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Abstract

Bicalutamide (Casodex®) is a non-steroidal pure anti-androgen used in the treatment of localized
prostate cancer. It is a racemate drug and its activity resides in the (R)-enantiomer, with little in the
(S)-enantiomer. A major metabolic pathway for bicalutamide is glucuronidation catalyzed by
UDP-glucuronosyltransferase (UGT) enzymes. While (S)bicalutamide is directly glucuronidated,
(R)bicalutamide requires hydroxylation prior to glucuronidation. The contribution of human
tissues and UGT isoforms in the metabolism of these enantiomers has not been extensively
investigated. In this study, both (R) and/or (S)bicalutamide were converted into glucuronide (-G)
derivatives following incubation of pure and racemic solutions with microsomal extracts from
human liver and kidney. Intestinal microsomes exhibited only low reactivity with these substrates.
Km values of liver and kidney samples for (S)bicalutamide glucuronidation were similar, and
lower than values obtained with the (R)-enantiomer. Among the 16 human UGTs tested, UGT1A8
and UGT1A9 were able to form both (S) and (R)bicalutamide-G from pure or racemic substrates.
UGT2B7 was also able to form (R)bicalutamide-G. Kinetic parameters of the recombinant
UGT2B7, UGT1A8 and UGT1A9 enzymes support a predominant role of the UGT1A9 isoform in
bicalutamide metabolism. Accordingly, (S)bicalutamide inhibited the ability of human liver and
kidney microsomes to glucuronidate the UGTL1A9 probe substrate, propofol. In conclusion, the
present study provides the first comprehensive analysis of /n vitro bicalutamide glucuronidation by
human tissues and UGTs, and identifies UGT1A9 as a major contributor for (R) and (S)
glucuronidation in the human liver and kidney.

INTRODUCTION

Bicalutamide (Casodex®, Figure 1) is a non-steroidal pure anti-androgen used for the
treatment of early localized or locally advanced non-metastatic prostate cancer (reviewed in
[1]). The drug is given once daily at a dosage of 150 mg as monotherapy or of 50 mg in
combination with chemical or surgical castration. This pure anti-androgen competes with the
active hormone, 5a-dihydrotestosterone, for androgen receptor binding and activation, and
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thus blocks the prostate tumor growth-stimulating effects of androgens [2]. The drug used in
clinic corresponds to a racemate of (R) and (S) enantiomers (Figure 1), and its anti-
androgenic activity resides almost exclusively in the (R)-enantiomer, with little, if any
activity in the (S)-enantiomer [1, 2].

Bicalutamide is cleared almost exclusively by metabolism. In humans, the drug is excreted
to similar extents in urine and feces [3]. Two polar metabolites found in urines were
identified as the glucuronide (-G) conjugates of (S)bicalutamide and
hydroxy(R)bicalutamide [3]. Urinary concentrations of (S)bicalutamide-G is maximal 24
hours after administration of a single dose and represent up to 76% of the urinary
metabolite. However, this percentage decreases to 14%, 9 days after dosage [3]. Urinary
levels of the hydroxy(R)bicalutamide-G follows an inverse variation, and its relative
abundance increases from 14 to 61% of the urinary metabolites during the 9 days after
treatment [3]. Similar trends were also observed in feces [3]. These observations indicate
that direct glucuronidation is the main metabolic pathway for the rapidly cleared
(S)bicalutamide, whereas hydroxylation followed by glucuronidation is a major metabolic
pathway for the slowly cleared (R)bicalutamide [1, 3]. The liver is considered the primary
organ for bicalutamide clearance in man [1, 3].

Glucuronidation is a major phase Il drug-metabolizing reaction in humans [4]. The UDP-
glucuronosyltransferase (UGT) enzymes catalyze this enzymatic process, which corresponds
to the transfer of glucuronic acid from UDP-glucuronic acid (UDPGA) to hydrophobic
molecules [4]. The resulting glucuronide conjugates have low activity, high solubility in
water and are easily eliminated from the human body into bile or urine [4]. Human UGTs
are classified into 4 families: UGT1, UGT2, UGT3 and UGT8. The most important drug
conjugating UGTs belong to the UGT1 and UGT2 families [5]. While the UGT1 family is
composed of only 1 subfamily, i.e. UGT1A, the 12 members of the UGT2 are further
divided into UGT2A (3 enzymes) and UGT2B (9 enzymes) subfamilies [5-7]. The 9 active
human UGT1As are produced from a single gene locus located on chromosome 2937 [6, 8].
In humans, the liver, kidney and intestine are considered the main sites for drug
glucuronidation [9, 10].

