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ABSTRACT:
Menten kinetics. The Km values of HLMs, HIMs, rUGT1A6, and
rUGT1A9 for PAL glucuronidation were as follows: 432.7 ⴞ 24.5,
626.9 ⴞ 49.2, 367.5 ⴞ 25.1, and 379.9 ⴞ 42.5 M for M-1 and 336.7 ⴞ
15.3, 494.3 ⴞ 48.7, 211.4 ⴞ 13.4, and 238.5 ⴞ 26.2 M for M-2,
respectively. The PAL glucuronidation activity was significantly
correlated with UGT1A6 activity rather than with UGT1A9 activity
from 15 individual HLMs. A chemical inhibition study showed that
the IC50 for phenylbutazone inhibition of PAL glucuronidation was
similar in HLMs (61.9 ⴞ 7.9 M) compared with rUGT1A6 (45.3 ⴞ 7.7
M). In contrast, androsterone inhibited rUGT1A9-catalyzed and
HLM-catalyzed PAL glucuronidation with IC50 values of 27.1 ⴞ 3.8
and >500 M, respectively. In combination, we identified UGT1A6
as the major isozyme responsible for PAL glucuronidation in HLMs.

Glucuronidation represents a major phase II reaction of numerous
xenobiotic as well as endogenous compounds (King et al., 2000). By
adding the glucuronosyl group of UDP-glucuronic acid (UDPGA),
which is catalyzed by a superfamily of UDP-glucuronosyltransferases
(UGTs), such compounds become more hydrophilic and are therefore
more readily excreted. Currently, at least 17 human UGTs have been
identified and are classified into the two subfamilies, UGT1 and
UGT2, based on sequence homologies (Radominska-Pandya et al.,
1999; Mackenzie et al., 2005). The majority of UGTs, as with other
xenobiotic-metabolizing enzymes, display broad and overlapping substrate specificities. But a few specific reactions have been described
for certain UGT isoforms, e.g., the glucuronidation of bilirubin by
UGT1A1 (Bosma et al., 1994), trifluoperazine by UGT1A4 (Di Marco
et al., 2005), serotonin by UGT1A6 (Krishnaswamy et al., 2003),
propofol by UGT1A9 (Ebner et al., 1993), and 3⬘-azido-3⬘-deoxythy-

midine by UGT2B7 (Court et al., 2003). UGTs are not limited to the
liver, and some extrahepatic tissues are known to exhibit significant
activities. For example, UGT1A7, 1A8, and 1A10 are specifically
expressed in the gastrointestinal tract with little or no activity in the
liver (Strassburg et al., 1999).
Salvia miltiorrhiza has been widely used in China for the treatment
of coronary heart disease, cerebrovascular disease, bone loss, hepatitis, hepatocirrhosis, and chronic renal failure (Sugiyama et al., 2002;
Ding et al., 2005; Chang et al., 2006). PAL (Fig. 1) has been considered as one of the major active constituents of S. miltiorrhiza (Ye et
al., 2003). A number of pharmacological studies showed that PAL
possessed biological activities such as reducing inflammation, reducing atherosclerosis, improving the microcirculation, and inhibiting
the aggregation of platelets (Han et al., 2005; Zhou et al., 2005). In
general, the water-soluble curative components of S. miltiorrhiza
including PAL are obtained by water extraction from the medicinal
herb and then are orally administrated. This class of components was
called water-soluble phenolic acids and was likely to go through phase
II conjugation reactions (Baba et al., 2004; Konishi et al., 2005).
Phase II reactions lead to the formation of a covalent linkage between
a functional group either on the parent compound or on one introduced as a result of a phase I reaction (Iyanagi, 2007). The conjugation reactions, sulfation, methylation, and glucuronidation, catalyzed
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Glucuronidation is an important pathway in the metabolism of
protocatechuic aldehyde (3,4-dihydroxybenzaldehyde, PAL). However, the metabolites and primary UDP-glucuronosyltransferase
(UGT) isozymes responsible for PAL glucuronidation remain to be
determined in human. Here, we characterized PAL glucuronidation
by human liver microsomes (HLMs), human intestine microsomes
(HIMs), and 12 recombinant UGT (rUGT) isozymes to identify what
kinds of metabolites are present and which human UGT isozymes
are involved. Two metabolites (M-1 and M-2) were detected in
reactions catalyzed by HLMs, HIMs, rUGT1A6, and rUGT1A9 and
were identified as monoglucuronides by liquid chromatographymass spectrometry. A kinetic study showed that PAL glucuronidation by rUGT1A6, rUGT1A9, HIMs, and HLMs followed Michaelis-

PAL GLUCURONIDATION BY UGT1A6

FIG. 1. Structure of PAL.

