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Mammalian Lignan Formation in Rats Fed a Wheat Bran Diet
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The dietary origin of lignan phytoestrogens is still poorly understood more than 20 years after their
discovery in human urine. Their level in urine has been associated with the consumption of dietary
fiber. This paper reports the study of the excretion of enterolactone, assayed by a time-resolved
fluoroimmunoassay, in rats fed a diet supplemented with 15% wheat bran, one of the main sources
of fiber in Western countries. Enterolactone excretion regularly increased during the two weeks of
the diet to reach a value of 45 nmol/day. The level of excretion also increased upon preadaptation
to ferulic acid, structurally related to secoisolariciresinol, an established precursor of enterolactone
in flaxseeds, and decreased upon preadaptation to potato starch rich in fiber. These results show
that the formation of lignans from wheat bran is influenced by the diet, possibly because of an
adaptation of the colonic microflora.
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INTRODUCTION MeO H,OH
. . HO H,OH
Lignans are phytoestrogens present in plant foods that have O
potential protective effects on human health Enterolactone HO HOH

(Enl) and enterodiol (End) are the two main lignans identified

in human urine and plasmé&i@ure 1). They are structurally O
related to synthetic estrogens, and they may function as weak O OMe
estrogens or estrogen antagonists. As soy isoflavone phytoestro- OH
gens, lignans can bind to estrogenic recept@safid show

estrogenic effects in cultured cell3, @). Enl also inhibits the End SECO
growth of MCF-7 human breast cancer cells induced by estradiol

but stimulates the proliferation of these cells in the absence of MeO

estradiol b). HO O o

As modulators of the estrogenic response, lignans may HO

contribute to the prevention of hormone-dependent degenerative
diseases. Supplementation of the diet with lignans was shown
to influence the mammary gland structuf® &nd to delay the
progression of chemically induced mammary tumorigenesis in
the rat ). Epidemiologic studies have also stressed the potential
protective role of lignan phytoestrogens. Inverse associations Enl MAT
between the plasma concentration or urinary excretion of lignans
and the risk of different degenerative diseases, most particularly
breast and prostate cancers, have also been obsé@)ed (

Despite the well-established and general occurrence of lignans
in human plasma and urine, their dietary origin is still a matter
of debate. Their dietary origir®( 10) and the role of the colonic

Figure 1. Chemical structures of mammalian and plant lignans: Enl,
enterolactone; End, enterodiol; SECO, secoisolariciresinol; MAT, mataires-
inol.

microflora in their formation 11, 12) were demonstrated soon
after their discovery in human urindd, 14). Flaxseed was
recognized as a rich source of lignans [secoisolariciresinol
* Corresponding author [telephore33 (0)4 73 62 46 76; fax-33 (0)4 (SECO) and matairesinol (MAT)]Rigure 1) (15) and still
73f6|,2\,é6A_38’ e-mail cnicolle@clermont.inra. fr] appears today as the best dietary source of lignd. (

* University of Helsinki. However, the low consumption of flaxseed in most human
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Table 1. Composition of the Experimental Diets

component basal 15% wheat 1.25% 0.2% ferulic 15% potato 15% potato starch + 0.2% ferulic acid +
(g/kg of diet) diet bran flaxseed acid starch 15% wheat bran 15% wheat bran
casein 150 150 150 150 150 150 150
wheat starch 755 605 742.5 753 605 455 603
mineral mixture2 35 35b 35 35 35 350 35
vitamin mixture® 10 10 10 10 10 10 10
peanut oil 50 50 50 50 50 50 50
flaxseed 12.5
ferulic acid 2 2
potato starch 150 150
wheat bran 150 150 150

