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Abstract
Equol is a metabolite of the isoﬂavone daidzein (Dz) and is produced by the bacterial microﬂora in the distal intestine and colon. Some epidemiological
studies have reported an association between increased equol production and intakes of green tea or dietary ﬁbre, which are ingredients of the standard
Japanese diet. We examined the effects of a diet supplemented with Dz and tea catechin or dietary ﬁbre on equol production and bone mineral density in
ovariectomised (OVX) mice. Female mice of the ddY strain were either sham operated or OVX. OVX mice were fed a control diet, a 0·1 % Dz-supplemented diet or a 0·1 % Dz diet supplemented with one of the food components commonly consumed in the Japanese diet. The mice were given
1 % tea catechin (w/w) as part of the diet in Expt 1 or 5 % polydextrose (PD) and 5 % rafﬁnose (Raf) (w/w) as part of the diet in Expt 2. Catechin
reduced serum equol levels and attenuated the beneﬁcial effect of Dz on femoral bone loss. The soluble dietary ﬁbres PD and Raf stimulated equol production, and enhanced the bone-protective effects of Dz on femoral bone. These results suggest that dietary ﬁbre, in particular, PD, may alter the bioavailability of isoﬂavones and prevent osteopenia in OVX mice.
Key words: Soya isoﬂavones: Equol: Japanese diet: Dietary ﬁbre

The recent growing interest in health and diet has led to
an increased focus on soya foods and their functional
components, e.g. isoﬂavones. Soyabean isoﬂavones have
biochemical structures similar to those of oestrogen and
have a weak afﬁnity for the oestrogen receptor(1). Therefore,
they have received much attention for the prevention of postmenopausal disorders such as osteoporosis(2) and CVD(3).
Postmenopausal osteoporosis is a critical disorder involving
high bone turnover and bone loss attributed to oestrogen
deﬁciency in women. One of the treatments for osteoporosis is hormone replacement therapy. However, hormone
replacement therapy is not the most common treatment option

used because its use can result in adverse effects such as
the development of hormone-dependent breast and uterine
cancers(4). Therefore, the use of soyabean isoﬂavones has
received considerable attention as an alternative to hormone
replacement therapy. The risk for adverse effects of isoﬂavone
treatment appears to be lower than that of hormone
replacement therapy(5).
Recent studies suggest that the clinical effectiveness of isoﬂavones is due to their ability to produce equol(6). Equol is
a metabolite of the isoﬂavone daidzein (Dz) and is produced
by the bacterial microﬂora in the distal intestine and colon;
the afﬁnity of equol for the oestrogen receptor is stronger
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than that of Dz(6). Fujioka et al. reported that administration of
equol inhibited femoral bone loss in ovariectomised (OVX)
mice without causing notable effects on reproductive organs(7).
Furthermore, we have previously demonstrated that soya products may be more effective in maintaining bone density in
our clinical study of equol-producing individuals(8).
Intestinal bacteria play an essential role in Dz metabolism,
and speciﬁc equol-producing bacteria are required(9). Clinical
trials and animal models have provided evidence for a potentially protective role for isoﬂavones in postmenopausal osteoporosis. However, such ﬁndings have not been at all times
consistent between human and animal models. One of the
possible reasons for the inconsistencies between rodent studies
and clinical trials could be because of differences in isoﬂavone
metabolism. Most studies suggest that animals have the
capacity to produce equol(10,11), but not all human subjects
are able to produce it. In Asia, 50–60 % of the adult population produced equol when given soya foods that contained
isoﬂavones(12,13). This percentage is signiﬁcantly higher than
the reported 25–30 % frequency of equol producers in
Western countries(14). The reasons for these differences are
unclear, but habitual dietary patterns may inﬂuence the metabolism of isoﬂavones and the production of equol(15). Some
epidemiological studies have reported positive associations
between equol production and intake of green tea or dietary
ﬁbre(15–17). These foods and dietary pattern seem to be characteristic of the Japanese diet(18–20). Okubo et al. reported that
the traditional Japanese diet is characterised by high intakes
of rice, miso soup and soya products(18). Further, it is reported
that the per capita green tea consumption in Japan is the
highest in the world(21). Green tea contains the catechin
(−)-epigallocatechin gallate (EGCG). Moreover, Eshak et al.
reported that dietary ﬁbre intake, especially fruit and cereal
ﬁbre, may reduce the risk of mortality from CHD among
Japanese people(22).
There are several types of dietary ﬁbre. In the present study,
two types of dietary ﬁbre were chosen on the basis of the

