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Abstract

Genistein (GT) is an isoflavone from Leguminosae and has received much attention as a phytoestrogen. Genistin is a glycoside form of GT
(genistein-7-0-B-p-glucopyranoside, GT-glu) is mainly found in soy-derived foods. In this study, we examined the pharmacokinetic properties and
bioavailability of GT in rats and compared with those of GT-glu. In order to characterize and compare the pharmacokinetics of GT and GT-glu, these
compounds were administered intravenously and orally. The plasma concentration of GT was determined by HPLC after enzymatic hydrolysis.
After oral administration of GT with various doses (4, 20, 40 mg/kg), the bioavailability of GT was 38.58, 24.34 and 30.75%, respectively. The
Tnax> Cmax and AUC o) of GT after oral administration of GT (40 mg/kg), were 2 h, 4876.19 ng/ml, 31,269.66 ng h/ml, respectively. When smaller
amount of GT was administered, the faster Tp,x was observed. Oral administration of GT-glu resulted in longer Ty, lower Cpax, and greater
bioavailability than that of GT. The pharmacokinetic parameters of GT following oral administration of GT-glu (64 mg/kg as GT-glu, 40 mg/kg as
GT) were obtained as follows: 8 h (Tiax), 3763.96 ng/ml (Cnax ), 51,221.08 ng h/ml (AUC o)) and 48.66% (absolute bioavailability), respectively.

These results indicate that the oral bioavailability of GT-glu is greater than that of GT.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Isoflavones, major dietary components of soybeans have
received much attention because of their health-related and clin-
ical benefits such as estrogenic and anti-oxidative activities as
well as triggering of natural killer cell activity (Zhang et al.,
1999). Particularly, genistein (GT), one of the major isoflavones
in Leguminosae, has received great attention as a phytoestro-
gen demonstrating pharmacological effects such as prevention
of hormone-related cancers and bone loss (Zhang et al., 1999).

There have been several detailed studies on absorption, dis-
tribution, metabolism and excretion of GT in rats and humans
(Piskula et al., 1999; Coldham and Sauer, 2000; Mallis et
al., 2003; Steensma et al., 2004; Pascual-Teresa et al., 2005).
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Although GT is rapidly absorbed in the small intestine, it has a
low bioavailability due to its poor water solubility. GT exists in
the systemic circulation after being absorbed as several molec-
ular forms including glucuronide and sulfate conjugates, free
GT, and protein-bound form (Shelnutt et al., 2002). Of these,
the primary metabolite of GT is reported to be GT glucuronide
and GT sulfate, and the metabolism is believed to occur mainly
in the liver and epithelial cells of the intestinal wall (Coldham
and Sauer, 2000). It has been reported that following infu-
sion of the duodenum with GT, the major metabolite in portal
blood is GT-7-O-glucuronide (Sfakianos et al., 1997). Thus,
both the liver and intestine seem to contribute to the first pass
effect. GT is known to be excreted as GT metabolites such as
dihydroGT, 6'-OH-O-desmethylangolensin, trihydroxybenzene
and 3',4',5,7-tetrahydroxyisoflavone through feces and urines
(Coldham and Sauer, 2000; Heinonen et al., 2003) (Fig. 1).
There are several reports suggesting that the conjugates may
either have biological activity themselves or serve as excellent
sources of biologically active compounds (Shelnutt et al., 2002).
For example, GT glucuronides may be active in vivo as they have
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Fig. 1. A summary of absorption, distribution, metabolism and excretion of GT after oral administration of GT and its glycoside form (GT-glu) (CYP, cytochrome

P 450; UGT, UDP-glucuronosyl-transferase).

been shown to have weak estrogenic activity and can activate
human natural killer cells in vitro (Zhang et al., 1999). Addi-
tionally there is a report that GT-7,4-di-O-sulfate competitively
inhibits sterol sulfatase in hamster liver microsomes (Wong and
Keung, 1997). It is possible, therefore, that sulfate conjugated
isoflavones are also active in vivo or are expected to be primary
sources of free cellular GT after enzymatic hydrolysis in target
tissues.

