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Methylene blue (MB, methylthioninium chloride) is a phenothiazine that crosses the blood brain barrier and acts
as a redox cycler. Among its beneficial properties are its abilities to act as an antioxidant, to reduce tau protein
aggregation and to improve energy metabolism. These actions are of particular interest for the treatment of neu-
rodegenerative diseases with tau protein aggregates known as tauopathies. The present study examined the
effects of MB in the P301S mouse model of tauopathy. Both 4 mg/kg MB (low dose) and 40 mg/kg MB (high
dose) were administered in the diet ad libitum from 1 to 10 months of age. We assessed behavior, tau pathology,
oxidative damage, inflammation and numbers of mitochondria. MB improved the behavioral abnormalities and
reduced tau pathology, inflammation and oxidative damage in the P301S mice. These beneficial effects were
associated with increased expression of genes regulated by NF-E2-related factor 2 (Nrf2)/antioxidant response
element (ARE), which play an important role in antioxidant defenses, preventing protein aggregation, and redu-
cing inflammation. The activation of Nrf2/ARE genes is neuroprotective in other transgenic mouse models of
neurodegenerative diseases and it appears to be an important mediator of the neuroprotective effects of MB
in P301S mice. Moreover, we used Nrf2 knock out fibroblasts to show that the upregulation of Nrf2/ARE genes
by MB is Nrf2 dependent and not due to secondary effects of the compound. These findings provide further evi-
dence that MB has important neuroprotective effects that may be beneficial in the treatment of human neurode-
generative diseases with tau pathology.

INTRODUCTION

Neurodegenerative diseases involving pathological tau protein
aggregation are collectively known as tauopathies and include
Alzheimer’s disease (AD), progressive supranuclear palsy
(PSP), Pick’s disease (PD), frontotemporal dementia with par-
kinsonism linked to chromosome 17, chronic traumatic enceph-
alopathy and ALS–Parkinsonism-dementia complex of Guam.

Tau is a microtubule-associated protein (MAP) that is primarily
expressed in the central nervous system (CNS) and is responsible
for polymerization and stabilization of microtubules. However,
in disease states tau is mutated, misfolded and forms aggregates in
non-native conformations. This contributes to both a reduction in
the normal physiological activity of the tau protein and to dysfunc-
tion associated with tau toxicity. Tau aggregates into both filament-
ousandnon-filamentous inclusions,anddiseasemanifestationsvary
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among the tauopathies in both their brain regional specificity and
their symptoms. Tau aggregates known as neurofibrillary tangles
(NFTs), as well as tau oligomers, contribute to both brain dysfunc-
tion and degeneration in many age-related neurodegenerative dis-
eases. Tau oligomers, which can be transferred between neurons,
may play a critical role in tau-related diseases (1).

A number of studies show that oxidative stress and inflam-
mation play a role in tau-associated neurodegeneration. Oxida-
tive stress reflects a disruption in redox balance due to either
an increase in production of oxidants and/or a reduction in anti-
oxidant species. It can lead to DNA, protein and lipid damage,
subsequently leading to cell dysfunction and death. Oxidative
damage occurs early in AD (2) as shown by oxidative damage
to DNA, proteins and lipids (3–7). Inflammation, on the other
hand, is a response to cell damage. It is elevated in tauopathies
and exacerbates disease pathology (8–10). Therefore, stimulat-
ing antioxidant and anti-inflammatory pathways is of tremen-
dous therapeutic interest for the treatment of tauopathies.

Methylene blue (MB, methylthioninium chloride) is a pheno-
thiazine known for its ability to cross the blood brain barrier and
to exert neuroprotective effects (11,12), which makes it attract-
ive as a potential treatment for neurodegenerative diseases. MB
has a long history as a therapeutic agent and clinical applications
have included treatment of depression, cancer, methemoglobin-
emia and AD (13). Among its beneficial properties, MB is a
redox cycler and an electron donor (11). It blocks tau aggregation
in vitro and reduces the amount of tau aggregates in a C. elegans
model of tau pathology (14,15). Recently, its ability to inhibit tau
aggregation was shown to be due to its ability to oxidize cysteine
residues (16,17). Using NMR spectroscopy, it was shown that
MB oxidized tau cysteine sulfhydryl groups to sulfenic, sulfinic
and sulfonic acids, maintaining tau in a monomeric state and
blocking misfolding (16). Strong evidence favoring this mech-
anism comes from replacing the cysteines in tau with other
amino acids, which results in tau that still aggregates, but in
which MB no longer blocks the aggregation. MB also inhibits
nitric oxide synthase, decreases oxidative damage, induces
autophagy and improves mitochondrial function and cellular
respiration (11,13,18), actions that increase its therapeutic po-
tential for the treatment of tauopathies. The initial studies
showing that MB blocked tau aggregation led to phase 2 clinical
trials in AD with promising initial results, and it is now in phase 3
clinical trials (15,19).

The present study evaluated the neuroprotective effects of MB
[4 mg/kg (low dose) and 40 mg/kg (high dose) in the diet] in the
P301S transgenic mice. P301S transgenic mice and wild-type
(WT) littermates were randomly assigned to either control
diet, MB low dose diet or MB high dose diet. Diets were pro-
vided ad libitum from 1 to 10 months of age. The P301S trans-
genic mice express the P301S mutation in the gene encoding the
human microtubule-associated protein tau (MAPT). These
mice develop progressive behavioral deficits and NFTs, the
pathology characteristic of tauopathies (20,21). We found
that MB improved behavioral abnormalities, reduced tau path-
ology, reduced oxidative stress and inflammation and increased
mitochondrial biogenesis in P301S mice, and that these neuro-
protective effects were associated with increased expression of
NF-E2-related factor 2 (Nrf2)/antioxidant response element
(ARE) activated genes.

