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Abstract

Stroke is a major clinical problem, and acute pharmacological intervention with neuroprotective agents has so far been unsuccessful.

Recently, there has been considerable interest in the potential therapeutic benefit of nitrone-derived free radical trapping agents as

neuroprotective agents. Nitrone compounds have been shown to be beneficial in animal models of various diseases, and the prototypic

compound a-phenyl-N-tert-butylnitrone (PBN) has been extensively demonstrated to be neuroprotective in rat models of transient and

permanent focal ischemia. The nitrone radical trapping agent disodium 2,4-disulfophenyl-N-tert-butylnitrone (NXY-059) has also been

shown to be neuroprotective in these models. Furthermore, it has recently been shown to improve neurological function and reduce infarct

volume in a primate model of permanent focal ischemia even when given 4 hr postocclusion. While radical trapping activity is demonstrable

with NXY-059 and other nitrone compounds such as PBN, this activity is weak. Arguments for and against ascribing radical trapping as the

therapeutic mechanism of action are discussed. This compound is well tolerated in human stroke patients and can be administered to produce

plasma concentrations exceeding those effective in animal models; crucially, at the same time, it has also been shown to be effective in animal

models. NXY-059 may thus be the first compound to be examined in stroke patients using drug exposure and time to treatment that have been

shown to be effective in animal models of stroke.
D 2003 Elsevier Inc. All rights reserved.
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1. Introduction

1.1. Stroke and neuroprotective agents

Stroke is the third leading cause of death in major

industrialized countries (Bonita, 1992), with an incidence

of f 350 per 100,000 population aged 45–89 (Murray &

Lopez, 1997). While the rate of stroke has fallen in the

last 15 years, the absolute number has increased and will

continue to rise due to the increasingly elderly popula-

tion. Approximately 20% of stroke patients do not

survive longer than 1 month, and a third of those who

are alive after 6 months are dependent on others (Warlow,

1998). Stroke is therefore a major cause of long-lasting

disability, and this has major repercussions not only for

the survivor but also for the family and society as a

whole.

We now have a reasonable understanding of the bio-

chemical consequences of an acute ischemic stroke based

on many years of detailed investigation in the brain of

experimental animals subjected to an acute ischemic stroke

and appropriate in vitro studies. The fact that the patho-

logical consequences of stroke, in terms of both histology

and functional outcome, appear to be similar in experi-

mental animals and humans has led to the view that the

biochemical mechanisms following the ischemic insult are

likely to be similar in humans and animals. Consequently,

substantial numbers of experimental drugs have been

investigated over the last 20 years, which have been

targeted at various parts of the ‘‘ischemic cascade’’ (i.e.,

the biochemical chain of events that is initiated by the

cerebral ischemia) (Fig. 1). The hope has been that by

attenuating or preventing some of the biochemical con-

sequences of stroke, the neurological damage will be
lessened; thus, the functional disabilities that occur will

also be prevented or reduced. Compounds designed to

interfere with the mechanisms of the neurodegenerative

process have been named neuroprotective agents (or

drugs). This identifies them as being in a separate category

from the thrombolytic or ‘‘clot buster’’ drugs whose

mechanism is that of restoring blood flow to the compro-

mised region.

While it is probable that the cerebral tissue in the area

immediately surrounding the infarct (the core) is probably

damaged beyond recovery, the surrounding area (the pen-

umbra), although with compromised perfusion, is probably

capable of recovery, given the right conditions. Without

appropriate treatment, however, this penumbral tissue will

also become severely damaged (see, e.g., Snape et al.,

1993) and thus presumably worsen the clinical outcome

further.

To date, no neuroprotective approaches have been

approved in the United States or Europe despite the

success of a variety of compounds in animal models.

Reasons for the failures to establish clinical efficacy have

been the subject of a substantial number of reviews,

including some questioning the value of animal models

(De Keyser et al., 1999; Gladstone et al., 2002). There

appears, however, to be opportunities to employ greater

stringency in the use of animal models to aid the selection

of new candidate neuroprotectants and guide clinical

design. In many trials, particularly those investigating N-

methyl-D-aspartate (NMDA) antagonists, adverse events

prevented the administration of doses sufficient to produce

plasma levels in patients that were neuroprotective in

animal studies. A recent study has further demonstrated

that some compounds that have been examined clinically

even produced marked adverse events in rodents when



Fig. 1. A simplified diagram of the ischemic cascade showing compounds developed to interfere with mechanisms and provide neuroprotection.

Table 1

The STAIR criteria

Adequate dose-response plus serum concentrations measured, thereby

defining minimally and maximally effective doses

Time window studies confirming efficacy

Physiological monitoring of animals undertaken

Randomized, blinded studies; reproducible effects (one independent)

Infarct volume measured and functional tests used, short-term and

long-term assessment

Small rodent studied with permanent MCAO model; if only transient

MCAO model used, then target reperfusion in clinic

Larger species used for novel, first-in-class compound

Studies published in peer-reviewed journal

Adapted from the criteria proposed in the paper of Stroke Therapy

Academic Industry Roundtable (1999).
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given at doses required to produce neuroprotection (Daw-

son et al., 2001).

Recent experimental studies, which we have conducted

in rats, have demonstrated that the plasma levels that were

adequate to protect in animal models of transient (or

reperfusion) focal ischemia were still not sufficient to

protect in a permanent focal ischemia model (Sydserff et

al., 2002). Given the fact that many infarcts reperfuse

slowly, if at all (Ringelstein et al., 1992), it is reasonable

to assume that a drug must be given clinically at doses that

are effective in rat permanent ischemia models if it is to be

broadly effective in stroke.

Because of the many failures in clinical trials of

putative neuroprotective agents, an academic industrial

roundtable group (Stroke Therapy Academic Industry

Roundtable, 1999) met and devised guidelines for drug

development (the Stroke Therapy Academic Industry

Roundtable [STAIR] criteria), which included selection

criteria that should be met before a compound is pro-

gressed to clinical development (Stroke Therapy Academic

Industry Roundtable, 1999). These criteria are outlined in

Table 1. It can be seen that adequate dose-response data

and use of permanent ischemic models to demonstrate

efficacy are included. However, an additional criterion that

is also listed is the use of time window studies and we

would suggest that effective use of such data will be a

major determinant for future clinical success. This thera-

peutic window of opportunity, specifically the time be-

tween the occurrence of the stroke and the time that

treatment is initiated, has, until recently, often been as-

sumed to differ in animals and humans. That is, there had

been a view that damage develops more slowly in the
cerebral tissue of humans and that a short time window in

a rat model did not preclude giving the drug after a longer

interval between stroke and drug administration in

humans. A good example of this is the clinical investiga-

tion of NMDA antagonists. Despite substantial evidence

for these compounds only providing protection when given

shortly (60–90 min) after the ischemic insult (Fig. 2)

(Massieu et al., 1993), they have nevertheless been ad-

ministered to stroke patients up to 6 hr after the onset of

the stroke (Davis et al., 2000). One may well ask why.

The predominant reason is probably that of practicality

because it is difficult to get patients to hospital and

diagnosed within 90 min of stroke onset whereas 6 hr is

a reasonable time frame for presentation and treatment.

Indeed, the problems of carrying out a clinical trial with a

short time window are substantial. However, the success of

the tissue plasminogen activator (t-PA) trial with a 3-hr



Fig. 2. The time course of neuroprotection following administration of the

NMDA antagonist AR-R15896 in a permanent MCAO model (Sydserff &

Cross, unpublished observations).

Fig. 4. Structures of some nitrone compounds investigated for biological

activity.
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time window (NINDS t-PA Stroke Study Group, 1995)

shows that such studies are possible. It is noteworthy that

t-PA is also efficacious in animal stroke models in the

same time frame (Brinker et al., 1999), which suggests

that animals and humans may be similar in their time

window of opportunity.

