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The Therapeutic Potential of D-Amino Acid Oxidase (DAAQ) Inhibitors
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Abstract: D-amino acid oxidase (DAAO) is a flavoenzyme that degrades D-amino acids through the process of oxidative
deamination. DAAO regulation of D-amino acid levels has been associated with several physiological processes ranging
from hormone secretion to synaptic transmission and cognition. Recent genetic studies have identified a mutation on
chromosome 13 in schizophrenia patients that encodes two gene products (G30 and G72) that are associated with DAAO.
Furthermore, DAAOQO expression and enzyme activity has been reported to be increased in post mortem brain tissue
samples from patients with schizophrenia compared to healthy controls. D-serine, a D-amino acid that is regulated by
DAADO, is a potent, endogenous co-agonist of the N-methyl-D-aspartic acid (NMDA) receptor. Because NMDA receptor
dysfunction is thought to be involved in the positive (psychotic), negative and cognitive symptoms in schizophrenia, there
has been much interest in developing potent and selective DAAO inhibitors for the treatment of this disease. Several
research reports have been published that describe the synthesis and biological effects of novel, selective, small molecule
inhibitors of DAAO. Many of these compounds have been shown, when given systemically, to increase D-serine
concentrations in the blood and brain. However, the efficacy of these compounds in behavioral assays that measure
antipsychotic potential and pro-cognitive effects in laboratory animals has been inconsistent. This article highlights and

reviews research advances for DAAO inhibitors published in peer reviewed journals.
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D-AMINO ACID OXIDASE

D-amino acid oxidase (DAAO) is a flavoprotein that
catalyzes the oxidative deamination of D-amino acids.
DAAO was first identified by Krebs in 1935 [1] and since
this initial characterization DAAO has been studied in a
variety species ranging from microorganisms to mammals.
The DAAO gene has been mapped to chromosome 12qg23-
24.1 in human and to 5E3-F in the mouse [2]. Several
regions of the DAAO protein are highly conserved across
species including amino acid residues that make up the
catalytic site of the active center. However, there is no
significant amino acid homology within the substrate
binding region of DAAO which may reflect the broad
substrate specificity of this enzyme [3]. Interestingly, DAAO
can maintain catalytic activity as a monomer and a
homodimer in different cell types [4, 5].

High levels of DAAO expression and enzyme activity are
found in the mammalian liver, kidney, and brain although
the expression pattern can vary between species. For
example, humans express DAAO in both the liver and
kidney, whereas mice express DAAO in the kidney but not
the liver [3]. The physiological role of DAAO in the kidney
and liver is detoxification of accumulated D-amino acids [6].
The cellular localization of this enzyme in peroxisomes
allows for efficient removal of the cytotoxic by-product
hydrogen peroxide that is produced during the oxidative
deamination of D-amino acids [7]. The physiological role of
DAAO in the brain is less clear. DAAO expression and
activity has been reported to be most extensive in the
cerebellum followed by the dorsolateral prefrontal cortex
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hippocampus and substantia nigra [8, 9]. Verrall et al. 2007
reported robust mMRNA expression and immunoreactivity for
DAAO in Bergmann glia and in the molecular and granule
cell layers of the human cerebellum. In contrast to the
cerebellum, DAAO mRNA and protein were localized to
neurons in the prefrontal cortex, hippocampus and substantia
nigra [10].

POTENTIAL THERAPEUTIC APPLICATIONS OF
DAAO INHIBITORS

DAAO and the D-amino acids that this enzyme regulates
have been implicated in a wide array of physiological
processes. In particular D-arginine affects pathways that
regulate arterial pressure [11], D-aspartate is an important
regulator of hormone release [12, 13], and elevated D-
alanine content has been found in the gray matter of
Alzheimer's patients [14]. Recently, research has focused on
understanding the role of DAAO and D-amino acids in
relation to psychiatric disorders such as schizophrenia. In
particular, D-serine and glycine play an important role in
neuronal signaling by functioning as co-agonists of the
NMDA receptor. The NMDA receptor functions as a
molecular coincidence detector and requires the presence of
both agonist (glutamate) and co-agonist (D-serine, glycine,
and/or D-alanine) for the ligand-gated ion channel to open
[15-17]. Importantly, D-serine has been reported to be the
predominant NMDA co-agonist in the forebrain and there is
accumulating evidence that D-serine regulates cortical and
hippocampal NMDA receptor activity [17-19].

Regulation of NMDA receptor co-agonists through the
pharmacological manipulation of DAAO and glycine
transporters (GlyT1) have been investigated as putative
novel therapeutics to treat schizophrenia. Currently, typical
and second generation atypical antipsychotics are the
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frontline of treatment for schizophrenia. These therapeutics
are moderately effective in treating the positive symptoms of
schizophrenia, however, they fall short of addressing the
cognitive deficits and negative symptoms associate with this
disease [20]. Therapeutics that modulate D-serine and other
NMDA receptor co-agonists may better address the multiple
symptomatic domains of schizophrenia. The NMDA
receptor is thought to play a central role in the
pathophysiology of schizophrenia and NMDA receptor
dysfunction may underlie the behavioral and neurobiological
deficits observed in this disease. Accordingly, decreasing
NMDA receptor function by administering NMDA receptor
antagonists such as ketamine and phencyclidine (PCP)
produced psychotomimetic symptoms, negative symptoms
and cognitive deficits in animals and normal human subjects
[21-23]. NMDA receptor antagonists also reinstated
schizophrenia-like symptoms in remitted patients and
exacerbated psychosis in patients free of antipsychotic
medication [24]. D-serine, as well as other endogenous co-
agonists of the NMDA receptor, are decreased in both the
serum and cerebrospinal fluid (CSF) of patients with
schizophrenia [25-28]. Furthermore, increasing NMDA
receptor function by co-administration of glycine, D-serine,
or D-alanine with atypical antipsychotics improved positive,
negative, and cognitive symptoms, in schizophrenia patients
when compared to antipsychotic treatment alone [29-32].

