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The purpose of this research was to develop a sensitive and reproducible UPLC-MS/MS method to
simultaneously quantify genistein, genistein-7-O-glucuronide (G-7-G), genistein-4’-O-glucuronide (G-
4'-G), genistein-4'-O-sulfate (G-4'-S) and genistein-7-O-sulfate (G-7-S) in mouse blood samples. After
the method was fully validated over a wide linear range, it was applied to quantify the levels of genistein
and its metabolites in a mouse bioavailability study. The linear response range was 19.5-10,000 nM for
genistein, 12.5-3200 nM for G-7-G, 20-1280 nM for G-4'-G, 1.95-2000 nM for G-4'-S, and 1.56-3200 nM
for G-7-S, respectively. The lower limit of quantification (LLOQ) was 4.88, 6.25, 5, 0.98 and 0.78 nM for
genistein, G-7-G, G-4'-G, G-4'-S and G-7-S, respectively. Only 20 .l mouse blood sample from i.v. and
p.o. administration were needed for analysis because of the high sensitivity of the method. The intra-
and inter-day variance is less than 15% and accuracy is within 85-115%. The analysis was finished within
4.5 min. The applicability of this assay was demonstrated and successfully applied for bioavailability
study in FVB mouse after i.v. and p.o. administration of 20 mg/kg of genistein, and its oral bioavailability
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was ~23.4%.
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1. Introduction

Genistein, a predominant dietary isoflavone present in legumes
such as soy, has been shown in many epidemiological studies
and animal experiments to have significant biological activities
in various aging-related and hormone-dependent disorders, rang-
ing from cardiovascular disease, osteoporosis, to post-menopause
symptoms [1-6]. The major concern for genistein as a chemopre-
ventive agent is that it is mainly present as its metabolites (i.e.
glucuronides and sulfates) after oral administration [7-9], because
of extensive first-pass metabolism (by UGTs and SULTSs) in intestine
and liver [10,11]. Pharmacokinetic studies show that genistein has
less than 15% absolute bioavailability (BA) in rodents and humans

Abbreviations: UGTs, UDP-glucuronosyl transferases; SULTSs, sulfotransferases;
UDPGA, uridine-5'-diphosphate-f3,p-glucuronic acid; PAPS, 3'-phosphoadenosine-
5’-phosphosulfate; D, daidzein; G, genistein; G-7-G, genistein-7-0-glucuronide; G-
4'-G, genistein-4'-0-glucuronide; G-4'-S, genistein-4'-O-sulfate; G-7-S, genistein-
7-0O-sulfate; DP, declustering potential; CEP, collision cell entrance potential; CE,
collision energy; CXP, collision cell exit potential; UPLC, ultra-performance liquid
chromatography; IS, internal standard.
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when administered orally [7-12]. The in vivo plasma concentration
of genistein is significantly less than the ICs¢ value for its anti-
cancer and other beneficial effects in vitro [13,14]. But Zhang et al.
found genistein glucuronides activated human natural killer cells
at nutritionally relevant concentrations which showed genistein
conjugates might also be active components [15].

Analytical methods for genistein quantification have been
developed using enzyme linked immunosorbent assay (ELISA) [16],
fluorescence immunoassay (FIA) [17], and HPLC with MS, UV or
electrochemical detector [18-20]. But only a few of published
papers describe the analysis of genistein and its conjugates in
plasma after its oral administration in rats and humans [8,9,21,22].
Doerge et al. determined two genistein glucuronides’ (G-7-G, G-
4'-G) concentrations in human blood sample with LC/MS after
selective enzymatic hydrolysis, but no sulfates’ profiles were pub-
lished [8]. Soucy et al. and Moon et al. analyzed genistein and its
total glucuronides and sulfates in rats with LC-MS/MS, but not for
individual metabolites [21,22]. Hosoda et al. used HPLC to detect
genistein and its four conjugates in human plasma (G-7-G, G-4'-
G, G-4'-S, G-7-S) [9], but they used 1 ml human plasma sample.
In any rate, currently, there is no study that has simultaneously
determined genistein and its four main conjugates using both intra-
venous and oral administration in an oral bioavailability study.
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Fig. 1. The structures of genistein, daidzein (L.S.), G-7-G, G-4'-G, G-4’-S and G-7-S.

Therefore, we have performed a pharmacokinetic study using both
oral and intravenous administration routes in mice. Mice were cho-
sen for two reasons. First, most efficacy studies in animal models
employed mice and second, many genetically modified mice strain,
such as BCRP knockout mice, are available to investigate the mech-
anism of disposition of genistein and its metabolites. However, a
sensitive and reproducible LC-MS/MS method is needed for the
proposed study since blood volume of a mouse is very small, and
sequential samples from a single mouse are desirable since genet-
ically modified mice are hard to find and very costly.

