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Aims

To characterize the kinetics of S-naproxen (‘naproxen’) acyl glucuronidation and
desmethylnaproxen acyl and phenolic glucuronidation by human liver microsomes
and identify the human UGT isoform(s) catalysing these reactions.

Methods

Naproxen and desmethylnaproxen glucuronidation were investigated using
microsomes from six and five livers, respectively. Human recombinant UGTs were
screened for activity towards naproxen and desmethylnaproxen. Where significant
activity was observed, kinetic parameters were determined. Naproxen and desmeth-
ylnaproxen glucuronides were measured by separate high-performance liquid chro-
matography methods.

Results

Naproxen acyl glucuronidation by human liver microsomes followed biphasic kinetics.
Mean apparent K, values (£SD, with 95% confidence interval in parentheses) for
the high- and low-affinity components were 29 + 13 um (16, 43) and 473 + 108 um
(359, 587), respectively. UGT 1A1, 1A3, 1A6, 1A7, 1A8, 1A9, 1A10 and 2B7
glucuronidated naproxen. UGT2B7 exhibited an apparent K., (72 um) of the same
order as the high-affinity human liver microsomal activity, which was inhibited by the
UGT2B7 selective ‘probe’ fluconazole. Although data for desmethylnaproxen phenolic
glucuronidation by human liver microsomes were generally adequately fitted to either
the single- or two-enzyme Michaelis—Menten equation, model fitting was inconclusive
for desmethylnaproxen acyl glucuronidation. UGT 1A1, 1A7, TA9 and 1A10 catalysed
both the phenolic and acyl glucuronidation of desmethylnaproxen, while UGT 1A3,
1A6 and 2B7 formed only the acyl glucuronide. Atypical glucuronidation kinetics were
variably observed for naproxen and desmethylnaproxen glucuronidation by the recom-
binant UGTs.

Conclusion
UGT2B7 is responsible for human hepatic naproxen acyl glucuronidation, which is
the primary elimination pathway for this drug.
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Introduction

S-Naproxen (‘naproxen’) is an aryl propionic acid deriv-
ative (Figure 1) which continues to find widespread use
as a nonsteroidal anti-inflammatory agent. For example,
in excess of one million prescriptions were dispensed
for this drug in England in 2003 [1]. The principal route
of elimination of naproxen in humans is formation of an
acyl glucuronide. This pathway is responsible for
approximately 60% of total clearance [2, 3]. Demethy-
lation, to form desmethylnaproxen, apparently accounts
for the remainder of naproxen metabolism [4]. Cyto-
chromes P450 1A2 and 2C9 mediate human hepatic
naproxen demethylation [5]. Once formed, however,
desmethylnaproxen is glucuronidated. Unlike naproxen,
which forms only an acyl glucuronide, desmethyl-
naproxen may form both acyl and phenolic glucuronides
(Figure 1). Renal excretion of both unchanged naproxen
and desmethylnaproxen is minor [3].

Glucuronidation reactions are facilitated by the
enzyme UDP-glucuronosyltransferase (UGT). UGT
catalyses the covalent linkage of glucuronic acid,
derived from the cofactor UDP-glucuronic acid
(UDPGA), to a substrate bearing a suitable acceptor
group (most commonly hydroxyl, carboxylic acid or
amine). Consistent with its broad substrate profile,
UGT exists as an enzyme ‘superfamily’ [6]. Fifteen
functional UGT isoforms have been identified to date;
UGT 1A1, 1A3, 1A4, 1A6, 1A7, 1AS8, 1A9, 1A10,
2A1, 2B4, 2B7, 2B10, 2B15, 2B17 and 2B28 [7]. The
majority of these isoforms are expressed in liver,
although UGT2A1 is mainly localized in nasal epithe-
lium and UGT 1A7, 1A8 and 1A10 apparently occur
only in the gastrointestinal tract [8]. Another isoform,
UGT2B11, is considered an ‘orphan’ enzyme since,
despite considerable effort, substrates have not been
identified to date. Available evidence suggests that the
individual UGTs exhibit distinct, but overlapping, sub-
strate and inhibitor selectivities and differ in terms of
regulation [7].

