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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
enistein
hase II metabolites
harmacokinetics
PLC–MS/MS

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
was ∼23.4%.
. Introduction

Genistein, a predominant dietary isoflavone present in legumes
uch as soy, has been shown in many epidemiological studies
nd animal experiments to have significant biological activities
n various aging-related and hormone-dependent disorders, rang-
ng from cardiovascular disease, osteoporosis, to post-menopause
ymptoms [1–6]. The major concern for genistein as a chemopre-
entive agent is that it is mainly present as its metabolites (i.e.

lucuronides and sulfates) after oral administration [7–9], because
f extensive first-pass metabolism (by UGTs and SULTs) in intestine
nd liver [10,11]. Pharmacokinetic studies show that genistein has
ess than 15% absolute bioavailability (BA) in rodents and humans

Abbreviations: UGTs, UDP-glucuronosyl transferases; SULTs, sulfotransferases;
DPGA, uridine-5′-diphosphate-�,d-glucuronic acid; PAPS, 3′-phosphoadenosine-
′-phosphosulfate; D, daidzein; G, genistein; G-7-G, genistein-7-O-glucuronide; G-
′-G, genistein-4′-O-glucuronide; G-4′-S, genistein-4′-O-sulfate; G-7-S, genistein-
-O-sulfate; DP, declustering potential; CEP, collision cell entrance potential; CE,
ollision energy; CXP, collision cell exit potential; UPLC, ultra-performance liquid
hromatography; IS, internal standard.
∗ Corresponding author. Tel.: +1 713 795 8320; fax: +1 713 795 8305.

E-mail address: mhu@uh.edu (M. Hu).

731-7085/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2010.03.011
© 2010 Elsevier B.V. All rights reserved.

when administered orally [7–12]. The in vivo plasma concentration
of genistein is significantly less than the IC50 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.

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:mhu@uh.edu
dx.doi.org/10.1016/j.jpba.2010.03.011
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Fig. 1. The structures of genistein, dai

herefore, we have performed a pharmacokinetic study using both
ral and intravenous administration routes in mice. Mice were cho-
en for two reasons. First, most efficacy studies in animal models
mployed mice and second, many genetically modified mice strain,
uch as BCRP knockout mice, are available to investigate the mech-
nism of disposition of genistein and its metabolites. However, a
ensitive and reproducible LC–MS/MS method is needed for the
roposed study since blood volume of a mouse is very small, and
equential samples from a single mouse are desirable since genet-
cally modified mice are hard to find and very costly.

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

. Experimental

.1. Chemicals and reagents

Genistein and daidzein were purchased from LC Labora-
ory (Woburn, MA). Uridine-5′-diphosphate-�,d-glucuronic
cid ester (UDPGA), 3′-phosphoadenosine-5′-phosphosulfate
PAPS), �-glucuronidase, sulfatase (without �-glucuronidase),
-saccharic-1,4-lactone monohydrate, magnesium chloride,
,6-lutidine, tert-butyldimethylsilyl trifluoromethanesulfonate,7-
ert-butyldimethlsilylgenistein, chlorosulfonic acid,
etrabutylammonium fluoride (TBAF), and Hanks’ balanced
alt solution (powder form) were purchased from Sigma–Aldrich
St. Louis, MO). Expressed human UGT isoforms UGT1A1, 1A9,

A10, SULT1A1 and 1E1 were purchased from BD Biosciences
Woburn, MA). Solid phase extraction (C18) columns were pur-
hased from J.T. Baker (Phillipsburg, NJ). Oral suspension vehicle
as obtained from Professional Compounding Centers of America

Houston, TX). Non-soy rat chow (AIN 76A) was purchased from
(I.S.), G-7-G, G-4′-G, G-4′-S and G-7-S.

