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Abstract—Alzheimer’s disease (AD) is a neurodegenerative

disorder characterized by the progressive loss of memory.

The neurodegeneration induced by AD has been linked to

oxidative damage. However, little is known about the

involvement of NADPH oxidase 2 (Nox2), a multisubunit

enzyme that catalyzes the reduction of oxygen to produce

reactive oxygen species, in the pathogenesis of AD. The

main purpose of this study was to investigate the involve-

ment of Nox2 in memory, in AD-related brain abnormalities,

oxidative damage, inflammation and neuronal death in the

hippocampus in the streptozotocin (STZ)-induced AD-like

state by comparing the effects of that drug on mice lacking

gp91phox�/� and wild-type (Wt) mice. Nox2 gene expression

was found increased in Wt mice after STZ injection. In object

recognition test, Wt mice injected with STZ presented

impairment in short- and long-term memory, which was

not observed following Nox2 deletion. STZ treatment

induced increased phosphorylation of Tau and increased

amyloid-b, apoptosis-inducing factor (AIF) and astrocyte

and microglial markers expression in Wt mice but not in

gp91phox�/�. STZ treatment increased oxidative damage

and pro-inflammatory cytokines’ release in Wt mice, which

was not observed in gp91phox�/� mice. Nox2 deletion had a

positive effect on the IL-10 baseline production, suggesting

that this cytokine might contribute to the neuroprotection

mechanism against STZ-induced neurodegeneration. In

summary, our data suggest that the Nox2-dependent

reactive oxygen species (ROS) generation contributes to

the STZ-induced AD-like state. � 2017 IBRO. Published by

Elsevier Ltd. All rights reserved.
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INTRODUCTION

Alzheimer’s disease (AD) is a degenerative disorder that

usually begins with a subtle memory loss that slowly

becomes more severe and, eventually, incapacitating.

Other common clinical symptoms of AD include:

confusion, poor judgment, language disturbance,

agitation and hallucinations (Bird, 2008). In advanced

stages of the disease, the deceleration of motor functions

leads to a condition similar to parkinsonism (Selkoe,

2001). Several abnormalities were observed in the brain

glucose metabolism of patients with sporadic AD. Both

the impairment of neuronal insulin signaling and the

impairment in the function of translation of insulin recep-

tors have been associated with AD development

(Moloney et al., 2010; Liu et al., 2011a,b; Bomfim et al.,

2012; Talbot et al., 2012; Yarchoan et al., 2014).

The neuropathological changes of AD brain mainly

affect neocortex, hippocampus, entorhinal cortex and

some subcortical areas (Spires and Hyman, 2005) and

include: the accumulation of amyloid plaques (composed

primarily by b-amyloid peptide (Ab)) (Hardy and Allsop,

1991) and the accumulation of neurofibrillary tangles,

neuropil threads and dystrophic neurites containing

hyperphosphorylated Tau protein. These changes are

accompanied by astrocyte and microglial cell activation

(Serrano-Pozo et al., 2011). When chronically activated,

microglia generates reactive oxygen (ROS) and nitrogen

(RNS) species (Wilkinson et al., 2012), in addition to

cytokines, interleukins (IL) and other cytotoxic molecules

(Heneka et al., 2015). The activation of microglial cells

leads to NADPH oxidase (Nox)-dependent ROS produc-

tion in the hippocampus resulting in significant neuronal

death (Park et al., 2009; Bonda et al., 2010).

The intracerebroventricular (icv) injections of

streptozotocin (STZ), a compound synthesized by

Streptomycetes achromogenes (Szkudelski, 2001) have

been used to induce AD-like state in rodents. STZ icv

injections induce a progressive deterioration of cognitive

function in parallel to changes in glucose and energy

metabolism, oxidative stress (Grunblatt et al., 2004),

accumulation of Ab (Knezovic et al., 2015; Ravelli et al.,

2017) and increased Tau phosphorylation (Chen et al.,

2013; Ravelli et al., 2017). The most prominent brain

abnormality in this model is neuroinflammation, reflected

http://dx.doi.org/10.1016/j.neuroscience.2017.06.050
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by astrogliosis and microglial activation (Chen et al.,

2013).

NADPH oxidases are a family of enzymes dedicated

to the production of ROS. These enzymes are able to

catalyze the production of superoxide anion by reducing

an electron of molecular oxygen, using NADPH as an

electron donor. The prototypical Nox, known as Nox2, is

composed of three subunits (p40PHOX, p47PHOX and

p67PHOX) present in the cytosol as a complex and two

membrane subunits (gp91phox and p22phox) composing

the cytochrome b558. After a stimulus, the activation of

a low-molecular weight G protein (Rac1 or Rac2) and

phosphorylation of p47phox initiate migration of the

cytosolic complex to the plasma membrane (Hernandes

and Britto, 2012), where it associates with cytochrome

b558 forming a functional Nox complex capable of reduc-

ing oxygen to superoxide (Hernandes et al., 2013).

