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Abstract

Soy isoflavones, genistein and daidzein, are widely consumed in soy-based foods and dietary

supplements for their putative health benefits; however, evidence for potential adverse effects has

been obtained from experimental animal studies. An important prerequisite for understanding the

pharmacodynamics of isoflavones is better information about pharmacokinetics and

bioavailability. This study determined the bioavailability of genistein and daidzein in a mouse

model by comparing plasma pharmacokinetics of their aglycone and conjugated forms following

administration of identical doses (1.2 mg/kg genistein and 0.55 mg/kg daidzein) by either an

intravenous injection (IV) or gavage of the aglycones in 90% aqueous solution vs. a bolus

administration of equimolar doses delivered in a food pellet prepared using commercial soy

protein isolate (SPI) as the isoflavone source. The bioavailability of genistein and daidzein were

equivalent for the gavage and dietary routes of administration despite the use of isoflavone

aglycones in the former and SPI-derived glucosides in the latter. While absorption of total

isoflavones was nearly quantitative from both oral routes (>84% of AUCs for IV), presystemic

and systemic Phase II conjugation greatly attenuated internal exposures to the receptor-active

aglycone isoflavones (9–14% for genistein and 29–34% for daidzein based on AUCs for IV).

These results show that SPI is an efficient isoflavone delivery vehicle capable of providing

significant proportions of the total dose into the circulation in the active aglycone form for

distribution to receptor-bearing tissues and subsequent pharmacological effects that determine

possible health benefits and/or risks.
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INTRODUCTION

Bioavailability of isoflavones (Scheme 1) from soy-based foods and dietary supplements is a

critical component in understanding possible beneficial and adverse health effects in animal

models and humans. There is general agreement that absorption in the rodent and human gut

proceeds by rapid release of aglycones through the action of bacterial and intestinal β-

glucosidases following ingestion of isoflavone glucosides present in whole soy foods (1–5)

(Scheme 2). While there is evidence for delivery of small amounts of intact isoflavone

glucosides into the circulation in rodents (6, 7) and humans (2), efficient Phase II

conjugation within the enterocyte and secretion of glucuronides into the blood greatly limit

the amount of biologically active aglycone available for distribution to the tissues (i.e.,

bioavailable). There is strong evidence in rodents for secretion of isoflavone glucuronides

into the bile and enterohepatic recirculation prior to elimination into both feces and urine (7–

10).

These observations made it imperative to understand better how the food matrix can affect

important isoflavone pharmacokinetic factors in an animal model. In the current study, we

chose to evaluate the effects of soy protein isolate (SPI) because it is a major commercial

ingredient used in the manufacture of many modern soy-based foods and dietary

supplements, including infant formula. For these reasons, the current study examined the

absolute bioavailability of genistein and daidzein, both as aglycones and total conjugated

forms, in plasma of female Balb/c mice. This was achieved by comparing the plasma

pharmacokinetics from IV and gavage administration of genistein and daidzein aglycones in

solution with bolus feeding of equimolar doses of isoflavone glucosides in a SPI-containing

food matrix that is comparable to many popular soy foods, such as high-protein “power

bars”.

The experimental design chosen in this study also specifically addresses common

methodological deficiencies found in many studies of the pharmacokinetics of soy

isoflavones. First, low doses of isoflavone glucosides relevant to food intake were chosen to

minimize complications due to non-linear pharmacokinetics often encountered as dose

increases and second, both aglycone and total isoflavone concentrations were measured in

plasma. To accomplish these goals, analytical methodology based on LC/MS/MS and

isotope dilution was employed to assure sensitivity adequate to quantify circulating

aglycones, which are the receptor-binding forms, and their inactive conjugated forms.

MATERIALS AND METHODS

Chemicals and reagents

HPLC-grade methanol and acetonitrile, and reagent grade hydrochloric acid, glacial acetic

acid and ammonium acetate were from Fisher Scientific (Fair Lawn, NJ). Isoflavone

standards, daidzin, glycitin, genistein, daidzein, glycitein, genistein and the internal

standard, formononetin, were purchased from different commercial vendors and their purity

was determined and confirmed using LC-MS, NMR and LC-UV. Briefly, highly purified

chemicals (CAS) were purchased: genistin (529-59-9), glycitein (40957-83-3) and

formononetin (485-72-3) from Indofine Chemical Co., Hillsborough, NJ; daidzin (552-66-9)
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and glycitin (40246-10-4) from Sigma-Aldrich Chem., St Louis, MO. Both, genistein

