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BACKGROUND AND PURPOSE
SU4312, a potent and selective inhibitor of VEGF receptor-2 (VEGFR-2), has been designed to treat cancer. Recent studies
have suggested that SU4312 can also be useful in treating neurodegenerative disorders. In this study, we assessed
neuroprotection by SU4312 against 1-methyl-4-phenylpyridinium ion (MPP+)-induced neurotoxicity and further explored the
underlying mechanisms.

EXPERIMENTAL APPROACH
MPP+-treated neurons and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated zebrafish were used to study
neuroprotection by SU4312. NOS activity was assayed in vitro to examine direct interactions between SU4312 and NOS
isoforms.

KEY RESULTS
SU4312 unexpectedly prevented MPP+-induced neuronal apoptosis in vitro and decreased MPTP-induced loss of dopaminergic
neurons, reduced expression of mRNA for tyrosine hydroxylase and impaired swimming behaviour in zebrafish. In contrast,
PTK787/ZK222584, a well-studied VEGFR-2 inhibitor, failed to prevent neurotoxicity, suggesting that the neuroprotective
actions of SU4312 were independent of its anti-angiogenic action. Furthermore, SU4312 exhibited non-competitive inhibition
of purified neuronal NOS (nNOS) with an IC50 value of 19.0 mM but showed little or no effects on inducible and endothelial
NOS. Molecular docking simulations suggested an interaction between SU4312 and the haem group within the active centre
of nNOS.
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CONCLUSIONS AND IMPLICATION
SU4312 exhibited neuroprotection against MPP+ at least partly via selective and direct inhibition of nNOS. Because SU4312
could reach the brain in rats, our study also offered a support for further development of SU4312 to treat neurodegenerative
disorders, particularly those associated with NO-mediated neurotoxicity.

Abbreviations
CGNs, cerebellar granule neurons; DAF-FM, 4-amino-5-methylamino-2′,7′-difluorofluorescein; DIV, days in vitro; dpf,
days post fertilization; eNOS, endothelial NOS; FDA, fluorescein diacetate; iNOS, inducible NOS; ISV, inter-segmental
vessel; MPP+, 1-methyl-4-phenylpyridinium ion; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MTT,
3(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide; nNOS, neuronal NOS; PI, propidium iodide; TH, tyrosine
hydroxylase; VEGFR-2, VEGF receptor-2, 7-NI, 7- nitroindazole

Introduction

SU4312 (3-[4-(dimethylamino)benzylidenyl]indolin-2-one) is
a cell-permeable, potent and selective inhibitor of the VEGF
receptor-2 (VEGFR-2) tyrosine kinase that has been designed
as a candidate drug for cancer therapy (Sun et al., 1998).
SU4312 competes with ATP for binding to VEGFR-2 and
is able to completely block VEGF signalling in a non-
competitive manner (Sun et al., 1998). SU4312 specifically
inhibited VEGF-dependent angiogenesis without damaging
normal cells (Tran et al., 2007; Miki et al., 2010) and also
reduced the proliferation of multiple myeloma and leukae-
mia tumour cells in vitro (McMillin et al., 2010). It is suggested
that the anticancer activity of SU4312 is achieved through
direct inhibition of the proliferation of cancer cells and indi-
rect suppression of angiogenesis. The recently discovered
capabilities of SU4312 to block Ab plaque-induced vessel for-
mation in APP23 transgenic mice and to directly inhibit
autophosphorylation of hte Parkinson’s disease-associated
leucine-rich repeat kinase 2 (LRRK2) highlight its potential to
be developed for the treatment of neurodegenerative disor-
ders (Schultheiss et al., 2006; Lee et al., 2010).

1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is
a common neurotoxin widely used to produce Par-
kinson’s disease models (Langston and Irwin, 1986).
MPTP is converted into its active metabolite 1-methyl-4-
phenylpyridinium ion (MPP+) by monoamine oxidase B
(MAO-B) in the inner mitochondrial membrane (Tipton and
Singer, 1993). MPP+ stimulates the production of superoxide
radical and activates NOS to produce NO (Gonzalez-Polo
et al., 2003; 2004b). Superoxide radical not only inhibits
mitochondrial complex I of the electron transport chain but
also reacts with NO to form peroxynitrite ion (ONOO-), the
precursor of the tissue-damaging hydroxyl radical (Beckman
et al., 1990). Thus, inhibition of NOS activity decreases the
production of NO and further attenuates MPTP/MPP+-
induced neurotoxicity (Przedborski et al., 1996).

In this study, we first examined the neuroprotective activ-
ity of SU4312 against MPP+-induced neuronal death in
primary cerebellar granule neurons (CGNs) and dopaminer-
gic cell lines, and MPTP-induced neurotoxicity in zebrafish.
We demonstrated that the neuroprotective action of SU4312
was not closely correlated with its anti-angiogenic effect;
instead, it might be mediated through the direct and selective
inhibition of neuronal NOS (nNOS). Moreover, the substrate
kinetics of NOS inhibition and molecular simulation

indicated that SU4312 inhibited nNOS in a non-competitive
manner.

Methods

Primary cerebellar granule neuron culture
All animal care and experimental procedures were conducted
according to the ethical guidelines of ICMS, Macau Univer-
sity and the Animal Care Facility, The Hong Kong Polytech-
nic University. All studies involving animals are reported in
accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (McGrath et al., 2010). A total of 15
animals were used in the experiments described here. Rat
CGNs were prepared from 8-day-old Sprague–Dawley rats
(The Animal Care Facility, The Hong Kong Polytechnic Uni-
versity) as described in our previous publication (Li et al.,
2005). Briefly, neurons were seeded at a density of 2.7 ¥
105 cells·mL-1 in basal modified Eagle’s medium (Life Tech-
nologies, Carlsbad, CA, USA) containing 10% FBS, 25 mM
KCl, 2 mM glutamine and penicillin (100 units·mL-1) / strep-
tomycin (100 mg·mL-1). Cytosine arabinoside (10 mM) was
added to the culture medium 24 h after plating to limit the
growth of non-neuronal cells. With the use of this protocol,
more than 95% of the cultured cells were granule neurons.