Naproxen Desmethylnaproxen

Figure 1

Structures of naproxen and desmethylnaproxen, showing sites of
glucuronidation
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Despite the widespread use of naproxen, the kinetics
of naproxen and desmethylnaproxen glucuronidation by
human liver are poorly characterized. Similarly, there
has been no systematic investigation of the UGT iso-
forms contributing to naproxen and desmethylnaproxen
glucuronidation. This study aimed to characterize the
kinetics of naproxen acyl glucuronidation and desmeth-
ylnaproxen acyl and phenolic glucuronidation by human
liver microsomes and, using a ‘panel’ of recombinant
UGTs expressed in cell culture, identify the human iso-
form(s) responsible for the glucuronidation of naproxen
and desmethylnaproxen. Additionally, the work pro-
vided an opportunity to investigate the kinetic behaviour
of human UGTs.

Materials and methods

Materials

The glucuronides of S-naproxen and S-desmethyl-
naproxen (acyl and phenolic) were provided by
AstraZeneca (Sodertalje, Sweden). S-Naproxen and
desmethylnaproxen were obtained from Syntex Discov-
ery Research (Palo Alto, CA, USA) and fluconazole
from Pfizer Ltd (Sydney, Australia). Alamethicin,
UDPGA and [-glucuronidase were purchased from
Sigma-Aldrich (St Louis, MO, USA). All other chemi-
cals and reagents were of analytical reagent grade.

Human liver microsomes

Human livers (H6, H10, H12, H13, H29 and H40) were
obtained from the human liver ‘bank’ of the Department
of Clinical Pharmacology, Flinders Medical Centre.
Approval was obtained from the Flinders Medical Cen-
tre Research Ethics Committee and from the donor next-
of-kin for the procurement and use of human liver tissue
in xenobiotic metabolism studies. Microsomes were
prepared by differential centrifugation. Liver portions in
0.1 M phosphate buffer (pH 7.4) containing 1.15% w/v
potassium chloride were homogenized sequentially with
a Janke and Kunkle Ultra Turax (24 000 r.p.m.) and a
Potter-Elvehjem homogenizer (mechanical drive at
1480 r.p.m.). The homogenate was centrifuged at 700 g
for 10 min and then at 10 000 g for a further 10 min.
The supernatant fraction was aspirated and centrifuged
at 105 000 g for 60 min at 4 °C. The resulting pellet was
re-suspended in 0.1 M phosphate buffer (pH 7.4) con-
taining 1.15% w/v potassium chloride and centrifuged
at 105 000 g for 60 min at 4 °C. The microsomal pellet
was suspended in 0.1 M phosphate buffer (pH 7.4) con-
taining 20% glycerol and stored at —80 °C until use.
Microsomal protein concentrations were determined by
the method of Lowry et al. [9] using bovine serum albu-
min as standard. Human liver microsomes used in incu-



bations were activated with the pore forming peptide
alamethicin (50 ug mg™' microsomal protein) by prein-
cubation on ice for 30 min [10].

Expression of recombinant human UGT isoforms in

cell culture

The UGT 1Al, 1A3, 1A4, 1A6, 1A7, 1AS, 1A9, 1A10,
2B4, 2B7, 2B15 and 2B17 cDNAs were expressed in
a human embryonic kidney cell line (HEK293) as
described by Uchaipichat et al. [11]. Briefly, cells were
separately transfected with the individual cDNAs cloned
in the pEF-IRES-puro6 expression vector. Following
transfection, cells were incubated at 37 °C in Dul-
becco’s modified Eagle’s medium, which contained
puromycin (1.5 mg 1™"), 10% fetal calf serum, and gen-
tamicin (160 mg 1™") in a humidified incubator with an
atmosphere of 5% CO,. Puromycin-resistant colonies
were pooled and re-plated in the above media. After
growth to at least 80% confluency, cells were harvested
and washed in phosphate-buffered saline. Cells were
subsequently lysed by sonication using a Heat Systems
Ultrasonics sonicator set at a microtip limit of 4. Lysates
were centrifuged at 12 000 g for 5 min, and the super-
natant fraction was separated and stored in phosphate
buffer (0.1 M, pH 7.4). Activity of all recombinant
UGTs (except UGT1A4) was confirmed using the non-
selective substrate 4-methylumbelliferone [11]. The
activity of UGT1A4 was confirmed using trifluopera-
zine as substrate [12].

Chromatography

Chromatography was performed using an Agilent 1100
series high-performance liquid chromatography (Agi-
lent Technologies, North Ryde, NSW, Australia). The
system comprised a quaternary solvent delivery module
with in-line degassing, auto injector, temperature-
controlled column oven, and variable wavelength uv-vis
detector. The column temperature was 25 °C for both
the naproxen and desmethylnaproxen glucuronidation
assays.

