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ABSTRACT Nrf2 (NF-E2-related-factor 2) is a stress-responsive transcription factor
that protects cells against oxidative stresses. To clarify whether Nrf2 prevents Alzhei-
mer’s disease (AD), AD model AppNt-G-F/NL-G-F knock-in (AppN-¢F) mice were studied
in combination with genetic Nrf2 induction model Keap14fA mice. While AppNtGF
mice displayed shorter latency to escape than wild-type mice in the passive-
avoidance task, the impairment was improved in AppNtGF:Keap1FAFA mice. Matrix-
assisted laser desorption ionization-mass spectrometry imaging revealed that re-
duced glutathione levels were elevated by Nrf2 induction in AppNtGFiKeap1FAFA
mouse brains compared to AppN-SF mouse brains. Genetic Nrf2 induction in AppNtGF
mice markedly suppressed the elevation of the oxidative stress marker 8-OHdG and
Iba1-positive microglial cell number. We also determined the plasmalogen-phos-
phatidylethanolamine (PISPE) level as an AD biomarker. PISPE containing polyunsatu-
rated fatty acids was decreased in the AppM:SF mouse brain, but Nrf2 induction at-
tenuated this decline. To evaluate whether pharmacological induction of Nrf2 elicits
beneficial effects for AD treatment, we tested the natural compound 6-MSITC [6-
(methylsulfinyl)hexyl isothiocyanate]. Administration of 6-MSITC improved the im-
paired cognition of AppM:SF mice in the passive-avoidance task. These results dem-
onstrate that the induction of Nrf2 ameliorates cognitive impairment in the AD
model mouse by suppressing oxidative stress and neuroinflammation, suggesting
that Nrf2 is an important therapeutic target of AD.

KEYWORDS Nrf2, Alzheimer’'s disease, oxidative stress, inflammation, glutathione,
MALDI-MSI, Alzheimer’s disease, Nrf2

he global incidence and prevalence of neurocognitive disorders are increasing

worldwide (1). Alzheimer’s disease (AD) is one of the most common neurocognitive
disorders and is characterized by unique pathological changes, including amyloid B
(AB) accumulation, plaque formation, hyperphosphorylation of tau protein, and neu-
rofibrillary tangles (NFTs) (2). Oxidative stress and inflammation are increased in the
brains of AD patients, and these increases have been widely verified in a number of
model animals (3-5). Suppression of the onset and/or progression of AD is an important
issue in modern society, and studies have suggested that improvements in these
pathological conditions may be beneficial for maintaining or improving the neuronal
functions of AD patients.

Our bodies are continuously exposed to various stresses, including reactive
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oxygen/nitrogen species and electrophiles (6), and Nrf2 (NF-E2-related-factor 2)
plays critical roles in protecting cells against these stresses (7, 8). Nrf2 is a basic
region-leucine zipper-type transcription factor (9) that belongs to the cap’n’collar
family (10). In normal unstressed conditions, Keap1 (Kelch-like ECH-associated
protein 1) acts as an adaptor for the Cul3-based ubiquitin E3 ligase complex. The E3
ligase efficiently ubiquitinates Nrf2, which brings about rapid Nrf2 degradation
through the ubiquitin-proteasome pathway and constitutively suppresses the tran-
scriptional activity of Nrf2 (8, 11). In contrast, when Keap1 is exposed to oxidative
and electrophilic stresses, Keap1 cysteine residues are modified, resulting in im-
pairment of the ubiquitin ligase activity of Keap1. Accordingly, Nrf2 degradation is
suppressed, and Nrf2 is stabilized and accumulates in the nucleus (11-15). Nrf2
forms a heterodimer with small Maf (sMaf) proteins and binds to the CNC-sMaf-
binding element (CsMBE) (16). This stress-responsive transcriptional regulation is
called the Keap1-Nrf2 regulatory system (17).

The Keap1-Nrf2 system concomitantly regulates both oxidative stress responses and
anti-inflammatory responses. It has been shown that the Keap1-Nrf2 system acts as a
key regulator of protective responses against oxidative stresses (17), and Nrf2 induces
the expression of many antioxidant enzyme genes (7, 18). An important recent obser-
vation is that, in addition to antioxidant enzyme genes, Nrf2 negatively regulates the
expression of proinflammatory cytokine genes (19) and modulates the process of
inflammation (20). In fact, activation of Nrf2 signaling ameliorates autoimmune disease
in mouse models (19, 21-23).

The Keap1-Nrf2 system has been shown to protect neurons in the hypothalamus
against oxidative damage (24). A number of studies have also shown that this
system plays important roles in the maintenance of brain function (25-28). Indeed,
in the brains of AD patients and AD model AppNt-G-F/NL-G-F knock-in mice (29), the
mRNA and protein expression levels of NRF2 have been shown to be altered (30, 31).
Similarly, glutathione levels and neuroinflammation are shown to be influenced in
the brains of mild cognitive impairment and AD patients (32-35). These lines of
evidence support the hypothesis that perturbation of the Nrf2-mediated defense
system may lead to the pathogenesis of AD. Indeed, Nrf2 deficiency aggravates the
phenotypes of AD model APP/TAU and APP/PS1 mice (36-39), and overexpression
of Nrf2 by virus vectors protects hippocampal neurons of APP/PS1 mice and
cultured hippocampal cells (40, 41).

Despite these accumulating lines of evidence, however, the roles that Nrf2 plays in
AD model animals have not been studied extensively. It remains to be clarified whether
Nrf2 induction strongly contributes to protection against AD. To this end, we decided
to use Keapl knockdown mice, which generally express high levels of Nrf2 in various
tissues (42). We refer to this Nrf2 induction as “genetic induction of Nrf2” in contrast to
drug-mediated “pharmacological induction of Nrf2.” In this study, we exploited
Keap 1floxA/floxA (Keap 1FAFA) mice as a genetic Nrf2 induction model. We crossed
Keap 1FAFA mice with AppN--G-F/NL-G-F knock-in mice (referred to as App™tSF mice in this
study) as an AD model. The AppN-éF mice harbor the humanized App gene with
mutations of familial AD, including mutations of Swedish (KM670/671NL), Beyreuther/
Iberian (I716F), and Arctic (E693G) (29).

Through analyses of AppN-GF:Keap 174FA mice, we found that genetic Nrf2 induction
by Keap 1F4FA elevated the level of reduced glutathione (GSH) and suppressed oxidative
stress and neuroinflammation in the brains of AppNtGF:Keap 174FA mice. Genetic Nrf2
induction improved the impaired cognition of AppNtGF:Keap174FA compound mice
compared to AppNteF mice. We also found that pharmacological Nrf2 induction by a
natural compound with mild efficacy and a nonstressful administration route also
ameliorated the cognitive impairment of AppNtGF mice. Thus, this study supports our
hypothesis that the induction of Nrf2 in the brain exerts beneficial effects in mice
against the development of AD.
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FIG 1 Genetic induction of Nrf2 in AD model ApptGF mice. (A) Schematic of WT, AppNtGF, AppNLGF::Keap 1FAFA, and
AppNLeFi:Keap 174~ mice. (B and C) Expression levels of Keap1 (B) and NgoT (C) gene mRNAs in the cerebral cortex
and the hippocampus (Hippo), normalized by Actb gene expression. The expression levels in WT mice were set to
1, and the results are presented as means * the SD. ANOVA, followed by the Fisher LSD post hoc test, was
performed. **, P < 0.01; ***, P < 0.001 versus App™-F mice. (D) Immunohistochemistry of NQO1 in the cerebral
cortex (upper) and the hippocampal dentate gyrus (DG, lower) in WT, AppMNtSF, and AppNtGF::Keap 174~ mice. Arrows

indicate NQO1-positive cells. Scale bars, 100 um. GCL, granule cell layer; SGZ, subgranular zone.

