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Abstract
Considerable evidence points to important roles for inflammation in Alzheimer’s disease (AD)
pathophysiology. Epidemiological studies have suggested that long-term NSAID therapy reduces
the risk for AD; however, the mechanism remains unknown. We report that a 9 month treated of
aged R1.40 mice resulted in 90% decrease in plaque burden and a similar reduction in microglial
activation. Ibuprofen treatment reduced levels of lipid peroxidation, tyrosine nitration, and protein
oxidation, demonstrating a dramatic effect on oxidative damage in vivo. Fibrillar Aβ stimulation
has previously been demonstrated to induce the assembly and activation of the microglial NADPH
oxidase leading to superoxide production through a tyrosine kinase-based signaling cascade.
Ibuprofen treatment of microglia or monocytes with racemic or S-ibuprofen inhibited Aβ-
stimulated Vav tyrosine phosphorylation, NADPH oxidase assembly and superoxide production.
Interestingly, Aβ-stimulated Vav phosphorylation was not inhibited by COX inhibitors. These
findings suggest that ibuprofen acts independently of COX inhibition to disrupt signaling cascades
leading to microglial NOX2 activation, preventing oxidative damage and enhancing plaque
clearance in the brain.
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1. Introduction
Alzheimer’s disease (AD) is characterized by the formation of focal, compact β-amyloid
(Aβ deposits within the brain. These deposits are surrounded by phenotypically activated
microglia, which are responsible for a locally-induced chronic inflammatory response and
affect Aβ homeostasis. It has been proposed that inflammation plays an important role in
AD pathogenesis as the AD brain exhibits elevated levels of inflammatory molecules or
other immune mediators (Akiyama, et al., 2000,Bamberger and Landreth, 2002).
Chronically activated microglia also generate reactive oxygen (ROS) and nitrogen species.
Several markers of oxidative damage including lipid peroxidation (Mark, et al., 1997,Sayre,
et al., 1997), nucleic acid oxidation (Nunomura, et al., 1999), and protein oxidation (Smith,
et al., 1997) are increased in the AD brain (Sonnen, et al., 2009). There is compelling
evidence that much of the oxidative damage observed in the AD brain is due to free radical
production by microglia and precedes Aβ deposition (Pratico, 2008,Wilkinson, et al., 2006).
The etiological events leading to AD remain unknown; however, our findings suggest
inflammation and oxidative damage play critical roles in AD pathogenesis.

Microglia, the brain’s principal immune effector cells are a potential source of oxidative
stress (Akiyama, et al., 2000,Banati, et al., 1993). We have previously demonstrated that
microglia employ a multi-receptor cell surface complex, comprised of CD36, α6β1 integrin,
CD47, and the class A scavenger receptor (Bamberger, et al., 2003), TLR2/4 and CD14
(Reed-Geaghan, et al., 2009) to detect and respond to Aβ fibrils. Fibrillar Aβ engagement of
this receptor complex initiates a tyrosine kinase-based intracellular signaling cascade.
Tyrosine phosphorylation of Vav faciliates Rac activation, nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX2) assembly and superoxide production
(Wilkinson, et al., 2006). The sustained microglial proinflammatory response results in
overproduction of ROS, which can ultimately be neurotoxic.

A number of epidemiological studies have reported that chronic nonsteroidal anti-
inflammatory drug (NSAID) therapy was associated with a dramatically reduced incidence
of AD (McGeer, et al., 1996), conferring a 60-80% reduction in risk (in t’ Veld, et al.,
2001,Stewart, et al.,1997, Vlad, et al., 2008). Long-term ibuprofen treatment also suppresses
inflammation, reduces amyloid deposition, alters APP processing, and improves cognitive
performance in murine models of AD (Jantzen, et al., 2002,Kotilinek, et al., 2008,Lim, et al.,
2000,Lim, et al., 2001b,McKee, et al., 2008,Yan, et al., 2003). Together, these findings led
to clinical trials of NSAIDs in AD that failed to demonstrate any benefit to patients (Aisen,
et al., 2003,Arvanitakis, et al., 2008,Breitner, et al., 2009,Group, et al., 2007,Reines, et al.,
2004) A recent renewed interest in this class of drugs for AD treatment stems from findings
suggesting that some, but not all, NSAIDs can act independently from their classic anti-
inflammatory mechanisms, which may play a role in their disease-modifying actions
(Combs, et al., 2000,Eriksen, et al., 2003,Lehmann, et al., 1997,Lleo, et al., 2004,Weggen, et
al., 2001,Zhou, et al., 2003). These findings raise the question of how NSAIDs might
influence other pathogenic features of AD such as oxidative damage. We have investigated
whether chronic ibuprofen treatment could alter AD-related oxidative damage in a mouse
model, and how ibuprofen might inhibit intracellular signaling cascades responsible for
NOX2 assembly and release of ROS.