results of our preliminary experiment examining the effects
of isoﬂavones and several types of dietary ﬁbre on equol
production. In the preliminary experiment, polydextrose
(PD) and rafﬁnose (Raf) effectively promoted equol
production (Y. Tousen et al., unpublished results). Raf is an
indigestible oligosaccharide that occurs naturally in soya,
many vegetables and fruits, and acts as a growth factor for
Biﬁdobacterium species(23). Another type of dietary ﬁbre, PD,
a synthetic indigestible glucose, has stimulatory effects on
intestinal bacteria(24). PD was approved as a principal ingredient of the Food for Speciﬁed Health Uses, which is allowed by
the Japanese government to have statements on labels regarding beneﬁcial effects on health(25). The label statement for PD
is that it helps increase biﬁdobacteria and thus helps maintain a
healthful gastrointestinal condition. The Food for Speciﬁed
Health Uses with PD is available as soft drinks, etc.
We hypothesised that a Japanese diet characterised by the
presence of tea catechin or high dietary ﬁbre will increase
equol production, and demonstrated the synergistic effects
of these foods on the prevention of bone loss caused by
oestrogen deﬁciency. We examined the effects of a diet supplemented with Dz and tea catechin or dietary ﬁbre on
equol production and bone mineral density (BMD) in OVX
mice.

Experimental methods
Materials

In Expts 1 and 2, Dz (purity >98 %; Nagara Science Co. Ltd)
was added at 1 g/kg instead of sucrose to the control diet
(Table 1). Catechin (EGCG > 90 %, DSM Nutrition K. K.)
at 1 g/kg was added instead of maize starch to the control
diet in Expt 1. PD (Wako Pure Chemical Industries Ltd) or
Raf (D (+)-Raf pentahydrate; Wako Pure Chemical
Industries Ltd) at 50 g/kg was added instead of maize starch
to the control diet in Expt 2.

Table 1. Composition of the experimental diet (g/kg diet)*
Ingredient

Control†‡

Dz†‡

Dz + Cate†

Cate†

Dz + PD‡

PD‡

Dz + Raf‡

Raf‡

Maize starch
Casein
Sucrose
Maize oil
Cellulose
Mineral mixture*
Vitamin mixture*
L-Cystine
Choline bitartrate
tert-Butylhydroquinone
Daidzein
Catechin
Polydextrose
Raffinose

529·5
200
100
70
50
35
10
3
2·5
0·014
–

529·5
200
99
70
50
35
10
3
2·5
0·014
1·0

519·5
200
99
70
50
35
10
3
2·5
0·014
1·0
10
–

519·5
200
100
70
50
35
10
3
2·5
0·014
–
10

479·5
200
99
70
50
35
10
3
2·5
0·014
1·0
–
50
–

479·5
200
100
70
50
35
10
3
2·5
0·014
–
–
50
–

479·5
200
99
70
50
35
10
3
2·5
0·014
1·0
–
–
50

479·5
200
100
70
50
35
10
3
2·5
0·014
–
–
–
50

Control, control diet; Dz, daidzein supplemented diet; Dz + Cate, Dz and catechin-supplemented diet; Cate, Cate-supplemented diet; Dz + PD, Dz and polydextrose-supplemented
diet; PD, PD-supplemented diet; Dz + Raf, Dz and raffinose-supplemented diet; Raf, Raf-supplemented diet.
* Prepared according to the AIN-93 G formulation.
† Experiment 1.
‡ Experiment 2.
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Experiment 1: Effects of catechin on bioavailability of daidzein
in ovariectomised female mice. Female mice of the ddY strain,

