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Analysis of phyto-oestrogens in biological matrices
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A review covering different methods for the analysis of phyto-oestrogens in biological matrices
is presented. Sample pretreatment and analysis of isoflavonoids and lignans by HPLC and GC
with various detection methods are discussed. The immunoassay method is also briefly

presented.

Analysis of phyto-oestrogens: Isoflavonoids: Lignans

Introduction

Phyto-oestrogens, a group of plant polyphenols, have been
shown to have both oestrogenic and anti-oestrogenic proper-
ties. Phyto-oestrogens along with their mammalian meta-
bolic products have been isolated from various human
body fluids. They are structurally similar to the endogenous
hormone oestradiol (1; Fig. 1) and have been shown to bind
to oestrogen receptors. This raises the possibility that they
may be protective in hormone-related cancers. Clinical
trials suggest that phyto-oestrogens may also lower the
risk of other hormone-dependent diseases such as cardiovas-
cular diseases and osteoporosis, together with menopausal
symptoms. Many of the potential health benefits of phyto-
oestrogens may be attributable to metabolic properties that
do not involve oestrogen receptors, such as their influence
on enzymes, protein synthesis, cell proliferation, angiogen-
esis, calcium transport, Na*/K* adenosine triphosphatase,
growth factor action, vascular smooth muscle cells, lipid
oxidation and cell differentiation (Tham ef al. 1998).
In this connection it is significant that health claims of
soya foods rich in isoflavonoids have received authorisation
by the US Food and Drug Administration (Federal Register
64FR57699, 26 October 1999).

Phyto-oestrogens presented in this review are divided
into three main classes: isoflavonoids, lignans and coume-
stans. - Isoflavones, a subclass of the isoflavonoids, are
found in a variety of plants, but predominantly in legumi-
nous plants (Fabaceae) and especially in soya. In plants
phyto-oestrogens occur mostly as various glycosides. The
best-known non-steroidal phyto-oestrogenic isoflavones
include daidzein (2), genistein (3), formononetin (4), bio-
chanin A (5) and glycitein (6), along with a coumestan

called coumestrol (7; Fig. 1). They exist in plants usually
as B-glucoside conjugates, 6”-O-acetyl- and 6"-O-malonyl-
B-glucosides. After ingestion, phyto-oestrogens undergo
different metabolic reactions in man. First, they are hydro-
lysed by intestinal glucosidases to release the aglycones,
which are then metabolised further. Genistein is reduced
to dihydrogenistein (8), 6-hydroxy-O-desmethylangolensin
(9) and ethylphenol (10; Fig. 2). Formononetin (4) is
demethylated to daidzein (2), which is then reduced to
dihydrodaidzein (11), 7,4'-dihydroxyisoflavan-4-ol (12)
and to an isoflavan called equol (13) that is further ring-
opened to O-desmethylangolensin (14; Fig. 3; Heinonen
et al. 1999; Setchell & Cassidy, 1999). Aglycones and
their metabolites are conjugated to glucuronides or sul-
phates and only a minority exists as free aglycones.
Lignans are present in a wide variety of plants. The
highest amounts of lignans in the human diet have been
detected from flaxseed. However, due to the relatively
low consumption of flaxseed products, the most important
sources of lignans are different varieties of cereal and
whole-grain products, particularly rye and barley. Mamma-
lian lignans, also called enterolignans, were first detected
in human urine in 1979 (Setchell & Adlercreutz, 1979).
Their definitive identification in 1981 proved their struc-
tures as enterolactone (15) and enterodiol (16; Fig. 4;
Setchell er al. 1981). Other lignans called enterofuran
(17) and 7’-hydroxyenterolactone (18; Fig. 4) were later
tentatively identified from also human urine (Adlercreutz
et al. 1995a; Liggins et al. 2000). Only a few precursors
of mammalian lignans are known. The most important
plant lignans found so far are matairesinol (19) and seco-
isolariciresinol (20; Fig. 5), which have also been isolated
from human urine together with the mammalian lignan

Abbreviations: 6'-OH-dehydro-0-DMA, 6'-hydroxy-dehydro-O-desmethylangolensin; APCI, atmospheric pressure chemical ionisation; BSA, bovine serum
albumin; BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; CE, capillary electrophoresis; DEAE, diethylaminoethyl; ESI, electrospray ionisation;
FID, flame ionisation detector; HN-APCI, heated nebuliser APCI; LC, liquid chromatography; QAE, quaternary amine; SIM, selected ion monitoring;
SPE, solid-phase extraction; TBDMS, t-butyldimethylsilyl; TEAP, triethylaminohydroxypropyl; VENUS, Vegetal Estrogens in Nutrition and the Skeleton.
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1 17B-Oestradiol

7 Coumestrol

2 Daidzein: R'=H, R?=H, R*=CH

3 Genistein: R =H, R2=0H, R*=0OH

4 Formononetin: R'=H, R2=H, R%=OMe
5 Biochanin A: R'=H, R?=OH, R*=OH
6 Glycitein: R'=OM, R?=H, R®=OH

Fig. 1. 17B-Oestradiol (1) and common isoflavonoid phyto-oestro-
gens (2-6).

precursors 7'-hydroxymatairesinol (21), lariciresinol and
isolariciresinol (Bannwart et al. 1989; Lampe et al. 1999;
Nesbitt et al. 1999; Rowland et al. 2000).

We discuss here briefly the published methods of extrac-
tion and analysis of phyto-oestrogens from biological
matrices. The tables give a detailed survey of the relevant
literature.

HPLC analysis

The predominant method of analysis of phyto-oestrogens in
general is HPLC (Table 1). The main advantage is its ease of
use. Samples do not necessarily require time-consuming

HO.
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10 Ethylphenol 9 8-Hydroxy-O-desmethylangoiensin

Fig. 2. Metabolism of genistein (3).

pretreatment and may, in principle, be injected into a
system right after the extraction and analysed as such. The
problem is to achieve adequate resolution and sensitivity
since phyto-oestrogen levels are usually quite low.
Commonly, u.v. detectors or u.v. diode array detectors are
used, but recently new methods for detecting analytes have
been introduced. For example, coulometric electrode array
detection has been utilised for quantification of the mamma-
lian lignans enterolactone and enterodiol from human fluids
(Gamache & Acworth, 1998; Nurmi & Adlercreutz, 1999).
Coulometric array detection uses a porous flow-through
graphite working electrode. It has a high surface area,
which allows efficient electrolysis. This results in a
highly reproducible total peak area (coulombs) and very
low susceptibility to loss of signal from adsorptive effects.
This technique has significant advantages in the detection
of phenolic phytochemicals owing to the inherent
sensitivity, selectivity and linear response range of electro-
chemical detectors. Also, because of the unique properties

Intermediate E

\

13 Equol

Fig. 3. Metabolism of formononetin (4) and daidzein (2). Intermediate E tentatively identified (Heinonen et al. 1999).
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Fig. 4. Mammalian lignans.
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Fig. 5. Common plant lignans.

of the coulometric electrode, resolution of co-eluting
solutes can be achieved on the basis of small differences
in their oxidation—reduction behaviour (Gamache &
Acworth, 1998).

The breakthrough in the application of HPLC-MS came
from the development of two interfaces, the electrospray
ionisation (ESI) interface and the heated nebuliser atmos-
pheric pressure chemical ionisation (HN-APCI) interface
(Barnes et al. 1998). HPLC-MS has the advantage over
GC-MS in that it is not necessary to prepare volatile
derivatives and that conjugated forms, such as the agly-
cones, can be analysed as easily. ESI-MS is well suited
for the analysis of phyto-oestrogen conjugates such as sul-
phates and glucuronides in human fluids. Thermally labile
conjugates form molecular ions in ESI. With the APCI
interface, however, these physiological conjugates decom-
pose since they are not stable enough. Instead of forming
molecular ions, they form aglycone ions (Barnes et al
1998).