(446-72-0) and daidzein (486-66-8) were synthesized in the Helferich laboratory to >98%

purity as previously described (11). Standard solutions at 1–2 mg/ml were prepared in

dimethyl sulfoxide (DMSO, Sigma-Aldrich Chemical; St Louis, MO) and stored in darkness

at −20 °C. Working standard solutions were prepared on the day of the analysis by dilution

of the stock solutions with aqueous methanol and mobile phase A. All solutions were

filtered through a 0.45 μm Acrodisc syringe filter (PALL Co.; East Hills, NY) prior to

reverse phase HPLC separation. The purity of the isoflavone aglycones and glucosides stock

solutions was checked with maximum absorption and known molar extinction coefficients

as described in Nurmi et al. (12). Eighteen separate samples of commercial SPIs were

purchased from different manufacturers and distributors (Table 1) within a 2-year period

(2005–2007). A sample of SPI was prepared using mild alkali conditions as described by

Wu et al. (13) from soy flour (Bakers soy flour, ADM, Decatur, IL).

Analysis of isoflavones in foods

Soy products were analyzed at least in duplicate for isoflavone composition using mild acid

hydrolysis conditions as previously described (14). Acid hydrolysis solution was prepared

from absolute ethyl alcohol (200 proof, AAPER; Shelbyville, KY), double deionized water

and concentrated HCl (12.1 M) in a 64:16:20 (v/v/v), respectively, for a final HCl

concentration of 2.4 M. Isoflavones were extracted in aqueous methanol, separated by

reverse phase HPLC with gradient elution and quantified using coulometric detection

against pure standards.

a. Non-hydrolytic analysis. Briefly, 100 mg of each sample (in duplicates) were

placed in 15 ml centrifuge tubes. An aliquot (10 μl) of formononetin internal

standard solution (2.5 mg/ml in DMSO) was spiked on top of the sample, before

adding 10 ml of aqueous (80%) methanol. Samples were mixed until materials

were suspended in solution and placed in ultrasound water bath (Fisher Scientific;

Fair Lawn, NJ) for 30 minutes. Upon sonication, samples were diluted (1:2; v/v) in

separate borosilicate glass tubes with mobile phase A, filtered with 0.22 μm

Acrodisc syringe filter (PALL Co.; East Hills, NY) and injected (10 μl) into HPLC

100 μl sample loop.

b. Acid hydrolysis analysis. Mild acid hydrolysis conditions were used to convert

isoflavones from their malonyl and acetyl esters to their β-glucoside forms as the

basis to calculate total glucoside and aglycone content for each sample. Each

sample (100 mg in duplicate) was accurately weighed into ~70 ml tall PTFE screw-

capped tubes. An aliquot (10 μl) of formononetin internal standard solution (2.5

mg/ml in DMSO) was spiked on top of the sample before addition of 10 ml acid

hydrolysis solution. A small stirring bar was added and tubes were tightly capped.

Samples were mixed until materials were suspended in solution. Samples were

heated in a stirring-heating block unit controlled with a thermostat set 80 °C for 1

(partial hydrolysis) or 5 hours (complete hydrolysis). Upon termination, samples

were diluted (1:3; v/v) in separate borosilicate glass tubes with mobile phase A,

filtered through 0.22 μm Acrodisc syringe filters directly into 4 ml amber vials and

injected (10 μl) into HPLC 100 μl sample loop.
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Chromatographic conditions were adapted from those described by Peñalvo et al. (14).

Isoflavone determination was carried out using HPLC with the multi-channel coulometric

array detection system (ESA Inc.; Chelmsford, MA) consisting of two solvent pumps

(model 582), autosampler model 717-Plus with cooling unit (Waters; Milford, MA) and a

CoulArray detector (model 5600) with 2 analytical cells in series, each with four porous

graphite electrodes set at 450, 490, 545, 580, 620, 690, 760, 800 mV, in the same order.