@ Mineral mixture AIN-93M (per kg of diet): CaHPO,, 15 g; K,HPO4, 2.5 g; KCI, 5 g; NaCl, 5 g; MgCl , 2.5 g; Fe;03, 2.5 mg; MnSO4, 125 mg; CuSOy, 125 mg;
ZnS04+7H,0, 100 mg; KI, 0.4 mg. Purchased from UAR (Villemoisson, Epinay-sur-Orge, France). © For the diets containing bran, the quantities of minerals added were
corrected for the mineral content of wheat bran. ¢ Vitamin mixture AIN-76A supplemented in choline (mg/kg of diet): thiamin, 15; riboflavin, 20; pyridoxine, 10; nicotinamide,
100; pantothenate, 70; folic acid, 5; biotin, 0.3; cyanocobalamin, 0.05; retinyl palmitate, 1.5; dl-a-tocopheryl acetate, 125; cholecalciferol, 0.15; menadion, 1.5; ascorbic acid,
50; myo-inositol, 100; choline, 1360. Purchased from UAR.

populations cannot explain the general occurrence of mammalian A
lignans in human tissues, and many authors have speculated Basal diet
on their dietary sources and the identities of their precursors. 424
A vegetarian diet rich in fiber is associated with a high lignan Basal diet [Wheat bran 15%
excretion 9, 17), and various foods of plant origin such as
cereals, vegetables, or fruits likely contribute to the mammalian Flaxseed 1.25%
lignan formation {5, 16, 18, 19). A positive association was vV Y 22huine v
found between urinary lignan excretion and fiber intake in a | MM f S
group of 98 North Americans, the best correlation being o 789 14 21
observed for dietary fibers originating from grair0). Rye ) Time (days)
bread, largely consumed in Scandinavian countries, is a good
source of mammalian lignangX, 22). Precursors are essentially B
present in the branl@, 23), and whole cereals may thus
significantly contribute to the lignan intake. Wheat bran is thus Basal diet ‘Wheat bran 15%
a potentially important dietary source of lignans in Western diets 24 @.)l "Ferulic acid 0.2% +
so far not examined. Basal diet |Ferulic acid 0.2% Wheat bran 15%
In the present work, we have studied the formation of Potato starch +
mammalian lignans from wheat bran in rats and compared the Potato starch 15% Wheat bran 15%
results to those obtained with a diet rich in flaxseed. We have dh-urine
also evaluated the influence of a previous adaptation to ferulic VVYYY
acid and potato starch, which may stimulate the production of + T B .
enzymes or the growth of microorganisms involved in the  © 7 2829 3031
formation of mammalian lignans from wheat bran. Ferulic acid Time (days)

was selected as it is structurally related to the SECO lignan. It gigyre 2. Study designs: (A) first study, rats were fed 1.25% flaxseed o
shows the same 3-methoxy-4-hydroxy substitution pattern on 150, wheat bran diets; (B) second study, rats were adapted to ferulic

the aromatic ring. Furthermore, it is known to be metabolized acig diet or potato starch before they were fed a 15% wheat bran diet.

into 3-hydroxyphenylpropionic acid in rat@4), which has a  sgjid arrows indicate collection of 24-h urine.

ring substitution pattern identical to that of Enl and End

metabolites. Supplementation of the diet with raw potato starch, group: a basal diet, the same diet supplemented with 15% wheat bran,
largely resistant to digestion, provides large amounts of ferment- and the same diet supplemented with 1.25% flaxsekable 1).

able substrates to the large intestine, increases the microbialFlaxseed and wheat bran were purchased from Celnat (St Germain
biomass in the cecun®§), and could thus also increase the Laprade, France).

Enl production. In the second studyF{gure 2B), 24 rats were randomized into three
groups and first adapted for 14 days to the basal diet or to diet
MATERIALS AND METHODS supplemented with either 0.2% ferulic acid (Sigma) or 15% raw potato
. . ) starch (L. Franais, St Maur, France). During the four following days,
Rats, Diet, and Sampling ProcedureMale Wistar rats (Iffa-Credo,  gach of these three diets was supplemented with 15% wheat bran.

