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Lignans and isoflavonoids are two groups of diphenolic phytoestrogens of plant origin which have
gained increasing interest because of their possible cancer protective properties. High excretion of
these compounds occur in populations at low risk of breast, prostate and colon cancer consuming
either high amounts of whole-grain (lignans and some isoflavonoids) or soy products (isoflavonoids
and some lignans). We determined the pattern of conjugation of the phytoestrogens in four urine
samples from vegetarian or semivegetarian women and in two samples from men. Seven compounds
were investigated: enterodiol, enterolactone, matairesinol, daidzein, equol, genistein and O-
desmethylangolensin. The fractions quantified are the free fraction, mono- and disulfate, as well as
the mono-, di- and sulfoglucuronide fractions. For the fractionation and purification we used
ion-exchange chromatography and the determination of the concentrations of each compound in all
fractions was done by isotope dilution gas chromatography-mass spectrometry (GLC-MS) using
deuterated internal standards of all diphenols. More than 60% of all compounds determined,
occurred in the monoglucuronide fraction. Daidzein, enterodiol and equol are excreted to a
relatively high extent as sulfoglucuronides and genistein as diglucuronide. We conclude that the
general pattern of lignan and isoflavonoid conjugates in urine is similar to that of endogenous
estrogens.
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INTRODUCTION Until now approximately 15 lignans and iso-
. ) ) flavonoids have been identified in human urine
Recently there has been a growing interest in the (3,5, 31]. Nowadays even low concentrations of these
possible cancer protective properties of mammalian compounds can be determined by GLC-MS in the
lignans and isoflavonoid phytoestrogens [1-30]. These  (ojocred jon monitoring mode. In this way it is possible
two groups of diphenols are found in high concen- to determine a complex profile of these compounds,
trations in all human biological materials studied so far, including three lignans and four isoflavonoids in hu-
including blood, urine, bile and faeces. They occur in man urine [33]. In a recent study from this laboratory,
high amounts, usually in the form of glycosides, in } . complete profile of seven compounds was also
hundreds of different edible plants but particularly determined in plasma [34], including a separation of
in soybeans, some other beans, whole grain products; ipe compounds into the “biologically active” free and
and seeds (5, 31, 32]. sulfate fractions and the ‘““inactive” glucuronide and
sulfoglucuronide fractions.
*Correspondence to H. Adlercreutz. However, so far, little attention has been paid to the
Received 31 May 1994; accepted 24 Aug. 1994. conjugation of lignans and isoflavonoids, except for the
Abbreviazions:_GCL—MS, Gas Chrgmatography—l\&ass spectrometry;  work concerning plasma [34]. In one publication [35]
?gﬁfé&c i’nDi‘:tE;es e?;ﬁ:;exgAﬁfgsfgofméggggiahg(AEi; the authors concluded that enterolactone and entero-
carbonate form. diol in urine occur mainly as glucuronides.
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Previously, quantitative methods for the multicom-
ponent analysis of estrogens in urine were developed
in this laboratory [36,37]. One of the methods [37]
includes the fractionation and quantitation of the main
estrogen conjugates. With slight modifications, this
method can be used for the phytoestrogenic diphenols,
fractionating every single compound into six different
fractions (free, mono- and disulfate, mono-, di- and
sulfoglucuronide fractions).

In this study we present the method for the determi-
nation of the phytoestrogen conjugate profile, and the
pattern of conjugation in six human urine samples for
three lignans (enterodiol, enterolactone, matairesinol)
and for four isoflavonoids (daidzein, equol, genistein,
O-desmethylangolensin).

MATERIALS AND METHODS
Samples

Four urine samples were collected from women and
two from men. The men consumed an ordinary Finnish
diet. Two samples were obtained from a woman who
during the first sample collection period consumed soy
products, and two samples were obtained from young
vegetarian women because of expected higher phyto-
estrogen concentrations and in order to be able to also
determine minor metabolites.

Collection of urine

The daily urines were collected in bottles contain-
ing ascorbic acid (1-2 g), and 0.1%, sodium azide was
added immediately after collection to minimize poss-
ible bacterial degradation. The samples were stored at
—20°C until analysed.

Chemicals and standards

All chemicals used in this study have been described
in detail previously [33, 34, 36,37]. All the glassware
including Pasteur pipettes and the glass liner of the
injection system of the GLC-MS instrument was
silanized by either Aqua-Sil (Pierce Chemical Co.,
Rockford, IL, U.S.A.) or dimethyldichlorsilane 29 in
toluene to avoid creepage of active substances. Details
of the synthesis of the standards and deuterium labelled
compounds have also been described previously (or
appropriate references given) [33, 38].

