JJOURNAL O

AGRICULTURAL AND
FOOD CHEMISTRY

J. Agric. Food Chem. 2009, 57, 83-89 83

Metabolism and Pharmacokinetics of
3,34, 7-Tetrahydroxyflavone (Fisetin),
5-Hydroxyflavone, and 7-Hydroxyflavone and
Antihemolysis Effects of Fisetin and Its Serum
Metabolites
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3,3, 4, 7-Tetrahydroxyflavone (fisetin) has shown various beneficial bioactivities. This study investigated
the metabolism and pharmacokinetics of fisetin, 5-hydroxyflavone (5-OH-flavone), and 7-hydroxy-
flavone (7-OH-flavone) in male Sprague—Dawley rats. Blood was withdrawn via cardiopuncture and
assayed by HPLC before and after hydrolysis with sulfatase and -glucuronidase. The results indicated
that after intravenous administration of fisetin (10 mg/kg of bw), fisetin declined rapidly and fisetin
sulfates/glucuronides emerged instantaneously. When fisetin (50 mg/kg of bw) was given orally, fisetin
parent form was transiently present in serum only during the absorption phase, whereas fisetin sulfates/
glucuronides predominated. The serum metabolites of fisetin showed less potent inhibition on 2,2’-
azobis(2-amidinopropane hydrochloride) (AAPH)-induced hemolysis than fisetin. Following oral
administrations of 40 mg/kg of bw of 5-OH-flavone and 7-OH-flavone, the glucuronide of 5-OH-flavone
and the sulfate/glucuronide of 7-OH-flavone were found in serum, whereas no traces of parent forms
were detected. In conclusion, fisetin and 7-OH-flavone were rapidly and extensively biotransformed
into their sulfate/glucuronide, whereas 5-OH-flavone was exclusively metabolized to glucuronide.
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INTRODUCTION

Epidemiological studies have suggested a protective role of
dietary flavonoids against coronary heart disease and possibly
cancer (1, 2). In addition, flavonoids have attracted increasing
attention in recent years because of various beneficial biological
activities including anti-inflammatory, antiallergic (3), antiviral (4, 5),
anticancer (6, 7), and antioxidation properties (8, 9). However,
there is a very large amount of in vitro data, but far fewer reports
of animal studies of flavonoids are available. Whether the
biological activities of flavonoids observed in vitro can be
extended to human subjects remains questionable.

3,3",4",7-Tetrahydroxyflavone (fisetin), a rare flavone without
5-hydroxy substitution, is distributed in Rhus cotinus L. (10),
Cotinus coggygria SCOP. (Anacardiaceae) (11), and Acacia
catechu Willd. (Leguminosae) (12). Many studies have reported
that fisetin exhibits beneficial activities including cardioprotec-
tive (13), anticancer (14), antiallergic (15), and antithyroid
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effects (16) as well as inhibition of angiogenesis (17) and
glucose uptake (18). However, most of the findings were
essentially based on in vitro studies. Over the past decade, study
of the metabolic fates of flavonoids in animals has gradually
recognized that flavonoid aglycones are generally not present
in the circulation, whereas their glucuronides and sulfates are
the principle forms (19). Until now, the metabolism and
pharmacokinetics of fisetin have not been reported in the
literature. Therefore, whether the in vitro activities of fisetin
could predict the in vivo effects is an important unanswered
question. Therefore, this study investigated the metabolism and
pharmacokinetics of fisetin in rats. Furthermore, as an extension
of our pharmacokinetic study, the serum metabolites of fisetin
were prepared from rats and quantitated, and then the activities
of fisetin and its serum metabolites against 2,2’-azobis(2-
amidinopropane hydrochloride) (AAPH)-induced hemolysis
were evaluated and compared on an equimolar basis.
5-OH-flavone, a flavone possessing a strongly hydrogen-
bonded hydroxyl group, is known to be very resistant to
chemical derivatization such as acetylation and methylation. To
understand the metabolic fate of this 5-hydroxy group in vivo,
the present study comprised pharmacokinetic study of 5-OH-
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Figure 1. Chemical structures of fisetin (1), 5-OH-flavone (2), and 7-OH-
flavone (3).

flavone. Additionally, the metabolic fate of 7-OH-flavone was
also investigated and compared with those of 5-OH-flavone and
fisetin (Figure 1).

