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ABSTRACT:

Phase Il metabolism by UDP-glucuronosyltransferases (UGTs) and
sulfotransferases (SULTSs) is the predominant metabolic pathway
during the first-pass metabolism of hesperetin (4’-methoxy-3',5,7-
trihydroxyflavanone). In the present study, we have determined
the kinetics for glucuronidation and sulfonation of hesperetin by
12 individual UGT and 12 individual SULT enzymes as well as by
human or rat small intestinal, colonic, and hepatic microsomal
and cytosolic fractions. Results demonstrate that hesperetin is
conjugated at positions 7 and 3’ and that major enzyme-specific
differences in kinetics and regioselectivity for the UGT and SULT
catalyzed conjugations exist. UGT1A9, UGT1A1, UGT1A7, UGT1AS,
and UGT1A3 are the major enzymes catalyzing hesperetin gluc-
uronidation, the latter only producing 7-O-glucuronide, whereas
UGT1A7 produced mainly 3'-O-glucuronide. Furthermore, UGT1A6
and UGT2B4 only produce hesperetin 7-O-glucuronide, whereas

UGT1A1, UGT1A8, UGT1A9, UGT1A10, UGT2B7, and UGT2B15 con-
jugate both positions. SULT1A2 and SULT1A1 catalyze preferably
and most efficiently the formation of hesperetin 3’'-O-sulfate, and
SULT1C4 catalyzes preferably and most efficiently the formation of
hesperetin 7-O-sulfate. Based on expression levels SULT1A3 and
SULT1B1 also will probably play a role in the sulfo-conjugation of
hesperetin in vivo. The results help to explain discrepancies in
metabolite patterns determined in tissues or systems with different
expression of UGTs and SULTs, e.g., hepatic and intestinal frac-
tions or Caco-2 cells. The incubations with rat and human tissue
samples support an important role for intestinal cells during first-
pass metabolism in the formation of hesperetin 3’'-O-glucuronide
and 7-O-glucuronide, which appear to be the major hesperetin
metabolites found in vivo.

The flavanone hesperetin (4'-methoxy-3’',5,7-trihydroxyflavanone)
(Fig. 1) is the aglycone of hesperidin (hesperetin 7-O-rutinoside),
which is the major flavonoid present in sweet oranges (Citrus sinen-
sis) and orange juice and also occurs in other citrus fruits and some
herbs (Tomds-Barberan and Clifford, 2000). Hesperidin and hespere-
tin have been reported to provide beneficial effects on health, includ-
ing reduced risk of osteoporosis (Horcajada et al., 2008).

Upon ingestion, hesperidin has to be hydrolyzed into hesperetin
aglycone by colonic microbiota before its absorption (Németh et al.,
2003). Enzymatic conversion of hesperidin before consumption to the
monosaccharide hesperetin-7-O-glucoside has been demonstrated to
result in absorption in the small intestine after deglucosylation by
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phloridzin hydrolase and/or facilitated transport into the intestinal
cells by a sugar transporter such as sodium-glucose cotransporter 1
followed by intracellular deglucosylation (Nielsen et al., 2006). In the
intestinal cells or during further first-pass metabolism, hesperetin
aglycone is metabolized by UDP-glucuronosyltransferases (UGTs)
and sulfotransferases (SULTS) into, respectively, glucuronidated and
sulfonated metabolites, which have been detected in human and rat
plasma (Manach et al., 2003; Matsumoto et al., 2004; Mullen et al.,
2008; Brett et al., 2009). The intestinal barrier is believed to play a
dominant role in phase II conjugation during the first-pass metabolism
of hesperetin (Silberberg et al., 2006) and in its limited bioavailability
because of efflux of the metabolites back to the intestinal lumen by
ABC transport proteins (Liu and Hu, 2007; Brand et al., 2008).
UGTs form a gene superfamily and currently a total of 22
different UGT proteins have been detected in human tissues,
belonging to either the UGTIA (UGT1A1, UGT1A3, UGT1A4,
UGT1AS, UGT1A6, UGT1A7, UGT1A8, UGT1A9, and UGT1A10), the

ABBREVIATIONS: UGT, UDP-glucuronosyltransferase; SULT, sulfotransferase; HPLC, high-performance liquid chromatography; DAD, diode
array detector; UDPGA, UDP-glucuronic acid; PAPS, 3'-phosphoadenosine 5'-phosphosulfate; DMSO, dimethyl sulfoxide.
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Fic. 1. Chemical structure of hesperetin (4'-methoxy-3',5,7-trihydroxyflavanone).

UGT2A (UGT2A1, UGT2A2, and UGT2A3), the UGT2B (UGT2B4,
UGT2B7, UGT2B10, UGT2B11, UGT2B15, UGT2B17, and UGT2B2S),
the UGT3 (UGT3A1 and UGT3A2), or the UGT8 (UGT8AL) family
(Mackenzie et al., 2005). SULTSs form a gene superfamily and a total of 10
different SULT proteins have been detected in human tissues including
SULT1A1, SULT1A2, SULT1A3 (encoded by SULTIA3 and SULTIA4
and therefore also called SULT1A3/4), SULT1B1, SULT1C2, SULTI1C4,
SULTIEL, SULT2A1, SULT2B1_v2, and SULT4A1_v2 (Teubner et al.,
2007; Riches et al., 2009). In addition, there are some SULTS that have only
been detected at the mRNA level: SULT2B1_v1, SULT1C3, and SULT6B1
(Meinl et al., 2008a), the latter solely in testis (Freimuth et al., 2004).
SULTIC2, SULTIC4, SULT2BI1_vl, SULT2BI_v2, and SULT4Al_v2
are also referred to as SULT1CI1, SULT1C2, SULT2B1a, SULT2B1b, and
SULT4A1, respectively, in the literature, not following the nomenclature
proposed by Blanchard et al. (2004).

