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Dietary phytoestrogens have a number of biological
effects, including endocrine disruption, antioxidant
potential, and protein tyrosine Kinase inhibition. Sec-
oisolariciresinol, matairesinol, and shonanin are lignan
phytoestrogens found in foodstuffs, especially flaxseed.
Normally they are glycosidically linked to carbohy-
drates and in the large intestine are deconjugated from
the carbohydrate portion by bacteria. The aglycone lig-
nans can be further modified to form the mammalian
phytoestrogens enterodiol, enterolactone, and enterofu-
ran, which are absorbed into the body and excreted in
urine. To assess the health implications of phytoestro-
gens in general populations, knowledge of the quantity
in the foods eaten is necessary. This article describes a
simple preparative procedure for the assay of secoiso-
lariciresinol, matairesinol, and shonanin in foodstuffs
after hydrolytic removal of any conjugated carbohy-
drate. The difficulties in the practical application of the
assay procedure are illustrated and discussed. Analyti-
cal results indicating the concentration of secoisolarici-
resinol, matairesinol, and shonanin in a number of food-
stuffs are presented. Also, the mass spectral data of a
putative mammalian phytoestrogen, called enterofuran,
identified in urine are presented. © 2000 Academic Press
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oisolariciresinol; matairesinol; shonanin; enterofuran;
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Phytoestrogens are a wide variety of phenolic com-
pounds derived from plant material which are stereo-
chemically similar to the hormone 17-B-estradiol (E,).”
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butyldimethylsilyl)-N-methyltrifluoroactamide; CV, coefficient of
variation.
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Phytoestrogens compete with E, for its receptors, but
estrogen receptor B8 (ERp) illustrates greater transla-
tional responses to particular phytoestrogens than
ER«a does to the same compounds (1-3). Phytoestro-
gens are thought to act both agonistically and antago-
nistically to the action of E,, with possible beneficial
effects in cancer and cardiovascular disease in adults,
but uncertain effects in infants (4-12).

At least three types of compound are classed as phy-
toestrogens, including the flavonoids, coumestans, and
lignans. Setchell et al. illustrated that the concentra-
tion of the lignans enterolactone and enterodiol in hu-
man urine was dependent on the amount of linseed
consumed (13-15). Enterolactone (CAS 78473-71-9)
and enterodiol (CAS 80226-00-2) (see Fig. 1, mamma-
lian lignans) are gut bacterial metabolites, formed by
modification of lignans from food after removal of car-
bohydrate conjugates. Because these two compounds
are produced in animals as opposed to plants they are
sometimes termed the mammalian lignans to distin-
guish them from lignans from plants. Two of the plant
lignans known to form enterolactone and enterodiol
upon bacterial fermentation are matairesinol (CAS
580-72-3) and secoisolariciresinol (CAS 29388-59-8),
respectively (see Fig. 1), although enterodiol also rear-
ranges to form enterolactone (16-18). All of the lig-
nans, both mammalian and plant, occur naturally
mostly as conjugates of hydrophilic compounds. Mam-
malian lignans as ethers of glucuronic and sulfuric acid
and plant lignans glycosidically linked to a wide vari-
ety of different carbohydrates of differing chain length
(17, 19-23).

In biological materials, quantitative assays of phy-
toestrogens are complicated by the conjugation to a
variety of carbohydrates. It is unlikely that all of the
possible glycosides of the target lignans are known,
and, of the known examples, synthetic versions exist
for only a very few. However, even if all were known
and synthetic versions were available, it would be im-
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FIG. 1. Lignans of interest. The R group could be a hydrogen or a
carbohydrate residue.

practical to quantify all them for more than a very few
samples. A more practical approach is to remove the
carbohydrate portion in the sample preparation and
qguantify the liberated aglycones, consolidating the
analysis to a few compounds. Such an approach has
been used for many years in hormone assays in blood
and urine, using glucuronidase and sulfatase to re-
move glucuronic acid and sulfate from the hormone
prior to assay. Indeed, the preparative steps of hor-
mone assays have been adapted for the analysis of the
mammalian lignans, since they likely are conjugated
to glucuronic acid and sulfate in a similar manner
(13-15).