HPLC with u.v./u.v. diode array detection

Franke et al. (1995) developed a method for the analysis of
isoflavonoid phyto-oestrogens in human urine. In succes-
sive papers they extended the method for determinations
in food and in human milk (Franke & Custer, 1996;
Franke er al. 1998a,b), with a few changes to the original
method. Daidzein, genistein, formononetin, biochanin A,
coumestrol and their metabolites, such as equol and O-des-
methylangolensin, were analysed by HPLC after isolation
by solid-phase extraction (SPE; C-18). Samples were
hydrolysed enzymatically by incubating for 24 h at 37°C,
after being mixed thoroughly with a freshly prepared mix-
ture of acetate buffer, ascorbic acid and glucuronidase/
sulphatase. The samples were then centrifuged and the
supernatants used for injection to HPLC. A reversed-
phase column, coupled to a C-18 direct-connect guard
column, was used. Gradient elution with a flow rate of
0-8 ml/min used two mobile phases (acetonitrile and then
acetic acid—water, 10:90). Analytes were identified by
their retention times, after a u.v. scan (fluorometric detec-
tion for coumestrol: excitation 340 nm, emission 418 nm).
The detector used was a diode array (260 nm; 280 nm for
equol and 342nm for coumestrol elution). The detection
limits were 5-780nM (for 20 pl injection). For estimation
of recovery, flavone was used as an internal standard.

Supko & Phillips (1995) reported a procedure involving
isocratic reversed-phase HPLC with u.v. detection for the
determination of genistein in biological matrices with
very high recoveries (plasma mean: 94-8 %, urine mean:
91-4 %). The analyte was extracted with t-butylmethyl
ether. The extract was centrifuged and supernatant recov-
ered. After evaporation of the solvent, the residue was dis-
solved in a solution of methanol and ammonium acetate
buffer (0-05M, pH 4-5). An isocratic elution with a C-§
reversed-phase column was employed. The effluent was
monitored at 260 nm. The lowest detectable concentration
of genistein was 0-02—1-00 wg/ml with a sample volume
of 50 pl. Simply increasing the sample size, without other-
wise modifying the assay procedure, increased the sensi-
tivity of detection. A ten-fold improvement was afforded
by increasing the sample size to 250 pl.

Nose et al. (1992, 1993) used a reversed-phase HPLC
method for analysis of the lignans arctiin, tracheloside
and their metabolites in the rat gastrointestinal tract. Free
lignans were extracted from serum with dichloromethane
and from conjugated forms after hydrolysis. p-Hydroxy-
benzophenone was used as an internal standard. Analytes
were detected with a u.v. detector at 280 nm.

HPLC with coulometric detection

Gamache & Acworth (1998) used HPLC with coulometric
detection to analyse phyto-oestrogens in plasma, tissue
and urine. Coulometric detection minimises sample pre-
treatment since it is sensitive, selective and also allows res-
olution of co-eluting analytes based on differences in their
oxidation—reduction behaviour. A reversed-phase column
(C-18, 150 mmX3 mm, 3 wm) was used together with a
serial array of eight coulometric electrodes. The mobile
phase consisted of sodium acetate with acetic acid, methanol
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and acetonitrile. For the determination of free phyto-oestro-
gens in urine, samples were diluted with the mobile phase,
centrifuged and analysed as such in runs of 30 min. To deter-
mine total phyto-oestrogens samples were first hydrolysed
with B-glucuronidase. Analytes were quantified using stan-
dard mixtures treated in the same way as samples. Limits of
detection for enterodiol and enterolactone were 10 pg.

A similar application to analyse plasma phyto-oestrogens
with HPLC coulometric electrode array detection was
developed by Nurmi & Adlercreutz (1999). Plasma samples
were hydrolysed by glucuronidase/sulphatase treatment and
extracted with diethyl ether. Evaporated samples were redis-
solved in methanol and analysed. Recoveries were deter-
mined with [*H]oestradiol-17B-p-glucuronide. Separation
was carried out using gradient elution with sodium acetate
buffer, methanol and acetonitrile. A C-18 reversed-phase
column (150m X 3mm, 3 pm) was used. Total analysis
time was 85min including stabilising time. Detection
limits were 6:2 pg (enterolactone), 5-8 pg (enterodiol), 6:5 pg
(matairesinol), 3-4pg (secoisolariciresinol) and 5-4pg
(anhydrosecoisolariciresinol = enterofuran).

HPLC with MS detection

Coward and co-workers developed a method using
reversed-phase HPLC-MS (Coward et al. 1996; Sfakianos
et al. 1997). The method allows the construction of a mass/
intensity map of several isoflavonoid metabolites in a
single analysis of 20min. The sample was first extracted
with a C-18 cartridge and an internal standard was
added. The sample was then analysed with HPLC-MS or
hydrolysed enzymatically and extracted again with car-
tridges. Analyses of isoflavonoids and other phyto-oestro-
gens were carried out on a C-8 reversed-phase HPLC
column using a linear gradient of 0—50 % acetonitrile in
10 nM-ammonium acetate (pH 6-5), over 10 min, at a flow
rate of 1 ml/min. The solute was introduced into MS via
the HN-APCI interface operating in either the positive or
negative mode.

Doerge and colleagues developed a simple and sensitive
liquid chromatography (LC)—~ESI-MS method using deut-
erated internal standards (daidzein-d; and genistein-dy)
for the determination of daidzein and genistein and their
conjugates in rat blood (Holder er al. 1999). Serum and
plasma samples in acetonitrile were vortexed, sonicated
and centrifuged to remove precipitated proteins. After
selective hydrolysis, the aglycones were extracted into
ethyl acetate. The samples were then evaporated, reconsti-
tuted in methanol and diluted with water before analysis by
HPLC. Chromatography was performed with a C-18
column using isocratic elution. The detection limits for
daidzein and genistein were approximately SnM (50 wl of
rat blood). The recoveries of the analytes were approxi-
mately 85 %. Later the method was modified to eliminate
laborious clean-up procedures (Chang et al. 2000,
Doerge er al. 2000). A restricted-access chromatographic
medium was used for automation of the analysis.
Enzymatically hydrolysed samples were subjected to cen-
trifugal filtering before loading onto the trap cartridge for
sample clean-up. This procedure gave >80 % recoveries.
Rat tissue was also analysed for the determination of

tissue genistein distribution. Thawed tissue was homogen-
ised, extracted with methanol by sonicating the suspension
and hydrolysed enzymatically, whereby total genistein
levels were determined. Lipids were extracted from fatty
tissues into hexane. After centrifugation, the supernatants
were loaded onto SPE cartridges before being subjected
to LC-ESI-MS analysis. Limits of detection varied
depending on the tissue matrix and were in the range of
0-04-0-09 pmol/mg (LLC—ESI-MS) and 0-01-0-03 pmol/
mg (MS-MS). Recoveries of genistein from tissues
ranged from 40 to 78 %.

Cimino et al. (1999) developed an LC method for the
separation of isoflavones and their metabolites from urine,
establishing the concentrations with HPLC—-APCI-MS.
For the extraction from urine, ammonium acetate was
added to each sample, the total isoflavones were extracted
in diethyl ether, and the organic layers were evaporated to
dryness with nitrogen. The free isoflavones were extracted
directly from the sample. The sulphates and glucuronides
were subjected to enzymatic hydrolysis by B-glucuronidase
or sulphatase or both, when total content was analysed.
After evaporation the solid sample was dissolved in the
mobile phase, which consisted of two different solvent
compositions. The column was a C-16 (25m X 4-6 mm,
5um). Isoflavones were eluted with a linear gradient.
Detection sensitivity of carbonyl-containing isoflavones
was increased by the infusion of 15 % ammonium hydrox-
ide at 0-14 ml/min to the eluate. Analytes were detected by
MS using negative single ion monitoring. Detection limits
for all analytes, except for equol, were Sng/ml of urine.
The detection limit for equol was 200 ng/ml of urine.

Urinary lignans have also been analysed by HPLC-
APCI-MS (Horn-Ross et al. 1997). Phyto-oestrogens
were extracted from urine with C-18 cartridges and 4-
methylumbelliferone glucuronide was added as an internal
standard. After hydrolysis with glucuronidase/sulphatase,
aglycones were recovered by SPE as above and subjected
to HPLC-MS analysis. A C-8 reversed-phase column
was used (4-6 m X 150 mm, 30 pm pore size). The solvent
gradient was 0-50 % acetonitrile in ammonium acetate
over 15 min. After chromatographic separation, the eluate
stream was diluted with ammonium hydroxide and mul-
tiple reaction monitoring was carried out by selection of
parent molecular ions and specific daughter ions formed
by collision with argon—10 % nitrogen gas.

