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a b s t r a c t

The investigation into the potential usefulness of phytoestrogens in the treatment of menopausal symp-
toms requires large-scale clinical trials that involve rapid, validated assays for the characterization
and quantification of the phytoestrogenic precursors and their metabolites in biological matrices, as
large interindividual differences in metabolism and bioavailability have been reported. Consequently,
a new sensitive high-performance liquid chromatography-mass spectrometry method (HPLC–MS)
for the quantitative determination of thirteen phytoestrogens including their most important gut
microbial metabolites (genistein, daidzein, equol, dihydrodaidzein, O-desmethylangolensin, coume-
strol, secoisolariciresinol, matairesinol, enterodiol, enterolactone, isoxanthohumol, xanthohumol and
8-prenylnaringenin) in human urine and serum within one single analytical run was developed. The
method uses a simple sample preparation procedure consisting of enzymatic deconjugation followed

by liquid–liquid extraction (LLE) or solid-phase extraction (SPE) for urine or serum, respectively. The
phytoestrogens and their metabolites are detected with a single quadrupole mass spectrometer using
atmospheric pressure chemical ionization (APCI), operating both in the positive and the negative mode.
This bioanalytical method has been fully validated and proved to allow an accurate and precise quantifi-
cation of the targeted phytoestrogens and their metabolites covering the lower parts-per-billion range
for the measurement of relevant urine and serum levels following ingestion of phytoestrogen-rich dietary

supplements.

. Introduction

Phytoestrogens typically are non-steroidal plant-derived
olyphenolic chemical entities that can mimic the effects of
atural estrogens, either through binding with the estrogen
eceptors (ER) or by influencing other cellular and molecular
echanisms [1,2]. These compounds are indicated as the active

ubstances of herbal extracts used in dietary supplements for
he relief of menopausal symptoms [3]. Based on their chemical
tructures, the biologically most active phytoestrogens can be
ivided into four main groups, isoflavonoids, lignans, coumestans
nd prenylflavonoids (Fig. 1).
Isoflavonoids, mainly soy-derived, are the most widely used
nd studied phytoestrogens. The most abundant soy phytoestro-
ens, genistein (GEN) and daidzein (DAID), both exert relatively
eak estrogenic effects via ER-alpha. On the other hand, genistein

∗ Corresponding author. Tel.: +32 9 264 80 58; fax: +32 9 264 81 92.
E-mail address: Arne.Heyerick@UGent.be (A. Heyerick).

570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2010.02.022
© 2010 Elsevier B.V. All rights reserved.

binds ER-beta almost as efficient as 17 beta-estradiol [4]. Further-
more, the metabolism of daidzein by human intestinal microbiota
results in its reduction to dihydrodaidzein [5], which can be further
converted to O-desmethylangolensin (O-DMA) [6] and/or equol
(EQ) [7], which is a more potent phytoestrogen than daidzein with
respect to both ER-alpha and ER-beta [4]. Approximately only one-
third to one-half of the human population is subject to the exclusive
gut bacterial transformation of daidzein into S-equol, which may
affect the health outcomes of soy consumption regarding its
potency towards both estrogen receptor subtypes (with potency
ER-beta > potency ER-alpha) [8]. Lignans, consisting as dimers of
phenylpropane linked by �–� bonds, are found in most fibre-rich
foods, such as whole grains, seeds, fruit, vegetables, and particularly
in flaxseed. The non-estrogenic plant lignans secoisolariciresinol
(SECO) and matairesinol (MAT) can readily be metabolized by

intestinal bacteria into the mammalian lignans enterodiol (END)
and enterolactone (ENL) [9,10]. To date, 8-prenylnaringenin (8-
PN), a prenylflavonoid derived from hops is regarded as one of the
most potent phytoestrogens known, at least with respect to ER-
alpha [11–13]. Xanthohumol (X), quantitatively the most important

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:Arne.Heyerick@UGent.be
dx.doi.org/10.1016/j.jchromb.2010.02.022
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ig. 1. Chemical structures of phytoestrogens (including precursors and metabolites
from red clover and alfalfa); (D) prenylflavonoids (from hops).

renylchalcone in hops, does not act as a modulator of the ER,
ut has been described as a very promising anti-cancer agent
ith a large diversity of mechanisms of action. It also possesses

nti-oxidant, anti-viral, and anti-inflammatory properties [14,15].
ecent studies have shown that intestinal microbial metabolism
lays a significant role in the bio-activation of prenylflavonoids.
uring beer brewing, xanthohumol is isomerized into isoxantho-
umol (IX), the most abundant prenylflavonoid in beer. In addition,
erbal extracts of hops may contain significant amounts of iso-
anthohumol. Isoxanthohumol, which has no estrogenic properties
tself, can be converted into 8-prenylnaringenin via an enzymatic
-demethylation, most likely the result of intestinal bacterial activ-

ty [16]. Finally, coumestrol, probably the less commonly occurring
hytoestrogen, has mainly been isolated from clover sprouts and
lfalfa. Although an increasing number of studies are dedicated to
etermine biological effects of coumestrol in humans and animals,
he dietary exposure to coumestrol is very low and no considerable
hysiological levels have been reported yet [17,18].

The use of phytoestrogen supplements for the management of
enopausal symptoms has grown exponentially since the nega-

ive reports on hormone-replacement therapy (HRT) resulting from
he outcome of the Women’s Health Initiative (WHI) [19] and Mil-
ion Women Study [20]. However, clinical trials do not consistently
how clinical benefits of the use of phytoestrogens. One of the
actors that may contribute to the highly variable results is the
arge interindividual variability in metabolism and bioavailability.
herefore, future clinical trials on the efficacy and safety of phy-
oestrogens should include an estimation of the final exposure to

he bioactive metabolites upon phytoestrogen intake. Thus, rapid,
eliable and accurate analytical methods for their determination in
iological matrices are required to support clinical investigations.