Gene association studies have provided another link
between DAAO and schizophrenia. DNA from 213
schizophrenic patients and 241 normal individuals from
Canada were genotyped and two overlapping gene products,
G72 and G30, were identified in a segment from
chromosome 13934 that has been genetically linked to
schizophrenia [33]. The G72 gene product was found to
increase activity of DAAO and was subsequently termed D-
amino acid oxidase activator (DAOA) [33]. This finding
suggests that increased D-serine metabolism resulting from
increased DAAO activity may produce a reduction in
NMDA receptor activity. This hypothesis was tested by
Burnet et al. 2008 who examined DAAO expression and
activity in postmortem cerebellar tissue from schizophrenia
patients and normal controls. They reported that DAAO
activity and expression were upregulated in tissue from
schizophrenic patients, however, the increases in expression
and activity were not related to identified SNPs or the gene
products G72 and G30 [34].

In addition to human genetic studies, DAAO mutations
have been studied in the mouse. ddY/DAO- mice is a
naturally occurring mouse strain that lacks DAAO activity
and has elevated levels of D-serine in the blood and
cerebellum [35]. These mice also have functional changes in
synaptic transmission including increased NMDA-mediated
excitatory post synaptic currents and enhanced hippocampal
long term potentiation, a molecular correlate of learning and
memory [36, 37]. ddY/DAO- mice also show improved
cognitive performance in the Morris water maze task® and
increased occupancy of the NMDA receptor compared to
wild type animals®. Taken together, these finding suggest
that DAAO inhibitors might be useful as novel therapeutics
to treat psychiatric and cognitive disorders.
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IN VITRO PROPERTIES AND IN VIVO EFFECTS OF
DAAO INHIBITORS

Given that DAAO is involved in D-serine metabolism
and that DAAO mutant mice have elevated D-serine
concentration in brain, several investigators have described
the use of DAAO inhibitors on D-serine levels in plasma and
brain [35, 36, 38]. Thus, Adage et al. 2008 [39] described the
in vitro and in vivo properties of a single compound, 5-
methylpyrazole-3-carboxylic acid, ASO57278 (1. Fig. 1).
No structure activity information was described however
this compound was found to be a moderately potent
(ICsg = 0.9uM) inhibitor of human DAAO activity in vitro.
This compound was highly selective for DAAO over the
glycine site of the NMDA receptor, D-aspartate oxidase
(DDO) and D-serine racemase, with negligible inhibitory
activity at these proteins up to 100uM. Pharmacokinetic
studies of ASO57278 in rat showed it to have an intravenous
half life of 5.6 h and low clearance. The compound is orally
bioavailable (F=41%) with a terminal half life of 7.2 h and a
Tmax of 1 h. Furthermore, the compound is brain penetrant
as brain and CSF concentrations were increased following
intravenous administration, although the brain to plasma and
CSF to plasma ratios were relatively low at 1 h (0.052 and
0.018 respectively). AS057278 had a small but significant
effect on D-serine relative to total serine (D-serine + L-
serine) in the cortex and midbrain after i.v. dosing of 10
mg/kg AS057278. It is worth noting, however, that plasma
levels achieved with this route and dose appeared to produce
much higher drug levels than were achieved in their
behavioral studies, which are described below.

Duplantier et al. 2009 described the structure activity
relationship and pharmacokinetics of 3-hydroxyquinolin-2-
(1H)-one (2, Fig. 1) and its analogs as novel, selective and
highly potent DAAO inhibitors [40]. Although 3-
hydroxyquinolin-2-(1H)-one is a very potent DAAO
inhibitor (ICso = 4nM) it also has weak affinity for the
glycine site of the NMDA receptor (29% inhibition at 10uM)
and some affinity for DDO (ICsq = 855nM). Pharmacokinetic
studies in rat revealed this compound to have moderate
clearance (46mg/min/kg) and poor oral bioavailability
(F=0.9%), but when administered subcutaneously at 56
mg/kg it increased cerebellar D-serine concentration and
revealed a brain/plasma ratio of 0.7. Substitution of this
compound with fluoro and chloro at positions 6 and 5
respectively and replacement of the 8 carbon atom with
nitrogen culminated in an optimized compound (3, Fig. 1)
that had improved oral bioavailability and maintained high
affinity for rat and human DAAO (ICsy = 4nM), and weak
affinity 1Cso >14.5uM for DDO with negligible activity at
the glycine / NMDA site. Subcutaneous administration of (3)
in mice dose dependently increased cerebellar D-serine
concentration 2-6 fold above control values 4 h after dosing
although it is not clear if this increase of brain D-serine is
due to central and / or peripheral DAAO inhibition.

