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Combined Intervention of Soy Isoflavone and Moderate Exercise Prevents Body
Fat Elevation and Bone Loss in Ovariectomized Mice

Jian Wu, Xinxiang Wang, Hiroshige Chiba, Mitsuru Higuchi, Teruyo Nakatani, Osamu Ezaki, Hongbin Cui,
Kazuhiko Yamada, and Yoshiko Ishimi

ody fat accumulation and bone loss are both often associated with estrogen deficiency following menopause. In this study,

e examined whether soy isoflavone, one of the phytoestrogens, and moderate exercise interventions exhibit cooperative

ffects on body composition and bone mass in ovariectomized (OVX) mice. Eight-week-old female mice were assigned to 6

roups: (1) sham-operated (sham); (2) OVX; (3) OVX with received a soy isoflavone diet (OVX�ISO); (4) OVX with exercised

n a treadmill (OVX�EX); (5) OVX with given both isoflavone and exercise (OVX�ISO&EX); and (6) OVX with treated with 17

-estradiol subcutaneously (OVX�E2). Body composition and bone mineral density (BMD) were estimated by dual-energy

-ray absorptiometry (DXA). After the 6-week intervention, whole body fat (%) in the OVX group showed significantly higher

han that in the sham group. Intervention of exercise and isoflavone alone partially inhibited OVX-induced body fat gain, and

he combined intervention as well as E2 treatment completely restored fat mass to the sham level. Lean body mass in the

hole body was not different in OVX group compared with that in OVX�ISO, OVX�EX, and OVX�E2 groups, but it was

ignificantly higher in OVX�ISO&EX than in other groups. BMD of the whole body, lumbar spine, or femur showed

ignificantly reduced by OVX, and the bone loss was partially inhibited by intervention of exercise or isoflavone alone.

owever, the combined intervention completely restored the bone mass to the level of sham, as did E2. Serum total

holesterol was significantly increased by OVX, which was normalized by the combined intervention or E2 treatment. These

esults demonstrate that combined intervention of soybean isoflavone and exercise prevented body fat accumulation in the

hole body with an increase in lean body mass and restoration of bone mass, and reduced high serum cholesterol in OVX

ice.
2004 Elsevier Inc. All rights reserved.
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ENOPAUSE is often associated with an increased
dence of several chronic diseases, including obe

oronary heart disease, and osteoporosis.1-4 It is well docu-
ented that the prevalence of these diseases in the elde

oncurrent with inductions in lipid metabolic abnormalities
hanges in body composition that include an increased fat
nd a progressive decline in skeletal muscle mass and
ineral density (BMD).2,5

Hormone-replacement therapy (HRT) has been show
otentially reduce or prevent hypercholesterolemia and c
ary heart disease6 and is considered to be the most effec

herapy to reduce the rate of osteoporosis in postmenop
omen.7 However, the HRT trial of the Women’s Hea

nitiative (WHI) was stopped (planned follow-up, 8.5 yea
ctual follow-up, 5.2 years) due to the advice of the Data
afety Monitoring Board because of an increased risk of b
ancer and an unacceptable rate of unfavorable outc
global index).

Recently, nonsteroidal estrogen-like plant compounds c
hytoestrogens have been tried as alternatives to HRT fo
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revention and treatment of hypercholesterolemia and ost
osis in postmenopausal women.8-11 These compounds ha
een shown to maintain estrogen’s positive cardiovascula
one effects, while minimizing several undesirable side ef
f estrogen. We previously found that genistein, one of
hytoestrogens, dose-dependently inhibited bone loss c
y estrogen or androgen deficiency without showing signifi
dverse effects on reproductive organs in both female and
steoporotic animal models.12-14 Exercise has been also
orted to prevent bone loss induced by gonadectomy in
exes.15-17 In fact, we have reported that the combined in
ention of a submaximal dose of genistein and mode
ntensity exercise exhibited cooperative effects on the pre
ion of bone loss in ovari- (OVX) or orchidectomized (OR
ice.18,19

