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Abstract Irregular N-methyl-p-aspartate recep-
tor (NMDAR) function is one of the main hypotheses
employed to facilitate understanding of the underlying
disease state of schizophrenia. Although direct agonism
of the NMDAR has not yielded promising therapeutics,
advances have been made by modulating the NMDAR
co-agonist site which is activated by glycine and p-serine.
One approach to activate the co-agonist site is to increase
synaptic D-serine levels through inhibition of p-amino acid
oxidase (DAO), the major catabolic clearance pathway for
this and other p-amino acids. A number of DAO inhibitors
have been developed but most have not entered clinical tri-
als. One exception to this is sodium benzoate which has
demonstrated efficacy in small trials of schizophrenia and
Alzheimer’s disease. Herein we provide data on the effect
of sodium benzoate and an optimised Takeda compound,
PGMO030756 on ex vivo DAO enzyme occupancy and cer-
ebellar p-serine levels in mice. Both compounds achieve
high levels of enzyme occupancy; although lower doses of
PGMO030756 (1, 3 and 10 mg/kg) were required to achieve
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this compared to sodium benzoate (300, 1000 mg/kg).
Cerebellar p-serine levels were increased by both agents
with a delay of approximately 6 h after dosing before the
peak effect was achieved. Our data and methods may be
useful in understanding the effects of sodium benzoate
that have been seen in clinical trials of schizophrenia and
Alzheimer’s disease and to support the potential clinical
assessment of other DAO inhibitors, such as PGM030756,
which demonstrate good enzyme occupancy and D-serine
increases following administration of low oral doses.
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Introduction

Dysfunction of the NMDAR has been a much studied area
of neurochemistry, with a particular focus on the treat-
ment of schizophrenia [1]. Whilst direct agonism of the
receptor has not proved to be a fruitful therapeutic route
due to excitotoxicity [2], alternative methods for modulat-
ing the receptor have continued to be of interest. The use
of Glycine Transporter 1 (Gly-T1) inhibitors to maintain
and enhance the levels of glycine acting on NMDA recep-
tors as a co-agonist has led to the identification of numer-
ous compounds as potential antipsychotics [3]. In particu-
lar, bitopertin, was evaluated in Phase III clinical trials by
Roche but subsequently discontinued [4]. An alternative to
targeting glycine could be to consider the co-agonist, D-ser-
ine. Although glycine and p-serine act upon the same site
there are numerous differences: p-serine is a more potent
co-agonist at the NMDAR [5] and endogenous glycine
is present at saturating levels whereas D-serine is not [6].
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Other differences may also have physiological relevance.
For example, evidence has been presented that glycine
might act as an extra-synaptic NMDAR co-agonist, whilst
D-serine may work within the synapse [7]. Furthermore, it
is highly likely that the two co-agonists will produce differ-
ent effects depending on the subunit composition and local-
isation of the NMDAR receptor complexes across different
brain regions [7].

D-Amino acid oxidase (DAO), first discovered over 80
years ago [8], represents a key catabolic route for small neu-
tral amino acids such as p-alanine, D-serine, D-leucine and
p-proline [9]. Genetic and pharmacological studies have
implicated the enzyme in the etiology of schizophrenia [9].
From a genetic perspective, a DAO knock out mouse has
been shown to have increased extra-cellular p-serine lev-
els, glycine site occupancy and enhanced NMDAR func-
tion in vivo [10]. Moreover, this mouse strain exhibits some
protection against behaviours induced by agents thought to
induce psychotic states, such as PCP. Whilst not optimised
for this mechanism, a number of therapeutic agents have
been shown to inhibit DAO, albeit relatively weakly. For
example, sodium benzoate is probably the most structurally
simple DAO inhibitor, is widely used as a food additive and
forms a component of two drugs with sodium phenyl ace-
tate (Ucephan and Ammonul) [11]. Sodium benzoate has
been shown to have a benign safety profile and has recently
been demonstrated to have some efficacy in small clinical
trials for schizophrenia [12] (adjunct therapy) and Alz-
heimer’s disease [13] with a further Phase II study being
planned [14]. Likewise, some other pharmaceuticals have

discoveries were published, we [24] and scientists at Astel-
las [25, 26] were working on a series of 2-hydroxypyri-
dazonones as DAO inhibitors which are less acidic and
therefore have improved brain penetration over formal car-
boxylic acids.