If we look at the simplified model of the neurodegen-

erative cascade (Fig. 1), it can be seen that most com-

pounds investigated to date act on the early events

(glutamate antagonists, ion channel compounds, clomethia-

zole, etc.). Consequently, one can speculate that these

drugs must be given rapidly after the ischemic insult if

they are to be of any value. If, as we believe, the time

window of neurodegenerative events is similar in experi-

mental animals and humans, then we have to use 1 of 2

approaches. (1) Administer the drug very soon after the

stroke; an approach that is practically very difficult. (2)

Develop a compound acting on a later part of the ischemic

cascade that can be given in experimental animals at a time
Fig. 3. NXY-059 and the fo
after the ischemic insult, which can be also achieved

practically in clinical practice. Data from animal stroke

models suggest that nitrone radical trapping compounds

allow us to employ the second approach, as these com-

pounds have a large therapeutic window of opportunity in

experimental animals.

1.2. The nitrone radical trapping agents

The nitrone-derived free radical trapping agents were

originally developed as tools for studying free radical

chemistry and named spin traps. They allowed the indirect

detection of short-lived free radical species, which, because

of their reactivity, never accumulate in sufficient concentra-

tion to allow direct measurement (Janzen & Blackburn,

1968). The nitrone compound reacts with the free radical

to form a compound called a spin adduct (Fig. 3). Once the

adduct is formed, it is relatively stable and the radical thus

becomes inactivated and unable to damage cellular tissues

or biochemical processes.

Free radicals have been implicated in the pathology of a

substantial number of disease processes and even normal

aging. Any compound that interferes with free radical

formation may therefore have wide utility. A variety of

compounds have been developed (Fig. 4) and examined

for their biological activity. Because this review focuses on

cerebral ischemia, discussion of the studies of nitrone

radical traps and other applications is out of place.

However, the list shown in Table 2, which is adapted

from that published by Hensley et al. (1997), gives a feel

for the many pharmacological actions of nitrone-based
rmation of an adduct.



Table 2

Some reported pharmacological actions of nitrone-based spin trapping

compounds in addition to those relating to neuroprotection following

cerebral ischemia

DMPO

1. Suppressed methylprednisolone-induced apoptosis of thymocytes

(Slater et al., 1995a, 1995b)

2. Suppressed c-fos expression in postischemic rat liver (Marterre et al.,

1991)

3. Prolonged endurance to muscle fatigue in swimming mice (Novelli et

al., 1990)

MDL 101,002

1. Reduced mortality in rat model of endotoxemia (French et al., 1994)

PBN

1. Protected cultural rat hippocampal neurones from amyloid peptide-

induced loss of Ca2 + homeostasis, Na + /K + ATPase inactivation, and

neuronal death (Mark et al., 1995)

2. Increased cortical cerebral blood flow in anesthetized Wistar rats

apparently by enhancing NO-associated vasodilation (Inanami &

Kuwabara, 1995)

3. Reduced mortality of LPS in BALB/c mice, suppressed iNOS

expression in liver (Miyajima & Kotake, 1995)

4. Protected polymorphonuclear leukocytes against self-inflicted

O2S
� -mediated damage (Seawright et al., 1995)

5. Prolonged mean and maximal lifespan of senescence-accelerated mice

(Edamatsu et al., 1995)

6. Reversed age-related striatal muscarinic desensitization (Joseph et al.,

1995)

7. Reversed age-related decline in noradrenergic responsiveness (Gould &

Bickford, 1994)

8. Delayed onset of senescence in cultured human fibroblasts (Chen &

Ames, 1994)

9. Protects PC12 cells from amyloid h-peptide toxicity; protection at 50-

AM PBN (Behl et al., 1994)

10. Relaxed preconstricted isolated rat pulmonary artery rings, reversibly

impeded Ca2 + channels (>3-mM nitrone) (Anderson et al., 1993)

11. Possessed vasodilating ability at high concentrations (only above 10

mM) in an isolated/perfused rat heart model (Konorev et al., 1993)

12. Protected primary cerebellar neurones from glutamate toxicity (Yue et

al., 1992)

13. Protected C3H/HEN mice from endotoxemia; suppressed endotoxin-

induced TNF-a, IL-6, IFN-g, and c-fos presentation (Pogrebniak et al.,

1992)

14. Reversed age-related protein oxidation, glutamine synthetase and

protease inactivation, and spatial learning deficits in gerbils (Floyd &

Carney, 1991)

15. Prolonged endurance to muscle fatigue in swimming mice (Novelli et

al., 1990)

16. Attenuated MDMA (ecstasy)-induced damage to 5-HT nerve endings in

rat brain (Colado & Green 1995; Colado et al., 1997)

17. Inhibited peroxia-induced brain protein carbonyl formation in gerbils

(Howard et al., 1996)

18. Neuroprotective against L-3-hydroxykynurenine-induced brain damage

(Guidetti & Schwarcz, 1999)

2-Phenyl-DMPO

1. Protected isolated beating rat atria against adriamycin cardiotoxicity and

contractile impairment (Piccinin et al., 1995)

2. Protected rat liver against CCl4 hepatotoxicity and edema as measured

by MRI and electron microscopy; found to be more effective than PBN

(Towner et al., 1993)

a-(4-Pyridyl-1-oxide)-N-tert-butylnitrone

1. Relaxed preconstricted isolated rat pulmonary artery rings, reversibly

impeded Ca2 + channels (>3-mM nitrone) (Anderson et al., 1993)

2. Prolonged endurance to muscle fatigue in swimming mice (Novelli et

al., 1990)

S-PBN

1. Inhibited ROS generation and apoptosis in neurones cultured from fetal

Down’s syndrome brain (Busciglio & Yankner, 1995)

2. Mitigated MPTP-induced striatal dopamine depletion and neurotoxicity

in Swiss-Webster mice (Schulz et al., 1995b)

3. Attenuated malonate-induced neurotoxicity (Schulz et al., 1995a)

4. Neuroprotective against ischemia/reperfusion peripheral nerve injury

(Gray et al., 2003)

TMPO (M4PO)

1. Suppressed methylprednisolone-induced apoptosis of thymocytes (Slater

et al., 1995a, 1995b)

Table 2 (continued)
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radical trapping compounds and their possible therapeutic

applications.
2. A-Phenyl-N-tert-butylnitrone, 2-sulfophenyl-N-tert-
butylnitrone, and neuroprotection

2.1. Effect of a-phenyl-N-tert-butylnitrone in global and

focal ischemia models in rats

The first reports on the neuroprotective action of a-

phenyl-N-tert-butylnitrone (PBN) in experimental models

of stroke came in 1990 with publications from 2 unrelated

laboratories. Oliver et al. (1990) reported on the protective

efficacy of PBN in a gerbil reperfusion model, although

damage was not measured by conventional histological

techniques but rather by measurement of protein carbonyl

derivatives and glutamine synthase activity. PBN (300 mg/

kg) injected prior to ischemia attenuated the ischemia-

induced rise in carbonyl derivatives and loss of glutamine

synthase activity. In addition, Floyd (1990) reported that

PBN administration decreased the rate of mortality follow-

ing prolonged global ischemia in gerbils. Phillis and

Clough-Helfman (1990) observed that PBN (100 mg/kg)

both prevented the ischemia-induced rise in locomotor

activity and significantly reduced damage to hippocampal

pyramidal cell layers produced by global ischemia in

Mongolian gerbils. Histological evidence for protection in

this model was subsequently also reported by Yue et al.

(1992).

In focal reperfusion models, PBN has also been shown to

be effective, reducing the size of the infarct produced by

occlusion of the middle cerebral artery (MCA) followed by

reperfusion (Zhao et al., 1994; Schulz et al., 1997; Mori et

al., 1998; Kuroda et al., 1999; Pazos et al., 1999; Li et al.,

2001). Schulz et al. (1997) observed that PBN protected the

striatum in addition to the cortex. Pazos et al. (1999) also

demonstrated that the neuroprotective efficacy of PBN

could be separated from the hypothermic effect that this

drug can have in rodents.