Analytes were separated using a Zorbax RX C18 column (150 mm × 4.6 mm, 5 μm, 80 Å)

from MAC-MAD Analytical (Chadds Ford, PA); protected with a guard column packed

with C18 material (Upchurch Sci. Inc., Oak Harbor, WA). Samples were kept, injected, and

separated at room temperature (~23 °C). Gradient elution was used for complete separation

of the analytes and consisted of two eluents: mobile phase A (MPA), 50 mM ammonium

acetate buffer pH 4.5 and MeOH (90:10 v/v), respectively; and MPB, 50 mM ammonium

acetate buffer pH 4.5, MeOH and ACN (20:30:50 v/v/v), respectively. Gradient elution of

isoflavones was carried out at 1 ml/min in the following pattern: 0–6 min at 15% MPB,

increase to 18% MPB in 10 min, keep at 18% MPB for 4 min, increase to 25% MPB in 7

min, keep at 25% MPB for 4 min, increase to 38% MPB in 4 min, keep at 38% MPB for 5

min, increase to 42% MPB in 7 min, increase to 90% MPB in 7 min, keep at 90% MPB for 1

min, reduce to initial conditions in 4 min and equilibrate for 8 min; for a total run time of 67

min including 8 min of equilibration. Controlled data acquisition and processing was

performed using CoulArray software (v. 2.0). Quantification from the sum of peak heights

was performed using calibration curves generated from 4-point serial dilutions of single

standards run in triplicates. Unknown peaks were matched to standards on the basis of

retention time (± 3%) as well as response ratio between adjacent channels (± 35%), and

manually inspected to ensure correct assignment.

Diet Formulation

American Institute of Nutrition 93 growth (AIN 93G) semi-purified diet, with corn oil

substituting soybean oil, was selected as a basal diet for control animals, which meets all the

nutritional requirements of mice (15, 16). SPI with its endogenous isoflavone content was

selected to evaluate the pharmacokinetics of genistein and daidzein in mice after

consumption of a suitable high-protein food. Chocolate-based pellets, with or without SPI,

were prepared by grinding commercial chocolate cookies and adding 20 mg SPI (20% by

weight). Pellets weighed ~100 mg (± 2 mg) each and were compounded to a pie shape

(diameter ~6.8 mm and height ~2.64 mm) using a specially designed stainless steel shaping

device and a hammer. Pellets without SPI were used to train the mice to consume the entire

meal as a bolus. The same SPI without isoflavones was used to prepare pellets for the

control group. Isoflavones were removed from SPI after ethanol washing and was confirmed

to have negligible amounts of isoflavones (data not shown). This high-protein food was

formulated similar to commercially available high-protein bar products. According to our

calculations and using the USDA Food Composition database (17) and available

composition tables from vendors, each 100 mg pellet contained protein (17%),

carbohydrates (59%) and fats (17%); which delivered ~1.8 kJ/pellet representing ~5.7% of

the daily energy requirements for mice used in this study (15, 16).
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Animal Handling Procedures

Female Balb/c mice (16.7 ± 1.2 g) were purchased from the National Cancer Institute

(Bethesda, MD) and delivered at 30 days of age. Animals were housed individually and kept

on a 12 h dark/12 h light cycle. All experiments were approved by the Institutional Animal

Care and Use Committee of the University of Illinois. Animals were changed to AIN 93G

basal diets on the day after arrival. Mice were trained over a 2-week period to consume the

chocolate-based pellets (without SPI) in a bolus manner (i.e., within a few minutes). At the

end of the training period, animals were randomized by weight and assigned to either the

control or treatment group. Animals in the control group (n = 6) received pellets prepared

with ethanol-washed SPI. The treatment group consisted of 42 mice (i.e., 6 mice in each of 7

time points) and received cookie snacks prepared with intact SPI each containing 0.009 ±

0.001 mg and 0.019 ± 0.003 mg of daidzein and genistein, respectively; delivering

respective doses of 0.55 and 1.16 mg/kg bw. On the day of sample collection, body weights

were recorded, and mice were appropriately dosed, and blood samples were collected by

cardiac puncture at 30, 60, 120, 240, 480, 720, and 1440 min after the feeding period.

Control animals were euthanized at 30 min after consumption of control pellets. Plasma was

prepared by collection of blood into EDTA containing micro-centrifuge tubes and further

centrifugation at 2000 rpm (30 min, 4 °C). Samples were kept at −80 °C until further

analyses.