Therefore, the aim of this paper was to develop a more sen-
sitive, reliable and robust UPLC-MS/MS method for simultaneous
determine genistein and its four conjugates (G-7-G, G-4'-G, G-4'-
S, G-7-S) using a small volume of mouse blood. This method had
been validated and applied to genistein pharmacokinetic study in
FVB mouse after i.v. and oral administration. There are four genis-
tein conjugates which have been identified from the in vivo studies
and their structures are provided (Fig. 1).

2. Experimental
2.1. Chemicals and reagents

Genistein and daidzein were purchased from LC Labora-
tory (Woburn, MA). Uridine-5'-diphosphate-@3,p-glucuronic
acid ester (UDPGA), 3’-phosphoadenosine-5-phosphosulfate
(PAPS), B-glucuronidase, sulfatase (without [3-glucuronidase),
D-saccharic-1,4-lactone monohydrate, magnesium chloride,
2,6-1utidine, tert-butyldimethylsilyl trifluoromethanesulfonate,7-
tert-butyldimethlsilylgenistein, chlorosulfonic acid,
tetrabutylammonium fluoride (TBAF), and Hanks’ balanced
salt solution (powder form) were purchased from Sigma-Aldrich
(St. Louis, MO). Expressed human UGT isoforms UGT1A1, 1A9,
1A10, SULT1A1 and 1E1 were purchased from BD Biosciences
(Woburn, MA). Solid phase extraction (C18) columns were pur-
chased from ]J.T. Baker (Phillipsburg, NJ). Oral suspension vehicle
was obtained from Professional Compounding Centers of America
(Houston, TX). Non-soy rat chow (AIN 76A) was purchased from

Harlan Laboratory (Madison, WI). All other materials (typically
analytical grade or better) were used as received.

2.1.1. Chemical synthesis of genistein-4'-sulfate (G-4'-S)

Genistein-4'-O-sulfate was chemically synthesized using a
method similar to the one published by Fairley et al. [23]. The final
product was purified by Sephadex LH-20 column using methanol
as the elute solvent (12.4 mg, 0.035 mmol, 17.7% yield). The genis-
tein sulfate molecular ion (349) and fragments peaks (80,269) [24]
were shown as expected in MS spectra (MS chromatogram not
shown) and the aromatic protons adjacent to the sulfate groups
at the 3//5’ and 2'/6’ positions were shifted downfield from § 6.82
(2H,dd,J=6.6,1.8Hz)to§7.17 (2H, dd,J=6.6, 1.8 Hz) ppm and from
6737 (2H, dd, J=6.6, 1.8 Hz) to § 7.41 (2H, dd, J=6.6, 1.8 Hz) ppm
as expected in "H NMR experiment (DMSO-dg, 600 MHz) [25].

2.1.2. Biosynthesis of G-7-G

G-7-G was biosynthesized using expressed human UGTs, as
reported earlier [8]. In that study, after genistein was incubated
with UGT1AT1 for 2 h, G-7-G was the major metabolite and the ratio
of G-7-G/G-4'-G was >100 (data shown in Section 3). Here, the
same approach was used, although the UGT reaction procedures
employed were the same as those described in many of our previous
paper [26-29].

2.1.3. Biosynthesis of G-7-G and G-4'-G

G-7-G and G-4'-G were biosynthesized by using UGT 1A10,
which was shown to produce similar amounts of both glucuronides
[8]. All other experiment procedures were the same as those
described using UGT 1A1 (described above).

2.1.4. Biosynthesis of standards of G-7-G, G-4'-G, G-4'-S and
G-7-S

We obtained the standard of G-4’-S by chemical synthesis. For
the rest of genistein phase Il metabolites, we used FVB mouse
intestine to biosynthesize standards of G-7-G, G-4'-G, G-4'-S and
G-7-S, which was achieved via intestinal perfusion [30]. The advan-
tage of biosynthesis is that a large amount of metabolites could
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be accumulated for method development and validation purposes.
The intestinal surgical procedures were described in many of our
previous publications [10,30-32]. Mouse intestinal perfusion sam-
ples obtained after 20 WM of genistein perfused at the flow rate of
0.191 ml/min were used to concentrate genistein metabolites. Each
9 ml of mouse intestinal perfusion samples was applied to a C18
solid phase extraction column. After washing out the salt, 1 ml of
methanol was then used to elute genistein and its four conjugates.
The eluted fractions of methanol were collected and dried under
nitrogen, and the residue was reconstituted in 100 .l of acetoni-
trile to concentrate metabolites. The stock solutions of genistein
and its four metabolites were stored in acetonitrile at —80°C until
analysis.