Culture of cell lines
The human neuroblastoma SH-SY5Y cells were obtained from
ATCC (Manassas, VA, USA). The cells were maintained in
supplemented DMEM, 10% FBS, 100 U·mL-1 penicillin and
100 mg·mL-1 streptomycin in a 37°C, 5% CO2 incubator. PC12
pheochromocytoma cells were also obtained from ATCC. The
cells were cultured in medium that consisted of DMEM, 10%
heat-inactivated horse serum, 5% FBS, 100 U·mL-1 penicillin
and 100 mg·mL-1 streptomycin in a 37°C, 5% CO2 incubator.
All experiments were carried out 48 h after the cells were
seeded.

Measurement of neurotoxicity
The survival of neurons in the presence of SU4312 and/or
MPP+ was assayed by determining the activity of mitochon-
drial dehydrogenases with 3(4,5-dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium bromide (MTT) assay (Li et al., 2007).
The assay was performed according to the specifications
of the manufacturer (MTT kit I; Roche Applied Science, Pen-
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zberg, Germany). Briefly, the neurons were cultured in
96-well plates, 10 mL of 5 mg·mL-1 MTT labelling reagent was
added to each well containing cells in 100 mL of medium, and
the plates were incubated for 4 h in a humidified incubator at
37°C. After the incubation, 100 mL of the cytolytic solution
(0.01 N HCl in 10% SDS solution) was added to each well for
16–20 h. Absorbance of the samples was measured at a wave-
length of 570 nm with 655 nm as a reference wavelength.
Unless otherwise indicated, the extent of MTT conversion in
cells exposed to MPP+ is expressed as a percentage of the
control.

Cytotoxicity was determined by measuring the release of
LDH. Briefly, cells were precipitated by centrifugation at
500¥ g for 5 min at room temperature, 50 mL of the superna-
tants was transferred into new wells, and LDH was determined
using the in vitro toxicology assay kit (Roche Applied Science).
The absorbance of the samples was measured at a wavelength
of 490 nm with 655 nm as a reference wavelength.

Fluorescein diacetate (FDA) / propidium
iodide (PI) double staining assay
Viable granule neurons were stained with fluorescein formed
from FDA, which is de-esterified only by living cells and PI
can penetrate cell membranes of dead cells to intercalate into
double-stranded nucleic acids. Briefly, after incubation with
10 mg·mL-1 FDA and 5 mg·mL-1 PI for 15 min, the neurons
were examined and photographed using UV light micros-
copy; and the photographs compared with those taken with
phase-contrast microscopy.

Hoechst staining assay
Chromatin condensation was detected by nuclear staining
with Hoechst 33342, as described by Li et al., (2005). CGNs
(2.7 ¥ 106 cells) grown in a 35 mm dish were washed with
ice-cold PBS and fixed with 4% formaldehyde in PBS. The
cells were then stained with Hoechst 33342 (5 mg·mL-1) for
5 min at 4°C. The nuclei were visualized using a fluorescence
microscope at ¥400 magnification.

Measurement of levels of intracellular NO
Intracellular NO was monitored with 4-amino-5-
methylamino-2′,7′-difluorofluorescein (DAF-FM) diacetate, a
pH-insensitive fluorescent dye that emits increased fluores-
cence after reaction with an active intermediate of NO
formed during the spontaneous oxidation of NO to NO2

(Sheng et al., 2005). DAF-FM solution was added to the
culture medium (final concentration: 5 mM). After 30 min in
a CO2 incubator, cultures were washed twice with PBS and
incubated for an additional 30 min to allow complete
de-esterification of the intracellular diacetate for stronger
fluorescence. The DAF-FM fluorescence in CGNs was quanti-
fied by a multi-detection microplate reader using excitation
and emission wavelengths of 495 and 515 nm respectively.
The measured fluorescence values were expressed as a per-
centage of the fluorescence in the control cells.

Maintenance of zebrafish and drug treatment
Wild-type zebrafish (AB strain) and Tg(fli-1 : EGFP) transgenic
zebrafish were maintained as described in the Zebrafish Hand-
book (Westerfield, 1993). Zebrafish embryos were generated

by natural pairwise mating (3–12 months old) and raised at
28.5°C in embryo medium (13.7 mM NaCl, 540 mM KCl,
pH 7.4, 25 mM Na2HPO4, 44 mM KH2PO4, 300 mM CaCl2,
100 mM MgSO4, 420 mM NaHCO3, pH 7.4). Drugs were dis-
solved in DMSO and directly added into the zebrafish embryo
medium to treat fish in 2–3 days (final concentration of
DMSO was always less than 0.5% and showed no toxicity to
zebrafish). An equal concentration of DMSO in embryo
medium was used as vehicle control in each experiment.

Exposure to MPTP
Healthy zebrafish embryos were picked out and dechlorin-
ated manually at 1 day post fertilization (dpf) and distributed
into a 12-well plate with 20 fish embryos or a six-well micro-
plate with 30 fish embryos in each well. In pilot experiments,
several doses of MPTP were added to the embryo medium
(final concentration from 50 to 800 mM), and treated 1 dpf
fish embryo for 48 h, the optimal dose used (200 mM)
induced significant decreases in brain diencephalic dopamin-
ergic neurons and without any detectable systemic toxicities
(data not shown). Thus, subsequent studies were done with
200 mM MPTP for whole-mount immunostaining and gene
expression experiments.