RESULTS

Genetic Nrf2 induction in AD model mouse brains. To assess whether Nrf2
induction protects AD model mice against disease progression, we crossed Keapl
knockdown (Keap14F4) or heterozygous Keapl knockout (Keapl*/~) mice with
AppNL-G-F/NL-G-F (abbreviated here as AppNt¢F) mice to generate AppN-CF::Keap 174F4 and
AppNLeFiKeap 174~ mice. We expected that these mutant mice would serve as AD
models with moderately and highly activated Nrf2 expression, respectively (Fig. 1A).
When we evaluated the expression levels of Keap? mRNA, we found that the expression
levels of Keap1 in the cerebral cortices and hippocampi of 11-month-old male AppNtGF
mice were comparable with those of age-matched wild-type (WT) male mice. However,
Keap1 expression was decreased to 30 to 50% in the cortices and the hippocampi of
AppNLeFiKeap 1FAFA and AppNLeF.:Keap 174~ mice compared with AppM-¢F and WT mice
(Fig. 1B).

We also examined expression of the NgoT gene, a representative Nrf2 target gene
that exerts an antioxidative response and found that Ngo1 expression was significantly
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A Protocol of behavior analyses
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FIG 2 Behavior analyses of AppMF mice. (A) Schematic of the behavior analysis protocol. (B) PAT of
11-month-old male WT (n = 4), Keap1F4FA (n = 7), AppNtSF (n = 4), and AppNLeF:Keap 1FAFA (n = 6) mice.
The cumulative incidence of avoidance during the test phase in the PAT is presented as a Kaplan-Meier
curve. The log rank test was performed. *, P < 0.05.

augmented in both the cortices and the hippocampi of APPNLGF::Keap 1744 and AppNLGF:
Keap 174~ mice (Fig. 1C). These data indicate that the Keap1™*4 and Keap 1/~ mutants
decrease Keap1 expression in the brains of AppNteF mice, and Nrf2 signaling is indeed
activated in AppNtGFKeap 174FA and AppNtGF:Keap 17~ mouse brains.

To determine cell types in which Nrf2 signaling is activated, immunohistochemical
analysis of NQO1 was performed. We could not find NQO1-positive cells in the cortex
of WT or AppNteF mice; in contrast, NQO1 was expressed in glia-like cells but not in
neuron-like cells in the AppNtGF::Keap 174~ mouse cortex (Fig. 1D, upper). In contrast,
several weakly NQO1-positive cells were found in the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) in WT and AppMNtGF mice, and in AppNtGF:Keap 174/~
mice strongly NQO1-positive cells were detected in the SGZ and the hilus but not in the
granule cell layer (GCL) (Fig. 1D, lower). Consistent with previous reports (43, 44), these
data suggest that Nrf2 signaling is activated in glial cells but not in neurons in the
AppNtGF mouse brain.

Nrf2 opposes cognitive impairment in AppNtGF mice. To investigate the roles that
Nrf2 plays in the preservation of cognitive functions in AppN:¢F mice, we executed a
series of behavioral analyses for WT, Keap 1744, AppNtGF, and AppNtGF:Keap 1FAFA mice.
As shown in Fig. 2A, mice first performed an open-field test (OFT) at six time points of
3,4,6,8,9,and 11 months of age. The mice also performed a spontaneous novel object
recognition task (SNORT), a two-trial Y-maze test, and a passive-avoidance task (PAT) at
11 months of age.

In 3- to 9-month-old mice, we found no significant differences in the total distance
of OFT among the WT, Keap 174FA, AppNtGF, and AppNtGF::Keap 174F4 mouse groups (see
Fig. S1A in the supplemental material). At 11 months of age, the total distance traveled
in the OFT in AppMNtSF mice was slightly higher than that in WT mice, but there were no

March 2020 Volume 40 Issue 6 €00467-19

Molecular and Cellular Biology

mcb.asm.org 4


https://mcb.asm.org

Nrf2 Suppresses Alzheimer’s Disease

statistically significant differences among the four mouse groups (Fig. S1B). We also
performed SNORT using appetitive behavior to assess the objective learning and
memory abilities of mice. However, the discrimination ratios in the test phase of SNORT
were comparable among the WT, Keap 174FA, AppNLGF, and AppNtGF::Keap 174F4 mouse
groups (data not shown). Similarly, the Y-maze test was used to assess spatial memory,
but no obvious change was observed among the four genotype groups (data not
shown).

We then conducted PAT to evaluate the associative learning and memory of an
aversive condition. Latency to escape of Keap 144 mice was slightly shorter than that
of WT mice, although there was no statistically significant difference in cumulative
incidence of avoidance between WT and Keap 144 mice (Fig. 2B). Notably, AppN-GF
mice displayed shorter latency to escape and lower cumulative incidence of avoidance
than WT mice in the PAT analysis (Fig. 2B). In contrast, the latency to escape was
significantly prolonged in AppNtGF::Keap 174F4 mice compared to AppNtCF mice. These
results thus demonstrate impaired cognitive functions in AppN:SF mice. However,
genetic Nrf2 induction improves the impaired cognition, especially the decline of
emotional associative memory, in the AppNt¢F mice.

Nrf2 suppresses proinflammatory response and phagocytic cells in the App"tGF
mouse brain. To clarify the molecular basis of how Nrf2 improves the AD phenotype
of AppMtSF mice, we examined whether Nrf2 ameliorates proinflammatory response in
the AppNtGF mouse brain. To this end, we analyzed the expression of proinflammatory
cytokine genes in the mouse brains. Although the mRNA levels of proinflammatory
cytokine genes /6 and II1b were significantly increased in the cerebral cortex and the
hippocampus of AppNtGF mice compared to WT mice (Fig. 3A and B), the expression
levels of these genes were reduced in both the cerebral cortex and the hippocampus
of AppNtGF::Keap 174FA4 and AppNtGFi:Keap 174/~ mice compared to AppNtGF mice, except
for Il1b gene expression in the cerebral cortex of AppN-GF::Keap 174FA mice. These results
suggest that the induction of Nrf2 may ameliorate the AD phenotype of AppNtGF mice
by reducing inflammation in the brain.

We next analyzed the distribution of phagocytic cells in hematoxylin-eosin (HE)-
stained sections of the AppNtSF mouse cortex. We found clusters of phagocytic cells
with small and condensed nuclei accumulated around the AB depositions in the
AppNteF mouse cortex (Fig. 3C, middle panel, arrows), which were not observed in the
WT mouse cortex (left panel). Notably, the phagocyte-like cells around the AB depo-
sitions were rarely observed in the brains of AppNtSF:Keap1¥/FA mice (right panel).
Although it has been reported that the Nrf2-inducing compounds dimethyl fumarate
(DMF) and sulforaphane increase phagocytic activity (45, 46), these data demonstrate
that phagocytic cells are suppressed by genetic Nrf2 induction in the brain.

We also performed immunofluorescent staining for the microglial marker ionized
calcium-binding adapter molecule 1 (Iba1) (24). Consistent with the results of the
HE-stained sections, in the AppNtF mouse cortex, Iba1-positive microglia (Fig. 3D, left
panel, arrows) were clustered around the amyloid plaques, as shown by the dotted
lines. In stark contrast, in AppNtGF::Keap 1744 mice, Ibal-positive microglia were not
clustered near the amyloid plaques, but Iba1-positive microglia were frequently found
at locations not typically associated with amyloid plaques (right panel, yellow arrows).
The number of amyloid plaque-associated IbaT-positive microglia in each plaque was
significantly decreased in the AppNtGF::Keap174F4 mouse cortex compared to the
AppNtSF mouse brain cortex (Fig. 3E). In addition, the number of amyloid plaque-
associated Iba1-positive microglia per square millimeter of tissue was also decreased in
the cortices of AppNtGF::Keap 174F4 mice (Fig. 3F).