MATERIALS AND METHODS

Materials. Fisetin, ethyl paraben, and AAPH were purchased from
Aldrich (Milwaukee, WI). Sulfatase (type H-1 from Helix pomatia,
containing 14,000 units/g of sulfatase and 498,800 units/g of -glu-
curonidase), -glucuronidase (type B-1, from bovine liver, containing
1,240,000 units/g of S-glucuronidase), flavone, 5-OH-flavone, 7-OH-
flavone, and tetraglycol were purchased from Sigma Chemical Co. (St.
Louis, MO). L-(+)-Ascorbic acid was obtained from Riedel-de Haen
(Seelze, Germany).
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Flavonoid Administration and Blood Collection. Male Sprague—
Dawley rats weighing 300—380 g were fasted for 15 h before flavonoid
administration, and food was only supplied 3 h after dosing. Water
was supplied ad libitum. For intravenous (iv) administration, fisetin
was dissolved in tetraglycol and filtered through a 0.22 xum membrane
filter. The iv bolii were given to six rats via the tail vein at a dose of
10 mg/kg of bw. Blood samples were withdrawn via cardiac puncture
at 5, 15, 30, 45, 90, 240, 480, and 720 min postdosing.

For oral administrations, fisetin, 5-OH-flavone, 3-OH-flavone, and
7-OH-flavone were dissolved with tetraglycol and given via gastric
gavage. The dose of fisetin was 50 mg/kg of bw (25 mg/mL). Blood
samples were withdrawn via cardiac puncture at 5, 15, 30, 90, 180,
360, 600, 1440, 2160, and 2880 min postdosing. 5-OH-flavone and
7-OH-flavone were given at doses of 40 mg/kg of bw (20 mg/mL),
which was equimolar with the fisetin oral dose. Blood samples were
withdrawn at 20, 40, 60, 180, 300, 540, 720, 1440, 2160, 2880, 3600,
and 4320 min after administration of 5-OH-flavone and 5, 15, 30, 60,
90, 180, 300, 540, 1440, 2160, 2880, and 4320 min after administration
of 7-OH-flavone. All blood samples were centrifuged at 10000g for
15 min, and the serum obtained was stored at —30 °C for later analysis.
The animal study adhered to The Guidebook for the Care and Use of
Laboratory Animals (2002) (published by the Chinese Society for the
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Figure 2. Mean (£SE) serum concentration—time profiles of fisetin (@), its sulfates/glucuronides (O), and glucuronides (¥) after intravenous administration

of 10 mg/kg (a) and oral administration of 50 mg/kg (b) of fisetin to six rats.



Pharmacokinetics of Fisetin and 5-OH-flavone

Table 1. Pharmacokinetic Parameters of Fisetin Free Form, Sulfates/
Glucuronides (S/G), and Glucuronides (G) after an Intravenous Bolus of
Fisetin (10 mg/kg of bw) to Six Rats?

parameter free form S/G G
AUCy-720 970.5 £ 2059a 132269 +£936.6b  2891.3 & 580.9 ab
(0] 128 +27a 08+£01b 43+09b

\Y 2892+ 1046a 263.1+£53.1a 7385+ 65.6b
ti 27+03a 90.0 +10.2b 40.7 +116¢c

@ Data are expressed as mean + SE. Means in a row without a common letter
differ (P < 0.05). AUCq—720 (nmol - min/mL), area under serum concentration—time
curve to 720 min; Cl (mL/min), clearance; V (mL), volume of distribution; t, (min),
elimination half-life.

Table 2. Pharmacokinetic Parameters of Fisetin Sulfates/Glucuronides
(S/G) and Glucuronides (G) after Oral Administration of Fisetin (50 mg/kg
of bw) to Six Rats?

parameter SIG G

Crnax 721 +£17.2 27.3 £ 4.0
AUCo—2880 31726.6 + 5665.3 14355.0 + 4008.2*
MRT 1045.9 + 148.4 1252.9 + 169.8

@ Data are expressed as mean + SE (*, P < 0.05). Cpe (nmol/mL), peak serum
concentration; AUCy—ogg0 (nmol - min/mL), area under serum concentration—time
curve to 2880 min; MRT (min), mean residence time.