L'Arbresle, France) were housed two per cage in a room maintained
at 22°C with a 12-h light-dark cycle (light from 8:00 a.m. to 8:00
p.m.) and access to food from 4:00 p.m. to 8:00 a.m. Animals were
maintained and handled according to the recommendations of the . ) - :
Institutional Ethics Committee (Ingtitut National de la Recherche thrOl_J_ghout th_e experimental period for both studies. They did not
Agronomique), in accordance with decree 87-848. Rats were first fed significantly differ between groupsTéble 3).
a pe”eted Commercial dlet for 1 Week and then adapted for 1 Week to For 24'h Urine CO"eCtiOn, rats were transferred to metabollc CageS
a basal semipurified dieT@ble 1). All rats were fed ad libitum during 3 days before collection was begun. Urine was collected in plastic tubes
the whole experimental period. containing ascorbic acid (Sigma; 60 mg) and then stored24 °C.

In the first study Figure 2A), 24 rats were randomized into three Time-Resolved Fluorescence Assay (TR-FIA) for Enterolactone
groups, and three different diets were given during 14 days to eachin Urine Samples. This immunoassay allows one to specifically

The detailed composition of the diets and their contents in SECO
and MAT were determined by GC-MS (see below) are givehahles
1 and2. The daily diet consumption and the body weight were measured
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Table 2. Content of Secoisolariciresinol and Matairesinol in the 1,000
Flaxseed and Wheat Bran Diets 12 = 0.9640
<)
lignans (nmol/g 2 7 p<0.0001
of dry diet) basal diet 15% wheat bran 1.25% flaxseed E 100
SECO 0.15 0.79 87 <
MAT 0.02 0.08 nd2 >
h -
g 10
and, not detected.
Table 3. Food Intake and Body Weight Gain during Wheat Bran and e e B
Flaxseed Feeding Periods 1 10 100 1,000
) HPLC-Coularray (nmol/d)
food intake body wt ) ) )
(g of dry gain Figure 3. Correlation of levels of enterolactone urinary excretion measured
diet matter/day) (g/day) by HPLC with coulometric detection and by TR-FIA. Samples are urine
first study collected from rats fed wheat bran or flaxseed.
control diet 20.1+£05 52+0.2
wheat bran, 15% 21.8+0.2 52+0.2 200 - e
flaxseed, 1.25% 19.8+0.2 53+0.2
second study
control + wheat bran, 15% 18.0+0.4 44+04
ferulic acid, 0.2% + wheat bran, 15% 199+04 54+05
potato starch, 15% + wheat bran, 15% 19.8+0.5 48+0.6

~®-Flaxseed 1.25%
——Wheat bran 15%
~o-Basal diet

estimate Enl at low concentration with very low cross-reaction for End
(0.28%) and no interference with other compoun@g).(The assay
was carried out as previously described. Briefly, urine samplegl(»0
were hydrolyzed by a sulfatase/glucuronidase mixture 45®f an T T
0.1 M acetate buffer, pH 5.0, containing 2 units/mL sulfatase (S-9626, 0 5 10 15
Sigma Chemical Co., St. Louis, MO) and 0.2 unit/ffHglucuronidase
(Boehringer GmbH, Mannheim, Germany)]. The solutions were
incubated at 37C overnight. Hydrolyzed samples were then treated Figure 4. Urinary excretion of enterolactone in rats fed wheat bran and

with the DELFIA kit (Wallac Perkin-Elmer, Turku, Finland). The assay flaxseed. Enterolactone concentrations were measured by TR-FIA. For a
buffer was added, and aliquots (20) were dispensed into prewashed  given time of sampling, different letters indicate significant difference (P
microtitration 96 well plates coated with goat anti-rabbit IgG. Anti- < 0,05). For different times of sampling, + indicates a mean value

Enl rabbit antiserum and europium-labeled Enl were added into each sjgnificantly different from the previous one (P < 0.05).

