HOKKAIDO UNIVERSITY

Title Supplementation of difructose anhydride III enhanced elevation of plasma equol concentrations
and lowered plasma total cholesterol in isoflavone-fed rats.
Author (s) Tamura, Akiko; Nishimukai, Megumi; Shigematsu, Norihiro et al.
Citation British Journal of Nutrition, 96(3), 442-449
https://doi.org/10.1079/BJN20061780
Issue Date 2006-09
Doc URL https://hdl. handle.net/2115/14710
Rights Copyright © 2006 Cambridge University Press
Type journal article
File Information BJN2006-96-3. pdf

kaido
\;\0\‘ U”/Ls

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




British Journal of Nutrition (2006), 96, 442-449
© The Authors 2006

DOI: 10.1079/BIN20061780

Supplementation of difructose anhydride III enhanced elevation of
plasma equol concentrations and lowered plasma total cholesterol in
isoflavone-fed rats

Akiko Tamural’z, Megumi Nishimukaiz, Norihiro Shigematsu] and Hiroshi Hara®*

'Research Institute, FANCL Co., 12-13 Kamishinano Totsuka-Ku Yokohama 244-0806, Japan
’Division of Applied Bioscience, Graduate School of Agriculture, Hokkaido University Kita-9 Nisi-9 Kita-Ku, Sapporo 060-8589,
Japan

(Received 21 September 2005 — Revised 23 January 2006 — Accepted 10 February 2006)

Equol, a derivative of daidzein produced by enterobacteria, has greater activity as a phyto-oestrogen compared with daidzein. Difructose anhydride
IIT (DFAIII) is a newly manufactured non-digestible disaccharide with unique fermentation properties. The present study evaluated the prebiotic
effects of DFAIII on equol production and on plasma cholesterol concentrations related to the changes in equol production. We compared plasma
equol concentrations at 10.00 and 18.00 hours and faecal isoflavone excretion in three groups of seven rats (male Wistar-ST strain, 6 weeks old)
fed a basal diet or a DFAIII or fructooligosaccharide (15 g/kg diet) diet containing 1 g soya isoflavones/kg diet for 20 d. Equol concentrations in the
DFAIII group were higher than in the control and fructooligosaccharides groups, especially in the later phase of the light period (18.00 hours)
throughout the experiment. Daizein and genistein concentrations did not change between the diet groups. The faecal ratios of equol:daidzein
were very high in all groups, but the ratios were higher in the DFAIII group than the control and fructooligosaccharide groups on day 3, and
this tendency continued throughout the experiment. On day 20, the plasma total cholesterol concentration was lowest in the DFAIII group.
Additionally, the cholesterol concentrations were inversely correlated to plasma equol concentration in all the rats. In conclusion, DFAIII effi-
ciently enhanced plasma equol concentrations, which may be associated with an increase in equol production and a decrease in equol degradation

by enterobacteria. Higher plasma equol concentrations may contribute to the hypocholesterolaemic effect of DFAIII feeding.

Difructose anhydride III: Fructooligosaccharides: Equol: Total cholesterol

Many studies have shown that soya isoflavones have beneficial
effects on bone (Setchell & Cassidy, 1999; Setchell &
Lydeking-Olsen, 2003), on the cardiovascular system (Setchell
& Cassidy, 1999) and on the prevention of various kinds of
cancer (Horn-Ross et al. 2003; Akaza et al. 2004). It has recently
been shown that equol, an enterobacterial metabolite of daid-
zein, plays a critical role in the prevention of prostate cancer
(Akaza et al. 2004) and has more of an oestrogenic and antiox-
idative potential than is seen for genistein and daidzein (Setchell
et al. 2002). There have been previous reports on the hypocho-
lesterolaemic effect of isoflavones in rodents (Song et al.
2003; Ali et al. 2004; Kawakami et al. 2004). A study involving
human subjects showed that there was a hypocholesterolaemic
effect that was induced by the intake of soya-based milk only
in equol producers (Meyer et al. 2004), which suggests that
equol may have an important role in the beneficial effects that
are observed after feeding isoflavones. However, the contri-
bution of equol to this hypocholesterolaemic effect after soya
isoflavone ingestion has yet to be clarified.