Sparey et al. 2008 [41] described a two fused pyrrole
carboxylic acid (4, Fig. 1) as a moderately potent inhibitor of
human (ICso = 145nM) and rat (ICsg = 112nM) DAAO in
vitro with good selectivity over human DDO. The properties
of (4) were further described by Smith et al. 2009 to have
good rat pharmacokinetics including oral bioavailability and
to dose-dependently inhibit kidney and brain (cerebellum)
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Fig. (1). Chemical structures of novel DAAO inhibitors. (1)
ASO57278 [39], Pfizer compounds (2) and (3) [40], Merck
compound (4) [42], and (5) CBIO from MGI Pharma [43].

DAAO activity with an associated increase of plasma D-
serine [42]. However, doses of (4) that inhibited DAAO
activity in kidney by ~80% and in brain by ~65% failed to
markedly increase cortical levels of D-serine.

Interestingly, a feature of compound 4 and several other
DAAO inhibitors is the relatively small molecular weight
and general lack of tolerability, in terms of maintaining high
affinity, for large group substitutions. In keeping with the
tolerance for small molecular weight compounds, X-ray
crystallography studies indicated that the active site in
DAAO is small and fairly restricted [40, 41], perhaps
consistent with the physiological role of the enzyme to
metabolize small molecular weight amino acids.

Ferraris et al. 2008 described a series of compounds
based on a benzo[d]isoxazol-3-0l core structure as
moderately potent, competitive (with respect to D-serine)
inhibitors of DAAO [43]. Selectivity over DDO,
glycine/NMDA or other receptors was not reported.
Substitution of the core structure with larger groups (OMe,
OEt, CF3) was generally poorly tolerated in terms of affinity
for DAAO but smaller groups (fluoro, chloro, methyl) at
positions 5 or 6 moderately improved DAAO affinity. The
most potent analog described in this series was the 6-chloro
analog (CBIO) which inhibited DAAO activity with an
ICso = 188nM (5, Fig. 1). Selectivity over other receptors and
enzymes was not reported. While there are no reported
pharmacokinetic or brain penetration studies of this
compound, oral administration of CBIO to rats (30 mg/kg)
increased plasma D-serine concentration similar to that
produced by D-serine (30 mg/kg). Nevertheless, this dose of
CBIO failed to increase extracellular cortical D-serine
concentrations when administered alone and a similar lack of
effect of CBIO on rat brain D-serine was found by
Hashimoto et al. 2009 [43, 44].

Collectively, the limited experience with a small number
of structurally diverse inhibitors indicates that extensive
inhibition of peripheral and central DAAO has a limited
effect on brain or extracellular D-serine concentration. This
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could be due to several reasons. High affinity D-amino acid
reuptake sites could keep extracellular D-serine
concentrations low even when DAAO activity is inhibited.
Regional differences in the activity of brain DAAO could be
a source of error in assessing the efficacy of inhibitors
(cortex has very low DAAO activity compared with
cerebellum). Poor brain penetration or lack of interaction of
the inhibitor with the enzyme in situ. In this regard, the paper
by Duplantier et al 2009, indicated that free compound in
brain may need to be several-fold greater than the in vitro
ICs before significant elevations in D-serine are observed, at
least in the cerebellum which has a high level of DAAO
activity [40].

EFFECT OF DAAO INHIBITORS ON BEHAVIORS
RELEVANT TO SCHIZOPHRENIA

When co-administered with antipsychotics, D-serine, as
well as direct administration of other co-agonists of the
NMDA receptor, has been reported to have therapeutic
effects in patients with schizophrenia [29 — 32]. For this
reason, several reports have investigated the effects of D-
serine administration in preclinical models and have
demonstrated effects in assays predictive of clinical utility
for positive symptoms [42, 45, 46] negative symptoms [21]
and cognitiom [42, 47, 48].

In contrast to the fairly robust effects reported with D-
serine administration, the reported behavioral effects of
DAAO inhibitors are fairly modest and inconsistent. For
example, we found that D-serine attenuated the psychomotor
activating and dopamine releasing effects of amphetamine
and reversed an MK-801 induced deficit in novel object
recognition. In contrast, compound (4) did not produce
behavioral or neurochemical changes in these assays. In
addition, we have hitherto unpublished data showing that D-
serine improves recognition in a time-dependent forgetting
protocol to assess novel object recognition, whereas
compound (4) does not (Fig. 2). Importantly, we found that
the dose of D-serine required for improvement in novel
object recognition and attenuation of amphetamine-induced
psychomotor activity elevated CSF D-serine 40-fold over
that achieved by the maximum dose of compound (4) tested
(200 mg/kg). These findings suggest that the increase in D-
serine needed for these behavioral effects is much greater
than can be achieved by DAAO inhibition, at least by a
single dose of compound (4). Administration of the DAAO
inhibitor CBIO on its own also reportedly failed to reverse a
prepulse inhibition (PPI) deficit induced by MK-801
administration whereas D-serine was effective [44].