2. Materials and Methods
2.1 Materials

Ibuprofen was obtained from Sigma (St. Louis, MO). This compound was formulated into
standard, color-coded animal chow by Research Diets (New Brunswick, NJ) at a final
concentration of 375 ppm ibuprofen.

Wilkinson et al. Page 2

Neurobiol Aging. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The Aβ peptide corresponding to the human Aβ amino acids 25-35 was purchased from
American Peptide Co. (Sunnyvale, CA). The method used to fibrillarize Aβ peptides has
been well characterized (Burdick, et al., 1992,Lorenzo and Yankner, 1994).

2.2 Transgenic mice and ibuprofen treatment
The B6-R1.40 transgenic mouse line contains hAPP with the Swedish (K670M/N671L)
FAD mutation as previously described (Lamb, et al., 1999,Lehman, et al., 2003). Fifteen-
month-old male and female B6-R1.40 mice were fed drug-supplemented or control chow ad
libitum for 9 months. The amount of animal chow consumed was approximately 5 g/day/
animal, resulting in a final dosage of 62.5 mg/kg/day as previously described (Yan, et al.,
2003). Mice were observed on a weekly basis and exhibited no overt signs of distress. Mice
were sacrificed at 24 months of age. All animal studies were approved by the Case Western
Reserve University School of Medicine Institutional Animal Care and Use Committee.

2.3 Histology and Immunohistochemistry
Mice were anesthetized with Avertin (0.02 cc/mg body weight) and perfused transcardially
with 0.1 M sodium phosphate buffer followed by 4% paraformaldehyde. Brains were
dissected, post-fixed, cryoprotected and sagittally sectioned (10 μm). Tissue sections were
incubated overnight at 4°C with either 6E10 (Signet Laboratories, USA; 1:1000), CD45
(Serotec, USA; 1:300), or Iba1 (Wako, Japan; 1:500) antibodies. Sections treated with anti-
Aβ (6E10) and anti-CD45 antibodies were then incubated with the appropriate biotinylated
secondary antibodies, and detected through the avidin-biotin-peroxidase complex (Vector,
USA). Peroxidase activity was visualized by diaminobenzidine (Vector, USA). For
immunofluorescent staining, Iba1 was detected with an Alexa Fluor 488 antibody and 6E10
was detected with Alexa Fluor 546 antibody (Molecular Probes, USA; 1:1000).

Thioflavin-S staining was performed to visualize dense core plaques. Sections were
rehydrated and then stained with 1% Thioflavin S (Sigma). Nuclei were visualized with a
propidium iodide (0.15 μM) counterstain.

2.4 Tissue homogenization and Western blotting
Animals were sacrificed by cervical dislocation and brain tissue was immediately removed.
Brains were bisected sagittally along the midline. Hemibrains, excluding the cerebellum,
were homogenized in ice-cold tris-buffered saline with protease inhibitors (0.5 mM PMSF,
0.2 mM Na3VO4, protease inhibitor cocktail (Sigma, 1:100), 1 mM EDTA) using a glass-
on-glass homogenizer. The homogenate was centrifuged at 5,000 rcf for 10 min at 4°C.
Protein concentration was determined by the Bradford method (Bradford, 1976).

Lysates from brain homogenates were resolved by SDS PAGE on a 4-12% Bis Tris gel
(Invitrogen, USA) and transferred to polyvinylidene difluoride (PVDF) membranes. Blots
were incubated overnight with either anti-3-nitrotyrosine (Alpha Diagnostics, USA; 1:1000),
anti-4-HNE (Chemicon, USA; 1:2000), or anti-dinitrophenylhydrazine (DNPH) (Chemicon,
USA; 1:150) antibodies at 4°C. Proteins were detected by chemiluminescence (Pierce,
USA). Blots were stripped and reprobed with anti-GAPDH (Trevigen, USA; 1:5000) as a
protein loading control. Band intensities were quantified using NIH Image 1.62 software
(Bethesda, MD).

2.5 Tissue Culture
Human THP-1 monocytes (American Type Culture Collection, USA) were grown in RPMI
1640 medium (Whittaker Bioproducts, USA) containing 10% heat-inactivated fetal bovine
serum (Hyclone, USA), 5 × 10−5 M 2-mercaptoethanol, 5 mM HEPES, and 15 μg/ml
gentamycin in 5% CO2. THP-1 monocytes are used in these assays as they do not attach to
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the tissue culture substrate through integrin-based adhesive mechanisms, allowing dissection
of Aβ fibril-dependent signaling mechanisms in the absence of high basal levels of tyrosine
kinase-based integrin signaling. THP-1 monocytes response to fAβ peptides faithfully
replicates the response observed in primary microglia (Bamberger, et al., 2003,Combs, et al.,
2001,Combs, et al., 1999,Combs, et al., 2000,Koenigsknecht and Landreth, 2004). Primary
microglia were obtained from postnatal day 1-3 mouse brains as described previously
(Combs, et al., 2001,Combs, et al., 1999,Combs, et al., 2000).