There appears to have been only one study on the

neuroprotective actions of PBN in permanent focal ischemia

model using occlusion of the MCA. Cao and Phillis (1994)

examined its activity in rats when administered at various



Table 4

Effect of focal ischemia in rats on the volume of infarct and the effect of

PBN and S-PBN

Infarct volume (%) P

Saline 32.8 F 9.4 –

PBN 21.2 F 10.9 < 0.05

S-PBN 21.2 F 13.1 < 0.05

Data taken from Yang et al. (2000).
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times following the start of a permanent MCA occlusion

(MCAO) electrocoagulation. The investigation demonstrat-

ed the substantial neuroprotective effect of the compound

even when given 12 hr after the start of the ischemic

episode. A marked reduction in edema was also observed

(Table 3).

2.2. Effect of a-phenyl-N-tert-butylnitrone and 2-sulfophen-

yl-N-tert-butylnitrone in embolic stroke

Most studies on focal ischemia use models that occlude

the MCA by use of either an intraluminal thread or electro-

coagulation. However, recently, Yang et al. (2000) reported

on the use of a model that involves injection of an

autologous thrombus into the MCA, a model that is said

to closely mimic the clinical situation in stroke.

This model was used to examine the effect of both PBN

and 2-sulfophenyl-N-tert-butylnitrone (S-PBN) in attenuat-

ing ischemic damage. Both compounds were given as a 100-

mg/kg i.p. injection once daily for 3 days starting 2 hr after

the introduction of the clot, and both produced a significant

reduction in infarct size (Table 4).

A rather different approach to the utility of radical

trapping compounds was employed by Ashai et al. (2000).

This group examined the effect of PBN administration on

the incidence of intracerebral hemorrhage (ICH) following t-

PA. At present, thrombolytic stroke therapy with t-PA is

complicated by the risk of secondary ICH following throm-

bolysis (Wardlaw et al., 1997; Jean et al., 1998). The

reperfusion that occurs may also be associated with both

further damage and free radical production (Pahlmark &

Siesjö, 1996; Facchinetti et al., 1998; Nakashima et al.,

1999). Therefore, studies on the effect of t-PA combined

with a radical trapping agent might appear to be a logical

approach.

Ashai et al. (2000) introduced clot emboli to occlude the

MCA in spontaneously hypertensive rats and observed high

rates of cerebral hemorrhage 24 hr later when t-PA had been

administered 6 hr postischemia. Infarction and neurological

deficits were also worsened by t-PA. When PBN was

combined with t-PA, the t-PA-induced hemorrhage volumes

were reduced by 40%, with a reduction in infarction and

neurological deficits also occurring. Parallel studies with
Table 3

Cerebral infarct volume and brain edema following PBN administration

Treatment n Infarct volume Brain edema

(mm3) (% change)

Ischemic control 15 194.9 F 9.2 6.8 F 0.8

Ischemia + PBN (0.5 hr prior) 9 80.2 F 17.91 3.0 F 0.72

Ischemia + PBN (0.5 hr post) 15 98.9 F 18.11 3.3 F 0.92

Ischemia + PBN (5 hr post) 12 97.9 F 29.91 2.2 F 1.62

Ischemia + PBN (12 hr post) 13 130.9 F 22.82 2.7 F 0.82

Data taken from Cao and Phillis (1994).
1 Different from ischemic control: P < 0.01.
2 Different from ischemic control: P < 0.05.
Wistar-Kyoto rats failed to demonstrate similar negative

effects of t-PA administration, which suggests that blood

pressure is an important correlate of t-PA-induced hemor-

rhage. Crucially, the study suggests that PBN and other

radical trapping agents might reduce the severity of t-PA-

induced hemorrhage and brain injury following cerebral

ischemia.

A somewhat related study was performed by Lapchak et

al. (2001) using a rabbit model of focal embolic stroke. This

group also observed a marked increase in hemorrhage rate if

t-PA was administered 60 min after injection of blood clots

into the MCA. They also observed that pretreatment with

either PBN or another nitrone, 2,2,6,6-tetramethylpiperi-

dine-N-oxyl (TEMPO), 5 min after the blood clot injection

decreased the rate of hemorrhage. However, this group also

reported that administration of PBN alone increased hem-

orrhage rate, an effect not seen with TEMPO. These data

cannot unfortunately be fully compared with the rat study

because Ashai et al. (2000) did not study the effect of PBN

alone on the hemorrhage rate.

2.3. Effect of a-phenyl-N-tert-butylnitrone in a model of

hemorrhagic stroke

While the majority of strokes are thromboembolic, 10–

15% of strokes in Western populations (Anderson et al.,

1994; Gillurn, 1995) and up to 30% in Oriental populations

(Burchfiel et al., 1994; Lo et al., 1994) are due to ICH.

Hemorrhagic transformation can also occur in a significant

number of patients presenting with ischemic stroke (Lyden

& Zivin, 1993).

It is known that iron compounds can markedly accelerate

free radical processes by catalyzing the formation of hy-

droxyl radical compounds (Halliwell, 1992), and iron com-

pounds such as hemoglobin and its degradation products are

present in high concentration during ICH (Sadrzadeh et al.,

1987). Iron compounds could therefore worsen the situation

during ICH because free radicals are already being formed

as a consequence of the ischemia.

Peeling et al. (1998) examined 2 free radical inhib-

itors, dimethylthiourea and the nitrone PBN, in a colla-

genase-induced model of ICH. Effects of drug treatment

were examined by use of behavioral models, magnetic

resonance imaging (MRI) and histopathology. Adminis-

tration 2 hr after the ICH of either of the compounds

resulted in an improved neurological deficit score. How-

ever, treatment did not reduce edema, resolution of the
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hematoma, or neuronal damage in the tissue adjacent to

the hemorrhage.

2.4. Effect of a-phenyl-N-tert-butylnitrone and 2-sulfophen-

yl-N-tert-butylnitrone on traumatic brain injury

Li et al. (1997) examined the effect of PBN on compres-

sion injury to rat spinal cord (the compound being given

both before and subsequent to the injury) but found no

protective effect in either functional tests or histological

outcome measures. However, relatively low doses of the

drug were given in comparison with those required in

cerebral ischemia models and this could have influenced

the outcome.

In contrast, in a model of traumatic brain injury (TBI),

both PBN and S-PBN have been demonstrated to reduce the

loss of ipsilateral hemispheric tissue when the nitrones were

administered 30 min after a fluid percussion injury (Mar-

klund et al., 2001a). Interestingly, both compounds attenu-

ated increased free radical production although S-PBN, in

contrast to PBN, could not be detected in cerebral tissue.

The authors concluded that a major site of free radical

production was in TBI at the blood-endothelial interface

(Marklund et al., 2001b).

2.5. Effect of a-phenyl-N-tert-butyl-nitrone and 2-sulfo-

phenyl-N-tert-butylnitrone on neurotoxin-induced damage

to cerebral tissue

Avariety of neurotoxins are considered to induce damage

through free radical-mediated events, and it is not surprising

therefore that nitrones have been extensively investigated

for their effects in neurotoxin-induced damage. A full

review of this area is outside the brief of this article.

However, given the association between cerebral ischemia

and excitotoxicity, the effects of PBN and S-PBN in some

studies on neurotoxin-induced cerebral damage will be

mentioned.

Two studies by Schulz et al. (1995a, 1995b) have

demonstrated the efficacy of S-PBN against neurotoxin-

induced damage in mice. In one study, a comparison was

made of the protective properties of dizocilpine, lamotri-

gine, and S-PBN against damage produced by the mito-

chondrial toxin malonate (Schulz et al., 1995a). While

dizocilpine and lamotrigine were only effective when given

up to 1 hr following the malonate injection, S-PBN was

effective up to 6 hr later, supporting the view that nitrones

have a large window of opportunity. In the second study, the

same group showed that PBN and S-PBN administration

attenuated malonate, 1-methyl-4-phenylpyridinium

(MPP + ), and NMDA-induced damage and also lessened

the malonate-induced rise in free radical production in the

rat brain (Schulz et al., 1995b). Available evidence from

other models points to S-PBN having poor brain penetration

(Marklund et al., 2001b; Dehouck et al., 2002), which raises

questions as to why it appears to be acting as a radical
trapping agent within the brain. One explanation may be

that the neurotoxins were injected via a probe, thereby

damaging the blood-brain barrier. The mechanism of action

of nitrone compounds is discussed further in Section 5.