RESULTS

Methylene blue improved behavioral deficits in P301S mice

P301S mice exhibit behavioral abnormalities such as hyperactivity,
disinhibitionandcognitive deficits. Abatteryofbehavioral tests, in-
cluding the open field, elevated plus maze and contextual fear con-
ditioning, was employed in order to assess the effects of MB on
these behavioral abnormalities (Fig. 1). Locomotion and explor-
ation were assessed by the open field test at 5, 7 and 9 months of
age. P301S mice fed a control diet showed hyperactivity at baseline
as indicated by a significantly increased number of rearings and dis-
tance moved in the open field apparatus, when compared with WT
mice fed a control diet (Fig. 1A and B). This locomotor abnormality
was improved by administration of the MB low dose diet (Fig. 1A
and B).

Anxiety and exploration were measured using the elevated plus
maze test at 7 and 9 months of age. Time spent in the open arms
and total number of entries were measured during a 4 min trial.
P301S mice fed a control diet again exhibited baseline behavioral
abnormalities when compared with WT mice fed a control diet
with both a significant decrease in anxiety, as evidenced by
increased time spent in the open arms, and a significant increase
in exploration, as evidenced by the increased number of entries
into the arms of the maze (Fig. 1C and D). The MB low dose diet
improved the anxiety and exploration-related behavioral abnormal-
ities (Fig. 1C and D).

At 9 months of age, learning and memory were assessed by the
contextual fear conditioning paradigm in which an aversive elec-
trical shock stimulus was used in a neutral context. The percent
time freezing was measured as an indicator of fear response.
There were no significant differences between groups during
the acquisition phase on day 1 of testing (Fig. 1E). However,
P301S mice fed a control diet spent significantly less time freez-
ing during the retention period on day 2 of testing when com-
pared with WT mice fed a control diet, indicating an impaired
ability to remember the association between the aversive stimu-
lus and context (Fig. 1F). Interestingly, P301S mice fed the MB
low dose diet showed a significant improvement in learning and
memory when compared with P301S mice fed a control diet, as
indicated by a significant increase in the percent time freezing
during the retention period on day 2 of testing (Fig. 1F).

Methylene blue affected behavior in a gender dependent
manner

A gender split of behavioral data further revealed that improve-
ments in behavioral abnormalities tended to occur in male P301S
mice fed MB low dose diet rather than female P301S mice fed
MB low dose diet. In the open field, female P301S mice fed a
control diet showed a significant increase in the number of rear-
ings when compared with female WT mice fed a control diet
(Supplementary Material, Table S1A). Male P301S mice fed
the MB low dose diet showed a significant decrease in both the
number of rearings and total distance moved when compared
with male P301S mice fed a control diet (Supplementary Mater-
ial, Table S1A). However, female P301S mice fed the MB low
dose diet showed a trend for decreased rearings (P ¼ 0.0787,
Supplementary Material, Table S1A). In the elevated plus
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maze, both male and female P301S mice fed a control diet
showed significantly increased anxiety as indicated by signifi-
cantly increased time spent in the open arms of the apparatus
when compared with male and female WT mice fed a control
diet, respectively (Supplementary Material, Table S1A). Male
P301S mice fed the MB low dose diet showed a significant de-
crease in anxiety when compared with male P301S mice fed a
control diet (Supplementary Material, Table S1A). Male
P301S mice fed a control diet were significantly more hyper-
active than male WT mice fed a control diet as indicated by
increased number of entries into the arms of the apparatus,
while male P301S mice fed MB low dose diet showed signifi-
cantly reduced hyperactivity when compared with male P301S

mice fed a control diet (Supplementary Material, Table S1A).
This was not seen in the female mice. In the contextual fear con-
ditioning test, there were no significant differences between
groups on day 1 even with data split by gender. During the reten-
tion period on day 2, both male and female P301S mice fed a
control diet spent significantly less time freezing when compared
with male and female WT mice fed a control diet (Supplemen-
tary Material, Table S1A). Male P301S mice fed the MB low
dose diet showed a trend for increased time spent freezing
when compared with male P301S mice fed a control diet (Sup-
plementary Material, Table S1A). Note that a gender split was
not performed for other analyses because the resultant would
be too low for statistical information.

Figure 1. MB improvedbehavioraldeficits in P301Smice. (A) Numberof rearings and (B) distance moved in the open field in WT mice fed a control diet (Wt Cont, n ¼
10), WT mice fed the MB low dose diet (Wt MB low, n ¼ 14), WT mice fed the MB high dose diet (Wt MB High, n ¼ 15), P301S mice fed a control diet (P301S Cont,
n ¼ 11), P301S mice fed the MB low dose diet (P301S MB Low, n ¼ 15) and P301S mice fed the MB high dose diet (P301S MB High, n ¼ 13). P301S mice fed a
control diet were significantly more hyperactive in the open field test when compared with WT mice fed a control diet (Fisher’s PLSD, ∗P , 0.05). MB significantly
reduced hyperactivity in P301S mice fed the MB low dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05). (C) Time spent in the
open arms and (D) total number of entries between arms in the elevated plus maze in Wt Cont (n ¼ 9), Wt MB Low (n ¼ 14), Wt MB High (n ¼ 15), P301S Cont (n ¼
10), P301S MB Low (n ¼ 15) and P301S MB High (n ¼ 13). P301S mice fed a control diet were significantly dis-inhibited and significantly more hyperactive in the
elevatedplus mazewhen compared with WT mice fed a control diet (Fisher’s PLSD, ∗P , 0.05). MB significantly reduced behavioral abnormalities in P301Smice fed
the MB low dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05). (E) Percent time freezing on day 1 and (F) day 2 of the contextual
fear conditioning test in Wt Cont (n ¼ 10), Wt MB Low (n ¼ 14), Wt MB High (n ¼ 15), P301S Cont (n ¼ 9), P301S MB Low (n ¼ 14) and P301S MB High (n ¼ 12).
There were no significant differences between groups on day 1 of testing. P301S mice fed a control diet showed a significant decrease in memory during the retention
periodon day 2 compared with WT mice fed a control diet (Fisher’sPLSD, ∗P , 0.05). MB significantly increased learning and memory in P301Smice fed the MB low
dose diet when compared with P301S mice fed a control diet on day 2 of testing (Fisher’s PLSD, †P , 0.05).
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Diet containing methylene blue high dose increased body
weight in male P301S mice

