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Abstract

Injury to the central nervous system (CNS) includes both traumatic brain and spinal cord injury (TBI and SCI, respec-
tively). These injuries, which are heterogeneous and, therefore, difficult to treat, result in long-lasting functional, cog-
nitive, and behavioral deficits. Severity of injury is determined by multiple factors, and is largely mediated by the activity
of the CNS inflammatory system, including the primary CNS immune cells, microglia. The nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase (NOX) family of enzymes is a primary source of reactive oxygen species (ROS),
key inflammatory mediators after CNS injury. ROS play a central role in inflammation, contributing to cytokine trans-
lation and release, microglial polarization and activation, and clearance of damaged tissue. NOX has been suggested as a
potential therapeutic target in CNS trauma, as inhibition of this enzyme family modulates inflammatory cell response and
ROS production. The purpose of this review is to understand how the different NOX enzymes function and what role they

play in the scope of CNS trauma.
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Introduction

WITH ROUGHLY 1,700,000 casgs of traumatic brain injury
(TBI) and 200,000 cases of spinal cord injury (SCI) in the
United States alone,'™ trauma to the central nervous system (CNS)
is a serious medical concern. Unfortunately, because of the het-
erogeneity of injury by age, location, and severity, finding appro-
priate treatments or cures has proved a complicated task.

The inflammatory response after CNS injury is a common target
for therapy, because of the wide-reaching and well-documented ef-
fects of post-injury inflammation. The primary injury results in
damage to the CNS, leading to a robust inflammatory response, in-
cluding activation of microglia, invasion of peripheral immune cells,
and inflammatory mediator release, which contribute to tissue loss
and scarring.* This secondary injury, caused by biochemical and
redox reactions, leads to necrosis and apoptosis of both the initially
damaged tissue and healthy peripheral tissue over the hours to months
following the injury, and contributes to functional deterioration.’

Reactive oxygen species (ROS) are one such inflammatory
mediator. These highly reactive oxygen-derived small molecules,
which include peroxides, superoxides, hydroxyl radicals, and sin-
glet oxygen, can significantly impact severity of injury, lesion size,
and temporal progression of TBI and SCI. Microglia are a primary
source of ROS in the CNS, but these reactive molecules can also be

produced by neurons and astrocytes. A certain basal level of these
molecules is necessary for normal cellular function, and the body
produces antioxidants to counter these ROS. However, when there
is an overproduction of these unstable molecular byproducts, the
balance is lost, leading to oxidative damage in the cellular envi-
ronment caused by detrimental ROS interactions with proteins,
lipids, carbohydrates, and nucleic acids.®” Observations of oxida-
tive damage have been observed after traumatic injury to the CNS,
including TBI and SCIL® Figure 1A provides a summary of oxi-
dative damage expression after injury.

Markers of oxidative damage, including DNA oxidation, protein
oxidation, lipid peroxidation, and protein carbonylation, have been
correlated with impaired function after TBI (for review see Mendez
and coworkers”). Interaction of ROS with the lipid bilayer of mem-
branes results in lipid peroxidation, causing damage and cell death.'®
In clinical samples after moderate to severe TBI, protein oxidation
and lipid peroxidation were noted in both the contusion and peri-
contusion regions within 2 weeks post-injury.'! In rats after a con-
trolled cortical impact (CCI), lipid peroxidation was elevated by 3 h
post-injury, and remained elevated through 96 h.'? Similarly, protein
oxidation in rats after a moderate TBI was elevated by 3h post-
injury.'® Further damage can result in the form of DNA oxidation
when ROS react with cellular DNA.*'* Further, oxidative stress can
result in protein carbonylation, an underlying factor of protein
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Expression profiles of reactive oxygen species (ROS) and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase

(NOX) 2/4 post-traumatic central nervous system (CNS) injury. (A) DNA, protein, and lipids undergo oxidation acutely after injury, leading
to increased ROS and oxidative stress in the cellular environment. DNA oxidation (pink) increases rapidly within the first 15 min after
injury, and protein oxidation (green) and lipid peroxidation (light blue) are increased by 3 h post-injury, with both remaining elevated over
normal conditions out to at least 96 h post-injury, with evidence of oxidation remaining within 2 weeks post-injury. (B) The NOX enzyme
family is primary a producer of oxidative stress, and both produces and is influenced by the expression of ROS. Expression of the two
enzymes most involved in injury, NOX 2 and 4, differs by injury, cell type, and time post-injury. NOX2 expression in traumatic brain injury
(TBI): NOX2 is upregulated between 6 and 12 h post-injury in astrocytes (yellow), 12—24 h post-injury in neurons (blue), and peaks between
1 and 7 days post-injury (dpi) in microglia (red). NOX2 expression in spinal cord injury (SCI): NOX2 is seen consistently post-injury in
astrocytes, more acutely in neurons, and peaks by 7 dpi in microglia. In both injury types, some upregulation in both microglia and astrocytes
maintains out to 28 dpi. NOX4 expression in TBI: NOX4 upregulation is seen acutely in neurons, and in microglia and astrocytes it is seen by
24 h post-injury, maintaining out to 28 dpi. NOX4 expression in SCI: NOX4 is seen in microglia and astrocytes by 24 h, peaking by 7 dpi and

maintaining through 28 dpi. Color image is available online at www.liebertpub.com/neu

function alteration.'® Previous studies have shown that after TBI and
SCI, mitochondrial proteins become oxidatively modified, which can
lead to reduction in mitochondrial enzyme activity and mitochondrial
bioenergetic abilities.'*%17 It is important to note that at low levels,
these modifications are the result of signaling or beneficial responses
to stress;'®' however, excessive modification can lead to enzyme
dysfunction. Proteins that appear to be most sensitive to oxidative
damage following CNS injury include glial fibrillary acidic protein
(GFAP), dihydropyrimidase-related protein 2, fructose-bisphosphate
aldolase C, and fructose-bisphosphate aldolase A%

At the cellular level, excess ROS can cause endothelial, oligo-
dendrocyte, neuronal, and glial damage. Increased ROS exposure in
endothelial cells in vitro increases contractile and adhesion molecule
function, leading to impaired blood—brain barrier (BBB) function.>!
Increased ROS also directly induce oligodendrocyte cell death,
which reduces remyelination of axons at the injury site.”> The ac-
cumulation of ROS can lead to oxidative damage to neurons, re-
sulting in diminished neuronal health and cell death.*> And as part of
the inflammatory response, excess ROS and ROS-induced damage
can amplify the activation of microglia and astrocytes.?**

One of the primary sources of ROS is the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) family of en-

zymes (Fig. 2). This family includes 7 isoforms: NOX1, NOX2,
NOX3, NOX4, NOXS5, dual oxidase 1 (DUOX1), and DUOX2.*
Each isoform is composed of several subunits that exist either
within the membrane or in the cytosol. Upon phosphorylation, the
cytosolic subunits cause the assembly of the active enzyme, which
translocates to the membrane, where they generate ROS.” The
purpose of this review is to understand the different NOX enzymes
and their functions in the scope of a TBI and SCI.

Overview of NOX Isoforms

Currently, there are seven known isoforms of the NOX enzyme.
All isoforms possess a highly conserved 6 trans-membrane do-
mains that encompasses 2 heme groups and both flavin adenine
dinucleotide (FAD) and NADPH binding sites on the C terminus,
which mediate electron transfer from NADPH to molecular oxy-
gen.?® The differences between the isoforms predominantly involve
the subunit proteins required for activation.

NOX1, 2, 3, and 4, and DUOX 2 are reported to be present in
detectable quantities in the parenchyma of the brain and spinal
cord. 2830 NOX1, 2, 3, and 4 are present in neurons, whereas as-
trocytes and microglia are reported to only express NOX2 and
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FIG. 2. Structural illustration of all major isoforms of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX). In all
isoforms, an electron is transferred from NADPH (star) on the C terminus and transferred through flavin adenine dinucleotide (FAD)
(yellow oval) and 2 Heme groups, which deliver the electron to awaiting molecular oxygen. The movement of the electron is denoted by the
pink arrow. NOX1 is represented with its activating trimetric complex NOX organizer 1 (NOXO1), NOX activator 1 (NOXA1), and Ras-
related C3 botulinum toxin substrate 1 (Racl). NOX2 is represented with activating quaternary complex interacting with both gp917"** and
p22°"* Phosphorylation (green circle) of p47”"°* must occur to facilitate recruitment of P677"°* and p40”"** and subsequent translocation
toward the p22”"** and gp917"** complex. NOX3 is seen with all known activating subunits which, when present, accentuate function,
although the exact mechanism is still unclear (illustrated by a circled question mark). NOX4 is considered a constitutive enzyme, because
of its lack of additional subunits, although p22”"** is still necessary for stabilization of the primary six transmembrane structure. NOX5 is
unique in that it lacks the requirement for p22”"**, but needs calcium interaction with four EF hand domains on the N terminus. Dual oxidase
(DUOX) 1 and 2 are the least relevant of the NOX enzymes within central nervous system (CNS) injury and are significantly different in that
they have an additional trans-membrane helix with a peroxidase like domain. Color image is available online at www.liebertpub.com/neu

