intake (b), running distance
(c), energy availability (d). Values are mean £+ SE. However, the SE
might not be noticeable in the figure if it was small. SED sedentary
group, EX exercise group, SED-FR sedentary + food restriction
group, and EX-FR exercise + food restriction group. Body weight,
food intake, and energy availability were measured every other day,
and running distance was measured every day. The value of body
weight is expressed as the mean at the beginning of every week. The
values of food intake, running distance, and energy availability are
expressed as the mean of the weekly average for each parameter

FR; 36.2 £ 0.6. There was a significant interaction of ex-
ercise and restriction on average of energy availability. The
average of energy availability in the SED-FR group was
significantly lower than that in the SED group, and the av-
erage energy availability in the EX-FR group was sig-
nificantly lower than that in the EX and SED-FR groups.
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Table 2 General characteristics and energy availability

SED EX SED-FR EX-FR Two-way ANOVA
Exercise Restriction Interaction

Body weight (g) 336 + 14 292 £ 6 249 £ 4 190 £ 6 p<0.05 p<0.05 ns
Abdominal fat weight (g) 243+£49 115+ 1.7 49+ 1.1 1.4 +£03 p<0.05 p<0.05 ns
Uterus weight (g) 053 +£0.02 0.61 £ 0.04 0.67 £0.04* 031 +0.06%" p <005 ns p <0.05
Adrenal gland weight (g) 365+ 13 446+32 351407 363 £ 3.5 ns ns ns
Food intake (g/day) 178 £ 05 195+ 03" 127+ 00" 12.6 £ 0.0% p <005 p<0.05 p <0.05
Wheel-running distance (km/day)* - 90+ 1.1 - 11.5 £ 0.06 - - -
Percentage of the power spectrum of the - 043 £0.04 - 0.17 £ 0.03* - - -

running distance™®
Energy intake (kcal/day)® 663+ 1.8 73.14+ 1.0 473 +£02% 472+ 02% p<005 p<0.05 p<005
Energy-induced energy expenditure - 11715 - 11.0 £ 0.5 - - -

(kcal/day)™®
Energy availability (kcal/day)® 663+ 1.8 6l4+14 473406° 362+£06%" p<005 p<005 p<005

Values are expressed as mean £ SE. The values of body weight, abdominal fat weight, uterus weight, and adrenal gland weight are expressed as
the means at the end of the experiment, and the values of others are expressed as the means of average of entire experimental period. Data were
analyzed by two-way ANOVA. SED sedentary group, EX exercise group, SED-FR sedentary + food restriction group, EX-FR exercise + food
restriction group

If a result showed significant interaction (p < 0.05), the Bonferroni multiple comparison test was used to determine specific differences between
means

# p < 0.05 for versus SED group; * p < 0.05 for versus EX group; © p < 0.05 for versus SED-FR group

# Data were analyzed by Welch’s ¢ test

® To quantify the periodic component at about 4- or 5-day observed in the temporal profile of the running distance, we estimated the power in the
frequency band from 0.2 to 0.3 Hz using spectral analysis of the detrended time series. Moreover, to exclude the interindividual difference in the
total power affecting the local power, we also computed the proportion of the power spectrum of the running distance from 0.2 to 0.3 Hz in the

total power spectrum

¢ Energy intake was calculated by multiplying the amount of daily food intake in grams by the energy content of the food (3.73 kcal/g)

4 Exercise-induced energy expenditure from daily wheel running was calculated as 5.0 kcal/kg body weight times kilometers run [18]

¢ Energy availability was calculated as energy intake minus exercise energy expenditure

Reproductive Function

There was significant interaction of exercise and restriction
on uterus weight (Table 2). The uterus weight in the SED-
FR group was significantly higher than that in the SED
group, and that in the EX-FR group was significantly lower
than that in the EX and SED-FR groups. Additionally, the
proportion of the power spectrum of the running distance
from 0.2 to 0.3 Hz in the total power spectrum in the EX-
FR group was significantly lower than that in the EX group.
This result showed that rats in the EX-FR group showed
estrous cycle abnormality.

