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NEU2000, AN NR2B-SELECTIVE,
MODERATE NMDA RECEPTOR
ANTAGONIST AND POTENT SPIN
TRAPPING MOLECULE FOR
STROKE
by Sung Ig Cho, Ui Jin Park,
Jun-Mo Chung and Byoung Joo Gwag
Stroke is a cerebrovascular injury caused by
the interruption of blood flow to the brain
due to thrombosis, embolic particles or
blood vessel bursts. Stroke is the leading
cause of serious, long-term disability in
adults and the second leading cause of
death in the U.S. and Europe (1). Rates of
stroke mortality and burden are more
affected in low-income countries including
eastern Europe, northern Asia and central
Africa (2). Ischemic stroke, a major type of
stroke caused by thrombosis and arterial
embolism, can cause neuronal death rapidly in core areas, which is accompanied by
secondary death in the ischemic penumbra
subsequent to activation of multiple death
pathways. Tissue plasminogen activator, a
thrombolytic agent approved in 1996 by the
U.S. Food & Drug Administration, is used to
dissolve the clot and to improve neurological outcome for acute ischemic stroke within 3 hours after the onset of symptoms (3).
Mechanisms and interventional therapies
for ischemic neuronal death have been
extensively investigated to establish a novel
neuroprotection therapy with a greater therapeutic time window than that of thrombolytic agents (4). Preclinical studies have
provided extensive evidence that excess
activation of N-methyl-D-aspartate (NMDA)
receptors mediates rapidly evolving neuronal death following ischemic insults.
However, NMDA receptor antagonists that
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confer substantial neuroprotection in animal models of stroke have failed to show
beneficial effects in clinical trials for stroke.
Free radicals mediate an additional route of
neuronal cell death after ischemia and
reperfusion. Several antioxidants have
advanced to clinical trials including edaravone, a hydroxyl radical scavenger that has
shown beneficial effects in patients with
transient ischemia and which was approved
as a neuroprotective drug in Japan and
China.
NMDA receptor antagonists and antioxidants are expected to confer neuroprotection in human stroke if drug safety and the
therapeutic time window are justified. As
NMDA receptor activation and free radicals
are expected to contribute to neuronal
death through distinct signaling pathways
at different points of time after hypoxic
ischemic injury, it is conceivable to reason
that targeting both NMDA receptors and
free radicals may provide enhanced neuroprotection against hypoxic-ischemic injury
and increase the therapeutic time window, if
safety is compromised.
THE ROLE OF NMDA RECEPTORS IN
ISCHEMIC NEURONAL DEATH
The excitatory neurotransmitter glutamate
is released and accumulates in ischemic
brain areas deprived of glucose and oxygen
(Fig. 1). Abnormal accumulation of glutamate triggers influx and overload of Ca2+
primarily through excess activation of the
NMDA receptors. This increase in intracellular Ca2+ ([Ca2+]i) in neurons then triggers
neuronal injury by activating cytotoxic proteins such as nitric oxide synthase, calpain
and endonuclease and by impairing mito-

Targeting both NMDA
receptors and free
radicals may provide
enhanced
neuroprotection against
hypoxic-ischemic injury.

SUMMARY
Excess activation of ionotropic glutamate receptors, primarily N-methyl-Daspartate (NMDA) receptors and free
radicals, evoke nerve cell death following hypoxic-ischemic brain injury in various animal models. However, clinical
trials in stroke patients using NMDA
receptor antagonists have failed to
show efficacy primarily due to the limited therapeutic time window for neuroprotection and a narrow therapeutic
index. In comparison, antioxidants prolonged the time window for neuroprotection in animal models of ischemic
stroke and showed greater therapeutic
potential in clinical trials for ischemic
stroke. Excess activation of NMDA
receptors and free radicals mediate the
two separate pathways of nerve cell
death in stroke and a safe and multifunctional drug that can block both
routes in the brain will likely provide a
better therapeutic outcome in patients
with stroke. Derivatives of the lead
structures of sulfasalazine and aspirin
have led to the discovery of a new molecule, Neu2000, that has demonstrated excellent neuroprotection against
NMDA- and free radical-induced cell
death. Neu2000 is an NR2B-selective,
moderate NMDA receptor antagonist
with potent cell-permeable, spin trapping antioxidant action even at
nanomolar concentrations. Nonclinical
and human phase I studies demonstrated that Neu2000 can be translated to
treat patients with stroke with better
efficacy and therapeutic time window.
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Figure 1. Role of NMDA receptors and free radicals in ischemic injury. Interrupted blood flow to the brain
causes deprivation of oxygen and glucose () that results in loss of ATP (), leading to membrane
depolarization, Ca2+ entry into the presynaptic terminal () and glutamate release from the synaptic
vesicles into the synaptic cleft (). Accumulated glutamate causes influx and accumulation of Ca2+
through excess activation of postsynaptic NMDA receptors (NMDAR) ( ). Sustained Ca2+ overload for a
few minutes can induce neuronal death. Following reperfusion of reoxygenation, cells are exposed to
excess oxygen molecules that can be converted to superoxide (O2.–) and hydrogen peroxide (H2O2) in
mitochondria. O2.–– and H2O2 can be further converted to hydroxyl radicals (•OH) through the Fenton
reaction and the Haber–Weiss reaction catalyzed by ferrous and ferric ions. Such toxic free radicals
mediate slowly evolving secondary nerve cell death following ischemic injury.