In an attempt to discover the beneficial effects of isofla-
vones, several studies have been conducted to examine the

effects of prebiotics (Ohta er al. 2002; Mathey et al. 2004;
Zafar et al. 2004) or probiotics (Bonorden et al. 2004;
Nettleton et al. 2004, 2005; Tamura et al. 2004a) on equol
production. Feeding fructooligosaccharide (FOS) with isofla-
vones increased plasma equol and bone mineral density in
ovariectomised mice (Ohta et al. 2002) and rats (Mathey
et al. 2004). In contrast, inulin lowered serum equol concen-
trations in rodents (Zafar et al. 2004). The probiotics
tested had no effect on equol production in human subjects
(Bonorden et al. 2004; Nettleton et al. 2004, 2005), whereas
Lactobacillus gasseri lowered plasma equol concentrations
in mice (Tamura et al. 2004a). Prebiotic effects via equol
production on cholesterol metabolism have not previously
been reported.

Difructose anhydride III (DFAIII) is a newly manufactured
non-digestible disaccharide, which is fermentable in rats
(Suzuki et al. 1998; Mitamura et al. 2002; Afsana et al.
2003). In contrast to almost all other non-digestible oligosac-
charides, there was no assimilation of this sugar by Bifidobac-
terium (Kituclin et al, unpublished results). In previous studies
employing a human breath H, test, we observed that DFAIII

Abbreviations: DFAIIL, difructose anhydride III; FOS, fructooligosaccharide.
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was barely fermentable (Tamura et al. 2003, 2004b). The
ingestion of DFAIII by healthy subjects for 4 weeks did not
significantly change the faecal denaturing gradient gel electro-
phoresis profile, although a change in profile was noted in
some subjects with chronic constipation (Minamida et al.
2004). Only with the Ruminococcus sp. M-1, which was iso-
lated from the caecum in rats fed DFAIII, has DFAIII assim-
ilation been observed (Minamida et al. 2005). Therefore,
DFAIIl may have different prebiotic effects compared with
other non-digestible saccharides with unique fermentability.

The aims of the present study were to examine the effect of
DFAIII on equol production from a soya isoflavone prep-
aration, and to evaluate the potential to reduce plasma choles-
terol concentration with regard to equol production in rats fed
isoflavone with DFAIIIL.

Materials and methods
Animals and diets

Experiment 1: Effects of DFAIII ingested with isoflavones on
equol production and plasma cholesterol concentration.
Male Wistar-ST rats (n 21), obtained from Japan SLC, Inc.
(Hamamatsu, Japan) at 6 weeks of age, were housed individu-
ally in stainless steel cages. The cages were placed in a room
with controlled temperature (22-24°C), relative humidity
(40—60 %) and lighting (lights on from 08.00 to 20.00 hours).

For the first 3 d, a non-cellulose and non-isoflavone contain-
ing diet was fed ad libitum. After this dietary treatment, the
rats were randomly divided into three groups (n 7) and
assigned one of the following test diets: a control diet based
on the AIN-93G formulation, or a diet containing 15¢g
DFAIIl or FOS per kg diet (Table 1). All diets contained
2-5g commercial soya germ extract per kg diet (1g isofla-
vones/kg diet (Fujiflavone P40; Fujicco Co., Ltd., Kobe,
Japan), 24-6 g daidzin or its derivatives, and 5-5 g genistin or
its derivatives per 100 g soya germ extract). Diets and tap
water were given ad libitum throughout the experimental
period for 20d. Under pentobarbital anaesthesia on day 20,

Table 1. Composition of the basal diet (g/kg diet)

Ingredients™ g/kg diet
Casein 200
Dextrin 453
Maize oil 70
Mineral mixturet 35
Vitamin mixturet 10
Choline bitartate 2:5
L-Cystine 3
tert-Butylhydroquinone 0.014
Cellulose 80
Fujiflavone P-40 2.5
Sucrose 143-986

In the DFAIIl and FOS diets, 15g cellulose were substituted
by each sugar in the basal diet.

