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Abstract
Superoxide production via NADPH-oxidase (NOX) has been shown to play a role in variety of
neurological disorders including Alzheimer’s disease (AD). To improve our understanding of the
NOX system and cognitive impairment, we studied the various protein components of the
phagocytic isoform (NOX2) in the frontal and temporal cortex of age and postmortem matched
samples. Individuals underwent antemortem cognitive testing and postmortem histopathologic
assessment to determine disease progression and assignment to one of the following groups: no
cognitive impairment (NCI), preclinical AD (PCAD), mild cognitive impairment (MCI), early AD
(eAD) and mild to moderate AD (mAD). Biochemical methods were used to determine overall
NOX activity as well as levels of the different subunits (gp91phox, p67phox, p47phox, p40phox, and
p22phox ). Overall enzyme activity was significantly elevated in the MCI cohort in both cortical
regions when compared to the NCI cohort. This activity level remained elevated in the AD groups.
Only the NOX cytosolic subunit proteins (p67phox, p47phox, and p40phox ) were significantly
elevated with disease progression, while the membrane bound subunits (gp91phox and p22phox )
remained stable. In addition, there was a robust correlation between NOX activity and the
individual’s cognitive status such that as the enzyme activity increased, cognitive performance
decreased. Collectively, these data show that NADPH-oxidase upregulated in frontal and temporal
cortex suggest that increases in NOX associated redox pathways might participate in early
pathogenesis and contribute to AD progression.
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INTRODUCTION
Alzheimer’s disease (AD) is a progressive dementing disorder characterized clinically by
impairment in memory, cognition and behavior. The neuropathology of the disease features
increased numbers of neuritic plaques, neurofibrillary tangles, and the loss of synaptic
connectivity in key neocortical regions [1, 2]. A major research emphasis in AD progression
has recently been placed on early evaluation, with the hope of identifying the earliest clinical
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manifestations of the disease onset. One of the presumed early transition stages is the
clinical diagnosis of mild cognitive impairment (MCI), defined as an individual expressing
consistent, measurable memory impairment without dementia or significant disability
related to activities of daily living [3, 4]. Many AD subjects often are first seen clinically
with amnestic MCI, and likely represent an early opportunity for possible pharmacologic
interventions. The drive to identify the earliest manifestations of AD has led to the concept
of preclinical AD (PCAD), also called presymptomatic AD or prodromal AD. PCAD is
assigned to cognitively normal individuals who at autopsy manifest sufficient AD pathologic
hallmarks to meet at least one set of neuropathology guidelines for diagnosis of AD [5–7].

Oxidative stress, defined as a marked imbalance between reactive oxygen species (ROS) and
its removal by antioxidant systems, has been implicated in many neurodegenerative diseases
including AD [8–10]. There are multiple potential sources for ROS (e.g. mitochondrial
respiration) that can contribute to the different disease processes. Including all sources of
free radical production, the enzyme NADPH-oxidase (nicotinamide adenosine dinucleotide
phosphate oxidase; NOX) is notable, as it is dedicated to the specific and deliberate
production of superoxide (O2

•−). The NOX family consists of at least seven different
isoforms that have unique distribution patterns throughout the body. Some of the NOX
enzymes are expressed throughout the CNS with areas such as the cortex and hippocampus
demonstrating particularly high amounts in neurons, astrocytes and glia [11]. These enzyme
complexes have multiple biological functions including cellular differentiation, apoptosis,
and neuronal signaling during development. They have been implicated in NGF signaling
and may play an important role in the nervous system’s plasticity response including
learning and memory [12]. Other well known functions include a host defense coupled with
inflammation and increased oxidative stress where it appears to contribute to
neurodegenerative diseases such as AD [11, 13].

Brain phagocytes have a NOX complex that is composed of primarily five different subunits
[14]. A catalytic subunit gp91phox (also called NOX2), along with subunit p22phox are
embedded in the cell membrane. This flavocytochrome structure is regulated by the
association of three cytosolic subunits p40phox, p47phox, and p67phox. In the presence of an
appropriate stimulus, the cytosolic subunits translocate to the membrane and interact with
the flavocytochrome to form an active complex that generates ROS. Previous studies have
implicated changes in NOX activity to the progression of AD suggesting that increased
activity may be one of the early events in the transition from normal cognition to dementia
[15–17]. The present set of investigations was undertaken to more fully explore the
relationship of NOX activity and AD with particular attention paid to the levels of the
different subunits and the individuals cognitive test scores.