From the extensive work described above it is clear that
DAO-mediated regulation of (central) amino acids is an
area of interest with potential in treating disease. Although
direct mediation of NMDA receptors has not been shown,
there are several markers that can be used to show in vivo/
ex vivo inhibition of DAO. These include changes in
peripheral and central (cerebellar) concentrations of b and
L-serine as well as % enzyme occupancy (%EO). Sodium
benzoate is a weak inhibitor of the DAO enzyme [27-29]
with a number of other potential modes of action [30-33]
and is now being investigated in clinical trials. To under-
stand better the in vitro effects of sodium benzoate we have
profiled its effects on the inhibition of DAO and compared
these activities with those of a potent selective DAO inhibi-
tor from an in house series, PGM030756.

Materials and Methods

Sodium benzoate was purchased from Sigma Aldrich in the
UK (Cat No. 71295 Lot BCBH8216V). PGMO030756 and
PGMO019260 were prepared in the laboratories at Takeda
Cambridge Ltd according to the procedures described in
the Supplementary Information.
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sodium benzoate

been shown to display weak inhibitory activity towards
DAO. For example, Acyclovir, the antiviral drug, has been
shown to be a slow-binding inhibitor [15] and the antipsy-
chotics blonanserin [16] (IC5y=5.3 pM), risperidone [16]
(IC5y=4.7 pM) and chlorpromazine (IC5,=11.6 pM) [17,
18] have been shown to have inhibitory activity towards
DAO.

A number of potent and selective DAO inhibitors have
been developed by various pharmaceutical companies
and these have been reviewed recently [19]. Of note, both
Merck [20] and Sepracor [21, 22] developed the same het-
erocyclic carboxylic acid (4H-furo[3,2-b]pyrrole-5-carbox-
ylic acid), with the latter company advancing it to Phase
I clinical trials (as SEP-227900) before discontinuing
its development [23]. During the time that many of these
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PGMO030756

PGM019260

Human DAO Assays

The functional activity of compounds inhibiting the DAO
enzyme was determined by measuring the production
of H,0, using the Amplex® Red (Invitrogen) detection
method [34]. The changes in fluorescence were monitored
using a fluorescence plate reader (Envision, Perkin Elmer).
DAO activity was detected upon addition of p-serine at a
concentration equivalent to its K., (1.2 mM, in-house data)
and suppression of this response was observed with the
application of inhibitor compounds. Detailed protocols for
the assay and generation of the DAO enzyme and cells can
be found in the Supplementary Information.
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Structural Biology

The recombinant, untagged, human DAO [hDAO (resi-
dues 1-347)] was cloned into thepET21a vector and
recombinant BL21(DE3) E. coli were generated to express
the protein. Large scale production of recombinant protein
was carried out in 10 1 of BL21(DE3) E. coli cells uti-
lizing IPTG for induction. The protein was isolated and
purified as previously described [35] with the addition of
200 uM sodium benzoate being present in all buffers. The
monomeric peak from the final size exclusion step was
pooled and the protein concentrated to 5 mg/ml for crys-
tallization in a buffer consisting of 0.1 M Tris pH 8.0, 5%
glycerol, and 200 uM sodium benzoate. Crystals suitable
for data collection were grown at 277 K in hanging drops
over a reservoir containing 0.9 M succinate pH 7.0, 0.1 M
Tris pH 8.5, 2 uM sodium benzoate by mixing protein
and reservoir in a 1:1 ratio. Yellow crystals with benzo-
ate bound in the active site appeared over 1-2 days and
were subsequently transferred to soak drops containing
the reservoir solution, without sodium benzoate, and with
the addition of 5 mM compound. The crystals were left
to incubate for 24 h over a reservoir with the same con-
tents as the soak drop. Immediately prior to snap freez-
ing in liquid nitrogen, the crystals were passed through a
cryo-protecting soak drop containing the same ingredients
as the soak drop with the addition of 25% ethylene gly-
col. X-ray diffraction data sets were collected at the ALS
beamline 5.0.3 on an ADSC Q315R detector from single
cryogenically protected crystals. hDAO crystals belong
to the orthorhombic space group P2,2,2, and contain two
enzyme molecules in the asymmetric unit. The data was
reduced by the HKL2000 software package [36]. Struc-
tures were determined by the molecular replacement
method using MOLREP [37] of the CCP4 program suite.
Multiple cycles of model building with XtalView [38]
or COOT [39] and refinement with REFMAC [40] were
performed to improve model quality. The coordinates and
structure factors have been deposited in ProteinData Bank
with accession code 2DUS.