Although glucuronidation is the main conjugating reaction for bicalutamide in humans [1,
3], the UGT enzyme(s) involved in this reaction ha(s)ve never been identified. However,
such information may be critical for the use of this anti-androgen in a clinical setting,
because UGT gene polymorphisms usually cause inter-individual variations in drug
metabolism, and so can drastically impact drug efficiency and toxicity [6, 11, 12].
Bicalutamide pharmacokinetics also sustains a large inter-individual variability which can
reflect different phenotypes in bicalutamide-conjugating UGTs [1, 13, 14]. The primary
objectives of the present study were to identify the human UGT(s) involved in (R) and
(S)bicalutamide glucuronidation. Additional experiments were also performed to evaluate
whether bicalutamide glucuronidation is restricted to the liver, and if this catabolic reaction
is racemate-sensitive in /in vitro assays. These observations will improve our understanding
of the bicalutamide pharmacology. In the context of polypharmacotherapy of prostate cancer
patients, an improved knowledge of bicalutamide metabolism will be helpful in preventing
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potential drug-drug interactions with drug used in combination and eventually sharing the
same glucuronidating pathways.

MATERIALS AND METHODS

Materials

(R/S)Bicalutamide, propofol and 4-methylumbelliferone (4-MU) were from Sigma (St.
Louis, MO). (R) and (S)bicalutamide, as well as the deuterated [2H,4]-(R/S)bicalutamide
were from Toronto Research Chemical (Downsview, ON, Canada). The internal standards
[2H,]-(S)bicalutamide-G ((S)bicalutamide-G, d4) and 4-MU-G were obtained through Jn
vitro enzymatic assays with [2H,]-(R/S)bicalutamide or 4-MU and human liver microsomes
following the reported procedure [15]. All chemicals and reagents were of the highest grade
commercially available. HPLC-grade reagents were from VWR Canada (Mississauga,
Canada), and Laboratoire MAT (Québec, QC, Canada). UDP-glucuronic acid (UDPGA) and
all aglycones were obtained from Sigma and ICN Pharmaceuticals, Inc. (Québec, QC,
Canada). Commercially available microsomes from human liver (#452161; pool of
microsomes from 19 donors) and intestine (#452210; pool of microsomes from jejunum and
duodenum sections of 6 donors), and UGT bacculosomes (#456411, 456413; 456414;
456416; 456407; 456418; 456424; 456427; 456419) were from BD Gentest (Mississauga,
ON, Canada). Human kidney microsomes (#S00676; pool of microsomes from 5 donors)
were from Celsis-InVitro Technologies (Baltimore, MD). Human embryonic kidney 293
(HEK293) cells were obtained from the American Type Culture Collection (Rockville, MD)
and were grown as reported [16]. HEK293 cells expressing human UGTs (UGT-HEK293)
were engineered as described [16, 17]. Protein assay reagents were obtained from Bio-Rad
Laboratories Inc. (Marnes-la-Coquette, France). Antibiotics and cell culture reagents were
from Invitrogen (Burlington, ON, Canada).

Microsome isolation and glucuronidation assays

Microsomal protein extracts from UGT1A- and UGT2B-overexpressing HEK293 cells were
prepared by differential centrifugation, and resuspended at a 5 pg/pL concentration. The
UGT content in these preparations was previously evaluated through Western blot analyses
[16-18].

All glucuronidation assays were performed in the presence of 10 pg microsomes or
bacculosomes using the previously reported glucuronidation assay buffer [16],
complemented with 1 mM UDPGA and 0.025 pg/ml alamethicin. Assays were ended by
adding 100 pl of methanol with 0.02% Butylated Hydroxytoluene [16, 19].

The initial screening of human tissues was performed for 18 hours with 100 uM (R/S), (R)
or (S)bicalutamide at 37°C in the presence human liver, kidney, and intestine microsomes
(10 pg). Time course analyses were performed in the presence of 100 uM bicalutamide
enantiomer solutions for duration varying from 15 minutes to 48 hours. Recombinant human
UGTSs were also screened with 100 puM (R/S), (R) or (S)bicalutamide through 2-hour long
assays with both bacculosomes (UGT2B4, 2B7, 2B15, 2B17, 1A1, 1A3, 1A4, 1A6, 1A7,
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1A8, 1A9 and 1A10) and UGT-HEK?293 cell microsomes (UGT2B4, 2B7, 2B10, 2B11,
2B15, 2B17, 2B28, 1A1, 1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A9 and 1A10) [16, 17].

