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ABSTRACT 

 
MERRY W. MA 
The Role of NADPH Oxidase following Traumatic Brain Injury 
(Under the direction of DR. DARRELL W. BRANN) 
 

Traumatic brain injury (TBI) is a major cause of death and disability worldwide. 

Despite intense investigation, no neuroprotective agents for TBI have yet translated to the 

clinic. Recent efforts have focused on identifying potential therapeutic targets that 

underlie the secondary TBI pathology that evolves minutes to years following the initial 

injury. Oxidative stress is a key player in this complex cascade of secondary injury 

mechanisms and prominently contributes to neurodegeneration and neuroinflammation. 

In addition, the NLRP3 inflammasome, which produces pro-inflammatory signals, can 

become activated in response to oxidative stress and may exacerbate secondary 

pathology. NADPH oxidase (NOX) is a unique family of enzymes whose primary 

function is to produce reactive oxygen species (ROS). Human post-mortem and animal 

studies have identified elevated NOX2 and NOX4 levels in the injured brain, suggesting 

that NOX is involved in the pathogenesis of TBI. Our experiments demonstrate that 

targeting NOX, specifically NOX2 and NOX4, can reduce oxidative stress, attenuate 

neuroinflammation, reduce lesion size, and promote neuronal survival following TBI. In 

particular, deletion of NOX2 or inhibition of NOX can attenuate the increased expression 

and activation of the NLRP3 inflammasome via TXNIP-mediated pathway and decrease 

the production of pro-inflammatory factors, such as caspase-1 and IL-1β. We also 

demonstrate the novel findings that deletion of NOX4 can reduce neuronal oxidative 



 
 

damage evidenced by decreased DNA oxidation, lipid peroxidation, and protein nitration 

in the injured cerebral cortex. Mice lacking NOX4 also showed reduced cell death and 

neurodegeneration following TBI. Collectively, our results support the notion that 

targeting NOX enzymes can suppress neuroinflammatory secondary TBI pathology in 

addition to alleviating oxidative damage following injury. In addition, our inhibitor 

studies extend the critical window of efficacious TBI treatment, which further supports 

the pursuit of NOX as therapeutic targets.  

 
 

KEY WORDS: (4-HNE, 8-OHdG, apocynin, apoptosis, ASC, caspase-1, CCI, controlled 

cortical impact, IL-1β, inflammasome, microglia, NADPH oxidase, neurodegeneration, 

neuroinflammation, nitrotyrosine, NLRP3, NOX, NOX2, NOX4, oxidative stress, ROS, 

TBI, traumatic brain injury)  
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I. INTRODUCTION 
 

Statement of the Problem and Specific Aims of the Overall Project  
 

1. Statement of Problem 
 

Traumatic brain injury (TBI) contributes to over 30% of injury related deaths in 

the United States and affects millions of people worldwide each year resulting in long 

term disabilities in the survivors and a growing global financial burden. Extensive efforts 

in clinical and animal research have not yet yielded neuroprotective therapies for the 

treatment of TBI as current management largely consists of monitoring patients until they 

stabilize. The primary mechanical trauma elicits a complex cascade of secondary injury 

mechanisms including oxidative stress and inflammation that account for many of the 

neurological and cognitive deficits following TBI. NADPH oxidase (NOX) is a family of 

enzymes whose sole purpose is to generate reactive oxygen species (ROS). Growing 

evidence has implicated NOX enzymes, especially NOX2 and NOX4 isoforms, as major 

components of TBI pathology. Previously our lab has demonstrated that inhibition of 

NOX2 is beneficial in ameliorating brain injury. Oxidative stress and inflammation are 

deeply intertwined, but the specific role of NOX enzymes on neuroinflammation 

following TBI remains largely uncharacterized.  

 

The study of neuroinflammation has advanced tremendously since the discovery 

of inflammasomes. The most abundantly found inflammasome NLRP3 (NOD-like 

receptor family pyrin domain-containing 3) is an intracellular multi-protein complex that 
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becomes primed and activated upon exposure to metabolic stressors, pathogens, and 

damage-associated molecular patterns. Activation and assembly of the NLRP3 

inflammasome complexes result in the activation and cleavage of caspase-1 and IL-1β 

(interleukin-1 beta) and release of pro-inflammatory cytokines to further amplify the 

inflammatory response. Though the field of inflammasomes in neuroinflammation is 

growing, its activation and regulation in the central nervous system remains a relatively 

unexplored field. The NLRP3 inflammasome has been suggested to respond to ROS 

signaling, but involvement of NOX2 and its generated ROS in the activation of NLRP3 

inflammasomes remains unknown, especially in the context of TBI. Furthermore, much 

remains unknown in TBI pathology regarding the role of NOX4, an isoform not 

classically associated with inflammation and immune defense. Evidence suggests that 

NOX4 can be upregulated following TBI, but no studies have investigated whether 

NOX4 directly contributes to TBI pathology and the associated neurodegeneration. As 

the NOX isoforms vary in their cellular distribution and response to injury, characterizing 

the role of individual isoforms may introduce and optimize therapeutic targets for the 

treatment of TBI. 

 

The objective of study is to elucidate pathological mechanisms following TBI 

mediated by NOX enzymes. In particular, we focus on the involvement of NOX2 in 

mediating neuroinflammation via regulation of the NLRP3 inflammasome and the 

functional role of NOX4 in oxidative stress underlying TBI pathology. The central 

hypothesis is that TBI induced activation of NOX isoforms, NOX2 and NOX4, can 

upregulate NLRP3-associated neuroinflammation and induce oxidative damage that 
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worsen injury severity and exacerbate the primary mechanical injury. The specific aims 

proposed below will test this hypothesis. 

 

2. Specific Aims 
 
Aim 1: To establish and characterize temporally the NLRP3 inflammasome activation in 

the mouse brain following TBI. 

 

Aim 2: To determine whether NOX2 regulates the NLRP3 inflammasome in the injured 

cortex following TBI. 

 

Aim 3: To determine the functional role of NOX4 in TBI pathogenesis. 
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Literature Review 
 

1. Traumatic Brain Injury – an Overview 
 

Traumatic brain injury (TBI) is the leading cause of death and disability in young 

adults in the United States with a mortality rate near 40% [1]. Involved in over 30% of 

injury-related fatalities, TBI accounts for approximately 2.8 million annual visits to the 

emergency department, hospitalizations, and deaths [2-5]. Often called the “silent 

epidemic” due to a large number of unreported cases, TBI has gained recognition in 

recent years as an acute trauma that can progress into a chronic disorder [6, 7]. Common 

amongst military personnel, TBI in older veterans has been associated with a 60% 

increase in the risk of dementia over 9 years [8]. A growing body of evidence suggests 

that even mild TBI can have detrimental cognitive consequences in the long-term [4]. 

Unfortunately, the heterogeneity of trauma by the location and severity and by age and 

associated comorbidities has posed a challenge in the identification of effective therapies 

in clinical practice [9]. As a consequence, current strategies in managing TBI still focus 

on prevention of injuries and neurocritical care of TBI patients [10].  

 

Further complicating the search for appropriate TBI treatments is the fact that a 

complex cascade of secondary injury mechanisms develops following the primary 

mechanical injury [11-14]. These secondary pathological mechanisms include edema, 

ischemia, neuroinflammation, and hypoxia. They evolve over minutes to years after the 

injury, and can ultimately lead to neuronal cell death (even extending into the initially 

healthy surrounding tissue) [15-26]. A number of clinical trials have attempted to target 

some of these pathological mechanisms identified in preclinical animal studies. However, 
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these trials have collectively failed, possibly due to a lack of variety in animal models 

utilized, rigor and reproducibility across species, or suboptimal drug administration in the 

trials [27-29]. Hence, there remains a strong need for rigorous animal studies to 

understand other injury mechanisms following TBI, which hopefully can lead to effective 

therapeutic targets for brain injury.   

 

2. Mechanisms of Secondary TBI Pathology 
 
a. Neuroinflammation 

 Inflammation has been proposed to play a key role in neurodegeneration 

following acute brain injuries [24, 30, 31]. Originally thought to be solely an innate 

immune response within the sterile brain, neuroinflammation is now recognized as a 

robust interaction between central and peripheral cells [4, 19]. In this context, 

neuroinflammation can be characterized by activation of microglia and astrocytes, 

recruitment of peripheral monocytes, and expression of pro-inflammatory mediators and 

free radicals [32]. Though inflammatory responses are essential, prolonged and excessive 

inflammation that develops following TBI can accumulate pro-inflammatory signals that 

create a neurotoxic milieu and damage otherwise healthy tissue and worsen the injury [7]. 

Despite the adverse effects of chronic neuroinflammation, previous trials of general anti-

inflammatory agents in TBI have failed clinically in producing therapeutic outcomes [9, 

19]. Perhaps a more focused approach that targets key mediators will have better 

therapeutic outcomes.  
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 Cellular membrane disruption due to TBI can release damage-associated 

molecular patterns (DAMPs) that can cause local glial cells and infiltrating immune cells 

to release inflammatory cytokines that drive neuroinflammation post-TBI [19, 33, 34]. 

One mechanism of how DAMPs can trigger cytokine production is via activation of 

pattern recognition receptors, such as the nucleotide-binding domain (NBD) leucine-rich 

repeats or NOD-like receptors (NLRs) [4, 19]. Upon sensing stimuli, the NBD 

oligomerizes the pyrin domain (PYD), which nucleates apoptosis-associated speck-like 

protein containing a CARD (ASC) proteins via PYD-PYD interactions [35]. The caspase 

activation recruitment domain (CARD) of ASC then recruits pro-caspase-1 to this 

multimeric protein complex. Autoproteolytic cleavage ensues, activating caspase-1, 

which processes interleukin-1β (IL-1β) to its mature and active form [19, 35, 36]. Figure 

1 models the most studied inflammasome, NLRP3. 

 

 Inflammasomes contribute to the progression of CNS diseases, such as multiple 

sclerosis, Alzheimer’s, and amyotrophic lateral sclerosis [19]. Recently, inflammasomes 

have also been reported to contribute to TBI pathology. NLRP1, ASC, AIM2, and 

caspase-1 expression was detected in the CSF of TBI patients and correlated with 

severity of TBI [37-39]. Furthermore, studies have reported elevated NLRP3 

inflammasome expression in rats and humans following TBI [40, 41]. In particular, the 

NLRP3 inflammasome activation has been linked to ROS associated DAMPs that are 

released after TBI and appears to be sensitive to ROS [42, 43]. In support of this 

interaction between ROS and NLRP3 inflammasomes, thioredoxin-interacting protein 

(TXNIP), a sensor of oxidative stress, has been shown to directly activate the NLRP3 



 
 

 
 

7 

inflammasome [44]. The presented evidence suggests that neuroinflammation and ROS 

may be intimately intertwined in the pathogenesis of TBI. 

 

b. Oxidative Stress 

In recent years, there has been growing evidence that oxidative stress contributes 

significantly to secondary injury in TBI pathology. For instance, many studies have 

shown that oxidative stress plays a key role in the development of cerebral edema, 

inflammation, and the secondary neuronal damage found post-TBI [6, 12, 45-49]. 

Although reactive oxygen species (ROS) have vital physiological functions [50-52], 

pathological conditions, such as brain injury, can quickly shift the ROS/antioxidant 

balance in favor of ROS and significantly impact the severity and progression of TBI [6, 

9, 53].  

 

The major ROS involved in oxidative stress include superoxide anion, hydrogen 

peroxide, hydroxyl radicals, and reactive nitrogen species (RNS) such as nitric oxide and 

peroxynitrite [54-56]. Once generated, superoxide can cause oxidative damage directly 

through oxidation of deoxyribonucleic acid (DNA), proteins, and lipids, or it can interact 

with other molecules to generate “secondary” radicals via enzymatic or metal-catalyzed 

reactions. Reacting with nitric oxide will generate the highly reactive peroxynitrite that 

can deleteriously nitrate most biological molecules [56, 57]. Dismutation via superoxide 

dismutase leads to formation of hydrogen peroxide, which can generate hydroxyl radicals 

in the presence of transition metals [58-60]. In addition, the unpaired electron in ROS can 

also amplify oxidative damage by generating more free radicals [61]. Finally, ROS-
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induced modifications can alter cell signaling pathways and lead to cell death [62]. These 

findings support that excessive levels of ROS can contribute to oxidative damage. Since 

previous animal studies of promising ROS scavengers and ROS degrading agents in other 

neurodegenerative disorders have failed to translate to the clinic [63, 64], it has been 

suggested that targeting the generation of ROS may be a more successful avenue of 

therapy for brain injury [6].  

 

Many cellular origins for ROS exist, including nicotinamide adenine dinucleotide 

phosphate oxidase (NADPH oxidase; NOX), nitric oxide synthase, cytochrome450 

(cyp450), cyclooxygenase, lipooxygenase, and xanthine oxidase [59, 65]. Of the above 

list, only the NOX family of enzymes has as its primary function the generation of ROS, 

as the others generate ROS as a byproduct [66-69]. While NOX enzymes undoubtedly 

contribute to physiological functions in the brain [70, 71], many laboratories have 

focused on enhancing our understanding of their pathological role in brain injury [6, 72, 

73]. With evidence suggesting that chronic activation of NOX is detrimental and can 

even exacerbate the primary injury [7], NOX enzymes have emerged as a potential 

therapeutic target for TBI.  

 

3. NADPH Oxidase 
 

Initially discovered and characterized as the ROS-generating enzyme in 

phagocytes responsible for the “respiratory burst,” NOX enzymes consume oxygen to 

generate superoxide and hydrogen peroxide [71, 72, 74, 75]. To date, seven 

transmembrane isoforms of the NOX enzyme have been identified in non-phagocytic 
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cells, each having binding sites for heme, FAD, and NADPH [76-81]. The general 

activated structure of the NOX isoforms are modeled in Figure 2. NOX1-5 and DUOX1-

2 are distributed broadly throughout various tissues and cells, but often times a single 

isoform is heavily concentrated in specific tissues [72]: NOX1 in the colon [82, 83], 

NOX2 in phagocytes [84], NOX3 in the inner ear [85, 86], NOX4 in the kidneys [87, 88], 

NOX5 in the spleen and testis [89, 90], and DUOX1/2 in the thyroid [77, 91]. NOX 

isoforms are expressed in various brain regions (forebrain, midbrain and hindbrain) and 

cell types (neurons, astrocytes, and microglia) [72, 92]. Human and animal studies have 

particularly implicated NOX2 and NOX4 in the pathogenesis of TBI. Unfortunately, not 

every isoform has been extensively characterized and studied in the pathogenesis of TBI, 

but the current existing literature supports the potential translation of NOX targeting 

therapies for treatment of TBI. 

 

a. NOX2 

The most studied and heavily implicated isoform in the context of TBI is NOX2 

(sometimes referred to by its major subunit name – gp91phox). At the cellular level, 

NOX2 has been reported to be expressed in various cell types, including neurons and 

endothelial cells [93-95], and is heavily expressed in microglia, where it is involved in 

immune/inflammatory responses [69], particularly after injury [96, 97]. NOX2 has both 

membrane subunits (gp91phox and p22phox) and cytosolic components (p47phox and 

p67phox). During activation, a phosphorylated p47phox interacts with p22phox and 

translocates to the membrane where p67phox can bind to p47phox to form the active 

NOX2 complex [98-100]. Subsequent recruitment of Rac, which binds p67phox, is 
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essential for NOX2 activation [101-103]. Furthermore, a number of enzymes, cytokines, 

metabolic factors, and cell stressors (hypoxia and Aβ) have been implicated to regulate 

NOX2 [94, 104-111]. Identified downstream targets of NOX2-derived ROS include 

various kinase signaling pathways [112-117], as well as cytokines and transcription 

factors [118-122]. 

 

b. NOX4 

Recent studies also support an emerging role for NOX4 [6, 46] in TBI pathology. 

NOX4 is a constitutively activated isoform that requires the p22phox subunit for function 

[123-125]. The close association of ROS production and NOX4 mRNA suggests that 

NOX4 activity is inducible [125]. Unlike the other NOX isoforms, the downstream 

effects of NOX4 are thought to be mediated by hydrogen peroxide, due to the rapid 

conversion of NOX4-generated superoxide to hydrogen peroxide [125]. NOX4 is widely 

expressed in the body and across brain regions and cell populations, including neurons, 

microglia, and astrocytes [6].  

 

4. NOX is Implicated in Secondary TBI Pathology 
 
a. Clinical Correlations of NOX in TBI 

Several groups have examined the role of NOX isoforms in human TBI 

pathology, and the clinical and post-mortem human data support NOX involvement in 

TBI. In humans, TBI increases the expression of NOX2 in circulating monocytes 1 day 

post-injury (dpi), suggesting that TBI can induce systemic inflammatory responses [126]. 

Sampling the cerebral cortex from post-mortem human brains revealed peak NOX2 
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expression in neurons and astrocytes between 6-24 hours post-injury and peak NOX4 

expression in neurons between 1-2 dpi [127, 128]. This increased level of NOX2 was 

associated with increased DNA oxidation [128]. Furthermore, higher expression of 

NOX2 and NOX4 in the brain correlated with increased severity of TBI as measured by 

the Glasgow coma scale [127]. Another study using TBI post-mortem human brain 

samples reported that NOX2 expression was also detected in microglia [128]. Finally, 

cortices from athletes diagnosed with chronic traumatic encephalopathy also showed 

higher expression of NOX4 and p22phox (a subunit of NOX 1-4 isoforms) [129].  

 

b. Evidence from Animal Studies – NOX2 is Upregulated after TBI 

 Animal studies have extensively evaluated NOX elevation and associated 

pathology following TBI across rodent species and various models of focal and diffuse 

brain injury. Increases in NOX expression post-injury, which is exacerbated in aged mice 

[130], are frequently accompanied by evidence of increased ROS production, oxidative 

stress damage, lesion volume, and cell death that persist throughout the first year 

following TBI [7, 26, 131-134]. Several groups have shown that TBI-induced NOX2 is 

associated with increased oxidative damage [134], neuroinflammation [135], and 

microglial activation [134, 136-138]. Our lab and others demonstrated that NOX activity 

and NOX2 expression in the cortex and hippocampal CA1 region increases rapidly 

following controlled cortical impact (CCI), with an early peak at 1 hour post-injury and a 

secondary peak from 1-4 dpi [134, 139]. Others have characterized the mRNA 

expression, protein expression, and activity of NOX2 post-TBI in mice and rats and 

found NOX2 expression and NOX activity to be increased at 1 dpi [26, 96, 130, 131, 133, 
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140, 141]. Furthermore, translocation of other NOX isoform subunits to the plasma 

membrane has also been demonstrated for p47phox, p67phox, and p40phox in the injured 

brain as early as 6 hours post-injury [133, 142], which further supports NOX activation 

early after TBI. NOX2 activation persists at 7 dpi, when the majority of NOX2 and 

p22phox expression is found in Iba1+ microglia near the lesion [96, 130, 143]. It has even 

been suggested that NOX activity increases in the contralateral cortex at 7 dpi [26], 

indicating that global brain inflammation can occur at this time-point. Microglia that 

persist at 1 month after TBI in the injured hemisphere highly express NOX2 [96, 137]. 

Furthermore, an acute injury such as TBI can lead to chronic activation of microglia, and 

their elevated expression of NOX2 at 3-4 months [130, 144] and even 1 year after the 

initial injury [7]. This finding suggests that NOX2 may play a role in TBI pathogenesis 

and post-injury neuroinflammation.  

 

c. Evidence from Animal Studies – Role of Other Isoforms 

Although the majority of TBI studies have focused on NOX2, other isoforms have 

also been examined, and their expression has been characterized in the post-TBI brain 

[96]. To date, NOX5 and the DUOXs have not been characterized in TBI. Of the ones 

studied, NOX3 appears unresponsive to injury, showing little change in its neuronal 

expression after TBI [96]. Several studies have investigated involvement of NOX1 in 

TBI, showing that an increased NOX activity at 1 dpi was accompanied by increased 

NOX1 expression and elevated oxidative damage, such as lipid peroxidation and protein 

nitration [49, 132, 145]. Induced as early as 6 hours after both single and repeated blast 



 
 

 
 

13 

injuries, NOX1 expression remains elevated through 2-8 dpi and correlates with blood 

brain barrier (BBB) instability [49].  

 

Reports of NOX4’s involvement in TBI have also emerged recently. NOX4 has 

been characterized in neurons, astrocytes, and microglia following CCI [96]. In blast-

injured rats, elevated NOX4 and p22phox expression correlated with increased superoxide 

production [129]. Much remains to be characterized regarding NOX4’s involvement in 

focal TBI. As NOX4 is one of two isoforms found elevated in the brains of post-mortem 

human TBI patients, its definitive role in TBI should be studied to further our knowledge 

of NOX enzymes in TBI pathology. Furthermore, evidence from ischemic brain injury 

studies, where deletion of NOX4 improved outcomes [146, 147], suggests that targeting 

NOX4 may be similarly therapeutic following TBI.  
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FIGURE 1 – Model of NLRP3 inflammasome 

  
.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Model of NLRP3 inflammasome. The NLRP3 inflammasome consists of 3 

major components, NLRP3, ASC, and caspase-1. Upon sensing stimuli, NLRP3 

oligomerizes the pyrin domain (PYD), which interacts with the PYD of apoptosis-

associated speck-like protein containing a CARD (ASC) proteins. The caspase activation 

recruitment domain (CARD) of ASC then recruits caspase-1 (Cas) to this multimeric 

protein complex. Ensuing autoproteolytic cleavage activates caspase-1.  