2.6 Cell Stimulation and Immunoprecipitations
THP-1 monocytes were collected and resuspended in Hank’s Balanced Salt Solution
(HBSS) and preincubated with racemic ibuprofen, the S- or-R-enantiomers of ibuprofen or
cycloxygenase inhibitors for 1 h at 37°C. Vav immunoprecipitations were performed as
previously described (Wilkinson, et al., 2006). For western blotting, samples were resolved
on 9 or 12% SDS-PAGE gels and transferred as mentioned above. Blots were probed with
either anti-phospho-Tyr (4G10; Upstate, USA; 1:1000), -Vav (Santa Cruz, USA; 1:1000) -
phospho-p38 (Cell Signaling; USA 1:1000), or -p38 (Santa Cruz, USA; 1:1000) antibodies
overnight at 4°C. The proteins were detected by as mentioned above and reprobed with
primary antibody for load controls.

2.7 Cellular Fractionation
THP-1 cells were fractionated as previously described (Wilkinson, et al. 2006). THP-1 cells
(6 × 106 cells) were collected and resuspended in HBSS for 30 min at 37°C followed by
preincubation with S-ibuprofen for 1 hr. Cells were then stimulated for 10 min with fAβ25-35
(60 μM) and lysed in relaxation buffer (100 mM KCl, 3 mM NaCl, 3.5 mM MgCl2, 1.25
mM EGTA, and 10 mM PIPES, pH 7.3) on ice for 15 min followed by 10 s of sonication.
Cells were cleared by centrifugation at 5000 x g for 5 min at 4°C. The supernatant was then
centrifuged for 1 h at 110,000 x g at 4 °C in a Beckman Coulter SW50.1 rotor. The resulting
supernatant was removed and saved as the “cytosolic” fraction, and the membrane pellet
was resuspended in relaxation buffer with 1% Igepal (NP40). Lysates were resolved on a
4-12% Bis-Tris gel, transferred and blocked. The blots were probed overnight with an anti-
Rac antibody (1:1000) to determine the relative amount of Rac in each fraction and an anti-
flotillin (1:1000) antibody as a membrane marker to assess the efficacy of the fractionation
procedure.

2.8 Measurement of superoxide production
Intracellular superoxide radical generation was assayed by nitroblue tetrazolium (NBT,
Roche, Basel, Switzerland) reduction as previously described (Wilkinson, et al., 2006). For
these experiments, primary microglia from C57BL/6 mice were plated overnight in serum-
free DMEM-F12. The microglia were pretreated for 1hr at 37°C with S-ibuprofen. NBT
(1mg/ml) with or without fAβ25–35 (60 μM) in serum-free DMEM-F12 was then added to
the wells for 30 min. Phorbol 12-myristate 13-acetate (PMA; 390 nM)) was used as a
positive control (Bamberger, et al., 2003,Bianca, et al., 1999,McDonald, et al., 1997). Three
random fields of cells (>100 cells) were counted on an inverted microscope.

2.9 Statistical Analysis
All experiments were performed a minimum of three times. Data from each experiment are
expressed as mean ±standard deviation. Two-tailed Student’s t-test was performed between
+IBU and −IBU samples. Values statistically different from controls were calculated using a
one-way ANOVA, and the Tukey-Kramer multiple-comparisons test was used to determine
p-values. Significance was considered at a probability (p) value equal or less than 0.05.
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3. Results
3.1 Chronic ibuprofen treatment significantly reduces amyloid deposition in aged B6-R1.40
mice

The R1.40 mouse develops extracellular Aβ deposits and associated neuropathology that
closely resembles alterations observed in human AD (Kulnane and Lamb, 2001,Lamb, et al.,
1999,Lehman, et al., 2003). Few extracellular Aβ plaques are evident in the B6-R1.40
mouse between 14-15 months of age. We began chronic ibuprofen treatment at 15 months of
age and sacrificed the animals at 24 months of age. We observed an approximate 90%
reduction in Aβ plaque deposition (number of plaques/section) in the parenchyma of aged,
24-month-old ibuprofen-treated B6-R1.40 animals (n=5) when compared to age-matched
non-treated B6-R1.40 animals (n=5) as measured by quantitative 6E10
immunohistochemistry (p< 0.001; Figure 1A-B). We also observed a corresponding
reduction in Thioflavin-S positive, compact Aβ plaques in the parenchyma of the ibuprofen-
treated animals (Figure 1C-D). Notably, Thioflavin-S positive amyloid deposition is present
in the cerebral vessel walls of both the ibuprofen-treated and the control animals. These
results in the B6-R1.40 mice are similar to effects observed in other ibuprofen-treated AD
animal models (Lim, et al., 2000,Lim, et al., 2001b,Yan, et al., 2003), but differ from those
reported by Jantzen et al. who found a reduction in overall plaque burden with no changes in
Congo red stained plaques (Jantzen, et al., 2002). Ibuprofen treatment has previously been
shown to suppress the phenotypic activation of microglia in AD animal models (Lim, et al.,
2000,Yan, et al., 2003). We observed microglia with an amoeboid, “activated” morphology
clustered around amyloid plaques in the control B6-R1.40 mice. However, microglia had a
more ramified or “resting” morphology in the ibuprofen-treated B6-R1.40 mice (Figure 2A).
Chronic ibuprofen treatment in the B6-R1.40 mice resulted in little, if any, amyloid
deposition, and we found very few microglia adjacent to the 6E10-positive amyloid plaques
remaining in these mice.