To further evaluate inflammation in AppM:SF mouse brain, inflammation mediator
genes were examined. Nos2 mRNA expression was increased in the hippocampi, but
not in the cerebral cortices, of AppN-¢F mice compared to WT mice, but the expression
levels in the brains of AppNtGF::Keap 174FA and AppN-GFi:Keap 174/~ mice were comparable
to AppNteF mice (Fig. S2A). In contrast, Ptgs2 gene mRNA expression levels were
comparable among the four mouse groups (Fig. S2B). These data support the notion
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FIG 3 Proinflammatory response and phagocytic cells and Nrf2 expression in the AppM-6F mouse brain. (A and B)
Expression levels of //6 (A) and //1b (B) gene mRNAs in the cerebral cortex and the hippocampus (Hippo), normalized
by Actb gene expression. The expression levels of WT mice were set to 1. (C) HE staining in the cerebral cortices
of WT, AppMNteF, and AppNteF::Keap174FA mice. Arrows, phagocytic cells. (D) Immunofluorescence staining of A
(green) and Iba1l (red) in the AppNtSF and AppNtGF:Keap1FA mouse cortex. Red and yellow arrows indicate
plaque-related and plaque-unrelated Iba1-positive cells, respectively. (E) Numbers of Iba1-positive cells in each
amyloid plaque in the cerebral cortex. Thirty-six plaques from three AppN‘GF mouse cortices and 44 plaques from
three AppNLGF.:Keap 1FAFA mouse cortices were counted. (F) Numbers of Iba1-positive cells associated with amyloid
plaque per tissue area (square millimeter) in the cerebral cortex. The averages of the numbers in each mouse were
calculated in three AppNteF and three AppMNtGF:Keap1F4FA mice. The results are presented as means = the SD.
Statistical analyses were performed using ANOVA, followed by Fisher LSD post hoc test (A and B) or Student t test
(E and F). ¥, P < 0.05; 1, P < 0.001 versus WT mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus AppNt¢F mice.
Scale bars: 100 um (C) and 50 um (D).

that genetic Nrf2 induction suppresses the proinflammatory response and phagocytic
cells in the AppNteF mouse brain.

Nrf2 suppresses transition of homeostatic microglia to disease-associated mi-
croglia. AppNtGF:Keap 174F4 mice displayed a reduction in Iba1-positive cells associated
with amyloid plaques. We then focused on the role of Nrf2 in microglia regulation. We
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+, P < 0.01; 9, P < 0.001 versus WT mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus AppNtGF mice.

examined NQO1 and Ibal immunostaining and found that the Iba1l-positive cells
expressed NQO1 in AppNtGF:Keap 174F4 and AppNtCFi:Keap 174~ mouse brains (Fig. 4A,
arrows), indicating that Nrf2 signaling is activated in microglia.

We also examined the expression levels of /lbal mRNA in the cortices and the
hippocampi of WT, AppNtGF, AppNtGF:Keap 1FAFA, and AppNtGF::Keap 174/~ mouse brains.
The Ibal mRNA expression levels were markedly increased in both the cortices and the
hippocampi of AppNtGF mice compared to WT mice (Fig. 4B). Importantly, showing very
good agreement with the results of histological and immunofluorescent analyses, the
induction of /bal mRNA in the AppN‘SF mouse brain was suppressed in both the
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cortices and the hippocampi of AppNtCFiKeap1FAFA and AppNtCF:Keap1F4~ mouse
brains.

It has been reported that there are subtypes of microglia (47), including phagocytic
and activated subtypes, named disease-associated microglia (DAM) (48-50). Since the
phagocytic cells surrounding amyloid plaques were suppressed in AppNtGFi:Keap 17AFA
mouse brain, we evaluated whether Nrf2 influences the transition of homeostatic
microglia to DAM by examining homeostatic and disease-associated microglial markers.

Homeostatic microglial marker Cx3cr7 and P2ry12 gene expression levels were
slightly elevated in the cortex and hippocampus of AppNt¢F mice (Fig. 4C and D).
However, these expression levels were not suppressed in the cortices or hippocampi of
AppNteFiKeap 174FA and AppNtGFi:Keap 174~ mice compared to AppNtGF mice.

When microglia are activated to exert phagocytic efficacy, they are initially activated
to an intermediate subtype, named stage 1 DAM, which increases Trem2 and Tyrobp
expression levels (48). The expression of the Trem2 gene, a stage 1 DAM marker, was
markedly increased in AppNtSF mouse cortex and hippocampus compared to WT mice
but was suppressed in AppNtGFi:Keap 174FA and AppNteF::Keap 174~ mouse cortices and
hippocampi (Fig. 4E). Tyrobp gene expression was also increased in AppNt¢F mouse
cortices and hippocampi and repressed in the hippocampi of AppNtGF::Keap1¥4~ mice
(Fig. 4F).

The stage 1 DAM subtype is activated to stage 2 DAM, which induces the expression
of phagocytic cell-related Cst7 and ltgax genes (48). The gene expression levels of the
stage 2 DAM markers Cst7 and [tgax were strongly induced in the cortices and
hippocampi of AppNtSF mice, and their inductions were markedly repressed in AppN-6F::
Keap174FA and AppNtSF::Keap 14~ mouse cortices and hippocampi (Fig. 4G and H).
These data support the notion that genetic Nrf2 induction suppresses the transition of
homeostatic microglia to DAM in the AppNtéF mouse brain.

Nrf2 attenuates reactive astrocytosis in the App"-SF mouse brain. It is known
that reactive astrocytosis is a pathological reaction of astrocytes frequently observed in
inflammation, and a hallmark of the condition is increased glial fibrillary acidic protein
(GFAP)-positive astrocytes (5). NQO1 and GFAP immunostaining revealed that the
GFAP-positive cells indeed expressed NQO1 in the AppNtGF::Keap1FAFA mouse brain
(Fig. 5A, arrows).

It has been reported that GFAP-positive astrocytes are increased in the AppNtGF
mouse brain (29). Consistent with this observation, we found that Gfap mRNA expres-
sion levels were significantly elevated in both the cortices and the hippocampi of
AppNLGF mice compared to WT mice (Fig. 5B). Gfap mRNA induction was significantly
and moderately suppressed in the cortex of AppN-¢F:Keap1F~~ mice and AppN-GF:
Keap 174FA mice, respectively (left panel). In the hippocampus, these changes in Gfap
MRNA expression were marginal (right panel).

We also conducted immunofluorescence staining for GFAP, lba1, and AB and found
that GFAP-positive cells were broadly increased in the cerebral cortices of AppNteF mice
but were highly induced around the AB-deposited area (Fig. 5C, middle panels, dotted
lines) compared to WT mice (left panels). In contrast, a limited number of Iba1-positive
cells were expressed around AB depositions in the AppNtGF mouse cortex (middle
panels) compared to the WT mouse cortex (left panels). GFAP-positive cells were
observed around the ApB-deposited area, but fewer were found in the cortex of
AppNLGF:Keap 1FAFA mice (right panels, dotted lines) than in the cortices of AppNtGF
mice. The quantified GFAP-positive area was higher in the cortices of AppNt-eF mice than
in WT mice (Fig. 5D). Although low-level GFAP-stained areas were observed in the
AppNLeF:Keap 1FAFA mouse cortex, there was no statistically significant difference be-
tween AppNtSF and AppNtGFi:Keap 174/FA mice. Taken together, these results indicate that
genetic Nrf2 induction by Keap1 gene knockdown partially ameliorates reactive astro-
cytosis in the AppNtSF mouse cortex.