Dietary consumption was measured at 5, 7 and 9 months of age
for all groups. There were no significant differences in food con-
sumption between any of the groups (Supplementary Material,
Fig. S1C). Body weight was also measured at 5, 7 and 9 months
of age. Male P301S mice fed a control diet showed significantly
decreased body weight when compared with male WT mice fed
a control diet (Supplementary Material, Fig. S1A). However, ad-
ministration of the MB high dose diet improved body weight in
male P301S mice when compared with male P301S mice fed a
control diet (Supplementary Material, Fig. S1A). There were no
significant differences in body weight between the groups in
female mice (Supplementary Material, Fig. S1B).

Methylene blue decreased tau pathology in P301S mice

In order to assess the effects of MB on tau pathology, brain sec-
tions were stained with the AT8 antibody, a human tau antibody
that detects paired helical filamentous (PHF)-tau (Ser202/
Thr205; Fig. 2). AT8 immunoreactivity was higher in the
P301S groups when compared with WT groups as expected.
Because tau pathology is not present in WT mice, quantitative
analysis of AT8 immunostaining was performed in P301S
brain sections only. The P301S mice treated with the MB low
dose diet showed a significant decrease in AT8 immunoreactiv-
ity in cerebral cortex when compared with P301S mice fed a
control diet (Fig. 2A and B). Both P301S mice fed the MB low
dose diet and the MB high dose diet showed a significant de-
crease in AT8 immunoreactivity in the hippocampus when com-
pared with P301S mice fed a control diet (Fig. 2C and D).
Western blot was also used to assess the level of hyperpho-
sphorylated tau using the AT8 antibody in the cerebral cortex
of WT mice fed a control diet, P301S mice fed a control diet,
P301S mice fed the MB low dose diet and P301S mice fed the
MB high dose diet (Fig. 2E and F). In keeping with our histo-
logical analyses, hyperphosphorylated tau was not present in
WT mice fed a control diet (Fig. 2E and F). The P301S mice
fed the MB low dose diet showed significantly increased phos-
phorylation of tau when compared with WT mice fed a control
diet, while P301S mice fed the MB low dose diet showed signifi-
cantly reduced phosphorylation of tau when compared with
P301S mice fed a control diet (Fig. 2F). Taken together, the
western blot data on AT8 protein in the cerebral cortex corrobo-
rates our immunohistochemical dataof AT8 in the cerebral cortex.

Methylene blue reduced astrogliosis in P301S mice

Astrocytes proliferate in response to CNS injury and inflamma-
tion. Immunohistochemical analysis of astrogliosis was per-
formed in the cerebral cortex and hippocampus using a glial
fibrillary acidic protein (GFAP) antibody (Fig. 3). There was
very little positive staining for GFAP in the cerebral cortex in
any of the groups (data not shown). In the hippocampus of
P301S mice fed a control diet, GFAP immunoreactivity was
increased when compared with each of the groups of WT mice
(Fig. 3A). P301S mice fed either the MB low dose diet or the
MB high dose diet showed markedly reduced GFAP immunor-
eactivity when compared with P301S mice fed a control diet

(Fig. 3A and B). GFAP mRNA levels were measured by quanti-
tative real-time PCR (qRT-PCR). In keeping with immunohisto-
chemical analysis, mRNA levels of GFAP were significantly
increased in the cerebral cortex and hippocampus of P301S
mice fed a control diet when compared with WT mice fed a
control diet (Fig. 3C and D). In the cerebral cortex of P301S
mice fed the MB low dose diet, mRNA levels of GFAP were sig-
nificantly reduced when compared with P301S mice fed a
control diet (Fig. 3C). Western blot was used to measure
GFAP protein levels in the cerebral cortex tissue. Protein
levels of GFAP were significantly increased in the cerebral
cortex of P301S mice fed a control diet when compared with
WT mice fed a control diet (Fig. 3E and F). Mice fed the MB
low dose diet showed significantly reduced levels of GFAP
protein when compared with P301S mice fed a control diet
(Fig. 3E and F). These data are consistent with both our immuno-
histochemical and qRT-PCR data in cerebral cortex tissue.

Methylene blue reduced oxidative stress and promoted
mitochondrial biogenesis in P301S mice

Oxidative stress is a characteristic feature of tauopathies (22,23).
Immunohistochemical analysis of oxidative stress was per-
formed in the cerebral cortex and hippocampus tissue using an
8-hydroxy-2′-deoxyguanosine (8-OHdG) antibody, an antibody
that detects oxidative DNA damage (Fig. 4). In the cerebral
cortex and hippocampus of P301S mice fed a control diet,
there was increased 8-OHdG staining when compared with
each of the groups of WT mice (Fig. 4A and C). The P301S
mice fed either the MB low dose diet or the MB high dose diet
showed markedly reduced 8-OHdG staining when compared
with P301S mice fed a control diet in both the cerebral cortex
(Fig. 4A and B) and the hippocampus (Fig. 4C and D).

Endogenous antioxidant systems responsible for maintaining
cellular redox balance were also assessed as an indicator of oxi-
dative stress. Glutathione, an important cellular antioxidant, was
measured in cerebral cortex tissue by HPLC coupled to mass
spectrometry (Fig. 4). The ratio of reduced glutathione to oxi-
dized glutathione (GSH/GSSG) was significantly increased in
P301S mice fed the MB low dose diet when compared with
P301S mice fed a control diet, indicating higher levels of
reduced glutathione in the MB treated mice (Fig. 4E).