aged 8 weeks, were purchased from the Shizuoka Laboratory
Animal Center. They were housed in individual cages in a
temperature- and humidity-controlled room (23 ± 1°C and 60 ±
5 % relative humidity) with a 12 h light–12 h dark cycle. They
were given free access to an American Institute of Nutrition
(AIN)-93G diet with maize oil instead of soyabean oil for 4 d
before surgery(26). Mice were either sham-operated (Sham) or
OVX on the same day. The OVX mice were randomly divided
into four groups (n 6–8): OVX-control (OVX), OVX fed a 0·1
% Dz-supplemented diet (OVX + Dz), OVX fed a 0·1 % Dzand 1 % catechin-supplemented diet (OVX + Dz + Cate) and
OVX fed 1 % catechin-supplemented diet (OVX + Cate).
Table 1 shows the composition of the experimental diets, which
were prepared according to the AIN-93 G formulation(26).
Maize oil was used to eliminate any possible contamination from
the isoﬂavones in soyabean oil. Mice were pair-fed their
respective diets for 42 d with free access to distilled water during
this period. After 42 d of treatment, the mice were fasted
overnight and then euthanised by exsanguination under
anaesthesia, weighed and blood was drawn and stored at −80°C
until assay. The uterus was removed, and the wet weight was
measured. The right femur was also removed to measure BMD.
The caecum was removed with its contents and weighed. The
contents were collected, the caecal tissue was washed with saline
and the weight of the contents was calculated by subtracting the
tissue weight from the total weight. The pH of the caecal
contents was measured with a pH meter (model B-212, Twin
Compact pH meter, HORIBA, Scientiﬁc Ltd). The caecal
contents were stored at −80°C until analysis. All experimental
procedures involving animals were approved by the National
Institute of Health and Nutrition Guidelines for the Care and
Use of Laboratory Animals.

Experiment 2: Effects of dietary fibre on the bioavailability of
daidzein in ovariectomised female mice. Mice were

acclimatised and either sham-operated or OVX on the same
day, as in Expt 1. The mice were divided into seven groups (n
6–8): sham-operated (Sham) or OVX-control (OVX), OVX fed
a 0·1 % Dz-supplemented diet (OVX + Dz), OVX fed a 0·1 %
Dz–5 % PD-supplemented diet (OVX + Dz + PD), OVX fed
a 5 % PD-supplemented diet (OVX + PD), OVX fed a 0·1 %
Dz–5 % Raf-supplemented diet (OVX + Dz + Raf) and OVX
fed a 5 % Raf-supplemented diet (OVX + Raf). The mice were
pair-fed their respective diets (Table 1) for 42 d with free access
to distilled water during this period. After 41 d of treatment,
24-h urine was collected and stored at −20°C until assay. At the
end of the experiment, body weight, uterus weights, caecal
weights and caecal pH were measured and the caecal contents,
right femur and blood were collected as described in Expt 1.

Radiographic analysis of the femur. Femoral BMD was
measured by dual-energy X-ray absorptiometry (DXA;
Model DCS-600EX-R, Aloka Ltd). The BMD was

calculated using the bone mineral content of the measured
area. The BMD of the proximal femur, midshaft and distal
femur were measured. The scanned area of the mouse
femur was divided into three equal parts of 5·3 mm each:
the proximal femur, midshaft and distal femur. All the DXA
scanning and analyses were conducted by the same researcher.
Time-resolved fluoroimmunoassay for plasma and urinary
daidzein and equol. Plasma and urinary Dz and equol

were analysed by the time-resolved ﬂuoroimmunoassay
methods of Wang et al. and Brouwers et al.,
respectively(27,28). Urine and plasma were hydrolysed by
glucuronidase and sulphatase after the plasma was extracted
using ether. Plasma and urinary Dz and equol
concentrations were determined by ﬂuorescence using a
DELFIA Victor 1420 multilabel counter (Perkin Elmer Co.
Ltd). The ﬁnal results = concentration (read) × 1/recovery ×
dilution factor (nmol/l).
activity. Activity of β-glucosidase was
indicated as the rate of release of p-nitrophenol from
p-nitrophenylglucoside. The reaction mixture contained 0·1
ml of a 5 mmol/l substrate solution and 0·2 ml of a 1:20
(v/v) dilution of the caecal sample in 0·1 mM-phosphate
buffer at pH 6·4. The reaction mixture was incubated for
30 min at 37°C, and the p-nitrophenol concentration was
measured spectrophotometrically at 400 nm after the
addition of 1·6 ml of 0·25 M-sodium carbonate. Enzyme
activity was expressed as mmol product hydrolysed per
whole caecal contents in 30 min.
β-Glucosidase