2.2. Instruments and conditions

2.2.1. UPLC

A UPLC system, Waters Acquity™ with diode-arrayed detector
(DAD) was performed to determine the standards of genistein glu-
curonides and sulfates. The UPLC conditions for analyzing genistein,
G-7-G, G-4'-G, G-4'-S, G-7-S and daidzein (I.S.) in aqueous samples
were: column, Acquity UPLC BEH C18 column (50 mm x 2.1 mm
I.D., 1.7 wm, Waters, Milford, MA, USA); mobile phase A, 100%
aqueous buffer (2.5 mM ammonium acetate, pH7.4); mobile phase
B, 100% acetonitrile; gradient, initial, 5% B, 0-0.5 min, 5-19% B,
0.5-2min, 19% B, 2-2.5min, 19-40% B, 2.5-3.1 min, 40-52% B,
3.1-3.5min, 52-80% B, 3.5-4min, 80-5%, 4-4.5min, 5% B; flow
rate, 0.45 ml/min; column temperature, 45 °C; sample temperature,
20°C; and injection volume, 10 pl.

2.2.2. LC-MS/MS

For LC-MS/MS analysis, an API 3200-Qtrap triple quadrupole
mass spectrometer (Applied Biosystem/MDS SCIEX, Foster City, CA)
equipped with a TurbolonSpray™ source was operated at the nega-
tive ion mode. The concentrations of G, G-7-G, G-4'-G, G-4'-S, G-7-S
and D (I.S.) in blood sample were determined by MRM (multiple
reaction monitoring) method in the negative ion mode. The main
working parameters for mass spectrum were set as follows: ion-
spray voltage, —4.5 kV; ion source temperature, 700 °C; gas1, 60 psi;
gas2, 60 psi; curtain gas, 10 psi, collision gas, high.

The quantification was performed using MRM method with the
transitions of m/z 269 — m/z 133 for G, m/z 253 — m/z 132 for D
(L.S.), m{z 455 — m/z 269 for G-7-G and G-4'-G, and m/z 349 — m/z
269 for G-4’-S and G-7-S. Additional compound-dependent param-
eters in MRM mode for genistein, its four metabolites and daidzein
were summarized in Table 1. Analyte concentrations were deter-
mined using the software Analyst 1.4.2.

2.3. Determination of concentrations of genistein conjugates

Because individual standards of genistein metabolites were
difficult to purify, we determined the concentration of four metabo-

Table 1

Compound-dependent parameters for genistein, its four metabolites and daidzein
(LS.) in MRM mode for UPLC-MS/MS analysis. Monitored ion pairs were shown in
Fig. 6.

Analyte Dwell time (ms) DP (V) CEP (V) CE (V) CXP (V)
Genistein 100 -80 -22 -40 -2
G-7-G 100 -30 -34 —40 -3
G-4-G 100 -30 -34 —40 -3
G-4'-S 100 -22 -21 -36 -3
G-7-S 100 -22 -21 -36 -3
Daidzein 100 =75 -30 -52 -2

DP: declustering potential; CEP: collision cell entrance potential; CE: collision
energy; CXP: collision cell exit potential.

lites using a genistein standard curve and conversion factors of
extinction coefficients (EC) for each of the metabolites. Doerge et
al. used the same approach to quantify genistein metabolites [8],
and they claimed that extinction coefficients of genistein metabo-
lites were identical with genistein for their analytical conditions.
From this study, the values of extinction coefficients were slightly
variable with a different liquid chromatography condition (e.g., dif-
ferent pH value and elution gradient). Hence, the conversion factors
of EC values of each of the four genistein metabolites were deter-
mined using a UPLC condition.

2.3.1. Determinations of conversion factors

Determination of conversion factors (K) has been described pre-
viously [10,26]. Briefly, it was determined by comparing (a) the
peak area change in aglycon after glucuronides and/or sulfates
were hydrolyzed by [-glucuronidases/sulfatase with (b) the cor-
responding peak area change in glucuronides/sulfates. By plugging
various K values into the following equations using peak areas of
metabolite, concentrations of metabolites (Cg1, Cg2, Cs1, Cs2) were
calculated by Egs. (1)-(4):

G1 é (1)
G2 = é (2)
s1= Kil (3)
52 = é (4)

where C, Cg1, Cg2, Cs1, and Csy of genistein, G-7-G, G-4'-G, G-4'-S
and G-7-S, respectively, and Kg1, Kg2, Ks1 and Ks, were conversion
factors of G-7-G, G-4'-G, G-4’-S and G-7-S, respectively.

2.4. Bioavailability study in vivo

2.4.1. Animals

Male FVB mice (22-27g, 8-10 weeks old) were from Har-
lan Laboratory (Indianapolis, IN) and kept in an environmentally
controlled room (temperature: 2542 °C, humidity: 50+5%, 12h
dark-light cycle) for at least 1 week before the experiments. The
mice were fed with non-soy food (AIN 76A) for at least 1 week
before the experiments and were fasted overnight before the date
of the experiment. This enabled daidzein to be used as the internal
standard.

