
Structure−Metabolism Relationships in the Glucuronidation of
D‑Amino Acid Oxidase Inhibitors
Sarah C. Zimmermann,† Rana Rais,† Jesse Alt,† Caitlin Burzynski,‡ Barbara S. Slusher,†

and Takashi Tsukamoto*,†

†Department of Neurology and Brain Science Institute, Johns Hopkins University, Baltimore, Maryland 21205, United States
‡Medicinal Chemistry Section, Molecular Targets and Medications Discovery Branch, National Institute on Drug AbuseIntramural
Research Program, Baltimore, Maryland 21224, United States

ABSTRACT: Representative D-amino acid oxidase (DAAO) inhibitors were
subjected to in vitro liver microsomal stability tests in the absence or presence of
uridine diphosphate glucuronic acid (UDPGA). While carboxylate-based DAAO
inhibitors displayed little glucuronidation, most DAAO inhibitors containing α-
hydroxycarbonyl moiety exhibited nearly complete glucuronidation within 30 min.
The one exception was 6-[2-(3,5-difluorophenyl)ethyl]-4-hydroxypyridazin-
3(2H)-one 10, which exhibited some degree of resistance to glucuronidation by
liver microsomes from mice, rats, and humans.
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D-Amino acid oxidase (EC 1.4.3.3, DAAO) catalyzes the
oxidation of D-amino acids including D-serine, an endogenous
ligand for the glycine modulatory site of the N-methyl-D-
aspartate (NMDA) receptors. Since hypofunction of NMDA
receptors has been implicated in the pathophysiology of
schizophrenia, enhancement of D-serine in the brain by
inhibition of DAAO has gained substantial interest as a new
therapeutic approach to schizophrenia. Indeed, a number of
new DAAO inhibitors have appeared in the literature over the
past decade.1,2 The common structural feature shared by these
DAAO inhibitors is an aromatic ring system with a carboxylic
acid or its bioisostere. As shown in Figure 1, representative
carboxylate-based inhibitors include 5-methyl-1H-pyrazole-3-

carboxylic acid (AS057278) 1,3 5-(4-chlorophenethyl)-1H-
pyrazole-3-carboxylic acid 2,4 and 4H-thieno[3,2-b]pyrrole-5-
carboxylic acid 3.5 6-Chloro-1,2-benzisoxazol-3(2H)-one
(CBIO) 46 has an isoxazol-3-one as a carboxylic acid
bioisostere. Compounds 5−107−11 contain an α-hydroxycar-
bonyl moiety, which appears particularly effective as a
bioisosteric replacement for the carboxylate group. The
successful replacement of the carboxylate group is primarily
due to their ability to retain the critical interactions with the key
residues of the active site of DAAO. For example, a crystal
structure of human DAAO in complex with 5a (3G3E) shows
the Tyr228 residue involved in hydrogen bonding to the 3-
hydroxyl group of 5a as well as the Arg283 residue interacting
with both the 3-hydroxyl group and the 2-carbonyl group of
5a.7 A very similar mode of binding has been reported for 7
(PDB 3ZNP),12 9 (PDB 3W4J),11 and 10 (PDB 3W4K)11

cocrystallized with human DAAO.
One of the advantages offered by the α-hydroxycarbonyl

moiety is their considerably higher pKa values as compared to
those of carboxylic acids. The 3-hydroxyl group of 5a has a pKa
value of 8.77 and is only minimally ionized at the physiological
pH. The low acidity of this bioisostere was expected to result in
better membrane permeability and improved pharmacokinetics.
Systematic pharmacokinetics studies, however, revealed that
close analogues of 5a are not orally available in either mice or
rats despite that the carboxylate-based inhibitors 1 and 3 show
reasonable oral bioavailability (F = 33−97%) in both species.13

These findings suggest that there may be other factors
potentially impacting the pharmacokinetics of DAAO inhibitors
containing the α-hydroxycarbonyl bioisostere. Interestingly, we

Received: August 19, 2014
Accepted: October 21, 2014
Published: October 21, 2014

Figure 1. Representative DAAO inhibitors.
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previously found that compound 4 is substantially metabolized
by mouse and human microsomes in the presence of UDPGA,
but not in the presence of NADPH, suggesting loss of the
parent compound by glucuronidation (Figure 1).14 Indeed, the
formation of the corresponding glucuronide 11 (Figure 2) was

confirmed by LC/MS analysis in both mouse and human
microsomes fortified with UDPGA.14 Subsequently, we found
that compound 6 also undergoes substantial glucuronidation in
microsomes.8 These in vitro metabolic studies imply that
glucuronidation may represent a common metabolic pathway
that potentially contributes to the poor oral pharmacokinetics
of a broader range of DAAO inhibitors. In this letter, we report
on the glucuronidation of representative DAAO inhibitors
including those containing a carboxylic acid bioisostere to
identify structural features that are subject to glucuronidation
and examine their potential role in oral pharmacokinetics.
An in vitro glucuronidation assay was conducted using

mouse, rat, and/or human microsomes (0.5 mg protein/mL) in
the absence or presence of UDPGA (2 mM). Mouse
microsomes were used as the primary assay so that we could
compare the in vitro stability data with the previously reported
in vivo pharmacokinetics data obtained from mice. The
remaining parent compounds were quantified after 30 and 60
min of incubation at 37 °C. The metabolic data are summarized
in Table 1.
In all cases, the parent compounds remained intact in the