Materials & Methods
Frozen frontal and temporal cortex samples were obtained from the University of Kentucky
Rapid Autopsy Program of the Alzheimer’s Disease Clinical Center. Individuals were
classified as no cognitive impairment (NCI), PCAD, MCI, early AD (eAD) or mild to
moderate AD (mAD) based upon cognitive testing and histopathologic analysis. The
diagnosis of probable AD was made according to criteria developed by the National Institute
of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association [18]. Classification of MCI was based only upon cognitive
testing [3]. Individuals included in these studies, were followed longitudinally for
approximately 8 years, agreed to an annual clinical evaluation and to brain donation at the
time of death. A total of 19 NCI subjects were without history of dementia or other
neurological disorders and underwent annual mental status testing and semiannual physical
and neurological exams as part of the UK ADC normal volunteer longitudinal aging study.
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In addition to the NCI cohort, 11 PCAD, 11 MCI, 8 eAD and 11 mAD subjects were used to
quantify NOX activity and protein subunits in the isolated membrane fractions. The
diagnosis of MCI, PCAD eAD, mAD and NCI were defined by consensus conference. All
NCI and PCAD subjects had neuropsychological scores in the normal range with no
evidence of cognitive impairments. Histological examination of NCI subjects showed only
age-related changes and Braak stage score of 0-II, meeting the National Institute of Aging-
Reagan Institute (NIA-RI) low-likelihood criteria for the histopathologic diagnosis of AD.
PCAD subjects were distinguished as those individuals with antemortem psychometric test
scores in the normal range, but sufficient AD pathology to meet intermediate or high NIA-
RI criteria (Braak scores of II-V, with moderate or frequent neuritic plaque score according
to Consortium to Establish a Registry for AD (CERAD). The clinical criteria for diagnosis
of amnestic MCI included (1) memory complaints, (2) intact activities of daily living, (3)
objective memory impairment for age and education, (4) failure to meet criteria for
dementia, and (5) a clinical dementia rating (CDR) scale score of 0.5. The Braak stage
scores had a range of I–V. Clinical progression to AD was diagnostically characterized by
(1) a decline in cognitive functions from a previous higher level, (2) decline in one or more
areas of cognition in addition to memory, (3) impaired activities of daily living, (4) a CDR
score between 0.5–1, and (5) a clinical evaluation that excludes other causes of dementia.
The criteria for eAD subjects included the above clinical progression plus a histopathologic
diagnosis that included a Braak stage score of II–VI. For a mAD categorization, subjects
demonstrated progressive intellectual decline as described above, a mini-mental status
examination score (MMSE) less than that of the eAD cohort, and a Braak scores of V–VI.
None of the mAD subjects were considered to be at the end-stage of the disease progression.

Estimation of NADPH-oxidase Activity
NADPH-oxidase activity was measured according to the method described earlier [19].
Briefly, homogenates of all samples were centrifuged at 13,000g for 10 min at 4°C, 100 μl
supernatant were added in 900 μl HEPES–buffer containing L-NAME (1.0 mM),
triethylenetetramine (1.0 mM), SDS (100 μM), lucigenin 20 μM, and the samples were
aliquoted in 96-well plate. After addition of NADPH (0.2 mmol/L), enzyme activity was
measured for 15 minutes in the luminometer (Synergy HT, BIO-TEK). Blanks were
subtracted from sample-added wells and chemiluminescence data after blank subtraction are
reported as percent counts/min/mg protein. Samples were also assayed in the presence of
reaction inhibitors diphenyliodonium (100 μM) and quinacrine (1.0 mM).