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 ı 6.82
(2H, dd, J = 6.6, 1.8 Hz) to ı 7.17 (2H, dd, J = 6.6, 1.8 Hz) ppm and from
ı 7.37 (2H, dd, J = 6.6, 1.8 Hz) to ı 7.41 (2H, dd, J = 6.6, 1.8 Hz) ppm
as expected in 1H NMR experiment (DMSO-d6, 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 UGT1A1 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 II 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



al and

b
T
p
p
0
9
s
m
T
n
t
a
a

2

2

(
c
G
w
I
a
B
0
3
r
2

2

m
e
t
a
r
w
s
g

t
(
2
e
w
m

2

d

T
C
(
F

D
e

Z. Yang et al. / Journal of Pharmaceutic

e accumulated for method development and validation purposes.
he intestinal surgical procedures were described in many of our
revious publications [10,30–32]. Mouse intestinal perfusion sam-
les obtained after 20 �M of genistein perfused at the flow rate of
.191 ml/min were used to concentrate genistein metabolites. Each
ml of mouse intestinal perfusion samples was applied to a C18

olid phase extraction column. After washing out the salt, 1 ml of
ethanol was then used to elute genistein and its four conjugates.

he eluted fractions of methanol were collected and dried under
itrogen, and the residue was reconstituted in 100 �l of acetoni-
rile to concentrate metabolites. The stock solutions of genistein
nd its four metabolites were stored in acetonitrile at −80 ◦C until
nalysis.

.2. Instruments and conditions

.2.1. UPLC
A UPLC system, Waters AcquityTM with diode-arrayed detector

DAD) was performed to determine the standards of genistein glu-
uronides and sulfates. The UPLC conditions for analyzing genistein,
-7-G, G-4′-G, G-4′-S, G-7-S and daidzein (I.S.) in aqueous samples
ere: column, Acquity UPLC BEH C18 column (50 mm × 2.1 mm

.D., 1.7 �m, Waters, Milford, MA, USA); mobile phase A, 100%
queous buffer (2.5 mM ammonium acetate, pH7.4); mobile phase
, 100% acetonitrile; gradient, initial, 5% B, 0–0.5 min, 5–19% B,
.5–2 min, 19% B, 2–2.5 min, 19–40% B, 2.5–3.1 min, 40-52% B,
.1–3.5 min, 52–80% B, 3.5–4 min, 80–5%, 4–4.5 min, 5% B; flow
ate, 0.45 ml/min; column temperature, 45 ◦C; sample temperature,
0 ◦C; and injection volume, 10 �l.

.2.2. LC–MS/MS
For LC–MS/MS analysis, an API 3200-Qtrap triple quadrupole

ass spectrometer (Applied Biosystem/MDS SCIEX, Foster City, CA)
quipped with a TurboIonSprayTM source was operated at the nega-
ive ion mode. The concentrations of G, G-7-G, G-4′-G, G-4′-S, G-7-S
nd D (I.S.) in blood sample were determined by MRM (multiple
eaction monitoring) method in the negative ion mode. The main
orking parameters for mass spectrum were set as follows: ion-

pray voltage, −4.5 kV; ion source temperature, 700 ◦C; gas1, 60 psi;
as2, 60 psi; curtain gas, 10 psi, collision gas, high.

The quantification was performed using MRM method with the
ransitions of m/z 269 → m/z 133 for G, m/z 253 → m/z 132 for D
I.S.), m/z 455 → m/z 269 for G-7-G and G-4′-G, and m/z 349 → m/z
69 for G-4′-S and G-7-S. Additional compound-dependent param-
ters in MRM mode for genistein, its four metabolites and daidzein
ere summarized in Table 1. Analyte concentrations were deter-
ined using the software Analyst 1.4.2.
.3. Determination of concentrations of genistein conjugates

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

able 1
ompound-dependent parameters for genistein, its four metabolites and daidzein
I.S.) in MRM mode for UPLC–MS/MS analysis. Monitored ion pairs were shown in
ig. 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

P: declustering potential; CEP: collision cell entrance potential; CE: collision
nergy; CXP: collision cell exit potential.
Biomedical Analysis 53 (2010) 81–89 83

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 Eqs. (1)–(4):

CG1 = C

KG1
(1)

CG2 = C

KG2
(2)

CS1 = C

KS1
(3)

CS2 = C

KS2
(4)

where C, CG1, CG2, CS1, and CS2 of genistein, G-7-G, G-4′-G, G-4′-S
and G-7-S, respectively, and KG1, KG2, KS1 and KS2 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 (22–27 g, 8–10 weeks old) were from Har-

lan Laboratory (Indianapolis, IN) and kept in an environmentally
controlled room (temperature: 25 ± 2 ◦C, humidity: 50 ± 5%, 12 h
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 �l) 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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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
4 Z. Yang et al. / Journal of Pharmaceutic

.4.3. Blood sample preparation
The blood sample (20 �l) was spiked with 100 �l of I.S. (daidzein

n acetonitrile, 3 �M). The mixture was vortexed for 1 min. After
entrifugation at 15,000 rpm for 15 min, the supernatant was trans-
erred to a new tube and evaporated to dryness under a stream of
itrogen. The residue was reconstituted in 100 �l of 15% acetoni-
rile aqueous solution and centrifuged at 15,000 rpm for 15 min.
0 �l of supernatant were injected into the UPLC–MS/MS system
or quantitative analysis.