 

 

 

 
 
 
 
 
 

 

 

LRR 

NAD 

NACH
T 

  

PYD
 

PYD
 

 

CARD
 

 

CARD
 

 Cas 
 

 

 
 
 
 
 
 

 

 

LRR 

NAD 

NACH
T 

  

PYD
 

PYD
 

 

CARD
 

 

CARD
 

 Cas 

 

AS
C 

 

Caspase-1
 

 

N
LRP3

 



 
 

 
 

15 

FIGURE 2 – Structure of active NOX and DUOX enzymes 
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Figure 2: Structure of Active NOX and DUOX enzymes. NOX and DUOX enzymes 

have a primary function to generate ROS. Several components make up the active 

transmembrane enzymes of each NOX/DUOX isoform. NOX1-5 and DUOX1-2 are 

shown here. NOX 1-3 are the most structurally similar, each requiring cytosolic subunits 

for activation. It is believed that the NOX4 isoform is constitutively active, yet inducible, 

and its generated superoxide is rapidly converted into hydrogen peroxide. NOX5 and the 

DUOX enzymes are reportedly sensitive to cellular Ca2+ concentrations. Though not 

pictured, activation of NOX isoforms may require phosphorylation of different sites 

within each subunit.  
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injury (TBI); thioredoxin-interacting protein (TXNIP); wild-type (WT) 

ABSTRACT 

Traumatic brain injury (TBI) is a leading cause of death and disability worldwide. After 

the initial primary mechanical injury, a complex secondary injury cascade involving 

oxidative stress and neuroinflammation follows, which may exacerbate the injury and 

complicate the healing process. NADPH oxidase 2 (NOX2) is a major contributor to 

oxidative stress in TBI pathology, and inhibition of NOX2 is neuroprotective.  The 

NLRP3 inflammasome can become activated in response to oxidative stress, but little is 

known about the role of NOX2 in regulating NLRP3 inflammasome activation following 

TBI. In this study, we utilized NOX2 knockout mice to study the role of NOX2 in 

mediating NLRP3 inflammasome expression and activation following a controlled 

cortical impact. Expression of NLRP3 inflammasome components NLRP3 and apoptosis 

speck like protein containing a CARD (ASC), as well as its downstream products cleaved 

caspase-1 and interleukin-1β (IL-1β) was robustly increased in the injured cerebral cortex 

following TBI.  Deletion of NOX2 attenuated the expression, assembly, and activity of 

the NLRP3 inflammasome via a mechanism that was associated with TXNIP, a sensor of 

oxidative stress. The results support the notion that NOX2-dependent inflammasome 

activation contributes to TBI pathology. 
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INTRODUCTION 

Traumatic brain injury (TBI) is a major cause of disability in young adults and 

contributes to over 30% of injury related deaths [2]. In addition to the serious financial 

burden on the families and society, TBI can lead to grave long-term impairments for the 

survivors [148, 149]. TBI is a highly complex disorder that involves a primary injury 

resulting in neuronal death and a secondary injury cascade involving, but not limited to, 

edema, excitotoxicity, mitochondrial dysfunction, oxidative stress, and inflammation 

[150-153]. This secondary injury can extend past the initially damaged tissue and lead to 

further neurological deterioration for months after the primary injury [154]. Due to the 

heterogeneity of TBI patients and the complex nature of secondary injury cascades 

following TBI, translation of neuroprotective strategies or pharmacological treatments to 

the clinic has proven to be a challenge. 

 

Oxidative stress is one of the major mediators of secondary injury following TBI. Many 

sources may contribute toward the cellular production of reactive oxygen species (ROS); 

however, NADPH oxidases (NOX) are the only family of enzymes solely devoted to the 

production of ROS whereas other enzymes, such as xanthine oxidase, lipooxygenase, 

cyclooxygenase, nitric oxide synthase, and cyp450, generate ROS as a byproduct [69]. 

NOX has essential physiological functions for many cellular signaling pathways and 

immune defense [72]. However, sustained activation, such as that involved in chronically 

activated microglia after TBI, is detrimental to recovery and exacerbates the primary 

injury [7]. Several NOX isoforms have been studied in the context of TBI pathology both 

in humans and in rodents [6]. Post-mortem analysis demonstrated a correlation between 
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elevated NOX2 and NOX4 expression and clinical TBI severity [127, 129], and 

circulating neutrophils of TBI patients show increased NOX2 expression [126]. In 

rodents, our laboratory showed acutely increased NOX2 expression in the cortex and 

CA1 hippocampus in the days following TBI [134]. Other studies reported chronically 

elevated NOX2 expression following TBI [7, 96] and a recent study also showed elevated 

NOX4 expression after TBI [129]. Inhibition of NOX2 has been shown to be 

neuroprotective by reducing lesion severity, apoptosis, oxidative damage, and 

inflammation [6, 134, 136]. 

 

Neuroinflammation is associated with the progression of neurodegenerative disorders and 

contributes to secondary injury after TBI [155-158]. Inflammasomes, such as NOD-like 

receptors (NLRP) and absent in melanoma 2 (AIM 2)-like receptors, are innate immune 

system sensors of damage-associated molecular patterns (DAMPs) and pathogen-

associated molecular patterns (PAMPs) that regulate activation of caspase-1 and promote 

secretion of proinflammatory cytokines, such as IL-1β and IL-18 [35, 159, 160]. NLRP3 

is the most abundant and most studied inflammasome in brain injury [161-163]. Upon 

sensing stimuli, NLRP3 nucleotide binding domain (NBD) oligomerizes the pyrin 

domain (PYD), which serves to nucleate apoptosis speck-like protein containing a CARD 

(ASC) proteins through PYD-PYD interactions. Long ASC filaments then form and 

caspase activation recruitment domain (CARD) interactions recruit pro-caspase-1 to this 

multimeric protein complex. The proximity of pro-caspase-1 to one another induces an 

autoproteolytic cleavage that activates caspase-1, leading to further release of 

proinflammatory cytokines [35].  Although not extensively studied, there is growing 
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evidence that inflammasomes play a role in TBI pathology. In support of this contention, 

high NLRP1, ASC, AIM2, and caspase-1 expression was detected in the CSF of TBI 

patients [37-39] and correlated with severity of TBI [38]. Recent studies have reported 

elevated NLRP3 inflammasome expression in rat [41] and in human brains after TBI 

[40]. Furthermore, ATP and other ROS-induced DAMPs that are released after TBI [42] 

can activate the NLRP3 inflammasome, suggesting a potential therapeutic role for 

NLRP3 after TBI. 

 

Mitochondrial ROS reportedly can activate NLRP3 inflammasomes [43].  In particular, 

NOX isoforms may serve as a source of ROS for inflammasome activation, as p22phox 

knockdown, apocynin, and DPI all independently diminished IL-1β secretion [164]. ROS 

induction of NLRP3 activation would suggest potential involvement of redox-sensing 

proteins in the mechanism of ROS regulation of the inflammasome. In support of this 

possibility, thioredoxin-interacting protein (TXNIP) can directly activate NLRP3 

inflammasome via dissociation of TXNIP from thioredoxin and subsequent binding to 

NLRP3 [44]. However, this has not yet been examined in the context of TBI. 

 

The above studies suggest that NOX2 can potentially regulate NLRP3 inflammasome 

activation; however, several important questions remain unanswered. What is the 

temporal expression of the NLRP3 inflammasome in the mouse brain after TBI? Does 

NOX2 regulate NLRP3 inflammasome expression and complex formation, as well as 

downstream proinflammatory cytokines? If so, what is the mechanism mediating NOX2-

derived ROS crosstalk with NLRP3 inflammasome mediated neuroinflammation? To 
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address these key questions, we used a NOX2 knockout (KO) mouse model to examine 

whether NOX2 is an essential regulator of NLRP3 inflammasome activation in TBI. The 

results of the study reveal that NLRP3 expression, complex formation, and activation are 

robustly increased in the injured mouse cerebral cortex after TBI - an effect paralleled by 

increased cleavage of caspase-1 with associated IL-1b activation.  Furthermore, NOX2 

appears critical for TBI-induced NLRP3 inflammasome pathway activation, as NOX2 

deletion strongly attenuates the expression, complex formation and activation of NLRP3, 

as well as cleavage of caspase-1 and IL-1b activation after TBI. Finally, the results also 

provide evidence that TXNIP may be a key factor mediating the crosstalk between 

oxidative stress and neuroinflammation. 

 

MATERIALS AND METHODS 

Animals 

Adult male 3-month old C5BL/6N mice were obtained from Envigo (Prattville, AL) for 

use in this study. NOX2 KO (B6.129S-Cybbtm1Din/J; stock number 002365) and WT 

(000664) mice of equivalent age and weight were obtained from Jackson Labs (Bar 

Harbor, ME). Mice were housed under humidity and temperature controlled conditions 

with free access to food and water. All animal experiments were approved by the 

Augusta Charlie Norwood VA Medical Center Institutional Animal Care and Use 

Committee. 
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Controlled Cortical Impact 

Mice were anesthetized with isoflurane (2-4%) and subjected to a sham injury or 

controlled cortical impact as detailed previously by our laboratory [134, 165, 166]. Mice 

were placed in a stereotaxic frame (Leica Impact OneTM Stereotaxic Impactor for CCI, 

Buffalo Grove, IL, USA) and a 3.5mm craniotomy was made in the right parietal bone 

midway between the lambda and the bregma with the medial edge 1-mm lateral from the 

midline. The dura was left intact. TBI mice, but not shams, were impacted at 4.5 m/s 

impactor with 20 ms dwell time and 1 mm depression using a 3 mm diameter convex tip 

to produce a moderate TBI. Bone wax was used to cover the cranial window and the 

scalp incision was closed with surgical staples. Mice were allowed to recover before 

being placed back in to their housing environment. Throughout the procedure, body 

temperature was monitored and maintained at 37°C using a small thermometer (Kopf 

Instruments, Tujunga, CA, USA). In experiments that utilized the NADPH oxidase 

inhibitor, apocynin (Sigma-Aldrich, 5 mg/kg) or saline were administered by 

intraperitoneal (IP) injections beginning at 23 hours after TBI, and administered every 24 

hours until time of sacrifice. Sham operated mice received identical treatment except for 

the cortical impact. Control animals did not undergo any procedures. Fewer mice were 

utilized for the sham and control groups due to their low variability within each group. 

WT TBI, KO TBI, and APO TBI groups indicate wild type, NOX2 knockout, or 

apocynin treated mice sacrificed at timepoints indicated in the text.  
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Tissue Collection 

All animals were transcardially perfused with ice-cold saline and decapitated at the 

desired time point after TBI. For RT-PCR and Western blot analysis, the brains were 

dissected and processed, as described in subsequent sections. For coronal sections, mice 

were transcardially perfused with saline and then 4% paraformaldehyde before 

decapitation. The perfused brains were removed, fixed in 4% paraformaldehyde for 24 

hours, then cryoprotected in 30% sucrose and sectioned on a cryostat to obtain 20 µM 

coronal sections for further staining, immunohistochemistry, or proximity ligation assay. 

Figure 1 outlines the perilesional area from where all confocal images were taken. 

 

BV2 Cell Experiments 

BV2, immortalized murine microglia, cells were cultured in RPMI 1640 media 

supplemented with 10% heat-inactivated FBS at 37 °C in a humidified incubator with a 

5% CO2 atmosphere. Samples for inflammasome positive control was collected after cells 

were treated with 500 ng/mL LPS (Sigma L4130) for 3 hours. 20 µg protein was applied 

to each lane for Western blot analysis. 

 

Quantification of Lesion Volume and NeuN 

To quantify cortical tissue loss following CCI, coronal sections taken from the middle of 

the brain lesion showing the largest damage were stained with cresyl violet and imaged 

using a digital camera integrated with a light microscope. Using a similar method as 

previously described [167, 168], we took coronal sections from the center of the lesion 

for each mouse and assessed the area of the ipsilateral and contralateral cortices using 
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NIH Image J software. The cortical lesion size was expressed as a percentage, calculated 

as follows: (Ac – Ai)/(Ac) × 100, where Ac is the contralateral cortical area and Ai is the 

ipsilateral cortical area. This method allows the quantification of lesion size as a 

percentage of the contralateral (uninjured) cortex of the same coronal section for each 

mouse. NeuN+ cells were counted using a method similar to that previously reported 

[169]. %NeuN+ cells were calculated as (# of NeuN+ cells)/(# of DAPI+ cells) in a 

consistent and set area using 40x confocal images as described below. The percentages of 

%NeuN+ cells were reported relative to that of sham mice. Sections from 4 mice (4 

sections per mouse) per experimental group were examined for the lesion analysis and for 

quantification of neuronal survival. 

 

RT-PCR  

Injured cortical tissue from the perilesional area (or an anatomically matched cortical area 

on sham/control mice) averaging 50-60 mg per mouse was collected at various time 

points after TBI. RNA was isolated using the SV total RNA isolation system (Promega). 

Superscript III one-step RT-PCR system with platinum Taq DNA Polymerase 

(Invitrogen) was used for reverse transcriptase-PCR. Primers are as listed in Table 1 

(Integrated DNA Technologies). Gene expression analyses were done using the 

comparative ΔΔCt method and mRNA changes were expressed as fold change as 

compared to control animals. 18S was used as the housekeeping gene for normalization. 

Group average ΔCt values for NLRP3, ASC, caspase-1, and IL-1β are shown in Table 2. 
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Western Blot Analysis 

50-60 mg of injured cortical tissue from the perilesional area (or a similar cortical area on 

sham/control mice) were collected at various time points after TBI as previously 

described by our laboratory [134, 170].  The tissue was immediately frozen in dry ice or 

kept on ice for immediate homogenization using a tissue tearor with ice-cold RIPA 

buffer. The homogenate was centrifuged at 12,000 RPM for 20 minutes at 4°C and the 

supernatant was aliquoted for further analysis. Protein concentrations were determined by 

the BCA Protein Assay (Thermo Fisher Scientific, Carlsbad, CA). 40 µg samples of 

protein was separated on a 4-20% SDS-PAGE gel and transferred onto 0.2 µM 

nitrocellulose membranes. Blots were blocked with 5% bovine serum albumin for 1 hour 

at room temperature with gentle shaking. After blocking, the blots were incubated 

overnight in 4°C with the following antibodies: NLRP3 (1:1000, Adipogen, AG-20B-

0014), ASC (1:200, Santa-Cruz, sc-22514-R), cleaved caspase 1 p20 (1:1000, Adipogen, 

AG-20B-0042), and IL-1β (1:1000, Abcam, ab9722). β-actin (1:4000, Sigma Aldrich, 

A5441) was used as a loading control. The membrane was then washed with 1x TBST, 

then incubated with secondary antibodies. Bound proteins were visualized using the 

Odyssey imaging System (LI-COR Bioscience, Lincoln, NB) and analyzed with NIH 

Image J analysis software. The immunoblot densities were corrected based on 

corresponding β-actin loading controls. 

 

Confocal Microscopy and Image Analysis 

Three to four coronal sections from each mouse were washed with PBS and 

permeabilized with 0.4% Triton-X PBS for 20 minutes. The sections were then blocked 
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with 10% normal donkey serum for 1 hour at room temperature in a buffer containing 

0.1% Triton. Sections were incubated for 2 nights with primary antibody at 4°C in the 

same buffer using the following antibodies: NeuN (1:200, Millipore MAB377), ASC 

(1:50, Santa-Cruz, sc-22514-R), NLRP3 (1:50, Santa-Cruz, sc-66846), cleaved caspase 1 

p20 (1:50, Santa-Cruz, sc-22165), cleaved IL-1β (1:50, Santa-Cruz, sc-23459), and 

TXNIP (1:50, Santa-Cruz, sc-33099). After primary antibody incubation, the sections 

were washed in PBS and incubated with the appropriate secondary antibodies (1:500, 

Alexa Fluor 488/568) for 1 hour at room temperature. Sections were then mounted with 

water-based DAPI mounting medium containing anti-fading agents and observed using 

confocal microscopy. All images were captured on a confocal laser microscope (Carl 

Zeiss, Germany) using Zen software at 40x magnification. The intensity above threshold 

of the fluorescent signal of the bound antibodies was analyzed using NIH ImageJ 

software.  Data were expressed as fold change from sham. 

 

Proximity Ligation (Duolink) Assay 

The proximity ligation (Duolink) assay was performed, as described by our laboratory 

[171]. Briefly, coronal brain sections were blocked in 5% (vol/vol) donkey serum for 1 

hour at room temperature and incubated overnight with the following pairs of primary 

antibodies: goat-NLRP3 (Santa-Cruz, sc-34408) and rabbit-ASC (Santa-Cruz, sc-22514-

R); or rabbit-NLRP3 (Santa-Cruz, sc-66846) and goat-TXNIP (Santa-Cruz, sc-33099) at 

4 °C. These sections were then incubated for 1 hour at 37 °C with the following Duolink 

PLA probes: anti-Rabbit MINUS (Sigma-Aldrich, DUO92005) and anti-goat PLUS 

(Sigma-Aldrich, DUO92003). Duolink in-situ detection reagent kit (Sigma-Aldrich, 
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DUO92008) was used for ligation and amplification at 37 °C using the according to the 

manufacturer’s protocol. All sections were then mounted on a slide using DAPI mounting 

media and all images were captured on a confocal laser microscope (Carl Zeiss, 

Germany) using the Zen software at 40x magnification. Fluorescence of PLA indicating 

interacting proteins was analyzed as intensity above threshold using NIH ImageJ 

software and represented as fold change from shams.  

 

Statistical Analysis 

Independent two-sample t-test was conducted to investigate difference between lesion 

volume of WT vs KO TBI mice. The one-way ANOVA test was conducted to analyze 

differences within control, sham, and the different time points following TBI. The one-

way ANOVA test was also used to investigate whether there is a significant difference 

among control, sham, WT, KO, and APO (apocynin) mice for all proteins in the study. 

Whenever an ANOVA test was found to be significant, the post-hoc Tukey’s test was 

conducted to make pairwise comparisons between the groups of animals. Statistical 

significance was accepted at the 95% confidence level (P<0.05) using GraphPad Prism. 

Data was expressed as mean ± standard error (SEM).   

 

RESULTS 

Mice deficient in NOX2 have reduced lesion size and neuronal cell death after TBI. 

Fig. 2A shows representative cresyl violet staining of brain sections from Sham, WT and 

NOX2 KO mice to examine lesion size. As shown in Fig. 2A, sham injured mice show no 

gross lesion or noticeable damage to the cerebral cortex. In contrast, WT animals 
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undergoing CCI exhibit a moderately sized lesion, which is significantly reduced in 

NOX2 KO mice. To further quantitate the findings, lesion volume was calculated at the 

center of the lesion on the largest injured area (outlined in black) and compared to 

anatomically matched cortical sections. As shown in Fig. 2A, NOX2 KO mice have a 

significant reduction in lesion size, as compared to WT mice. Closer examination of the 

injured cortex under confocal microscopy revealed that TBI decreases the number of 

NeuN+ neurons in the injured cortex in WT, whereas mice deficient in NOX2 retain 

similar neuronal densities as sham mice (Fig. 2B). These findings indicate that deletion of 

NOX2 offer robust neuroprotection after TBI. 

 

TBI induces NLRP3 inflammasome expression in the cortex.  

We next hypothesized that NOX2 may play a role in NLRP3 inflammasome activation 

after TBI.  To test this hypothesis, we first performed a time course examining expression 

of NLRP3 inflammasome pathway factors in the cerebral cortex after TBI.  As shown in 

Fig. 3A, RT-PCR analysis revealed that NLRP3 mRNA levels in the cortex increased 

2.6-fold at 4 days and 3-fold at 7 days after TBI in WT mice (relative to uninjured sham 

mice). Similarly, ASC mRNA expression was significantly increased at 2-7 days after 

TBI, showing a 6-fold increase at peak elevation compared to sham. Expression of pro-

caspase-1, a substrate of the NLRP3 inflammasome, also was significantly elevated at 4 

days after TBI showing a 2.5-fold increase. In line with the RT-PCR results, Western blot 

analysis revealed that NLRP3 and ASC protein levels were elevated in the cortex at 4, 7, 

and 14 days after TBI (Fig 3B).  Furthermore, p20, the cleaved product of caspase-1, 
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showed a time dependent increase in cleaved caspase-1 expression within the cerebral 

cortex following TBI. 

 

NOX2 deletion or inhibition leads to a significantly reduced induction of NLRP3 

Inflammasome pathway factor expression in the injured cortex following TBI. 

Since ROS can stimulate NLRP3 inflammasome activation in vivo and in vitro [172], and 

NOX2 is a major generator of superoxide, we therefore sought to determine the role of 

NOX2 in induction of NLRP3 inflammasome pathway factor expression after TBI. Based 

on our current findings, the NLRP3 inflammasome appears to be strongly induced at the 

4-day post-TBI time point. We examined effects of NOX2 deletion on NLRP3 

inflammasome components using NOX2 KO mice. We saw no significant baseline 

differences between WT and KO mice (Fig. 4). NOX2 KO mice exhibited a significant 

reduction in NLRP3 and ASC gene expression at day 4 post-TBI, as compared to wild-

type mice (Fig. 5A). Furthermore, increased immunoreactivity of NLRP3 and ASC 

within the perilesional cortex at 4 days post-TBI in WT mice was significantly attenuated 

in NOX2 KO mice (Fig. 5B). Examination of cortical sections at the 7-day post-TBI time 

point showed similar attenuation of NLRP3 and ASC immunoreactivity with deletion of 

NOX2 (Fig. 6). To further confirm these results, we subjected cortical lysates from WT 

and NOX2 KO groups to Western blot analysis. We also included an additional group in 

which animals were treated with a NOX inhibitor, apocynin, so as to further confirm our 

NOX2 KO findings. Representative Western blots and densitometric analysis show that 

both NOX2 deletion and inhibition of NOX2 by apocynin significantly attenuated 

NLRP3 and ASC protein expression at 4 days after TBI, as compared to the WT group 
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(Fig. 5C). Similar Western blot results were obtained at 7 days after TBI where NOX2 

KO mice showed attenuation of NLRP3 and ASC protein expression as compared to WT 

mice (Fig. 7). 

 

Reduced NLRP3 inflammasome complex formation in the injured cortex of NOX2 

KO mice following TBI. 

Assembly of NLRP3 inflammasome components into a complex is necessary for 

functional activation. We therefore used an in situ Duolink co-immunoprecipitation assay 

to measure the protein-protein interaction of NLRP3 and ASC in the injured mouse 

cortex at 4 days after TBI. TBI increased NLRP3-ASC complex formation, as visualized 

using confocal microscopy, in the injured cerebral cortex at 4 days post-TBI, as 

compared to sham controls (Fig. 8). Examination at 7 days after TBI revealed similar 

reduction in the NLRP3 inflammasome complex formation with deletion of NOX2  (Fig. 

9). Notably, deletion of NOX2 significantly suppressed the TBI-induced NLRP3-ASC 

complex formation in the injured cortex, indicating that NOX2 regulates both NLRP3 

inflammasome expression and the complex formation after TBI. 

 

NOX2 regulates caspase-1 expression and activity after TBI. 