Western-blots for NADPH-oxidase Protein Subunits
The key component proteins (gp91Phox, p67Phox, p47Phox, p40Phox and p22Phox) of NOX
were studied by Western-blot method as described previously[19]. Briefly, collected
supernatants were centrifuged at 100,000g for 1 h at 4°C to obtain membrane fractions. The
50μg protein was loaded with the appropriate marker (Bio-Rad) on a gradient gel (4–20%
Tris-HCl), followed by transfer to polyvinylidene fluoride membrane using a semi-dry
transfer for 2 hours at 15 volt. After 1 h blocking with 5% dry milk, primary antibodies for
gp91Phox, p67Phox, p47Phox, p40Phox, p22Phox, and Na+/K+-ATPase, were added and
incubated overnight at 4°C. The blot was washed and incubated for 1 hour with alkaline
phosphatase conjugated secondary antibodies. The membrane was again washed and
developed in Sigma Fast tablets (BCIP/NBT substrate). Blots were dried, scanned with
Adobe Photoshop, and quantified with Scion Image (PC NIH Image). Total protein
concentrations were measured using the Pierce BCA method (Sigma, St. Louis, MO).
Because the function of NOX depends upon the complex formation, consisting of both
cytosolic and membrane subunits, the present experiments focused on analyzing the
translocated amount of cytosolic subunits into the plasma membrane based
flavocytochrome. While the subunits are analyzed in both the cytosolic and membrane
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factions, only the values observed from the membrane factions are shown in the results
section.

Data Analysis
Differences in NOX activity and its protein components are reported as mean ± standard
deviation. Differences between group means were evaluated with a one-way ANOVA
coupled with a Student Newman-Keuls post-hoc test (StatView 5.0, SAS Institute).
Association between cognitive scores and biochemical markers were examined using a
Spearman correlation. For significant differences, alpha was set at 0.05.

Results
The demographic parameters of each cohort are provided in Table 1. Statistical analysis
revealed that groups were well matched in terms of age, education, post mortem interval,
and brain weight. By design there was a significant difference in the MMSE scores [F (4,55)
= 50.769, p < 0.0001] with the NCI and PCAD groups having scores significantly higher (p
< 0.05) than the other cohorts but not differing from each other. A chi-square analysis failed
to detect any significant gender differences between groups. The NCI cohorts had
significantly lower Braak scores than all other groups. The PCAD group was not
significantly different from the MCI and eAD cohorts. The mAD cohort had significantly
higher Braak scores than all other groups.

NADPH-oxidase Activity
Frontal Cortex—The overall NOX activity in the frontal cortex was analyzed as a
function of disease progression. A one-way ANOVA demonstrated a significant main effect
[F (4,55) = 12.309, p < 0.0001] for overall NOX activity (Fig. 1A). Post hoc analysis
revealed a significant increase in the MCI cohort compared to the NCI group. The NOX
activity remained elevated throughout the course of the disease progression. While there was
a trend toward an increase in the PCAD group, it did not reach significance. The NOX
complex is activated when the cytosolic subunits are phosphorylated resulting in
translocation to the membrane domains. Analysis of the various subunits revealed that the
membrane components did not significantly change while the cytosolic components
significantly increased with the disease progression (Fig. 2A). A one-way ANOVA showed
a significant progression effect for p67Phox [F(4,55) = 22.807, p < 0.0001], p47Phox [F(4,55)
= 9.713, p < 0.0001], and p40Phox [F(4,55) = 11.121, p < 0.0001] such that all of the
cytosolic subunits increased (Fig. 3A,C,E). The AD cohorts manifested the highest levels for
all three cytosolic subunits with the mAD cohort significantly different from all other
groups. Although there was a trend toward an increase in the MCI group, it did not reach
significance. An analysis also determined a significant correlation between the subject’s
Braak score and overall NOX activity in the frontal cortex (r = 0.553, p < 0.0001).

