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Abstract. A fast, precise and selective diode array HPLC method is presented for the 
extraction and analysis of soy isoflavonoids from foods and from human urine, 
plasma, and breast milk in support of mechanistic and epidemiologic studies assess- 
ing the potential cancer protective role of soya or isoflavones. Solid phase or solvent 
extraction was chosen for isolation, and enzymatic or acid hydrolysis procedures 
were used for aglycone production depending on the matrix to be analyzed. C-18 
reversed-phase HPLC was applied to selectively separate and quantitate daidzein (1),2 
glycitein (3),2 and genistein (4): including their malonyl (a)2 and acetyl (b)2 esters, and 
their mammalian metabolites equol (6)* and O-desmethylangolensin (7),2 as well as 
formononetin (2),2 biochanin-A (5),2 and coumestrol (8)2 using a gradient elution sys- 
tem. UV absorbance scans and authentic standards were applied for identification 
purposes, additional to fluorometric monitoring, electrochemical detection, and GC/ 
MS analysis after trimethyl silylation. Detection limits of 2 0 4  injections were found to 
be 1.09, 0.53, 3.28, and 1 .OO pmoles for daidzein, genistein, equol, and O-desmethyl- 
angolensin (DMA), respectively, by monitoring at the individual compound’s absorp- 
tion maximum. The proposed method was applied to monitor isoflavone levels in soy 
foods and in human plasma, urine and breast milk after challenge with roasted soy- 
beans. Implications of the presented results on the potential activity of isoflavones to 
prevent cancer by exposing newborn infants to these agents are discussed. 
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ancer prevention by isoflavonoids (1-3) such as 
daidzein (1) and genistein (4) has been suggested to C be due to multiple effects connected with the inhi- 

bition of processes during carcinogenesis such as radical 
scavenging, antioxidant (4), antiestrogenic (5-8), antimuta- 
genic, antiproliferative (9), differentiation-inducing, ( 10) 
and angiogenesis-inhibiting (1 1) activities. A 100% long- 
term survival was achieved in leukemic mice by treatment 
with genistein linked to an antibody against B-cells (12). 
This added another important item to the growing list of 
potent anticancer effects of isoflavonoids. The relevance of 
exposure of isoflavonoids at an early period in life was 
shown previously by the ability of genistein to reduce breast 
cancer incidence and tumor numbers when only three doses 
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were given to newborn mice (13). Also, 
vonoids at reducing cancer risk (1, 14) 

the role of isofla- 
especially, breast 

cancer risk (15), was suggested due to lower cancer rates 
observed in populations with high isoflavone exposure 
through soy consumption (16, 17). 

Dietary exposure of isoflavonoids to humans is gener- 
ally attributed to soy food consumption (17). Daidzein (1) 
and genistein (4) were the major isoflavones found in these 
foods with combined levels averaging 0.2% relative to dry 
weight (18, 19). However, these concentrations vary de- 
pending on a variety of factors such as environmental, ge- 
netic, harvesting, and processing conditions (1 8, 20-23). 

Traditionally, GCMS was applied to determine soy 
isoflavones and their metabolites in human biological fluids 
including urine (9, 24, 25), plasma (25), and feces (26, 27). 
Recently, HPLC was introduced to measure these analytes 
in human urine (29, 30) allowing the measurement of a 
variety of phytoestrogens including aglycones and conju- 
gated analytes in one run. Compared to GC/MS this HPLC 
method required fewer steps for sample preparation and 
analysis and demanded less technician time and less expen- 
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sive instrumentation. Although HPLC has been applied in 
previous studies to determine isoflavone levels in plasma 
(30, 3 1 ), glycitein and 0-desmethylangolensin were not in- 
cluded in these assays and conditions were not evaluated for 
human specimen. In support of future studies assessing the 
potential cancer protective role of soya or diets containing 
isoflavones, we present a fast, simple, and accurate HPLC 
technique to determine isoflavonoid levels in soy foods and 
human urine, plasma, and breast milk. 

Materials and Methods 
Apparatus. HPLC analyses were carried out on a 

system ‘Gold’ chromatograph with an auto sampler model 
507, a dual channel diode-array detector model 168 (all 
units from Beckman, Fullerton, CA), a fluorescence detec- 
tor model FD100 (GTI/SpectroVision, Concord, MA) and a 
Coulochem 11-5200 electrochemical detector (ESA, Bed- 
ford, MA) using a 501 1 coulometric cell. Absorbance read- 
ings were obtained from a DU-62 spectrophotometer (Beck- 
man, Fullerton, CA). Evaporation was performed with a 
Savant AS 160 speed-vac (Farmingdale, NY) at room tem- 
perature. GC analysis was carried out with a Hewlett- 
Packard model 5890 using a mass selective detector 597 1 A 
and electron impact ionization at 70 eV. 