Kinetic parameters were assessed in liver and kidney samples, as well as with bacculosome
preparations of reactive UGTs, namely UGT2B7, UGT1A8 and UGT1A9. Assays were
performed using substrate concentrations ranging from 1 to 1000 uM for 2 hours. The
enzyme kinetic model was selected as recommended [18, 20], using the Sigma Plot 11.2
assisted by Enzyme Kinetics 1.3 programs (SSI, San Jose, CA). Inhibition constants (Ki)
were assessed as above except that propofol and (S)bicalutamide were used at
concentrations ranging from 1 to 250 uM and 5 to 500 uM, respectively. The Ki values were
estimated using Dixon plots (Sigma Plot 11.2) as reported [21]. Values are expressed as
mean + S.D. of at least two independent experiments performed in triplicate.

Determination of glucuronide levels by liquid chromatography coupled to mass
spectrometry: LC-MS/MS

Detection of bicalutamide glucuronides was performed by liquid chromatography (HPLC)
coupled to a triple-quadrupole mass spectrometer (LC-MS/MS) (API 3200 Applied
Biosystems, Concord, ON, Canada) operating with a turbo ion-spray source using multiple
ions monitoring mode. The HPLC system consisted of the Agilent 1200 LC (Agilent
Technology, Ville St-Laurent, QC, Canada), coupled to an ACE C18 HL column 100 X 4.6
mm, 3 um from Canadian Life Science, (Peterborough, ON, Canada). The mobile phase was
composed of binary solution, 0.001% formic acid (solvent A), and methanol with 0.001%
formic acid (solvent B). Analytes were eluted at 0.9 ml/min flow rate with 70% B. Electro-
spray was set to negative-ion mode with ionization, declustering and collision energy
potential of —4200 V, =30 V and —30 V, respectively. The ion source temperature was set at
450°C. The following mass ion transitions (m/z) were used for detection: 605.0 — 411.1 for
(R)- and (S) bicalutamide-G, and 609.0 — 415.0 for (S)bicalutamide-G, d,4 (internal
standard). Data are expressed as ratios of peak areas for (R) or (S)bicalutamide-G over
(S)bicalutamide-G, d4 (Figure 1).

For propofol-G quantification, 4-MU-G (internal standard) was added to glucuronidation
assays for subsequent analyses using the described procedure [22], with the following
modifications: the analytical system consisted of a high-performance liquid chromatography
module UFLC Prominence (Shimadzu Scientific Instrument Inc., Columbia, MD, USA) and
an API 3000 mass spectrometer with a electrospray ion source (Applied Biosystems,
Concord, Canada). Samples were injected on to a Gemini C18 100 X 4.6 mm, 3 um column,
(Phenomenex, Torrance, CA). The mobile phase consisted of 85% acetonitrile and 15%
water-0.1% formic acid. The flow rate was 0.9 ml/min for a total run time of 3.5 minutes.
lonization was performed at 400°C with an ionization voltage of —4200V, a declustering
potential of —10 V, and a collision energy of =30 V. The multiple reaction monitoring
(MRM) detection was achieved on a negative mode to monitor ion pairs of propofol-G (m/z
353.1—>177.4) and 4-MU-G (m/z 350.9—174.9). Results are expressed as ratio of the area
under the curve (AUC) for propofol-G versus AUC for 4-MU-G.
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Bicalutamide glucuronidation in human tissues

The liver, kidney and intestine are considered the primary site for drug glucuronidation in
humans [9]. While previous studies established the liver as the primary organ for
bicalutamide clearance in man [1, 3], how kidney and intestine are able to form glucuronide
conjugates of both racemic forms of the drug has never been investigated. Enzymatic assays
performed with microsomes from human liver, kidney and intestine showed that
bicalutamide glucuronidation is performed mainly by liver and kidney extracts and to a
lesser extent by intestinal proteins (Figure 2). Furthermore, the formation of both (R) and
(S)bicalutamide-G exhibited a similar pattern of tissue distribution, and the use of either
pure or racemic solutions did not influenced this pattern (Figure 2). Nevertheless, the
conversion of (R)bicalutamide into its corresponding glucuronide derivatives was more
efficient in the presence of the pure enantiomer than with the racemate (Figure 2A and C).
(S)Bicalutamide-G was produced at similar levels in the presence of both forms (pure and
racemic) (Figure 2B and D).

