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Abstract

We present a method for the determination of the isoflavan equol in plasma and urine. This estrogenic isoflavan, which is formed by
the action of the intestinal microflora, may have higher biological activity than its precursor daidzein. High urinary excretion of equol
has been suggested to be associated with a reduction in breast cancer risk. The method is based on time-resolved fluoroimmunoassay
using a europium chelate as a label. After synthesis’-@-éarboxymethylequol the compound is coupled to bovine serum albumin
(BSA), then used as antigen to immunize rabbits. The tracer with the europium chelate is synthesized using th®©siernieadive
of equol. After enzymatic hydrolysis (urine) or enzymatic hydrolysis and ether extraction (plasma) the immunoassay is carried out. The
antiserum cross-reacted to variable extent with some isoflavonoids. For the plasma method the cross-reactivity does not seem to influence
the results, which were highly specific. The overestimation of the values using the urine method (164%) compared to the results obtained
by a gas chromatography—mass spectrometry (GC-MS) method is probably due to some influence of the matrix on the signal, and
interference of structurally related compounds. It is suggested that plasma assays are used but if urine samples are measured a formula ha
to be used to correct the values making them comparable to the GC-MS results. The correlation coefficients between the time-resolved
fluoroimmunoassay (TR-FIA) methods and GC-MS methods were highlues for the plasma and urine method, were 0.98 and 0.91,
respectively. The intra-assay coefficient of variation (CV%) for the TR-FIA plasma and urine results at three different concentrations vary
between 5.5-6.5 and 3.4-6.9, respectively. The inter-assay CV% varies between 5.4-9.7 and 7.4-7.7, respectively. The working ranges of
the plasma and urine assay are 1.27-512 and 1.9-512 nmol/l, respectively.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Abbreviations: GC, gas chromatography; HPLC, high perfor- . . . .
mance liquid chromatography; MS, mass spectrometry; RIA, radio- Isoflavonoids are a group of dlphenO“C (Or better bISphe-

immunoassay; TR-FIA, time-resolved fluoroimmunoassay; DELFIA, Nolic) _hormone'"k? compounds of dietar}’ Orig_in tha_t are OT
dissociation-enhanced lanthanide fluoroimmunoassay; EIA, enzyme im- great interest particularly because of their anti-carcinogenic
munoassay; FIA, fluoroimmunoassay; BSA, bovine serum albumin; potency, but also because of their association with other
TLC, thin-layer chromatography; DCQ\,N-dicyclohexylcarbodiimide; Western diseases like coronary heart diseps@] The

NHS, N-hydroxysuccinimide; ID-GC-MS-SIM, isotope diution gas ;o,q.0n0ids occur mainly in soybean products and clover
chromatography—mass spectrometry in the selected ion monitoring mode; y y P

CVs, coefficients of variation, binding of tracer to antibody in the ~ S€€ds and leavgé—6].

presence of unlabeled analyt®;, binding of tracer to antibody in the The isoflavonoids, one group of the phytoestrogens, have

absence of unlabeled analyfg; total amount of tracer added received increasing attention because of their many biologi-
* Corresponding author. Tel358-9-1912-5380; cal activities like radical scavenging, antioxid4ft, direct
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E-mail addressherman.adlercreutz@helsinki.fi (H. Adlercreutz). and indirect antiestrogeni8-15], cytostatic, antiprolifer-