Pharmacokinetic evaluations of intravenous and gavage administrations were also conducted

using female Balb/c mice similarly obtained from the National Cancer Institute. Procedures

involving care and handling of these mice were reviewed and approved by the NCTR

Laboratory Animal Care and Use Committee. Body weights were 18.7 ± 0.87 g (n = 107)

and did not significantly differ between control, gavage, and IV groups. Dosing solutions

were prepared less than 24 hr before administration by dissolving genistein (4.6 mg) and

daidzein (2.1 mg) in 4 ml DMSO and then diluted to 40 ml with water to make a clear

solution. A dose of 1.2 mg/kg genistein and 0.55 mg/kg daidzein was administered by either

IV injection into the tail vein or by gavage using a dosing solution containing 115 μg/ml

genistein and 55 μg/ml daidzein with 10 μl administered for every g body weight. The same

dosing solution was used for IV and gavage administrations. Following dosing, 6 mice were

sacrificed at each of the time points (5, 15, 30, 60, 120, 240, 360, 480 and 1080 min for IV

and gavage) by CO2 asphyxiation and blood was collected immediately by cardiac puncture.

Blood samples were placed in purple top tubes, plasma was produced by centrifugation, and

samples were stored at −80 °C until analyzed in a single batch.

Quantification of Plasma Isoflavones

Plasma concentrations of total isoflavones were determined after complete enzymatic

hydrolysis using a H. pomatia preparation containing glucuronidase, sulfatase, and

glucosidase activities using a previously validated LC-ES/MS/MS method based on isotope

dilution quantification of genistein, daidzein, and equol (18). Isoflavone aglycones were

determined identically except without enzymatic deconjugation. Method detection limits

(s/n ratio 3) for genistein, daidzein, and equol were approximately 0.005 μM for analysis of

10 μl plasma (total isoflavones) and 0.001 μM for analysis of 50 μl plasma (aglycone

isoflavones). Intra- and inter-day precision was in the range of 3–13% relative standard
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deviation and accuracy was in the range of 88–99% (18). Quality control analyses were also

performed during every sample set and included the analysis of blank and spiked serum

samples (including glucuronidase/sulfatase), blank injections, and injections of authentic

standards.

Pharmacokinetic analysis

Model-independent pharmacokinetic analysis was performed using PK Solutions 2.0

software (Summit Research Services, Montrose, CO). Parameters reported include: t1/2 elim

= elimination half-time; AUC0-∞ = area under the time-concentration curve from zero to

infinity; Vd = volume of distribution; Cl, total plasma clearance; bioavailability = AUC

oral/AUC IV.

Statistical Analysis

Data are shown as the means ± SD. All statistical analyses were conducted using SAS

software (SAS Institute Inc., Cary, NC). Group comparisons were made using the two-sided

t-test. All reported P values are two-tailed and differences at P < 0.05 were considered

statistically significant.

RESULTS

In this study we first determined the total quantity of isoflavones and their profile in multiple

commercial SPIs and one SPI made in our laboratory from defatted soy flour. We found that

both the content and profile of isoflavones in SPIs, even in those from the same supplier, are

variable with average aglycone equivalents in mg/g of SPI of 0.297 ± 0.218 mg/g, 0.075 ±

0.046, and 0.640 ± 0.377 (mean ± SD) for daidzein, glycitein and genistein, respectively

(Table 1). Similarly, the variation in the profile of isoflavones, total glycosides vs. total

aglycones (80.6 ± 22.0 % vs. 19.4 ± 22.0%), was quite large with most of the SPIs, with the

exception of two, containing isoflavones in their original glycoside form as is common with

most unfermented soy foods (19). Nonetheless, the relative relationship among aglycone

equivalents in all SPI’s was more constant with averages of 27.8 ± 6.0 %, 7.9 ± 2.2 % and

64.3 ± 6.8 % (mean ± SD) for daidzein, glycitein and genistein, respectively. Thus, although

the quantity and profile of isoflavones was quite variable, the relative proportion among

aglycones was more constant. Next, we selected a SPI product (Solpro 950) based on the

amounts and profile of its constituent isoflavones to determine the dose to use for evaluating

the pharmacokinetics of genistein and daidzein (1.2 mg/kg bw genistein and 0.55 mg/kg bw

daidzein).