The plant lignans present a greater analytical chal-
lenge than their mammalian counterparts; the variety
of conjugated carbohydrates is much greater, both in
terms of the monosaccharides forming the glycosidic
bond and in the number and nature of further
monosaccharides glycosidically linked to the first (19—
23). Furthermore, both secoisolariciresinol and ma-
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tairesinol have more than a single hydroxyl group, any
one or more of which could be involved in glycosidic
bonds to carbohydrates (see Fig. 1). This large variety
of plant lignan carbohydrate conjugates reinforces the
case for analysis of aglycone lignans after hydrolytic
removal of the carbohydrate.

However, enzymatic approaches to the problem are
complicated by the large variety of conjugates. The
enzyme or collection of enzymes would have to break
glycosidic bonds between the lignan and many differ-
ent monosaccharides. Also the enzyme would have to
overcome steric hindrance of the phenolic links on the
neighboring methoxy groups and cope with glycosidic
bonds to a variety of carbons on the monosaccharide
ring (see Fig. 1).

Two approaches to the hydrolysis of glycosidic bonds
between plant lignans and carbohydrate have been
published in the literature. Both methods have been
used to produce analytical results presenting the lig-
nan concentration of a variety of foodstuffs (24, 25).
The Thompson method employs anaerobic in vitro fer-
mentation of food containing plant lignans with gut
bacteria harvested from feces. This produces enterolac-
tone and enterodiol from the plant lignans present in
the food, the concentration of which was subsequently
measured by gas chromatography and flame ion detec-
tion (24). The method is dependent on the survival of a
wide variety of anaerobic bacteria from the gut,
through passing of feces to culture in vitro. It relies on
the collection of a comprehensive library of anaerobic
flora, to ensure that the entire variety of the various
plant lignans and their glycosidic conjugates are con-
verted to their mammalian derivatives. This is a tech-
nically difficult task to set up initially and maintain
with the same hydrolytic properties over a period of
time and has not been widely utilized.

The method described by Mazur employs hot acid to
break the glycosidic bonds (25). The method is a many-
stepped procedure using both enzymes and hot acid to
hydrolytically remove the carbohydrate component of
lignan and isoflavone phytoestrogens in food (25). The
steps for preparing the lignans and isoflavones for
guantification by gas chromatography—mass spectrom-
etry follow different paths. The food extract is first
subjected to enzyme hydrolysis, liberating the isofla-
vones from their respective glycosides, but incom-
pletely hydrolyzing the lignan glycosides, which were
retained in the aqueous fraction after partitioning with
organic solvent. The lignan glycosides were then hy-
drolyzed with hot acid and the aglycones are parti-
tioned off with organic solvent. Both organic fractions
of isoflavone and lignan aglycones are then combined,
further purified, derivatized, and analyzed by gas chro-
matography—mass spectrometry. A problem with acid
hydrolysis of natural products is their stability, Mazur
et al. noted that one of the target plant lignans, sec-
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oisolariciresinol, in acid dehydrated to a compound
they called anhydrosecoisolariciresinol, which when
guantified was taken to be solely derived from secoiso-
lariciresinol (25). However, anhydrosecoisolariciresinol
is chemically identical to another naturally occurring
lignan called shonanin (3,4-divanillyltetrahydrofuran)
(19-21, 23). Shonanin would be liberated from its gly-
cosides alongside secoisolariciresinol upon acid hydro-
lysis; thus, the Mazur method actually quantifies both
the naturally occurring Shonanin and what is pro-
duced from secoisolariciresinol as a result of the acid
hydrolysis (25). Shonanin is, however, a significant
phytochemical in its own right, competing with 5a-
dihydrotestosterone (DHT) for sex hormone binding
globulin (SHBG) which potentially could help prevent
prostate cancer (26—28). Shonanin has the same ar-
rangement of phenolic hydroxyl groups as secoisolar-
iciresinol and matairesinol and as such is likely an-
other phytoestrogen that should be quantified
alongside the latter two. Furthermore, if the postin-
gestion metabolism of shonanin is analogous to secoiso-
lariciresinol and matairesinol, then it will likely form
the compound enterofuran (see Fig. 1) which can be
formed by dehydration of enterodiol; c.f. dehydration of
secoisolariciresinol to shonanin (26). Enterofuran has
the same arrangement of phenolic hydroxyl groups as
enterolactone and enterodiol, making it a good candi-
date to be a mammalian phytoestrogen and should be
guantified alongside the latter two compounds.