chondria and endoplasmic reticulum.
Neurons overloaded with Ca2+ for even a few
minutes can undergo neuronal death, suggesting that NMDA receptors mediate rapid
and fulminant neuronal death following
ischemic injury (5, 6). Furthermore, NMDA
receptor antagonists prevent Ca2+ entry and
overload in cultured neurons deprived of
glucose and oxygen and markedly attenuate
neuronal death induced by oxygen-glucose
deprivation and in animals subjected to
transient cerebral ischemia (7, 8).
In contrast to the neuroprotective effects
verified in animal models of stroke, NMDA
receptor antagonists have not improved
neurological outcomes in stroke patients
with transient ischemic injury. For example,
potent NMDA receptor antagonists such as
selfotel, aptiganel and eliprodil that act in
competitive, noncompetitive and NMDA
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receptor subtype 2B (NR2B)-selective manners, respectively, showed no efficacy in
phase III trials for acute stroke therapy (9).
The lack of beneficial effects of NMDA
receptor antagonists in clinical trials is
largely attributable to the narrow therapeutic time window and unwanted side effects
such as neuronal vacuolization and necrosis
primarily in the posterior cingulate and retrosplenial cortex (10-12). Moreover, administration of potent NMDA receptor antagonists can produce psychiatric adverse effects
in humans as shown with selfotel, which
caused marked psychiatric and neurological
side effects in human stroke patients at a
subtherapeutic plasma level of 21 µg/mL. In
animal models of transient focal cerebral
ischemia, 40 µg/mL selfotel was neuroprotective when administered within 30 minutes after reperfusion (13).

ROLE OF FREE RADICALS IN ISCHEMIC
NEURONAL DEATH
Ischemic injury produces free radicals
through multiple pathways. Activation of
NMDA receptors causes the accumulation
of [Ca2+]i that triggers production of superoxide and nitric oxide via the activation of
xanthine oxidase, nitric oxide synthase and
NADPH (nicotinamide adenine dinucleotide
phosphate) oxidase (14-16). Reoxygenation
or reperfusion can give rise to superoxide
and H2O2 by the oxidation of accumulated
hypoxanthine and the uncoupling of electron flow from mitochondria electron transport chain (Fig. 1) (4). During reperfusion,
transient metal ions such as ferrous and ferric ions are uptaken and accumulate in vulnerable cells, which results in •OH production by the Fenton and the Haber–Weiss
reactions (17-20). The therapeutic potential
of antioxidants has been well documented
in animal models of stroke with a longer
therapeutic time window than NMDA receptor antagonists (21). Four antioxidants have
advanced to clinical trials for acute
ischemia. First, tirilazad, a lipid peroxidation
inhibitor, failed to show significant beneficial
effects in six randomized, controlled trials in
patients with acute ischemic stroke. An
additional phase III study using a higher
dosage of tirilazad was stopped with questions emerging in Europe regarding its safety (22). Secondly, the administration of
ebselen, a glutathione peroxidase mimic, to
patients with acute ischemic stroke within
24 hours after stroke onset, improved outcome for 1 month but not after 3 months, in
Japan (23, 24). The modified Mathew Scale
and modified Barthel Index scores were also
improved in stroke patients subjected to
early treatment with ebselen. In Japan, a
placebo-controlled, double-blind, randomized, multicenter trial of ebselen has been
initiated for patients with acute cortical
infarction but further clinical outcomes have
not yet been reported. Thirdly, the phase III
study of edaravone, a free radical scavenger,
was performed with 250 patients with acute
ischemic stroke in Japan, which showed a
significant improvement in functional outcome within 3 months, as evaluated by the
modified Rankin scale (25). Edaravone was
approved for the treatment of acute stroke
in Japan (2001) and China (2007). Fourthly,
NXY-059 (disufenton sodium), a nitronebased free radical-trapping agent, was subjected to a randomized, double-blind,
placebo-controlled trial in 1,722 patients
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within 6 hours after onset of acute ischemic
stroke (SAINT I trial) (26). NXY-059 was
shown to significantly improve the primary
outcome (reduced disability at 90 days)
without improving neurological functions as
measured by the National Institutes of
Health Stroke Scale (NIHSS) score. Efficacy
of NXY-059, however, was not verified in the
SAINT II trial in 3,195 patients even for the
primary outcome (27).
Mixed clinical outcomes with antioxidants
appear to largely stem from the translational mismatch between animal studies and
clinical trials. For example, tirilazad was
shown to protect against transient focal
cerebral ischemia but was not beneficial in
animal models of transient forebrain
ischemia and permanent focal cerebral
ischemia (28-30). In addition, neither therapeutic time window nor reproducibility of tirilazad was investigated in animal models of
stroke. The therapeutic potential of NXY059 as an antioxidant for ischemic stroke
might be limited due to its extremely low
cell and blood–brain barrier permeability
(31). In a meta-analysis of studies of NXY059 in animal models of transient and permanent brain ischemia, efficacy of NXY-059
was variable, ranging from 0% (no beneficial effect) to 60%, in reducing infarct volume, and also for the neuroprotective time
window (32). Although clinical trials were
not supported by such confounding efficacy
in preclinical studies, NXY-059 nevertheless
moved to SAINT I and II, phase III clinical trials in 5,028 acute stroke patients and again
failed to show any beneficial effects (33, 34).
Finally, edaravone has been prescribed to
treat acute ischemic stroke regionally in
Japan and China but its global application is
limited due to unwanted side effects such as
acute renal failure, fulminant hepatitis and
caution in the elderly (35-38).
DISCOVERY OF NEU2000, A DUAL
NEUROPROTECTANT TARGETING BOTH
NMDA RECEPTORS AND FREE
RADICALS
Acetylsalicylic acid (aspirin) is widely used to
prevent recurrent ischemic stroke; its therapeutic effect is related to its role as an irreversible cyclooxygenase inhibitor, inhibiting
the conversion of arachidonic acid to thromboxane A2 and thereby inhibiting platelet
aggregation (39). Recently, aspirin and salicylic acid were shown to prevent NMDA
receptor-mediated excitotoxicity by blocking
THOMSON REUTERS – Drug News & Perspectives 2010, 23(9)
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nuclear factor-κB and c-Jun N-terminal
kinase (40, 41). Aspirin can protect against
ischemic neuronal death by inhibiting voltage-gated Ca2+ channels, p44/42 mitogenactivated protein kinase and glutamate
release (42-44). However, the therapeutic
potential of aspirin in the brain may be
limited given that high doses (as much as 10
mM) of the drug are needed to prevent
NMDA and Zn2+ neurotoxicity in primary
cortical cell cultures. The anti-inflammatory drug sulfasalazine, a conjugate of
5-aminosalicylic acid and sulfapyridine,
inhibits NMDA neurotoxicity more potently
than aspirin and in addition offers neuroprotection against free radical injury (45-46).
We propose that the dual pharmacological
actions of these salicylates against NMDA
receptor-mediated excitotoxicity and free
radical neurotoxicity offer the potential for
improved neural protection after ischemic
brain injury and that development of
chemical derivatives of these compounds
with greater potency, safety and effectiveness might offer a novel, successful therapy
for stroke compared to a monotherapy
targeting either NMDA receptor or free radicals.

