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Abstract

As the epidemiological and physiological investigation of isoflavones and lignans expands, the need for sensitive methods for analyzing la
numbers of samples intensifies. We have developed a method using high-performance liquid chromatography (HPLC) equipped with a coulome
electrode array detector for separation and sensitive detection of daidzein (Da), equol (EQq), genistein (Ge) and enterolactone (Enl) in dried bl
spots (DBS). Detection limits ranged from 4.5pg or 0.09 ng/mL (Eq) to 19 pg or 0.38 ng/mL (Ge) on column. Signal linearities ranged fror
detection limits to 200 ng/mL (Eq, Enl) and 600 ng/mL (Da, Ge) sample concentration. Correlations between DBS and serum concentrations w
0.66 (Enl), 0.88 (Eq), 0.98 (Ge) and 0.99 (Da). Intra-assay coefficients of variation (CVs) were less than 8% and inter-assay CVs ranged fr
2.4 t0 20.2% for Da, Eq and Ge for three levels of controls. Enl intra-assay CV was 13.6% for the low pooled control. Analytic recovery range
from 87% (inter-assay Ge) to 98% (inter-assay Enl). DBS concentrations of Da, Ge and Eq were stable for at least 8 weeks aC4 amdl 25
at 37°C for at least 5 weeks, with Enl showing greater variability at all temperatures but relative stability for 7 weeks. Measurement of sampls
from 135 perimenopausal Japanese women consuming habitual diets in Kyoto and Fukushima prefectures showed the former to have the exp
lower concentrations of Da and Eq (416 and 87 nM) as well as Enl (49 nM) compared to the latter locale (566, 145 and 72 nM, respectively). T
method could be useful in large epidemiological research or detailed physiological studies.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction use of isoflavone supplements have been of confdnl4]
The average intake of these compounds varies by population
Interest in functional food factors such as phytoestrogenievith Japanese consuming high levels of soy isoflavones and
isoflavones and lignans continues to grow because of their marfyinns consuming high levels of lignans, which are precursors
reported effects on healffi], both beneficial and adverg&3].  to enterolactongl5].
Epidemiological and clinical studies have linked the consump- However, epidemiological and physiological studies are lim-
tion of these compounds to reduced risk of reproductive cancerged by the need to perform invasive sampling procedures such
menopausal symptoms, osteoporosis and heart dig¢aS8¢  as venipuncture, requiring the skills of trained medical profes-
On the other hand, potential long term effects of ingestingsionals and time and travel of participants to research or clinical
high concentrations of isoflavones in infant formula and thefacilities. Additionally, blood and urine samples require rapid
processing and refrigeration, increasing costs and logistical chal-
_ o o lenges. Analytical methods to measure isoflavones have been
e . e o e e o o o developed fo oods, iological isse, plasma, serum and urre
pe;forman’ce quu’id chromatograph)’/-COl’JIometric electr(;de array dete(;tion [16], t_JUt hot yet fOI_’ dried bIO_Od Sp_OtS (DBS). The lflse of DBS
* Corresponding author. Tel.: +81 3 3203 5721; fax: +81 3 3202 3278. constitutes a relatively non-invasive blood collection method
E-mail address: melissamelby@yahoo.com (M.K. Melby). compared to intravenous serum or plasma collection and self-
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sampling is possible after a minimum of training. Thus, DBSether and DMSO were purchased from Kanto Chemical (Tokyo,
can be collected in myriad environments such as participantslapan). The buffer stock solutions for sample pretreatment were
homes or in locales without access to immediate refrigeratiorprepared from water purified using an Elix3, MilliQ and Gradi-
DBS have been used in newborn screening for diseases sucherst A10 water filtration system (Millipore Co., Bedford, USA).
phenylketonuria (PKU) and congenital hypothyroidism (CH) for
more than 40 yeafd 7], and thus may be appropriate for studies2.2. Apparatus and chromatographic conditions
of soy infant formula. DBS use in clinical and research settings
has expanded to include testing for numerous disda3¢sand Analysis was performed using an eight-channel CoulAr-
assays for insulii18], estradiol, follicle stimulating hormone ray Model 5600 HPLC detection system (ESA, Chelmsford,
(FSH), luteinizing hormone (LH), sex hormone binding glob- MA, USA) comprising two solvent pumps (Model 582), a high
ulin (SHBG), estradiol (E2), testosterone (T), prolactin (PRL),pressure gradient mixer, a polyetheretherketone (PEEK) pulse
androstenedione (A), dehydroepiandrosterone-sulfate (DHEAdamper, an autosampler (Model 540), a CoulArray thermostatic
S) and cortisol (C) for studies of the HPG and HPA g€ as  chamber at 40C housing a MCM C18 column (No. 2363,
well as C-reactive protein and Epstein Barr virus antibodies fort.6 mmx 250 mm, 5uM) (MC Medical, Tokyo, Japan), and two
studies of immune functiof0,21] in populations throughout analytical cells in series, each containing four working elec-
the world[22]. The main limitation of DBS samples is analytic, trodes. Multi-channel coulometric detection was performed by
as the small blood volume necessitates sensitive assays. setting the eight electrode pairs at the following increasing volt-
Measurements of isoflavones and lignans have beeages: 340, 450, 490, 545, 580, 620, 690 and 760 mV (versus
conducted using gas chromatography—mass spectrometpalladium reference electrode). Final chromatographic condi-
(GC-MS), high-performance liquid chromatography (HPLC)tions were adapted from those described by Gamache[2bal.
usually with an ultraviolet (UV) detector, and time resolved Separation was performed using an isocratic elution. The mobile
fluoroimmunoassay (TRFIAL6]. GC-MS has excellent sensi- phase consisted of 50 mM sodium acetate buffer pH 4.8 with
tivity, but requires extensive purification and derivatization prioracetic acid, methanol and acetonitrile, 66.67:20:13.33 (v/v/v).
to injection. Although TRFIA is a very sensitive techniddg], Flow rate was 0.8 mL/min and the total run time was 60 min per
itis a single compound-based method useful for screening larggample. The injection volume was pQ. The system was con-
numbers of samples and does not allow simultaneous deterntrolled and data were acquired and processed using CoulArray
nation of multiple analytes as do HPLC or GC-MS. HPLC-UV software (ver. 2.0, ESA) on a Pentium-based computer. Quanti-
remains the most commonly employed method, but lacks th&ation from peak height was performed using calibration curves
necessary sensitivity for measuring isoflavones in DBS. Howgenerated from six-point serial dilution of the standard mixture.
ever, when HPLC is coupled with a sensitive detector suchPeaks in unknown samples were matched to those of standard
as coulometric electrode array detection (CEAD), the resultanrdtompounds run in each assay on the basis of retention time
technique is ideal for measuring multiple phytoestrogens in var(RT) (4%) as well as response ratio between adjacent channels
ied sample typer4-31] (£30%), and manually inspected to ensure correct assignment,
The purpose of this study was to develop an HPLC-CEADpatrticularly in cases with apparent large RT errors or poor peak
method for use with dried blood spots that resolves daidzeimnatios (usually due to incorrect peak assignment by the software
(Da), equol (Eq), genistein (Ge) and enterolactone (Enl), anth samples with very low concentrations).
can be applied in epidemiological and physiological studies of
isoflavones and the metabolite equol produced by gut microflor&.3. Standard preparation
The main objective was to quantitatively measure isoflavones
and their metabolites, but preliminary results for Enl are also Stock solutions of approximately 1 mg/mL Da, Ge, Eq and
included. This method is applied to samples obtained frontnl were prepared in MeOH and stored-a#0°C. Concen-
perimenopausal Japanese women consuming their habitual dig¢tations of the standard solutions were assessed by maximum
in two different locales in Japan with distinctive dietary pat- absorbance using extinction coefficients characteristic for each
terns and corresponding expected differences in their profiles afompound (following Adlercreutz et al., personal communica-