We previously characterized the metabolism of hesperetin in vitro
using Caco-2 cell monolayers as a model for the small intestinal
barrier and reported that hesperetin is metabolized into 7-O-glucuro-
nide and 7-O-sulfate metabolites (Brand et al., 2008). However,
analysis of metabolites in plasma demonstrated the existence of other
glucuronide and sulfo-conjugates as well (Matsumoto et al., 2004;
Mullen et al., 2008; Brett et al., 2009). Different individual UGTs and
SULTS probably possess different kinetics and regioselectivity for the
conjugation of hesperetin, as has been reported for the glucuronidation
and sulfonation of other flavonoids (Boersma et al., 2002; Otake et al.,
2002; Zhang et al., 2007a; Tang et al., 2009), and, therefore, different
levels of expression of UGTs and SULTs might lead to different
metabolite patterns.

In the present article, we determined the kinetics for the conversion
of hesperetin into glucuronidated and sulfonated metabolites by indi-
vidual UGT and SULT enzymes, respectively. The metabolites
formed were identified by HPLC-DAD in combination with authentic
standards or 'H NMR. The UGT isoforms tested include 12 individual
UGTs reported to be expressed, at least at the mRNA level, in human
intestinal and hepatic cells: UGT1A1, UGT1A3, UGT1A4,
UGT1A6, UGT1A7, UGT1A8, UGT1A9, UGT1A10, UGT2B4,
UGT2B7, UGT2B15, and UGT2B17 (Gregory et al., 2004; Naka-
mura et al., 2008; Izukawa et al., 2009; Ohno and Nakajin, 2009).
The SULT isoforms tested include 12 individual SULTSs, which
have been detected in human intestinal and hepatic tissues:
SULT1A1, SULT1A2, SULT1A3, SULT1B1, SULTIC2,
SULTIEIL, SULT1C4, and SULT2A1 (Teubner et al., 2007; Meinl
et al., 2009; Riches et al., 2009) and in addition SULTI1C3,
SULT2B1_v1, SULT2B1_v2, and SULT4A1_v2, which have not
been detected on the protein level in these tissues (Meinl et al.,
2008a,b).

Furthermore, we studied the apparent kinetics of glucuronidation
and sulfonation using, respectively, microsomes and cytosol derived
from tissues from human and rat playing a role during the first-pass
metabolism of hesperetin after ingestion of hesperidin or hesperetin
7-O-glucoside: the small intestine, the colon, and the liver.
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Materials and Methods

Materials. Alamethicin (from Trichoderma viride), hesperetin (pu-
rity =95%), L-ascorbic acid, and UDP-glucuronic acid (UDPGA)
were obtained from Sigma-Adlrich (St. Louis, MO), 3’-phosphoad-
enosine 5'-phosphosulfate (PAPS) was from Fluka (Buchs, Switzer-
land), deuterated acetic acid, dimethyl sulfoxide (DMSO), dipotas-
sium hydrogen phosphate trihydrate, hydrochloric acid, and potassium
dihydrogen phosphate were from Merck (Darmstadt, Germany), ace-
tonitrile and methanol were from Sigma-Aldrich (Steinheim, Ger-
many), Tris was from Invitrogen (Carlsbad, CA), and trifluoroacetic
acid was from Mallinckrodt Baker (Phillipsburg, NJ). Deuterated
methanol-d4 (99.96% d) was obtained from Euriso-Top (Gif-sur-
Yvette, France). Authentic standards of hesperetin 7-O-glucuronide
(purity >90%), hesperetin 3'-O-glucuronide (purity >90%), and hes-
peretin 7-O-sulfate (purity <50%) were provided by the Nestlé Re-
search Center (Lausanne, Switzerland).

UGT Supersomes from cDNA-transfected insect cells expressing
individual human UGTs were obtained from BD Gentest (Woburn,
MA), and their glucuronidation activities toward standard substrates
as described by the supplier were as follows: UGT1A1 (lot 95244)
and UGT1A3 (lot 70200), 817 and 190 pmol min~' mg of protein
estradiol 3-glucuronidation activity, respectively; UGT1A4 (lot
95375), 1100 pmol min~' mg of protein™' trifluoperazine gluc-
uronidation activity; UGT1A6 (lot 70201), UGT1A7 (lot 68106),
UGT1AS8 (lot 95862), UGT1A9 (lot 81291), UGT1A10 (lot 96097),
UGT2B4 (lot 93808), UGT2B7 (lot 83494), and UGT2B15 (lot
70203), 5200, 12,000, 630, 7200, 86, 180, 1200, and 3000 pmol
min~' mg of protein~' 7-hydroxy 4-trifluoromethylcoumarin gluc-
uronidation activity, respectively; and UGT2B17 (lot 09302), 1100
pmol min~' mg of protein”' eugenol glucuronidation activity.
SULTs from cDNA-transfected bacteria expressing quantified con-
centrations of individual human SULT enzymes were prepared as
described elsewhere in detail (Meinl et al., 20006).

Pooled human small intestinal microsomes (batch MIC318012),
pooled rat (male Sprague-Dawley) small intestinal microsomes
(batch MIC323019), pooled human small intestinal cytosol (batch
CYT318004), and pooled rat (male Sprague-Dawley) small intes-
tinal cytosol (batch CYT323008) were obtained from Biopredic
(Rennes, France), without quantified glucuronidation or sulfon-
ation activities. Human single-donor colon microsomes from a
64-year-old male (batch MIC317008), pooled colon microsomes
from rat (male Sprague-Dawley) (batch MIC322003), human sin-
gle-donor colon cytosol from a 64-year-old male (batch
CYT317005), and pooled colon cytosol from rat (male Sprague-
Dawley) (batch CYT322003) were provided by Biopredic, without
quantified glucuronidation or sulfonation activities. Ethical per-
mission for the use of the human tissue extract was obtained by
Biopredic. Pooled human liver microsomes (lot 28831) with 920
pmol min~" mg of protein~' estradiol 3-glucuronidation activity,
890 pmol min~' mg of protein~' trifluoperazine glucuronidation
activity, and 2400 pmol min~ ' mg of protein~ ' propofol gluc-
uronidation activity, pooled rat (male Sprague-Dawley) liver mi-
crosomes (lot 83481) without quantified glucuronidation activity,
and pooled human liver cytosol (lot 99925) and pooled rat (male
Sprague-Dawley) liver cytosol (lot 08003) with 320 and 1900 pmol
min~ ' mg of protein” ' 7-hydroxycoumarin sulfotransferase activ-
ity, respectively, as described by the supplier, were provided by
BD Gentest.

