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Abstract

Genistein, one of the most active natural flavonoids, exerts various biological effects including

chemoprevention, antioxidation, antiproliferation and anticancer. More than 30 clinical trials of

genistein with various disease indications have been conducted to evaluate its clinical efficacy.

Based on many animals and human pharmacokinetic studies, it is well known that the most

challenge issue for developing genistein as a chemoprevention agent is the low oral

bioavailability, which may be the major reason relating to its ambiguous therapeutic effects and

large interindividual variations in clinical trials. In order to better correlate pharmacokinetic to

pharmacodynamics results in animals and clinical studies, an in-depth understanding of

pharmacokinetic behavior of genistein and its ADME properties are needed. Numerous in vitro/in

vivo ADME studies had been conducted to reveal the main factors contributing to the low oral

bioavailability of genistein. Therefore, this review focuses on summarizing the most recent

progress on mechanistic studies of genistein ADME and provides a systemic view of these

processes to explain genistein pharmacokinetic behaviors in vivo. The better understanding of

genistein ADME property may lead to development of proper strategy to improve genistein oral

bioavailability via mechanism-based approaches.
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Introduction

Genistein (4', 5, 7-trihydroxyisoflavone), one of the major soy isoflavones, has attracted

major interests in the last few decades since several epidemiological studies indicated that

intake of soy rich diet may be one of the important factors contributing to the lower

incidence of breast and prostate cancer in Asian countries [1–5]. The beneficial effects did

not appear to be race-dependent since immigrants from Asia to western countries who take

less soybean enriched food have the similar cancer incidence as their western counterparts

[2, 6, 7].

Among many isoflavones, genistein is the most studied and has demonstrated a wide variety

of biological activities that make it a good candidate as a chemopreventive agent [8, 9]. Its

chemoprevention mechanism includes down-regulation of genes related to cell proliferation

and cell cycle, induction of apoptosis, inhibition of NF-κB activation and reduction of Akt
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protein level, down-regulation of androgen-mediated carcinogenesis, and antioxidation

effects [10–16]. These molecular targets have been succinctly summarized by Banerjee et al

and Sarkar et al in their previous review articles [17, 18].

Several completed clinical trials indicated that genistein has favorable beneficial effects on

reducing the serum PSA (prostate specific antigen), blood cholesterol and displayed an

inverse correlation between genistein intake and breast cancer risk [19, 20]. Although there

were some concerns based on in vitro and rodent data which suggested that genistein

stimulated proliferation of mammary cancer cells and tumor growth in mice [21, 22], a

Meta-analysis of 18 studies including over 9000 breast cancer cases concluded that high soy

intake was modestly associated with reduced breast cancer risk (odds ratio=0.86 and 95%

confidence interval= 0.75–0.99) [23]. A recent published nested case-control study including

140,420 subjects during 10.6 years of follow up showed 66% reduction in breast cancer risk

with higher concentration of plasma genistein (>354ng/ml) in Japanese women [24].

Strikingly, a randomized, double-blinded, placebo-controlled study of 383 women indicated

that the magnitude of the protective association was similar in western populations despite

their markedly different levels of intake compared to Asian women [25]. Intake of genistein

may protect against the development of breast and prostate cancer and did not cause the

development of new, estrogen-dependent breast or reproductive tissue cancers [20, 26]. In

addition to its chemoprevention effect on breast and prostate cancer, genistein can be

selectively cytotoxic to neoplastic and preneoplastic cells as well as lung and pancreatic

cancer cell lines in vitro [27–29].

However, numerous pharmacokinetic studies showed that genistein has low oral

bioavailability and its plasma or tissue concentrations were much lower than its in vitro IC50

[30–32] which could affect its in vivo efficacy and may also be the major factor contributing

to the large variations or somewhat ambiguous pharmacological results in clinical trials [32,

33]. The cause of the poor absolute oral bioavailability of genistein have been investigated

for two decades [20, 34], and significant progresses had been made to improve our

understanding of genistein in vivo pharmacokinetics. But the consensus regarding

pharmacokinetic behaviors of genistein remained unclear due to the inconsistent and

complicated results observed by various biopharmaceutical investigations. Recently, several

review articles had summarized the key factors that affecting the bioavailability of genistein

in human from age, gender, food matrices, dose frequency, and ADME properties [35, 36].

This review focused on the updates of the recent progress on revealing the mechanisms of

genistein absorption, metabolism, distribution, excretion and other factors responsible for

the overall bioavailability. This review should strengthen our understanding on genistein

poor intrinsic bioavailability and shed lights on the possible strategy to improve its oral

bioavailability in human clinical trials.

It is noted that genistein and daidzein are two predominant isoflavones consumed as daily

diet. Daidzein can also mitigate the adverse effects caused by genistein [37]. Many previous

studies indicated that daidzein has similar ADME properties as genistein because of their

similar structures [38, 39]. In order to reduce redundancy, only genistein was chosen as lead

compound in this review paper, and the mechanism study of genistein's ADME can be also

applied to daidzein.
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Definition of Bioavailability

There are two kinds of calculations on the oral bioavailability of genistein discussed in

previous publications. One refers to the absolute bioavailability which is calculated by

comparing the plasma/urine AUCoral to AUCiv after dose correction (classic

pharmacokinetics definition). It is the most accurate measurement and commonly used in

animal studies when AUC is available following intravenous administration [40, 41]. The

other definition is to calculate plasma or urine AUCoral and obtain the % recovery based on

the administrated dose. It is usually applied in clinical pharmacokinetics or nutrition studies

as the intravenous administration is not available due to practical or ethical issues [31, 32].

Because various sample process and analytical assays for genistein quantification have been

used among numerous publications, i.e., radioactive label [32, 42], enzymatic hydrolysis

treatment [43, 44] and direct measurement [40, 45], either free genistein (aglycone only) or

total genistein (including metabolites) concentrations were reported as genistein. Since

enzymatic hydrolysis (containing glucuronidases/sulfatases and glucosidase) treatment was

used to process samples in most of clinical studies, the bioavailability in this paper is

referred to the total genistein to avoid confusion and ambiguous comparison. However,

considering most of the genistein presented in vivo is conjugates [40, 46], the bioavailability

of genistein aglycone will also be reviewed when the data is available because aglycone is

generally considered to be more biological active compared to genistein conjugates [47–49].

Genistein pharmacokinetic studies in animals

Our studies showed that more than 80% of genistein was converted to glucuronides and

sulfates in FVB mice following both intravenous and oral administrations of genistein at 20

mg/kg and the absolute bioavailability of genistein aglycone was 23.4% [40]. Genistein

showed very long half-life (46 hr) in vivo after oral administration suggesting recycling of

genistein is substantial or an unknown mechanism of elimination in vivo [40].