The association of abnormal fat mass and bone ma
besity model animals has not been precisely investig
athey et al reported that the percentage fat mass was ab

imes higher but femoral BMD was lower in obese, diabe
eptin-resistant Zucker rats than in their homozygous lean
rols.20 It has also been reported that OVX in rodents lead
eight gain and fat deposition, whereas estradiol treat

everses these changes.21,22 There is considerable eviden
ndicating that exercise training or intake of soybean isoflav
an suppress body fat deposition in some regions in O
nimals.23-25 These findings suggest that intervention by e
ise or isoflavone could have a beneficial effect by impro
oth body composition and bone mass in the estrogen-defi
ondition.
Although small animals are used extensively in the fiel

ody composition research, the techniques for the measur
re limited. Up to the present, the accepted method for d
ining body composition has been direct carcass analysis

ipid extraction techniques.26 Therefore, it has been impossi

o examine whether the body composition in the whole body

Metabolism, Vol 53, No 7 (July), 2004: pp 942-948
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943ISOFLAVONE AND EXERCISE ON BODY COMPOSITION
hanges following estrogen deficiency in alive animals and,
hus, it has been somewhat difficult to determine whether the
ombined intervention of exercise and isoflavone administra-
ion further improves body composition. Recently, densitom-
ters were developed to determine body composition in mice in
ivo, such as PIXImus (CE Lunar, Madison, WI).26-28 In this
tudy, we investigated the effects of the combined interventions
f soy isoflavone intake and exercise training on body compo-
ition, including fat, lean, and bone mass in the whole body
sing PIXImus, and lipid metabolism in OVX mice fed a high
holesterol diet.

MATERIALS AND METHODS

nimals and Interventions

Eight-week-old female mice of the ddY strain were purchased from
hizuoka Laboratory Animal Center (Shizuoka, Japan), and were in-
ividually housed in 24 � 15 � 15 cm3 cages under a 12/12-hour
ight/dark cycle at 22°C. The mice were initially given free access to an
IN-93G29 diet with corn oil instead of soybean oil (Funabashi Farm,
hiba, Japan) for 2 days before performing the operation. Mice were

un on a treadmill for 30 min/d to adapt to running exercise and some
ice refusing to run were excluded. The animals were either sham-

perated (sham, n � 8) or OVX on the same day. The OVX mice were
andomly divided into 5 groups: OVX-control (OVX, n � 8); OVX fed
n isoflavone-supplemented diet (OVX�ISO n � 8); OVX exercised
ith running (OVX�EX n � 8); OVX treated with combined isofla-
one and exercise (OVX�ISO&EX n � 8); and OVX given 17
-estradiol subcutaneously (E2, n � 8). In order to evaluate clearly the
ffects of interventions on lipid metabolism, all mice were fed a
igh-cholesterol (HC) diet.
The HC diet contained 3 g cholesterol and 0.5 g sodium cholate per

g diet. The isoflavone-supplemented diet contained 0.4% Fujiflavone
40 (soy isoflavone content: 40%; Fujicco Corp, Kobe, Japan) with the
C diet. Fujiflavone P40 contains isoflavone such as daidzin (20.4%),
enistin (4.6%) and glycitin plus glycitein (13%). In this study, a mouse
te approximately 4g diet/d, and consequently ingested approximately
.4 mg/d of pure isoflavone conjugates (�160 mg/kg body weight/d).
2 was given at 0.03 �g/d using a mini-osmotic pump (Alza Corp, Palo
lto, CA).
It has been reported that OVX resulted in a significant weight gain

aused by an increase in food intake, and estrogen replacement reduced
ody weight through decreasing food intake.30 To clarify this issue, the
ice were pair-fed for 6 weeks, except for the E2 group. In fact, the E2

roup (3.1 g/d) demonstrated a lesser food intake than the sham or other
VX groups (4 g/d) in this study. The exercise regimen consisted of

unning on a treadmill (Natsume Corp, Tokyo, Japan) for 30 min/d, 6
ays per week at 12 m/min up a 10-degree slope.
After the 6-week treatment, mice were scanned using a peripheral

XA (Lunar PIXImus densitometer) under anesthetization to measure
ody composition in whole body and BMD of whole body and lumbar
pine. Immediately after DXA scanning, mice were weighed and blood
as drawn, and stored at �20°C until assay. The uterus and other
rgans were removed and wet weights were measured. The right femur
as also removed to analyze excised BMD. All procedures were
erformed in accordance with the National Institute of Health and
utrition Guidelines for the Care and Use of Laboratory Animals.