We discovered a group of synthetic derivatives from the lead structure of sulfasalazine
that prevented NMDA-induced neuronal
death in cortical cell cultures more potently
than aspirin and sulfasalazine (Fig. 2) (47).
Among the derivatives, 2-hydroxy-5(2,3,5,6-tetrafluoro-4-trifluoromethyl-benzylamino)-benzoic acid, named Neu2000,
showed additional nerve cell protection
against oxidative stress even at nanomolar
concentrations. Moreover, Neu2000, a
moderate NMDA receptor antagonist, did
not produce neuronal cell apoptosis, one of
the major side effects of potent NMDA
receptor antagonists. Based upon its efficacy as a dual neuroprotective drug and safety, Neu2000 was chosen as a final drug candidate for the treatment of stroke, trauma
and neurological diseases linked to NMDA
receptor activation and oxidative stress.
MECHANISMS OF NEUROPROTECTIVE
ACTION OF NEU2000
Neu2000 blocks free radical injury as a
potent cell-permeable spin trapping
molecule
Efficacy and potency of Neu2000 were
examined and compared with those of other

Figure 2. Discovery of Neu2000. Based upon novel pharmacological findings that aspirin is a very weak
NMDA receptor antagonist and sulfasalazine acts as an antioxidant as well as a weak NMDA receptor
antagonist, Neu2000 was developed as a moderate NMDA receptor antagonist and potent antioxidant
that improved potency (against NMDA and free radicals) and safety of aspirin and sulfasalazine.
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antioxidants in cortical cell cultures exposed
to Fe2+, a catalyst of the Fenton reaction
producing hydroxyl radicals that was
expected to mediate free radical production
and cytotoxicity following ischemic brain
injury (47) (Fig. 3). Cultured cortical neurons
underwent widespread death 24 hours after
exposure to 50 µM Fe2+. Concurrent administration of Neu2000 attenuated Fe2+induced neuronal death (IC50 = 0.11 µM).
Neu2000 completely blocked Fe2+ neurotoxicity even at 0.3 µM. Trolox, a water-soluble form of α-tocopherol, showed similar
efficacy (100% blockade) but lower potency
(IC50 = 3.34 µM) against Fe2+ injury compared with Neu2000. Edaravone partially
reduced Fe2+-induced neuronal death at
a dose of 3 µM but increased Fe2+ injury
at higher doses, suggesting a potential side
effect of the free radical scavenger. NXY059 attenuated Fe2+ neurotoxicity by up to
32% at a dose of 0.3 µM but did not show
further neuroprotection at doses of 1–300
µM. The low efficacy of NXY-059 may be
attributable to its polar, highly water-soluble character, very low cell permeability and
two orders of magnitude less potency than
vitamin E in inhibiting free radical-mediated
peroxidative reactions in a cell-free assay

system (31, 48, 49). In addition, Neu2000
blocked the degeneration of neurons and
glia in cortical cell cultures exposed to
DL-buthionine-[S,R]-sulfoximine, a glutathione-depleting agent, and sodium nitroprusside, a nitric oxide donor (IC50 = 0.1 µM)
(47).
Neu2000 reacted with 2,2-diphenyl-1picrylhydrazyl, a nitrogen-centered stable
free radical, implying that Neu2000 is a free
radical scavenger. The spectroscopic technique of electron spin resonance demonstrated that Neu2000 reduced hydroxyl
radical adducts of 5,5′-dimethylpyrroline 1N-oxide (DMPO) in a concentration-dependent manner and up to 80–90% at 0.1 µM in
a cell-free in vitro assay (Fig. 3), suggesting
that Neu2000 is a potent spin trapping
molecule.
Neu2000 is a reversible, uncompetitive
NR2B-specific antagonist with a good
safety profile
Neu2000 inhibited 300 µM NMDA-induced
currents at IC50 of 35 µM (47, 50). As illustrated upon comparison with other NMDA
receptor antagonists (Fig. 4), Neu2000 is a
reversible and uncompetitive NMDA recep-