Pharmacokinetic studies using different dose (2, 20 and 80 kg/mg) of genistein did not show

proportional increase in term of AUC, which indicated non-linear pharmacokinetics as

reported by Zhou et al. [46].

Some other pharmacokinetic studies showed that genistein had poor oral bioavailability as

genistein aglycone but decent bioavailability as total genistein in rodents [41, 42, 50]. The

plasma level of free genistein is usually 10 fold less than the value of total genistein,

represented by much lower AUC in plasma, indicating the extensive metabolism in vivo.

Andrade et al. determined that absolute bioavailability of genistein aglycone was <15%

while the bioavailability of total genistein was close to 90% after oral administration of soy

protein isolate in female Balb/c mice [41]. The similar results were reported by Coldham et

al [42] that absolute bioavailability of free genistein was 6.8% while the total genistein

bioavailability was >55% after oral administration of 4 mg/kg genistein in Wistar rats using

radioactive labeled genistein. The higher bioavailability of total genistein indicated that

genistein has a good absorption in GI tract and its extensive metabolism is one of the major

reasons causing low oral bioavailability for genistein aglycone.
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Most pharmacokinetic studies including ours showed that genistein has a short Tmax (<2 hr)

indicating that genistein is absorbed fast after oral administration, but Tmax will extend

significantly if soy protein was administrated. The terminal half life (t1/2) of total genistein

is usually longer in oral administration than in i.v. administration and double peaks

displayed in plasma concentration vs time profile indicated that enterohepatic recycling is

substantial, which may partially explained why genistein has low oral bioavailability but

long half-life in vivo [40, 42, 46]. Genistein pharmacokinetics in animals were summarized

in Table 1 and it listed pharmacokinetic parameters of genistein from available animal data.

Clearance and volume of distribution were not reported here because they need to be

normalized by the absolute bioavailability, which were not available in most

pharmacokinetics studies.

Genistein pharmacokinetic studies in humans

Consistent to genistein pharmacokinetics in animals, genistein was extensively metabolized

in human, and the unconjugated genistein concentration in plasma was very low [51–53].

The genistein aglycone was accounted for only 3.7% in the first 2h and 1.6 % at steady state

in women after single oral dose of 50 mg genistein [32]. Gu et al. also found that genistein

aglycone only accounts to <1% in human plasma after soy beverage consumption [54].

Similarly, the genistein aglycone was found to be less than 1% in human urine [55]. The

major metabolites identified in human are phase II metabolites including glucuronides and

sulfates, but not phase I metabolites. Adlercreutz et al. showed that 62.5 % of genistein was

presented as monoglucuronides, followed by 12.5 % of diglucuronides, 11.5 %

sulfoglucuronides, 3.5 % disulfates, 2.8 % monosulfates, and then 0.9 % free genistein in

men urine samples after soy diet consumption [56]. Gu et al. showed that 78% of genistein

presented as glucuronides and 20% presented as sulfates in human plasma while 86% of

genistein appeared as glucuronides and 13% appeared as sulfates in urine sample [54].

Although large interindividual variations were observed in human clinical pharmacokinetic

studies, it is clear that the plasma level of total genistein is in micro molar range while the

genistein aglycone is in hundred nano molar range in vivo [53].

The half-life (t1/2) reported in most human pharmacokinetic study is the half-life of total

genistein, and it is actually pseudo values because it is the combination of metabolism and

excretion rates of multiple metabolites. Therefore, we usually observe that t1/2 of genistein

aglycone is much shorter than the t1/2 of total genistein [51]. Genistein pharmacokinetics

results in human were summarized in Table 2.

Mechanistic Studies on genistein ADME

The profile of plasma or urine concentration against time represents the combined effects of

how body affects the disposition of genistein. In order to systemically investigate the

pharmacokinetics of genistein and its low oral bioavailability, a detailed understanding of

ADME property is necessary and pivotal. We proposed a schematic diagram showing

genistein in vivo disposition after oral administration (Fig. 2) and it revealed the mechanism

of genistein ADME from the following perspectives.
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Physical and chemical property

Gensitein (4', 5, 7-trihydroxyisoflavone) is a heterocyclic diphenol with three hydroxyl

groups and its chemical name is 4',5,7-trihydroxy-isofavonethe or 5,7-dihydroxy-3-(4-

hydroxyphenyl)-4H-1-benzopyran-4-one [57]. Genistein, containing in soy-derived foods, is

present and ingested mainly as genistin, a glycoside form of genistein [58]. Because of low

permeability of genistin, its absorption depends on the permeation of genistein after bacteria

hydrolysis of genistin [59]. Genistein is a lipophilic compound (Log P=3.04) and has low

molecular weight (Mw= 270) [60]. It showed low aqueous solubility in water (5.3 μM), and

the highest solubility in methanol (32.5 mM) at 25°C [61]. The poor aqueous solubility may

be one of the reasons for non-linear pharmacokinetic behaviors of genistein and may explain

why simply increasing the dose cannot improve its bioavailability through saturation of

metabolic enzymes [46]. Genistein is thermodynamically and chemically stable and its

antioxidant activity sustains for more than 20 days at pH= 7 at 70 °C [62].

Absorption

Genistein is absorbed rapidly and nearly completely in vivo due to small molecular weight

and favorable lipophilic property. It showed high permeability (>3×10−5 cm/s) in the human

Caco-2 cell model at 37°C [63, 64] where any compound with permeability more than

1×10−5 cm/s is considered as high permeable in humans [65, 66]. Bidirectional transport in

BCRP or MDR overexpressed MDCKII cells indicated that genistein is the weak substrate

of BCRP with the efflux ratio close to 2, but not a substrate of P-glycoprotein [67].

Considering the high permeability of genistein in Caco-2 and MDCKII cells, passive

diffusion is the major transport mechanism but BCRP may play a role in limiting its

intestinal absorption [67, 68].

In situ intestinal perfusion studies showed that genistein has moderate to high absorption in

rat/mouse intestine with 77 % absorption at 10 μM and 46.4 % at 12 μM [69, 70], while the

lowest absorption percentage (28%) was reported when concentration of genistein was 35

μM in perfusate [63]. Genistein showed region dependent absorption in intestine and the

amounts absorbed in duodenum (44%), colon (35%) were higher (p<0.05) than that in

terminal ileum (18%) and jejunum (16%) [63]. It is understandable since duodenum is a

more absorbing intestinal segment than ileum and jejunum, and colon has less expression

level of BCRP which may increase its absorption, but the real mechanism remained unclear.

The Pharmacokinetic studies confirmed the in vitro and in situ absorption studies by

showing that 56% of genistein was absorbed in male rats and completely absorbed (~100%)

in female rats [42, 71]. Tmax and absorption rate constant indicated that genistein is rapidly

absorbed in vivo, which is consistent with the transport results shown in Caco-2 cell model.