Redox proteins were also analyzed. mRNA levels of thiore-
doxin 1 (Trx1), thioredoxin reductase 1 (TrxR1), thioredoxin 2
(Trx2), thioredoxin reductase 2 (TrxR2), glutaredoxin 1
(Grx1), glutaredoxin 2 (Grx2) and peroxiredoxin 6 (Prx6) were
measured by qRT-PCR in both the cerebral cortex and hippocam-
pus (Fig. 5). In the cerebral cortex, P301S mice fed the MB low
dose diet showed significant increases in mRNA levels of Trx1
and TrxR1 when compared with P301S mice fed a control diet
(Fig. 5A). In the hippocampus, P301S mice fed the MB low
dose diet showed significant increases in mRNA levels of Trx1,
TrxR1, Trx2, TrxR2, Grx1, Grx2 and Prx6 when compared with
P301S mice fed a control diet, while P301S mice fed the MB
high dose diet showed significant increases in the mRNA levels
of Trx1, Trx2, TrxR2, Grx1 and Prx6 when compared with
P301S mice fed a control diet (Fig. 5B).

MB has been shown to increase mitochondrial function
(11,13,24). Mitochondrial biogenesis was assessed by measur-
ing mitochondrial DNA (mtDNA) copy number, which
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correlates with numbers of mitochondria (25). There was a sig-
nificant increase in mtDNA copy number in the P301S mice
fed the MB low dose diet when compared with P301S mice
fed a control diet, indicating improved mitochondrial biogenesis
in these mice (Fig. 6A). The levels of activity superoxide

dismutase (SOD), a key enzyme involved in cellular antioxidant
defense and controlled by the Nrf2 transcription factor, were also
assessed. P301S mice fed the MB low dose diet showed a signifi-
cant increase in SOD activity when compared with P301S mice
fed a control diet (Fig. 6B).

Figure2. MB decreased tau pathology in P301Smice. (A) AT8 immunoreactivity in the cortexand (C) hippocampus ofWT mice fed a control diet (Wt Cont),WT mice
fed the MB low dose diet (Wt MB Low), WT mice fed the MB high dose diet (Wt MB High), P301S mice fed a control diet (P301S Cont), P301S mice fed the MB low
dose diet (P301S MB Low) and P301S mice fed the MB high dose diet (P301S MB High). (B) Quantification of AT8 staining in cortex and (C) hippocampus of P301S
Cont (n ¼ 4), P301S MB Low (n ¼ 5) and P301S MB High (n ¼ 5). MB significantly decreased tau pathology in the cortex and hippocampus of P301S mice fed the
MB low dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05) and in hippocampus of P301S mice fed the MB high dose diet
compared with P301S mice fed a control diet (Fisher’s PLSD, ‡P , 0.05). (E) Western blot of AT8 and (F) quantification of hyperphosphorylated tau by optical dens-
ities normalized tob-actin. P301S mice fed a control diet showed significantly increased levels of hyperphosphorylated tau compared with WT mice fed a control diet.
Mice fed MB low dose diet showed significantly decreased phosphorylation of tau when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05).
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Methylene blue upregulated Nrf2/ARE genes in P301S mice

The Nrf2/ ARE pathway is involved in defense against oxidative
stressand inflammation and it exerts neuroprotectiveeffects. Con-
versely, inflammatory processes contribute to neurodegeneration

in tauopathies (8–10). MB activated the expression of prototypic-
al genes known to be activated by the Nrf2/ARE pathway (Fig. 7).
The mRNA levels of Nrf2, heme oxygenase 1 (HO1), NAD(P)H-
quinone oxidoreductase 1 (NQO1), glutamate-cysteine ligase
catalytic subunit (Gclc), glutamate-cysteine ligase regulatory

Figure 3. MB reduced astrogliosis in P301S mice. (A) GFAP immunoreactivity in hippocampus of WT mice fed a control diet (Wt Cont), WT mice fed the MB low
dose diet (Wt MB Low), WT mice fed the MB high dose diet (Wt MB High), P301S mice fed a control diet (P301S Cont), P301S mice fed the MB low dose diet (P301S
MB Low) and P301S mice fed the MB high dose diet (P301S MB High). (B) Visual analysis of staining in the hippocampus of P301S Cont (n ¼ 5), P301S MB Low
(n ¼ 7) and P301S MB High (n ¼ 7). Data expressed as ‘1’ for minimal immunoreactivity, ‘2’ for mild immunoreactivity, ‘3’ for moderate immunoreactivity and ‘4’
for extensive immunoreactivity. MB decreased the apparent levels of GFAP in both P301S mice fed the MB low dose diet and the MB high dose diet when compared
with P301S mice fed a control diet. (C) GFAP mRNA levels in cerebral cortex and (D) hippocampus of Wt Cont (n ¼ 4), Wt MB Low (n ¼ 5), Wt MB High (n ¼ 5),
P301S Cont (n ¼ 4), P301S MB Low (n ¼ 5) and P301S MB High (n ¼ 5). P301S mice fed a control diet showed significantly increased mRNA levels of GFAP when
compared with WT mice fed a control diet. MB significantly decreased GFAP in the cerebral cortex of P301S mice fed the MB low dose when compared with P301S
mice fed a control diet (Fisher’s PLSD, †P , 0.05). (E) Western blot of GFAP and (F) quantification by optical densities normalized to b-actin. P301S mice fed a
control diet showed significantly increased levels of GFAP protein compared with WT mice fed a control diet. Mice fed MB low dose diet showed significantly
decreased GFAP protein when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05).
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subunit (Gclm) and inducible nitric oxide synthase (iNOS) were
measured by RT-PCR in both the cerebral cortex and hippocam-
pus. In the cerebral cortex, both Nrf2 and HO1 mRNA levels were
significantly increased in P301S mice fed the MB high dose diet
when compared with P301S mice fed a control diet (Fig. 7A). In
the hippocampus, the mRNA level of Nrf2 was significantly
increased in the P301S mice fed either the MB low dose diet or
the MB high dose diet when compared with P301S mice fed a
control diet (Fig. 7B). The mRNA level of HO1 was significantly