As late as 3 dpf, zebrafish larvae showed very little spon-
taneous swimming, but by 5 dpf, they spontaneously swam
longer distances and independently searched for food. Thus,
the MPTP exposure needs to last 5 days from 1 dpf. In pilot
locomotion behavioural tests, treatment for 3 days starting
from 1 dpf with 200 mM MPTP in embryo medium killed all
the fish larvae; however, after treatment for 2 days at 1 dpf
with 200 mM MPTP and drug withdrawal for 3 days, the
deficit behaviour was restored at 6 dpf. Finally, the optimal
MPTP exposure was at 3 dpf, 2 days after treatment starting
from 1 dpf with 200 mM MPTP. Zebrafish larvae were main-
tained in embryo medium containing 10 mM MPTP for
another 3 days. The swimming distance decreased without
any detectable systemic toxicities. Thus, subsequent locomo-
tion behavioural studies were done with 200 mM MPTP for
treatment for 2 days at 1 dpf then replacing with 10 mM MPTP
for incubation for another 3 days.

Whole-mount immunostaining with antibody
against tyrosine hydroxylase
Whole-mount immunostaining in zebrafish was performed as
previously described by Zhang et al., (2011). Briefly, zebrafish
were fixed in 4% paraformaldehyde in PBS for 5 h. Fixed
samples were blocked (2% lamb serum and 0.1% BSA in PBST)
for 1 h at room temperature. A mouse monoclonal anti-
tyrosine hydroxylase (TH) antibody (Millipore, Billerica, MD,
USA) was used as the primary antibody and incubated with
samples overnight at 4°C. On the next day, samples were
washed six times with PBST (each wash lasted 30 min), fol-
lowed by incubation with secondary antibody according to
the instruction provided by the Vectastain ABC kit (Vector
Laboratories, Burlingame, CA, USA). After staining, zebrafish
were flat-mounted with 3.5% methylcellulose and photo-
graphed. Semi-quantification of the area of TH+ cells were
assessed by an investigator, unaware of the drug treatment,
using Image-Pro Plus 6.0 software (Media Cybernetics, Silver
Spring, MD). Results are expressed as percentage of area of
TH+ cells in untreated normal control groups.
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Morphological observation of zebrafish
After drug treatment, zebrafish were removed from the micro-
plate and observed for gross morphological changes of blood
vessels under a fluorescence microscope (Olympus IX81
Motorized Inverted Microscope, Tokyo, Japan) equipped with
a digital camera (DP controller, Soft Imaging System,
Olympus). Images were analysed with Axiovision 4.2 (Carl
Zeiss, Jena, Germany) and Adobe Photoshop 7.0 (Adobe
Systems, San Jose, CA, USA).

Locomotion behavioural test of zebrafish
After drug treatment, zebrafish larvae at 6 dpf were trans-
ferred into 96-well plates (1 fish per well and 12 larvae per
group). Fishes that responded with excessive stress reaction
(such as rapid and disorganized swimming or immobility for
2 min) due to the handling and monitoring of the behaviour
were discarded. The experiments were performed in a calm,
enclosed area. The larvae were allowed to habituate to the
new environment for 30 min prior to experiments. Behaviour
was monitored by an automated video tracking system (View-
point, ZebraLab, LifeSciences, Lyon, France). The 96-well
plates and camera were housed inside a Zebrabox, and the
swimming pattern of each fish was recorded for 10 min and
repeated three times, once every other 10 min. The total
distance moved was defined as the distance (in cm) that the
fish had moved during one session (10 min).

Total RNA extraction, reverse transcription
and real-time PCR
Total RNA was extracted from 30 zebrafish larvae of each
treatment group using the RNeasy Mini Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions.
RNA was reverse transcribed to single-strand cDNA using
SuperScriptTM III First-Strand Synthesis System for RT–PCR
(InvitrogenTM, Life Technologies), followed by real-time PCR
using the TaqMan Universal PCR Master Mix and 2 mL
TaqMan gene expression assay primers for the zebrafish th
gene (assay ID:Dr03437803_g1, Life Technologies) in the ABI
7500 Real-Time PCR System (Life Technologies). The expres-
sion of th mRNA was normalized to the amount of bactin1
using the relative quantification method described by the
manufacturer. The zebrafish bactin1 primers were 5′-
CAACGGAAACGCTCATTGC-3′ (F) and 5′-CAAGATTCC
ATACCCAGGAAGGA-3′ (R) (Life Technologies).

NOS activity assays
For the in vitro NOS activity assay (Li et al., 2007), purified
recombinant human nNOS, endothelial NOS (eNOS) and
inducible NOS (iNOS) were bought from Alexis Biochemicals
(Lausen, Switzerland). NOS activity was determined by moni-
toring the conversion of L-[3H]arginine to [3H]citrulline fol-
lowing the instructions provided in the kit (Merck, Darmstadt,
Germany). The reaction mixture contained a final volume of
40 mL with 25 mM Tris–HCl at pH 7.4, 3 mM tetrahydrobiopt-
erin, 1 mM FAD, 1 mM FMN, 1 mM NADPH, 0.6 mM CaCl2,
0.1 mM calmodulin, 2.5 mg of pure NOS enzyme, 5 mL
L-[3H]arginine (Perkin Elmer, Waltham, MA) and different
concentrations of the tested reagents. The reaction mixture
was incubated at 22°C for 45 min. The reaction was quenched
by adding 400 mL of stopping buffer (50 mM HEPES, pH 5.5,

and 5 mM EDTA) for nNOS and eNOS reactions or by heating
reaction tubes for iNOS. Unreacted L-[3H]arginine was then
trapped by 100 mL of equilibrated resin provided in a spin cup
followed by centrifugation for 30 s at 18 500¥ g. The [3H] in the
filtrate was quantified by liquid scintillation counting.