XA Analysis

Body composition and BMD of whole body and lumbar spine were
easured with Lunar PIXImus densitometer using software version
.4x. After anesthetization, the mice were placed on the densitometer w
sing the specimen tray. All mice were placed carefully in the same
osition, and whole body was settled in the image area. By whole body
canning, body composition including fat mass and lean body mass,
nd BMD of whole body and L4-L6 vertebrae were analyzed (Fig 1).
he in vivo reproducibilities for measuring values were evaluated by
easuring coefficient of variation (CV) of 5 times after repositioning

he animals. The CV of body composition measurement was 0.2% for
ean tissue mass, and 2.8% the fat mass. The CV of BMD measurement
as 0.8% for whole body and 0.7% for the L4-L6 vertebrae. The CVs

re in agreement with studies examining the precision and accuracy of
IXImus densitometer.26,31,32

The right femur was excised and BMD was measured by DXA using
bone densitometer adapted to small animal research (model DCS-

00EX-R; Aloka, Tokyo, Japan). The bone mineral content (BMC) of
ouse femora was closely correlated with ash weight (r � 0.978).33 All
XA scanning and analysis were conducted by a same researcher.

easurements of Serum Lipids

Total cholesterol (TC) and triacylglycerols (TG) in the serum were
etermined using commercial kits (cholesterol C-test and Triglyceride
-test, Wako Pure Chemical, Osaka, Japan). High-denisty lipoprotein

HDL)-cholesterol in the serum was measured by an enzymatic method
HDL-cholesterol-test, Wako Pure Chemical).

tatistical Analysis

Data are presented as means � SEM. The significance of differences
as determined by 1-way ANOVA followed by Fisher’ s protected

east-significant-difference test. The effects of isoflavone supplement,
unning exercises and interaction of both interventions were analyzed
y 2-way ANOVA. Statistical analyses were performed using the SAS
rogram (SAS Institute, Cary, NC). Differences were considered sig-
ificant at the level of P � .05.

RESULTS

ody and Uterine Weight

Six groups of mice studied started with similar initial mean
ody weight (Fig 2A). OVX mice had a significantly higher
ody weight compared to sham and OVX�E2 groups 1 week
fter the operation. There was no significant difference in body

Fig 1. Images of representative scans of total body of the mice

easured by Lunar PIXImus. The rectangular region-of-interest (ROI)

as placed at the lumbar spine (L4-L6).
eight among the OVX, OVX�ISO, and OVX�ISO&EX
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944 WU ET AL
roups. However, body weight was significantly lower in the
VX�EX group than that in the OVX group at the end of the
-week experimental period. Uterine weight strikingly de-
reased in OVX mice, indicating that mice were estrogen-
eficient. As reported previously,13 E2 restored the decreased
terine weight in OVX group mice to a level similar to that in
ham-operated mice. In contrast, there was no difference in

Fig 2. Weight of body and uterus in sham-operated mice, ovariect

r without isoflavones, and OVX mice treated with E2. (A) Body weigh

ice (E), OVX mice (F), OVX mice treated with isoflavones (‚), train

ith 0.03 �g/d of E2 (■ ). (B) Weight of uterus was measured 6 week

ith isoflavones (OVX�ISO), OVX mice trained to exercise with (OVX

.03 �g/day of E2 (OVX�E2). Data are means � SEM of 8 mice. *Sh

Fig 3. Body composition analyzed by Lunar PIXImus densitometer

soflavone (OVX�ISO) or trained to exercise with (OVX�ISO&Ex) or

fter a 6-week intervention, the mice were scanned using Lunar PIX

etermined in each group. Data are means � SEM of 8 mice. aSignific

roup. cSignificantly different from the OVX�ISO group. dSignifica
VX�ISO&EX group. P < .05.
terine weight among the other OVX groups after the 6-week
reatment (Fig 2B).

ody Composition

OVX mice had a significantly higher whole body fat (%) at
he end of the 6-week experimental period than that in sham

ed (OVX) mice, OVX mice fed isoflavones or trained to exercise with

measured during the 4-week experimental period in sham-operated

exercise with (�) or without isoflavones (Œ), and OVX mice treated

r operation in sham-operated mice (sham), OVX, OVX mice treated

&EX) or without isoflavones (OVX�Ex), and OVX mice treated with

nd OVX�E2 v other groups. #OVX�EX < OVX. P < .05.

were sham-operated (sham) or OVX, and some OVX mice were fed

ut isoflavone (OVX�Ex) or treated with 0.03 �g/d of E2 (OVX�E2).