circulating isoflavones. tion, 2003). Concentrations were adjusted tqugdnL for Da
and Ge and 1f.g/mL for Eq and Enl, and then combined and

2. Experimental serially diluted (1:1) using the HPLC mobile phase to make a
set of six standards ranging from 600 to 18.75 ng/mL for Da and

2.1. Chemicals Ge, and 200 to 6.25ng/mL for Eq and Enl. Aliquots of these

serially diluted standards were stored-at0°C.

Daidzein, genistein and equol were purchased from LC
Laboratories (Woburn, MA). Enterolactone, estriol, estrioB3-(  2.4. Sample collection
p-glucuronide) sodium salt, Trizma Base, Sodium Azide, BSA,
Tween 40, an@-glucuronidase EC 3.2.1.31 type H-2 fréfalix After cleaning the finger with alcohol, samples were collected
pomatia were purchased from Sigma Chemicals (Tokyo, Japan)y finger-prick using a Microtainer Safety Flow Lancet (Bec-
Methanol, acetonitrile and distilled water (all HPLC grade),ton Dickinson, NJ, USA) widely employed by diabetic patients
sodium chloride, sodium acetate trihydrate, acetic acid, diethyio measure blood glucose. For measurement of isoflavones, at
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least two drops are collected on standardized specimen colleple collection paper. Papers were allowed to dry for 4 h and then
tion paper (Schleicher-Schuell #903, Keene, NH, USA) useglaced in the freezer at20°C. Sera and DBS samples were
for neonatal screening and regulated by the US HB2], run under the same chromatographic conditions using the same
and designed to absorb blood uniformly so that concentrareagents and standards. Linear regression using stepwise proce-
tions are equivalent throughout the DBS. Samples are driedures p-value cut-offs of 0.05 for entry, 0.1 for removal) was
overnight and can remain at room temperature for at leagterformed to generate equations relating DBS concentrations to
8 weeks for Da, Ge and Eq before refrigeration or analysiserum equivalent concentrations. The dependent variable was
(see stability data in Sectiod below). One drop of blood is serum concentration; independent variables were DBS whole
approximately 5@L. This method uses two 9 mm diameter blood concentration and hematocrit (Ht).

disks of dried blood, each equivalent to 2541 of whole

blood. In cases where sample collection is inadequate to obtaih8. Method validation

9 mm diameter disks, 3.175mm (0.125in.) disks can be used,

each equivalent to 3.128_ of whole blood. Samples can be Limits of detection and quantification, respectively, were
shipped as paper in sealed plastic bags or containers to protet#termined as the concentration at which the signal/noise ratio
against moisture, without special import permits for the USA(peak height) equals 3:1 and 10:1 on the dominant channel.
or packaging (PHS Foreign Quarantine Regulations 42 C.F.Response linearity for the range of interest was estimated