Bone strength, BMD, BMC, and Bone Area

The breaking force and breaking energy of the femur are
presented in Fig. 2. There were significant interactions of
exercise and restriction on breaking force, and there were
also significant interactions of exercise and restriction on
breaking energy. The breaking force and breaking energy
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in the EX group were significantly higher than those in the
SED group, while they were significantly lower in the
SED-FR group than those in the SED group and sig-
nificantly lower in the EX-FR group than those in the EX
group. Moreover, the breaking force in the EX-FR group
was significantly lower than that in the SED-FR group.

The BMD of the lumbar spine, total tibia, proximal
metaphysis tibia, and diaphysis tibia are presented in
Fig. 3. There were significant interactions of exercise and
restriction on the BMD of the lumbar spine, total tibia,
proximal metaphysis tibia, and diaphysis tibia. Those in the
EX-FR group were significantly lower than those in the EX
and SED-FR groups.

The BMC values and bone areas of the lumbar spine,
total tibia, proximal metaphysis tibia, and diaphysis tibia
are presented in Table 3. There were significant interac-
tions of exercise and restriction on the BMC and bone area
of the lumbar spine, total tibia, proximal metaphysis tibia
and diaphysis tibia but not on the bone area of diaphysis
tibia. The BMC and bone area of lumbar in the SED-FR
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multiple comparison test was

Fig. 2 Breaking force and (A) B)

breaking energy of femur. 2 30 - p<0.05 p<0.05 B 20 - p<0.05

a Breaking force of femur. = T 1 T 1 8 |

b Breaking energy of femur. S =

¢ Data were analyzed by two- g/ 25 1 X

way ANOVA. Values are . 15

expressed as mean + SE. Data ;_- 20 # =

were analyzed by two-way & ~T * :o #

ANOVA. SED sedentary group, S 15 A S 10 - *

EX exercise group, SED-FR 3 ?

sedentary + food restriction S 10 4 %

group, EX-FR exercise + food @ P

restriction group. If a result 2 5 -

showed significant interaction 2 §"

(p < 0.05), the Bonferroni A 0 - . ' _ o8] 0 - i i i X
SED

used to determine specific
differences between means.

#p < 0.05 for versus SED ©

EX SED-FR EX-FR

SED EX SED-FR EX-FR

group, *p < 0.05 for versus EX

Two-way ANOVA

group Exercise Restricion  Interaction
Breaking force of femur ns p<0.05 p<0.05
Breaking energy of femur ns p<0.05 p<0.05

group were significantly lower than those in the SED
group, and those in the EX-FR group was significantly
lower than those in the EX and SED-FR groups. The BMC
of total tibia, proximal metaphysis tibia, and diaphysis tibia
in the EX group were significantly higher in the SED
group, and those in the EX-FR group was significantly
lower than that in the EX and SED-FR groups. Addition-
ally, the BMC of proximal metaphysis tibia in the SED-FR
group was significantly lower than those in the SED group.
The bone area of total tibia in the EX group was sig-
nificantly higher than those in the SED group, while they
were significantly lower in the SED-FR group than in the
SED group and significantly lower in the EX-FR group
than in the EX group. The bone area of diaphysis tibia in
the EX group was significantly higher in the SED group,
and those in the EX-FR group was significantly lower than
that in the EX and SED-FR groups. Finally, food restriction
had a significant main effect on decreasing the bone area of
proximal metaphysis tibia.

Bone Metabolic Markers

Table 4 presents the results for serum BAP, serum TRAP,
urine DPD, and urine calcium excretion. There were no
significant interactions of exercise and restriction on serum
BAP, serum TRAP, urine DPD, and urine calcium excre-
tion. Exercise or food restriction had significant main ef-
fects on increasing BAP and TRAP, and these effects in the
EX-FR group were higher than those in the other groups.
Meanwhile, exercise had a significant main effect on

causing higher DPD. There was no significant main effect
of exercise or food restriction on urine calcium excretion.

Discussion

The aim of the present study was to examine the influence
of the interaction of voluntary running exercise and food
restriction on bone in young female rats. Our data
demonstrated that the interaction of voluntary running ex-
ercise and food restriction resulted in lower energy avail-
ability, lower bone strength, or lower BMD than exercise
alone or food restriction alone in young female rats.