Intravenous (IV) administration of genistein and daidzein produced circulating levels of

aglycone and total isoflavones (i.e., conjugates + aglycones) that decreased rapidly (Figure

1, Tables 2 and 3). Half-times for elimination of aglycones were quite fast (10 min) with

slower elimination of the total isoflavones (85 and 160 min for genistein and daidzein,

respectively). The greater Vd for aglycone genistein relative to daidzein is consistent with its

greater lipophilicity and more extensive distribution into tissues. Significant systemic Phase

II metabolism was evident because even at the initial time point following IV administration

(5 min), only 36–70% of genistein and 36–81% of daidzein were present as aglycones in
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individual mice. Over the whole exposure period following IV administration, the ratio of

AUCs for aglycone/total was 28% for genistein and 27% for daidzein. The similar systemic

Phase II metabolism for these compounds as reflected by these AUC percentages is

consistent with the comparable catalytic activity shown by human liver microsomes for

genistein (kcat/Km=0.093 pmol/min/mg protein) vs. daidzein (kcat/Km=0.11 pmol/min/mg

protein) (20). No clear evidence for enterohepatic recirculation (i.e., an apparent “bump” in

plasma concentrations late in the profile) was provided by these data; however, the statistical

limitations imposed by inter-animal variability from the chosen experimental design of using

multiple mice at each time point could mitigate this interpretation.

Administration of identical doses of genistein and daidzein by gavage produced more

complex plasma concentration-time profiles (Figure 2). The impact of pre-systemic Phase II

metabolism in the gut was evident because in individual mice only 3–13% of genistein and

10–15% of daidzein were present as aglycones at the initial sampling point. Over the whole

exposure period, the ratio of AUCs for aglycone/total was 3.2% for genistein and 7.4% for

daidzein. The changes in relative AUCs between aglycone and total isoflavones from either

IV or oral administration suggest that pre-systemic (i.e., gut) metabolism of genistein (28 to

3.2%, respectively) is more extensive than for daidzein (27 to 7.4%, respectively). This

conclusion is consistent with the preferential glucuronidation of genistein (kcat/Km = 56

pmol/min/mg protein) over daidzein (not detected, <0.08 pmol/min/mg protein) observed in

human colon microsomes (20). The elimination kinetics for aglycone and total genistein and

total daidzein following gavage were similar to observed for the IV administration but

elimination of aglycone daidzein was 6-fold slower (Tables 2 and 3). In conjunction with the

absorption phase following oral administration, the net result was markedly lower peak

concentrations relative to IV. The absolute bioavailability (i.e., fraction absorbed = AUC-

oral/AUC-IV) was 0.094 for aglycone genistein and 0.89 for total genistein; the absolute

bioavailability for aglycone daidzein was 0.34 and essentially quantitative for total daidzein

(1.2). Although “bumps” were apparent in the latter part of the composite plasma

concentration-time profiles for mean levels of aglycone and total isoflavones, these features

could be consistent with the effects of either inter-animal variability, variable absorption

from the gut, or enterohepatic recirculation.

Bolus administration of nearly identical isoflavone doses in the SPI-containing food also

produced complex time-concentrations of aglycone and total isoflavones (Figure 3). The

pharmacokinetics following administration of the glucosides in the SPI food were similar to

those produced by gavage administration of aglycones, although absorption and elimination

phases appeared to be somewhat slower resulting in lower peak plasma concentrations. The

systemic bioavailability values were quite similar to those obtained from gavage (Tables 2

and 3).

Equol, as either total or the aglycone, was not observed in any plasma sample despite a

detection limit of approximately 5 nM. These results are at odds with all previous studies,

including our own (6), conducted in mice or rats using much higher doses of daidzein, in

which equol was consistently observed in plasma at high levels, even from IV

administration (10, 21). Given the requirement for gut microflora metabolism to equol and a

prolonging effect from enterohepatic recirculation of daidzein (10, 21), it is conceivable that
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this negative finding might have resulted from monitoring for an insufficient length of time;

however, it was deemed unlikely that extending the monitoring interval beyond the time for

required for complete systemic elimination of the parent daidzein (18–24 h) could have an

impact in a single dose experiment given the rapid clearance of daidzein, its relatively polar

nature and the absence of any evidence for sequestration in tissues. This finding suggests

that the magnitude of daidzein dose could be an additional factor in determining equol

production in vivo.

DISCUSSION

SPI is a highly purified form of soy protein, standardized to contain at least 90% protein on

a moisture-free basis. The purified isolate of soy protein has been used for its unique

functional properties since the mid 1930’s mostly as an industrial ingredient in the process

of making paper coatings and the useful “bean soup” during World War II. Since the early

1960’s, mainly due to its exceptional emulsification, binding, and rheological properties in

foods, SPI has steadily entered our food supply becoming an ubiquitous ingredient, from

infant formulas (22) to high protein supplements for the elderly (23).