Molecular docking
Molecular docking was performed using the ICM-Pro 3.6-1d
program (Molsoft, San Diego, CA, USA) (Totrov and Abagyan,
1997). According to the ICM method, the molecular system
was described using internal coordinates as variables. The
biased probability Monte Carlo (BPMC) minimization proce-
dure was used for global energy optimization. The BPMC
global energy optimization method consists of the following
steps: (1) a random conformation change of the free variables
according to a predefined continuous probability distribu-
tion; (2) local energy minimization of analytical differenti-
able terms; (3) calculation of the complete energy including
non-differentiable terms such us entropy and solvation
energy; and (4) acceptance or rejection of the total energy
based on the Metropolis criterion and return to step 1. A
series of five grid potential representations of the receptor
were automatically generated and superimposed that
accounted for the hydrophobicity, carbon-based and
hydrogen-based van der Waals boundaries, hydrogen
bonding profile and electrostatic potential. The binding
between SU4312 and NOS protein (PDB code for
nNOS : 3NLV; PDB code for eNOS : 3NOS; and PDB code for
iNOS : 1VAF) was evaluated by a binding score that reflected
the quality of the complex. ICM docking was performed to
find out the most favourable orientation. The resulting
SU4312 and NOS protein complex trajectories were energy
minimized, and the scores were computed.

Determination of SU4312 in the brain
homogenate and plasma
To investigate whether SU4312 could reach the brain, an HPLC
method was used to detect SU4312 in the brain homogenate
and plasma of rats (Scott et al., 2004; Spitsin et al., 2008).
Briefly, 15 min, 30 min and 1h after i.p. injection of SU4312,
the animals were anaesthetised (40mg kg-1 sodium pentobar-
bital (Sigma-Aldrich) i.p.) and transcardially perfused with PBS
containing heparin (1000 U·L-1) to remove any SU4312 in the
cerebral vasculature. Then rats were decapitated, and brain
tissue was homogenized (0.9% saline; 2 mL buffer per g brain
tissue). SU4312 in the brain homogenate was extracted with
3 mL ethyl acetate. After evaporating the solvent, the residue
was reconstituted in 50 mL methanol. SU4312 in the brain
tissue was identified by an Agilent 1200 Series HPLC coupled
with UV detector at a wavelength of 254 nm.

Plasma concentration of SU4312 was also assayed by an
HPLC method. Briefly, SU4312 was injected i.p., and the right
internal jugular vein cannulated, after anaesthesia (see
above), to collect blood samples over 700 min after dosing.
Blood was taken (0.25 mL per sample) and put into 1.5 mL
heparinized microcentrifuge tube. After centrifugation at
1,500¥ g for 10 min, 0.1 mL plasma were transferred to a new
1.5 mL microcentrifuge tube. 0.1 mL of acetonitrile and
0.1 mL of methanol were added and mixed with vortex for 15
seconds. Then the mixtures were centrifuged at 12,000¥ g for
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Figure 1
SU4312 prevents MPP+-induced apoptosis in a concentration-dependent manner. CGNs were treated with SU4312 and/or PTK787/ZK222584 at
the indicated concentrations for 2 h and then exposed to 35 mM MPP+. Cell viability (A) and cytotoxicity (B) were measured at 24 h after MPP+

challenge by MTT and LDH assays respectively. (C) CGNs were co-treated with SU4312 or PTK787/ZK222584 and 35 mM MPP+. Cell viability was
measured at 24 h after MPP+ challenge by MTT assay. (D) SU4312 blocks neuronal loss and reverses the morphological alterations induced by
MPP+. CGNs were pre-incubated with or without 20 mM SU4312 and exposed to 35 mM MPP+ 2 h later. At 24 h after the MPP+ challenge, CGNs
were assayed with FDA/PI double staining. (E) SU4312 blocks MPP+-induced neuronal apoptosis. CGNs were exposed to 35 mM MPP+ for 24 h with
or without pre-treatment of 20 mM SU4312 for 2 h. The cultures were then assessed by Hoechst 33342 staining assay. The number of pyknotic
nuclei with condensed chromatin was counted from representative photomicrographs and represented as a percentage of the total number of
nuclei counted. Data, expressed as a percentage of the control, were the mean � SEM of three separate experiments; *P < 0.05 and **P < 0.01
versus MPP+ group in panels A, B and C, or versus control in panel E; ##P < 0.01 versus MPP+ group in panel E (Tukey’s test).
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10 min. The supernatants were collected for HPLC analysis
and 20 mL samples were injected into the HPLC system. The
mobile phase consisted of a mixture of methanol and water
(80:20, v/v) at a flow rate of 1 mL·min-1.

Data analysis and statistics
The data are expressed as the means � SEM, and statistical
significance was determined by one-way ANOVA with Dun-
nett’s test in the case of multiple comparisons with control or
Tukey–Kramer means separation test for multiple compari-
sons among the treatment groups. Differences were accepted
as significant at P < 0.05.

Materials
SU4312, MPP+ and MPTP were obtained from Sigma-Aldrich
(St. Louis, MO, USA). PTK787/ZK222584 was purchased from
LC Laboratories (Woburn, MA, USA). 7-nitroindazole (7-NI)
and 1400W were from Merck.