Since the beginning of research on phytoestrogens and their
etabolites in a great diversity of matrices, from plants to human
r investigation: (A) isoflavonoids (from soy); (B) lignans (from flax); (C) a coumestan

biological fluids and tissues, a wide range of analytical techniques
for their determination and quantification have been reported.
As reviewed by several authors [21,22] the techniques used
can be classified into chromatographic and non-chromatographic,
with high-performance liquid chromatography (HPLC) and gas
chromatography (GC) as main tools in the former group and
immunoassay techniques based on antibodies in the latter group.
Generally, chromatographic separation is coupled to detection
techniques like ultraviolet (UV) and mass spectrometry (MS). Most
reported chromatographic methods cover detection and quan-
tification of a limited number of phytoestrogens and/or their
intestinal metabolites in biological fluids. Moreover, the greater
part of the techniques require expensive equipment like a tan-
dem mass spectrometer and analyses are often preceded by an
intensive multi-step clean-up and complex sample preparation
procedures such as derivatization to increase compound volatility
for GC [18,23,24].

Here, we present a new chromatographic method for the
simultaneous determination of thirteen phytoestrogens and their
most important precursors/metabolites (genistein, daidzein, equol,
dihydrodaidzein, O-desmethylangolensin, coumestrol, secoisolari-
ciresinol, matairesinol, enterodiol, enterolactone, isoxanthohumol,
xanthohumol and 8-prenylnaringenin) in human urine and serum.
This simple method consists of enzymatic hydrolysis using Helix
pomatia �-glucuronidase/sulfatase, followed by organic solvent
extraction or solid-phase extraction, for urine and serum, respec-
tively, and separation and detection using HPLC-UV-atmospheric
pressure chemical ionization-mass spectrometry. This method

was developed for the analysis of samples collected in a clini-
cal trial conducted by the same laboratory in collaboration with
the Ghent University Hospital, but can also serve as a guiding
principle for other research groups in the domain of phytoestro-
gens.
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. Experimental

.1. Chemicals and reagents

Isoxanthohumol, xanthohumol and 8-prenylnaringenin were
vailable in our laboratory [16]. Daidzein en genistein were
urchased from Acros Organics (Morris Plains, NJ, USA), equol
rom Extrasynthèse (Genay, France) and dihydrodaidzein and
-desmethylangolensin from Plantech UK (Reading, UK). Sec-
isolariciresinol, matairesinol, enterodiol, enterolactone, coume-
trol, the internal standard 4-hydroxybenzophenone and �-
lucuronidase/sulfatase from Helix pomatia (Type H1) were
btained from Sigma–Aldrich (St. Louis, MO, USA). All refer-
nce standards had a minimum HPLC purity of 95%, except
or matairesinol (85%). Sodium acetate was obtained from
CB (Leuven, Belgium). Methanol, diethyl ether and n-hexane
sed during sample preparation were from ChemLab (Zedel-
em, Belgium). Formic acid was purchased from Acros Organics.
ater, methanol and acetonitrile used for chromatography
ere of LC–MS grade (Biosolve, Valkenswaard, The Nether-

ands).

.2. Standards and samples

Primary stock solutions of standards and internal standard
ere prepared in methanol at a concentration of 1.0 mg/ml and

.2 mg/ml, respectively. From these, a working solution contain-
ng each of the thirteen standards was made at a concentration of
0 �g/ml for IX, X, 8-PN and COUM, and 100 �g/ml for DAID, GEN,
HD, O-DMA, EQ, SECO, MAT, END and ENL. This mixture and fur-

her dilutions were used for spiking of urine samples, whereas a
:5 dilution was used for serum samples. All the above mentioned
olutions were kept at −20 ◦C.

For method development and validation, pooled human blank
rine was collected from volunteers in the laboratory and pooled
uman blank serum was purchased from Innovative Research
Novi, MI, USA). Blank urine and serum from different individ-
als were obtained from the dietary intervention trial (FYTOES)
or which the method was developed. All samples were stored at
20 ◦C until analysis. Prior to extraction, urine samples were cen-

rifuged at 3000 rpm for 10 min to remove solids and the serum was
efatted using n-hexane (1:1; v/v).

.3. Preparation of calibration standards and quality control
amples

Calibration standards (calibrators), except blanks, were pre-
ared by spiking with the standard mixture to give concentrations
or IX, X, 8-PN and COUM ranging from 0.1 ng/ml to 400.0 ng/ml
n urine, and 0.04 ng/ml to 100.0 ng/ml in serum; for DAID, GEN,
HD, O-DMA, EQ, SECO, MAT, END and ENL, final concentrations

n urine ranged from 1.0 ng/ml to 4000 ng/ml and in serum from
.4 ng/ml to 1000 ng/ml. The added volume was less than 5% of
he total volume of the samples in order to maintain the integrity
f matrix. Quality control (QC) samples were freshly and indepen-
ently prepared at three levels (low, medium and high). Moreover,
AID, GEN, DHD, O-DMA, EQ, SECO, MAT, END and ENL were spiked
n urine at 800 ng/ml for low QC level, at 2000 ng/ml for medium
C level, and at 3000 ng/ml for high QC level, and IX, X, 8-PN and
OUM were spiked at 80 ng/ml for low QC level, at 200 ng/ml for
edium QC level, and at 300 ng/ml for high QC level. In serum,
1:5 dilution of the three QC level spike solutions was used. All

hese prepared solutions were aliquoted and stored at −20 ◦C until
equired.
B 878 (2010) 949–956 951