tor-gating modifier with fast binding kinetics. This NR2B-specific antagonist is sensitive to ifenprodil, an NR2B receptor antagonist, but not to NVP-AAM077, an NR2A
receptor antagonist. Uncompetitive antagonists with activity-dependent block are generally expected to allow a stronger inhibition
of NMDA receptors in neurological diseases
such as stroke and epilepsy that cause
excess accumulation of glutamate at the
synaptic cleft, while showing minimal inhibition of normal synaptic transmission
through NMDA receptors. Accordingly, open
channel blockers with use-dependency
showed marked protection against ischemic
insults in animal models. However, once
bound to the open channel of the activated
receptor, open channel blockers with
uncompetitive nature can be trapped within
the closed channel and lead to a prolonged
blockade of NMDA receptors, making them
clinically undesirable. Gating modifiers,
such as ifenprodil and Neu2000, would be
beneficial for clinical application, as their
agonist-dependent nature comes from preferential binding to an agonist-associated
closed state of the receptor, not from being
trapped within channels. In addition, the offrate of Neu2000 with a use-dependent

m
2+

m

Figure 3. Better efficacy and potency of Neu2000 than other antioxidants. A) Fe2+-induced neuronal death assay: Mouse cortical cell cultures (11 to 14 days
in vitro) were continuously exposed to 50 µM Fe2+, alone or with indicated doses of Neu2000, trolox, edaravone, NXY-059, sulfasalazine and aspirin. Neuronal
death was analyzed 24 hours later by measurement of lactate dehydrogenase (LDH) released into the bathing medium and scaled to near complete neuronal
death (= 100%) following exposure to 500 µM NMDA, mean ± SEM (n = 8 cultures for each condition). B) Potent spin trapping of Neu2000 against hydroxyl
radicals. Neu2000 (as its potassium salt, Neu2000K) reduced the control signal intensity of hydroxyl radical adducts of 5,5′-dimethylpyrroline-1-N-oxide in
electron spin resonance in a concentration-dependent manner and up to 80–90% at 0.1 µM in a cell-free in vitro assay.
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Figure 4. Mechanisms of NMDA receptor antagonism by Neu2000. Binding of glutamate to an NMDA
receptor (NMDAR), consisting of NR1 and NR2A/B, at the resting closed state causes Ca2+ entry
through the activation of NMDAR. The activated NMDAR can return to the resting state or reversibly
change to a desensitized state which also does not allow Ca2+ entry. Neu2000 is a moderate reversible
uncompetitive NR2B subtype-specific antagonist with very fast binding kinetics that can inhibit Ca2+
entry mainly by accelerating the desensitization of NMDAR and stabilizing the closed state of NMDAR.
In contrast to open channel blockers that show uncompetitive antagonism, Neu2000 is not trapped
within a receptor channel. In addition, Neu2000 exerts its blockade in a voltage-independent manner.
These unique actions of Neu2000 might contribute to more efficient neuroprotection with better safety profiles compared with other NMDA antagonists in ischemic stroke conditions accompanying high
extracellular Ca2+ concentration and excessively prolonged depolarization.

block is so surprisingly fast that it might
have a greater safety for therapeutic application than high affinity blockers with slow
block and unblock of NMDA receptors (51,
52). It is noteworthy that the unblocking rate
of Neu2000 is about eight times faster than
that of memantine, a moderate affinity
NMDA receptor antagonist approved for
the treatment of moderate to severe
Alzheimer’s disease (53). Open channel
blockers usually decrease their blockade as
the cells become depolarized (54).
Accordingly, Neu2000’s lack of voltage
dependency may give it an advantage over
open channel blockers in inhibiting NMDA
responses effectively at the prolonged
depolarization induced by excessive glutamate. Also, the acceleration of Ca2+dependent desensitization by Neu2000
should be an important factor for protecting
THOMSON REUTERS – Drug News & Perspectives 2010, 23(9)

neurons against insults because the Ca2+dependent desensitization is a negative
feedback mechanism to prevent the undesirable effects of excessive activation.
Moreover, it is highly probable that the
specificity of Neu2000 for NR2B alleviates
its undesirable side effects, as glutamate
spilled over in a synapse during ischemic
insult possibly recruits extrasynaptic NR2BNMDA receptors (55, 56). In support of this,
ischemic injury was shown to recruit deathassociated protein kinase 1 into the NR2B
complex at extrasynaptic sites (57), resulting in neurotoxic Ca2+ overload through
excess activation of extrasynaptic NMDA
receptors (57-59). In contrast, synaptic
NMDA receptor activation was likely to
enhance neuronal survival by preventing
apoptosis through maintenance of neuroprotective levels of Ca2+ (58).