Naproxen glucuronidation assay

Incubation mixtures, in a total volume of 0.5 ml, con-
tained activated human liver microsomes (0.25 mg),
naproxen (10-12 concentrations in the range 5-
4000 um), MgCl, (4 mM) and phosphate buffer (0.1 M,
pH 7.4). Separate ‘blank’ incubations were performed
in the absence of UDPGA and human liver microsomes.
After a 5-min preincubation, reactions were initiated by
the addition of UDPGA such that the final concentration
of cofactor was 5 mM. Incubations were performed in
air at 37 °C (shaking water bath), and terminated after
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20 min by the addition of an equal volume of ice-cold
4% v/v acetic acid in methanol. The mixtures were
vortex mixed, placed on ice, and then centrifuged at
5000 g for 10 min to precipitate microsomal protein. An
aliquot (30 pl) of the supernatant fraction was injected
onto a Waters Novapak CI8 column (150 % 3.9 mm,
4 um; Milford, MA, USA), which was eluted with
30 : 70 acetonitrile—water (containing 0.12% v/v acetic
acid) at a flow rate of 1.5 mlmin™'. Analytes were
detected by UV absorption at 225 nm. Under these con-
ditions, retention times for naproxen acyl glucuronide
and naproxen were 2.4 and 11.2 min, respectively. Incu-
bations performed using recombinant UGTs followed a
similar procedure, but with the following modifications:
incubation volume, 0.2 ml; HEK293 cell lysate protein,
0.3 mg; and incubation time, 40 min.

The identity of the naproxen glucuronide peak formed
by incubations of human liver microsomes and recom-
binant UGTs was confirmed by reference to an authentic
standard and by hydrolysis with -glucuronidase. How-
ever, the naproxen acyl glucuronide standard was hygro-
scopic. Although useful for metabolite identification, it
was considered unsuitable for standard curve construc-
tion. Hence, unknown concentrations of naproxen acyl
glucuronide were determined by reference to a standard
curve constructed for naproxen in the concentration
range 0.5-10 uM. Naproxen standard curves were linear
over this concentration range, with 7* values >0.99. The
lower limit of quantification was 0.02 uM. Overall assay
within-day precision was assessed by measuring
naproxen glucuronide formation for eight separate incu-
bations with the same batch of human liver microsomes
at low (20 um) and high (2000 um) substrate concentra-
tions. The within-day coefficients of variation were
5.4% and 5.2% at the low and high substrate concentra-
tions, respectively. Linearity of product formation with
respect to incubation time and microsomal protein con-
centration was determined for substrate concentrations
of 100 and 1000 uM. The formation of naproxen acyl
glucuronide was linear with incubation times to at least
60 min and microsomal protein concentrations to at
least 2 mg ml™".

Desmethylnaproxen glucuronidation assay

Incubation mixtures, in a total volume of 0.2 ml, con-
tained activated human liver microsomes (0.2 mg) or
HEK293 cell lysate (0.4 mg), desmethylnaproxen (10—
12 concentrations in the range 80-7000 um), MgCl,
(4 mM) and phosphate buffer (0.1 M, pH 7.4). Separate
‘blank’ incubations were performed in the absence of
UDPGA and human liver microsomes. After a 5-min
preincubation, reactions were initiated by the addition
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of UDPGA (final concentration 5 mM). Incubations
were performed in air at 37 °C, and terminated after
45 min by the addition of an equal volume of ice-cold
4% vlv acetic acid in methanol. Mixtures were vortex
mixed, placed on ice, and then centrifuged at 5000 g for
10 min to precipitate the microsomal protein. An aliquot
(30 ul) of the supernatant fraction was injected onto a
Waters Novapak C18 column (150 X 3.9 mm, 4 um),
which was eluted with 18 : 82 acetonitrile—water (con-
taining 0.12% v/v acetic acid) at a flow rate of
1.5 ml min™". Analytes were detected by UV absorption
at 225 nm. Retention times for desmethylnaproxen phe-
nolic glucuronide, desmethylnaproxen acyl glucuronide,
and desmethylnaproxen were 2.4, 4.4 and 11.2 min,
respectively. The identity of the desmethylnaproxen acyl
and phenolic glucuronide peaks formed by incubations
of human liver microsomes and recombinant UGTs was
confirmed by reference to authentic standards (which
were stable on storage at —80 °C under N,) and by
hydrolysis with B-glucuronidase.