In the present study, our data showed that the interaction
of the combination led to lower energy availability com-
pared with food restriction alone in female rats. Interaction
of voluntary running exercise and food restriction induced
lower energy availability compared with only exercise in
female rats (Table 2), which was similar to previous study
[9]. Energy availability is defined as energy intake minus
exercise energy expenditure, and low energy availability
causes suppression of the physiological system, including,
cellular maintenance and growth [24], thus decreasing total
energy expenditure [25]. Thus, low energy availability is a
critical problem in female rats with that engage in exercise
and undergo food restriction. We considered that the sup-
pression of the physiological system due to low energy
availability would occur in female rats as a result of the
interaction of running exercise and food restriction in our
study. As an indication of this physiological suppression,
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Fig. 3 Bone mineral density of
lumbar spine and tibia spine.

a BMD of lumbar spine. b BMD
of total tibia. ¢ BMD of
proximal metaphysis tibia.

d BMD of diaphysis tibia.

e Data were analyzed by two-
way ANOVA. Values are
expressed as mean + SE. Data
were analyzed by two-way
ANOVA. SED sedentary group,
EX exercise group, SED-FR
sedentary + food restriction

(A)

[ [ 3%
o W
o o
1 ]

—

I°d

o
I

d
o
Il

BMD of lumbar spine (mg/cm?)

—T *

a

p<0.05 ) e

p<0.05

BMD of proximal metaphysis tibia
(mgfem?)

group, and EX-FR

exercise + food restriction
group. If a result showed
significant interaction

(p < 0.05), the Bonferroni
multiple comparison test was
used to determine specific
differences between means.
#p < 0.05 for versus SED
group, *p < 0.05 for versus. EX
group, Tp < 0.05 for versus
SED-FR group

: I I
0 h T
SED  EX
120 -
80 |
40
0 4

g

BMD of total tibia (ngfem?)

SED-FR EX-FR

—= *

—T
*
150 ]
100
50
0 - T T T
SED EX SED-FR EX-FR

E

p<0.05
- 1

p<0.05
| L

—T . *

—T

—

[

o
'

[7d
o

o+
o

EX SED FR EX- FR

BMD of diaphysis tibia (mgfcm?)

o

EX SED FR EX- FR

(E)
Two-way ANOVA
Exercise Restriction  Interaction
BMD of lumbar spine ns p<0.05 p<0.05
BMD of total tibia p<0.05 p<0.05 p<0.05
BMD of proximal metaphysis tibia ns p<0.05 p<0.05
BMD of diaphysis tibia ns p<0.05 p<0.05

the increase in body weight in the EX-FR group was in-
hibited, and the uterus weight in the EX-FR group was
significantly lower than that in the EX and SED-FR groups.
It was reported that low uterus weight can be caused by
estradiol deficiency [26]. Thus, in the present study, it may
be that rats in the EX-FR group exhibited abnormal
estradiol secretion due to low energy availability.
Moreover, we considered that reproductive dysfunction
occurred in the EX-FR group due not only to the uterus
weight but also to the proportion of the power spectrum of
the running distance from 0.2 to 0.3 Hz in the total power
spectrum. This proportion of the power spectrum of the
running distance from 0.2 to 0.3 Hz in the total power
spectrum in the EX-FR was low in the period from 30 to
82 days (Table 2). The disruption of the voluntary running
distance peak in the EX-FR group appeared to be
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anestrous. Dimarco et al. [9] reported that anestrous female
rats showed estradiol deficiency, so it possible that rats in
the EX-FR group showed abnormal estradiol secretion.
Meanwhile, previous studies in the activity-stress para-
digm reported that wheel-running distance was greatly in-
creased in rats with food restriction [27, 28]. In contrast, in
our study, although the wheel-running distance in the EX-
FR group was 2.5 km/day longer than that in the EX group,
this difference was not significant, and the result was
similar to the results of previous studies using the same
food restriction method [9, 11]. The difference in the extent
of causing longer wheel-running distance results may have
been caused by the difference in the amount of food re-
striction. The food intake of the EX-FR groups in the
present study was 12.6 £ 0.0 g/day, whereas the food in-
take in the activity-stress paradigm was about 7 g/day or
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Table 3 BMC and bone area of lumbar and tibia