Materials and Methods
Chemicals and Reagents. Protocatechuic aldehyde, alamethicin, magnesium chloride, D-saccharic acid 1,4-lactone, ␤-D-glucuronoside, UDPGA, serotonin, propofol, androsterone, S-adenosyl-L-methionine (SAM), 3⬘-phosphoadenosine 5⬘-phosphosulfate (PAPS), and phenylbutazone were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HLMs and human liver S9 fraction
were prepared according to the methods described by Guengerich (1989).
Protein concentration was determined by using bovine serum albumin as the
standard (Lowry et al., 1951). Pooled HIMs containing equal amounts of
microsomes prepared from both the duodenum and jejunum section of each of
the five donors (one female and four males of Caucasian and African American
race, with ages ranging from 16 to 64 years) and a panel of recombinant human
UGT Supersomes (UGT1A1, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4,
2B7, 2B15, and 2B17) expressed in baculovirus-infected insect cells were
purchased from BD Gentest Corp. (Woburn, MA). The range of catalytic rate
activity for 12 recombinant UGT Supersomes supplied by the company were

from 250 to 12,000 pmol/min/mg of protein. All other reagents were of HPLC
grade or of the highest grade commercially available.
Incubations of PAL with Human Liver S9 Fraction. Methylation of PAL
was evaluated by incubating PAL (100 M) with human liver S9 (2 mg of
protein/ml), MgCl2 (5 mM), and SAM (50 M) in a total volume of 200 l of
50 mM Tris-HCl buffer (pH 7.5) at 37°C for 30 min. The reactions were
terminated by the addition of 0.1 ml of 10% trichloroacetic acid, followed by
centrifugation at 20,000g for 10 min to obtain the supernatant. Aliquots (30 l)
were then analyzed by a high-performance liquid chromatograph equipped
with a UV detector. Control incubations without SAM or without substrate
were performed to ensure that the metabolites produced were human liver S9
and were SAM-dependent or not. Sulfation of PAL was evaluated by incubating PAL (100 M) with human liver S9 (2 mg of protein/ml) and PAPS (50
M) in a total volume of 200 l of 50 mM Tris-HCl buffer (pH 6.8) at 37°C
for 30 min. The reactions were terminated by the addition of 0.1 ml of 10%
trichloroacetic acid, followed by centrifugation at 20,000g for 10 min to obtain
the supernatant. Aliquots (30 l) were then analyzed by HPLC. Control
incubations without PAPS or without substrate were performed to ensure that
the metabolites produced were human liver S9 fraction and were PAPSdependent or not.
Identification of PAL Glucuronidation. PAL (400 M) was incubated in
reaction mixtures of 0.20 ml of 50 mM Tris-HCl buffer (pH 7.5) containing 5
mM MgCl2, 25 g/ml alamethicin, 10 mM D-saccharic acid 1,4-lactone, and
HLMs at 37°C for 20 min in the presence of 5 mM UDPGA. The reactions
were terminated by the addition of 0.1 ml of 10% trichloroacetic acid, followed
by centrifugation at 20,000g for 10 min to obtain the supernatant. Aliquots (30
l) were then analyzed by HPLC. Control incubations without UDPGA or
without substrate or without microsomes were performed to ensure that the
metabolites produced were microsomes and were UDPGA-dependent or not.