71-54). based on calculation of the least squares regression correla-
tion coefficient for the 7-point calibration curve for each com-
2.5. DBS pooled control preparation pound. The range studied was 600-18.75ng/mL (30-0.94 ng

injected) of Da and Ge, and 200-6.25ng/mL (10-0.31ng

Sera from individuals participating in studies of the effectsinjected) of Eq and Enl, with calibration curves including the
of isoflavone supplements on health were combined to generatgigin (0,0). Chromatographic stability was evaluated by cal-
low, medium and high pools based on measured sera conceedlating the intra- and inter-assay CVs for the RTs and detec-
trations of Da, Eq and Ge. These were then mixed 1:1 (v/vjor responses. Resolutio®R)( for the peak pairs was calcu-
with washed red blood cells, prepared by washing three timefated using replicates of the standard mixture with the formula
with normal saline (8.6 g NaClI/L distilled water), and discardingR = (0.25)@ — 1) x SQRT) x k/(k+ 1), whereN is the plate
the supernatant after centrifugation at 3000 fd®j. Aliquots  number,« is the separation factor aridis the retention fac-
(50L) were dropped by pipette onto sample collection paperstor. Method precision and analytic recovery were evaluated for
allowed to dry overnight at room temperature, and then storethe four analytes (Da, Ge, Eq and Enl). Intra-assiiy 10)
frozen in an airtight container at20°C. This method was cho- and inter-assay precisioV € 8) were calculated as the per-
sen over the alternative of spiking sera with analytes and theoent coefficient of variation (% CV) for three pooled controls
combining with washed red blood cells following other methods(low, medium and high concentrations). Analytic recovery was

in the dried blood spot literatuff@9]. evaluated using the standard addition method at three differ-
ent concentration levels and was calculated as mean recovery
2.6. Sample pretreatment of the added standard compared to samples with equal volume

of mobile phase (standard diluent) added as controls. Standard
Samples were punched (two 9 mm diameter disks) and elutealddition involved 5Q.L addition of 600, 300 or 150 ng/mL

overnightin 0.5 mL of 0.5% BSA-Tris—buffer (pH 7.75) @@  (equivalent to 30, 15 and 7.5ng added) of Da and Ge; 200,
with shaking (150 rpm, 25C) in the first and final hours of 150 and 75ng/mL (equivalent to 10, 5 and 2.5ng added) of
elution. Hydrolysis is required because mostisoflavones and ligeq and Enl; and 2500 ng/mL (equivalent to 125 ng added) of
nans exist as glucuronide and sulphate conjugates in the blodde internal standard Es to DBS samples low in phytoestrogens
[33]. H. pomatia, an edible European land snail, contains bothafter elution and prior to hydrolysis. Results were auto-corrected
B-glucuronidase and sulphatase enzymes and has been widdly the CoulArray software for recovery of the internal stan-
used to hydrolyze isoflavones and lign§B4,35] The optimal dard estriol at a concentration of 2500 ng/mL. Molar equivalent
amount of hydrolysis reagent added per tube, elution and inctamounts of estriol 3g-p-glucuronide) sodium salt were added
bation times, buffer pH, dilution of the sample and presenceo each sample before hydrolysis in order to correct for loss due
or absence of DBS throughout the sample preparation, wer® hydrolysis and extraction. Following Gamache ef28], the
ascertained empirically. The sample pretreatment is detailed iglucuronide form of the internal standard estriol was used in the

Fig. 2 sample pretreatment because itis cleaved during hydrolysis, and
controls for loss due to incomplete hydrolysis as well as sample
2.7. DBS—serum equivalence loss.

Matched serum and DBS samples were collected from 3Q.9. Temperature stability
female students participating in a study of premenstrual syn-
drome and isoflavone supplements at Tokyo University of Agri- To assess temperature stability of the compounds in DBS,
culture. Sera were obtained by intravenous collection, and 50 identical samples made from pooled sera and washed RBCs
aliquots were pipetted immediately from the tubes onto the samwere submitted to three temperature conditions of varying dura-
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tion: 4°C, room temperature (approximately Z5), and 37C 250 “
for 1-7 days and 1-8 weeks. Samples were considered to be

stable as long as values remained within a 10% CV range of 2 200
the initial values. Regression was performed to assess changes

in concentration for each compound over time, aigbsts were
performed comparing the mean values for the first 7 days and

Estriol

690 mv1. {1 f

100 Je20mv1 JhH .

Response

the last 7 weeks. sonl fiLf
[s45mv] J Y
50 490 mvl A A\
. . g 450 mV)]
2.10. Experimental applicability ooy AL
15.0 20.0 25.0 30.0 35.0 40.0
One sample from each of 135 individuals participating in Retention time (minutes)

a 6-month study of menopause and regional difference in d'qug. 1. Multi-channel chromatogram of the pooled sample mixture used for sta-
(Kyoto and Fukushima, regions with, respectively, 12.3% loweility tests representing 1493, 434, 587 and 90 nM of Da, Ge, Eq and Enl, respec-
and 22.4% higher intake per capita of soy compared to thevely. Isocratic elution was used with a MCM C18 column (4.6 miB50 mm,
national averag¢36]) was assayed to document the range of5 M) and a flow rate of 0.8 mL/min. Mobile phase consisted of 50 mM sodium