SED EX SED-FR EX-FR Two-way ANOVA
Exercise Restriction Interaction
BMC of lumbar (mg) 555 £ 22 542 £ 8 488 + 13* 382+ 127 p <005 p<005 p<0.05
Bone area of lumbar (cm?) 260 £ 0.06 250 £0.04 233+ 007" 196+ 0047 p<005 p<005 p<0.05
BMC of total tibia (mg) 284 £ 11 309 + 7* 262 + 8 225 4 51 ns p<005 p<0.05
Bone area of total tibia (cm?g) 1.99 4+ 0.05 2.12 £ 0.03" 1.85+0.03* 1.77 + 0.03* ns p <005 p<0.05
BMC of proximal metaphysis tibia (mg) 92 £ 4 101 + 3* 81 + 2* 65 £ 3% 7 ns p <005 p<0.05
Bone area of proximal metaphysis tibia 0.50 £ 0.02 0.52 +£0.01 046 +0.01 043 + 0.02 ns p < 0.05 ns
(cm?)

BMC of diaphysis tibia (mg) 108 + 4 120 + 2* 103 £ 6 91 + 2%f ns p<005 p<0.05
Bone area of diaphysis tibia (cm?) 0.81 = 0.02 0.08 + 0.01* 0.81 = 0.03 0.76 & 0.01*T ns p <0.05 p <0.05

Values are expressed as mean + SE. Data were analyzed by two-way ANOVA. SED sedentary group, EX exercise group, SED-FR seden-
tary + food restriction group, EX-FR exercise + food restriction group

If a result showed significant interaction (p < 0.05), the Bonferroni multiple comparison test was used to determine specific differences between

means
#

Table 4 Bone metabolic marker and urine calcium

p < 0.05 for versus SED group; * p < 0.05 for versus EX group; f p < 0.05 for versus SED-FR group

SED EX SED-FR EX-FR Two-way ANOVA
Exercise Restriction Interaction
Serum BAP (mU) 32.0 + 3.8 56.9 + 6.9 49.8 £ 5.1 72.6 £ 6.6 p<0.05 p<0.05 ns
Serum TRAP (mU) 11.5 £ 0.6 149 £ 1.5 14115 18.5 £ 0.8 p<0.05 p<0.05 ns
Urine DPD (nmol/day) 4.09 + 0.80 7.81 £ 1.25 4.76 + 1.01 537+094 p<0.05 ns ns
Urine calcium excretion (mg/day)  0.89 4+ 0.11 1.17 £ 0.25 1.15 £ 0.25 1.61 £ 029 ns ns ns

Values are expressed as mean & SE. Data were analyzed by two-way ANOVA

SED sedentary group, EX exercise group, SED-FR sedentary + food restriction group, EX-FR exercise + food restriction group

BAP bone alkaline phosphatase activity, TRAP tartrate-resistant acid phosphatase activity, DPD deoxypyridinoline

less [27]. We suggested that the food restriction in the
present study was not strict enough to cause an extreme
longer running distance.

The bone strength results showed that the voluntary
running exercise led to high bone strength with ad libitum
feeding conditions, and the interaction of voluntary run-
ning exercise and food restriction led to lower bone
strength than the food restriction alone (Fig.2). Our
group reported that the combination of voluntary running
exercise and food restriction resulted in low bone strength
in young male rats [29], similar to finding in the present
study with young female rats. Moreover, in the present
study, the two-way ANOVA statistical methods, revealed
that an interaction occurred as a result of combination of
conditions. Although it is known that exercise causes
higher bone strength with ad libitum feeding [20], the
effect was the opposite with food restriction in young

female rats. To the best of our knowledge, there has been
no study that has reported the influence of the interaction
of voluntary running exercise and food restriction on bone
strength.