In contrast to the negative results described above, Adage
et al., 2008 found that acute administration of 80 mg/kg
AS057278 reversed a PCP-induced deficit in PPI, although
the effect was not observed with other doses, including lower
(40 mg/kg) or slightly higher (100 mg/kg) doses of
AS057278. These authors also report that chronic (28 days,
b.i.d.) administration of AS057278 reversed a PCP-induced
deficit in PPI, but again the dose-effect curve followed a
steep inverted U-shaped dose-effect function (10 and 40
mg/kg were ineffective, whereas 20 mg/kg was effective).
Finally, these authors reported that subchronic, but not acute
administration of AS057278 attenuated the psychomotor
activating effects of PCP. Unfortunately, no measurement of
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Fig. (2). The influence of D-serine and compound 4 on novel object recognition. Groups of male Wistar Hannover rats were given D-serine
(s.c.) or compound 4 (i.p.) and 4 hours later were placed in test cages and allowed to explore two identical objects for 90 seconds. 24 hours
later these animals were placed back in the test cage and allowed to explore one object they had explored previously and one novel object.
Memory for the previously encountered object is indicated by greater exploration of the novel object. The group given 1.28 g/kg d-serine
showed greater object recognition than the vehicle treated animals, as well as greater than chance levels of exploration of the novel object. In
contrast, none of the doses of compound 4 increased recognition. * indicates significantly greater % exploration of the novel object, relative
to 0 mg/kg. a indicates greater than chance (50%) levels of exploration of the novel object.

brain D-serine was made after chronic dosing to determine if
the more pronounced behavioral effects of AS057278
following chronic dosing were due to elevated D-serine.

Given the moderate efficacy of DAAO inhibitors on
brain D-serine and behavior, several authors have
investigated the effects of co-administering DAAO inhibitors
with D-serine on brain neurochemistry and behavioral
assays. Indeed, Ferrais et al, 2008 showed that CBIO had
quite pronounced effects on brain (and plasma) D-serine
when co-administered with 30 mg/kg D-serine, relative to
when either CBIO or D-serine was administered alone.
Hashimoto et al, 2009 extended this finding by showing
effects on cortical D-serine and also demonstrated that co-
administration of D-serine (30 mg/kg) and CBIO reversed an
MK-801-induced deficit in PPl whereas the 30 mg/kg dose
of D-serine had no effect on its own. We have likewise
shown that co-administration of compound (4) with D-serine
elevates CSF and cortical D-serine to a greater extent than
administration of D-serine alone in male rats (Fig. 3).
Unfortunately it is not known whether the effects of CBIO or
compound (4) on elevating D-serine levels following D-
serine administration are due to inhibition of DAAO in the
periphery, brain or most likely both compartments. Neither is
it clear from any of these studies whether or not such
interactions are synergistic or additive and more extensive
isobolargraphic analyses would be required to define the
interaction. Nevertheless, these findings suggest that DAAO
inhibitors could be useful clinically for reducing the dose of
D-serine necessary to improve psychosis or cognitive
deficits associated with schizophrenia. As a result, the co-
administration of DAAO inhibitors with D-serine could
ameliorate some of the side effects associated with the
administration of high doses of D-serine, such as
nephrotoxicity [49].

OTHER THERAPEUTIC INDICATIONS FOR DAAO
INHIBITORS

Beyond its hypothesized involvement in schizophrenia,
there is also evidence suggesting a role of D-serine, and
potentially DAAO, in the response to painful stimuli.
Intracerebral administered D-serine is effective in several
pain models [50, 51] although the effects of D-serine on pain
responsiveness might greatly differ depending on the brain
region where it is administered (see [52] for an example of
potentiation of the pain response by D-serine). However,
there is a significant amount of research showing that
NMDA receptor antagonists might be also useful for treating
pain [53], so the mechanism of action by which D-serine has
reported analgesic effects is not well understood.

The effect of DAAO inhibition on the response to painful
stimuli has not been well studied and the few relevant studies
are somewhat contradictory. Ren et al, 2006 showed that
infusion of the enzyme DAAO into the rostral anterior
cingulate cortex reduced conditioned place avoidance
produced by formalin injections, but had no effect on acute
pain responses induced by formalin [54]. These results were
interpreted to indicate that decreasing D-serine (and
presumably other D-amino acids) in the anterior cingulate
via upregulating DAAO produces analgesic effects, and
might suggest a nociceptive effect of inhibiting the enzyme.
Indeed, Wake et al (2001) showed that a mutant mouse
lacking DAAO activity is supersensitive to formalin-induced
nociception [37]. On the other hand, Zhao et al, 2008
showed that this same mouse strain is less sensitive to a
variety of painful stimuli (including formalin) and that the
DAAO inhibitor sodium benzoate has analgesic effects in
two chronic pain assays [55]. These inconsistent findings
highlight the need for more studies to address the potential of
DAAO inhibitors for treating pain. Nevertheless, Sepracor
has revealed that they plan on evaluating the effects of their
DAAO inhibitor SEP-227900 for neuropathic pain.

CONCLUSIONS
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Fig. (3). Effects of compound 4 on CNS D-serine concentration following D-serine administration. CSF levels of D-serine 4h following D-
serine administration in animals pretreated (30 min) with compound 4 (25 mg/kg, i.p.) or water (2 ml/kg, i.p.) (left). Cortical levels of D-
serine 4h following D-serine administration in animals pretreated with compound 4 or water (right). * indicates a significant increase in D-
serine in compound 4 pretreated animals compared to vehicle pretreatment (p< 0.05, ANOVA). Data reported as mean = SEM, n=5 per

group.