The same laboratory has also studied the effect of S-PBN

on the dopamine neurotoxin MPP + in the rat and again

found a protective effect of the nitrone compound (Fallon et

al., 1997). Because MPP + is injected via intracerebral

injection, this also might be expected to damage the

blood-brain barrier.

Guidetti and Schwarcz (1999) examined whether PBN

would protect against striatal damage produced by L-3-

hydroxykynurenine, which is a metabolite of tryptophan

and is known to be a generator of free radicals. S-PBN was

found to be an effective neuroprotectant when this neuro-

toxin was injected directly into the cerebral tissue.

One neurotoxic compound that has been shown to

produce free radicals in cerebral tissue when injected

systemically is the recreationally used amphetamine deriv-

ative 3,4-methylenedioxymethamphetamine (MDMA or

ecstasy). This compound has been found to produce free

radicals in the striatum and also produce a subsequent

degeneration of hydroxytryptamine or serotonin (5-HT)

nerve endings (Colado et al., 1997). PBN administration

attenuated the free radical production (Colado et al., 1997)

and markedly decreased the degree of damage to 5-HT

nerve endings as measured by both binding of [3H]-

paroxetine to 5-HT nerve endings and loss of tissue 5-

HT content (Colado & Green, 1995; Colado et al., 1997;

Yeh, 1999).
3. MDL 101,002, 2,2,6,6-tetramethylpiperidine-N-oxyl,

and neuroprotection

While there have been a variety of nitrone-derived spin

traps synthesized (Fig. 4), published data on the biological

activity of these compounds are scarce with the exception of

PBN. Of the other compounds examined, probably the most

investigated is the cyclic nitrone MDL 101,002, which is

one of a series of cyclic nitrone spin traps that have been

synthesized (Thomas et al., 1996). All the cyclic compounds

examined in this study were more potent as in vitro

inhibitors of lipid peroxidation than PBN, with the unsub-

stituted variant MDL 101,002 being f 8-fold more potent

than PBN. In general, the potency correlated with lipophi-

licity (Craig et al., 1997; Thomas et al., 1997).

MDL 101,002 has been found to be neuroprotective in

both transient and focal ischemia models in rats. In a

reperfusion model, administration of the compound at the

start of the reperfusion period following a 3-hr occlusion

provided a dose-dependent neuroprotection against ischemic

damage of up to 70% (Johnson et al., 1998), and protection

of up to 90% was observed in a mixed permanent/transient

distal MCAO model. A reduction in damage of 40% was

also observed in a permanent MCAO model when the drug



Fig. 6. Dose-dependent neuroprotective effect of NXY-059 in models of

transient focal ischemia as observed in the studies of Kuroda et al. (1999)

and Sydserff et al. (2002).
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was given 30 min after the start of the occlusion (Johnson et

al., 1998).

MDL 101,002 is also efficacious in a rat embolic stroke

model when administered 5 min after embolization, both

decreasing the volume of ICH and improving the behavioral

deficit score related to vehicle-treated animals (Hu et al.,

1999).

Finally, administration of MDL 101,002 has been found

to produce dose-dependent protection against malonate-

induced striatal lesions and also significant protection

against the depletion of dopamine and its metabolite in-

duced by the neurotoxin 1,methyl-4-phenyl-1,2,3,6-tetrahy-

dropyridine (MPTP) (Mathews et al., 1999).

Some other compounds have been studied in models of

cardiac ischemia and therefore will not be discussed here.

However, TEMPO was studied in a rabbit model of embolic

stroke and is discussed in Section 2.2.
4. Disodium 2,4-disulfophenyl-N-tert-butylnitrone and

animal models of stroke

4.1. Effect of disodium 2,4-disulfophenyl-N-tert-

butylnitrone in transient focal ischemia models in rats

The first report of the neuroprotective effect of disodium

2,4-disulfophenyl-N-tert-butylnitrone (NXY-059) in a rat

model of transient focal ischemia was that of Kuroda et

al. (1999) who compared its effect with PBN. The model

used the insertion of an intraluminal filament to occlude the

MCA for 2 hr. The first experiments established the dose-

response relationship of NXY-059 in this stroke model.

NXY-059 was administered 1 hr following a 2-hr MCAO.

Rats were injected with a loading dose of NXY-059 (0.3,

3.0, or 30 mg/kg, respectively) followed immediately by a

24-hr i.v. infusion (0.3, 3.0, or 30 mg/kg/hr). NXY-059

produced dose-dependent neuroprotection (Fig. 5) when
Fig. 5. Effect of NXY-059 and PBN in a transient MCAO model. Results

show data recalculated and redrawn from results published in Kuroda et al.

(1999). The PBN dose was 1.4 mg/kg, which is equimolar to a NXY-059

dose of 3 mg/kg. Individual animal infarct size shown together with

horizontal bar illustrating the median value of the group.
damage was assessed histologically following 48-hr reper-

fusion. NXY-059 (3.0 mg/kg/hr) was markedly more effec-

tive than PBN given at an equimolar infusion dose (bolus:

1.4 mg/kg and 1.4 mg/kg/hr) because this dose of PBN was

not neuroprotective (Fig. 5). NXY-059-treated rats also

displayed fewer neurological deficits than the control or

PBN-treated rats both 24 and 48 hr after reperfusion.

The main findings of the Kuroda et al. (1999) study were

supported by the observations of Sydserff et al. (2002). This

group administered doses of NXY-059 of 3, 10, or 30 mg/

kg/hr by i.v. infusion starting 5 min after the end of the 2-hr

occlusion. No loading dose was given. The dose-dependent

degree of neuroprotection reported by Sydserff et al. was

similar to that observed by Kuroda et al. (Fig. 6). The

increased efficacy seen by Kuroda et al. at low doses of

NXY-059 may have been due to the initial loading dose

used in that study and which was not used by Sydserff et al.

The data on plasma concentrations presented in Fig. 6 have

all been extrapolated from dose-plasma concentration values

obtained in the Sydserff et al. study and may thus be slightly

in error in the Kuroda et al. projections.

The Kuroda et al. (1999) study also included investiga-

tion into the therapeutic time window in the transient

MCAO model. NXY-059 provided effective neuroprotec-

tion when administered 5 hr after MCAO (3 hr after the start

of reperfusion) and the protective effect was almost signif-

icant 8 hr after occlusion. Finally, this group also made a

brief study of the duration of protection afforded by NXY-

059 following the ischemic insult. Similar protection was

observed when outcome was measured either 2 or 7 days

after the ischemic episode, indicating that damage was

probably being prevented rather than the drug slowing the

development of damage.

4.2. Effect of disodium 2,4-disulfophenyl-N-tert-

butylnitrone in permanent focal ischemia models in rats

A major study on the effect of NXY-059 in the

permanent MCAO model has recently been reported (Syd-



Fig. 8. The relationship between the plasma free concentration of NXY-059

and the degree of neuroprotection in a rat model of permanent focal

ischemia. Data taken and recalculated from Sydserff et al. (2002).
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serff et al., 2002). Doses of 30, 50, and 70 mg/kg/hr for 24

hr were administered by s.c. osmotic minipumps circum-

venting the problem of keeping an indwelling i.v. line

patent for 24 hr, although it increased the problem of

delivering the drug reliably from the moment of implan-

tation. As before, an appropriate loading dose (30, 50, or

70 mg/kg, respectively) was given at the start of the

treatment period. NXY-059 produced a dose-dependent

neuroprotection in permanent MCAO. Protection was

demonstrated not only when measured as a total volume

of damage but also when measured in terms of cortical and

subcortical damage (Fig. 7).

The plasma concentration at 24 hr appeared to be linearly

related to dose, and results suggested a linear relationship

between dose and neuroprotection (Fig. 7). Extrapolation of

these values (given the linear relationship between dose and

plasma concentration) suggested that around 80% neuro-

protection could be achieved when the plasma ‘‘free’’

concentration was around 150 Amol/L at 24 hr of infusion

(Fig. 8) (Sydserff et al., 2002).