2.4. Preparation of samples

2.4.1. Urine
Urine sample preparation was based on a simple protocol previ-

ously published by Bolca et al. [25]. Prior to extraction, thawed urine
samples (2.0 ml) were diluted with an equal volume of sodium
acetate buffer (pH 5.0; 0.1 M), spiked with 100 �l internal stan-
dard (20 �g/ml) and 30 �l of deconjugation mixture (Helix pomatia
33 mg/ml in sodium acetate buffer (pH 5.0; 0.1 M); �-glucuronidase
activity: 300 U/mg and sulfatase activity: 15.3 U/mg) and then incu-
bated for 1 h at 37 ◦C. After incubation, a liquid–liquid extraction
(LLE) was carried out (twice) using 5 ml diethyl ether and subse-
quent vortex mixing (30 s). The collected organic solvent layers
(5 ml (2 × 2.5 ml) in total) were dried under a gentle nitrogen
stream, dissolved in 100 �l injection solvent and transferred into a
vial for LC–MS analysis. The injection volume was set at 25 �l.

2.4.2. Serum
For the extraction of the target compounds from the serum sam-

ples, a standard protocol that makes use of solid-phase extraction
(SPE) was evaluated and optimized. The final method is sum-
marized as follows: 800 �l of each sample was transferred to
an eppendorf tube, diluted with an equal volume of deconjuga-
tion mixture, and spiked with 50 �l internal standard and then
incubated at 37 ◦C overnight. Bond Elut C18 SPE cartridges were
preconditioned with 3 ml methanol and 3 ml sodium acetate buffer
prior to use. The sample was applied and after washing with 3 ml
aqueous methanol (5%) and 5 min drying of the sorbent under vac-
uum, the target compounds were eluted with 3 ml methanol. This
was followed by drying of the eluents under a gentle stream of
nitrogen and dissolving in the injection solvent. An injection vol-
ume of 25 �l or 50 �l was applied.

2.5. Liquid chromatography-mass spectrometry

Method development, optimization and validation were con-
ducted on an Agilent Technologies (AT, Santa Clara, CA, USA) 1200
series LC, equipped with a binary gradient pump, autosampler,
thermostatted column oven and photodiode array UV detec-
tor. Chromatographic separation of all compounds in one single
run was performed with a Waters XBridge C18 reversed phase
(3.5 �m) column (3.0 mm id × 150 mm column) connected to a
3.0 mm id × 20 mm C18 guard column (3.5 �m) and maintained at
a temperature of 55 ◦C. The mobile phase consisted of H2O (elu-
ent A) and MeOH/MeCN (80:20, w/w) (eluent B), both acidified
with 0.025% (v/v) formic acid. The mobile phase was degassed
by the integrated AT 1200 series vacuum degasser. The gra-
dient and flow rate were programmed as follows: 0–3.5 min:
35–45% B (flow: 0.6 ml/min), 3.5–5.5 min: isocratic 45% B (flow:
0.6 ml/min), 5.5–13 min: 45–100% B (flow: 0.6 ml/min), 13–16 min:
isocratic 100% B (flow: 0.8 ml/min), 16–16.10 min: 100–35% B
(flow: 0.6 ml/min) and 3.9 min for re-equilibration of the col-
umn.

MS analysis was performed using an AT multimode ionization
source coupled to a single quadrupole detector (MSD), SL version.
A standard APPI/APCI calibration mix was used for daily tuning
of the MSD and processing of the data was carried out using the
LC/MSD Chemstation software (Rev. B.02.01). All analytes were ion-
ized using atmospheric pressure chemical ionization (APCI), either
in the positive or in the negative mode. For quantification in the

SIM mode, four MSD signals were set, three in the APCI positive
mode and one in the APCI negative mode with optimized frag-
mentor voltages and gain values for all analytes (Table 1). The
HPLC effluent entered the ionization chamber only in the time
window between 3.5 min and 14.0 min and two different time
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Table 1
MSD signal groups with target ion values (m/z), gain values, fragmentor voltages and cycle times.

MSD signals Time windows & analytes Ions (m/z) Gain value Fragmentor voltage (V) Cycle time (%)

MSD 1 (APCI+) 3.5–10.4 min 1.0 10.0
IS 199 125
DHD 255 175
DAID 257 125
GEN 271 200

10.41–14.0 min 2.0 100.0
8-PN 341 150
IX, X 355 200

MSD 2 (APCI+) 3.5–10.4 min 3.0 30.0
EQ 243 100
O-DMA 259 125
COUM 269 175

MSD 3 (APCI+) 3.5–10.4 min 3.0 30.0
SECO 327 120
MAT 359 125
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MSD 4 (APCI−) 3.5–10.4 min
ENL 297
END 301

indows were applied for optimal sensitivity as also given in
able 1.

.6. Method validation

The HPLC/APCI-MS method was fully validated following the
uidance for industry of the US Food and Drug Administration (FDA)
or the Validation of Bioanalytical Methods [26], with emphasis
n the key elements described by Bansal et al. [27]. The follow-
ng parameters were evaluated: selectivity, linearity, sensitivity,
ccuracy, inter- and intra-assay precision and stability. Addition-
lly, recovery for the analytes of interest was calculated and an
ssessment of matrix effects was made in correspondence with
he strategy applied by Matuszewski et al. [28]. SPSS for Windows
ersion 17.0 was used to carry out all statistical analyses.