Temporal Cortex—The overall NOX activity in the temporal cortex mirrored that of the
frontal region. A one-way ANOVA demonstrated a significant main effect for disease
progression [F(4,53) = 16.589, p < 0.0001] (Fig. 1C). Post hoc analysis revealed a
significant increase in the three cognitively impaired groups compared to the NCI cohort. As
with the frontal region, there was a non-significant trend for an increase in the PCAD group
possibly indicating an early change in the activity. Examination of the specific subunits
revealed a significant change in each of the cytosolic proteins and no significant change in
those that are inserted in the membrane (Fig. 2B). A one-way ANOVA showed a significant
progression effect for p67Phox [F(4,53) = 20.655, p < 0.0001], p47Phox [F(4,53) = 20.886, p
< 0.0001], and p40Phox [F(4,53) = 12.655, p < 0.0001] such that all of the cytosolic subunits
increased (Fig. 4A,C,E). Post hoc analysis revealed that early significant increases were
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observed in the MCI group for both the p67Phox and p47Phox subunits. This increase
remained significantly elevated for both AD groups as well. For the p40Phox subunit, only
the mAD cohort demonstrated a statistically significant increase. An analysis also
determined a significant correlation between the subject’s Braak score and overall NOX
activity in the temporal cortex (r = 0.553, p < 0.0001).

NOX Activity and Cognitive Testing—All the samples were normalized with
membrane specific marker protein Na+/K+-ATPase (Fig. 2). The NOX activity and
expression of the different subunits were correlated with the MMSE scores observed within
12 months of each subject’s death. Figures 1B and 1D show the association between overall
NOX activity in the frontal and temporal cortex and the results of cognitive testing. A
correlation showed a very strong association between the subject’s most recent MMSE score
and overall NOX activity in both the frontal (r = 0.526, p < 0.0001) and temporal (r = 0.461,
p < 0.0005) cortex. Membrane-bound protein subunits (gp91Phox, p22Phox) failed to
demonstrate a significant association ( p > 0.1) for either the frontal or temporal cortex (Fig.
5), but did reveal a significant association (p < 0.0001) for the cytosolic proteins (p67Phox,
p47Phox, p40Phox) in the frontal cortex (Fig. 3B,D,F) and the temporal cortex (Fig. 4B,D,F).
The relationship between the subjects’ CDR scores and the overall NOX activity was
significant for both the frontal (r = 0.702, p < 0.0001) and temporal (r = 0.703, p < 0.0001)
regions.

Discussion
The present results support and extend previous findings of enhanced NOX activity in MCI
suggesting an increase early in the progression of the disease. Our data, obtained from
human brain autopsy samples, also evaluated individuals that have recently transitioned
from MCI to AD. Enzyme activity in the MCI cohort was significantly increased and
remained elevated in individuals with moderate AD. One of the strong features of the
present investigation was the use of two different neocortical areas (frontal, temporal)
known to be intimately involved in the disease progression [2, 8, 20–22].

NOX is a unique enzyme with the primary purpose of producing ROS. This production of
ROS has been highly conserved in mammalian systems and differs from mitochondrial ROS
production occurring as part of normal cellular respiration in the production of ATP. Certain
levels of ROS are extremely important for a variety of normal biological functions including
growth factor regulation, calcium signaling, and phagocytosis/inflammation [23–25].
Excessive amounts of ROS can be extremely detrimental resulting in elevated levels of
oxidative stress that appear to play an important role in numerous degenerative diseases
including AD [8, 26, 27]. The NOX enzyme complex is highly expressed in phagocytes and
may play a critical role in the neuroinflammatory response associated with AD [28, 29]
where ROS production to occurs as part of a phagocyte-mediated host defense.