NOX4.*'*? DUOX2 is reported in the vestibular system and cer-
ebellum, although the cellular source is unclear.>*** In 2013, we
reported that NOX 2 and 4 were upregulated after traumatic CNS
injury.?® Figure 1B provides a summary of NOX2 and 4 expression
profiles after CNS injury.

NOX2 is predominantly found on phagocytes.?® It was the first
NOX isoform identified and is currently the most studied isoform of
NOX. Like all NOX family members, NOX2 consists of the con-
served membrane enzymatic core, termed gp917"°*, two heme
groups and the FAD and NADPH binding sites on its C terminus. In
addition, it requires the p22”"** subunit protein to dimerize and
form a heterodimeric flavocytochrome (cyt b558) which is the
catalytic core of the oxidase.®® Once stabilized, NOX2 remains
quiescent until phosphorylation of the cytoplasmic subunits
p47P°%  pa0P"o* | and p677"°*. These subunits seem to exist as a
complex in the cytosol upon stimulation although the resting state
of the cytosolic components is still a controversial area of re-
search.>7 After phosphorylation on the p47”"* C-terminus ser-
ines,38 the trimeric complex translocates to the membrane and
binds to the flavocytocrome via p22°"°* 340 Although the chro-
nology of the p47”"°* phosphorylation events are not completely
understood, it has been suggested that some events happen after the
binding of the flavocytochrome which would be further steps to-
wards activation and possibly even membrane binding (for review

see Groemping and coworkers>). Additionally, a guanosine tri-
phosphate (GTP)ase, RAC2, is necessary for activation and acts
directly in electron transfer by NOX2.*' Once assembled, the
components reduce oxygen to superoxide.** Figure 2 provides
detailed diagram of component assembly.

Unlike NOX2, NOX4 does not require multiple subunits or
translocation in order to function. NOX4 retains ~40% homology
with NOX2, and consists of the ix conserved transmembrane do-
mains and p227"* 413 1t is suspected to be constitutively active
following heterodimerization with p227"°* ***> Dense concentra-
tions of NOX4 have been revealed within the endoplasmic reticu-
lum.*® This observation may be the result of the hypothesized
homeostatic function of NOX4 within the endoplasmic reticulum,
or may be merely a coincidental finding related to protein synthe-
sis.*” NOX4 was initially detected in the kidneys, and is suspected
to aide in the regulation of electrolytes and water.*® Hydrogen
peroxide is considered the primary product of NOX4; however, it
has been suggested that NOX4 generates superoxide, which is
quickly converted to hydrogen peroxide by antioxidant enzymes
such as superoxide dismutase.?5*® It has also been suggested that
the dismutation activity is intrinsic of NOX4.**™!

The remaining NOX isoforms, NOX1, NOX3, NOXS5, DUOX1,
and DUOX2, have limited expression, if any, in the CNS and their
expression after injury is unclear. NOX1 was the first identified
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homolog of NOX2. This isoform possesses 56% homology with
NOX2.3 It is predominantly found in the colon, but is also reported
to be present in the brain within the vasculature, microglia, astro-
cytes, and neurons.’>>® NOX1 has been associated with ROS
production in hypoxic injury models, Parkinson’s disease and
cancers.>""38 NOX]1 also requires cytosolic subunits for optimal
function, the NOX organizer 1 (NOXO1) and NOX activator 1
(NOXA1) complexes.*® These subunits are homologs of p477"°
and p677"**, respectively, although their role seems to be less de-
pendent on cell stimulation, suggesting that NOX1 is constitutively
active.”® Phosphorylation of NOXA1 reduces the activity of NOX1,
suggesting a potential deactivation mechanism.’® RAC activation
is also essential for NOX1 function.®®