Incubations with UGTs or Rat or Human Microsomes. To
study glucuronidation of hesperetin by individual UGTSs or microso-
mal preparations, incubation mixtures (total volume 200 ul) were
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prepared containing 10 mM MgCl,, 25 ng/ml alamethicin added from
a 200X concentrated stock solution in methanol (final concentration
0.5% methanol), 0.1, 0.2, or 0.5 mg/ml protein, and 1 mM UDPGA in
50 mM Tris-HCI (pH 7.5) (Boersma et al., 2002). The reaction was
started by addition of hesperetin from a 200X concentrated stock
solution in DMSO (final concentration 0.5% DMSO) and incubated
for 5 min (UGT1A10, UGT2B7, and human and rat liver micro-
somes), 10 min (UGT1A1, UGT1A3, UGT1A7, UGT1AS8, UGT1A9,
UGT2B15, and human and rat small intestinal microsomes), 15 min
(human and rat colon microsomes), or 30 min (UGT1A4, UGT1A6,
UGT2B4, and UGT2B17) at 37°C. The final concentration series was
1, 25,5, 10, 15, 25, 35, and 50 uM (n = 1-2) or 2.5, 5, 10, 15, 25,
and 50 uM (n = 1-3) hesperetin for all UGTs tested. The reaction was
terminated by addition of 50 ul of acetonitrile. Under these conditions
metabolite formation was linear in time and with the amount of
protein added (data not shown). Activity is expressed in nanomoles
per minute per milligram of protein.

Incubations with SULTs or Rat or Human Cytosol. To study
sulfonation of hesperetin, incubation mixtures (total volume 100 ul)
were prepared containing 5 mM MgCl,, 100 uM PAPS, and 0.04 to
0.23 mg/ml protein (cytosol), or 0.03 to 0.1 mg/ml protein (individual
SULTSs) in 50 mM potassium phosphate (pH 7.4). The reaction was
started by addition of hesperetin (final concentration series was 1, 2.5,
5,10, 15, 25, 35, and 50 uM hesperetin) from a 100-fold concentrated
stock solution in DMSO (final concentration 1% DMSO) and incu-
bated for 3 min (SULT1A1, SULT1A2, SULT1C4, and human and rat
liver cytosol), 5 min (SULTI1E1 and human small intestinal cytosol),
9 min (SULT1A3), 10 min (SULT1B1), 90 min (human colon cy-
tosol), 120 min (SULTIC2 and SULT2A1), 150 min (rat small
intestinal and colon cytosol), or 180 min (SULT1C3, SULT2B1_vl,
SULT2B1_v2, and SULT4A1_v2) at 37°C. Because SULTIAI,
SULTI1A2, SULTIC4, SULTIEI, and some cytosolic fractions
showed substrate inhibition at concentrations >1, >1, and >3 uM,
respectively, additional series of 0.1, 0.15, 0.25, 0.35, 0.5, 0.75, 1, and
1.5 uM hesperetin (SULT1A1, SULT1A2, and SULT1C4), or a series
of 0.1, 0.25, 0.5, 0.75, 1, 1.5, 2.5, and 3.5 uM hesperetin (SULT1E1
and cytosolic fractions) were used. The reaction was terminated by
addition of 25 ul of acetonitrile. Under these conditions metabolite
formation was linear with time and the amount of protein added (data
not shown). Activity is expressed in nanomoles per minute per mil-
ligram of protein for the cytosolic fractions and in nanomoles per
minute per milligram of SULT protein for the individual SULTSs
(Meinl et al., 2006).

Enzyme Kinetics. To determine the kinetics for glucuronidation
and sulfonation, incubations were performed as described above. The
maximum velocity (V,,,,) and Michaelis-Menten constant (K,,) for
the formation of the different phase II metabolites of hesperetin were
determined by fitting the data to the Michaelis-Menten steady-state
model v = V,_ /(1 + (K./[S])), with [S] being the hesperetin con-
centration, using the LSW data analysis toolbox (version 1.1.1; MDL
Information Systems, San Ramon, CA). For reactions demonstrating
substrate inhibition, the V., K,,, and inhibition constant (K;) were
determined by fitting the data to the substrate inhibition equation v =
Vinax X ISVIK,, + [S] X (1 + [S)/K,)] using GraphPad Prism (version
5.02; GraphPad Software Inc., San Diego, CA).

HPLC Analysis. To analyze the formation of hesperetin metabo-
lites in the enzymatic incubations, reaction mixtures were centrifuged
for 4 min at 16,000g and samples of 50 ul of the supernatant were
injected onto a Alliance 2695 separation module (Waters, Milford,
MA) connected to a 2996 DAD (Waters) with an Alltima C18 5-um
150 X 4.6 mm column with 7.5 X 4.6 mm guard column (Alltech,
Breda, The Netherlands). Elution was at a flow rate of 1 ml/min. The
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gradient for the analysis of samples from the incubations with cytosol
or SULTs started at 0% acetonitrile in nanopure water containing
0.1% trifluoroacetic acid, increasing to 10% acetonitrile in 5 min, to
15% in the following 16 min, to 50% in the next 16 min, and to 80%
in 1 min, followed by a cleaning and reequilibration step. The gradient
to analyze the samples from the incubations with microsomes or
UGTs started at 0% acetonitrile in nanopure water containing 0.1%
trifluoroacetic acid, increasing to 25% acetonitrile in 10 min, which
condition was kept for 21 min, whereafter the percentage of acetoni-
trile was increased to 60% in 7 min and to 80% in 1 min, followed by
a cleaning and reequilibration step. DAD-UV spectra were recorded
between 200 and 420 nm, and chromatograms acquired at 280 nm
were used for presentation and quantification.

