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Abstract
The possibility of free radical reactions occurring in biological processes led to the development
and employment of novel methods and techniques focused on determining their existence and
importance in normal and pathological conditions. For this reason the use of Nitrones for spin
trapping free radicals came into widespread use in the 1970s and 1980s when surprisingly the first
evidence of their potent biological properties was first noted. Since then wide-spread exploration
and demonstration of the potent biological properties of phenyl-tert-butylnitrone (PBN) and
derivatives were shown in preclinical models of septic shock and then in experimental stroke. The
most extensive commercial effort done in order to capitalize on the potent properties of the PBN-
Nitrones was for acute ischemic stroke. This occurred during the 1993–2006 time interval where
the 2,4-disulfonyl-phenyl PBN derivative, called NXY-059 in the stroke studies, was shown to be
safe in humans and was taken all the way through clinical phase 3 trials and was deemed to be
ineffective. As summarized in this review because of its excellent human safety profile 2,4-
disulfonyl-phenyl PBN, now called OKN-007 in the cancer studies, was tested as an anti-cancer
agent in several preclinical glioma models and shown to be very effective. Based on these studies
this compound is now scheduled to enter into early clinical trials for astrocytoma/glioblastoma
multiform this year. The potential use of OKN-007 in combination with neurotropic compounds
such as the lanthionine ketamine esters (LKE) is discussed for glioblastoma multiform as well as
for various other indications leading to dementia such as aging, septic shock, and malaria
infections. There is much more research and development activity on-going for various indications
with the nitrones alone or in combination with other active compounds as briefly noted in this
review.

Why should Nitrones be considered Potential Therapeutics?
It is important to ask the question, why are the PBN (α-phenyl-N-tert-butyl-nitrone)
Nitrones considered potential therapeutics? The most important reason is that PBN and
some of its congeners have been found to have extremely potent biological activity in
several experimental biological systems. Historically in the late 1960s and early 1970s the
nitrones became important agents to aid in the identification of highly unstable free radical
intermediates in chemical reactions because they could react with and stabilize free radicals
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by what was commonly known as a spin-trapping reaction. To the surprise of some chemists
the nitrones PBN and DMPO (5,5-dimethyl-1-pyrroline-N-oxide) also proved to be useful to
trap free radicals in biochemical systems. Their use was then extended to biological systems
[1]. It was found that extending their use to biological systems became problematic for their
intended purpose of identifying the free radical intermediates because the spin-adduct
nitroxide was chemically reduced by the reductive biological processes and rendered
paramagnetic silent. However it was discovered in several instances that the nitrones had
potent biological activity in many biological systems [1, 2] . This report presents a summary
of past, present and future prospective of research and development focused on the
therapeutic potential of nitrones.

Spin Trapping- History and General Considerations
The spin trapping method, named by Janzen, was developed independently by various
researchers in 1968 and 1969 [3–8], to extend the limits of electron spin resonance (ESR)
spectroscopy so that lower concentrations of free radicals could be detected indirectly. This
method involves the trapping of reactive short-lived free radicals by a diamagnetic spin trap
compound via an addition reaction to produce a more stable free radical product or spin
adduct. The spin adduct that is formed is paramagnetic and has an ESR spectrum with a
hyperfine splitting constant and g-value characteristic of the type of reactive free radical
trapped. Thus, the structure of the radical trapped can usually be deduced, although the most
difficult aspect of the spin trapping technique is the correct assignment of the nitroxide
spectrum to the original radical species.

Nitrones are commonly used spin trapping agents in biological systems. The addition of a
reactive free radical (R•) with a nitrone spin trap results in the formation of a nitroxide (see
Fig. 1). Nitroxides are stable free radicals due to the resonance stabilization of the unpaired
electron between the nitrogen and the oxygen of the nitroxyl functional group [9]. The most
stable nitroxides are those with inert functional groups attached to the nitrogen atom, such as
methylated carbon atoms [10–12]. Examples of commonly used nitrones are PBN [3] and
the cyclic nitrone DMPO [8, 13–15]. Interesting derivatives of PBN bound to cyclodextrins,
such as permethylated cyclodextrin (Me3CD-PBN) or 2,6-di-O-Me-β-cyclodextrin-grafted
PBN (Me2CD-PBN) have been found to trap carbon- and oxygen-centered free radicals with
enhanced ESR signal intensities [16]. Recently, DMPO and other cyclic nitrones (e.g.
AMPO, EMPO, DEPMPO) have been assessed in their abilities to trap reactive nitrogen
species (RNS), such as ●NO2, ONOO−, and ONOOCO2

− [17, 18]. Improvements in
nitrones for the trapping of superoxide (O2●−) include derivatives of the DEPMPO nitrone
(5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide), 4-HMDEPMPO (5-
diethoxyphosphoryl-4-hydroxymethyl-5-methyl-1-pyrroline-N-oxide) (160, the β-
cyclodextrin (β-CD)-cyclic nitrone conjugate, 5-N-β-cyclodextrin-carboxamide-5-methyl-1-
pyrroline N-oxide (CDNMPO) [19] , a cyclic nitrone conjugate of calyx[4]pyrrole
(CalixMPO) [20], and a 4-furoxanyl nitrone (FxBN) [21]. For the detection of mitochondrial
generated free radicals, a novel cyclic nitrone spin trap containing a phosphonium cation,
([4-(2-methyl-1-oxy-3,4-dihydro-2H-pyrrole-2-carbonyloxy)-butyl]-triphenyl-phosphonium
bromide, MitoBMPOBr) trapping superoxide and hydroxyl radicals [22], and a nitrone-
containing N-arylpyridinium salts trapping carbon-centered radicals [23], could be useful.