absence of UDPGA. In the presence of UDPGA, however, loss
of the parent compounds took place to varying degrees,
indicating that DAAO inhibitors of different chemotypes are
subject to different degrees of glucuronidation. A clear

distinction was observed between carboxylate-based DAAO
inhibitors 1−3 and biosiostere-containing inhibitors 4−10 in
degree of glucuronidation. Compounds 1−3 were found to be
completely resistant to glucuronidation. The results are in good
agreement with the reasonable oral bioavailability in mice
previously reported for compounds 1 and 3 (F = 33% and 56%,
respectively).13 Consistent with our previous data, compound 4
was glucuronidated in a time-dependent manner, and only 33%
of the parent compound remained intact after 60 min of
incubation. The rather gradual glucuronidation of 4, however,
appears to result in the still reasonable oral bioavailability (F =
29%) in mice.13 In contrast, compounds 5−9 were glucur-
onidated much more rapidly than 4. Only 20% of compound 8
remained after 30 min of incubation. Moreover, compounds 5−
7 and 9 were almost completely metabolized within 30 min.
The possibility of N-glucuronidation cannot be ruled out for
compounds 5, 6, and 9. However, the rapid glucuronidation of
7 lacking an amino group suggests that predominant
metabolism of these compounds is O-glucuronidation.
The rapid glucuronidation by liver microsomes predicts

significant loss of compounds through the first pass metabolism
following oral administration. Indeed, compound 5b was
reported to have negligible oral bioavailability in rats (F =
1.4%) and mice (F = 0.65%).13 Interestingly, compound 5c was
reported to be orally available (F = 38%) in rats.7 To this end,
we also examined glucuronidation of 5c in rat microsomes.
Similar to mouse microsomes, however, compound 5c was
completely consumed within 30 min by rat microsomes in the
presence of UDPGA. A possible explanation for the reasonable
oral bioavailability of 5c despite the substantial glucuronidation
may be rapid deglucuronidation of the metabolite by intestinal
β-glucuronidase followed by reabsorption of 5c, creating
enterohepatic circulation.
In contrast to compounds 5−9, only partial glucuronidation

was observed with a 4-hydroxypyridazin-3(2H)-one derivative
10. Nearly 60% of the parent compound remained intact even
after 60 min of incubation. The reduced rate of glucuronidation
of 10 was also seen in rat and human microsomes. A recent
report exploring strategies for the modulation of phase II
metabolism in protein kinase C epsilon (PKCε) inhibitors
demonstrated that introduction of proximal polarity to the
glucuronidation site is generally effective in attenuating O-
glucuronidation while maintaining potency against PKCε.15

Although speculative, it is conceivable that increased polarity of
the hydroxypyridazin-3(2H)-one moiety as compared to other
α-hydroxycarbonyl-based pharmacophores is at least partially
responsible for the slow glucuronidation of 10.
Nevertheless, the glucuronidation profiling certainly differ-

entiates compound 10 from other DAAO inhibitors containing
a bioisostere for a carboxylate group. Compound 10 was found
to be stable in mouse liver microsomes (92% remaining after a
60 min incubation) in the presence of NADPH, a cofactor for
CYP-dependent oxidation. Indeed, plasma pharmacokinetics
studies in CD1 mice16 revealed that compound 10 is orally
bioavailable (F = 31%) with a plasma clearance of 39 mL/min/
kg. Although its plasma clearance is higher than compounds 1
(10 mL/min/kg) and 3 (21 mL/min/kg), the oral bioavail-
ability (%F) of 10 appears to be comparable to that of 1 (33%)
and 3 (56%).13 Additional reduction in the degree of
glucuronidation through structural modification should lead
to further improvement in oral bioavailability and plasma
clearance.

Figure 2. Glucuronidation of 4 in liver microsomes.

Table 1. Glucuronidation of DAAO Inhibitors

% remaining

compd
hDAAO IC50

(nM)a
source of liver
microsomes 30 min 60 min

1 9103 mouse 92 ± 6 78 ± 4
2 <10004 mouse 103 ± 4 102 ± 5
3 5.412 mouse 98 ± 1 100 ± 6
4 17.213 mouse 58 ± 2 33 ± 1
5a 47 mouse <1 <1
5b 87 mouse <1 <1
5b rat <1 <1
5c 107 mouse <1 <1
5c rat <1 <1
6 808 mouse <1 <1
7 4409 mouse <1 <1
8 10010 mouse 20 ± 3 5 ± 1
9 2011 mouse 5 ± 1 3 ± 1
10 7.011 mouse 77 ± 7 59 ± 4
10 rat 69 ± 1 51 ± 2
10 human 81 ± 1 62 ± 0

aIC50 values are taken from the respective cited references.
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The results demonstrate that the glucuronidation potential of
DAAO inhibitors can be reduced without removing α-
hydroxycarbonyl moiety crucial for DAAO inhibition. While
our approach is purely empirical, our findings should have
practical implication for the design of glucuronidation resistant
molecules for other therapeutic targets. One notable example is
catechol O-methyltransferase (COMT) inhibitors, many of
which possess phenolic pharmacophores subject to glucur-
onidation.17
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