1 present address: School of Chemistry, The Purdie Building, The Uni- ative, differentiation inducing, and angiogenesis-inhibiting
versity of St. Andrews, St. Andrews, Fife KY16 9ST, Scotland, UK. propertieg16-21]
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When consumed, isoflavonoids are converted by the in-  Antibodies against some phytoestrogens have been raised
testinal microflora to biologically active secondary plant as early as in 1969 in rabbits to be used in sheep for passive
metabolites. The gut bacteria rapidly hydrolyze ingested immunization as protection against an excess of phytoestro-
glycosides, whereafter the aglycones undergo further gens, which have a major role in reproductive dysfunction
metabolism. In this way the aglycone daidzein, which in sheef52]. A radioimmunoassay (RIA) for formononetin
is formed from formononetin, is reduced by the intesti- in plasma and rumen fluid of wethers fed on red clover
nal microflora to the isoflavan equol (about 70%) and was already presente®3]. Two radioimmunoassays for
O-desmethylangolensin (about 5-2092R—26] In sheep unconjugated and total daidzein and genistein in human
the aglycone genistein, which is formed from biochanin biological fluids have earlier been developéd,55] The
A, is metabolized top-ethylphenol[27,28] Studies have  potential hazards, although slight, and the short shelf life of
shown that the considerable inter-individual variation in the radioactive labeled compounds led to the development
the occurrence of isoflavonoids in human biological fluids of even more simple methods based on time resolved flu-
is probably due to differences in metabolism, caused by oroimmunoassay. This method combines the advantages of
different internal and external conditiofig9—-32] For ex- other nonradioisotopic assays (stability, lack of radiation,
ample, only 20-40% of the population is able to produce no waste problems) with a 10-100-fold increase in sensi-
equol in larger amounts from daidzein after soy intake tivity and assay range compared to conventional enzyme
[29,31-33] but human urine may contain small amounts of immunoassay (EIA) and fluoroimmunoassay (FIA) meth-

equol derived from ingested milk and mgat]. ods. Moreover time-resolved fluoroimmunoassay (TR-FIA)
Equol, which was shown to be the estrogenic agent re- has low background interference.
sponsible for clover disease in shg@p], was identified in The excellence of TR-FIA in routine immunodiagnostic

human urine for the first time in 19836,37] Recently it work, as employed in the dissociation-enhanced lanthanide
was shown that equol has higher anti-carcinogenic potency,fluoroimmunoassay (DELFIA) system by Wallac Oy, is al-
both in vitro and in vivo, than daidzein itself. A recent in ready well established. In the DELFIA system, europium is
vitro study with MCF-7 estrogen-dependent breast cancer bound to the analyte using a nonfluorescent chelate. After
cells showed that equol was more potent than daidzein in completion of the bioaffinity reaction, the europium ions are
competing with estradiol for binding to the estrogen recep- dissociated from the chelates by means of an enhancement
tor. Equol also appeared to be 100 times more effective in solution in which lanthanide ions form highly fluorescent
causing an estrogenic response. Moreover, it was observedomplexes with components of this solution. The enhanced
that equol, and not daidzein, reduced the mRNA expressionfluorescence is measured at a fixed time after excitation of
of the estrogen-responsip&2gene in the MCF-7 cellg38]. the fluorophore. By this time, the background fluorescence
An earlier assay based on the estrogen-specific enhancemeritas died away.
of the activity of alkaline phosphatase in human endometrial TR-FIAs for enterolactone, daidzein and genistein in hu-
tumor cells, showed a higher estrogenic activity of equol man urine and plasma have already been develfgieb9]
compared to daidzeif39]. Equol has higher antioxidant ac- Inthe present study we developed TR-FIA methods for equol
tivities, being a more potent inhibitor of lipid peroxidation in human plasma and urine. Results were confirmed using
in liposomes induced by Fe(ll) or Fe(lll). This could be due previously published GC-MS methods for plasfd] and
to the absence of the 2,3-double bond, and the 4-oxo groupurine [44,60] Conditions were optimized and methodologi-
in equol[7,40]. In addition to these in vitro results, a recent cal parameters, i.e. accuracy, precision, sensitivity and speci-
epidemiological study, carried out in breast cancer patients, ficity, were determined.
showed that high urinary excretion of equol was associated
with a significant reduction in breast cancer risk, but no as-
sociation with daidzein excretion was fouftl]. A similar 2. Materials and methods
tendency was observed already in 1982]. The biological
activity of equol and the association of the excretion of this 2.1. Instrumentation
compound with a decrease in breast cancer [dg%f make
the compound very attractive for further studies. TR-FIA for equol was performed with the following in-
Available methods for measuring isoflavones and their struments and related reagents, all purchased from Wallac
metabolites in human plasma and urine have in the past beerOy (Turku, Finland): a Victor 1420 multilabel counter with
based on gas chromatography—mass spectrometry (GC—MS$}oftware version 1.0 for fluorescence measurements and a
[25,43-48] and high performance liquid chromatography LKB 1217 Rackbeta liquid scintillation counter for radioac-
(HPLC)[49-51] Especially the GC-MS method is very ex- tivity counting, DELFIA enhancement solution to develop
pensive and time consuming. Although the HPLC method the fluorescence, and white goat anti-rabbit IgG coated mi-
is more convenient and less expensive, it has, in general, acrotitration strips, DELFIA plate wash, DELFIA plate shake,
lower specificity and sensitivity than GC-MS. When deal- and DELFIA wash solution for immunoassay procedures.
ing with large screening studies, these methods are not well HPLC purification of the europium-labeled equol deriva-
suitable. tive was performed using Gradient Pump 2249, UV-monitor
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Fig. 1. Structures of isoflavonoids tested on cross-reactivity.