The type of spin trap used is an important factor in determining how informative and
sensitive the spin trapping technique may be for a given free radical species. It is important
to emphasize that no single spin trap is optimal for the trapping of all types of reactive free
radicals. The main advantages of using nitrone spin traps are: (i) they are less sensitive to
light, oxygen or water vapor, (ii) they are soluble in a large number of solvents at fairly high
concentrations (~0.1 M), and (iii) spin adducts are considerably more stable since a carbon
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atom separates the nitroxide functional group from the trapped radical species [8, 24]. The
use of nitrone compounds also has some disadvantages such as: (i) the information regarding
the nature and structure of the trapped species is difficult to obtain from the spectrum of the
spin adduct, e.g. ESR spectra PBN spin adducts have characteristically small aHβ (β-
hyperfine splitting constant) values with little variation in magnitude with different free
radical species, although the magnitude of the β-hyperfine splitting is enhanced with the
cyclic nitrone (DMPO), and (ii) photolysis of PBN in certain solvents (e.g. tetrahydrofuran)
rapidly produces spin adducts derived from solvent radicals [8, 16]. Reviews of interest on
the chemistry of nitrone spin traps and their biological importance are found in Towner [25],
Floyd et al. [26, 27], Rhodes CJ [28], and Villamena et al. [29].

Recently in the last decade protein radicals generated as a result of oxidative stress processes
can be tagged by DMPO to form DMPO-radical adducts, which can be further assessed by
immune-spin trapping, a method that utilizes an antibody against DMPO-adducts [30–34].
This application has been used very recently in combination with molecular MRI to
visualize membrane-bound radicals in various organs/tissues in a diabetes model [35].

Early demonstrations of the biological effects of nitrones
The very first early reports which indicated that nitrones had biological activity and
suggested that they may act as pharmaceutical agents were done by Novelli in 1985 [36] and
1986 [37]. Novelli confined and subjected rats to trauma brought on by placing them in a
rotating drum. He demonstrated that pre-administering PBN protected these animals from
death. He also demonstrated that pre-administration of PBN protected rats from shock
trauma caused by administering lipopolysaccharide (LPS). Soon after Novelli reported, in a
book chapter, that PBN protected from LPS induced shock, McKechnie et al. [38] reported
results of more extensive studies confirming and expanding upon the primary finding.
Hamburger and McCay also reproduced and expanded upon the protective effect of PBN in
septic shock as reported in 1989 [39], and then later Pogrebniak et al. [40] explored the role
of PBN in mediating blood cytokine down regulation in the rat LPS model when the nitrone
was administered prior to shock induction. PBN given after LPS administration was shown
not to be protective in this model. As discussed below during this general time-frame we
made novel observations which clearly showed PBN had neuroprotective activity in an
experimental stroke model.

PBN-related Nitrones for the Treatment of Stroke
Early observations in experimental stroke

In December 1988 we made the novel observation that PBN had neuroprotective activity in
experimental ischemic stroke [41–43]. This finding came about serendipitously. We had
previously developed the use of salicylate to trap tissue hydroxyl free radicals and
demonstrated that they were formed in ischemia/re-perfused brains of gerbils [44]. With this
result in mind our initial thought was to use PBN to spin-trap and identify possible
secondary free radicals that may be formed by the reaction of hydroxyl free radicals with
biomolecules such as membrane lipids in the stroked brain. This experiment was tried and it
failed to show secondary PBN-trapped radicals using electron spin resonance to monitor
these radicals. The use of PBN to trap secondary free radicals failed because the
presumptive PBN-trapped free radical adducts were most likely chemically reduced by the
reductive systems of biological tissue and hence became non-paramagnetic, and as such thus
were electron spin resonance silent. Even though the desired experimental endpoint was not
obtained we did discover that PBN treated animals were protective from stroke even if the
PBN was administered up to one hour after the ischemia/re-perfusion insult [41, 43]. In
addition it was found that older animals were more susceptible to experimental stroke than
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younger ones, however if chronic low-levels of PBN were administered to the old animals
for 2 weeks they became as resistant to the stroke insult as the younger animals, that this
effect was maintained with nearly the same magnitude at 3 days, and was still significant but
much less so at 5 days after the last dose of PBN [42, 45, 46]. The half-life of PBN in
animals is about 6 hours so the protective effect could not be due to PBN buildup. These
were very novel and surprising results and therefore the discoveries were patented [43]. Our
results were quickly confirmed and expanded upon by others [47, 48].

Commercial Development of novel nitrone NXY-059 for treatment of Acute Ischemic Stroke
Although we have discussed this topic in detail before [26, 49, 50], it is useful to summarize
important aspects of the commercial development of the nitrone NXY-059 for treatment of
acute ischemic stroke here. Table 1 summarizes the time-line and important stages of this
effort. Even though PBN showed protection from experimental stroke if given after the
ischemia/reperfusion insult the window of opportunity was short. Also the compound had
been widely used in academic settings and therefore not novel either. We discovered that a
novel PBN derivative 2,4-disulfonyl-phenyl-tert-butylnitrone (NXY-059) was much more
effective than PBN, and showed a much longer window of opportunity for administration
after a stroke [49]. In addition it was shown to be an extremely safe compound when
administered i.v. to humans even up to 260µM and therefore it was chosen to enter into
phase 3 clinical trials [49] . This decision was made after extensive studies that showed it to
be protective in preclinical models of transient and permanent experimental stroke [49].