Nrf2 inhibits neuronal damage around amyloid plaques. It has been reported
that synaptic alterations around amyloid plaques were observed in the brains of
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FIG 5 Nrf2 induction ameliorates reactive astrocytosis in the AppNtGF mouse brain. (A) Immunofluorescence analysis
of NQO1 and GFAP in the cerebral cortices of AppNtSF.:Keap174FA mice. Arrows indicate NQO1-positive cells. (B)
Expression of Gfap mRNA in the cerebral cortex and the hippocampus (Hippo), normalized by Actb gene expression.
The expression levels of WT mice were set to 1. (C) Immunofluorescence analysis of GFAP (green), Ibal (red), and
AB (blue) in the cerebral cortices of WT, AppNtSF, and AppNtGF:Keap1FAF4 mice. Dotted lines indicate AB deposit-
related areas. (D) GFAP-positive area in the brain cortex. We analyzed 33, 37, and 62 images from three WT, three
AppNLSF, and two AppNtGFiKeap 1FAFA mouse cortices. The results were calculated as the percentage of tissue area
and are presented as means * the SD. Statistical analyses were performed using ANOVA followed by Fisher LSD
post hoc test (B) or the Kruskal-Wallis test (D). 4, P < 0.001 versus WT mice. ***, P < 0.001 versus App"tGF mice. Scale
bars: 50 um (A) and 100 um (C).

AppNLGF mice and AD patients (29). We performed immunostaining of the neuron fiber
marker Tuj1 and found that Tuj1-positive staining cells were decreased around amyloid
plaques in the cortices of AppN-GF mice compared to WT mice (Fig. 6A, top and middle,
arrows). Importantly, in the AppNtefi:Keap174F4 mouse brain, Tujl strongly positive
neurons were found around plaques (Fig. 6A, bottom, arrows).
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FIG 6 Nrf2 inhibits neuron damage around amyloid plaques. (A) Immunofluorescence analysis of Tuj1 and AB in

the cerebral cortices of 11-month-old mice. Yellow arrows |nd|cate the decreased Tuj1-positive staining around
amyloid plaques. White arrows indicate retained neurons. (B and C) TUNEL assay and Hoechst 33342 straining in
the cerebral cortices and the hippocampi of 11-month-old mouse brains (B), with rat mammary tissue as a positive
control (C). Scale bars: 50 um (A) and 100 um (B and C).

To detect neuronal apoptosis in the brains of AppNtSF mice, in situ detection of
fragmented DNA by terminal deoxynucleotidyl-transferase dUTP nick-end labeling
(TUNEL) analysis was next performed. The TUNEL-positive cells were not found in the
cerebral cortices or hippocampi of WT, AppNtGF, and AppNLeF::Keap 174F4 mice (Fig. 6B).
In contrast, TUNEL-positive cells were found in rat mammalian tissue as a positive
control (Fig. 6C). These data indicate that Nrf2 induction inhibits the decrease in
neuronal damage around amyloid plaques independent of apoptosis.

Oxidative stress accumulation in the AppN-SF mouse brain. To assess oxidative
stress levels in the AppM:F mouse brain, we conducted an immunohistochemical
analysis of the oxidative stress marker 8-hydroxy-2'-deoxyguanosine (8-OHdG) in the
brains of WT, AppNtSF, and AppNtGF::Keap 174FA mice. We captured high-magnification
images of the regions shown in the low-magnification images in Fig. 7A of the cortex
(black boxes), the hippocampal CA1 region (orange boxes), and the DG (green boxes).

Importantly, large numbers of 8-OHdG-positive cells were found in the cortices, the
hippocampal CA1 regions, and the DGs of AppN-¢F mice (Fig. 7B and C, middle panels),
but essentially no such cells were found in the WT mouse brain (left panels). Impor-
tantly, 8-OHdG-positive cells were markedly decreased in the respective regions of the
AppNtGFiKeap 1FAFA mouse brain (right panels). A quantifiable number of 8-OHdAG-
positive cells were induced in the cerebral cortices of AppN-GF mice compared to WT
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FIG 7 Oxidative stress accumulation in the AppN'SF mouse brain. (A to C) Immunohistochemistry of the
oxidative stress marker 8-OHdG. Shown are low-magnification images acquired using a 4X objective (A) and
high-magnification images acquired using a 20X objective of the cerebral cortex (B), the hippocampal CA1 (C,
left), and the DG (C, right). (D) Number of 8-OHdG-positive cells in the cortex. We analyzed 48, 48, and 52
images from three each WT, App"Nt6F, and AppNteFi:Keap 1F4/FA mouse cortex. The results are presented as the
number per square millimeter of tissue and as means * the SD. Statistical analyses were performed using
ANOVA, followed by the Fisher LSD post hoc test. 4, P < 0.001 versus WT mice. ***, P < 0.001 versus AppNtGF
mice. (E and F) Immunostaining of 8-OHdG and A (E) or GFAP (F) in AppN:SF mouse cerebral cortex. Arrows
indicate 8-OHdG-positive cells. Scale bars: 500 um (A) and 100 um (B, C, E, and F).

mice, and the number was decreased in the cortices of AppNtGF::Keap14F4 mice
compared to AppMNtGF mice (Fig. 7D). Double immunostaining for 8-OHdG and AR
revealed that the 8-OHdG-positive cells were found around ApB-stained areas in the
AppNLeF mouse cortex (Fig. 7E, arrows). The 8-OHdG staining was detected in astrocyte-
like (Fig. 7E, green boxes) and microglia-like (blue boxes) cells. We also found 8-OHdG-
and GFAP-double-stained cells in the cerebral cortices of AppN-GF mice (Fig. 7F). These
results indicate that genetic Nrf2 induction suppresses oxidative stress and 8-OHdG
formation in the AppNtSF mouse brain.
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Nrf2 increases GSH levels in the App"'SF mouse brain. To clarify how Nrf2
protects the AppNteF mouse brain against oxidative tissue damage, we conducted a
series of experiments that assessed changes in the antioxidative stress activity of the
brain. Nrf2 has been shown to regulate the expression of glutathione synthesis-related
enzyme genes (6); therefore, we analyzed the expression levels of Gclm, Gclc, and Gsr
genes encoding glutamate-cysteine ligase modifier and catalytic subunits and gluta-
thione reductase, respectively. The expression of GcJm mRNA in the cerebral cortex was
comparable between WT and AppM:¢F mice, but the mRNA expression level was
increased significantly in AppNtGF::Keap 174F4 and AppNtGF::Keap 174~ mice compared to
AppNLGF mice (Fig. 8A). In contrast, the expression of Gclc mRNA in the cerebral cortex
was comparable among these four mouse groups (Fig. 8B). Gsr mMRNA expression in the
cerebral cortex was increased in AppNtGF::Keap 1FAFA mice compared to AppNtGF mice
(Fig. 8Q).

We next sought to evaluate GSH levels in the mouse brain in situ by means of
matrix-assisted laser desorption ionization—-mass spectrometry imaging (MALDI-MSI).
However, since GSH is highly reactive and easily generates oxidized glutathione (GSSG)
(51, 52), we realized the necessity to avoid nonspecific reactions to the thiol residue of
GSH. Therefore, we decided to generate GSSG by utilizing N-ethylmaleimide (NEM),
since NEM has been used for this purpose in liquid chromatography-mass spectrometry
(LC-MS) analysis (53). Thus, we applied a challenge application of NEM in MALDI-MSI in
this analysis. In the presence of NEM, the cysteine residue of GSH forms a conjugate
with NEM and generates GSH-NEM (Fig. 8D), and the tandem mass spectrometry
(MS/MS) signal of GSH-NEM should be detected as m/z 304 by LC-MS (53). In the
MALDI-MSI analysis, the MS/MS signal of GSH-NEM was also detected as m/z 304 in
brain sections (Fig. 8E), indicating that the NEM method is applicable for MALDI-MSI
analysis.