*Casein (ALACID; New Zealand Dairy Board, Wellington,
New Zealand), dextrin (Pine-Dex #4; Matsutani Chemical
Industry, Hyogo, Japan), cellulose (Avicel PH102; Asahi
Chemical Industry, Tokyo, Japan). Fujiflavone P-40 is a com-
mercial soya germ extract that contains 400 g isoflavones.

1 Prepared according to the AIN-93G formulation.

For details of diets and procedures, see this page.

blood was collected from the abdominal aorta for determi-
nation of blood lipid and glucose concentrations, after which
the animals were killed. Their caecums were dissected and
immediately frozen. All samples were stored at —30°C until
subsequent analysis.

Blood for analysis of isoflavones and their metabolites was
collected by puncture of the tail vein using a heparinised capil-
lary tube at 10.00 hours (early phase of the light period) and
18.00 hours (later phase of the light period) on days 12 and
19. Faeces were collected over a 2-d period on days 1, 3, 5,
8 and 15.

Experiment 2: Effects of DFAIIl on cholesterol without
isoflavone. Male Wistar-ST rats (Japan SLC, Inc.) were ran-
domly divided into two groups (n 7) and fed either the control
or the DFAIII diet described in experiment 1 except that the
diets did not contain soya germ extract. Blood collected by
puncture of the tail vein on days 0, 14 and 28 was used to
measure total cholesterol.

The Hokkaido University Animal Committee approved the
study, and the animals were maintained in accordance with
Hokkaido University’s guidelines for the care and use of lab-
oratory animals.

Analyses

Plasma was obtained by centrifugation. Daidzein, genistein,
equol and dihydrodaidzein in the plasma and powdered
faeces were analysed by an HPLC method. Briefly, 100 pl
plasma were mixed with an equal volume of sodium acetate
buffer (100mmol/l, pH 5-0) containing ascorbic acid
(5:7mmol/l), EDTA (0-27 mmol/l), B-glucuronidase (7800 U;
G-0876; Sigma-Aldrich, St Louis, MO, USA) and sulfatase
(140U; S9751; Sigma-Aldrich). The mixtures were incubated
at 37°C overnight after adding formononetin (0-8 nmol) as an
internal standard. The samples were mixed with ammonium
acetate buffer (final concentration 0-2mmol/l, pH 7-0) and
triethylammonium  sulfate buffer (final concentration
0-67 mmol/l), heated at 60°C for 10min, and centrifuged.
The supernatant was passed through Sep-Pak C18 cartridges
(Waters Co., Ltd., Milford, MA, USA). The methanol eluent
of the cartridges was dried, resolved in methanol—1 % acetate
water solution (80:20 v/v), and analysed using HPLC.

Faeces were freeze-dried and ground to a fine powder. The
powdered faeces (0-2 g) were mixed with 5ml 80 % aqueous
methanol and 0-4nmol formononetin, sonicated for 20 min
and maintained overnight at room temperature. After the sol-
ution had been centrifuged, supernatant was passed through a
cellulose acetate filter (0-22 wm) and then analysed using
HPLC.

The HPLC analysis employed included some modifications
of a previously described method (Tamura et al. 2002).
Briefly, HPLC was performed using a Capsule-Pack MGII
column (4-6 X 150 mm; Shiseido Co. Ltd, Tokyo) at 45°C
with an initial gradient consisting of a methanol (containing
1 % acetic acid) to water (containing 1% acetic acid) ratio
of 30:70 v/v for 10 min. Methanol concentration was increased
linearly up to 70 % during the following 35 min. A photodiode
array detector (SPD-M10A; Shimadzu Co. Ltd., Kyoto, Japan)
with UV at 260 nm was used to detect daidzein, genistein and
formononetin, and UV at 280nm was used for equol and
dihydrodaidzein.
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Caecal contents and walls were weighed, and a pH meter
with a glass electrode was used to directly measure the pH
of the caecal contents. Caecal SCFA were measured using a
method previously described (Afsana et al. 2003). Briefly,
caecal contents were diluted with four volumes of deionised
water and homogenised using a Teflon homogeniser (Tuchi-
Seleido, Osaka, Japan). The homogenate was mixed with
NaOH solution (final concentration 20-8 mmol/l) containing
a final concentration of 4-17mmol/l crotonic acid. The
mixture was then centrifuged and passed through a filter
disk with a pore size of 22 pm. Filtered samples were
analysed by HPLC that used a solvent delivery system
(SLC-10 AVP; Shimadzu, Co. Ltd.), a double ion-exchange
column (Shim-Pack SCR-102h, 8 X 300 mm; Shimadzu) and
an electroconductivity detector (CDD-6A; Shimadzu).