Uvicord Sll, and Superdex Peptide column, all from Phar- isoflavones daidzein and genistein by reducing selec-

macia (Uppsala, Sweden). tively the carbon-—carbon double bond in the C-ring by
diisobutylaluminiumhydride[64]. O-Desmethylangolensin
2.2. Chemicals was synthesized from Z{methoxyphenyl) propionic

acid and 1,3-dimethoxybenzene in polyphosphoric acid
Standards The 13 compounds studied in the cross- followed by demethylation using 1.0M borontribromide
reactivity experiments were equol, daidzein, genistein, di- in dichloromethane[65]. Dehydroequol was a gener-
hydrodaidzein, dihydrogenisteinQ-desmethylangolensin, ous gift from Dr. Andy Liepa. 5-OH-equol was ob-
dehydroequol, 5-OH-equolirans-4-OH-equol, cis-4-OH- tained by catalytic hydrogenation of genistei66].
equol, 4-O-methylequol, 6-OH-daidzein and 8-OH-daidzein. trans4-OH-equol and cis-4-OH-equol were synthe-

The structures of these compounds are showirign 1 sized from dihydrodaidzein by lithiumborohydride in
Equol was prepared from daidzein by hydrogenation in tetrahydrofuran at 0C under argon[67]. Formononetin
ethanol with palladized charcoal and hydrogen §&i. was hydrogenated catalytically by Pd/C and Has

Daidzein was synthesized by a one-pot procedure start-in aqueous ethanol to give’-©-methylequol in good
ing from appropriately substituted resorcinol and phenyl yield [68]. Glycitein was demethylated by borontri-
acetic acid using boron trifluoride etherate as Lewis cat- bromide in dichloromethane to furnish 6-OH-daidzein
alyst and solvent and dimethylformamide as a carbon [69]. 8-OH-daidzein was prepared by cyclisation of
source[62,63] Genistein was purchased from Karl Roth 3,4,4-trihydroxybenzoin, which was synthesized from
GmbH (Karlsruhe, Germany). Dihydrodaidzein and di- ortho-hydroxyphenol and’4hydroxyacetic acid by Friedel-
hydrogenistein were synthesized from the corresponding Crafts acylatior[62].
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ReagentsBovine serum albumin (BSA) and diethylether 2.6. Labeling of the equol derivative with europium

were of analytical grade (Merck AG, Darmstadt, Ger- chelate

many). Methanol was purchased from Rathburn Chemicals

Ltd. (Walkerburn, Scotland, UK)B-Glucuronidase (EC 4'-O-Carboxymethylequol was labeled in 0.5molll

3.2.1.31) (Boehringer Mannheim, Mannheim, Germany; 4-morpholinoethanesulfonic acid buffer, pH 5.5, with

Cat. no. 1585665), DDC arld-hydroxysuccinimide (NHS)  4-aminobenzyldiethylenetriaminetetraacetic acid europium

were from Sigma (St. Louis, USA) as well as sulfatase (EC chelate[74] using 1-(3-(dimethylamino) propyl) ethyl car-