Anion exchange materials

DEAE- and QAE-Sephadex A-25 powder was
obtained from Pharmacia Fine Chemicals (Uppsala,
Sweden). Before conversion to the appropriate form,
50 g of powder is washed successively with 11 209%,
509%, and absolute ethanol, respectively. Conversion to
the acetate form is carried out by washing the chloride
form with 10 bed volumes of 0.1 M NaOH in 709
methanol, 709%, methanol (after washing the pH should
be around 7.0), 0.5 M acetic acid in 709, methanol, and
70%, methanol, respectively. The DEAE-Sephadex in

acetate form (DEAE-Ac ™) is suspended in 709, MeOH
and the QAE-Sephadex in acetate form (QAE-Ac™)
in MeOH (100%,), both stored at 4°C. The carbonate
form of QAE-Sephadex (QAE-Carb ™) should be pre-
pared just before use because it decomposes rapidly.
It is converted from the acetate form by washing with
10 bed volumes of 0.2 M NaHCO,; in 409, methanol,
409%, methanol, and absolute methanol, respectively.

Gas chromatography—mass spectrometry (GLC-MS)

The GLC-MS analysis was carried out using HP
5995 quadrupole instrument equipped with 0.2 mm x
12.5m bonded phase BP-1 (SGE) capillary vitreous
silica column, directly connected to the ionizing
chamber. Helium was used as the carrier gas. The
temperatures of the transfer line, ion source and analy-
ser were 310, 250 and 250°C, respectively. The ioniz-
ation energy was 70 ¢V. For each compound quantified,
the corresponding deuterated compound was used as
the internal standard. Other conditions, including the
ions used for selected ion monitoring, have been
described previously [33].

Procedure for analysis of phytoestrogen conjugates in
urine

The whole procedure is shown in a flow-diagram
(Fig. 1).

Extraction. A Sep-Pak C,y cartridge is used for the
extraction. In order to prevent the loss of double
conjugates, the pH of the sample is adjusted to 3.0
by adding 0.1 of sample volume of 1.5M acetate
buffer (pH 3) prior to the application to a primed
Sep-Pak C,4 cartridge. The cartridge is washed with
Sml of 0.15 M acetate buffer (pH 3) and eluted with
3 ml of methanol.

Chromatography on DEAE-Ac~. The multi-
component analysis of phytoestrogen conjugates in
urine is carried out using a column of DEAE-Ac~
(2.5cm x 0.5 cm in Pasteur pipettes) in 709 MeOH.
After addition of 1.2ml of distilled water to the
methanol ¢luate, the sample is applied to the column.
It is eluted with 7 ml of absolute methanol (free frac-
tion), 10ml of 0.2 M acetic acid (weak organic acid
fraction which may be analysed in the same way as the
free fraction to exclude loss of diphenols in this frac-
tion), 15ml of 0.4 M formic acid in 709, methanol
(monoglucuronides), 15ml of 0.4 M formic acid and
0.25M KOH in 70% methanol (monosulfates), and
15ml of 0.1 M formic acid and 0.3 M LiCl in 709,
methanol (double conjugates). The free and mono-
glucuronide fractions are evaporated to dryness under
nitrogen and to these fractions the deuterated internal
standards are added. The monosulfate and double
conjugate fractions are evaporated until only water is
left (approx. 3 ml), the volumes are supplemented to
10 ml with distilled water, the pH adjusted to 3.0 by
adding 0.1 of sample volume of 1.5 M acetate buffer
(pH 3). The fractions are applied to primed Sep-Pak
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Fig. 1. Flow-diagram of method for the determination of lignan and isoflavonoid conjugates in urine.

C,g cartridges, washed with 5ml of 0.15M acetate Hydrolysis. Monoglucuronide, monosulfate and
buffer (pH3), and eluted with 3ml of methanol. double conjugate fractions (dry samples) are dissolved
Thereafter, the samples are evaporated to dryness in 1ml of 0.15M acetate buffer (pHS) containing
under nitrogen. 100 ul (20 U) of B-glucuronidase solution from E. col
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(Boehringer Mannheim) and incubated at 37°C for
1 h. After the addition of 9ml of distilled water the
monoglucuronide fraction is applied to a primed Sep-
Pak Cy; cartridge, washed with 5 ml of 0.15 M acetate
buffer (pH 3) and eluted with 3 ml of methanol. This
fraction contains the hydrolysed monoglucuronides.
For monosulfate and double conjugate fractions, ether
extraction is carried out. The ether extract of the
monosulfate fraction is combined with the mono-
glucuronide fraction. The water phases containing the
monosulfates and the rest of the double conjugates are
supplemented to 10ml by the addition of 9ml of
distilled water, pH adjusted to 3.0 by adding 0.1 sample
volume of acetate buffer 1.5 M (pH 3), and applied to
a primed Sep-Pak C,; cartridge, which is washed with
5ml of 0.15 M acetate buffer (pH 3) and eluted with
3 ml of methanol.