MALDI-MSI analysis coupled with the NEM modification method was used to
evaluate the distribution of GSH-NEM signals in brain coronal sections of WT mice at
1.8 mm posterior to the bregma. GSH-NEM signals were detected in the inner cortex,
the hippocampus, the hypothalamus, and the thalamus, whereas signals were rarely
detected in the outer cortex (Fig. 8F, left panels). GSH-NEM signals were lower in the
hippocampi, thalami, and hypothalami of AppN:GF mice than in those regions of WT
mice (middle panels), but these signals were significantly and broadly elevated in the
AppNLeFi:Keap 1FAFA mouse brain (right panels). These results thus demonstrate that
GSH levels in various parts of the brain are increased in the AppN-¢F::Keap 174FA mouse
brain, perhaps due to the increased Nrf2 activity.

Nrf2 induction does not significantly change A deposition. We next examined
AB accumulation in the brains of WT, AppNtGFr, AppNtGF:Keap1F4/FA, and AppNtGF:
Keap 174~ mice by means of immunohistochemistry. Consistent with the previous
report that AB accumulated in the brains of AppNteF mice from 2 to 7 months of age
(29), we found in this study that AB was highly deposited in 11-month-old AppNtGF
mouse brains. AB depositions in AppNtGF:Keap 1FA4FA and AppNLGF::Keap 174~ mice were
comparable with those of AppNtGF mice, as shown by the low-magnification images in
Fig. 9A.

Inspection of higher-magnification images of the cortex (Fig. 9B) and the hippocam-
pus (Fig. 9C) further verified that AB deposition levels in AppNtGF:Keap1FAFA and
AppNtGFi:Keap 174~ mice were comparable with that in AppNtSF mice. To determine the
AB accumulation, we also performed immunofluorescent staining and enzyme-linked
immunosorbent assay (ELISA) of AB in the AppM:SF mouse brain. The immunofluores-
cent staining of AB revealed that the percentages of the AB-positive area in the cortex
were comparable between AppMNtSF and AppNtGFiKeap 174FA mice (Fig. 9D and E). The
ELISA showed that the soluble AB(1-40) (F) and AB(1-42) levels were comparable
among cerebral cortices and hippocampi in AppN:SF and AppNtGF::Keap 174F4 mouse
brains (Fig. 9F and G). These results demonstrate that the genetic induction of Nrf2
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FIG 8 Nrf2 increases GSH levels in AppNtSF:Keap 174FA mouse brains. (A to C) Expression levels of glutathione-related
Gclm (A), Gcle (B), and Gsr (C) genes in the cerebral cortex, normalized by Actb gene expression. The expression levels
in WT mice were set to 1, and the results are presented as means =+ the SD. Note that the Gc/m expression levels were
significantly elevated in AppM-¢F and AppNLSF::Keap 174F4 mouse brains. Statistical analyses were performed using ANOVA,
followed by the Fisher LSD post hoc test. **, P < 0.01; ***, P < 0.001 versus AppNtGF mice. (D to F) MALDI-MSI analysis
of GSH in the brain. (D) In the presence of NEM, the thiol residue of GSH conjugates with NEM, and MS/MS signals of
GHS-NEM were calculated to be detected as m/z 304. (E) MS/MS signals of GHS-NEM from NEM-treated brain sections
were detected as m/z 304.099 by MALDI-MSI analysis. (F) Optical (upper) and MS/MS (lower) images of GHS-NEM signals
(m/z 304) in brain sections of 11-month-old male WT, AppN-¢F and AppN-F::Keap 174F4 mice at positions 8 mm posterior
to the bregma. Cortex, cerebral cortex (yellow lines); Hippo, hippocampus (red lines); Thal, thalamus (white line); Hypo,
hypothalamus (orange lines).

ameliorates oxidative tissue damage and proinflammatory response in the AppMN-GF
mouse brain without significantly changing AB deposition.

6-MSITC prevents cognitive impairment in AppNtSF mice by inducing Nrf2. A
natural compound, 6-(methylsulfinyl)hexyl isothiocyanate (6-MSITC), which is contained
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FIG 9 Nrf2 induction does not significantly change AB deposition. (A to C) Immunohistochemistry of AB in brain
sections as shown in a low-magnification image of the hemisphere (A) and high-magnification images of the
cerebral cortex (B) and the hippocampus (C) in 11-month-old WT, AppNteF, AppNteFi:Keap 1744, and AppNteF:
Keap 14~ mouse brains. (D and E) Quantification of AB accumulation. (D) AB immunofluorescence in cortex
sections of 11-month-old mouse brains. (E) Nine to eleven cortex images per mouse were analyzed, and the
percentage of AB-positive area in each mouse cortex was calculated (n = 3). The percentages of AB-positive areas
of tissue are represented. (F and G) AB content in the brain. Soluble AB(1-40) (F) and AB(1-42) (G) in the cerebral
cortex and the hippocampus (Hippo) of four AppNtSF and six AppNtSFi:Keap 174F4 11-month-old mouse brains are
shown. Scale bars: 1 mm (A), 200 wm (B), 500 um (C), and 100 wm (D). The results are presented as means * the
SD. Statistical analyses were performed using the Mann-Whitney U test (E) or ANOVA, followed by the Fisher LSD
post hoc test (F and G).

in Japanese horseradish, has been reported to mildly activate Nrf2 signaling (54). As we
sought to identify a mild Nrf2 inducer that could be administered safely long-term to
mice through a nonstressful route, we decided to test the ability of 6-MSITC to preserve
the cognitive functions of AppNtGF mice.
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We administered 6-MSITC orally in drinking water during the period from 1 month
of age to 11 months of age (Fig. 10A). As we expected, 6-MSITC treatment did not lead
to deleterious effects in AppN:SF mice. Although 6-MSITC is known to be a safe
compound without affecting general body conditions or body weight, we examined
the body weight changes of the AppN:SF mice in this study for 16 weeks after the start
of administration at 1 month of age. We found that the body weights of the 6-MSITC-
treated group of AppNtGF mice were within a comparable range to those of the water
(vehicle)-treated group of mice over the 16 weeks evaluated (Fig. 10B).

We also performed behavior and pathological analyses of these 6-MSITC and
vehicle-treated mice, as summarized in Fig. 10A. In very good agreement with the
analyses shown in Fig. 2, vehicle-treated AppN:¢F mice displayed impaired escape
latency in the PAT compared to vehicle-treated WT mice. Of note, 6-MSITC-treated
AppNLeF mice displayed significant recovery of this impaired escape latency (Fig. 10C).
In contrast, the administration of 6-MSITC to WT mice did not change the latency to
escape in the PAT. No obvious change was observed in the OFT, the SNORT, or the
Y-maze test between vehicle- and 6-MSITC-treated AppNtSF mice (data not shown).

We then performed immunofluorescent staining for AB and Iba1 employing vehicle-
and 6-MSITC-treated AppMNtGF mice at 11 months of age. Long-term treatment with
6-MSITC decreased the number of Iba1-positive microglia associated with each amyloid
plagque in the AppNtF mouse cerebral cortex (Fig. 10D and E). The number of amyloid
plaque-associated Iba1-positive microglia per mm?2 of tissue was not significantly
reduced in the cortices of 6-MSITC-treated App™N-¢F mice compared to vehicle-treated
AppNLGF mice (Fig. 10F). These results support the notion that long-term treatment with
mild chemical Nrf2 inducers can exert partially similar anti-AD activity to that observed
by genetic Keap1 knockdown and Nrf2 induction.