2.4.2. Experimental design

The animal protocols used in this study were approved by the
University of Houston’s Institutional Animal Care and Uses Com-
mittee. Mice were fasted for 12 h with free access to water prior
to the pharmacokinetic study. Two groups of mice were treated as
following: i.v. injection of 10 mM genistein solution [prepared in a
solution of 100 mM sodium bicarbonate: PEG 300 (7:3) (pH 9.5)]
was administrated through lateral tail vein at dose of 20 mg/kg.
Genistein was evenly dispersed in oral suspension vehicle and then
given orally to mice at the same dose (20 mg/kg). After the mouse
was anesthetized with isoflurane gas, its tail was snipped near the
tip of the tail to allow the collection of blood samples. Blood sam-
ples (20-25 ul) were collected in heparinized tubes at 5, 15, 30,
60, 120, 240, 360, 480, and 1440 min after an i.v. administration, or
15, 30, 60, 90, 120, 150, 180, 240, 360, 480, and 1440 min after an
oral administration, respectively. The blood samples were stored
at —20°C until analysis.
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2.4.3. Blood sample preparation

The blood sample (20 1) was spiked with 100 .l of L.S. (daidzein
in acetonitrile, 3 wM). The mixture was vortexed for 1 min. After
centrifugation at 15,000 rpm for 15 min, the supernatant was trans-
ferred to a new tube and evaporated to dryness under a stream of
nitrogen. The residue was reconstituted in 100 .l of 15% acetoni-
trile aqueous solution and centrifuged at 15,000 rpm for 15 min.
10 pl of supernatant were injected into the UPLC-MS/MS system
for quantitative analysis.

2.4.4. Preparation of standard and quality control samples

A 16 uM of G-7-S was prepared in acetonitrile. An additional
stock solution of 3 wM daidzein (I.S.) was also prepared in ace-
tonitrile. Calibration standard samples for genistein, G-7-G, G-4'-G,
G-4’-S and G-7-S were prepared by spiking the blank mouse
blood with above stock solutions to arrive at the following ana-
lyte concentrations: 9.75, 19.5, 39, 78, 156, 625, 1250, 2500, 5000,
10,000 nM for genistein; 12.5, 25, 50, 100, 200, 400, 800, 1600,
3200 nM for G-7-G; 10, 20, 40, 80, 160, 320, 640, 1280 nM for G-4'-
G; 1.95,3.9,7.8,15.6,31.25,62.5, 125, 250, 500, 1000 nM for G-4'-S;
0.78, 1.56, 3.125, 6.25, 12.5, 25, 50, 100, 200, 400, 800, 1600 nM for
G-7-S. The quality control (QC) samples for each compound were
prepared at three different concentrations in the same way as the
blood samples for calibration, and QC samples were stored at —80°C
until analysis.

2.4.5. Method validation

2.4.5.1. Calibration curve and LLOQ. Calibration curves were pre-
pared according to the method described in Section 2.4.3. The
linearity of each calibration curve was determined by plotting the
peak area ratio of genistein/its metabolites to LS. in the mouse
blood. A least-squares linear regression method (1/x2 weighting)
was used to determine the slope, intercept and correlation coeffi-
cient of linear regression equation. The lower limit of quantification
(LLOQ)was determined based on the signal-to-noise ratio of at least
10:1.

2.4.5.2. Precision and accuracy. The “intra-day” and “inter-day”
precision and accuracy of the method were determined with three
different concentration QC samples on the same day or on three
different days.

2.4.5.3. Extraction recovery and matrix effect. The extraction recov-
eries of genistein and its four metabolites were determined by
comparing (a) the peak areas obtained from blank plasma spiked
with analytes before the extraction with (b) those from samples to
which analytes were added after the extraction. Matrix effect was
assayed to compare (a) the peak areas of blank plasma extracts
spikes with analytes with (b) those of the standard solutions dried
and reconstituted with a mobile phase.

2.4.54. Stability. Short-term (25 °C for 4 h), post-processing (20°C
for 8 h), long-term (—20°C for 7 days) and three freeze-thaw cycle
stabilities were determined.

2.4.6. Data analysis

WinNonlin 3.3 was used for the pharmacokinetic analysis
of genistein and its four metabolites. The non-compartmental
approach was applied for analysis of the data following i.v. and
oral administration of genistein.

2.5. Statistical analysis

The data in this paper were presented as mean =+ SD, if not spec-
ified otherwise. Significance differences were assessed by using

unpaired Student’s t-test. A p-value of less than 0.05 or p <0.05 was
considered as statistically significant.

3. Results and discussion
3.1. Conversion factors of genistein metabolites

We performed the hydrolysis experiments at three different
concentrations to calculate average K values. The conversion factors
K were used to calculate the concentration of standards of G-7-G,
G-4'-G, G-4'-S and G-7-S using the standard curve of genistein.