Statistical analysis

The data are expressed as mean values with their standard errors
of the difference between means. The signiﬁcance of differences
in BMD was determined by one-factor ANOVA and Fisher’s
protected least signiﬁcant difference test (SPSS version 11.0;
SPSS Inc.). Body weight was used as a covariate in the analysis
of BMD to adjust for possible confounding effects. The remaining data were analysed using ANOVA. The differences between
the treatment groups were assessed by Tukey’s test. A P value
less than 0·05 was considered statistically signiﬁcant.
Results
Experiment 1

Initial body weights of all groups of mice did not differ signiﬁcantly from each other (data not shown). Final body weights
were signiﬁcantly lower in the OVX + Dz + Cate and OVX
+ Cate groups (29·9 (SE 0·7) and 30·5 (SE 0·7) g, respectively)
than in the Sham, OVX and OVX + Dz groups (35·1 (SE 1·5),
37·0 (SE 0·9) and 34·7 (SE 0·7) g, respectively). The uterine
weight was lower in OVX mice than in sham-operated
mice, and treatment with Dz or catechin did not affect the
uterine weight in OVX mice. Plasma Dz concentrations
were signiﬁcantly increased by Dz feeding in the OVX + Dz
3
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the other groups (Table 3). The wet weights of the caecal
contents were elevated in mice fed Dz and Raf, but caecal
pH and caecal β-glucosidase activity were not affected by
these additives.
Femoral BMD of the whole and each of the three parts was
signiﬁcantly lower in the OVX group than in the Sham group
(P < 0·05) (Fig. 3(A)–(D)). The Dz treatment groups showed
inhibited femoral bone loss compared with the OVX, OVX
+ PD and OVX + Raf groups. Treatment with PD or Raf
alone did not affect femoral BMD. The BMD of the whole,
proximal, middle and distal regions of the femur in the
OVX + Dz + PD and OVX + Dz + Raf groups was signiﬁcantly higher than that in the OVX group (Fig. 3(A)–(D)).
Furthermore, the BMD of the whole, middle and distal
femur was signiﬁcantly higher in the OVX + Dz + PD
group than in the OVX + Dz group (Fig. 3(A), (C) and
(D)), and tended to be higher in the OVX + Dz + Raf group
than in the OVX + Dz group (Fig. 3(A), (C) and (D)). The
BMD of the distal femur was signiﬁcantly higher in the
OVX + Dz + PD group than in the OVX + Dz + Raf group
(P = 0·038) (Fig. 3(D)).

and the OVX + Dz + Cate groups (0·927 (SE 0·031), 0·863 (SE
0·025) µmol/l, respectively). Plasma equol was detected in the
OVX + Dz group (9·67 (SE 1·17) µmol/l), but it was not
detected in the OVX + Dz + Cate group.
The wet weight of caecal contents was signiﬁcantly higher in
the OVX + Cate group (0·867 (SE 0·118) g/100 g body
weight) than in the OVX group (0·448 (SE 0·074) g/100 g
body weight), and tended to be higher in the OVX + Dz +
Cate group (0·608 (SE 0·092) g/100 g body weight) than in
the OVX group (P = 0·276). There were no signiﬁcant differences in caecal pH and β-glucosidase activity between all
groups (data not shown).
Femoral BMD was signiﬁcantly lower in OVX mice than in
sham mice (Table 2), and Dz treatment inhibited femoral bone
loss. However, the femoral BMD in the OVX + Dz + Cate
group was lower than that in the OVX + Dz group. The inhibition of bone loss by Dz was attenuated by treatment with
catechin in OVX mice.