Standard curves prepared using the authentic desme-
thylnaproxen acyl and phenolic glucuronides were
linear over the concentration ranges 1.0-25 uM and 0.5—
5 uM, respectively, with 7* values >0.99. The lower limit
of quantification for both desmethylnaproxen glucu-
ronides was 0.05 uM. Overall assay within-day preci-
sion was assessed by measuring desmethylnaproxen
acyl and phenolic glucuronide formation for 10 separate
incubations with the same batch of human liver
microsomes at substrate concentrations of 100 and
2000 uM. Within-day coefficients of variation were in
the range 2.2-2.7%. Linearity of product formation with
respect to incubation time and microsomal protein con-
centration was determined for substrate concentrations
of 100 and 1000 uM. The formation of both desmethyl-
naproxen glucuronides was linear with incubation times
to at least 60 min and microsomal protein concentra-
tions to at least 2 mg ml™".

Data analysis

All incubations were performed in duplicate. Data
points represent the mean (<10% variance) of the dupli-
cate estimations. Kinetic constants for naproxen and
desmethylnaproxen glucuronidation were obtained by
fitting untransformed experimental data to equations 1
to 4 using EnzFitter (Biosoft, Cambridge, UK). Good-
ness of fit was assessed from comparison of the param-
eter SE of fit and 95% confidence limits, coefficient of
determination (%), and F-statistic.

The Michaelis—Menten equation,

vV = (Vi X [SDIK,, + [SD (1
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where v is the rate of metabolite formation, V,,,, is the
maximum velocity (as pmol product per min per mg
microsomal or cell lysate protein), K, is the Michaelis
constant (substrate concentration at 0.5 V,..x), and [S] is
the substrate concentration.

The two-enzyme Michaelis—Menten equation,

V= { (Vi X [SD/ (K1 + [SD}
+ {(Vmax2 X [S])/(KmZ + [S])} (2)

where the subscripts 1 and 2 represent the high and low
affinity components, respectively. Substrate inhibition
model [13],

Vmax
Y 1+ (K, ISD + (SVKy))

where K; is the constant describing the substrate inhi-
bition interaction.

The Hill equation, which describes sigmoidal kinetics
[14],

3)

v = Vmax X [S] (4)
50 +[S]"

where S5 is the substrate concentration resulting in 50%
of V.. (analogous to K, in previous equations) and n
is the Hill coefficient.

Results

Naproxen glucuronidation by human liver microsomes
and recombinant UGTs

Naproxen acyl glucuronidation exhibited biphasic kinet-
ics in all six livers investigated (Figure 2A). Data were
well fitted to the two-enzyme Michaelis—Menten model,
and derived kinetic constants for the high- and low-
affinity components of the reaction are summarized in
Table 1. As noted previously, the naproxen glucuronide
was hygroscopic and unsuitable for standard curve con-
struction. Thus, standard curves were prepared using
naproxen. Rates of naproxen acyl glucuronide formation
and V.. values for this metabolite should therefore be
considered ‘apparent’. (It should be noted that the slope
of a standard curve prepared using desmethylnaproxen
was 50% higher than the slope of the standard curve for
desmethylnaproxen acyl glucuronide and 30% higher
than the slope of the standard curve for desmethyl-
naproxen phenolic glucuronide.) The mean (£ SD)
microsomal ‘apparent’ intrinsic clearances (calculated
as V. /K, for the high- and low-affinity components
of naproxen acyl glucuronidation were 9.1 £3.9 ul
min~' mg™" and 1.3 +0.5 ul min™' mg™', respectively. It
should be noted that naproxen exhibits minor nonspe-
cific binding to human liver microsomes [15], and hence
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Table 1

Derived two-enzyme Michaelis—Menten kinetic parameters for the formation of naproxen acyl-glucuronide by human liver

microsomes

Liver number K (um) Vimaa (Pmol min™ mg™) Kz (um) Vinaxe (Pmol min™ mg™)
H6 14 114 293 473

H10 32 237 605 332

H12 19 247 411 847

H13 36 476 537 665

H29 49 142 496 520

H40 26 254 495 566

Mean (£ SD) 29+ 13 245 £ 127 473+ 108 567 + 176

95% Cl 16, 43 111, 379 359, 587 383, 752

this factor will not significantly influence the kinetic
analysis of naproxen glucuronidation in vitro.