Piskula et al. (1999) studied the absorption of daidzein
and genistein aglycones and glucosides in the rat. The
determination of isoflavones in rat plasma was conducted
by HPLC. After enzymatic hydrolysis, samples were
extracted with methanol—acetic acid. After centrifugation,
the supernatant was diluted with water and analysed using
a C-18 (150 mm X 4-6 mm, 5 pm) column and an ampero-
metric electrochemical detector. For the blood plasma
analysis, the isolation procedure was somewhat more
complicated. After hydrolysis, plasma was extracted
three times with methanol and centrifuged. Supernatant
was diluted with water and extracted with chloroform.
After extraction, the methanol—water phase was evapor-
ated and the residue was redissolved in methanol. The
sample was then centrifuged at 4°C and supernatant was
evaporated again. Next, the residue was dissolved in
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water, sonicated and extracted with a C-18 cartridge.
After further evaporation, the sample was dissolved
in methanol and subjected to HPLC analysis. Again, a
C-18 column was used with diode array detector.

GC analysis

The analysis of phyto-oestrogens from biological samples
often requires pre-purification (Table 2). Samples are first
extracted from the sample matrix by organic solvents
such as diethyl ether or ethyl acetate. Also, C-18 cartri-
dges have been used for SPE. For the enhancement of
sensitivity, the removal of interfering constituents such as
steroids is required. This can be done by ion exchange
chromatography on Sephadex beads carrying diethylamino-
ethyl (DEAE) and quaternary amine (QAE) moieties.
Moreover, various conjugates and aglycones can be separ-
ated with the same procedure. When GC is employed for
the analysis, samples also require hydrolysis and derivati-
sation. Since sample pretreatment involves several steps,
it is necessary to use internal standards to correct for
losses. Internal standards should be chemically analogous
to the samples being analysed so that they behave similarly
during extractions and isolations. This is usually achieved
by using different homologues or compounds carrying
stable isotopic labels such as *H or '>C. It should be
noted that when the analytes are derivatised as their silyl
ethers for GC-MS analysis, the combined effect of
heavier, naturally occurring, stable isotopes of Si and C
is such that intense peaks appear at M + 1, M 4+ 2, etc.
in the mass spectra. Thus the contribution of a single syn-
thetically introduced isotopic label, either H or °C, is
almost lost. This is why we have developed methods for
the synthesis of stable polydeuterated standards that con-
tain a minimum of three H atoms and in some cases up
to eight ’H atoms (Wiahild & Rasku, 1997; Rasku er al
1999a.b; Salakka & Wihild, 2000). The mass spectral
peak to be used as reference in quantification will then
be free from interference from the natural abundance *C
and heavier Si atoms present in the trimethylsilyl ether
derivatives.

To avoid the creeping of analytes, all glassware is
usually silanilased before use by a 10% solution of
dimethylchlorosilane in heptane (Liggins ez al. 2000) or a
1% solution in toluene (Adlercreutz et al. 1993).

Phyto-oestrogens are present in biological fluids usually
as the glucuronide and/or sulphate derivatives. Adlercreutz
et al. (1995b) have used a B-glucuronidase solution
from Escherichia coli K12 in acetate buffer to hydrolyse
glucuronides. Sulphates were solvolysed in dimethylforma-
mide—6 M-hydrochloric acid—dichloromethane solution
overnight at 37°C. Samples can also be hydrolysed with
B-glucuronidase/sulphatase enzyme juice extracted from
digestive juice and hepatopancreas of the snail Helix
pomatia. Because the juice also contains small amounts
of lignans and isoflavonoids, it has to be purified before
use. Mazur et al. (1996) used 1 % charcoal in 0-66 M-acet-
ate buffer shaken overnight at room temperature. SPE C-18
cartridges (Setchell et al. 2001) and ion exchange columns
(Morton et al. 1994) have also been used for purification.
Samples are first hydrolysed if the total phyto-oestrogen

content is to be analysed. Another way is to separate agly-
cones and conjugates from each other, or even different
conjugates from each other, before the hydrolysis.
Trimethylsilyl derivatives are prepared either by pyri-
dine—hexamethyldisilazane —trimethylchlorosilane (9:3:1)
or N,O-bis(trimethylsilyDtrifluoroacetamide (BSTFA).
For the t-butyldimethylsilyl (TBDMS) ethers, N-methyl-
N-TBDMS-trifluoroacetamide and TBDMS chloride in
acetonitrile are used (Setchell er al. 2001). Being a strong
silylating agent, BSTFA may cause the formation of arti-
facts (Wihild et al. 1997, 1998; Heinonen et al. 1999).
In addition to silylation of free hydroxyl groups, carbonyl
groups may be silylated in the enol form. Furthermore,
derivatisation of the isoflavone metabolites dihydrodaidzein
and dihydrogenistein in dry pyridine may yield C-ring
cleavage products referred to as dehydro-O-desmethylango-
lensin and 6'-hydroxy-dehydro-O-desmethylangolensin
(6/~-OH-dehydro-O-DMA), respectively. Derivatisation of
dihydrogenistein with BSTFA produced 6'-OH-dehydro-
O-DMA only as a minor product (Heinonen et al. 1999).

Isotope dilution GC-MS with selected ion monitoring

Adlercreutz et al. described a method for the quantitative
determination of phyto-oestrogens in biological samples.
They used isotope dilution GC-MS with selected ion
monitoring (SIM). Stable deuterated derivatives of the
compounds to be analysed are added to the sample at the
start of the procedure. Recoveries are calculated by moni-
toring the mass peaks of analytes and co-eluting deuterated
samples. The lignans enterolactone and enterodiol and the
isoflavonoids daidzein, equol and O-desmethylangolensin
were first analysed from human (Adlercreutz et al. 1986a)
and chimpanzee urine (Adlercreutz et al. 1986b) using
different modifications of the method. A slightly different
method, developed originally for determining the whole
oestrogen profile in urine, has been applied for the analysis
of phyto-oestrogens in urine (Adlercreutz et al. 1991a,b)
and plasma (Adlercreutz er al. 1993, 1994). Plasma samples
were first extracted with C-18 SPE cartridges before ion
exchange chromatography and, after evaporation of the
solvent, were solvolysed with HCl. Free and conjugated
phyto-oestrogens were separated with DEAE-Sephadex in
the acetate form. The phyto-oestrogen fraction originally
contained free and mono- and disulphated (now unconju-
gated after solvolysis) phyto-oestrogens. The fractions elut-
ing subsequently contained mono- and diglucuronides and
solvolysed sulphoglucuronides. This fraction was purified
further with C-18 cartridges. Deuterated internal standards
were then added to both samples and the conjugated phyto-
oestrogen fraction was hydrolysed with B-glucuronidase.
Owing to the lack of conjugated internal standards, the
recoveries until this step were corrected using radioactive
standards added at the beginning of the whole procedure.
The standards used for this purpose were [*H]oestrone sul-
phate and [*HJoestrone glucuronide. Free and conjugated
fractions were then subjected to QAE-Sephadex chroma-
tography in the acetate form. The first fraction contained
all oestrogens and enterolactone, enterodiol, matairesinol
and equol. The second fraction contained O-desmethylan-
golensin, daidzein and genistein. Oestrogens from the

ssa.d Ausianiun abpriquied Aq auljuo paysiignd L6/z00ZNfE/6,0L°01L/b10"10p//:sdny


https://doi.org/10.1079/BJN2002791

https://doi.org/10.1079/BJN2002791 Published online by Cambridge University Press

*1010919p uoesIuol awey ‘gld Jowalea
‘uopioelxa eseyd-plos ‘IdS Joueyie ‘HOIF :Jusuneanaid

W UIUBYDOI] ‘Y {UIIBLIOUOLLIOY ‘4 ([OUISAIIDLBIOSI08S ‘0DTS

‘losawnod 'Y ‘ueisiuaBolpAyip ‘DQ ‘ulekoAID 1D ‘ulszprepoipAyip ‘ad ‘ullsiueb ‘9 :uisusjobuelAyewsep-0 ‘YING-O ‘lonbe ‘O3 ‘ulezpiep ‘Q :[oipoialus ‘NI ‘9U0loBjoIBIUS INT ‘oulsalleieul ‘Y elAleuy