EFFICACY OF NEU2000 IN ANIMAL
MODELS OF ISCHEMIA
A number of neuroprotectants including
NMDA receptor antagonists and antioxidants have demonstrated substantial efficacy in animal models of stroke but have failed
to show beneficial effects in clinical trials
in stroke. In 1999, the Stroke Therapy
Academic Industry Roundtable (STAIR) recommendations were published to overcome
translational barriers from preclinical studies to human clinical trials (60, 61). The neuroprotective effects of Neu2000 have been
examined turning to rodent models of transient and permanent focal cerebral
ischemia to fulfill the initial STAIR recommendations with the exception of efficacy
studies in gyrencephalic species with convulsions in the cerebral cortex.
Efficacy against transient occlusion
of middle cerebral artery
Dose-response experiments of Neu2000
were performed in rats subjected to
60-minute occlusion of middle cerebral
artery (47). Intravenous administration of
Neu2000 (0.5–20 mg/kg) 5 minutes after
reperfusion significantly and dose-dependently reduced the infarct volume. The maximal effects were observed at doses of 2.5 to
5 mg/kg, with a maximal reduction in the
infarct volume of 66%. The maximal neuroprotective effects of Neu2000 were much
higher than those of either MK-801, an
NMDA receptor antagonist, or trolox, an
antioxidant. The therapeutic time window
was then determined using a dose of 5
mg/kg in 60-minute transient middle cerebral artery occlusion (tMCAO) models. The
sooner Neu2000 was administered after
reperfusion, the more the infarct volume 24
hours after 60-minute tMCAO was reduced.
The neuroprotective effects of Neu2000
were significant even when it was delivered
8 hours after reperfusion. In contrast, NMDA
receptor antagonists and antioxidants such
as NXY-059, ebselen and edaravone significantly protected against tMCAO before
reperfusion and 3 hours after reperfusion,
respectively (48, 62-64). Taken together,
these findings indicate that Neu2000 has
better efficacy and a therapeutic time window than a monotherapy targeting either
NMDA receptors or free radicals in rodent
models of tMCAO.
Randomized and blind experiments of
Neu2000 were carried out in the intralumi553
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nal thread occlusion model of middle cerebral artery for 90 minutes to study if administration of Neu2000, 30 minutes after
reperfusion would improve neurological
functions over 4 weeks after 90-minute
tMCAO. Neu2000 ameliorated neurological
severity score, motor coordination and hemineglect behavior within 1 day after 90minute tMCAO. In animals treated with
Neu2000, such neurological functions were
further improved 4 weeks later (47).
Furthermore, Neu2000 was shown to
attenuate white matter damage 3 days after
90-minute tMCAO.
Efficacy against permanent occlusion of
middle cerebral artery
Dose-response experiments revealed maximal neuroprotective effects of Neu2000 at
a dose of 30 mg/kg i.v. in rat permanent
occlusion of middle cerebral artery
(pMCAO) models. A single bolus injection of
30 mg/kg Neu2000 significantly reduced
infarct volume 24 hours following pMCAO
when delivered within 4 hours after occlusion (65). We have observed that pMCAO
produces biphasic patterns of free radical
production in the core and penumbra (66).
The single injection of Neu2000 prevented
the initial free radical production at 4 hours
after occlusion but did not attenuate the
delayed free radical production 24 hours
after occlusion. Dual injections of 30 mg/kg
Neu2000 at 2 and 16 hours following
pMCAO prevented the initial and delayed
free radical production in the core and
penumbra, which resulted in significant
attenuation of infarct volume. The neuroprotective effects of Neu2000 against
pMCAO were reproduced in a double-blinded manner by independent laboratories.

S.I. Cho et al.

mg/kg i.v.) at 30 minutes after induction of
intracerebral hemorrhage (68).

4. Won, S.J., Kim, D.Y., Gwag, B.J. Cellular and
molecular pathways of ischemic neuronal
death. J Biochem Mol Biol 2002, 35(1): 67-86.

STUDY OF NEU2000 IN HUMANS
A phase I, double-blinded, randomized,
placebo-controlled ascending single i.v.
dose study has been completed assessing
the safety, tolerance and pharmacokinetics
of Neu2000 in 95 healthy young and elderly volunteers in the United States (69).
Neu2000 had a good safety profile without
any serious adverse events up to 6000 mg,
with a mean maximum plasma concentration (Cmax) of 372 µg/mL and an area under
the concentration (AUC; mean ± S.D.) of
3252 ± 1538 µg.h/mL (unpublished data).
Based on the robust human safety profile of
Neu2000 and AUC-based therapeutic index
reaching about 35 (AUC at Neu2000 6000mg dose in human/AUC at maximal effective dose in pMCAO animal models) to
about 800 (AUC at Neu2000 6000-mg
dose in human/AUC of maximal effective
dose in tMCAO animal models), a phase II
proof-of-concept trial of Neu2000 has been
prepared for patients with stroke.

5. Choi, D.W., Rothman, S.M. The role of glutamate neurotoxicity in hypoxic-ischemic neuronal
death. Annu Rev Neurosci 1990, 13: 171-82.

ACKNOWLEDGMENTS
This work was supported in part by the Brain
Korea 21 Project for Medical Science, Ajou
University, Gyeonggi-do (BJG) and Systems
Biology Infrastructure Establishment Grant
from GIST, Seoul (JMC).
DISCLOSURES
S.I. Cho, U.J. Park and B.J. Gwag are
employees of Neurotech Pharmaceuticals
Co. Ltd. J-M. Chung states no conflicts of
interest.
REFERENCES

Efficacy against transient forebrain
ischemia and hemorrhagic stroke
Single administration of Neu2000 markedly attenuated the delayed degeneration of
the hippocampal CA1 neurons evolving 3
days after 10-minute forebrain ischemia in
adult rats (67). The neuroprotective effects
of Neu2000 were manifest when administered 1 day after transient forebrain
ischemia, suggesting Neu2000 can be
applied to prevent brain injury occurring in
cardiac arrest patients. In an animal model
of hemorrhagic stroke, the hematoma volume and cell death were significantly
reduced after administration of Neu2000 (5
554

1. American Heart Association. Heart Disease
and Stroke Statistics-2010 Update (At-AGlance Version. http://www.americanheart.
org/downloadable/heart/1265665152970D
S-3241%20HeartStrokeUpdate_2010.pdf.
Accessed October 24, 2010.
2. Johnson, S.G. Improving cost-effectiveness of
and outcomes from drug therapy in patients
with atrial fibrillation in managed care: Role of
the pharmacist. J Manag Care Pharm 2009,
15(6 Suppl. B): S19-25.
3. Anonymous. Tissue plasminogen activator for
acute ischemic stroke. The National Institute of
Neurological Disorders and Stroke rt-PA Stroke
Study Group. N Engl J Med 1995, 333(24):
1581-7.