We next sought next to examine the gene expression of the NLRP3 downstream 

effectors, caspase-1 and IL-1β in the injured cerebral cortex at 4 days post-TBI. As 

shown in Fig. 10A, mRNA expression of caspase-1 and IL-1β were increased at 4 days 

post-TBI in the injured cerebral cortex of WT, but not NOX2 KO, mice. Since activation 

of the inflammasome leads to increased caspase-1 cleavage, which in turn cleaves IL-1β 
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into the mature form, we next utilized Western blot analysis to assess the cleavage of 

caspase-1 and IL-1β into their mature forms in the injured cortex at 4 days post-injury. 

TBI significantly increased the cleavage of both caspase-1 and IL-1β in the injured 

cortex, effects that were significantly attenuated in NOX2 KO mice or by apocynin 

treatment (Fig. 10B). Additional blots confirming these results for expression of cleaved 

IL-1β in WT, KO and apocynin-treated groups are shown in Fig. 11. This attenuation in 

cleavage is also observed at the 7-day post-TBI time point (Fig. 7).  The cleavage of 

caspase-1 and IL-1β is further confirmed via immunofluorescent labeling of their cleaved 

products (Fig. 10C). Similarly, immunoreactivity of the cleaved caspase-1 subunit, p20, 

and of cleaved IL-1β was reduced within the perilesional cortex of NOX2 KO mice after 

TBI (Fig. 10C). Examination of 7-day post-TBI sections also showed similar attenuation 

of caspase-1 and IL-1β cleavage (Fig. 6). 

 

TXNIP links NOX2-dependent oxidative stress and NLRP3 inflammasome 

activation.  

TXNIP, which directly links oxidative stress to NLRP3 inflammasome formation [44], 

was next examined by dual immunofluorescent labeling of NLRP3 (red) and TXNIP 

(green). As shown in Fig. 12A, TBI significantly increased expression of TXNIP in the 

injured cortex of WT mice at 4 days post-TBI, as compared to sham mice; however, this 

effect was significantly attenuated in NOX2 KO mice (Fig. 12A). Of note, a NOX2-

dependent co-localization of TXNIP and NLRP3 were observed after TBI. We next 

examined protein-protein interaction between TXNIP and NLRP3 using the Duolink 

proximity ligand assay. The increased interaction of TXNIP and NLRP3 after TBI was 
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reversed in NOX KO mice at 4 days after injury (Fig. 12B).  Examination of injured brain 

sections at 7 days post-TBI also showed attenuated TXNIP-NLRP3 interaction in NOX2 

deficient mice (Fig. 13). Thus, TXNIP may link NOX2-dependent oxidative stress and 

NLRP3 inflammasome activation in TBI. 

 

DISCUSSION 

 

The current study provides several important findings. First, it demonstrates that NLRP3 

inflammasome expression and activation is strongly induced in the injured mouse 

cerebral cortex after TBI. Secondly, it demonstrates that induction of the NLRP3 

inflammasome after TBI is coupled with increased interaction with TXNIP, a known 

activator of NLRP3. Thirdly, it provides the novel insight that NOX2 deletion strongly 

attenuates NLPR3 inflammasome activation after TBI, an effect that correlated with a 

reduced interaction of NLRP3 and TXNIP. The results of our studies were confirmed 

using multiple approaches, which demonstrated that NOX2 regulation of the NLRP3 

inflammasome is exerted at levels of gene, protein, and complex assembly.  

 

The complex secondary cascade of injury following TBI involves oxidative stress and 

inflammation. NOX2 and microglial activation are detrimental after TBI [6, 7, 46, 134, 

136, 139].  Though the study of inflammasomes in the context of TBI is relatively recent, 

the detrimental role of elevated IL-1β after TBI is well documented [173-175]. Our 

results demonstrate that therapeutic targeting of NOX2 after TBI may attenuate this 

inflammatory secondary injury cascade involving IL-1β via a mechanism involving the 
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NLRP3 inflammasome. We and others previously showed that NOX2 expression and 

NADPH oxidase activity increases rapidly in the mouse cerebral cortex and hippocampal 

CA1 region after TBI with a prolonged peak from 24–96 hours after TBI that occurs in 

microglia [6, 134, 136]. That NOX2 has a critical role in TBI outcome is evidenced by 

our finding that cortical lesion size is significantly decreased and neuronal survival 

robustly increased in NOX2 deletion mice, which agrees with previous studies by our 

group and others showing a similar protective effect of NOX2 deletion and NOX2 

inhibitors after TBI [134, 136]. Furthermore, NOX2 inhibition has been shown to lead to 

improved neurological outcome after TBI [139].  

 

We utilized a NOX2 KO mouse model of TBI to elucidate the role of NOX2 in 

inflammasome activation following TBI. We also utilized a selective NOX inhibitor, 

apocynin to further confirm the NOX2 genetic deletion results. Both deletion and 

inhibition of NOX2 decreased the expression and activation of the NLRP3 

inflammasome following TBI.  These changes were paralleled by a concomitant 

reduction in IL-1β, supporting a regulatory role of NOX2 in pro-inflammatory activation 

after TBI.  While suggestive of a role for NOX2 in NLRP3 regulation, the use of 

apocynin may be a caveat.  Although apocynin inhibits NOX2 assembly [176-178] and 

requires NOX2 to elicit protection after cerebral infarction [179], apocynin also may 

produce anti-inflammatory and anti-oxidant effects independent of NOX2 [180, 181]. 

Despite this mechanistic limitation, apocynin exhibits documented clinical safety in 

asthma and chronic obstructive pulmonary disease patients [182, 183] and reduced 

inflammasome formation, even when administered up to 24 hours post-TBI. As 24 hours 
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is beyond the peak expression of NOX2 in neurons [134], the delayed NOX2 elevation in 

immune cells may mediate release of pro-inflammatory cytokines, such as IL-1β, to 

exacerbate secondary injury after TBI. Thus, our studies provide translational value 

supporting the therapeutic use of apocynin to reduce neuroinflammation within a delayed, 

clinically relevant therapeutic window after TBI.  

 

Based on the results of our study, we propose that NOX2-derived oxidative stress induces 

TXNIP interaction with NLRP3 to lead to NLRP3 inflammasome activation, which 

exacerbates inflammation in the injured cortex after TBI. It is possible that NOX2 may 

indirectly regulate inflammasome-mediated neuroinflammation via altering migratory 

behavior and/or inflammatory phenotype of peripheral immune cells that infiltrate the 

injured cortex [184-186]. However, Kumar et al. reported previously that CD45hi cell 

numbers did not vary between WT and NOX2-/- mice when examining the injured cortex 

at 3 days post-TBI, suggesting that NOX2 did not affect numbers of infiltrating 

peripheral macrophages [185]. The same study also determined NOX2 involvement in 

microglial polarization following TBI [185], but whether polarization differences 

contribute to NLRP3 activation is unknown. Since both resident and peripheral immune 

cells are implicated in neuroinflammation after TBI, further studies are needed to address 

the involvement of inflammasomes in the infiltrating macrophages that migrate to the 

injured cortex following TBI. 

 

While our findings suggest that NOX2 mediates NLRP3 inflammasome activation 

following TBI, we cannot rule out the possibility that other NOX isoforms may also 
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contribute to inflammasome activation, as NOX4 is elevated in both rodent and human 

cortex after TBI [129]. Furthermore, NOX4 has been reported to regulate NLRP3 

inflammasome activation in human umbilical vein endothelial cells under high glucose 

environment and to modulate TXNIP [187].  Although NOX2 did not regulate NLRP3 or 

TXNIP in the umbilical vein endothelial cells [187], NOX2 deletion attenuated NLRP3 

induction in the cerebral cortex of mice after ischemic stroke [188], as we observed after 

TBI. The reason for the divergent effects is not clear, but it could suggest that NOX 

isoform regulation of NLRP3 inflammasome activation may be tissue- and/or context-

specific. Importantly, these observed effects were independent of strain and supplier, 

further supporting the notion that NOX2 inhibition on NLRP3 inflammasome is a 

conserved mechanism of injury after TBI (Fig. 14), and this relationship may apply to 

other disease models utilizing different mice strains.  

 

An interesting question is whether NOX2 regulates other types of inflammasomes in 

addition to the NLRP3 inflammasome. While our study did not address this issue, 

correlational human studies suggested involvement of NLRP1 and AIM2 in the 

pathogenesis of TBI [37-39]; however, these findings remain to be demonstrated in 

mechanistic experimental models. In addition, while there is significant evidence that 

ROS can regulate the NLRP3 inflammasome, there is little evidence of similar ROS 

regulation of NLRP1 and AIM2. Thus, further work is needed to elucidate the role of 

other inflammasome complexes in TBI and determine any potential regulation by NOX.  
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In conclusion, the results of our study demonstrate increased NLRP3 inflammasome 

activation is in the injured cortex after TBI.  Notably, we show that NOX2 regulates 

NLRP3 inflammasome expression and activation. Furthermore, we show that NOX2 

regulation of the NLRP3 inflammasome may be through oxidative stress sensing of 

TXNIP. These findings provide new insight into the anti-inflammatory effects of NOX2 

inhibition and support the potential translational value for NOX inhibitors in the clinical 

management of TBI. Thus, therapeutic targeting of NLRP3 inflammasome may provide a 

novel and efficacious treatment for TBI, as well as other acute and chronic brain injuries 

involving activation of the NLRP3 inflammasome.  
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TABLE 1 – List of RNA primers used for RT-PCR 

 

Gene Forward Reverse 

18S 
5’ GTAACCCGTTGAACCCCATT 3’ 5’ CCATCCAATCGGTAGTAGCG 3’ 

NLRP3 
5’ GTTCTGAGCTCCAACCATTCT 3’ 5’ CACTGTGGGTCCTTCATCTTT 3’ 

ASC 
5’ CAGAGTACAGCCAGAACAGGACAC 3’ 5’ GTGGTCTCTGCACGAACTGCCTG 3’ 

Caspase-1 
5’ GGGCAAAGAGGAAGCAATTTATC 3’ 5’ GTGCCTTGTCCATAGCAGTAA 3’ 

IL-1β 
5’ AGAGCATCCAGCTTCAAATCTC 3’ 5’ CAGTTGTCTAATGGGAACGTCA 3’ 
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TABLE 2 – Average ΔCt values from RT-PCR studies comparing WT vs KO 

 

 Ctrl Sham WT 4d TBI KO 4d TBI 
NLRP3 18.982 18.836 17.645 18.739 
ASC 17.186 16.774 14.953 15.652 
Caspase-1 17.097 17.010 15.832 17.836 
IL-1β 28.456 26.964 23.441 26.411 
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FIGURE 1 – Demarcated perilesional area 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Demarcated perilesional area. Representative DAPI-stained confocal image 

of whole-brain slice showing perilesional area used for WB, IHC, and PCR analyses. 

Whole-brain image was created by stitching together 20 images taken at 4x of WT mouse 

at 4d post-TBI. White-dotted outline demarcates perilesional area from where all 

confocal images have been taken.  

  

 



 
 

 
 

42 

FIGURE 2 – Mice deficient in NOX2 have both reduced lesion size and reduced 

neuronal damage after TBI 
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Figure 2: Mice deficient in NOX2 have both reduced lesion size and reduced 

neuronal damage after TBI. (a) Representative cresyl violet staining on day 4 after TBI 

from sham, WT TBI, and NOX2 KO TBI mice show neurons. Images have been 

converted to grayscale for added clarity. Mice were sacrificed at 4 days after TBI, and the 

brains of sham, WT TBI, and NOX2 KO TBI were collected for sectioning into 20 µM 

slices. Lesion size of TBI mice was calculated as a percent relative to a similarly affected 

area from the contralateral cortex of the same section. Lesion areas used for 

quantification are outlined in black. NOX2 KO mice show reduced lesion volume on 

gross examination throughout the injured cortex as quantified to the right. n = 4–6 

mice/group. (**p<0.01 WT versus NOX2 KO) (b) Representative confocal images 

showing NeuN (green) and DAPI (blue) fluorescent signal of the injured cortex in sham, 

WT, and NOX2 KO mice at 4 days post-TBI. NeuN/DAPI double-positive cells were 

counted and analyzed as a percent of total DAPI+ cells, which is shown below the 

representative panel. TBI reduces NeuN-positive cells in the injured cortex, which is 

attenuated with deletion of NOX2. n = 4 mice/group. Scale bar represents 50 µM. 

(****p<0.0001 sham versus WT; ###p<0.001 WT versus KO).  
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FIGURE 3 – Time course gene and protein expression of NLRP3 inflammasome 

components in the mouse cerebral cortex after TBI 
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Figure 3: Time course gene and protein expression of NLRP3 inflammasome 

components in the mouse cerebral cortex after TBI. (a) Temporal pattern of NLRP3, 

ASC, and caspase 1 gene expression after TBI in WT mice between 1- and 14-day post-

TBI showing peak increased mRNA expression between 4 and 7 days after TBI.  n = 4, 7, 

4, 7, 6, 13, and 4 mice (ctrl, sham, 1d, 2d, 4d, 7d, and 14d, resp.). (b) Representative 

Western blots showing temporal protein expression of NLRP3, ASC, and cleaved 

caspase-1 p20 after TBI in WT mice at 4, 7, and 14 days after TBI. Quantification of all 

blots shown below the image indicating increased protein expression of NLRP3, ASC, 

and cleaved caspase-1 after TBI (data normalized to β-actin and presented as fold change 

relative to ctrl mice). BV2 sample included as positive control. n = 4, 4, 6, 6, and 6 mice 

(ctrl, sham, 4d, 7d, and 14d, resp.). (*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 

sham versus TBI). 
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FIGURE 4 – WT and KO mice show no differences in expression of NLRP3 

inflammasome components at baseline 
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Figure 4: WT and KO mice show no differences in expression of NLRP3 

inflammasome components at baseline. (a) Representative confocal images show 

baseline immunoreactivity of NLRP3, ASC, cleaved caspase-1 (p20), cleaved IL-1β, and 

NeuN in WT and KO sham mice. No differences in the expression of inflammasome 

components were observed between WT and KO sham mice. Scale bar represents 50 µM. 

(b) Quantitative RT-PCR results for ASC and IL-1β, genes that appeared slightly 

elevated due to sham surgery. No differences were observed between WT and KO sham 

mice at 4 days-post injury in the mRNA expression of ASC and IL-1β. n = 4, 3 mice (WT 

sham and KO sham, resp.).  
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FIGURE 5 – Deficiency of NOX2 reduces gene and protein expression of NLRP3 

and ASC in the mouse cerebral cortex after TBI 
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Figure 5: Deficiency of NOX2 reduces gene and protein expression of NLRP3 and 

ASC in the mouse cerebral cortex after TBI. (a) Deletion of NOX2 attenuates mRNA 

gene expression of NLRP3 and ASC at 4 days after TBI as compared to WT mice. n = 4, 

6, 6, and 8 mice (ctrl, sham, WT, and KO, resp.). (b) Representative confocal images 

show that NLRP3 and ASC immunoreactivity is increased at 4 days post-TBI in the WT-

injured cortex. Deletion of NOX2 attenuates the expression of NLRP3 and ASC in the 

injured cortex following TBI. All images quantified below representative panel (data 

presented as fold change relative to sham mice). n = 4, 6, and 6 mice (sham, WT, and 

KO, resp.). Scale bar represents 50 µM. (c) Representative Western blot and 

quantification of all blots show the protein expression of NLRP3 and ASC in WT, NOX2 

KO, and apocynin-treated mice at 4 days post-TBI (data normalized to β-actin and 

presented as fold change relative to WT ctrl mice). Both the deletion of NOX2 and 

inhibition of NOX attenuated NLRP3 and ASC protein levels. BV2 sample included as 

positive control. n = 4, 4, 7, 7, and 4 mice (WT ctrl, KO ctrl, WT, KO, and APO, resp.). 

(*p<0.05, **p<0.01, and ****p<0.0001 sham versus WT TBI; ##p<0.01, ###p<0.001, 

and ####p<0.0001 WT TBI versus KO or APO TBI).  
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FIGURE 6 – Deletion of NOX2 attenuates immunoreactivity of the injured mouse 

cortex to NLRP3 inflammasome and its products at 7 days post-TBI 
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Figure 6: Deletion of NOX2 attenuates immunoreactivity of the injured mouse 

cortex to NLRP3 inflammasome and its products at 7 days post-TBI. Representative 

confocal images show that NLRP3, ASC, cleaved caspase-1 (p20), and cleaved IL-1β are 

elevated at 7 days post-TBI in WT injured mouse cortex. Deletion of NOX2 attenuates 

the expression of both the inflammasome and its products in the injured cortex at 7 days 

post-TBI. All confocal images were quantified to the right of the representative panel of 

images (presented as fold change relative to shams). n = 4, 5, and 4 mice (sham, WT, and 

KO, resp.). Scale bar represents 50 μM. (**p<0.01, ***p<0.001, sham versus WT TBI; 

#p<0.05, ##p<0.01, and ###p<0.001 WT TBI versus KO TBI).  
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FIGURE 7 – Deletion of NOX2 suppresses protein expression of NLRP3 

inflammasome and its products at 7 days post-TBI 
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Figure 7: Deletion of NOX2 suppresses protein expression of NLRP3 inflammasome 

and its products at 7 days post-TBI. Representative Western blots and quantification of 

all blots show the protein expression of NLRP3, ASC, cleaved caspase-1 (p20), and IL-

1β in WT and NOX2 KO mice at 7 days post-TBI. Deletion of NOX2 was able to 

suppress expression of the NLRP3 inflammasome and its products caspase-1 and IL-1β at 

this later time point. Values presented as fold change relative to WT ctrl mice. n = 4, 5, 

and 3 mice (sham, WT, and KO, resp.). (***p<0.001, ****p<0.0001 sham versus WT 

TBI; ##p<0.01, ###p<0.001, ####p<0.0001 WT TBI versus KO TBI). 
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FIGURE 8 – NOX2 deletion leads to a decrease in NLRP3 inflammasome complex 

formation in the injured mouse cortex after TBI 

 

 

 

 

Figure 8: NOX2 deletion leads to a decrease in NLRP3 inflammasome complex 

formation in the injured mouse cortex after TBI. Proximity ligation assay (PLA) 

demonstrates NLRP3-ASC complex formation after TBI and regulation by NOX2. 

Representative confocal images of Duolink in situ co-IP show red fluorescence indicative 

of NLRP3-ASC protein-protein interaction in the injured cortex at 4 days post-TBI. 

Deletion of NOX2 attenuates NLRP3-ASC complex formation at 4 days post-TBI in the 

injured cortex. Quantification of all images shows a significant increase in NLRP3 

inflammasome complex formation after TBI that is significantly attenuated by NOX2 

deletion (data presented as fold change relative to sham mice). n = 4, 7, and 8 mice 

(sham, WT, and KO, resp.). Scale bar represents 50 µM. (*p<0.05 sham versus WT TBI; 

##p<0.01 WT TBI versus KO TBI). 
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FIGURE 9 – Deletion of NOX2 attenuates NLRP3 inflammasome complex 

formation in the injured mouse cortex at 7 days post-TBI 

 

 

 

 

Figure 9: Deletion of NOX2 attenuates NLRP3 inflammasome complex formation in 

the injured mouse cortex at 7 days post-TBI. Representative confocal images of 

Duolink in situ co-IP show red fluorescence indicative of NLRP3-ASC protein-protein 

interaction in the injured cortex at 7 days post-TBI. Deletion of NOX2 attenuates the 

NLRP3-ASC complex formation at 7 days post-TBI in the injured cortex. Quantification 

of all images shows a significant increase in NLRP3 inflammasome complex formation 

after TBI that is significantly attenuated by NOX2 deletion (presented as fold change 

relative to shams). n = 4, 6, and 6 mice (sham, WT, and KO, resp.). Scale bar represents 

50 µM. (*p<0.05 sham versus WT TBI; ##p<0.01 WT TBI versus KO TBI). 
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FIGURE 10 – NOX2 deletion leads to a decrease in expression and activation of the 

NLRP3 inflammasome effectors, caspase-1 and IL-1β in the injured cortex after 

TBI 
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Figure 10: NOX2 deletion leads to a decrease in expression and activation of the 

NLRP3 inflammasome effectors, caspase-1 and IL-1β in the injured cortex after 

TBI. (a) Quantitative RT-PCR for inflammasome components and downstream 

interleukins caspase 1 and IL-1β. mRNA samples were collected from the injured cortex 

at 4 days post-TBI in WT and NOX2 KO mice. Caspase-1 and IL-1β mRNA show 

increased gene expression at 4 days post-TBI. Deletion of NOX2 significantly attenuates 

these changes. n = 4, 6, 6, 9 mice (ctrl, sham, WT, and KO, resp.). (b) Representative 

Western blot showing protein expression of NLRP3 inflammasome products cleaved 

caspase-1 p20 and cleaved IL-1β. At 4 days after TBI, WT mice show increased 

expression of both cleaved effectors. However, mice deficient in NOX2 show attenuated 

cleavage of caspase-1 and IL-1β. Inhibition of NOX using apocynin also produces similar 

attenuated cleavage. Quantification of blots shown below representative image (data 

normalized to β-actin and presented as fold change relative to WT ctrl mice). BV2 

sample included as positive control. n = 4, 4, 7, 7, and 4 mice (WT ctrl, KO ctrl, WT, 

KO, and APO, resp.). (c) Representative confocal images showing immunoreactivity of 

cleaved caspase 1 p20 and cleaved IL-1β in the injured cortex after TBI for WT and 

NOX2 KO mice. All images have been quantified to the right of the representative panel 

(data presented as fold change relative to sham mice). TBI increased cleavage of caspase-

1 and IL-1β as detected by immunoreactivity of its cleaved products in WT mice at 4 

days post-TBI. Deletion of NOX2 attenuates this cleavage of caspase-1 and IL-1β at 4 

days post-TBI. n = 4, 6, and 6 mice (sham, WT, and KO, resp.). Scale bar represents 50 

µM. (**p<0.01, ***p<0.001, ****p<0.0001 sham versus WT TBI; #p<0.05, ##p<0.01, 

and ###p<0.001 WT TBI versus KO or APO TBI). 
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FIGURE 11 – Additional Western blots for IL-1β 

 

 

 

Figure 11: Additional Western blots for IL-1β. Blot showing cleaved IL-1β product in 

different set of WT ctrl, WT 4d TBI, and KO 4d TBI mice and an additional APO 4d TBI 

mouse from those depicted in Figure 10. Densitometry quantification represents samples 

in this set of blots relative to respective loading controls. Inhibition of NOX2 via either 

knockout or apocynin reduces protein expression of cleaved IL-1β. Data presented as fold 

change relative to WT ctrl mice). (****p<0.0001 WT ctrl versus WT TBI; #p<0.05 WT 

TBI versus APO TBI; ###p<0.001 WT TBI versus KO TBI). 
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FIGURE 12 – NOX2 deletion significantly attenuates TBI-induced TXNIP 

expression and complex formation within the injured mouse cortex 
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Figure 12: NOX2 deletion significantly attenuates TBI-induced TXNIP expression 

and complex formation within the injured mouse cortex. (a) Expression of TXNIP in 

the injured cortex after TBI. Representative images from sham, WT, and NOX2 KO mice 

show that TBI increases expression of TXNIP in the injured cortex after TBI, and TXNIP 

co-localizes with NLRP3 expression. Deletion of NOX2 attenuates the expression of 

TXNIP in the injured cortex at 4 days post-TBI. Immunoreactivity from all images has 

been quantified to the right of the representative panel (data presented as fold change 

relative to shams). n = 4, 6, and 6 mice (sham, WT, and KO, resp.). (b) In situ PLA 

demonstrating NLRP3-TXNIP complex formation after TBI and regulation by NOX2. 