Microglia activation was also assessed by CD45-immunoreactivity. CD45 is a tyrosine
phosphatase that is important for immune cell signaling, and this molecule has been shown
to be elevated in activated microglia in both the human AD brain (Masliah, et al., 1991) and
AD animal models (Wilcock, et al., 2001). Following chronic ibuprofen treatment in the B6-
R1.40 mouse, we observed a profound reduction in CD45-positive microglia staining
compared to control B6-1.40 mice (Figure 2B), consistent with previous reports (Lim, et al.,
2000,Yan, et al., 2003).

3.2 AD-related oxidative damage is attenuated by chronic ibuprofen treatment in aged B6-
R1.40 mice

Activated of microglia are a significant source of reactive oxygen species (ROS) production
and oxidative damage in a variety of neurodegenerative diseases including AD (Block, et al.,
2007). The reduction in microglial activation following chronic ibuprofen treatment in the
B6-R1.40 mice led us to examine potential alterations in oxidative damage. We first
examined whether the B6-R1.40 mice had increased basal levels of oxidative stress, a
phenomena observed in other APP mutant mice (Mohmmad Abdul, et al., 2006). We
measured the levels of 4-hydroxynonenal (4HNE) protein adducts in brain lysates from 24
month-old age-matched C57BL/6 (wildtype) mice and B6-R1.40 mice. 4HNE is a product
of lipid peroxidation and has been shown to exert a host of adverse biological side-effects
(Uchida and Stadtman, 1992). A robust elevation of 4HNE is evident in the brains of the B6-
R1.40 mice (Figure 3A). We next examined whether chronic ibuprofen treatment could
ameliorate the substantial oxidative damage found in aged B6-R1.40 mice. Indeed,
ibuprofen-treated B6-R1.40 mice show a 70% reduction in the accumulation of 4HNE
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protein adducts when compared to control animals (p < 0.01; Figure 3B) indicating lipid
peroxidation is attenuated by ibuprofen treatment.

The increased production of nitrotyrosine has also been described in AD, and has shown a
high correlation with disease state. The nitration of tyrosine residues is the result of the
highly reactive peroxynitrite radical, which is produced by a reaction of nitric oxide with the
superoxide anion. The nitration of tyrosine residues in proteins compromises their action in
cellular signaling and alters protein structure. We examined the presence of nitrotyrosine-
containing proteins in brain lysates from ibuprofen-treated and control B6-R1.40 mice. The
presence of nitrotyrosine was 60% lower in the ibuprofen-treated animals than in the control
animals (p < 0.05; Figure 3C).

We also evaluated the addition of carbonyl groups to protein side chains; a sensitive method
for the detection and quantification of protein oxidation (Stadtman and Levine, 2000). The
carbonylation of brain proteins was 4-fold greater in the control 24 month-old B6-R1.40
mice than in the ibuprofen-treated mice (p < 0.05; Figure 4). Taken together, these data
indicate that chronic ibuprofen treatment suppresses oxidative damage in the B6-R1.40 AD
mouse model.

3.3 Ibuprofen treatment inhibits fAβ-stimulated ROS production in primary microglia
Several potential sources of ROS exist within microglia including the NADPH oxidase,
mitochondria respiratory chain, xanthine oxidase, microsomal enzymes, cycloxygenase and
lipoxygenase. In response to fAβ; however, it has been postulated that the primary source of
ROS and the source of widespread oxidative damage found in the AD brain is the microglial
NADPH oxidase (NOX2) (Bianca, et al., 1999,Markesbery, 1997,McDonald, et al.,
1997,Qin, et al., 2005,Shimohama, et al., 2000,Wilkinson, et al., 2006). The reduction in
microglia activation and oxidative damage in the ibuprofen-treated R1.40 mice led us to
examine whether ibuprofen could inhibit NOX2-derived ROS production in fAβ-stimulated
microglia. To examine the effect of ibuprofen treatment on the fAβ-stimulated respiratory
burst, we utilized primary microglia obtained from C57BL/6 mice. Analysis of intracellular
superoxide production was monitored by the reduction of NBT, and PMA was used as a
positive control. We observed that pretreatment with racemic ibuprofen attenuated fAβ-
stimulated superoxide production in primary microglia by 30% when compared to non-
treated controls (Figure 5A). This data suggests ibuprofen acts to inhibit a NOX2-derived
respiratory burst in primary microglia.