The therapeutic potential of DAAO inhibitors is
relatively unexplored and studies have primarily addressed
their value for pharmacotherapy in the treatment of positive,
negative and cognitive symptoms of schizophrenia.
However, the few published studies characterizing novel
DAAO inhibitors have yielded conflicting results. This may
be for several reasons including the use of DAAO inhibitors
with  different  properties including potency and
pharmacokinetics. Relatively few of the published studies
have related efficacy (or lack thereof) to the extent of
peripheral / brain DAAO inhibition or have demonstrated an
increase of brain extracellular D-serine following a
behaviorally effective dose of an inhibitor. Furthermore, the
relative contributions of peripheral D-serine which can be
actively transported into the brain are poorly understood.
Interestingly, preclinical studies have provided data that
combining a DAAO inhibitor with D-serine may be more
effective in terms of antipsychotic like activity, however, a
clinically acceptable strategy for this combination remains to
be determined.

ABBREVIATIONS

DAAO = D-amino acid oxidase

NMDA = N-methyl-D-aspartate

PCP = Phencyclidine

DAOA = D-Amino acid oxidase activator
DDD = O-aspartate oxidase

PPI = Prepulse inhibition

CONFLICT OF INTEREST

Authors are employees of Merck & Co., Inc.
REFERENCES

[t
[2]
(3]

(4]
(5]

(6]

(7

(8]

(9]

[10]

[11]

[12]

[13]

Krebs, H. A. Metabolism of amino-acids: deamination of amino-
acids. Biochem. J., 1935, 29, 1620-1644.

Konno, R. Assignment of D-amino-acid oxidase gene to a human
and a mouse chromosome. Amino Acids, 2001, 20, 401-408.
Tishkov, V. L; Khoronenkova, S. V. D-Amino acid oxidase:
structure, catalytic mechanism, and practical application.
Biochemistry (Mosc), 2005, 70, 40-54.

Pilone, M. S. D-Amino acid oxidase: new findings. Cell Mol. Life
Sci., 2000, 57, 1732-1747.

Piubelli, L.; Caldinelli, L.; Molla, G.; Pilone, M. S.; Pollegioni, L.
Conversion of the dimeric D-amino acid oxidase from Rhodotorula
gracilis to a monomeric form. A rational mutagenesis approach.
FEBS Lett., 2002, 526, 43-48.

Hasegawa, H.; Matsukawa, T.; Shinohara, Y.; Konno, R;
Hashimoto, T. Role of renal D-amino-acid oxidase in
pharmacokinetics of D-leucine. Am. J. Physiol. Endocrinol. Metab.,
2004, 287, E160-E165.

Momoi, K.; Fukui, K.; Watanabe, F.; Miyake, Y. Molecular
cloning and sequence analysis of cDNA encoding human kidney
D-amino acid oxidase. FEBS Lett., 1988, 238, 180-184.

Katagiri, M.; Tojo, H.; Horiike, K.; Yamano, T. Immunochemical
relationship of D-amino acid oxidases in various tissues and
animals. Comp. Biochem. Physiol. B, 1991, 99, 345-350.

Horiike, K.; Tojo, H.; Arai, R.; Nozaki, M.; Maeda, T. D-amino-
acid oxidase is confined to the lower brain stem and cerebellum in
rat brain: regional differentiation of astrocytes. Brain Res., 1994,
652, 297-303.

Verrall, L.; Walker, M.; Rawlings, N.; Benzel, I.; Kew, J. N.;
Harrison, P. J.; Burnet, P. W. d-Amino acid oxidase and serine
racemase in human brain: normal distribution and altered
expression in schizophrenia. Eur. J. Neurosci., 2007, 26, 1657-
1669.

Wang, Q.; Cwik, M.; Wright, C. J.; Cunningham, F.; Pelligrino, D.
A. The in vivo unidirectional conversion of nitro-D-arginine to
nitro-L-arginine. J. Pharmacol. Exp. Ther., 1999, 288, 270-273.
Takigawa, Y.; Homma, H.; Lee, J. A.; Fukushima, T.; Santa, T.;
Iwatsubo, T.; Imai, K. D-aspartate uptake into cultured rat
pinealocytes and the concomitant effect on L-aspartate levels and
melatonin secretion. Biochem. Biophys. Res. Commun., 1998, 248,
641-647.

D'Aniello, G.; Tolino, A.; D'Aniello, A.; Errico, F.; Fisher, G. H.;
Di Fiore, M. M. The role of D-aspartic acid and N-methyl-D-



8 The Open Medicinal Chemistry Journal, 2010, Volume 4

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

aspartic acid in the regulation of prolactin release. Endocrinology,
2000, 141, 3862-70.

Fisher, G.; Lorenzo, N.; Abe, H.; Fujita, E.; Frey, W. H.; Emory,
C.; Di Fiore, M. M.; A, D. A. Free D- and L-amino acids in
ventricular cerebrospinal fluid from Alzheimer and normal
subjects. Amino Acids, 1998, 15, 263-269.

Johnson, J. W.; Ascher, P. Glycine potentiates the NMDA response
in cultured mouse brain neurons. Nature, 1987, 325, 529-531.
Kemp, J. A.; Leeson, P. D. The glycine site of the NMDA receptor-
-five years on. Trends Pharmacol. Sci., 1993, 14, 20-25.