Nox-derived ROS seem to mediate cerebrovascular

dysfunctions induced by Ab (Block, 2008). In vitro exper-

iments demonstrated that Nox inhibition by apocynin, a

nonspecific pharmacological Nox2 inhibitor, decreased

the ability of the b-amyloid peptide to induce degeneration

and to trigger morphological changes in neurons (Bruce-

Keller et al., 2010). However, in a transgenic model of

AD, apocynin treatment did not improve behavioral or

neuropathological deficits despite causing a reduction in

oxidative stress in the cerebral cortex (Dumont et al.,

2011). Gp91ds-tat, a Nox2 peptide inhibitor, was able to

decrease the generation of ROS induced by exogenous

Ab in the somatosensory cortex of mice. Moreover,

exogenous Ab was not able to trigger the production of

ROS in mice lacking the catalytic subunit of Nox2

(gp91phox). Furthermore, no evidence of oxidative stress

was observed in transgenic mice overexpressing the

amyloid precursor protein but lacking gp91phox (Park

et al., 2005).

Nox2-derived ROS has emerged as an important

mechanism in the pathogenesis of AD. However, there

has been no study directly testing the involvement of

Nox2 in cognitive impairment induced by STZ, nor has

its role in Tau phosphorylation, oxidative damage,

neuronal death and neuroinflammation induced by STZ

been investigated. In light of those facts, the main

purpose of this study was to investigate the involvement

of Nox2 in short- and long-term memory, in AD-related

brain abnormalities, inflammation and neuronal death in

the hippocampus in the STZ-induced AD-like state by

comparing the effects of that drug on mice lacking

gp91phox�/� and wild-type mice (Wt) (C57BL/6).
EXPERIMENTAL PROCEDURES

Animals

Male gp91Phox�/� mice (25–30 g) were purchased from

the Jackson Laboratory (Bar Harbor, Maine, USA) and

maintained on a C57BL/6 background. The animals

were maintained on a 12: 12 h light–dark cycle and with

free access to food and water. All animal protocols were

approved by the Institutional Animal Care and Use

Committee of the Institute of Biomedical Sciences of the
University of Sao Paulo, Brazil (protocol number:

098/2012).
Surgical procedures

Surgical procedures were performed as previously

described (Ravelli et al., 2017). Mice were anesthetized

initially with 5% isoflurane for induction and then main-

tained with 2–3% isoflurane throughout the duration of

surgery. STZ (Sigma, St. Louis, MO) was dissolved in

citrate buffer (0.05 mol/L, pH 4.5) immediately before

injection. Mice were placed in a stereotaxic apparatus

(Insight Ltda, SP, Brazil) and the STZ group was injected

bilaterally in the lateral ventricles with STZ (3 mg/kg) in

two divided doses (1.5 mg/kg each), on days 1 and 3.

The concentration was adjusted so as to deliver 1.5 ll
per injection. Control mice were injected with citrate buf-

fer. The bregma coordinates used for injection were:

AP: �0.5 mm; ML: ±1.1 mm; DV: �2.8 mm. The injec-

tions were performed using a Hamilton syringe (model

701) and conducted at a rate of 0.5 lL/min. The needle

was left in situ for 3 min to prevent back flow. Clinical

signs were monitored daily after the surgery, including

general body condition and dehydration. The mice were

euthanized for analysis 14 days after the surgery

(Ravelli et al., 2017).
Real-time PCR

Tissue from the hippocampi from Wt mice (n= 6 for each

group) were directly homogenized in 1 ml TRIzol

(Invitrogen, Carlsbad, CA, USA) and total RNA was

isolated following the manufacturer’s suggested protocol.

Following two chloroform extraction steps, RNA was

precipitated with isopropanol and the pellet washed twice

in 70% ethanol. Samples were resuspended in DEPC-

treated water and RNA was quantified by measuring the

optical density at 260 nm using a Nanodrop-1000

spectrophotometer. One microgram total RNA was

reverse transcribed using the Promega Reverse

Transcription System (Madison, WI, USA). Total RNA

was incubated at 70 �C for 10 min. The solution was

mixed with 4 lL of MgCl2 (25 mM), 2 lL of 5 � RT buffer,

2 lL of dNTP mixture (10 mM), 0.5 ml of RNAsin inhibitor

(40U/ml), 0.5 ml of AMV reverse transcriptase, and 1 lL
of oligodT primer (0.5 mg). The reactions were incubated

at 16 �C for 30 min, 42 �C for 30 min, 85 �C for 5 min and

then kept at 4 �C. qPCR was carried out with SYBR

Green Real-Time Selected Master Mix (Applied

Biosystems, CA, USA) according to the user guide. The

reaction volume was 20 lL with 2 lL diluted cDNA,

10 lL of SYBR Master Mix, and 500 nM of each primer.