Animals

Male C57BL/6J mice weighing 20-30 g were used. Stud-
ies were either run at Takeda Cambridge Ltd (animals pur-
chased from Charles River Laboratories) or at Suven Life
Sciences Hyderabad, India [41] (animals purchased from
Vivo Biotech Ltd). Animals were housed in groups of four
or five per cage with food and water available ad libitum.
All procedures were performed in accordance with the Ani-
mals (Scientific Procedures) Act 1986.

Compounds

Sodium benzoate was dissolved in 0.9% Saline and admin-
istered intraperitoneally (i.p.) at 100, 300 or 1000 mg/kg in
a dose volume of 10 ml/kg. PGMO030756 was suspended
in 1% Tween 80 in 0.5% methylcellulose and adminis-
tered orally (p.o.) at 1, 3 and 10 mg/kg in a dose volume of
10 ml/kg. PGM019260 was dissolved in 10% DMSO 90%
HPBCD and dosed at 60 pg/kg intravenously (i.v.) in a dose
volume of 5 ml/kg.

p-Serine Measurement in Brain and Plasma

Mice were administered compound and were sacrificed
by decapitation at 2, 6 or 10 h post dose. Blood samples
were collected, brain was removed and cerebellum dis-
sected on ice. Plasma and tissue samples were frozen on
dry ice and stored at —80 °C until analysis using LC-MS/
MS. Samples were sent to Sumika Chemical Analysis
Service Ltd (Japan) [42] for analysis of D-serine using
LC-MS/MS.

In Vivo Enzyme Occupancy

PGMO019260, was used as a tracer compound to measure
enzyme occupancy of DAO. The tracer compound was
administered via the tail vein 2, 4 or 8 h after dosing of
test compounds. Mice were sacrificed by decapitation
20 min after tracer administration. Trunk blood was col-
lected for compound analysis, brain removed and cerebral
cortex and cerebellum dissected on ice. Plasma and tis-
sue samples were frozen on dry ice and stored at -80 °C.
Compound levels were quantified by LC-MS/MS.

Enzyme Occupancy Calculation

DAO enzyme occupancy was measured using the ratio
method, where the ratio of total binding to the nonspe-
cific binding of the tracer was generated. The cerebellum
represents the area of high enzyme density and hence
total binding and the forebrain an area of low enzyme
density and hence non-specific binding.

% Occupancy = 100 x {1 — [(Ratio, — 1)/(Ratio, — 1)] }

Ratio, is the ratio of tracer concentration in the cer-
ebellum to the forebrain in animals pre-treated with test
compound. Ratio, is the mean ratio of tracer concentra-
tions in cerebellum to the forebrain in vehicle treated
animals.
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Statistics

Data are presented as mean + standard deviation (S.D.)
Statistical differences were identified using analysis of
variance (ANOVA) followed by Dunnett’s post-hoc test.
GraphPad Prism (San Diego, California) was used for
statistical analysis.

Compound Analysis

Trunk blood was collected from mice undergoing enzyme
occupancy studies. Plasma was collected and samples
were analysed by HPLC for compound levels.

Results
Sodium Benzoate
In Vitro Potency of Sodium Benzoate

The in vitro potency of sodium benzoate has been described
in the literature on several occasions previously with K/K;
measured in the micromolar (K;=7 pM [27]) or even milli-
molar concentration range (K;=18.8 mM [28]). In this study
we found it to have no significant effects even at the high-
est concentrations tested (10 pM) in both human and mouse
assays, therefore the ICy, is considered to be >10 pM.

Structural Biology

The X-ray crystal structure of the complex between DAO
and sodium benzoate has already been published [27, 29]

and this ligand could be displaced by either PGM030756
or PGM019260 to produce complexes between the hetero-
cycles and the enzymes (Fig. 1). In each case the interac-
tions were similar in that the cyclic hydroxyamide binds to
the Arg283 (mimicking the carboxylic acid interaction of
sodium benzoate) and the (hetero-) aromatic rings likely
form a n-stacking interaction with the co-factor, FAD.