Soybeans and soy-derived foods contain GT, which are
present and ingested mainly as genistin, a glycoside form of
GT (genistein-7-0O-B-D-glucopyranoside, GT-glu) (Reinli and
Block, 1996). Nonetheless, in general, little is known about the
pharmacokinetic characteristics and bioavailability of GT-glu.
Particularly, it is still unknown whether GT-glu can be absorbed
in its intact form and the degree to which it is hydrolyzed to
its respective aglycone form during absorption process. Fur-
thermore, pharmacokinetic parameters of GT-glu have not been
revealed yet.

Thus, in this study, we evaluated the oral pharmacokinetic
properties and bioavailability of GT-glu in comparison with GT
in rats. With the results obtained from our study, we have been
able to determine which compound is more orally bioavailable
between GT and GT-glu.

2. Materials and methods
2.1. Materials

GT and GT-glu were obtained from Rexgene Biotech Co.
(Seoul, Korea). 4-Hydroxybenzophenone (internal standard)
and ammonium formate were purchased from Sigma Chemi-
cal Company (St, Louis, MO). Sulfatase extracted from Helix
pomatia was also a product of Sigma Chemical Company and
was used to hydrolyze GT-glu and the glucuronide and sulfate
conjugates of GT. HPLC grade acetonitrile and methanol were
purchased from J.T. Baker (Phillipsburg, NJ). Ethyl acetate,
sodium carboxylmethylcellulose (Na-CMC), dimethyl sulfox-
ide (DMSO), formic acid and other reagents were reagent grade
and purchased from Junsei Chemical Company (Tokyo, Japan).
Distilled and deionized water was used for the preparation of all
solutions.

2.2. Activity test of sulfatase toward glucuronide and
sulfate conjugates of GT and GT-glu

The sulfatase from H. pomatia that exhibits deglucuronida-
tion and desulfatation activities toward the conjugates of GT was
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used to determine total GT concentration in plasma (Shelnutt
et al., 2002). To determine the amount of sulfatase required to
deglucuronidate and desulfate GT conjugates, we examined the
sulfatase activity toward the GT conjugates. Rat plasma samples
were obtained 3 h after oral administration of GT (40 mg/kg).
Plasma samples (50 wl) were incubated in a shaking incuba-
tor with various amounts of the sulfatase at 37 °C for 5 h. Then
each sample was prepared as described below in Section 2.4 and
analyzed by HPLC.

Also, the sulfatase was used to hydrolyze GT-glu to GT
in plasma since it was reported that the sulfatase contains
B-glycosidase activity toward GT-glu (Ioku et al., 1998). To
determine the amount of sulfatase required to deglycosidate GT-
glu, a 50 pl GT-glu stock solution (5 pg/ml) was incubated with
various amounts of the sulfatase at 37 °C for 5 h.

2.3. Animals and drug administration

Male Sprague-Dawley rats, 8-week old and weighing
260-310 g, had free access to isoflavone-free diet and water until
12 h prior to being used in the experiments. The four experi-
ments, oral and intravenous administrations of GT and GT-glu,
were performed to estimate their bioavailabilities. Rats were
anesthetized with chloroform before cannulation. Polyethylene
cannulas were inserted in the femoral vein for intravenous
administration and the femoral artery was cannulated for blood
sampling. The oral doses of GT suspended in a 0.2% Na-CMC
solution were 4, 20 and 40 mg/kg, and that of GT-glu was
40 mg/kg as GT. In cases of GT and GT-glu oral administra-
tion, plasma samples were collected at 0, 0.25, 0.5, 1, 2, 3,4, 6,
8,12 and 24h for GT and 0, 2, 4, 6,7, 8, 9, 10, 12, 14, 18, 24,
30, 36 and 48 h for GT-glu, respectively. The intravenous dose
of GT solubilized in 50% DMSO was 1 mg/kg. Plasma samples
were collected after intravenous administration at 0.033, 0.083,
0.167,0.25,0.5,1,2,3,4,6,8,and 12 h. Then, each blood sample
was centrifuged at 12,000 rpm for 10 min. The plasma samples
(approximately 0.2 ml) were stored at —20 °C until analyzed by
HPLC.