NOX3 was identified in the early 2000s.°" Initially it was only
identified within the vestibular apparatus of the inner ear, and is
essential for proper development.®> NOX3 has been located in
other cell types, including neurons.>>"®> Conflicting evidence
suggests that the subunit p22”"** is required for function.®* In ad-
dition, active NOXO1, NOXA1, p47°"°*, and p677"* were all
found to potentiate NOX3 function.®* Because of this unclear ev-
idence of activation, it has been suggested that NOX3 may also be
constitutively active, like NOX1 and 4.%*

NOX35 retains 27% homology with NOX2.2%** This difference
can be attributed to the fact that NOXS5 seems to function without the
presence of any subunits, including p22”"**. Research toward struc-
ture and function have been stymied because of the absence of NOX5
within rodent genomes.®> Five splice variants of NOX5 have been
identified, leading to five isoforms.®® Calcium modulates all isoforms
of NOX5 via its calcium-binding domain on the N terminus.%®

DUOX1 and DUOX2 are less commonly studied isoforms of
NOX that were identified initially in thyroid tissue.®”%® DUOX1-2
has been described in vestibular cells of the ear and immortalized
neuroblastoma cells, oligodendrocytes, and rat brain.®® These en-
zymes consist of the primary conserved transmembrane structure
except for an additional transmembrane protein with an extracel-
lular N terminus that contains 2 EF domains and a peroxidase
domain.”® Calcium and platelet derived growth factor are known
facilitators of DUOX1 and 2.”' Little research exists concerning
DUOXI1 and 2 involvement in secondary TBI or SCI.

NOX enzymes play a large role in overall oxidative activity in
the CNS. The subtle differences in locations and roles in normal
function that these enzymes perform vary, because of the large
number of isoforms.

NOX and Inflammation

ROS are known to play an important role in post-injury in-
flammation. NOX-generated ROS can affect the type and amount
of cytokines produced in the body, propagating the inflammatory
response.”? ROS can act on the NF«B transcription factor to induce
further NOX expression.”® Further, pro-inflammatory cytokines,
such as tumor necrosis factor alpha (TNF-a), interleukin-1 beta (IL-
1) and interferon gamma (IFNy), can increase the NOX activity.72

Inhibition of NOX has helped to clarify the role of this enzyme
family in inflammation in the CNS. In work by Choi and cowork-
ers,”* wild type (WT) mice treated with apocynin, a nonspecific
plant-derived NOX antagonist, or gp917"**”~ transgenic mice were
investigated to determine if microglial activation phenotype and
inflammatory response in mice was influenced by NOX activity.
WT mice were given an intraperitoneal (i.p.) treatment of apocynin
(5 mg/kg) 30min prior to inflammatory stimulation with lipo-
polysaccharide (LPS). These mice showed enhanced expression of
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anti-inflammatory microglial mRNA (Ym1 and mitochondrial an-
tisense RNA for cytochrome C oxidase [MARCO]), and decreased
expression of pro-inflammatory mRNA (TNF-o and chemokine [C-
C motif] ligand 2 [CCL2]) 24h after LPS injection. The same
findings were seen in gp917"**”~ mice, although the trend toward
pro-inflammatory cytokine decreases was not significant.
Inhibition of NOX with the nonspecific flavoprotein inhibitor
diphenyleneiodinium (DPI) showed neuroprotective and anti-
inflammatory effects in primary midbrain cell cultures.’”” Further,
treatment with DPI in a mouse model of inflammation showed
reduced microglial activation.”® DPI similarly reduced both ROS
formation and the pro-inflammatory cytokines TNF-c, IL-1f, and
monocyte chemoattractant protein-1 (MCP-1). Mechanistically,
these findings suggests that inhibition of NOX prevents the produc-
tion of microglial ROS and the release of pro-inflammatory cytokines.

NOX and TBI

TBI increases the expression and activity of many of the NOX
isoforms. NOX2 and NOX4 have been identified in clinical brain
tissue samples from 6 to 24h and 24-48h after injury, respec-
tively.”” Positive immunostaining for both NOX2 and NOX4 was
negatively correlated with Glasgow Coma Score (GCS) in this
study. Unfortunately, to date, no study has examined NOX ex-
pression beyond 48h in clinical samples. However, pre-clinical
work in rodent models has shown similar acute elevations in NOX
expression. Blast-induced brain injury in adult rats resulted in an
increase in NOX4 expression at 24 h post-injury.”® With a CCI
model in rats, there is a similar expression pattern, wherein NOX2
and NOX4 expression peaks between 1 and 7 days post-injury
(dpi).?® This same pattern was observed after weight drop injury in
rats, with increased NOX2 expression in the hippocampus with a
peak between 2 and 3 dpi.”® In mice after CCI, the time course
appears to be similar, with NOX2 expression observed with a peak
at 2dpi, particularly in microglia.®®