Laboratory Animal Science, Taiwan, ROC). The protocol was reviewed
and approved by the Committee of Animal Management, China Medical
University, Taichung, Taiwan.

Quantitation of Fisetin and Its Glucuronide/Sulfates in Serum.
For the quantitation of fisetin glucuronides, 100 «L of serum was mixed
with 100 uL of S-glucuronidase (1000 units/mL in pH 5 acetate buffer)
and 50 uL of ascorbic acid (100 mg/mL) and incubated at 37 °C for
6 h under anaerobic condition and protected from light. On the other
hand, for the quantitation of fisetin sulfates, 100 xL of serum was mixed
with 100 uL of sulfatase (100 units/mL in pH 5 acetate buffer) and 50
uL of ascorbic acid (100 mg/mL) and incubated at 37 °C for 4 h under
anaerobic condition and protected from light. After hydrolysis, the
serum was acidified with 50 uL of 0.1 N HCI and partitioned with 300
uL of ethyl acetate (containing 5 ug/mL of ethyl paraben as internal
standard). The ethyl acetate layer was evaporated under N, gas to
dryness and reconstituted with 50 uL of mobile phase (see the
composition below), and then 20 x«L was subjected to HPLC analysis.
For the assay of fisetin parent form, a 100 L serum sample was
subjected to the process described above except for the addition of
enzyme-free buffer. The concentration of free form was subtracted from
the total fisetin in the hydrolysates to obtain the concentrations of
conjugates.

For standard preparation, 100 xL of serum was spiked with various
concentrations of fisetin and added to 100 uL of pH 5 buffer. The
procedures followed were similar to those described above. The standard
curve was plotted by linear regression of the peak area ratios (fisetin
to ethyl paraben) against concentrations of fisetin.

Quantitation of 5-OH-flavone and Its Glucuronide/Sulfate in
Serum. For the quantitation of 5-OH-flavone glucuronide, 150 uL of
serum was mixed with 100 uL of S-glucuronidase (1000 units/mL in
pH 5 acetate buffer) and 20 uL of ascorbic acid (200 mg/mL) and
incubated at 37 °C for 4 h. On the other hand, for the quantitation of
5-OH-flavone sulfate, 150 uL of serum was mixed with 100 uL of
sulfatase (1000 units/mL in pH 5 acetate buffer) and 20 uL of ascorbic
acid (100 mg/mL) and incubated at 37 °C for 1 h under anaerobic
condition and protected from light. After hydrolysis, the serum was
partitioned with 270 uL of ethyl acetate (containing 2 ug/mL of amyl
paraben as internal standard). The ethyl acetate layer was evaporated
under N, gas to dryness and reconstituted with 50 L of mobile phase
(see the composition below), and 20 uL was subjected to HPLC
analysis. For the assay of 5-OH-flavone parent form, 150 x«L of serum
sample was subjected to the process described above except for the
addition of enzyme-free buffer.
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For standard preparation, 150 xL of serum was spiked with various
concentrations of 5-OH-flavone and added to 100 uL of pH 5 buffer.
The latter procedure was the same as that described above for serum
samples. The standard curve was plotted by linear regression of the
peak area ratios (5-OH-flavone to amyl paraben) against concentrations
of 5-OH-flavone.

Quantitation of 7-OH-flavone and Its Glucuronide/Sulfate in
Serum. The procedures essentially followed that of 5-OH-flavone. The
incubation times with S-glucuronidase and sulfatase were 2 h, as
determined by a preliminary study for optimum hydrolysis. The serum
was partitioned with ethyl acetate containing 0.5 ug/mL of flavone as
internal standard.