This article describes a modification of the assay
developed by Mazur et al. simplified for the quantifi-
cation of the lignans secoisolaricicresinol, mataires-
inol, and shonanin in food after hydrolytic removal of
any conjugated carbohydrate (25). The difficulties in
the practical application of such an assay procedure
are illustrated and discussed. Analytical results indi-
cating the concentration of secoisolaricicresinol, ma-
tairesinol, and shonanin in a number of foodstuffs are
presented. Also the mass spectral data of a putative
phytoestrogen, called enterofuran, identified in urine
are presented.

MATERIALS AND METHODS

All enzymes, reagents, and chemicals were pur-
chased from Sigma/Aldrich (Poole, Dorset, UK) unless
otherwise stated. The food samples were purchased
from local stores, freeze-dried, and milled to a fine
flour. Secoisolariciresinol, secoisolariciresinol diglu-
coside, shonanin, matairesinol, and matairesinol glu-
coside were all purchased from Plantech (Reading,
UK). To inhibit losses of target compounds by adsorp-
tion to glassware, all glassware was silanized in a 10%
solution of dimethyldichlorosilane in heptane, followed
by deactivation of excess reagent in methylated spirits
and oven drying (120°C).
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Food Assay Optimization

The assay procedure was optimized from pilot exper-
iments using samples of milled flax seed (0.5 g). The
concentration of hydrochloric acid, time of hydrolysis,
and extraction solvent were determined by measuring
maximum yield of lignans from the food. These optimal
conditions were then applied to other foods.

Food Assay Procedure

The following procedure was performed in duplicate
on separate occasions. To three 0.5-g samples of each
freeze-dried food, 5 ml of 1.5 M hydrochloric acid was
added in a screw-capped tube (15 ml) with a Teflon-
coated stirring flea. The tubes were heated to 100°C
and stirred on a dry block (Reacti-Therm IlI; Pierce &
Warriner, Chester, UK) for 1, 2, and 3 h, respectively.
Thereafter the samples were removed from the heat
and allowed to cool for 30 min and 0.75 ml of 10 M
sodium hydroxide was added to neutralize the acid.
Aglycone lignans from each sample were separately
partitioned from the aqueous hydrolysis mixture into 2
ml of an equal mixture of ethyl acetate and methyl
tert-butyl ether (1:1, v/v). The organic phase was sep-
arated from the aqueous phase by centrifugation (3g
for 3 min) followed by aspiration to a separate tube.
The wash with organic solvent was repeated twice
more and the three organic phases were combined in
the separate tube. A total of 2 ml of the organic extract
was removed from the combined 6 ml to a 1.5-ml au-
tosampler vial in two 1-ml aliquots. The Reacti-Therm
Il (Pierce & Warriner) was used to evaporate the
solvent from the vial, after each aliquot, by gentle
heating (<40°C) and passing a stream of nitrogen
(BOC, Guildford, UK) over the surface.

The dried samples were dissolved in a 1-ml mixture
(4:1, v/v) of pyridine and N,O-bis(trimethylsilyl)trif-
louroacetamide with 1% trimethylchlorosilane. Two
micrograms of anthraflavic acid was included in the
pyridine, to correct for differences in instrument re-
sponse between injections. The vials were sealed and
heated to 60°C for 1 h to facilitate the formation of
trimethylsilyl derivatives of the lignans. Calibration
standards of known quantities of secoisolariciresinol,
shonanin and matairesinol were derivatized in an
identical manner. One microliter of the derivatized
samples or standards was injected into a gas chro-
matograph—mass spectrometer (GC-MS, MD800 or
GCQ Thermoquest Ltd., Hemel Hempstead, UK). The
GC-MS parameters (oven program, chromatographic
retention times, and mass ions) were obtained using
the pure synthetic lignan standards. The injection port
was operated in the splitless mode at 280°C and lined
with silanized glass. The capillary column (15 m long,
0.25 mm internal diameter) was lined with 1 um of
100% polysiloxane (Hall Analytical Laboratories Ltd.,
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Manchester, UK). The initial oven temperature was
180°C; after 5 min this was ramped at 15°C per minute
to 320°C. The mass spectrometer was operated in its
selected ion mode; the ions chosen were determined
using pure samples of the lignans. The ions (mass to
charge ratio) selected for each compound were as fol-
lows: anthraflavic acid, 369.2 and 384.3; secoisolarici-
resinol, 560.3 and 470.3; shonanin, 488.3 and 179.1;
matairesinol, 502.1 and 487.0. The lignans in the sam-
ples were identified and quantified by comparison with
known quantities of the reference standards analyzed
in the same run. The authenticity of a lignan from a
sample was determined by a combination of its chro-
matographic retention time and a ratio of its two mass
ions, quantification was based on the area of one of the
mass ions divided by that of anthraflavic acid calcu-
lated against a calibration curve formed from the re-
sults of the known quantities of reference standards.
Gas chromatographic and mass spectral data were
similar to those already published and are not repli-
cated here (24, 25).