3.1.6.1) (Cat. no. S9626). [63H]Estradiol-1P-17-glucu- bodiimide hydrochloride as condensation agent, and purified

ronide (specific activity 1.9 TBg/mmol (51 Ci/mmol)) was on a preparative thin-layer chromatography (TLC) plate, as

from NEN Lifescience Products (obtained from Wallac Oy). previously described for steroid derivatij&s]. The labeled
equol derivative was further purified by HPLC (eluent: 10%

2.3. Buffers acetonitrile in 0.05 mol/l NaCl with 0.05 mol/l Tris—HCI).

The assay buffer used consisted of 50 mmol/l Tris—=HCI 5 7 patermination of equol by GC-MS
buffer, pH 7.8, containing 8.78 g of NaCl, 0.5g of sodium
azide, 5g of BSA, and 0.1g of Tween 40 per liter. The
0.1 mol/l acetate buffer, pH 5.0, was used in enzyme
hydrolysis of equol conjugates. The same assay buffer
was used for cross-reactivity experiments and for prepara-
tion of the equol standard solution, used for the standard
curve.

GC-MS methods with deuterated internal standard for
plasma and urine were used to confirm TR-FIA results. For
plasma the original methot7] was slightly modified. In
the original method the free and sulfate fraction of the phy-
toestrogens (isoflavonoids and lignans) were separated from
the glucuronides by ethyl ether extraction after separate hy-
drolysis of the sulfates. Thereafter, the glucuronides were
hydrolyzed and then extracted by ethyl ether. Both fractions
were then processed separately and analyzed finally using
GC-MS. In the present study the hydrolysis and extrac-
tion were carried out, using the same conditions as for the
TR-FIA samples. Samples were further purified for GC-MS
analysis. The GC-MS method for urine is very complicated,
because it also includes the determination of 14 estrogens
and 7 other phytoestrogens. It has been described in detail
previously[44,60]

2.4. Synthesis of 43-carboxymethylequol

4'-O-Ethoxymethyldaidzein[70] was reduced by pal-
ladized charcoal and hydrogen gas in ethanol in a
hydrogenation apparatus. The hydrolysis of the corre-
sponding ethyl ester (4D-ethoxycarbonylmethyl-equol)
with 10% KOH in aqueous methanol provided the desired
4'-O-carboxymethylequol in good yield71].

2.5. Immunogen synthesis and immunization
The immunogen was synthesized according to Yat- 2.8. Statistical treatment
simirskaya et al. with minor modificatio§2]. One and )
a half milligrams of 4O-carboxymethylequol was re- The correlations between the resglts for the TR-FIA and
acted overnight with 1.5 miy,N-dicyclohexylcarbodiimide =~ GC-MS results were calculated using Excel 98 programs
(DCC) and 1.1 mg NHS in 8@l of anhydrous dimethylfor-  for Macintosh.

mamide at an ambient temperature. The reaction mixture

was centrifuged to remove the crystals of dicyclohexy- 2.9. Pretreatment of plasma samples

lurea, and the supernatant was used for conjugation with

BSA. Five milligrams of BSA was dissolved in 37 of Recovery was determined using®H]estradiol-17-
0.01 mol/l sodium bicarbonate buffer pH 8.5. This solution glucuronide, because glucuronides of equol were not avail-
was added drop wise to 3 ml of 0.3 mol/l dioctylsulfosucci- able. PH]Estradiol, corresponding to 30,000 cpm, was
nate in octane under continuous stirring. After the mixture added to 20Q.l of plasma. Samples were mixed and equi-
became clear, the dimethylformamide solution of the active librated for 30 min at room temperature. Two hundred
intermediate formed from ’'4D-carboxymethylequol was  microliters of 0.1 mol/l acetate buffer pH 5.0 containing
added. The mixture was stirred an additional 24 h at ambient0.2 U/ml B-glucuronidase and 2 U/ml of sulfatase were
temperature. The hapten—BSA conjugate was isolated fromadded. Samples were mixed and incubated overnight at
the mixture by precipitation with 3 volumes of cold acetone 37°C. Hydrolyzed samples were extracted twice with 1.5 ml
(—20°C) followed by centrifugation. The supernatant was of diethyl ether using Vortex mixer. The ether phases were
discarded, and the sediment was washed in 3 ml of cold ace-combined and evaporated to dryness (with nitrogen) in a
tone and centrifuged again. The sediment was dissolved in45°C water bath. Samples were dissolved in g00f as-