NOX2 and NOX4 appear to be primarily expressed by microglia
and macrophages after TBI. This expression in animal models
appears to peak between 1 and 7 dpi, but remains elevated through
28 days.?® In addition to playing a role in microglial activation,
NOX activity may also play a role in microglial phenotype.”*
Kumar and coworkers®' found that microglia that were either fully
or partially polarized toward the M1, or pro-inflammatory pheno-
type, expressed high levels of NOX2 at 7 days after CCI injury in
mice. This coexpression was mostly found in the lesion penumbra,
and was not observed in sites distal from the lesion. Microglia
polarized toward the M2 or anti-inflammatory phenotype were
infrequently positive for NOX2. In aged mice, a significant increase
in NOX2 gene and protein expression has been correlated with a
shift in microglial polarization toward the M1 phenotype.?'

Although NOX has been primarily characterized as an inflam-
matory cell enzyme, isoforms have also been identified in astrocytes
and neurons (see Fig. 1B for expression pattern summary). NOX2
and NOX4 have been specifically co-labeled within neurons and
astrocytes after brain injury in human patients.”” In this study, NOX2
was found to be upregulated in astrocytes acutely (6—12h) and in
neurons at a somewhat delayed time course (12-24 h). Rats show a
similar pattern, with acute elevations in neuronal NOX2 and
NOX4.%° Although the functional significance is not yet clear, neu-
rons also appear to be NOX3 positive after TBL?® In contrast, NOX2
and NOX4 are upregulated acutely (24 h) and chronically (28 days)
in astrocytes after CCI in rats. In mice after CCI, NOX2 has been
observed in both neurons and astrocytes as well as microglia.®®
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To assess activity, researchers have investigated both NADPH
consumption and ROS production, as well as phosphorylation of
cytosolic components and translocation of components to the
membrane. Following CCI injury in adult male Sprague-Dawley
rats, NOX activity was elevated in the cortex by 6 h and remains
elevated through 72h.%% This activity was assessed by both
NADPH consumption and translocation of p67”"* and p47”"°* to
the membrane.

NOX and TBI: Inhibition

The most convincing evidence that NOX plays a role in TBI
progression is data from studies demonstrating that inhibition of
members of this enzyme family improves recovery and reduces in-
flammation. Apocynin, a nonspecific plant-derived NOX antagonist,
has been shown to reduce NOX activation in TBI models.”® Apoc-
ynin reduces NOX expression for as long as 24 h after TBL** Studies
have shown that ROS production can induce expression of NOX
components, typically via activation of the NFxB transcription factor
pathway 3%

Oxidative stress was also reduced by administration of apocynin
prior to a CCI or a weight drop injury.®®®” These effects were found
to be both immediate and long lasting. Whereas Choi and co-
workers®” found that pretreatment led to reductions in ROS pro-
duction as early as 3 h after injury, Zhang and coworkers®® assessed
oxidative stress markers 4-hydroxy-2-nonenal (4-HNE), 8-hydroxy-
2’-deoxyguanosine (8-OHdG), and phosphorylated H2A histone
family, member X (p-H2AX) in the cortex and hippocampus and
observed significant reductions in these markers at 48 h after TBIL.
Post-treatment paradigms have been equally successful in reducing
oxidative stress markers. Apocynin administered 30 min after a mod-
erate lateral fluid percussion injury in mice was found to reduce both
protein carbonylation and lipid peroxidation by 24 h post-injury.5®

NOX inhibition has also been shown to reduce inflammation and
neuronal damage. For example, pretreatment with apocynin mark-
edly reduced microglial and macrophage numbers, reduced brain
edema, and improved cognitive function after weight drop or CCI
injury.”*”?%® This may be related to a reduction in oxidative stress-
induced pro-inflammatory cytokine release.> Apocynin has been
shown to significantly reduce both IL-1f and TNF-« production 3
and 24 h after TBL®® In addition, apocynin administration to rats
15 min prior to weight drop injury significantly reduced Fluoro-Jade
B staining at 24 h after injury.®’