Inconsistent results were reported comparing oral bioavailability of genistin and genistein

after their oral administrations. Steensma et al found that genistein (aglycone) showed

higher bioavailability based on the portal vein plasma concentration at the first point of

detection at 15 min after dosing [72] which was in agreement with what Liu et al. reported

that permeability of genistein was 5 times higher than genistin in Caco-2 cells and genistin

was quickly hydrolyzed to genistein in the upper intestine of rat to be absorbed [64]. Kwon
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et al showed the opposite results that genistin (glycoside form) had higher bioavailability

(48.66 %) than aglycone (30.75 %) [59] after 40 mg/kg oral administration in rat. In any

means, oral administration of genistin showed comparable plasma level compared to

genistein indicating the hydrolysis of genistin to genistein is rapidly and completely in

intestine and did not affect its absorption.

Human clinical studies showed that genistein had moderate absorption after oral

administration of soy supplements with high contents of genistein or genistin [45, 73].

Overall, the fast and extensive absorption of genistein was not the obstacle responsible for

its low oral bioavailability. The absorption results in different models were summarized in

Table 3.

Metabolism

Genistein goes through diverse and extensive metabolism in vivo and its metabolism

reaction includes oxidation, reduction and conjugation [74–76]. The structures of major

metabolites of genistein in vivo were showed in Fig. 1. The major metabolic pathways of

genistein are glucuronidation and sulfation [40, 44, 45] with limited CYP reaction and the

levels of glucuronidations were much greater than the corresponding sulfates or aglycones in

humans [43]. Genistein was fast metabolized with plasma Tmax less than 30 min after i.v.,

p.o. and i.p. administration of genistein, indicating the extremely high metabolism rate in

intestine and liver [40]. Because of high activity of UGTs and SULTs in intestine [77, 78],

genistein was extensively metabolized in the enterocytes. After entering into portal vein, the

remaining genistein aglycone can be further sequestered by liver and go through hepatic

metabolism [79, 80]. Several other tissues, like kidney, heart and lung were also reported to

have high expression level of UGTs and SULTs, which should be enable to metabolize

genistein in the organs [78, 81]. Metabolisms of genistein in different models were

summarized in Table 4.

UGT-mediated metabolism

In human clinical studies, genistein was mainly presented as glucuronide in plasma and

urine [44, 54, 56, 82]. Recent studies found that G-7G-4'S and G-4',7-diG were the major

metabolites in human plasma, and G-7-G and G-4'-G were the major metabolites in human

urine [45, 52, 83, 84]. In rats and mouse pharmacokinetic studies, monoglucuronide was the

major metabolites in plasma after oral administration of genistein [40, 46]. G-7-G and G-4'-

G were found in human hepatocytes and Caco-2 cells, and G-7-G was the major

glucuronidation product [85].

Human UGT studies showed that UGTs (1A1, 1A4, 1A6, 1A7, 1A9 and 1A10) catalyzed 7-

and 4'-glucuronidation of genistein [43, 44, 55, 86]. Tang et al., reported that the rank order

of metabolism capability for genistein glucuronide was UGT1A8 > 1A9 > 1A10 > 1A1 in

term of clearance (Table 5) [87] and Doerge et al., found the consistent results that the rank

decreased in the order of 1A9 > 1A10 > 1A1 > 1A6 > 1A7 except UGT1A8 was not

measured [43]. The ability of human tissue microsomes to catalyze the glucuronidation of

genistein decreased in the order of kidney > colon > liver [43]. It is not surprised since

human kidney and colon has been shown to have higher expression level of UGT1A9 and
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1A10 than liver [77, 88], and the higher glucuronidation activity in colon was consistent

with a previous study that showed genistein infused into rat duodenum was rapidly

converted to glucuronides in the intestine [89]. When genistein concentration increased,

glucuronidation rate always increased in human liver microsome but the rate first went up

and then came down in human intestinal microsome [87]. Furthermore, Tang et al., found

that the prediction of metabolic “fingerprinting” to genistein (systematic metabolic profiling

studies utilizing expressed human UGT isoforms in determining major metabolites and

predicting the major organ of metabolism) was rather successful in the liver microsome, but

not successful in the intestinal microsomes. The results showed that genistein has UGT

isoform-specific metabolic patterns that are concentration-dependent [87]. UGT 1A9 and

1A10 followed classic Michaelis-Mentern kinetics for genistein glucuronidation, whereas

UGT1A8 followed autoactivation kinetics and UGT1A1 showed substrate inhibition kinetics

when genistein concentration increased from 2.5 to 35 μM [87].

In rat UGTs, the rank order of metabolism ability for genistein glucuronide was UGT1A7 >

2B1 > 1A6 > 1A1 [90]. Genistein glucuronidation at different intestine region and liver were

also determined before [70]. Apparent kinetic parameters of genistein glucuronidation in

different rat microsomes and human UGT isoforms were [70, 87, 91] summarized in Table

5. The results showed that intestinal microsome has larger clearance than liver microsome

indicating the significant role of intestine in term of genistein metabolism.

When UGT1A isoforms were knockout, UGT2Bs contributed and compensated genistein

glucuronidation at some extent based on the similar excretion of genistein glucuronides

found in jejunum and ileum between Gunn (UGT 1A deficient) and Wistar rats [90].

However, the excretion of genistein glucuronides found in duodenum, colon and bile were

significantly decreased in Gunn rats compared to wild-type Wistar rats [90]. In

pharmacokinetic studies conducted by our group, we found that plasma genistein

glucuronides level did not change significantly in Gunn rats compared to Wistar rats,

indicating that UGT2B may compensate for glucuronidation of genistein by UGT 1A. To

our surprise, we found that genistein sulfate concentrations significantly increased by more

than 100-fold in Gunn rats after oral administration indicating besides UGT2B

compensation, sulfotransferase (SULTs) may have higher activity and make major

contribution to genistein metabolism in the absence of UGT1A (unpublished data, Kaustubh

Kulkarni and Ming Hu).