HPLC Conditions for Analysis of Fisetin, 5-OH-flavone, and
7-OH-flavone in Serum. The HPLC apparatus included an LC-10AT
pump (Shimadzu, Kyoto), an SPD-10AV UV—visible spectrophoto-
metric detector, and an automatic injector series 200 autosampler
(Perkin-Elmer). The COSMOSIL 5C18-ARII column (4.0 x 250 mm,
5 um) was equipped with a guard column (4.6 x 50 mm, 5 um) (GL
Science Inc., Tokyo, Japan). The isocratic mobile phases consisted of
acetonitrile and 0.1% phosphoric acid at ratios of 24:76, 68:32, and
57:43 (v/v), and the detection wavelengths were set at 252, 288, and
307 nm for fisetin, 5-OH-flavone, and 7-OH-flavone, respectively. The
flow rate was 1.0 mL/min.

Preparation and Quantitation of Serum Metabolites of Fisetin.
Ten Sprague—Dawley rats were fasted for 12 h before oral administra-
tion of fisetin. Blood was withdrawn at 10 min after dosing. The serum
obtained was deproteinized and purified through solid phase extraction
using Strata (Phenomenex, Torrance, CA). The aqueous solution was
lyophilized to obtain powders and stored at —80 °C, of which an aliquot
was quantitated following the procedures described above for serum
assay.

Effects of Fisetin and Its Serum Metabolites on AAPH-Induced
Hemolysis. Three Sprague—Dawley rats were fasted overnight, and
blood was withdrawn and collected into vacutainer tubes containing
EDTA. After removal of plasma and buffy coat, erythrocytes were
washed five times with 2-fold volumes of cold phosphate-buffered saline
(PBS). During the last wash, the erythrocytes were centrifuged at 3000g
for 10 min to obtain a packed cell preparation. The packed erythrocytes
were then suspended in a 4-fold volume of PBS. To 100 uL of
erythrocyte suspension were added 100 x«L of 100 mM AAPH (in PBS)
and 200 uL of PBS containing various concentrations of fisetin, fisetin
sulfates/glucuronides, or L-ascorbic acid (positive control). The reaction
mixture was shaken gently and incubated at 37 °C for 3, 5, and 7 h.
After incubation, an equal volume of PBS was added to the reaction
mixture, which was then centrifuged at 10000g for 30 s. Then, 3 mL
of PBS was added to 700 uL of the supernatant, and the absorbance at
540 nm was measured using a spectrophotometer (model UV-160A,
Shimadzu, Kyoto, Japan). The percentages of hemolysis inhibition were
calculated by the following equation:

hemolysis inhibition (%) = [absorbance,, ;o —
absorbance,,,./absorbance .o % 100% (1)

Data Analysis. The pharmacokinetic parameters were analyzed by
a noncompartmentalized model with the aid of the program WINNON-
LIN (version 1.1 SCI software, Statistical Consulting, Inc., Apex, NC).
The peak serum concentration (Cp.) Was obtained from visual
observation. The areas under the serum concentration—time curves
(AUC;) were calculated using the trapezoidal rule to the last point.
Paired Student’s t test was used for the comparison of pharmacokinetic
parameters between sulfate/glucurouide and glucurouide. Data of
hemolysis inhibition were statistically compared using ANOVA.

RESULTS

Good linearity was found in the concentration range of
0.78—100.0 ug/mL (Y = 0.177X + 0.005, r = 0.999) of fisetin
in serum. Validation of the analytical method indicated that all
coefficients of variation and the relative errors were below 10%.
The LLOQ and LOD of fisetin were 0.78 and 0.19 ug/mL,
respectively. The recoveries of fisetin from serum were 96.1,
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Figure 3. Mean (+SE) serum concentration—time profiles of sulfate/glucuronide (O) and glucuronide (¥) of 5-OH-flavone (a) and 7-OH-flavone (b) in
rats after oral administration of 40 mg/kg of bw of 5-OH-flavone and 7-OH-flavone.

Table 3. Pharmacokinetic Parameters of Sulfate/Glucuronide (S/G) and
Glucuronide (G) of 5-OH-flavone and 7-OH-flavone after Oral
Administration of 40 mg/kg of bw of 5-OH-flavone and 7-OH-flavone to Six
Rats?