Subsequent time-course (Figure 3) and dose-response (Figure 4) experiments were
performed to fully establish the enzymatic parameters of bicalutamide glucuronidation by
human liver and kidney extracts. Time course experiments performed for up to 48 hours
showed that all glucuronidation reactions were linear for 4 hours independently of the tissue
(liver or kidney) or substrate (racemic mix or pure enantiomer solutions) (Figure 3).
Therefore, subsequent glucuronidation assays were performed for 2 hours. Dose response
analyses revealed that liver extracts reached a maximal production of (R)bicalutamide-G in
the presence of 300 uM of both (R/S) and (R)bicalutamide and remained stable in the
presence of higher drug concentrations (Figure 4A and C). In these assays, the formation of
(S)bicalutamide-G was optimal in the presence of 125 uM ((S)bicalutamide, Figure 4D) or
100 uM ((R/S)bicalutamide, Figure 4B) of substrate and again remained stable in the
presence of higher concentrations. When incubated in the presence of human kidney
microsomes, both (R/S) and (R)bicalutamide provided the highest production levels of (R)-
glucuronide at 300 uM (Figure 4E and G). The conversion of (R/S)bicalutamide into
(R)bicalutamide-G remained stable when the substrate was used at concentrations varying
from 300 to 1 000 uM (Figure 4E), while in the presence of the same amount of
(R)bicalutamide, glucuronidation rates tended to decrease (Figure 4G). As for liver extracts,
the production of (S)bicalutamide-G reached a maximal level at lower substrate
concentrations, i.e. 175 and 200 uM for (S) and (R/S)bicalutamide, respectively, when
assayed with microsomal proteins from kidney (Figure 4F and H).

Results from dose-response experiments were also used to determine kinetic parameters of
bicalutamide glucuronidation in liver and kidney (Figure 4 and Table 1). For this purpose,
Eadie-Hoftee plots (Figure 4) were drawn to identify the kinetic model providing the best
estimation [18, 20] for the kinetic constants of affinity (Km), velocity (Vmaxap,) and
intrinsic clearance (CL i, here defined as the ratio Vmaxapp /Km) (Table 1). While most
profiles corresponded to Michaelis-Menten kinetics, (R)bicalutamide-G produced by liver
enzymes fitted an intermediate profile between sigmoidal and substrate inhibition, with Hill
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coefficient values of 1.35 + 0.15 and 1.81 + 0.23 for conjugates formed from the racemic
mixtures and the pure (R) solution, respectively (Figure 4A and C and Table 1). With renal
UGTs, identification of the accurate kinetics was even more complex since Eadie-Hoftee
analyses suggested a Michaelis-Menten profile for (R)bicalutamide-G formed from the (R/S)
mix (Figure 4E) and a sigmoidal+substrate kinetics for those produced with the pure (R)
enantiomer (Figure 4G). In such a context kinetic parameters of both substrates were
estimated based on Michaelis-Menten profile (Table 1). Beyond these differences, both liver
and kidney extracts led to similar observations (Table 1): their enzymatic affinity was higher
for the (S)-enantiomer than for the (R) one with Km values in the 10-20 uM and 50-100 uM
ranges, respectively. Km values obtained with the pure (R) and (S) enantiomers were
respectively lower and higher than those obtained with the (R/S) mix as substrate (Table 1).
Interestingly, the Vmaxapp. value of (S)bicalutamide-G formation was not influenced by the
type of substrate (pure or mix), while (R)bicalutamide-G was produced at higher velocity
with the (R)-enantiomer when compared to the racemic mix (Table 1). Nevertheless, the
Vmaxapp /Km values for glucuronidation of the 2 enantiomers were higher when both
kidney and liver microsomes were incubated with the pure substrate than with the racemic
mixture (Table 1).

These observations demonstrate that bicalutamide glucuronidation can occur in the human
liver and kidney, and that both tissues exhibit a greater affinity for (S)bicalutamide
glucuronidation.