For the identification of the glucuronide peaks in HPLC, enzymatic hydrolysis
was performed with some incubations. In these experiments, D-saccharic acid
1,4-lactone was omitted, and an aliquot of the incubation mixture was mixed
with an equal volume of 0.15 M acetate buffer (pH 5.0) containing 1800
Fishman units of ␤-D-glucuronidase and incubated for 2 h at 37°C before
HPLC analysis. Liquid chromatography-mass spectrometry was also used for
the identification of PAL metabolites. The HPLC eluent from the detector was
introduced into the mass spectrometer via a 1:4 split. The mass spectrometer
was a TSQ triple quadrupole (Thermo Fisher Scientific, Waltham, MA)
equipped with an electrospray ionization interface. The spray voltage was 4.5
kV, and the capillary temperature was 300°C. Nitrogen was used as the
nebulizing and auxiliary gas. The nebulizing gas backpressure was set at 40 psi
and auxiliary gas at 20 (arbitrary units). Initially, the mass spectrometer was
programmed to perform full scans between m/z 100 and 1000 to observe the
[M ⫺ H]⫺ signals.
Kinetic Study in HLMs and HIMs. PAL (25–2000 M) was preincubated
with pooled HLMs (0.1 mg of protein/ml) and HIMs (0.15 mg of protein/ml)
at 37°C for 3 min in a final volume of 0.20 ml of 50 mM Tris-HCl buffer (pH
7.5) containing 5 mM MgCl2, 10 mM D-saccharic acid 1,4-lactone, and 25
g/ml alamethicin. After preincubation of the reaction mixture, the reaction
was started by adding UDPGA to a final concentration of 5 mM. After
incubation at 37°C for 20 min, the reaction was terminated by the addition of
0.1 ml of 10% trichloroacetic acid containing 24 g of internal standard (240
g/ml p-nitrophenyl-␤-D-glucuronide), followed by centrifugation at 20,000g
for 10 min to obtain the supernatant. Aliquots (30 l) were then analyzed by
HPLC. As no PAL monoglucuronide standards were available, it was assumed
that the glucuronides of PAL had the same molar absorbance as the respective
aglycones.
Glucuronidation by Recombinant UGTs. PAL glucuronidation was measured in reaction mixtures containing recombinant human UGT1A1, 1A3,
1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4, 2B7, 2B15, and 2B17. Substrate
concentrations of 400 M and protein concentrations of 0.1 mg of protein/ml
were used. All of the isozymes were left to react for 20 min. A kinetic study
for PAL glucuronidation by rUGT1A6 and rUGT1A9 was also conducted by
incubating PAL with rUGT1A6 (0.1 mg of protein/ml) or rUGT1A9 (0.1 mg
of protein/ml) for 20 min. The ranges of substrate concentration used to obtain
kinetic profiles were 25 to 2000 M in both rUGT1A6 and rUGT1A9.
Correlation Analysis in HLMs. The glucuronidation of PAL was measured in microsomes of 15 individual human livers. The activity of UGT1A6-
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by sulfotransferases (STs), catechol-O-methyltransferases (COMTs),
and UGTs, respectively, are effective detoxication mechanisms and
allow the excretion of the conjugates into bile and urine (Antonio et
al., 2002). Glucuronidation of PAL has been detected in studies with
rats (Xu et al., 2007a,b). Studies have shown that the majority of
metabolites were present in the plasma as conjugated forms and
reached a maximum concentration at 15 min after PAL administration
(Xu et al., 2007b). However, detailed information on the metabolism
of PAL and their pharmacokinetic fate in human is still scant.
Identification of metabolites and enzymes responsible for drug
metabolism are important to understand which one, parent drug or
metabolite(s), is really active and how variations in drug concentrations can lead to differences in drug efficacy and toxicity. In addition,
the identification of drug-metabolizing enzymes will be helpful for
elucidating the role of these particular enzymes in drug-drug interactions and evaluating the impact of genetic polymorphisms associated
with the enzymes of interest. Currently, the strategies for the procedures typically used for definitive cytochrome P450 reaction phenotyping have been developed for the identification of human UGTs
based on the glucuronidation of endogenous and exogenous compounds in vitro (Bauman et al., 2005; Mano et al., 2007).
In present study, the conjugation pathway of PAL in human was
distinguished in vitro. We detected two monoglucuronide metabolites
produced by HLMs, HIMs, and two rUGTs (rUGT1A6, and
rUGT1A9) by liquid chromatography-mass spectrometry. We identified UGT1A6 as the major isozyme involved in PAL glucuronidation
catalyzed by HLMs by the following evidence: 1) 12 rUGT isozymes,
2) correlation analysis, and 3) chemical inhibition study.