In contrast to the pretreatment studies, post-treatment adminis-
tration of apocynin has been met with conflicting results. For ex-
ample, administration of apocynin (5 mg/kg) at 30 min or 24 h after a
moderate lateral fluid percussion injury in mice had no effect on brain
edema or motor function.®® However, in this same study, a significant
improvement in novel object recognition and a reduction in lesion
volume was observed at 7 dpi with apocynin treatment.®® Similarly,
lesion volume was found to be significantly reduced 21 days after a
moderate CCI injury in mice with apocynin (5 mg/kg, 30 min post-
injury administration).”® However, with CCI injury, apocynin was
found to significantly improve motor function, but to have a non-
significant effect on cognitive function in the Morris Water Maze
test.”® It is unclear why similar dosages, administration times, and
models would have such significantly different results, but may be
the result of slight differences in location of the primary impact
(motor cortex®® vs. parietal cortex”®). NOX2 in particular has been
targeted for therapeutic inhibition after TBI, most likely because of
its acute upregulation profile after TBI and its involvement in
microglial- and macrophage-related inflammation. Knockout of the
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NOX2 gene itself, CYBB, significantly reduces lesion volume and
neuronal apoptosis after CCI in mice.*

Pretreatment with the NOX2-specific inhibitor gp91 ds-tat at
250 mg/mouse 20 min prior to a CCI injury increased cortical
neuron viability,*® demonstrating that NOX2 inhibition has sig-
nificant effects on outcome after TBI. However, in the most clini-
cally significant treatment protocol, Kumar and coworkers®'
demonstrated that i.p. administration of gp91 ds-tat (5 mg/kg) for
3 days beginning 24 h after a moderate CCI injury in mice signif-
icantly reduced lesion volume and improved cognitive function.
This treatment also led to a shift in microglial polarization toward
the M2 state. This furthers the idea that NOX2 plays an important
role in post-injury polarization of microglia.

To date, only one study has been published using the gp917"*~/~
transgenic mouse model for TBI. In a mouse model of surgical
brain injury, Lo and coworkers’' examined the influence of NOX
on neurological outcome measures. After injury, sensorimotor
deficits were observed in both WT and gp917"**~ mice that de-
creased neurological scores, however, outcomes for gp917**~~
mice were significantly better than those for WT mice.’' Further,
when gp917"**~ mice were compared with a group of mice pre-
treated with the nonspecific NOX inhibitor apocynin (5 mg/kg),
there was no significant different in performance between the two
treatment groups.”’ These findings suggest that the lack of
2p917"°*  the functional subunit of NOX, results in performance
similar to suppression of activity of the NOX enzymes, and that
performance is improved compared with no treatment at all.

Further, the same study assessed effect of acute and chronic in-
hibition of NOX on oxidative stress. Acute inhibition with apocynin
pretreatment significantly decreased oxidative stress (indicated by
lipid peroxidation) at 3 h after injury; however, this decrease was not
observed at 24 h, suggesting that pharmacological interventions may
require multiple dosages for therapeutic effects.”’ Interestingly, ox-
idative stress levels increased significantly in both the gp917#**7~
and WT mice 24 h after injury, although the transgenic mice showed
lower levels than WT mice, which did not reach statistical signifi-
cance.”! These findings suggest that although NOX is a major source
of ROS, other sources may compensate or be more active at chronic
stages post-injury, and inhibition of NOX alone may not be sufficient
to reverse these effects.

NOX and SCI

Work by Vaziri and coworkers®” found an abundance of NOX
activity at acute (1 day) and subacute (14 days) time points post-
SCI in a rodent model. Their results demonstrated an elevation in
protein expression of the NOX subunits gp917"°* and p67”"*~ at the
injury site at both time points.®? This finding of prolonged upre-
gulation of NOX after SCI suggests that there is an increased
baseline oxidative stress at the injury site that does not change with
time. Further, inducible nitric oxide synthase (iNOS) was found to
be upregulated concurrently with NOX, suggesting that elevated
NO and O were present in the environment.