SULT-mediated metabolism

Sulfotransferase is the second most important metabolism pathway for genistein in humans

after consumption of soy food [52, 54, 56]. Genistein sulfates were also found to have

antioxidant activity similar to genistein in plasma [48]. Hosoda et al. found monosulfate

(G-7-S, G-4'-S), disulfate (G-4'S-7S), sulfoglucuronide (G-7G-4'S and G-7S-4'G) in human

plasma and G-7G-4'S took account of 54% of the total genistein metabolites. The levels of

genistein sulfates were much lower in urine compared to the values in plasma [84]. Similar

results were found in rodents in that genistein sulfates levels were slightly lower than its

corresponding glucuronides in mice [40] but were significantly lower or below the detection

limit in rats plasma, intestine and bile after oral administration of genistein [46, 70, 90, 92].
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Human SULTs (1A1, 1A2, 1E and 2A1) were found to catalyze genistein sulfation and the

activity decreased in the order of 1A1*2>2A1>1E>1A2=1A3 [43]. Genistein can be

converted into G-4'-S and G-7-S in Caco-2 cells [93] and 95% genistein was converted to

G-7-S in breast cancer cell lines, such as ZR-75-1, BT-20 and T-47D cells [94].

CYP-mediated metabolism

Although oxidative metabolites are not the major biotransformation products of genistein in

human [74, 75], several phase I metabolites of genistein, mainly hydroxylated metabolites,

have been identified in vitro and in vivo [75, 85, 95–97]. 3'-OH-Gen, 6-OH-Gen, 8-OH-Gen

are the major hydroxylated metabolites found in human liver microsomes [75] while 3'-OH-

Gen and 8-OH-Gen were the major oxidative metabolites found in human urine (no NMR

confirmation) [98]. Four monohydroxylated and two dihydroxylated metabolites were found

in rat liver microsomes [96]. As for enzymatic research, Hu et al. identified that CYP1A2

was the predominantly isoform responsible for 3'-OH-genistein (Orobol) by using inhibitory

monoclonal antibodies of various CYP isoforms [99] and the same results were confirmed

by Breinholt et al. that Orobol was the only metabolite formed after incubation with

CYP1A2 [95]. Other than CYP1A2, CYP 2E1, CYP2D6 and CYP3A4 also catalyzed

genistein oxidation reaction but to a lesser extent [95, 99]. Bacteria flora in colon catalyzed

reductive biotransformation of genistein to dihydrogenistein, which were found in rat urine

[74, 97], however it may not occur in rat small intestine [69]. Unlike daidzein, genistein has

less intestinal bacteria product indicating bacteria degradation is not the major metabolism

pathway of genistein [74]. Genistein metabolism experimental results were summarized in

Table 2.

Metabolism in breast and prostate tissues

Aside from the metabolism in intestine and liver, whether genistein goes through extensive

metabolism in breast and prostate tissues is important to evaluate the composition and

efficacy of genistein in the active site [86, 100]. Bolca et al. [101] found that 98% of

genistein was presented as glucuronides in breast tissue after 5 days soy milk/supplement

consumption in healthy women. Both G-7-G and G-4'-G were determined, but

glucuronidation in C7-position was preferred. No monosulfates or sulfoglucuronides of

genistein were observed in breast tissue.

In vitro studies performed in human breast cancer and mammary epithelial cells showed

different metabolic pathway of genistein. Peterson showed that G-7-S was the major

metabolites in several breast cancer cell lines including ZR-75-1, BT-20 and T47D cells

[94]. IC50 values of these cell lines did not correlate well with the production of G-7-S

indicating that sulfate was less active on inhibition of cell growth compared to aglycone.

Similar results were observed in mammary epithelial cells that genistein was converted to

genistein-7-sulfate and its hydroxylated or methylated form of genistein sulfate [102]. The

discrepancy of genistein metabolism pathway between in vitro cell lines and in vivo human

breast tissue is unclear, and the possible explanation may be the high expression level of

sulfotransferase in breast cancer cell line [94].
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Similarly, Guy et al determined that genistein was mainly presented as glucuronides in

human prostate after taking soy supplement for 3 days at 112.5 mg isoflavone aglycone/day.

Genistein diglucuronide and sulfate were also found but in a trace amount, the metabolism

of genistein in prostate was consistent with its liver and intestine metabolism [45, 103].

Distribution

Uptake and distribution of genistein in tissues and plasma may hold the key to the potent

chemoprevention effects in these active sites. Coldham et al., found that genistein has the

highest concentrations in gut (18.5 μg/g), and followed by liver (0.98 μg/g), plasma (0.79

μg/g) and then other reproductive tissues (uterus, ovary, vagina and prostate, ranged from

0.12–0.28 μg/g) in rats [71]. Comparison of tissue residues would suggest different

mechanisms of uptake, possibly by interaction with estrogen receptors. The high

concentration in GI tract was sufficient to have direct antiproliferative effects while the

concentrations in other tissues also exceed its EC50 to compete with estradiol for activation

of estrogen receptor [71, 104]. Consistent results were reported by Zhou et al who showed

that most of genistein was accumulated in stomach (1.83 μg/g), followed by intestine (1.50

μg/g), liver (1.13 μg/g), kidney (0.41 μg/g), lung (0.27 μg/g), heart (0.23 μg/g), brain (0.1

μg/g), reproductive organs (0.09–0.22 μg/g), and then muscle (0.07 μg/g) at 6 hr after oral

dose of 12.5 mg/kg genistein in rats [46]. Chang et al showed different results in that

genistein accumulation was higher in reproductive tissues than in liver and brain of male rat,

but much higher genistein concentrations were found in female liver [105]. Gilani et al

recently showed slightly different results in that genistein is the highest in plasma (6.18 μM),

followed by liver (0.45 nmol/g) and mammary gland (0.11 nmol/g) in rats [106]. Overall,

genistein showed higher tissue distribution in GI tract and liver but did not show

concentrated accumulation in other tissues as compared to plasma, the possible reason was

that most of genistein was sequestered by intestine and liver to get metabolized and

enterohepatic recycling keeps genistein in these organs. And high hydrophilic genistein

conjugates prevents their permeation and accumulation in other tissues, except for urine

excretion.

Breast tissue distribution

According to the epidemiological studies, intake of isoflavone can potentially decrease the

incidence of breast and prostate cancer. The major proposed pharmacological mechanism of

genistein is to competitively bind to estrogen receptors (ER) α and β, with a higher affinity

to ERβ than ERα to block estrogen signaling in breast cancer cells [107–109]. Recently,

some studies showed genistein may promote carcinogenesis in mammary tissues [20, 110].

Therefore, it is crucial to understand the distribution of genistein in breast tissue in order to

correlate exposure with its protective or adverse response to breast cancer. Genistein showed

relatively low concentration in the breast tissue compared to plasma after intake of high dose

of soy isoflavones in human which indicated weak estrogenic response on the breast [111].

Bolca et al. reported that total genistein ranged from 92 to 494 pmol/g while the total

genistein concentration in plasma ranged from 135 to 2831 nmol/L. Further analytic

measurement showed that the genistein aglycone only accounted for 2 % of total genistein in

breast, and the major metabolites identified was G-7-G [101].
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Maubach et al also reported similar results in that intake of soy-based food supplements for

5 consecutive days did not result in significantly higher genistein concentrations in human

breast tissue when compared to the placebo group. The genistein concentration were in the

low nanomolar range in breast, whereas concentrations were a hundred-fold higher in

plasma [112]. These results suggested that genistein may not accumulate in breast and the

biological effect may be correlated to the tissue concentration.