.4.4. Preparation of standard and quality control samples
A 16 �M of G-7-S was prepared in acetonitrile. An additional

tock solution of 3 �M daidzein (I.S.) was also prepared in ace-
onitrile. Calibration standard samples for genistein, G-7-G, G-4′-G,
-4′-S and G-7-S were prepared by spiking the blank mouse
lood with above stock solutions to arrive at the following ana-

yte concentrations: 9.75, 19.5, 39, 78, 156, 625, 1250, 2500, 5000,
0,000 nM for genistein; 12.5, 25, 50, 100, 200, 400, 800, 1600,
200 nM for G-7-G; 10, 20, 40, 80, 160, 320, 640, 1280 nM for G-4′-
; 1.95, 3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, 500, 1000 nM for G-4′-S;
.78, 1.56, 3.125, 6.25, 12.5, 25, 50, 100, 200, 400, 800, 1600 nM for
-7-S. The quality control (QC) samples for each compound were
repared at three different concentrations in the same way as the
lood samples for calibration, and QC samples were stored at−80 ◦C
ntil analysis.

.4.5. Method validation

.4.5.1. Calibration curve and LLOQ. Calibration curves were pre-
ared according to the method described in Section 2.4.3. The

inearity of each calibration curve was determined by plotting the
eak area ratio of genistein/its metabolites to I.S. in the mouse
lood. A least-squares linear regression method (1/x2 weighting)
as used to determine the slope, intercept and correlation coeffi-

ient of linear regression equation. The lower limit of quantification
LLOQ) was determined based on the signal-to-noise ratio of at least
0:1.

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

.4.5.3. Extraction recovery and matrix effect. The extraction recov-
ries of genistein and its four metabolites were determined by
omparing (a) the peak areas obtained from blank plasma spiked
ith analytes before the extraction with (b) those from samples to
hich analytes were added after the extraction. Matrix effect was

ssayed to compare (a) the peak areas of blank plasma extracts
pikes with analytes with (b) those of the standard solutions dried
nd reconstituted with a mobile phase.

.4.5.4. Stability. Short-term (25 ◦C for 4 h), post-processing (20 ◦C
or 8 h), long-term (−20 ◦C for 7 days) and three freeze–thaw cycle
tabilities were determined.

.4.6. Data analysis
WinNonlin 3.3 was used for the pharmacokinetic analysis

f genistein and its four metabolites. The non-compartmental
pproach was applied for analysis of the data following i.v. and
ral administration of genistein.
.5. Statistical analysis

The data in this paper were presented as mean ± SD, if not spec-
fied otherwise. Significance differences were assessed by using
Biomedical Analysis 53 (2010) 81–89

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, KS2 = 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
Fig. 2. The chromatograms of genistein, G-7-G, G-4′-G, G-4′-S, G-7-S and daidzein
(I.S) in mouse blood sample. The identities of the metabolites were demonstrated
in Section 3 later.



Z. Yang et al. / Journal of Pharmaceutical and Biomedical Analysis 53 (2010) 81–89 85

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
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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

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 (I.S.) and genistein were 0.928,
1.062, 1.536, 1.817, 2.174 and 2.811 min, respectively (Fig. 5I). The
UV absorbance band of G-4′-S in mouse perfusate and blood sample

Fig. 5. UPLC chromatograms and UV spectra for genistein, its four phase II metabo-
lites and daidzein (I.S). Panel I shows the UPLC chromatograms of genistein and its
metabolites at the wavelength of 254 nm, using a concentrated mouse intestinal

′ ′
ncubation times of 2 and 24 h, respectively. It was determined that G1 was G-7-G
nd G2 was G-4′-G as described in Section 3. Each bar represents the average of
hree determinations and the error bar is the standard deviation of the mean.

sing recombinant human UGT1A1, 1A9 and 1A10 to measure the
ormation rates of genistein glucuronides. We found that after 2 h
ncubation period, the formation ratios (G1/G2) were 136, 9.6 and
.1 for UGT1A1, 1A9 and 1A10, respectively. Similarly, after 24 h

ncubation, the formation ratios (G1/G2) were 142, 11.6 and 2.9 for
GT1A1, 1A9 and 1A10, respectively (Fig. 3). These results along
ith previous findings from the other laboratory [8] confirmed that
1 is G-7-G, whereas G2 is G-4′-G.