1.0 ml of distilled water, filtered through 0.22n Millipore say buffer. After thorough mixing, 20! (in duplicate) was
filter and lyophilized. Thereafter, rabbits were immunized subjected to TR-FIA. The samples giving a value outside
and sera were collected using a standard procdd@ije the range of the standard curve were further diluted with
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the assay buffer. Another 20 of the sample was taken for
liquid scintillation counting for determination of recovery.
For samples with very low equol concentration 430
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concentrations of 1:240,000, for equol in plasma, and at
1:150,000 for equol in urine. With these dilutions and in
the absence of any unlabeled equol, the tracer occupied all

plasma was pretreated using the same ratio of reagents. Santhe antibody-binding sites and 13.3 and 10.7% of the added

ples were then dissolved in 150 of assay buffer.

2.10. Pretreatment of urine samples

Twenty microliters of urine was hydrolyzed with
180l of 0.1 m acetate buffer pH 5.0 containing 0.2 U/ml
of B-glucuronidase and 2U/ml of sulfatase incubating
overnight at 37C. Then 30Qul of assay buffer was added
and after mixing, 2@ samples of the solution were ana-
lyzed by TR-FIA in duplicate.

2.11. Time-resolved fluoroimmunoassay

Twenty microliters of standard, hydrolyzed and extracted

tracer was boundBp) for plasma and urine, respectively.
When unlabeled equol is present (standard or sample) it
will compete with the tracer and the binding is determined
(B). The nonspecific binding of the tracer reagent without
the antibodies was<0.4 and<0.1% of theBy values, for
plasma and urine, respectively. We also investigated the ef-
fect of incubation time on the immunoassay. In 90 min, the
maximum fluorescence signal generated reached a plateau.
The standard solutions of equol in assay buffer made from
a stock solution of equol in methanol are stable for 1 week
when stored at 4C.

3.2. Specificity of the antiserum

plasma, or hydrolyzed urine were pipetted into prewashed Cross-reactivities of selected phytoestrogens are shown

goat anti-rabbit IgG microtiter plate strips. To each well was
added 10Qul of antiserum (dilution of 1:240,000 for plasma
and 1:150,000 for urine) in 0.5% BSA Tris-buffer and 300

of europium-labeled equol diluted to a suitable concentra-

tion. After incubation and shaking the strips slowly on the
DELFIA plate shaker at room temperature for 90 min, the

strips were washed using the DELFIA plate washer. Then
200l enhancement solution was added to each well and

the strips were shaken slowly for an additional 5min. The

in Table 1 The percentage cross-reactivity for the equol
antiserum was 0.0% for genistein and 10.0% for its main
metabolite dihydrogenisteifi23]. Daidzein cross-reacted
0.8% and its main metabolite dihydrodaidz¢8] 4.0%.
The percentage cross-reactivity was 0.0% for 6-OH-daidzein
and 8-OH-daidzein, 0.0% forO-desmethylangolensin,
10.7% for cis-4-OH-equol, 14.0% for 5-OH-equol, 42.3%
for dehydroequol, 35.2% fdrans-4-OH-equol and 275.0%
for 4-O-methylequol. The specificity studies using GC-MS

enhanced fluorescence was measured in a Victor 1420 mul-2™€ described iBection 3.3

tilabel counter.

2.12. Calculation of the results

Calculation of the final result was done according to
the formula: final result (nmol/l}= concentration (read in
nmol/l) x 1/recovery (%)x dilution factor.