Chemicals. Methanol, hydrochloric acid, acetic acid, 
96% ethanol, dimethyl sulfoxide (DMSO), ethyl acetate, 
and all solvents used for HPLC and absorbance readings 
were analytical grade or HPLC grade from Fisher Scientific 
(Fair Lawn, NJ). Butylated hydroxytoluene (BHT), sodium 
acetate, genistin, and glucuronidase/sulfatase (isolated from 
Helix pomatia type HP-2s) were purchased from Sigma 
Chemical Co. (St. Louis, MO). Daidzein and genistein were 
obtained from ICN (Costa Mesa, CA), flavone from Aldrich 
(Milwaukee, WI), coumestrol from Serva (New York, NY) 
and P-glucuronidase isolated from Escherichia coli (200 
U/ml) and arylsulfatase isolated from Helix pomatia (1-5 
U/ml) were purchased from Boehringer Mannheim (India- 
napolis, IN). Equol and 0-desmethylangolensin were pur- 
chased from Dr. K. Wiihala, University of Helsinki, Finland. 

Participants. One Caucasian and one Chinese 
woman between 32 and 34 years of age, both in Week 15 
postpartum, of normal height and weight, nonsmoking, not 
on any medication including hormones or dietary supple- 
ments, without particular dietary patterns (e.g., vegetarians), 
and in good health donated breast milk, blood, and urine for 
the present study. One 39-year-old male subject of normal 
height and weight, nonsmoking, not on any medication or 
dietary supplements, without particular dietary patterns and 
in good health donated blood and urine after consumption of 
5, 10 and 20 g of roasted soybeans. During the studies, the 
participants did not consume any alcohol and maintained 
their usual diet except for the intake of roasted soybeans 
during intervention. All procedures of the protocol followed 
were in accordance with the ethical standards of the Hel- 
sinki Declaration of 1975, as revised in 1983. 

Collection of Foods. Soy foods from Hawaii and 

Singapore were obtained from ‘open’ markets or from local 
stores, frozen immediately after purchase, and kept frozen 
until analysis. The same food items from different sources 
were collected on the same day. 

Collection and Handling of Human Milk, Blood 
and Urine. Milk was collected at the time of breastfeeding 
from the opposite breast starting 12 hr before the first soy- 
bean intake. Milk samples were stored in plastic vials be- 
tween +6”C and -4°C. Isoflavones in milk were found to be 
stable for at least 5 days when kept in this temperature 
range. 

Overnight fasting blood was drawn into heparin- 
containing vacutainers and kept on ice until centrifuged for 
30 min at 4°C and 850 g. The supernatant plasma was either 
worked up immediately or stored at -70°C. 

Urine samples were stored in disposable bottles con- 
taining 0.2 g boric acid and 0.1 g sodium ascorbate to con- 
trol for bacterial contamination and for degradation of ana- 
lytes. After mixing and volume determination, each urine 
sample was transferred into 50-ml disposable plastic tubes, 
and stored between -4°C and -20°C. All urine collection 
times were recorded including times of previous voids for 
adjustment purposes. 

Extraction of lsoflavones from Soy Foods. SOY 
foods were freeze-dried, homogenized via mortar and pestle 
or blender, and 1.0 g dry powder was extracted by acid 
hydrolysis ( 18) yielding total aglycone content or with 
aqueous methanol at room temperature yielding conjugates 
and genuinely present aglycones. In the latter case the dry 
powder was sonicated for 10 min in 80% aq methanol (v/v) 
containing 20 ppm flavone as internal standard followed by 
stirring for 2 hr in a sealed container. After centrifugation, 
a clear aliquot of this solution was diluted 1 : 1 with 0.2 M 
acetate buffer (pH 4), and 20 pl were injected into the 
HPLC system. 

In a parallel experiment 20 pl of a 1: 1 mixture of 80% 
aq methanol (v/v) containing 20 pprn flavone and 0.2 M 
acetate buffer (pH 4) were injected into the HPLC system in 
the same batch for internal standard recovery calculation 
purposes. 

Extraction and Enzymatic Hydrolysis of Isofla- 
vones from Human Urine. Urine was extracted as de- 
scribed previously (29). In brief, 20 ml clear urine were 
mixed with 5.0 ml 0.2 M acetate buffer (pH 4) and 200 pl 
flavone (60 ppm in EtOH 96%) as internal standard and 
filtered through a preconditioned C-18 SPE column fol- 
lowed by washing with 2 ml acetate buffer and eluting the 
analytes with 100% methanol. 

The eluate was dried by speed-vac at room temperature 
and incubated for 1 hr at 37°C after redissolving in 1.0 ml 
0.2 M phosphate buffer (pH 7.0) and mixing thoroughly 
with 50 pl P-glucuronidase (31) and 50 pl arylsulfatase. 
Subsequently, the enzymes of the hydrolyzed samples were 
inactivated by addition of 0.9 ml 100% methanol. Samples 
were analyzed immediately or stored at -20°C and analyzed 
by HPLC after equilibration to room temperature, vortex- 
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mixing, and centrifugation at 850 g for 5 min. Additional 
concentration was achieved by partitioning the isoflavones 
from the hydrolyzed sample into ethyl acetate. The com- 
bined organic phases were dried under nitrogen and redis- 
solved in 150 pl mobile phase and 50 p10.2M acetate buffer 
(pH 4) before injecting 20 p1 into the HPLC system. 