In the first phase 3 clinical trial (SAINT-1), which enrolled about 1700 patients and required
2 years to complete, decode and analyze the data, the results showed significant efficacy
when utilizing the modified Rankin scale as the endpoint parameter. This result prompted
the start of a much larger phase 3 trial (SAINT-2) where about 3200 patients were enrolled.
This trial showed no beneficial effect of using NXY-059, and when the data from SAINT-1
and SAINT-2 were pooled and analyzed there was a non-significant effect when the window
of administration was 6 hours or less after the stroke (Table 1).

The testing of NXY-059 for acute ischemic stroke was widely followed and engendered
much disappointment and much speculation following its failure as we have summarized
previously [26]. As we discussed previously [50] there may have been a significant fraction
of stroke patients helped if MRI characterization of the patients had been an inclusion
criteria for screening the patients to be entered into the trial data base. However the MRI
procedure was not in wide use at the time these trials were being designed and carried out.

Anti-Cancer Activity of the Nitrone OKN-007 for Glioblastoma
Glioblastomas (GBM): General Considerations

Forty percent (40%) of all primary central nervous system (CNS) tumors diagnosed are
gliomas [51]. Of these, the grade IV glioblastomas (GBM) are the most malignant, with a
survival time of about 15 months for most patients [51], despite current standard-of-care
therapeutic approaches. High grade gliomas (grades III and IV) are the most common
primary brain tumors in adults, and their malignant nature ranks them 4th regarding
incidence of cancer death [52]. Grading and identification criteria that can be used to
provide information regarding tumor behavior include cell proliferation (cellularity and
mitotic activity), nuclear atypia, neovascularization and the presence of necrosis and/or
apoptotic regions [53] and which may affect therapeutic outcome. Many of these grading
and identification criteria can be measured with the use of magnetic resonance imaging
(MRI) and MR spectroscopy (MRS) methods [54, 55] which can be useful information
regarding an optimal therapeutic approach.
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Current therapies for the treatment of GBM include surgical resection, followed up with
radiotherapy and chemotherapy with temozolomide, has only limited effectiveness [56, 57],
with an average lifespan of 14.6 months post-diagnosis [58]. Gamma Knife radiosurgery has
been used to treat tumor recurrences in select cases and has been successful in prolonging
median survival by 8–12 months on average [59]. New targeted therapeutic approaches are
classified into functional groups, including inhibitors of growth factors and their receptors,
inhibitors of proteins of intracellular signaling pathways, epigenetic gene-expressing
mechanisms, inhibitors of tumor angiogenesis, tumor immunotherapy and vaccines [56].
Bevacizumab, a monoclonal antibody against the vascular endothelial growth factor
(VEGF), is the only FDA (Food and Drug Administration)-approved molecular drug for
GBM [60, 61]. Unfortunately the use of bevacizumab has only improved progression-free
survival, but not overall survival [60]. Trials with anti-EGFR (epidermal growth factor
receptor) agents have so far failed to show any improved outcomes for GBM [60]. There are
other potential therapies that target other signaling pathways, such as heat shock proteins
and proteosomes, or multisite kinase inhibitors, that are currently under consideration [60].
Immunotherapies that target key cellular and molecular immune system mediators such as
TGF-β, cytotoxic T cells, Tregs, CTLA-4, PD-1 and IDO are also being considered [58] .
There are also other approaches being considered that involve the use of microglial cells as
therapeutic vectors to transport genes and/or substances to the tumor site, as well as the use
of natural toxins conjugated to drugs that bind to over-expressed receptors in cancer cells
[57]. Quite recently, a nitrone compound, OKN-007 (previously known as NXY-059),
which has known anti-inflammatory characteristics is under investigation as an anti-glioma
agent in recurrent glioma patients.

GBM: Diagnosis
MRI plays an important role as an optimal imaging tool in the diagnostic process for human
gliomas. It is commonly used to provide information on brain tumor growth, vasculature,
biochemical metabolism, and molecular changes in preclinical glioma models.
Morphological MRI (T2-weighted or T1-weighted contrast-enhanced imaging) is used to
provide information on tumor volumes and growth rates, which can be used to distinguish
between tumor grades. Tumor morphology can also provide information on tumor
invasiveness and necrotic lesions. Necrotic lesions are depicted as dark void regions in a
tumor, of which volumes can be measured from multiple slices [62]. Contrast-enhanced
imaging can be used to assesses blood-brain-barrier (BBB) disruption, however this feature
can be absent in diffuse infiltrative tumor regions or when assessing therapeutic treatment
[63].

GBM: Animal Models
Animal models provide a means to study disease and pathological processes, as well as the
efficacy of potential new therapies. The majority of glioma models involve intracerebral
implantation of rodent (rat or mouse) or human glioma cells into synergetic rats or mice, or
immunocompromised rodents (e.g. nude or athymic rats or mice). Glioma cells are injected
into the cerebral cortex of rats or mice (synergetic if cells are transplanted into the same
species and strain that they were obtained from, or immune-compromised rats or mice if
human cells are used) using a stereotaxic device for precise implantation into a brain region.
Although no one model emulates all of the characteristics of GBM, they have provided
important insight into specific mechanisms of tumor development [64]. Many of these
models have some characteristics associated with human gliomas, such as aggressive tumor
growth, angiogenesis, and tumor necrosis. The F98 model is currently used by our group as
these gliomas have an infiltrative pattern of growth, have attributes associated with human
GBM gliomas, and are classified as anaplastic malignant tumors [65, 66]. C6 and F98
glioma cell lines were obtained from chemical induction as a result of administering
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ethylnitrosourea (ENU) to pregnant rats, where the progeny developed brain tumors that
were isolated, and propagated and cloned in cell culture [66], and both are commonly used
as a pre-clinical rodent glioma models. Similar to GBM, U87 tumors in
immunocompromised rodents are highly cellular with atypia such as mitotic figures and
irregular nucleoli, and profuse neovascularization, however unlike GBM, these tumors have
a non-diffuse infiltrative growth pattern and a well-demarcated tumor mass surrounded by
reactive astrocytes [67].