Concentrations of glucose, triacylglycerol, total cholesterol
and HDL-cholesterol in the plasma were enzymatically
measured by an automatic analyser (Dri-Chem 3500; Fujifilm
Medical Co., Ltd., Tokyo, Japan).

Statistical analysis

Grubbs-Smirnov’s test for outliers was performed on the
caecal succinic acid data. ANOVA was first performed to
test for any significant effect of diets, sampling day or time.
Subsequently, Fisher’s protected least significant difference
test was applied to determine whether there were significant
differences between all of the groups. Stat View version 5.0
(SAS Institute, Inc., Cary, NC, USA) was used for statistic
analysis. Differences were considered significant at P<0-05
for all analyses.

Results

There was no difference between the groups for final body
weight and body weight gain (Table 2). Food intake was, how-
ever, lower in the DFAIII group and also tended to be lower in
the FOS group (P=0-071) compared with the control group.
Although the caecal pH was lower in the DFAIII and FOS
groups compared with the control group, the weights of the
caecal contents and caecal wall were not influenced by these
saccharides (Table 3). The caecal acetate pool was greater
in the DFAIII group than in the control and FOS groups,
and the total SCFA pool was greater in the DFAIIl group
than in the control group. Additionally, the propionate pool
in the FOS group tended to be greater than that seen in the
control group (P=0-065). There were no significant differ-
ences for any other organic acids among the three groups.

Table 2. Final body weight, body weight gain and total food intake in
rats fed a basal diet (control) or a diet containing difructose anhydride 11l
(DFAIII) or fructooligosaccharides (FOS)

(Mean values and standard deviations)

Control DFAIII FOS Pooled sb
Final body weight (g) 268-0 260-0 267-0 12.90
Body weight gain (g/d) 5.0 4.6 4.9 0-52
Food intake (g/d) 18.0° 16-5° 16-82 1.28

abMean values with unlike superscript letters were significantly different (P<0-05).
For details of diets and procedures, see p. 443.

Within the same diet group, the plasma daidzein concen-
trations at 10.00 hours were higher than the concentrations
seen at 18.00 hours on each day. There were, however, no signifi-
cant differences between the three diet groups for the same time
periods. DFAIII group plasma equol concentrations were higher
than the concentrations in the control group at all time points,
and were higher than those in the FOS group at 18.00 hours on
each day. The FOS group equol concentrations were higher
than those observed in the control group at 10.00 but not at
18.00 hours on each day. Within the FOS group, equol concen-
trations on each day were higher at 10.00 than 18.00 hours. There
were no differences between all of the diet groups for all time
points for the plasma genistein concentrations, although the
plasma genistein concentrations in the control group were
higher at 10.00 than at 18.00 hours on day 12 (Fig. 1).

The faecal excretion of isoflavones on days 1, 3 and 15-16
is shown in Table 4. The major isoflavone in the faeces was
equol. Faecal daidzein and genistein contents in the DFAIII
group were lower, or tended to be lower, than those of the con-
trol group on days 1, 3 and 15-16. The faecal equol and total
isoflavone (sum of daidzein, dihydrodaidzein, equol and gen-
istein) excretion in both non-digestible saccharide groups
tended to be lower than that observed in the control group
on day 1.

Periodic changes in faecal ratios of dihydrodaidzein:daid-
zein, and equol: daidzein, are shown in Fig. 2. The dihydro-
daidzein:daidzein ratio in the DFAIIl group was higher than
in the other two groups only on day 1, although the higher
ratio concentrations were maintained throughout the remain-
der of the testing period. The ratios in the control and FOS
groups increased after the first day, and were higher on day
8 in the control group and on days 3, 5, 8 and 15-16 in the
FOS group when compared with the day 1 values within
each group. The equol:daidzein ratio in the DFAIIl group
was higher than that in the control group on days 3 and 5,
and in the FOS group on days 3, 8 and 15-16. Within the
same diet group, ratios in the control and DFAIII groups on
days 3, 5, 8 and 15-16, and in the FOS group on days 5, 8
and 15-16, were higher compared with day 1.