The following is a list of the conversion factors used: Kg1 =1.09,
Kg2 =0.97, Ks1=1.01, Ks;=1.01. These conversion factors were
essentially the same as those reported previously for the genistein
glucuronides [26].

3.2. Chromatography and mass spectrometry

A specific, sensitive and reliable method to determine genis-
tein and its four metabolites’ concentrations had been established.
This is the first LC-MS/MS method that directly determines individ-
ual conjugates of genistein without enzymatic hydrolysis. Typical
chromatograms of spiked genistein and its four metabolites’ in
blank mouse blood sample were shown in Fig. 2. The retention
time of G1, G2, S1, S2, daidzein (I.S.) and genistein were 1.19, 1.44,
1.89, 2.04, 2.25 and 2.64 min, respectively. The position of glu-
curonide/sulfates was confirmed (see later) using the standards
generated independently, and G1 was found to be G-7-G, G2 to
be G-4'-G, S1 to be G-4'-S, and S2 to be G-7-S.

3.2.1. Identification of G-7-G and G-4'-G

Hosoda et al. have shown that two genistein glucuronides,
G-7-G and G-4'-G were present in human plasma samples after
oral administration of kinako (baked soybean powder), and G-7-
G was eluted faster than G-4’-G in a reversed phase HPLC system
(retention time was about 6 min for G-7-G and 7 min for G-4'-
G, respectively) [9]. Doerge et al. has shown that genistein can
generate two single-glucuronides (G-7-G and G-4'-G) when using
recombinant human UGT isoforms 1A1, 1A9 and 1A10. They also
found that G-7-G was eluted faster than G-4'-G in a reversed phase
HPLC system (retention time was about 11.6 min for G-7-G and
13 min for G-4'-G, respectively). Moreover, they found after 2 h
incubation that G-7-G was the predominant glucuronide in glu-
curonidation reaction catalyzed by expressed human UGT1A1, 1A9
and 1A10 with the formation ratios (G-7-G/G-4'-G) of 11.2, 11.1
and 2.5, respectively [8].

In the present study, we found that two glucuronides (G1 and
G2) are present in mouse blood and perfusate samples. The reten-
tion time for G1 was 1.19 min and for G2 1.44 min. To identify these
two glucuronides, we performed a study similar to Doerge et al. by
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Fig. 2. The chromatograms of genistein, G-7-G, G-4'-G, G-4'-S, G-7-S and daidzein
(1.S) in mouse blood sample. The identities of the metabolites were demonstrated
in Section 3 later.
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Fig. 3. Genistein glucuronidation in recombinant human UGT isoforms. The open
bars represent the formation rates of genistein glucuronide-1 (G1) in UGT1A1, 1A9
and 1A10 after incubation times of 2 and 24 h, respectively. The black bars represent
the formation rates of genistein glucuronide-2 (G2) in UGT1A1, 1A9 and 1A10 after
incubation times of 2 and 24 h, respectively. It was determined that G1 was G-7-G
and G2 was G-4'-G as described in Section 3. Each bar represents the average of
three determinations and the error bar is the standard deviation of the mean.

using recombinant human UGT1A1, 1A9 and 1A10 to measure the
formation rates of genistein glucuronides. We found that after 2h
incubation period, the formation ratios (G1/G2) were 136, 9.6 and
2.1 for UGT1A1, 1A9 and 1A10, respectively. Similarly, after 24 h
incubation, the formation ratios (G1/G2) were 142, 11.6 and 2.9 for
UGT1A1, 1A9 and 1A10, respectively (Fig. 3). These results along
with previous findings from the other laboratory [8] confirmed that
G1is G-7-G, whereas G2 is G-4'-G.

3.2.2. Identification of G-7-S and G-4'-S

Hosoda et al. have also shown that two genistein sulfates, G-4'-S
and G-7-S were present in human plasma samples after oral admin-
istration of kinako [9]. In addition, G-4'-S was eluted faster than
G-7-S in a reversed phase HPLC system (retention time was about
11 min for G-4'-S and 11.5 min for G-7-S, respectively) [9]. An ear-
lier study by Nakano et al. has shown that genistein generated two
single-sulfates (G-7-S and G-4’-S) when using recombinant human
SULT1A1 and SULT1E1. Furthermore, after 10 min incubation, they
found that G-7-S was the predominant sulfate at 2 uM substrate
concentration in the presence of SULT1A1 and the amount of G-
7-S formed was 12 times higher than that of G-4’-S. However, in
the presence of SULT1E1, and at the same (2 wM) substrate con-
centration, amounts of G-7-S and G-4’-S formed were comparable
[25].