.2.2. Identification of G-7-S and G-4′-S
Hosoda et al. have also shown that two genistein sulfates, G-4′-S

nd G-7-S were present in human plasma samples after oral admin-
stration of kinako [9]. In addition, G-4′-S was eluted faster than
-7-S in a reversed phase HPLC system (retention time was about
1 min for G-4′-S and 11.5 min for G-7-S, respectively) [9]. An ear-

ier study by Nakano et al. has shown that genistein generated two
ingle-sulfates (G-7-S and G-4′-S) when using recombinant human
ULT1A1 and SULT1E1. Furthermore, after 10 min incubation, they
ound that G-7-S was the predominant sulfate at 2 �M substrate
oncentration in the presence of SULT1A1 and the amount of G-
-S formed was 12 times higher than that of G-4′-S. However, in
he presence of SULT1E1, and at the same (2 �M) substrate con-
entration, amounts of G-7-S and G-4′-S formed were comparable
25].

In the present study, we also found that two sulfates were
resent in mouse blood and perfusate samples. The retention time
or S1 was 1.89 min and S2 was 2.04 min. To identify these two
ulfates, we performed a study similar to Nakano et al. by using
ecombinant human SULT1A1 and SULT1E1 (in the presence of
APS) to measure the formation rates of genistein sulfates. We
ound that after 4 h incubation, the formation ratios (S1/S2) were
3.2 and 1.3 for SULT1A1 and SULT1E1, respectively. After 24 h

ncubation, the formation ratios (S1/S2) were 8.7 and 0.22 for
ULT1A1 and SULT1E1, respectively (Fig. 4). The results along with
he previous findings from the other lab [25] indicated that S1 was
-4′-S, whereas S2 was G-7-S.

Additional confirmation was proved by comparing both MS
hromatograms and retention time of biosynthesized G-4′-S with
hemical synthesized G-4′-S (chromatograms not shown).
.2.3. UV absorbance chromatograms of four genistein
etabolites

Four metabolite peaks that have UV absorbance profile similar
o parent genistein were detected in multiple mouse perfusate and
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.
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 (I.S., 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.



8 al and

w
n
U
s
G
�
c
a

3
m

s
s
t
h
h
t

F
r

6 Z. Yang et al. / Journal of Pharmaceutic

as exactly the same with chemically synthesized G-4′-S (spectra
ot shown). G-7-G (Fig. 5a) and G-7-S (Fig. 5d) had a maximum
V absorbance wavelength (�max) at 258 nm, which were “blue”

hifted when compared to genistein’s �max (263 nm, Fig. 3f). G-4′-
(Fig. 5b) and G-4′-S (Fig. 5c), on the other hand, had an unchanged

max at 263 nm. The UV absorbance bands of four metabolites were
onsistent with the previous studies that showed G1 was G-7-G
nd S1 was G-4′-S.

.2.4. Mass spectrometer chromatograms of four genistein
etabolites

Genistein and its metabolites were then confirmed by mass
pectrometer. The single-stage full scan mass chromatograms were

hown in Fig. 6a–e. The MS2 full scan mass chromatograms of genis-
ein and its metabolites were shown in Fig. 6I–V. G-7-G and G-4′-G
ave the ion [M−H]− at m/z 445 (Fig. 6b and c), which was 176 Da
igher (characteristic of the addition of one glucuronic acid) than
hat of genistein (m/z 269, Fig. 6a). G-4′-S and G-7-S have the ion

ig. 6. MS chromatograms for genistein and its phase II metabolites. Left panels show the
espectively. Right panels show the MS2 full scan for genistein (I), G-7-G (II), G-4′-G (III),
Biomedical Analysis 53 (2010) 81–89

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. 6II–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 19.5–10,000 nM for genistein, 12.5–3200 nM for
G-7-G, 20–1280 nM for G-4′-G, 1.95–1000 nM for G-4′-S and