Results

SU4312 but not PTK787/ZK222584
unexpectedly prevents MPP+-induced neuronal
death in a concentration-dependent manner
At 8 days in vitro (DIV), CGNs were pre-treated with a range of
concentrations of SU4312 (1, 3, 10, 20 or 30 mM) for 2 h and
then treated with 35 mM MPP+ for 24 h. Cell viability was
measured using the MTT and LDH assays. SU4312 prevented
MPP+-induced cell death in a concentration-dependent
manner (Figure 1A and B), without affecting cell proliferation
or cell survival when given alone at the experimental con-
centrations (1–30 mM) for 26 h (data not shown). For com-
parison, PTK787/ZK222584 (vatalanib®), another specific
VEGFR-2 inhibitor, was also tested in this model. PTK787/
ZK222584 at 3–10 mM failed to block neuronal loss in vitro
(Figure 1A and B). Moreover, SU4312 and PTK787/ZK222584
co-application did not affect neuroprotection by SU4312
against MPP+ in CGNs, suggesting that the neuroprotective
effects of SU4312 might be independent of VEFGR-2 inhibi-
tion (Figure 1A and B).

We also performed co-administration experiments and
found that SU4312 (10–20 mM) still had neuroprotective
effects against MPP+-induced neurotoxicity when it was given
together with 35 mM MPP+ (Figure 1C). However, under the
same conditions, PTK787/ZK222584 (10 mM) did not exert
any neuroprotective effects (Figure 1C).

For analysis of apoptosis by microscopy, CGNs were pre-
treated with 20 mM SU4312 for 2 h and then exposed to
35 mM MPP+. Phase-contrast microscopy and FDA/PI double
staining assays showed that SU4312 blocked MPP+-induced
loss of neurons and reversed MPP+-induced morphological
alterations, including abnormal cell bodies and extensive
breaks in the neural network (Figure 1D). In addition, stain-
ing of pyknotic nuclei by Hoechst 33342 showed that SU4312
reversed nuclear condensation induced by MPP+ (Figure 1E).

To further investigate the neuroprotective effects of
SU4312 in dopaminergic neurons, we have used SH-SY5Y
cells and PC12 cells, two commonly used in vitro models
of dopaminergic neurons. SH-SY5Y or PC12 cells were

pre-treated with a range of concentrations of SU4312 for 2 h
and then treated with 1 mM MPP+ for 24 h. Cell viability was
measured using the MTT assay. SU4312 prevented MPP+-
induced dopaminergic neuronal death at 3–10 mM in
SH-SY5Y cells and at 10 mM in PC12 cells (Figure 2). PTK787/
ZK222584 was also tested in the same models. PTK787/
ZK222584 at 3 mM failed to block neuronal loss induced by
MPP+ in both SH-SY5Y cells and PC12 cells (Figure 2). Treat-
ment with 10 mM SU4312 or 3 mM PTK787/ZK222584 alone
for 26 h did not show cell proliferative or cytotoxic effects
(data not shown). However, SU4312 and PTK787/ZK222584

Figure 2
SU4312, but not PTK787/ZK222584, prevents MPP+-induced neuro-
toxicity in dopaminergic neurons. (A) SU4312, but not PTK787/
ZK222584, prevents MPP+-induced neurotoxicity in SH-SY5Y cells.
SH-SY5Y cells were treated with SU4312 or PTK787/ZK222584 at the
indicated concentrations for 2 h and then exposed to 1 mM MPP+.
Cell viability was measured by the MTT assay at 24 h after MPP+

challenge. (B) SU4312, but not PTK787/ZK222584, prevents MPP+-
induced neurotoxicity in PC12 cells. PC12 cells were treated with
SU4312 or PTK787/ZK222584 at the indicated concentrations for
2 h and then exposed to 1 mM MPP+. Cell viability was measured by
the MTT assay at 24 h after MPP+ challenge. Data, expressed as
percentage of control, were the mean � SEM of three separate
experiments; *P < 0.05 and **P < 0.01 versus MPP+ group (ANOVA and
Dunnett’s test).
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at higher concentrations were toxic to both SH-SY5Y cells and
PC12 cells (data not shown).

SU4312 but not PTK787/ZK222584 prevents
MPTP-induced neurotoxicity in zebrafish
To test the neuroprotective effect of SU4312 and PTK787/
ZK222584 in vivo, zebrafish embryos at 1 dpf were exposed to

200 mM MPTP for 2 days; the dopaminergic system in the
brain of the zebrafish was determined by immunostaining of
TH with a specific antibody and analysis of th gene expression
by quantitative PCR. After MPTP treatment, ventral dien-
cephalic TH populations, which are highly sensitive to MPTP
exposure, were included in the analysis (Wen et al., 2008).
The number of dopaminergic neurons in the diencephalons
of zebrafish (indicated by red bracket) decreased dramatically
(Figure 3A), and the level of th gene expression was down-
regulated (Figure 3C). SU4312 alleviated the loss of dopamin-
ergic neurons and decrease of th gene expression in a
concentration-dependent manner. In contrast, PTK787/
ZK222584 (0.3–3 mM) could not prevent MPTP-induced loss
of dopaminergic neurons in the zebrafish (Figure 3).

MPTP markedly altered the swimming behaviour of the
zebrafish as a consequence of injury to dopaminergic neurons
(McKinley et al., 2005). As shown in Figure 4A, the total dis-
tance travelled by the zebrafish larvae decreased significantly
after exposure to MPTP. SU4312 but not PTK787/ZK222584
ameliorated MPTP-induced deficit of swimming behaviour.
Under the same conditions, MPTP-induced deficit of swim-
ming behaviour were also rescued by two positive control
treatments, L-deprenyl ( an inhibitor of MAO-B) and L-DOPA
(Figure 4A–C). Neither SU4312 nor PTK787/ZK222584 treat-
ment alone notably altered the swimming behaviour of
normal zebrafish larvae (Figure 4D).