3.4 Ibuprofen inhibits fAβ-stimulated Vav phosphorylation in THP-1 cells
We reported a mechanistic link between the microglia fAβ cell surface receptor complex
(Bamberger, et al., 2003) and downstream signaling events leading to NOX2 complex-
derived reactive oxygen production ((Reed-Geaghan, et al., 2009,Wilkinson, et al., 2006).
Assembly and function of the NOX2 enzyme complex is dependent on the fAβ-stimulated
phosphorylation of Vav, a guanine nucleotide exchange factor (GEF) for the Rac1 GTPase
(Wilkinson, et al., 2006). We examined whether ibuprofen could inhibit fAβ-stimulated Vav
phosphorylation. THP-1 cells were pretreated with racemic ibuprofen for 1 h followed by
exposure to fAβ25–35. Indeed, ibuprofen pretreatment suppressed the Tyr-phosphorylation of
Vav (p < 0.05; Figure 5B).

We evaluated the ability of the individual enantiomers of ibuprofen to inhibit fAβ-stimulated
Vav phosphorylation. The S-enantiomer of ibuprofen is the active enantiomer with respect to
COX inhibition. Pretreatment with the S-enantiomer was able to inhibit Vav
phosphorylation in a dose-dependent manner; however, pretreatment with the R-enantiomer
had no effect (p < 0.05; Figure 5C). These data argue that the inhibition of COX activity
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may play a role in suppressing fAβ-induced reactive oxygen production. We next wanted to
determine whether COX-1 or COX-2 was responsible for inhibiting Vav phosphorylation.
THP-1 cells were pretreated for 1 h with sc-560, a COX-1 specific inhibitor, or CAY10404,
a highly specific COX-2 inhibitor, followed by stimulation with fAβ Neither inhibitors was
able to prevent an increase in Vav Tyr-phosphorylation in response to the fAβ peptide
(Figure 5D). These data suggest that the action of the S-enantiomer of ibuprofen on reducing
Vav phosphorylation is mediated through a COX-independent mechanism.

3.5 S-ibuprofen disrupts downstream signaling to NOX2 complex assembly
We next established whether additional signaling events leading to NOX2 complex
assembly were disrupted by ibuprofen treatment. The downstream target of Vav GEF
activity is the small GTPase, Rac1, which is an integral component of the NOX2 enzyme
complex. Vav facilitates Rac GDP/GTP exchange converting Rac into its active
conformation. Rac then translocates to the plasma membrane and interacts with other NOX2
enzyme components to assemble the catalytically active oxidase. Previously, we have
demonstrated that fAβ stimulation increased Rac GTP-loading and promoted redistribution
of Rac from the cytosol to the plasma membrane (Wilkinson, et al., 2006). Here, we report
that S-ibuprofen pretreatment of THP-1 cells leads to a dose-dependent inhibition of fAβ-
mediated Rac translocation to the membrane (Figure 6A). These data demonstrate that
treatment with S-ibuprofen impairs NOX2 complex assembly.

Since S-ibuprofen treatment inhibits signaling cascades leading to a defect in oxidase
assembly, we next determined whether parallel signaling pathways responsible for activation
of p47phox were also impaired. p47phox, a cytosolic component of the NOX2 enzyme
complex, must be phosphorylated on serine residues to initiate translocation to the
membrane where it interacts with the membrane-bound cytochrome b558. It is well
established that upstream p38 MAPK activity is critical for both superoxide production and
p47phox phosphorylation in phagocytes (Detmers, et al., 1998,Yamamori, et al., 2000).
Important for our studies, we have previously demonstrated that p38 phosphorylation is
upregulated following exposure to Aβ fibrils in THP-1 cells (McDonald, et al., 1998). To
determine the effect of S-ibuprofen on p38 activity, THP-1 cells were pretreated with S-
ibuprofen followed by exposure to fAβ; cellular lysates were then analyzed for levels of p38
phosphorylation. We report that S-ibuprofen pretreatment diminished Aβ-induced p38
activity and R-ibuprofen had no effect (p < 0.001; Figure 6B). These findings suggest that S-
ibuprofen acts to disrupt parallel signaling cascades leading to improper assembly of the
NOX2 enzyme complex. It is also possible that p38 activation is a result of ROS production.

3.6 S-ibuprofen inhibits fAβ-stimulated ROS production in primary microglia
In light of our previous findings that several critical signaling molecules are regulated by
ibuprofen treatment, we hypothesized that S-ibuprofen might inhibit the generation of ROS
in primary murine microglia stimulated with fAβ peptides. Following pretreatment with S-
ibuprofen, Aβ-stimulated intracellular superoxide production was monitored in primary
microglia. We observed that fAβ-induced ROS production was dramatically reduced by
pretreatment with S-ibuprofen when compared to either fAβ or PMA, a positive control for
respiratory burst (p < 0.001; Figure 7). These results indicate that the S-ibuprofen impairs
NADPH oxidase function and ROS production in response to Aβ fibrils.