Representative confocal images of Duolink in situ co-IP show red fluorescence indicative 

of NLRP3-TXNIP protein-protein interaction in the injured cortex at 4 days post-TBI. 

Mice deficient in NOX2 show reduced NLRP3-TXNIP complex formation at 4 days 

post-TBI in the injured cortex. Quantification of all Duolink images shows significantly 

increased NLRP3-TXNIP interaction after TBI that is attenuated by NOX2 deletion. n = 

4, 6, and 6 mice (sham, WT, and KO, resp.). Scale bar represents 50 µM. Data for (a) and 

(b) presented as fold change relative to sham mice. (*p<0.05, ***p<0.001sham versus 

WT TBI; #p<0.05, ####p<0.0001 WT TBI versus KO TBI). 
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FIGURE 13 – Deletion of NOX2 attenuates NLRP3-TXNIP complex formation at 7 

days post-TBI in the injured mouse cortex 

 

 

 

 

Figure 13: Deletion of NOX2 attenuates NLRP3-TXNIP complex formation at 7 

days post-TBI in the injured mouse cortex. Representative confocal images of Duolink 

in situ co-IP show red fluorescence indicative of NLRP3-TXNIP complex formation in 

the injured cortex at 7 days post-TBI. Mice deficient in NOX2 show reduced NLRP3-

TXNIP interaction at 7 days post-TBI in the injured cortex. Quantification of all Duolink 

images shows significantly increased NLRP3-TXNIP interaction after TBI that is 

attenuated by NOX2 deletion (presented as fold change relative to shams). n = 4 

mice/group. Scale bar represents 50 µM. (****p<0.0001 sham versus WT TBI; 

####p<0.0001 WT TBI versus KO TBI). 
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FIGURE 14 – Effect of NOX2 deletion on NLRP3 inflammasome expression is 

conserved in both littermate and non-littermate C57BL/6 mice at 4 days post-TBI 

 

 

 

Figure 14: Effect of NOX2 deletion on NLRP3 inflammasome expression is 

conserved in both littermate and non-littermate C57BL/6 mice at 4 days post-TBI. 

Representative Western blots showing expression of NLRP3, ASC, cleaved caspase-1 

(p20), and cleaved IL-1β in ctrl, WT TBI mice from Envigo (non-littermate) and Jackson 

Labs (JAX, littermate to KO mice), and NOX2 KO TBI mice from JAX at 4 days post-

TBI. Densitometry quantification (normalized to β-actin and represented as fold change 

to ctrls) is shown to the right of the images. No differences observed between WT mice 

from Envigo and JAX after TBI. Deletion of NOX2 still reduced expression of NLRP3 

inflammasome components when compared to WT Jackson Labs mice at 4 days post-

TBI. n = 3, 3, 5, and 3 (ctrl, WT Envigo, WT JAX, KO JAX, resp.). (**p<0.01, 

***p<0.001, ns = not significant) 



 
 

 
 

63 

Manuscript 2 

Deletion of NADPH Oxidase 4 Reduces Severity of Traumatic Brain 

Injury 
[Free Radical Biology and Medicine, 2018, 117:66-75] 

Merry W. Ma1,2, Jing Wang1,2, Krishnan M. Dhandapani1,3, Darrell W. Brann1,2*. 
 

1Charlie Norwood VA Medical Center, One Freedom Way, Augusta, GA 30904, USA. 

2Department of Neuroscience and Regenerative Medicine, Medical College of Georgia, 

Augusta University, Augusta, GA, USA. 3Department of Neurosurgery, Medical College 

of Georgia, Augusta University, Augusta, GA, USA.  

 

Running Title: Deletion of NOX4 reduces TBI severity 

 

*Corresponding Author:  

Dr. Darrell W. Brann, Regents’ Professor and Interim Chair, Virendra B. Mahesh, 

Ph.D., D.Phil. Distinguished Chair in Neuroscience, Department of Neuroscience and 

Regenerative Medicine, Augusta University, 1120 15th Street, CA-4004, Augusta, GA 

30912, USA. E-mail: dbrann@augusta.edu   Phone: 1-706-721-7779.  

 

US Government Disclaimer: “The contents do not represent the views of the U.S. 

Department of Veteran Affairs or the United States Government.” 

 

Keywords: NADPH oxidase, NOX4, traumatic brain injury, TBI, oxidative stress 

 

Abbreviations: Controlled cortical impact  (CCI); NADPH Oxidase (NOX); reactive 

oxygen species (ROS); traumatic brain injury (TBI); wild-type (WT)



 
 

 
 

64 

ABSTRACT 

Traumatic brain injury (TBI) contributes to over 30% of injury-related deaths and is a 

major cause of disability without effective clinical therapies. Oxidative stress contributes 

to neurodegeneration, neuroinflammation, and neuronal death to amplify the primary 

injury after TBI. NADPH oxidase (NOX) is a major source of reactive oxygen species 

following brain injury. Our current study addresses the functional role of the NOX4 

isoform in the damaged cortex following TBI. Adult male C57BL/6J and NOX4-/- mice 

received a controlled cortical impact and lesion size, NOX4 expression, oxidative stress, 

neurodegeneration, and cell death were assessed in the injured cerebral cortex. The 

results revealed that NOX4 mRNA and protein expression were significantly upregulated 

at 1-7 days post-TBI in the injured cerebral cortex. Expression of the oxidative stress 

markers, 8-OHdG, 4-HNE, and nitrotyrosine was upregulated at 2 and 4 days post-TBI in 

the WT injured cerebral cortex, and nitrotyrosine primarily colocalized with neurons. In 

the NOX4-/- mice, expression of these oxidative stress markers, 8-OHdG, 4-HNE, and 

nitrotyrosine were significantly attenuated at both timepoints. In addition, examination of 

NOX4-/- mice revealed a reduced number of apoptotic (TUNEL+) and degenerating 

(FJB+) cells in the perilesional cortex after TBI, as well as a smaller lesion size compared 

with the WT group. The results of this study implicate a functional role for NOX4 in TBI 

induced oxidative damage and neurodegeneration and raise the possibility that targeting 

NOX4 may have therapeutic efficacy in TBI.  
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GRAPHICAL ABSTRACT 

 

 

 

 

HIGHLIGHTS 

1. NOX4 is upregulated following focal TBI in the injured perilesional cortex. 

2. Deletion of NOX4 reduces oxidative stress, particularly in neurons, following 

TBI. 

3. NOX4 deletion attenuates lesion size, cell death, and neurodegeneration after 

TBI. 
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INTRODUCTION 

A leading cause of death and disability in young adults in the United States, traumatic 

brain injury (TBI) accounts for approximately 2.5 million emergency department visits 

and has gained recognition as a chronic and progressive disorder that results from an 

acute trauma [1, 3, 4, 6, 7]. The heterogeneity of clinical TBI and complexity of 

secondary injury mechanisms pose an unmet challenge in translating effective 

neuroprotective strategies [10, 189, 190]. This secondary injury, which evolves over 

minutes to years after the primary mechanical injury, develops as a result of complex 

biochemical cascades involving oxidative stress, neuroinflammation, edema, and cell 

death [20-24].  

 

Oxidative stress is a major mediator of the secondary injury that follows TBI [6, 46-48]. 

Along these lines, reactive oxygen species (ROS), such as superoxide and hydroxyl 

radicals, can significantly impact severity, lesion size, and progression of TBI [9]. In low 

to moderate levels, ROS can function physiologically in cell growth and signaling [50], 

but pathological conditions can quickly shift in favor of oxidants [53]. Adding to the 

complexity of the oxidant/antioxidant balance, superoxide, in particular, can act as either 

a reductant or an oxidant and has been suggested to both initiate and terminate lipid 

peroxidation [74, 191, 192]. Many enzymes produce ROS in the cell, but NADPH 

oxidase (NOX) is the only family of enzymes with the sole purpose of producing ROS, 

instead of as a byproduct [69].  Thus, targeted inhibition of NOX family members may 

limit secondary injury after TBI. To date, there are seven known NOX isoforms: NOX1-5 

and DUOX1/2. These isoforms are structurally similar in that all are anchored to the cell 
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membrane via 6 transmembrane α-helices, and all have binding sites for heme, flavin 

adenine dinucleotide, and NADPH [79, 80]. Although NOX serves essential 

physiological functions in signaling and immune function [72], chronic and over-

activation can be detrimental to injury resolution [7]. In post-mortem human brain 

samples, elevated NOX2 and NOX4 both correlate with TBI severity [127, 129]. Pre-

clinical studies by our lab and others strongly support an acute detrimental role for NOX2 

after TBI, including data showing genetic or pharmacological NOX2 inhibition 

attenuated inflammation, oxidative stress, and expression of markers indicative of 

Alzheimers-like pathology [6, 7, 96, 134-136, 138, 139, 193]; however, the functional 

importance for NOX4 remains unexplored after TBI. 

 

NOX4 generates superoxide like the other NOX isoforms, yet the downstream effects are 

thought to be mediated by hydrogen peroxide due to the rapid conversion of NOX4-

generated superoxide to hydrogen peroxide [125, 194]. Inhibition of NOX4 reduced 

injury in an ischemic stroke model [146, 195], yet, few studies examined the pathological 

role of NOX4 after TBI. NOX4 immunoreactivity was increased in the cortex of rats after 

TBI and in postmortem human brain samples obtained from athletes diagnosed with 

chronic traumatic encephalopathy [6, 96, 129], but causative studies to establish the role 

of NOX4 are lacking after TBI. 

 

The primary goal of the current study was to determine whether NOX4 contributes to 

secondary injury following TBI. Our results revealed a robust increase in NOX4 

expression within the injured mouse cerebral cortex, paralleling increased oxidative stress 
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following TBI. Deletion of NOX4 strongly attenuated neuronal oxidative stress, lesion 

severity, apoptosis, and neurodegeneration following TBI. Taken together, our study 

supports a deleterious role for NOX4 after TBI, suggesting the development of NOX4 

selective inhibitors may represent potential drugs target for the clinical treatment of TBI.  

 

MATERIALS AND METHODS 

Animals 

Adult male 3-month old WT C57BL/6J (stock no. 000664) and NOX4-/- (B6.129-

Nox4tm1Kkr/J; stock no. 022996) mice obtained from Jackson Lab (Bar Harbor, ME) were 

used in this study. Mice were placed in the same room for at least 72 hours before 

experiments and were housed under humidity and temperature controlled conditions with 

free access to food and water. All animal experiments were approved by the Augusta 

Charlie Norwood VA Medical Center Institutional Animal Care and Use Committee. 

 

Controlled Cortical Impact 

Controlled cortical impact (CCI) or sham surgery was performed on WT and NOX4-/- 

mice under an approved animal use protocol. Mice were anesthetized with isoflurane (2-

4%) and placed in a stereotaxic frame (Leica Impact OneTM Stereotaxic Impactor for 

CCI, Buffalo Grove, IL, USA) for CCI or sham surgery as detailed previously by our 

laboratory [134, 135, 138, 165]. A 3.5 mm craniotomy was made in the right parietal 

bone midway between the lambda and the bregma with the medial edge 1 mm lateral 

from the midline. The dura was left intact. TBI mice, but not shams, were impacted using 

a 3 mm diameter convex tip (4.5 m/s, 20 ms dwell time, 1 mm depression) to produce a 
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moderate TBI. Bone wax covered the cranial window following impact, and surgical 

staples closed the scalp incision. Mice were allowed to recover before being placed back 

into their housing environment. Body temperature was monitored and maintained at 37°C 

using a small thermometer (Kopf Instruments, Tujunga, CA, USA) throughout the 

operation. Sham operated mice received identical treatment except for the impact.  

 

Tissue Collection 

All animals were transcardially perfused with ice-cold saline and decapitated after TBI at 

specified timepoints. For RT-PCR and Western blot analysis, the brains were then 

dissected and processed as described in subsequent sections. For coronal sections to be 

used for immunohistochemistry, mice were transcardially perfused with saline followed 

by 4% paraformaldehyde before decapitation. The brains were removed, fixed overnight 

in 4% paraformaldehyde, cryoprotected in 30% sucrose, and sectioned into 20 µM 

coronal slices on the cryostat for further staining. 

 

qRT-PCR  

Total RNA was isolated from the injured cortex (or an anatomically matched cortical area 

on sham mice) using the SV Total RNA Isolation System (Promega). Perilesional cortical 

tissue averaging 50-60 mg per mouse was collected at specified time points after TBI. 

400 ng of RNA was used for quantitative reverse-transcription polymerase chain reaction 

(RT-PCR) using the Superscript III one-step RT-PCR system with platinum Taq DNA 

Polymerase (Invitrogen). The reaction was performed on QuantStudioTM 7 Flex Real-

Time PCR System (ThermoFisher Scientific). Gene expression analyses were done using 
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the comparative ΔΔCt method and mRNA changes were expressed as fold change as 

compared to sham animals by calculating the 2-ΔΔCt value. 18S was used as the 

housekeeping gene for normalization. Primers (Integrated DNA Technologies) used are 

as follows (5’ to 3’): NOX4 (FP: AAAAATATCACACACTGAATTCGAGACT, RP: 

TGGGTCCACAGCAGAAAACTC) and 18S (FP: TTGACGGAAGGGCACCACCAG, 

RP: CTCCTTAATGT CACGCACGATTTC). 

 

Western Blot Analysis 

50-60 mg of injured cortical tissue from the perilesional area (or an anatomically matched 

cortical area on sham mice) were collected at specified time points after TBI as 

previously described by our laboratory [134, 135, 138].  The isolated tissue was 

immediately frozen in liquid nitrogen or kept on ice for immediate homogenization in 

ice-cold RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% 

sodium deoxycholate, 0.1% SDS, 1 mM EDTA; with Roche cOmplete protease inhibitor 

and PhosphoSTOP) with a tissue tearor. The homogenate was centrifuged at 12,000 RPM 

for 20 minutes at 4°C, and the supernatant was aliquoted for further analysis. A BCA 

Protein Assay (Thermo Fisher Scientific, Carlsbad, CA) was used to determine protein 

concentrations. 20 µg samples of protein was separated on a 4-20% SDS-PAGE gel and 

transferred onto 0.2 µM nitrocellulose membranes. Blots were blocked with 5% nonfat 

milk for 1 hour at room temperature with gentle shaking. After blocking, the blots were 

incubated overnight in 4°C with a NOX4 primary antibody (1:1000, Abcam, ab109225). 

β-actin (1:4000, Sigma Aldrich, A5441) was used as a loading control. The membrane 

was then washed with 1x TBST, and then incubated with secondary antibodies. Bound 
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proteins were visualized using enhanced chemiluminescence (ECL), and band densities 

were quantified using Image Studio (LI-COR, Inc.).  

 

Confocal Microscopy and Image Analysis 

Three to four coronal sections from each mouse (every tenth slice between -1.46 mm and 

-2.18 mm from bregma) were washed with PBS and permeabilized with 0.4% Triton-X 

PBS for 20 minutes. The sections were then blocked with 10% normal donkey serum for 

1 hour at room temperature in 0.1% Triton X-100-PBS. Sections were incubated for 2 

nights with primary antibody at 4°C in the same buffer using the following antibodies: 

NOX4 (rabbit, 1:200, Abcam, ab109225), NeuN (mouse, 1:200, Millipore Sigma, 

MAB377), NeuN (rabbit, 1:200, Millipore Sigma, MABN140), 4-HNE (rabbit, 1:100; 

Abcam, ab46545), 8-OHdG (mouse, 1:100, Abcam, ab62623), and 3-NT (mouse, 1:50, 

Santa-Cruz, sc-32731). After primary antibody incubation, the sections were washed in 

PBS and incubated for 1 hour at room temperature with secondary antibodies (1:500, 

Alexa Fluor 488/568). Sections were then mounted with water-based DAPI mounting 

medium containing anti-fading agents (Vector Labs, H-1200) and observed using 

confocal microscopy. All images were captured on a Carl Zeiss 780 confocal microscope 

at 40x Plan-Apochromat objective with constant exposure time for each marker in all 

analyzed sections. When applicable, line-scan analysis was performed on representative 

confocal microscopy images using Zeiss LSM software to qualitatively visualize 

fluorescence overlap. The intensity above threshold of the fluorescent signal of the bound 

antibodies was analyzed using NIH ImageJ software. Data were expressed as fold change 

from sham. 
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Lesion Size and Neuronal Survival Quantification  

A total of 60 coronal sections were collected between -0.82 mm and -2.54 mm from 

bregma. 6 sections from each animal, at even 8 section intervals, were stained with cresyl 

violet and analyzed for lesion size. As previously described [135, 167, 168], lesion area 

was outlined using ImageJ freeform selection tool and quantified as a percent of the 

contralateral hemisphere. NeuN+ cells were counted using a method similar to that 

previously reported [135, 169]. %NeuN+ cells were calculated as (# of NeuN+ cells)/(# of 

DAPI+ cells) in a consistent and set area in the perilesional cortex using 40x confocal 

images. Set linear threshold and circularity index were kept as constant parameters across 

all analyzed images in ImageJ for automated cell counting. The percentages of %NeuN+ 

cells were reported relative to that of sham mice. At least 3 sections from 4 mice per 

experimental group were examined for quantification of neuronal survival. 

 

Apoptosis and Neurodegeneration Assessment 

Apoptosis was assessed via terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL). The above prepared coronal brain sections were labeled with a 

TUNEL kit (Click-iT TUNEL Alexa Fluor 594, Thermo Fisher, C10246) following their 

protocol for fixed, frozen tissue sections using a dark, humidified chamber as previously 

described [138, 196]. Images were analyzed using confocal microscopy for TUNEL+ 

cells, which were quantified as a percent of total DAPI+ cells per microscope field. At 

least 3 sections from each mouse were stained for quantification. Neurodegeneration was 

assessed via FluoroJade B staining using a method as previously detailed by our lab 

[170]. Coronal sections were incubated in the dark for 20 minutes with fluorescent 
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FluoroJade B stain diluted in PBS as recommended by the manufacturer (Millipore 

Sigma, AG310). Following incubation, sections were washed with PBS-Triton X-100, 

PBS, and dH2O. Sections were mounted using water-based mounting medium containing 

antifading agents and visualized to quantify degenerating neurons. FJB+ cells per 

microscope field were counted; at least 3 sections from each mouse were stained for 

quantification. Images were acquired using Keyence Fluorescence Microscope BZ-X700 

at 40x magnification. 

 

Statistical Analysis 

Independent two-sample t-test was conducted to investigate difference between lesion 

sizes of WT vs NOX4-/- TBI mice. The one-way ANOVA test was conducted to analyze 

differences amongst sham, WT TBI, and NOX4-/- TBI mice in knockout studies and 

amongst the different time points following TBI in time course studies. Whenever an 

ANOVA test was found to be significant, the post-hoc Tukey’s test was conducted to 

make pairwise comparisons between experimental groups. Statistical significance was 

accepted at the 95% confidence level (p<0.05) using GraphPad Prism. Data was 

expressed as mean ± standard error (SEM). 

 

RESULTS 

Increased expression of NOX4 in the injured cortex following TBI 

To determine a role of NOX4 in TBI pathology, we measured expression of the Nox4 

gene at the mRNA level after injury. We collected perilesional cortical tissue from WT 

mice at 1hr, 1d, 2d, 4d, 7d, and 14d post TBI for use in quantitative real time-PCR (qRT-
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PCR) studies. Nox4 mRNA was significantly upregulated between 1 and 7 days post-

injury (dpi), returning to baseline by 14 dpi (Fig. 1A). To confirm our findings, we 

evaluated the protein level of NOX4 using samples from a separate cohort of WT mice at 

1, 4, and 7 dpi. Consistent with the qRT-PCR result, Western blot showed elevated 

NOX4 protein expression at 1, 4, and 7 dpi (Fig. 1B and C). Immunohistochemistry and 

confocal microscopy detected that the elevated immunoreactivity of NOX4 was 

predominantly located in neurons in the injured cerebral cortex at 4 dpi (Fig. 2). This 

observation is supported by line-scan analysis on the channel intensity of NeuN, NOX4, 

and DAPI, which showed strongly overlapping NeuN (green) and NOX4 (red) intensity 

peaks. Line-scan of NOX4-/- injured mice at 4 dpi showed essentially nonexistent NOX4 

intensities that did not overlap with the NeuN intensity peak, which demonstrate that 

increased NOX4 was not seen in NOX4-/- mice (Fig. 2). 

 

NOX4-/- mice have reduced lesion size following TBI 

Previous work has shown that the degree of cell loss after brain injury correlates with 

long-term TBI prognosis, and the preservation of neurons within intact brain tissue can be 

important indicators of outcomes [13, 138, 166, 197, 198]. Therefore, we first subjected 

WT and NOX4-/- mice to TBI and collected brain samples at 4 dpi to generate a series of 

coronal sections spanning the entire lesion. Sections were stained with cresyl violet, and 

lesion size was measured as area of contralateral cortex for each section.  Compared to 

WT mice, NOX4-/- mice showed a significant reduction in lesion size at 4 dpi (Fig. 3). 

This result supports that NOX4-/- mice have better preservation of brain tissue following 

TBI and that deletion of NOX4 may be neuroprotective.  
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Deletion of NOX4 attenuates oxidative stress in the injured cortex following TBI 

Cellular oxidative stress damage contributes to secondary injury after TBI [6, 46, 199]. In 

particular, previous reports indicate that TBI can cause peroxidative and nitrative damage 

within the first week following injury that is functionally deleterious [200, 201]. 