Chromatography on DEAE-Ac~. To the methanol
eluate of the double conjugate fraction 1.2 ml distilled
water is added, and this fraction is applied to a DEAE-
Ac~ column. The column is eluted as described above,
but the first three fractions are discarded. Fraction 4
contains the sulfoglucuronides (low monosulfates) and
fraction 5 the disulfates. Both fractions are handled as
described above.

Solvolysis. After evaporation of the methanol eluates
from the Sep-Pak C; under nitrogen, the mono-
sulfate, sulfoglucuronide and disulfate fractions are
solvolysed by the addition of 300ul of dimethyl-
formamide, Sul of 6 M HCl and 3ml of di-
chloromethane and incubated at 37°C overnight. After
incubation, 300 ul of distilled water is added to the
samples and evaporated under nitrogen until only
water remains (=300 ul). Then 700 ul of methanol is
added, and after receiving the deuterated internal stan-
dard the samples are subjected to anion exchange
chromatography of DEAE-Ac~ and the free fraction
is collected [37].

Chromatography on QAE-Ac~. The combined frac-
tion, containing the monoglucuronides, and the di-
glucuronide fraction are evaporated to dryness under
nitrogen, and the deuterated internal standards are
added to the diglucuronide fraction. The free forms
of all metabolites, in 0.5 ml of methanol, are applied
to QAE-Ac™ (5cm x 0.5¢m in Pasteur pipettes) in
methanol, to separate the lignans enterodiol, entero-
lactone and matairesinol, all estrogens and the iso-
flavonoid equol from the isoflavonoids, daidzein,
genistein and O-desmethylangolensin. The former
compounds are eluted with 7 ml of absolute methanol,
and the latter compounds with 7 ml of 0.2 M acetic acid
in methanol. The samples are then dried under nitro-
gen. The isoflavonoids are stored in 0.5 ml of methanol
at —20°C until silylated.

Chromatography on QAE-Carb~. To separate the
lignans and equol from estrogens we used freshly
prepared QAE-Carb™, (4cm x 0.5cm in Pasteur
pipettes) in methanol, as previously described [33].
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The samples are stored in 0.5 ml of methanol at —20°C
until silylated.

Silylation. The trimethylsilyl derivatives of the com-
pounds are formed by adding 100 ul of pyridine-
hexamethyldisilazane—trimethylchlorosilane  solution
(9:3:1, v/v) to the dry samples and incubation at room
temperature for 30 min. Then the samples are evapor-
ated in a sand bath, dissolved in 400 ul of n-hexane
and 10 ul of Silyl 8™ column conditioner (Pierce
Chemical Co., Rockford, IL., U.S.A.) and analysed by
GCL-MS.

RESULTS AND DISCUSSION

The methodology is based on two carefully evaluated
methods for estrogens [36, 37]. Because no conjugated
lignans or isoflavonoid standards are available no re-
covery experiments can be carried out. The losses in
the first steps including hydrolysis cannot be corrected
for. However, methodological studies showed that the
hydrolysis is quantitative and the losses during the first
steps are about 5-15Y9, as judged from studies with
radioactive estrogen conjugates [37]. Lignans and
isoflavonoids are much more stable than many of the
estrogens and after hydrolysis the deuterated internal
standards correct for all losses. The sensitivity is good.
The lowest point of the standard curves (50-246 pg,
depending on compound) shows a signal-to-noise ratio
of more than 20 to 1 for all compounds. The amount
of urine may be increased to increase sensitivity, if
necessary.

The total excretion (nmol/24 h) of the seven com-
pounds in the different fractions are shown for all
subjects in Tables 1 and 2, and the percentage distri-
bution of the various fractions in Table 3. Two samples
(Urines no. 1 and 2, Table 1) were obtained from a
woman who consumed soy products at the time of the
first sample collection (Urine no. 1). Consequently,
the total amounts of diphenols were very different in
the two samples (13-58 umol/24 h) from this subject.