2.4. Sample preparation

Plasma samples (50 pl) were incubated with 500 unit of the
sulfatase at 37 °C for 5 h. Then 4-hydroxybenzophenone (inter-
nal standard) and 5 ml of ethyl acetate (extraction solvent) were
added to samples. Extraction was conducted by vortexing vig-
orously for 50 min and centrifuged at 3000 rpm for 15 min. The
supernatant was transferred to glass tube and evaporated to dry-
ness under a gentle stream of nitrogen at 40 °C. The residue was
reconstituted with 0.2 ml of 50% MeOH.

2.5. HPLC assay

GT and 4-hydroxybenzophenone were separated on an ODS
column (150 mm 4.6 mm Capcell Pak, Shiseido, Tokyo, Japan)
maintained at 40 °C. The mobile phase used was a 6:4 mixture
of acetonitrile and 50 mmol ammonium formate buffer solution
(pH 3.5) (A line) and a 2:8 mixture of acetonitrile and 50 mmol

ammonium formate buffer solution (pH 3.5) (B line). The elution
conditions were as follows: for 0—4 min, A line was changed
from 65 to 51% and B line from 35 to 49%; for 4-8 min, A
line from 51 to 65% and B line from 49 to 35%; for 810 min,
A line 65%, B line 35% were maintained for column stability.
Flow rate was set at 1.5 ml/min and detection was performed at
262 nm.

2.6. HPLC method validation

The accuracy and precision of the HPLC method was
evaluated in the concentration range of 100—4000 ng/ml. The
within-run accuracy and precision values were determined in
six replicates at the concentrations of 100, 200, 500, 1000, 2000
and 4000 ng/ml. The between-run accuracy and precision were
determined for 5 different days, and the mean concentrations
and the coefficient of variation were calculated.

2.7. Pharmacokinetic analysis

Pharmacokinetic analysis was carried out using BA Calc
2002 pharmacokinetic analysis computer program (Korea Food
& Drug Administration, Korea). Area under the curve (AUC),
maximum plasma concentration (Cpax) and the time needed to
reach the maximum plasma concentration (Tmax) were deter-
mined by the program. The elimination rate constant (K¢) was
obtained from the terminal slope using regression analysis, and
the half-life (¢1,2) of the drug was calculated by a relationship of
0.693/K,;. The absolute bioavailability (AB) of GT and GT-glu
were calculated using the following equation:

AUC oral ivdose
AB (%) = — X x 100
AUCiv oral dose
where oral is the oral administration of GT or GT-glu and iv is

the intravenous administration of GT or GT-glu.

3. Results

3.1. Activity of sulfatase toward glucuronide and sulfate
conjugates of GT and GT-glu

The amount of sulfatase required to deglucuronidate and
desulfate GT conjugates was shown in Fig. 2. The sulfatase
activity to deglucuronidate and desulfate was saturated at sul-
fatase amounts exceeding 200 unit. When 200 unit of sulfatase
was added, level of GT in plasma was 3100 ng/ml and it was
not increased significantly at sulfatase amounts greater than
200 unit.

The B-glycosidase activity of the sulfatase toward GT-glu was
also shown in Fig. 2. One hundred units of the sulfatase were
capable of producing 2253 ng/ml of GT from GT-glu and an
increase in the amount of the sulfatase caused a slight increase
in GT level produced by hydrolysis of GT-glu. Based on the
relationship shown in Fig. 2, 500 unit of the sulfatase was con-
sidered to be sufficient to deglycosidate GT-glu and deconjugate
GT metabolites.
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Fig. 2. The activity test of sulfatase from Helix pomatia toward GT conjugates
and GT-glu. Filled circle (@) shows the glucuronidase and sulfatase activities
of the sulfatase used in the study toward the conjugates of GT and empty circle
(O) demonstrates the B-glycosidase activity of the sulfatase toward GT-glu
(mean+ S.E., n=3).

3.2. Validation

Standard curves were plotted from the ratio of peak height
of GT to that of internal standard. The standard curves exhib-
ited excellent linearity and correlation coefficient was about
0.9998. The linear equation obtained was y =0.4472x +0.0343.
The inter-intra validation data are shown in Table 1.