Neuroprotective effects of SU4312 are
not directly correlated with its
anti-angiogenic activity
We further determined if SU4312 and PTK787/ZK222584
within the particular concentration ranges exhibited
any anti-angiogenic activities in Tg(fli1 : EGFP) transgenic
zebrafish embryos. This transgenic model harbours EGFP
gene under the control of the fli-1 promoter and thereby
allows direct monitoring of endothelial cells under a fluores-
cence microscopy. Figure 5 shows the inhibitory effects of
SU4312 and PTK787/ZK222584 at different concentrations

Figure 3
SU4312 protects against MPTP-induced neurotoxicity in zebrafish.
Zebrafish embryos (1 dpf) were co-incubated with 200 mM MPTP
and SU4312 or PTK787/ZK222584 at the indicated concentrations
for 48 h, and zebrafish embryos that had been co-treated with MPTP
and 100 mM L-deprenyl (L-dep, aMAO-B inhibitor) were used as the
positive control. After treatment, zebrafish were collected to carry
out immunohistochemistry, or total RNA extraction and real-time
quantitative PCR. (A, B) SU4312, but not PTK787/ZK222584, pre-
vents MPTP-induced TH+ neuronal loss in the brain of zebrafish in a
concentration-dependent manner. (A) Representative pictures of
dopaminergic neurons in the zebrafish brain from different treatment
groups. Immunohistochemistry was performed with anti-TH primary
antibody, and TH+ neurons in the diencephalic area of the zebrafish
brain were considered as DA neurons. (B) Analysis of TH+ neurons in
each treatment group, 20 fish embryos per group from three time-
independent experiments. Values are expressed as a percentage of
the control. (C) SU4312, but not PTK787/ZK222584, reverses th
gene expression down-regulated by MPTP. Data were expressed as
relative fold change of control (log2), *P < 0.05 and **P < 0.01 versus
MPTP group; #P < 0.05 and ##P < 0.01 versus control (Tukey’s test).
�
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Figure 4
SU4312 attenuates the deficit of locomotion behaviour in zebrafish larvae induced by MPTP. (A–C) zebrafish embryos (1 dpf) were treated with
200 mM MPTP for 2 days, then co-incubated with 10 mM MPTP and SU4312 or PTK787/ZK222584 at the indicated concentrations for 3 days, and
zebrafish larvae co-treated with MPTP and 20 mM L-deprenyl or 150 mM L-DOPA were used as the positive controls. After treatment, zebrafish were
collected to carry out locomotion behaviour tests, using the Viewpoint Zebrabox system, and the total distance moved in 10 min was calculated.
(A) Representative patterns of zebrafish locomotion traced from different treatment groups. (B) Statistical analysis of total distance travelled by
each zebrafish larva in different treatment groups, 12 fish larvae per group from three independent experiments. (C) Zebrafish larvae (3 dpf) were
treated with SU4312 or PTK787/ZK222584 but without MPTP at the indicated concentrations for 3 days, then the locomotion behaviour test was
performed. The results represented the mean distance travelled by 36 larvae and are expressed in as cm travelled in 10 min. Values are
mean � SEM. *P < 0.05 and **P < 0.01 versus MPTP group (ANOVA and Dunnett’s test).
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on inter-segmental vessel (ISV) formation in zebrafish larvae.
Compared with the vehicle control, SU4312 (3–30 mM)
and PTK787/ZK222584 (0.3–3 mM) showed differential
concentration-dependent inhibition of ISV formation in
zebrafish larvae at 3 dpf (Figure 5). Accordingly, PTK787/
ZK222584 exhibited more potent and effective anti-
angiogenic activity than SU4312. These results suggested that
SU4312 (3–30 mM) but not PTK787/ZK222584 (0.3–3 mM)
could prevent MPTP-induced neuronal loss and locomotion
deficit in zebrafish. However, the anti-angiogenic activities of
these compounds were not correlated with their neuropro-
tective activities in vivo.

SU4312 prevents MPP+-induced increase of
intracellular NO
NO has been associated with MPP+-/MPTP-induced neurotox-
icity (Hantraye et al., 1996; Przedborski et al., 1996). To clarify
whether NO was involved in neuronal loss in CGNs caused
by MPP+, DAF-FM diacetate was used to evaluate the intrac-
ellular NO level. MPP+ induced neuronal death and increased
intracellular NO levels in a time-dependent manner
(Figure 6A). For comparison, two NOS inhibitors were also
selected to pre-treat neurons for 2 h before the addition of
MPP+. A specific nNOS inhibitor, 7-NI, (3–10 mM), inhibited
neuronal death and elevated level of intracellular NO
induced by MPP+ (Figure 6B and C). In contrast, a specific
inhibitor of iNOS, 1400W, failed to block neuronal death
(Figure 6B).

CGNs were pre-treated with SU4312 (3–30 mM) for 2 h
and then exposed to MPP+ for another 24 h. This procedure
attenuated the MPP+-triggered elevation of intracellular NO
levels, indicating that SU4312 prevented MPP+-induced neu-
ronal loss possibly through inhibiting NO overproduction
(Figure 6C).

SU4312 selectively inhibits nNOS in a
non-competitive manner
To investigate whether SU4312 directly inhibited NOS, activ-
ity of NOS was assayed in vitro. SU4312 directly and selec-
tively inhibited recombinant human nNOS relative to iNOS,
but there was no activity against eNOS. In contrast, PTK787/
ZK222584 did not inhibit any of the NOS isoforms even at
1 mM (Table 1).

To investigate the mode of nNOS inhibition by SU4312,
two concentrations (10 or 20 mM) of SU4312 were added to
the nNOS reaction system containing a range of concentra-
tions (5–40 mM) of L-[3H]arginine. Lineweaver–Burk plots in

Figure 5
Comparison of anti-angiogenesis effects induced by SU4312 or PTK787/ZK222584 in zebrafish. Tg(Fli-1 : EGFP) transgenic zebrafish embryos (1
dpf) were treated with SU4312 or PTK787/ZK222584 at the indicated concentrations for 48 h. After treatment, inter-segmental vessels (ISV) of
zebrafish were observed under fluorescent microscopy. The deficit of blood vessels was indicated by yellow asterisks.