To correct for losses during the extraction the final results
of plasma samples were calculated, using the recovery re-
sults (1/recovery (%)). The plasma samples were not diluted

or concentrated (dilution factee 1), unless they fell out of

the standard curve. The urine samples were not extracted

so no correction had to be made. The final dilution of the
urine samples was 1:25.

3. Resaults

3.1. Immunoassay optimization

In the competitive time-resolved fluoroimmunoassay for

equol the europium-labeled and sample equol compete inpjhydrodaidzein

binding to a limited amount of highly specific antibody.

The assay was optimized for the amount of antibody and Dehydroequol
conjugate. The standard curve characteristics (detection

limit, slope, and dynamic range) were optimal at antibody

3.3. Accuracy

The recoveries of known amount of equol added to plasma
samples{ = 2) (16, 128 and 512 nmol/l) were 95.8, 101.4
and 97.9%, respectively (mean 98.3%). The recoveries of
known amount of exogenous equol added to urine samples
(n = 2) (16 and 512 nmol/l) were 95.2 and 93.3%, respec-
tively (mean 94.3%). The recovery was assessed by ana-
lyzing the samples with and without added equol, and then

Table 1
Specificity of equol antiserum

Compound Equol antiserum percentage
cross-reactivity
Equol 100.0
6-OH-daidzein 0.0
Genistein 0.0
8-OH-daidzein 0.0
O-Desmethylangolensin 0.0
Daidzein 0.8
5-OH-equol 14.0
Dihydrogenistein 12.0
4.0
cis-4-OH-equol 10.7
42.3
trans-4-OH-equol 35.2
4'-O-Methylequol 275.0




582

Table 2
Intra- and inter-assay CVs for plasma equol assayed by TR-FIA in hy-
drolyzed and extracted plasma samples and hydrolyzed urine samples

Sample Concentration Intra-assay Inter-assay
(nmolll) CV% CV%
Plasma method
Low 45 6.5 0 = 10) 9.7 6 = 10)
Medium 52.6 5.514 = 10) 6.0 6 = 10)
High 133.7 6.3 10 = 10) 5.4 6 = 10)
Urine method
Low 203.9 6.9 ( = 10) 7.7 6 =10)
Medium 1663.5 3.4n( = 10) 7.4 6 =10)
High 6143.9 3.91 = 10) 7.6 o =10)

E. Brouwers et al./Journal of Steroid Biochemistry & Molecular Biology 84 (2003) 577-588

says. The intra-assay CV% was 6.5, 5.5 and 6.3% for the
low, medium and high plasma sample, respectively. The
inter-assay CV% were 9.7, 6.0 and 5.4%, respectively,

for the low, medium and high plasma sample. The same
was repeated with urine samples containing 204, 1663 and
6144 nmol/l of equol. The urine samples were measured
after a 25 times dilution. The intra-assay CV% was 6.9,

3.4 and 3.9% for the low, medium and high urine sample,

respectively. The inter-assay CV% was 7.7, 7.4 and 7.6%,
respectively, for the low, medium and high urine sample.

The mean and standard deviation of 10 standard curves
obtained at different days, both for the plasma and urine
method are shown iRkigs. 2 and 3respectively.

subtracting the concentrations of endogenous equol from the3.5. Sensitivity

total value obtained after standard addition. Because in the

plasma method the losses during hydrolysis and extraction The minimum amount of equol distinguishable from
are corrected for by the added tritiated estradiol glucuronide, the zero samples with 95% probability was 6.2 pgi20
we found it unnecessary to do more extensive studies. Theof plasma and 9.2 pg/20 of urine. The working range

accuracy can also be judged from the comparisons with theof the immunoassay for equol in plasma was from 1.3

GC-MS method (se8ection 3.4

3.4. Precision

to 512 nmol/l, corresponding to 6.2-2478 pg{d0of the
plasma sample analyzedrig. 2). With the modification
for plasma samples with very low concentration it is pos-
sible to measure plasma concentrations below 1 nmol/l.