1.56–1600 nM for G-7-S. The linear range of all analytes were
much wider than the published method by Hosoda et al. [9],
which were 212.3–1751.3 nM for genistein, 74.3–885.6 nM for
G-7-G, 81.8–1140.6 nM for G-4′-G, 67.0–502.5 nM for G-4′-S,
44.7–586.8 nM for G-7-S. The lower limit of quantification (LLOQ)

MS full scan spectra of genistein (a), G-7-G (b), G-4′-G (c), G-4′-S (d) and G-7-S (e),
G-4′-S (IV) and G-7-S (V), respectively.
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as 4.88, 6.25, 5, 0.98 and 0.78 nM for genistein, G-7-G, G-4′-G,
-4′-S and G-7-S, respectively, which were 3–20-fold higher than

hose published by Doerge et al. using LC/MS [8]. The LLOQ of genis-
ein in the present assay is similar to those obtained from ELISA
16] and FIA [17], but much more sensitive than other published
ssays using HPLC with mass spectrometer, UV or electrochemical
etector [18–20].

.4. Accuracy and precision

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

.5. Recovery, matrix effect and stability

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

As for ionization, the peak areas of genistein and its four
etabolites after spiking evaporated blood samples at three

oncentration levels were comparable to similarly prepared aque-
us standard solutions (ranged from 85 to 115%). It suggested
hat there was no measurable matrix effect that interfered with
enistein and its four metabolites’ determination in the mouse
lood.

The stability of genistein and its four metabolites in mouse blood
ere evaluated by analyzing three replicates of quality control sam-
les at three different concentrations after short-term (25 ◦C, 4 h),
ost-processing (20 ◦C, 8 h), long-term cold storage (−20 ◦C, 7 days)
nd within three freeze–thaw cycles (−20 to 25 ◦C). All the samples

isplayed 85–115% recoveries after various stability tests.

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

able 2
xtraction recovery, intra-day and inter-day precision and accuracy for genistein and its

Analyte Concentration (nM) Extraction recovery (n = 3) Intra-day

Average ± SD (%) Accuracy

Genistein 78 111.1 ± 17.2 110.8
625 114.2 ± 4.8 104.8

5000 99.6 ± 9.0 92.5

G-7-G 50 101.2 ± 1.7 92.4
400 86.5 ± 6.7 110.7

3200 83.4 ± 5.8 109.3

G-4′-G 40 106.8 ± 5.4 95.0
160 96.9 ± 9.3 90.3
640 110.4 ± 9.5 101.5

G-4′-S 15.6 104.9 ± 10.5 94.7
125 101.7 ± 1.9 98.4

1000 86.2 ± 5.6 102.4

G-7-S 25 97.3 ± 9.1 109.5
200 82.1 ± 5.0 114.4

1600 86.5 ± 1.0 91.5
Biomedical Analysis 53 (2010) 81–89 87

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 (Cmax) of
57.70 ± 21.84 �M and then declined rapidly. After oral admin-
istration of the same dose, genistein was readily absorbed and
reached Cmax of 0.71 ± 0.22 �M at approxiately 75 min (Table 3).
The AUC0–24 h 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. 7I). 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. 7III and IV).

Genistein is also metabolized very rapidly after i.v. adminis-
tration in mice (Fig. 7II–V), and the Tmax values of conjugated
metabolites were very short at 0, 0.1, 0.05 and 0.05 h 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 3 h (e.g., Tmax values of G-7-G, G-4′-S and
G-7-S were 2.75, 3 and 3 h, respectively), although Tmax 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 AUC0–24 h 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 �M, respectively. These AUC0–24 h
values were all substantially (2–20-fold) higher than the corre-
sponding AUC0–24 h values after oral administration, which were
2.79, 2.55, 1.08, and 2.85 h �M for G-7-G, G-4′-G, G-4′-S, and G-7-S,

four conjugates in MRM mode of UPLC–MS/MS analysis.