.6.1. Selectivity
The selectivity, i.e., the ability of an analytical method to dif-

erentiate and quantify the analytes in the presence of other
omponents in the sample, was assessed by analyzing five differ-
nt batches of blank urine and serum. Samples (blank and zero)
ere processed by the appropriate extraction procedure and the

esulting MS chromatograms were evaluated for the presence of
nterferences at the retention times of the analytes and the internal
tandard.

.6.2. Linearity and sensitivity
Calibration curves were constructed over individually specified

anges using eight non-zero standard points in six replicates. In
ddition, a blank (non-spiked sample) and a zero sample (only
piked with IS) were run to exclude the presence of interferences.
eak area ratios between the analytes and the internal standard
ere plotted against the nominal concentrations of the calibration

tandards. Unweighted linear regression analysis generated cali-
ration curves with the standard equation: y = ax + b, where y is the
eak area ratio, x the concentration, a the slope, and b the intercept
f the regression line. The adequacy of the assumed model and the

inearity of the calibration curves was evaluated by observing cor-
elation coefficients (r2) and by visual inspection of the plots of the
esiduals (assumption of homoscedasticity). In addition, linearity
as also assumed if the relative residuals did not exceed 15% and
hen at least 75% of the calibration standards met the stated accep-
3.0
125 30.0
175

tance criteria. Daily prepared calibration curves were constructed
by injecting calibration standards at the beginning and at the end
of each batch of samples.

The limit of detection (LOD) and the limit of quantification (LOQ)
of the method were defined as the lowest concentration with a
signal-to-noise ratio of 3 and 10, respectively, in spiked samples,
where the noise data were taken from the analysis of blank matri-
ces.

2.6.3. Accuracy and precision
The accuracy and the precision of the method were evaluated

by analyzing QC samples at three levels (low, medium and high)
(n = 6) according to the procedure described above on four consec-
utive days. The accuracy (%RE) was calculated for each analyte in
terms of correspondence of the measured mean value to the nom-
inal concentration value. Analysis of variance (ANOVA) was used
to calculate inter- and intra-assay precision for each QC level. To
determine inter-assay variation (intermediate precision), the QC
samples were analyzed at the three levels on four different days.
The intra-assay variation (repeatability) was expressed for each QC
level as the coefficients of variation (%CV) of measurements on the
same day. The accuracy and intra-assay precision values should
be less than 15% and should not exceed 20% for the inter-assay
variation.

2.6.4. Stability
Two types of short-term stability experiments were performed

at the low and high QC level. The autosampler stability was esti-
mated on processed samples (n = 3) at room temperature before
and after an interval of approximately 15 h. The stability of the
compounds was also examined during three freeze–thaw cycles at
−20 ◦C. Three replicates of spiked urine and serum samples were
allowed to thaw at ambient temperature and were then refrozen for
minimum 12 h. Aliquots of all samples were quantified at the end of
the third freeze–thaw cycle. The concentration of each compound
was compared to that of fresh samples and expressed in terms of
degradation.
2.6.5. Recovery and matrix effect
For the assessment of recoveries of the analytes and matrix

effects caused by constituents in urine and serum, a strategy was
applied which has previously been described by Matuszewski et al.
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Fig. 2. Normalized and merged MS chromatograms of the four MSD signals (pure

3.2.3. Accuracy and precision
The accuracy and precision of the method were determined by

spiking blank urine and serum samples at low, medium and high

Table 2
Limits of detection (LOD) in urine and serum.

Urine LOD (ng/ml) Serum LOD (ng/ml)

Dihydrodaidzein 2.4 7.9
Daidzein 1.0 1.9
Genistein 0.8 2.2
Isoxanthohumol 0.2 1.5
8-Prenylnaringenin 0.4 1.5
Xanthohumol 0.6 1.4
Enterodiol 2.7 3.1
Enterolactone 2.5 2.4
C. Wyns et al. / J. Chrom

28]. The recovery was calculated as the ratio ((C/B) × 100) between
he responses of the QC samples in real blank matrix (low and high
evel, n = 3) spiked after extraction (B) and before extraction (C)
nd is therefore not influenced by effects of the sample matrix.
he absolute matrix effect (ME%) can be defined as the ratio of
he responses between samples spiked after extraction (B) and
ure standards in the mobile phase (A). When the value of this
atio ((B/A) × 100) is <100% there is signal suppression and signal
nhancement is noted if the value is >100%. Taking into account
he heterogeneity of this effect between different sample batches,
xperiments were performed in six independent batches of blank
rine and serum.

. Results and discussion

.1. Chromatographic and mass spectrometric method
evelopment

First, the reversed chromatographic separation of the thirteen
nalytes of interest and the internal standard was optimized.
lthough complete resolution of EQ, GEN and ENL on UV detection
as not accomplished with the optimized LC method, subse-

uent mass selective detection allowed full separation of these
ompounds. The interface and MS parameters were optimized indi-
idually for each component and are listed in Table 1. Atmospheric
ressure chemical ionization (APCI) in the positive mode was
elected, except for END and for ENL which gave the highest sensi-
ivity with APCI in the negative mode. Pseudomolecular ions were
redominant, with [M+H]+ for the positive and [M−H]− for the neg-
tive mode. However, for SECO, the fragment ion [M+H−2H2O]+

as found to constitute the base peak (i.e., 100% relative intensity
f the ion), in agreement with the observations by Bambagiotti-
lberti et al. [29] and Schmidt et al. [30]. Formation of this fragment

on is probably due to protonation of the �-hydroxyl groups of
ECO and subsequent loss of water from the unstable oxonium
ons. Finally, using single-ion monitoring (SIM) and operating the

S in the chosen ionization method, the fragmentor voltage, a
omponent-dependent parameter in MS sensitivity and possible
nitiator of collision-induced dissociation (CID), was varied from
0 V to 400 V. Gain values and MS cycle times were individually
efined per MS signal to obtain maximum sensitivity. Moreover,
wo time groups were assigned to the first of four MSD signals, in
rder to benefit the detection (i.e., 100% cycle time) of the hop-
erived compounds X, IX and 8-PN, which elute at the end of the
olvent gradient. In Fig. 2, merged, normalized MS chromatograms
f the standard mixture in solvent are illustrated at medium level
f the calibration range.