UGT 1A1, 1A3, 1A4, 1A6, 1A7, 1AS8, 1A9, 1A10,
2B4, 2B7, 2B15 and 2B17 were screened for naproxen
acyl glucuronidation activity at substrate concentrations
of 100 and 1000 uMm. All isoforms except UGT 1A4,
2B4, 2B15 and 2B17 metabolized naproxen (Figure 3).
Naproxen glucuronidation kinetics were characterized
for those isoforms with activities >10 pmol min™' mg™'
at a substrate concentration of 1000 uM (viz. UGT 1A3,
1A6, 1A9, 1A10 and 2B7). Kinetic data (parameter *

parameter SE) for UGT1A3 (K,, 4375+ 6 UM, V.
49 + 0.1 pmol min™' mg™"), UGT1A6 (K,, 855 + 22 um,
Viex 264 £2 pmol min mg™') and UGT2B7 (K,
72+ 0.1 uM, Ve 33 0.1 pmol min™' mg™") were best
described by the Michaelis—Menten equation. Naproxen
glucuronidation by UGT1A9 was best fitted to the Hill
equation with negative cooperativity (Sso 1036 £ 56 um,
Viae 30£ 1 pmol min™ mg™', n=0.82+0.02), while
data for UGT1A10 were consistent with weak substrate
inhibition (K, 350 £ 33 uM, K; 13440 + 2950 uM, V.«
176 + 8 pmol min™' mg™"). Representative Eadie—Hof-
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stee plots for each kinetic model (UGT2B7, UGT1A9
and UGT1A10) are shown in Figure 2B-D.

Effects of the UGT2B7 selective inhibitor fluconazole
were investigated to confirm that UGT2B7 was the high-

2B17

2BI5

257 p—

2B4

1AI0

1A9

1A8

1A7

1A6

1A4

1A3

1Al

0 40 80 120 160
Rate of NAP-AG formation (pmol.min~' mg-')

Figure 3

Formation of naproxen acyl glucuronide by recombinant human UDP-
glucuronosyltransferases at substrate (naproxen; NAP) concentrations of
100 (d) and 1000 um (M). Results represent the means of duplicate
estimations

affinity enzyme responsible for naproxen glucuronida-
tion by human liver microsomes. Experiments were con-
ducted with pooled alamethicin-activated microsomes
(from livers H6, H10, H12, H13, H29 and H40) at
naproxen concentrations of 10 and 2000 uM. Substitu-
tion of the mean K, and V,,,, values for the high- and
low-affinity components of naproxen glucuronidation
by human liver microsomes (Table 1) in the two-enzyme
Michaelis—Menten equation indicates that the high-
affinity enzyme(s) is responsible for 84% of activity at
a substrate concentration of 10 uM and 34% of activity
at a substrate concentration of 2000 uM. Fluconazole,
2.5 mM, inhibited human liver microsomal naproxen
glucuronidation by 66% and 26% at the low and high
substrate concentrations, respectively. By comparison,
fluconazole (2.5 mM) inhibited UGT2B7 catalysed
naproxen glucuronidation by 72% at a substrate concen-
tration of 75 uM (the approximate K, for this enzyme).

Desmethylnaproxen acyl and phenolic glucuronidation by
human liver microsomes and recombinant UGTs

Desmethylnaproxen phenolic glucuronidation exhibited
apparent biphasic kinetics for four of the five livers
investigated (viz. HI10, HI2, HI3, and H40)
(Figure 4A). Data for these livers were adequately fitted
to the two-enzyme Michaelis—Menten model (Table 2).
It should be noted, however, that fitting to the Hill
equation generally provided similar goodness of fit
estimates. Kinetic constants [mean = SD, with 95%
confidence interval (CI) in parentheses] for these four
livers derived using the Hill equation were: Ss,
2557 £ 1624 uM (444, 4187); n 0.83 £ 0.08 (0.74, 0.97);
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Figure 4

Representative Eadie—Hofstee plots for the conversion of desmethylnaproxen to desmethylnaproxen phenolic glucuronide using the following enzyme
sources: (A) human liver microsomes (H12); (B) human liver microsomes (H29); and (C) UGT1A9. Units of V/[S] are pmol glucuronide pum™" min™
mg™". Points show experimentally determined values. Curves are the computer-generated curves of best fit
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Table 2

Derived kinetic parameters for the formation of desmethylnaproxen phenolic glucuronide by human liver microsomes

Liver number Km1 (UM) Vinar (pmol min™ mg™) Kz (UMm) Vinae (pmol min™' mg™)
H10 57 1.4 1237 27

H12 579 17 9935 43

H13 287 8 4924 40

H40 203 12 2776 48

Mean (£ SD) 282 £220 10+7 4718 £ 3792 40+ 12

95% Cl -68, 631 0, 20 -1317, 10753 25, 53

H29 1224 20 - —

Data for livers H10, H12, H13 and H14 were derived from fitting to the two-enzyme Michaelis—Menten equation. Data for liver

H29 were derived from fitting to the single-enzyme Michaelis—Menten equation.