Experiment 2

The initial and ﬁnal body weights of all groups of mice did not
differ signiﬁcantly from each other (data not shown).
Treatment with Dz, PD and/or Raf did not affect the uterine
weight in OVX mice. The plasma Dz concentration was signiﬁcantly higher in the OVX + Dz group than in the other
groups (Fig. 1(A)). The plasma equol concentrations were
higher in the OVX + Dz + Raf and OVX + Dz + PD groups
(4·67 (SE 0·89) and 4·93 (SE 0·49) µmol/l, respectively) than in
the OVX + Dz group (0·28 (SE 0·54) µmol/l) (Fig. 1(B)). The
urinary Dz and equol concentrations in Dz-fed groups were
signiﬁcantly higher than in the other groups (Fig. 2(A) and
(B)). The ratio of urinary equol to Dz concentration tended
to be higher in the OVX + Dz + Raf group than in the
OVX + Dz group (P = 0·124), and the ratio was signiﬁcantly
higher in the OVX + Dz + PD group than in the OVX +
Dz group (P = 0·07). Similar results were obtained for urinary
equol concentrations (Fig. 2(C)).
Wet weights of the caecal contents in the OVX + Dz + PD
and OVX + Dz + Raf groups were higher than those in the
Sham, OVX, OVX + Dz and OVX + PD groups (Table 3).
Caecal pH was lower in the OVX + Dz + PD group than in
the other groups (Table 3). Caecal β-glucosidase activity was
signiﬁcantly higher in the OVX + Dz + PD group than in

Discussion

In the present study, we examined the effects of two of the
ingredients that form part of the Japanese diet, catechin and
dietary ﬁbre, on equol production and BMD in Dz-treated
OVX mice. Dietary ﬁbre stimulated equol production and
enhanced the bone-protective effects of Dz on femoral bone.
On the other hand, catechin reduced serum equol levels and
suppressed the beneﬁcial effect of Dz on femoral bone loss.
The data suggest that the bioavailability of isoﬂavones may be
altered by dietary ﬁbre, in particular, PD.
Experiment 1

In our study, the wet weight of caecal contents in the catechin
feeding group was higher than that in the OVX group, but
there were no signiﬁcant differences in caecal pH and
β-glucosidase activity between all groups (data not shown).
Furthermore, a signiﬁcant decrease in the concentration of
serum equol was observed in these groups. It has been
reported that the polyphenol EGCG in green tea has therapeutic effects on colon diseases(29–32). Shirakami et al. reported

Table 2. Bone mineral density (BMD) of the femur obtained from the mice in Expt 1
(Mean values with their standard errors)

Sham
Mean
2

Whole femur BMD (mg/cm )
Proximal region (mg/cm2)
Middle region (mg/cm2)
Distal region (mg/cm2)