AydeiBoyewosyo

(L661) 1B 19 auexofisAjodjAuiow joseysewbns ‘joip-9. | abueyoxa uol ‘sisA|0IpAy uoljejusuLId)
uosdwoy | aid ~(1AuUIA % 1)(Aueyd % G) ‘dg-uoisoipue-og ofewizue ‘IS Yum uonoeIXe aN3 N3 oA U
(6661 wr Q-] ‘Wwgeo x wel seMijeue
‘qg'e/661) ‘auexojisAiod 2% 001 Buipuodsaiio9 jo AydeiBorewoiys 0z-H1 aN3 “IN3 (uewny) ping}
‘e 18 uoyo SN ‘WGz ‘wwge-0 X Woe Splepuels pajesainsp xapeydag ‘sisAjolpAy dnewAzus ‘O3 ‘D ‘g oneisoid ‘ewseld
{20002)
‘fe 18 nx solAjeue Aydeiborewosyo (uewny)
“v661) auexojisAjod % 001 Buypuodsaiiod jo abueyoxe uol ‘Jeyie |AYieip ypm aN3 piny} oneysosd
‘/e 18 UOUOW SW ‘W Gg0 ‘wuwge0 X woe Spiepue}s pejelainsp uonoenxa ‘sISAjoIpAY olewAzua “IN3 ‘D3 ‘D ‘g ‘ewse|d
(9661
‘q'eS661) auexopisAjod % 001 uonoelxo
fe o M did ‘wrgg0 ‘WWESOXWOE %8 16-G¥8 duoaeyAxoIPAUIP-L' ¢ 3dS ‘sisAioipAy oifewiAzus 03I'D'd (uewny) suun
(perebnfuod)
3 auexofis % V'LL—G9S
3 (6661) jw/Bu -Ajod|Ayrew-(|Ausyd % ) ‘(o01g) uopoenxe 3dS ‘sishloipAy
= Bl el £2-50t SW ‘WMGg0 ‘WWGZOXWOE  %968-G€9 auoaejAxoipAy-9 opewAzue ‘uonebnjuad va‘'4'D‘a (uewny) suun
5]
= {0002) suexojysAiod % 001 IN3 ‘GN3 (uewny)
£ [eie suibbn S ‘wrl | 'wwgzo X wgi ‘LYW ‘0038 ewse|d ‘spoo}
< solfjeue sIsA|oIpAY
< (6661) Buipuodseliod jo onijewAzus ‘Aydeiborewolyo 1YW “INT ‘aN3
e 18 adwen S splepue)s pajelainep abueyoxe uol ‘UoIOBIIX8 3dS ‘YWao ‘o'‘a (uewny) suun
seljeue LVIA “IN3
(8661) Buipuodsaulod jo Aydeiborewoiyo abueyoxe uol ‘sis ‘aN3g ‘D ‘19 ‘O3
‘Je 1 nX S splepuels pajeseinep  -AjoJpAy onewAzue ‘uolloenxs 3dS  ‘YIWQO ‘ad ‘d ‘D (uewny) suun
apluoinon|b AydesBorewolys 0z-Hi
(g661) auexojtsAjod [01pEISB0[H,] xopeydag “Jayie |AUBIP Yim IN3 ‘aa
‘/e}g nouueor S %001 ‘WWwGg-0 X Woe % E€6—28 ‘louIse0 uonoeIXsd ‘sisAjoIpAy ollewAzZUS ‘Dg 1o ‘D ‘q (uewny) auun
AydeiSorewolys 0z-H1
(e661) auexoyisAjod xapeydag ‘1eyie |AyIeIp Yim VYNQ-O
e 19 Aligy S ‘ald %001 ‘WW GZ-0 X WOoE %€6—28 [omsao uonoeIXe ‘sisAjoipAy onewAzue ‘ag’va‘s‘a (uewny) suun
(gsest) sajAleue Aydeibojewoiyoabueyoxauol
B8 ypeg/owu auexojisAjod 2%, 001 (uesw) Buipuodsanod jo ‘JdSynmuonoenxa‘uonebniued H ‘ywWa-o ‘D3 ‘d
ZinaJoIeIpy -1 S ‘wrlgzg-0 ‘Wwg-0x Wsegl %0°,6 Splepuels pajelainsp ‘HOIJUIMUONORIX®  'ONT “INT ‘LYW  (uewny) seose}
aousIaley Hu| tioloe1eq uwn(on Rlanooay splepuels Jswyesoid LBiAjeuy Xurew
uonoalag [euisiu|

S12

ssjdwes [eaibojoiq Jo sISAjeue ayj Jo} spoylew O Jo uosuedwo?) 'z ajqel


https://doi.org/10.1079/BJN2002791

Analysis of phyto-oestrogens S13

first fraction were further separated with QAE-Sephadex in
the carbonate form, followed by derivatisation and GC-
MS-SIM analysis. The method was modified for the
analysis of phyto-oestrogens in plasma (Adlercreutz
et al. 1993). By this method 15 oestrogenic compounds
(endogenous oestrogens and phyto-oestrogens) can analysed
by one run. This method was utilised by Lampe and co-
workers to compare the effect of vegetable, fruit and
legume consumption on urinary phyto-oestrogen isoflavo-
noid and lignan excretion (Hutchins ez al. 1995; Kirkman
et al. 1995; Slavin et al. 1998; Lampe et al. 1999, 2001).

The method has been developed further to determine the
pattern of conjugation of the phyto-oestrogens in human
urine (Adlercreutz et al. 1995a). The first DEAE-Sephadex
chromatography in the acetate form is modified to separate
the free fraction, mono- and disulphate as well as mono-,
di- and sulphoglucuronide fractions. The method has
been applied for the determination of unconjugated lignans
and isoflavonoids in human faeces (Adlercreutz er al.
1995b). Jacobs et al. (1999) have modified the method
for determining metabolites of mammalian lignans in
human urine and further to determine metabolites of enter-
olactone and enterodiol in rat bile and urine (Niemeyer
et al. 2000). The method has also been applied by Xu’s
group to determine phyto-oestrogens in human urine
(Xu et al. 1998, 2000a,b; Duncan et al. 2000).

GC-MS

Kelly and associates described a simple method for deter-
mining total isoflavones and their metabolites together with
enterolactone in human urine (Kelly et al. 1993; Joannou
et al. 1995). Urine samples were first hydrolysed with
B-glucuronidase aryl sulphatase. The samples were then
extracted with diethyl ether, the organic phase evaporated
and the residue dissolved in ethanol. The analytes were
isolated by partition chromatography on Sephadex LH-20
and derivatised prior to analysis with GC and GC-MS.
[HJoestradiol glucuronide and oestradiol were used as
internal standards. Derivatisation by BSTFA in this method
was proved later to have produced metabolite artifacts
(Wihila et al. 1997, 1998; Heinonen et al. 1999).

Setchell et al. (1997, 2001) reported a method for deter-
mining the isoflavones daidzein, genistein, glycitein, biocha-
nin A and formononetin from human plasma and urine using
two stable, isotopically labelled internal standards and an
isoflavone homologue. Total and free isoflavones were
identified separately. First, ['C]daidzein, ['*C]genistein
and 4',7-dihydroxyflavone were added as internal standards
to plasma samples. For total isoflavones, samples were
extracted with C-18 BondElut cartridges. Samples were
then hydrolysed with [-glucuronidase/sulphatase from
H. pomatia. Hydrolysed samples were extracted again with
C-18 BondElut cartridges. Isoflavones were separated from
neutral compounds, purified with triethylaminohydroxy-
propyl(TEAP)-Sephadex LH-20 in the hydroxide form and
derivatised. Free isoflavones were determined as above but
without the hydrolysis step. TBDMS-derivatised samples
were analysed with GC—-MS.

Morton et al. (1994, 1997a) have described a
GC-MS method for determining the total phyto-oestrogens

enterodiol, enterolactone, daidzein, genistein and equol
in human plasma. A plasma sample was hydrolysed with
B-glucuronidase and deuterated internal standards were
added. The hydrolysate was extracted with diethyl ether
and the organic phase was collected. Phyto-oestrogens
were isolated with TEAP-Sephadex LH-20 in the hydroxide
form as described by Setchell et al. (1976). BSTFA-deriva-
tised samples were then analysed with GC—MS using single
ion recording. Later the method was modified for the anal-
ysis of prostatic fluid and blood (Morton et al. 1997b).
Phyto-oestrogens were isolated with Sephadex LH-20 as
described by Kelly et al. (1993). For serum analysis, ethyl
acetate was used for extraction (Morton et al. 1999).

Liggins et al. (2000) identified a lignan metabolite
called enterofuran from urine by a simple GC-MS
method. The urine sample was hydrolysed with B-glucuro-
nidase and phyto-oestrogen aglycones were extracted with
ethyl acetate. After evaporation of the solvent, the sample
was derivatised and analysed with GC-MS. Similarly, a
simple GC method utilising a flame ionisation detector
(FID) was employed for total and unconjugated isoflavones
in human urine by Lu ef al. (19954a,b, 1996). Samples were
hydrolysed with B-glucuronidase/sulphatase and aglycones
were isolated by chromatography.