Figure 5 A B
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desmethylnaproxen acyl glucuronide using the b0 800 . %ﬁ
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*
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and V., 47 £ 10 pmol min™' mg™" (22, 60). In contrast,
desmethylnaproxen phenolic glucuronidation by liver
H29 was best described by single-enzyme Michaelis—
Menten kinetics (Figure 4B and Table 2).

Model fitting of kinetic data for desmethylnaproxen
acyl glucuronidation was also inconclusive. Eadie—Hof-
stee plots for all livers were suggestive of nonMichae-
lis—Menten kinetics (Figure SA; nonfitted experimental

data shown), although goodness of fit parameters for
fitting to the single-enzyme Michaelis—Menten equation
were similar to the other models. Fitting data to the two-
enzyme Michaelis—Menten equation gave mean (& SD,
with 95% CI in parenthesis) K,, values of 489 + 347 um
(58, 920) and 4436 £3117 uM (565, 8307), and mean
Voiax values of 127 + 118 pmol min™' mg™ (=19, 273)
and 1196 +488 pmol min™' mg™' (590, 1802) for the
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Figure 6

Formation of desmethylnaproxen acyl glucuronide by recombinant human
UDP-glucuronosyltransferases at substrate (desmethylnaproxen; DMN)
concentrations of 500 () and 5000 um (M). Results represent the
means of duplicate estimations
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Figure 7

Formation of desmethylnaproxen phenolic glucuronide by recombinant
human UDP-glucuronosyltransferases at substrate (desmethylnaproxen;
DMN) concentrations of 500 (CJ) and 5000 um (M). Results represent
the means of duplicate estimations
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respective high- and low-affinity components. Fitting
data to the single-enzyme Michaelis—Menten equation
provided mean K,, and V., values 2526+ 861 um
(1457, 3596) and 1155 pmol min™' mg™" (634, 1676),
respectively. Kinetic parameters derived using the Hill
equation were: Sso 3649 £1993 um (1174, 6124); n
0.91£0.05 (0.85, 0.96); and V., 1344 £ 538 pmol
min~' mg™' (667, 2003). Although K, (or Ss,) values for
the two pathways of desmethylnaproxen glucuronida-
tion were similar (irrespective of the model used to
generate kinetic constants), V,,, values for acyl glucu-
ronidation were one to two orders of magnitude higher
than for phenolic glucuronidation.

UGT 1A1, 1A3, 1A6, 1A7, 1A9, 1A10 and 2B7, but
not UGT 1A4, 2B15 or 2B17, converted desmethyl-
naproxen to its acyl glucuronide (Figure 6). In contrast,
UGT 1A3, 1A6 and 2B7 did not form the phenolic
glucuronide (Figure 7). Desmethylnaproxen acyl glucu-
ronidation by UGT1A3 (K, 3384 £ 16 uM, V. 11 %=
0.1 pmol min™' mg™"), UGTIAI0 (K, 59549 um,
Viex 179 £4 pmol min"' mg™) and UGT2B7 (K,
3133+ 179 uM, V. 80 £ 2 pmol min™' mg™") was ade-
quately modelled using the Michaelis—Menten equation
(Figure 5B), whereas data for UGT1A6 were marginally
better fitted to the Hill equation (S5, 609 £ 36 uM; n
0.95£0.02; V. 285 + 7 pmol min™' mg™) (Figure 5C)
Although inspection of the Eadie-Hofstee plot for des-
methylnaproxen acyl glucuronidation by UGT1A9 sug-
gests deviation from Michaelis—Menten kinetics, fitting
to the Hill (Sso 6003 =36 uM; n 1.07 £0.01; Vi
29 +0.1 pmol min™' mg™") and Michaelis-Menten (K,
7724 £ 418 UM, V . 34 £ 1 pmol min™' mg™) equations
provided similar goodness of fit parameters (Figure 5D;
nonfitted experimental data shown). Similarly, desmeth-
ylnaproxen phenolic glucuronidation by UGT1A10 (K,,
868 + 46 UM, V. 146 +2 pmol min™' mg™") was ade-
quately modelled using the Michaelis—Menten equation,
although the Hill equation (with negative cooperativity)
provided a better model for UGT1A9 (S5, 4795 %
21 uM; n 0.90 £ 0.01; V. 30+ 0.1 pmol min™ mg™)
(Figure 4C; nonfitted experimental data shown).