Metabolite Identification and Quantification. Hesperetin 7-O-
glucuronide, hesperetin 3'-O-glucuronide, and hesperetin 7-O-sulfate
were identified using authentic standards by their HPLC-DAD reten-
tion times and UV spectra. With use of the HPLC gradient for analysis
of the samples from the glucuronidation reactions, the retention times
were as follows: hesperetin, 37.2 min (UV, . = 285.9 nm); hespere-
tin 7-O-glucuronide, 17.7 min (UV,,, = 285.9 nm); and hesperetin
3’-0O-glucuronide, 18.5 min (UV . = 285.9 nm). With use of the
HPLC gradient for the analysis of the samples from the sulfonation
reactions, the retention times were as follows: hesperetin, 36.7 min
(UV,,ax = 285.9 nm) and hesperetin 7-O-sulfate, 31.6 min (UV,,, =
281.2 nm, shoulder at 338 nm). Another metabolite resulting from the
cytosolic and SULT incubations with PAPS at a retention time of 30.7
min (UV,_ .. = 290.7 nm) was repeatedly collected during HPLC-
DAD separation, freeze-dried, and resolved in acidified, deuterated
methanol for "H-NMR analysis. '"H-NMR analysis revealed this me-
tabolite to be hesperetin 3'-O-sulfate (for details, see Results). Hes-
peretin  7-O-glucuronide and hesperetin 3’-O-glucuronide were
quantified on the basis of a calibration curve made with authentic
standards. Hesperetin 7-O-sulfate and hesperetin 3’-O-sulfate were
quantified indirectly using the calibration curve for hesperetin, and
multiplication factors were determined by enzymatic hydrolysis of
hesperetin 7-O-sulfate (factor 1.27) and hesperetin 3’-O-sulfate (fac-
tor 0.86) into unconjugated hesperetin, which could be quantified with
a calibration curve.

"H NMR Analysis. 'H NMR analysis was performed using an
Avance III 600 MHz (Bruker, Ettlingen, Germany) with cryoprobe. A
Noesygpprld pulse sequence with 3-s delay, 0.1-s mixing time, and
1.8-s acquisition time was used (18,028 Hz sweep width; 64 K data
points). Spectra were obtained at 25°C. Resonances are reported
relative to methanol-d4 at 3.34 ppm.

Results

Identification of Hesperetin Metabolites. Figure 2 depicts part of
a chromatogram from the HPLC-DAD analysis of the supernatant of
an incubation of hesperetin with UGT1A9 and UDPGA. Two metab-
olites were formed and identified as hesperetin 7-O-glucuronide (g,
17.7 min; UV, 285.9 nm) and hesperetin 3'-O-glucuronide (tg,
18.5 min; UV, ,,, 285.9 nm) on the basis of analysis of the corre-
sponding authentic metabolite standards. Figure 3 depicts part of a
chromatogram from the HPLC-DAD analysis of the supernatant from
an incubation of hesperetin with SULT1A3 and PAPS. Two metab-
olites were formed, one of which was identified as hesperetin 7-O-
sulfate (fg, 31.6 min; UV ., 281.2 nm, shoulder at 338 nm) on the
basis of analysis of the corresponding authentic metabolite standard.
The fraction containing the second metabolite (7z, 30.7 min; UV,
290.7 nm), which could not be identified with the available authentic
standards, was collected, freeze-dried, dissolved in acidified metha-
nol, and analyzed by '"H-NMR.

max?
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TABLE 1

'H NMR data of hesperetin and the metabolite (identified as hesperetin 3'-O-sulfate) formed in the incubation mixture of hesperetin with specific SULT isoforms and
human small intestinal cytosol and PAPS

The differences in chemical shift values of the protons in the metabolite compared with the chemical shift values of the same protons in hesperetin are given in parentheses.

Compound H6 H8 H3 a H3 b H2 H2' HS' H6'

Hesperetin

"H NMR chemical shift (ppm) 591 5.95 3.11 2.74 5.36 6.98 6.96 6.94

J (Hz) 22 22 17.0; 12.9 17.0; 3.0 12.9; 3.0 1.7 8.4 1.7; 8.4

Peak splitting d d dd dd dd d d dd
Metabolite

"H NMR chemical shift (ppm) 591 5.95 3.10 (—0.01) 2.80 (+0.06) 5.41 (+0.05) 7.64 (+0.66) 7.08 (+0.12) 7.27 (+0.33)

J (Hz) 2.1 2.1 17.1; 12.9 17.1; 3.0 12.9; 3.0 2.1 8.4 2.1; 84

Peak splitting d d dd dd dd d d dd

d, doublet; dd, doublet of doublets.