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catalyzed serotonin glucuronidation and UGT1A9-catalyzed propofol glucuronidation was 1.57 to 3.71 and 0.70 to 2.37 nmol/min/mg of protein,
respectively. The substrate and HLMs concentrations were 400 M and 0.1 mg
of protein/ml, respectively. The reaction mixture was incubated for 20 min at
37°C. Glucuronidation activities of serotonin and of propofol were provided by
the manufacturer as typical reference activities for UGT1A6 and UGT1A9,
respectively. p ⬍ 0.05 was considered statistically significant.
Chemical Inhibition Studies. PAL glucuronidation in pooled HLMs,
rUGT1A6, and rUGT1A9 was measured in the absence or presence of either
phenylbutazone or androsterone, two potent inhibitors for UGT1A6 and for
UGT1A9, respectively (Uchaipichat et al., 2006). PAL (400 M) was incubated in the absence or presence of either phenylbutazone (0 –750 M) or
androsterone (0 –500 M). Incubation was performed for 20 min using a
protein concentration of 0.1 mg of protein/ml.
Assay. The peak areas of PAL glucuronidation and the internal standard
were analyzed by HPLC with a UV detector. The HPLC system (Shimadzu,
Kyoto, Japan) consisted of a SCL-10A system controller, two LC-10AT
pumps, a SIL-10A auto injector, and a SPD-10AVP UV detector and a RP
Luna (Phenomenex, Torrance, CA) C18 column (4.6 ⫻ 150 mm, 5 m) was
used to separate PAL and its metabolites. An isocratic mobile phase system
was used. Eluent A was acetonitrile and eluent B was 0.5% acetic acid in water
(1:9, v/v), with a flow rate of 1 ml/min. The standard curve for PAL glucuronidation was linear from 0.5 to 300 M, and the correlation coefficient was
⬎0.99. The accuracy and precision of the back-calculated values for each
concentration were less than 15%.
Data Analysis. Kinetic constants for PAL glucuronidation by HLMs,
HIMs, recombinant UGT1A6, or recombinant UGT1A9 were obtained by
fitting experimental data to the Michaelis-Menten kinetics using Origin
(OrginLab Corporation, Northampton, MA). The Michaelis-Menten equation
is v ⫽ (Vmax ⫻ [S])/(Km ⫹ [S]), where v is the rate of reaction, Vmax is the
maximum velocity, Km is the Michaelis constant (substrate concentration at 0.5
Vmax), and [S] is the substrate concentration. The IC50, representing the
inhibitor concentration that inhibits 50% of control activity, was determined by
nonlinear curve fitting with Origin. Kinetic constants and IC50 values are
reported as the value ⫾ S.E. of the parameter estimate.

Results
Analysis of PAL Metabolites. When PAL was incubated with
HLMs, HIMs, and recombinant UGTs in the presence of UDPGA and
the incubation mixture analyzed by HPLC, two new peaks were eluted

at 5.4 (M-1) and 7.9 min (M-2), respectively (Fig. 2). These products
were absent when the incubation mixture was treated with ␤-glucuronidase before HPLC (data not shown). The electrospray ionization
mass spectra of the peaks had ions at m/z 313 in the negative ion mode
(data not shown). These findings indicate that the peaks formed by
incubating PAL in the presence of UDPGA are monoglucuronides of
PAL. When PAL was incubated with human liver S9 in the presence
of SAM (as a methyl donor) or PAPS (as a sulfuryl donor) and the
incubation mixtures were analyzed by HPLC, no new peaks were
detected in either conditions. In addition, no PAL depletion were
observed in experimental groups compared with control groups (data
not shown).
Kinetic Studies in HLMs, HIMs, and Recombinant UGTs. To
find how many UGTs are involved, we first investigated the kinetics
of PAL glucuronidation in pooled HLMs and HIMs. The substrate
concentration-glucuronidation velocity curves followed typical
Michaelis-Menten kinetics (Fig. 3, A and B). At the appropriate PAL
concentration (average of Km for M-1 and Km for M-2 in HLMs, 400
M), in a panel of commercially available rUGTs (1A1, 1A3, 1A4,
1A6, 1A7, 1A8, 1A9, 1A10, 2B7, 2B15, and 2B17), rUGT1A6 and
rUGT1A9 demonstrated the ability to catalyze PAL glucuronidation
(Fig. 4). Further experiments to characterize the kinetics for PAL
glucuronidation revealed Michaelis-Menten kinetics for rUGT1A6
and rUGT1A9 (Fig. 5, A and B).