Table 1
Selective inhibition of nNOS by SU4312 in vitro

Drug

IC50 (mM)

nNOS iNOS eNOS

SU4312 19.0 � 1.0 389.9 � 9.9 N.D.

7-NI 1.5 � 0.2 42.5 � 1.0 3.5 � 0.3

PTK787 ND ND ND

The activity of recombinant human nNOS, iNOS and eNOS and
their inhibition by chemicals were measured by the NOS assay
kit. The IC50 value of each compound to inhibit nNOS, iNOS and
eNOS was obtained from seven-point titration using Sigma Plot
9.0, where each individual point was an average of duplicate
determinations at the same concentration from three independ-
ent experiments.
ND (not detectable) indicates that the corresponding com-
pound did not inhibit the activity of NOS at 1 mM.

BJPSU4312 prevent MPP+-induced neurotoxicity via nNOS

British Journal of Pharmacology (2013) 168 1201–1214 1209



Figure 7A show that SU4312 inhibited nNOS in a non-
competitive manner, and the Ki value of nNOS inhibition by
SU4312 was 12.7 mM (Figure 7B).

Molecular docking simulation reveals the
interaction between SU4312 and nNOS
To gain further insight into the mechanisms of interaction
between SU4312 and nNOS, computational docking was per-
formed. Both the cis- and trans-isomers of SU4312 (Figure 8C
and D) showed favourable interaction with the haem group
within the nNOS protein (PDB code: 3NLV), with a binding
score of -31.25 and -38.98 respectively. As a reference, a
binding score of -36.44 was obtained for a compound known
to bind to nNOS 6-(-4-[2-({2,2-difluoro-2-[(2R)-piperidin-2-
yl]ethyl}amino)ethoxy)-4-methylpyridin-2-amine (Xue et al.,
2010). In both cis- and trans- forms, the N(CH3)2 group of
SU4312 might interact with NH2

+ of Pro565, and the NH of
SU4312 might interact with the COO– of the haem group.

The N,N-dimethyl aniline group is located in the binding
pocket of nNOS, which is formed by the haem, Pro565 and
Arg596 (Figure 8C and D). On the other hand, neither of the
two SU4312 forms showed relatively favourable interactions
with iNOS protein as reflected by their binding scores of
-11.47 and -12.66, respectively; while no ‘druggable’ binding
pocket could be found near the haem for eNOS.

SU4312 can enter the brain
To investigate whether SU4312 could reach the brain, an
HPLC method was used to detect SU4312 in brain tissue after
i.p. injection. The plasma concentration–time profile of
SU4312 after i.p. administration is shown in Figure 9A. Most
importantly, SU4312 rapidly entered the brain and was
detected in brain tissue 15 min after injection (Figure 9D).
However, the brain concentration of SU4312 also rapidly
decreased as almost no SU4312 was detected in the brain at
60 min after i.p. administration (Figure 9F).

Figure 6
SU4312 reverses the elevated intracellular NO induced by MPP+ in CGNs. (A) MPP+ induces neuronal death and increases the level of intracellular
NO in a time-dependent manner. CGNs were exposed to 35 mM MPP+ for different durations as indicated. Cell viability was measured by the MTT
assay and intracellular NO level was measured using DAF-FM diacetate after the MPP+ challenge. (B) Selective nNOS inhibitor prevents
MPP+-induced neurotoxicity. CGNs were treated with 7-NI or 1400W at the indicated concentrations for 2 h and then exposed to 35 mM MPP+.
Cell viability was measured by the MTT assay at 24 h after the MPP+ challenge. (C) SU4312 reverses the elevated intracellular NO induced by MPP+.
CGNs were pre-incubated with or without SU4312 or 7-NI at the indicated concentrations for 2 h and exposed to 35 mM MPP+. Intracellular NO
level was measured using DAF-FM diacetate as a probe at 24 h after the MPP+ challenge. Data, expressed as percentage of control, were the
mean � SEM of three separate experiments; *P < 0.05 and **P < 0.01 versus MPP+ group in panels B and C (ANOVA and Dunnett’s test).
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Discussion

SU4312 was originally designed as an anti-cancer drug can-
didate, targeting VEGFR-2. Under light illumination, SU4312
interchanged freely between the cis- and trans- forms in solu-
tion. These forms of SU4312 selectively inhibit VEGFR-2 with
IC50 values of 0.8 (cis- form) and 5.2 (trans- form) mM respec-
tively (Sun et al., 1998). Our results showed that SU4312,
even at a concentration as high as 30 mM, did not induce any

neurotoxicity in primary neuron cultures or in zebrafish.
These results, together with those of a previous study that
showed that prolonged SU4312 treatment (3 mg of SU4312
every 5 days for 12 weeks) did not damage retinal photore-
ceptors or ganglion cells in rodents (Miki et al., 2010), indi-
cate the lack of toxicity of SU4312 towards neurons.