: : etate buffer pH 4.8 with acetic acid, methanol and acetonitrile, 66.67:20:13.33
values expected In-a general pOpUIatlon of Japanese wom v/vIv). Detectors 1-8 are displayed at 260 nA for the region of interest (begin-

cqnsuming their habitual .diet' PartiCi_pams collected finger’ning with internal standard Es and ending with Enl) with corresponding poten-
prick blood spot samples in the morning 1 day per week fofials of 340, 450, 490, 545, 580, 620, 690 and 760 mV (vs. Pd).
6 months. In order to maximize ability to detect equol (a

metabolite of daidzein), we selected samples that followed the petector response intra-assay CVs were 5% or lower, but

highest dinner intake of daidzein as estimated from diEtarYnter-assay CVs ranged from 11.6 to 14.3%, suggesting high
records for the 24-h period preceding blood collection and datgayiapility between runs. Therefore, a new calibration curve

on daidzein content of commonly consumed foods in Japagas generated for each run. Peak pair resolution values ranged

[37.38] from 1.16 to 12.07. Critical peak pairs in this method devel-
opment were enterolactone and genistein, but were adequately

3. Results resolved with modifications of the mobile phadég. 1 and
Table J). Critical pairs in the DBS samples were equol and

3.1. Chromatographic parameters a pair of unknown peaks, and daidzein and an unknown peak

(Fig. 1). These were resolved by changes to the mobile phase,
The chromatographic parameters are presentéldlile 1 but caused overlap between genistein and unknown peaks,
Variation in RTs was negligible, with intra-assay CVs less tharwhich could be resolved electrochemically because their dom-
0.11% and inter-assay CVs less than 0.61% for Da, Ge, Eq aridant peaks were on different channels. Low peak pair res-
Enl. Although all compounds of interest eluted by 39 min, theolution values between compounds of interest and unknown
last unknown compound in DBS samples eluted at 58 min. Useompounds existed in some samples, but electrochemical sep-
of an isocratic elution permitted samples to be run one aftearation permitted accurate measurement because the quantifi-
the other with no stabilization period between samples, as isation signals (dominant channel peak heights) were obtained
necessary for gradient elutions. An isocratic elution may alsdrom different channels. Peak heights rather than peak areas
minimize changes and inconsistencies between individual samvere used to reduce the influence of neighboring impurities or
ple runs. Thus, although the total run time per sample was longynknowns.
run time per batch was similar to or shorter than other methods In addition to RT error, ratio accuracy was used to assess the

[26]. assignment of peaks in each sample chromatogram. Ratio accu-
Table 1
Chromatographic parameters studied in low pooled control sérfgrieletection of daidzein, equol, genistein and enterolactone
Analyte (min) Retention time (RT) Detection potential (mV) Detector response CVs RP (N=10)
Intra-assay Inter-assay Intra-assay Inter-assay
CV (N=10) CV (N=7) CV (N=10) CV(N=7)
Es (internal standard) 17.36 0.07 0.42 545 0.88 11.64 1.16
Da 18.79 0.08 0.51 545 3.53 12.89 12.07
Eq 31.96 0.10 0.60 580 291 13.83 2.75
Ge 34.87 0.10 0.61 490 4.50 12.65 251
Enl 38.23 0.11 0.57 620 5.00 14.26

a Measured serum equivalent concentrations in the low pooled control were: 598 nM (Da), 69 nM (Eq), 244 nM (Ge) and 91 nM (Enl). Results for the medium and
high pooled controls were similar.
b Resolution values were calculated from the formila:(0.25)¢ — 1) x SQRT() x k/(k + 1) using replicates of the standard mixture.
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racy of unknown samples was calculated for each compound of ™
Interest us'ng the fOIIOW|ng formula Add two 9mm diameter disks (hole punches) from DBS
’ samples into 16x100mm borosilicate tube
Dominantresponge ¢
|eading (Or fo||0W|ng) response from the unknown | Add 500 u1. of 0.5% BSA 50mM Tris buffer
Dominantresponge ¢ DBS
I i Shake fo our at 130rpm and 25°C Sa 1l
leading (or following) response from the standard | st for o I’“’“ md 25°¢ P
If the ratios are equivalent, then the ratio accuracy value=1. | Elute at 4°C overnight for 14 hours
Most values were in the range of 0.8-0.95 for analytes. Accu- ¢
racy ratios below this range, particularly if the RT error was | Shake for 1 hour at 150pm and 25°C
great, usually indicated that the peak had been misassigned ¢ _
by the software (often because the sample contained very low ; ™
. Add 25l of B -glucuronidase reagent (5154U/mL
concentrations of analyte, and a larger unknown peak was SOmMe-| | .. i '\ acet buiter), 100 41 of interal standard
times misassigned), and the analyte peaks were then manually| estiol-p -glucuronide (4.2 rg/mL in Na Acet buffer),
assigned based on comparisons with standard compound RT ang_fe!lowed by 30041 of Na Acet buffer to lower pH. > Hydrolysis
peak ratios. v
Incubate 4 hours at 37°C
3.2. Quantification parameters ¢ -—__<
Extract twice with 1.5mL of diethyl ether. Vortex and
The quantification parameters are presentddbie 2 Signal DA
. .y . reezer unul water layer freezes (30-60min) and decant
linearities as assessed by least squares regression of SEVEN 1eVE| e sher faver S i
. - xtract|
ranging from zero to 600 ng/mL for Da and Ge (200 ng/mL for 1 o
Eq and Enl) were excellent for all of the compounds of interest — :
with average-values over all runs of 0.9962—0.9995. The maxi- [ e ctherunderniogen flow a 40 D
mum extent of linearity was not determined because the studied ¢ ™
range was sufficient for DBS and serum samp|es measured in| Dissolve extracts in 100 uL. of HPLC mobile phase by
. . . . . . L. . vorlexing and sonication for 3 mi HPLC
ongoing epidemiological studies. With a &Q injection vol- ortexing and sonication for 3 min s
ume, LOD on column ranged from 4.5 pg (0.09 ng/mL, 0.37 nM) ¢ preparation
for Eq to 19 pg (0.38 ng/mL, 1.41 nM) for Ge. LOQ on column Pipette 851 into HPLC tubes and inject 50,41, for
analysis
ranged from 17.5pg (0.35ng/mL, 1.44nM) for Eq to 33.5pg .