Prostate tissue distribution

The genistein concentration in human prostate tissue is highly variable among different

publications. Guy et al., reported that the genistein concentration recovered after β-

glucuronidase/sulfatase hydrolysis in human prostate was 0.58 nmol/g, lower than the

plasma concentration (0.78 μM) after receiving 112.5 mg isoflavone/day for 3 days

(genistein content=65.7%) [113]. Genistein aglycone only represented less than 10% of the

total genistein concentrations in human prostate [113]. Hong et al., published similar results

that genistein concentration in prostate was about half the plasma concentration (87 ng/ml vs

155 ng/ml) in human with normal dietary intake [114]. However, Rannikko et al found that

genistein concentration in prostate was over two-fold higher than their plasma after

receiving 240 mg of clover phytoestrogen daily for 2 week period [115]. Interestingly, even

though the placebo group also showed two-fold prostate genistein concentration compared

to the plasma value, suggesting that genistein can be accumulated in prostate. Farhan et al.,

reported that concentration of genistein in prostatic tissue were about 10-fold higher

compared to plasma in mice at 24 hr after administration of 250 μg genistein per mouse via a

gastric tube [116].

Plasma protein binding

Plasma protein binding is the important parameter to measure unbound drug in vivo.

Because of its lipophilicity, genistein showed high plasma protein binding (>80%) after 0.5,

2 and 24 hr in rats [71] indicating genistein has good protein binding affinity and it may

explain why genistein stays in vivo for long time as bound portion may act as a reservoir or

depot from which genistein is slowly released as the unbound form.

Excretion

As genistein goes through extensive phase II metabolism in vivo, it is mainly excreted as its

conjugation forms. In vivo/in vitro ADME studies revealed that intestinal, biliary and renal

excretions are the excretion pathways for genistein metabolites [46, 55, 91]. The role of

intestine in disposition of genistein is not limited to the metabolism, and also greatly

extended to the excretion of genistein conjugates [63, 91]. The highly active efflux

transporters play important roles in excreting genistein metabolites back to lumen to

decrease bioavailability of total genistein. After oral administration of genistein, only a

small portion of genistein aglycone was excreted through bile and a high level of genistein

glucuronides was detected in bile indicating that genistein is mainly excreted in the form of

glucuronides. The cumulative biliary excretion of genistein glucuronides accounted for 61%,

82% and 85% of total genistein at dose of 6.25, 12.5 and 50 mg/kg genistein, respectively

[46]. Genistein glucuronides and sulfates were moderately recovered in urine indicated that

Yang et al. Page 10

Anticancer Agents Med Chem. Author manuscript; available in PMC 2014 May 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



urinary excretion is one of the major pathways for eliminating genistein conjugates [54,

117].

Glucuronide and sulfate conjugates are much more hydrophilic than the parent compound

and they cannot traverse through the cellular membrane in enterocytes and hepatocytes by

passive diffusion, and require the action of efflux transporters for their exit from the cells

[118]. Because of the coupling of metabolic enzymes and efflux transporters, excretion of

genistein phase II metabolites is not only dependent on the activity of conjugating enzymes,

but also rely on the capacity of efflux transporters [119]. Therefore, metabolic parameters

obtained in vitro (Km, Vmax, Clint) cannot always predict or correlate with in vivo metabolic

properties of genistein, which complicated scenarios used to explain its in vivo excretion

[91].

Role of BCRP in total genistein disposition

Breast cancer resistant protein (BCRP), a member of the ATP-binding cassette transporter

family, is highly expressed in the apical membrane of enterocytes and hepatocytes facing

bile canaliculus [120, 121]. It is responsible to facilitate intestinal and biliary excretion of

several compounds and their metabolites [122–124]. Genistein and its glucuronide and

sulfate conjugation are the substrates of BCRP [67, 125], which has been demonstrated

using both in vitro cell culture models and in vivo pharmacokinetic studies [67, 68].

Enokizono reported that genistein showed weak efflux (efflux ratio=2) in BCRP

overexpressed MDCKII cells and the AUC0–4 of genistein aglycone in BCRP −/− mice was

2-fold greater than wild-type mice after oral administration of genistein [67]. The Kp (tissue

to plasma concentration ratio) of brain and testis of genistein were significantly increased in

BCRP knockout mice and the genistein concentrations in epididymis and ovary were also

higher in the BCRP knockout mice compared to the wild-type mice [67].

A mice intragastric pharmacokinetic study performed by Alvarez et al. suggested significant

exposure increase of genistein conjugates in the BCRP knockout mice than in the wild-type

FVB mice, as signified by 7–10 fold increase in phase II conjugates levels (Fig. 3a) [68].

Zhu et al., previously found that BCRP played a dominant role in genistein sulfate excretion

and a significant role in genistein glucuronide excretion in the mouse intestine where the

excretion of genistein sulfates and glucuronides decreased substantially (>90% for sulfates

and >70% for glucuronides decrease, respectively) in small intestine and colon of BCRP

knockout mice, when compared to the wild-type FVB mice (Fig. 3b) [93]. Our own group

measured biliary excretion of genistein, its glucuronides and sulfates after genistein

intestinal perfusion and found that biliary excretion of genistein sulfate was significantly

decreased in BCRP knockout mice while genistein and its glucuronides did not change

significantly (Fig. 3c). In Caco-2 cells, genistein metabolites excretion was delayed or

decreased with the addition of dipyridamole and fumitremorgin C (BCRP inhibitors).

Recently, Caco-2 transport and biliary excretion studies conducted by our own group

showed BCRP can determine the biodistribution of genistein glucuronides and sulfate in

enterocytes and bile, which greatly decreased intestinal efflux and biliary excretion of

genistein conjugates while increased basolateral efflux towards systemic circulation in

BCRP knockout mice. It subsequently increased the total bioavailability of genistein in vivo
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(Fig. 2) (unpublished, Zhen Yang and Ming Hu), which is consistent with what Alvarez et al

reported recently [68].

Role of MRP in total genistein disposition

Multidrug resistance protein (MRP) family including MRP2 and MRP3 has been shown to

be the major transporters involved in the excretion of conjugates of genistein [124, 126–

129]. There are nine MRP transporters identified so far and MRP2 is located at apical

membrane of enterocytes and hepatocytes facing bile canaliculus while MRP3 is located at

basolateral side of enterocytes and hepatocytes [130–132].