When PAL was incubated with HLMs, the kinetic parameters from
three independent experiments over a concentration range of 25 to
2000 M PAL were Km ⫽ 432.7 ⫾ 24.5 M and Vmax ⫽ 31.73 ⫾
0.74 nmol/min/mg of protein for M-1 and Km ⫽ 336.7 ⫾ 15.3 M and
Vmax ⫽ 23.97 ⫾ 0.41 nmol/min/mg of protein for M-2 (mean ⫾
computer-calculated S.E.). Under the same condition, when HIMs
were used to replace HLMs, the kinetic parameters were Km ⫽
626.9 ⫾ 49.2 M and Vmax ⫽ 14.74 ⫾ 0.52 nmol/min/mg of protein
for M-1 and Km ⫽ 494.3 ⫾ 48.7 M and Vmax ⫽ 10.49 ⫾ 0.43
nmol/min/mg of protein for M-2. The kinetic parameters for
rUGT1A6 were Km ⫽ 367.5 ⫾ 25.1 M and Vmax ⫽ 14.12 ⫾ 0.37
nmol/min/mg of protein for M-1 and for Km ⫽ 211.4 ⫾ 13.4 M and
Vmax ⫽ 13.00 ⫾ 0.28 nmol/min/mg of protein M-2. The kinetic
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FIG. 2. Representative HPLC profiles of PAL and its metabolites. PAL (500 M) was incubated with HLMs (0.1 mg/ml) at 37°C for 30 min with (⫹UDPGA) or without
(⫺UDPGA) UDPGA as described under Materials and Methods. Metabolites (M-1 and M-2) and PAL were eluted at 5.4, 7.9, and 22.9 min, respectively.
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FIG. 3. Kinetics of PAL glucuronidation in HLMs (A) and in HIMs (B). PAL (25–2000 M) was incubated with pooled HLMs (0.1 mg of protein/ml) and HIMs (0.15
mg of protein/ml) at 37°C for 20 min. The Eadie-Hofstee plot is shown as an inset. Data represent the mean of duplicate determinations.
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FIG. 4. PAL glucuronidation by recombinant human UGTs. PAL was incubated
with recombinant human UGT1A1, UGT1A3, UGT1A4, UGT1A6, UGT1A7,
UGT1A8, UGT1A9, UGT1A10, UGT2B4, UGT2B7, UGT2B15, and UGT2B17 at
37°C for 20 min. A substrate concentration of 400 M and a protein concentration
of 0.1 mg of protein/ml were used. Data represent the mean of duplicate determinations.

Discussion
The metabolism of PAL has not yet been well characterized in
humans, although PAL has valuable therapeutic properties. Because
the two phenol groups in PAL could be the catalytic sites of phase II
conjugation enzymes such as COMTs, STs, and UGTs, in this study,
we focused on investigating the conjugation pathway of PAL. Our
results showed that UGTs, but not COMTs or STs, played an important role in the conjugate elimination of PAL. When PAL was incubated with HLMs, two metabolites (M-1 and M-2) were observed.
These two metabolites were identified to be monoglucuronides by
enzymatic hydrolysis and mass spectrometry analysis. The metabolites were not sufficient for nuclear magnetic resonance analysis; thus,
their exact structure could not be ascertained.
To identify and characterize the UGT isozymes involved in PAL
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parameters for rUGT1A9 were Km ⫽ 379.9 ⫾ 42.5 M and Vmax ⫽
10.03 ⫾ 0.43 nmol/min/mg of protein for M-1 and Km ⫽ 238.5 ⫾
26.2 M and Vmax ⫽ 9.44 ⫾ 0.33 nmol/min/mg of protein for M-2.
Correlation Study in HLMs. The overall glucuronidation velocity
of PAL (M1 ⫹ M2) in microsomes from 15 human livers ranged from
6.4 to 41.5 nmol/min/mg of protein. Rates of PAL glucuronidation
correlated well (r ⫽ 0.9330, P ⬍ 0.0001) with rates of glucuronidation of the UGT1A6 probe substrate serotonin (Fig. 6A) but not with
rates of glucuronidation of propofol (Fig. 6B), a specific probe of
UGT1A9. Interestingly, the coefficient between the overall PAL
glucuronidation activities and the activities toward propofol was improved to 0.7453 (from 0.2801) after addition of phenylbutazone (500
M) to inhibit UGT1A6 activities in 15 individual HLMs (Fig. 6C).