In the present study, we also found that two sulfates were
present in mouse blood and perfusate samples. The retention time
for S1 was 1.89min and S2 was 2.04 min. To identify these two
sulfates, we performed a study similar to Nakano et al. by using
recombinant human SULT1A1 and SULT1E1 (in the presence of
PAPS) to measure the formation rates of genistein sulfates. We
found that after 4 h incubation, the formation ratios (S1/S2) were
13.2 and 1.3 for SULT1A1 and SULT1E1, respectively. After 24 h
incubation, the formation ratios (S1/S2) were 8.7 and 0.22 for
SULT1AT1 and SULT1E1, respectively (Fig. 4). The results along with
the previous findings from the other lab [25] indicated that S1 was
G-4’-S, whereas S2 was G-7-S.

Additional confirmation was proved by comparing both MS
chromatograms and retention time of biosynthesized G-4'-S with
chemical synthesized G-4'-S (chromatograms not shown).

3.2.3. UV absorbance chromatograms of four genistein
metabolites

Four metabolite peaks that have UV absorbance profile similar
to parent genistein were detected in multiple mouse perfusate and
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Fig. 4. Genistein sulfation in recombinant human SULT isoforms. The open bars
represent the formation rates of genistein sulfate-1 (S1) in SULT1A1 and 1E1 after
incubation times of 4 and 24 h, respectively. The black bars represent the formation
rates of genistein sulfate-2 (S2) in SULT1A1 and 1E1 after incubation times of 4
and 24 h, respectively. It was determined that S1 was G-4'-S and S2 was G-7-S, as
described in Section 3. Each bar represents the average of three determinations and
the error bar is the standard deviation of the mean.

blood samples by DAD analysis (Fig. 5a—d). The retention times of G-
7-G, G-4'-G, G-4'-S, G-7-S, daidzein (1.S.) and genistein were 0.928,
1.062, 1.536, 1.817, 2.174 and 2.811 min, respectively (Fig. 51). The
UV absorbance band of G-4’-S in mouse perfusate and blood sample
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Fig. 5. UPLC chromatograms and UV spectra for genistein, its four phase Il metabo-
lites and daidzein (1.S). Panel I shows the UPLC chromatograms of genistein and its
metabolites at the wavelength of 254 nm, using a concentrated mouse intestinal
perfusion samples. Panels show the UV spectra of G-7-G (a), G-4'-G (b), G-4'-S (c),
G-7-S (d), daidzein (LS., e) and genistein (f), respectively. The retention times of
each analyte determined by a DAD detector are slightly different with them in mass
spectrometry chromatogram due to the minor differences in two mobile phases’ elu-
tion schemes in LC versus LC-MS/MS. The latter was necessary to maximize MS/MS
signal.
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was exactly the same with chemically synthesized G-4’-S (spectra
not shown). G-7-G (Fig. 5a) and G-7-S (Fig. 5d) had a maximum
UV absorbance wavelength (Amax) at 258 nm, which were “blue”
shifted when compared to genistein’s Amax (263 nm, Fig. 3f). G-4'-
G (Fig. 5b) and G-4'-S (Fig. 5¢), on the other hand, had an unchanged
Amax at 263 nm. The UV absorbance bands of four metabolites were
consistent with the previous studies that showed G1 was G-7-G
and S1 was G-4'-S.

3.2.4. Mass spectrometer chromatograms of four genistein
metabolites

Genistein and its metabolites were then confirmed by mass
spectrometer. The single-stage full scan mass chromatograms were
showninFig. 6a—e. The MS2 full scan mass chromatograms of genis-
tein and its metabolites were shown in Fig. 61-V. G-7-G and G-4'-G
have the ion [M—H]~ at m/z 445 (Fig. 6b and c), which was 176 Da
higher (characteristic of the addition of one glucuronic acid) than
that of genistein (m/z 269, Fig. 6a). G-4’-S and G-7-S have the ion
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m/z 349 (Fig. 6d and e), which was 80 Da higher (characteristic of
the addition of one sulfuric acid) than that of genistein (m/z 269).
The MS2 full scan also showed that the ion [M—H]~ at m/z 445
and 349 can produce fragment ion m/z 269 at collision energy 40 v
(Fig. 611-V), which confirmed existence of genistein glucuronide
and sulfate.