5-OH-flavone (n = 6) 7-OH-flavone (n = 6)

parameter SIG G SIG G

Cinax 27+£05 22+05 28+05 1.6 +£0.2*
AUCy_430 5423.4 +1806.9 4696.8 & 1316.4 3335.5 + 555.8 2378.0 + 406.8*
MRT 1932.2 + 149.7 2088.6 & 66.7 1817.3 £194.5 1960.8 + 173.9

@ Data are expressed as mean + SE (*, P < 0.05 compared with S/G of 7-OH
flavone). Crax (nmol/mL), peak serum concentration; AUCq—4zz0 (nmol - min-mL™"),
area under serum concentration—time curve to 4320 min; MRT (min), mean
residence time.

92.8, and 82.9% at concentrations of 3.13, 12.50, and 50.0 ug/
mL, respectively. Each determination was conducted in triplicate.

Good linearity was found in the concentration range of
0.19-6.25 ug/mL (Y = 0.89X + 0.07, r = 0.999) of 5-OH-
flavone in serum. Validation of the analytical method indicated
that all coefficients of variation and the relative errors were
below 13.5%. The LLOQ and LOD of 5-OH-flavone were 0.19

and 0.04 ug/mL, respectively. The recoveries of 5-OH-flavone
from serum were 87.3, 82.7, and 85.6% at concentrations of
0.39, 1.56, and 6.25 ug/mL, respectively.

Good linearity was found in the concentration range of
0.078—1.25 ug/mL (Y = 0.745X — 0.009, r = 0.999) of 7-OH-
flavone in serum. Validation of the analytical method indicated
that all coefficients of variation and the relative errors were
below 13.6%. The LLOQ and LOD of 7-OH-flavone were 0.078
and 0.019 ug/mL, respectively. The recoveries of 7-OH-flavone
from serum were 84.0, 92.2, and 100.3% at concentrations of
0.16, 0.31, and 0.63 ug/mL, respectively.

Following an iv bolus of fisetin, the mean serum concentra-
tion—time profiles of fisetin, its sulfates/glucuronides, and
glucuronides are shown in Figure 2a, revealing that fisetin
declined rapidly; the sulfates/glucuronides and glucuronides
were largely at higher concentrations than fisetin parent form
at all time points. The pharmacokinetic parameters are listed in
Table 1, indicating that the AUCy_7p of fisetin sulfates/
glucuronides was 4.6-fold that of fisetin glucuronides and 14.0-
fold that of fisetin parent form.
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Figure 4. Hemolysis inhibition (percent) of 2.5, 5, 10, and 20 «M fisetin and fisetin sulfates/glucuronides (S/G) against AAPH-induced hemolysis. Data
are expressed as mean + SD of triplicates. *, P < 0.05; xx, P < 0.01; s*x, P < 0.001.

After an oral dose of fisetin, fisetin parent form could be
quantitated only in a few specimens within 90 min and the
Cmax Was 12.2 £+ 6.5 uM. After hydrolysis with sulfatase and
glucuronidase, the concentrations of fisetin increased dra-
matically in all specimens. The mean serum profiles of fisetin,
fisetin sulfates/glucuronides, and fisetin glucuronides are
shown in Figure 2b, and the pharmacokinetic parameters are
listed in Table 2, indicating that the Cn.x and AUCq_5gg0 OF
fisetin sulfates/glucuronides were 2.6- and 2.2-fold those of
fisetin glucuronides, respectively.

Following oral administration of 40 mg/kg of bw of 5-OH-
flavone and 7-OH-flavone, their parent forms were not detected
in serum. Figure 3 depicts the mean serum concentration—time
profiles of the sulfate/glucuronide and glucuronide of 5-OH-
flavone and 7-OH-flavone, showing that the two profiles in
Figure 3a were largely superposable, especially the absorption
phase, whereas those in Figure 3b diverged. The pharmacoki-
netic parameters are listed in Table 3, indicating that the Cpax
and AUC_4320 of 5-OH-flavone sulfate/glucuronide were not
significantly different from those of 5-OH-flavone glucuronide,
whereas the Cpa and AUCy_439 0f 7-OH-flavone sulfate/
glucuronide were significantly higher than those of 7-OH-
flavone glucuronide by 77 and 40%, respectively.