densitometer, and body fat (%) (A), and lean body mass (B) were

different from the sham group. bSignificantly different from the OVX

ifferent from the OVX�Ex group. eSignificantly different from the
omiz

t was

ed to

s afte

�ISO

am a
. Mice

witho

Imus
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945ISOFLAVONE AND EXERCISE ON BODY COMPOSITION
roup (Fig 3A). In contrast, the E2 treatment resulted in a
educed percent body fat compared to those of sham and other
VX groups. Intervention of exercise or isoflavone alone par-

ially inhibited OVX-induced body fat gain, and the combined
ntervention completely restored fat mass to the sham level.
ean body mass in the whole body was not different in the
VX group compared with that in the OVX�ISO, OVX�EX,

nd OVX�E2 groups. However, it was notable that lean body
ass was significantly increased by the combined intervention

Fig 3B).

one Mineral Density

Significant decreases in BMD of whole body, lumbar verte-
rae, and femur were found in the OVX group compared with
ham group (Fig 4A-C). Isoflavone treatment alone
OVX�ISO) completely prevented the decrease in BMD in
umbar vertebrae, and partially inhibited the decrease in BMD
n whole body and femur. Exercise treatment alone also sig-
ificantly inhibited the decrease in BMD in lumbar vertebrae
nd femur. Furthermore, BMD of whole body, lumbar verte-
rae and femur were greatest in OVX�ISO&EX group, and
ignificantly higher than those in OVX and OVX�EX group.
imilarly, E2 treatment completely prevented OVX-induced
one loss.

lasma Lipids Profiles

A significant increase in serum TC was found in the OVX

Fig 4. B

lyzed by L

OVX, and

with (OVX

E2 (OVX�

whole bod

measured.

group. bSi

OVX�ISO
nd OVX�ISO groups, compared with that in sham group. m
xercise alone partially, and combination of exercise and
soflavone completely inhibited the increase in TC in OVX

ice, as did E2 (Fig 5A). By contrast, serum HDL-cholesterol
n OVX mice treated with a combination of exercise and
soflavone increased significantly, compared with sham control
nd either treatment alone (Fig 5B). Serum TG was increased
y OVX, and the combined interventions of exercise and isofla-
one or E2 inhibited the elevation of TG levels (Fig 5C).

DISCUSSION

The present study is the first to demonstrate that the com-
ined intervention of a diet containing soy isoflavones and
oderate exercise prevented fat deposition and bone loss in
hole body and restored serum total cholesterol in OVX mice

ed a high-cholesterol diet.
It is reported that OVX in rodents leads to weight gain and

at deposition, partially caused by an increase in food intake,
nd estradiol treatment abolished these effects.32 In this study,
ice were fed equal amounts of diet, except for the E2 group,

n which the 17 �-estradiol replacement resulted in a sup-
ressed food intake and weight gain compared to the other
VX mice. Taken together, these results suggest that weight
ain in OVX mice was mostly caused by the lack of estrogens.
Dual-energy x-ray absorptiometry (DXA) has been used for

etermining in vivo body composition in humans, as well as in
ats, by using specialized software over the past 10 years.34,35

ecently, peripheral DXA instruments have been applied for

mineral density in whole body, lumbar spine and total femur ana-

IXImus or Aloka densitometer. Mice were sham-operated (sham) or

OVX mice were fed isoflavones (OVX�ISO) or trained to exercise

&Ex) or without isoflavones (OVX� Ex) or treated with 0.03 �g/d of

fter a 6-week intervention, the mice were scanned DXA and BMD in

, lumbar spine (L4-L6) (B), and total femur (C) in each group was

are means � SEM of 8 mice. aSignificantly different from the sham

antly different from the OVX group. cSignificantly different from the

. dSignificantly different from the OVX�Ex group. P < .05.
one

unar P

some

�ISO

E2). A

y (A)

Data

gnific

group
easurement of body composition in mice. Nagy and Clair
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946 WU ET AL
xamined the precision and accuracy of the peripheral DXA
Lunar PIXImus) by measuring total-body mineral density, fat
ass and bone-free lean tissue mass in mice.26 They reported

Fig 5. Plasma level of total cholesterol, high-density lipoprotein

HDL)-cholesterol, and triglycerides in sham-operated mice, ovariec-

omized (OVX) mice, OVX mice fed isoflavones (OVX�ISO) or trained

o exercise with (OVX�ISO&Ex) or without isoflavones (OVX�Ex),

nd OVX mice treated with E2 (OVX�E2). Total cholesterol (A),

DL-cholesterol (B), and triglycerides (C) in plasma were measured 6

eeks after operation. Data are means � SEM of 8 mice. aSignifi-

antly different from the sham group. bSignificantly different from

he OVX group. cSignificantly different from the OVX�ISO group.