(n = 6) Inter-day (n = 6)

(Bias, %) Precision (CV, %) Accuracy (Bias, %) Precision (CV, %)

8.2 96.5 4.4
3.7 95.7 5.8
5.9 91.0 3.0

12.5 104.4 13.5
10.1 100.8 12.7
13.0 113.8 5.5

8.1 111.2 12.5
10.4 106.9 10.4

8.0 106.8 9.7

10.9 98.1 9.7
10.0 106.5 10.6

7.1 106.6 6.0

10.5 108.6 12.8
10.2 88.9 12.0
13.6 91.4 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) Cmax (�M) AUC0–t (h �M) Half-life (h) k (h−1) V (mg/�M/kg) CL (mg/(h �M)/kg) MRTinf (h)

Genistein I.V. 0 25.85 ± 13.8 14.2 ± 9.87 0.08 ± 0.06 16.05 ± 10.47 0.87 ± 0.36 4.20 ± 2.1
P.O. 1.25 ± 0.29 0.71 ± 0.22 6.05 ± 0.54 46.37 ± 30.56 0.030 ± 0.03 55.6 ± 16.54 1.30 ± 1.0 68.08 ± 45.42

G-7-G I.V. 0 57.93 ± 17.98 26.19 ± 4.67 – – – – –
P.O. 2.75 ± 2.25 0.982 ± 0.944 2.79 ± 2.26 – – – – –

G-4’-G I.V. 0.1 ± 0.14 14.26 ± 4.86 11.40 ± 2.55 – – – – –
P.O. 1.5 ± 1.08 0.53 ± 0.38 2.55 ± 0.79 – – – – –

G-4’-S I.V. 0.05 ± 0.11 3.97 ± 0.57 2.24 ± 0.32 – – – – –
P.O. 3 ± 2.16 0.25 ± 0.22 1.08 ± 0.72 – – – – –

G-7-S I.V. 0.05 ± 0.11 10.74 ± 1.64 6.86 ± 1.23 – – – – –
P.O. 3 ± 2.16 0.65 ± 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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espectively. This result is consistent with the fact that large quan-
ities of metabolites following oral administration were excreted
ia enterocytes or bile [11,27], although other mechanisms could
ot be excluded at this time.

. Conclusion

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

The method was successfully applied for mouse bioavailabil-
ty study by using only 20 �l of mouse blood sample. Therefore,
ach mouse can be used to derive a complete pharmacokinetic pro-
le. This method is also valuable for human clinical study because

t should allow even higher sensitivity than reported here since a
arge blood volume is usually available and thereby may be used to
oncentrate the analyte before analysis. The method is now used to
nvestigate transporter mechanism of genistein in mouse in which
enistein and its metabolites concentrations are analyzed.

cknowledgements

The work was supported by NIH GM070737 to MH at University
f Houston. The authors wish to extend appreciation to Dr. Susan
eonard of Applied Biosystems, Inc. for her assistance during the
evelopment of the present LC–MS/MS method.

eferences

[1] F.H. Sarkar, Y. Li, The role of isoflavones in cancer chemoprevention, Front
Biosci. 9 (2004) 2714–2724.

[2] H. Adlercreutz, Phytoestrogens and breast cancer, J. Steroid Biochem. Mol. Biol.
83 (2002) 113–118.

[3] K.D. Setchell, N.M. Brown, P.B. Desai, L. Zimmer-Nechimias, B. Wolfe, A.S. Jakate,
V. Creutzinger, J.E. Heubi, Bioavailability, disposition, and dose–response
effects of soy isoflavones when consumed by healthy women at physiologically
typical dietary intakes, J. Nutr. 133 (2003) 1027–1035.

[4] J. Bektic, R. Guggenberger, I.E. Eder, A.E. Pelzer, A.P. Berger, G. Bartsch, H.
Klocker, Molecular effects of the isoflavonoid genistein in prostate cancer, Clin.
Prostate Cancer 4 (2005) 124–129.

[5] H.F. Li, J.D. Wang, S.Y. Qu, Phytoestrogen genistein decreases contractile
response of aortic artery in vitro and arterial blood pressure in vivo, Acta
Pharmacol. Sin. 25 (2004) 313–318.

[6] Z.L. Wang, J.Y. Sun, D.N. Wang, Y.H. Xie, S.W. Wang, W.M. Zhao, Pharmacological
studies of the large-scaled purified genistein from Huaijiao (Sophora japonica-
Leguminosae) on anti-osteoporosis, Phytomedicine 13 (2006) 718–723.

[7] N.G. Coldham, A.Q. Zhang, P. Key, M.J. Sauer, Absolute bioavailability of [14C]
genistein in the rat; plasma pharmacokinetics of parent compound, genis-
tein glucuronide and total radioactivity, Eur. J. Drug Metab. Pharmacokinet.
27 (2002) 249–258.