Bicalutamide glucuronidation by recombinant human UGT enzymes

A screening assay realized with both commercial bacculosomes and home-made
microsomes from UGT-HEK?293 cells demonstrated that UGT1A8 and UGT1A9 exert a
predominant role in the formation of bilirubin glucuronide conjugates (Figure 5). However,
when microsomes and bacculosomes were assayed with the (R/S) solution, (R)bicalutamide-
G was found to be more abundantly produced by UGT2B7 than by UGT1A8 and UGT1A9
(Figure 5A). When the racemic mixture was replaced by the pure (R)-enantiomer, UGT1A9
appeared as the predominant isoform for (R)bicalutamide glucuronidation (Figure 5C). Such
discrepancy was not observed in the case of (S)-glucuronide production, which appeared
almost exclusively formed by UGT1A8 and UGT1A9 (Figure 5B and D). However, thanks
to the sensitivity of the LC-MS/MS method, we were able to detect the production of
(S)bicalutamide-G with the UGT2B7 enzyme, but at a much lower rate than with UGT1A9
(Figure 5B and D). Similarly, both (R)- and (S)-G were also produced in the presence of
bacculosomes and/or microsomes containing the UGT1A1 (Figure 5A, C and D) and
UGT1A3 (Figure 5A-D) proteins. It is however, remarkable that the UGT1A1- and
UGT1A3-dependent formation of these conjugates was very low when compared to the
ability of UGT1A8, UGT1A9 and UGT2B?7 to convert bicalutamide into glucuronide
derivatives. As reported [16], UGT1A1, UGT1A3, UGT1A8 and UGT1A9 bacculosome
preparations contains a comparable amount of their respective UGT protein, thus indicating
that the differences in (R)- and (S)bicalutamide-G production reflect the differential activity
of these isoforms.
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As for liver and kidney, kinetic parameters for bicalutamide glucuronidation by recombinant
UGTs (commercial bacculosome preparations) were determined through dose-response
experiments (Figure 6 and Table 2). Pure sigmoidal kinetics are clearly suggested by the
Eadie-Hoftee analyses for UGT1A8-catalyzed reactions (Figure 6A-D and Table 2). All
UGT2BY7 reactions, as well as the UGT1A9-dependent conversion of (R)bicalutamide into
its glucuronide derivative, fitted a substrate inhibition kinetic model (Figure 6G, | and J),
while (S)bicalutamide glucuronidation reactions catalyzed by UGT1A9 corresponded to a
Michaelis-Menten profile (Figure 6F and H). As shown in table 2, Ki values for UGT2B7
were lower than for UGT1A9 (597.38 + 143.94 uM), suggesting that (R)bicalutamide self-
inhibits its UGT1A9-dependent glucuronidation only at high concentrations. When assayed
with pure solutions, the recombinant UGT1A9 enzyme displayed lower Km values for the
(S)-enantiomer than for its (R) counterpart (Table 2). However, in the presence of both
enantiomers, as found in the racemic mixture, this enzyme exhibited a similar affinity for the
production of (S)bicalutamide-G (8.8 + 2.3 uM) and (R)-glucuronide (7.9 £ 0.4 uM). Similar
observations also apply to the recombinant UGT1A8 isoform (Table 2). By contrast, the Km
value for (R)bicalutamide-G production by UGT2B7 was higher when the enzyme was
incubated with the racemic mix (268.1 £ 175.4 uM) than in the presence of the pure solution
(133.3 £ 63.6 uM) (Table 2). The Vmaxapp, values of (R)bicalutamide-G formation by
UGT1A9 were higher in the presence of the pure (R)-enantiomer than with the (R/S)
mixture, while the UGT1A9-dependent formation of (S)bicalutamide-G was not affected by
the type of substrate (Table 2). The opposite was observed for UGT1A8 and UGT2B7 since
these enzymes showed similar Vmaxapp. values for (R)bicalutamide-G production in the
presence of pure or racemic substrates, but UGTAS8 exhibited an higher (S)bicalutamide-G
production in the presence of the pure (S)-enantiomer than with the (R/S) mixture (Table 2).
Consequently, UGT1A9 exhibited higher Vmaxap,. values than UGT1AS8 for the formation
of (S)bicalutamide-G from the pure (S) and (R/S) mixture (Table 2). Another interesting
difference between these UGTS relates to their respective CLnt. Values for (S)bicalutamide-
G formation (Table 2). Indeed, UGT1AQ9 displayed a 2-fold higher value in the presence of
the pure solution than with the racemic mixture, while a 4-fold opposite relation was
detected in the presence of the UGT1A8 bacculosomes. Nevertheless, UGT1A9 was
superior to UGT1A8 and UGT2B7 in terms of intrinsic clearance for all glucuronidation
reactions, as performed in the current study.

Bicalutamide inhibits propofol glucuronidation

To ensure the predominant contribution of the UGT1A9 enzymes for hepatic and renal
(S)bicalutamide glucuronidation, human liver and kidney microsomes, as well as UGT1A9
bacculosomes, were incubated in the presence of increasing concentrations of
(S)bicalutamide and of the specific UGT1A9 probe substrate, propofol [23] (Figure 7). A
marked decrease in the propofol-G formation was shown to be dose-dependent with all
enzymatic preparations. The apparent K7 values estimated from Dixon plots were all in the
same range: 21.4 + 1.4 and 13.4 + 1.3 uM, for liver and kidney microsomes, and 11.9 + 1.0
UM for UGT1A9 bacculosomes (Figure 7).

Basic Clin Pharmacol Toxicol. Author manuscript; available in PMC 2013 November 03.
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DISCUSSION

This study demonstrates the ability of human liver and kidney to form glucuronide
conjugates from bicalutamide enantiomers, and illustrates the predominant role played by
the human UGT2B7, UGT1A8 and UGT1A9 isoforms in this catabolic process.