Chemical Inhibition Studies. The inhibitory effects of phenylbutazone and androsterone on PAL glucuronidation in pooled HLMs
were evaluated. As shown in Fig. 7, a similar tendency was obtained
in HLMs and the rUGT1A6 system using phenylbutazone to inhibit
the activity of UGT1A6. However, a different profile occurred in
HLMs and the rUGT1A9 system using the 1A9 inhibitor, androsterone. The IC50 values for androsterone inhibition of HLMs were not
determined because of the low degree of inhibition (IC50 ⬎ 500 M),
although androsterone-inhibited PAL glucuronidation by rUGT1A9
was calculated to be 27.1 ⫾ 3.8 M for both metabolites (mean ⫾
computer-calculated S.E.). The IC50 value for phenylbutazone inhibition of HLMs was calculated to be 61.9 ⫾ 7.9 M for both
metabolites (mean ⫾ computer-calculated S.E.). Phenylbutazone inhibited PAL glucuronidation by rUGT1A6 to a similar extent as in
HLMs, the IC50 value was 45.3 ⫾ 7.7 M for both metabolites
(mean ⫾ computer-calculated S.E.).

glucuronidation, we examined PAL glucuronidation activities in
rUGT and HLM incubation systems and compared the enzyme kinetic
parameters between them. In addition, both a correlation analysis and
a chemical inhibition study were used to differentiate the relative
contributions of the UGT isoforms involved. The kinetic profiles
followed Michaelis-Menten kinetics in HIMs and HLMs incubation
systems (Figs. 3 and 5). The Eadie-Hofstee plots for PAL glucuronidation by HIMs and HLMs were monophasic, suggesting that
one primary UGT isozyme or more than one UGT isozymes with
similar kinetic behavior would be involved in the reactions in the
systems. Further experiments in 12 commercially available rUGT
isozymes showed that rUGT1A6 and rUGT1A9 demonstrated catalytic activity toward PAL (Fig. 4). In addition, the Km values of PAL
of both M-1 and M-2 with rUGT1A6 were similar to those with
rUGT1A9, but the values in rUGT1A6 and rUGT1A9 systems were
both relatively lower than those in HLMs. It has been reported that Km
values of some substrates in rUGT isozyme systems are somewhat
lower than those in HLMs (Court et al., 2003; Mano et al., 2007).
Because the intrinsic clearance (CLint, calculated as Vmax/Km) directly
reflects the capability of eliminating chemicals of enzymes (De Buck
and Mackie, 2007), we calculated the CLint of PAL to M-1 and M-2.
Both values with rUGT1A6 were higher than those with rUGT1A9,
respectively. The overall activity of PAL glucuronidation was significantly correlated with the activity of serotonin glucuronidation catalyzed by UGT1A6 in 15 individual HLMs (Fig. 6A). However, the
activity was not correlated with the activity toward propofol, a proposed UGT1A9-selective probe substrate (Fig. 6B). It is particularly
noteworthy that after addition of phenylbutazone (500 M), a potent
inhibitor of UGT1A6, into the incubation systems, the overall PAL
glucuronidation activities were significantly decreased in 15 HLMs,
and the coefficient between the overall PAL glucuronidation activity
and UGT1A9 activity was improved from 0.2801 to 0.7453 (Fig. 6C).
In addition, the inhibitory effects of phenylbutazone on rUGT1A6and HLM-catalyzed PAL glucuronidation had similar IC50 values
(45.3 ⫾ 7.7 M versus 61.9 ⫾ 7.9 M). However, the UGT1A9
inhibitor androsterone (500 M) only slightly inhibited the PAL
glucuronidation activities of HLMs, although androsterone inhibited
the activity of PAL glucuronidation with the IC50 values of 27.1 ⫾ 3.8
M for both metabolites in rUGT1A9 system. Furthermore, there is
evidence that UGT1A6 and UGT1A9 are expressed in the liver
(Strassburg et al., 1997), and UGT1A6 is a major level-expressed
phenol UGT (Kessler et al., 2002). These findings suggest that although UGT1A9 has similar capability for catalyzing PAL glucuronidation to UGT1A6, the major UGT isozyme responsible for PAL
glucuronidation in HLMs is UGT1A6, rather than UGT1A9, whose
level in liver is probably lower than that of UGT1A6 in HLMs.