The ingestion of DFAIII or FOS with isoflavones did not
cause any changes in the concentrations of glucose, triacylgly-
cerol and HDL-cholesterol. The plasma total cholesterol con-
centration was lower in the DFAIII group than the control and
FOS groups (Table 5). The plasma total cholesterol concen-
trations but not the HDL-cholesterol concentrations on day
20 showed an inverse correlation (R —0-631, P=0-002) to
the plasma equol concentrations at 18.00 hours on day 19
(Fig. 3). Plasma daidzein concentration did not inversely cor-
relate with plasma total cholesterol concentration (R 0-351,
P=0-120; data not shown).

In experiment 2, no differences were observed for food
intake and final body weight between the control and
DFAIII groups (data not shown). There were also no differ-
ences in the plasma total cholesterol concentration between
rats fed the DFAIII diet without isoflavone and those fed the
control diet for any periods (Table 6).

Discussion

The promotion of equol production that depends on intestinal
fermentation is a new beneficial function of prebiotics. We
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Table 3. Weights of caecal wall, contents, caecal pH and organic acid pools in the
caecum of rats fed a basal diet (control) or a diet containing difructose anhydride Il

(DFAIII) or fructooligosaccharides (FOS)
(Mean values and standard deviations)

Control DFAIl FOS Pooled sb

Caecal wall (g) 0-84 0-98 0-93 0-15
Caecal content (g) 3-68 5-09 3.95 1.34
Caecal content pH 7-70% 7-30° 7-30° 0-17
Succinate (mmol/caecal contents) 2.33 5.76 3-69 5.42
Lactate (mmol/caecal contents) 5.88 9-03 6-14 2.92
Acetate (mmol/caecal contents) 105.0° 172.02 110-0° 405

Propionate (mmol/caecal contents) 30-2 407 481 17-0

n-Butyrate (mmol/caecal contents) 17-30 18-00 19-30 8-31
Total SCFA (mmol/caecal contents) 152.0° 231.0% 177-0%° 61-1

abMean values with unlike superscript letters were significantly different (P<0-05).

For details of diets and procedures, see p. 443.

examined whether DFAIII, a non-digestible saccharide with
unique fermentability, promoted equol production from daid-
zin in a soya extract. Compared with controls, the plasma
equol concentrations of rats fed test diets containing soya
isoflavones were consistently higher in the DFAIIl group.
This is in contrast to the FOS group, for which the concen-
trations were higher only at 10.00 hours. The ratio of equol:
daidzein in the faeces was also higher in the early feeding
stage in the DFAIII group.

These results strongly suggest that increases in equol pro-
duction and absorption are associated with the higher plasma
concentrations that occur with DFAIII feeding. The enhance-
ment of conversion from the glycoside daidzin to the aglycone
daizein, and from daidzein to equol, in the intestine may poss-
ibly be involved in the increase in absorption and in plasma
equol concentrations after DFAIII ingestion. However, Steer
et al. (2003) showed that glycoside hydrolysis occurred very
rapidly during in vitro faecal bacterial fermentation. Equol
production from the aglycone is also likely to be associated
with the higher concentrations of plasma equol in the non-
digestible saccharide groups.

Compared with the control group, the faecal ratio of dihy-
drodaidzein:daidzein in the DFAIII group was higher on day
1, unlike the equol:daidzein ratio, which was higher on days
3 and 5. These findings suggest that the ingestion of DFAIII
first stimulates dihydrodaidzein production, which is sub-
sequently followed by equol production in the intestine. Dihy-
drodaidzein is an intermediate metabolite in the conversion of
daidzein to equol (Rowland er al. 2003). However, different
bacteria are responsible for these two steps within the reaction
(Atkinson et al. 2004). DFAIII ingestion may stimulate growth
more than single bacteria do. The reduction in caecal pH and
the increase in caecal acetate and total SCFA implies there is
caecal fermentation of DFAIII. A previous report has shown
that the ingestion of DFAIII increased the level of a specific
bacterium, which has a high similarity to Ruminococcus pro-
ductus, found in the caecum of rats (Minamida et al. 2005). A
strain of R. productus has been reported to have an equol-pro-
ducing ability (Ueno et al. 2002). Thus, this DFAIII-assimilat-
ing bacterium may contribute to equol production in rats fed
DFAIIL

As has been previously shown, FOS also increases plasma
equol concentration (Ohta et al. 2002; Mathey et al. 2004).