Gliomas: Therapeutic effect of OKN-007
We have previously shown that OKN-007 (previously known as NXY-059) has a dramatic
effect on regressing tumor formation in a rat C6 glioma model [68, 69]. Morphological MRI
was used to calculate tumor volumes (see Fig. 2Ai-iv and 2D); diffusion-weighted imaging
(DWI) was used to measure apparent diffusion coefficients (ADC), which assesses changes
in water diffusion due to tissue structural alterations; and perfusion-weighted MRI (pMRI)
was used to characterize tissue perfusion rates, which can provide information on alterations
in the vascular capillary bed. Rats treated with OKN-007 after tumors were visualized by
MRI, were found to have significantly decreased tumor volumes (~3-fold, p<0.05)(Fig. 2Bi-
iv and 2D), decreased ADC (~20%, p<0.05), and increased tissue perfusion rates (~60%,
p<0.05) in tumors, compared to non-treated rats [68]. Figure 2D presents a very clear
example that tumor volumes were significantly decreased by OKN-007 treatment. The
tumor volume was about 150 mm3 at days 15–17 in non-treated controls and was about 30
mm3 at days 36–40 in OKN-007 treated rats. It should be noted that the non-treated rats
could not be kept alive for 36–40 days because of the huge tumor volume and therefore they
had to be killed at about 25 days after tumor cell implantation. OKN-007 was administered
in the drinking water at 10 mg/kg/day starting when tumors had reached ~50 mm3 in
volume (about day 15 following intracerebral implantation of rat C6 glioma cells), and
continued for a total of 10 days [68]. One group of rats was euthanized after the 10 day
treatment period, and a second group was monitored for an additional 25 days following the
treatment period [68]. In the cohort of animals that were treated for 10 days and then
euthanized, percent survival was 92% (p<0.0001)(Fig. 2C), whereas for the rats that were
monitored for an additional 25 days the percent survival was greater than 80% (p<0.001)
[68]. OKN-007 is currently undergoing phase I/II clinical trials as a therapy against
recurrent GBM.

Currently, the known pharmacological effects of the nitrones are primarily anti-
inflammatory in nature, in addition in their ability to scavenge free radicals. The parent
nitrone compound, PBN (α-phenyl N-tert-bultyl nitrone), is known to inhibit (1)
cyclooxygenase-2 (COX-2), (2) inducible nitric oxide synthase (iNOS), and (3) nuclear
factor kappaB (NF-κB)[26]. OKN-007 has been found to be neuroprotective in a rat
transient middle cerebral artery (MCA) occlusion model for neurological ischemia-
reperfusion injury [49]. The neuroprotective effect of OKN-007 has been suggested to be
attributed in part to its ability to restore functionality of the brain endothelium [70]. The
anti-cancer activity of PBN-nitrones has been possibly attributed to the suppression of nitric
oxide production, suppression of iNOS expression, suppression of S-nitrosylation of critical
proteins (caspases, Bcl-2, OGG1 DNA repair enzyme, and PTEN tumor suppressor protein,
which are respectively involved in shutting down apoptosis, enhanced mutation events and
enhanced Akt-mediated signaling in oncogenesis), and inhibition of NF-κB activation [27].
We determined previously from immunohistochemistry (IHC) evaluation that OKN-007 in
C6 gliomas decreases cell proliferation (Ki-67) and the basic fibroblast growth factor
(bFGF) which is associated with angiogenesis, as well as increases apoptosis (m30 antigen)
as shown in Fig. 3 [69]. Current investigations are ongoing using microarray and RT-PCR to
establish a common target(s) that are responsible for genetic alterations associated with the
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multiple anti-cancer effect of OKN-007. It is becoming more widely acceptable that single-
target agents are not as effective as a combination therapeutic approach. Perhaps either
nitrones as single agents that can affect multiple targets may be more effective as anti-cancer
agents or when nitrones are used in combination with other single-target agents.

Lanthionines- A novel class of neurotropic agents with therapeutic
potential to synergize with nitrone neuroprotectants

Lanthionine [L-cysteine-S-(β-L-alanine] is a non-proteogenic, natural amino acid found in
the mammalian brain and central nervous system. Currently, lanthionine is thought to arise
from promiscuous reactivity of transsulfuration enzymes [71] though we have speculated
that the glutathione-binding brain protein LanCL1 (lanthionine synthetase-like protein-1)
may catalyze lanthionine formation from glutathione (GSH) [71–73]. Whereas lanthionine
itself has no known bioactivities, its natural metabolites may be important lead compounds
for neurodegeneration and other conditions. In particular lanthionine is converted to an
unusual cyclic thioether, lanthionine ketimine (KH Fig 4), through reactions catalyzed by
brain kynurenine pathway enzymes [71]. Lanthionionine ketimine (LK) and its cell-
penetrating ethyl ester, LKE (Fig. 4), possess several intriguing biological activities
including the ability to promote growth factor-dependent neurite extension at low nanomolar
concentrations [71, 73, 74]. Additionally LK and LKE suppress neurotoxic microglial
activation [71, 73]. Proteomics studies suggest that LK/LKE act, in part through the protein
CRMP2 (collapsin mediator protein-2) in order to bring about these biological effects [74].
Additionally, LK/LKE are potent antioxidants and protect cultured neurons against oxidative
stress [73]. LKE is orally bioavailable, brain penetrating, and can be safely administered for
weeks-months to laboratory animals [71] and (KH, personal observations).