Significantly different from the OVX�Ex group. eSignificantly differ-

nt from the OVX�ISO&EX group. P < .05.
hat DXA-derived values were closely related to bone ash
ontent and chemical carcass analysis values. Therefore, the
uthors suggested that peripheral DXA is a useful tool for the
easurement of body composition in mice. In this study, we

urther examined which part of body composition contributed
o weight gain, since body composition in the whole body has
ot been evaluated in OVX mice using PIXImus. We found that
VX resulted in an increase in percent body fat in the whole
ody, which clearly indicates that a large part of body weight
ain accounts for fat gain after ovariectomy.
It is also suggested that exercise training can reduce weight

ain following a decrease in estrogen levels.24 In the present
tudy, running exercise alone resulted in significantly, but not
ompletely reduced weight gain at the end of the experiment.
urthermore, our data showed that the reduction in weight gain
ith exercise was due to a decrease in fat deposits in OVX
ice by analyzing the body composition. Whereas final body
eight and percent body fat were not significantly lower in
VX�ISO group than those in OVX groups, the combination
f isoflavones and exercise completely restored percent body
at and increased lean body mass, including high bone mass, in
VX mice. It is known that the skeletal muscle mass were

ncreased by exercise training.36-38 Changes in skeletal muscle
ass would play an important role in the regulation of bone
ass, because the largest loads on bones come from muscle

ontractile force in running exercise.39 In this study, the weight
f organs including heart, liver, kidneys and spleen did not
iffer among the groups (data not shown). Thus, we presume
hat the increase in lean body mass with combined intervention
n OVX mice was due to the gain in skeletal muscle mass,
hich might contribute to the increase in bone mass. These

esults suggest that combined intervention of isoflavone and
xercise might be a useful regimen for maintenance of body
omposition in postmenopausal woman.

Exercise has been reported to inhibit bone loss after ovari-
ctomy in rats.15,16 In the present study, we found that bone loss
as not only significantly inhibited in the femur, but also in the

umbar spine in OVX mice. However, the lumbar vertebrae
ere likely to receive less mechanical stress than the femur
uring treadmill running, because the BMD values of the
umbar vertebrae were not completely restored after the 6-week
ntervention (Fig 4B). These findings are in agreement with
hose of other studies where the effect of running exercise on
he inhibition of bone loss was site-specific.40,41

In this study, we showed isoflavone treatment alone com-
letely inhibited the decrease in BMD in lumbar vertebrae but
ot in other regions such as the femur and whole body in OVX
ice. Thus, the combination of isoflavone administration and

xercise was required for complete prevention of bone loss in
hole body under an estrogen-deficient condition. Yeh et al.

eported that the combined intervention of estrogen and run-
ing exercise was more effective than with either intervention
sed alone for the inhibition of bone loss in the specific sites
uch as appendicular and vertebrae bone.42 However, to our
nowledge, no study has evaluated bone loss in the whole body
nduced by OVX in mice. In this study, another important new
nding is that the combined intervention increases bone mass

n whole body along with femur and lumbar spine in OVX mice
y using the Lunar PIXImus densitometer.

In addition to body composition and bone action, our results
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947ISOFLAVONE AND EXERCISE ON BODY COMPOSITION
howed that the combined intervention also has a beneficial
ffect on serum cholesterol in OVX mice fed a HC diet. It is
eported that isoflavone supplementation effectively lowered
he serum cholesterol in OVX rats, as well as in postmeno-
ausal women.25,43,44 However, it was also shown that isofla-
ones were beneficial to bone mass, but not to blood lipids.45 In
his study, exercise partially inhibited the increase in TC in
VX mice, but the combined intervention of exercise and

soflavone not only restored TC to the sham level, but also
ncreased HDL cholesterol in OVX mice. Therefore, it is likely
hat phytoestrogens such as soy isoflavones can enhance the
ffect of exercise on lipid metabolism, as well as body com-

osition in OVX animals. f
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In conclusion, soy isoflavone intake and moderate exercise
xerted cooperative effects not only in preventing bone loss,
ut also in restoring abnormal body composition and lipid
etabolism under estrogen-deficient conditions. The results

uggest that a combined intervention of isoflavone supplemen-
ation and moderate exercise may offer an effective regimen for
he prevention of life-style–related health problems such as
besity, osteoporosis, and hypercholesterolemia in postmeno-
ausal women.
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