The final experiment in the study examined the thera-

peutic window of opportunity in rats given NXY-059 (50

mg/kg/hr for 24 hr). Treatment was initiated up to 4 hr after

the start of the permanent MCAO and histological measure-

ment of damage performed at the end of the infusion period.

Substantial neuroprotection was observed up to 4 hr post-

occlusion (Fig. 9). In a further experiment, measurement

was made 6 hr postocclusion when a 22% decrease in infarct
Fig. 7. The relationship between the plasma free concentration of NXY-059 and

Reproduced from Sydserff et al. (2002), with permission of Stockton Press.
size was observed, although this failed to reach statistical

significance (P = 0.23).

Zhao et al. (2001), using a rather different model of

permanent focal ischemia, also demonstrated that NXY-059

produced dose-dependent neuroprotection. The method

used involved placement of an aneurysm clip on the MCA

of spontaneously hypertensive rats. Five minutes postocclu-

sion, rats were infused with 30 or 60 mg/kg/hr of NXY-059

for 24 hr. Infarct volume was measured by microtubule-

associated protein-2 and hematoxylin and eosin staining

(which gave comparable results). A modest decrease in
the degree of neuroprotection in a rat model of permanent focal ischemia.



Fig. 9. The time window of administration of NXY-059 showing the

neuroprotective effect of NXY-059 (50 mg/kg/hr) when given at various

times after the start of a permanent MCAO. Reproduced from Sydserff et al.

(2002), with permission of Stockton Press.

A.R. Green et al. / Pharmacology & Therapeutics 100 (2003) 195–214204
cortical damage was seen with 30 mg/kg/hr and a significant

protection at a dose of 60 mg/kg/hr. Administration of NXY-

059 in this study produced no significant changes in the

physiological variables measured (mean arterial blood pres-

sure, pCO2, pO2, pH, glucose, and hematocrit) compared

with values in saline-injected animals, confirming the lack

of significant action of NXY-059 on major physiological

parameters previously reported by Kuroda et al. (1999) and

detailed in Section 4.1.

4.3. Effect of disodium 2,4-disulfophenyl-N-tert-

butylnitrone in permanent focal ischemia in marmosets

Over the last few years, a primate model of acute

ischemic stroke has been developed in Cambridge Univer-

sity, which allows not only histological assessment of

damage but also measurement of functional impairment

(Marshall & Ridley, 1996; Marshall et al., 1999). The value
of the model lies in the fact that it reproduces many of the

clinical features of human stroke. The problems of motor

neglect, perceptual spatial neglect, and extinction deficits

are separately quantified during a 10-week period following

the permanent focal ischemia. Finally, the volume of cere-

bral ischemic damage can be assessed histologically (Mar-

shall et al., 1999, 2000a, 2000b). Two studies have now

been made on the efficacy of NXY-059 in this model.

The first study was designed to determine whether NXY-

059 was an effective neuroprotective agent (Marshall et al.,

2001). Accordingly, the drug was given only 5 min after the

onset of ischemia. The dose given was designed to produce

a plasma level that had at that time been shown to be well

tolerated in stroke patients in a phase II study (Lees et al.,

2001a), and the drug was given by loading dose followed by

osmotic minipump implantation starting 5 min after the start

of the ischemic episode and treatment continued for 48 hr.

This produced a plasma free drug concentration of 76 F 6

Amol/L in monkeys.

NXY-059 administration produced no overt behavioral

effects in the animals nor were there significant change in

physiological parameters such as blood pressure, pO2, and

pCO2.

Three weeks after the MCAO, the stroked animals were

unable to reach with the contralesional arm into the contrale-

sional space. No improvement was seen in the use of the

arm 10 weeks later. This major motor deficit was substan-

tially lessened by NXY-059 administration, the drug-treated

animals being able to use this arm at around 50% of normal

function at both 3 and 10 weeks. This demonstrates clearly

that the improvement seen shortly after the infarct in the

drug-treated animals is due to neuroprotection and not

merely a slowing in the appearance of damage.

With regard to spatial hemineglect, this deficit, which can

be a major clinical problem in stroke patients (Robertson et

al., 1993), was marked in the stroked animals at 3 weeks.

Like its human clinical equivalent, the deficit was much less

apparent at 10 weeks. However, in the NXY-059-treated

marmosets, there was considerably less neglect at 3 weeks

than in the control animals, and at 10 weeks, no residual

deficit was observed.

When brain damage was examined histologically (at 10

weeks following the final functional tests), a substantial

volume of damage was observed in the stroked animals,

which was reduced by more than 50% in the NXY-059-

treated animals (Fig. 10).

In a second study (Marshall et al., 2003a), an investiga-

tion was made into the time window of opportunity for

NXY-059 in marmosets. The time chosen was 4 hr post-

occlusion, a clinically relevant time point, and the dose

chosen was higher because a recent clinical study had

demonstrated that plasma free drug concentrations of 260

Amol/L were well tolerated by stroke patients (Lees et al.,

2003; see later). The study was conducted with almost the

same protocol as the first study reviewed above but the

changes in time of administration and dose as detailed
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Fig. 10. The effect of NXY-059 given 5 min after the onset of a permanent MCAO on the ischemic damage to the marmoset brain measured 10 weeks later.

Reproduced from Marshall et al. (2001), with permission of the American Heart Association.

Fig. 11. Left arm attempts in 2 tests of motor function by marmosets

administered either vehicle (open bars) or NXY-059 (filled bars) 4 hr after

the start of a permanent MCAO. Testing performed 3 and 10 weeks after the

stroke. Results redrawn from data presented in Marshall et al. (2003a),

which also contains full experimental details of the tests conducted.
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above. A plasma level of 200 F 9 Amol/L was achieved in

this second study, and this was well tolerated by the

monkeys. Spatial neglect was again a major problem in

the control group at 3 weeks and this problem was markedly

attenuated by NXY-059 administration at 3 weeks and

absent in the drug-treated animals at 10 weeks.

The degree of motor impairment in the control animals

was almost total at both 3 and 10 weeks, replicating the data

seen in control animals in the first study. NXY-059 admin-

istration at 4 hr resulted in a significant use of the paretic

arm at both 3 and 10 weeks as measured by the tests used in

the previous study and also when assessed by the use of a

new measure that evaluated attempts by the animals to

obtain the food reward (Fig. 11).

Finally, histological studies found that the NXY-059-

treated animals had a 28% smaller infarct than the control

saline-treated animals with protection seen in cortical areas,

subcortical areas, and white matter (Fig. 12).

What is particularly striking in these studies is the time

window. Not only does this primate study confirm that

NXY-059 has a therapeutic window of opportunity of at

least 4 hr as had been indicated in earlier studies in rats

(Kuroda et al., 1999; Sydserff et al., 2002) but it also

emphasizes the difference in this window when compared

with other neuroprotective agents. Both clomethiazole (Mar-

shall et al., 2000a) and the low-affinity NMDA antagonist S-

(+)-a-phenyl-2-pyridine ethanamine dihydrochloride (AR-

R15896AR) (Marshall et al., 2000b) have been examined in

the same model using doses designed to produce plasma

levels that were relevant for clinical studies. Neither clome-

thiazole, given 1 hr after the start of the ischemia, nor AR-

R15896AR, given only 5 min after the start of ischemia,

improved the motor deficit induced by the insult. In con-
trast, NXY-059 produced a clear improvement when given 4

hr later (Marshall et al., 2003b).

4.4. Disodium 2,4-disulfophenyl-N-tert-butylnitrone and

models of embolic stroke

Two studies have examined the effect of NXY-059 in

rabbit embolic stroke models. One involved the injection

of small clots (Lapchak et al., 2002a) and the other

involved injecting large clots (Lapchak et al., 2002b). In

both studies, NXY-059 was synthesized locally in the

university of the investigating scientists, and purity values

were not reported.



Fig. 12. Histological evidence for the neuroprotective effect of NXY-059

when administered 4 hr after the start of a permanent MCAO in marmosets.

Results recalculated and redrawn from data presented in Marshall et al.

(2003a).