Enterofuran

Artificial enterofuran was formed according to the
method of Schottner et al. by dehydration of enterodiol.
Enterodiol was heated to 100°C for 30 min in 1.5 M
HCI; c.f. dehydration of secoisolariciresinol to shonanin
(26). Following dehydration the product was deriva-
tized with either N,O-bis(trimethylsilyl)trifluoroacet-
amide (TMS) containing 1% TMS chloride catalyst or
N-(tert-butyldimethylsilyl)-N-methyltrifluoroactamide
(TBDMS) containing 1% TBDMS chloride catalyst, in
pyridine. The derivatized enterofuran was injected (1
ul) into the GCQ GC-MS, using the GC conditions
described above. The mass spectrometer was operated
in the full-scan mode. Urine was assayed for phy-
toestrogens using an adaptation of the method de-
scribed previously (29). To 0.5 ml of urine was added
0.5 ml of 0.2 M acetate buffer (pH 5.0) containing
approximately 140 units of B-glucuronidase (10 ul of
Helix pomatia extract HP-2). After vortexing, hydroly-
sis of the glycosidic bonds was achieved by overnight
incubation at 37°C in a shaking water bath. Aglycone
phytoestrogens were extracted from the aqueous solu-
tion by partitioning with ethyl acetate (three 0.5 ml
washes). The ethyl acetate fractions were combined,
dried under a stream of nitrogen using a little heat
(<40°C), ready for derivatization as described above.
The GC-MS conditions used were the same as those for
the synthetic enterofuran. The enterofuran in the
urine sample was identified by comparison with the
major compound produced by dehydration of enterodiol
and the mass spectral information provided by Schott-
ner et al. (26).
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RESULTS

A range of test foods containing a variety of lignan
concentrations was formed by blending bleached white
wheat flour with milled flaxseed in different but known
proportions. The concentration of lignans in the test
foods was calculated from both the amount in the two
pure foods and the proportion of each in the blend, but
also assayed using the conditions optimized for pure
milled flaxseed (3 h of acid hydrolysis). Figure 2 com-
pares the assayed concentration of lignans in the test
foods with the calculated as both regression and Bland
and Altman plots (30). The high correlation coefficient
relating the assayed results to the calculated indicates
that the assay procedure yields a similar proportion of
lignans from foods containing a wide concentration
range of the target compounds. This observation is
supported by the Bland and Altman analysis of the
same results (Figs. 2C and 2D). The lack of a trend in
the least-squares fit and the grouping of the data
around the y axis zero indicate that any errors related
to the magnitude of the measurement, or errors that
remain constant no matter what the concentration, are
small. The average interassay coefficient of variation
(CV) across the whole concentration range assayed was
6.0% for secoisolariciresinol and shonanin, and 6.1%
for matairesinol. The range of interassay CV was from
2 to 12% (high to low concentration) for the former two
compounds and 2 to 15% for matairesinol.

Application of the assay procedure, optimized for
milled flaxseed, to other foods and synthetic glucosides
of the lignans indicated that the optimal time of hydro-
lysis varied markedly between different foods. Figure 3
illustrates the yield of secoisolariciresinol and shona-
nin combined, from secoisolariciresinol diglucoside to-
gether with yields from four foodstuffs containing dif-
ferent concentrations of lignan following hydrolysis
over a variety of times (note that similar results were
obtained for matairesinol, data not shown). The results
indicate that the matrix in which the lignans naturally
occur has a significant effect on the optimal time of
hydrolysis. Synthetic secoisolariciresinol diglucoside,
even in the presence of bleached white wheat flour,
was rapidly hydrolyzed by the acid to its aglycone and
shonanin.