The upregulation of NOX in the spinal cord after SCI is both cell
type and isoform specific. Work by Cooney and coworkers®® de-
lineated this expression profile and found that expression of the
various isoforms is not only cell dependent but also dependent on
injury status (see Fig. 1B for expression summary). This study
demonstrated that whereas NOX2, 3, and 4 were present in spinal
cord before and after injury, NOX2 was found to be present in all
cell types. NOX3 was only found in neurons and NOX4 was only
found acutely in glial cells.”?
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Healthy Tissue Acute Injury Chronic Injury

FIG. 3. Changes to the cellular environment after injury. Healthy tissue: in healthy tissue, microglia (in red) have a resting phenotype
represented by a small body with long processes with nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX)4 (green
boxes) and NOX2 (black ovals) enzymes present. Neurons (in blue) have an equal representation of NOX2, NOX3 (purple hexagon),
and NOX4. Astrocytes (in yellow) have a small body and long processes, and show low expression of NOX2 and NOX4. Acute injury:
Immediately post-injury and up to 3 days post-injury, activated microglia bodies become larger and processes shrink. NOX2 activation
is increased, and significantly more reactive oxygen species (ROS) (orange starbursts) are produced. Neurons show demyelination and
an increase in NOX2 and NOX4 expression. Astrocyte cell bodies are enlarged and processes are elongated, with increased expression
of both NOX2 and NOX4. Chronic injury: Microglial phenotype remains enlarged with small processes out to 28 days post-injury, with
NOX2 expression and production of ROS remaining elevated, although diminished from the acute phase. An increase in NOX4
expression is noted. In neurons, NOX enzymes return to baseline levels, and re-myelination slowly occurs, although not completely
restored to baseline levels. Astrocyte cell bodies remain slightly enlarged and processes retract back to standard length, although some

elevation in NOX2 and 4 expression remains. Color image is available online at www.liebertpub.com/neu

NOX2 is the most responsive to injury, with a large increase in
expression in glial cells after injury. Cooney and coworkers®* found
that cells positive for the neuronal marker NeuN were also positive
for both NOX2 and 3 before and after injury. Microglia (or cells
positive for the microglial marker ionized calcium-binding adaptor
molecule 1 [Iba-1]) show NOX2 only after injury and not in naive
tissue.”® Co-labeling for Ibal and NOX2 revealed an increase in
concentration, which peaked at 7 days and continued out to
28 days.”® NOX4, on the other hand, was present on microglia in
small amounts in naive tissue, but was only found at very acute time
points post-injury (up to 24h), and not at chronic time points.93
Interestingly, in other glial cells such as astrocytes (noted by the
astrocyte marker GFAP), NOX2 and 4 were present both before and
after injury.93 Further, NOX4 maintained a consistent presence in
astrocytes throughout, showing an increase at 24 h and 7 days, al-
though decreasing somewhat by 28 days.”

NOX and SCI: Inhibition

Inhibition of NOX has shown promise in pre-clinical SCI re-
search as a therapeutic treatment option, with research examining a
variety of treatment paradigms. Both general NOX inhibitors and
NOX2-specific inhibitors have been employed in an attempt to
differentiate the influence of NOX by a specific isoform.

Work by Byrnes and coworkers® in a contusion rat model used
DPI administered at 30 min post-injury and continuing for 7 days to
determine the role of NOX in chronic SCI (28 dpi outcome). Both
MRI and histology at 28 dpi revealed significant reductions in le-
sion volume in DPI treated rats.”* Further, immunohistochemical
and Western blotting showed a reduction in chronically expressed
inflammatory proteins progranulin and galectin-3.”* These findings
demonstrate that nonspecific inhibition of NOX can be used as a
therapeutic target for modulation of inflammatory proteins at
chronic time points post-injury.

Specific inhibition of the NOX2 isoform has demonstrated that
acute (15 min post-injury) and slightly delayed (6h post-injury)
i.p. administration of gp91 ds-tat reduced several markers of in-
flammation in a rat SCI model, including pro-inflammatory cyto-
kine and CD11b expression at 24 h post-injury.”® Recent work by
our laboratory demonstrated that acute inhibition of NOX2 in a
mouse SCI model can result in long-term alterations in function and
microglial activity.®> Mice received an intrathecal treatment of
either gp91 ds-tat or a scrambled peptide control immediately
following contusion SCL.*® Our results showed significant reduc-
tions in inflammatory cell numbers in the spinal cord as early as
24 h and lasting up to 7dpi, as well as reductions in NOX2 acti-
vation and oxidative stress markers by 7dpi.”> These acute im-
provements were reflected in improvements in general locomotor
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scores in the treated mice compared with controls at 14 and
28 dpi.” However, no difference in any inflammatory marker was
observed at 28dpi, suggesting that acute treatment does not
have long-lasting effects on the inflammatory response, despite
sustained functional improvement.”® In addition, specific inhibition
of NOX2 after SCI resulted in no effect on neuron or astrocyte
populations at 24 h post-injury in a rat SCI model.”