In a parallel experiment 200 pl flavone (60 ppm in 
EtOH 96%) were mixed with 0.9 ml buffer and 0.9 ml 
methanol in the same batch for internal standard recovery 
calculation purposes. 

Enzymatic Hydrolysis and Extraction of Isofla- 
vones from Human Milk. In this procedure, 2 4  ml hu- 
man milk equilibrated to room temperature were mixed with 
25 p l  flavone (120 ppm in EtOH 96%), 50 p l  P- 
glucuronidase (from E. coli; 200U/ml) and 50 pl arylsulfa- 
tase (from Helix pomatia; 5U/ml) followed by stirring for 
lhr at 37°C. This sample was extracted three times with 2 
ml ethyl acetate (ACS certified), and the organic phases 
were combined after centrifugation followed by drying un- 
der nitrogen. The dry extract was redissolved in 150 pl 
methanol by vortex mixing followed by the addition of 50 
p10.2 M acetate buffer (pH 4). After centrifugation 20 pl of 
clear sample were injected into the HPLC system. 

In a parallel experiment 25 pl flavone (120 ppm in 
EtOH 96%) mixed with 130 pl methanol and 45 p10.2 M 
acetate buffer (pH 4) were injected into the HPLC system in 
the same batch for internal standard recovery calculation 
purposes. 

Enzymatic Hydrolysis and Extraction of Isofla- 
vones from Human Plasma. Human plasma (1.0 ml) 
equilibrated to room temperature was mixed with 0.25 ml 
0.5 M triethylamine acetate (pH 7.0), 80 pl P-glucuronidase 
(from E. coli; 200U/ml), 80 pl arylsulfatase (from Helix 
pomatia: 5U/ml) and 20 pl flavone (120 ppm in EtOH 96%) 
followed by stirring for 17 hr at 37°C in a sealed container. 
After addition of 0.25 ml of 10% aqueous trichloroacetic 
acid, this sample was extracted three times with 2 ml ethyl 
acetate (ACS certified), and the organic phases were com- 
bined after centrifugation followed by drying under nitro- 
gen. The dry extract was redissolved in 150 p1 methanol by 
vortexing followed by adding 50 p1 0.2 M acetate buffer 
(pH 4) and sonicating for 30 sec. After centrifugation 20 pl 
clear sample were injected into the HPLC system. 

In a parallel experiment 20 pl flavone (120 ppm in 
EtOH 96%) mixed with 135 p1 methanol and 45 pl 0.2 M 
acetate buffer (pH 4) were injected into the HPLC system in 
the same batch for internal standard recovery calculation 
purposes. 

Trimethylsilylation. Dry milk extracts or crystalline 
standards were dissolved in 0.1 ml MSTFAhmidazole 
(100:2; v/w) and incubated for 15 min at 60°C prior to 
GC/MS analysis (32). 

Chromatographic Conditions. For solid-phase 
extraction (SPE) C- 18 reversed-phase columns were ob- 
tained from PGC Scientific (Gaithersburg, MD). 

All HPLC analyses were carried out on a NovaPak C18 

(150 x 3.9 mm i.d.; 4 pm) reversed-phase column (Waters; 
Milford, MA) coupled to an Adsorbosphere C18 (10 x 4.6 
mm i.d.; 5 pm) direct-connect guard column (Alltech; Deer- 
field, IL). Elution was performed at a flow rate of 0.8 ml/ 
min with the following linear gradient: A = acetic acid/ 
water ( 10:90;v/v); B = methanol/acetonitrile/dichloro- 
methane (10:5:l;v/v/v); B in A (v/v): 5% for 5 min, from 
5 % 4 5 %  in 20 min, from 45%-70% in 6 min and from 
70%-5% in 3 min with equilibration for 15 min before 
subsequent injection. Analytes were monitored by diode 
array detection at 260 nm and 280 nm and coulometrically 
at +500 mV during the entire HPLC run simultaneously. 
Observed peaks were scanned between 190 and 400 nm. 

Gas chromatography was performed by injecting 3 pl 
trimethylsilylated sample onto a HP Ultra- 1 capillary col- 
umn (17 m x 0.2 mm i.d., film thickness 0.11 pm) using 
helium as the carrier gas at a flow rate of 1.0 mumin with 
a 1:lO split. The following temperature program was used: 
initial temperature = 180°C, rate = 10"C/min, final tem- 
perature = 320°C. Signals were registered in the selected 
ion monitoring (SIM) mode with the following masses de- 
termined after analysis of standards: daidzein = m/z 398, 
383; genistein = m/z 471,399,228; equol = m/z 386, 192; 
0-desmethylangolensin = m/z 459, 28 1. 

Standard Solutions and HPLC Calibration 
Curves. Standard stock solutions were prepared by dis- 
solving 1-3 mg of the crystalline compound in 20 p1 DMSO 
followed by addition of methanol to give 2-5 molar stock 
solutions. Compounds with less than 95% purity as deter- 
mined by HPLC analysis were discarded. The concentration 
of the stock solutions was determined by absorbance read- 
ings as reported previously (29). 