Thompson et al. (1991) analysed mammalian lignans
after in vitro fermentation with colonic microflora. Entero-
diol and enterolactone were extracted with C-18 cartridges
and hydrolysed with B-glucuronidase. Aglycones were
then extracted again with C-18 cartridges, further isolated
and purified with DEAE-Sephadex in the hydroxide
form, and analysed after derivatisation by GC-FID. The
method was subsequently applied to the determination of
lignan metabolites in rat urine (Serraino & Thompson,
1992; Thompson ef al. 1996) and later modified further by
using a mass detector instead of FID (Jenab & Thompson,
1996; Rickard ef al. 1996). Deuterated standards of entero-
lactone and enterodiol were used.

Immunoassays

The methods described above are not suitable for screening
purposes in large populations. In addition, they are not sensi-
tive enough for the assay of unconjugated phyto-oestrogens
in plasma. These disadvantages have led to the application
of a new analytical method based on immunoassay.

Radioimmunoassay

A radioimmunoassay for the determination of formononetin
was established by Wang (1998), employing rabbit antisera
against formononetin-7-bovine serum albumin (BSA) and
the *H-labelled, homologous, radioligand conjugate formo-
nonetin-7-([*H]leucine). This radioimmunoassay procedure
enabled the quantification of 200pg/mg of plasma or
50 pg/mg of mammary tissue. Lapcik er al. (1997) have
developed a radioimmunoassay procedure to determine
daidzein in plasma, serum and urine using daidzein-4-BSA
(Lapcik et al. 1997; Al-Maharik et al. 1999, 2000) for immu-
nisation and an '#°I-labelled tracer. Daidzein was measured
either directly or after extraction in ether. The working range
of the assay was 1.5-200pg/tube. The method did not
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discriminate between daidzein and its 4'-methoxy derivative
formononetin, which caused almost 60 % cross-reaction.
This is because the antisera prepared via the 4’-position
also recognise 4'-methoxy derivatives. In the same way, anti-
sera prepared via the 7-position recognise 7-methoxy deriva-
tives (Lapcik et al. 1999). Moreover, cross-reaction with
4/-sulphates and B-glucuronides probably occurred since
daidzein values after extraction were only 8 % of those
obtained with direct serum analysis. Recently, Lapcik et al.
(1998) established two radioimmunoassays for genistein
based on polyclonal antibodies against genistein-4-O-
(carboxymethyl) ether-BSA and against genistein-7-O-(car-
boxymethyl) ether-BSA conjugates (Lapcik er al. 1998;
Al-Mabharik et al. 1999, 2000). The minimum detectable
limits for the assays were 1-2 and 2-8 pg/tube, respectively.

Time-resolved fluoroimmunoassay was developed for
the rapid analysis of enterolactone in human plasma,
using europium chelate as a label, by Adlercreutz er al.
(1998). The method used 5'-O-carboxymethoxyenterolac-
tone haptens (Mikeld et al. 2000) for the immunisation
and production of tracer. No cross-reactions were observed
for phyto-oestrogens except to a small extent with entero-
diol (0-28 %). The minimal amount of enterolactone dis-
tinguishable was 2-1pg/20 wl. The rapid method allowed
analysis of 100 samples in 4h (Adlercreutz er al. 1998),
with a ten- to 100-fold increase in sensitivity and
assay range compared with conventional enzyme immu-
noassay and fluoroimmunoassay methods. Because values
for plasma enterolactone were found to be overestimated,
the method was modified by lowering the amount of
hydrolysis reagent and thus reducing the absolute amount
of sulphatase, which caused the error in the values
(Stumpf et al. 2000). Later, a method for determining daid-
zein and genistein in plasma and urine was developed
(Uehara et al. 2000; Wang et al. 2000). Phyto-oestrogens
were measured from hydrolysed samples. The minimal
amounts of daidzein and genistein, distinguishable from
zero sample, were 1-8 pg/20 ul and 3.2 pg/20 pl, respect-
ively. Kohen et al. (1998) reported a highly specific
time-resolved fluoroimmunoassay method for the measure-
ment of daidzein in urine. Daidzein was analysed in urine
after hydrolysis with B-glucuronidase.

ELISA was also developed for the analysis of formo-
nonetin, daidzein, equol, biochanin A and genistein
(Bennetau-Pelissero et al. 2000; Le Houérou et al. 2000).

Table 3 summarises some immunoassay methods for the
quantification of phyto-oestrogens.

Recent advances

A simple and rapid method for the analysis of isoflavones
in food samples has been developed by Wang & Sporns
(2000). They used the matrix-assisted laser desorption ion-
isation—time-of-flight technique to detect daidzein, genis-
tein and glycitein, together with their various conjugates,
in soya products. By selecting the proper matrix, this tech-
nique provides the isoflavone profile of a food sample in a
few minutes and can be used for both quantitative and
qualitative analysis especially in conjunction with other
techniques such as HPLC.

Capillary electrophoresis (CE) is powerful technique,
affording rapid, high-resolution separations (10%—10°
theoretical plates) while requiring just femtomoles of
sample. The utility is greatly enhanced by MS detection,
particularly with ESI, which can be used to produce ions
from thermally labile, non-volatile compounds such as
conjugated phyto-oestrogens. It has been used to determine
isoflavones from soyabean seeds using u.v. detection
(Aussenac er al. 1998). A CE-MS study of isoflavones
has also been published (Aramendia er al. 1995). One
potential limitation with CE concerns the low sample
loads owing to the small inside diameter of the capillaries,
the sample injection volumes being confined to the low
nanolitre and low picomole range in order to maintain
high separation efficiency. Hence the concentration detec-
tion limit for CE-MS is often unsatisfactory (Aramendia
et al. 1995).

Conclusions

Quantitative analyses of isoflavonoids in plants, foods and
biological fluids are important in epidemiological, pharma-
cological, phyto-oestrogenic, chemotaxonomic, breeding
and other biochemical studies. Isoflavonoids are present in
plants as mixtures of aglycones and glycosides, and in bio-
logical fluids as mixtures of aglycones with glucuronides,
sulphates or with sulphates and glucuronides together. In
addition, initial extracts may contain many structurally
related compounds. These include flavonoids, steroids and
other polyphenolic compounds. Methods for quantification

Table 3. Comparison of immunoassay methods for the analysis of biological samples

Matrix Analyte* Detection limit Methodt Reference
serum, urine (human) D 0-4 pg/tube RIA Lapcik et al. (1997)
serum (human) G 1-2pg/400 pl RIA Lapcik et al. (1998)
plasma (murine), F 4 ng/mi (plasmay}, RIA Wang (1998)
mammary glandular tissue 50 pg/mg (glandular tissue)

D, G, EQ 1-3-7-5 pg/tube RIA Lapcik et al. (1999)
plasma (human) ENL 2-1pg/20 pl TR-FIA Adlerceutz et al. (1998)
urine (human) D 0-5ng/mi TR-FIA Kohen et al. (1998)
plasma (human) D, G 1-8pg/20 pl (D), TR-FIA Wang et al. (2000)

3-1pg/20 pl (G)

urine (human) D, G, ENL 2pg/20 pl TR-FIA Uehara et al. (2000)

F, D, EQ, BA, G ELISA Bennetau-Pelissero et al. (2000)

*Analyte: D, daidzein; G, genistein; F, formononetin; EQ, equol; ENL, enterolactone; BA, biochanin A.

1 Method: RIA, radicimmunoassay; TR-FIA, time-resolved fluoroimmunoassay.
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must therefore be capable not only of separating isoflavo-
noids from other compounds, but also of distinguishing
between the various isoflavonoid structures. Phyto-oestro-
gens are presently identified and determined mainly by
GC-MS and HPLC, techniques that are time-consuming
and labour-intensive and require sophisticated and expensive
instrumentation. More effective and economical methods for
the monitoring of human exposure to phyto-oestrogens
should be specific and sensitive and allow large numbers
of samples to be processed reliably and rapidly. Immuno-
assay offers the advantages of speed, sensitivity and high
throughput, with the potential for automation.

GC combines the advantage of high separation capability
with the disadvantages of the need for pre-purification,
fractionation, hydrolysis and derivatisation of samples.
GC-MS is the basis of the majority of existing methods
for the quantitative analysis of isoflavones and their metab-
olites in biological fluids, including urine, plasma and
faeces. GC-MS in the SIM mode employs deuterated
internal standards to compensate for losses during the iso-
lation process.