well. After gentle shaking for 90 min at room temperature, the excess

of Enl, not complexed by the antisera, was washed with the plate 006 tg those obtained by HPLC with coulometric detection

washer. Enhancement solution was dispensed into each well, and the(28) on Enl-rich urines collected from rats fed a diet containin
plate was shaken for 5 min. Europium fluorescence was measured with g

a Victor 1420 multilabel counter (excitation wavelength, 340 nm; laxseeds. A good correlation was observed between the values

emission wavelength, 613 nm). Analyses of standard solutions-(0.4 Obtained by both method&igure 3). o
300 nmol/L) and samples were carried out in duplicate (only immu- ~ Mammalian Lignans Formed upon 2-Week Feeding with

Enterolactone urinary excretion

Diet duration (days)

noassay part of the method). Wheat Bran. The Enl excretion regularly increased over the
GC-MS Analysis of Lignans in Food Samples.The GC-MS 14 days of wheat bran diet and reached 44 nmol/dagufe
method has been extensively described elsewl@eBriefly, freeze- 4). In contrast, the Enl excretion in the rats fed the semipurified

dried diets (50 mg) were successively treated with an enzymatic extract cqntrol diet slowly decreased to a near-zero value during the
of Helix pomatiaand hot hydrochloric acid to hydrolyze the lignan = ¢5me period. The decrease was marked from day 2 to the end
glycosides. Deuterated SECO, anhydrosecoisolariciresinol, and MAT of the expe}iment R < 0.01). This slow increase of Enl

were added as internal standards. Lignans were extracted with diethylexcretion was also observed with flaxseed digtgiire 4)
ether, partially purified by ion-exchange chromatography, silylated, and . . s elg . .
b P y g graphy, sty Effect of Adaptation to a Diet Containing Ferulic Acid

analyzed by GC-MS (Hewlett-Packard HP 5995 quadrupole mass ° )
spectrometer). A capillary gas chromatography HP 5890 series Il OF Potato Starch on Enterolactone Urinary Excretion. To
combined a flame ionization dectector (FID) was used, and the carrier Study the influence of the diet on the formation of lignans from

gas was helium. wheat bran, rats were first adapted to a diet supplemented with

Statistical Analysis.Values are given as mea#sSEM. Significant 0.2% ferulic acid or with 15% potato starch for 14 days and
differences were determined by repeated-measures ANOVA with the then fed the same diet supplemented with 15% wheat bran for
SFudent—Newman—Keuls mu!tiple—comparison test usi_ng Instat (San 3 days. This 2-week adaptation period with potato starch had a
Diego, CA). Differences withP < 0.05 were considered to be  major impact on the cecal microflora as shown by an increase
significant. of the cecum weight of 18%.

Basal levels of Enl urinary excretion after a 14-day period
of adaptation to potato starch or ferulic acid diet were very low

Estimation of Enterolactone in Rat Urine. The wheat bran (2—3 nmol/day) and similar to those observed in the first
diet resulted in low levels of Enl urinary excretion, which made experiment after a 14-day period of the semisynthetic diet. This
impossible their estimation by HPLC with coulometric detection. shows that potato starch does not contain any Enl precursor
Enl was thus determined in urine by TR-FIA. The detection and that ferulic acid itself is not metabolized (dimerized) into
limit was ~0.4 nmol/L with TR-FIA against 15 nmol/L with lignans. However, adaptation to a potato starch or ferulic acid
the HPLC method. The values obtained by TR-FIA were diet affected the excretion level of Enl formed from wheat bran

RESULTS
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30 adaptation to a high-fiber diet before an increase in Enl
concentration could be observed in plas®d)(One may also
note a slow decrease of Enl urinary excretion in the rats fed the

Preadaptation with: control diet. This could be due to the retention of lignans within
20 4 Ferulic acid a* bacteria as has been suggested by the recent observation of the
production of Enl and End from blank fecal human samples
°® None (31)
ab )