Discussion

Naproxen glucuronidation exhibited biphasic kinetics in
human liver microsomes, characteristic of the involve-
ment of high- and low-affinity UGTs in this pathway.
The mean K, value for the high-affinity component
determined from fitting to the two-enzyme Michaelis—
Menten equation was 16-fold lower than the K, for the
low-affinity reaction, and ‘apparent’ intrinsic clearances
differed sevenfold. Assuming an unbound fraction in
plasma of 0.018 [3], the maximum plasma unbound



concentration of naproxen following a single oral dose
of 500 mg or on chronic dosing with 250 mg b.d. is
approximately 5 uM [3, 16]. Following a single oral
dose of 1000 mg, the maximum plasma unbound con-
centration of naproxen may be estimated as 9 uM [4].
Hence, the low-affinity UGT(s) would be expected to
make only a minor contribution (<15%) to naproxen
clearance in patients receiving this drug.

Recombinant UGT 1A1, 1A3, 1A6, 1A7, 1A8, 1A9,
1A10 and 2B7 glucuronidated naproxen. Of the hepati-
cally expressed enzymes (viz. UGT 1A1l, 1A3, 1A6,
1A9 and 2B7), highest activity was observed with
UGT1A6 and UGT2B7. Notably, however, the K, value
for naproxen glucuronidation by UGT2B7 (72 uM) was
close to the K,, values for the high-affinity component
of human liver microsomal naproxen glucuronidation
(14-49 um). Recent work in this laboratory (V. Uchai-
pichat, P. I. Mackenzie and J. O. Miners, manuscript
submitted for publication) using a panel of recombinant
human UGTs demonstrated that fluconazole is a selec-
tive competitive inhibitor of UGT2B7. At an added con-
centration of 2.5 mM, fluconazole inhibited UGT2B7 by
approximately 70% but other isoforms by <25%. In the
present study, fluconazole inhibited naproxen glucu-
ronidation by UGT2B7 and human liver microsomes to
a similar extent (approximately 70%). Collectively, the
results indicate that UGT2B7 is the high-affinity
enzyme involved in hepatic naproxen glucuronidation.
It is likely that the low-affinity component of hepatic
naproxen glucuronidation comprises several isoform
activities, since numerous UGTs have the capacity to
glucuronidate naproxen. In particular, UGT 1A6 and
1A9 have K,, or Sy, values of similar order to the low-
affinity component of human liver microsomal naproxen
glucuronidation.

Desmethylnaproxen phenolic glucuronidation exhib-
ited apparent biphasic kinetics in four of the five livers
investigated and Michaelis—Menten kinetics in the other.
However, model fitting to the Hill equation (with nega-
tive cooperativity) provided similar goodness of fit esti-
mates to those obtained with the two-enzyme model.
Eadie-Hofstee plots for desmethylnaproxen acyl glucu-
ronidation were also suggestive of atypical kinetics,
although goodness of fit parameters for the Michaelis—
Menten equation were again similar to the other models.
The capacity of several UGTs to convert desmethyl-
naproxen to its acyl glucuronide suggests multiple
UGTs could contribute to desmethylnaproxen glucu-
ronidation in human liver. However, none of the derived
K., values for the recombinant enzymes matched the K,
values of the high-affinity reactions from fitting to the
two-enzyme Michaelis—Menten equation. Of the hepat-
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ically expressed UGTs, only UGT 1A1 and 1A9 formed
desmethylnaproxen phenolic glucuronide. The involve-
ment of as yet unidentified UGTs in the metabolism of
naproxen and desmethylnaproxen cannot be discounted.
In addition, UGT 2A1, 2B10, 2B11 and 2B28 were not
investigated here. However, UGT2A1 is expressed pri-
marily in the nasal epithelium while UGT 2B10, 2B11
and 2B28 are devoid of activity or exhibit very low
capacity for xenobiotic glucuronidation [7, 8].

Recent reports from this and other laboratories [11,
17-19] have demonstrated that ‘atypical’, or non-
Michaelis—Menten, kinetics may occur for reactions
catalysed by recombinant human UGTs. In particular, it
was demonstrated using 4-methylumbelliferone and 1-
naphthol as the substrates that kinetic models varied
with substrate (for the same isoform) and from isoform
to isoform (with the same substrate) [11]. Consistent
with these observations, naproxen glucuronidation by
UGT 1A3, 1A6 and 2B7 followed Michaelis—Menten
kinetics whereas UGT1A9 and UGT1A10 exhibited
negative cooperativity and substrate inhibition, respec-
tively. Similarly, desmethylnaproxen acyl glucuronida-
tion by UGT1A6 and UGT1A9 and desmethylnaproxen
phenolic glucuronidation by UGT1A9 were suggestive
of cooperativity, although these reactions catalysed by
other isoforms were modelled adequately by the
Michaelis—Menten equation. The Hill and substrate
inhibition models imply binding of more than one sub-
strate molecule in the active site, and atypical glucu-
ronidation kinetic data may alternatively be analysed
using multisite models [11]. Artefactual sources of atyp-
ical kinetics in vitro [13] can be discounted in the
present study, but it is possible that atypical glucu-
ronidation kinetics is solely an in vitro phenomenon. It
is noteworthy, however, that atypical kinetic behaviour
in vitro is not associated with all substrates of a partic-
ular UGT, which is consistent with results reported for
other enzymes (e.g. CYP3A4 [13]) that exhibit nonhy-
perbolic kinetics.