6. Mattson, M.P., Kroemer, G. Mitochondria in
cell death: novel targets for neuroprotection
and cardioprotection. Trends Mol Med 2003,
9(5): 196-205.
7. Goldberg, M.P., Weiss, J.H., Pham, P.C., Choi,
D.W. N-methyl-D-aspartate receptors mediate
hypoxic neuronal injury in cortical culture. J
Pharmacol Exp Ther 1987, 243(2): 784-91.
8. Park, C.K., Nehls, D.G., Graham, D.I.,
Teasdale, G.M., McCulloch, J. The glutamate
antagonist MK-801 reduces focal ischemic
brain damage in the rat. Ann Neurol 1988,
24(4): 543-51.
9. Cheng, Y.D., Al-Khoury, L., Zivin, J.A.
Neuroprotection for ischemic stroke: two
decades of success and failure. NeuroRx
2004, 1(1): 36-45.
10. Olney, J.W., Labruyere, J., Wang, G., Wozniak,
D.F., Price, M.T., Sesma, M.A. NMDA antagonist neurotoxicity: mechanism and prevention.
Science 1991, 254(5037): 1515-8.
11. Fix, A.S., Horn, J.W., Wightman, K.A. et al.
Neuronal vacuolization and necrosis induced
by the noncompetitive N-methyl-D-aspartate
(NMDA) antagonist MK(+)801 (dizocilpine
maleate): a light and electron microscopic
evaluation of the rat retrosplenial cortex. Exp
Neurol 1993, 123(2): 204-15.
12. Labiche, L.A., Grotta, J.C. Clinical trials for
cytoprotection in stroke. NeuroRx 2004, 1(1):
46-70.
13. Steinberg, G.K., Perez-Pinzon, A.M., Maier,
C.M. et al. CGS-19755: correlation of in vitro
neuroprotection, protection against experimental ischemia and CSF level in cereborovascular surgery patients. Proc 5th Intl Symp
Pharmacol Cerebral Ischemia (July 10-22,
Marburg) 1994, Abst.
14. McCord, J.M. Oxygen-derived free radicals in
postischemic tissue injury. N Engl J Med 1985,
312(3): 159-63.
15. Dawson, T.M., Dawson, V.L., Snyder, S.H. A
novel neuronal messenger molecule in brain:
the free radical, nitric oxide. Ann Neurol 1992,
32(3): 297-311.
16. Brennan, A.M., Suh, S.W., Won, S.J. et al.
NADPH oxidase is the primary source of superoxide induced by NMDA receptor activation.
Nat Neurosci 2009, 12(7): 857-63.
17. Koh, J.Y., Suh, S.W., Gwag, B.J., He, Y.Y., Hsu,
C.Y., Choi, D.W. The role of zinc in selective neuronal death after transient global cerebral
ischemia. Science 1996, 272(5264): 1013-6.
THOMSON REUTERS – Drug News & Perspectives 2010, 23(9)

S.I. Cho et al.

NEU2000 FOR STROKE

18. Kim, E.Y., Koh, J.Y., Kim, Y.H., Sohn, S., Joe, E.,
Gwag, B.J. Zn2+ entry produces oxidative neuronal necrosis in cortical cell cultures. Eur J
Neurosci 1999, 11(1): 327-34.

cell uptake of the neuroprotective nitrone compound NXY-059 in normoxic, hypoxic and
ischemic conditions. Brain Res 2002, 955(12): 229-35.

19. Kondo, Y., Ogawa, N., Asanuma, M., Ota, Z.,
Mori, A. Regional differences in late-onset iron
deposition, ferritin, transferrin, astrocyte proliferation, and microglial activation after transient forebrain ischemia in rat brain. J Cereb
Blood Flow Metab 1995, 15(2): 216-26.

32. Macleod, M.R., van der Worp, H.B., Sena,
E.S., Howells, D.W., Dirnagl, U., Donnan, G.A.
Evidence for the efficacy of NXY-059 in experimental focal cerebral ischaemia is confounded
by study quality. Stroke 2008, 39(10): 2824-9.
33. Savitz, S.I., Schäbitz, W.R. A critique of SAINT
II: wishful thinking, dashed hopes, and the
future of neuroprotection for acute stroke.
Stroke 2008, 39(4): 1389-91.

20. Fiskum, G., Rosenthal, R.E., Vereczki, V.,
Martin, E., Hoffman, G.E., Chinopoulos, C.,
Kowaltowski, A. Protection against ischemic
brain injury by inhibition of mitochondrial
oxidative stress. J Bioenerg Biomembr 2004,
36(4): 347-52.

34. Miller, S.W., Palesch, Y.Y. Comments regarding
the recent OAST article. Stroke 2008, 39(1):
e14.

21. Margaill, I., Plotkine, M., Lerouet, D. Antioxidant
strategies in the treatment of stroke. Free Radic
Biol Med 2005, 39(4): 429-43.

35. Edaravone: Warnings about acute renal failure
included in package insert. WHO
Pharmaceuticals Newsletter 2002, No. 4: 1.

22. Haley, E.C., Jr. High-dose tirilazad for acute
stroke (RANTTAS II). RANTTAS II Investigators.
Stroke 1998, 29(6): 1256-7.

36. Hishida, A. Clinical analysis of 207 patients
who developed renal disorders during or after
treatment with edaravone reported during
post-marketing surveillance. Clin Exp Nephrol
2007, 11(4): 292-6.