[8] D.R. Doerge, H.C. Chang, M.I. Churchwell, C.L. Holder, Analysis of soy isoflavone
conjugation in vitro and in human blood using liquid chromatography–mass
spectrometry, Drug Metab. Dispos. 28 (2000) 298–307.

[9] K. Hosoda, T. Furuta, A. Yokokawa, K. Ogura, A. Hiratsuka, K. Ishii, Plasma
profiling of intact isoflavone metabolites by high-performance liquid chro-

matography and mass spectrometric identification of flavone glycosides
daidzin and genistin in human plasma after administration of kinako, Drug
Metab. Dispos. 36 (2008) 1485–1495.

10] Y. Liu, M. Hu, Absorption and metabolism of flavonoids in the caco-2 cell cul-
ture model and a perused rat intestinal model, Drug Metab. Dispos. 30 (2002)
370–377.

[

Biomedical Analysis 53 (2010) 81–89 89

11] J. Chen, H. Lin, M. Hu, Metabolism of flavonoids via enteric recycling: role of
intestinal disposition, J. Pharmacol. Exp. Ther. 304 (2003) 1228–1235.

12] M. Hu, Commentary: bioavailability of flavonoids and polyphenols: call to arms,
Mol. Pharm. 4 (2007) 803–806.

13] D.F. Birt, S. Hendrich, W. Wang, Dietary agents in cancer prevention: flavonoids
and isoflavonoids, Pharmacol. Ther. 90 (2001) 157–177.

14] M.G. Busby, A.R. Jeffcoat, L.T. Bloedon, M.A. Koch, T. Black, K.J. Dix, W.D. Heizer,
B.F. Thomas, J.M. Hill, J.A. Crowell, S.H. Zeisel, Clinical characteristics and phar-
macokinetics of purified soy isoflavones: single-dose administration to healthy
men, Am. J. Clin. Nutr. 75 (2002) 126–136.

15] Y. Zhang, T.T. Song, J.E. Cunnick, P.A. Murphy, S. Hendrich, Daidzein and genis-
tein glucuronides in vitro are weakly estrogenic and activate human natural
killer cells at nutritionally relevant concentrations, J. Nutr. 129 (1999) 399–
405.

16] B. Pongkitwitoon, S. Sakamoto, H. Tanaka, R. Tsuchihashi, J. Kinjo, S. Morimoto,
W. Putalun, Enzyme-linked immunosorbent assay for total isoflavonoids in
Pueraria candollei using anti-puerarin and anti-daidzin polyclonal antibodies,
Planta Med. (2009) [Epub ahead of print].

17] D.C. Talbot, R.M. Ogborne, T. Dadd, H. Adlercreutz, G. Barnard, S. Bugel, F.
Kohen, S. Marlin, J. Piron, A. Cassidy, J. Powell, Monoclonal antibody-based
time-resolved fluorescence immunoassays for daidzein, genistein, and equol
in blood and urine: application to the Isoheart intervention study, Clin. Chem.
53 (2007) 748–756.

18] Z. Liu, M.S. Wolff, J. Moline, Analysis of environmental biomarkers in urine using
an electrochemical detector, J. Chromatogr. B: Analyt. Technol. Biomed. Life Sci.
819 (2005) 155–159.

19] B. Klejdus, R. Mikelova, J. Petrlova, D. Potesil, V. Adam, M. Stiborova, P. Hodek,
J. Vacek, R. Kizek, V. Kuban, Determination of isoflavones in soy bits by fast
column high-performance liquid chromatography coupled with UV–visible
diode-array detection, J. Chromatogr. A 108 (2005) 71–79.

20] E. Sepehr, P. Robertson, G.S. Gilani, G. Cooke, B.P. Lau, An accurate and
reproducible method for the quantitative analysis of isoflavones and their
metabolites in rat plasma using liquid chromatography/mass spectrometry
combined with photodiode array detection, J. AOAC Int. 89 (2006) 1158–1167.

21] N.V. Soucy, H.D. Parkinson, M.A. Sochaski, S.J. Borghoff, Kinetics of genistein and
its conjugated metabolites in pregnant Sprague–Dawley rats following single
and repeated genistein administration, Toxicol. Sci. 90 (2006) 230–240.

22] Y.J. Moon, K. Sagawa, K. Frederick, S. Zhang, M.E. Morris, Pharmacokinetics and
bioavailability of the isoflavone biochanin A in rats, AAPS J. 8 (2006) E433–442.