Concentrations of analytes from milk and urine were 
calculated from peak areas obtained after HPLC analyses 
using the slopes of the calibration curves obtained from 
serial dilutions of standards. Milk levels were expressed as 
nanomoles per liter (nM) after adjustment for internal stan- 
dard recovery. Urinary excretion rates were expressed as 
nanomoles per hour (nmoles/h) after adjustment for time 
period between urine collection and previous void (hr), 
urine volume (ml), and internal standard recovery. 

Results and Discussion 

Our previously developed HPLC system (33) was im- 
proved by applying a gradient elution system consisting of 
methanol, acetonitrile, dichloromethane and 10% aqueous 
acetic acid. This led to more efficient separation of analytes, 
especially the isoflavone conjugates present in soy foods 
(Fig. 2 and 3). Also, isoflavones and their metabolites in- 
cluding equol (6) and 0-desmethylangolensin (7) found in 
humans after exposure to soy foods (25, 29) could be sepa- 
rated more selectively. This method was also applicable to 
separate and quantitate other flavonoids and phenolic acids 
implicated in dietary chemoprevention (34) such as querce- 
tin, kampferol, myricetin, apigenin, luteolin, naringenin, 
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Figure 1. Molecular structure of analytes. 
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hesperetin, catechin and gentisic, anisic, coumaric, ferulic, 
and caffeic acid (data not shown). 

Detection limits for daidzein ( l ) ,  genistein (4), equol, 
and 0-desmethylangolensin using a 20 pl injection volume 
and monitoring at the analytes' absorption maximum were 
found to be 1.09, 0.53, 3.28 and 1.00 pmoles, respectively 
(Table I). The present system led to later retention times and 
thereby, to lower peak heights. Consequently, detection lim- 
its calculated using peak heights were found to be slightly 
greater compared to the HPLC system used in our earlier 
report (29). Detection limits of analytes isolated from hu- 
man body fluids were similar to those listed in Table I due 
to concentration steps during extraction (see Materials and 
Methods) and due to the application of greater injection 
volumes. Finally, coulometric detection at +500 mV low- 
ered detection limits for most analytes by a factor of 2 to 6 
compared to diode-array monitoring (Fig. 4, Table I). Cou- 
lometric response patterns obtained at various voltages can 
also be used for analyte identification purposes (Paul Ga- 
mache; paper enclosed in this issue). 

We found similar peak areas using the present system 
when monitoring at the absorbance maximum of the ana- 
lytes compared to our previous elution system (33). There- 
fore, the present HPLC system showed equal sensitivity 
compared to the previous system, as evidenced by the nearly 
identical calibration curve slopes (data not shown). 

Analytes were identified using internal and external 
authentic standards in addition to spiking experiments. Most 
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importantly, HPLC peaks of isoflavonoids were identified 
by comparison of absorbance patterns obtained by diode 
array detection (33) with those reported recently (20). UV 
scans of conjugated isoflavones isolated from soy foods 
were found to have identical absorbance patterns relative to 
those of their respective aglycones (Fig. 3) which is in ex- 
cellent agreement with established knowledge about the in- 
fluence of 7-0-substituents of flavonoids not changing fla- 
vonoid chromophores (35). Finally, correct peak assign- 
ments (Fig. 2) of the glucosyl esters and glucosides of 
daidzein, glycitein, and genistein (Fig. 1) were reconfirmed 
based on comparison to HPLC results of an authentic 
toasted soy sample provided by Dr. S. Barnes (University of 
Alabama). Assignment by spiking experiments (Fig. 2) and 
diode array detection was identical with that using mass 
spectrometry (23). 

Isoflavones present in soya as glucosides (23, 36) were 
extracted from soy foods with simultaneous acid hydrolysis 
in order to produce aglycones (33). This avoids the need of 
chromatographic separation of complex mixtures and is rec- 
ommended for food-screening purposes (18). Due to the 
relevance of information about conjugate patterns in soy 
foods regarding pharmacokinetic and anticancer properties 
(14), we extracted soy foods also at room temperature in 
order to include conjugated isoflavones in the assay. Com- 
pared to ethanol or other solvents such as tetrahydrofuran or 
acetonitrile, 80% aqueous methanol was found to yield best 
extraction efficiencies without leading to degradation, 
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Figure 2. HPLC trace of extracts of roasted soybeans, toasted soy 
flour (23) after spiking with daidzein (1) and genistein (4), and raw 
soy flour. Flavone used as internal standard (is) elutes at 31 min. 

which is in good agreement with earlier reports (19). Ex- 
traction using cold 80% aqueous methanol resulted in nearly 
identical total daidzein (101%), genistein (104%), and gly- 
citein (95%) levels compared to extraction with acid hydro- 
lysis when soy flour was analyzed. The 5%-9% intra- and 
interassay variability of the major analytes (Tables I1 and 
111) confirms the validity of the presented procedure. 