Effect of Sodium Benzoate on p-serine

Plasma p-serine levels were initially decreased follow-
ing 1000 mg/kg sodium benzoate administration. How-
ever, at 6 h post dose the D-serine levels were significantly
increased compared to vehicle and this increase was main-
tained at 10 h post dose (Fig. 2).

Administration of sodium benzoate dose dependently
increased cerebellar p-serine levels 2 h after administration
at 300 and 1000 mg/kg (Fig. 3). The dose of 100 mg/kg had
no effect on Dp-serine levels at the time points examined.
Due to the lack of effect on p-serine increases with 100 mg/
kg sodium benzoate, this dose was not profiled further.
The p-serine increase seen after the 300 mg/kg dose had
returned to baseline after 6 h and the increase seen after the
1000 mg/kg dose had returned to baseline after 10 h. Cer-
ebellar L-serine levels were unchanged following sodium
benzoate administration however plasma levels were sig-
nificantly decreased, a result also observed by Javitt [43],
and Hashimoto [44] (Table 1).

In Vivo DAO Enzyme Occupancy of Sodium Benzoate

Pre-treatment of sodium benzoate caused a dose dependent
decrease in tracer (PGMO019260) concentrations in the cer-
ebellum compared to vehicle treated animals (Fig. 4). At
2 h post dose of 1000 mg/kg sodium benzoate, the tracer

Leu215

Arg283 © %

Gly313d

Fig. 1 DAO crystal structures of PGMO030756 (left) and PGMO019260 (right)
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Fig. 2 Plasma p-serine levels 4]
(mean+SD,n=7)2,60r 10 h
post dose of vehicle or sodium
benzoate (100, 300 or 1000 mg/
kg ip.)., ¥*p<0.05, #p <0.01,
compared to vehicle treated

Vehicle
NaBen 100 mg/kg
NaBen 300 mg/kg

HEEOd

NaBen 1000 mg/kg

*k

animals. ANOVA followed by
Dunnett’s post-hoc test

D-serine (nmol/ml)

50
O Vehicle

E NaBen 100 mg/kg
40| B} NaBen 300 mg/kg
B NaBen 1000 mg/kg

45

35

30

25

D-serine (nmol/g tissue)

6
Time (hours) post treatment

Fig. 3 Cerebellar p-serine levels (Mean+SD, n=7) 2, 6 or 10 h post
dose of vehicle or sodium benzoate (100, 300 or 1000 mg/kg i.p.).
**p<0.01, ***¥p<0.0001 compared to vehicle treated animals.
ANOVA followed by Dunnett’s post-hoc test

Table 1 Effect of sodium benzoate on cerebellum and plasma L-ser-
ine levels

Control  Sodium Sodium Sodium
benzoate benzoate benzoate
(100 mg/kg) (300 mg/kg) (1000 mg/kg)
Cerebellum (nmol/g)
L-Serine 854+77 887+34 836+75 747125
Plasma (nmol/ml)
L-Serine 122+16 138+21 133+12 63 1+ 28H*#*

Mice were administered 100, 300 or 1000 mg/kg sodium benzoate
(i.p.) and sacrificed 6 h post dose

Values are mean+SD, n="7, ****p < (0.0001
ANOVA followed by Dunnett’s post-hoc test

concentrations in the cerebellum were reduced to non-
specific levels equating to an enzyme occupancy value of
>95% sodium benzoate. This was sustained until 4 h post

Time (hours) post treatment

120
—H-  NaBen 300 mg/kg

100 -©-  NaBen 1000 mg/kg

80 4

60

40

20

% Enzyme Occupancy

-20

40 4 Time (hours) post treatment

Fig. 4 DAO enzyme occupancy (Mean+SD, n=4-6) of sodium
benzoate 2, 4 or 8 h post-dose of sodium benzoate

dose and fell to below 40% at 8 h post dose. The lower dose
of 300 mg/kg i.p. reached 70% enzyme occupancy 2 h post
dose and declined steadily, returning to baseline 8 h post
dose.