Mothet, J. P.; Parent, A. T.; Wolosker, H.; Brady, R. O., Jr.;
Linden, D. J.; Ferris, C. D.; Rogawski, M. A.; Snyder, S. H. D-
serine is an endogenous ligand for the glycine site of the N-methyl-
D-aspartate receptor. Proc. Natl. Acad. Sci. USA, 2000, 97, 4926-
4931.

Ito, K.; Hicks, T. P. Effect of the glycine modulatory site of the N-
methyl-D-aspartate receptor on synaptic responses in kitten visual
cortex. Neurosci. Lett., 2001, 303, 95-98.

Shleper, M.; Kartvelishvily, E.; Wolosker, H. D-serine is the
dominant endogenous coagonist for NMDA receptor neurotoxicity
in organotypic hippocampal slices. J. Neurosci., 2005, 25, 9413-
9417.

Lieberman, J. A.; Bymaster, F. P.; Meltzer, H. Y.; Deutch, A. Y.;
Duncan, G. E.; Marx, C. E.; Aprille, J. R.; Dwyer, D. S,; Li, X. M.;
Mabhadik, S. P.; Duman, R. S.; Porter, J. H.; Modica-Napolitano, J.
S.; Newton, S.S.; Csernansky, J.G. Antipsychotic drugs:
comparison in animal models of efficacy, neurotransmitter
regulation, and neuroprotection. Pharmacol. Rev., 2008, 60, 358-
403.

Uslaner, J.; Surles, N.; Vardigan, J.; Huszar, S.; Hutson, P. The
mGIuR5 positive allosteric modulator, CDPPB, has antipsychotic
effects, improves memory, and increases hedonia: relevance to
schizophrenia: International Congress on Schizophrenia Research,
San Diego, CA, USA, 2009.

Javitt, D. C. Negative schizophrenic symptomatology and the PCP
(phencyclidine) model of schizophrenia. Hillside J. Clin.
Psychiatry, 1987, 9, 12-35.

Krystal, J. H.; Karper, L. P.; Seibyl, J. P.; Freeman, G. K.; Delaney,
R.; Bremner, J. D.; Heninger, G. R.; Bowers, M. B., Jr.; Charney,
D. S. Subanesthetic effects of the noncompetitive NMDA
antagonist, ketamine, in humans. Psychotomimetic, perceptual,
cognitive, and neuroendocrine responses. Arch. Gen. Psychiatry,
1994, 51, 199-214.

Lahti, A. C.; Warfel, D.; Michaelidis, T.; Weiler, M. A.; Frey, K.;
Tamminga, C. A. Long-term outcome of patients who receive
ketamine during research. Biol. Psychiatry, 2001, 49, 869-875.
Hashimoto, K.; Fukushima, T.; Shimizu, E.; Komatsu, N.;
Watanabe, H.; Shinoda, N.; Nakazato, M.; Kumakiri, C.; Okada,
S.; Hasegawa, H.; Imai, K.; lyo, M. Decreased serum levels of D-
serine in patients with schizophrenia: evidence in support of the N-
methyl-D-aspartate  receptor  hypofunction  hypothesis  of
schizophrenia. Arch. Gen. Psychiatry, 2003, 60, 572-576.
Hashimoto, K.; Engberg, G.; Shimizu, E.; Nordin, C.; Lindstrom,
L. H.; lyo, M. Reduced D-serine to total serine ratio in the
cerebrospinal fluid of drug naive schizophrenic patients. Prog.
Neuropsychopharmacol. Biol. Psychiatry, 2005, 29, 767-769.
Bendikov, I.; Nadri, C.; Amar, S.; Panizzutti, R.; De Miranda, J.;
Wolosker, H.; Agam, G. A CSF and postmortem brain study of D-
serine metabolic parameters in schizophrenia. Schizophr. Res.,
2007, 90, 41-51.

Yamada, K.; Ohnishi, T.; Hashimoto, K.; Ohba, H.; Iwayama-
Shigeno, Y.; Toyoshima, M.; Okuno, A.; Takao, H.; Toyota, T.;
Minabe, Y.; Nakamura, K.; Shimizu, E.; Itokawa, M.; Mori, N.;
lyo, M.; Yoshikawa, T. Identification of multiple serine racemase
(SRR) mRNA isoforms and genetic analyses of SRR and DAO in
schizophrenia and D-serine levels. Biol. Psychiatry, 2005, 57,
1493-1503.

Heresco-Levy, U.; Javitt, D. C.; Ermilov, M.; Mordel, C.;
Horowitz, A.; Kelly, D. Double-blind, placebo-controlled,
crossover trial of glycine adjuvant therapy for treatment-resistant
schizophrenia. Br. J. Psychiatry, 1996, 169, 610-617.
Heresco-Levy, U.; Javitt, D. C.; Ermilov, M.; Mordel, C.; Silipo,
G.; Lichtenstein, M. Efficacy of high-dose glycine in the treatment
of enduring negative symptoms of schizophrenia. Arch. Gen.
Psychiatry, 1999, 56, 29-36.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Smith et al.

Heresco-Levy, U.; Ermilov, M.; Shimoni, J.; Shapira, B.; Silipo,
G.; Javitt, D. C. Placebo-controlled trial of D-cycloserine added to
conventional neuroleptics, olanzapine, or risperidone in
schizophrenia. Am. J. Psychiatry, 2002, 159, 480-482.