Discussion
NSAIDs have received considerable attention as a potential therapy for AD owing to
numerous epidemiological studies that provide evidence for an association between the
chronic intake of NSAIDs and a decreased risk for AD (in t’ Veld, et al., 2001,Stewart, et
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al., 1997,Vlad, et al., 2008,Zandi, et al., 2002). However, several recent studies found no
benefit from NSAID intake on incidence of AD (Aisen, et al., 2003,Arvanitakis, et al.,
2008,Breitner, et al., 2009,Group, et al., 2007,Reines, et al., 2004). Thus, there remains
considerable confusion about the effects of NSAIDS in altering AD risk and pathogenesis.
In the epidemiological study, Vlad et al. reported that ibuprofen exhibited a strong protective
effect, and this protection increases with prolonged usage (Vlad, et al., 2008). Additionally,
in vivo studies in murine models of AD have demonstrated that preventative long-term
ibuprofen treatment inhibited brain inflammation, reduced amyloid pathology, decreased Aβ
levels, and improved cognition (Jantzen, et al., 2002,Lim, et al., 2001a,Lim, et al.,
2000,McKee, et al., 2008,Yan, et al., 2003). In the present study, we report that R1.40 mice
treated with ibuprofen had a 90% reduction in Aβ plaque number within the parenchyma.
These results obtained in R1.40 mice recapitulate previously reported findings in the Tg2576
model (Jantzen, et al., 2002,Lim, et al., 2000,Yan, et al., 2003), but are notable for the near
complete absence of amyloid deposits in the brains of these aged mice. In addition, we
observe a significant reduction in microglial activation and association with Aβ plaques in
the R1.40 mice treated with ibuprofen, a phenomenon previously reported in ibuprofen-
treated Tg2576 mice (Lim, et al., 2000,Yan, et al., 2003).

We further report that ibuprofen acts to suppress oxidative damage in the AD brain through
its capacity to inhibit NOX2-derived free radical production. The brain’s high metabolic rate
and reduced capacity for cellular regeneration makes the brain susceptible to oxidative
damage. Damage from oxidative stress has been postulated to be an antecedent event in AD
pathogenesis (Pratico and Sung, 2004,Pratico, et al., 2001). Markers of oxidative damage
can be detected prior to Aβ deposition in both brains of humans(Markesbery, 1997) and in
Tg2576 mice (Park, et al., 2005,Pratico, et al., 2001). Interestingly, it has been reported that
some NSAIDs exhibit antioxidant activity (Asanuma, et al., 2001,Hamburger and McCay,
1990). We found that chronic ibuprofen treatment of R1.40 mice results in significant
reductions of three independent measures of oxidative damage--lipid peroxidation, tyrosine
nitration and protein oxidation, in contrast to Lim and colleagues who reported no change in
the level of protein oxidation between ibuprofen and control-treated Tg2576 mice (Lim, et
al., 2001b). It is significant to note that Lim et al. used a different AD animal model
(Tg2576), a shorter treatment paradigm (6 months), and only analyzed a single marker for
oxidative damage. Importantly, our current findings provide the first in vivo evidence that
chronic ibuprofen treatment can alleviate AD-related oxidative damage.

The microglia phagocytic NADPH oxidase (NOX2) complex has been hypothesized to be a
major source of ROS in AD (Bianca, et al., 1999,McDonald, et al., 1997,Qin, et al., 2006).
Microglia and monocytes generate a NOX2-derived respiratory burst in response to fibrillar
Aβ peptides (Bianca, et al., 1999,McDonald, et al., 1997) that is dependent on Aβ fibril
engagement of a microglial cell surface receptor complex (Bamberger, et al.,
2003,Wilkinson, et al., 2006). The NOX2 enzyme complex localizes to both intracellular
and plasma membranes catalyzing the production of superoxide from oxygen. NOX2 is
comprised of several different subunits including two integral membrane-bound proteins,
p22phox and gp91phox, which form the catalytic subunit (cytochrome b558) of the complex.
In resting cells, the NOX2 enzyme complex has cytosolic components (p47phox, p67phox,
p40phox, and Rac1) that are distributed throughout the cytoplasm. Upon stimulation, these
cytosolic components are activated by parallel signaling pathways, initiating translocation to
the membrane where they interact with the membrane-bound subunits forming the active
complex (Bedard and Krause, 2007,Lambeth, 2004).