In contrast to HLMs, about one-third of the intrinsic clearance
values for both metabolites were generated by HIMs. Thus, the
intestine might not be the main glucuronidation metabolic organ but
could contribute to presystemic elimination after oral administration
of PAL. However, because no HLMs and HIMs were from the same
donor, we could not measure their exact contribution. For oral administration, both the relatively higher concentration of PAL in the
intestine and the larger surface area in the small intestine could
contribute to elimination of PAL glucuronidation. The role of PAL
glucuronidation activity in the intestine needs to be further studied.
UGT1A6 is an important UGT isozyme known to catalyze the glucuronidation of planar and short aromatic molecules, including drugs such
as acetaminophen (Court et al., 2001) and valproate (Ethell et al., 2003);
carcinogens, such as benzo(a)pyrene; and endogenous substrates, including serotonin (Krishnaswamy et al., 2003) and 5-hydroxytryptophol
(Krishnaswamy et al., 2004). Up to now, human UGT1A6 has been
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FIG. 5. Kinetics of PAL glucuronidation by recombinant UGT1A6 and recombinant UGT1A9. A, PAL (25–2000 M) was incubated with recombinant UGT1A6 (0.1 mg
of protein/ml) at 37°C for 20 min. B, PAL (25–2000 M) was incubated with recombinant UGT1A9 (0.1 mg of protein/ml) at 37°C for 20 min. The Eadie-Hofstee plot
is shown as an inset. Data represent the mean of duplicate determinations.
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expression studies of UGT1A6*2 (an isoform having two missense
mutations, T181A and R184S) showed that its glucuronidation activities
for phenolic compounds (4-tert-butylphenol, 3-ethylphenol/4-ethylphenol, 4-hydroxycoumarin, and butylated hydroxy anisole) were 27 to 75%
of those for the wild-type UGT1A6*1 (Ciotti et al., 1997). More recent
work (Nagar et al., 2004) indicated that the UGT1A6*2 polymorphism
(allele also contains an additional amino acid substitution, S7A) was
associated with approximately 2-fold higher glucuronidation activity using 4-nitrophenol and 1-napthol as substrates. Such polymorphisms
would be especially important for the glucuronidation of drugs such as
PAL that could be mainly UGT1A6-mediated glucuronidation.
In conclusion, we determined that UGT1A6 and UGT1A9 are
involved in PAL glucuronidation and that UGT1A6 plays a major role
in PAL glucuronidation in HLMs. Identification of UGT1A6 as being
responsible for PAL glucuronidation will greatly improve future investigations of UGT1A6 interindividual differences associated with
PAL clinical trials and the magnitude of drug-drug interactions.
FIG. 6. Correlation between overall PAL glucuronidation and other glucuronosyltransferase activities in microsomes from 15 human livers. PAL (400 M) was
incubated with individual HLMs (0.1 mg of protein/ml) at 37°C for 20 min.
Serotonin glucuronidation (A) and propofol glucuronidation (B), both typical reactions for UGT1A6 and UGT1A9, respectively, were provided by the manufacturer.
C, correlation between PAL glucuronidation and propofol glucuronidation after
addition of phenylbutazone (500 M) to inhibit UGT1A6 activities in 15 individual
HLMs. Data represent the mean of duplicate determinations.

identified in many tissues such as liver, kidney (Ouzzine et al., 1994),
brain (Martinasevic et al., 1998; Gradinaru et al., 1999), lung (Münzel et
al., 1996), and intestine (Strassburg et al., 2000). Expression of UGT1A6
has been demonstrated in human liver and in the intestine with large
interindividual differences (Münzel et al., 1993). Interindividual differences in UGT1A6-mediated glucuronidation may have important toxicological, pharmacological, and physiological consequences. A number
of studies have identified sequence polymorphisms within the UGT1A6
gene that are suggested to contribute to interindividual variability. In vitro
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