This study documented changes not only in the overall NOX activity but also in different
protein subunits known to regulate gp91phox. Results show that overall NOX activity
increased in both the frontal and temporal cortex early in the disease progression. These
findings support two previous studies indicating a significant increase in frontal cortex NOX
activity in AD [16] and temporal cortex in MCI [15]. The latter study is notable in that NOX
activity did not remain elevated in the AD group. This disparity with the present findings
may be due to the fact that AD subjects in this study were possibly earlier in the disease
progression and didn’t fall into the “late stage” category. Our findings for both frontal and
temporal regions demonstrate a significant increase in NOX activity throughout the disease
progression most notably in the more advanced stages of the disease. We used tissue from
individuals that were both early in the conversion from MCI to AD (eAD) and individuals
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with mild to moderate AD (mAD). Our analysis also included individuals with possible
PCAD, characterized as cognitively normal individuals with abundant pathology at autopsy.
Similar to previously published data [15] we did not observe a significant increase in NOX
activity, although the variance within this subgroup of subjects was larger than the NCI
group. There did appear to be a trend in the data possibly suggesting a group in transition,
although this is only speculation. In addition to overall activity, we also monitored levels of
each of the primary subunits involved in the NOX complex. Our results again support the
previous reports in AD[16] and MCI [15] and extend those findings to include possible
changes in other subunits. In our study, the flavocytochrome proteins remained stable
throughout the disease progression while the cytosolic subunits were all significantly
elevated. Not only the cytosolic subunits(p47phox, p67phox ) are of particular importance in
the activation of the flavocytochrome oxidase activity [30], but also membrane bound
gp91phox isoform itself. It is the direct contact of p67phox with gp91phox that modulates the
transfer of electrons from NADPH, whereas p47phox initiates the assembly of the enzyme
complex and serves as an adapter protein for p67phox subunit [31]. Because two different
types of assays were used in assessing overall NOX activity and the subunits, the activity of
both does not always match. The biochemical studies show the actual level of NOX activity
while the Western blots give an indication of the subunit expression, which isn’t always a
one to one relationship with activity. The overall expression of p67phox and p47phox in the
temporal cortex is almost identical with the overall temporal NOX activity even with a trend
in the PCAD group. While the case isn’t as clear in the frontal cortex, it is certainly clear
that there is a progressive increase in the subunit activity. Our data show that NOX function
is increased by translocation and assembly of the subunits. Isoform pg91 is the catalytic
center of the NOX complex, such that any change in the levels of gp91 can alter NOX
activity. We didn’t observe any significant change in pg91phox in either frontal or temporal
regions throughout the progression of the disease. Somewhat surprising was the finding that
the temporal cortex appeared to be more involved in the early stages of the disease than the
frontal cortex. This differential response may indicate that the temporal association areas
may have a greater predisposition than frontal association areas in the early stages of the
disease.

Although NOX has been proposed to participate in several neurodegenerative syndromes,
the detrimental actions of this enzyme complex appear to be most strongly associated with
age-related chronic disease processes, such as Parkinson’s disease, atherosclerosis, and AD.
Based on these observations, the term “antagonistic pleiotropy” has been coined to explain a
potential role of NOX in the brain [24]. In this scenario, the physiologic production of ROS
gathers an advantage in early life where it is essential in molecular process underlying a
variety of biological functions such as signal transduction, synaptic plasticity, and memory
[32–37]. Sustained activation of NOX ends in harmful effects with aging essentially by
increasing oxidative stress. The present findings indicate that increased NOX activity is
associated with the early expression of dementia most likely as a result of the increased ROS
and subsequent oxidative stress. We have previously shown that early in the disease
progression there is a significant accumulation of protein modification as a result of ROS in
synaptosomes isolated from the frontal cortex that correlated very strongly with the MMSE
[8]. The overall progression of NOX activity in the frontal cortex shows a striking similarity
with our previous results showing the progression of oxidative stress in the post-
mitochondrial and synaptosomal fractions [8]. The centrifugation techniques used in the
present study essentially removed the mitochondrial fraction.

A major finding in the present study was the strong association between the NOX activity
and the individual’s cognitive scores. As the levels of NOX activity increased the MMSE
scores declined in a linear fashion. Because of the extremely limited range of cognitive
scores in the NCI, PCAD and MCI groups, it was not possible to carry out a correlation
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analysis on these individual cohorts separately. There was very close agreement between the
two cortical regions on measures of overall suggesting NOX activity that the increase was
not limited to a specific area or system. Analysis of the individual subunits also showed a
close association with the cognitive testing for the cytosolic but not the membrane bound
proteins. The CDR scores, a purely clinical assessment of cognitive competency, also
showed a very robust correlation with the overall NOX activity in both cortical regions.
Since one of the major criterions for differentiating PCAD from NCI was the presence of
increased tau pathology, it was important to assess the possible association between the
Braak scores and the NOX activity. The presence of neurofibrillary tangles has been
recently reported to show a strong relationship with the progression of the disease [1, 38]. In
the present study there was a very strong association between the NOX activity and Braak
score. Although there was no statistical difference between NCI and PCAD group in terms
of NOX activity, the data clearly indicate a trend in that direction and may be signaling the
earliest state of the transition toward MCI.