3.3. Oral and intravenous administration of GT

Mean plasma concentration—time profiles of GT after oral
administration of GT (4, 20 and 40 mg/kg) and intravenous

Table 1
Summary of the precision and accuracy of the HPLC method for GT

6000 1

5000

Plasma concentration (ng/ml)

Time (h)

Fig. 3. Mean (£S.E.) plasma concentration vs. time curves after oral adminis-
tration of GT suspension at various doses. (A) 4 mg/kg (n=6); (H) 20 mg/kg
(n=5); (@) 40 mg/kg (n=5).

administration (1 mg/kg) are shown in Figs. 3 and 4, respec-
tively, and pharmacokinetic parameters are listed in Table 2.
These results indicate plasma levels of GT determined from
free and conjugated forms. After oral administration of GT
40 mg/kg, Tmax of GT was 2 h and almost eliminated from the
systemic circulation after 24 h. On the other hand, the Ty« val-
ues were approximately 0.5 h after oral administration of GT 4
and 20 mg/kg, which were 1.5 h faster than that obtained with
oral dose of 40 mg/kg of GT. The second small peak appeared
at 6-8 h.

After oral administration of GT at doses of 4, 20 and
40 mg/kg, the AUC(_«) values of GT were 3923.03 £ 1531.09,
12,376.88 £3183.47, 31,269.66 4 5548.44 ngh/ml, respec-

Nominal concentration (ng/ml) Intra-day validation

Inter-day validation

Precision (%CV) Accuracy (%) Precision (%CV) Accuracy (%)
100 27.50 102.56 20.49 92.14
200 13.24 111.15 12.97 109.95
500 15.06 110.86 10.61 95.53
1000 5.55 96.84 3.13 95.93
2000 6.81 104.31 3.13 99.31
4000 5.29 101.23 2.36 99.28
CV, coefficient of variation.
Table 2
Pharmacokinetic parameters of GT following the oral and intravenous administration of GT in rats (mean =+ S.E., n=5-6)
GT
Oral(0_24 h) Iv(0—12 h)
Dose as GT (mg/kg) 4 20 40 1

AUC (terminaly (ng h/ml) 3832.18 4 1404.69

11,931.76 £2625.13

29,618.14 £5216.64 2339.03 +£197.42

AUC(9-0) (ng h/ml) 3923.03 +£1531.09 12,376.88 £3183.47 31,269.66 £ 5548.44 2542.06 +203.11
Chmax (ng/ml) 1124.49 +236.40 3330.08 £ 647.76 4876.19 £926.21 2943.64 £ 146.02
Tmax (h) 0.5£0.10 0.5£0.10 240.30

t12 (h) 4.53+1.40 441+1.21 5.25+£0.92 0.196 +0.02
AB (%) 38.58 24.34 30.75

AUC(_o0), area under the plasma concentration—time curve from Oh to infinity; Cryax, peak concentration; Tray, time to reach peak concentration; f/2, terminal
half-life; AB (%), absolute bioavailability.
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Fig. 4. Mean (£S.E.) plasma concentration—time profiles of GT after intra-
venous administration of GT and GT-glu. Filled circle (@) shows the plasma
concentration of GT after the injection of GT solution (1 mg/kg) and empty cir-
cle () shows the plasma concentration of GT after the injection of 1.6 mg/kg
of GT-glu (equivalent to 1 mg/kg GT) solution (n=5).
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Fig. 5. Mean (£S.E.) plasma concentration—time curves after oral admin-
istration (40 mg/kg) of GT suspension. Filled circle (@) shows the plasma
concentration of GT after enzymatic hydrolysis and empty circle (O) demon-
strates the concentration of GT without enzymatic hydrolysis (n=5).

tively. Absolute bioavailabilities of each dose were 38.58,
24.34, and 30.75%, respectively.

After oral administration of GT at a dose of 40 mg/kg, the
pharmacokinetic profiles of GT obtained with or without sulfa-
tase hydrolysis are shown in Fig. 5 and Table 3. The mean plasma
level of GT obtained without sulfatase hydrolysis was much
lower than that obtained after sulfatase hydrolysis. The maxi-
mum plasma concentration of GT without sulfatase hydrolysis
was 157.01 £25.68 ng/ml and this was only 3.2% of that mea-

Table 3

Plasma concentration (ng/ml)

0 6 12 18 24 30 36 42 48
Time (h)

Fig. 6. Mean (£S.E.) plasma concentration—time curves of GT after oral admin-
istration of GT (40 mg/kg) and GT-glu (64 mg/kg, equivalent to 40 mg/kg GT).
Filled circle (@) shows the plasma concentration of GT after oral administration
of GT and empty diamond () demonstrates the concentration of GT after oral
administration of GT-glu (n=5).