increased in P301S mice fed the MB low dose diet when compared
withP301Smice fedacontroldiet, and themRNAlevelsofNQO1,
Gclc and Gclm were significantly increased in P301S mice fed the
MB high dose diet when compared with P301S mice fed a control
diet (Fig. 7B). In the cerebral cortex, P301S mice fed the MB low
dosediet showed significantly decreased iNOSmRNAwhen com-
pared with P301S mice fed a control diet (Fig. 7A). In the hippo-
campus, P301S mice fed a control diet showed a significant
increase in iNOS mRNA when compared with WT mice fed a

Figure 4. MB reduced oxidative stress in P301S mice. (A) 8-OHdG immunoreactivity in cortex and (C) hippocampus of WT mice fed a control diet (Wt Cont), WT
mice fed the MB low dose diet (Wt MB Low), WT mice fed the MB high dose diet (Wt MB High), P301S mice fed a control diet (P301S Cont), P301S mice fed the MB
low dose diet (P301S MB Low) and P301S mice fed the MB high dose diet (P301S MB High). (B) Visual analysis of staining in cortex and (D) hippocampus of P301S
Cont (n ¼ 5), P301S MB Low (n ¼ 7) and P301S MB High (n ¼ 7). Data expressed as ‘1’ for minimal immunoreactivity, ‘2’ for mild immunoreactivity, ‘3’ for mod-
erate immunoreactivity and ‘4’ for extensive immunoreactivity. MB decreased the apparent oxidative DNA damage in both P301S mice fed the MB low dose diet and
the MB high diet dose when compared with P301S mice fed a control diet. (E) Glutathione levels in cerebral cortex of Wt Cont (n ¼ 5), Wt MB Low (n ¼ 5), Wt MB
High (n ¼ 5), P301S Cont (n ¼ 5), P301S MB Low (n ¼ 5) and P301S MB High (n ¼ 4). MB increased the ratio of reduced to oxidized glutathione (GSH/GSSG) in
P301S mice fed the MB low dose diet when compared with P301S mice fed a control diet.
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control diet (Fig. 7B). However, P301S mice fed the MB low dose
diet again showed significantly decreased iNOS mRNA when
compared with P301S mice fed a control diet (Fig. 7B). Moreover,
iNOS mRNA levels were significantly reduced in the cerebral
cortex and nearly significantly reduced in the hippocampus (P ¼
0.06) in the P301S mice fed the MB high dose diet when compared
with P301S mice fed a control diet (Fig. 7B).

Immunocytochemical staining showed that MB caused trans-
location of Nrf2 from the cytoplasm to the nucleus in P301S mice
fed either the MB low dose diet or the MB high dose diet
(Fig. 7C). Nrf2 immunoreactivity was increased in both P301S
mice fed the MB low dose diet and P301S mice fed the MB
high dose diet when compared with P301S mice fed a control
diet (Fig. 7C). Moreover, staining appeared diffuse and cytoplas-
mic in P301S mice fed a control diet, while staining appeared
darker and nuclear in P301S mice fed the MB low dose diet or
the MB high dose diet (Fig. 7C).

To further confirm that MB acted as Nrf2/ARE activator, we
used Nrf2 WT and Nrf2 knock out (KO) mouse embryonic fibro-
blasts (MEFs). MB treatment induced transcription of HO1,
NQO1 and Gclc in Nrf2 WT MEFs but not Nrf2 KO MEFs
(Fig. 8A). Nrf2 WT MEFs treated with 0.1, 1 or 10 mM MB

showed significantly increased levels of HO1 mRNA compared
with Nrf2 WT MEFs treated with vehicle; however, HO1 mRNA
levels remained unchanged in Nrf2 KO MEFs treated with 0.1, 1
or 10 mM MB (Fig. 8A). Nrf2 WT MEFs treated with 10 mM MB
showed significantly increased levels of NQO1 mRNA com-
pared with Nrf2 WT MEFs treated with vehicle and Nrf2 WT
MEFs treated with 0.1 or 1 mM MB showed a trend for increased
levels of NQO1 (Fig. 8A). NQO1 mRNA levels remained un-
changed in Nrf2 KO MEFs treated with 0.1, 1 or 10 mM MB
(Fig. 8A). Nrf2 WT MEFs treated with 0.1, 1 or 10 mM MB
showed significantly increased levels of Gclc mRNA compared
with Nrf2 WT MEFs treated with vehicle; however, Gclc mRNA
levels remained unchanged in Nrf2 KO MEFs treated with 0.1, 1
or 10 mM MB (Fig. 8A).