The influence of fisetin and fisetin sulfates/glucuronides on
erythrocyte hemolysis was examined by incubating rat eryth-
rocytes in the presence of 100 mM AAPH as an initiator of
oxidation. The serum metabolites of fisetin have been quanti-
tated, and the result showed equal amounts of glucuronides and
sulfates contained in the mixture. During incubation for 7 h,
the effects of fisetin and fisetin sulfates/glucuronides against
erythrocyte hemolysis are shown in Figur e 4, showing that both
were more potent than an equivalent concentration of L-ascorbic
acid (data not shown). After 7 h of incubation, 10 uM fisetin
and 20 uM fisetin sulfates/glucuronides were still able to
completely inhibit the hemolysis. The inhibitory effects of fisetin
and fisetin sulfates/glucuronides were found to decrease in dose-
dependent and time-dependent manners. The ICs, values of
fisetin and fisetin sulfates/glucuronides were 1.4 and 6.6 uM,
respectively, indicating that the efficacy of fisetin sulfates/
glucuronides was significantly lower than that of fisetin.

DISCUSSION

The analytical methods of fisetin, 5-OH-flavone, and 7-OH-
flavone in serum were developed and validated in this study.
The precision, accuracy, and recovery were satisfactory. Owing
to the commercial unavailability of the sulfates and glucuronides
of various flavones, their concentrations in serum were deter-
mined indirectly through hydrolysis with sulfatase and glucu-
ronidase. Due to the considerable amount of glucuronidase in
the sulfatase (type H-1) used in this study, treatment with this
enzyme resulted in the hydrolysis of both sulfates and glucu-
ronides. Therefore, through comparison of the results between
treatments with sulfatase and glucuronidase, the relative abun-
dance of sulfates and glucuronides could be estimated. However,
the concentration of double conjugates (sulfo and glucurono
metabolites) of fisetin could not be determined by this method.

After an intravenous bolus of fisetin, through subtraction of
the AUC,_7, of glucuronides from that of sulfates/glucuronides,
the systemic exposure of fisetin sulfates was found to be
markedly higher than those of glucuronides and fisetin parent
form by 260 and 1300%, respectively, indicating that fisetin
was rapidly and extensively biotransformed by conjugation
metabolism in liver, mainly sulfation. When fisetin was given
orally, the transient presence of fisetin parent form in serum
revealed the fisetin remaining after the first pass through intestine
and liver. The AUC,_,ggo Of fisetin sulfates/glucuronides was
2.2-fold that of fisetin glucuronides, indicating that fisetin was
rapidly and extensively metabolized to sulfates and glucuronides
to comparable extents, suggesting that less sulfation occurred
in enterocytes than in hepatocytes when compared with the
finding for the intravenous dose. In addition, the profiles near
the time of peak concentration exhibiting much higher levels
of fisetin sulfates/glucuronides than fisetin glucuronides indi-
cated that fisetin was sulfated to a higher extent when absorbed
in a great amount.

Following oral administrations of 5-OH-flavone and 7-OH-
flavone, the parent forms were not detected in serum, indicating
that the parent forms were not absorbed per se. The profiles of
the sulfate/glucuronide and glucuronide of 5-OH-flavone were
largely superposable, and the Cyax and AUC—43,0 Values of the
sulfate/glucuronide were not significantly different from those
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of glucuronide, indicating that glucuronide was the principal
metabolite and sulfate was negligible. This fact revealed that
the strongly hydrogen-bonded phenolic group was metabolized
by glucuronidation, but not sulfation. In contrast, following the
oral dose of 7-OH-flavone, the profile of the sulfate/glucuronide
during the early phase was higher than that of glucuronide and
both Crax and AUC,—43,0 Values of the sulfate/glucuronide were
significantly higher than those of glucuronide, indicating the
presence of sulfates. Our results were in good agreement with
an in vitro study reporting that 7-OH-flavone was sulfated, but
5-OH-flavone was not, by human liver and duodenum (20). In
addition, a human study has reported that chrysin (5,7-
dihydroxyflavone) sulfate was the principal metabolite in plasma
and that the glucuronide was too low to be determined (21).
Taken together with our findings, it can be confirmed that the
7-OH group could be biotransformed by both sulfation and
glucuronidation in vivo, whereas the 5-OH group was metabo-
lized exclusively by glucuronidation if there was only one
hydroxyl moiety in the flavone. Besides, a previous study has
demonstrated that the major sites for glucuronidation are the
7-, 3-, 3’-, and 4’-hydroxyl moieties (22). Therefore, we suggest
that both the number and position of the hydroxyl group as well
as the electronic effects in the flavone structures determined
the property of substrate toward glucuronidation and sulfation
(23).