As indicated previously, it may be predicted from the
results presented here that UGT2B7 is responsible for
naproxen acyl glucuronidation, the major elimination
pathway for this drug, in vivo. UGT2B7 has the capacity
to glucuronidate numerous clinically used drugs, includ-
ing other nonsteroidal anti-inflammatory drugs [20],
opioids [17, 21], zidovudine [22], and dimethylxan-
thenone acetic acid [23]. The capacity of UGT2B7 to
glucuronidate the carboxylic acid function of naproxen
and desmethylnaproxen, but not the phenolic group of
desmethylnaproxen, is consistent with the reported abil-
ity of this enzyme to metabolize carboxylic acid-con-
taining drugs [20]. Drugs reported to inhibit UGT2B7
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activity include amitriptyline, diclofenac, fluconazole
and probenecid [11, 16, 24, 25], and it is possible that
these compounds may interact with naproxen in vivo.
Although inhibition of naproxen elimination is unlikely
to have important clinical consequences, naproxen may
alternately act as a competitive inhibitor of other
UGT2B7 substrates in vivo. While this appears not to
have been investigated, naproxen has been shown to
inhibit UGT2B7 activity in vitro [23]. UGT2B7 exhibits
genetic polymorphism. Substitution of His for Tyr at
residue 268 results from a C to T transversion at nucle-
otide 802 of the UGT2B7 coding region [26]. However,
available evidence suggests that this polymorphism has
little effect on drug glucuronidation [21, 26], but an
influence on naproxen elimination cannot be discounted.

This study focused primarily on the hepatic glucu-
ronidation of naproxen and desmethylnaproxen. How-
ever, UGT1A10, which is expressed only in the
gastrointestinal tract, metabolized both compounds.
Indeed, of the enzymes investigated, UGT1A10 exhib-
ited the highest affinity for desmethylnaproxen. Two
other isoforms expressed only in the gastrointestinal
tract, UGT 1A7 and 1AS, also had the capacity to glu-
curonidate naproxen. Although almost the entire dose of
naproxen can be accounted for in urine [27], this does
not preclude hydrolysis of any naproxen glucuronide
synthesized in the gastrointestinal tract and subsequent
absorption of the re-formed parent drug.

UGT2B7, the principal enzyme shown here to be
involved in human liver microsomal naproxen acyl glu-
curonidation, is known to be expressed in kidney [8].
UGT 1A3, 1A6 and 1A9, which additionally had the
capacity to glucuronidate naproxen, are also expressed
in kidney. Consistent with this observation, results from
this laboratory (P. Tsoutsikos, J. O. Miners and K. M.
Knights, unpublished data) indicate that specific activi-
ties for naproxen glucuronidation by human kidney
microsomes are similar to those reported here for human
liver microsomes. Comparable activities for drug glucu-
ronidation by human kidney and liver tissue have been
noted in other studies [7]. It is therefore likely that renal
drug glucuronidation may have an important ‘local’
detoxification role [28]. However, when microsomal
scaling factors are applied to the two tissues, whole
organ intrinsic clearance for the liver is substantially
higher than that for the kidney and hence the latter tissue
contributes to metabolic clearance to a minor extent
only [7, 29].

In summary, results presented here indicate that
UGT2BY7 is likely to be the principal enzyme responsi-
ble for S-naproxen elimination in vivo, whereas multiple
UGTs appear to be involved in desmethylnaproxen glu-
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curonidation. As reported for other glucuronidated com-
pounds, nonMichaelis—Menten kinetics is a feature of
naproxen and desmethylnaproxen glucuronidation by
several UGT isoforms. Thus, the characterization of
drug glucuronidation in vitro necessarily requires the
investigation of a wide range of substrate concentrations
and analysis of data using appropriate kinetic models.
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