Total isoflavone levels determined from various soy 
foods (Table 11) were found to be similar in most items 
analyzed when based on dry weights but lower in fresh and 
processed items due to the higher water content in the latter 
items. The ratio of daidzein/genistein/glycitein of approxi- 
mately 1:1:0.2 was found to be consistent in all items ana- 
lyzed. However, absolute isoflavone levels varied even 
within the same food item when collected from different 
markets (coefficient of variation = 1%-101%, Table 11). 
This high variability is probably due to differences in en- 
vironmental conditions and genetic dispositions of the food 
plants (22,37) suggesting that detailed and specific soy food 
analyses are required for studies measuring dietary isofla- 
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Figure 3. Absorbance scans of unconjugated and conjugated daid- 
zein (1 and la-lc), glycitein (3 and 3a-3c) and genistein (4 and 
4 a - 4 ~ )  obtained by diode array detection after HPLC separation of 
toasted soybeans (a = malonylglucoside, b = acetylglucoside, c = 
glucoside; structures given in Figure 1) 

vone exposure. Conjugation patterns of soy isoflavones de- 
termined in selected items (Table 111) showed that malonate 
(a) and glucoside (c) conjugates dominated over acetate (b) 
and aglycones. This agrees with earlier observations (35) 
and was attributed to the fact that acetates and aglycones are 
artifacts with the former upon dry heat (23). Fermented soy 
items suggested to have higher isoflavone bioavailability 
over unfermented items (3 8) contained exclusively agly- 
cones in the foods analyzed, which agrees with previous 
reports (19, 21). Ongoing food analyses in our laboratory 
hint a 20%-50% reduction of isoflavone levels by boiling of 
soy foods due to extraction of analytes into the heated water. 

Urinary isoflavones were isolated as reported earlier 
(29) except that glucuronidase and sulfatase preparations 

ISOFLAVONOID ANALYSIS BY HPLC 267 



Table 1. HPLC Detection Limit and Sensitivity 

uv ECD 

Detection Detection Decrease of Increase of 
limit" [nnn] limita [nnn] detection limitb sensitivityb 

Daidzein" 54.3 15.8 3.43 
Genistein" 26.6 13.9 1.91 

0-Desmethylangolensind 50.2 85.2 0.59 
Coumestrol" 67.4 ND ND 

Equold 164.2 29.7 5.53 

3.44 
1.94 
7.90 
1.01 
ND 

UV = diode-array detection in the ultraviolet range 
ECD = electrochemical detection coulometrically at (+)500 mV 
a determined by peak height with a 20 pl HPLC injection at a signal to noise ratio of 5 

coulometric values relative to Uv values 
UV values obtained by absorbance at 260 nm 
UV values obtained by absorbance at 280 nm 

ND = not determined 

A 

U 
1 

15 18 Time [min.] 21 24 

Figure 4. HPLC traces of authentic 
daidzein (l), genistein (4), equol (6) 
and 0-desme t h y I a n go1 e ns i n (7) 
monitored at 260 nm (A) and coulo- 
metrically at +500 mV (B) shown on 
the same scale. 

with higher purity were used for enzymatic hydrolysis pur- 
poses (see Material and Methods). This led to lower enzyme 
amounts and shorter incubation times required for complete 
hydrolysis and to less interfering signals in the chromato- 
gram. Reevaluation of extraction procedures revealed that 
purification of urine by solid-phase extraction is not re- 
quired for efficient enzymatic hydrolysis and that a variety 
of organic solvents are suitable for isolation of the analytes. 
Applying the HPLC system described above to urine ex- 
tracts resulted in baseline separation of all analytes allowing 
sensitive identification by diode array detection (Fig. 5). 
The validity of the technique presented is evidenced by 
similar results achieved in independent soy intervention 
studies using HPLC (29) or GCMS (8, 25) to measure 
urinary isoflavone levels. According to our experience 
showing highly variable urinary isoflavone levels intra- 
individually depending on the amount of soy product con- 
sumption (17), epidemiologic studies using urinary isofla- 
vone data should consider collecting urine from the same 
individual two to three times a week followed by pooling 
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prior to analysis. Although degradation is highly unlikely 
due to the high stability of isoflavonoids (33), urine samples 
should be stored in acid pH and at temperatures below 
-20°C. Preferably, overnight urine should be used since this 
results in better compliance and facilitates specimen analy- 
sis due to higher analyte concentration. This protocol is also 
recommended since urinary excretion of isoflavonoids is 
usually completed 48-60 hr after soy intake as observed by 
us and others (25, 29, 39) and since dietary habits should 
generally be represented over a period of 1 week. 