3.3. Specificity, linearity and sensitivity

The method validation was conducted in blank mouse
blood. The standard curves were linear in the concentra-
tion range of 19.5-10,000nM for genistein, 12.5-3200nM for
G-7-G, 20-1280nM for G-4'-G, 1.95-1000nM for G-4’-S and
1.56-1600nM for G-7-S. The linear range of all analytes were
much wider than the published method by Hosoda et al. [9],
which were 212.3-1751.3nM for genistein, 74.3-885.6nM for
G-7-G, 81.8-1140.6nM for G-4'-G, 67.0-502.5nM for G-4'-S,
44.7-586.8 nM for G-7-S. The lower limit of quantification (LLOQ)
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Fig. 6. MS chromatograms for genistein and its phase Il metabolites. Left panels show the MS full scan spectra of genistein (a), G-7-G (b), G-4'-G (c), G-4'-S (d) and G-7-S (e),
respectively. Right panels show the MS2 full scan for genistein (I), G-7-G (II), G-4'-G (III), G-4'-S (IV) and G-7-S (V), respectively.
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was 4.88, 6.25, 5, 0.98 and 0.78 nM for genistein, G-7-G, G-4'-G,
G-4’-S and G-7-S, respectively, which were 3-20-fold higher than
those published by Doerge et al. using LC/MS [8]. The LLOQ of genis-
tein in the present assay is similar to those obtained from ELISA
[16] and FIA [17], but much more sensitive than other published
assays using HPLC with mass spectrometer, UV or electrochemical
detector [18-20].

3.4. Accuracy and precision

Accuracy, intra-day and inter-day precision were determined
by measuring six replicates of QC samples at three concentra-
tion levels in mouse blood. The precision and accuracy were
shown in Table 2. These results demonstrated that the preci-
sion and accuracy values were well within the 15% acceptance
range.

3.5. Recovery, matrix effect and stability

The mean extraction recoveries determined using three repli-
cates of QC samples at three concentration levels (the same
concentrations as QC sample) in mouse blood were shown
in Table 2. Methanol, acetonitrile and acid precipitation (10%
formic acid) were tried to extract genistein and its metabo-
lites in blood sample, the result showed it has the highest
extraction recovery when acetonitrile were used (data not
shown).

As for ionization, the peak areas of genistein and its four
metabolites after spiking evaporated blood samples at three
concentration levels were comparable to similarly prepared aque-
ous standard solutions (ranged from 85 to 115%). It suggested
that there was no measurable matrix effect that interfered with
genistein and its four metabolites’ determination in the mouse
blood.

The stability of genistein and its four metabolites in mouse blood
were evaluated by analyzing three replicates of quality control sam-
ples at three different concentrations after short-term (25°C, 4h),
post-processing (20°C, 8 h), long-term cold storage (—20°C, 7 days)
and within three freeze-thaw cycles (—20 to 25 °C). All the samples
displayed 85-115% recoveries after various stability tests.

Taken together, the above results showed that a sensitive, repro-
ducible, and robust method for the analysis of genistein and its
four metabolites in mouse blood sample had been developed and
validated.

Table 2

3.6. Bioavailability studies

The validated analytical method was employed to study
the pharmacokinetic behaviors of genistein in FVB mice. The
mean plasma concentration-time curves of genistein and its four
metabolites after i.v. and p.o. administration were presented in
Fig. 7.

Genistein and its four metabolites’ pharmacokinetic parameters
were calculated by the non-compartmental method, using Win-
Nonlin 3.3 (Pharsight Corporation, Mountain View, California). The
fitted pharmacokinetic parameters were shown in Table 3.

As can be seen in Table 3, after 20 mg/kg intravenous bolus
injection, genistein reached a maximum concentration (Cpax) of
57.70+21.84uM and then declined rapidly. After oral admin-
istration of the same dose, genistein was readily absorbed and
reached Cpax of 0.71+£0.22 M at approxiately 75 min (Table 3).
The AUCy_»41 of genistein was 25.85 after i.v. administration, and
6.05 after oral administration, implying an oral bioavailability of
23.4%, much higher than those reported in the literature using
male rats (7%) at a smaller dose (4 mg/kg) [7]. Although the oral
bioavailability is low in mice, genistein has a very long apparent
terminal half-life, as concentrations between 8 and 24 h did not
vary much (Fig. 7). In fact, genistein was detectable 7 days after
the soy-containing diet was replaced by genistein-free AIN76 diet
(not shown). On the other hand, after i.v. administration, sulfate
concentrations did not change between 8 and 24 h (Fig. 71l and V).

Genistein is also metabolized very rapidly after i.v. adminis-
tration in mice (Fig. 7l1I-V), and the Tpax values of conjugated
metabolites were very short at 0, 0.1, 0.05 and 0.05h for G-7-
G, G-4'-G, G-4'-S and G-7-S, respectively. In contrast, metabolites
increased steadily after oral administration, and Tmax Was usu-
ally reached in about 3h (e.g., Tmax values of G-7-G, G-4’-S and
G-7-S were 2.75, 3 and 3 h, respectively), although Tpax value of
G-4'-G was shorter (1.5 h). This rapid formation of glucuronidated
metabolite after i.v. administration was unexpected since genistein
is known to undergo heavy first-pass metabolism [7,33], and fur-
ther studies are need to determine the mechanisms responsible for
this observed effect.