Recently, we have identified a mechanistic linkage between fAβ engagement of the
microglial Aβ receptor complex and the initiation of intracellular signaling events regulating
oxidase assembly and activation. Tyrosine phosphorylation of Vav, a guanine nucleotide
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exchange factor (GEF) for Rac1, and Vav’s association with Src-kinases were identified as
proximal signaling events critical for ROS production in fAβ-stimulated microglia
(Wilkinson, et al., 2006). Here, we demonstrate that racemic ibuprofen and S-ibuprofen act
to inhibit Aβ fibril-stimulated ROS production through disruption of the intracellular
signaling pathways leading to NOX2 complex assembly and activation. Treatment with
these NSAIDs abrogated Vav tyrosine phosphorylation resulting in the inability of Rac to
become activated and translocate to the membrane. We confirmed that NOX2 enzyme
activity and ROS production was indeed reduced in primary microglia following
pretreatment with S-ibuprofen. Pretreatment with R-ibuprofen was without effect. These
data argue for the involvement of a COX-dependent signaling mechanism. Surprisingly, the
COX specific inhibitors, sc-560 (COX-1) or CAY10404 (COX-2) failed to attenuate Vav
tyrosine phosphorylation. A parallel effect of S-ibuprofen pretreatment was observed for the
inhibition of fAβ-stimulated p38 phosphorylation. Together, these findings indicate an S-
enantiomer-specific, COX-independent action of this drug. Several COX-independent
actions of NSAIDs have been documented; however, COX-independent actions of S-
ibuprofen have not, to our knowledge, been reported. While the exact upstream signaling
targets modulated by S-ibuprofen remain to be identified, our data suggests that S-ibuprofen
may act through disruption of the action of upstream Src kinases, as global inhibition of Src-
family tyrosine kinases or inhibition of phosphatidylinositol-3 kinase has been previously
shown to attenuate ROS production (Bianca, et al., 1999,Wilkinson, et al., 2006).

The consequence of inhibiting NOX2-derived radicals in AD models has recently been
examined. The contribution of NOX2-derived ROS was validated using a NOX2-deficient
(gp91phox null) macrophage cell line, which failed to kill APP-expressing neuroblastoma
cells. Interestingly, Tg2576 mice in which NOX2 was genetically inactivated do not exhibit
alterations in AD plaque pathology at the age of initial deposition, suggesting that ROS
generated by the NOX2 complex do not contribute to processes affecting initial Aβ
deposition. As expected, these animals did not develop oxidative stress, cerebrovascular
dysfunction, or behavioral deficits that normally would occur in the Tg2576 mice (Park, et
al., 2008).