We have previously demonstrated neuroprotective effects
of VEGF (10–300 ng·mL-1) against MPP+-induced neuronal
death in CGNs, the same in vitro model that we used in the
current study, by activating the VEGFR-2/Akt signalling
pathway (Cui et al., 2011). Our unpublished results have also
shown that VEGF did not affect production of NO at the
concentrations exerting neuroprotective activity. If SU4312
acted only as a VEGFR-2 blocker to inhibit the VEGFR-2/Akt
pathway, it would promote, not decrease, MPP+-induced neu-
rotoxicity. Therefore, the neuroprotection of SU4312 must be
independent of its anti-VEGFR-2 action. To further rule out
the possibility that SU4312 protected neurotoxicity via inhib-
iting angiogenesis, PTK787/ZK222584 was applied to the
same models. PTK787/ZK222584 inhibits VEGFR-2 with an
IC50 value of 37 nM in vitro, which is about 20 times lower
than that of cis-SU4312 (Sun et al., 1998). As expected,
PTK787/ZK222584 at 1 mM inhibited angiogenesis as
effectively as SU4312 at 30 mM, in zebrafish (Figure 5).
Interestingly, PTK787/ZK222584 at the same concentration
failed to inhibit MPP+-induced neurotoxicity in CGNs,
SH-SY5Y cells, PC12 cells or MPTP-induced neurotoxicity in
zebrafish. These results suggested that the neuroprotective
effects of SU4312 were not closely correlated with its anti-
angiogenic property.

How does SU4312 inhibit MPP+/MPTP-induced neurotox-
icity? It is known that NO mediates MPP+- and MPTP-induced
neurotoxicity both in vitro and in vivo (Przedborski et al.,
1996; Gonzalez-Polo et al., 2004a). As shown in Figure 6,
SU4312 inhibited the MPP+-induced increase of intracellular
NO level, indicating that SU4312 may affect the formation or
degradation of endogenous NO. Endogenous NO is produced
only by NOS converting L-arginine to L-citrulline (Fedorov
et al., 2004). Three isotypes of NOS, namely, nNOS, iNOS and
eNOS, have been identified (Alderton et al., 2001),with nNOS
is the predominant form in neurons in the CNS, The eNOS
isoform is mainly present in cerebral vascular endothelial
cells, whereas iNOS is expressed in astrocytes and microglia
(Estevez et al., 1998). It is noteworthy that ablation of eNOS
had no effects on MPP+-induced neurotoxicity (Gonzalez-
Polo et al., 2004a). According to our results, MPP+-induced
neuronal death was inhibited by the selective nNOS inhibitor
7-NI, but not by the selective iNOS inhibitor 1400W, and the
increase of intracellular NO was also similarly reduced. Con-
sequently, SU4312 may prevent MPP+-induced neurotoxicity
by inhibiting nNOS. By assaying NOS activity in vitro, we
found that SU4312 directly inhibited the activity of purified
NOS, showing high selectivity toward nNOS. Furthermore,
SU4312 did not alter Km but decreased the apparent Vmax, with
a linear relationship between the apparent Vmax and SU4312
concentrations. All these results suggest that SU4312 pre-
vented neurotoxicity at least partially by directly inhibiting
nNOS in a non-competitive manner.

Docking simulation revealed a possible molecular inter-
action between isomers of SU4312 and nNOS. In cis-SU4312-
nNOS and trans-SU4312-nNOS complexes, the NH group of

Figure 7
SU4312 inhibits nNOS in a non-competitive manner. (A) Kinetic
analysis of nNOS inhibition with L-arginine by SU4312. Recombinant
nNOS (2.5 mg) was assayed in either the presence (10 or 20 mM) or
absence of SU4312 over a range of concentrations of L-[3H]arginine
(5 to 40 mM). The plots of 1/V versus 1/[S] were fitted by a
Lineweaver–Burk straight line with an intercept of 1/Vmax and a slope
of Km/Vmax. The data were expressed as the means of three independ-
ent experiments. (B) The Ki value of SU4312 in the inhibition of
nNOS. A graph of the apparent 1/Vmax from (A) versus concentration
of SU4312 yielded a straight line.
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SU4312 has close contact with the haem domain of nNOS.
The haem domain is required for nNOS dimerization, a
process necessary to convert inactive nNOS monomer into
active dimers (Roman and Masters, 2006). The haem domain
is also the final electron acceptor in the electron flow, which
is required for NO production (Zhou and Zhu, 2009). The
interaction between SU4312 and the haem domain of nNOS
may disrupt nNOS dimerization and/or impair the electron
transfer process, and consequently induce a non-competitive
inhibition event. Furthermore, the binding pocket involving
the haem, Pro565 and Arg596 of nNOS may facilitate the inter-
action between SU4312 and nNOS and support a prolonged
inhibition.

Besides nNOS inhibition, other molecular mechanisms,
such as inhibition of MAO-B inhibition and antagonism of
kinases, may also contribute to the neuroprotective effects of
SU4312. For example, some NOS inhibitors were found also
to be MAO-B inhibitors that prevented MPTP neurotoxicity
(Herraiz et al., 2009). Moreover, recent studies have shown
that chemicals with the indolineone structure can inhibit
LRRK2, a kinase associated with an increased risk of Parkin-
son’s disease, implying that the neuroprotective effects of
SU4312 might be due to LRRK-2 inhibition (Lee et al., 2010).
To rule out the possibility that SU4312 protected against
neurotoxicity via directly inhibiting MAO-B, we have
assessed inhibition of MAO-B by SU4312, using the MAO-
Glo™ assay kit (Promega Inc., Fitchburg, WI, USA). Our
results have shown that SU4312 did not affect the activity of
MAO-B (data not shown), suggesting the neuroprotective
effects of SU4312 are not due to a direct inhibition of MAO-B.

Other targets that SU4312 may act on for its neuroprotective
effects, further experiments are currently being investigated
in our laboratory.

In conclusion, our findings demonstrated that SU4312
exhibited neuroprotection against MPP+ at least partly via a
selective and direct inhibition of nNOS. Although further
studies are needed to confirm the neuroprotective effects of
SU4312 in other neurodegenerative models or in patients, in
view of the ability of SU4312 to reach the brain in rats, our
results offer support for further development of SU4312 in
the treatment of neurodegenerative disorders, particularly
those associated with NO-mediated neurotoxicity.
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