Changes in the content and profile of isoflavones within soybeans and soy products is

known to vary mostly due to soy cultivar (24, 25), environmental conditions such as

temperature, irrigation and atmospheric CO2 (24, 26, 27), processing (28–31) and storage

(32, 33). Among others, processing is a critical factor that determines the final quantity and

profile of isoflavones in SPI (30, 34). SPIs produced from ethanol wash have low amounts

of total isoflavones and saponins (34). SPIs produced from alkali solubilization and

isoelectric precipitation, such as the one prepared in this study, can retain as much as 30% of

initial isoflavones present in defatted soy flour. As shown in this study, many SPI

manufacturers have different proprietary processing methods to obtain 90% protein (±5%)

that will dictate the final functionality of the food ingredient (e.g. use in solid foods or

beverages). These methods, along with the initial isoflavone content in the raw material, are

main determinants of the large variability in the content and profile of isoflavones in the

final product. Although isoflavones are concomitantly isolated during the process of

obtaining soy protein, there is no association between the amount of protein and the total

amounts and profile of isoflavones. Setchell et al. (35) reported similar large variances in the

content and profile of isoflavones for two commercial SPIs collected over a three-year

period. Indeed, the differences found in the amount of isoflavones in our study are far larger

than this earlier evidence, with ranges as high as 12-fold for specific isoflavones, even in

SPIs from the same manufacturer. In contrast, we did not find any SPIs containing glycitein

equivalents higher than 11% of total isoflavone content, even in those SPIs with higher

aglycone content. Similar variability was also observed in the USDA-Iowa State isoflavone

database (36). Indeed, the different amounts for isoflavones described in this study fall

within the ranges averaged for SPI in this database. Interestingly, the relative proportions

among isoflavones extracted from the USDA database are very similar to the ones presented

here.

Given the importance of SPI in many processed food products common in the modern

Western diet, the content and bioavailability of isoflavones from SPI is an understudied
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aspect. The goal of the current study was to use detailed information about the content and

form of isoflavones in a food produced from SPI to design and conduct a pharmacokinetic

evaluation in a mouse model that would fill data gaps in the literature.

Absolute bioavailability (i.e., the ratio of AUCs for oral and intravenous administrations) of

aglycone genistein has been determined only in rats [7–15%, (8); 4.9%, (9); 19–34% (37)];

and aglycone daidzein in rats 13%, (38). The corresponding circulating AUC percentages

for total plasma isoflavones following oral vs. IV administration of aglycones have also

been determined in rats: a) for genistein, 24–39% (39), 35% (10), and 29–39% (21); b) for

genistein glucuronide, 54–73% (37); and c) for daidzein 23–25%, (21); 34%, (10); and for

daidzein glucuronide, 47% (38). The percentage of aglycone relative to total isoflavones in

plasma (i.e., aglycone + conjugated forms) is typically low (≤5%) in rodent (6, 8, 40–42)

and human (43–48) plasma following oral administration. This attenuation of internal

exposure to the aglycones results from efficient first-pass metabolism in the gut and liver

(20).

The relative bioavailability of purified isoflavone glucosides vs. aglycones has been studied

in rodents and humans with conflicting results. Evidence from one rat study showed

significantly higher plasma AUCs for total genistein following oral administration of

genistin vs. genistein (39). The studies of Sepehr et al. (10, 21) measured total plasma

isoflavones in rats following either oral or IV administration of pure aglycones, pure

glucosides, or as a glucoside mixture in Novasoy. In young F344 rats, AUC percentages for

total plasma genistein, daidzein, and glycitein increased in the order of dosing with pure

aglycone < pure glucoside < Novasoy, which approached 100% in some cases (21). For

aged F344 rats, AUC percentages for total plasma genistein, daidzein, and glycitein were

more comparable between dosing with either aglycone, pure glucoside, or Novasoy (10).