Lanthionine ketimine derivatives would be logical to consider alone or in combination with
nitrones as treatments for both brain tumors and neurodegeneration, because one would
anticipate a synergistic benefit from combining the neurotrophic effects of LKE with the
neuroprotective effects of PBN. Lanthionines may be especially interesting to consider in
the context of brain tumor therapy, where radiotherapy can cause undesirable collateral
oxidative stress to healthy neurons. Keeping in mind this idea, pilot studies were performed
to test LKE effects in a rat glioma implant model. LKE was administered either
intraperitoneally (100 mg/kg/d in saline vehicle) or orally (3 ppt / 300 mg/kg/d ad libitum in
AIN93G defined rodent chow; Dyets, Inc. Bethlehem PA) to male Sprague-Dawley rats for
10 days prior to an intracerebral injection of 100,000 C6 glioma cells into the neocortex.
Control rats in the intraperitoneal study received vehicle (saline) injections. In the ad libitum
study, control rats received AIN93G diet without drug. In both cases, the treatments
continued post-implantation. At twenty-one days following C6 implantation, brain tumor
volumes were assessed by magnetic resonance imaging (MRI) according to published
methods [69]. Both intraperitoneal injections of LKE and ad libitum LKE treatments tended
to slow the glioma growth, with statistically significant effects observed in the ad libitum
group (Fig.4). Given that PBN can slow glioma growth in the same model [69], there is
compelling rationale to further explore lanthionines as brain tumor treatment agents either
alone or in combination with nitrone-based therapeutics.

Potential of Nitrone Therapy in Cognitive Decline and Dementia in Aging
and after Critical Illness
Cognitive decline and dementia in aging

Cognitive impairment and dementia at older ages commonly results from accumulating
vascular and neurodegenerative pathology in the brain and are experienced by more than
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half of adults aged 85 or over [75] . Major risk factors for cognitive impairments in later life
include the APOE e4 haplotype, female sex, and head injury [76], but the underlying
biological mechanisms are still unclear. Alzheimer’s disease—a progressive and irreversible
neurodegenerative disorder—is the most common form of dementia among older adults,
affecting more than 4 million people in the USA and almost 30 million worldwide [77].
Furthermore, a growing consensus is emerging that neurocognitive declines are common,
long lasting, and likely permanent for patients who have been critically ill with sepsis, acute
respiratory distress syndrome (ARDS), and multiple organ failure [78].

Although these are seemingly distinct scenarios and groups of patients, one must ask
whether common features exist among these and potentially other populations of patients
experiencing cognitive decline. Aside from generally affecting older people, these
conditions of decreased cognition also share a paucity of effective therapeutic or
prophylactic measures as a troublesome characteristic.

No theory has been widely accepted to explain the aging process. However, the oxidative
stress hypothesis proposed by D. Harman in 1956—the Free Radical Theory of Aging—
offers an appealing mechanistic explanation of aging and age related diseases [79, 80].
Harman’s theory posits a single process modified by genetic and environmental factors that
is responsible for aging and related diseases. The central idea is that aging is primarily the
result of cumulative damage to macromolecules resulting from free radical attacks -
oxidative stress - originated mainly by mitochondrial processes [79–81]. Although fast
replicating cells with low levels of oxygen consumption are less susceptible to free radical
damage, highly differentiated cells with high levels of oxygen consumption are more
vulnerable to oxidative stress [80].

Brain function is almost totally dependent on a continuous supply of glucose and oxygen
from the arterial circulation. Although the brain represents only 2% of the body weight, it
receives 15% of the cardiac output, consumes 20% of total body oxygen and 25% of total
body glucose. Neurotransmission and ionic homeostasis account for most of brain energy
expenditure. Glutamate re-uptake by astrocytes is a key event required to maintain brain
homeostasis. The entry of glutamate into astrocytes is coupled to the activation of the Na+/
K+ ATPase pump to normalize ionic gradients across plasma membranes in an ATP-
dependent manner [82]. Thus, glutamatergic neurotransmission accounts for a considerable
part of energy consumption in the brain. Among the brain cell types, neurons are the most
oxygen-dependent cells and numerous studies demonstrate a strong metabolic cooperation
between astrocytes and neurons in terms of neurotransmitter reuptake, oxidative stress
defense, and energy substrate delivery. Furthermore, all of these processes are critically
depend on energy metabolism [83]. Consequently, neurons, as highly specialized and
oxygen dependent cells, are especially vulnerable to mitochondrial damage by free radicals
[84]. Thus, the detrimental effects of the aging process are pronounced in the brain, where
irreversibly damaged cells cannot be replaced.