DISCUSSION

Reduction and oxidation of the intracellular environment,
known as redox, influences cellular signaling and can induce cel-
lular proliferation, differentiation and death. Redox imbalance,
involving increased oxidative species and decreased antioxidant
defenses, causes oxidative stress that is injurious to DNA,
proteins and lipids. Brain tissue is particularly susceptible to oxi-
dative stress because it has a markedly increased rate of oxygen
consumption, higher lipid content and fewer antioxidant species
in comparison with other tissues (26). This is corroborated by the

Figure 5. MB increased expression of redoxins in P301S mice. (A) Redoxins
mRNA levels in the cerebral cortex and (B) hippocampus in WT mice fed a
control diet (Wt Cont, n ¼ 4), WT mice fed the MB low dose diet (Wt MB
Low, n ¼ 5), WT mice fed the MB high dose diet (Wt MB High, n ¼ 5),
P301S mice fed a control diet (P301S Cont, n ¼ 4), P301S mice fed the MB
low dose diet (P301S MB Low, n ¼ 5) and P301S mice fed the MB high dose
diet (P301S MB High, n ¼ 5). MB significantly increased expression of Trx1
and TrxR1 in cerebral cortex tissue of P301S mice fed the MB low dose diet
when compared with P301S mice fed a control diet (Fisher’s PLSD, †P ,

0.05). In hippocampus, MB also significantly increased expression of Trx1,
Trx2, TrxR2, Grx1 and Prx6 in both P301S mice fed the MB low dose diet and
the MB high dose diet when compared with P301S mice fed a control diet
(Fisher’s PLSD, †P , 0.05, ‡P , 0.05) and TrxR1 and Grx2 in P301S mice
fed the MB low dose diet when compared with P301S mice fed a control diet
(Fisher’s PLSD, †P , 0.05).

Figure 6. MB promoted antioxidant defenses in P301S mice. (A) mtDNA copy
number in WT mice fed a control diet (Wt Cont, n ¼ 5), WT mice fed the MB low
dose diet (Wt MB Low, n ¼ 5), WT mice fed the MB high dosediet (Wt MB High,
n ¼ 8), P301S mice fed a control diet (P301S Cont, n ¼ 5), P301S mice fed the
MB low dose diet (P301S MB Low, n ¼ 5) and P301S mice fed the MB high
dose diet (P301S MB High, n ¼ 6). MB significantly increased mtDNA copy
number in P301S mice fed the MB low dose diet when compared with P301S
mice fed a control diet (Fisher’s PLSD, †P , 0.05). (B) Antioxidant enzyme ac-
tivity level for SOD in Wt Cont (n ¼ 5), Wt MB Low (n ¼ 7), Wt MB High (n ¼
7), P301S Cont (n ¼ 5), P301S MB Low (n ¼ 7) and P301S MB High (n ¼ 6).
MB significantly increased SOD activity in P301S mice fed the MB low dose
diet when compared with P301S mice fed a control diet (Fisher’s PLSD, †P ,

0.05).

Human Molecular Genetics, 2014, Vol. 23, No. 14 3723



Figure 7. MB modulated Nrf2/ARE genes in P301Smice. (A) Nrf2/ARE genes in cerebral cortex and (B) hippocampus of WT mice fed a control diet (Wt Cont, n ¼ 4),
WT mice fed the MB low dose diet (Wt MB Low, n ¼ 5), WT mice fed the MB high dose diet (Wt MB High, n ¼ 5), P301S mice fed a control diet (P301S Cont, n ¼ 4),
P301S mice fed the MB low dose diet (P301S MB Low, n ¼ 5) and P301S mice fed the MB high dose diet (P301S MB High, n ¼ 5). In the cerebral cortex, MB sig-
nificantly increased expression of Nrf2, and HO1 in P301S mice fed the MB high dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, ‡P ,
0.05) and significantly decreased expression of iNOS in P301S mice fed the MB low dose diet and the MB high dose diet when compared with P301S mice fed a control
diet (Fisher’s PLSD, †P , 0.05, ‡P , 0.05). In the hippocampus, MB significantly increased expression of Nrf2 in P301S mice fed the MB low dose diet and the MB
high dose diet when compared with P301Smice fed a control diet (Fisher’s PLSD, †P , 0.05, ‡P , 0.05), and significantly increasedexpression of HO1 in P301Smice
fed the MB low dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05) and NQO1, Gclc and Gclm in P301S mice fed the MB high
dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, ‡P , 0.05). iNOS mRNA levels were significantly increased in the hippocampus of
P301S mice fed a control diet when compared with WT mice fed a control diet (Fisher’s PLSD, ∗P , 0.05). MB significantly decreased iNOS expression in hippo-
campus of P301S mice fed the MB low dose diet when compared with P301S mice fed a control diet (Fisher’s PLSD, †P , 0.05). (C) Nrf2 immunoreactivity in P301S
Cont, P301S MB Low and P301S MB High. MB increased the apparent Nrf2 immunoreactivity and caused nuclear translocation of Nrf2 in P301S mice fed the MB low
dose diet and P301S mice fed the MB high dose diet when compared with P301S mice fed a control diet.
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mounting evidence associating both aging and age-related
dementias with oxidative damage (2). HO1, a stress induced
protein, and other markers of oxidative damage have been loca-
lized to the lesions associated with AD, frontotemporal demen-
tia, corticobasal degeneration and PSP, indicating that oxidative
stress occurs in both AD and other tauopathies (27,28). Similar-
ly, the p38 pathway is activated by oxidative stress and levels of
phospho-p38 are elevated in PD and PSP, and it localizes to Pick
bodies, NFTs and neuropil threads (29). Inflammatory processes
also contribute to the progression of AD (30). Although dietary
antioxidants and anti-inflammatory compounds combat the
adverse effects of oxidative stress, they have thus far been unsuc-
cessful in the treatment tauopathies. Transcriptional stimulation
of both endogenous antioxidant and anti-inflammatory systems
to produce a coordinated response may therefore be a more
effective approach.

In the present study, we evaluated the effects of MB on disease
progression in the P301S transgenic mice. These mice overex-
press a mutant form of human MAPT and develop progressive
behavioral deficits including hyperactivity and disinhibition,
and exhibit tau-related neuropathology (20,21). Synaptic defi-
cits, microglial activation, oxidative damage and mitochondrial
dysfunction precede NFT formation in this model (20,31).