Another study showed higher total AUC for isoflavones in portal vein plasma (i.e., no

involvement of liver metabolism) following oral aglycone administration (7), and a final one

showed no significant differences (49). Oral administration of genistein in its glucoside form

(genistin) to neonatal CD-1 mice produced plasma AUCs of total and aglycone genistein

that were approximately 3-fold greater than those produced by an equimolar dose of

genistein, although oral administration produced internal exposures one half to one sixth

lower than that produced by a subcutaneous injection (40). Similarly, in humans dosed

orally with either isoflavone glucosides or aglycones, some studies reported higher plasma

AUCs for total isoflavones from glucoside administration (44, 46), one showed increased

AUC from aglycone administration (43), and others showed no differences (45, 50). It is

unclear what study parameters account for this diversity of results, although methodology,

animal models, or human population variability bear consideration. A related human study

reported relative isoflavone bioavailability following ingestion of soy foods containing

primarily glucosides (textured soy protein) vs. one enriched in aglycones (tempeh) (51). In

that study, higher plasma total isoflavone AUCs were observed for the aglycone-rich tempeh

meal but the impact from differences in food matrices has not been explicitly examined as a

potential confounding factor.

The current study sought to build upon our previous work in assessing the pharmacokinetic

differences from different soy products using the Balb/c mouse (6). We previously reported
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the prominent influence of food matrix, and specifically the degree of processing that

removed non-isoflavone non-nutritive components, on metabolism, pharmacokinetics, and

toxicodynamics (estrogen-dependent tumor growth) of isoflavones in ovariectomized mice

(6). In that study, higher plasma AUCs for aglycone genistein were observed following

dietary administration of purified genistin as opposed to whole-soy flour. This

pharmacokinetic evidence supported a critical role for other non-nutritive components in soy

foods and supplements in gut Phase II metabolism and bioavailability of genistein (6), the

estrogen receptor-binding form (52).

The current study used a classical pharmacokinetic approach to measure bioavailability of

isoflavone glucosides in a food matrix made from a typical SPI product. The selection of a

dose level for genistein and daidzein defined by the amounts actually present in many

commercial foods makes unnecessary any of the assumptions inherent in extrapolation from

higher doses. These studies in a mouse model widely used in pharmacology and toxicology

show that bioavailabilities of isoflavone glucosides from a SPI-based food are essentially

equivalent to those from gavage of an equimolar dose of the aglycones in aqueous solution.

Furthermore, determinations of absolute bioavailability for total isoflavones showed that

although absorption from the gut was nearly quantitative following oral administration

(>86%), active Phase II metabolism in the gut and liver significantly attenuate internal

exposure to the biologically active aglycones (9–14% for genistein and 29–34% for

daidzein). Nonetheless, these results show that SPI can efficiently deliver significant

proportions of the total administered oral dose into the circulation in the active aglycone

form for distribution to receptor-bearing tissues and subsequent pharmacological effects.

This clearer definition of internal exposures to the active forms of isoflavones should be

considered in discussions of putative beneficial and potentially adverse health effects

following consumption of SPI-based foods from the constellation of such products currently

available in the marketplace.
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Figure 1.
Plasma Concentration-Time Profiles for Aglycone and Total Genistein and Daidzein

Following Intravenous Administration. The top panel shows a plot of plasma concentrations

for aglycone genistein (closed circles) and daidzein (open circles) vs. time following an

intravenous injection of 1.2 and 0.55 mg/kg bw, respectively. The bottom panel shows a plot

of plasma concentrations for total (i.e., determined following complete enzymatic hydrolysis

of conjugated forms) genistein (closed circles) and daidzein (open circles)
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Figure 2.
Plasma Concentration-Time Profiles for Aglycone and Total Genistein and Daidzein

Following Gavage Administration. The top panel shows a plot of plasma concentrations for

aglycone genistein (closed circles) and daidzein (open circles) vs. time following an gavage

administration of 1.2 and 0.55 mg/kg bw, respectively. The bottom panel shows a plot of

plasma concentrations for total (i.e., determined following complete enzymatic hydrolysis of

conjugated forms) genistein (closed circles) and daidzein (open circles)
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Figure 3.
Plasma Concentration-Time Profiles for Aglycone and Total Genistein and Daidzein

Following Bolus Administration of a Soy Protein Isolate-Containing Food Pellet. The top

panel shows a plot of plasma concentrations for aglycone genistein (closed circles) and

daidzein (open circles) vs. time following consumption of 1.2 and 0.55 mg/kg bw,

respectively, from a soy protein isolate-containing food pellet. The bottom panel shows a

plot of plasma concentrations for total (i.e., determined following complete enzymatic

hydrolysis of conjugated forms) genistein (closed circles) and daidzein (open circles)
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Scheme 1.
Structures of Isoflavones, their β-D-Glucosides, and Equol
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Scheme 2.
Metabolic Transformations of Dietary Isoflavones that Affect Bioavailability
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