23] B. Fairley, N.P. Botting, A. Cassidy, The synthesis of daidzein sulfates, Tetrahe-
dron 59 (2003) 5407–5410.

24] N.G. Coldham, L.C. Howells, A. Santi, C. Montesissa, C. Langlais, L.J. King, D.D.
Macpherson, M.J. Sauer, Biotransformation of genistein in the rat: elucidation
of metabolite structure by product ion mass fragmentology, J. Steroid Biochem.
Mol. Biol. 70 (1999) 169–184.

25] H. Nakano, K. Ogura, E. Takahashi, T. Harada, T. Nishiyama, K. Muro, A. Hirat-
suka, S. Kadota, T. Watabe, Regioselective monosulfation and disulfation of the
phytoestrogens daidzein and genistein by human liver sulfotransferases, Drug
Metab. Pharmacokinet. 19 (2004) 216–226.

26] L. Tang, R. Singh, Z. Liu, M. Hu, Structure and concentration changes affect char-
acterization of UGT isoform-specific metabolism of isoflavones, Mol. Pharm. 6
(2009) 1466–1482.

27] J. Chen, S. Wang, X. Jia, S. Bajimaya, H. Lin, V.H. Tam, M. Hu, Disposition of
flavonoids via recycling: comparison of intestinal versus hepatic disposition,
Drug Metab. Dispos. 33 (2005) 1777–1784.

28] M. Hu, J. Chen, H. Lin, Metabolism of flavonoids via enteric recycling: mech-
anistic studies of disposition of apigenin in the Caco-2 cell culture model J,
Pharmacol. Exp. Ther. 307 (2003) 314–321.

29] S.W. Wang, K.H. Kulkarni, L. Tang, J.R. Wang, T. Yin, T. Daidoji, H. Yokota, M. Hu,
Disposition of flavonoids via enteric recycling: UDP-glucuronosyltransferase
(UGT) 1As deficiency in Gunn rats is compensated by increases in UGT2Bs
activities, J. Pharmacol. Exp. Ther. 329 (2009) 1023–1031.

30] E.J. Jeong, X. Jia, M. Hu, Disposition of formononetin via enteric recycling:
metabolism and excretion in mouse intestinal perfusion and Caco-2 cell mod-
els, Mol. Pharm. 2 (2005) 319–328.

31] M. Hu, K. Roland, L. Ge, J. Chen, Y. Li, P. Tyle, S. Roy, Determination of absorp-
tion characteristics of AG337, a novel thymidylate synthase inhibitor, using a
perfused rat intestinal model, J. Pharm. Sci. 87 (1998) 886–890.
enzyme-transporter coupling affects metabolism of biochanin A and for-
mononetin and excretion of their phase II conjugates, J. Pharmacol. Exp. Ther.
310 (2004) 1103–1113.

33] R.A. King, J.L. Broadbent, R.J. Head, Absorption and excretion of the soy
isoflavone genistein in rats, J. Nutr. 126 (1996) 176–182.


	Simultaneous determination of genistein and its four phase II metabolites in blood by a sensitive and robust UPLC–MS/MS me...
	Introduction
	Experimental
	Chemicals and reagents
	Chemical synthesis of genistein-4′-sulfate (G-4′-S)
	Biosynthesis of G-7-G
	Biosynthesis of G-7-G and G-4′-G
	Biosynthesis of standards of G-7-G, G-4′-G, G-4′-S and G-7-S

	Instruments and conditions
	UPLC
	LC–MS/MS

	Determination of concentrations of genistein conjugates
	Determinations of conversion factors

	Bioavailability study in vivo
	Animals
	Experimental design
	Blood sample preparation
	Preparation of standard and quality control samples
	Method validation
	Calibration curve and LLOQ
	Precision and accuracy
	Extraction recovery and matrix effect
	Stability

	Data analysis

	Statistical analysis

	Results and discussion
	Conversion factors of genistein metabolites
	Chromatography and mass spectrometry
	Identification of G-7-G and G-4′-G
	Identification of G-7-S and G-4′-S
	UV absorbance chromatograms of four genistein metabolites
	Mass spectrometer chromatograms of four genistein metabolites

	Specificity, linearity and sensitivity
	Accuracy and precision
	Recovery, matrix effect and stability
	Bioavailability studies

	Conclusion
	Acknowledgements
	References