Modern NMR instruments with dedicated cryoprobes provide
excellent sensitivity with relatively small amounts of material,
provided that this material is of high purity. The sample analyzed
contained approximately 0.5 nmol (150 ng) of the unknown sul-
fonated metabolite. Table 1 summarizes the '"H NMR data for this
unknown sulfonated hesperetin metabolite as well as that of the
parent compound hesperetin. Comparison of the chemical shift
values and J values of the corresponding protons in hesperetin and
in the unknown sulfonated hesperetin metabolite reveals changes,
especially in the '"H NMR data of the protons of the B-ring upon
conjugate formation: a relative shift of +0.66 ppm for H2" and a
relative shift of +0.33 ppm for H6' (Table 1). This result indicates
a modification of the hydroxyl moiety at C3’, resulting in a
relatively large change in the chemical shift values of the protons
H2' and H6' at the positions ortho and para with respect to the
modified hydroxyl moiety and is in line with earlier '"H NMR
studies on metabolites of quercetin (van der Woude et al., 2004).
The signals of the protons H6 and H8 remained unchanged, ex-
cluding modification of the other hydroxyl-groups at position 5 or

7 of the hesperetin molecule. Together these data identify the
unknown metabolite as hesperetin 3'-O-sulfate.

Glucuronidation by Individual UGT Enzymes. Glucuronidation
of hesperetin was characterized using human recombinant UGT
enzymes. The V.. and K, values obtained for the formation of hes-
peretin 7-O-glucuronide and hesperetin 3'-O-glucuronide by the
various UGT enzymes are shown in Table 2, as well as the catalytic
efficiencies (V,../K,,) derived from these values. The results re-
veal that hesperetin is most efficiently glucuronidated by
UGT1A9. The efficiency of glucuronidation (V,,,,/K ) decreases
in the order of UGT1A9 > UGT1A1 > UGT1A7 > UGT1A3 >
UGT1A8 > UGT1A10 > UGT2B7 = UGT2B15 > UGT2B4. The
rate of formation of hesperetin 7-O-glucuronide by UGT1A6 was
virtually linear with the applied concentration: 0.018 nmol min~'
mg of protein~' 7-O-glucuronide formed per micromole of hes-
peretin, which excluded determination of the kinetic parameters
Vmax and K by fitting the data to the Michaelis-Menten equation.
Higher doses of hesperetin could not be tested because of the
limited solubility of hesperetin in aqueous solutions. The enzymes
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TABLE 2

v,

e and K, values determined from three to four independent curves and the catalytic efficiencies (V,

/K,,) derived from these values, for the glucuronidation of

ma.

hesperetin (1 up to 50 uM) by individual UGT enzymes

Data are means = S.E.M.

7-O-Glucuronidation

3'-O-Glucuronidation

UGT Isoform

Kin Vinax Vinax/K, Kin Vinax Vinax/Kom
uM nmol min~" mg protein™! wl min~! mg protein™! M nmol min~" mg protein™! wl min~! mg protein™!
UGTI1A1 40=*13 1.35+0.29 339 1205 0.46 = 0.06 376
UGTI1A3 16.5 = 4.6 3.94 +0.74 239 N.D. N.D.
UGT1A4 N.D.“ N.D.“ — N.D. N.D.
UGTI1A6 —* —* 18° N.D. N.D.
UGT1A7 105 * 67.9 0.47 = 0.04 5 87+ 16 2.47 +0.63 285
UGTI1A8 63.3 = 11.8 233 £1.20 37 19.2 £39 3.18 £ 1.78 166
UGT1A9 53*+08 2.19 = 0.10 411 40+03 3.80 = 0.20 981
UGTIA10 30.4 £82 2.82 £ 0.69 93 312 £12.6 0.89 = 0.29 28
UGT2B4 119 = 43.7 0.42 = 0.09 4 N.D. N.D.
UGT2B7 539+ 17.6 1.53 £0.25 28 424 *+139 0.88 = 0.23 21
UGT2B15 345+ 1.6 0.28 = 0.01 8 299 *03 1.19 £ 0.02 40
UGT2B17 N.D.“ N.D.“ — N.D. N.D.“ —

N.D., not detectable.

“UGT1A4 very poorly glucuronidated hesperetin into solely hesperetin 7-O-glucuronide, only measurable at the highest test concentration (50 uM), precluding determination of kinetics.

b Conjugation velocity by UGT1AG6 of hesperetin into hesperetin 7-O-glucuronide occurred in a linear manner with dose (0.018 nmol min~! mg of protein ™

! umol of hesperetin ™), precluding

determination of the individual Michaelis-Menten parameters V,,,, and K, but allowing the definition of the catalytic efficiency because the slope of the linear relationship between the rate of

formation as a function of the substrate concentration equals V,, /K,..

¢ UGT2B17 very poorly glucuronidated hesperetin, only measurable at the highest test concentrations (50 uM).

UGT1A4 and UGT2B17 demonstrated only very poor glucuronida-
tion activity toward hesperetin under the conditions used in this
study, precluding determination of the kinetics. Figure 4 presents an
overview of the regioselectivity of the glucuronidation of hesperetin
by the individual UGTs at a concentration of 10 uM hesperetin. For
all UGTs, the regioselectivity at 1 or 50 uM hesperetin was similar to
that obtained at 10 uM. UGT1A3, UGT1AG6, and UGT2B4 catalyze
glucuronidation specifically at the hydroxyl moiety at C7 of hespere-
tin, whereas UGT1A7 almost solely conjugated the hydroxyl moiety
at C3'. UGT1AL, UGT1A10, and UGT2B7 converted hesperetin into
both hesperetin 3’-O-glucuronide and hesperetin 7-O-glucronide,
however preferentially into the latter, whereas UGT1AS8, UGT1A9,
and UGT2B15 preferentially conjugated the hydroxyl moiety of hes-
peretin at position 3'. Overall, relatively more hesperetin 7-O-gluc-
uronide is formed at higher substrate concentrations (Table 2).
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Fic. 4. Regioselectivity of the glucuronidation of hesperetin at position 7 (H) or
position 3’ ((J) by different UGT enzymes and human and rat microsomes ex-
pressed as percentage of the total amount of hesperetin glucuronides formed at a 10
M hesperetin concentration. HLM, human liver microsomes; RLM, rat liver
microsomes; HSIM, human small intestinal microsomes; RSIM, rat small intestinal
microsomes; HCM, human colon microsomes; RCM, rat colon microsomes.