Acid dehydration of enterodiol, by acid, largely
formed a compound which upon derivatization with
TMS gave mass ions similar to those reported for en-
terofuran (26). Derivatization of the enterofuran prod-
uct with TBDMS produced a chromatographic peak
with the same retention time and mass ions as de-
tected in urine. Figure 4 illustrates the typical mass
spectra of that chromatographic peak. The two main
mass ions illustrated in Fig. 4 (456 and 399) indicate
that this peak could be enterofuran. The mass to
charge ratio (m/z) of 456 could have been formed from
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the loss of tert-butyl group (m/z 57) from the molecular
ion of fully derivatized enterofuran (m/z 513). Simi-
larly m/z 399 could have formed from the loss of the
other tert-butyl group, or alternatively through deriva-
tization of only one of the two hydroxyl groups on
enterofuran (see Fig. 1). Confirmation of the compound
identified in urine as enterofuran was sought by spik-
ing the urine with the dehydration product of entero-
diol. The chromatographic peak identified as enterofu-
ran altered in height upon spiking but not shape;
similarly, the mass spectra of the peak only changed in
terms of the intensity of the ions.

Seventeen foodstuffs were assayed for their lignan
content using the assay procedure described above.
Table 1 illustrates the content as the combined concen-
tration of secoisolariciresinol and shonanin, alongside
the concentration of matairesinol. The foods are
ranked in descending order of lignan concentration.
The results illustrated in Fig. 3 indicate that the opti-
mum time of hydrolysis for maximum yield of lignans
varies between foodstuffs. Therefore, for each food
three concentrations of each compound are reported;
the yield after 1, 2, and 3 h of hydrolysis. All of the
foods analyzed contained the target lignans. The two
linseed samples contained the highest concentrations;

the concentration in the next richest food (soy prod-
ucts) was approximately 50-fold lower. The other foods
contained lower concentrations, but all could contrib-
ute dietary lignans that could have a significant effect
on health.

DISCUSSION

Enterolactone and enterodiol were identified in the
early 1980s as two peaks on gas chromatograms of
human blood and urine (13-15). However, other lig-
nans possessing the two phenolic groups common to
the phytoestrogens could also be phytoestrogens.
Schottner et al. described the preparation of enterofu-
ran from enterodiol and its mass spectra (26). Entero-
furan is an example of a lignan that is likely a phy-
toestrogen, in that it possesses the same arrangement
of phenolic groups as enterolactone and enterodiol. The
gas chromatographic retention time and mass spectra
of enterofuran were characteristic of a previously un-
identified peak in urine (Fig. 4). However, positive
identification of the peak observed in urine samples as
enterofuran awaits the synthesis of a pure reference
sample of the compound. Samples of synthetic entero-
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furan would allow investigation of the estrogenic prop-
erties of the compound and its quantification in human
samples.
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Currently secoisolariciresinol and matairesinol are
the most widely known plant lignan phytoestrogens,
likely because they are transformed into enterodiol and
enterolactone, upon the action of gut bacteria. How-
ever, there are many potential lignans that could un-
dergo the removal of hydroxyl groups, conversion of
methoxy groups to hydroxyls, and form enterolactone
and enterodiol. Furthermore, other lignans with phe-
nolic structures similar to secoisolariciresinol and ma-
tairesinol, but with different central structures (e.g.,
shonanin), could be transformed by gut bacteria into
mammalian phytoestrogens similar to enterodiol and
enterolactone (e.g., enterofuran). Future research in-
vestigating the health effects of lignan phytoestrogens
should not preclude the contribution of other lignans,
including those that have not yet been identified as
endocrine disruptors.