We demonstrated, however, that the enhancing effects of FOS
on plasma equol depend on time. Caecal acetate and total
SCFA were higher in the DFAIII group, whereas propionate
tended to be higher in the FOS group (P=0-065; Table 3).
These results suggest that fermentation properties are different
between DFAIII and FOS. Moreover, it has previously been
reported that, when measured by breath H, in human subjects,
DFAIII is slowly fermentable (Tamura et al. 2003, 2004b), in
contrast to FOS, which is rapidly fermented (Stone-Dorshow
& Levitt, 1987). Characteristics of fermentation, especially the
rapid fermentation of FOS, may be involved in the limited,
time-dependent effect of FOS on the plasma equol
concentration.

The present study showed that, even on the first day, the
major (80-90%) isoflavone excreted into the faeces was
equol, which indicates that ingested daidzin was rapidly and
efficiently converted into equol by the intestinal bacteria for
all of the diet groups. On day 1, equol excretion in the FOS
and DFAIII groups tended to be lower than that seen in the
control group. A slower intestinal transit of these non-digesti-
ble saccharide groups may possibly be the reason for this
observation.

The reason for the lower tendency of equol excretion is,
however, not clear, especially in the DFAIIl group. On
day 3 in this group, the equol:daidzein ratio reached a
peak value, and on days 15-16, when the isoflavone metab-
olism in the intestine had reached a steady state, the plasma
equol concentrations were clearly higher in the DFAIII
group. The amount of equol in the faeces is determined
by the rates of production, absorption and degradation in
the intestine. A decrease in equol degradation may also be
involved in the consistently higher concentrations of the
plasma equol that were observed in the rats fed DFAIII,
as the equol:daidzein ratio in the DFAIII group was similar
to that observed in the control group on days 15-16. The
higher retention of produced equol may cause higher absorp-
tion and higher plasma concentrations of equol in the
DFAIII group.

In all groups, plasma daidzein concentrations were higher at
10.00 than at 18.00 hours for each of the diet groups. Plasma
equol concentration, however, showed no such tendency
except for the control group (Fig. 1). Previous studies reported
that plasma daidzein concentrations reached a peak 1-3h
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Fig. 1. Plasma concentrations of daidzein (A), equol (B) and genistein (C) at each time point in rats fed the control diet (O) or a diet containing 1-5 % difructose
anhydride Ill (M) or fructooligosaccharides (2). Means with their standard errors. P values for three-way ANOVA: P= 0-024 for Diet, P= 0-083 for Day, P< 0-001
for Time, P= 0-052 for Diet X Day, P= 0-113 for Diet x Time, P= 0.083 for Day X Time, and P= 0-039 for Diet X Day X Time for daidzein; P= 0-001 for Diet and
Time, P= 0-033 for Day, P= 0-508 for Diet X Day, P= 0-008 for Diet x Time, P= 0-212 for Day X Time, and P= 0-393 for Diet x Day X Time for equol; P= 0-770
for Diet, 0-214 for Day, P< 0-001 for Time, P= 0-074 for Diet X Day, P= 0-989 for Diet X Time, P= 0-307 for Day X Time, and P= 0-090 for Diet X Day X Time
for genistein. **°Mean values with unlike superscript letters were significantly different between different groups within the same sampling time; P < 0-05.
defMean values with unlike superscript letters were significantly different between the different sampling times with the same diet group; P < 0-05.

For details of diets and procedures, see p. 443.

after a single administration of daidzein (King, 1998; Uehara
et al. 2001), which suggests a rapid absorption of daidzein.
Large amounts of daidzin or daidzein may be retained in the
gastrointestinal tract at 10.00 but not at 18.00 hours. Daidzin
that reaches the caecum may be rapidly converted to daidzein,
as described earlier, and then absorbed from the caecum. The
absorption of equol may possibly be slower than that of daid-
zein, as no difference was noted between the plasma concen-
trations at 10.00 and 18.00 hours.