Isoflavones were analyzed from plasma using the 
HPLC system described above after enzymatic hydrolysis 
and solvent extraction (Fig. 6). Thorough evaluation of ex- 
traction conditions revealed that enzyme amount, incuba- 
tion time, and buffer environment were very critical in ob- 
taining good extraction efficiency and precision. Best ex- 
traction efficiencies were achieved by addition of triethyl 
m i n e  (pH 7) to plasma (40) before incubating with not less 
than 80 pl enzyme/ml plasma over a period of at least 17 hr 
at 37°C. Daidzein (1.42 nmoles) and genistein (0.74 



Table II. Mean Total lsoflavone Levelsa in Soy Foods [mg/kg] 

n Daidzein cv Glycitein cv Genistein cv 

Raw dry soybeanb 
Soy flourb 
Roasted soybeanb 
Toasted soybeanb 
Green soybean pod" 
Soy protein" 
Soybean sprout" 
Raw tofu" 
Raw tofub 
Fermented tofub 
Fermented curd" 
Soy milk" 
Soy cheese" 
Raw foo jookbd 
Cooked foo jook" 
Raw tau kwabd 
Raw tau pokbd 
Fried bean curd" 

4 
2 
1 
1 
2 
2 
2 
3 
4 
2 
2 
3 
2 
4 
4 
4 
4 
2 

91 3 
789 
786 
860 
122 
633 
225 
258 
139 
250 
90 
81 

21 1 
1160 
182 
136 
163 
122 

19% 
8 Yo 

94% 
4% 

20% 
33% 
21 Yo 
11% 
3% 

34% 
24% 
21 Yo 
32% 
13% 
40% 
21 % 

114 
21 3 
168 
307 

17 
50 

184 

20 
16 

38% 763 
9% 1069 

889 
852 
144 
596 
305 
377 

9% 141 
3% 288 

192 
78 

382 
29% 1317 

325 
17% 139 
44% 190 

307 

12% 
1% 

62% 

19% 
21 % 
13% 

1 O/O 

101% 
1% 

17% 
44% 
19% 
41 yo 
44% 

79% 

13% 

~~ 

a Levels in foods as consumed and expressed in aglycone units determined by duplicate analysis; within-assay imprecision = 5-9% 

"Analyzed by acid hydrolysis; no glycitein included in the assay 
dTau Kwa = pressed Tofu, Tau Pok = fried Tau Kwa, Foo Jook = skimmed dry supernatant obtained by boiling soybean material 
n = number of different food sources 
cv = coefficient of variation between different food sources 

Analyzed by extraction at room temperature 

Table 111. Mean lsoflavone Levelsa of Conjugates and Aglycones in Soy Foods from Singapore [mg/kg] 

7-0-glucoside of 7-O-malonylglucosides of 
n 

Daidzein cv Glycitein cv Genistein cv Daidzein cv Glycitein cv Genistein cv 
~~ ~~ 

Soybean 4 256.6 11% 35.2 17% 251.2 9% 604.3 23% 78.5 4acx0 481.3 16% 
Tofu 4 52.3 10% 7.6 23% 60.9 36% 66.2 50% 6.7 36% 63.5 42% 
Tau Kwa 4 50.2 24% 7.5 25% 62.4 28% 65.6 14% 10.7 22% 58.8 20% 
Tau Pok 4 47.3 42% 5.6 47% 69.9 47% 51.9 48% 3.9 59% 48.0 49% 
FOO JOOk 4 723.0 27% 135.2 29% 925.9 23% 70.6 37% 2.4 67% 57.0 62% 
Fermented 

- 0.8 141% nd - nd - nd - nd - Tofu 2 nd 
INTRA-ASSAY VARIABILITY (n  = 42) 

cv ["h] 6.4% 10.2% 6.1% 7.5% 17.0% 8.5% 

Table 111. Continued 
~ ~~ ~~ 

7-(racetylglucosides of 

Daidzein cv Glycitein cv Genistein cv 
Daidzein cv Glycitein cv Genistein cv 

~ 

Soybean nd - nd - 2.6 116% 51.9 22% nd - 27.8 30% 
Tofu 3.2 29% 0.9 86% 2.4 58% 16.9 66% 2.0 110% 14.3 90% 
Tau Kwa 2.9 41% 0.1 200% 2.2 21% 16.9 37% 1.8 71% 15.5 28% 
Tau Pok 42.1 46% 3.2 51% 44.7 46% 21.3 34% 3.2 24% 27.3 27% 
FOO JOOk 35.4 56% 5.5 70% 25.6 31% 331.1 15% 41.0 32% 308.2 10% 

Tofu nd - nd - nd - 250.5 11% 49.1 1% 287.6 13% 

cv ["/.I 9.6% 5.5% 10.5% 7.0% 11.2% 6.3% 

Fermented 

I NTRA-ASSAY VARl ABl LlTY (n  = 42) 

~~ ~ 

a levels expressed in aglycone units determined by duplicate analysis. 
n = number of different food sources 
cv = coefficient of variation between different food sources 
nd = levels below detection limit 

nmoles) was spiked into plasma containing 1.33 and 2.27 
nmoles, respectively, and led to 85% and 84% recovery 
rates, respectively. Coefficients of variations for intra-/ 

interassay variability of daidzein and genistein were found 
to be 8.2%/6.6% and 11.7%/8.4%, respectively. Levels in 
serum showed no significant difference to those in plasma. 
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Figure 5. Chromatogram of a hydrolyzed extract obtained from 
urine of a subject with unknown soy exposure prior to urine collec- 
tion. The trace monitored at 260 nm shows baseline separations of 
all analytes. Absorbance scans of peaks depicted in inserts were 
identical with those from authentic external standards (upper trace in 
each insert) leading to unambiguous peak assignment. DMA = 
0-desmethylangolensin. 