Therefore, we hypothesized that the reduced lesion size observed in NOX4-/- mice 

following injury may be due to reduction of oxidative stress damage. To measure 

oxidative damage following TBI, products of oxidative stress such as 4-hydroxynonenal 

(4-HNE) from lipid peroxidation and 8-hydroxy-2’-deoxyguanosine (8-OHdG) from 

DNA oxidation were measured via immunostaining in the damaged cortex at 2 and 4 dpi 

(Fig. 4A). The fluorescence intensity above threshold of 4-HNE and 8-OHdG were 

quantified in the perilesional cortex and compared between sham, WT TBI, and NOX4-/- 

TBI group (Fig. 4B and C). At both 2 and 4 dpi, TBI significantly increased the intensity 

of 4-HNE and 8-OHdG within the injured cortex, compared to sham controls, with the 4 

dpi group (Fig. 4C) showing higher expression of these oxidative stress markers than the 

2 dpi group (Fig. 4B). Deletion of NOX4 markedly reduces the intensity of 4-HNE and 8-

OHdG in the perilesional cortex (Fig 4A-C). Although a similar trend of increasing 

oxidative stress from 2 to 4 dpi persists in the NOX4-/- injured mice, levels of these 

oxidative stress markers at both timepoints remain significantly lower than that of WT 

(Fig. 4B and C). These results support that deletion of NOX4 reduces oxidative stress 

following TBI. 
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Our previous NOX4 expression pattern suggests that NOX4 activation following TBI 

may be primarily neuronal. We next sought to measure oxidative damage of neurons after 

TBI by co-immunostaining 4-HNE with NeuN in the perilesional cortex following TBI. 

Confocal microscopy found that the elevated 4-HNE expression co-localized with NeuN 

at both 2 and 4 dpi in WT mice (Fig. 5). Line scan analyses on the fluorescence intensity 

peaks at both 2 and 4 dpi showed a strong overlap of 4-HNE (red) with NeuN (green) in 

WT, but not in NOX4-/- injured mice (Fig. 5). These results support an increase in 

neuronal oxidative stress following TBI, which is attenuated with deletion of NOX4.  

 

Furthermore, we measured nitrotyrosine (3-NT) following injury as an indicator of post-

translational oxidative damage. Excess levels of ROS produced in the presence of nitric 

oxide can lead to formation of nitrating species that can nitrate protein tyrosine residues 

to 3-NT [202]. WT injured mice showed significantly elevated 3-NT expression in the 

perilesional cortex following TBI and had strong overlap of 3-NT (green) and NeuN (red) 

intensity peaks (Fig. 6A and B), supporting that TBI increased tyrosine nitration which 

could be seen in neurons. However, 3-NT expression was attenuated in the perilesional 

cortex of NOX4-/- and line-scan analyses did not show strong colocalization of 3-NT with 

NeuN. These results, coupled with earlier findings of reduced DNA oxidation and lipid 

peroxidation, suggest that deletion of NOX4 can also attenuate neuronal nitroxidative 

stress following TBI. 

 

 

 



 
 

 
 

77 

NOX4 deletion is neuroprotective following TBI 

The reduction in oxidative stress products following TBI in NOX4-/- mice also correlated 

with an increase in neuronal survival. NeuN+ cell counts normalized to total DAPI+ cell 

counts showed significant reduction in surviving neurons following TBI (Fig. 6C). 

Neuronal counts from NOX4-/- injured mice are similar to those of sham mice (Fig. 6C), 

which suggest that deletion of NOX4 may increase neuronal survival following TBI. To 

evaluate further the neuroprotective effect of NOX4 deletion, we measured apoptosis in 

the injured cortex following TBI via TUNEL staining. The number of TUNEL+ cells 

(red) is significantly increased at both 2 and 4 dpi in WT mice compared to sham controls 

(Fig. 7A and B). Compared to the WT group, NOX4-/- injured mice showed a significant 

reduction in TUNEL+ cells at both timepoints (Fig. 7A and B). As growing evidence 

supports that TBI contributes to neurodegeneration [203], we next evaluated whether 

acute neurodegeneration may be reduced via NOX4 deletion after TBI. To evaluate the 

extent of neurodegeneration in the perilesional cortex following TBI, we used Fluoro-

Jade B, a specific fluorescent dye that can label degenerating neurons [204]. At 4 dpi, 

WT mice showed elevated FJB+ cells (green) in the injured cortex  (Fig. 7C and D). 

NOX4-/- injured mice showed markedly reduced FJB+ cell counts (Fig. 7C and D). Taken 

together, these results support that deletion of NOX4 is neuroprotective by promoting 

neuronal survival, reducing apoptosis, and attenuating neurodegeneration following TBI. 

 

DISCUSSION 

Increasing evidence shows that excess ROS generation and accompanying oxidative 

stress is critical in the pathological progression of acute brain injuries, such as TBI and 
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stroke, and in chronic neurodegenerative disorders [6, 205]. In particular, NADPH 

oxidase family of enzymes have emerged as key contributors to TBI pathology, and the 

number of studies suggesting NOX enzymes for therapeutic targeting are continually 

increasing [6, 46, 128, 134-136, 138, 139, 185]. The findings in the current study suggest 

that NOX4-mediated oxidative stress leads to a more severe consequences following TBI. 

In this report, we show that NOX4 expression increases following focal TBI in mice and 

that this increase in NOX4 expression is accompanied by elevated oxidative stress and 

cell death. We further report that deletion of NOX4 attenuates TBI severity as measured 

via reduction of lesion size, oxidative stress damage, neurodegeneration, and cell death. 

These neuroprotective effects seen in NOX4-/- injured mice support the further study of 

NOX targeting for TBI treatment.  

 

Our results contribute to the growing evidence surrounding the targeting of ROS 

generating enzymes to ameliorate the course of brain injury and neurodegenerative 

diseases [6]. Previous animal studies of promising ROS scavengers and ROS degrading 

agents in stroke failed to translate successfully in clinical trials, and it is still unclear 

whether the scavenging approach will meet the same fate in TBI [63, 64, 206-208]. 

Targeting the generation of ROS may be a more successful avenue of therapy for brain 

injury [6]. For TBI, in particular, the NOX inhibitors, apocynin and gp91ds-tat, can 

improve outcomes following experimental TBI, keeping with reports showing NOX 

knockout mice similarly improve outcomes [96, 134-136, 138, 139, 193, 209]. The 

majority of these studies demonstrate a role for the NOX2 isoform in TBI. NOX4 plays a 

role in stroke pathology and can be targeted to reduce ischemic injury [146, 195]. NOX4 



 
 

 
 

79 

appears to be involved in TBI pathology [96, 127, 129], and nonspecific NOX inhibition 

by apocynin in the previous studies may have targeted NOX4 in addition to other 

isoforms. To date, no NOX4 specific inhibitors exist to test the functional role of NOX4 

in TBI. Our report is the first to utilize NOX4-/- mice in a clinically relevant model of TBI 

to elucidate a direct and significant role of NOX4 in TBI pathology. Our findings support 

the need for continued pursuit to develop NOX4-specific inhibitors, and for further study 

of NOX4 as a therapeutic target for TBI. 

 

While other NOX isoforms potentially play a role in TBI [96], the majority of studies to 

date focused on the role of NOX2 in mediating neuroinflammation and oxidative stress 

after TBI [7, 134-136, 138, 186]. However, targeting of NOX4 may be advantageous if 

efficacious in the context of TBI. Hospitalized TBI patients are at a higher risk of 

nosocomial infections with an infection-related mortality rate up to 28% [210-213]. First 

studied as part of the respiratory burst of phagocytes, NOX2 is known to play important 

roles in the body’s immune defense [214-216]. NOX2 deficiency is also closely involved 

in the pathogenesis of chronic granulomatous disease  (CGD), an inherited disorder 

characterized by recurrent infections that originate from defects in innate immunity, and 

NOX2-/- mice are frequently utilized as models of CGD [217-219]. Taking into 

consideration the increased risk of infection, it’s possible that NOX2 targeting may 

worsen susceptibility to infections post-hospitalization for TBI though further studies are 

necessary to evaluate this potential disadvantage. In contrast, NOX4-/- mice are generally 

healthy with no gross phenotypes [146, 220]. Differences in cellular expression patterns 

between NOX2 and NOX4 can also influence isoform preference in therapeutic 
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inhibition. While NOX4 is expressed in multiple cell types in the brain [6, 96], our 

cellular localization results in this study indicate a primarily neuronal expression in the 

acute phase following TBI. Previous reports have demonstrated strong microglial 

expression of NOX2 at similar timepoints [96, 136, 138, 185] and demonstrated NOX2 

involvement in neuroinflammation [135]. Furthermore, a recent study showed that 

depletion of microglia in the acute phase exacerbates inflammation and brain injury 

[221]. However, activated microglia are chronically present in the injured brain and is 

correlated with progressive neurodegeneration [7]. A growing body of evidence suggests 

that microglia and neuroinflammation following TBI has both a beneficial and 

deleterious role and that therapeutically guided modulation of inflammation may be 

advantageous over global inhibition [222-224]. Based on cellular expression, acute 

NOX4 inhibition may reduce neuronal oxidative damage without significant hindrance of 

acute inflammatory functions of microglia that mostly express and mediate inflammation 

via NOX2. Targeting NOX4 may therefore be a promising therapy for TBI to reduce 

oxidative damage while maintaining acute immune function pending further evaluations 

utilizing NOX4 specific inhibitors. 

 

With the failure of past clinical trials, there is an undeniable need for effective clinical 

therapies for neuroprotection following TBI. NOX4 is a novel therapeutic target that can 

potentially reduce acute oxidative injury and maintain beneficial inflammation without 

the likely immunosuppressive effects of NOX2 inhibition. We have demonstrated that 

NOX4 is a significant component of TBI pathophysiology. The genetic deletion of NOX4 

can attenuate oxidative stress, lesion severity, cell death, and neurodegeneration found 
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following focal TBI. Further studies with pharmacological inhibitors specific for NOX4 

as they become available are necessary to determine whether NOX4 can be 

therapeutically targeted post-injury during the critical window following TBI.  
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FIGURE 1 – TBI upregulates NOX4 expression in the injured cerebral cortex 

 

 

 

Figure 1: TBI upregulates NOX4 expression in the injured cerebral cortex. (A) 

Temporal pattern of NOX4 mRNA expression after TBI in the perilesional cortex at 1hr, 

1d, 2d, 4d, 7d, and 14d following injury. qRT-PCR showed increased NOX4 gene 

expression at 1, 2, 4, and 7 dpi compared to sham. n = 8, 8, 7, 8, 8, 8, 6 mice (sham, 1hr, 

1d, 2d, 4d, 7d, 14d, respectively).  (B) Representative Western blot showing temporal 

protein expression of NOX4 in the perilesional cortex at 1, 4, and 7 dpi. BV2 sample 

included as positive control for NOX4. β-actin blot used for densitometry. (C) 

Quantification of all blots shows increased protein expression of NOX4 at 1, 4, and 7d 

post-TBI compared to sham group. NOX4 band densities were normalized to densities of 

β-actin. n = 7, 4, 9, 6 mice (sham, 1d, 4d, 7d, respectively). Values expressed as mean ± 

SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 sham vs TBI timepoint.   
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FIGURE 2 – NOX4 immunoreactivity colocalizes in neurons in the injured cerebral 

cortex 

 

 

 

 

Figure 2: NOX4 immunoreactivity colocalizes in neurons in the injured cerebral 

cortex. Representative confocal images showing immunoreactivity of injured cortex to 

NOX4 (red) and NeuN (green). Nuclei stained with DAPI (blue). Line-scan analysis on a 

representative NOX4+ cell in each group showed a strong overlap of the NOX4 intensity 

peak with the NeuN intensity peak, indicating strong colocalization. Representative 

image and line scan from injured NOX4-/- mice show a virtually nonexistent level of 

NOX4 intensity that does not overlap with NeuN intensity peak. Scale bar = 50 mm; n = 

4-5 mice/group. 
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FIGURE 3 – NOX4 deletion reduces lesion size following TBI 

 

 

 

 

Figure 3: NOX4 deletion reduces lesion size following TBI. Representative cresyl 

violet staining of 20 mm coronal sections from injured WT and NOX4-/- mice at 4 dpi. 

NOX4-/- mice show reduced lesion size throughout the injured cortex as quantified to the 

right of representative images. Lesion size calculated as a percent of contralateral 

hemisphere. Lesion areas used for quantification are outlined in black. Scale bar = 200 

µm. n = 4-5 mice/group. Values expressed as mean ± SEM. #p<0.05 WT TBI vs NOX4-/- 

TBI.  
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FIGURE 4 – Deletion of NOX4 attenuates oxidative stress in the injured cerebral 

cortex 
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Figure 4: Deletion of NOX4 attenuates oxidative stress in the injured cerebral 

cortex. Representative confocal images showing immunoreactivity of the injured cortex 

to 4-HNE (red) and 8-OHdG (green) in sham and injured mice at 2 and 4 dpi. Nuclei 

stained with DAPI (blue). TBI increases tissue immunoreactivity to 4-HNE and 8-OHdG 

in the injured cortex at both 2 and 4 dpi, with more pronounced expression and 

colocalization of 4-HNE and 8-OHdG at 4 dpi. NOX4-/- mice showed attenuated tissue 

immunoreactivity to 4-HNE and 8-OHdG at both 2 and 4 dpi. Scale bar = 50 µm. All 

confocal images quantified as intensity over threshold in graphs below representative 

panel, represented as fold change relative to sham mice; n = 5 mice/group/timepoint. 

Values expressed as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 sham 

vs WT TBI; #p<0.05, ##p<0.01, ###p<0.001 WT TBI vs NOX4-/- TBI. 
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FIGURE 5 – Increased neuronal oxidative stress following TBI is attenuated in 

NOX4-/- mice 
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Figure 5: Increased neuronal oxidative stress following TBI is attenuated in NOX4-/- 

mice. Representative confocal images showing immunoreactivity of the injured cortex to 

4-HNE (red) and NeuN (green) in sham and injured mice at 2 and 4 dpi. Nuclei stained 

with DAPI (blue). In WT injured mice at both 2 and 4 dpi, 4-HNE colocalizes with 

NeuN, evidencing lipid peroxidation in neurons after TBI. Line-scan analysis on 

representative 4-HNE+ cells in each group showed a strong overlap of the 4-HNE 

intensity peak with the NeuN intensity peak in WT injured mice at both timepoints, 

indicating strong colocalization. Line-scan analysis of representative cells from NOX4-/- 

mice showed weak overlap of the 4-HNE and NeuN intensity peaks. Scale bar = 50 µm; n 

= 4-5 mice/group. 
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FIGURE 6 – NOX4 deletion attenuates tyrosine nitration and is neuroprotective 

following TBI 
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Figure 6: NOX4 deletion attenuates tyrosine nitration and is neuroprotective 

following TBI. Representative confocal images of perilesional area showing 

immunoreactivity to NeuN (red) and 3-NT (green). Nuclei stained with DAPI (blue). TBI 

increases 3-NT expression in the injured cortex, which is attenuated by deletion of NOX4 

(intensity above threshold quantified below representative image panel). Line-scan 

analysis (right of image panel) of representative 3-NT+ cells shows strong overlap of 3-

NT and NeuN intensity peaks indicating colocalization of nitrated tyrosine residues in 

neurons. NeuN/DAPI double positive cells were counted and analyzed as a percent of 

total DAPI+ cells, which is shown below the representative panel. WT TBI mice have 

decreased neuronal survival after TBI, which is attenuated in NOX4-/- mice. Scale bar = 

50 µm. n = 4-5 mice/group. Values expressed as mean ± SEM. *p<0.05, ***p<0.001 

sham vs WT TBI; ##p<0.01, ###p<0.001 WT TBI vs NOX4-/- TBI. 
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FIGURE 7 – Deletion of NOX4 attenuates neuronal death and neurodegeneration 

following TBI 
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Figure 7: Deletion of NOX4 attenuates neuronal death and neurodegeneration 

following TBI. (A) Representative TUNEL (red) staining of the perilesional cortex of 

sham, WT TBI, and NOX4-/- TBI mice at 2 and 4 dpi. Nuclei stained with DAPI (blue). 

Scale bar = 200 µm. (B) Quantification of TUNEL+ cells (represented as % of all DAPI+ 

cells) showed deletion of NOX4 significantly reduces the number of TUNEL+ cells in the 

perilesional area at both 2 and 4 dpi. (C) Representative Fluoro-Jade B (FJB, green) 

staining of the perilesional cortex of sham, WT TBI, and NOX4-/- TBI mice at 4 dpi. 

Scale bar  = 50 µM. (D) Quantification of FJB+ cells/field of microscope showed deletion 

of NOX4 attenuated the neurodegeneration found at 4d following TBI. n = 4-5 

mice/group. Values expressed as mean ± SEM. *p<0.05, ****p<0.0001 sham vs WT 

TBI; #p<0.05, ####p<0.0001 WT TBI vs NOX4-/- TBI. 
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III. DISCUSSION 
 
1. Effects of Targeting NOX2 on Neuroinflammation following TBI 
 

NOX enzymes play significant roles in the pathogenesis of TBI through 

regulation of neuroinflammation and oxidative damage. This dissertation aimed to 

address three key questions regarding the role and potential therapeutic targeting of NOX 

enzymes in secondary TBI pathology. In Aim 1, we evaluated whether the NLRP3 

inflammasome is activated in the mouse brain following focal TBI. Inflammasomes are 

innate immune receptors that activate caspase-1 leading to subsequent cleavage of pro-

inflammatory cytokines to their active forms [35]. Since neuroinflammation develops 

robustly following TBI, we hypothesized that TBI induces NLRP3 inflammasome 

activation, which contributes to neuroinflammation through release of pro-inflammatory 

cytokines. As reported in Manuscript 1, we found that TBI induces mRNA gene 

expression of the NLRP3 inflammasome components, NLRP3, ASC, caspase-1, and IL-

1β, with the highest elevation at 4 and 7 dpi. These findings were then confirmed at the 

protein level. In addition, we confirmed the assembly of the active NLRP3 complex and 

cleavage of caspase-1 and IL-1β to their active forms following TBI.  

 

Though the precise mechanism of NLRP3 activation is still debated, recent 

findings revealed that the redox-sensor TXNIP can directly bind to NLRP3 and that this 

interaction was necessary to induce activation [44]. With this established link between 

ROS and NLRP3 inflammasomes, we then hypothesized in Aim 2 that NOX2, a major 

source of ROS following TBI, could regulate NLRP3 activation. The revelation that 
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NOX2 induces NLRP3 was published in Manuscript 1. We found that mice deficient in 

NOX2 showed attenuated gene and protein expression of NLRP3 inflammasome 

components. These knockout mice also exhibited decreased assembly of the NLRP3 

inflammasome and subsequent cleavage of pro-inflammatory mediators. Furthermore, we 

confirmed that acute inhibition of NOX enzymes post-injury also attenuated this 

neuroinflammatory pathway. Perhaps the most translational aspect of our study is that 

apocynin treatment could be delayed to 23 hours post-TBI and still reduce NLRP3-

mediated neuroinflammation. Our results from Aims 1 and 2 demonstrate that modulation 

of NOX2-dependent oxidative stress can also reduce inflammasome-mediated 

neuroinflammation. 

 

2. Identification of NOX4 as a Target for TBI Treatment 
 

Of the other isoforms, only NOX4 has been shown to be elevated following TBI 

in human post-mortem samples. Though NOX4 also appeared upregulated following 

rodent TBI, its functional role following TBI had yet to be explored. Thus Aim 3 of our 

study evaluated whether NOX4 played an active role in TBI pathogenesis. In Manuscript 

2, we report that NOX4 is elevated between 1-7 dpi. Interestingly, mice deficient in 

NOX4 demonstrated reduced oxidative stress, lesion size, apoptosis, and 

neurodegeneration following TBI. As NOX4 is primarily expressed in neurons following 

TBI, deletion of NOX4 attenuated neuronal oxidative damage. The reduced TBI severity 

found in our NOX4-/- mice suggests that NOX4 may be a therapeutic target for the 

treatment of TBI.  
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3. Functional Role of NOX Enzymes in TBI Pathology 
 

Our findings from Aims 1-3 integrate well with existing literature on the causative 

role of NOX enzymes in TBI pathology (Figure 1) and contribute to the field’s progress 

towards identifying treatments for TBI.  Perhaps the most definitive evidence in the field 

that implicates a causative role of NOX isoforms in TBI pathology comes from studies 

like ours that utilize NOX knockout mice. Beginning in 2007, increasing number of 

reports have collectively formed the notion that NOX enzymes are promising therapeutic 

targets for TBI. The evidence from animal knockout models of TBI is summarized in 

Table 1.  

 

The first report utilizing NOX2-/- mice (gp91-/- mice) in brain injury employed a 

surgically induced brain injury (SBI) model that showed improved neurological scores 

following injury [225]. In more classic models of TBI, such as CCI, the first report of 

NOX2-/- mice showed reduced contusion size, apoptosis, and oxidative stress in the 

injured cortex [136]. Additionally, deficiency in NOX2 improves motor coordination and 

recovery up to 3 weeks post-TBI [185, 226], which supports that NOX2 targeting can 

improve functional outcome. Knockout studies have also confirmed an extensive role of 

NOX2 in TBI-induced neuroinflammation. Our study reported that NOX2-/- mice have 

significantly reduced NLRP3 inflammasome expression and activation in the injured 

cortex following TBI via a mechanism involving TXNIP [135], directly linking oxidative 

stress to neuroinflammation. 
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Interestingly, deletion of NOX2 also reduced expression of pro-inflammatory 

(M1-like) markers in microglia/macrophages (MG/MP) in the injured cerebral cortex 

[185, 186]. The shift in MG/MP polarization dynamics towards the anti-inflammatory 

(M2-like) phenotype in injured NOX2-/- mice was associated with decreased production 

of pro-inflammatory cytokines via a down-regulation of the classical NF-κB pathway 

[138]. The concurrent reduction of microglial neurotoxicity in NOX2-/- injured mice 

[138] reinforces that NOX2 deletion is neuroprotective following TBI. 

 

Our finding that NOX4 deletion attenuates TBI severity [227] indicates that, in 

addition to NOX2, NOX4 also plays a significant role in the pathology and 

neurodegeneration that occurs following TBI. The development of a NOX2/4 double-

knockout model could evaluate whether these isoforms have potentially additive benefits.  