.2. Method validation results

.2.1. Specificity
Only a few small peaks were observed in the mass chro-

atograms of the different blank and zero urine and serum samples
resolution between target and interfering peak always between
.5 and 1.0). Since the present method also makes use of extracted

ons for quantification, the background is further reduced and the
ensitivity as well as specificity are increased. Moreover, simul-
aneous recording of characteristic retention times and UV spectra
avoured accurate identification and quantitation of the target com-
ounds. During validation, appropriate blanks were included to
orrect for any possible interference problems.
.2.2. Assessment of linearity and sensitivity
The linearity was tested in urine for the range of concentrations

.1–400.0 ng/ml for IX, 8-PN, X and COUM and 1.0–4000.0 ng/ml for
AID, GEN, DHD, O-DMA, EQ, SECO, MAT, END and ENL. In serum,
standard mixture at medium range of calibration). Note: the appearance of some
peaks in multiple signals are due to overlay of the window of m/z values and/or
small impurities in the standards; peak tailing is due to the solvent strength of the
injection solvent (100% MeOH).

the concentrations ranged from 0.04 ng/ml to 100.0 ng/ml for IX,
8-PN, X and COUM, and 0.4 ng/ml to 1000.0 ng/ml for the other com-
pounds. Calibration curves showed linear responses for all analytes
over the dynamic ranges and the corresponding regression correla-
tion coefficients (r2) were all >0.995. Weighting was not considered
since the linearity of all thirteen compounds in both urine and
serum was satisfactory. Indeed, visual inspection of residual plots
confirmed the hypothesis of homogeneity of variance (randomly
scattered). In addition, the residuals were in accordance with the
stated acceptance criteria, as the %RRE (% relative residual error, i.e.,
percent relative difference of the residual from the nominal value at
a certain calibration point) was for all standards ≤15% at each cal-
ibration point. The limits of detection (S/N = 3) for all compounds,
both in urine and serum, are listed in Table 2. In urine, the LODs
ranged from 0.2 ng/ml to 7.7 ng/ml, and in serum, from 1.4 ng/ml
to 20.4 ng/ml, except for SECO which gave LODs in urine and serum
of 65.1 ng/ml and 132.6 ng/ml, respectively. If necessary, the tar-
get compounds, the levels of which are assumed to be below the
corresponding LOD in real samples, can be reanalyzed with only
one MSD signal active to further improve the sensitivity of detec-
tion. The limits of quantification were set as the lowest point of the
calibration curves with a signal-to-noise ratio of at least 10.
Equol 5.8 13.8
Coumestrol 0.4 6.2
O-DMA 7.7 20.4
Secoisolariciresinol 65.1 132.6
Matairesinol 7.5 17.8
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Table 3
Accuracy (%) in urine and serum for three different QC levels (n = 6).

Urine Serum

Low QC Medium QC High QC Low QC Medium QC High QC

DHD 4.7 0.5 0.7 3.8 6.3 0.4
DAID 1.6 10.3 11.4 4.0 0.7 4.9
GEN 1.8 13.1 13.4 3.1 0.08 7.5
IX 7.1 2.6 0.2 11.8 14.0 6.0
8-PN 10.5 11.1 8.6 6.6 6.4 9.2
X 12.0 4.5 14.6 6.4 9.0 0.01
END 6.9 5.2 8.5 15.0 8.3 16.7
ENL 11.0 5.6 7.3 17.3 4.6 14.4
EQ 2.7 1.1 1.4 1.7 6.7 6.5
COUM 0.9 0.7 1.5 14.4 3.0 18.7

q
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Table 5
Absolute recovery (%) in urine and serum at high QC level (n = 6) (%RSD).

Urine Serum

DHD 97.3 (14.4) 89.2 (7.8)
DAID 119.0 (11.4) 95.2 (6.2)
GEN 99.6 (10.6) 90.6 (8.5)
IX 91.9 (16.9) 46.8 (9.4)
8-PN 78.7 (14.9) 88.3 (12.2)
X 74.1 (16.1) 58.8 (16.1)
END 99.8 (9.7) 95.6 (9.4)
ENL 115.5 (10.1) 95.0 (7.1)
EQ 91.1 (11.9) 95.5 (6.2)
COUM 89.7 (16.4) 19.7 (14.0)

observed signal. The high matrix effect observed with SECO may

T
I

O-DMA 5.2 9.2 3.2 8.2 12.7 8.4
SECO 10.4 6.2 0.2 14.8 4.9 4.5
MAT 4.7 0.2 6.9 12.9 12.8 14.5

uality control levels, with six replicates on four consecutive days.
he accuracy, expressed as the percentage relative error (%RE), was
ithin the acceptable ranges of 20% for all compounds at all con-

entrations. In urine, the accuracy ranged from 0.2% to 14.6% and, in
erum, from 0.01% to 18.7% (Table 3). The precision of the method is
eflected in the variance of quality control samples over time. Inter-
nd intra-assay variations in urine and serum were thoroughly
nvestigated for the three QC levels and were expressed as %CV
Table 4). The %CV for the inter-assay precision in urine and serum
id not exceed the acceptable 20% and ranged from 4.3% to 18.8%
nd 4.4% and 15.7% in urine and serum, respectively. The intra-
ssay precision in urine was overall better than 10% (%CV < 15% as
equired by the acceptance criteria), except for END, for which, at
edium level was 14.0%. In serum, the intra-assay precision results
ere also confirm with the stated criteria and with the exception

f DAID and END, at respectively high and low QC level, were also
elow 10%.