The phenothiazine MB (methylthioninium chloride) is known
for its redox chemistry, and can function as an electron donor and
acceptor (11,12). Because it readily crosses the blood brain
barrier, it is of tremendous interest for the treatment of neurode-
generative diseases. MB has a hormetic dose–response in which
its beneficial effects are optimal in the lower to intermediate
range (11,13). It stimulates energy metabolism and has antioxi-
dant effects at lower doses, whereas it decreases energy metab-
olism and acts as a pro-oxidant at higher doses (32). Similarly,

dose-dependent memory improvement and increased brain
oxygen consumption were seen in rats treated with 4 mg/kg
MB, but were less consistent at 10 mg/kg MB (33).

Several recent reports examined the efficacy of MB in redu-
cing tau pathology in vivo. In a zebra fish model, MB did not in-
fluence tau pathology, neuron loss or swimming behavior (34).
In C. elegans expressing pro-aggregant tau, MB reduced deter-
gent insoluble tau and improved locomotion (14). In P301L
transgenic mice, 1 mM MB infused into the hippocampus
improved learning in the Morris Water Maze (MWM) test
(35). In another experiment, two groups of P301L mice were
treated with 10 mg/kg of MB or vehicle in the drinking water
for 12 weeks and the MB treatment significantly improved per-
formance in the MWM test (35). This was accompanied by a re-
duction in soluble tau levels; however, there was no change in tau
pathology. MB also improved learning and memory, induced
proteasome activity and reduced amyloid-beta (Ab) burden in
3xTg-AD mice, although there was no effect on tau (36). In a
recent study, MB was administered orally to P301L transgenic
mice for 5 months, beginning at 8–11 months of age, and there
was a reduction in the detergent-insoluble phospho-tau and
MC1-immunoreactive tau aggregates (37). Another recent
study showed that MB induced autophagy and reduced both
total tau and phospho-tau levels in P301L transgenic mice (18).

In the present experiments, P301S mice and WT littermates
were fed either a control diet, a diet containing 4 mg/kg MB
(low dose) or a diet containing 40 mg/kg MB (high dose) ad
libitum from 1 to 10 months of age. MB low dose diet improved
the behavioral abnormalities that are characteristic of P301S
mice, namely, hyperactivity, disinhibition and learning and
memory impairment. Hyperactivity and disinhibition were
rescued in the P301S mice fed the MB low dose diet in both
the open field and elevated plus maze. Moreover, treatment
with the MB low dose diet improved learning and memory in
the contextual fear conditioning test. Overall, the 4 mg/kg low
dose of MB was efficacious at improving all aspects of the behav-
ioral phenotype of the P301S mice, whereas the 40 mg/kg high
dose was less effective, consistent with the hormetic dose re-
sponse effect of MB seen in previous studies. Of note, the behav-
ioral improvements were seen primarily in male P301S mice fed
MB low dose diet when behavioral data were split by gender. The
gender split was not performed for other analyses because the re-
sultant would be too low for statistical information. Gender dif-
ferences have been reported in human and animal studies of
neurodegenerative diseases. We have previously shown that
male P301S mice exhibit more deficits than female P301S
mice, perhaps due to the potential protective effect of female hor-
mones like estrogen (20).

Following behavioral assessment, tau pathology was evalu-
ated in the cerebral cortex and hippocampus using the AT8 anti-
body. Tau accumulation and NFTs increase with age in P301S
mice, and they are significantly increased by 10 months of age
(20). The AT8 immunoreactivity was decreased by 34% in the
cerebral cortex and by 67% in the hippocampus of P301S mice
fed the MB low dose diet, and decreased by 87% in the hippo-
campus of P301S mice fed the MB high dose diet. Western
blot analysis also revealed a significant reduction in tau phos-
phorylation in the cerebral cortex of P301S mice fed MB low
dose diet when compared with P301S mice fed a control diet.
MB treatment therefore results in a marked reduction in both

Figure8. MB acts asNrf2 activator. (A) mRNAlevels ofHO1, NQO1and Gclc in
Nrf2 WT and Nrf2 KO MEFs. Nrf2 WT MEFs treated with 0.1, 1 or 10 mM MB
showed significantly increased levels of HO1 mRNA compared with Nrf2 WT
MEFs treated with vehicle; however, HO1 mRNA levels remained unchanged
in Nrf2 KO MEFs treated with 0.1, 1 or 10 mM MB (paired Student’s t-test,
∗P , 0.05). Nrf2 WT MEFs treated with 10 mM MB showed significantly
increased levels of NQO1 mRNA compared with Nrf2 WT MEFs treated with
vehicle and Nrf2 WT MEFs treated with 0.1 or 1 mM MB showed a trend for
increased levels of NQO1 (paired Student’s t-test, ∗P , 0.05). NQO1 mRNA
levels remained unchanged in Nrf2 KO MEFs treated with 0.1, 1 or 10 mM

MB. Nrf2 WT MEFs treated with 0.1, 1 or 10 mM MB showed significantly
increased levels of Gclc mRNA compared with Nrf2 WT MEFs treated with
vehicle; however, Gclc mRNA levels remained unchanged in Nrf2 KO MEFs
treated with 0.1, 1 or 10 mM MB (paired Student’s t-test, ∗P , 0.05).
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phospho-tau immunoreactive neurons using an antibody that
recognizes human NFTs and PHF-tau protein levels, consistent
with previous reports showing that MB reduces tau and
phosphor-tau levels both in vitro and in vivo (18).