To examine whether 6-MSITC has the ability to activate Nrf2 signaling in the brain,
we examined the expression levels of the NgoT gene after 6-MSITC treatment. Since
long-term treatment of 6-MSITC to AppNtGF mice tended to mildly increase Ngo7 gene
expression (Fig. 10G), we used acute Nrf2 induction conditions for this purpose.
Intraperitoneal administration of high-dose 6-MSITC (50 mg/kg [body weight]) to WT
mice increased Ngo7 mRNA expression in the cerebral cortex (Fig. 10H), indicating that
6-MSITC can activate Nrf2 signaling in the mouse brain. Taken together, these results
support our hypothesis that long-term treatment with mild Nrf2 inducers prevents the
onset of cognitive impairment in AD model mice.

Plasmalogen phosphatidylethanolamines in the App":SF mouse brain. It has
been reported that plasmalogen phosphatidylethanolamine (PISPE) levels decrease in
the brain and serum of both AD patients and model animals (55-57). PIsPE is a unique
class of glycerophospholipid containing a fatty alcohol with a vinyl-ether bond at the
sn-1 position and a fatty acid at the sn-2 position (Fig. 11A). Polyunsaturated fatty acids
(PUFAs) are enriched at the sn-2 position (58). To verify whether PISPE acts as a new
biomarker for AD and to determine the relationship of PIsPE with Nrf2 in AD pathology,
we considered whether the AD mouse model with genetic Keap1 induction would be
an optimal system. Therefore, we assessed PIsPE levels in AppN:¢F mice by means of
MALDI-MSI analysis.

We first conducted LC-MS analysis and identified nine PISPE compounds in WT and
AppNtGF mouse brains; this group of PIsPE contained 18:1, 20:4, and 22:6 fatty acids (Fig.
11B). Notably, PISPE d18:0/22:6 levels were significantly decreased (P < 0.001), and
PIsPE d18:0/18:1 and d16:0/22:6 levels were mildly decreased (P = 0.071 and 0.086,
respectively) in AppM-¢F mouse brains compared to WT mouse brains.

To confirm this finding in light of the distributions in the mouse brain, we performed
MALDI-MSI analysis with coronal sections from two distinct sites of WT mouse brains,
i.e., 1.0 mm anterior and 1.8 mm posterior to the bregma. We focused on three PIsPE
compounds, d18:0/22:6, d18:0/18:1, and d16:0/22:6, which were downregulated in
AppNtGF mice compared to WT mice in whole-brain LC-MS analysis (Fig. 11B). We found
that the expression profiles of these three PISPEs were distinct and unique. PIsPE
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FIG 10 The Nrf2-inducing natural compound 6-MSITC improves cognitive impairment in AppN:GF mice. (A) A
schematic of the protocol for long-term 6-MSITC administration. Vehicle (water) or 6-MSITC was administered to
male WT and AppM:SF mice from 1 month of age to 11 months of age through drinking water. Behavior tests,
including the OFT, the SNORT, the Y-maze test, and the PAT, were performed at 11 months of age, followed by
pathological analysis and quantitative PCR (qPCR). (B) Time course analysis of body weight in AppN:GF mice for
16 weeks during long-term administration of vehicle or 6-MSITC. AppNtSF/vehicle (n = 8) and AppNtcF/6-MSITC
(n = 9) mice were analyzed. (C) Results of the PAT in 11-month-old male WT/vehicle (n = 4), WT/6-MITC (n = 7),
AppNteF/vehicle (n = 10), and AppMNteF/6-MSITC (n = 10) mice. The cumulative incidence of avoidance during the
test phase is presented. (D) Immunofluorescence staining for AB (green) and lba1 (red) in the cerebral cortices of
AppNtSF mice. ARrows indicate Ibal-positive cells around amyloid plaques. Scale bars, 50 um. (E) The number of
Iba1-positive cells in each amyloid plaque. A total of 78 plaques in the cortices from three App™Nt¢F/vehicle mice and
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d18:0/22:6 and d16:0/22:6 were both distributed in the cortex, the striatum, the
hippocampus, and the center region of the thalamus, whereas PISPE d18:0/18:1 was
highly expressed in the fornix and the thalamus (Fig. 11C and D).

We also compared the levels of these PIsPEs between AppNtGF and AppNtGF:
Keap 1744 mice. The levels of PIsPE d16:0/22:6 and d18:0/22:6 were decreased in the
hippocampi, thalami, and hypothalami of AppN:SF mice compared to WT mice; in
addition, PISPE d18:0/18:1 levels were also decreased in the thalami of AppNtGF mice
(Fig. 11E, top and middle panels, arrows). Importantly, the decreases in these PIsPEs
were mitigated in AppNtGF::Keap 1744 mice (bottom panels, arrows). These data indi-
cate that PISPE seems to be a useful biomarker for predicting AD conditions and may
also be available for evaluating the improvement of AD by Nrf2 inducers.

DISCUSSION

In this study, we addressed the question of how Nrf2 activation prevents the
progression of the AD phenotype utilizing AD model mice crossed with Keap1 knock-
down mice. Although several preceding reports have implied an Nrf2 contribution to
reducing AD phenotypes, these studies heavily depended on loss-of-function analyses
relying on the use of Nrf2 knockout mice (36-39). In contrast, we found in this study
that genetic Nrf2 induction by Keap1 gene knockdown in mice provokes the induction
of glutathione synthesis and the repression of inflammatory cytokine gene expression.
As summarized in Fig. 12, these changes in gene expression profiles bring about the
suppression of amyloid deposition-induced oxidative stress, inflammation, and reactive
astrocytosis in AppNtSF model mouse brains. Existing lines of evidence further support
the idea that Nrf2 induction ameliorates the impaired cognitive functions in AppN-GF
mice. In addition to these gene-modified mouse studies, in this study, we also provide
evidence that mild, long-term pharmacological induction of Nrf2 by 6-MSITC is able to
suppress AD-like pathology in model mice. Based on these findings, we propose that
the activation of Nrf2 signaling prevents cognitive impairment in AD.

Whereas the antioxidant system operating in the central nervous system remains to
be clarified, Nrf2 has been reported to play critical roles in the regulation of GSH
metabolism genes in the brain (7). It has been demonstrated that Nrf2 is strongly
induced in astrocytes and microglia but poorly activated in neurons (24, 44, 59). Nrf2
elevates the expression levels of glutathione synthesis-related genes, including the
gene for glutamate-cysteine ligase, and enhances the synthesis of GSH in astrocytes
(26). Importantly, GSH produced in astrocytes is transported from astrocytes to neurons
and exerts beneficial effects in protecting neurons from oxidative damage (24, 60). In
this study, we demonstrated that Nrf2 enhanced GSH levels by MALDI-MSI analysis. The
elevation of GSH will play important roles in the protection of neurons against various
stresses in the AppNtSF mouse brain.