(0.67 ng/mL, 2.48 nM) for Ge.

3.3. Sample pretreatment

Fig. 2. Flow diagram of sample pretreatment.

ples (two 9 mm diameter punches equivalent to 5p.R2vhole

The final sample pretreatment method is present&dgn2 blood) compared to other DBS methods.
Serum isoflavone assays typically use a0to 1 mL samples Following previous DBS methodd 9], DBS were eluted
[24,26] and thus we chose to use relatively large DBS samevernight (16 h) in 0.5% BSA-Tris—buffer (pH 7.75), which

Table 2
Quantification parameters for daidzein, equol, genistein and enterolactone
Analyte  Limit of detection (LOD} Limit of quantification (LOQY Linearity (r)
Measured on column DBS serum Measured on column DBS serum Maximum
equivalent (nM) equivalent (nM)  standardgM)
(pg) (fmol)  (ng/mL) (nM) (pg) (fmol)  (ng/mL) (nM)
Da 9.0 354 0.18 0.71 28.4 240 94.4 0.48 1.89 31.2 11.51 0.9995
Eqd 45 186 0.09 0.37 -8.1 175 722 0.35 144 -6.4 2.62 0.9964
Ge 19.0 703 0.38 1.41 5.8 335 1240 0.67 2.48 8.2 11.34 0.9962
Enl 14.0 46.9 0.28 0.94 6.2 235 78.8 0.47 1.58 7.4 2.52 0.9986

@ Defined as the concentration at which the signal/noise ratio (peak height) equals 3:1 on the dominant channel.

b Defined as the concentration at which the signal/noise ratio (peak height) equals 10:1 on the dominant channel.

¢ DBS serum equivalent concentrations (3eéle 3for regression equations) are reported because dried blood spots are made from whole blood containing re
blood cells, and thus concentrations of analytes are approximately half those in serum (which does not contain red blood cells and therefomhashigti®ns
of analytes than whole blood). For ease of comparison with other studies using serum samples, concentrations from dried blood spots are tesLed\seepar
equivalents.

d DBS serum equivalent concentrations have negative values due to negative intercepts of regression equitine gee
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Table 3

Serum-DBS regression equations for daidzein, equol, genistein and enterolactone

Analyte Regression equatibn 2 Concentration (nM) NP
Serum minimum Serum maximum DBS minimum DBS maximum

Da Y=2.30% +26.797 0.99 8.510 1035.930 0.980 459.680 29

Eq Y=1.581X — 8.709 0.88 0.250 185.660 4.740 94.570 16

Ge Y=2.27%+2.559 0.98 23.100 2166.460 15.980 994.040 30

Enl® Y=1.825(+4.536 0.66 0.180 143.350 0.000 57.010 30

a Linear regression using stepwise (0.05 for entry, 0.1 for removal) in SPSS ver. 12. Dependent Yasiablgerum concentration (nM); independent variables
wereX = DBS whole blood concentration (nM) and hematocrit. Equations are reported using DBS whole blood concentrations. The method was developed for ust
with two 9 mm diameter punches equivalent to 50.22 uL whole blood, but since samples sometimes constrain the amount used, regression equatieds are rep
for whole blood equivalents (after adjustment for amount of sample used). Thus, if the above BS concentration (for minimum and maximum) acehyultiplie
50.22/100 will get actual measured concentrations. Hematocrit did not reach significance in any models.

b Sample size was 30 for matched serum and blood spots. Half of samples had undetectable levels of equol (non equol-producers).

¢ Enterolactone DBS concentrations all had blank subtracted first.

has similar pH and protein content to blood. Elution of DBSsurveys, permitting self-sampling of blood involving minimal
and hydrolysis are the longest unattended phases of the sampillwod volume and single-run analysis of several phytoestrogens
pretreatment and constrain the timing of the assay. Overnigtdf interest, thus requiring a relatively uncomplicated sample pre-
elution followed by 4-h hydrolysis yielded the highest recovery.treatment and chromatographic method.

Although most methods hydrolyze for 16 h, this is usually done

for convenience as several hours are suffici2at29] 3.4. Serum equivalence
Extracts were redissolved by vortexing and sonication for )
3min in 0.1 mL of HPLC mobile phas@4], 85uL was trans- Matched serum and DBS were obtained from 30 women

ferred to an HPLC tube, and HPLC analysis utilized an injec-a”d assayed under identical conditions. Correlations between
tion volume of 5QuL and a 3QuL flush volume. Because blood spot and plasma values are linear and high for Da, Eq and
samples consist of two 9 mm punches equivalent to 50122 Ge with »-squared values ranging from 0.88 for Eq to 0.99 for
of whole blood and extracts are redissolved in f00of D& but only 0.66 for EnlTable 3. Serum concentrations were
mobile phase for HPLC measurement, measured concentr@PProximately 1.6-2.3 times greater than DBS whole blood
tions are 0.5022 of whole blood concentrations and thus cooncentrations (or, DBS are approximately 43-62% of serum
rections (i.e., whole blood concentration = measured concentr&oncentrations) depending on compound (Eztgle 3. Hemat-
tion x 100/50.22) were performed for all samples. Concentra@crit (Ht) did not reach significance as anindependent variable in
tions of dried extracts from identical samples stored30°C ~ any model. Thus, results can easily be converted to serum equiv-
decreased over time (several weeks). Thus, samples were mé3€nt concentrations by using the equations giveTainle 3

sured immediately following drying of ether extracts. During
the run, samples were kept at@ in the autosampler.