Sepsis induced Dementia
Experimental and clinical evidence indicate that multiple organ dysfunction in sepsis is
associated with increased production of reactive oxidant species and depletion of
antioxidants, leading to oxidative stress. Reactive oxygen species (ROS) are frequently
associated to endothelial cell injury, blood brain barrier disruption, recruitment of
neutrophils, lipid peroxidation, and oxidative modifications of target proteins in sepsis [85].
Ascorbate levels were significantly lower in cerebrospinal fluid in patients with septic
encephalopathy, being correlated with the severity of neurologic symptoms [86]. Oxidative
stress is also implicated in pathophysiological mechanisms of cognitive impairment that is
detected in over 60% of the patients that survive critical illness such as ARDS and sepsis.
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These are usually patients over 60 years old, and they frequently have long-lasting, and
perhaps permanent, cognitive decline after being released from the intensive care unit.
Importantly, cognitive sequelae are predicted by the duration of delirium, as a manifestation
of sepsis-associated encephalopathy, during the acute phase of the disease [87]. Although
the clinical evidence is limited because of ethical dilemmas, experimental data using the
cecum ligation and puncture (CLP) rodent model of sepsis show that there is an increase in
superoxide, nitrites, and lipid peroxide content in the brain capillaries as long as 48 hours
after induction of sepsis, and that glutathione concentration is significantly decreased even at
longer times [88]. Importantly, it seems that the hippocampus is especially sensitive to
oxidative stress since evidence for oxidative damage can be detected even at 10 days after
the induction of sepsis in this, but not in other, brain regions [89]. Importantly, anti-oxidant
treatment appears to protect mice from oxidative damage and death [90]. The most robust
evidence linking oxidative damage and long-term cognitive impairment comes from animal
studies. Barichello and co-workers demonstrated that the combined administration of the
anti-oxidants N-acetylcysteine and deferoxamine during the acute phase of sepsis induced
by the CLP model prevented oxidative damage and long-term cognitive decline [91].
Similarly, antioxidants including vitamins E and C can enhance learning and memory and
prevent memory deficits in other experimental conditions including Alzheimer’s disease,
aging, and menopause [92].

Inflammation is another key player in the cognitive decline of neurodegenerative diseases
and after critical illness. In fact, chronic low-level inflammation has been proposed as a
major mechanism underlying cognitive decline and dementia and has been implicated in the
neuropathological cascade leading to the late onset of Alzheimer disease [93, 94].
Proinflammatory cytokines can modulate energy metabolism and oxidative stress defense by
astrocytes, which may contribute to increased neuronal vulnerability and neurodegeneration
(see above). In pathological conditions associated with neuroinflammation, such as in
sepsis-associated encephalopathy, excitatory glutamatergic neurotransmission may be
increased and this can be the cause of a bioenergetic crisis involving mitochondrial activity
and can directly affect brain function [95]. Neuroinflammation is also linked to cell death
that may occur by apoptosis or by necrosis due to hypoxia, oxidative stress, and other
cytotoxic factors [95]. Brain imaging studies of septic patients with sepsis-associated
encephalopathy detected sites of tissue ischemia and lesions in the white matter, suggesting
blood-brain barrier dysfunction [96–98]. MRI studies in experimental sepsis also
demonstrated cytotoxic and vasogenic edema as well as neuronal damage during the early
phase of sepsis [99].

Malaria induced Dementia
Neuroinflammation and oxidative stress are not only connected to cognitive decline in aged
patients with neurodegenerative diseases or after severe systemic infectious/inflammatory
syndromes. These two injurious mechanisms have also major roles in patients, particularly
children, who develop long term, and potentially permanent, cognitive impairment after
cerebral malaria. Cerebral malaria affects African children with high incidence and high
mortality [100, 101] and there is substantial evidence that patients who are successfully
treated and survive cerebral malaria develop long term cognitive decline in as much as 26%
of the cases [102–105]. Precise identification of molecular mechanisms that underlie
sustained cognitive dysfunction after cerebral malaria is yet to be achieved, which makes the
development of efficient therapy more challenging. Recent studies provided evidence that
neuroinflammation and oxidative stress play fundamental roles in cerebral malaria [106]. In
fact, intravascular accumulation of monocytes in the brain has long been observed both in
mice [109–111] with cerebral malaria. Furthermore, sequestered monocytes and
macrophages are more abundant in pediatric patients with cerebral malaria than in those
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with non-cerebral malaria or non-malarial encephalopathy [112]. The accumulation of
leukocytes in the brains of patients and mice with cerebral malaria is evidence of activation
of cytokine/chemokine cascade, which has been shown in experimental and human studies
[106, 113]. The expression of monocyte-secreted cytokines and chemokines, such as TNF,
CXC-10, CCL2 and RANTES, varies with mouse genotype and correlates with resistance
versus susceptibility to disease [113]. Moreover the deletion of adhesion molecules, such as
αmβ2 or αdβ2, was shown to have protective effects in experimental cerebral malaria [114,
115], (Vieira-de-Abreu et al., manuscript in preparation). In a recent study, Reis et al. [116]
obtained clear evidence of oxidative damage of the brain during experimental cerebral
malaria and demonstrated that animals that survived experimental malaria after rescue with
anti-malarial drugs developed a long term cognitive impairment similar to what is observed
in the clinical setting and in experimental or clinical sepsis (see above). Furthermore,
administration of two antioxidants in combination, N-acetylcysteine and desferroxamine, as
adjunctive treatment together with rescue antimalarial therapy prevented late cognitive
impairment, and reduced microvascular sequestration in several areas of the brain [116].
Again these results are similar to studies with models of polymicrobial sepsis [91].

In light of the results discussed so far, one is compelled to speculate that neuroinflammation
and oxidative stress are major events underlying cognitive decline observed in
neurodegenerative diseases as well as in patients who survived severe systemic infectious/
inflammatory syndromes with cerebral involvement. Although neuroinflammation and
oxidative stress may not be the whole story, these events are certainly consequent and
common to a variety of clinical conditions associated to cognitive decline, and therefore,
suitable targets for new therapeutic measures. Therefore, the unique antioxidant and anti-
inflammaory actions of PBN-nitrones discussed before in this review implicate them as a
suitable pharmacological strategy to prevent and/or imporove the outcome of dementia from
different etiologies. Importantly, neuroinflammation and oxidative stress are highly
interconnected phenomena where the cause-consequence relation is difficult to identify. For
instance, pathological activation of astrocytes and microglia, a hallmark of
neuroinflammation, leads to enhanced production of reactive oxygen and nitrogen species,
including H2O2 and NOO−, largely through cytokine mediated activation of NADPH
oxidase system and induction of iNOS expression [117, 118]. On the other hand, highly pro-
oxidative stress such as ischemia-reperfusion injury induces activation of microglia,
neuroinflammation and cognitive decline [119]. This situation suggests that efficacious
therapeutic measures would only likely be achieved with drugs that interfere with these two
central events that operate in neurodegenerative diseases and in patients with severe
systemic infectious/inflammatory syndromes.