HPLC methods have been developed to allow the deter-
mination of a variety of isoflavonoids, including aglycones
and conjugated isoflavonoids. Use of fluorescence detec-
tion and photodiode array detection in place of u.v. detec-
tion is a useful way of increasing the sensitivity. Whilst
u.v. photometry at 260 nm can detect nanogram quantities
of daidzein and genistein, the limit of electrochemical
detection is about 10pg. Advantages of HPLC-MS over
GC-MS analysis include higher precision, less manipu-
lation, and applicability to non-volatile components with
direct injection of the liquid sample.

Acknowledgements

This review was carried out with financial support from the
Commission of the European Communities, Food and
Agroindustrial Research programme CT-98-4456 ‘Dietary
exposure to phyto-oestrogens and related compounds and
effects on skeletal tissues (VENUS)'. It does not reflect
its views and in no way anticipates the Commission’s
future policy in this area. The Finnish Academy is also
acknowledged.

References

Adlercreutz H, Fotsis T, Bannwart C, Wihili K, Brunow G &
Hase T (1991a) Isotope dilution gas chromatographic—mass
spectrometric method for the determination of lignans and iso-
flavonoids in human urine, including identification of genistein.
Clinica Chimica Acta 199, 263-278.

Adlercreutz H, Fotsis T, Bannwart C, Wihild K, Mikeld T,
Brunow G & Hase T (1986a) Determination of urinary lignans
and phyto-oestrogen metabolites, potential antiestrogens and
anticarcinogens, in urine of women on various habitual diets.
Journal of Steroid Biochemistry 25, 791-797.

Adlercrentz H, Fotsis T, Kurzer M, Wihiald K, Mikelda T &
Hase T (1995b) Isotope dilution gas chromatographic—mass
spectrometric method for the determination of unconjugated
lignans and isoflavonoids in human feces, with preliminary

results in omnivorous and vegetarian women. Analytical
Biochemistry 225, 101-108.

Adlercreutz H, Fotsis T, Lampe J, Wihila K, Mikeld T, Brunow
G & Hase T (1993) Quantitative determination of lignans and
isoflavonoids in plasma of omnivorous and vegetarian women
by isotope dilution gas chromatography-—mass spectrometry.
Scandinavian Journal of Clinical and Laboratory Investigation
53 Suppl., 5-18.

Adlercreutz H, Fotsis T, Watanabe S, Lampe J, Wihild K,
Mikeld T & Hase T (1994) Determination of lignans and iso-
flavonoids in plasma by isotope dilution gas chromatog-
raphy—mass spectrometry. Cancer Detection and Prevention
18, 259-271.

Adlercreutz H, Honjo H, Higashi A, Fotsis T, Hidmalidinen E,
Hasegawa T & Okada H (1991b) Urinary excretion of lignans
and isoflavonoid phyto-oestrogens in Japanese men and women
consuming a traditional Japanese diet. American Journal of
Clinical Nutrition 54, 1093-1100.

Adlercreutz H, Musey PI, Fotsis T, Bannwart C, Wihild K,
Mikeld T, Brunow G & Hase T (1986b) Identification of
lignans and phyto-oestrogens in urine of chimpanzees. Clinica
Chimica Acta 158, 147-154.

Adlercreutz H, van der Wildt J, Kinzel J, Attalla H, Wihilad K,
Mikeld T, Hase T & Fotsis T (1995a) Lignan and isoflavonoid
conjugates in human urine. Journal of Steroid Biochemistry
and Molecular Biology 52, 97-103.

Adlercreutz H, Wang G, Lapcik O, Hampl R, Wihild K,
Mikeld T, Lusa K, Talme M & Mikola H (1998) Time-resolved
fluoroimmunoassay for plasma enterolactone. Analytical
Biochemistry 265, 208-215.

Al-Maharik NI, Kaltia SA & Wihild K (1999) Regioselective
mono-O-carboxymethylation  of  polyhydroxyisoflavones.
Molecules Online 3, 20-24.

Al-Maharik N, Mutikainen I & Wihila K (2000) An expedient
synthesis of 2-(w-carboxyalky)polyhydroxyisoflavones via
cyclisation of 2-hydroxydeoxybenzoins with 1,w-alkanedicar-
boxylic acid monoesters. Synthesis 411-416.

Andlauer W, Kolb J & Furst P (2000b) Absorption and metab-
olism of genistin in the isolated rat small intestine. FEBS
Letters 475, 127-130.

Andlauer W, Kolb J, Stehle P & Furst P (2000a) Absorption and
metabolism of genistein in isolated rat small intestine. Journal
of Nutrition 130, 843-846.

Aramendia MA, Borau V, Garcia I, Jiménez C, Lafont F,
Marinas JM, Porras A & Urbano FJ (1995) Determination of
isoflavones by capillary electrophoresis/electrospray ionization
mass spectrometry. Journal of Mass Spectrometry and Rapid
Communications in Mass Spectrometry 9, Suppl., S153-S157.

Aussenac T, Lacombe S & Daydé J (1998) Quantification of
isoflavones by capillary zone electrophoresis in soybean
seeds: effects of variety and environment. American Journal
of Clinical Nutrition 68, Suppl., 1480S—1485S.

Bannwart C, Adlercreutz H, Wiahilda K, Brunow G & Hase T
(1989) Detection and identification of the plant lignans laricir-
esinol, isolariciresinol and secoisolariciresinol in human urine.
Clinica Chimica Acta 180, 293-301.

Barnes S, Coward L, Kirk M & Sfakianos J (1998) HPLC—mass
spectrometry analysis of isoflavones. Proceedings of the Society
for Experimental Biology and Medicine 217, 254-262.

Bennetau-Pelissero C, Le Houérou C, Lamothe V, Le Menn F,
Babin P & Bennetau B (2000) Synthesis of haptens and conju-
gates for ELISAs of phyto-oestrogens. Development of the
immunological tests. Journal of Agricultural and Food
Chemistry 48, 305-311.

Chang HC, Churchwell MI, Delclos KB, Newbold RR & Doerge
DR (2000) Mass spectrometric determination of genistein

ssa.d Ausianiun abpriquied Aq auljuo paysiignd L6/z00ZNfE/6,0L°01L/b10"10p//:sdny


https://doi.org/10.1079/BJN2002791

S16 A. A. Hoikkala et al.

tissue distribution in diet exposed Sprague-Dawley rats.
Journal of Nutrition 130, 1963—-1970.

Cimino CO, Shelnutt SR, Ronis MJJ & Badger TM (1999) An
LC-MS method to determine concentrations of isoflavones
and their sulfate and glucuronide conjugates in urine. Clinica
Chimica Acta 287, 69-82.

Coward L, Kirk M, Albin N & Barnes S (1996) Analysis of
plasma isoflavones by reversed-phase HPLC—~multiple reaction
ion monitoring-mass spectrometry. Clinica Chimica Acta 247,
121-142.

Doerge DR, Churchwell MI & Delclos KB (2000) On-line sample
preparation using restricted-access media in the analysis of
the soy isoflavones, genistein and daidzein, in rat serum
using liquid chromatography electrospray mass spectrometry.
Rapid Communications in Mass Spectrometry 14, 673-678.

Duncan AM, Merz-Demlow BE, Xu X, Phipps WR & Kurzer MS
(2000) Premenopausal equol excretors show plasma hormone
profiles associated with lowered risk of breast cancer. Cancer
Epidemiology, Biomarkers & Prevention 9, 581-586.

Franke AA & Custer LJ (1996) Daidzein and genistein concen-
trations in human milk after soy consumption. Clinical
Chemistry 42, 955-964.

Franke AA, Custer LJ, Carmencita MC & Narala K (1995) Rapid
analysis of dietary phyto-oestrogens from legumes and from
human urine. Proceedings of the Society for Experimental
Biology and Medicine 208, 18—26.

Franke AA, Custer L] & Tanaka Y (1998a) Isoflavones in human
breast milk and other biological fluids. American Journal of
Clinical Nutrition 68, Suppl., 14665—1473S.

Franke AA, Custer LJ, Wang W & Shi CY (1998b) HPLC anal-
ysis of isoflavonoids and other phenolic agents from foods and
from human fluids. Proceedings of the Society for Experimental
Biology and Medicine 217, 263-273.

Gamache PH & Acworth IN (1998) Analysis of phyto-oestrogens
and polyphenols in plasma, tissue and urine using HPLC with
coulometric array detection. Proceedings of the Society for
Experimental Biology and Medicine 217, 274-280.