This investigation was enabled by the development of a novel protocol for the simultaneous
analysis of the (R) and (S)bicalutamide-glucuronide derivatives. While efficient, sensitive
and enantiomer-specific, our approach was limited by the absence of commercially available
sources for (R) and (S)bicalutamide-G that could have been used as analytical standards for
fully quantitative LC-MS/MS determination. Nevertheless, the established quantification
method provides solid estimation of glucuronide production levels, based on LC peak areas.
For each conjugate these areas can be compared in different samples, while potential
differences in the ionization properties of the 2 enantiomers limit our ability to adequately
compare (R) and (S)bicalutamide glucuronidation levels, even within a single sample.
Nonetheless, it is remarkable that the huge differences observed between (S)- and
(R)bicalutamide-G formation in the presence of liver and kidney extracts is consistent with
the previous determination of (S)bicalutamide as a directly glucuronidated molecule in
humans [1, 3]. In clinics, the (R)bicalutamide metabolism is slower and requires
hydroxylation before glucuronidation, which is in accordance with the low activity level
detected in the present study [1, 3]. Similarly, the higher affinity of liver and kidney extracts
for (S)bicalutamide glucuronidation when compared to the (R)-G formation is consistent
with the stereoselectivity of drug glucuronidation [23-25], and suggests that in the presence
of the racemic drug, these tissues will preferentially produce (S)bicalutamide-glucuronide
conjugates.

Our data reveal that the liver and kidneys exhibit similar conjugating activities, affinity and
even intrinsic clearances for (R) and (S)bicalutamide glucuronidation, thus suggesting that
both organs contribute to bicalutamide clearance /n vivo. These results also suggest that
kidneys may eventually contribute to the formation of urinary glucuronide metabolites of
bicalutamide. On the other hand, when compared with results from kidney and liver,
microsomes from human intestine sections (jejunum and duodenum) were only feebly
reactive with both (R) and (S) molecules. Because, elevated intestinal glucuronidation is
closely associated with low oral drug bioavailability [26], this observation is in agreement
with the elevated bioavailability of bicalutamide as observed in healthy volunteers receiving
oral doses of the racemate drug [1, 3].

The initial screening of human drug-conjugating UGTs for reactivity with pure ((R) and (S))
and racemic (R/S) bicalutamide solutions revealed the elevated capacities of UGT1AS8,
UGT1A9 and even UGT2BY7 to convert these molecules into their respective glucuronide
derivatives. However, various observations point out UGT1A9 as a dominant player in these
catabolic reactions: first, the high reactivity of UGT2B7 was restricted to the less
glucuronidated (R)bicalutamide enantiomer. Second, when compared to UGT1A8, UGT1A9
has higher affinity (Km), velocity (Vmaxapp ) and intrinsic clearance (Vmaxapp /Km) values
for the formation of (S)bicalutamide-G from pure or racemic substrates. Third,
(S)bicalutamide efficiently inhibited the hepatic and renal glucuronidation of propofol, a
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UGT1A9 specific substrate [23]. Last, the pattern of bicalutamide glucuronidation in human
liver, kidney and intestine extracts indicate a minor contribution for UGT1A8 and UGT2B7
in (R) and (S)bicalutamide glucuronidation /7 vivo. Indeed, in contrast to the abundant
UGT1A9 and UGT2B7 enzymes, UGT1AS8 is not—or barely [27]-expressed in liver and
found at low level in the kidney when compared to UGT1A9 [28], and thus can minimally
contribute to the elevated formation of bicalutamide-G observed with these organs [7, 9, 29].
Similarly, the low glucuronidation activity detected with microsomal proteins from the
intestine (jejunum and duodenum) is consistent with the previous demonstration that
UGT1A9 is 2-time less abundant than UGT1AS8 [28, 30]. In these tissues, UGT1A8 and
UGT2BY7 proteins are actually abundant [7, 9, 28-30]. Thus, from the 3 reactive enzymes,
only UGT1A9 exhibits a pattern of tissue expression consistent with the tissue distribution
of bicalutamide glucuronidation.