® Potato starch The slow acquisition of the capacity of the microflora to form

lignans from their precursors was also observed by the progres-
b sive increase of the enterodiol/enterolactone ratio during the 2

weeks of a flaxseed diet fed to rats (C. Nicolle, C.niksy,

and A. Scalbert, unpublished observations). Similar observations

10

Enterolactone urinary excretion
(nmol/d)

0 were made with women consuming flaxseeds during 8 dz8)s (
0 1 2 3 This regular increase in Enl excretion is likely due to a
Wheat bran diet duration (days) progressive modification of the microflora and to the acquisition
Figure 5. Enterolactone urinary excretion in rats fed wheat bran and of the capability to oxidize End into EnB4).
previously adapted to a 14-day diet containing either ferulic acid (0.2% Attempts to modify the cecal microflora by a change in the
diet) or potato starch (15% diet). Urine enterolactone concentrations were diet were then made. Addition of ferulic acid to the semisyn-
determined by TR-FIA. For a given time of sampling, different letters thetic diet tended to increase the production capacity of Enl
indicate significant difference (P < 0.05). For different times of sampling, from wheat branKigure 5). This could be due to an induction
* indicates a mean value significantly different from the previous one (P of the enzymes catalyzing demethylation and dehydroxylation
< 0.05). of the Enl precursors or to a stimulation of the growth of some

bacterial strains able to catalyze such reactions. No effect of a
(Figure 5). Ferulic acid tends to increase Enl excretion, whereas 10-day preadaptation to SECO diglucoside on the conversion
potato starch tends to decrease it. These results clearly showof this same substrate could be observed in ra®. (This
that adaptation by the diet affects the capacity to produce Enl, difference is probably explained by the low dose of SECO
as seen by the significant differende € 0.05) between ferulic diglucoside used (1.5 mg/day) as compared to the dose of ferulic

acid and potato starch adapations. acid consumed by the rats in the present experiment (40 mg/
day). The potato starch had an opposite effect. Although it
DISCUSSION increases very significantly the weight of the biomass in the

cecum, it did not stimulate the formation of Enl. On the contrary,
a lesser urinary excretion was observed, which could be due to
a dilution effect in the cecum subsequent to the increase of the
biomass volume25) or to an accelerated transit and conse-
quently reduced conversion of precursors into lignans and
limited lignan absorption in the coloB%). These results suggest
that the formation of lignans in the colon can be increased by
a modification of the diet. It will be important in the future to
better clarify the health effects of these metabolites and to
identify the factors controlling their formation.

The formation of lignans from wheat bran in rats is reported
for the first time. About 45 nmol/day of Enl was excreted in
urine after 2 weeks of a diet supplemented with 15% wheat
bran. This level of excretion is of the same order as that
previously reported for rye20).

The formation of Enl from wheat bran was3 times lower
than that observed with flaxseed for an intak&0 times higher
(15 versus 1.25%). The precursor of Enl in flaxseed is mainly
the SECO diglucoside. SECO is converted to Enl in rats with
a yield of ~10% @30). In the present experiment, the urinary
excretion of Enl observed with the flaxseed diet accounted for
9% (moles per mole) of the SECO ingested. Various authors ABBREVIATIONS USED
have suggested that the lignans present in flaxseed could also End, enterodiol: Enl, enterolactone: MAT, matairesinol:
be the precursors of Enl and End in other food sour@s ( SECO, secoisolariciresinol.

The same SECO diglucoside is present in cereal grains, as is

MAT. SECO and MAT were estimated in the wheat bran diet
used in the present workiéble 2) and the conversion yields
calculated. The amount of Enl excreted in urine after 2 weeks
of wheat bran feeding exceeded by a factor of 2.3 the amounts
of SECO and MAT determined in the diet and thus exceeds by
a factor of~25 the expected level of Enl excretion based on
the SECO and MAT intake. This clearly indicates that wheat
bran contains Enl precursors different from SECO and MAT,
as has also been suggested for a rye bread diet consumed by

Finnish subjects22). These precursors could be other lignans || TERATURE CITED
such as pinoresinol, which was recently shown to be converted
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