Serum samples were treated identically to DBS samples with
the exception of the following: the treatment began with hydrol-

ysis, 10QuL of sample were used and the additional H0of batch of 36 samples. Intra-assay C\&<10) were less than

sodium acetate buffer were not added. 8% for Da, Eq and Ge at all three levels of pooled controls and

In summary, although improvements in recovery and there.l]nder 14% for Enl when measured values (not corrected for

fore sensitivity could possibly have been made by testing add'E)Iank concentration) were used. Inter-assay QVs 8) ranged

tional parameters, the goal of this method development was tﬁom a low of 2.4% for Da to a high of 20.2% for Eq in the low
obtain a procedure that would be usable in large epidemiologic%Ontrol and 38.7% for Enl in the medium control

3.5. Method precision

Precision for the three levels of pooled control samples is
presented ifable 4 Control samples were included with every

Table 4

Precision of the method based on three pooled control samples

Analyte Low control Medium control High control
Serum equivalent  Intra?-finter-assay/ Serum equivalent Intra?-/inter-assay/ Serum equivalent Intra?-/inter-assay/
(nM) (CV) (nM) (CV) (nM) (CV)

Da 589.2 3.3/7.7 1651.7 2.9/2.4 3543.3 5.0/9.2

Eq 69.4 3.3/20.2 562.16 3.1/13.2 1189 7.2/19.2

Ge 244.0 7.7117.7 588.19 6.0/13.8 1163.6 5.5/14.9

Enl° 91.2 13.6/11.4 129.2 7.7/138.7 97.4 7.3/17.9

anN=10.

b N =8 for low and medium controlsy =9 for high control.
¢ Using measured values, not corrected for blavik { for medium and high controls).
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Table 5
Analytic recovery

Analyte Recovery (%) Recovery (%)
Intra-assa¥ (N = 3) Inter-assay/(N = 3)
Average CV Average CV
Es 91.0 1.3 92.7 1.9
Da 91.6 2.0 95.1 6.3
Eq 94.1 17.3 96.3 145
Ge 91.3 7.9 87.2 7.0
Enl (corrected for blank)  93.1 18.6 97.8 4.6

@ Method accuracy was assessed by standard addition of three levels of stan-
dard addition (7.5, 15, 30 ng Da and Ge; 2.5, 5, 10 ng Eq and Enl; 125 ng of Es for
all levels per tube) added to samples (pooled controls or samples pipetted from
tubes). Uncorrected for internal standard since recovery of internal standard is
also reported.

b Intra-assay is average of triplicates at three levels.

¢ Inter-assay values are averages of recoveries at three levels for three separate
runs.

3.6. Analytic recovery

The results for the analytic recovery determination are pre-
sented inTable 5 Mean intra-assay recoveries (uncorrected for
internal standard recovery) ranged from 91% for Es and 91.3%
for Ge to 94.1% for Eq. Mean inter-assay recoveries ranged from
87.2% for Ge to 97.8% for Enl. Intra-assay CVs were under 10%
for all analytes except Eq and Enl, which were under 20%, and
inter-assay CVs were under 10% for all analytes except for Eq
(15%). When recoveries were corrected with the internal stan-
dard Es (which had an inter-assay percentage recovery of 93%),
inter-assay recoveries for analytes ranged from 94.2% for Ge to
105.5% for Enl (data not shown).

3.7. Temperature stability

The temperature stability of analytes in DBS was determined
(Table 6and Fig. 3) by exposing an identical pooled sample
to one of three temperature condition$:G} room temperature
(approximately 25C), and 37C for time periods ranging from
0 to 7 days, and 2 to 8 weeks. Da, Eq and Ge remain within
a 10% CV range for 8 weeks at 4 and“Z5 and at 37C for
5, 8 and 5 weeks, respectively. Enl concentrations are more
variable, remaining within a 20% CV range for 7 weeks at 4
and 25°C, and within a 30% CV range at 3T for 7 weeks.
Significant reductions (by the non-parametric Mann—Whitney
test) between the mean concentrations during the first week
and weeks 2-8 were found for Eq and Ge atr@5and for
all compounds at 37C. Regression equations are shown in
Table 6

3.8. Measurement of samples from perimenopausal
Japanese women consuming habitual diet

The DBS samples measured here were self-collected in the
morning following each individual’s highest dinner intake of
daidzein, as estimated from dietary recalls. Although Da intake,
as estimated from dietary recalls, was not significantly dif-

Table 6

Stability of analytes in DBS stored at 4, 25 and°87over 8 weeks (0-7 days, 2—-8 weeks)

Regression equatiofis

Significant differences between
mean concentrations for 0-7

days vs. 2-8 weeks

4°C

Length of time within 10%
CV range of average value

Average

Analyte

concentration of 0
day samplesN

(ng/mL)

:4)

R2

37°C

R2

25°C

37°C

*hk

25°C

25°C 37°C

4°C

(nM)

0.622
0.291

—5.883(+1473.883

Y=-0.92%+372.878
Y=-3.687 +894.929

NS

Y=

0.275

Y=-1.85¥+1447.231

NS

NS

5 weeks
8 weeks

8 weeks
8 weeks

8 weeks
8 weeks

1493.0
342.6

379.6

83.0

Da
Eq

0.522

1.055¢+329.716

Y=

*k

0.568

NS
NS

NS .