We believe that GSH-mediated suppression of oxidative stress in the brain is a
promising strategy for the prevention and/or early intervention of AD (61). In this
regard, however, it has been reported that supplements intended to repress oxidative
stresses do not improve the symptoms of AD patients (62-64). In this study, since Nrf2
suppressed both inflammation and oxidative stress in the AD mouse brain, we also
focused on inflammation. Importantly, immunoglobulins and complement factors have
been reported to be deposited around amyloid plaques in AD patient brains (65). We

FIG 10 Legend (Continued)

85 plaques in the cortices of three AppN-¢*/6-MSITC mice were counted. (F) Amyloid plaque-associated Ibal-
positive cell number per tissue area in the cerebral cortex. Ten images per mouse were counted, and the average
of numbers in each mouse was calculated in three each of the AppNt¢F/vehicle and AppMN-¢F/6-MSITC mice. (G)
Expression levels of Ngo7 mRNA after long-term oral 6-MSITC administration. The cerebral cortices of 11-month-old
male AppMN-SF/vehicle (n = 3) and AppN-¢F/6-MSITC (n = 6) mice were analyzed. (H) Expression levels of Ngo7 mRNA
in the cerebral cortex of 5-week-old male WT mice 12 h after single administration of vehicle or 6-MSITC (50 mg/kg
[body weight], intraperitoneally, n = 5 each). NgoT expression was normalized to Actb expression, and the levels
in vehicle-treated mice were set to 1. The results are presented as means = the SD (B, E to H) or as a Kaplan-Meier
curve (C). Statistical analyses were performed using repeated-measures ANOVA (B), the log rank test (C), or the

Student t test (E to H). *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 11 PIsPE as an AD marker in the App™-* mouse brain. (A) Chemical structure of PIsPE containing a fatty alcohol
with a vinyl-ether bond at the sn-1 position (R') and a fatty acid at the sn-2 position (R2). (B) LC-MS analysis of PIsPE
in the brains of 8-month-old female WT and App™:GF mice (both n = 6). The results are presented as means * the
SD. Statistical analyses were performed using ANOVA, followed by the Fisher LSD post hoc test. (C to E) MALDI-MSI
analyses of PISPE in the brains of 8-month-old female WT mice (C and D) and 11-month-old male WT, AppMtSF, and
AppNtGFi:Keap 174F4 mice (E). Coronal sections at 1.0 mm anterior (A1.0) (C) and 1.8 mm posterior (P1.8) (D and E) to
the bregma were analyzed as special references for the distributions of PIsPEs containing d18:0/22:6, d16:0/22:6,
and d18:0/18:1. Experiments were performed at least three times with three mouse brains, and the results were
fairly reproducible. Hippo, hippocampus; Thal, thalamus; Hypo, hypothalamus.

also found that Nrf2 inhibited DAM marker expressions in AppN:GF mouse brain,
indicating that Nrf2 suppresses the transition of homeostatic microglia to DAM. It has
been reported that TREM2 is expressed in DAM and needed for activation of microglia
(48), and Trem2 depletion decrease lbal-positive cells and improves pathological
changes in AD model mouse brain (66). These observations suggest that the suppres-
sion of inflammation is important for controlling the pathogenesis of AD (67, 68). In
contrast, anti-inflammatory drugs failed to improve AD symptoms in a previous clinical
study (64), and the surveillance in AD patients demonstrated that the loss-of-function
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FIG 12 Nrf2 contributes to the maintenance of cognitive functions in AD. Amyloid B deposition (white
threads) in the AppNtSF mouse brain induces inflammation (microglia; black cells), reactive astrocytosis
(violet cells), and oxidative stress (pink bombs) and induces the development of neuron dysfunction and
cognitive impairment. In contrast, when Nrf2 is induced in the AppN:GF mouse brain, the expression levels
of inflammatory cytokine genes are reduced, and the expression levels of glutathione synthesis-related
genes are increased. The number of microglia is decreased, and reactive astrocytosis and oxidative stress
are suppressed, while amyloid B deposition remains constant. Nrf2 suppresses inflammation, reactive
astrocytosis and oxidative stress in the AppM:¢F mouse brain and contributes to the maintenance of
cognitive functions in AD.

TREM?2 variant R47H increases the risk of AD (69, 70). Nonetheless, Nrf2 inducers are
expected to exert beneficial effects by suppressing the onset and development of AD
by simultaneously suppressing oxidative stress and inflammation in the brain.

It has been reported that AppN:¢F mice display amyloid depositions but lack
tauopathy or neurofibrillary tangles in the brain (29). Importantly, the PAT analysis in
the present study revealed the presence of significant cognitive impairment in AppN-GF
mice. Consistent with this observation, analyses of the other AD mouse models,
including Tg2576, APP23, APP/PS1, and 3XTg-AD mice, also showed the presence of
cognitive impairment (71). In this regard, it is interesting to note that AD profiles differ
from model to model. For instance, neurofibrillary tangles (NFTs) are observed in
3XTg-AD mouse brains (72), but NFTs are not observed in the brains of Tg2576,
APP/PS1, APP23, or AppN:GF mice (29, 73-75). Both genetic and pharmacological
induction of Nrf2 improved the abnormalities of AppNtF mice in the PAT, supporting
our belief that the induction of Nrf2 prevents cognitive impairment in the early stage
of neurocognitive disorders.

In this study, we found through MALDI-MSI analyses that PUFA-containing PIsPEs
are decreased in the hippocampus and the thalamus of the AppN:SF mouse brain, but
genetic Nrf2 induction rescued the suppression of PUFA-containing PIsPEs in the
mouse brain. Although the physiological significance of PIsPE changes has not been
fully clarified, we posit that PIsPEs may play important roles in the biological mem-
brane, including the maintenance of curved lipid membrane structures, specialized
membrane microdomains, and ether-linked glycosylphosphatidylinositols. As it has
been reported that the double bond in PUFA contributes to decreasing reactive oxygen
species levels (76), the PUFA-containing PIsPEs may contribute to the protection of an
AD brain against oxidative stress in collaboration with GSH. While PIsPEs are under
evaluation as serum biomarkers of AD in humans (56, 57), our present findings further
suggest that PISPEs may act as useful antioxidants in the AD brain.
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In this study, we employed 6-MSITC via a stress-free administration route expecting
a mild therapeutic efficacy, as we planned to treat AppN-GF mice for a long period of
time. We found that 6-MSITC improved the pathogenic conditions of AppN-SF mice in
several aspects. Consistent with this finding, it has been reported that 6-MSITC protects
neuronal functions in Parkinson’s disease model mice (77) and improves memory
functions in AB,_,, injection-induced cognitive impairment model mice (78). In addition
to 6-MSITC, the Nrf2-inducing chemical CDDO-methyl-amide and DMF have been
shown to improve cognitive function in other AD model mice (38, 79). These wide-
ranging observations provide evidence that Nrf2 inducers are useful drugs for the
suppression of AD onset and development.

In conclusion, this study demonstrates that Nrf2 induction improves the antioxida-
tive functions in the brain and ameliorates pathological neuroinflammation in AppN:GF
model mice. This study further provides important lines of evidence supporting the
notion that Nrf2 activation suppresses the onset and/or progression of AD, indicating
that the Keap1-Nrf2 system is a promising target for the development of drugs for
neurocognitive disorders, including AD.

MATERIALS AND METHODS

Animals. AppNtSF, Keap1+/-, and Keap 17/F4 mice were previously described (29, 42, 80, 81), and these
mice were backcrossed to the C57BL/6J strain for at least 10 generations. For pathological and behavioral
experiments, we exploited Nrf2-inducing natural compound 6-MSITC (Abcam). 6-MSITC was dissolved in
water (0.4 mg/ml) and orally administered ad libitum in drinking water to AppN:¢F mice and C57BL/6J
strain WT mice for 10 months. To evaluate the expression of the Nrf2 target Ngo7 gene, 6-MSITC was
intraperitoneally administered at 15mg/kg (body weight), and the brain was collected 12 h after
administration. All of the animal experiments were approved by the Animal Committee at Tohoku
University.

RNA isolation and real-time quantitative PCR. Total RNA was extracted from the cerebral cortex
and the hippocampus with Sepasol-RNA | Super G reagent (Nacalai Tesque). Extracted RNA was used for
reverse transcription with ReverTra Ace (Toyobo) according to the manufacturer’s instructions. The
resulting templates were used for qPCR with Thunderbird gPCR Mix (Toyobo). The primer sets used are
listed in Table S1 in the supplemental material. Relative RNA equivalents were obtained by normalization
with the expression of Actb (encoding B-actin) mRNA levels.