The results from the precision studies are shown in The working range of the assay for equol in urine after a
Table 2 Plasma samples with three different concentra- 25 times dilution was from 1.9 to 512 nmol/l, correspond-
tions of equol (4.5, 52.6 and 133.7 nmol/l) were repeatedly ing to 9.2-2478 pg/2fil of the urine sample analyzed

analyzed 10 times either in one assay or in different as-
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Fig. 2. Standard curve for equol plasma assay based on 10 separate standard curves on differe:8.0ays (
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Fig. 3. Standard curve for equol urine assay based on 10 separate standard curves on differei®.days (
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Fig. 4. Correlation between plasma equol measured by TR-FIA plasma method and measured by GC-MS plasma method.
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Fig. 5. Correlation between urine equol measured by TR-FIA urine method and measured by GC-MS urine method.

3.6. Methodological parameters of the GC-MS ferent sources, containing different amounts of equol were
methods used and checked with both immunoassay and GC-MS. For
TR-FIA, duplicate determinations of the final immunoassay
The specificity, accuracy and sensitivity experiments for of the samples were used and for GC-MS the values were
the plasma and urine GC-MS methods were described pre-based on single determinations.
viously [44,47,60] The correlation coefficient between the TR-FIA plasma
New precision values for equol were determined in con- values and the GC-MS values was 0.977 (GC-MS result
nection with this study, because the previous values of pre-1.08 x TR-FIA result— 4.83) over the entire range of con-
cision were derived from samples with quantity of equol, centrations from 0 to about 200 nmol# & 61). For the
which was too close to the detection limit. The intra-assay TR-FIA urine method the mean values of the duplicate de-
CV% for single determinations of plasma equol using this terminations were approximately 164% higher than with the
modification of the method was found to be 7.57%6£ 10; GC-MS method. The correlation between the two methods
concentration 3.15nmol/l) and 5.18% & 10; concentra-  for urine is highly significant{ = 0.910; GC-MS result&
tion 49.0 nmol/l). The first CV is measured in a sample with 0.349 x TR-FIA result + 8.35) over the entire range of
a concentration near to the detection limit, which influences concentrations from 20 to about 300 nmolil £ 41). The
the results. The inter-assay CV% for equol was 7.7:%=( TR-FIA values can be converted to GC-MS values using
11) and 9.0%# = 12), for samples with concentrations of the above formula.
57.6 and 149 nmol/l, respectively.
The intra-assay CV% for single determinations of urine
equol using the GC-MS method was found to be 7.01% 4. Discussion
(n = 15; concentration 19.4nmol/l). The corresponding

inter-assay CV% for equol was 9.18% £ 13; concentra- There is an increasing interest in the biological role of

tion 20.7 nmol/l). the daidzein metabolite equol, particularly because of its
possible association with breast can{er,41,42] and its

3.7. Correlation with GC-MS method high antioxidative potency7]. Furthermore, the formation

of equol in the human intestinal tract by the microflora is
Correlations between the TR-FIA and the GC-MS method dependent on composition of the diet consumed by the sub-
values were determinedrigs. 4 and » Samples from dif- jects [33]. These interesting observations were the reason
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for us to develop a rapid, convenient and specific method the purpose. The plasma method is highly sensitive, which
for this compound. makes it possible to measure even low quantities of equol
Most analytical methods to measure isoflavonoids and in plasma &1 nmol/l). The three-fold concentration of the
their metabolites are based on HPLC, GC or GC-MS and samples with a very low amount of equol, move the val-
require time consuming pretreatment and high investments,ues to a more linear part of the standard curve, resulting in
which makes them too expensive and laborious for routine a better precision of the assay. The excellent correlation of
work and in large studies. Two groups have been work- the GC-MS method with the TR-FIA method for plasma
ing with the development of methods for the analysis of indicates that the immunoassay method for equol in plasma
isoflavones including equol. Both methods are based on thegives the accurate biological information we need.
ELISA technique and preliminary reports have been pub-  Although the urine TR-FIA method has a good corre-
lished.[76,77] The methodological details in these reports lation with the GC-MS method, there is a considerable
do not allow comparisons with the method described here overestimation of equol, which increases when the equol
and the sensitivity of the methods appear not sufficient for concentration decreases. The overestimation is probably due