A central finding in this current study is the dramatic reduction in murine plaque burden
with ibuprofen treatment, a finding consistent with previous reports (Jantzen, et al.,
2002,Lim, et al., 2001a,Lim, et al., 2000,McKee, et al., 2008,Yan, et al., 2003). The
mechanistic basis of this effect remains unclear. A recent renewed interest in this class of
drugs for AD treatment stems from findings suggesting that some, but not all, NSAIDs can
act independently from their classic anti-inflammatory mechanisms, which may play a role
in their disease-modifying actions (Combs, et al., 2000,Eriksen, et al., 2003,Lehmann, et al.,
1997,Lleo, et al., 2004,Weggen, et al., 2001,Zhou, et al., 2003). Koenigsknecht et al.
reported that the microglial phagocytic function was suppressed in presence of inflammatory
cytokines found in the AD brain and that this function could be restored upon treatment of
ibuprofen or COX2 inhibitors in vitro (Koenigsknecht-Talboo and Landreth, 2005), a
finding consistent with those reported by Liang et al. in vivo(Liang, et al., 2005). It remains
possible that the reduction in activated microglia and oxidative damage in the brain is
secondary to reduction in plaque burden in these animals. The role of microglia in plaque
formation and remodeling has been questioned. In a recent paper by Grathwohl et al., the
authors demonstrate a loss of microglia had no effect on plaque number and size over a
period of 2-4 weeks, they suggest endogenous microglia play no role in formation and
maintenance of Aβ plaques. However, the authors also report a 3-4 fold increase in soluble
Aβ levels in the microglia-deficient animals (Grathwohl, et al., 2009), consistent with a role
for microglia in clearance of Aβ.
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In summary, we provide evidence that ibuprofen acts in an enantiomer-specific manner to
inhibit NADPH oxidase activation and ROS production. This is associated with a dramatic
reduction in oxidative damage and amyloid deposition in a murine model of AD. The
existing data from mouse models suggest that ibuprofen acts through multiple independent
pathways to affect AD-related pathology. It is important to note that the outcomes of
experiments in animal models have not been predictive of the effects of NSAIDs in humans
and it remains unclear how these drugs affect AD risk and pathogenesis.
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Figure 1. Chronic ibuprofen treatment reduces AD-related plaque pathology in B6-R1.40 mice
(A) Sagittal sections from age-matched non-treated (−IBU) and ibuprofen-treated (+IBU)
24-month-old B6-R1.40 mice were immunstained with anti-human Aβ monoclonal antibody
6E10. (B) Average plaque number/section in the parenchyma was reduced by 90% (n=5/
group, ***p<0.001) in +IBU animals. Dense core plaques were identified in (C) −IBU and
(D) +IBU mice by Thioflavin-S positive staining (green). Nuclei were visualized with
propidium iodide (red). White arrows indicate blood vessels with amyloid deposition.
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Figure 2. Chronic ibuprofen treatment reduces microglial activation in B6-R1.40 mice
(A) Representative photomicrograph depicting phenotypically activated microglia stained
with Iba1 (green) adjacent to a 6E10+ plaque (red) in the non-treated (−IBU) but not the
ibuprofen-treated (+IBU) B6-R1.40 mouse. Nuclei are stained with DAPI (blue); scale
bar=50 μm. (B) Sagittal sections from −IBU and +IBU-treated B6-R1.40 mice were stained
for anti-CD45; scale bar=200μm.
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Figure 3. Ibuprofen treatment reduces AD-related oxidative damage
(A) Effect of the hAPP transgene on oxidative damage as measured by 4-HNE levels in
brain homogenates. Samples from 24-month-old age-matched C57BL/6 (B6) and B6-R1.40
mice are shown. (B) Representative immunoblot from individual non-treated (−IBU) and
ibuprofen-treated (+IBU) brain homogenates analyzed for lipid peroxidation measured by 4-
HNE protein adduct levels (n=5, **p<0.01). (C) Representative immunoblot from −IBU and
+IBU-treated animals analyzed for 3-nitrotyrosine (3-NT) levels (n=5, *p<0.05). Blots were
stripped and reprobed with GAPDH as a protein loading control.
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Figure 4. Chronic ibuprofen treatment reduced protein oxidation in aged B6-R1.40 mice
Protein oxidation was measured using an Oxyblot kit. Representative blot from non-treated
(−IBU) and ibuprofen-treated (+IBU) brain homogenates analyzed by immunoblot analysis
with an anti-DNP antibody (n=5, *p< 0.05). Blots were stripped and reprobed with GAPDH
as a protein loading control.
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Figure 5. Fibrillar Aβ-stimulated Vav phosphorylation is inhibited by ibuprofen pretreatment
(A) C57Bl/6 microglia were pretreated with ibuprofen (600 μM) for 1hr followed by
incubation in serum-free DMEM-F12 containing NBT +/− fAβ25–35 (60 μM) for 30 min.
PMA (390 nM) was a positive control. Superoxide generation was monitored by the
presence of insoluble formazan and visualized on a Leica DMIRB inverted microscope.
Three random fields of cells (>100 cells) were counted (n=6, ***p< 0.001). (B) THP-1 cells
(5 × 106 cells) were pretreated 1 hr +/− ibuprofen and then stimulated with fAβ25-35 for 3
min. Vav immunoprecipitates were analyzed by Western blot analysis using a phospho-Tyr
antibody (4G10). Blots were stripped and reprobed with Vav as a protein-loading control.
Band intensity was analyzed as the level of phophorylated Vav normalized to total Vav
protein levels and expressed as relative density (n=3, *p<0.05). (C) Dose response of S-
ibuprofen pretreatment on Vav protein-Tyr phosphorylation in THP-1 cells treated with
fAβ25-35 (60 μM) for 3 min. (*p<0.05 at 200 μM and **p<0.01 at 300 μM). R-ibuprofen
(200 μM) pretreatment had no effect (n=4). (D) THP-1 cells pretreated 1 hr with either a
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COX1 (sc560) or a COX2 (CAY10404) inhibitor were stimulated with fAβ25-35 for 3 min.
Vav immunoprecipitates were analyzed by Western blot using a phospho-Tyr antibody
(4G10). Blots were stripped and reprobed with Vav as a protein-loading control.
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Figure 6. S-ibuprofen disrupts NOX2 complex assembly
(A) Dose response for THP-1 cells pretreated with S-ibuprofen for 1 hr followed by
stimulation with fAβ25-35 (60 μM) for 10 min. Lysates were subjected to differential
centrifugation and membrane fractions were immunoblotted for Rac. Cell fractions were
also immunoblotted with a flotillin antibody to assess the efficacy of the fractionation
procedure. (B) THP-1 cells pretreated with either S- or R-ibuprofen for 1 hr were stimulated
with fAβ25-35. Lysates were immunoblotted for phosphorylated p38. Blots were stripped and
reprobed with p38 as a protein loading control. Band intensity was analyzed as the level of
phophorylated p38 normalized to total p38 protein levels and expressed as relative density
(n=4, **p<0.01).
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Figure 7. S-ibuprofen inhibits the generation of NOX2-derived radicals in microglia stimulated
with fAβ
Primary C57Bl/6 microglia were preincubated with S-ibuprofen (200 μM) for 1 hr in serum-
free DMEM-F12. NBT was added to the media and microglia were stimulated with fAβ25-35
(60 μM) or PMA (390 nM) for 30 min. Superoxide anion generation was monitored by the
presence of insoluble formazan. Three random fields of cells (>100 cells) were counted
(n=3, **p < 0.01).
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