Sulfonation by Individual SULT Enzymes. The V, . and K,
values determined for the formation of hesperetin 7-O-sulfate and
hesperetin 3’-O-sulfate by individual human SULTSs are shown in
Table 3, as well as the catalytic efficiencies (V,,../K,,) derived
from these values. SULT1A1 demonstrated strong substrate inhi-
bition at hesperetin concentrations >0.15 uM, precluding deter-
mination of kinetic parameters. The high rate of 3’-O-sulfonation
up to 117 nmol min~ ' mg of SULT1A1 ' (at 0.15 uM hesperetin)
indicates that SULT1A1-mediated sulfonation could probably play
an important role in the conjugation of hesperetin at low concen-
trations. SULT1A2, SULT1C4, and SULTIEI1 also demonstrated
substrate inhibition at concentrations >1, >1, and >3 uM, respec-
tively. The catalytic efficiency of sulfonation (V,,,./K,,) of the
SULTs (other than SULTI1A1) decreases in the order of
SULTIC4 > SULT1A2 > SULTIEl > SULT1A3 > SULTIB1 >
SULTIC2 > SULT2AI1. The isoenzymes SULT1C3, SULT2BI1_vl,
SULT2B1_v2, and SULT4A1_v2 did not show any sulfonation
activity toward hesperetin under the conditions used in this study.
SULTI1C4 and SULT2ATL selectively catalyzed the sulfonation at
the hydroxyl moiety of position 7 of hesperetin, whereas
SULT1A1, SULT1A2, and SULTI1EI solely conjugated the hy-
droxyl moiety at position 3" (Fig. 5). SULT1C2 converted hes-
peretin into both hesperetin 3’-O-sulfate and hesperetin 7-O-sulfate,
however preferentially into the latter, whereas SULT1A3 and
SULTI1B1 preferentially conjugated the hydroxyl moiety of hespere-
tin at position 3" (Fig. 5). For all SULTS, the regioselectivity at 1 or
50 uM hesperetin was similar to that obtained at 10 uM.

Glucuronidation by Human and Rat Tissue Samples. The ap-
parent V.. and K values for the formation of hesperetin 7-O-
glucuonide and hesperetin 3'-O-glucuronide by human and rat micro-
somal fractions from different tissues are shown in Table 4, as well as
the apparent catalytic efficiencies (V,,,,
ues. Hesperetin was converted into both glucuronide metabolites by
microsomes from all human and rat tissues tested. Generally, the
affinity was higher (K,, lower) for glucuronidation at position 3’,
whereas the capacity (V,,,,) was higher for glucuronidation at position
7 (Table 4), and, as a result, at higher hesperetin concentrations

/K,,,) derived from these val-
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TABLE 3

v,

max m

and K,, values determined from three independent curves and the catalytic efficiencies (V,,,/K,,) derived from these values for the sulfonation of hesperetin

(1 up to 50 uM unless stated otherwise) by individual SULT enzymes

Data are means = S.E.M.

7-0O-Sulfonation

3'-0O-Sulfonation

SULT Isoform

Kin Vinax Vinax/Km Kin Vinax Vinax/Kom
uM nmol min~" mg protein™! wl min~" mg protein™! uM nmol min~" mg protein™! wl min~! mg protein™!
SULT1A1 N.D N.D. <0.15¢ — —
SULTIA2 N.D N.D. 0.5*0.2" 454 * 94.8" 881,553"
SULT1A3 125+ 33 89.9 = 7.43 7178 132 £3.0 276 = 24.8 20,964
SULTI1BI 39+05 3.54 £ 0.66 899 43+02 215214 5003
SULTIC2 66.7 £ 16.1 18.8 £ 6.83 282 28.3 £ 14.5 1.45 £ 0.46 51
SULTI1C3 N.D. N.D. N.D. N.D.
SULT1C4 0.1 = 0.0° 87.4 = 8.13¢ 1,117,263¢ N.D. N.D.
SULTIE1 N.D. N.D. 2.5+ 1.0¢ 538 + 1344 219,242
SULT2A1 80.2 £ 21.0 10.2 = 1.96 127 N.D. N.D.
SULT2B1_v1 N.D. N.D. N.D. N.D.
SULT2B1_v2 N.D. N.D. N.D. N.D.
SULT4A1_v2 N.D N.D. N.D. N.D.

N.D., not detectable.

“SULTI1A1 demonstrated strong substrate inhibition at concentrations >0.1 uM, precluding determination of kinetic parameters.

» SULT1A2 showed substrate inhibition at concentrations >1 uM hesperetin; K; = 1.9 uM.
“ SULT1C4 showed substrate inhibition at concentrations >1 uM hesperetin; K; = 23.5 uM.
4 SULTIE] showed substrate inhibition at concentrations >3 M hesperetin; K; = 12.9 uM.
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Fic. 5. Regioselectivity of the sulfonation of hesperetin at position 7 (H) or
position 3" ((J) by different SULT enzymes and human and rat cytosol expressed as
percentage of the total amount of hesperetin sulfates formed at a 10 uM hesperetin
concentration. HLC, human liver cytosol; RLC, rat liver cytosol; HSIC, human
small intestinal cytosol; HCC, human colon cytosol; RCC, rat colon cytosol.

relatively more hesperetin 7-O-glucuronide than hesperetin 3'-gluc-
uronide is formed.