23. Sies, H. Ebselen, a selenoorganic compound
as glutathione peroxidase mimic. Free Radic
Biol Med 1993, 14(3): 313-23.
24. Yamaguchi, T., Sano, K., Takakura, K., Saito, I.,
Shinohara, Y., Asano, T., Yasuhara, H. Ebselen
in acute ischemic stroke: a placebo-controlled,
double-blind clinical trial. Ebselen Study
Group. Stroke 1998, 29(1): 12-7.
25. The Edaravone Acute Brain Infarction Study
Group (Chair: Eiichi Otomo, MD). Effect of a
novel free radical scavenger, edaravone (MCI186), on acute brain infarction. Randomized,
placebo-controlled, double-blind study at multicenters. Cerebrovasc Dis 2003, 15(3): 222-9.
26. Lees, K.R., Zivin, J.A., Ashwood, T. et al.
Stroke-Acute Ischemic NXY Treatment (SAINT
I) Trial Investigators. N Engl J Med 2006,
354(6): 588-600.
27. Shuaib, A., Lees, K.R., Lyden, P. et al. and
SAINT II Trial Investigators. NXY-059 for the
treatment of acute ischemic stroke. N Engl J
Med 2007, 357(6): 562-71.
28. Young, W., Wojak, J.C., DeCrescito, V. 21Aminosteroid reduces ion shifts and edema in
the rat middle cerebral artery occlusion model of
regional ischemia. Stroke 1998, 19(8): 1013-9.
29. Beck, T., Bielenberg, G.W. Failure of the lipid
peroxidation inhibitor U74006F to improve
neurological outcome after transient forebrain
ischemia in the rat. Brain Res 1990, 532(1-2):
336-8.
30. Xue, D., Slivka, A., Buchan, A.M. Tirilazad
reduces cortical infarction after transient but
not permanent focal cerebral ischemia in rats.
Stroke 1992, 23(6): 894-9.
31. Dehouck, M.P., Cecchelli, R., Green A.R.,
Renftel, M., Lundquist, S. In vitro blood-brain
barrier permeability and cerebral endothelial
THOMSON REUTERS – Drug News & Perspectives 2010, 23(9)

37. Edaravone: Report of fulminant hepatitis. WHO
Pharmaceuticals Newsletter 2007, No. 4: 1.
38. Edaravone: To be used with caution in elderly.
WHO Pharmaceuticals Newsletter 2003, No.
2: 2.
39. Patrignani, P., Filabozzi, P., Patrono, C.
Selective cumulative inhibition of platelet
thromboxane production by low-dose aspirin
in healthy subjects. J Clin Invest 1982, 69(6):
1366-72.
40. Grilli, M., Pizzi, M., Memo, M., Spano, P.
Neuroprotection by aspirin and sodium salicylate through blockade of NF-kappaB activation. Science 1996, 274(5291): 1383-85.
41. Ko, H.W., Park, K.Y., Kim, H., Han, P.L., Kim,
Y.U., Gwag, B.J., Choi, E.J. Ca2+-mediated activation of c-Jun N-terminal kinase and nuclear
factor kappa B by NMDA in cortical cell cultures. J Neurochem 1998, 71(4): 1390-95.
42. Kim, E.Y., Chang, S.Y., Chung, J.M. et al.
Attenuation of Zn2+ neurotoxicity by aspirin: role
of N-type Ca2+ channel and the carboxyl acid
group. Neurobiol Dis 2001, 8(5): 774-783.
43. De Cristobal, J., Cardenas, A., Lizasoain, I.,
Leza, J.C., Fernandez-Tome, P., Lorenzo, P.,
Moro, M.A. Inhibition of glutamate release via
recovery of ATP levels accounts for a neuroprotective effect of aspirin in rat cortical neurons
exposed to oxygen-glucose deprivation. Stroke
2002, 33(1): 261-7.
44. Vartiainen, N., Goldsteins, G., KeksaGoldsteine, V., Chan, P.H., Koistinaho, J.
Aspirin inhibits p44/42 mitogen-activated
protein kinase and is protective against hypoxia/reoxygenation neuronal damage. Stroke
2003, 34(3): 752-7.

45. Gionchetti, P., Guarnieri, C., Campieri, M.,
Belluzzi, A., Brignola, C., Iannone, P., Miglioli,
M., Barbara, L. Scavenger effect of sulphasalazine (SASP), 5-aminosalicylic acid (5ASA), and olsalazine (OAZ). Gut 1990, 31(6):
730-1.
46. Ryu, B.R., Lee, Y.A., Won, S.J. et al. The novel
neuroprotective action of sulfasalazine
through blockade of NMDA receptors. J
Pharmacol Exp Ther 2003, 305(1): 48-56.
47. Gwag, B.J., Lee, Y.A., Ko, S.Y. et al. Marked prevention of ischemic brain injury by Neu2000,
an NMDA antagonist and antioxidant derived
from aspirin and sulfasalazine. J Cereb Blood
Flow Metab 2007, 27(6): 1142-51.
48. Kuroda, S., Tsuchidate, R., Smith, M.L.,
Maples, K.R., Siesjö, B.K. Neuroprotective
effects of a novel nitrone, NXY-059, after transient focal cerebral ischemia in the rat. J Cereb
Blood Flow Metab 1999, 19(7): 778-87.
49. Becker, D.A., Ley, J.J., Echegoyen, L.,
Alvarado, R. Stilbazulenyl nitrone (STAZN): a
nitronyl-substituted hydrocarbon with the
potency of classical phenolic chain-breaking
antioxidants. J Am Chem Soc 2002, 124(17):
4678-84.
50. Noh, J., Lee, E.S., Chung, J.M. The novel
NMDA receptor antagonist, 2-hydroxy-5(2,3,5,6-tetrafluoro-4-trifluoromethyl-benzylamino)-benzoic acid, is a gating modifier in
cultured mouse cortical neurons. J Neurochem
2009, 109(5): 1261-71.
51. Lipton, S.A. Paradigm shift in NMDA receptor
antagonist drug development: molecular
mechanism of uncompetitive inhibition by
memantine in the treatment of Alzheimer’s
disease and other neurologic disorders. J
Alzheimers Dis 2004, 6(Suppl. 6): S61–S74.
52. Blanpied, T.A., Clarke, R.J., Johnson, J.W.
Amantadine inhibits NMDA receptors by accelerating channel closure during channel block. J
Neurosci 2005, 25(13): 3312-22.
53. Chen, H.S., Pellegrini, J.W., Aggarwal, S.K.,
Lei, S.Z., Warach, S., Jensen, F.E., Lipton, S.A.
Open-channel block of N-methyl-D-aspartate
(NMDA) responses by memantine: therapeutic
advantage against NMDA receptor-mediated
neurotoxicity. J Neurosci 1992, 12(11): 4427-36.
54. Kemp, J. A., McKernan, R. M. NMDA receptor
pathways as drug targets. Nat Neurosci 2002,
5(Suppl.): 1039-42.
55. Liu, Y., Wong, T.P., Aarts, M.et al. NMDA
receptor subunits have differential roles in
mediating excitotoxic neuronal death both in
vitro and in vivo. J Neurosci 2007, 27(11):
2846–57.
56. Liu, X.B., Murray, K.D., Jones E. G. Switching
of NMDA receptor 2A and 2B subunits at thalamic and cortical synapses during early postnatal development. J Neurosci 2004, 24(40):
8885-95.
555