Lastly, the AUCy_4}, values of conjugated metabolites of genis-
tein G-7-G, G-4'-G, G-4’-S, and G-7-S after i.v. administration were
26.19, 11.40, 2.24, and 6.86 h uM, respectively. These AUCq_»41,
values were all substantially (2-20-fold) higher than the corre-
sponding AUCg_p4p, values after oral administration, which were
2.79,2.55,1.08, and 2.85 h uM for G-7-G, G-4'-G, G-4'-S, and G-7-S,

Extraction recovery, intra-day and inter-day precision and accuracy for genistein and its four conjugates in MRM mode of UPLC-MS/MS analysis.

Analyte Concentration (nM) Extraction recovery (n=3) Intra-day (n=6) Inter-day (n=6)
Average + SD (%) Accuracy (Bias, %) Precision (CV, %) Accuracy (Bias, %) Precision (CV, %)

Genistein 78 111.1 £17.2 110.8 8.2 96.5 44
625 1142 + 4.8 104.8 3.7 95.7 5.8
5000 99.6 + 9.0 92.5 5.9 91.0 3.0
G-7-G 50 101.2 + 1.7 92.4 12.5 104.4 135
400 86.5 £ 6.7 110.7 10.1 100.8 12.7
3200 834 +£58 109.3 13.0 113.8 5.5
G-4-G 40 106.8 £+ 5.4 95.0 8.1 111.2 12.5
160 96.9 +£ 9.3 90.3 104 106.9 10.4
640 1104 £ 9.5 101.5 8.0 106.8 9.7
G-4'-S 15.6 104.9 + 105 94.7 109 98.1 9.7
125 101.7 £ 1.9 98.4 10.0 106.5 10.6
1000 86.2 + 5.6 102.4 7.1 106.6 6.0
G-7-S 25 97.3 £ 9.1 109.5 105 108.6 12.8
200 82.1+£5.0 1144 10.2 88.9 12.0
1600 86.5 + 1.0 91.5 13.6 914 13.7
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Fig. 7. Blood concentrations of genistein (I), G-7-G (II), G-4'-G (III), G-4'-S (IV) and G-7-S (V) after i.v. and oral administration of 20 mg/kg genistein in FVB mice. Each point is
average of five determinations and the bars are standard deviations of the mean. The 5 and 15 min blood samples from i.v. administration were first diluted 10 times before
they were analyzed, since high concentrations of analytes at these time points made their MS signal out of their respective linear response ranges.

Table 3

Pharmacokinetic parameters of genistein and its metabolites after i.v. and p.o. administration of 20 mg/kg in FVB mice (n=5).

PK parameters  Tmax (h)

Conax (M) AUCo_ (hpM) Half-life (h)  k(h™) V(mg/pM/kg) CL(mg/(hpM)/kg) MRTi (h)
Genistein  LV. 0 2585+ 138  142+987  008+006 1605+ 1047 087 + 0.36 420 + 2.1

P.O. 125+029 071 +022 6.05+054 4637 +30.56 0.030+003 556 +1654 1.30+1.0 68.08 = 45.42
G-7-G LV. 0 57.93 £ 17.98  26.19 + 4.67 - - - - -

P.O. 2754225 0982+ 0944 279 + 226 - - - - -
G-4-G LV. 01+014 1426+486  11.40 + 2.55 - - - - -

P.O. 15+1.08 053+ 0.38 2.55 + 0.79 - - - - -
G-4'-S LV. 005+0.11  3.97 + 057 224 + 0.32 - - - - -

P.O. 3+216 025+ 022 1.08 + 0.72 - - - - -
G LV. 0.05+0.11 10.74 + 1.64 6.86 + 1.23 = = = = =

P.O. 3+216 065+ 0.56 2.85 + 1.58 = = = = =

“~" indicated some pharmacokinetic parameters of metabolites cannot be derived from the non-compartmental model used to fit the concentration versus time data.
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respectively. This result is consistent with the fact that large quan-
tities of metabolites following oral administration were excreted
via enterocytes or bile [11,27], although other mechanisms could
not be excluded at this time.

4. Conclusion

A sensitive, reliable, and robust UPLC-MS/MS method for the
simultaneous determination of genistein, G-7-G, G-4'-G, G-4'-S, G-
7-S in mouse blood was developed, validated and applied for the
genistein bioavailability study in FVB mice. The lower limit of quan-
tification of genistein and its four metabolites were well below the
lowest concentrations in FVB mice after i.v. and p.o. administration
of 20 mg/kg genistein.

The method was successfully applied for mouse bioavailabil-
ity study by using only 20 .l of mouse blood sample. Therefore,
each mouse can be used to derive a complete pharmacokinetic pro-
file. This method is also valuable for human clinical study because
it should allow even higher sensitivity than reported here since a
large blood volume is usually available and thereby may be used to
concentrate the analyte before analysis. The method is now used to
investigate transporter mechanism of genistein in mouse in which
genistein and its metabolites concentrations are analyzed.
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