The principal conjugate of all compounds is the
monoglucuronide, approx. 85-90°, of total diphenols
is excreted as monoglucuronides. The three lignans
(enterodiol, enterolactone, matairesinol) show quite a
similar pattern. They are excreted mainly as mono-
glucuronides (73-94°,), and a small part occurs as
monosulfates (2-10%,). Hardly any (0.3-19,) free
lignans are found, nor diconjugates, except for urine
no. 3 in which 14Y%, of enterodiol occurs in the sulfo-
glucuronide fraction.

For the isoflavonoids the pattern is somewhat differ-
ent for the four compounds. O-desmethylangolensin
occurs as monoglucuronide (979%,) and the rest is
divided over the other fractions. Equol is found as the
monoglucuronide (32-93%,), 0-43°%, as the sulfo-
glucuronide, 0~159, as the monosulfate and 0-10%, as
the disulfate. Daidzein occurs as monoglucuronide
(79-829%,) and 6-17%, as sulfoglucuronide. The rest is
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Table 1. Lignan and isoflavonoid conjugates in four female urine samples

Matairesinol ~ Enterodiol  Enterolactone Daidzein Genistein O-Desmethylangolensin Equol
(nmol/24 h) (nmol/24 h) (nmol/24 h) (nmol/24 h) (nmol/24 h) (nmol/24 h) (nmol/24 h)
Urine no. 1
Free 0 115 152 812 239 26.6 0
Monoglucuronides 44.6 23550 7530 14500 2970 1704 79.5
Diglucuronides 0 52.0 119 238 867 11.1 0
Sulfoglucuronides 0 621 142 1121 116 4.2 5.9
Monosulfates 8.1 1250 279 340 454 7.9 0
Disulfates 0 38.5 120 615 395 38 0
Total 52.7 25627 8342 17626 4632 1758 85.4
Urine no. 2
Free 0 7.5 24.4 168 73.5 7.7 1.4
Monoglucuronides 51.8 1005 4930 3990 1154 646 58.6
Diglucuronides 0 3.4 13.3 63.4 222 0.3 0
Sulfoglucuronides 0 329 42.5 480 160 5.0 0
Monosulfates 0.6 33.5 98.9 96.6 90.2 2.4 9.7
Disulfates 0 3.7 29.8 80.5 86 0.9 0
Total 52.4 1086 5139 4879 1786 662 69.7
Urine no. 3
Free 0 106 238.5 759 19.7 0
Monoglucuronides 11.4 187 6400 18290 10210 2360 70.4
Diglucuronides 0 79.8 305 2190 1.8 0
Sulfoglucuronides 0 35.7 184 2840 557 214 933
Monosulfates 0 24.8 174 1190 148 19.8 324
Disulfates 1.9 20.4 206 338 5.7 21.1
Total 11.4 249 6964 23070 13519 2428 217
Urine no. 4
Free 0.4 0 0 229 36.2 13.2 0
Monoglucuronides 339 243 4310 9210 3160 998 125
Diglucuronides 0 0 0 150 1560 1.7 0
Sulfoglucuronides 1.0 51.2 5.2 1430 629 7.2 86.0
Monosulfates 3.5 14.6 56.5 221 184 6.3 23.1
Disulfates 0 0 2.8 204 396 5.0 16.7
Total 38.8 309 4375 11444 5965 1031 251

distributed over the other fractions, with a relatively glucuronide, 2-159%, in the sulfoglucuronide and 149,
high amount in the free fraction (1-5%,). in the disulfate fractions. This difference is probably

A different pattern is shown for genistein, of which due to the fact that genistein has three free hydroxyl
only 53-76%, is in the monoglucuronide fraction. groups and is therefore more likely to form diconju-
Almost a quarter (12-26%,) is found in the di- gates than the other compounds.

Table 2. Lignan and isoflavonoid conjugates in urine of two men

Matairesinol Enterodiol  Enterolactone Daidzein Genistein O-Desmethylangolensin Equol
(nmol/24 h) (nmol/24 h) (nmol;24 h) (nmol/24 h) (nmol/24 h) (nmol;24 h) (nmol/24 h)
Urine no. 5
Free 0 4.0 13.9 55.1 224 Q 6.1
Monoglucuronides 256 328 4771 3614 1519 86.4 402
Diglucuronides 0 0 0 24.5 277 0.3 5.8
Sulfoglucuronides 0 30.7 124 490 203 0.6 52.2
Monosulfates 13.2 49.5 284 182 80.9 0.6 18.6
Disulfates 0 4.8 146 14.8 70.9 0.2 0
Total 269 417 5339 4380 2173 83.1 485
Urine no. 6
Free 0 0 32.2 70.4 12.6 10.9 0
Monoglucuronides 228 627 1168 3295 873 1261 65.5
Diglucuronides 0 — 34.8 249 187 3.7 5.2
Sulfoglucuronides 0 243 59.9 712 203 12.5 21.4
Monosulfates 9.6 68.3 58.0 96.4 30.9 10.0 12.9
Disulfates 0 1.3 78.1 258 57.6 0 4.8
Total 238 940 1431 4225 1364 1298 110
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Table 3. Mean percentage distribution of lignan and isoflavonoid conjugates in five female and two male urine samples