In AD, activation of microglia by A beta results in increased NOX activity and subsequent
elevated levels of oxidative stress, significantly contributing to the pathophysiology of the
disease process [39–42]. Microglia activation may be the predominant source of AD-related
oxidative stress suggesting that targeting microglia and neuroinflammation may provide a
key in the therapeutic approach to modifying the disease progression. A recent study using
an in vivo AD model has shown that using a nonsteroidal anti-inflammatory drug can
significantly alter oxidative damage. It is believed to be working through the disruption of
important NOX signaling cascades utilized by microglia [43].
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ABBREVIATIONS

AD Alzheimer’s disease

eAD early Alzheimer’s disease

mAD mild/moderate Alzheimer’s disease

CDR clinical dementia rating

MCI mild cognitive impairment

MMSE mini-mental status examination score

NCI no cognitive impairment

NIA-RI National institute of health-Reagan institute

NOX NADPH-oxidase

NOX2 NADPH-oxidase subunit gp91phox

PCAD preclinical Alzheimer’s disease

ROS reactive oxygen species
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FIG. 1.
Levels of NADPH-oxidase (NOX) activity analyzed in human (A) frontal and (C) temporal
cortex from individuals classified as NCI, PCAD, MCI, eAD, and mAD. Bars represent
group mean ± SD. *p < 0.01 versus NCI, #p < 0.01 versus PCAD. Scatter plots show the
association between NOX activity and the subject’s score on the Mini Mental Status Exam
(B) FC and (D) TC. Line used to represent the direction of the association and does not
indicate a line of regression. *** p < 0.001 Spearman’s rho. In both FC and TC, individuals
with increased NADPH-oxidase activity had lower MMSE scores.
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FIG. 2.
Representative Western-blots demonstrating changes in NADPH-oxidase protein subunits in
the isolated membrane fractions from NCI, PCAD, MCI, eAD, and mAD subjects in frontal
cortex (A), and temporal cortex (B) as a function of disease progression. The values were
normalized with standard membrane marker Na+/K+ -ATPase. Isolated membrane fractions
from all subjects were processed for immunobloting followed by Western-blot.
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FIG. 3.
Levels of cytosolic protein subunits of NADPH-oxidase (p67Phox, p47Phox, p40Phox)
(A,C,E) analyzed in membrane fractions of the frontal cortex from individuals classified as
NCI, PCAD, MCI, eAD, and mAD. Values are plotted as percent change from the levels
observed in the NCI cohort. Bars represent group mean ± SD. *p < 0.01 versus NCI, #p <
0.01 versus PCAD, $ p < 0.01 versus MCI. Scatter plots show the relationship between the
individual’s score on the MMSE and the levels of the different cytosolic subunits (B,D,E).
Each point represents an individual subject. Line used to represent the direction of the
association and does not indicate a line of regression. *** p < 0.001 Spearman’s rho
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FIG. 4.
Levels of cytosolic protein subunits of NADPH-oxidase (p67Phox, p47Phox, p40Phox)
(A,C,E) analyzed in membrane fractions of the temporal cortex from individuals classified
as NCI, PCAD, MCI, eAD, and mAD. Values are plotted as percent change from the levels
observed in the NCI cohort. Bars represent group mean ± SD. *p < 0.01 versus NCI, #p <
0.01 versus PCAD, $ p < 0.01 versus MCI. Scatter plots show the relationship between the
individual’s score on the MMSE and the levels of the different cytosolic subunits (B,D,E).
Each point represents an individual subject. Line used to represent the direction of the
association and does not indicate a line of regression. *** p < 0.001 Spearman’s rho
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FIG. 5.
Levels of membrane subunit proteins of NADPH-oxidase (gp91Phox, and p22Phox) in the
frontal (A,C) and temporal (E,G) cortex from individuals classified as NCI, PCAD, MCI,
eAD, and mAD. Values are plotted as percent change from the levels observed in the NCI
cohort. Bars represent group mean ± SD. Scatter plots show the relationship between the
individual’s score on the MMSE and the levels of the different membrane subunits
(B,D,F,H). Each point represents an individual subject. Line used to represent the direction
of the association and does not indicate a line of regression.
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