In the DFAIII group, the plasma total cholesterol concen-
tration was lower, and the plasma equol concentration, but
not the daidzein or genistein concentration, was higher than
that of the control group. This is the first evidence suggesting
that the stimulation of equol production by a non-digestible
saccharide induces a hypocholesterolaemic effect (Table 5).
The present study reveals that the plasma total cholesterol
concentration exhibited an inverse correlation to the plasma
equol, but not daidzein, concentration (Fig. 3). Additionally,
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Table 4. Excretion of isoflavones and their metabolites into the faeces
of rats fed a basal diet (control) or a diet containing difructose anhydride
11l (DFAIII) or fructooligosaccharides (FOS)

(Mean values and standard deviations)

Control DFAIII FOS
(rmol/d) (pmol/d) (rmol/d) Pooled sp
Day 1
Daidzein 0-630"B2  0.348%° 0-462/Bab 0-219
Dihydrodaidzein ~ 0-061® 0-084° 0-053° 0-040
Equol 2.834° 1.720° 1.741° 0-537
Genistein 0-0442 0-0215° 0-0338aP 0-016
Day 3
Daidzein 0-583%B2  0.290B° 0-4118ab 0-118
Dihydrodaidzein ~ 0-1138 0-080° 0-117% 0-053
Equol 4.3385¢  4.030B 3.7748¢ 0-847
Genistein 0-0482 0-024%B°  (0.045"Bab 0-017
Days 15—-16
Daidzein 0-4438 0-3138 0-398° 0-101
Dihydrodaidzein ~ 0-096° 0.092° 0-115%8 0-044
Equol 4.3355¢  3.628%¢  3.198° 0-683
Genistein 0-039 0-028"%  0.033% 0-012

P values for two-way ANOVA: P<0-001 for Diet and Day, and P=0-963 for Diet X
Day for daidzein; P=0-770 for Diet, P<0-001 for Day, and P=0-782 for Diet X
Day for dihydrodaidzein; P=0-071 for Diet, P<0-001 for Day, and P=0-616 for
Diet x Day for equol; P<0-001 for Diet, P=0-007 for Day, and P=0-977 for
Diet x Day for genistein.

ABMean values with unlike superscript letters were significantly different between
the different sampling times within the same diet group; (P<0-05).

2P Mean values with unlike superscript letters were significantly different between
different groups within the same sampling time; P < 0-05

For details of diets and procedures, see p. 443.

the ingestion of DFAIII without isoflavones had no effect on
plasma total cholesterol (Table 6). These findings strongly
suggest that the stimulation of equol production by DFAIII
is involved in the hypocholesterolaemic effect that is seen in
the DFAIII group.

Isoflavones have hypocholesterolaemic effects in rodents
(Uesugi et al. 2001; Song et al. 2003; Ali et al. 2004,
Kawakami et al. 2004; Yousef et al. 2004) and human subjects
(Setchell & Cassidy, 1999; Wangen et al. 2001; Meyer et al.
2004), but there is little evidence on what effect equol by itself
may have. In a study that examined hypercholesterolaemic
and hypertensive human subjects, the intake of soya-based
milk and yoghurt induced a hypocholesterolaemic effect
only in equol producers (Meyer et al. 2004). Daidzin, but
not genistin and glysitin, have hypocholesterolaemic effects
in ovariectomised rats (Uesugi et al. 2001). In both the present
and other previous studies, blood concentrations of equol, the
major metabolite of daidzein, were higher than daidzein con-
centrations in rodents (Tamura et al. 2002, 2004a; Zafar et al.
2004). Therefore, the hypocholesterolaemic effect of the soya
isoflavones may depend on equol and not daizein. A potential
mechanism for the hypocholesterolaemic effect of isoflavones
has been suggested to be an increase in LDL receptor activity,
as isoflavones do not reduce plasma cholesterol concentrations
in LDL receptor-deficient female mice (Kirk er al. 1998).
Equol produced from daizein may reduce the plasma choles-
terol concentration via an increase in LDL receptor activity,
as suggested earlier.