Analysis of plasma obtained from a male subject 10 hr 
after intake of 20 g of roasted soybeans shows major HPLC 
peaks for daidzein and genistein (Fig. 6B). This resulted in 
unambiguous peak assignment by comparison with authen- 
tic standards (Fig. 6C) and by diode array detection. Isofla- 
vone metabolites were not observed in this plasma sample 
probably due to the presence of 0-desmethylangolensin be- 
low detection limit and due to the absence of equol as as- 
sessed by urinary analysis. Similar to previous urinary 
analyses (29), excellent dose response correlations of 
plasma isoflavones were observed in a metabolic study ex- 
posing an individual to 5, 10 and 20 g of roasted soybeans 
during 4 days as depicted in Figure 7A. Elimination of 
isoflavones from plasma was found to be completed ap- 
proximately 60 hr after intake of soy foods as shown in 
Figure 7B. Plasma elimination patterns were found to be 
very similar to those from urine (Fig. 7A, B). Great varia- 
tion of plasma isoflavone recovery (5%-10%) was observed 
by analyzing six plasma samples from three individuals. 
Genistein to daidzein ratios were highly variable (0.5-2.1) 
and consistent only within an individual similar to earlier 
findings from urinary patterns (29). These results suggest 
that future epidemiological and clinical trials assessing the 
protective role of isoflavonoids or soy intake at inhibiting 
chronic diseases would not necessarily require plasma but 
could be designed with a noninvasive protocol using urine 
facilitating easier subject recruitment, better compliance, 
and faster approval from study reviews. 

Finally, a method for isoflavone determination in hu- 
man breast milk was developed in order to assess the natural 
exposure of newborn babies to these agents (41). The high- 
protein content of milk required thorough evaluation of ex- 
traction conditions. Tests with spiked milk samples revealed 
that solid-phase extraction and many solvents were not ap- 

4 

4 

C 4 1 7  

c I I I 
15 17 19 21 23 25 

lime lrnin.1 

Figure 6. HPLC chromatograms of extracts from (A) human milk 
and (B) human plasma obtained 18 hr and 10 hr after challenge with 
20 g roasted soybeans, respectively. All traces including that from 
authentic standards (C) were monitored at 260 nm and show a peak 
for the internal standard flavone at 31 min (not shown). Analyte 
amount expressed in pmol in trace A, B, and C: daidzein (1) = 4, 
2739 and 16 pmol; genistein (4) = 5, 2334 and 12 pmol; equol (6), 
coumestrol(8) and O-desmethylangolensin (7) were below detection 
limit in plasma and milk. 

plicable for isoflavone extractions from this matrix. How- 
ever, ethyl acetate frequently used for the isolation of di- 
etary phenolic (42) and flavonoid (43, 44) compounds, re- 
sulted in selective concentration of the analytes in the 
organic phase and led to higher recoveries compared to 
tertiary butyl methyl ether. Ethyl acetate isolation led to 
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method suggesting their absence in human milk after soy- 
bean consumption by this particular individual. The exclu- 
sive occurrence of the major soy isoflavones in milk is not 
surprising since glycitein exposure through soy challenge is 
minor due to its presence at very low levels in soybeans 
(Table 11) (22, 25). A preferential excretion of the metabo- 
lites over the parent isoflavones is suggested by the isofla- 
vone to metabolite ratio observed to be much higher in 
plasma than in urine or feces (26, 28). Since milk is pro- 
duced by secretory processes from blood (46), the low 
plasma concentrations of isoflavonoid metabolites might 
explain their absence in milk. 

Soybean challenge led to a fast and dose-dependent 
response in human milk (Fig. 8) in excellent agreement with 
results presented recently using GUMS analysis (47). 
Maximum milk levels were reached 10-14 hr after soy in- 
take, and baseline levels were reached 2-4 days later de- 
pending on the dose. The isoflavone patterns in milk fol- 
lowed those in urine, except with a slight delay (Fig. 8). 
This is in good agreement with other micronutrients or 
drugs showing a faster urinary excretion than secretion into 
milk (46). Most importantly, milk levels of genistein con- 
jugates were found to be higher than those of daidzein con- 
jugates as was observed for plasma levels of this individual 
(genistein to daidzein ratio = 2:l). In contrast, urinary lev- 
els of genistein conjugates were found to be smaller than 
those of daidzein conjugates in agreement with other studies 
(24, 25, 29, 30, 38,48-50). This might be due to the higher 
polarity of daidzein conjugates favoring its urinary excre- 
tion and leading to increasing genistein to daidzein ratios in 
blood. Secretory processes will consequently result in iso- 
flavone patterns in breast milk to be similar to those in 
blood. 