measurements in plasma at low levels. One of th&mr] to the contribution of the matrix to the signal; the lower

seems also to need a chromatographic step. the concentration of equol, the higher the influence on the
As expected, the antiserum againsQOicarboxymethyl- results. The interference of structurally similar compounds

equol did not distinguish between equol ariddimethyl- can also influence the overestimation. It is much more fa-

equol, which is a methyl ether derivative of equol, vorable to measure plasma than to determine urine equol
methylated at the (40-) position through which the hapten because the plasma values are more stable and the method
was attached to the carrier protein in the immunogen. Prob- highly specific. Much work has been carried out to produce
ably this methyl group in ‘40-position is easily lost in the  other equol antibodies more specific for the assay of urine
gut as happens almost quantitatively with formononetin and samples, but without success. However, because of the good
biochanin A to result in daidzein and genistein, respectively. correlation with the GC—-MS method the formula can be used
This demethylation results in formation of equol, which for correction of urine values leading to good results when
makes it less likely that’40-methylequol would have any  concentrations are >20 nmol/l. For lower values we do not
effect on the results. There is a very good correlation be- recommend the use of our TR-FIA method.
tween the TR-FIA and GC-MS results for plasnfag( 4) In conclusion, the TR-FIA method developed is conve-
suggesting that dihydrodaidzein and dihydrogenistein, de- nient, precise and sensitive and highly specific for plasma
spite their significant cross-reactivity with the antiserum, do samples. For urine samples the values have to be corrected
not interfere much with assay specificity. However, for urine by a formula obtained by comparing the TR-FIA results
there probably is a significant cross-reactivity because of thewith those obtained with a reference GC-MS method. The
abundance of these two metabolites, and the use of the sugincubation time is short, and a DELFIA automated as-
gested correction formula is indicated. This correction for- say measuring 96 samples can be completed in 4h. The
mula result in values comparable to those obtained with the most time consuming steps are the hydrolysis for the urine
reference GC-MS method. Anyway these cross-reactionsmethod and the hydrolysis and extraction for the plasma
should be taken into account when the method is used inmethod. From 2@l urine and 20Qul plasma after hydrol-
applications where high dihydrogenistein and -daidzein ysis (and extraction), three—four compounds can easily be
levels are expectedis-4-OH-equol andrans-4-OH-equol, measured. TR-FIA methods now exist for enterolactone,
which are only present in very low amounts in human genistein, daidzein an@-desmethylangolensin. Further re-
urine sample$23], are probably of minor influence on the search is now done to evaluate methods without extraction
values obtained. The same is true for 5-OH-equol becauseor even without hydrolysis of the conjugated compounds.
this compound could not be found in urifi23]. It is un- The method has now also been successfully applied, in-
likely that these compounds exist in plasma in measurable cluding some additional steps, to the analysis of 50—100 mg
amounts. There are no published data on dehydroequol. brain sample$78].

The precision values obtained in this study are satisfac-
tory both for urine and plasma samples. A reason why the
recovery of added standards for both the plasma and urineAcknowledgements
methods are lower than the theoretical value of 100% is
probably due to the low concentration of equol in samples  The development of the methods was carried out within
to which the standards were added approaching the sensitivthe EU project PHYTOPREVENT no. QRLK-2000-00266,
ity limit of the assay. At that level the precision is relatively the validation of the methods was funded within the EU
poor and the values are easily slightly overestimated due toPHYTOS project no. QLKI-2000-00431. This study does
background. When the basal levels are then reduced fromnot necessarily reflect the views of the Commission and in
the values obtained after the addition of standard, the resultno way anticipates the Commission’s future policy in this
is sometimes recoveries100%. However the obtained re- area. We are also grateful to Samfundet Folkh&lsan, Helsinki,
coveries indicate that the method is sufficiently accurate for for their support. The skillful technical assistance of Ms.
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