NEU2000 FOR STROKE

57. Tu, W., Xu, X., Peng, L. et al. DAPK1 interaction
with NMDA receptor NR2B subunits mediates
brain damage in stroke. Cell 2010, 140(2): 1746.
58. Hardingham, G.E., Fukunaga, Y., Bading, H.
Extrasynaptic NMDARs oppose synaptic
NMDARs by triggering CREB shut-off and cell
death pathways. Nat Neurosci 2002, 5(5):
405-14.
59. Léveillé, F., El Gaamouch, F., Gouix, E.,
Lecocq, M., Lobner, D., Nicole, O., Buisson, A.
Neuronal viability is controlled by a functional
relation between synaptic and extrasynaptic
NMDA receptors. FASEB J 2008, 22(12):
4258-71.
60. Stroke Therapy Academic Industry
Roundtable. Recommendations for standards
regarding pre-clinical neuroprotective and
restorative drug development. Stroke 1999,
30(12): 2752-8.
61. Green, A.R., Odergren, T., Ashwood, T. Animal
models of stroke: do they have value for discovering neuroprotective agents. Trends
Pharmacol Sci 2003, 24: 402-8.
62. Margaill, I., Parmentier, S., Callebert, J., Allix,
M., Boulu, R.G., Plotkine, M. Short therapeutic
window for MK-801 in transient focal cerebral
ischemia in normotensive rats. J Cereb Blood
Flow Metab 1996, 16(1): 107-13.

556

S.I. Cho et al.

63. Watanabe, T., Yuki, S., Egawa, M., Nishi, H.
Protective effects of MCI-186 on cerebral
ischemia: possible involvement of free radical
scavenging and antioxidant actions. J
Pharmacol Exp Ther 1994, 268(3): 1597-604.

68. Cho, S., Lee, M., Gwag, B. Neuroprotection of
Neu2000 against a rat intracerebral hemorrhage stroke model. 37th Annu Meet Soc
Neurosci (Nov 3-7, San Diego) 2007, Abst
900.2

64. Imai, H., Masayasu, H., Dewar, D., Graham,
D.I., Macrae, I.M. Ebselen protects both gray
and white matter in a rodent model of focal
cerebral ischemia. Stroke 2001, 32(9): 214954.

69. Cho, J.Y., Cho, S.I., Schroff, R., Abbott, R.,
Noh, J.S., Yoon, J., Gwag, B.J. A phase I, double-blinded, randomized, placebo-controlled
ascending IV single-dose study assessing the
safety, tolerance, and pharmacokinetics of
Neu2000 in healthy volunteer. 34th Int Stroke
Conf (Feb 18-20, San Diego) 2009, Abst
P421.

65. Lee, M., Cho, S., La, S., Gwag, B.J. Marked
neuroprotection of Neu2000 against a rat permanent middle cerebral occlusion model with
wide therapeutic time window. 37th Annu
Meet Soc Neurosci (Nov 3-7, San Diego)
2007, Abst 900.1/X1.
66. Im, D., Won, S., Lee, J., Ko, S., Cho, S., Gwag,
B. NMDA- and iron-mediated biphasic production of free radicals after transient occlusion of middle cerebral artery. 37th Annu Meet
Soc Neurosci (Nov 3-7, San Diego) 2007, Abst
597.1/Y14.
67. Park, U.J., Gwag, B.J. Iron-mediated ROS production causes degeneration of the hippocampal CA1 neurons following the transient global
ischemia: Delayed neuroprotection with
Neu2000. 35th Annu Meet Soc Neurosci
(Nov 12-16, Washington, D.C.) 2005, Abst
97.9.46.

Sung Ig Cho, Ui Jin Park and Byoung Joo Gwag*,
Neurotech Pharmaceuticals Co. Ltd., Research Center,
Departments of Neuroscience and Pharmacology,
Research Institute of Neural Sciences and Technology,
Ajou University, School of Medicine, Suwon, Gyeonggido, South Korea. Jun-Mo Chung, Department of Brain &
Cognitive Sciences, Ewha Womans University, Seoul,
South Korea. *Correspondence: Byoung Joo Gwag,
Neurotech Pharmaceuticals Co. Ltd., Research Center,
Departments of Neuroscience and Pharmacology,
Research Institute of Neural Sciences and Technology,
Ajou University, School of Medicine, San 5, Wonchundong, Youngtong-gu, Suwon, Gyeonggi-do 443-749,
Republic of Korea. E-mail: bjgwag@ajou.ac.kr or
bjgwag5001@gmail.com

THOMSON REUTERS – Drug News & Perspectives 2010, 23(9)

S.I. Cho et al.

THOMSON REUTERS – Drug News & Perspectives 2010, 23(9)

NEU2000 FOR STROKE

557