Chen et al. reported that 0.1 μM leukotriene C4 (MRP inhibitor) inhibited excretion of

genistein glucuronides and sulfates at both apical and basolateral sides of Caco-2 cells

indicating MRP2 and MRP3 may mediate genistein conjugates efflux in cells since they

(MRP2 and MRP3) are highly expressed in Caco-2 cells [128]. Zhu et al. also showed that

genistein metabolites (glucuronides and sulfates) excretion was delayed or decreased with

the addition of MK-571 (an MRP2 inhibitor) in Caco-2 cells [133]. Wang et al. found that

biliary efflux of genistein glucuronides was significantly lower in TR negative (MRP2

deficient) rats as compared to wild type Wistar rats in intestinal perfusion model [127]. This

probably was due to the fact that in TR negative rats, the lack of hepatic Mrp2 protein

expression was also accompanied by decreased expression levels of hepatic Bcrp efflux

transporters [134]. This dual decrease in the hepatic efflux transporter levels reduced the

biliary efflux and thereby increased plasma concentrations of genistein and its metabolites in

TR negative rats as compared to wild type rats. However, using MRP2 inhibitors in mouse

perfusion model did not decrease genistein sulfates excretion, which indicated that sulfates

may not be the good substrate of MRP2 [133]. Genistein (20 mg/kg) pharmacokinetic

studies in TR negative rats conducted by our group further showed that bioavailability of

genistein glucuronides did not increase significantly compared to wild-type Wistar rats, and

the reason could possibly be attributed to the compensation effect of BCRP to transport

genistein glucuronides in the absence of MRP (unpublished, Kaustubh Kulkarni and Ming

Hu).

Genistein glucuronides had much lower abundance in urine samples of MRP3 −/− than of

wild-type mice. MRP3-mediated transport was tested in vesicular transport experiments, and

both human and mouse MRP3 were found to transport genistein glucuronides in a time- and

ATP-dependent manner [126]. It indicated that MRP3 was the important transporter that

transports genistein or its glucuronides across the basolateral membrane of enterocytes and

hepatocytes into the blood circulation for subsequent urinary excretion.

Overall, these experimental results revealed that genistein glucuronides were good substrates

for MRP and BCRP, and genistein sulfates were strong substrates for BCRP in rodents.

Inhibition or deletions of BCRP significantly increased the plasma levels of both genistein

aglycone and metabolites, thereby increased the bioavailability of total genistein.
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Enterohepatic Recycling

Genistein is extensively absorbed in enterocytes, converted to conjugates and then enter the

portal vein. When the blood circulation passes through liver, the remaining genistein

aglycone are sequestered, converted and the metabolites are excreted into the bile. Because

of large amounts of bacteria in terminal small intestine and colon, these conjugates can be

hydrolyzed and reabsorbed in intestine, thereby enable the reabsorption of genistein to

complete the enterohepatic recycling (Fig. 2) [135]. Enterohepatic recycling of genistein is

the key reason for prolonged residence time of genistein in vivo and the double peaks in the

profile of plasma concentration vs. time after oral administration of genistein [40, 46, 89].

Yasuda et al. found that ~16% of administrated dose was excreted in bile within 36 h in rats

[136]. Chen et al. determined that 6.4% of absorbed genistein was biliary excreted in rats

after 2.5 hr intestinal perfusion of 10 μM genistein [70]. Wang et al. also found large

amounts of genistein metabolites (~150 nmol/30 min) were excreted in the bile of Wistar

rats in the intestinal perfusion model [90]. Sfakianos et al. showed more convincing results

that infusion of genistein into the duodenum resulted in 80% of administrated genistein

presented as G-7-G in bile. If it is introduced to portal vein, ~100% of dose was transported

into the bile. Furthermore, infusion of genistein glucuronide (G-7-G) into the duodenum also

led to its appearance in bile, which explained the efficient recirculation process [89]. All

these data are in agreement that genistein undergoes substantial enterohepatic recycling.

Enterohepatic recycling of genistein in human, like other isoflavone, has been proposed and

genistein metabolites go through enterohepatic recycling can be eventually excreted via the

kidney [82, 137, 138].

Enteric Recycling

Large amounts of genistein metabolites generated in enterocytes can be excreted back into

lumen by efflux transporters expressed at the apical side of enterocytes, i.e. BCRP and

MRP2 (Fig. 2) [63, 64]. Similarly to the enterohepatic recycling, bacteria in small intestine

and colon deconjugate these metabolites and enable them to be reabsorbed in intestine.

Therefore, intestinal conjugation, efflux back to lumen, hydrolysis by bacteria, further

reabsorption and conjugation constitutes the enteric recycling [119]. Genistein was

extensively metabolized in intestine after oral administration and several studies showed that

intestine is more important than liver on disposition of genistein [30, 70]. The coupling of

metabolic enzymes and efflux transporters in intestine enables enteric recycling and it

represents one of the main pathways for genistein elimination. The detailed information

describing coupling of conjugating enzymes and efflux transporters has been reviewed

earlier by our group [139, 140]. The duo recycling scheme involving both enteric and

enterohepatic is the reason for extensive metabolism and prolonged systemic exposure of

genistein in vivo.

Role of gender in pharmacokinetics of genistein

Gender difference was often reported in genistein clinical studies and this is expected

considering the major mechanism of genistein is to interact with estrogen receptors [71,
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141]. Coldham and coworkers have shown that 2 fold higher oral bioavailability of both

genistein aglycone (14.6 vs 6.8 %) and total genistein (110.8 vs 55.2%) in female than in

male SD rats [71]. The results suggested significantly higher concentrations of 14C genistein

in liver in female SD rats than male one, thereby suggesting high enterohepatic recycling as

a possible mechanism. Furthermore, the radioactive genistein concentrations were

significantly higher in reproductive organs in female than in male SD rats. Besides the

similar gender difference in 2-fold exposure level of genistein, Chang et al also found that

significantly shorter elimination half-life in male rats (2.97 ± 0.14 hr) compared to female

rats (4.26 ± 0.29 hr) which may explain why female rats has higher bioavailability of

genistein than male rats [105]. However, gender difference in pharmacokinetics of genistein

appears not obvious in humans. Cassidy et al observed significant gender difference in the

bioavailability of daidzein, but not genistein [142]. Zhang et al. and Sepehr et al. reported

the similar results that genistein did not show significant difference in exposure level

between men and women [143, 144], but whether gender difference exists on tissue

distribution of genistein remains unknown.