Amplification and PCR product detection were performed

with the ABI prism 7500 real time-PCR System (Applied

Biosystems, USA). The conditions for PCR were as

follows: 50 �C for 2 min, 95 �C for 2 min, then 30 cycles

of 95 �C for 15 s, 60 �C for 1 min, and 72 �C for 15 s.

The specificity of the SYBR� green assay was

confirmed by melting-point analysis. Expression data

were calculated from the cycle threshold (Ct) value using

the DCt method for quantification (Dussault and Pouliot,

2006). Gene expression of GAPDH was used for normal-
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ization. Results were expressed as percent increases.

Sequences used were: Nox2 (sense 50-TCAAGACCATTG

CAAGTGAACAC-30; antisense 50-TCAGGGCCACACAG

GAAAA-30) and GAPDH (sense 50-GTGCAGTGC

CAGCCTCGTCC-30; antisense 50-CAGGCGCCCAAT

ACGGCCAA -30).
Object recognition test

The behavioral assay occurred in three different phases:

a habituation phase, a sample phase, and a test phase.

In the first day (habituation phase), mice (n= 5 injected

with citrate and 8 injected with STZ) were habituated to

the open-field apparatus (35 � 29 � 16 cm) for 10 min

and then were taken back to their home cages. This

procedure was repeated 3 times, with 30-min intervals.

On the second day (sample phase), two identical

objects (A and B) were placed at fixed distances in a

symmetric position from the center of arena. The

animals were placed in the arena facing the wall

opposite to the objects and were allowed to explore the

objects and the arena for 10 min. One and 24 h later,

during the testing phase, one of the original objects (A)

was replaced with a novel object of different shape (C

and D, respectively) and mice were allowed to explore

novel objects for 5 min.

The total exploration (sniffing, licking or touching the

object with the nose or with the forelimbs or directing

the nose at a distance �1 cm to the object) time of the

objects during the first 5 min was quantified in the

sample and test phases (1 and 24 h). Data collection

was performed using a video tracking system Pinnacle

Studio (Pinnacle Systems, Mountain View, CA, USA).

After each session, the arena and objects were cleaned

with 5% ethanol to ensure that behavior of animals was

not guided by odor cues.

Calculation of the interest in a new object in the testing

phase, which is called the Investigation Ratio (IR), was

calculated as the ratio between the time spent by

exploration of a new object (Tnew) to the total time spent

by exploration of both objects (Ttotal) (IR = Tnew/Ttotal).
Immunoblotting

Animals (n= 3 injected with citrate and 5 injected with

STZ) were sacrificed by decapitation and the

hippocampi were quickly collected and homogenized in

extraction buffer (Tris, pH 7.4, 100 mM; sodium

pyrophosphate 100 mM; sodium fluoride 100 mM; EDTA

10 mM, sodium orthovanadate 10 mM; PMSF 2 mM;

aprotinin 0.01 mg/ml). The homogenates were subjected

to centrifugation for 15 min at 12,000 rpm at 4 �C and

the protein concentration of the supernatant was

determined using the Bradford method (Bio-Rad, CA,

USA). The samples were stored in sample buffer (Tris/

HCl 500 mM, pH 6.8; 10% of SDS, 0.25% of

bromophenol Blue; 10% of 2-mercaptoethanol and 50%

glycerol) at �70 �C until use.

The samples from the homogenate (30 lg of protein)

were run on an acrylamide gel and electrotransferred to

nitrocellulose membranes (Millipore, Billerica, MA, USA)
at 100 V for 80 min using a Trans-Blot cell. The

nitrocellulose membranes were then blocked for 2 h at

room temperature and incubated overnight at 4 �C with

following antibodies: monoclonal anti-rabbit amyloid b
(1:1000; Santa Cruz Biotechnology, USA), monoclonal

anti-mouse Tau (1:2000; Sigma Chemical Co., USA),

monoclonal anti-rabbit Phosphorylated Tau (Ser199/202)

(1:2000; Sigma Chemical Co., USA), monoclonal anti-

rabbit GFAP (1:1000; Santa Cruz Biotechnology, USA),

monoclonal anti-mouse Ox-42 (1:1000; Invitrogen,

USA), polyclonal anti-goat apoptosis-inducing factor

(AIF, 1:500; Santa Cruz Biotechnology, TX, USA),

polyclonal anti-rabbit 4-Hydroxy-2 nonenal (4-HNE,

1:500; Alpha Diagnostic, TX, USA), monoclonal-anti-

mouse 3-nitrotyrosine (3-NT, 1:500; Santa Cruz

Biotechnology, USA) and monoclonal anti-mouse b-actin
(1:5000; Sigma Chemical Co., USA). After incubation

with the appropriate HRP-conjugated secondary

antibodies, the immune reaction was developed by

enhanced chemiluminescence (ECL) reagent (Bio-Rad,

CA, USA) according to the manufacturer’s instructions.