Plasma Exposure of Sodium Benzoate in Mice

These enzyme occupancy data are consistent with the
plasma exposure of sodium benzoate (Fig. 5). At 300 mg/
kg i.p. relatively low plasma levels are seen at 2 h and by
4 h the levels are below levels of quantification. In contrast,
at 1000 mg/kg i.p. high plasma levels are seen at 2 h and
although there is significant decrease by 4 h there is still a
substantial plasma concentration which likely explains the
retained enzyme occupancy shown in Fig. 4.
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Sodium Benzoate Exposure

800 A
-©- 300 mg/kg
=5 45 1000 mg/kg
E 600 -
=]
2
8
S 400 A
s
€
Q
o
S 200 1
o \
0 T o
0 1 2 3 4
Time (hrs)

Plasma levels ug/mL

300 mg/kg 1000 mg/kg
1 hour 189 £ 0.0 609 + 68.8
2 hours 36 +18.2 596 +£24.5
4 hours BLQ 385 +48.2
8 hours BLQ BLQ

Fig. S Plasma exposure levels for sodium benzoate in male C57BL/6J mice treated intraperitoneally (Mean +SD, n=3-5). BLQ =below the

levels of quantification

Table 2 The potencies of
PGMO019260 and PGMO030756
in human and mouse in vitro
DAO assays

Fig. 6 Cerebellar p-Serine
levels (Mean+SD, n=7)

in C57BL/6J mice 2, 6 or

10 h post dose of vehicle or
PGMO030756 (3, 10 & 30 mg/kg
p.o.). ¥¥p<0.01, ***¥p <0.001,
*#%%p <0.0001 compared

to vehicle treated animals.
ANOVA followed by Dunnett’s
post-hoc test

Human Enz ICy, (nM) Human Cell IC5;, (nM) Mouse Cell IC5, (nM)  Plasma

Protein

Binding
PGMO019260 52 (n=12) (1.25+0.22) 36 (n=2) (1.35+0.35) 72 (n=2)(2.25+1.20) NT
PGMO030756 9.6 (n=10) (1.41+0.44) 10 (n=2) (1.15+0.21) 4.6 (n=2) (1.15£0.21) 95%

[IC, (Hill Slope+SD. Variable slope fitted using a 4 parameter curve fit. Data plotted as % inhibition
based on high and low controls.)]

In a selectivity panel of 125 targets (Cerep Panlabs, Taiwan), sodium benzoate showed no significant off-
target activity (defined as >50% inhibition at 10 pM) and PGM030756 only had a significant effect on
5-lipoxygenase (5-LO; IC5,=7.23 pM) (see Supplementary information.)

NT not tested

50 1

45 1

40 A

D-serine (nmol/g tissue)

In Vitro Potency of PGM030756

[ vehicle

B PGM030756 3 mg/kg
Ed PGM030756 10 mg/ke
W PGMO030756 30 mg/kg

35

30 1

25 1

H

PGMO030756 and PGM019260 show highly potent DAO
inhibition in human enzyme and cell-based assays and also
across species in a mouse cell-based assay (Table 2).
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Time (hours) post treatment

Effect of PGMO030756 on p-Serine

PGMO030756 (3, 10, 30 mg/kg p.o.) dose dependently
increased cerebellar p-serine levels 2 h post dose and
these increases were maintained up to 10 h post dose
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PGMO030756 Exposure
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Fig. 7 Plasma exposure levels for PGM030756 in male C57BL/6J
mice treated orally at 3 mg/kg (Mean+SD, n=3)

120 —©—  PGMO030756 10 mg/kg
B~ PGM030756 3 mg/kg
100 7 —A—  PGM030756 1 mg/kg
> 80
Q
=)
<
&
3 60
[e)
g
> 40
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=
s3]
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0 T T T T 1
12 4 \$
=20 —
Time (hours) post treatment
Fig.8 DAO enzyme occupancy (Mean+SD, n=4-6) of

PGMO030756 2, 4 or 8 h with PGM030756 (1, 3, or 10 mg/kg)

of 10 and 30 mg/kg with peak increase at 6 h post dose
(Fig. 6).

Plasma Exposure of PGM030756 in Mice

PGMO030756 shows excellent plasma exposure following
oral dosing (Fig. 7) with peak recorded plasma levels at
over 9000 ng/ml. Therefore, based on these differences
and those from the in vitro potency, much lower doses of
PGMO030756 were studied following oral administration.

PGMO030756 dosed at 10 mg/kg p.o. reached >80%
enzyme occupancy 2 h post administration, which was
sustained for at least 4 h decreasing to 50% after 8 h post
dose (Fig. 8). The lower doses of 3 and 1 mg/kg reached
70 and 40% respectively after 2 h post dose and had
returned to baseline by 8 h post dose.