Table 5

Effect of NXY-059 (generic) and t-PA on the number of clots required to

induce neurological deficit in rabbits subjected to an embolic stroke

ES50 (mg) % Increase P

Control 1.04 F 0.31 –

NXY-059 (5 min) 2.54 F 0.72 144 0.0313

NXY-059 (180 min) 2.01 F 0.40 93 0.0586

t-PA (60 min) 2.64 F 0.66 153 0.0221

t-PA (180 min) 0.63 F 0.35 – 0.4172

NXY-059 (5 min) + t-PA (60 min) 3.15 F 0.50 202 0.0015

NXY-059 (5 min) + t-PA (180 min) 2.66 F 0.82 155 0.0375

Results calculated as the amount (mg) of clots required to produce

neurological impairment in 50% of rabbits (ES50). Data taken from

Lapchak et al. (2002a).
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In the small clot model, rabbits were injected with small

clots intraarterially, and neurological function was examined

2 and 24 hr later. Treatment consisted of i.v. administration

over 30 min of NXY-059 (100 mg/kg). NXY-059 adminis-

tration resulted in a significant improvement in the embo-

lism-induced neurological deficit (measured by an increase

in the number of emboli required to produce the same

deficit) when administered 5 min after the insult and a near

statistical improvement when given 3 hr later (Table 5).

Administration of t-PA also produced an improvement in

the neurological deficit score when given 60 min but not 3

hr after the insult (Table 5). When NXY-059 was adminis-

tered in combination with t-PA, the efficacy was greater than

either compound alone (Table 5).

It is difficult to extrapolate these data to clinical con-

ditions because t-PA is normally likely to be administered

prior to NXY-059, and the NXY-059 will be given as a

prolonged infusion (see later). Nevertheless, the data do

demonstrate the efficacy of NXY-059 as a neuroprotective

agent in an embolic stroke model.

The second study with NXY-059 examined the effect of

the compound in a large clot model. This model has been

used by the investigating group in several studies to exam-

ine the effect of combining putative neuroprotective agents

with t-PA on the incidence of production of ICH. The group

had previously reported that PBN significantly increased the

hemorrhage rate (Lapchak et al., 2001) but, in combination

with t-PA, paradoxically decreased the hemorrhage rate seen
with t-PA alone (see Section 2.2). The study with NXY-059

reported a numerical, but not statistically significant, in-

crease in hemorrhage rate following administration of this

nitrone compound. A statistically significant lowering of

hemorrhage rate was reported when NXY-059 was given in

combination with t-PA compared with the hemorrhage rate

produced by t-PA administration alone.

4.5. Effect of disodium 2,4-disulfophenyl-N-tert-

butylnitrone in a rat model of hemorrhagic stroke

An ICH can be produced in the rat brain by intracerebral

infusion of collagenase and its progression can be monitored

by MRI. Subsequent neurological deficits in the animal can

also be quantified.

PBN administration provided long-term functional im-

provement in this model even when treatment was initiated

2 hr after the hemorrhage (Section 2.3) (Peeling et al.,

1998). In a subsequent study, the same group examined

the consequences of administering NXY-059 on the out-

come following ICH in rats (Peeling et al., 2001). NXY-059

was administered as a s.c. loading dose followed by im-

plantation of osmotic minipumps, the dosing schedule being

designed to achieve a steady-state plasma concentration of

around 150 Amol/L for 72 hr. Treatment was initiated 30

min after the ICH. MRI was performed 24 hr after the ICH

and again 7 and 42 days later. The initial imaging confirmed

that the initial hemorrhage was similar in size in both control

and NXY-059-treated groups. The later MRI results showed

that the hematoma resolved similarly in both groups.

Behavioral testing was performed 1, 3, 7, 14, and 21 days

after the ICH. This showed that the total neurological deficit

score comprising assessment of beam walking, circling, and

posture reflex tests was consistently lower at all times

examined in the animals treated with NXY-059 compared

with controls. More complex behaviors (food pellets re-

trieved by the contralateral paw and rotameter test) were not

improved by NXY-059 administration.

Neutrophil infiltration into the region of the hematoma

was significantly less 2 days after the ICH in the NXY-059-

treated rats.



Table 6

Some biochemical consequences of addition or administration PBN and

NXY-059 in vivo, ex vivo, and in vitro, which may be associated with

neuroprotection

PBN

In vitro

1. Inhibition of iNOS induction in HIV-1 envelope

(Tabatabaie et al., 1996)

2. Potentiation of H2O2-induced Erk and Src kinase in human

neuroblastoma cells (Kelicen et al., 2002)

3. Stimulation of H2O2-induced activation of the prosurvival Erk signal

transduction pathway (Hassan et al., 2002)

4. Protected primary cerebellar neurones from glutamate toxicity

(Yue et al., 1992)

In vivo or ex vivo

5. Facilitation of postischemic reperfusion following transient MCAO

(Schulz et al., 1997)

6. Inhibition of apoptosis-associated gene expression in endotoxin-treated

rats (Stewart et al., 1999)

7. Suppression of caspase-3 activation following global ischemia

(Li et al., 2001)

8. Prevention of the decrease in stimulated ( +ADP), nonstimulated

(�ADP) and uncoupled respiratory rats following transient tMCAO

(Kuroda et al., 1996)

9. Inhibition of endotoxin-induced induction of nitric oxide synthase

(Miyajima & Kotake, 1995)

10. Improved rate of metabolic recovery, acidosis rebound, and ATP

renewal in rat brain following transient focal ischemic injury

(Folbergrova et al., 1995)

11. Suppressed c-fos expression in postischemic gerbil brain

(Carney et al., 1994)

12. Attenuated secondary mitochondrial dysfunction after transient focal

ischemia (Kuroda et al., 1996)

13. Reduced number of positive H -oligodendrocytes after focal ischemia

(Irving et al., 1997)

14. Prevention of cytotoxic ischemia following malonate

(Asanuma et al., 2002)

NXY-059

Ex vivo

15. Maintained Akt activation after focal ischemia

(Yoshimoto et al., 2002b)

16. Inhibited release of cytochrome c after focal ischemia

(Yoshimoto et al., 2002a, 2002b)
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5. Neuroprotective mechanism of action of nitrone

compounds

Nitrones are generally assumed to produce their neuro-

protective effects by trapping free radicals that are known

to be involved in the production of cell death after

cerebral ischemia (Chan, 2001). PBN was shown to be

a free radical trapping reagent and antioxidant several

years ago (Janzen & Blackburn, 1968; Janzen et al.,

1994). It is plausible that many of the pharmacological

effects of PBN (Table 2) are secondary to its radical

trapping properties, although other mechanisms of action

are possible. However, no specific target such as a

receptor, ion channel, or enzyme has yet been identified.

It has been suggested that PBN may modulate various

intracellular systems sensitive to oxidative stress rather

than simply trap free radicals before they directly damage

proteins, lipids, and DNA (Hensley et al., 1997; Chan,

2001). A variety of biochemical changes have been

observed to occur following nitrone administration in

vivo or addition of the compound in vitro (Table 6).

However, how many of these are, in some way, associ-

ated with a radical trapping action is unknown and some

changes may relate to a direct action of the nitrone on the

mechanism under study.

Recent work has compared the radical trapping ability of

PBN with S-PBN and NXY-059 (Maples et al., 2001). All 3

compounds trapped carbon and oxygen centered radicals

and could prevent the oxidation of salicylate in vitro.

However, PBN was not particularly potent as an antioxidant

and NXY-059 was the least effective.

A number of studies have shown an increased produc-

tion of free radicals during 1–6 hr of reperfusion follow-

ing transient focal ischemia (Matsuo et al., 1995;

Morimoto et al., 1996; Solenski et al., 1997) but only

one study has tested the effect of nitrones on this. Gido et

al. (2000) measured hydroxyl radical production by oxi-

dation of 4-hydroxybenzoic acid to 3,4-dihydroxybenzoic

acid (3,4-DHBA) using brain microdialysis following

transient (2 hr) MCAO in the rat. There was a 3-fold

increase in 3,4-DHBA during reperfusion but no effect of

PBN when it was given either prior to ischemia or

immediately before reperfusion. In contrast, Marklund et

al. (2001b) have shown that PBN reduced radical produc-

tion in a model of TBI. There are little published data

showing an increased production of free radicals during

permanent focal ischemia. Peters et al. (1998) followed

radical production in the infarct border during 3 hr of

ischemia and observed a modest 1.6-fold increase in

contrast to the 4.9-fold increase seen during reperfusion

following 1 hr of ischemia.