The target proteins were detected using a C-DiGit

Western blot scanner (LI-COR, USA). b-actin was used

as an internal control. The quantification of band

intensity was performed with ImageJ (National Institutes

of Health, USA).
Immunohistochemistry

Mice (n= 3 injected with citrate and 5 injected with STZ)

were deeply anesthetized with ketamine hydrochloride

(100 mg/kg of body weight, i.m.) and xylazine (16 mg/kg

of body weight, i.m.) and transcardially perfused with a

buffered 0.9% saline solution, followed by a fixative

solution consisting of 4% paraformaldehyde (PFA)

dissolved in 0.1 M phosphate buffer (PB, pH 7.4). The

brains were collected and after 4 h post-fixation in PFA

solution they were transferred to a 30% sucrose PB

solution, to ensure cryoprotection and stored at 4 �C
during at least 48 h. Coronal sections (30 lm) were

obtained on a sliding microtome and were incubated

overnight with anti-OX42 (CD11b/c, Biosciences, CA,

USA) and anti-GFAP (Immunon, Pittsburgh, PA, USA),

diluted 1 : 1000 in 0.3% of Triton X-100, containing

0.05% normal donkey serum. Following 3 washes with

PB, sections were incubated for 2 h with a biotinylated

secondary antibody, then with the avidin–biotin complex

(1 : 100; ABC Elite kit, Vector Labs, Burlingame, CA,

USA). The sections reacted with 0.05% 3,3-

diaminobenzidine and 0.01% hydrogen peroxide in PB.

Intensification was conducted with 0.05% osmium

tetroxide in water.

Images were captured using a Nikon DMX1200 digital

camera and were quantified by using integrated optical

density, normalized to the background optical density,

measured in the same way in the same section using

Image J (NIH). Immunostaining was evaluated in terms

of optical density within areas of 0.04 mm2 and

0.03 mm2, respectively for CA1 and CA3 regions of the

hippocampus. Measurements were taken from 5

different hippocampi-containing sections for each animal.



Fig. 1. Effects of STZ on Nox2 activation. Effect of STZ on mRNA of

Nox2 isoform in the hippocampus of Wt mice. GAPDH was used as

an internal control. (n= 6) *P< 0.05 (Student’s t-test).
STZ = streptozotocin.
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Multiplex analysis of cytokines

Concentrations of IL-4, IL-1b, IL-2, IL-10, IFN-c, TNF-a,
IL-12/23 (p40) and IL-12 (p70) were simultaneously

measured in extracts from homogenized hippocampus

using a mouse multiplexed bead-based immunoassay

Milliplex Map Kit, MCYTOMAG-70 K (Millipore, Billerica,

MA, USA) (Moncunill et al., 2013). Hippocampi of Wt

and gp91phox�/� mice (n= 5 injected with citrate and 8

injected with STZ) were collected and homogenized in a

buffer containing 150 mM NaCl, 0.05% Tween-20, 1 mM

PMSF, 20 mM Tris–HCl (pH 7.5), 2.5 lg/ml antipain and

2.5 lg/ml leupeptin. The samples were centrifuged at

20,000�g for 2 min at 4 �C and the supernatant was used

for the analysis. The protein concentration was measured

using the Bradford method (Bio-Rad, CA, USA).

Cytokine concentrations were determined using

antibodies for each analyte covalently immobilized to a

set of microspheres (Fox et al., 2005). The analytes on

the surface of microspheres were then detected by a

cocktail of biotinylated antibodies. The reporter fluores-

cent signal was measured with a Luminex100 reader

(Luminex Corp., Austin, TX, USA) with xPONENT 3.1

software. Standard curves for each cytokine were gener-

ated using standards included in the kit diluted in a lysis

buffer for tissue samples. Cytokine concentrations in the

samples were determined with a 5-parameter logistic

curve and normalized to the amount of protein in each

sample. Final concentrations were calculated from the

mean fluorescence intensity and expressed in pg/mg.

All incubation steps were performed at room temperature

and in the dark.
Statistical analysis

Data were expressed as means ± standard error of the

mean (SEM). For individual comparisons, statistical

analysis was performed using unpaired Student’s t-test.