Table 4
Pharmacokinetic parameters of GT following the oral and intravenous adminis-
tration of GT-glu in rats (mean = S.E., n=5)

GT-glu
Oral (948 h) IVo-121)
Dose as GT (mg/kg) 64* 1.6*
AUC (terminary (ng h/ml) 48,866.13 £+ 12,450.48 2600.93 +390.33

AUC 9-o0) (ng h/ml)
Cinax (ng/ml)

51,221.08 £12,358.58
3763.96 & 1007.65

2631.41+393.28
3392.10£73.61

Tax (h) 84+1.03
1112 (h) 7.47 +£0.65 0.19+0.01
AB (%) 48.66

AUC 0_o0), area under the plasma concentration—time curve from 0 h to infinity;
Chax, peak concentration; Tinax, time to reach peak concentration; 1,2, terminal
half-life; AB (%), absolute bioavailability.

% GT-glu doses of 64 and 1.6 mg/kg are equivalent to GT doses of 40 and
1 mg/kg, respectively.

sured with sulfatase hydrolysis. The AUC_~) of GT obtained
after sulfatase treatment was 37-fold greater than that found
without sulfatase hydrolysis. Trax Was observed at 2+0.41h
for both groups.

3.4. Oral and intravenous administrations of GT-glu

The profile of total GT plotted against time after oral admin-
istration of GT-glu at a dose of 40 mg/kg as GT is illustrated in
Fig. 6 and the pharmacokinetic parameters are shown in Table 4.
The plasma profile of total GT after oral administration of GT-
glu was considerably different from that of orally administered
GT at the same dose. Plasma level of GT steadily increased when

Comparison of pharmacokinetic parameters of total GT obtained with or without sulfatase hydrolysis after oral administration of GT (40 mg/kg; mean £ S.E., n=5)

AUC(0-241y (ngh/ml) AUC(0-o0) (ngh/ml) Cimax (ng/ml) Tmax () ti2 (h)
EH 29,618.14 + 5216.64 31,269.66 + 5548.44 4876.19 & 926.21 2 525 +0.92
Non-EH 786.30 £ 116.33 786.30 £ 116.33 157.01 £ 25.68 2 2.69 + 0.08

AUC(0-0), area under the plasma concentration—time curve from Oh to infinity; Cmax, peak concentration; Tmax, time to reach peak concentration; t1/», terminal
half-life; EH, total GT measured after enzymatic hydrolysis; non-EH, free GT measured without enzymatic hydrolysis.
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GT-glu was orally administered until 8 h and was maintained for
about 2 h. Most GT was eliminated 48 h after administration. The
AUCp_481n) and AUC(g_oc) of GT measured after oral adminis-
tration of GT-glu were estimated to be 48,866.13 £ 12,450.48
and 51,221.08 £ 12,358.58 ng h/ml, respectively. The maximum
plasma concentration of GT obtained with oral administra-
tion of GT-glu was 3763.96 £+ 1007.65 ng/ml and it appeared
approximately at 8 h after oral administration of GT-glu. When
considering the AUC(g_~,) determined following intravenous
administration of GT-glu, the absolute bioavailability of GT-glu
was 48.66%, considerably higher than that obtained with oral
administration of GT.

4. Discussion

GT was absorbed much faster than that of GT-glu when
administered orally to rats. Trmax of 40 mg/kg dose of GT was
four times faster than that of equivalent dose of GT derived
from GT-glu. This is in line with previous report in healthy pre-
menopausal women (Setchell et al., 2001). The faster absorption
of GT is considered to be due mainly to its higher hydrophobic-
ity and lower molecular weight than that of GT-glu (Spencera et
al., 1999).

As demonstrated by other flavonoid glycosides such as rutin
in rats, GT-glu showed a delayed absorption than its aglycone
(Manach et al., 1997). This can be explained mainly by the
fact that hydrolysis of GT-glu by (3-glycosidase present in the
jejunum and ileum, and by enterobacterias in the colon took
significant amount of time before the absorption had occurred.