a

40·1
44·1a
35·1a
47·4a

OVX
SE

1·1
0·7
0·8
1·9

Mean
c,d

33·9
40·2b
31·2b,c
34·9c

OVX + Dz +
Cate

OVX + Dz
SE

0·7
0·7
0·7
0·3

Mean
b

37·9
44·0a
34·6a,b
40·5b

SE

0·8
1·1
1·0
1·3

Mean
d

32·8
38·1b
30·7c
35·5c

OVX + Cate
SE

0·3
0·8
0·3
0·3

Mean
c

35·1
39·7b
33·2b
36·8c

SE

0·9
1·1
1·0
1·1

Sham, sham-operated mice fed the control diet; OVX, ovariectomised mice fed the control diet; OVX + Dz, OVX mice fed the 0·1 % daidzein-supplemented diet; OVX + Dz + Cate,
OVX mice fed a combination of 0·1 % Dz and 1 % catechin-supplemented diet; OVX + Cate, OVX mice fed the 1 % Cate-supplemented diet.
a,b,c,d
Mean values within a row with unlike superscript letters were significantly different (P < 0·05).
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Fig. 1. Plasma concentrations of daidzein (Dz) (A) and equol (B) in mice in Expt 2. Sham, sham-operated mice fed the control diet; OVX, ovariectomised mice fed the
control diet; OVX + Dz, OVX mice fed the 0·1 % Dz-supplemented diet; OVX + Dz + PD, OVX mice fed a combination of 0·1 % Dz and 5 % polydextrose-supplemented diet; OVX + PD, OVX mice fed the 5 % polydextrose-supplemented diet; OVX + Dz + Raf, OVX mice fed a combination of 0·1 % Dz and 5 %
raffinose-supplemented diet; OVX + Raf, OVX mice fed the 5 % Raf-supplemented diet. Values are means, with their standard errors represented by vertical
bars. a,b,c Mean values with unlike letters were significantly different (P < 0·05).

that drinking water containing EGCG was beneﬁcial to the
suppression of cancer development in the inﬂamed colon in
mice(30). Additionally, the ameliorative effect of EGCG on

inﬂammatory bowel disease has been observed in rats(31).
These studies adopted drinking water or diet containing
0·01–0·20 % EGCG. In our study, supplementation of

Fig. 2. Concentrations of urinary daidzein (Dz) (A) and equol (B) and the ratio of urinary equol:daidzein concentrations (C) in mice in Expt 2. Sham, sham-operated
mice fed the control diet; OVX, ovariectomised mice fed the control diet; OVX + Dz, OVX mice fed the 0·1 % daidzein-supplemented diet; OVX + Dz + PD, OVX mice
fed a combination of 0·1 % Dz and 5 % polydextrose-supplemented diet; OVX + PD, OVX mice fed 5 % polydextrose-supplemented diet; OVX + Dz + Raf, OVX mice
fed a combination of 0·1 % Dz and 5 % raffinose-supplemented diet; OVX + Raf, OVX mice fed 5 % Raf-supplemented diet. Values are means, with their standard
errors represented by vertical bars. a,b,c Mean values with unlike letters were significantly different (P < 0·05).

5

Sham, sham-operated mice fed the control diet; OVX, ovariectomised mice fed the control diet; OVX + Dz, OVX mice fed 0·1 % daidzein-supplemented diet; OVX + Dz + PD, OVX mice fed a combination of 0·1 % Dz and 5 % polydextrosesupplemented diet; OVX + PD, OVX mice fed 5 % PD-supplemented diet; OVX + Dz + Raf, OVX mice fed a combination of 0·1 % Dz and 5 % raffinose-supplemented diet; OVX + Raf, OVX mice fed 5 % Raf-supplemented diet.
a,b,c,d
Mean values within a row with unlike superscript letters were significantly different (P < 0·05).
* g/100 g body weight.
† Hydrolysed product (mmol)/whole caecal contents per 30 min.

0·028
0·07
0·021
0·202b,c
7·70a,b
0·201b
0·029
0·04
0·162
0·248a,b
7·57a,b
0·493b
0·024
0·05
0·362
0·164c,d
7·40b
1·016b
0·013
0·16
1·830
0·292a
6·91c
4·763a
0·017
0·08
0·065
0·180c,d
7·77a,b
0·256b
0·020
0·11
0·096
0·015
0·07
0·035
Wet weight of the caecal contents*
Caecal pH
Caecal β-glucosidase activity†