Milk levels of daidzein and genistein conjugates in- 
creased rapidly after soy consumption followed by a rapid 
decrease and most interestingly, by a subsequent increase 
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Figure 7. Daidzein and genistein levels in human plasma and urine 
after challenging a male subject with 5, 10, and 20 g of roasted 
soybeans (A) and 20 g of roasted soybeans (B), respectively. Blood 
was drawn 10-12 hr after soybean intake, and urine samples were 
collected continuously as shown on graphs. 

high precision (coefficient of variation = 5%-11%) and 
spiking recoveries (88%-99%) of isoflavone aglycones 
from human milk (41) and did not co-extract glucosidic 
conjugates (data not shown). Therefore, hydrolysis of iso- 
flavone conjugates was required prior to extraction in order 
to include conjugates in the assay. The lack of detectable 
isoflavones after extraction without hydrolysis suggested 
that all isoflavones occur as glucuronide and/or sulfate con- 
jugates in human milk. Analytes were routinely identified 
by retention times in various HPLC systems (Fig. 6) and by 
UV absorption patterns obtained by diode-may detection. 
Additionally, fluorometric (3 1) and coulometric (45) detec- 
tion were used to confirm the presence of these agents in 
human milk. Trimethylsilylation of representative milk ex- 
tracts followed by GC/MS analysis in the selected ion moni- 
toring (SIM) mode indicated again the presence of daidzein 
and genistein in human milk due to identical GC retention 
times and mass fragmentation patterns with those of authen- 
tic standards (41). These GUMS values were also in excel- 
lent agreement with those reported previously (28) None of 
the other soy isoflavones or metabolites shown in Figure 1 
were detected in human milk extracts with this GC/MS/SIM 

Figure 8. Daidzein and genistein levels in human milk and urine 
after challenge with 5, 10, and 20 g of roasted soybeans. Milk 
samples were collected at time of feeding starting at 12 hr before first 
soybean intake. Six overnight urine samples and two additional 
samples, 12 hr before and 87 hr after first soybean intake, were 
obtained to monitor urinary isoflavone excretion. 
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before reaching baseline levels (Fig. 8). This biphasic elimi- 
nation pattern has already been observed in animal plasma 
after treatment with the flavane hydroxyfarrerol (51) or the 
flavone baicalin (43) and most importantly, in human 
plasma (52) and urine (39) after soy intervention. This bi- 
phasic phenomenon was suggested to be due to enterohe- 
patic circulation (30, 53) a process known to occur with 
flavonoids (54). Therefore, enterohepatic circulation might 
also explain the biphasic pattern observed in human milk. 

Isoflavone levels of three milk and urine samples of a 
Chinese woman eating her usual diet including tofu soup 
once a day for dinner were analyzed with the proposed 
procedure. Milk levels of daidzein and genistein (80-1 10 
nM and 30-50 nM) were found to be similar to those ob- 
served after challenge with roasted soybeans. This is in 
good agreement considering the similar total isoflavone ex- 
posure from these two food items (18). However, urinary 
excretion was found to be smaller in the Chinese woman 
(80-1 50 nmolesh daidzein and 8-33 nmoleshr genistein) 
compared to the Caucasian woman during soybean inter- 
vention. This may be due to interindividual variation in 
excretion (25, 39) or to the different food items consumed 
(38). 

In summary, we showed that the diode-array HPLC 
method presented is applicable to isoflavonoid analysis 
from foods and from human body fluids helpful for future 
epidemiologic and clinical trials assessing the role of soy or 
isoflavonoids at preventing chronic diseases. After moder- 
ate soy challenge we found mean total isoflavone levels of 
60 pM in urine, 2 pM in plasma and 0.2 pM in breast milk. 
Although demonstrated exclusively in carcinogen-or cyto- 
kine-induced cell and animal models, the anticancer prop- 
erties of genistein and daidzein are particularly intriguing 
when considered in combination with the results presented 
in human milk. Breast feeding is known to be beneficial, not 
only to the mother by protecting against ovarian and breast 
cancer, but in particular, to the infant protecting against 
various diseases including infections (55-57). Cancer inci- 
dence and severity is significantly reduced when newborn 
animals are treated with only three single doses of genistein 
(1 3). These findings in combination with the data presented 
suggest a cancer preventive effect of breast feeding to the 
offspring when mothers consume soy foods due to exposure 
of the known anticancer agent genistein (and also daidzein) 
to the infant. This effect may take place at a very early and 
most critical developmental period through mother’s milk 
containing these agents in a highly bioavailable form. It is 
conceivable that the isoflavone conjugates obtained from 
mother’s milk are more bioavailable to the newborn child 
compared to those from soy foods due to the incompletely 
developed gut flora (49, 58) preventing hydrolysis of acyl- 
ated and nonacylated isoflavone glucosides present in soy 
foods. Analysis of biotransformation products and bioavail- 
able levels of soy isoflavones in the baby are required to 
explore the risks and benefits further of these compounds in 
humans. 
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