Heinonen S, Wihild K & Adlercreutz H (1999) Identification of
isoflavone metabolites dihydrodaidzein, dihydrogenistein,
6-OH-O-DMA and cis-4-OH-equol in human urine by gas
chromatography—mass spectroscopy using authentic reference
compounds. Analytical Biochemistry 274, 211-219.

Holder CL, Churchwell MI & Doerge DR (1999) Quantification
of soy isoflavones, genistein and daidzein, and conjugates in
rat blood using LC/ES-MS. Journal of Agricultural and Food
Science 47, 3764-3770.

Horn-Ross PL, Barnes S, Kirk M, Coward L, Parsonnet J & Hiatt
RA (1997) Urinary phyto-oestrogen levels in young women
from a multiethnic population. Cancer Epidemiology,
Biomarkers & Prevention 6, 339-345.

Hutchins AM, Lampe JW, Martint MC, Campbell DR & Slavin
JL (1995) Vegetables, fruits, and legumes: effect on urinary
isoflavonoid and lignan excretrion. Journal of the American
Dietetic Association 95, 769-T774.

Jacobs E, Kulling SE & Metzler M (1999) Novel metabolites of
the mammalian lignans enterolactone and enterodiol in
human urine. Journal of Steroid Biochemistry and Molecular
Biology 68, 211-218.

Jenab M & Thompson LU (1996) The influence of flaxseed and
lignans on colon carcinogenesis and (3-glucuronidase activity.
Carcinogenesis 17, 1343-1348.

Joannou GE, Kelly GE, Reeder AY, Waring M & Nelson C
(1995) A urinary profile study of dietary phyto-oestrogens.
The identification and mode of metabolism of new isoflavo-
noids. Journal of Steroid Biochemistry and Molecular Biology
54, 167-184.

Kelly GE, Nelson C, Waring MA, Joannou GE & Reeder AY

(1993) Metabolites of dietary (soya) isoflavones in human
urine. Clinica Chimica Acta 223, 9-22.

Kirkman LM, Lampe JW, Campbell DR, Martini MC & Slavin JL
(1995) Urinary lignan and isoflavonoid excretion in men and
women consuming vegetable and soy diets. Nutirition and
Cancer 24, 1-12.

Kohen F, Lichter S, Gayer B, DeBoever J & Lu LIW (1998) The
measurement of the isoflavone daidzein by time resolved fluor-
escent immunoassay: a method for assessment of dietary soya
exposure. Journal of Steroid Biochemistry and Molecular
Biology 64, 217-222.

Lampe JW, Gustafson DR, Hutchins AM, Martini MC, Li S,
Wihild K, Grandits GA, Potter JD & Slavin JL (1999) Urinary
isoflavonoid and lignan excretion on a western diet: relation
to soy, vegetable, and fruit intake. Cancer Epidemiology,
Biomarkers & Prevention 8, 699-707.

Lampe JW, Skor HE, Li S, Wihild K, Howald WN & Chen C
(2001) Wheat bran and soy protein feeding do not alter urinary
excretion of the isoflavan equol in premenopausal women.
Journal of Nutrition 131, 740-744.

Lapcik O, Hampl R, Al-Maharik N, Salakka A, Wihild K &
Adlercreutz H (1997) A novel radioimmunoassay for daidzein.
Steroids 62, 315-320.

Lapcik O, Hampl R, Hill M, Wihild K, Al-Maharik N &
Adlercreutz H (1998) Radioimmunoassay of free genistein in
human serum. Journal of Steroid Biochemistry and Molecular
Biology 64, 261-268.

Lapcik O, Hampl R, Stiarka L, Wihila K, Al-Maharik N &
Adlercreutz H (1999) Radioimmunoassay of phyto-oestrogens
of isoflavone series. Journal of Medicinal Food 2, 207-208.

Le Houérou C, Bennetau-Pelissero C, Lamothe V, Le Menn F,
Babin P & Bennetau B (2000) Synthesis of novel hapten—pro-
tein conjugates for production of highly specific antibodies to
formononetin, daidzein and genistein. Tetrahedron 56,
295-301.

Liggins J, Grimwood R & Bingham S (2000) Extraction and
quantification of lignan phyto-oestrogens in food and human
samples. Analytical Biochemistry 287, 102—-109.

Lu L-JW, Broemeling LD, Marshall MV & Ramanujam VMS
(19954) A simplified method to quantify isoflavones in commer-
cial soybean diets and human urine after legume consumption.
Cancer Epidemiology, Biomarkers & Prevention 4, 497-503.

Lu L-JW, Grady JJ, Marshall MV, Ramanujam VMS &
Anderson KE (1995b) Altered time course of urinary daidzein
and genistein excretion during chronic soya diet in healthy
male subjects. Nutrition and Cancer 24, 311-323.

Lu L-JW, Lin S-N, Grady JJ, Nagamani M & Anderson KE
(1996) Altered kinetics and extent of urinary daidzein and
genistein excretion in women during chronic soya exposure.
Nutrition and Cancer 26, 290-302.

Mikeld T, Matikainen J, Wihild K & Hase T (2000) Develop-
ment of a novel hapten for radioimmunoassay of the lignan,
enterolactone in plasma (serum). Total synthesis of
(* )-trans-5-carboxymethoxyenterolactone and several ana-
logues. Tetrahedron 56, 1873-1882.

Mazur W, Fotsis T, Wihidlda K, Qjala S, Salakka A &
Adlercreutz H (1996) Isotope dilution gas chromato-
graphic—mass spectrometric method for the determination of
isoflavonoids, coumestrol, and lignans in food samples.
Analytical Biochemistry 233, 169-180.

Morton M, Arisaka O, Miyake A & Evans B (1999) Analysis of
phyto-oestrogens by gas chromatography—mass spectrometry.
Environmental Toxicology and Pharmacology 7, 221-225.

Morton MS, Chan PSF, Cheng C, Blacklock N, Matos-Ferreira A,
Abranches-Monteiro 1., Correia R, Lloyd S & Griffiths K
(1997b) Lignans and isoflavonoids in plasma and prostatic

ssaud Aussanun sbpriquied Aq auljuo paysiiand L6£z00ZNfd/6£01°01/b10"10p//:sdny


https://doi.org/10.1079/BJN2002791

Analysis of phyto-oestrogens S17

fluid in men: samples from Portugal, Hong Kong and the
United Kingdom. Prostate 32, 122-~128.

Morton MS, Matos-Ferreira A, Abranches-Monteiro L, Correia R,
Blacklock N, Chan PSF, Cheng C, Lloyd S, Wu C-P &
Griffiths K (1997a) Measurement and metabolism of isoflavo-
noids and lignans in the human male. Cancer Letters 114,
145-~151.

Morton MS, Wilcox G, Wahlqvist ML & Griffiths K (1994)
Determination of lignans and isoflavonoids in human female
plasma following dietary supplementation. Journal of Endo-
crinology 142, 251-259.

Nesbitt PD, Lam Y & Thompson LU (1999) Human metabolism
of mammalian lignan precursors in raw and processed flaxseed.
American Journal of Clinical Nutrition 69, 549-555.

Niemeyer HB, Honig D, Lange-Bohmer A, Jacobs E, Kulling SE
& Meizler M (2000) Oxidative metabolites of the mammalian
lignans enterodiol and enterolactone in rat bile and urine.
Journal of Agricultural and Food Chemistry 48, 2910-2919.

Nose M, Fujimoto T, Nishibe S & Ogihara Y (1993) Structural
transformation of lignan compounds in rat gastrointestinal
tract; II. Serum concentration of lignans and their metabolites.
Planta Medica 59, 131-134.

Nose M, Fujimoto T, Takeda T, Nishibe S & Ogihara Y (1992)
Structural transformation of lignan compounds in rat gastroin-
testinal tract. Planta Medica 58, 520-523.

Nurmi T & Adlercreutz H (1999) Sensitive high-performance
liquid chromatographic method for profiling phyto-oestrogens
using coulometric electrode array detection: application to
plasma analysis. Analytical Biochemistry 274, 110-117.

Peterson TR, Ji G-PJ, Kirk M, Coward L, Falany CN & Barnes S
(1998) Metabolism of the isoflavones genistein and biochanin
A in human breast cancer cells. American Journal of Clinical
Nutrition 68, Suppl., 15055-1511S.