Combined therapeutic treatments have been investigated as well.
Work by Johnstone and coworkers®® used a novel combined ther-
apeutic treatment in a mouse model of SCI. The axonal o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate
receptor activation has been identified for axon dysfunction and
degeneration in SCL® The combined use of the nonspecific
apocynin and the AMPA receptor inhibitor 2,3-dihydroxy-6-nitro-
7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) resulted in
reduced lesion volume and increased preservation of white matter
and a greater overall improvement to functional recovery out to 6
weeks post-injury.”® These findings support the potential for
combined treatment targets as the result of an additive effect of both
AMPA receptor and NOX inactivation.

No studies to date have been performed in SCI using a NOX
knockout mouse model. However, based on previous work in in-
flammation and promising results in TBL?" it would be worthwhile
to pursue this line of research to determine the effects of elimina-
tion NOX2 enzyme activity after SCI.

Conclusion

Research on NOX demonstrates a role in the progression and
severity of traumatic CNS injury. It is important to proceed with a
note of caution, however, as NOX may also serve an important
positive role in injury progression and resolution. For example,
NOX-produced ROS contribute to microglial phagocytosis®'; mi-
croglia are essential in clearing myelin debris and preparing tissue
for potential regeneration. This phagocytosis of myelin also causes
a burst of ROS in microglia that leads to reduced pro-inflammatory
cytokine production.”! Further, NOX plays an essential role in
cerebrovascular regulation, as peroxynitrite activity can be in-
volved in normalization of blood flow after stroke.”” NOX as a
therapeutic target is, therefore, somewhat complicated. However,
in counter to these concerns, recent work and studies explored in
this review have shown that NOX inhibition studies show examples
of reduced inflammation that ultimately result in improved out-
come.” Therefore, there is likely a balance that NOX activity is
involved in following traumatic CNS injury, and therapeutic ap-
proaches will have to carefully navigate this road to achieve opti-
mal responses.

In summary, the NOX family of enzymes, particularly NOX2
and NOX4, clearly plays a central role in oxidative stress after CNS
injury, and inhibition of these enzymes may be useful as future
therapeutic approaches. Both direct and consequential evidence
exist to show that NOX2 and 4 expression and activity correlate
with oxidative stress and secondary damage after brain and spinal
cord trauma, and contribute to post-injury neuronal loss, chronic
inflammation, and functional impairment. The activity and ex-
pression of these enzymes changes through the acute and chronic
phase, affecting both the level of oxidative stress and inflammatory
response post-injury (Fig. 3).

Inhibition of NOX activity can alleviate some of these concerns;
however, it is necessary to determine a more accurate therapeutic
efficacy window and time course. Studies discussed in this review
in both TBI and SCI show that pretreatment and post-treatment
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with both general NOX inhibitors and NOX2 specific inhibitors
show improvements in outcomes post-injury, although no one time
point of inhibition appears to be ideal for treatment. Pretreatment
with NOX inhibitors show improvements post-injury, though these
improvements are seen only within the first 48h post-injury.®*
Further, it is unlikely that there will be instances in clinical practice in
which it would be possible to provide treatment before an injury is
sustained. Post- injury, acute treatments result in acute to subacute
improvements in outcome,>*1**% but these changes in post-injury
inflammation do not appear to be sustained, in part because of the
accumulation of ROS at the injury site as treatments wear off and
because other producers of ROS continue to produce unimpeded.
The novel combined treatment assessed by Johnstone and cowork-
ers”® does present an interesting alternative to the more traditional
single therapeutic approach, and demonstrates that improved long-
term outcome may require the inhibition of multiple factors in the
post-injury cellular environment. Based on the findings of the studies
reviewed here, likely the most effective therapeutic window for
improved long-term outcomes will require multiple doses, beginning
acutely (within the first 24 h after injury), and maintaining at least
through the first week post-injury, when peak inflammatory activity
is seen. Future research will be needed to both further explore the
established and potential inhibitory targets as a therapy and, as
findings have demonstrated effectiveness for both NOX2 and non-
specific NOX inhibition, to further investigate the role of the entire
NOX family in post-injury outcomes.
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