Tsai, G.; Yang, P.; Chung, L. C.; Lange, N.; Coyle, J. T. D-serine
added to antipsychotics for the treatment of schizophrenia. Biol.
Psychiatry, 1998, 44, 1081-1089.

Chumakov, I.; Blumenfeld, M.; Guerassimenko, O.; Cavarec, L.;
Palicio, M.; Abderrahim, H.; Bougueleret, L.; Barry, C.; Tanaka,
H.; La Rosa, P.; Puech, A.; Tahri, N.; Cohen-Akenine, A,
Delabrosse, S.; Lissarrague, S.; Picard, F. P.; Maurice, K.; Essioux,
L.; Millasseau, P.; Grel, P.; Debailleul, V.; Simon, A. M.; Caterina,
D.; Dufaure, |.; Malekzadeh, K.; Belova, M.; Luan, J. J.; Bouillot,
M.; Sambucy, J. L.; Primas, G.; Saumier, M.; Boubkiri, N.; Martin-
Saumier, S.; Nasroune, M.; Peixoto, H.; Delaye, A.; Pinchot, V.;
Bastucci, M.; Guillou, S.; Chevillon, M.; Sainz-Fuertes, R.;
Meguenni, S.; Aurich-Costa, J.; Cherif, D.; Gimalac, A.; Van
Duijn, C.; Gauvreau, D.; Ouellette, G.; Fortier, I.; Raelson, J.;
Sherbatich, T.; Riazanskaia, N.; Rogaev, E.; Raeymaekers, P.;
Aerssens, J.; Konings, F.; Luyten, W.; Macciardi, F.; Sham, P. C.;
Straub, R. E.; Weinberger, D. R.; Cohen, N.; Cohen, D. Genetic
and physiological data implicating the new human gene G72 and
the gene for D-amino acid oxidase in schizophrenia. Proc. Natl.
Acad Sci., USA, 2002, 99, 13675-13680.

Burnet, P. W.; Eastwood, S. L.; Bristow, G. C.; Godlewska, B. R.;
Sikka, P.; Walker, M.; Harrison, P. J. D-amino acid oxidase
activity and expression are increased in schizophrenia. Mol.
Psychiatry, 2008, 13, 658-660.

Hashimoto, A.; Nishikawa, T.; Konno, R.; Niwa, A.; Yasumura,
Y.; Oka, T.; Takahashi, K. Free D-serine, D-aspartate and D-
alanine in central nervous system and serum in mutant mice lacking
D-amino acid oxidase. Neurosci. Lett., 1993, 152, 33-36.

Maekawa, M.; Watanabe, M.; Yamaguchi, S.; Konno, R.; Hori, Y.
Spatial learning and long-term potentiation of mutant mice lacking
D-amino-acid oxidase. Neurosci. Res., 2005, 53, 34-38.

Wake, K.; Yamazaki, H.; Hanzawa, S.; Konno, R.; Sakio, H.;
Niwa, A.; Hori, Y. Exaggerated responses to chronic nociceptive
stimuli and enhancement of N-methyl-D-aspartate receptor-
mediated synaptic transmission in mutant mice lacking D-amino-
acid oxidase. Neurosci. Lett., 2001, 297, 25-28.

Almond, S. L.; Fradley, R. L.; Armstrong, E. J.; Heavens, R. B.;
Rutter, A. R.; Newman, R. J.; Chiu, C. S.; Konno, R.; Hutson, P.
H.; Brandon, N. J. Behavioral and biochemical characterization of
a mutant mouse strain lacking D-amino acid oxidase activity and its
implications for schizophrenia. Mol. Cell Neurosci., 2006, 32, 324-
334.

Adage, T.; Trillat, A. C.; Quattropani, A.; Perrin, D.; Cavarec, L.;
Shaw, J.; Guerassimenko, O.; Giachetti, C.; Greco, B.; Chumakov,
l.; Halazy, S.; Roach, A.; Zaratin, P. In vitro and in vivo
pharmacological profile of AS057278, a selective d-amino acid
oxidase inhibitor with potential anti-psychotic properties. Eur.
Neuropsychopharmacol., 2008, 18, 200-214.

Duplantier, A. J.; Becker, S. L.; Bohanon, M. J.; Borzilleri, K. A.;
Chrunyk, B. A.; Downs, J. T.; Hu, L. Y.; El-Kattan, A.; James, L.
C.; Liu, S.; Lu, J;; Maklad, N.; Mansour, M. N.; Mente, S.;
Piotrowski, M. A.; Sakya, S. M.; Sheehan, S.; Steyn, S. J.; Strick,
C. A, Williams, V. A.; Zhang, L. Discovery, SAR, and
pharmacokinetics of a novel 3-hydroxyquinolin-2(1H)-one series of
potent D-amino acid oxidase (DAAO) inhibitors. J. Med. Chem.,
2009, 52, 3576-3585.

Sparey, T.; Abeywickrema, P.; Almond, S.; Brandon, N.; Byrne,
N.; Campbell, A.; Hutson, P. H.; Jacobson, M.; Jones, B.; Munshi,
S.; Pascarella, D.; Pike, A.; Prasad, G. S.; Sachs, N.; Sakatis, M.;
Sardana, V.; Venkatraman, S.; Young, M. B. The discovery of
fused pyrrole carboxylic acids as novel, potent D-amino acid
oxidase (DAO) inhibitors. Bioorg.Med. Chem. Lett., 2008, 18,
3386-3391.