Potential of PBN-Nitrones to treat Dementia
The PBN-nitrones provide an excellent example of an agent considered antioxidant, but with
independent and potent activity in suppressing neuroinflammation as demonstrated in
animal models using the rat kainic acid-induced epileptic-type seizures [120] . PBN-nitrones
are also potential modulators of neuroinflammation induced by intracisternal injection of
LPS in rats [121] . In these models PBN-nitrones prevented microglia activation, loss of
NMDA receptors and cellular killing in the brain [50].

Testing candidate drugs for prevention of cognitive decline in clinical trials has the potential
to yield both mechanistic and therapeutic information, but clinical trials are costly and time
consuming, and are frequently unpowered to detect less than dramatic benefits. On the other
hand, pre-clinical models of disease are easy to control, provide useful mechanistic
information, and are much less expensive and time consuming, although appropriate care
must be taken in extending results in rodents and other models to humans. Therefore,
candidate drugs for clinical trials should often be first selected on the basis their results in
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pre-clinical models that mimic the cognitive impairment associated with aging or severe
systemic inflammatory/infectious syndromes, such as sepsis and cerebral malaria.

Several pre-clinical models exist for studying dementia and Alzheimer disease with similar
features to the clinical syndromes. They all have advantages and disadvantages that vary
with the experimental protocol to be employed [122–124]. Recently, models suited to the
study of the cognitive decline associated with severe systemic inflammatory/infectious
syndromes in sepsis and malaria have been reported [91, 116]. Characteristically, these
models employ animals that developed the acute phase of the disease with documented
neuroinflammation and/or cerebral oxidative stress and were rescued by conventional
treatment with antibiotics, fluid reposition or anti-malarial drugs. Typically, surviving
animals showed no evidence of the acute disease at late time points and were then followed
for late cognitive sequela using specific task or behavioral tests that provided information
about learning abilities and different types of memory [91, 116]. These models have been
used both for mechanistic studies [89, 91, 116, 125–128] and for testing of candidate
therapies, particularly antioxidant drugs [91, 116, 125–127]. These models resemble clinical
situations in which patients develop the acute critical illness before starting conventional
treatment. In the experimental models, adjuvant candidate drugs may be used in addition to
the conventional treatment and cognitive endpoint investigated in survivors at later time
points. One positive and informative aspect of this kind of model is that the animals are no
longer under the effect of the candidate drugs when they are tested for cognitive
performance, providing direct links, that are mechanistically relevant, between events that
took place during the acute phase of the disease and the late cognitive sequel [91, 116, 129].

PBN-nitrones make ideal candidates to be tested using such experimental models because of
their spin trapping and anti-inflammatory activities, and because they have low toxicity, and
are also suited for multiple dose regimens [50]. Furthermore, Novelli and colleagues showed
that PBN-nitrones were active in protecting rats from traumatic shock or LPS injection [36].
Also, PBN-nitrones were reported to protect the brain from damage caused by stroke even if
the PBN was administered after the brain was reperfused [41, 42]. Furthermore
administration of PBN-nitrones protected rats from axonal and neuronal injury induced by
intracerebral IL-1β as indicated by decreased expression of β-amyloid precursor protein.
Protection of PBN was linked to attenuated oxidative stress as indicated by decreased
elevation of 8-isoprostane content and by the reduced number of 4-hydroxynonenal or
malondialdehyde or nitrotyrosine positive cells following IL-1β exposure. PBN also
attenuated IL-1β-stimulated inflammatory as indicated by the reduced activation of
microglia [130]. Together, these observations indicate that PBN-nitrones may play a critical
role in modulating brain injury associated with oxidative stress and neuroinflammation and
therefore can be considered as a potential therapeutic strategy for dementia that follows
sever systemic infectious/inflammatory syndromes. In addition Garcia-Alloza and
colleagues [131] using a mouse model of Alzheimer’s Disease (APPswe/PS1dE9 mice) and
multiphoton microscopy to asses in vivo the characteristics of senile plaques and neurites in
APP mice provided compelling evidence suggesting that PBN-nitrone therapy can alleviate
the neuronal abnormalities of APP mice showing a straightening effect on curved neurites as
was detected as soon as 4 days after commencing the treatment and persisted 15 days after
stopping the PBN-nitrone administration. Senile plaques have been associated with
abnormal curvature of nearby neurites [132] [133], synaptic loss [134] [135] and neuritic
dystrophies [136] and these alteration have been shown to be at least partially responsible
for the disruption of cortical synaptic integration [137]. These data indicate that amelioration
of the neuritic distortions associated with senile plaques by PBN-nitrones is both rapid and
long lasting and may have beneficial effects on the progression of Alzheimer’s Disease.
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These observations warrant new investigations in this area and open up considerable interest
in the potential of PBN-nitrones in neurodegenerative diseases and other age-related
diseases and as adjuvant drugs for prevention of cognitive decline in syndromes of cerebral
inflammation or infection. In addition, PBN-nitrones should also be considered in
combination with N-acetyl cysteine in models of cognitive impairment after sepsis or
malaria, since this combination yielded promising outcomes in experimental noise-related
hearing loss [138].