Statistical analysis for STZ-induced changes in WT and

gp91phox�/� mice were performed by a Two-way

analysis of variance (ANOVA), followed by pairwise

comparisons (Tukey’s HSD test). In all cases, p � 0.05

was considered to be statistically significant. Statistical

analyses of data were generated using GraphPad

Prism, version 3.02, and Statistica 13.
RESULTS

Effect of STZ on Nox2 mRNA expression

In order to test if Nox2 can be induced by icv STZ

treatment, the Nox2 mRNA gene expression was

evaluated by RT-PCR in hippocampus. Nox2 mRNA

expression was found to be upregulated by 466% when

compared to the control group (Fig. 1).
Nox2 mediates STZ-induced oxidative stress

The levels of 4-HNE increased 117% in Wt animals

following the STZ treatment (F(1, 12) = 5.1942,

p= 0.04 for treatment). The same treatment did not

alter significantly the expression of 4-HNE in the

hippocampus of gp91phox�/� mice (Fig. 2A).
Similarly, the levels of 3-NT were found increased

(295%) in Wt mice after STZ treatment (F(1, 13)

= 6.8093, p= 0.02 for treatment), which was not

observed in gp91phox�/� mice (Fig. 2B).
Nox2 deletion abrogates short- and long-term
memory loss induced by STZ

The Novel Object Recognition Test was performed

14 days after the first STZ injection. No differences were

found between Wt and gp91phox�/� mice in the total time

of object exploration (both objects) during the different

phases (not shown).

STZ-injected Wt mice spent significant less time (F(1,
19) = 6.6720, p= 0.01 for treatment and F(1, 19)

= 8.0849, p= 0.01 for treatment � gene) exploring the

novel object than the familiar object when compared to

citrate-injected control Wt mice following a 1-h delay. No

differences were found between gp91phox�/� STZ-

treated mice and their respective control group (citrate-

injected gp91phox�/� mice, Fig. 3 A). Similar results were

obtained when memory retention was tested 24 h after

the sample session (F(1, 19) = 14.194, p= 0.001 for

treatment and F(1, 19) = 7.1526, p= 0.01 for

treatment � gene) (Fig. 3 B).

Altogether, these results indicated that STZ treatment

significantly impaired object recognition memory following

1-h or 24-h delay in Wt mice, which was not observed in

gp91phox�/� mice.
Nox2 mediates Tau phosphorylation and Ab and AIF
protein expression

We found increased hippocampal Ab protein levels

(111%) in Wt animals following the STZ treatment (F(1,
15) = 4.8211, p= 0.04) for treatment and F(1, 15)

= 6.4534, p= 0.02 for treatment � gene). Treatment

with STZ did not alter the expression of this protein in

the hippocampus of gp91phox�/� mice. However, the

basal expression of Ab was found significantly increased

(140%) in gp91phox�/� mice when compared to Wt mice

(F(1, 15) = 10.264, p= 0.005 for gene) (Fig. 4 A).

Moreover, we observed that the treatment with STZ



Fig. 2. Effect of STZ on hippocampal oxidative stress in Wt and gp91phox�/� mice. Oxidative

damage was analyzed by Western blotting for the expression of 4-HNE as marker of lipid

peroxidation (A) and 3-NT as marker of protein nitration. The graphs represent mean ratio of

4-HNE (n= 3–5) and 3-NT (n= 3–5) densitometric data in relation to b-actin. *P< 0.05 vs Wt

control group (Tukey’s test). STZ = streptozotocin, 4-HNE= 4-Hydroxy-2 nonenal, 3-NT =

3-nitrotyrosine.

Fig. 3. Effect of STZ on short-term and long-term memory in Wt and gp91phox�/� mice. Memory

was assessed by novel object recognition test. Object discrimination during the test phase is

presented as a discrimination index (time exploring the novel object/total time for exploring).

(n= 4–8) ***P< 0.001 vs Wt control group (Tukey’s test). STZ = streptozotocin.
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increased the ratio of pTau/Tau (144%) in Wt mice

(F(1, 11) = 12.490, p= 0.004 for treatment and

F(1, 11) = 12.898, p= 0.004 for treatment � gene),

suggesting increased Tau phosphorylation. The same

increase was not observed in gp91phox�/� mice (Fig. 4

B) following STZ injection. Furthermore, increased

expression of AIF (254%) was observed in Wt animals

injected with STZ when compared to citrate-injected

mice (F(1, 10) = 25.027, p= 0.0005 for treatment and

F(1, 10) = 9,4648, p= 0.01 for treatment � gene).

Increased AIF expression was not observed in

gp91phox�/� STZ-injected mice (Fig. 4 C).

Glial cells activation following the STZ treatment is
mediated by Nox2

In STZ-injected Wt mice, we observed an increase in

OX42 protein expression, a microglial cell marker, when

compared to Wt citrate-injected mice (F(1, 11) =

9.5539, p= 0.01 for treatment and F(1, 11) = 4.3954,
p= 0.05 for treatment � gene). In

contrast, gp91phox�/� STZ-treated

mice did not show increase in

microglial activation when compared

to gp91phox�/� citrate-injected mice

(Fig. 5 A). Analysis of OX42

distribution throughout the

hippocampus revealed an increased

immunoreactivity into CA1 (166%)

(F(1, 11) = 8.0342, p= 0.01 for

treatment and F(1, 11) = 4.6276,

p= 0.05 for treatment � gene)

(Fig. 5 D) and CA3 (Fig. 5 E) areas

(73%) (F(1, 9) = 7.9093, p= 0.02

for treatment and F(1, 9) = 14.221,

p= 0.004 for treatment � gene) in

the hippocampus of STZ-injected Wt

mice.