Despite the value of global knockout models in studying TBI pathology, cautious 

interpretations are necessary due to possible developmental and compensatory confounds 

that exist in these knockout mice. 

 

4. Inhibition of NOX Enzymes Improves Outcomes following TBI 
 

To circumvent the limitations of global knockout approaches, the role of NOX 

enzymes have been further studied through utilizing NOX inhibitors. The evidence, 

summarized in Table 2, supports that acute inhibition of NOX offers similar benefits 

following TBI. Apocynin, a compound isolated from the medicinal plant Picrorhiza 

kurroa, is the most-studied NOX inhibitor in TBI research. Though apocynin can act as 

an ROS scavenger [180, 228], it can inhibit NOX2 via preventing the membrane 



 
 

 
 

97 

translocation of p47phox and p67phox [176, 177, 229, 230]. Administration of apocynin, in 

doses varying from 5mg/kg to 100 mg/kg, has been documented to decrease NOX2 

expression, ROS production, and oxidative damage in animal models of TBI [131, 139, 

193, 231]. Pre-treatment with apocynin resulted in neuroprotection [134, 139, 193], 

reduced edema [139, 193, 231], attenuated neuroinflammation [134, 193], and improved 

behavioral outcomes following TBI [139, 231]. Further supporting NOX2’s prominent 

role in TBI pathology, pre-injury administration of gp91ds-tat, a competitive inhibitor 

specific to NOX2, was neuroprotective following TBI [134]. Similar to global knockout 

approaches, these pre-injury inhibition studies demonstrate that NOX can be acutely 

targeted to improve outcomes following TBI. 

 

The potential for translation and future clinical application depends largely on 

whether a post-injury treatment can produce therapeutic results. Several groups have 

discovered that the post-TBI administration of apocynin can also decrease NOX2 

expression and accompanied oxidative stress [134, 138, 209]. Administration of 

apocynin, at a dose as low as 5mg/kg, within two hours of injury is neuroprotective [134, 

232] and reduces lesion volume [209], neuroinflammation [134, 232], and expression of 

Alzheimer’s disease (AD)-related proteins [134]. Extended assessment periods at 1+ 

weeks post-TBI found that post-injury NOX inhibition attenuated edema [232], memory 

impairment [209], and sensorimotor deficits [226, 232, 233]. Intriguingly, our delayed 

administration of apocynin at 23 hours post-injury also attenuated oxidative damage, 

reduced NLRP3 inflammasome activation, and promoted microglial polarization towards 

the M2-like phenotype following TBI in the mouse [135, 138]. A similar delayed 
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administration of gp91ds-tat at 24 hours post-injury also attenuated cognitive deficits 

[185], further suggesting that the critical window of TBI treatment can be extended to 24 

hours post-injury.  

 

Mechanistically, current evidence strongly supports that NOX targeting is 

beneficial in attenuating neuroinflammation [135, 138, 185, 186, 232, 234]. Inhibition of 

NOX decreases expression of pro-inflammatory cytokines [138, 232] and enhances the 

M2-like phenotype of MG/MP in the injured cortex after TBI [138, 185, 234]. The 

benefit of NOX targeting appears to reach beyond reduction of oxidative damage and 

may be key in limiting chronic neuroinflammation following TBI. 

 

5. Therapeutic Considerations of NOX Inhibitors 
 

As described above, NOX2 targeting via selective inhibitors or via apocynin has 

been reported to improve cognitive outcomes following TBI in animal models [139, 185, 

209, 226]. Apocynin is a particularly attractive agent due to its ability to reach the brain 

parenchyma with oral administration, high stability, and low general toxicity [235]. 

Clinical trials of inflammatory respiratory conditions that utilized apocynin showed 

efficacy with no adverse effects [182, 236, 237]. Despite its efficacy, apocynin’s broad 

range of potential therapeutic application in different pathologies, such as arthritis [238], 

renal ischemia [239], vascular disease [240], and chronic obstructive pulmonary disease 

[183], may cause concern for potential off-target effects with systemic administration. A 

targeted approach that delivers apocynin to a limited area or organ may be optimal to 

limit suppression of physiological NOX signaling. Cell-specific targeting of NOX 
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inhibitors, for example only pro-inflammatory microglia, may also provide yet another 

approach that would limit off-target effects. Although apocynin-mediated 

neuroprotection was lost in NOX2-/- mice [241], similar studies have not been conducted 

with NOX4-/- mice to evaluate whether apocynin’s effects could also involve NOX4 

mediation. 

 

The most isoform-selective NOX inhibitor to date, gp91ds-tat, is a synthetic, 

small peptide inhibitor that was designed to penetrate cells and prevent the assembly of 

the active NOX2 complex by inhibiting the association of p47phox with gp91phox [242]. 

Though the therapeutic potential of gp91ds-tat is overshadowed by its low oral 

bioavailability, low stability, and questionable crossing of the BBB [243], its high 

selectivity for NOX2 [244] is attractive for studying NOX2-specific mechanisms 

underlying TBI pathology.  

 

6. Targeting NOX4 Bypasses Caveats of NOX2 Inhibition 
 

The majority of studies in this field focus on the role of NOX2 in mediating 

neuroinflammation and oxidative stress after TBI, with few recent studies implicating a 

role for NOX4. Although NOX2 seems the obvious target in the pursuit of translational 

therapies, targeting NOX4 may be advantageous if specific inhibitors are developed. 

NOX2-/- mice are frequently used to model chronic granulomatous disease, an inherited 

disorder characterized by recurrent infections due to defects in innate immunity [217-

219]. Considering that hospitalized TBI patients are susceptible to potentially fatal 

nosocomial infections [210-213], NOX2 targeting could potentially exacerbate this risk 
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by impairing the immune system. Further studies are necessary to evaluate this potential 

disadvantage. In contrast, NOX4-/- mice are generally healthy without adverse 

phenotypes [146, 220], and NOX4 is primarily upregulated in neurons following TBI 

[227]. These characteristics position NOX4 as a promising novel target in the treatment 

of TBI that avoids the potential suppression of necessary immune functions of NOX2-

expressing microglia following TBI.  

 

While there is no NOX4-specific inhibitor, GKT137831, the new orally 

bioavailable NOX1/NOX4 dual inhibitor, may be worth investigating in TBI. 

GKT137831 reduces neuronal death and degeneration in following subarachnoid 

hemorrhage [245]. Furthermore, GKT137831 is currently employed in phase II clinical 

trials for diabetic nephropathy and primary biliary cholangitis, and appears to be well 

tolerated without adverse events (NCT02010242 and NCT03226067, clinicaltrials.gov). 

Based on these observations, the efficacy of GKT137831 in treatment of TBI should be 

evaluated to determine the translational potential of targeting NOX4 in TBI pathology.  

 

7. Additional Considerations for Future Research 
 

Several caveats are present in experimental animal studies on TBI. The vast 

majority of studies, ours included, were conducted in healthy, adult male mice. The lack 

of age range and associated comorbidities like hypertension in the published studies can 

potentially limit the successful translation of these basic findings to human TBI. For 

instance, the highest rates of TBIs are amongst the oldest or youngest age groups who are 

particularly prone to falling [5]. Thus, NOX involvement should continue to be evaluated 
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to include juvenile and aged mice, especially since aged mice appear to have exaggerated 

NOX expression and worse outcomes after TBI [130]. In addition, NOX activity and 

function may vary with gender [246-249]. Thus, further pre-clinical studies should 

evaluate whether NOX inhibition is similarly efficacious in females.  

 

We can learn from the failures of past clinical trials. Despite having over 300 

publications of successful pre-clinical experiments, progesterone still failed to be 

beneficial in clinical trials of TBI. Though NOX inhibition as a therapeutic strategy is 

gaining momentum, a long road lies ahead. Focusing on the reproducibility of our current 

findings across various ages, genders, injury models, and species will propel the notion of 

targeting NOX as a successful treatment for TBI.  
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	FIGURE	1	–	NOX involvement in secondary TBI pathology 
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Figure 1: NOX involvement in secondary TBI pathology. TBI induces activation of 

NOX enzymes (in particular, NOX1, NOX2, and NOX4) to produce ROS. The activated 

NOX induces secondary TBI pathology that can exacerbate the primary injury. A few 

prominent examples are depicted here: a. production of oxidative stress damage 

(peroxidation of lipids, oxidation of DNA, nitration of amino acids), b. generation of pro-

inflammatory cytokines (IL-1β) by a TXNIP-mediated activation of NLRP3 

inflammasome, and c. regulation of MG/MP phenotype towards the pro-inflammatory 

M1-like phenotype. Abbreviations: NLRP3 – nucleotide oligomerization domain (NOD)-

like receptors containing Pyrin domain-3; TXNIP – thioredoxin interacting protein; LRR 

– leucine rich repeats; NAD – NACHT-associated domain; NACHT - domain present in 

NAIP, CIITA, HET-E and telomerase associated protein;  PYD – pyrin domain; CARD – 

caspase recruitment domain; Cas – caspase-1; ASC - apoptosis associated speck-like 

protein containing a CARD; IL-1β – interleukin-1 beta; MG/MP – 

microglia/macrophage. 
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TABLE 1 – Effect of NOX deletion in TBI models 

NOX 
modulation 

Animal 
Model 

ROI Results Ref. 

NOX2-/- SBI Frontal lobe • ↑ Neurological outcomes 
• No change in edema 

[225] 

NOX2-/- CCI Cortex • ↓ Lesion size, apoptosis, 
oxidative stress 

[136] 

NOX2-/- CCI Cortex • ↓ Clic1 and CD68+ MG/MP, 
lesion volume, 
neurodegeneration 

• Mitigates M1-like and 
promotes M2-like response in 
MG/MP 

• ↑ Motor coordination 
• ↑ IL-4Rα in infiltrating MP 

[185] 

NOX2-/- CCI Cortex • ↓ Lesion size, neuronal 
damage, NLRP3 
inflammasome activation, IL-
1β 

[135] 

NOX2-/- CCI Cortex, CA1 
hippocampus 

• ↓ NFκB activation and in 
MG/MP, oxidative stress, 
lesion size, apoptosis, 
MG/MP neurotoxicity 

• Shifts MG/MP toward M2-like 
polarization 

[138] 

NOX2-/- CCI Cortex • ↑ Motor function 
• ↓ Lesion volume 

[226] 

NOX4-/- CCI Cortex • ↓ Neuronal oxidative stress, 
lesion volume, 
neurodegeneration, 
apoptosis 

[227] 

 

Table 1: Effect of NOX deletion in models of TBI. Overview of published studies 

utilizing genetic NOX knockout mice in models of TBI. The animal TBI model used, the 

specific region of interest (ROI) evaluated, and the major findings of these studies have 

been summarized. To date, only NOX2 and NOX4 knockout mice have been studied. 

Abbreviations: SBI – surgical brain injury; CCI – controlled cortical impact. 
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TABLE 2 – Effect of NOX inhibition in TBI models 

NOX modulation Animal 
Model 

ROI Results Ref. 

Apocynin 5mg/kg ip; 
30min pre-SBI 

SBI Frontal 
lobe 

• No change in neurological 
outcome, edema 

• ↓ Oxidative stress at 3h; not at 
24h 

[225] 

Apocynin 50mg/kg ip; 
30min pre-TBI 

Weight 
drop (CHI) 

Injured 
hemispher
e; cortex 

• ↓ Edema, neurological deficits, 
oxidative stress, apoptosis 

[139] 

Apocynin 4mg/kg ip; 
20min pre-TBI 

CCI Cortex; 
CA1 /CA3  

• ↓ Microglial activation, β-
amyloid, neuronal death 

[134] 

Apocynin 100mg/kg 
ip; 15min pre-TBI 

Weight 
drop (open 
skull) 

CA3  • ↓ Neurodegeneration, oxidative 
stress, BBB disruption, 
microglial activation 

[193] 

Apocynin 10mg/kg ip; 
5min or 2h + 2nd 
dose at 24h post-TBI 

CCI Cortex • ↑ Motor function 
• No change in lesion volume 

[226] 

Apocynin 5mg/kg sc; 
30min and 24h post-
TBI 

mLFPI Cortex • ↓ Memory impairment, IL-1β, 
oxidative stress, lesion volume 

• No change in neuromotor 
deficits, edema 

[209] 

Apocynin 4mg/kg ip; 
2h post-TBI 

CCI Cortex; 
CA1 /CA3  

• ↓ Microglial activation, β-
amyloid, neuronal death 

[134] 

Apocynin 5mg/kg ip; 
23h post-TBI, qd 

CCI Cortex, 
CA1  

• ↓ NFκB activation in MG/MP, 
oxidative stress, lesion size, 
apoptosis, MG/MP neurotoxicity 

• Shifts MG/MP toward M2-like 
polarization 

[138] 

Apocynin 5mg/kg ip; 
23h post-TBI, qd 

CCI Cortex • ↓ NLRP3 inflammasome 
activation, IL-1β 

[135] 

Gp91ds-tat; 250 
ug/mouse ip; 20min 
pre-TBI 

CCI Cortex • ↓ Edema 
• ↑ Neuronal density 

[134] 

Gp91ds-tat; 5mg/kg 
ip; 24h, 48h, and 72h 
post-TBI 

CCI Cortex • ↓ CD16/32 and ↑ TGFβ 
expression in cortex 

• ↓ Oxidative stress  
• Shifts MG/MP toward M2-like 

polarization 

[234] 

Gp91ds-tat; 5mg/kg 
ip; 1d, 2d, and 3d 
post-TBI 

CCI Cortex • Promoted M2-like activation of 
MG/MP 

• ↑ Spatial working memory 
• No change in motor 

coordination 

[185] 
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Table 2: Effect of NOX inhibition in models of TBI. Overview of published studies 

utilizing pharmacological inhibition of NOX enzymes in models of TBI. The dosing 

regimen of well-cited NOX inhibitors, the model of TBI used, the specific region of 

interest (ROI) evaluated, and the major findings of each study have been summarized. 

Abbreviations: SBI – surgical brain injury; CHI – closed-head injury; CCI – controlled 

cortical impact; mLFPI – moderate lateral fluid percussion injury; MG/MP – 

microglia/macrophage. 
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IV. SUMMARY 
 
1. TBI Induces NLRP3 Inflammasome Activation  

The NLRP3 inflammasome is induced following TBI as part of the secondary 

injury cascade. Increased gene and protein expression of NLRP3 inflammasome 

components, which include NLRP3, ASC, caspase-1, and IL-1β, occurs as early as 2 dpi, 

with a peak expression around 4 and 7 dpi. Furthermore, the NLRP3 inflammasome is 

assembled at 4 and 7 dpi and becomes activated, cleaving caspase-1 and allowing it to 

process pro-IL-1β to its mature, cleaved form. The NLRP3 inflammasome can become 

activated as a result of direct interaction with TXNIP, an oxidative stress sensor. 

 

2.  NOX2 Mediates NLRP3 Activation following TBI 

NOX2 is a major contributor to oxidative stress in secondary TBI pathology. 

Mice deficient in NOX2 have decreased lesion size and increased neuronal survival in the 

perilesional cortex. Additionally, deletion of NOX2 attenuated NLRP3 inflammasome 

expression, complex assembly, and activity following TBI. Mice deficient in NOX2 

showed decreased cleavage of caspase-1 and IL-1β. To support this interaction between 

oxidative stress and neuroinflammation, deletion of NOX2 reduces TXNIP expression 

and its interaction with the NLRP3 inflammasome, which can explain the decreased 

NLRP3 activation seen in NOX2-/- mice.  
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3. Inhibition of NOX Ameliorates Neuroinflammation  

In consideration of the potential therapeutic aspect of NOX inhibition, apocynin, a 

natural NOX inhibitor with low-toxicity, was administered 23 hours post-TBI. This acute 

inhibition of NOX at a single delayed timepoint after TBI attenuated the NLRP3 

inflammasome activation and subsequent cleavage of pro-inflammatory cytokine, IL-1β. 

These findings provide new insight into the anti-inflammatory effects of NOX inhibition.  

 

4. Deletion of NOX4 Attenuates TBI Severity 

 In the interest of identifying novel therapeutic targets for TBI, we sought to 

characterize the role of NOX4, the only other isoform in the NOX family of enzymes that 

has been shown to be elevated in post-mortem brain samples from TBI patients. In our 

study, we found that the expression of NOX4 is elevated from 1-7 dpi in the mouse and 

appears primarily neuronal. Furthermore, deletion of NOX4 attenuated neuronal 

oxidative damage, lesion size, neuronal death, and neurodegeneration following TBI. 

These findings support that NOX4 should be further evaluated as a therapeutic target for 

TBI. 

 

 

 

 

 



 
 

109 
 

V. REFERENCES 
 
1. Rosenfeld, J.V., et al., Early management of severe traumatic brain injury. 

Lancet, 2012. 380(9847): p. 1088-98. 
2. Coronado, V.G., et al., Surveillance for traumatic brain injury-related deaths--

United States, 1997-2007. MMWR Surveill Summ, 2011. 60(5): p. 1-32. 
3. Finfer, S.R. and J. Cohen, Severe traumatic brain injury. Resuscitation, 2001. 

48(1): p. 77-90. 
4. Nizamutdinov, D. and L.A. Shapiro, Overview of Traumatic Brain Injury: An 

Immunological Context. Brain Sci, 2017. 7(1). 
5. Taylor, C.A., et al., Traumatic Brain Injury-Related Emergency Department 

Visits, Hospitalizations, and Deaths - United States, 2007 and 2013. MMWR 
Surveill Summ, 2017. 66(9): p. 1-16. 

6. Ma, M.W., et al., NADPH oxidase in brain injury and neurodegenerative 
disorders. Mol Neurodegener, 2017. 12(1): p. 7. 

7. Loane, D.J., et al., Progressive neurodegeneration after experimental brain 
trauma: association with chronic microglial activation. J Neuropathol Exp 
Neurol, 2014. 73(1): p. 14-29. 

8. Barnes, D.E., et al., Traumatic brain injury and risk of dementia in older veterans. 
Neurology, 2014. 83(4): p. 312-9. 

9. von Leden, R.E., et al., Central Nervous System Injury and Nicotinamide Adenine 
Dinucleotide Phosphate Oxidase: Oxidative Stress and Therapeutic Targets. J 
Neurotrauma, 2017. 34(4): p. 755-764. 

10. Whitaker-Lea, W.A. and A.B. Valadka, Acute Management of Moderate-Severe 
Traumatic Brain Injury. Phys Med Rehabil Clin N Am, 2017. 28(2): p. 227-243. 

11. Prins, M., et al., The pathophysiology of traumatic brain injury at a glance. Dis 
Model Mech, 2013. 6(6): p. 1307-15. 

12. Butterfield, D.A. and T.T. Reed, Lipid peroxidation and tyrosine nitration in 
traumatic brain injury: Insights into secondary injury from redox proteomics. 
Proteomics Clin Appl, 2016. 10(12): p. 1191-1204. 

13. Werner, C. and K. Engelhard, Pathophysiology of traumatic brain injury. Br J 
Anaesth, 2007. 99(1): p. 4-9. 

14. McGinn, M.J. and J.T. Povlishock, Pathophysiology of Traumatic Brain Injury. 
Neurosurg Clin N Am, 2016. 27(4): p. 397-407. 

15. Maas, A.I.R., N. Stocchetti, and R. Bullock, Moderate and severe traumatic brain 
injury in adults. Lancet Neurol., 2008. 7(8): p. 728-741. 

16. Tajiri, N., et al., Traumatic brain injury precipitates cognitive impairment and 
extracellular Abeta aggregation in Alzheimer's disease transgenic mice. PLoS 
One., 2013. 8(11): p. e78851. 

17. Giunta, B., et al., The immunology of traumatic brain injury: a prime target for 
Alzheimer's disease prevention. J Neuroinflammation, 2012. 9: p. 185. 

18. Carbonell, W.S. and M.S. Grady, Regional and temporal characterization of 
neuronal, glial, and axonal response after traumatic brain injury in the mouse. 
Acta Neuropathol., 1999. 98(4): p. 396-406. 



 
 

110 
 

19. Simon, D.W., et al., The far-reaching scope of neuroinflammation after traumatic 
brain injury. Nat Rev Neurol, 2017. 13(3): p. 171-191. 

20. Beauchamp, K., et al., Pharmacology of traumatic brain injury: where is the 
"golden bullet"? Mol Med, 2008. 14(11-12): p. 731-40. 

21. Gaetz, M., The neurophysiology of brain injury. Clin Neurophysiol, 2004. 115(1): 
p. 4-18. 

22. Lotocki, G., et al., Alterations in blood-brain barrier permeability to large and 
small molecules and leukocyte accumulation after traumatic brain injury: effects 
of post-traumatic hypothermia. J Neurotrauma, 2009. 26(7): p. 1123-34. 

23. Harting, M.T., et al., Acute, regional inflammatory response after traumatic brain 
injury: Implications for cellular therapy. Surgery, 2008. 144(5): p. 803-13. 

24. Povlishock, J.T. and C.W. Christman, The pathobiology of traumatically induced 
axonal injury in animals and humans: a review of current thoughts. J 
Neurotrauma, 1995. 12(4): p. 555-64. 

25. Unterberg, A.W., et al., Characterisation of brain edema following "controlled 
cortical impact injury" in rats. Acta Neurochir Suppl., 1997. 70: p. 106-8. 

26. Niesman, I.R., et al., Traumatic brain injury enhances neuroinflammation and 
lesion volume in caveolin deficient mice. J Neuroinflammation, 2014. 11: p. 39. 

27. Ikonomidou, C. and L. Turski, Why did NMDA receptor antagonists fail clinical 
trials for stroke and traumatic brain injury? Lancet Neurol, 2002. 1(6): p. 383-6. 

28. Maas, A.I., B. Roozenbeek, and G.T. Manley, Clinical trials in traumatic brain 
injury: past experience and current developments. Neurotherapeutics, 2010. 7(1): 
p. 115-26. 

29. Stein, D.G., Embracing failure: What the Phase III progesterone studies can 
teach about TBI clinical trials. Brain Inj, 2015. 29(11): p. 1259-72. 

30. McKee, C.A. and J.R. Lukens, Emerging Roles for the Immune System in 
Traumatic Brain Injury. Front Immunol, 2016. 7: p. 556. 