The present study demonstrated that DFAIII reduced plasma
cholesterol concentration only in cases in which the diet
included soya isoflavones, as mentioned earlier. Soya protein

is well known to reduce plasma cholesterol concentration. In
the present study, however, we showed that the concentrations
seemed to be lower in rats fed a cholesterol-free, casein-based
diet with soya isoflavone compared with a diet without isofla-
vones. These findings were observed regardless of the non-
digestible saccharides and even when the results of two separate
experiments were compared. Additionally, when rats were fed
soya isoflavones without oligosaccharides in the control
groups, plasma equol concentrations were also rather high.

In previous reports, a controversy exists regarding the effect
of isoflavones on plasma cholesterol in rodents fed a casein-
based diet. The ingestion of an isoflavone mixture lowered
plasma total cholesterol in male rats (Ali et al. 2004;
Kawakami et al. 2004), and daidzein added to a casein
diet also lowered total, HDL- and non-HDL-cholesterol in
male Syrian hamsters (Song et al. 2003). However, an isofla-
vone concentrate containing a 1:1 mol ratio of genistein and
daidzein had no effect on HDL- and non-HDL-cholesterol in
male Golden Syrian F1B hybrid hamsters (Blair ez al. 2002).
Our results suggest that soya isoflavone may have a potential
role in the reduction of plasma cholesterol even in a casein-
based diet, and, as suggested earlier, these effects are mainly
dependent on equol, a fermentation product of daidzein.
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Fig. 2. Changes in the faecal ratio of dihydrodaidzein:daidzein (A) and
equol:daidzein (B) after feeding the control diet (®), the diet containing 1-5%
difructose anhydride 1l (OJ) or the fructooligosaccharide diet (O). Means with
their standard errors. P values for two-way ANOVA: P=0-012 for Diet,
P=0-001 for Day and P=0-792 for Diet x Day for dihydrodaidzein:daidzein;
P<0-001 for Diet and Day and P=0-104 for Diet x Day for equol:daidzein.
aPMean values with unlike superscript letters were significantly different
(P<0-05). *Significant difference from the day 1 value within the same diet
group. For details of diets and procedures, see p. 443.
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Table 5. Plasma glucose, triacylglycerol, total cholesterol and HDL-
cholesterol on day 20 in rats fed a basal diet or a diet containing 1-5%
difructose anhydride Il (DFAIII) or fructooligosaccharides (FOS)

(Mean values and standard deviations)

Control DFAIII FOS

(mmol/l) (mmol/l) (mmol/l) Pooled sp
Blood glucose 8-80 9-36 8-89 0-74
Triacylglyerol 1.26 1-64 1.54 0-50
Total cholesterol 1.95° 1.57° 1.99° 027
HDL-cholesterol 1-08 0-96 1.07 0-23

abMean values with unlike superscript letters were significantly different (P<0-05).
For details of diets and procedures, see p. 443.

3.0y
— @)
E
£ 2.0t P
o O
(0]
2 d
[%]
[} [ ]
S o o
=
° 10t
©
°
'_
0 1 1 1
0 10 20 30

Equol (umoll/l)

Fig. 3. Correlation between plasma equol at 18.00 hours on day 19 and total
cholesterol after feeding the control diet (®), the diet containing 1-5 % difruc-
tose anhydride Il (OJ) or the fructooligosaccharide diet (O). Correlation coeffi-
cient = —0-631 (P= 0-002). For details of diets and procedures, see p. 443.

Table 6. Plasma total cholesterol in rats fed a basal diet or a
diet containing 3% difructose anhydride Il (DFAIlI) or fructo-
oligosaccharides (FOS) for 0, 14 and 28d

(Mean values and standard deviations)

Control DFAII FOS

(mmol/l) (mmol/l) (mmol/l) Pooled sb
Baseline 2.58 2.62 2:48 0-61
Day 14 2.92 2.95 324 0-42
Day 28 3.04 3-00 3-39 0-51

There were no significant differences between the diet groups on any day.
For details of diets and procedures, see p. 443.

In conclusion, DFAIIl consumed with isoflavones effi-
ciently increases the plasma equol concentration, which may
subsequently be associated with a lowering of the plasma
total cholesterol.
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