Analysis of GFAP, an astrocyte

marker, revealed an increased

expression of this marker in STZ-

injected Wt mice (70%) compared to

control (F(1, 9) = 7.1167, p= 0.02

for treatment), which was not

observed in gp91phox�/� mice (Fig. 5

F). Analysis of GFAP distribution

revealed its increased

immunoreactivity into the CA1 (81%)

area of the hippocampus (F(1, 11)

= 8.2031, p= 0.01540 for treatment

and F(1, 11) = 7.0730, p= 0.02 for

treatment � gene) (Fig. 5 I).
STZ-induced IFN-c, IL-1b, IL-2, IL-4,
IL-12/23 and IL-12 is mediated by
Nox2

In Wt animals, STZ significantly

increased the production of IFN-c
(F(1, 22) = 10.757, p= 0.003 for

treatment and F(1, 22) = 10.658,

p= 0.003 for treatment � gene), IL-

1b (F(1, 21) = 8.3331, p= 0.008 for
treatment and

F(1, 21) = 8.8464, p= 0.007 for treatment � gene), IL-2

(F(1, 18) = 7.9539, p= 0.01 for treatment � gene), IL-4

(F(1, 24) = 8.7116, p= 0.006 for treatment and

F(1, 24) = 9.1459, p= 0.005 for treatment � gene), IL-

12/23 (p40) (F(1, 18) = 6.6003, p= 0.01 for treatment

and F(1, 18) = 11.141, p= 0.003 for treatment � gene)

and IL-12 (p70) (F(1, 26) = 8.8610, p= 0.006 for

treatment � gene), which was not observed in

gp91phox�/� mice. STZ did not induce TNF-a release in

either Wt or gp91phox�/� mice. The baseline protein

concentration of IL-10 was found significantly increased

in gp91phox�/� mice (F(1, 24) = 18.339, p= 0.0002 for

gene), when compared to Wt mice (Fig. 6).
DISCUSSION

In this study, we investigated the involvement of Nox2 in

short- and long-term memory impairment, oxidative



Fig. 4. Effect ofSTZonAbexpression (A), Tauphosphorylation (B) and
AIF (C) in the hippocampus. The graphs representmean ratio ofAb, Tau
phosphorylation and AIF densitometric data in relation to b-actin (n=

3–5). *P< 0.05 vs Wt control group, **P< 0.01 vs Wt control group

(Tukey’s test). STZ= streptozotocin, AIF = apoptosis-inducing factor.
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damage, neuronal death and inflammation in the

hippocampus of the STZ-induced AD-like mouse model.

Our findings demonstrate that (1) Nox2 mRNA

expression is upregulated following the STZ treatment;

(2) Nox2 deletion protects mice against cognitive

impairment and prevents Tau phosphorylation, oxidative

damage, neuronal death and neuroinflammation induced

by STZ; (3) The production of the antiinflammatory

cytokine IL-10 was found significantly increased

following Nox2 deletion.

Oxidative stress plays an important role in the

pathogenesis of AD (Zhou et al., 2008). The hippocam-

pus of AD patients has been shown to present increased

4-HNE reactivity in amyloid deposits, suggesting ROS

mediated lipid peroxidation in amyloid deposits (Ando

et al., 1998). Moreover, the levels of 3-NT, a marker of

oxidative damage induced by tyrosine nitration were

found increased in neurofibrillary tangles (Good et al.,

1996). Corroborating our results in Wt mice, it has been

previously demonstrated that the icv injection of STZ

induces increased expression of HNE (Ishrat et al.,

2009; Khan et al., 2012; Zhou et al., 2013) and 3-NT

(Shoham et al., 2007) in the hippocampus of rats.

Although oxidative stress has been shown to play a role

in STZ-induced AD (Javed et al., 2011, 2012), the role

of Nox2-derived ROS is still unclear. We found that

Nox2 deletion prevented the oxidative damage to proteins

and lipids induced by STZ.

Mild cognitive impairment and early AD are

characterized by loss of synapses and connectivity,

which occurs in parallel with NADPH-oxidase

upregulation (mainly Nox2) in frontal and temporal

cortex (Ansari and Scheff, 2011). Our data demonstrate

that Nox2 gene expression was increased in the hip-

pocampus following STZ-treatment, suggesting that

Nox2 may play a role in STZ-induced AD.