Our own group found out that plasma genistein glucuronide concentrations were

significantly higher (>2 fold) in female than in male Sprague Dawley rats after genistein oral

administration at 20mg/kg. Also, the plasma genistein glucuronide concentrations were

almost 3 folds higher than genistein aglycone in female whereas no significant difference in

plasma genistein aglycone and genistein glucuronide concentrations was observed in male

SD rats. To our surprise, we discovered significantly higher plasma genistein sulfate

concentrations in male rats suggesting possible compensation for genistein glucuronidation,

which appeared to have been saturated in male rats (unpublished, Kaustubh Kulkarni and

Ming Hu).

Role of female sex hormones in pharmacokinetics of genistein

Since significant gender difference was observed in genistein pharmacokinetics, the obvious

thought came to mind was if sex hormones play any role in genistein pharmacokinetics.

Genistein had been shown to regulate both male and female sex hormones in vivo but

whether sex hormone alters genistein pharmacokinetics is unclear [145, 146]. We chose

premenstrual female rats as a model and grouped the rats into two groups based on varying

levels of estrogen in the estrus cycle: elevated estrogen levels (female rats in proestrus and

oestrus phase) and basal estrogen levels (female rats in metoestrus and diestrus phase). In

pharmacokinetic studies, total genistein (parent + metabolite) concentrations in plasma were

significantly higher in basal levels of estrogen as compared to elevated levels of estrogen

group of female rats after oral administration of 20 mg/kg genistein. Furthermore, both

genistein aglycone and genistein glucuronide concentrations were significantly higher in

basal estrogen level group than elevated estrogen level group of female rats (unpublished,

Kaustubh Kulkarni and Ming Hu).

To delineate the possible mechanism of action for this observed genistein oral

pharmacokinetics, we also performed rat intestinal perfusion with bile duct cannulation

using female rats in two different groups. In the study, female rats in both group showed no

significant differences in genistein absorption and intestinal metabolite excretion. However,
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biliary excretion of genistein glucuronide was significantly higher in female rats in basal

level estrogen group than in elevated level estrogen group suggesting efficient enterohepatic

recycling as a possible mechanism of action for the observed higher bioavailability of

genistein aglycone in basal over elevated estrogen level group (unpublished, Kaustubh

Kulkarni and Ming Hu).

In order to conclusively study the role of estrogen in oral genistein bioavailability, we used

female ovariectomized rats as a model for the lack of plasma estrogen levels in these rats. In

pharmacokinetic studies, female ovariectomized rats showed similar plasma concentrations

of genistein aglycone and genistein glucuronide as that of basal estrogen level group of

female rats after oral administration of genistein at 20 mg/kg. This meant, in comparison to

elevated estrogen level group of female rats, the female ovariectomized rats showed

significantly higher genistein aglycone and genistein glucuronide plasma concentrations.

Taken together, this data suggested that genistein oral pharmacokinetics was female sex

hormone, estrogen-dependent (unpublished, Kaustubh Kulkarni and Ming Hu).

The possible reasons for altered oral pharmacokinetics of genistein may be derived from

regulations of enzymes and transporters by sex hormones. Sex hormones can directly

regulate gene expression of drug-metabolizing enzymes, especially on mRNA expression of

UGT in liver and kidney in mice [147]. Bcrp1 expression in mouse tissues can be altered by

sex hormones and possibly medicated by certain nuclear receptors via a transcriptional

mechanism [148].

Effects of genistein on enzymes and transporters

Since genistein is the substrate of multiple metabolic enzymes and efflux transporters, their

interaction was suggested as an important mechanism for genistein chemoprevention effects

[149, 150]. Coadministration of genistein with chemotherapeutic drugs (i.e., docetaxel,

cisplatin and gemcitabine) also enhanced their efficacy in animal models and cells [28, 151–

153]. The mechanism of cancer protective effects of genistein and its interaction with drugs

should be considered further to improve their efficacy and reduce their side effects. The

herb-drug interaction usually includes two perspectives containing enzyme-based and

transporter based interactions [154, 155].

Genistein showed various inhibitory and induction effects on the activities of cytochrome

P450 and phase II enzymes which resulted in the detoxification of carcinogens or prevention

of degradation for active compounds. Chen et al. found that genistein inhibited the formation

of α-hydroxytamoxifen via inhibition of CYP1A2 to decrease the side effect of tamoxifen

[156]. Farhan demonstrated that genistein reduced the activity of CYP24 in DU-145, a

human prostate cancer cell line and subsequently prevented degradation of active metabolite

of vitamin D [116]. Laurenzana et al reported that genistein decreased both CYP2C and

CYP3A expression in liver microsomes in male rats after feeding genistein at 1250 ppm for

14 days [157]. Genistein has been shown to induce UDP-glucuronosyltransferase activity by

~4 fold at 5 μM after 5 days incubation in LNCap cells [158] and inhibit the activity of

sulfotransferase 1A1 and 1E1 in vitro [159, 160].
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Isoflavone is often reported as a modulator on the activity of ABC transporter [161].

Genistein was found as the inhibitor of BCRP with EC50 at 14.9 μM for increasing

accumulation of mitoxantrone in overexpressing BCRP MCF-7 MX100 cells [162]. It

subsequently increased cytotoxicity of mitoxantrone (IC50) in MCF-7 MX100 cells after

combination with genistein. Coadministration of 100 mg/kg of genistein and daidzein

significantly increased the exposure level and tissue distribution of nitrofurantoin in mice

[163]. Genistein showed similar inhibitory effects of increasing methotrexate transport in

BCRP-expressing membrane vesicle [164], and of elevated topotecan accumulation in

K562/BCRP cells [165]. All these results indicated that genistein may improve potency of

chemotherapeutic drugs by increasing their uptake and exposure levels.

Conclusion

ADME studies revealed that genistein has favorable absorption property in intestine but its

poor solubility may prevent absorption of larger doses without proper formulations.

Extensive metabolism is definitely one of the major reasons contributing to the low oral

bioavailability of genistein, but high expression level of efflux transporters, especially

BCRP, may be the most pivotal factor responsible for low oral bioavailability of total

genistein. The coupling of metabolic enzymes and efflux transporters plays an important

role on genistein distribution and elimination. It enables enteric and enterohepatic recycling

and significantly decreases exposure level of genistein and prolongs its residence time in

vivo. Efflux transporter, like BCRP can determine the biodistribution of genistein

conjugates, and subsequently affect their pharmacokinetics and bioavailability. Genistein

and its conjugates mainly accumulated in GI tract and liver because of dual recycling

mechanisms and their distributions in reproductive organs are not concentrated compared to

plasma levels. Gender and sex hormone did change genistein in vivo pharmacokinetics and

bioavailability in animals which may guide clinical trials (e.g. design of dose regimen.