0·154c,d
7·87a
0·199b

Mean
SE

Mean

0·123d
7·68a,b
0·369b

Mean
SE
SE

Mean

SE

Mean

SE

Mean

SE

Mean

OVX + Raf
OVX + Dz + Raf
OVX + PD
OVX + Dz + PD
OVX + Dz
OVX
Sham

Table 3. Wet weights of the caecal content, pH and β-glucosidase activity in the mice in Expt 2
(Mean values with their standard errors)
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catechin at 1 % of the diet resulted in negative effects reducing
the equol production in the intestine. Catechin is one of the
polyphenol compounds; polyphenols are potential modulators
of digestive fermentation(33,34). Molan et al. reported that orally
administering rats with green tea extract for 6 d resulted in a
slight increase in the numbers of caecal lactobacilli and biﬁdobacteria but decreased the numbers of Bacteroides and Clostridia
signiﬁcantly(35). Zdunczyk et al. reported that supplementation
with 0·3 % polyphenol extracts signiﬁcantly increased the caecal content weight(33), but did not measure caecal bacteria. The
effect of dietary ﬂavonoids on intestinal electrolyte transport is
not well established. Available data have suggested that these
compounds are a diarrhoeal(36,37) or an anti-diarrhoeal
agent(38). In our study, moisture content of caecal samples
was not measured; further investigations including those of
water absorption in the intestine are needed.
Furthermore, in our study, the dietary 1 % catechin level
was higher than in previous reports(29–32). Hara et al. also
reported that a diet supplemented with 0·2 % tea polyphenols
signiﬁcantly decreases the total bacteria level in pigs(39). Equol
is metabolised by intestinal bacteria; thus, a decrease in the
abundance of bacteria in the intestine may lead to a decrease
in equol production. These results suggested that a large
amount of catechin may alter the intestinal environment and
depress equol production in the intestine.
The catechin in green tea, (−)-EGCG, increases the osteogenic function of mesenchymal stem cells(40), and animal
studies have strongly suggested that green tea prevents bone
loss(41,42). In contrast with previous reports, we found that
the inhibition of bone loss by Dz was attenuated by catechin
treatment (Table 2). The discrepancy between previous reports
and the present study may be due to a different dosage of catechin. Other experiments examining the effects of catechin on
animal models adopted drinking water containing 0·1 or 0·5 %
green tea catechin(41,42). Shen et al. reported that 0·5 % catechin supplemented in drinking water of rats attenuated trabecular and cortical bone loss by increasing bone formation(42).
In contrast, Iwaniec et al. reported that bone mineral content
and volumetric BMD were reduced by green tea extract consumption in growing male mice(43). In that study, the diets
contained green tea extract at 1 or 2 % of the diet. Thus, a
high dose of catechin may reduce bone mass and/or accelerate
bone loss. Further studies are needed to conﬁrm the effects of
catechin extracts on bone metabolism.
Experiment 2

Our results showed that PD had a greater effect on equol production and on the enteric environment such as pH and
weight of the caecal contents (Table 3). The urinary equol concentration and its ratio to Dz concentration were signiﬁcantly
higher in the OVX + Dz + PD group than in the OVX + Dz
group in Expt 2 (Fig. 2(B) and (C)). In the present study, acidiﬁcation of caecal content was more pronounced with the Dzand PD-containing diet, compared with PD alone (Table 3).
The data were consistent with a previous report that feeding
of rats with 0·3 % ﬂavonoid and 5 % inulin, a kind of dietary
ﬁbre added to the diet, induced signiﬁcant enlargement of the
6
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Fig. 3. Femoral bone mineral density (BMD) was obtained from mice in Expt 2. Whole femur BMD (A), proximal femur BMD (B), middle femur BMD (C) and distal
femur BMD (D). Sham, sham-operated mice fed the control diet; OVX, ovariectomised mice fed the control diet; OVX + Dz, OVX mice fed 0·1 % daidzein-supplemented diet; OVX + Dz + PD, OVX mice fed a combination of 0·1 % Dz and 5 % polydextrose-supplemented diet; OVX + PD, OVX mice fed 5 % polydextrose-supplemented diet; OVX + Dz + Raf, OVX mice fed a combination of 0·1 % Dz and 5 % raffinose-supplemented diet; OVX + Raf, OVX mice fed 5 % Raf-supplemented diet.
Values are means, with their standard errors represented by vertical bars. a,b,c,d Mean values with unlike letters were significantly different (P < 0·05).