Piskula MK (2000) Soy isoflavone conjugation differs in fed and
food-deprived rats. Journal of Nutrition 130, 1766—1771.

Piskula MK, Yamakoshi J & Iwai Y (1999) Daidzein and genis-
tein but not their glucosides are absorbed from the rat stomach.
FEBS Letters 447, 287-291.

Rasku S, Mazur W, Adlercreutz H & Wihild K (19994) Synthesis
of deuterated plant lignans for gas chromatography —mass spec-
trometry analysis. Journal of Medicinal Food 2, 103—-105.

Rasku S, Wihild K, Koskimies J & Hase T (19995) Synthesis of
isoflavonoid deuterium labeled polyphenolic phyto-oestrogens.
Tetrahedron 55, 3445-3454.

Rickard SE, Orcheson LJ, Seidl MM, Luyengi L, Fong HHS &
Thompson LU (1996) Dose-dependent production of mamma-
lian lignans in rats and in vitro from the purified precursor
secoisolariciresinol  diglycoside in flaxseed. Journal of
Nutrition 126, 2012-2019.

Rowland IR, Wiseman H, Sanders TAB, Adlercreutz H & Bowey
EA (2000) Interindividual variation in metabolism of soy iso-
flavones and lignans: influence of habitual diet on equol produc-
tion by the gut microflora. Nutrition and Cancer 36, 27-32.

Salakka A & Wihild K (2000) Synthesis of Dy-6'-hydroxy-
O-demethylangolensin, a deuterium labelled metabolite of
genistein. Journal of Labelled Compounds and Radiopharmacy
43, 1145-1147.

Serraino M & Thompson LU (1992) Flaxseed supplementation
and early markers of colon carcinogenesis. Cancer Letters
63, 159-165.

Setchell KDR & Adlercreutz H (1979) The excretion of two new
phenolic compounds (180/442 and 180/410) during human
menstrual cycle and in pregnancy. Journal of Steroid Biochem-
istry 11, xv—xvi.

Setchell KDR, Alme B, Axelson M & Sjovall I (1976) The multi-
component analysis of conjugates of neutral steroids in urine by
lipophilic ion exchange chromatography and computerised gas

chromatography —mass spectrometry. Journal of Steroid
Biochemistry 7, 615-629.

Setchell KDR, Brown NM, Desai P, Zimmer-Nechemias L, Wolfe
BE, Brashear WT, Kirschner AS, Cassidy A & Heubi JE (2001)
Bioavailability of pure isoflavones in healthy humans and anal-
ysis of commercial soy isoflavone supplements. Journal of
Nutrition 131, Suppl., 1362S-1375S.

Setchell KDR & Cassidy A (1999) Dietary isoflavones: biological
effects and relevance to human health. Journal of Nutrition
129, Suppl., 7585-767S.

Setchell KDR, Lawson AM & Conway E (1981) The definitive
identification of the lignans trans-2,3-bis-(3-hydroxybenzyl)-
y-butyrolactone and 2,3-bis(3-hydroxybenzyl)butane-1,4-diol
in human animal urine. Biochemical Journal 197, 447-458.

Setchell KDR, Zimmer-Nechemias L, Cai J & Heubi JE (1997)
Exposure of infants to phyto-oestrogens from soy-based
infant formula. Lancer 350, 23-27.

Sfakianos J, Coward L, Kirk M & Barnes S (1997) Intestinal
uptake and biliary excretion of the isoflavone genistein in
rats. Journal of Nutrition 127, 1260-1268.

Slavin JL, Karr SC, Hutchins AM & Lampe JW (1998) Influence
of soybean processing, habitual diet, and soy dose on urinary
isoflavonoid excretion. Amevrican Journal of Clinical Nutrition
68, Suppl., 14925-1495S.

Stumpf K, Uehara M, Nurmi T & Adlercreutz H (2000) Changes
in the time-resolved fluoroimmunoassay of plasma enterolac-
tone. Analytical Biochemistry 284, 153-157.

Supko JG & Phillips LR (1995) High-performance liquid chroma-
tographic assay for genistein in biological fluids. Journal of
Chromatography B 666, 157-167.

Tekel J, Daeseleire E, Heeremans A & van Petegham C (1999)
Development of a simple method for the determination of gen-
istein, daidzein, biochanin A, and formononetin (biochanin B)
in human urine. Journal of Agricultural and Food Chemistry
47, 3489-3494.

Tham DM, Gardner CD & Haskell WL (1998) Potential health
benefits of dietary phyto-oestrogens: a review of the clinical,
epidemiological, and mechanistic evidence. Journal of Clinical
Endocrinology and Metabolism 83, 2223-2235.

Thompson LU, Robb P, Serraino M & Cheung F (1991) Mamma-
lian lignan production from various foods. Nutrition and
Cancer 16, 43-52.

Thompson LU, Seidl MM, Rickard SE, Orcheson L] & Fong HHS
(1996) Antitumorigenic effect of a mammalian lignan precursor
from flaxseed. Nutrition and Cancer 26, 159-165.

Tou JCL, Chen J & Thompson LU (1998) Flaxseed and its lignan
precursor, secoisolariciresinol diglycoside, affect pregnancy
outcome and reproductive development in rats. Journal of
Nutrition 128, 1861-1868.

Uehara M, Lapcik O, Hampl R, Al-Maharik N, Mikela T,
Wihidld K, Mikola H & Adlercreutz H (2000) Rapid
analysis of phyto-oestrogens in human urine by time-resolved
fluoroimmunoassay. Journal of Steroid Biochemistry and
Molecular Biology 72, 273-282.

Wihald K, Koskimies JK, Mesilaakso M, Salakka AK, Leino TK
& Adlercreutz H (1997) The synthesis, structure, and anti-
cancer activity of cis- and frans-4',7-dihydroxyisoflavan-4-ols.
Journal of Organic Chemistry 62, 7690-7693.

Wihild K & Rasku S (1997) Synthesis of D,-genistein, a stable
deutero labeled isoflavone, by a perdeuteration — selective
dedeuteration approach. Tetrahedron Letters 38, 7287-7290.

Wihild K, Salakka A & Adlercreutz H (1998) Synthesis of novel
mammalian metabolites of the isoflavonoid phyto-oestrogens
daidzein and genistein. Proceedings of the Society for Exper-
imental Biology and Medicine 217, 293-299.

Wang GJ, Lapcik O, Hampl R, Uehara M, Al-Maharik N, Stumpf
K, Mikola H, Wihild K & Adlercreutz H (2000) Time-resolved

ssa.d Ausianiun abpriquied Aq auljuo paysiignd L6/z00ZNfE/6,0L°01L/b10"10p//:sdny


https://doi.org/10.1079/BJN2002791

S18 A. A. Hoikkala et al.

fluoroimmunoassay of plasma daidzein and genistein. Steroids
65, 339--348.

Wang J & Sporns P (2000) MALDI-TOF MS analysis of
isoflavones in soy products. Journal of Agricultural and Food
Chemistry 48, 5887-5892.

Wang W (1998) Radioimmunoassay determination of formonone-
tin in murine plasma and mammary glandular tissue. Proceed-
ings of the Society for Experimental Biology and Medicine 217,
281-287.

Xu X, Duncan AM, Merz BE & Kurzer MS (1998) Effects of soy
isoflavones on oestrogen and phyto-oestrogen metabolism in
premenopausal women. Cancer Epidemiology, Biomarkers &
Prevention 7, 1101-1108.

Xu X, Duncan AM, Wangen KE & Kurzer MS (2000a) Soy
consumption alters endogenous oestrogen metabolism in

postmenopausal women. Cancer Epidemiology, Biomarkers &
Prevention 9, 781-786.

Xu X, Wang H-J, Murphy PA & Hendrich S (20005)
Neither background nor type of soy food affects short-term
isoflavone bioavailability in women. Journal of Nutrition
130, 798-801.

Yamakoshi J, Piskula M, Izumi T, Tobe K, Saito M, Kataoka S,
Obata A & Kikuchi M (2000) Isoflavone aglycone-rich
extract without soy protein attenuates atherosclerosis develop-
ment in cholesterol-fed rabbits. Journal of Nutrition 130,
1887-1893.

Yasuda T & Oshawa K (1998) Urinary metabolites of daidzein
orally administered in rats. Biological and Pharmaceutical
Bulletin 21, 953-957.

ssa.d Ausianiun abpriquied Aq auljuo paysiignd L6/z00ZNfE/6,0L°01L/b10"10p//:sdny


https://doi.org/10.1079/BJN2002791