.2.4. Stability
The chemical stability of the analytes was assessed in the tar-

et matrix under specific conditions of time and temperature. In
articular, the short-term stability was investigated in urine and
erum. In urine, all components were stable in the processed sam-
les after a period of 15 h in the autosampler (room temperature),
xcept for END and ENL. At both low and high levels a significant
P < 0.05) and consistent increase in concentration was found for
ND and ENL (i.e., 54.5% increase at low and 37.8% increase at high

evel for END and 54.0% at low and 31.5% at high level for ENL). With
he exception of a significant (P < 0.05) average decrease of 26.1% in
oncentration of COUM at low QC level, the stability of processed
erum samples after 15 h in the autosampler was confirmed. Fur-

able 4
nter- and intra-assay precision (%CV) for three different QC levels (n = 6) in urine and ser

Inter-assay (urine/serum)

Low QC Medium QC High QC

DHD 14.3/13.4 10.8/7.6 14.6/11
DAID 17.8/12.8 10.5/6.1 14.4/11
GEN 11.7/13.7 8.4/5.3 13.0/13
IX 18.7/11.1 9.2/15.0 4.3/11.2
8-PN 15.6/11.2 12.6/7.5 15.0/10
X 16.0/10.5 15.3/7.8 17.6/11
END 10.7/11.2 15.8/5.2 10.9/6.5
ENL 14.0/10.5 14.4/7.8 10.4/15
EQ 14.3/11.0 15.2/7.5 12.1/13
COUM 13.3/13.1 16.8/4.4 15.1/14
O-DMA 18.8/10.0 17.8/6.4 6.6/12.5
SECO 14.8/15.7 13.4/11.9 16.5/15
MAT 12.3/13.4 14.7/7.1 17.6/9.5
O-DMA 91.7 (15.2) 83.2 (9.3)
SECO 67.5 (15.9) 95.8 (7.8)
MAT 87.8 (14.6) 98.0 (7.2)

thermore, in urine, following three repeated cycles of freezing and
thawing, only IX and 8-PN showed degradation in the low QC sam-
ples (i.e., >20% difference in concentration between reference and
stability samples). At both low and high levels, an acceptable but
slight degradation was noticed for END and ENL (>15% and <20%
difference). Finally, an instability of MAT, estimated as an average
of 42.0% (±4.8%) loss in concentration of MAT at low and high levels
was observed after three freeze and thaw cycles.

3.2.5. Recovery and matrix effect
The recoveries (IS-normalized) in urine for all analytes were

greater than 67%, both for low and high concentrations. In serum
samples, the average recoveries were found to be higher than 83%
for most analytes, except for IX, X and COUM. The lower recover-
ies in serum for IX and X (i.e., 40.6% and 46.8% for IX and 69.1%
and 58.8% for X at low and high level, respectively) and especially
for COUM, which had an average recovery of 24.1% (±5.0%), can
be explained by strong retention on the SPE sorbent due to their
relatively non-polar character and the low solubility of COUM in
the elution solvent (MeOH). All recoveries at high level are listed in
Table 5.

In this study, matrix effects (ME%) in urine and serum were
evaluated by analyzing low and high QC samples (only the matrix
effects of the high QC samples in urine and serum are shown here in
Table 6). In urine, an overall ion enhancement was observed, espe-
cially for GEN and COUM, with an average of 43% and 49% increase
of the signal due to matrix effects, respectively. Serum matrix com-
ponents resulted for SECO in more than a twofold increase of the
be attributed to co-elution in the beginning of the gradient with
retained matrix components that lead to a strong enhancement of
the ionization of SECO and subsequent overestimation of measured
concentrations. A relative overall ion enhancement was noticed in

um.

Intra-assay (urine/serum)

Low QC Medium QC High QC

.5 6.9/2.9 6.6/6.8 5.6/5.9

.3 6.9/9.1 5.0/5.1 6.4/10.8

.2 7.4/3.0 5.0/3.7 4.1/5.6
7.2/3.3 5.4/5.7 3.1/7.9

.4 8.7/3.1 6.1/1.2 3.3/7.4

.9 9.3/3.4 8.1/3.7 3.8/8.4
8.1/10.7 14.0/7.8 5.4/6.4

.4 9.4/3.2 5.6/3.2 4.5/3.5

.4 5.6/3.3 6.5/1.4 8.2/6.8

.1 7.3/9.3 5.1/1.3 3.3/10.0
6.0/3.0 10.0/5.2 5.7/5.8

.5 7.4/2.8 3.8/5.1 6.9/8.4
7.1/2.9 4.1/6.2 7.0/7.5
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Table 6
Matrix effects (ME% (RSD%)) in urine and serum at high QC level in 6 different matrix blanks (n = 3).