caecum compared with rats fed the control diet. The greatest
enlargement of caecal contents was observed in rats fed a
ﬂavonoid-containing diet(33,34). Since Dz is a kind of ﬂavonoid, it is possible that it induces synergistic effects with PD
on the enteric environment. These results suggest that the
combination of dietary ﬁbres, either PD or Raf, and Dz
enhances not only the metabolism of isoﬂavone conjugates
to aglycone but also the metabolism of aglycone to equol
from Dz. Further studies are required to conﬁrm the effects
of each type of dietary ﬁbre on equol production.
The ability to produce equol depends on the presence of
certain intestinal microﬂora; thus, the enteric environment
has been known to affect equol production(44). We measured
β-glucosidase activity in the caecal contents and found an
increase in enzymatic activity in mice fed PD and Dz
(Table 3). The activity of β-glucosidase in the caecal contents
is an indicator of the activity of the intestinal enzymes hydrolysing the glycoside bond of isoﬂavone conjugates and this
leads to stimulation of the intestinal absorption of isoﬂavone
aglycones. So β-glucosidase activity has a critical role in
isoﬂavone metabolism. Ohta et al. reported that
fructo-oligosaccharide increases β-glucosidase activity in
mice(10). PD produces SCFA in the process of fermentation
and has a stimulatory effect on colonic Lactobacillus and

Biﬁdobacterium species similar to fructo-oligosaccharides(24,45).
Jie et al. reported that ingestion of PD increases the faecal
weight and faecal abundance of Lactobacillus and
Biﬁdobacterium species but decreases faecal pH in Chinese subjects(24). Similarly, Raf produces SCFA and increases the faecal
populations of Biﬁdobacterium and Lactobacillus species(46). It is
not clear how bacterial species produce equol in the intestine.
Lactobacillus and Biﬁdobacterium species have been identiﬁed to
play a role in the metabolism of Dz to equol(9,44). We have previously reported that a diet supplemented with Dz and resistant starch, which is not absorbed in the intestine, increases the
equol production to occupation ratio of Biﬁdobacterium species
to that of the intestinal microﬂora in mice(11). Although we did
not measure the composition of the intestinal microﬂora, it
is possible that Lactobacillus and/or Biﬁdobacterium species
increased in the present study.
We were able to show that OVX mice whose diets were
supplemented with Dz or a combination of Dz and PD or
Raf maintained their femoral BMD compared with OVX
mice (Fig. 3). In particular, mice fed Dz + PD maintained
their BMD more effectively than mice fed Dz + Raf.
Although PD and Raf improve caecal Ca absorption in
rats(47,48), a diet supplemented with PD or Raf alone did not
maintain the BMD in OVX mice in our study. These results
7
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are similar to those of our previous study in which diets supplemented with resistant starch and Dz efﬁciently prevented
BMD decrease in OVX mice(11). In the present study, the
synergistic effects may be credited with the ability of dietary
ﬁbre to enhance equol production.
The reported plasma equol levels for the two experiments
differ. The plasma equol concentrations in the OVX + Dz
group in Expt 1 and those in Expt 2 were 9·67 (SE 1·17)
and 2·85 (SE 1·51) µmol/l, respectively. The plasma equol
concentration in the OVX + Dz group in Expt 1 was approximately 3-fold higher than that in the OVX + Dz group in
Expt 2. As the reason for this difference, serum equol concentration is inﬂuenced by the timing of blood collection and
changes substantially(14). Therefore, equol may have reached
peak concentrations in plasma and may have been excreted
in the urine. Poulsen et al. reported that 49·1 % of Dz and
its metabolites, including equol, were excreted in the urine
and faeces of rats within 24 h(49). However, Setchell & Cole
reported that expressing the product–precursor relationship
as the concentration ratio of equol to Dz in urine is a more
reliable indicator of the amount of Dz converted to
equol(14) (Fig. 2(C)).
Conclusions

This study demonstrated the effects of components from a
typical Japanese diet (isoﬂavones, tea catechin or dietary
ﬁbre) on equol production and bone metabolism in OVX
mice. The dietary ﬁbre increased equol production and inhibited bone loss in OVX mice. This effect was greater than that
of Dz alone for preventing bone loss in Dz-treated OVX
mice. In contrast, catechin reduced serum equol levels and
suppressed the beneﬁcial effect of Dz on femoral bone loss.
These results suggest that additional studies should be carried
out to determine whether a combination of isoﬂavones and
dietary ﬁbre is useful in maintaining the bone health of postmenopausal women.
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