Summary and Prospective Future Directions
This report presents an overview of some of the active research and development efforts that
is ongoing using a specific nitrone (OKN007) for a specific indication (GBM). In addition
another potential areas where therapeutics are needed includes dementia which may be an
excellent target indication for specific nitrones and/or for a specific nitrone combined with
another compound such as lanthionine which can act as a neurotropic agent. Although not
presented here, current R&D efforts at various stages of development are now ongoing
where specific therapeutic nitrones are being targeted for: A) treatment of noise-induced
hearing loss [138–141], B) treatment for macular dementia [142], and C) treatment for brain
damage and hearing loss caused by explosive blasts [143]. With so much R&D focused on
nitrones as therapeutics it provides optimism that treatment for one or more of the
indications discussed above may arise from these efforts.
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Bullet Points

• Specific nitrones have been shown to have potent therapeutic potential

• Nitrone OKN-007 has potent anti-cancer activity in glioblastoma models

• Lanthionine ethyl ester (LKE) had anti-cancer activity in a glioblastoma model

• Combining a nitrone and lanthionine has enhanced therapeutic potential

• Nitrones show potential for treating dementia in aging, sepsis, and malaria
infection
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Figure 1.
Spin-Trapping reaction where a free radical has reacted with a general PBN-type nitrone to
form a spin-adduct. In the case of PBN A=B=H and with OKN-007 A=B= SO3Na2
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Figure 2.
Treatment of C6 glioma-bearing rats with OKN-007. (A) Representative MR images of a
non-treated C6 glioma-bearing rat at 7, 14, 18 and 24 days following intracerebral
implantation of rat C6 glioma cells (tumor volumes are 0.0, 23.7, 59.5 and 180.1 mm3,
respectively). (B) Representative MR images of an OKN-007 treated C6 treated Glioma at
14, 24, 30 and 40 days following cell implantation (corresponding to 0, 10, 16, and 26 days
following initiation of OKN-007 treatment) (tumor volumes are 9.1, 84.5, 71.8 and 2.0
mm3, respectively). (C) Survival curve for untreated (n=9) and OKN-007 treated (n=12) C6
glioma-bearing rats. There is a significant survival for OKN-007 treated animals (p<0.001).
(D) C6 tumor volumes as measured from MR images at days 17–21 for untreated rats (n=9;
Control) and at days 36–40 for OKN-007 treated rats (n=12). There is a significant decrease
in tumor volumes for OKN-007 treated rats compared to untreated controls (p<0.001).
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Figure 3.
(A) MRI of an untreated C6 glioma with an outline of the tumor. (B) MRI of an OKN-007
treated C6 glioma depicting a totally regressed tumor. (i) Immunohistochemistry (IHC) of
cell proliferation marker, Ki-67, in untreated (left) and OKN-007 treated (right) C6 gliomas.
Note decreased cell proliferation following OKN-007 treatment. (ii) IHC of the angiogenesis
marker, bFGF (basic fibroblast growth factor), in untreated (left) and OKN-007 treated
(right) gliomas. Note decreased levels of bFGF in OKN-007 treated IHC slide. (iii) IHC of
the apoptosis marker, M30, in untreated (left) and OKN-007 treated (right) gliomas. Note
increased apoptosis following OKN-007 treatment. Images shown are modified from He et
al.[69].
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Figure 4.
A: Structure of natural lanthionine ketimine (LK) and its synthetic ethyl ester, LKE. Both
structures naturally exist in tautomeric equilibria, but only the ene-amine form is depicted
here. B: MRI image of a growing glioma (post implantation day 18) seeded into a rat brain
as described in the text, and an analogous image from a sham-injected animal (right-hand
image of B) showing the injection track. The boundaries of the tumor in this coronal section
are highlighted (image in this figure and the graphical abstract is a modified version
published in Floyd et al.[26]). C: Oral LKE (3000 ppm / 300 mg/kg/d) significantly slowed
the growth of implanted C6 gliomas in the rat model. Data were collected at 21 d post-
implantation (28 d cumulative dosage with LKE); p<0.05 by Mann-Whitney test.
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Table 1

Time-line and Major Stages of Commercial Development of NXG059 for Stroke

1985 – 88 Extensive studies on brain ischemia/perfusion insult (IRI) in gerbils

Demonstrated salicylate trapping of hydroxyl free radicals in brain IRI

Established time dependent IRI-mediated brain damage in hippocampus and forebrain

1988 Basic discovery that PBN protected in experimental stroke-Dec 1988

Discovery patented, basic studies continued, made many attempts to license to companies

1992–1993 Centaur Pharmaceutical, Inc. founded March 1992

Angel investments made possible, CEO hired

Company hires employees, begins to conduct experiments to add value

Explores extent of intellectual property and revise patents for commercial development

1995 Centaur and Astra make co-development relationship – June 1995

Ramp-up studies in stroke, medicinal chemistry for other indications

1996 NXY059 chosen as candidate drug for stroke

1996 – 2002 NXY059 undergoes extensive toxicology and tested in several clinical phase I and 2 trials

2002
lead

Renovis, Inc buys Centaur assets and moves clinical trials forward with AstraZeneca taking

2003 NXY059 Phase 3 SAINT-1 efficacy trial began in May 2003

2005 SAINT-1 trial shows efficacy in 1700 patients – May 2005

SAINT-2 trial begins for 3200 patients – July 2005

2006 Analysis of combined SAINT-1 and SAINT-2 trials showed NXY059 not effective- Oct 2006
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