UGT1AZ9 is a polymorphic enzyme, and various single nucleotide polymorphisms identified
within the human gene cause alteration of the UGT1A9 protein expression and/or activity
[22, 28, 31, 32]. Recent investigations established the large inter-individual variability of
hepatic UGT1AQ9 protein contents, and demonstrated the strong influence of the UGT1A9
phenotype on drug biodisposition as exemplified with the immunosuppressive drug
mycophenolic acid [20, 31-33]. It is therefore likely that UGT1A9 polymorphisms also
interfere with bicalutamide glucuronidation. Such interference could take part to the great
inter-individual variability of bicalutamide pharmacokinetics in clinic [1]. Beyond
expression and activity, UGT1A9 polymorphisms also affect the stereoselectivity of this
enzyme for racemic drug glucuronidation, as observed with (R/S) racemates of flurbiprofen,
a non-steroidal anti-inflammatory drug [24]. Again, it can be envisioned that UGT1A9
polymorphisms may also influence the enzyme ability to differentiate bicalutamide
enantiomers. Therefore, additional investigations will have to establish how UGT1A9
polymorphisms influence not only the rate of (S)bicalutamide elimination, but also the
differential metabolism of each enantiomer.

From the racemic prescribed mixture, (S)bicalutamide is the primary target for direct
glucuronidation, while (R)bicalutamide is the active anti-androgenic component [1]. The (R)
enantiomer requires hydroxylation prior to glucuronidation [1, 3], and the absence of
available sources for hydroxy(R)bicalutamide precluded any examination of its tissue and
UGT-specific glucuronidation in the context of the present study. Thus, future investigations
are required to fully evaluate how this enzyme influences bicalutamide’s pharmacological
activity. Such investigations are also required to determine whether UGT enzymes
unreactive with bicalutamide can glucuronidate its phase | hydroxyl(R)bicalutamide
derivative. Nevertheless, (S)bicalutamide may now be considered as a potential inhibitor for
the glucuronide conjugation of other UGT1A9 drug substrates [23], as observed in the
present study with propofol. The possible metabolic drug-drug interactions resulting from
such an inhibition are of major clinical relevance regarding prostate cancer treatment.
Indeed, two recent reports identified: Z7) UGT1A9 as the main UGT enzyme for hepatic
glucuronidation of the anti-angiogenic drug, sorafenib [34]; and 2) the combination of
sorafenib plus bicalutamide as a promising therapeutic strategy for castration-resistant
prostate cancer patients [35]. Our results therefore highlight a potential risk for drug-drug
interactions when combining sorafenib and bicalutamide, since these 2 UGT1A9 substrates
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can compete with each other for glucuronidation. In the context of a worldwide clinical
implementation of the sorafenib plus bicalutamide combination, future investigations will
have to ensure that each compound minimally affects its partner’s pharmacokinetics in order
to evaluate the risk of drug interactions, and eventually recommend dosage adjustments.

In conclusion, the present study provides the first comprehensive analysis of /n vitro
bicalutamide glucuronidation by human tissues and UGTs. We identify UGT1A9 as a major
contributor for (R) and (S) glucuronidation in the liver and kidney, and our results highlight
the need for future studies focusing on UGT1A9 polymorphisms as possible interferences
for bicalutamide metabolism. Finally, our observations also point out the need for a thorough
evaluation of potential metabolic interactions when combining sorafenib and bicalutamide, 2
drugs metabolized by UGT1A9.
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Figure 1. Chemical structure and representative chromatograms of (R) and (S) bicalutamide-

glucuronide

(A and B) Bicalutamide (A) is a pure non-steroidal anti-androgen used in clinic as a
racemate of R and S enantiomers. Both enantiomers can be glucuronidated (B).

(C and D) Representative chromatograms of (R)bicalutamide-glucuronide (C) and (S)-
glucuronide (D) as obtained from incubated samples. Retention times were 3.1 minutes
(min) for (R)bicalutamide-glucuronide and 3.9 minutes for (S)bicalutamide-glucuronide and
deuterated internal standard (S)bicalutamide-G, dg.

G: glucuronide; min: minute; cps: count per second
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Figure 2. Glucuronide conjugation of bicalutamide enantiomers by microsomes from human
liver, kidney and intestine
Human liver, kidney or intestine microsomes (10 pg) were incubated in the presence of 100

UM of the racemic (R/S) mixture of bicalutamide (R/S, A and B), or of the pure (R)- (R, C)
or (S)-enantiomers (S, D), and UDPGA (1 mM) for 18 hours at 37°C. The formation of
(R)bicalutamide-glucuronide (R-G, A and C) and (S)bicalutamide-glucuronide (S-G, B and
D) was analyzed by LC-MS/MS. Data represent the mean + S.D. of two independent
experiments performed in triplicate.