Several studies have described that icv injections of

STZ induce memory loss in mice (Sharma et al., 2008;

Pinton et al., 2010; Tota et al., 2010), which has been

associated with oxidative stress (Song et al., 2014). As

expected, the STZ treatment induced a significant impair-

ment in both short- and long-term object recognition

memory in Wt mice. However, Nox2 deletion significantly

protected mice against the short- and long-term memory

deficit induced by STZ. This result suggested that Nox2

plays an essential role in the cognitive impairment

induced by STZ. In agreement with our data, mice overex-

pressing the amyloid precursor protein Tg2576 and lack-

ing Nox2 presented improved cognitive performance as

revealed by the Morris water maze test, when compared

to control littermates (Park et al., 2008).

There is a strong link between Ab expression,

neurodegeneration, ROS generation and AD

development. The excessive production of Ab peptide or

its reduced clearance has been reported to induce

amyloid aggregation, contributing to the generation of

neurofibrillary tangles and subsequent neuronal

degeneration in AD (Kar et al., 2004). In addition, Ab42
induced Nox-dependent ROS generation in primary astro-

cytes (Zhu et al., 2006). Corroborating our previous

observations (Ravelli et al., 2017), icv injections of STZ



Fig. 5. Effects of STZ on OX42 and GFAP expression in the hippocampus of Wt and gp91phox�/�

mice. (A) Western blots analysis of the Ox42 protein levels. The graphs represent mean ratio of

Ox42 densitometric data in relation to b-actin. (B) Mean optical density of OX42 immunostaining in

CA1 area. (C) Mean optical density of OX42 immunostaining in CA3 area. (D) Representative

digital images of OX42-like immunoreactivity in CA1 area. (E) Representative digital images of

OX42-like immunoreactivity in CA3 area. (F) Western blots analysis of the GFAP protein levels.

The graphs represent mean ratio of GFAP densitometric data in relation to b-actin. (G) Mean

optical density of GFAP immunostaining in CA1 area. (H) Mean optical density of GFAP

immunostaining in CA3 area. (I) Representative digital images of GFAP-like immunoreactivity in

CA1 area. (J) Representative digital images of GFAP-like immunoreactivity in CA3 area. (n= 3–5)
*P< 0.05 vs Wt control group and **P< 0.01 vs Wt control group (Tukey’s test).

STZ = streptozotocin.
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increase Ab expression in the hip-

pocampus of Wt mice. However,

Nox2 deletion prevented the

increased Ab expression induced

by STZ. Although Ab expression

was not found upregulated in

gp91phox�/� mice following STZ, the

baseline expression of this protein

was found significantly increased in

the hippocampus following Nox2

deletion. Our data suggest that: 1)

Ab expression might not be associ-

ated with the improved short- and

long-term memory deficit observed

in gp91phox�/� mice; and 2) Nox2

has a role in Ab processing and

accumulation induced by STZ. Simi-

larly, the behavioral improvement

observed in Tg2576-lacking Nox2

mice was not correlated with reduc-

tions in brain Ab protein levels. Con-

sistent with our results, the authors

suggest that amyloid deposition

can be dissociated from the behav-

ioral deficits (Park et al., 2008).

Natural Ab dimers isolated from

the AD brain induce AD-type Tau

phosphorylation and neuritic

dystrophy in rat primary

hippocampal neurons (Jin et al.,

2011). In AD, neurofilaments found

in neurofibrillary tangles, as well as

Tau protein, are extensively phos-

phorylated (Liu et al., 2011a,b). In

our study we observed that the

STZ treatment was able to increase

Tau phosphorylation in Wt animals,

but not in gp91phox�/� mice. This

finding suggests that Nox2-derived

ROS is involved in Tau phosphoryla-

tion induced by STZ.

AIF is a mitochondrial

intermembrane flavoprotein that

translocates to the nucleus, and

activates nuclear endonucleases,

inducing chromatin condensation

and DNA degradation, resulting in

cellular death. Moreover, it induces

the release of mitochondria-derived

apoptogenic proteins, such as

cytochrome c and caspase-9

(Susin et al., 1999). AD patients

exhibit a significant increase in neu-

ronal AIF immunoreactivity in the

hippocampus (Yu et al., 2010; Lee

et al., 2012), amygdala and choliner-

gic neurons of the basal forebrain,

suggesting that AIF-induced apopto-

sis may contribute to neuronal death

in AD (Lee et al., 2012). We found



Fig. 6. Effect of STZ on Hippocampal cytokine concentration in Wt and gp91phox�/� mice.