Smith, S. M.; Uslaner, J. M.; Yao, L.; Mullins, C. M.; Surles, N.
O.; Huszar, S. L.; McNaughton, C. H.; Pascarella, D. M.; Kandebo,
M.; Hinchliffe, R. M.; Sparey, T.; Brandon, N. J.; Jones, B.;
Venkatraman, S.; Young, M. B.; Sachs, N.; Jacobson, M. A
Hutson, P. H. The behavioral and neurochemical effects of a novel
D-amino acid oxidase inhibitor compound 8 [4H-thieno [3,2-
b]pyrrole-5-carboxylic acid] and D-serine. J. Pharmacol. Exp.
Ther., 2009, 328, 921-930.



D-Amino Acid Oxidase (DAAO) Inhibitors

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Ferraris, D.; Duvall, B.; Ko, Y. S.; Thomas, A. G.; Rojas, C,;
Majer, P.; Hashimoto, K.; Tsukamoto, T. Synthesis and biological
evaluation of D-amino acid oxidase inhibitors. J. Med. Chem.,
2008, 51, 3357-3359.

Hashimoto, K.; Fujita, Y.; Horio, M.; Kunitachi, S.; lyo, M.;
Ferraris, D.; Tsukamoto, T. Co-administration of a D-amino acid
oxidase inhibitor potentiates the efficacy of D-serine in attenuating
prepulse inhibition deficits after administration of dizocilpine. Biol.
Psychiatry, 2009, 65, 1103-1106.

Contreras, P. C. D-serine antagonized phencyclidine- and MK-801-
induced stereotyped behavior and ataxia. Neuropharmacology,
1990, 29, 291-293.

Lipina, T.; Labrie, V.; Weiner, I.; Roder, J. Modulators of the
glycine site on NMDA receptors, D-serine and ALX 5407, display
similar beneficial effects to clozapine in mouse models of
schizophrenia. Psychopharmacology (Berl), 2005, 179, 54-67.
Hashimoto, K.; Fujita, Y.; Ishima, T.; Chaki, S.; lyo, M.
Phencyclidine-induced cognitive deficits in mice are improved by
subsequent subchronic administration of the glycine transporter-1
inhibitor NFPS and D-serine. Eur. Neuropsychopharmacol., 2008,
18, 414-421.

Karasawa, J.; Hashimoto, K.; Chaki, S. D-Serine and a glycine
transporter inhibitor improve MK-801-induced cognitive deficits in
a novel object recognition test in rats. Behav. Brain Res., 2008,
186, 78-83.

Krug, A. W.; Volker, K.; Dantzler, W. H.; Silbernagl, S. Why is D-
serine nephrotoxic and alpha-aminoisobutyric acid protective? Am.
J. Physiol. Renal. Physiol., 2007, 293, F382-F390.

[50]

[51]

[52]

[53]

[54]

[55]

The Open Medicinal Chemistry Journal, 2010, Volume 4 9

Yoshikawa, M.; Ito, K.; Maeda, M.; Akahori, K.; Takahashi, S.;
Jin, X. L.; Matsuda, M.; Suzuki, T.; Oka, T.; Kobayashi, H.;
Hashimoto, A. Activation of supraspinal NMDA receptors by both
D-serine alone or in combination with morphine leads to the
potentiation of antinociception in tail-flick test of rats. Eur. J.
Pharmacol., 2007, 565, 89-97.

Ito, K.; Yoshikawa, M.; Maeda, M.; Jin, X. L.; Takahashi, S.;
Matsuda, M.; Tamaki, R.; Kobayashi, H.; Suzuki, T.; Hashimoto,
A. Midazolam attenuates the antinociception induced by d-serine or
morphine at the supraspinal level in rats. Eur. J. Pharmacol., 2008,
586, 139-144.

Kolhekar, R.; Meller, S. T.; Gebhart, G. F. N-methyl-D-aspartate
receptor-mediated changes in thermal nociception: allosteric
modulation at glycine and polyamine recognition sites.
Neuroscience, 1994, 63, 925-936.

Parsons, C. G. NMDA receptors as targets for drug action in
neuropathic pain. Eur. J. Pharmacol., 2001, 429, 71-78.

Ren, W. H.; Guo, J. D.; Cao, H.; Wang, H.; Wang, P. F.; Sha, H,;
Ji, R. R.; Zhao, Z. Q.; Zhang, Y. Q. Is endogenous D-serine in the
rostral anterior cingulate cortex necessary for pain-related negative
affect? J. Neurochem., 2006, 96, 1636-1647.

Zhao, W.; Konno, R.; Zhou, X. J.; Yin, M.; Wang, Y. X. Inhibition
of D-amino-Acid oxidase activity induces pain relief in mice. Cell
Mol. Neurobiol., 2008, 28, 581-591.

Received: August 27, 2009

© Stoev et al.; Licensee Bentham Open.

This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License (http: //creativecommons.org/licenses/by-
nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in any medium, provided the work is properly cited.

Revised: September 24, 2009

Accepted: September 30, 2009