In Vivo DAO Enzyme Occupancy of PGM030756

Discussion

Inhibition of DAO leads to an increase in the levels of
D-serine; a co-agonist of the NMDA receptor [45] as well
as a direct agonist of the GluR32 receptor [46]. It has been
postulated that an increase in this amino acid in systems
with a dysregulation; e.g. schizophrenia, may lead to an
amelioration of disease symptoms. To understand the pre-
clinical and therefore clinical effects of DAO inhibitors, it
is important to characterise their capacity to engage with
the target in vivo. This supporting pre-clinical data may
facilitate the development of biomarkers that may support
clinical assessment.

Such strategies have been described in the scientific
literature, for example in Astra Zeneca’s “5SRs” [47] and
“Pfizer’s three pillars” [48] which put forward the reason-
ing that evidence for target engagement linked to biologi-
cal effect are required to permit the effective evaluation of
compounds in clinical development.

PGMO030756 is a very potent inhibitor of DAO
(IC5,=9.6, 10 and 4.6 nM respectively in human enzyme,
human recombinant cell and mouse recombinant cell
assays), whereas sodium benzoate is a much weaker ligand
with K/K;’s measured in the micromolar (K;=7 pM [27])
or even millimolar concentration range (K ;=18.8 mM
[28]). In our hands, sodium benzoate showed an ICs;, of
>10 pM in human enzyme, human recombinant cell and
mouse recombinant cell assays. However our structural
biology analysis, in support of the literature [27, 29],
demonstrates that sodium benzoate binds to DAO and we
show that PGMO030756 competes for the same binding site.
Also important is the selectivity of the compounds. Both
were tested across a wide range of assays at 10 pM with
there being a weak interaction between PGM030756 and
5-LO and no significant interactions of sodium benzoate
even at 10 uM. Whilst these data allow us to confirm that
PGMO030756 has a wide selectivity window (>723-fold) it
can only be stated that sodium benzoate has no other activi-
ties (from those assayed) at which it is likely to be more
potent than against DAO.

The enzyme occupancy work has shown that both
sodium benzoate and PGMO030756 inhibit DAO, but with
differing potencies. Although we initially started to pro-
file sodium benzoate at doses of 100, 300 and 1000 mg/
kg, it was clear that the 100 mg/kg dose caused no detect-
able changes in D-serine in the cerebellum and so was not
profiled further. Also, due to the low potency and the poor
oral bioavailability of sodium benzoate, it was administered
i.p. to ensure sufficient occupancy at the target site could be
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achieved. This was not necessary for PGM030756 due to
its increased potency and improved bioavailability and so
this compound was dosed p.o. A dose of 1000 mg/kg i.p.
of sodium benzoate resulted in close to 100% occupancy in
the cerebellum at 2 h, whereas a similar level of occupancy
was reached with a dose of 10 mg/kg of PGMO030756 p.o.
Plasma concentrations of sodium benzoate show that occu-
pancy is retained in the cerebellum for considerably longer
than the compound can be detected in the plasma. This is
also seen for PGMO030756 and would suggest that both of
these DAO inhibitors are retained in tissues containing the
enzyme.

Our data support the hypothesis of the Pfizer group [49]
in that we observe significant increases in plasma and cer-
ebellar p-serine with sodium benzoate (Fig. 3) following
a hysteresis and these effects are seen at the middle dose
(300 mg/kg i.p.) but are most prominent at highest dose
(1000 mg/kg i.p.) and at the 6 h time point. These increases
are supported by DAO enzyme occupancy data which sug-
gest that at 1000 mg/kg i.p. near complete occupancy is
achieved for a significant length of time (>4 h) and at the
300 mg/kg dose the highest occupancy recorded is only
70% at 2 h and reduces rapidly. The greatest increases are
seen in the cerebellum at 1000 mg/kg 6 h post dose where
the levels of p-serine change approximately fourfold.

As discussed earlier, PGM030756 is a much more potent
inhibitor of the DAO enzyme with greater plasma exposure
and so was dosed orally at considerably lower doses. For
this compound, the most prominent increases in cerebellar
D-serine are seen at 10 and 30 mg/kg p.o., at the 6 h time
point (Fig. 6) and this is supported by the enzyme occu-
pancy at these doses. Once again, at these doses enzyme
occupancy of 70-90% is observed initially and occupancy
is maintained for a prolonged period of time leading to
extensive suppression of the DAO enzyme’s ability to clear
D-serine from the synapse. The greatest increases in D-ser-
ine (approximately threefold) occur in the cerebellum at the
highest does (30 mg/kg) at 6 h post-dose.