Matairesinol ~ Enterodiol  Enterolactone Daidzein Genistein O-Desmethylangolensin Equol
(%*SD) (% £SD) % £SD) (% £SD) (% +SD) (% + SD) (% £ SD)
Women
Free 03+0.5 03+04 1.0+0.8 28+1.6 26+23 1.24+0.3 0.3+0.7
Monoglucuronides 927479 84.54+9.0 940+ 3.7 81.0+1.3 64.2 +9.2 97.2+04 66.3 + 30.0
Diglucuronides 0 0.1+0.2 0.7+0.7 1.34+0.1 188 +5.3 0.3+ 0.20 0
Sulfoglucuronides 0.7+1.3 9.1+74 14+ 1.1 10.3+2.8 6.4+3.7 0.74+0.3 21.1+20.8
Monosulfates 6.4+72 57429 23+08 28+ 1.6 25419 0.6 £0.2 83+6.2
Disulfates 0 04+03 0.6 +0.6 20+1.1 5.7+25 0.3+0.2 4.1+49
Men
Free 0 0.5+0.7 13414 1.5+0.3 0940 04406 0.6 +0.9
Monoglucuronides 95.5+0.6 72.7 4+ 84 85.5+54 80.3+3.2 62.5+2.1 97.6 +0 71.3+16.5
Diglucuronides 0+0 0+0 1.2+1.7 06+0 125+1.9 0310 3.0+25
Sulfoglucuronides 21429 16.6 + 13.1 33413 14.0+4.0 11.5+4.7 09+0.2 15.1+6.2
Monosulfates 25435 96+33 4.74+0.9 32413 2.8+0.7 0.7+0.1 7.8 +5.6
Disulfates 0 0.6 +£0.7 41+19 0.54+0.2 35410 0.1+0 22431

The acidic fraction is not mentioned in Table 1.
It is used to elute organic acids (e.g. bile acids). The
fraction was analysed to see if there is any loss of
diphenols, but none was found (0-1%,). The ether
phase obtained after ether extraction of the monosulfate
fraction containing possibly co-eluted monoglucuron-
ides in the monosulfate fraction was analysed separ-
ately: For the most of the compounds this amount was
very low (0-19%). However, 1.1-5.5%, of daidzein and
3.5-16.59 of genistein were found in this fraction. The
explanation for this phenomenon is that these two
compounds have a higher polarity and bind more
tightly to the column. Therefore, the ether extract was
combined with the monoglucuronide fraction.

The results found in this study for the conjugation
of enterodiol and enterolactone agree with an earlier
study [35] in which the two compounds were fraction-
ated into only four different fractions (free, glucuro-
nide, monosulfate and disulfate), and finding 929, of
enterodiol and 989, of enterolactone in the glucuronide
fraction. We found 84.6%, (84.5%, as monoglucuronide
and 0.1% as diglucuronide) of enterodiol and 959,
(949, as monoglucornide and 1%, as diglucuronide) of
enterolactone in the glucuronide fractions.

The pattern of conjugation is similar to that found
for endogenous estrogens [37]. For genistein with three
hydroxyl groups the pattern is similar to that of estro-
gens with the same number of hydroxyl groups.

The extensive amount of work needed to carry out
one analysis prohibits the use of the method for larger
studies. However, for specific analytical problems, e.g.
in cell cultures, the method or a part of it may well be
used to shed light on the pattern of phytoestrogen
conjugation [19, 39].

Information regarding the mode of conjugation is
important in the understanding of the biological effects
of phytoestrogens. Our studies in plasma show that the
free and monosulfate fractions form a very high pro-
portion of plasma phytoestrogens, particularly with
regard to lignans (up to 209, of total) [34]. In Japanese

male subjects, the proportion of free and monosulfate
fractions for enterolactone is even higher (459%,, mean
of 14 subjects), despite the fact that the urinary ex-
cretion of enterolactone in these subjects is lower than
in Finnish men (unpublished observation). In order to
understand these differences it would be important to
determine the complete conjugation pattern in several
other body fluids such as saliva and bile, and also in
faeces.
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