31. Kim, J.Y., et al., Inflammation after Ischemic Stroke: The Role of Leukocytes and 
Glial Cells. Exp Neurobiol, 2016. 25(5): p. 241-251. 

32. Krause, D.L. and N. Muller, Neuroinflammation, microglia and implications for 
anti-inflammatory treatment in Alzheimer's disease. Int J Alzheimers Dis, 2010. 
2010. 

33. Corps, K.N., T.L. Roth, and D.B. McGavern, Inflammation and neuroprotection 
in traumatic brain injury. JAMA Neurol, 2015. 72(3): p. 355-62. 

34. Uchida, K., Redox-derived damage-associated molecular patterns: Ligand 
function of lipid peroxidation adducts. Redox Biol, 2013. 1: p. 94-6. 

35. Guo, H., J.B. Callaway, and J.P. Ting, Inflammasomes: mechanism of action, role 
in disease, and therapeutics. Nat Med, 2015. 21(7): p. 677-87. 

36. Martinon, F., K. Burns, and J. Tschopp, The inflammasome: a molecular platform 
triggering activation of inflammatory caspases and processing of proIL-beta. Mol 
Cell, 2002. 10(2): p. 417-26. 

37. de Rivero Vaccari, J.P., et al., Exosome-mediated inflammasome signaling after 
central nervous system injury. J Neurochem, 2016. 136 Suppl 1: p. 39-48. 

38. Adamczak, S., et al., Inflammasome proteins in cerebrospinal fluid of brain-
injured patients as biomarkers of functional outcome: clinical article. J 
Neurosurg, 2012. 117(6): p. 1119-25. 



 
 

111 
 

39. Adamczak, S.E., et al., Pyroptotic neuronal cell death mediated by the AIM2 
inflammasome. J Cereb Blood Flow Metab, 2014. 34(4): p. 621-9. 

40. Lin, C., et al., Omega-3 fatty acids regulate NLRP3 inflammasome activation and 
prevent behavior deficits after traumatic brain injury. Exp Neurol, 2017. 290: p. 
115-122. 

41. Liu, H.D., et al., Expression of the NLRP3 inflammasome in cerebral cortex after 
traumatic brain injury in a rat model. Neurochem Res, 2013. 38(10): p. 2072-83. 

42. Cristofori, L., et al., Biochemical analysis of the cerebrospinal fluid: evidence for 
catastrophic energy failure and oxidative damage preceding brain death in severe 
head injury: a case report. Clin Biochem, 2005. 38(1): p. 97-100. 

43. Heid, M.E., et al., Mitochondrial reactive oxygen species induces NLRP3-
dependent lysosomal damage and inflammasome activation. J Immunol, 2013. 
191(10): p. 5230-8. 

44. Zhou, R., et al., Thioredoxin-interacting protein links oxidative stress to 
inflammasome activation. Nat Immunol, 2010. 11(2): p. 136-40. 

45. Abdul-Muneer, P.M., N. Chandra, and J. Haorah, Interactions of Oxidative Stress 
and Neurovascular Inflammation in the Pathogenesis of Traumatic Brain Injury. 
Mol Neurobiol., 2014. 51(3): p. 966-79. 

46. Angeloni, C., et al., Traumatic brain injury and NADPH oxidase: a deep 
relationship. Oxid Med Cell Longev, 2015. 2015: p. 370312. 

47. Bains, M. and E.D. Hall, Antioxidant therapies in traumatic brain and spinal cord 
injury. Biochim Biophys Acta, 2012. 1822(5): p. 675-84. 

48. Toklu, H.Z. and N. Tumer, Oxidative Stress, Brain Edema, Blood-Brain Barrier 
Permeability, and Autonomic Dysfunction from Traumatic Brain Injury, in Brain 
Neurotrauma: Molecular, Neuropsychological, and Rehabilitation Aspects, F.H. 
Kobeissy, Editor. 2015: Boca Raton (FL). 

49. Abdul-Muneer, P.M., et al., Induction of oxidative and nitrosative damage leads 
to cerebrovascular inflammation in an animal model of mild traumatic brain 
injury induced by primary blast. Free Radic Biol Med, 2013. 60: p. 282-91. 

50. Buetler, T.M., A. Krauskopf, and U.T. Ruegg, Role of superoxide as a signaling 
molecule. News Physiol Sci, 2004. 19: p. 120-3. 

51. Panday, A., et al., NADPH oxidases: an overview from structure to innate 
immunity-associated pathologies. Cell Mol Immunol, 2015. 12(1): p. 5-23. 

52. Kienhofer, D., S. Boeltz, and M.H. Hoffmann, Reactive oxygen homeostasis - the 
balance for preventing autoimmunity. Lupus, 2016. 25(8): p. 943-54. 

53. Birben, E., et al., Oxidative stress and antioxidant defense. World Allergy Organ 
J, 2012. 5(1): p. 9-19. 

54. Grivennikova, V.G. and A.D. Vinogradov, Partitioning of superoxide and 
hydrogen peroxide production by mitochondrial respiratory complex I. Biochim 
Biophys Acta., 2013. 1827(3): p. 446-54. 

55. Cobb, C.A. and M.P. Cole, Oxidative and nitrative stress in neurodegeneration. 
Neurobiol Dis., 2015. 84: p. 4-21. 

56. Nakamura, T., et al., Aberrant protein S-nitrosylation contributes to the 
pathophysiology of neurodegenerative diseases. Neurobiol Dis., 2015. 84: p. 99-
108. 



 
 

112 
 

57. Beckman, J.S. and W.H. Koppenol, Nitric oxide, superoxide, and peroxynitrite: 
the good, the bad, and ugly. Am J Physiol., 1996. 271(5 Pt 1): p. 1424-37. 

58. McCord, J.M. and I. Fridovich, Superoxide dismutase. An enzymic function for 
erythrocuprein (hemocuprein). J Biol Chem., 1969. 244(22): p. 6049-55. 

59. Maraldi, T., Natural compounds as modulators of NADPH oxidases. oxid Med 
Cell Longev., 2013. 2013: p. 10. 

60. Riley, P.A., Free radicals in biology: oxidative stress and the effects of ionizing 
radiation. Int J Radiat Biol., 1994. 65(1): p. 27-33. 

61. Benov, L., How superoxide radical damages the cell. Protoplasma, 2001. 217(1-
3): p. 33-6. 

62. Forman, H.J. and M. Torres, Reactive oxygen species and cell signaling: 
respiratory burst in macrophage signaling. American Journal of Respiratory and 
Critical Care Medicine, 2002. 166(12 Pt 2): p. S4-8. 

63. Shirley, R., E.N. Ord, and L.M. Work, Oxidative Stress and the Use of 
Antioxidants in Stroke. Antioxidants (Basel), 2014. 3(3): p. 472-501. 

64. Shuaib, A., et al., NXY-059 for the treatment of acute ischemic stroke. N Engl J 
Med, 2007. 357(6): p. 562-71. 

65. Shyu, K.G., et al., Mechanisms of ascorbyl radical formation in human platelet-
rich plasma. Biomed Res Int., 2014. 2014(2014): p. 614506. 

66. Coso, S., et al., NADPH oxidases as regulators of tumor angiogenesis: current 
and emerging concepts. Antioxidants & Redox Signaling., 2012. 16(11): p. 1229-
1247. 

67. Selemidis, S., et al., NADPH oxidases in the vasculature: molecular features, 
roles in disease and pharmacological inhibition. Pharmacol Ther., 2008. 120(3): 
p. 254-91. 

68. Armitage, M.E., et al., Translating the oxidative stress hypothesis into the clinic: 
NOX versus NOS. J Mol Med (Berl). 2009. 87(11): p. 1071-6. 

69. Altenhofer, S., et al., The NOX toolbox: validating the role of NADPH oxidases in 
physiology and disease. Cell Mol Life Sci, 2012. 69(14): p. 2327-43. 

70. Nayernia, Z., V. Jaquet, and K.H. Krause, New insights on NOX enzymes in the 
central nervous system. Antioxid Redox Signal, 2014. 20(17): p. 2815-37. 

71. Lambeth, J.D. and A.S. Neish, Nox enzymes and new thinking on reactive oxygen: 
a double-edged sword revisited. Annu Rev Pathol, 2014. 9: p. 119-45. 

72. Bedard, K. and K.H. Krause, The NOX family of ROS-generating NADPH 
oxidases: physiology and pathophysiology. Physiol Rev, 2007. 87(1): p. 245-313. 

73. Gao, H.M., H. Zhou, and J.S. Hong, NADPH oxidases: novel therapeutic targets 
for neurodegenerative diseases. Trends Pharmacol Sci, 2012. 33(6): p. 295-303. 

74. Hall, E.D., R.A. Vaishnav, and A.G. Mustafa, Antioxidant therapies for traumatic 
brain injury. Neurotherapeutics, 2010. 7(1): p. 51-61. 

75. Wientjes, F.B. and A.W. Segal, NADPH oxidase and the respiratory burst. Semin 
Cell Biol, 1995. 6(6): p. 357-65. 

76. Sumimoto, H., Structure, regulation and evolution of Nox-family NADPH 
oxidases that produce reactive oxygen species. FEBS J, 2008. 275(13): p. 3249-
77. 



 
 

113 
 

77. Dupuy, C., et al., Purification of a novel flavoprotein involved in the thyroid 
NADPH oxidase. Cloning of the porcine and human cdnas. J Biol Chem, 1999. 
274(52): p. 37265-9. 

78. Cheng, G., et al., Homologs of gp91phox: cloning and tissue expression of Nox3, 
Nox4, and Nox5. Gene, 2001. 269(1-2): p. 131-40. 

79. Geiszt, M. and T.L. Leto, The Nox family of NAD(P)H oxidases: host defense and 
beyond. J Biol Chem, 2004. 279(50): p. 51715-8. 

80. Pendyala, S. and V. Natarajan, Redox regulation of Nox proteins. Respir Physiol 
Neurobiol, 2010. 174(3): p. 265-71. 

81. Lambeth, J.D., NOX enzymes and the biology of reactive oxygen. Nat Rev 
Immunol, 2004. 4(3): p. 181-9. 

82. Banfi, B., et al., Two novel proteins activate superoxide generation by the 
NADPH oxidase NOX1. J Biol Chem, 2003. 278(6): p. 3510-3. 

83. Szanto, I., et al., Expression of NOX1, a superoxide-generating NADPH oxidase, 
in colon cancer and inflammatory bowel disease. J Pathol, 2005. 207(2): p. 164-
76. 

84. Sumimoto, H., K. Miyano, and R. Takeya, Molecular composition and regulation 
of the Nox family NAD(P)H oxidases. Biochem Biophys Res Commun, 2005. 
338(1): p. 677-86. 

85. Banfi, B., et al., NOX3, a superoxide-generating NADPH oxidase of the inner ear. 
J Biol Chem, 2004. 279(44): p. 46065-72. 

86. Paffenholz, R., et al., Vestibular defects in head-tilt mice result from mutations in 
Nox3, encoding an NADPH oxidase. Genes Dev, 2004. 18(5): p. 486-91. 

87. Geiszt, M., et al., Identification of renox, an NAD(P)H oxidase in kidney. Proc 
Natl Acad Sci U S A, 2000. 97(14): p. 8010-4. 

88. Shiose, A., et al., A novel superoxide-producing NAD(P)H oxidase in kidney. J 
Biol Chem, 2001. 276(2): p. 1417-23. 

89. Banfi, B., et al., A Ca(2+)-activated NADPH oxidase in testis, spleen, and lymph 
nodes. J Biol Chem, 2001. 276(40): p. 37594-601. 

90. Fulton, D.J., Nox5 and the regulation of cellular function. Antioxid Redox Signal, 
2009. 11(10): p. 2443-52. 

91. De Deken, X., et al., Cloning of two human thyroid cDNAs encoding new 
members of the NADPH oxidase family. J Biol Chem, 2000. 275(30): p. 23227-
33. 

92. Sorce, S. and K.H. Krause, NOX enzymes in the central nervous system: from 
signaling to disease. Antioxid Redox Signal, 2009. 11(10): p. 2481-504. 

93. Chrissobolis, S., et al., Role of Nox isoforms in angiotensin II-induced oxidative 
stress and endothelial dysfunction in brain. Journal of Applied Physiology, 2012. 
113(2): p. 184-191. 

94. Brennan-Minnella, A.M., et al., Phosphoinositide 3-kinase couples NMDA 
receptors to superoxide release in excitotoxic neuronal death. Cell Death Dis., 
2013. 4: p. e580. 

95. Brandes, R.P., Role of NADPH oxidases in the control of vascular gene 
expression. Antioxid Redox Signal., 2003. 5(6): p. 803-11. 



 
 

114 
 

96. Cooney, S.J., S.L. Bermudez-Sabogal, and K.R. Byrnes, Cellular and temporal 
expression of NADPH oxidase (NOX) isotypes after brain injury. J 
Neuroinflammation, 2013. 10: p. 155. 

97. Perry, V.H., J.A. Nicoll, and C. Holmes, Microglia in neurodegenerative disease. 
Nat Rev Neurol., 2010. 6(4): p. 193-201. 

98. Cairns, B., et al., NOX inhibitors as a therapeutic strategy for stroke and 
neurodegenerative disease. Curr Drug Targets., 2012. 13(2): p. 199-206. 

99. Johnson, J.L., et al., Activation of p47(PHOX), a cytosolic subunit of the leukocyte 
NADPH oxidase. Phosphorylation of ser-359 or ser-370 precedes 
phosphorylation at other sites and is required for activity. Journal of Biological 
Chemistry, 1998. 273(52): p. 35147-35152. 

100. Surace, M.J. and M.L. Block, Targeting microglia-mediated neurotoxicity: the 
potential of NOX2 inhibitors. Cellular and molecular life sciences, 2012. 69(14): 
p. 2409-2427. 

101. Diekmann, D., et al., Interaction of Rac with p67phox and regulation of 
phagocytic NADPH oxidase activity. Science, 1994. 265(5171): p. 531-3. 

102. Pick, E., Role of the Rho GTPase Rac in the activation of the phagocyte NADPH 
oxidase: outsourcing a key task. Small GTPases, 2014. 5: p. e27952. 

103. Kao, Y.Y., et al., Identification of a conserved Rac-binding site on NADPH 
oxidases supports a direct GTPase regulatory mechanism. J Biol Chem, 2008. 
283(19): p. 12736-46. 

104. Brennan-Minnella, A.M., S.J. Won, and R.A. Swanson, NADPH oxidase-2: 
linking glucose, acidosis, and excitotoxicity in stroke. Antioxid Redox Signal., 
2015. 22(2): p. 161-74. 

105. Lam, T.I., et al., Intracellular pH reduction prevents excitotoxic and ischemic 
neuronal death by inhibiting NADPH oxidase. Proc Natl Acad Sci USA, 2013. 
110(46): p. E4362-8. 

106. Raz, L., et al., Role of Rac1 GTPase in NADPH oxidase activation and cognitive 
impairment following cerebral ischemia in the rat. PLoS One., 2010. 5(9): p. 
e12606. 

107. Kim, G.S., et al., CK2 is a novel negative regulator of NADPH oxidase and a 
neuroprotectant in mice after cerebral ischemia. J Neurosci., 2009. 29(47): p. 
14779-89. 

108. Savchenko, V.L., Regulation of NADPH oxidase gene expression with PKA and 
cytokine IL-4 in neurons and microglia. Neurotoxicity Research, 2013. 23(3): p. 
201-213. 

109. Yuan, G., et al., Hypoxia-inducible factor 1 mediates increased expression of 
NADPH oxidase-2 in response to intermittent hypoxia. J Cell Physiol., 2011. 
226(11): p. 2925-33. 

110. Bianca, V.D., et al., beta-amyloid activates the O-2 forming NADPH oxidase in 
microglia, monocytes, and neutrophils. A possible inflammatory mechanism of 
neuronal damage in Alzheimer's disease. J Biol Chem., 1999. 274(22): p. 15493-
9. 

111. Jana, A. and K. Pahan, Fibrillar amyloid-beta peptides kill human primary 
neurons via NADPH oxidase-mediated activation of neutral sphingomyelinase. 
Implications for Alzheimer's disease. J Biol Chem., 2004. 279(49): p. 51451-9. 



 
 

115 
 

112. Fan, L., et al., Chronic cocaine-induced cardiac oxidative stress and mitogen-
activated protein kinase activation: the role of Nox2 oxidase. J Pharmacol Exp 
Ther., 2009. 328(1): p. 99-106. 

113. Furst, R., et al., Atrial natriuretic peptide induces mitogen-activated protein 
kinase phosphatase-1 in human endothelial cells via Rac1 and NAD(P)H 
oxidase/Nox2-activation. Circ Res., 2005. 96(1): p. 43-53. 

114. Borchi, E., et al., Role of NADPH oxidase in H9c2 cardiac muscle cells exposed 
to simulated ischaemia-reperfusion. J Cell Mol Med., 2009. 13(8B): p. 2724-35. 

115. Yuan, H., et al., NADPH oxidase 2-derived reactive oxygen species mediate 
FFAs-induced dysfunction and apoptosis of beta-cells via JNK, p38 MAPK and 
p53 pathways. PLoS One., 2010. 5(12): p. e15726. 

116. Hingtgen, S.D., et al., Nox2-containing NADPH oxidase and Akt activation play a 
key role in angiotensin II-induced cardiomyocyte hypertrophy. Physiol 
Genomics., 2006. 26(3): p. 180-91. 

117. Bae, Y.S., et al., Platelet-derived growth factor-induced H(2)O(2) production 
requires the activation of phosphatidylinositol 3-kinase. J Biol Chem., 2000. 
275(14): p. 10527-31. 

118. Li, J.-M., et al., Acute tumor necrosis factor alpha signaling via NADPH oxidase 
in microvascular endothelial cells: role of p47phox phosphorylation and binding 
to TRAF4. Mol Cell Biol., 2005. 25(6): p. 2320-2330. 

119. Li, Q., et al., Endosomal Nox2 facilitates redox-dependent induction of NF-
kappaB by TNF-alpha. Antioxid Redox Signal., 2009. 11(6): p. 1249-63. 

120. San Jose, G., et al., Insulin-induced NADPH oxidase activation promotes 
proliferation and matrix metalloproteinase activation in monocytes/macrophages. 
Free Radic Biol Med., 2009. 46(8): p. 1058-67. 

121. Cahill-Smith, S. and J.-M. Li, Oxidative stress, redox signalling and endothelial 
dysfunction in ageing-related neurodegenerative diseases: a role of NADPH 
oxidase 2. British Journal of Clinical Pharmacology, 2014. 78(3): p. 441-453. 

122. Li, J.M., et al., Nox2 regulates endothelial cell cycle arrest and apoptosis via 
p21cip1 and p53. Free Radic Biol Med., 2007. 43(6): p. 976-86. 

123. Nisimoto, Y., et al., Constitutive NADPH-Dependent Electron Transferase 
Activity of the Nox4 Dehydrogenase Domain. Biochemistry, 2010. 49(11): p. 
2433-2442. 

124. Martyn, K.D., et al., Functional analysis of Nox4 reveals unique characteristics 
compared to other NADPH oxidases. Cell Signal., 2006. 18(1): p. 69-82. 

125. Serrander, L., et al., NOX4 activity is determined by mRNA levels and reveals a 
unique pattern of ROS generation. Biochemical Journal, 2007. 406(1): p. 105-
114. 

126. Liao, Y., et al., Oxidative burst of circulating neutrophils following traumatic 
brain injury in human. PLoS One, 2013. 8(7): p. e68963. 

127. Li, Z., et al., Expression and clinical significance of non-phagocytic cell oxidase 2 
and 4 after human traumatic brain injury. Neurol Sci, 2015. 36(1): p. 61-71. 

128. Schiavone, S., et al., The NADPH oxidase NOX2 mediates loss of parvalbumin 
interneurons in traumatic brain injury: human autoptic immunohistochemical 
evidence. Sci Rep, 2017. 7(1): p. 8752. 



 
 

116 
 

129. Lucke-Wold, B.P., et al., Amelioration of nicotinamide adenine dinucleotide 
phosphate-oxidase mediated stress reduces cell death after blast-induced 
traumatic brain injury. Transl Res, 2015. 166(6): p. 509-528 e1. 

130. Kumar, A., et al., Traumatic brain injury in aged animals increases lesion size 
and chronically alters microglial/macrophage classical and alternative activation 
states. Neurobiol Aging, 2013. 34(5): p. 1397-411. 

131. Wang, Y., et al., Rhein and rhubarb similarly protect the blood-brain barrier 
after experimental traumatic brain injury via gp91(phox) subunit of NADPH 
oxidase/ROS/ERK/MMP-9 signaling pathway. Sci Rep, 2016. 6: p. 37098. 

132. Abdul-Muneer, P.M., et al., Traumatic brain injury induced matrix 
metalloproteinase2 cleaves CXCL12alpha (stromal cell derived factor 1alpha) 
and causes neurodegeneration. Brain Behav Immun, 2017. 59: p. 190-199. 

133. Ansari, M.A., K.N. Roberts, and S.W. Scheff, A time course of NADPH-oxidase 
up-regulation and endothelial nitric oxide synthase activation in the hippocampus 
following neurotrauma. Free Radic Biol Med, 2014. 77: p. 21-9. 

134. Zhang, Q.G., et al., Critical role of NADPH oxidase in neuronal oxidative 
damage and microglia activation following traumatic brain injury. PLoS One, 
2012. 7(4): p. e34504. 

135. Ma, M.W., et al., NADPH Oxidase 2 Regulates NLRP3 Inflammasome Activation 
in the Brain after Traumatic Brain Injury. Oxid Med Cell Longev, 2017. 2017: p. 
6057609. 

136. Dohi, K., et al., Gp91phox (NOX2) in classically activated microglia exacerbates 
traumatic brain injury. J Neuroinflammation, 2010. 7: p. 41. 

137. Skovira, J.W., et al., Cell cycle inhibition reduces inflammatory responses, 
neuronal loss, and cognitive deficits induced by hypobaria exposure following 
traumatic brain injury. J Neuroinflammation, 2016. 13(1): p. 299. 

138. Wang, J., et al., Regulatory role of NADPH oxidase 2 in the polarization 
dynamics and neurotoxicity of microglia/macrophages after traumatic brain 
injury. Free Radic Biol Med, 2017. 113: p. 119-131. 

139. Lu, X.Y., et al., NADPH oxidase inhibition improves neurological outcome in 
experimental traumatic brain injury. Neurochem Int, 2014. 69: p. 14-9. 