5 weeks
7 weeké

8 weeks
7 week$

8 weeks
7 weeks

845.4
89.5

2 Within 20% CV for En.

228.4
b Within 30% CV for En.

26.7

Ge

NS

NS

Enl

non-significant.

¢ Significance by non-parametric Mann-Whitney test (results for ANOVA were similar); NS

days at each temperature condition.

d Linear regression using stepwise (0.05 for entry, 0.1 for removal) in SPSS VErt2ncentration (NM)X =

* P<0.05.
* P<0.01.

ok

P<0.001.
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- Stability 4C 4. Discussion

-é 2000 -

R I We have developed a new HPLC-CEAD method that permits

5 :}3:1 quantification of the isoflavones Da and Ge, the metabolite Eq

g2 10004 P T Ge and the lignan Enl in dried blood spots. DBS sampling is mini-

7 ol [l mally invasive and has many advantages over serum and urine

g U e s collection for large-scale studies in naturalistic settings. HPLC,

§ T Tt s e T i n when coupled with a multielectrode coulometric array detector

@ (A) Time (days) [24], can achieve separation and sensitive detection of phytoe-
strogens even in small-volume complex mixtures such as DBS

Stability 25C without elaborate sample pretreatment.

£ 2000, Sample pretreatment methods were modified from several

.LE 1500 sourceq19,26] and streamlined to create an efficient method

2 e e =T for analyzing large numbers of samples. DBS samples, while

g1 e ——————— e o et exhibiting advantages over serum or urine for collection, trans-

§5 500 ol port and storage, require an extra sample pretreatment step

E) S—e—eS—e—o—S—s—e—a—e "0 involving elution into a liquid matrix in order to perform hydrol-

§ 0 T‘]’“?3 T 6 7 32 an 35 a0 ysis and extraction of compounds ofinterest. Advantages of DBS

gz B Time (days) include: less inconvenience to study subjects, who can avoid vis-
its to a hospital or clinic for blood collection; elimination of the

- Stability 37C expense of a technician, nurse or doctor to perform blood col-

g 2000, lection; temperature stability, which permits collection protocols

§ 1500 under conditions when immediate refrigeration/freezing is not

£ % ——al possible; decreased costs of sample transport and storage space;

5% 1000 iiﬂ and increased safety as living organisms such as blood-borne

e /% e T parasites and viruses do not survive drying in the paper matrix.

& sw P Dried blood spots also can be used to measure a variety of other

£ N T hormones and biological parametg¢t8—21] and diseases of

@ 0 1 2 3 4 5 6 7 1421 28 35 42 49 56 interest[17] in population studies. DBS are particularly useful

© Time (days) for epidemiological research and detailed physiological studies

Fig. 3. Stability of Da, Eq, Ge and Enl measured concentrations (nM) in drieasFJCh as pharmaCOKme“CS Wh_ere self-sam_plmg at ho.me under
blood spots over 8 weeks at (AF&; (B) room temperature (approximately different experimental (e.g., dietary) conditions is desired, and
25°C) (days 4 and 6 at stability 2& had unusually high concentrations of Enl as an alternative to plasma and serum samples currently used in
suggesting possible contamination or interference and are not shown); and (€tudies of soy infant formula in infants and childi@9].
srec. The order of elution is similar to that reported in other
reversed phase HPLC methof@sl], except that Ge preceded
Enl in this method. In many methods, separation of Ge and Enl
ferent between Kyoto and Fukushima, Da, Eq, En and th@resents a challenge. Similarly, in the development phase of
Eg/Da ratio were significantly higher in Fukushima than Kyotothis method, numerous gradients and temperature settings were
(Table 7. All values were within the analytic range of the tested to obtain sufficient separation of these two compounds.

assay. The final gradient chosen struck a compromise between
Table 7
Serum equivalent concentrations (nM) of phytoestrogens by region
Da (nM) Eq (nM) Ge (nM) Enl (nM) Eq/D Previous dinner Da
intake gumol)°

Kyoto (n=67) Mean 416.1 87.4 1035.1 49.25 0.52 132.6

S.D. 516.7 163.3 1147.3 54.93 1.55 68.6

Median 212.1 16.2 596.8 38.36 0.08 110.0
Fukushimaf = 68) Mean 565.6 145.1 1058.1 71.89 0.72 127.4

S.D. 571.4 186.2 1050.3 61.94 1.52 66.0

Median 370.2 36.0 769.5 67.72 0.15 110.0
Significant difference by regién * ” NS - * NS

a Significance by non-parametric Mann—-Whitney test; NS = non-significant.
b Estimated from 24-h dietary records preceding DBS sample collection.
* P<0.05.