G: glucuronide.
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Figure 3. Time course analyses of the conversion of bicalutamide enantiomers into their
respective glucuronide conjugates when incubated in the presence of microsomes from human
liver and kidney

Human liver (A-D) and kidney (E-H) microsomes (10 pg) were incubated in the presence

of 100 uM of the racemic (R/S) mixture of bicalutamide (R/S, A, B, E and F), or of the pure
(R) (R, C and G) or (S) enantiomers (S, D and H) and UDPGA (1 mM) for increasing
durations (15 minutes to 48 hours) at 37°C. The formation of (R)bicalutamide-glucuronide
(R-G, A, C, E and G) and (S)bicalutamide-glucuronide (S-G, B, D, F and H) was analyzed
by LC-MS/MS. Data represent the mean + S.D. of two independent experiments performed
in triplicate.

G: glucuronide.
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Figure 4. Dose-response and kinetic analyses of bicalutamide enantiomers conversion into their
respective glucuronide conjugates by microsomes from human liver and kidney

Human liver (A-D) and kidney (E-H) microsomes (10 pg) were incubated in the presence
of increasing concentrations (1 to 1000 uM) of the racemic (R/S) mixture of bicalutamide
(R/S, A, B, E and F), or of the pure (R) (R, C and G) or (S) enantiomers (S, D and H) and
UDPGA (1mM) for 2 hours at 37°C. The formation of (R)bicalutamide-glucuronide (R-G,
A, C, E and G) and (S)bicalutamide-glucuronide (S-G, B, D, F and H) was analyzed by LC-
MS/MS. For each panel, large graphs represent the rate of product formation (Y-axis) versus
substrate concentration (X-axis) of 2 experiments performed in triplicates (Experiments 1:
---------- and 2: - - - - -) and their mean (——); while small graphs correspond to the mean
Eadie-Hofstee plots (rate of product formation (ratio area/min/mg proteins) versus rate of
product formation/substrate concentration (ratio area/min/mg proteins/mM)).

G: glucuronide.
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Figure 5. Glucuronide conjugation of bicalutamide enantiomers by recombinant human UGT
enzymes
Microsomes from UGT-HEK?293 cells or commercially available bacculosomes (10 pg) were

incubated in the presence of 100 uM of the racemic mixture of (R/S)bicalutamide (R/S, A
and B), or of the pure (R) (R, C) or (S) enantiomers (S, D) and UDPGA (1mM) for 2 hours
at 37°C. The formation of (R)bicalutamide-glucuronide (R-G, A and C) and
(S)bicalutamide-glucuronide (S-G, B and D) was analyzed by LC-MS/MS. Data represent
the mean + S.D. of two independent experiments performed in triplicate.

G: glucuronide.
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Figure 6. Dose-response and kinetic analyses of bicalutamide enantiomers conversion into their
respective glucuronide conjugates by bacculosomes expressing UGT2B7, UGT1A8 and UGT1A9

UGT1A8 (A-D), UGT1A9 (E-H) and UGT2B7 (I and J) bacculosomes (10 pg) were
incubated in the presence of increasing concentrations (1 to 1000 uM) of the racemic (R/S)
mixture of bicalutamide (R/S, A, B, E, F and J), or of the pure (R) (R, C, G and I) or (S)
enantiomers (S, D and H) and UDPGA (1 mM) for 2 hours at 37°C. The formation of
(R)bicalutamide-glucuronide (R-G, A, C, E and G) and (S)bicalutamide-glucuronide (S-G,
B, D, F and H) was analyzed by LC-MS/MS. For each panel, large graphs represent the rate
of product formation (Y-axis) versus substrate concentration (X-axis) of 2 experiments
performed in triplicates (Experiments 1; - and 2;----- ) and their mean (——); while
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small graphs correspond to the mean Eadie-Hofstee plots (rate of product formation (ratio
area/min/mg proteins) versus rate of product formation/substrate concentration (ratio
area/min/mg proteins/mM).

G: glucuronide.
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Figure 7. (S)Bicalutamide inhibits propofol-glucuronide production by human liver (A) and
kidney (B) microsomes and by the UGT1A9 bacculosomes (C)

Human liver (A) and kidney (B) microsomes and UGT1A9 (C) bacculosomes were
incubated with UDPGA (1 mM), in the presence of increasing concentrations of propofol (P,
1, 10, 50 and 100 uM) and pure (S)bicalutamide (5, 15, 25, 50, 150 and 500uM) for 2 hours
at 37°C. Propofol-G formation was analyzed by LC-MS/MS, and Dixon plots analyses were
performed to calculate the apparent Ki values. Data represent the mean + S.D. of two
independent experiments performed in triplicate.

G: glucuronide; P: propofol, V: propofol-G formation expressed as the ratio of the area
under the curve (AUC) for propofol-G versus AUC of 4-methylumbelliferone-G/min/mg of
proteins); Ki: constant of inhibition.
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