PBN readily crosses the blood-brain barrier and cell

membranes (Chen et al., 1990; Cheng et al., 1993;

Dehouck et al., 2002) so it could exert its effects

intracellularly and extracellularly in the brain or at the

level of the blood-endothelial interface. In contrast, both
NXY-059 and S-PBN have negatively charged sulfo

groups and blood-brain barrier permeability, and cerebral

endothelial uptake has been shown to be low under

normoxic conditions in an in vitro model of the blood-

brain barrier (Dehouck et al., 2002). Permeability was

increased 3.5-fold after 3 hr of ischemia, suggesting that

some brain penetration might be predicted to occur in

vivo under these conditions. This would be consistent

with observations of a breakdown of the blood-brain

barrier starting 3–4 hr after onset of 2-hr MCAO

(Belayev et al., 1996). However, brain uptake of NXY-

059 in animals subjected to transient (2 hr) MCAO was

low 1 and 4 hr after the start of reperfusion (Kuroda et

al., 1999) and S-PBN did not penetrate the brain in a

model of TBI (Marklund et al., 2001b). In addition, the

Dehouck et al. (2002) study demonstrated that, in contrast

to PBN, the cell penetration of both NXY-059 and S-PBN

was negligible.
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Concentrations of NXY-059 in the blood are relatively

high following neuroprotective doses in both rats and

primates (30–200 Amol/L), and Kuroda et al. (1999) have

suggested that its neuroprotective effects in transient focal

ischemia are due to trapping of extracellular free radicals

produced either directly from endothelial cells and in-

flammatory cells such as circulating polymorphonuclear

leukocytes and macrophages or following interactions

between them (Betz, 1996; Hallenbeck, 1996). The free

radicals would normally cause local damage to the

endothelium and this could lead to blood-brain barrier

breakdown (Tasdemiroglu et al., 1994) that could be

prevented by nitrones. Indeed, high concentrations of

PBN have been shown to reduce the enhancement in

paraendothelial permeability and endothelial cell damage

produced by H2O2-induced oxidative stress (Blasing et al.,

2002) although no data are available with NXY-059. The

free radicals would also be expected to cross the blood-

brain barrier, producing damage to brain tissue (Matsuo et

al., 1995), so a trapping of the radicals in the blood

would also prevent their damaging effects on neurones.

Drugs that interfere with the interaction between neutro-

phils and the endothelium are neuroprotective in animal

models of transient ischemia but not in models of

permanent ischemia (Clark et al., 1991; Zhang et al.,

1995; Jiang et al., 1998; Prestigiacomo et al., 1999). This

may be because the inflammatory response occurs later

and plays only a minor role relative to the effect of a

permanent reduction in blood flow (Prieto et al., 1988;

Zhang et al., 1994). However, NXY-059 also has power-

ful neuroprotective effects in rat and primate models of

permanent ischemia, suggesting that another neuroprotec-

tive mechanism or site of action may be more important

in permanent ischemia.

Kastrup et al. (1999) have shown that the blood-brain

barrier does break down during permanent ischemia but

this does not begin until around 4 hr after onset. There are

no data available on the brain uptake of NXY-059 under

these conditions. If NXY-059 does enter the brain during

the first few hours of permanent or transient ischemia, the

question arises as to whether sufficient concentrations are

reached to trap free radicals or if it acts on a target

requiring low (nM) concentrations of the drug for activa-

tion. No effects were found when NXY-059 was tested on

a wide range of different receptor binding or modulatory

sites, neurotransmitter reuptake sites, and various second

messenger assays (AstraZeneca data on file). Nevertheless,

the recent papers of Yoshimoto et al. (2002a, 2000b) are

intriguing because they report that when NXY-059 was

administered to rats subjected to a focal ischemic insult, it

attenuated some ischemia-induced changes at the level of

the mitochondrion such as cytochrome c release. It also

maintained Akt activation. However, it remains unclear as

to whether such changes occur as the result of free radical

trapping or because of some more direct action at a

cellular level.
6. Clinical studies with disodium 2,4-disulfophenyl-N-
tert-butylnitrone

6.1. Studies conducted with disodium

2,4-disulfophenyl-N-tert-butylnitrone in acute stroke patients

Two randomized double-blind placebo-controlled studies

have been performed with the primary objective to evaluate

safety and tolerability of NXY-059 in subjects with acute

stroke. The 2 doses chosen for the first study (Lees et al.,

2001a) aimed to achieve exposures shown to be neuro-

protective in transient MCAO models in the rat. The results

of this study, coded SA-NXY-0003, did not indicate any

dose-limiting adverse events and concurrent information

suggested (as shown in Fig. 8) that higher exposure levels

provided greater neuroprotective effects in the permanent

MCAO model in the rat than those attained in SA-NXY-

0003. A second study (Lees et al., 2003) was therefore

designed to examine the safety and tolerability of NXY-059

at higher doses. This study was coded SA-NXY-0004.

The study drug was given in both studies as a 1-hr

loading dose (at 3 times the maintenance dose) followed by

71 hr at a maintenance dose, which was adjusted for patients

with impaired renal function as estimated by creatinine

clearance (CLCR) because the clearance of NXY-059 is

dependent on renal function (Edenius et al., 2002; Strid et

al., 2002). Plasma clearance of NXY-059 was in fact shown

by Strid et al. (2002) to be directly proportional to glomer-

ular filtration rate without any apparent contribution by

nonrenal clearance. The half-life of NXY-059 was accord-

ingly increased from f 2–4 to 10–12 hr in subjects with

moderate and severe renal impairment (Strid et al., 2002).

The fraction unbound of NXY-059 in these studies with

pharmacokinetic objectives in healthy young and elderly as

well as renally impaired subjects was f 0.6. For both

studies, in stroke subjects, the study drug had to be initiated

within 24 hr of the onset of symptoms of acute stroke and

the follow-up period was 30 days, and the mean time to

onset of symptoms ranged from 14 to 15 hr.

The SA-NXY-0003 study was performed in 15 centers in

UK and Sweden enrolling 150 subjects (Lees et al., 2001a).

Fifty-one subjects were randomized to placebo and 49 and

50 subjects to 170 or 85 mg/hr, respectively, maintenance

doses of NXY-059. Ten percent of the subjects had a

baseline diagnosis of hemorrhagic stroke and the rest were

diagnosed as ischemic stroke. The groups were fairly well

matched with respect to age and severity of stroke symp-

toms, but a disproportionate number (8 of 15) of the subjects

with intracerebral hemorrhagic stroke were randomized to

the 85-mg/hr group. The mean F SD stroke severity as

measured by National Institutes of Health Stroke Scale

(NIHSS) score was 8.6 F 6.4, 7.3 F 5.4, and 7.8 F 6.6

in the 170 mg/hr, 85 mg/hr, and the placebo group,

respectively. Premature treatment termination occurred in

14% of the subjects in the placebo group and 17% and 16%

in the 85 and 170 mg/hr, respectively, dose groups of NXY-
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059. A total of 6 serious adverse events (SAE) were seen by

the investigators as possibly causally related to the study

drug, and the number of such reports was similar in the 3

treatment groups. Five of the 7 deaths occurred in the 85-

mg/hr dose group, which reflected the disproportionate

number of subjects in that group with an intracerebral

hemorrhagic stroke, a condition with a well-known poor

prognosis (Hårdemark et al., 1999). Neither the incidence

nor the causes of death suggested any association with the

NXY-059 treatment.

The SA-NXY-0004 study was performed in 11 centers in

UK, Sweden, and Germany and enrolled 135 subjects with

symptoms of acute stroke and a CT scan result compatible

with a diagnosis of acute ischemic stroke (Lees et al.,

2003). Subjects were randomized 2:1 to NXY-059 versus

placebo, 48 subjects were randomized to placebo and 39

and 48 subjects to 844 and 420 mg/hr, respectively,

maintenance doses of NXY-059. An independent safety

review committee assessed the outcome of the first 60 sub-

jects randomized to NXY-059 (420 mg/hr) or placebo prior

to proceeding to randomization to NXY-059 (844 mg/hr) or

placebo.