BMD is frequently used as a proxy measure for bone
strength and accounts for approximately 70 % of bone
strength [30]. BMD is the main factor that determines bone
strength. The effect of voluntary running exercise on BMD
has been reported to be positive [3, 20]. In contrast, the
influence of food restriction on BMD has been reported to
be negative in sedentary rats [12, 14] and in exercising rats
[11]. In the present study, we revealed that there were in-
teractions of voluntary running exercise and food restric-
tion on the BMD of the lumbar spine and tibia; the BMD
values of the lumbar spine and tibia in the EX-FR group
were lower than those in the SED-FR group (Fig. 3). These
results demonstrated that the interaction of the combination

@ Springer
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caused the negative influence of voluntary running exercise
on BMD in young female rats. Dimarco et al. [9] reported
that the BMD values of the femur and tibia were not sig-
nificantly different between ad libitum intake and food
restriction conditions in exercising female rats, a different
result than that found in the present study. This difference
might have been caused by the difference in the age of the
rats. The age of the rat in the exercise and food restriction
phase was lower in our study (8-20 weeks old) than in
Dimarco et al.’s study (17-30 weeks old). Our findings
could suggest that young female rats may be sensitive to
the negative effects of the interaction of voluntary running
exercise and food restriction. Meanwhile, Exercise did not
have positive impact on BMD in rats fed ad libitum while
bone strength in the EX group was higher than that in the
SED group. Bone strength reflects not only BMD but also
bone quality [30]. These results suggest that bone features
beside BMD influence bone strength in our study. Addi-
tionally, our studies showed that the interaction of volun-
tary running exercise and food restriction resulted in low
BMC and bone area in young female rats. The BMC of
proximal metaphysis tibia was in tandem with the bone
breaking force of femur, and the bone area of total tibia
was in tandem with the bone breaking energy of femur.
However, the BMC and bone area of diaphysis tibia, which
is the same cortical bone site as the femur used for bone
strength test, were not completely in tandem with the bone
breaking force and bone breaking energy of femur. These
results suggest both theories: Bone mass and bone size
influence bone strength, and bone features other than those
also influence bone strength in our study.

We consider that one of the factors of leading to the
bone fragility resulting from the interaction of voluntary
running exercise and food restriction is low energy avail-
ability. Low energy availability induces suppression of
physiological systems [24], including the secretion of
hormone, such as estradiol and IGF-1, which affect bone
turnover and promote the strengthening of bone [31]. In the
present study, it is possible that the rats in the EX-FR group
exhibited abnormal estradiol secretion as suggested by the
uterus weight and the proportion of the power spectrum of
the running distance from 0.2 to 0.3 Hz in the total power
spectrum. In support of this possibility, Dimarco et al. [9]
and Yanaka et al. [11] reported that lower estradiol resulted
from the combination of exercise and food restriction in
mature female rats. Additionally, Barrack et al. [32] re-
ported that adolescent female runners with elevated bone
turnover showed low energy intake and low estradiol
levels. Low energy availability may induce the elevation of
bone turnover and low bone strength. In the present study,
main effect of exercise or food restriction caused higher
BAP and higher TRAP (Table 4). Further investigation of
the alteration of hormone secretion, bone turnover, and the

@ Springer

mechanism of bone fragility resulting from the combina-
tion of exercise and food restriction is necessary.

This study has the following limitation. With regard to
the influence of food restriction, we focused on low energy
availability because we considered it to be a critical
problem in female rats that engage in exercise and are
subject to food restriction. However, the food restriction
involved not only energy restriction but also the reduction
of the intake of all nutrients. Talbott et al. [33] reported that
40 % energy restriction and 80 % calcium restriction re-
sulted in lower BMD than 40 % energy restriction alone in
young female rats. Thus, it is possible that a reduction in
nutrient intake, not just caloric intake, also impaired bone
development.

In conclusion, the interaction of voluntary running exercise
and food restriction resulted in lower energy availability,
lower bone strength, and lower BMD than exercise alone and
food restriction alone in young female rats. These results
suggested that food restriction induced low bone strength in
young female rats that engaged in voluntary running exercise.
Additionally, unlike under ad libitum feeding conditions, the
voluntary running exercise with food restriction led low bone
strength and low BMD in young female rats due to the inter-
action of exercise and food restriction.
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