Although maximum occupancy of both compounds is
seen after 2 h, a hysteresis effect is seen on the p-serine
response. From the data published here and our in-house
behavioural data (unpublished), we believe that it is the
increases in D-serine which drive the behavioural effects
seen with DAO inhibitors. The largest D-serine increase
in our data set occurs at 6 h in the cerebellum; 4 h after
100% occupancy is detected. This delay may be due to
the time required for serine racemase to synthesise more
D-serine from L-serine, although we have not tested this.
Indeed, Strick [49] has not only demonstrated this hys-
teresis but also developed a pk/pd model to explain it.
Unpublished in-house data has also shown that p-serine
changes in brain regions other than the cerebellum are
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negligible and this may be due to lack of expression of
DAO in regions other than the hindbrain in the rodent
[50, 51]. The hysteresis effect and specific expression
pattern of DAO may be what has led to some discrep-
ancies in the published literature between the positive
behavioural effects of sodium benzoate and its ability
to increase D-serine levels; something that we believe is
vital in a DAO inhibitor. Sodium benzoate (1000 mg/kg)
has been shown to reverse PCP-induced pre-pulse inhi-
bition and hyperlocomotion after 1 h [52] but no cor-
responding D-serine increases could be detected. From
our data, we predict that it is likely that 100% EO was
achieved in the cerebellum at this dose but that p-serine
increases in the plasma could not be detected and in fact
this is what was seen in the study. We also postulate that
increases in D-serine in the brain are only detectable in
the cerebellum and only after a significant period of time
has passed that allows D-serine accumulation. Sodium
benzoate at lower doses (400 mg/kg) has also been shown
to significantly reduce PCP-induced hyperlocomotion
when in combination with p-serine (600 mg/kg) [43].
Although this dose of sodium benzoate does not achieve
100 EO% and from our data is predicted to not cause an
increase in D-serine, it is likely that the combination of
sodium benzoate and Dp-serine together leads to an over-
all efficacious effect. Again, p-serine levels appear not to
have been elevated although this may be due to the fact
that whole brain homogenates were used, so diluting out
the effect in the hindbrain. However, as Javitt et al. [43]
suggest, this does not rule out the possibility that sodium
benzoate reverses PCP-induced behaviours through some
other mechanism of action.

Sodium benzoate is not the only DAO inhibitor to have
been investigated in the literature. As previously men-
tioned, a number of potent and selective DAO inhibitors
have been developed by various other pharmaceutical
companies. Researchers from Johns Hopkins university
published data on 3 of their own tool compounds show-
ing that they inhibited DAO peripherally [53]. Interest-
ingly Rojas et al. [53] detected an increase in plasma
D-serine in mice but this could not be detected in either
baboons or dogs. The authors commented that this
increase in D-serine after DAO inhibition may be a phe-
nomenon that is restricted to rodents and therefore is of
no interest when it comes to treating human conditions.
However, our in-house experience (unpublished) suggests
that this lack of efficacy across species may be something
that is specific to either these molecules or the method
of p-serine detection used and believe DAO to be a valid
target for the treatment of diseases involving irregular
NMDA function.
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Summary

We provide further support to the observation that sodium
benzoate acts as a weak DAO inhibitor and that it is likely
that its behavioural effects are driven through bp-serine
increases. We have compared its profile with that of a more
potent DAO inhibitor, PGMO030756 which shows target
engagement at low doses (10-30 mg/kg p.o.) whilst sodium
benzoate needs to be dosed at 300 or even 1000 mg/kg i.p.
to achieve similar effects. According to the known hyster-
esis mechanism, peak increases in cerebellar p-serine can
be measured approximately 6 h after administration of both
compounds.

Our data and methods may be useful in understanding
the effects of sodium benzoate that have been seen in clini-
cal trials of schizophrenia and Alzheimer’s disease and to
support the clinical assessment of other DAO inhibitors,
such as PGMO030756, which demonstrate good enzyme
occupancy and p-serine increases following administration
of low oral doses.

All applicable international, national, and/or institutional
guidelines for the care and use of animals were followed.
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