140. Lu, X.Y., et al., Pretreatment with tert-butylhydroquinone attenuates cerebral 
oxidative stress in mice after traumatic brain injury. J Surg Res, 2014. 188(1): p. 
206-12. 

141. Lu, X.Y., et al., Deletion of Nrf2 Exacerbates Oxidative Stress After Traumatic 
Brain Injury in Mice. Cell Mol Neurobiol, 2015. 35(5): p. 713-21. 

142. Zhang, B., et al., Epigallocatechin-3-Gallate (EGCG) Attenuates Traumatic Brain 
Injury by Inhibition of Edema Formation and Oxidative Stress. Korean J Physiol 
Pharmacol, 2015. 19(6): p. 491-7. 

143. Luo, T., et al., Propofol limits microglial activation after experimental brain 
trauma through inhibition of nicotinamide adenine dinucleotide phosphate 
oxidase. Anesthesiology, 2013. 119(6): p. 1370-88. 

144. Byrnes, K.R., et al., Delayed mGluR5 activation limits neuroinflammation and 
neurodegeneration after traumatic brain injury. J Neuroinflammation, 2012. 9: p. 
43. 



 
 

117 
 

145. Yuan, J., et al., Cordycepin attenuates traumatic brain injury-induced 
impairments of blood-brain barrier integrity in rats. Brain Res Bull, 2016. 127: p. 
171-176. 

146. Kleinschnitz, C., et al., Post-stroke inhibition of induced NADPH oxidase type 4 
prevents oxidative stress and neurodegeneration. PLoS Biol, 2010. 8(9). 

147. Radermacher, K.A., et al., Neuroprotection after stroke by targeting NOX4 as a 
source of oxidative stress. Antioxid Redox Signal, 2013. 18(12): p. 1418-27. 

148. Stocchetti, N. and E.R. Zanier, Chronic impact of traumatic brain injury on 
outcome and quality of life: a narrative review. Crit Care, 2016. 20(1): p. 148. 

149. McKee, A.C. and M.E. Robinson, Military-related traumatic brain injury and 
neurodegeneration. Alzheimers Dement, 2014. 10(3 Suppl): p. S242-53. 

150. McIntosh, T.K., et al., Neuropathological sequelae of traumatic brain injury: 
relationship to neurochemical and biomechanical mechanisms. Lab Invest, 1996. 
74(2): p. 315-42. 

151. Mbye, L.H., et al., Attenuation of acute mitochondrial dysfunction after traumatic 
brain injury in mice by NIM811, a non-immunosuppressive cyclosporin A analog. 
Exp Neurol, 2008. 209(1): p. 243-53. 

152. Chodobski, A., B.J. Zink, and J. Szmydynger-Chodobska, Blood-brain barrier 
pathophysiology in traumatic brain injury. Transl Stroke Res, 2011. 2(4): p. 492-
516. 

153. Rodriguez-Rodriguez, A., et al., Oxidative stress in traumatic brain injury. Curr 
Med Chem, 2014. 21(10): p. 1201-11. 

154. Borgens, R.B. and P. Liu-Snyder, Understanding secondary injury. Q Rev Biol, 
2012. 87(2): p. 89-127. 

155. Chiu, C.C., et al., Neuroinflammation in animal models of traumatic brain injury. 
J Neurosci Methods, 2016. 272: p. 38-49. 

156. Singhal, G., et al., Inflammasomes in neuroinflammation and changes in brain 
function: a focused review. Front Neurosci, 2014. 8: p. 315. 

157. Kumar, A. and D.J. Loane, Neuroinflammation after traumatic brain injury: 
opportunities for therapeutic intervention. Brain Behav Immun, 2012. 26(8): p. 
1191-201. 

158. Ransohoff, R.M., How neuroinflammation contributes to neurodegeneration. 
Science, 2016. 353(6301): p. 777-83. 

159. Arend, W.P., G. Palmer, and C. Gabay, IL-1, IL-18, and IL-33 families of 
cytokines. Immunol Rev, 2008. 223: p. 20-38. 

160. Chakraborty, S., et al., Inflammasome signaling at the heart of central nervous 
system pathology. J Neurosci Res, 2010. 88(8): p. 1615-31. 

161. de Rivero Vaccari, J.P., W.D. Dietrich, and R.W. Keane, Activation and 
regulation of cellular inflammasomes: gaps in our knowledge for central nervous 
system injury. J Cereb Blood Flow Metab, 2014. 34(3): p. 369-75. 

162. Freeman, L.C. and J.P. Ting, The pathogenic role of the inflammasome in 
neurodegenerative diseases. J Neurochem, 2016. 136 Suppl 1: p. 29-38. 

163. Walsh, J.G., D.A. Muruve, and C. Power, Inflammasomes in the CNS. Nat Rev 
Neurosci, 2014. 15(2): p. 84-97. 

164. Dostert, C., et al., Innate immune activation through Nalp3 inflammasome sensing 
of asbestos and silica. Science, 2008. 320(5876): p. 674-7. 



 
 

118 
 

165. Laird, M.D., et al., Curcumin attenuates cerebral edema following traumatic 
brain injury in mice: a possible role for aquaporin-4? J Neurochem, 2010. 
113(3): p. 637-48. 

166. Wakade, C., et al., Delayed reduction in hippocampal postsynaptic density 
protein-95 expression temporally correlates with cognitive dysfunction following 
controlled cortical impact in mice. J Neurosurg, 2010. 113(6): p. 1195-201. 

167. Hoover, R.C., et al., Differential effects of the anticonvulsant topiramate on 
neurobehavioral and histological outcomes following traumatic brain injury in 
rats. J Neurotrauma, 2004. 21(5): p. 501-12. 

168. Thompson, H.J., et al., Tissue sparing and functional recovery following 
experimental traumatic brain injury is provided by treatment with an anti-myelin-
associated glycoprotein antibody. Eur J Neurosci, 2006. 24(11): p. 3063-72. 

169. Gao, X. and J. Chen, Mild traumatic brain injury results in extensive neuronal 
degeneration in the cerebral cortex. J Neuropathol Exp Neurol, 2011. 70(3): p. 
183-91. 

170. Zhang, Q.G., et al., Role of Dickkopf-1, an antagonist of the Wnt/beta-catenin 
signaling pathway, in estrogen-induced neuroprotection and attenuation of tau 
phosphorylation. J Neurosci, 2008. 28(34): p. 8430-41. 

171. Sareddy, G.R., et al., Proline-, glutamic acid-, and leucine-rich protein 1 
mediates estrogen rapid signaling and neuroprotection in the brain. Proc Natl 
Acad Sci U S A, 2015. 112(48): p. E6673-82. 

172. Minutoli, L., et al., ROS-Mediated NLRP3 Inflammasome Activation in Brain, 
Heart, Kidney, and Testis Ischemia/Reperfusion Injury. Oxid Med Cell Longev, 
2016. 2016: p. 2183026. 

173. Lu, K.T., et al., Effect of interleukin-1 on traumatic brain injury-induced damage 
to hippocampal neurons. J Neurotrauma, 2005. 22(8): p. 885-95. 

174. Kamm, K., et al., The effect of traumatic brain injury upon the concentration and 
expression of interleukin-1beta and interleukin-10 in the rat. J Trauma, 2006. 
60(1): p. 152-7. 

175. Allan, S.M., P.J. Tyrrell, and N.J. Rothwell, Interleukin-1 and neuronal injury. 
Nat Rev Immunol, 2005. 5(8): p. 629-40. 

176. Gatto, G.J., Jr., et al., NADPH oxidase-dependent and -independent mechanisms 
of reported inhibitors of reactive oxygen generation. J Enzyme Inhib Med Chem, 
2013. 28(1): p. 95-104. 

177. Stolk, J., et al., Characteristics of the inhibition of NADPH oxidase activation in 
neutrophils by apocynin, a methoxy-substituted catechol. Am J Respir Cell Mol 
Biol, 1994. 11(1): p. 95-102. 

178. Johnson, D.K., et al., Inhibition of NADPH oxidase activation in endothelial cells 
by ortho-methoxy-substituted catechols. Endothelium, 2002. 9(3): p. 191-203. 

179. Jackman, K.A., et al., Reduction of cerebral infarct volume by apocynin requires 
pretreatment and is absent in Nox2-deficient mice. Br J Pharmacol, 2009. 156(4): 
p. 680-8. 

180. Heumüller, S., et al., Apocynin is not an inhibitor of vascular NADPH oxidases 
but an antioxidant. Hypertension, 2008. 51(2): p. 211-217. 



 
 

119 
 

181. Cifuentes-Pagano, E., D.N. Meijles, and P.J. Pagano, The quest for selective nox 
inhibitors and therapeutics: challenges, triumphs and pitfalls. Antioxid Redox 
Signal, 2014. 20(17): p. 2741-54. 

182. Stefanska, J., et al., Apocynin reduces reactive oxygen species concentrations in 
exhaled breath condensate in asthmatics. Exp Lung Res, 2012. 38(2): p. 90-9. 

183. Stefanska, J., et al., Hydrogen peroxide and nitrite reduction in exhaled breath 
condensate of COPD patients. Pulm Pharmacol Ther, 2012. 25(5): p. 343-8. 

184. Chaubey, S., et al., Nox2 is required for macrophage chemotaxis towards CSF-1. 
PLoS One, 2013. 8(2): p. e54869. 

185. Kumar, A., et al., NOX2 drives M1-like microglial/macrophage activation and 
neurodegeneration following experimental traumatic brain injury. Brain Behav 
Immun, 2016. 58: p. 291-309. 

186. Barrett, J.P., et al., NOX2 deficiency alters macrophage phenotype through an IL-
10/STAT3 dependent mechanism: implications for traumatic brain injury. J 
Neuroinflammation, 2017. 14(1): p. 65. 

187. Wang, W., et al., Rutin protects endothelial dysfunction by disturbing Nox4 and 
ROS-sensitive NLRP3 inflammasome. Biomed Pharmacother, 2016. 86: p. 32-40. 

188. Yang, F., et al., NLRP3 deficiency ameliorates neurovascular damage in 
experimental ischemic stroke. J Cereb Blood Flow Metab, 2014. 34(4): p. 660-7. 

189. Doppenberg, E.M., S.C. Choi, and R. Bullock, Clinical trials in traumatic brain 
injury: lessons for the future. J Neurosurg Anesthesiol, 2004. 16(1): p. 87-94. 

190. Narayan, R.K., et al., Clinical trials in head injury. J Neurotrauma, 2002. 19(5): 
p. 503-57. 

191. McCord, J.M. and M.A. Edeas, SOD, oxidative stress and human pathologies: a 
brief history and a future vision. Biomed Pharmacother, 2005. 59(4): p. 139-42. 

192. Nelson, S.K., S.K. Bose, and J.M. McCord, The toxicity of high-dose superoxide 
dismutase suggests that superoxide can both initiate and terminate lipid 
peroxidation in the reperfused heart. Free Radic Biol Med, 1994. 16(2): p. 195-
200. 

193. Choi, B.Y., et al., Prevention of traumatic brain injury-induced neuronal death by 
inhibition of NADPH oxidase activation. Brain Res, 2012. 1481: p. 49-58. 

194. Brown, D.I. and K.K. Griendling, Nox proteins in signal transduction. Free Radic 
Biol Med, 2009. 47(9): p. 1239-53. 

195. Liu, Z., et al., NADPH oxidase inhibitor regulates microRNAs with improved 
outcome after mechanical reperfusion. J Neurointerv Surg, 2016. 

196. Wang, R.M., et al., The ERK5-MEF2C transcription factor pathway contributes 
to anti-apoptotic effect of cerebral ischemia preconditioning in the hippocampal 
CA1 region of rats. Brain Res, 2009. 1255: p. 32-41. 

197. Nathoo, N., et al., Influence of apoptosis on neurological outcome following 
traumatic cerebral contusion. J Neurosurg, 2004. 101(2): p. 233-40. 

198. Uzan, M., et al., Evaluation of apoptosis in cerebrospinal fluid of patients with 
severe head injury. Acta Neurochir (Wien), 2006. 148(11): p. 1157-64; 
discussion. 

199. Cornelius, C., et al., Traumatic brain injury: oxidative stress and neuroprotection. 
Antioxid Redox Signal, 2013. 19(8): p. 836-53. 



 
 

120 
 

200. Miller, D.M., et al., Temporal and spatial dynamics of nrf2-antioxidant response 
elements mediated gene targets in cortex and hippocampus after controlled 
cortical impact traumatic brain injury in mice. J Neurotrauma, 2014. 31(13): p. 
1194-201. 

201. Hall, E.D., J.A. Wang, and D.M. Miller, Relationship of nitric oxide synthase 
induction to peroxynitrite-mediated oxidative damage during the first week after 
experimental traumatic brain injury. Exp Neurol, 2012. 238(2): p. 176-82. 

202. Radi, R., Protein tyrosine nitration: biochemical mechanisms and structural basis 
of functional effects. Acc Chem Res, 2013. 46(2): p. 550-9. 

203. Faden, A.I. and D.J. Loane, Chronic neurodegeneration after traumatic brain 
injury: Alzheimer disease, chronic traumatic encephalopathy, or persistent 
neuroinflammation? Neurotherapeutics, 2015. 12(1): p. 143-50. 

204. Hall, E.D., et al., Evolution of post-traumatic neurodegeneration after controlled 
cortical impact traumatic brain injury in mice and rats as assessed by the de 
Olmos silver and fluorojade staining methods. J Neurotrauma, 2008. 25(3): p. 
235-47. 

205. Kim, G.H., et al., The Role of Oxidative Stress in Neurodegenerative Diseases. 
Exp Neurobiol, 2015. 24(4): p. 325-40. 

206. A randomized trial of tirilazad mesylate in patients with acute stroke (RANTTAS). 
The RANTTAS Investigators. Stroke, 1996. 27(9): p. 1453-8. 

207. Inatomi, Y., et al., Efficacy of edaravone in cardioembolic stroke. Intern Med, 
2006. 45(5): p. 253-7. 

208. Yamaguchi, T., et al., Ebselen in acute ischemic stroke: a placebo-controlled, 
double-blind clinical trial. Ebselen Study Group. Stroke, 1998. 29(1): p. 12-7. 

209. Ferreira, A.P., et al., The effect of NADPH-oxidase inhibitor apocynin on 
cognitive impairment induced by moderate lateral fluid percussion injury: role of 
inflammatory and oxidative brain damage. Neurochem Int, 2013. 63(6): p. 583-
93. 

210. Boque, M.C., M. Bodi, and J. Rello, Trauma, head injury, and neurosurgery 
infections. Semin Respir Infect, 2000. 15(4): p. 280-6. 

211. Dziedzic, T., A. Slowik, and A. Szczudlik, Nosocomial infections and immunity: 
lesson from brain-injured patients. Crit Care, 2004. 8(4): p. 266-70. 

212. Kourbeti, I.S., et al., Infections in traumatic brain injury patients. Clin Microbiol 
Infect, 2012. 18(4): p. 359-64. 

213. Harrison-Felix, C., et al., Causes of death following 1 year postinjury among 
individuals with traumatic brain injury. J Head Trauma Rehabil, 2006. 21(1): p. 
22-33. 

214. Rada, B. and T.L. Leto, Oxidative innate immune defenses by Nox/Duox family 
NADPH oxidases. Contrib Microbiol, 2008. 15: p. 164-87. 

215. Leto, T.L. and M. Geiszt, Role of Nox family NADPH oxidases in host defense. 
Antioxid Redox Signal, 2006. 8(9-10): p. 1549-61. 

216. Huang, J., et al., Activation of antibacterial autophagy by NADPH oxidases. Proc 
Natl Acad Sci U S A, 2009. 106(15): p. 6226-31. 

217. Bridges, R.A., H. Berendes, and R.A. Good, A fatal granulomatous disease of 
childhood; the clinical, pathological, and laboratory features of a new syndrome. 
AMA J Dis Child, 1959. 97(4): p. 387-408. 



 
 

121 
 

218. Cachat, J., et al., Phagocyte NADPH oxidase and specific immunity. Clin Sci 
(Lond), 2015. 128(10): p. 635-48. 

219. Segal, B.H., et al., Genetic, biochemical, and clinical features of chronic 
granulomatous disease. Medicine (Baltimore), 2000. 79(3): p. 170-200. 

220. Sirokmany, G., A. Donko, and M. Geiszt, Nox/Duox Family of NADPH Oxidases: 
Lessons from Knockout Mouse Models. Trends Pharmacol Sci, 2016. 37(4): p. 
318-27. 

221. Jin, W.N., et al., Depletion of microglia exacerbates postischemic inflammation 
and brain injury. J Cereb Blood Flow Metab, 2017. 37(6): p. 2224-2236. 

222. Donat, C.K., et al., Microglial Activation in Traumatic Brain Injury. Front Aging 
Neurosci, 2017. 9: p. 208. 

223. Morganti-Kossmann, M.C., et al., Inflammatory response in acute traumatic 
brain injury: a double-edged sword. Curr Opin Crit Care, 2002. 8(2): p. 101-5. 

224. Russo, M.V. and D.B. McGavern, Inflammatory neuroprotection following 
traumatic brain injury. Science, 2016. 353(6301): p. 783-5. 

225. Lo, W., et al., NADPH oxidase inhibition improves neurological outcomes in 
surgically-induced brain injury. Neurosci Lett, 2007. 414(3): p. 228-32. 

226. Chandran, R., et al., A combination antioxidant therapy to inhibit NOX2 and 
activate Nrf2 decreases secondary brain damage and improves functional 
recovery after traumatic brain injury. J Cereb Blood Flow Metab, 2017: p. 
271678X17738701. 

227. Ma, M.W., et al., Deletion of NADPH oxidase 4 reduces severity of traumatic 
brain injury. Free Radical Biology and Medicine, 2018. 117: p. 66-75. 

228. Petrônio, M.S., et al., Apocynin: chemical and biophysical properties of a 
NADPH oxidase inhibitor. Molecules, 2013. 18(3): p. 2821-2839. 

229. Barbieri, S.S., et al., Apocynin prevents cyclooxygenase 2 expression in human 
monocytes through NADPH oxidase and glutathione redox-dependent 
mechanisms. Free Radic Biol Med, 2004. 37(2): p. 156-65. 

230. Ximenes, V.F., et al., The oxidation of apocynin catalyzed by myeloperoxidase: 
proposal for NADPH oxidase inhibition. Arch Biochem Biophys, 2007. 457(2): p. 
134-41. 

231. Song, S.X., et al., Attenuation of brain edema and spatial learning de fi cits by the 
inhibition of NADPH oxidase activity using apocynin following diffuse traumatic 
brain injury in rats. Mol Med Rep, 2013. 7(1): p. 327-31. 

232. Feng, Y., et al., Protective Role of Apocynin via Suppression of Neuronal 
Autophagy and TLR4/NF-kappaB Signaling Pathway in a Rat Model of Traumatic 
Brain Injury. Neurochem Res, 2017. 42(11): p. 3296-3309. 

233. Loane, D.J., et al., Activation of mGluR5 and inhibition of NADPH oxidase 
improves functional recovery after traumatic brain injury. J Neurotrauma, 2013. 
30(5): p. 403-12. 

234. Kumar, A., et al., Microglial/Macrophage Polarization Dynamics following 
Traumatic Brain Injury. J Neurotrauma, 2016. 33(19): p. 1732-1750. 

235. t Hart, B.A., S. Copray, and I. Philippens, Apocynin, a low molecular oral 
treatment for neurodegenerative disease. Biomed Res Int, 2014. 2014: p. 298020. 



 
 

122 
 

236. Peters, E.A., J.T. Hiltermann, and J. Stolk, Effect of apocynin on ozone-induced 
airway hyperresponsiveness to methacholine in asthmatics. Free Radic Biol Med, 
2001. 31(11): p. 1442-7. 

237. Stefanska, J., et al., Apocynin decreases hydrogen peroxide and nitrate 
concentrations in exhaled breath in healthy subjects. Pulm Pharmacol Ther, 2010. 
23(1): p. 48-54. 

238. Pandey, A., et al., Amelioration of adjuvant induced arthritis by apocynin. 
Phytother Res, 2009. 23(10): p. 1462-8. 

239. Altintas, R., et al., The protective effects of apocynin on kidney damage caused by 
renal ischemia/reperfusion. J Endourol, 2013. 27(5): p. 617-24. 

240. Virdis, A., M. Gesi, and S. Taddei, Impact of apocynin on vascular disease in 
hypertension. Vascul Pharmacol, 2016. 87: p. 1-5. 

241. Chen, H., et al., NADPH oxidase is involved in post-ischemic brain inflammation. 
Neurobiol Dis, 2011. 42(3): p. 341-8. 

242. Rey, F.E., et al., Novel competitive inhibitor of NAD(P)H oxidase assembly 
attenuates vascular O(2)(-) and systolic blood pressure in mice. Circ Res, 2001. 
89(5): p. 408-14. 

243. Kim, J.Y., et al., NOX Inhibitors - A Promising Avenue for Ischemic Stroke. Exp 
Neurobiol, 2017. 26(4): p. 195-205. 

244. Csanyi, G., et al., Nox2 B-loop peptide, Nox2ds, specifically inhibits the NADPH 
oxidase Nox2. Free Radic Biol Med, 2011. 51(6): p. 1116-25. 

245. Zhang, L., et al., Involvement of Nox2 and Nox4 NADPH oxidases in early brain 
injury after subarachnoid hemorrhage. Free Radic Res, 2017. 51(3): p. 316-328. 

246. Miller, A.A., et al., Effect of gender on NADPH-oxidase activity, expression, and 
function in the cerebral circulation: role of estrogen. Stroke, 2007. 38(7): p. 
2142-9. 

247. Zhang, R., et al., Sex differences in mesenteric endothelial function of 
streptozotocin-induced diabetic rats: a shift in the relative importance of EDRFs. 
Am J Physiol Heart Circ Physiol, 2012. 303(10): p. H1183-98. 

248. Wong, P.S., M.D. Randall, and R.E. Roberts, Sex differences in the role of 
NADPH oxidases in endothelium-dependent vasorelaxation in porcine isolated 
coronary arteries. Vascul Pharmacol, 2015. 72: p. 83-92. 

249. Kander, M.C., Y. Cui, and Z. Liu, Gender difference in oxidative stress: a new 
look at the mechanisms for cardiovascular diseases. J Cell Mol Med, 2017. 21(5): 
p. 1024-1032. 

 
 
 

 

 

 

 