A B C D E F

Urine
DHD 95.2(7) 111.9(4) 111.3(6) 113.8(7) 104.0(7) 106.6(3)
DAID 104.9(8) 115.5(13) 111.3(7) 117.7(10) 134.0(3) 132.4(1)
GEN 131.0(13) 136.0(6) 146.9(9) 159.8(14) 150.7(7) 133.4(3)
IX 109.7(3) 116.6(5) 125.1(4) 148.6(3) 107.8(7) 120.5(6)
8-PN 112.4(7) 115.8(5) 109.0(2) 120.3(15) 102.7(6) 105.2(2)
X 107.5(12) 108.8(10) 91.2(3) 102.2(6) 85.6(8) 82.5(6)
END 98.1(11) 123.6(4) 127.2(3) 124.9(5) 101.1(7) 85.5(6)
ENL 86.6(11) 106.7(4) 110.3(7) 117.9(5) 101.3(6) 66.6(8)
EQ 86.6(10) 122.5(9) 93.6(5) 111.0(3) 94.3(12) 93.3(7)
COUM 149.2(13) 145.4(9) 165.1(9) 127.4(12) 161.6(10) 147.1(1)
O-DMA 108.1(6) 102.2(7) 99.9(6) 102.8(8) 98.8(7) 103.4(9)
SECO 95.6(6) 128.4(12) 138.6(11) 116.8(7) 105.3(13) 109.1(5)
MAT 99.1(5) 121.2(8) 113.3(5) 127.9(9) 101.8(6) 108.2(2)

Serum
DHD 107.3(4) 116.9(4) 112.0(5) 113.0(6) 101.1(7) 83.9(6)
DAID 113.0(4) 116.3(3) 118.4(4) 120.3(5) 124.2(3) 93.3(2)
GEN 131.3(5) 135.6(3) 136.2(2) 137.2(5) 131.7(8) 93.2(1)
IX 119.6(6) 126.4(1) 117.4(2) 123.6(4) 121.9(7) 91.2(2)
8-PN 104.5(8) 111.8(7) 91.1(11) 103.4(6) 99.8(1) 70.9(11)
X 135.8(3) 136.4(1) 181.0(8) 162.8(3) 139.5(14) 96.8(3)
END 106.8(6) 131.6(5) 150.7(3) 158.8(3) 133.4(5) 101.7(2)
ENL 98.1(4) 112.5(1) 141.3(4) 144.5(2) 124.3(6) 101.6(2)
EQ 114.2(8) 113.5(2) 108.2(7) 110.5(7) 109.4(15) 88.6(6)

.8(3)

.0(3)

.9(7)

.3(4)
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[

[

[

[

[

COUM 131.4(4) 132.3(5) 127
O-DMA 126.6(2) 123.9(7) 130
SECO 253.4(10) 235.3(9) 261
MAT 130.9(9) 127.4(5) 119

erum, although more stabilized matrix effects for SECO and the
ther components were observed in one of the six batches of serum
serum F). In that particular case, the serum was obtained from a
otally different source (see Section 2.2, purchased pooled human
lank serum) and did not represent the average type of serum sam-
le that is generally obtained during the clinical trials this method
as developed for. Moreover, the variation of the overall matrix

ffect in urine and serum samples was typically less than 15% (urine
A–F): 3.5–14.8% and serum (A–E): 2.0–15.7%) and considered rel-
tively stable. This observation concerning matrix effects again
ighlights the need for multiple source relative matrix effect evalu-
tion instead of assessments based on single source biological fluid
easurements. As a conclusion, these findings of the matrix effects

aused by urine and serum factors have clearly shown the relevance
f a profound and extensive investigation during LC/MS method
evelopment and validation but were not the initial intention of
his project.

. Conclusions

Our HPLC/APCI-MS methodology represents a new quantitative
ssay for the simultaneous determination of thirteen phytoestro-
ens, including their most important precursors and gut microbial
etabolites, in human urine and serum. The method applies a

elatively short and low-cost sample preparation procedure. Val-
dation parameters revealed that accuracy, intermediate precision
nd repeatability are within the general ranges for acceptance
nd furthermore the sensitivity is in the lower ppb-range. More-
ver, the detection system can be easily integrated in a standard
mall-scale analytical laboratory. This validated method was suc-
essfully applied for the analyses of various urine and serum
amples collected in a dietary intervention trial with food supple-

ents combining different classes of phytoestrogens, as reported

n detail by Bolca et al. [31]. The strength of our method, as men-
ioned above, is the ability to measure a wide panel of analytes in
omplex biological matrices, even after supplementation of mix-
ures of phytoestrogen-rich supplements. It can be concluded that

[

[

[

129.3(3) 125.3(3) 99.4(4)
123.5(4) 113.4(11) 85.6(4)
281.6(4) 214.8(3) 150.2(5)
121.7(8) 128.7(3) 92.7(5)

the present method, covering the detection of a wide and represen-
tative range of dietary phytoestrogens should provide a framework
for extensive analysis in a (pre)clinical environment, whenever
efficiency studies are impeded by interindividual differences in
exposure levels.

Acknowledgements

This research was funded by a Ph.D. grant (for Ciska Wyns) of the
Agency for Innovation by Science and Technology in Flanders (IWT)
and was conducted in the framework of the FYTOES project (con-
tract RT-05/02-FYTOES-1) sponsored by the Federal Public Service
Health, Food Chain Safety and Environment.

References

[1] H. Adlercreutz, Lancet Oncol. 3 (2002) 364.
[2] A. Brzezinski, A. Debi, Eur. J. Obstet. Gynecol. Reprod. Biol. 85 (1999) 47.
[3] M.G. Glazier, M.A. Bowman, Arch. Intern. Med. 161 (2001) 1161.
[4] K. Morito, T. Hirose, J. Kinjo, T. Hirakawa, M. Okawa, T. Nohara, S. Ogawa, S.