The mean F SD NIHSS scores were 6.9 F 5.7, 9.9 F
7.0, and 8.4 F 6.8 in the 844 mg/hr, 420 mg/hr, and the

placebo group, respectively. The difference in severity

between the treatment groups was caused by a lower

average severity in the subjects at the German sites, which

just participated in the later part of the study. The analyses

of safety and tolerability and stroke recovery were per-

formed both on all subjects and separately within the 2

randomization strata (based on stroke severity on the NIHSS

and age) to reduce the potential bias of the different baseline

stroke severities in the treatment groups.

Premature treatment termination occurred in 6% of the

subjects in the placebo group and 0% and 2% in the 844 and

420 mg/hr, respectively, dose groups of NXY-059. The

subjects in the 844-mg/hr NXY-059 dose group experienced

fewer adverse events, SAE, and deaths as compared with the

NXY-059 low dose and the placebo group. Seven deaths
Table 7

Summary of Incidence of Adverse Events during the infusion period from Studies

059 or placebo groups, ordered by Most Frequent in the Total group

Preferred term 85 mg/hr 170 mg/hr 420 mg/hr

(n = 48) (n = 49) (n = 48)

Headache 4 (8.3%) 10 (20.4%) 13 (27.1%)

Fever 6 (12.5%) 11 (22.4%) 10 (20.8%)

Hyperglycemia 4 (8.3%) 11 (22.4%) 2 (4.2%)

Hypertension 4 (8.3%) 2 (4.1%) 5 (10.4%)

Nausea 5 (10.4%) 3 (6.1%) 6 (12.5%)

Vomiting 3 (6.3%) 3 (6.1%) 3 (6.3%)

Pain 4 (8.3%) 1 (2.0%) 3 (6.3%)

APTT increased 4 (8.3%) 5 (10.2%) 2 (4.2%)

Renal function

abnormal

4 (8.3%) 6 (12.2%) 1 (2.1%)

Bradycardia 2 (4.2%) 0 0

Diarrhea 0 0 0
occurred in the study, 4 in the 420-mg/hr dose group of

NXY-059 and 3 in the placebo group.

6.2. Integrated safety analysis, exposure relative to neuro-

protective concentrations in stroke models, and stroke

outcome

NXY-059 appeared to be well tolerated in both studies

with no increases in total adverse events, any specific type

of adverse event, or treatment withdrawals in the subjects

treated with NXY-059. Subsequent integrated analyses were

performed across the 2 studies, and no effects of the NXY-

059 treatment were seen on laboratory parameters. Overall,

the most frequent adverse events in the combined NXY-059

treatment groups were headache, fever, and hyperglycemia.

For the combined placebo groups, the most frequent adverse

events were headache, fever, and hypertension. The inci-

dences of common types of adverse events were similar

between the combined NXY-059 treatment and the placebo

groups (Table 7). The events noted in both treatment groups

are commonly encountered in patients with acute stroke, as

a consequence of either the stroke itself or the concomitant

diseases (e.g., diabetes mellitus or pneumonia).

The unbound NXY-059 concentration achieved in the

highest dose group of NXY-059 (844 mg/hr) was 237 F 46

Amol/L at 1 hr after start of treatment and the concentration

at steady state was 260 F 79 Amol/L. The attained

exposures in stroke patients were hence f 100- and 5-fold

greater, respectively, than the exposure required for neuro-

protection in the transient and permanent MCAO model in

the rat (Figs. 7 and 8). Importantly, using the more rapid

loading dose regimen, the concentrations were reached

already at 1 hr after onset of treatment. Further, the

exposures in these stroke patients were consistently also

well above those required for maximal levels of neuro-

protection in both models as well as for the plasma con-

centrations in the 2 studies performed in marmosets.

The studies performed to date in stroke patients were not

designed to determine efficacy. The late average time to
SA-NXY-0003 and SA-NXY-0004 of 5% or greater in either the total NXY-

884 mg/hr Total NXY-059 Placebo Total

(n = 39) (n = 184) (n = 97) (n = 281)

6 (15.4%) 33 (17.9%) 19 (19.6%) 52 (18.5%)

0 27 (14.7%) 14 (14.4%) 41 (14.6%)

1 (2.6%) 18 (9.8%) 11 (11.3%) 29 (10.3%)

2 (5.1%) 13 (7.1%) 13 (13.4%) 26 (9.3%)

3 (7.7%) 17 (9.2%) 9 (9.3%) 26 (9.3%)

1 (2.6%) 10 (5.4%) 8 (8.2%) 18 (6.4%)

4 (10.3%) 12 (6.5%) 4 (4.1%) 16 (5.7%)

0 11 (6.0%) 4 (4.1%) 15 (5.3%)

0 11 (6.0%) 4 (4.1%) 15 (5.3%)

0 2 (1.1%) 5 (5.2%) 7 (2.5%)

1 (2.6%) 1 (0.5%) 5 (5.2%) 6 (2.1%)



Fig. 13. Outcome as assessed by modified Rankin scale according to stratification reflecting the mortality risk at baseline according to age and the NIHSS

motor scores (patients with a baseline [BL] score of 5 or lower had lower expected mortality). Total patient numbers for each group were between 16 and 25.

Adapted from Lees et al. (2003).
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initiation of treatment would not be appropriate in studies

with the purpose of evaluating efficacy. Further, there was a

sizable proportion of subjects with low stroke severity in

both studies. The median stroke severity at baseline in the

Lees et al. (2003) study was 6 on the NIHSS. As shown in

Fig. 13, subjects with a lower NIHSS are likely to sponta-

neously have a good and very good outcome—prospective-

ly defined in the study as a score of 2 or 3 and 0 or 1,

respectively, on the modified Rankin scale. Subjects with a

more significant stroke severity of NIHSS of 6 or greater are

at greater risk of a poor outcome; numerically, there were

more subjects with a good or very good outcome in the

NXY-059-treated groups (Fig. 13). There were however no

statistically significant differences between the total NXY-

059 and the placebo groups on either functional or neuro-

logical recovery (Lees et al., 2003).
7. General conclusions

Nitrone-derived radical trapping agents have been shown

to have a multiplicity of pharmacological effects both in

vitro and in vivo. Several of these effects have potential

clinical benefit. However, to date, there has been little

development of compounds of this type into pharmaceutical

compounds. The notable exception is NXY-059, which is

being developed as part of a discovery program based on the

robust findings of the neuroprotective action of PBN.

NXY-059 has been shown to be an effective neuro-

protective agent in several animal models of stroke includ-

ing transient and permanent focal ischemia and

thromboembolic focal ischemia. It also has modest positive

effects in a hemorrhagic stroke model. Efficacy has been

shown in both rat and primate models.

What is notable is that NXY-059 has a large therapeutic

window of opportunity and provides statistically significant
neuroprotection (measured in terms of both functional

neurological improvement and histological measurement

of infarct size) when given 4 hr after MCAO in both rat

and primate models of acute ischemic stroke. It can there-

fore be readily administered to stroke patients not only at a

dose that produces plasma levels that are higher than those

shown in rodents and primates to produce effective neuro-

protection but also within a time frame after the stroke that

is relevant to the time windows shown in animal models. It

is therefore the first neuroprotective compound to be exam-

ined clinically, meeting both these key factors. NXY-059

has also been noted (Lees et al., 2001b) to meet all the

STAIR criteria (see Table 1). It has been suggested that these

are major features of the preclinical evaluation that should

be adhered to before any compound progresses to clinical

trial.

What remains an enigma with both NXY-059 and other

nitrone compounds is whether its neuroprotective efficacy

can be fully ascribed to its activity as radical trapping agents

or whether other mechanisms, as yet unidentified, are also

involved. Nevertheless, this lack of information should not

detract from the impressive neuroprotective profile of this

compound and its potential as a therapy for acute ischemic

stroke.
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