The AUC(9—o0) of GT in rats following oral administration
of GT-glu was 50% greater than that of direct GT. The result
was similar to previous report that the bioavailability of GT-glu
is greater than that of GT (Setchell et al., 2001). The reason
for this can be attributed to different absorption and metabolic
behavior of GT and GT-glu. Andlauer et al. (2000) has shown
that only about 15% of administered GT-glu is converted to GT
in the small intestine and Steensma et al. (2004) has also shown
that 15% of GT-glu is converted to GT in the large intestine.
Thus, based on these literatures, we can assume that about less
than 50% of GT-glu administered was converted to GT, rather
than all GT-glu administered were changed to GT. Therefore,
after the oral administration of GT-glu, it is speculated that both
GT-glu and GT are available for absorption in the small and
large intestine. As mentioned above, although the conversion of
GT-glu to GT occurs gradually (Taylor et al., 2005), GT con-
verted from GT-glu would rapidly be absorbed throughout the
intestinal tract. Additionally, GT-glu would also be absorbed in
its intact form. The mechanism of the absorption of GT-glu has
previously been reported to be different from that of GT. GT-glu
can passively be transported across the small intestinal mem-
brane (Andlauer et al., 2000; Steensma et al., 2004) and enter
the systemic circulation via the sodium dependent glucose trans-
porter (SGLT1) localized in the small intestinal brush border
membrane (Toggenburger et al., 1982; Gee et al., 1998). Thus,
GT-glu can steadily be absorbed in the form of both GT and GT-
glu as long as they are available for absorption in the small and
large intestinal tract. Inside the cellular compartment, cytosolic

B-glycosidases can cleave some of GT-glu to GT, and GT-glu,
GT and its metabolites (GT-glucuronide and GT-sulfate) could
be transported into the blood stream (Day et al., 1998). The above
explanation may be used to support a greater bioavailability of
GT-glu compared to that of GT.

The secondary peak found in the GT concentration—time pro-
files is considered as a result of the enterohepatic recirculation.
Several pharmacokinetic studies of GT have also found a similar
second maximal peak (Supko and Malspeis, 1995; Coldham and
Sauer, 2000) due to extensive biliary excretion of GT metabo-
lites (Yasuda et al., 1996; Sfakianos et al., 1997). Enterohepatic
recirculation would increase the duration of exposure in the body
and thus provide a possibility to prolong pharmacological action
(Dobrinska, 1989). The reason why the plasma concentration
profile of GT after oral administration of GT-glu did not show
apparently a second peak was probably because the absorption
of GT transformed from GT-glu was very slow and continuously
occurred as judged by the slower Ty« value.

There were differences in plasma concentration—time profiles
and pharmacokinetic parameters of GT among individual rats
after oral administration of GT-glu. This may be attributed to that
the activity of B-glycosidase in the small intestine and exhibited
by enterobacteria in the colon of the individual rat was highly
different from each other.

A primary site of glucuronidation is likely to be the intestinal
wall based on a report that following infusion of the duodenum
with ['*C] GT, the major metabolite in the portal vein is GT-
7-O-B-glucuronide (Sfakianos et al., 1997). Another work also
reported that in the perfusion model using rats, it was found
that GT is metabolized into GT-7-O-3-glucuronide at the jejunal
compartment of the rat gut within 2 h of perfusion (Steensma et
al., 2004).

The predominant appearance of GT-7-O--glucuronide and
sulfate in the systemic circulation is consistent with the studies
carried out in humans (Adlercreutz et al., 1995; Coward et al.,
1996) demonstrating that -glucuronide and sulfate esters of GT
accounted for 95% of the GT in the circulation. In our experi-
ment, GT conjugated with B-glucuronide and sulfate accounted
for 97% of the GT in the systemic blood.

In conclusion, we compared the bioavailability and pharma-
cokinetic profiles of GT after oral administration of GT and
GT-glu. The study clearly demonstrated that GT-glu was more
bioavailable than GT. The greater bioavailability of GT-glu than
that of GT appears to have resulted from the ability of GT-glu to
be absorbed in its intact form and GT after being hydrolyzed in
the small and large intestinal tract. The sulfatase treatment was
necessary since it had a significant impact on the measurement
of level of GT in plasma samples. The study on the bioavail-
ability of GT and GT-glu in rats may be used as standard data
when the study on the improvement of bioavailability of GT and
GT-glu need to be performed.
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