Inoue, M. Muramatsu, Y. Masamune, Biol. Pharm. Bull. 24 (2001) 351.
[5] S. Heinonen, K. Wähälä, H. Adlercreutz, Anal. Biochem. 274 (1999) 211.
[6] C. Bannwart, H. Adlercreutz, T. Fotsis, K. Wähälä, T. Hase, G. Brunow, Finn. Chem.

Lett. 4 (1984) 120.
[7] M. Axelson, D.N. Kirk, R.D. Farrant, G. Cooley, A.M. Lawson, K.D.R. Setchell,

Biochem. J. 201 (1982) 353.
[8] C. Atkinson, C.L. Frankenfeld, J.W. Lampe, Exp. Biol. Med. 230 (2005) 155.
[9] W. Mazur, H. Adlercreutz, Pure Appl. Chem. 70 (1998) 1759.
10] S.P. Borriello, K.D.R. Setchell, M. Axelson, A.M. Lawson, J. Appl. Bacteriol. 58

(1985) 37.
11] S.R. Milligan, J.C. Kalita, A. Heyerick, H. Rong, L. De Cooman, D. De Keukeleire,

J. Clin. Endocrinol. Metab. 83 (1999) 2249.
12] S.R. Milligan, J.C. Kalita, V. Pocock, V. Van de Kauter, H. Rong, D. De Keukeleire,

J.F. Stevens, M. Deinzer, J. Clin. Endocrinol. Metab. 85 (2000) 4916.
13] O. Schaefer, M. Hümpel, K.-H. Fitzemeier, R. Bohlmann, W.-D. Schleuning, J.

Steroid Biochem. 84 (2003) 359.
14] C. Gerhäuser, A. Alt, E. Heiss, A. Gamal-Eldeen, K. Klimo, J. Knauft, I. Neumann,
H.-D. Scherf, N. Frank, H. Bartsch, H. Becker, Mol. Cancer Ther. 1 (2002) 959.
15] C. Miranda, J. Stevens, V. Ivanov, M. McCall, B. Frei, M. Deinzer, D. Buhler, J.

Agric. Food Chem. 48 (2000) 3876.
16] S. Possemiers, A. Heyerick, V. Robbens, D. De Keukeleire, W. Verstraete, J. Agric.

Food Chem. 53 (2005) 6281.
17] M. Kurzer, X. Xu, Ann. Rev. Nutr. 17 (1997) 353.



9 atogr.

[

[

[
[
[
[

[

[

[

[
[

[29] M. Bambagiotti-Alberti, S.A. Coran, C. Ghiara, V. Giannellini, Rapid Commun.
Mass Spectr. 8 (1994) 595.
56 C. Wyns et al. / J. Chrom

18] L. Valentín-Blasini, B.C. Blount, S.P. Caudill, L.L. Needham, J. Expo. Sci. Environ.
Epidemiol. 13 (2003) 276.

19] Writing Group for the Women’s Health Initiative Investigators, J. Am. Med.
Assoc. 288 (2002) 321.

20] Million Women Study Collaborators, Lancet 362 (2003) 419.
21] Q. Wu, M. Wang, J.E. Simon, J. Chromatogr. B 812 (2004) 325.
22] C.-C. Wang, J.K. Prasain, S. Barnes, J. Chromatogr. B 777 (2002) 3.
23] P.B. Grace, J.I. Taylor, N.P. Botting, T. Fryatt, M.F. Oldfield, S.A. Bingham, Anal.
Biochem. 53 (2003) 114.
24] P.B. Grace, N.S. Mistry, M.H. Carter, A.J.C. Leathem, P. Tale, J. Chromatogr. B 853

(2007) 138.
25] S. Bolca, S. Possemiers, A. Herregats, I. Huybrechts, A. Heyerick, S. De Vriese,

M. Verbruggen, H. Depypere, D. De Keukeleire, M. Bracke, S. De Henauw, W.
Verstraete, T. Van de Wiele, J. Nutr. 137 (2007) 2242.

[

[

B 878 (2010) 949–956

26] Guidance for Industry, Bioanalytical Method Validation, US Department of
Health and Human Services Food and Drug Administration (FDA), Center for
Drug Evaluation and Research (CDER), May 2001.

27] S. Bansal, A. DeStefano, AAPS J. 9 (2007) E109.
28] B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng, Anal. Chem. 75 (2003)

3019.
30] T.J. Schmidt, S. Hemmati, E. Fuss, A.W. Alfermann, Phytochem. Anal. 17 (2006)
299.

31] S. Bolca, C. Wyns, S. Possemiers, H. Depypere, D. De Keukeleire, M. Bracke, W.
Verstraete, A. Heyerick, J. Nutr. 139 (2009) 2293.


	Development of a high-throughput LC/APCI-MS method for the determination of thirteen phytoestrogens including gut microbia...
	Introduction
	Experimental
	Chemicals and reagents
	Standards and samples
	Preparation of calibration standards and quality control samples
	Preparation of samples
	Urine
	Serum

	Liquid chromatography-mass spectrometry
	Method validation
	Selectivity
	Linearity and sensitivity
	Accuracy and precision
	Stability
	Recovery and matrix effect


	Results and discussion
	Chromatographic and mass spectrometric method development
	Method validation results
	Specificity
	Assessment of linearity and sensitivity
	Accuracy and precision
	Stability
	Recovery and matrix effect


	Conclusions
	Acknowledgements
	References