Genistein has been shown to change the activity of both enzyme and efflux transporter in

vivo, indicating the potential herb-drug interaction in clinical trials. The ADME results

suggested that genistein has intrinsically low oral bioavailability because of two major

obstacles, metabolic enzyme and efflux transporter. By manipulating enzyme activity only

may not achieve the goal to improve genistein oral bioavailability due to compensation

mechanism, which has been proved in Gunn rats. But recent progress on transporter studies

showed promising results that total genistein bioavailability can be substantially increased

by knockout of BCRP and the effect can be extended to other isoflavones. Further studies

should focus on developing the practical approaches to increase genistein bioavailability and

its efficacy in clinical trials.
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G-7-G genistein-7-glucuronide
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G-4'-G genistein-4'-glucuronide G-4'-S, genistein-4'-sulfate

G-7-S genistein-7- sulfate

G-4',7-diG genistein-4',7-diglucuronide

G-4',7-diS genistein-4',7-disulfate

G-7G-4'S genistein-7-glucuronide-4'-sulfate

G-4'G-7S genistein-4'-glucuronide-7-sulfate

UGTs UDP-Glucuronosyltransferase

SULT sulfotransferase

AUCinf area under the plasma concentration-time curve from time zero to infinity

Cmax maximum plasma concentration

t1/2 terminal half-life

I.V. intravenous administration

P.O. oral gavage

I.P. intraperitoneal injection

BCRP breast cancer resistance protein

MRP multidrug resistance associated protein.
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Figure 1.
Genistein metabolism pathway and its major phase I and phase II metabolites in vivo.

Yang et al. Page 26

Anticancer Agents Med Chem. Author manuscript; available in PMC 2014 May 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Schematic representation showing the disposition of genistein in systemic circulation after oral administration of genistin or

genistein (vertical view). : genistin; : genistein; : genistein glucuronides; : genistein sulfates;
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Figure 3a.
Plasma AUC of genistein and its major glucuronide, sulfate in wild-type and BCRP knockout mice [68]. * indicated p<0.05.
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Figure 3b.
The intestinal excretion of genistein sulfate and glucuronide in wild-type and BCRP knockout mice. Reproduced from reference

[93] with permission from the author. ** indicated p<0.01.
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Figure 3c.
The biliary excretion of genistein and its sulfate and glucuronide in wild-type and BCRP knockout mice (unpublished data, Zhen

Yang and Ming Hu).** indicated p<0.01.
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Table 3

Summary of genistein absorption at in vitro, in situ and in vivo models in rodents and humans

Human Caco-2 cells

  Permeability
3×10−5 cm/s

a
 [63], 3.6×10−5 cm/s

a
 [64], 5×10−5 cm/s

a
 [128]

  Kinetic constants
5.02 h−1b

 [170]

Rat IEC-18 cells Kinetic constants
4.02 h−1b

 [170]

Human HCEC cells Kinetic constants
3.79 h−1b

 [170]

Rat intestine perfusion

  P*eff
>1.5

b
 [64]

  P*w
>7

b
 [64]

 %absorbed
77% @ one-site rat intestine perfusion using 10 μM genistein

b
 [70],

28% (≈ 450 nmol/30 min) @ four-site rate intestine perfusion using 35 μM genistein
b
 [63]

44% in duodenum, 35% in colon, 16% in jejunum and 18% in terminal ileum
b
 [63]

46.4% @ one-site rat intestine perfusion using 12 μM genistein
b
 [69]

 uptake
5.5% uptake in the intestinal tissue

b
 [69]

Mouse intestine perfusion 4.5 nmol/30 min/10 cm using 12 μM genistein (small intestine) [133]

Rat pharmacokinetics

  Recovery in urine
66.4–67.3%

b
 [71], 20%

a
 [117]

  Tmax 0.5 hr at 4 and 20 mg/kg, 2 hr at 40 mg/kg
b
 [59]

  Recovery in bile after genistein infusion into
the duodenum 70–75% at 0–4 hr period

b
 [89]

 Absorption
56% in male and 111% in female rats

b
 [42]

Mice pharmacokinetics

  Absolute bioavailability
89%

b
 [41]

  Tmax 1.25 hr at 20 mg/kg
a
 [40]

Human pharmacokinetics

  Absorption rate constants
0.24–0.5 h−1 after soymilk ingestion

a
 [73]

% represented the recovery of genistein
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a
Measurement of free genistein

b
Measurement of total genistein
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Table 4

Summary of genistein metabolism in various models

Human liver microsome Six hydroxylation products, the major ones: 5,6,7,4'-tetrahydroxyisoflavone, 5,7,8,4'-tetrahydroxyisoflavone,
5,6,3',4'-tetrahydroxyisoflavone [75, 99], monoglucuronides, diglucuronides [87, 171]

Wistar rat liver microsome 5,6,7,4'-tetrahydroxyisoflavone, 5,7,8,4'-tetrahydroxyisoflavone [96]

Human breast cancer cells
ZR-75-1, BT-20, T47D

G-7-S [94]

  MCF-7 G-7-S, hydroxylated and methylated form of genistein sulfate [102]

Human mammary epithelial
(HME) cells

No significant metabolites [102]

Rat small intestine 31.3% glucuronides [69]

Rat anaerobic caecal cultures 4-hydroxyphenyl-2-propionic acid, 6'-hydroxy-O-desmethylangolensin, dihydrogenistein glucuronide [172]

Mice

 Intestine, liver S9 fraction G-7-G, G-4'-G, G-7-S, G-4'-S [93]

 plasma G-7-G, G-4'-G, G-7-S, G-4'-S [40]

Human metabolism

  In breast G-7-G, G-4'-G and G-7-G is the major one [101]

  In prostate Monoglucuronide is the major one with trace amounts of diglucuronide and sulfate [113]

  In plasma G-4',7-diG, G-4',7-diS, G-7G-4'S, G-7-G, G-4'-G, G-7-S, G-4'-S were found and the major conjugates are
G-7G-4'S, G-4',7-DiG [45, 52]

48% glucuronide, 8% sulfate, 30% mixed conjugates (one glucuronide and one sulfate) [44]

 In urine Mono and di-glucuronide, mono and di-sulfate, mix glucuronides and sulfate [52]

53–76% in monoglucuronide, 12–26% diglucuronide, 2–15% sulfoglucuronide and 1–4% disulfate fractions
[56]

3'-OH, 8-OH, 6-OH, 3',6-diOH, 3',8-diOH genistein [98]

Five hydroxylation products, 5,6,7,4'-tetrahydroxyisoflavone, 5,7,8,4'-tetrahydroxyisoflavone, 5,6,3',4'-
tetrahydroxyisoflavone, 5,7,8,3',4'-pentahydroxyisoflavone, 5,6,7,3',4'-pentahydroxyisoflavone, [75]

6'-hydroxy-O-desmethylangolensin [173]

Dihydrogenistein [74, 173]

% represented the recovery of genistein
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