Concentration of pro-inflammatory (IL-1b, IL-2, IFN-c, TNF-a, IL-12/23 [p40] and IL-12 [p70]) and

anti-inflammatory cytokines (IL-4 and IL-10) in the hippocampus following STZ injection. All

concentrations were expressed in pg/mg. (n= 5–8) *P< 0.05 vsWt control group and **P < 0.01

vs Wt control group (Tukey’s test). STZ = streptozotocin.
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that expression of AIF was increased in STZ-treated Wt

mice. Importantly, Nox2 deletion prevented increased hip-

pocampal AIF expression induced by STZ. The influence

of Nox2 in apoptosis has been previously demonstrated in

an ischemic brain injury study. In that study, Nox2 activa-

tion was demonstrated to release of apoptogenic factors

(AIF and cytochrome c) from mitochondria in brain tissue

(Kim et al., 2012).
In AD brains, activated astrocytes

and microglia are found in senile

plaques and release cytokines,

interleukins, ROS and other

potentially cytotoxic molecules, thus

exacerbating the neuroinflammatory

response (Heneka et al., 2015). It

has been previously described that

STZ injection induces both microglia

and astrocyte activation in the hip-

pocampus of rats (Shoham et al.,

2007). In this study immunoblotting

data revealed increased expression

of microglia and astrocyte markers

in the hippocampus after icv STZ

injection in Wt mice. Immunohisto-

chemical detection of OX42-positive

cells indicated marked microglial acti-

vation in both CA1 and CA3 areas.

Our immunostaining assays also

revealed increased expression of

astrocyte markers in CA1 area after

STZ injection. Our data suggest that

gp91phox�/� mice are protected

against glial activation induced by

STZ. Similar results were observed

in different neurodegenerative condi-

tions, such as Parkinson’s disease

(Hernandes et al., 2013) and in

sepsis-induced encephalopathy

(Hernandes et al., 2014).

We further investigated the

impact of Nox2 in mediating

inflammatory responses in the

hippocampal STZ-induced

neurodegeneration. Nox2 deletion

prevented the release of the

proinflammatory cytokines IFN-c, IL-
1b, IL-2, IL-12/23 in the

hippocampus following STZ

treatment. Interferon is a potent

activator of glial cells in the central

nervous system. Many IFNc
responsive genes are upregulated in

AD (Chakrabarty et al., 2010). IFNc-
induced priming of microglia stimu-

lates upregulation of Nox2 (Spencer

et al., 2016). This cytokine promotes

the release of proinflammatory cytoki-

nes such as tumor necrosis factor-a
(TNF-a) and IL-1b (Mangano et al.,

2012) (another proinflammatory cyto-

kine upregulated after STZ injection).

Corroborating with our data, the
expression of IL-1b was also found increased after icv

STZ injection in Wt rats (Chu et al., 2014). Oligomeric

Ab induces the secretion of this cytokine in LPS-primed

microglia, which is partially dependent on Nox2-derived

ROS production (Parajuli et al., 2013).

In AD the expression of IL-12 and IL-23 is increased in

microglia and the expression of the respective receptors
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by astrocytes is also increased (Heppner et al., 2015).

Both of these cytokines are produced by microglia in

mouse models of Alzheimer’s disease and its inhibition

reduces AD-like pathology (Heneka et al., 2015). The

levels of IL-2 and its receptor immunoreactivity are also

significantly increased in AD. This cytokine appears to

decrease hippocampal acetylcholine levels and to reduce

neuronal survival (Araujo and Lapchak, 1994).

IL-10, another potent anti-inflammatory cytokine, has

been reported to reduce inflammation in AD (Lee et al.,

2009). IL-10 limits inflammation by suppressing proinflam-

matory cytokines production (Swardfager et al., 2010),

suppressing cytokine receptor expression and inhibiting

markers of activation (Lee et al., 2009). Endogenous IL-

10 expressed in microglia prevented LPS-induced neu-

rodegeneration in rat cerebral cortex in vivo and the inhi-

bition of IL-10 upregulated both LPS-induced Nox

activation and the expression of pro-inflammatory media-

tors (Park et al., 2007). In our study, STZ treatment was

not able to stimulate IL-10 synthesis in either Wt or

gp91phox�/� mice. However, Nox2 deletion had a pro-

found positive effect on the IL-10 baseline production,

suggesting that IL-10 contributes to the neuroprotection

mechanism against STZ-induced neurodegeneration.

Future studies are necessary to uncover exactly how

Nox2 deletion modulates IL-10 release and leads to neu-

roprotection in the STZ-induced AD-like state.
CONCLUSIONS

In summary, our data suggest that the Nox2-dependent

oxidative stress generation contributes to the STZ-

induced AD-like state via multiple mechanisms. Nox2

deletion prevented Tau phosphorylation, Ab expression

and decreased neuroinflammation in hippocampi after

STZ treatment. Moreover, the baseline IL-10 levels were

found profoundly increased following Nox2 deletion,

suggesting that this is one of the potential mechanisms

by which gp91phox�/� mice are protected against STZ-

induced AD-like state. Altogether, those different

mechanisms may contribute to the protection observed

in those mice.
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Amparo à Pesquisa do Estado de São Paulo), University of
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