Comparison of pharmacokinetic parameters indicated that the
Chmax and AUC_2gg0 Valus of fisetin sulfate/glucuronide follow-
ing 50 mg/kg of bw of fisetin were 27- and 59-fold the Ciax
and AUCy_430 Vvalues of 5-OH-flavone sulfate/glucuronide,
respectively, following 40 mg/kg of bw of 5-OH-flavone. In
addition, the AUC,—43x 0of 7-OH-flavone sulfate/glucuronide was
found to be even lower than that of 5-OH-flavone sulfate/
glucuronide after an equal dose. Although three test compounds
were dissolved with tetraglycol in this study and administered
as clear solutions at the same molar dose, it appeared that 5-OH-
flavone and 7-OH-flavone were markedly less bioavailable than
fisetin. These large differences in Cn.x and AUC,_; values can
be attributed to different water solubilities between compounds.
Apparently, fisetin, having four phenolic groups, is more soluble
in gastrointestinal juice than 5-OH-flavone and 7-OH-flavone.
We speculate that the higher solubility of fisetin may lead to
better absorption and cause transient saturation of the conjuga-
tion metabolism to result in the presence of fisetin parent form
during the absorption phase.

The peroxidation of erythrocyte membrane and hemolysis can
be induced by various agents such as hydrogen peroxide, dialuric
acid, xanthine oxidase, organic hydroperoxides,and AAPH (24, 25).
Our results show that both fisetin and its serum metabolites
exhibited significant inhibition effects on AAPH-induced hemol-
ysis, suggesting that fisetin sulfates/glucuronides retain free
radical scavenging activity, which can be attributed to the
presence of residual phenolic groups after conjugation metabo-
lism. The fact that the antihemolysis activity of fisetin sulfates/
glucuronides was significantly weaker than that of fisetin can
be accounted for by the conjugation metabolism toward the
catechol moiety, which is a potential antioxidant structure.

Despite the voluminous in vitro bioactivity studies reporting
various beneficial effects of flavonoids, our findings of the
transient presence of fisetin and the absence of 5-OH-flavone
and 7-OH-flavone in serum suggest that it is difficult to infer
the in vivo effects from their in vitro activities. In fact, the
principal metabolites were glucuronides and sulfates, which
possess very different physicochemical properties from their
parent forms. These metabolites should play more important
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roles in in vivo activities than their parent forms. Several recent
studies found the sulfates/glucuronides of morin and quercetin
showed more promising bioactivities than their free forms (26, 27),
pointing to the possibility that the conjugated metabolites of
polyphenols were not necessarily inactive and might be the
principal active forms. Probably owing to the commercial
unavailability of flavonoid metabolites, most in vitro bioactivity
studies of flavonoids focused on the parent forms of aglycones.
It is suggested that biologists pay attention to the conjugated
metabolites of flavonoids. However, -glucuronidase was found
to be present in liver and increasingly released by neutrophils
at inflammation sites (28, 29). Therefore, deglucuronidation
might occur in various tissues, resulting in the formation of
flavonoid aglycones, which warrant further studies.

In conclusion, fisetin and 7-OH-flavone were rapidly and
extensively transformed to sulfates and glucuronides, whereas
5-OH-flavone was exclusively metabolized to glucuronide. The
serum metabolites of fisetin exerted lower potency than fisetin
on hemolysis protection.

ABBREVIATIONS USED

5-OH-flavone, 5-hydroxyflavone; 7-OH-flavone, 7-hydroxy-
flavone; HPLC, high-performance liquid chromatography; iv,
intravenous; S/G, sulfate/glucuronide; G, glucuronide; Cpax, peak
serum concentration; tmax, time to peak concentration; AUCS,
areas under the curves; Cl, clearance; V, volume of distribution;
typ, elimination half-life; MRT, mean residence time; PBS,
phosphate-buffered saline; AAPH, 2,2’-azobis(2-amidinopropane
hydrochloride).
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