Immunostaining. Immunostaining was performed using mouse monoclonal anti-AB (1:300, clone
82E1; IBL), anti-GFAP (clone GAS5, 1:300; Chemicon), rabbit polyclonal anti-lbal (1:300; Wako), anti-8-
OHdG (1:200; Bioss), anti-Tuj1 (1:2,000, ab18207; Abcam) and goat polyclonal anti-NQO1 (1:200, ab2346;
Abcam). Secondary antibodies conjugated with horseradish peroxidase, alkaline phosphatase or a
fluorescent marker were utilized and visualized according to standard protocols (24). A TUNEL assay for
detecting cell death was performed with an in situ apoptosis detection kit (TaKaRa). Rat mammary tissue
included in the kit was used as a positive control for TUNEL.

The AB-positive and GFAP-positive areas were quantified by thresholding the fluorescence intensity
in these fluorescent images using ImageJ software. The amyloid plaque-associated Iba-positive cells were
manually counted in each AB-stained area in the Iba1- and AB-double-staining images.

OFT. Mice were videotaped in an open-field test system (O'Hara & Co., Ltd.) to evaluate locomotor,
anxiety-like, and exploratory behaviors. A chamber with an open top box (width 50 cm by height 50 cm
by depth 30 cm) made of gray acrylic that had photobeam sensors placed 5 cm above the bottom was
used to detect vertical activities. Mice were placed in the same chamber for 10 min again to assess
habituation behavior in the chamber after 24 h. The behavior of mice in the chamber was monitored for
10 min and recorded by a charge-coupled device camera mounted above the chamber. Videos were
analyzed with TimeOFCR4 software (O'Hara & Co., Ltd.). Increased time spent in the central area has been
shown to be an index of lower anxiety. The OFT was conducted at 3, 4, 6, 8, 9, and 11 months of age.

PAT. The PAT is a behavioral task assessing learning and memory of aversive spatial information
using electric shocks (82). A step-through chamber was prepared consisting of an illuminated acrylic
transparent compartment (width 15 cm by height 8.5 cm by depth 25 cm) and a black opaque acrylic
chamber (width 25 cm by height 25 cm by depth 25 cm). Two compartments were connected with a hole
(5 cm by 5 ¢cm) and a guillotine door. The chamber was placed in a sound-attenuated chamber (width 40
cm by height 60 cm by depth 55 cm; Muromachi Co.), which had a movable and bright-adjustable LED
light. The behavior of mice in the chamber was monitored and recorded by a camera mounted above
the illuminated compartment.

First, mice were allowed to acclimate to the chamber for 2 min, during which time mice could freely
explore the chamber. In the training phase, a mouse was placed in the illuminated chamber with a closed
door. The guillotine door was opened 30s after exposure. A scrambled foot shock (0.35 mA, 2s) was
delivered 3 s after the four paws of the mouse completely entered the dark compartment (LE10026;
Panlab). The mouse was moved into a waiting cage 30 s after the foot shock. After 24 h, the mouse was
exposed to the chamber again. The latency to enter the dark chamber was calculated in the retention
phase.
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MALDI-MSI. Mouse brain samples were frozen in liquid nitrogen and dissected for cryosectioning at
8-um thickness using a cryostat (CM 3050S; Leica Microsystems). Sections were thaw mounted on
indium-tin oxide slides (100 ()/square; Matsunami Co.). For detection of GSH, NEM (Tokyo Chemical
Industry) was used to generate GSH-NEM. NEM was dissolved in 15% methanol solution at 100 mmol/
liter, and the solution was splayed by using a Mr. Hobby Procon Boy FWA Platinum 0.2 double-action
apparatus (GSI Creos). After spraying with NEM solution, specimens were incubated for 60 min at room
temperature, after which a-cyano-4-hydroxycinnamic acid (CHCA; Sigma-Aldrich) was applied to the
specimens as a matrix at a thickness of 1.5 um using an iMLayer (Shimadzu).

MALDI-MSI analysis was performed with iMScope (Shimadzu). MS/MS spectra were acquired with 100
laser shots per data point in positive-ion mode. The laser was irradiated at a 25-um diameter and a
70-um spatial interval of each data point. Regions of the tissue samples exposed to laser irradiation were
determined by light microscopic observations. Metabolites were identified by the MS/MS spectrum using
chemical standards. The data were processed using Imaging MS solution v1.30 analysis software
(Shimadzu).

For PIsPE detection, CHCA was applied to 0.7-um-thick specimens, and MS spectra were acquired by
100 laser shots per data point in positive-ion mode. The diameter of laser irradiation was 25 wm, and the
spatial interval of each data point was 70 um.

LC-MS. Frozen mouse brains were dissected for cryosectioning at 8-um thickness (approximately
0.3 mg) using a cryostat. Sections were placed in 2-ml plastic tubes, and 500 ul of internal standard
(sulfide d18:1/17:0, 100 nmol/liter in methanol containing 0.1% formic acid) was added. Samples were
vigorously mixed for 15 sec and homogenized in an ultrasonic bath for 10 min and then centrifuged at
16,000 X g for 20 min. The supernatant was then injected into the UPLC-MS/MS system. UHPLC-MS/MS
analysis was performed on an Acquity Ultra Performance LC I-class system equipped with a binary
solvent manager, a sample manager, and a column heater (Waters) interfaced with a Waters Xevo TQ-S
MS/MS system equipped with electrospray ionization operated in positive-ion mode (83).

MS/MS was performed using multiple reaction monitoring mode; the transitions of the precursor ion
to the product ion, cone voltage (V), and collision energy (eV) are listed in Table S2 in the supplemental
material. The capillary voltage was 2.5kV, and the cone voltage was 100 V. The source offset and
temperature were set at 50 V and 150°C, respectively, with a cone gas flow rate of 150 liters/h. The
desolvation temperature was set to 500°C, and the desolvation gas flow, collision gas flow, and
nebulization gas flow were set to 1,000 liters/h, 0.15 ml/min, and 7.00 X 10° Pa, respectively. Both the
cone and the nebulization gases were nitrogen. LC separation was performed using a reversed-phase
column (Acquity UPLC BEH C8; 150 mm by 2.1 mm [inner diameter], 1.7-um particle size; Waters Corp.)
with a gradient elution of solvent A (5 mmol/liter ammonium formate in water, pH 4) and solvent B
(5 mmol/liter ammonium formate in 95% acetonitrile, pH 4) at 0.4 ml/min. The initial condition was set
to 40% solvent B and maintained for 1 min, and solvent B was increased linearly to 80% over 4 min. The
gradient continued from 80 to 95% solvent B in the next 3 min and from 95 to 100% in 2 min.
Subsequently, solvent B was immediately set to 100% and maintained for 8 min. Finally, the mobile
phase was returned to the initiated conditions and maintained for 7 min until the end of the run (84). The
oven temperature was 45°C. Data were collected using MassLynx v4.1 software (Waters) and analyzed
using Traverse MS v1.2.7 software (Reifycs).

A ELISA. Cerebral cortices and hippocampi were added with 5X volume Tris-buffered saline (pH
7.4) with protease inhibitor cocktail Complete (Roche) and sonicated with a Sonifier 250 sonicator
(Branson) for 45 s (85), followed by centrifugation at 17,400 X g for 60 min. To quantitate the levels of
AB(1-40) and AB(1-42), the supernatant was analyzed by a Human 8 Amyloid(1-40)ELISA kit Wako Il and
a Human B Amyloid(1-42) ELISA kit Wako, High Sensitive (Fujifilm Wako Pure Chemical) according to the
manufacturer’s instructions.

Statistical analyses. Data are presented as the means = the standard deviations (SD) or as a
Kaplan-Meier survival curve. Statistical analyses were performed using Student’s t test and the Mann-
Whitney U test for two groups. Analyses of variance (ANOVA), followed by the Fisher least-significant-
difference (LSD) post hoc test and the Kruskal-Wallis test, were performed for multiple comparisons. A log
rank test was performed for the Kaplan-Meier survival curve.

SUPPLEMENTAL MATERIAL
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