Sulfonation by Human and Rat Tissue Samples. The apparent
Vinax and K. values determined for the formation of hesperetin
7-O-sulfate and hesperetin 3'-O-sulfate by human and rat cytosol
from different tissues are shown in Table 4, as well as the apparent
catalytic efficiencies (V,,,,/K,,) derived from these values. Hesperetin
was predominantly converted into hesperetin 3'-O-sulfate by human
small intestinal cytosol with a K, of 0.6 uM and a capacity of 0.79
nmol min~!' mg of protein~!, whereas rat small intestinal cytosol did
not show sulfonation activity toward hesperetin (Table 4). Rat as well
as human colonic cytosol showed low catalytic efficiencies. Liver
cytosol of both species converted hesperetin into hesperetin 3'-O-
sulfate already at low concentrations and demonstrated substrate in-
hibition at hesperetin concentrations >0.25 uM. It is remarkable that
rat liver cytosol also demonstrated efficient conversion of hesperetin
into hesperetin 7-O-sulfate at low concentrations, with substrate in-

hibition at hesperetin concentrations >0.25 uM, whereas the sample
of human liver cytosol demonstrated very little 7-O-sulfate formation
(Table 4).

Discussion

In the present study, the kinetics for the conjugation of hes-
peretin by individual UGT and SULT enzymes and rat or human
microsomes and cytosol from small intestine, colon, and liver was
characterized. Hesperetin was conjugated at the C7 and C3’ hy-
droxyl moieties. It is interesting to note that conjugation at the C5
hydroxyl moiety was not catalyzed. This phenomenon can be
explained by the strong intramolecular hydrogen bond between this
hydroxyl moiety and the C4 carbonyl moiety preventing the phase
II conjugation (Exarchou et al., 2002). Of all UGTs tested,
UGT1A9, UGT1A1, UGT1A7, UGT1A3, and UGT1A8 demon-
strated the highest catalytic efficiencies (Table 2). These UGTs
have been reported to efficiently catalyze the glucuronidation of
other flavonoids as well, as was recently reviewed Zhang et al.
(2007b), although the relative efficiency of different UGTs seems
to be highly dependent on the flavonoid structure involved. Hes-
peretin, as other flavonoids, seems not to be a suitable substrate for
UGT1A4 (Walle et al., 2000; Boersma et al., 2002; Tang et al.,
2009). The regioselectivity of hesperetin glucuronidation varied
enzyme specifically (Fig. 4). Differences in the regioselectivity of
the flavonoid conjugation by different individual UGTs has also
been reported for the conjugation of other flavonoids (Boersma et
al., 2002; Otake et al., 2002; Zhang et al., 2007a; Tang et al.,
2009), the regioselectivity being dependent on the isoenzyme
involved, the flavonoid converted, and the substrate concentration.
For instance, luteolin (3',4',5,7-tetrahydroxyflavone) was almost
solely (98% of HPLC chromatogram peak area) converted into a
7-0-glucuronide metabolite by UGT1A6, whereas quercetin
(3,3',4',5,7-tetrahydroxyflavone), bearing one extra hydroxyl moi-
ety, was metabolized into its 4'-O-glucuronide (32%), 7-O-
glucuronide (30%), 3'-O-glucuronide (22%), and 3-O-glucuronide
(16%) by UGT1A6 (Boersma et al., 2002).

Of the SULT enzymes (apart from SULTI1A1), SULT1A2,
SULTIC4, and to a lesser extent SULTIEI and SULTIA3 dem-
onstrated the highest catalytic efficiencies for the sulfonation of
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Data are means = S.E.M.