* P<0.01.
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separation of analytes of interest and unknown compound® contrast to habitual dietary samples that show the reverse
observed in DBS samples. This method gives good sensitivitpattern.

and separation, with high precision and good analytic recovery Analyses of samples from women in two regions of Japan
over a wide range of concentrations comparable to otheidentified population differences in circulating Da, Eq and Enl
HPLC-CEAD methods developed for plasma and ufid@].  that corresponded with previous survey reports of dietary intakes
LOD values were similar or better for all compounds comparedor those regiong36]. Although levels of these compounds were
to most other recently published methof#,26,30] With higher in Fukushima than in Kyoto, no difference was found for
HPLC-CEAD, multiple compounds can be measured in a singlestimated dinner intakes of Da based on dietary records. This
sample, and unknown compounds can be identified later as neapparent discrepancy may be understood in terms of the phar-
standards become available, without using additional samplenacokinetics of soy isoflavone metaboli$4®], where break-

For example, identification of additional metabolic pathwaysfast intake may have contributed significantly to morning DBS
and intermediates such as dihydrodaidzein (an intermediate sample concentrations, thus decreasing the correlation between
the production of equol from daidzein), currently a topic of dinner intake and DBS concentrations. Direct measures of cir-
much interesf40], should be possible as standards becomeulating phytoestrogens may reflect population differences in

more widely available. actual exposure to these compounds more closely than do dietary
This study was complicated by the fact that the hydrolysisrecords.
reageng3-glucuronidase, obtained frofl pomatia, contained In summary, we have developed a sensitive HPLC-CEAD

measurable amounts of plant-derived compounds, particularlpnethod for measurement of phytoestrogens in a new matrix,
Enl. Hence, values in reagent blanks had to be subtractedried blood spots. We have also documented significant regional
from measured sample values. Since this method was primadifferences in blood concentrations of Da, Eq and Enl in
ily designed to measure isoflavones and the metabolite equddBS samples obtained from Japanese women consuming
the original objective was to separate Enl and Ge sufficiently taheir habitual diets. Compared to plasma, serum or urine,
prevent Enl from the hydrolysis reagent from interfering with dried blood spots have numerous advantages of easy sam-
Ge concentration estimates. Parameters are reported here fiing and safe and efficient storage, and when coupled with
Enl, as recent research has identified it as having potential pr¢dPLC-CEAD, this method will greatly enhance the ability of
tective health effectptl], as an important marker of intake of researchers to conduct both large-scale epidemiological stud-
whole grain and fiber-containing plant fodd2], and as a major ies as well as more in-depth but less invasive physiological
metabolite of many biologically-active phytochemicals such astudies.
sesamin, a major sesame seed ligi¥8]. Analytic recovery,
precision, thermostability and serum-DBS regression coeffi-
cients were worse for Enl in this study than for the isoflavonesA cknowledgements
and equol, probably due to the relatively high amounts of Enl in
the hydrolysis reagent compared to endogenous sample concen-We gratefully acknowledge two anonymous reviewers and J.
trations. The medium pool also appeared to have a compourfédialvo for careful reading, extensive comments and assistance
that interfered with accurate assignment of Enl and led to a largi revising the manuscript, K. Ouchi for instruction in HPLC-
inter-assay CV, although this interference was rarely observe@EAD, M. Griffin for laboratory and editorial assistance, M.
in samples. The results of this method validation study sugges$tays for laboratory management, M. Uehara for sharing labora-
that Enl can be measured in DBS, butto improve the quantitativeory equipment and reagents, H. Adlercreutz and A. Samaletdin
parameters for Enl, the hydrolysis reagent should be purified dior providing advice and data on standard solutions, and most
pure enzyme (e.g., glucuronidase and sulfatase) should be usefiall, the study participants who made these studies possi-
in future studies. ble. Funding for the method development and analyses was
Pooled controls and actual samples differed in several wayseceived from the Fuji Foundation for Protein Research, Fuji
because pooled controls were made so that equol would b@il Co. (Osaka, Japan), the Japanese Ministry of Health, Labor
present in detectable levels in all three controls. Howeverand Welfare (H15-Cancer Prevention-061) and Japanese Min-
this resulted in relatively high levels of daidzein (since equol-istry of Education, Sports and Culture. Collection of DBS from
producing subjects’ sera often had high levels of daidzein)women in Kyoto and Fukushima was carried out in associa-
The high pool was obtained primarily from sera of womention with Prof. Y. Watanabe and colleagues at Kyoto Prefectural
ingesting an isoflavone supplement (prepared by Fuji Oil ComUniversity of Medicine and Dr. K. Tominaga and staff at Loma
pany Research Institute, Japan) as part of a supplement safdtinda Clinic in Fukushima, and supported in part by grants from
study, and thus levels were much higher than observed in santhe U.S. National Science Foundation (NSF) (BCS0117097),
ples from women consuming habitual diets. However, the us&).S. National Institute of Health (NIH), National Center
of these controls suggests that this method has a sensitivifpr Complementary and Alternative Medicine (NCCAM),
range wide enough to be used with studies of supplementdlational Research Service Award (NRSA) (1 F31 AT01041-
Furthermore, the isoflavone supplements contained a Da:G#l), Wenner-Gren Foundation for Anthropological Research,
ratio of approximately 3.75:144] compared to typical food Woodrow Wilson-Johnson & Johnson Fund for Women'’s
ratios of approximately 1:1.5 (1:2-1:2.[&5]. Thus, Da con- Health, and the Japanese Ministry of Health, Labor and Welfare
centrations tended to be higher than Ge in the pooled control§H13-Health-015).
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