The assay procedure reported in this article has been
used to report in Table 1 the concentration of plant
lignans in foods which, although are not representative
samples, covered a wide concentration range of lignans
and constituted a variety of different matrices. The
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TABLE 1
Concentration of Lignans Determined to Be in Reference Foods, Used within This Laboratory

Secoisolariciresinol and shonanin Matairesinol

Food 1lh 2h 3h 1h 2h 3h
Cambridge linseed 4160 11836 12617 185 24.6 58.6
Argentinian linseed 6750 8800 7400 30.0 40.2 90.9
Soy flour 175 226 224 nd nd nd
Textured vegetable protein 238 270 247 nd nd nd
Coffee beans 108 113 85.5 nd nd nd
Asparagus 65.1 36.0 23.3 1.3 1.4 1.0
Brown wheat flour 2.4 2.9 3.8 53.7 89.5 80.5
Tea leaves, dried 26.5 52.5 48.7 0.3 1.8 1.6
Black turtle beans 28.6 30.5 23.5 1.0 1.2 1.2
Courgette 26.8 19.4 10.6 nd nd nd
Rye flour 6.3 7.2 5.4 0.9 1.6 1.7
Runner beans 2.6 7.0 35 nd nd nd
White wheat flour 2.4 2.7 2.8 nd 2.7 3.2
Brown rice 2.9 4.0 3.3 nd nd nd
Wild rice 2.6 3.3 2.9 1.3 1.3 0.6
Red rice 3.7 3.9 3.4 15 1.4 1.6
American long grain rice 0.4 0.7 0.6 0.9 1.2 1.0

Note. Units are milligrams of lignan(s) per kilogram of dried food and the abbreviation “nd” indicates that the compound was not detected.

results in Table 1 are reported as three concentrations
of analyte, secoisolariciresinol, and shonanin combined
because after acid hydrolysis the contribution of both is
indistinguishable and matairesinol. The results repre-
sent the concentration determined after 1, 2, and 3 h of
hydrolysis.

The assay reported in this article was developed
from one reported by Mazur et al. which has been used
to produce data indicating the lignan concentration of
foods (25). The assay used in this article used fewer
steps for the samples prior to analysis than the Mazur
method, which led to decreased losses of the target
compounds as assessed using the yields of the foods
and synthetic secoisolariciresinol diglucoside and ma-
tairesinol glucoside (25). However, both methods use
acid hydrolysis and assume that the acid hydrolysis
liberates all of the lignans in the food from their re-
spective glycosides and the compounds do not signifi-
cantly degrade after liberation.

Experiments hydrolyzing known quantities of syn-
thetic glucosides of secoisolariciresinol and mataires-
inol illustrated that in the absence of the food matrix
the aglycones were liberated from these glycosides in
20 to 30 min of heating the 1.5 M acid to 100°C (results
not shown). Furthermore, with the exception of the
degradation of secoisolariciresinol to shonanin, both
matairesinol and shonanin were relatively stable in
hot acid, with 80% or more remaining after 5hin2 M
HCI (results not shown). However, the hydrolysis of
food, containing the lignans in question (Fig. 3), indi-
cated first that the food matrix had a significant effect
on the optimum time of hydrolysis for maximum yield

of aglycone lignans. Second, Fig. 3 shows that the yield
did not plateau, but that the concentration decreased
with further hydrolysis. Concentrations of lignans in
foods using the Mazur method, where 2.5 h of hydro-
lysis was used for different foods, would therefore give
different results. The concentration reported would not
be the total amount of lignans available in that food,
merely the concentration liberated after 2.5 h. Due to
the absence of a reference method, and pure reference
standards for all possible lignan glycosides, it was not
possible to validate the method reported here entirely.
In their absence, the correct amount in a particular
food remains uncertain.

The assumption that the maximum vyield of lignans
from a food upon acid hydrolysis is the same as the
amount that would be liberated from that food upon
ingestion is also imperfect. Acid hydrolysis may liber-
ate more aglycone lignans from a given food than the
bacteria in human gut, or the assay may underesti-
mate the amount because of lack of hydrolysis or alter-
natively degradation of the target compounds by the
acid. Additionally, the mammalian lignans produced in
the human gut may be formed from not only the known
plant lignans but also others yet to be identified. The
results reported here are therefore not comparable
with results from the Thompson method, which utilizes
anaerobic fermentation of the food with bacteria har-
vested from human feces, to produce enterolactone and
enterodiol (24). Nevertheless, until more definitive as-
says become available for quantification of the phy-
toestrogen lignans that are available for absorption
upon ingestion, the estimates made by the assays de-
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veloped to date by both other authors and ourselves
remain the sole source of information regarding the
lignan content of food (24, 25).
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