Small intestine

PHASE II| METABOLISM OF HESPERETIN BY UGTs AND SULTs 623

hesperetin (Table 3). SULT1A1, SULT1A3, and SULTIE1 have
been reported to sulfonate other flavonoids as well (Otake et al.,
S S 7 2002; Nakano et al., 2004; Ung and Nagar, 2007). In the present
— study, SULT1A1, SULT1A2, and SULTIE1 solely catalyzed the
formation of hesperetin 3'-O-sulfate, whereas SULTIC4 and
SULT2A1 solely catalyzed the formation of hesperetin 7-O-sulfate
= &% (Fig. 5). The regioselectivity of flavonoid sulfonation appears to be
Sn SO 4 e dependent on the SULT isoenzyme as well as on the flavonoid
;‘ z ;' ir' N studied: daidzein (4',7-dihydroxyisoflavone) and genistein (4',5,7-
S S3 trihydroxyisoflavone) were reported to be predominantly sulfated
) by SULTI1ATL at position 7 rather than at position 4', whereas the
! A ’; E <% % hydroxyl moieties at both positions were sulfonated with similar
:rg‘ z :1 :l '\;/> s o efficiency by SULT1E1 (Nakano et al., 2004). At low concentra-
=] A~ T tions of hesperetin, SULT1A2, SULT1C4, SULTIE1 (Table 3),
¢ and especially SULT1A1 demonstrated substrate inhibition. This
ég property of SULTs in the conjugation of flavonoids at low con-
© o g g centrations is also reported for the SULT1A1-mediated sulfonation
- - Tg% of daidzein (>1.5 uM) and genistein (>2 uM) (Nakano et al.,
Bz 2004) and for the SULT1E1-mediated sulfonation of quercetin and
NS chrysin (Ung and Nagar, 2007).
3 g8 s §§ Incubations of hesperetin with human and rat microsomal frac-
S4 S°S S. §§ tions in the presence of UDPGA resulted in formation of hesperetin
ir‘ z [+\| ﬂ i: | 3 7-0O-glucuronide and hesperetin 3'-O-glucuronide (Table 4). Based
S 2SS S g on the kinetics of the individual human UGTs (Table 2) and the
g % g data on UGT mRNA expression levels (Gregory et al., 2004;
223 2w > E g Nakamura et al., 2008; Izukawa et al., 2009; Ohno and Nakajin,
f 2 L' ﬂ .t,l % é §§ 2009), the 7-O-glucuronidation of hesperetin in human tissue frac-
o © = = % q é tions is probably catalyzed by UGT1A1 and UGT1A9. The 3'-0-
Ez ; glucuronidation of hesperetin by human microsomes is probably
Z5% catalyzed by UGT1A9 and UGT1A1, whereas in the human small
53 T2 &= %§ E intestinal and colonic microsomes UGT1A7 and UGTIA8 may
D Y contribute as well. However, one should keep in mind that selec-
éé é‘) tivity profiles by single UGTs in complete systems, in which
S :%’;.:3) protein-protein interactions may occur, may be different from
2z o3 23 ‘:L;, & those in in vitro model systems (Fujiwara et al., 2007). Taking the
SS So S n p 2 catalytic efficiencies (Table 2) and the mRNA expression levels of
;‘ ﬂ ;I ﬂ Ll ir‘ E :9, & the rat ortholog UGTs into account (Shelby et al., 2003), it can be
da 22 2% b fi that, in rat liver and rat intestinal microsomes, rat
(S} (=) O < N oreseen . .
28 Z UGT1AT1 and rat UGT1A7 are probably responsible for the gluc-
22 32 Z3 é g % uronidation of hesperetin.
AR g § g Incubations with the human cytosolic fractions demonstrated pref-
S S SE§ erential sulfonation of position 3’ of hesperetin (Table 4). Although
; £ g SULT1A2, SULT1C4, and SULT1E1 demonstrate high catalytic ef-
2 % %‘ ficiencies based on expression levels (Teubner et al., 2007; Riches et
wo ma = al., 2009), they are minor SULT isoforms in the intestine and liver. It
$T T6 A £5¢2 is concluded that SULT1A1 in particular is involved in the sulfonation
%% _g of hesperetin in the human liver, whereas SULT1B1 and SULT1A3
é 5 é will preferably contribute to the intestinal sulfonation of hesperetin.
e m® 94 g E’JE Our incubations with human cytosol demonstrating predominant for-
SS S5 oo R mation of hesperetin 3'-O-sulfate, the major metabolite formed by
AR AR AR I RRS SULTIAL as well as by SULTIBI and SULT1A3, support such a
o ol zZZ % § Eﬂ notion. Hesperetin was not sulfonated by rat small intestinal cytosol,
“ E é £ which corresponds with the negligible SULT expression in the small
a2 2 =°F é i E intestine of rats (Meinl et al., 2009). The hepatic expression of the rat
oA H A £2% ortholog of SULT1C4, a form not detected in human liver (Sakakibara
2; :E gg ) § :’:% et al., 1998), probably explains the formation of hesperetin 7-O-
= ? =3 sulfate by rat liver cytosol.
;E EES When both SULTSs and UGTs play a role at the same time, such
- - . | 2885 as in the in vivo situation, the existence of mixed conjugates has
< < < g RS . .
£ . < E. ., Ex o EES bf:en reported as well. In a Stl}d'}/ in WhI.Cl"l human volunteers were
ol gl N e given up to 1 liter of orange juice providing 444 mg/l hesperidin,
“ - the circulating forms of hesperetin in the plasma consisted of
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glucuronides (87%) and sulfoglucuronides (13%) as determined
after specific enzymatic hydrolysis (Manach et al., 2003). In an-
other study in which human volunteers were given 250 ml of
orange juice containing 410 mg/1 hesperidin, only hesperetin gluc-
uronides were detected in the plasma; however, substantial
amounts of hesperetin sulfoglucuronides were detected in the urine
as indicated by liquid chromatography-tandem mass spectrometry
(Mullen et al., 2008). The authors argued that the kidney may be
involved in postabsorption phase II metabolism, which could be
explained by the expression of SULT1AL1 in the kidneys (Meinl et
al., 2006; Riches et al., 2009), the enzyme for which we found a
high affinity toward hesperetin resulting in sulfonation at very low
concentrations. In a third study in which human volunteers were
given oranges or orange juice providing, respectively, 161 or 145
mg of hesperidin, hesperetin 7-O-glucuronide and 3'-O-
glucuronide were detected in blood and plasma, as well as hes-
peretin 3'-O-sulfate, as qualified by liquid chromatography-
tandem mass spectrometry and metal complexation techniques
(Brett et al., 2009). The absence of hesperetin 7-O-sulfate in these
human volunteers is supported by the sulfonation kinetics found in
the present study.

We recently analyzed the metabolism of hesperetin in vitro using
Caco-2 cell monolayers as a model of the intestinal barrier. After
incubations of hesperetin with Caco-2 cell monolayers, formation
of hesperetin 7-O-glucuronide and 7-O-sulfate was observed,
whereas no metabolites of hesperetin conjugated at position 3’
were detected. These observations could be explained by the
relatively strong expression of SULT1C4 (Tamura et al., 2001;
Meinl et al., 2008b) and UGT1A6 (Paine and Fisher, 2000), both
enzymes specifically catalyzing the conjugation at position 7,
compared with other SULT or UGT forms in Caco-2 cells. More-
over, small interfering RNA-mediated UGT1A6 silencing in this
cell line heavily decreased the glucuronidation of the flavonoid
apigenin, which demonstrates an important role for UGT1AG6 in the
glucuronidation by Caco-2 cells of a structurally related compound
(Liu et al., 2007).

In conclusion, the results of the present study show that indi-
vidual UGTs and SULTs demonstrate marked regioselective kinet-
ics for conjugation of hesperetin. As a result, variations in expres-
sion levels of these UGTs and SULTs give rise to different
metabolite patterns in different biological systems. Because differ-
ent flavonoid conjugates may have different physiological and/or
biological properties, this regioselective conjugation by different
UGT and SULT enzymes should not be ignored in flavonoid
research. Finally, given the high catalytic efficiency and expres-
sion levels of UGTSs in intestinal tissue, it can be concluded that
first-pass metabolism within the intestinal cells contributes signif-
icantly to the formation of hesperetin 3'-O-glucuronide and 7-O-
glucuronide, the major hesperetin metabolites found in vivo.
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