Astrogliosis was assessed in the P301S mice as a marker of in-
flammation. Astrocytes are highly reactive and proliferate
rapidly in response to CNS injury and inflammation. Immuno-
histochemical analysis of the P301S mice fed a control diet
showed increased astrogliosis when compared with the WT
mice, indicating a pronounced increase in reactive astrocytes,
consistent with a previous study (31). There is a correlation
between increased numbers of reactive astrocytes and mutant
tau protein accumulation in TgR406W transgenic mice,
another animal model of tauopathy (38). In the present study,
both P301S mice fed the MB low dose diet and the MB high
dose diet showed markedly reduced astrogliosis when compared
with P301S mice fed a control diet, using immunohistochemical
analyses. Biochemical analyses showed that P301S mice fed the
MB low dose diet have reduced astrogliosis in cerebral cortex
tissue as evidenced by both qRT-PCR and western blot.

Because oxidative stress is believed to be a key component in
tau-related neurodegeneration, immunohistochemical analysis
of oxidative stress was performed in the cerebral cortex and
hippocampus using an 8-OHdG antibody, which is a marker of
oxidative damage to DNA. Glutathione levels, a major tissue
antioxidant, were measured by HPLC. We previously showed
that oxidative damage precedes tau pathology in the P301S
mice, and it also occurs in a hippocampal slice model of tau tox-
icity (20,39). The copper (II) beta-amyloid (Cu(II)-Ab) com-
plex, a toxic form of Ab, increases free radical generation and
produces hyperphosphorylated tau-containing axonal swellings
(40). This indicates that oxidative stress can drive tau pathology,
which is substantiated by the finding that the B-27 supplement,
a cocktail of antioxidants and the antioxidant curcumin prevent
the formation of these large axonal swellings (40). In P301S
mice, both the MB low dose diet and MB high dose diet
decreased the immunoreactivity of 8-OHdG in the cerebral cor-
tex and the hippocampus. Similarly, treatment with the MB low
dose diet led to an increase in the ratio of reduced glutathione
(GSH) to oxidized glutathione (GSSG; GSH/GSSG ratio), which
is consistent with Nrf2 activation. Collectively, these data show
that MB reduces oxidative stress.

Among the antioxidant proteins are redoxins, which combat
the deleterious effects of oxidative stress by regulation of gene
expression, anti-apoptotic activities and direct antioxidant
effects (41,42). Thioredoxins (Trxs), thioredoxin reductases
(TrxRs), glutaredoxins (Grxs) and peroxiredoxins (Prxs) are
thiol-containing proteins with various activities related to cell
viability and redox regulation. Notably, thioredoxins regulate
apoptosis, modulate transcription factors and contribute to the
maintenance of protein folding, while peroxiredoxins reduce
hydrogen peroxide (H2O2) and regulate redox cellular signaling,
and glutaredoxins counteract apoptosis and regulate cellular dif-
ferentiation (43). Moreover, Prx6-positive astrocytes are
increased in AD brain when compared with controls (44).
Grx1 expression levels are decreased after cerebral ischemia,
and Grx1 mRNA levels are decreased in NFT-bearing
neurons, suggesting that oxidative stress plays a role in the
disease (45). In the present study, MB increased mRNA expres-
sion of several redoxins including Trx1, TrxR1, Trx2, TrxR2,

Grx1, Grx2 and Prx6. Interestingly, upregulation of the redoxins
was most pronounced in the hippocampus of the P301S mice.
Other studies showed that transgenic mice that overexpress
thioredoxin (Trx) have a decreased susceptibility to oxidative
stress and an increased life span (46). Overexpression of Grx2
and Prx6 leads to increased cell survival and proliferation in
cells exposed to hypoxia and reoxygenation (47). Similarly, in
a cellular model of AD, overexpression of Grx1 and Trx1 led
to protection against Ab-mediated toxicity (48). In P301S
mice, astrocytes that localized to areas of hyperphosphorylated
tau and neuronal death showed increased expression of Prx6, in-
dicating that upregulation of this protein may occur in response
to oxidative stress (49). Of interest, the thioredoxin reductase
system, consisting of Trx, TrxR and NAPDH, is able to restore
function after peroxynitrite induced damage to tau and the
microtubule-associated protein 2 (MAP2) (50).

Mitochondria are particularly vulnerable to oxidative stress
due to the fact that mtDNA is localized to sites of high free
radical production, there is a lack of histones and it does not
encode repair enzymes (51). The mitochondrial damage hypoth-
esis suggests that early inflammatory events, and increased
production of free radicals from impaired mitochondria, lead
to proteasome inhibition and subsequent accumulation of
damaged proteins (51). Mitochondrial dysfunction occurs con-
comitantly with oxidative stress in a mouse model of tauopathy
(52), and tau hyperphosphorylation occurs as a consequence of
mitochondrial oxidative stress when there is a reduction in
MnSOD (53). Overexpression of P301L mutant tau, which is
phosphorylated more readily than WT tau, results in mitochon-
drial dysfunction including morphological changes, decreased
fission and fusion, decreased ATP levels and increased vulner-
ability to oxidative stress (54). Expression of human tau in a
Drosophila model of tauopathy causes mitochondrial elong-
ation, mitochondrial dysfunction and neurotoxicity, which are
linked to excess actin stabilization and DRP1 mislocalization
(55).

In the present study, P301S mice treated with the MB low dose
diet showed an increase in mtDNA copy number, which suggests
increased mitochondrial biogenesis. This is consistent with
previous reports showing that MB modulates and improves
mitochondrial function by increasing heme synthesis and mito-
chondrial respiration in AD-damaged brain regions such as the
hippocampus (56,57). MB induced improvements in learning
and memory in rats correlate with increased cytochrome
oxidase activity (58). We also observed that the MB low dose
diet increased SOD activity, which may contribute to its neuro-
protective effects since MnSOD deficiency increased Ab and tau
pathology in a mouse model of AD (59). Additionally, overex-
pression of MnSOD in the Tg19959 transgenic mouse model
of AD reduced oxidative stress, reduced amyloid deposition
and improved memory impairments (60).

The molecular chaperones of the heat shock protein 70
(Hsp70) family are involved in proteostasis, the folding, traffick-
ing and degradation of other proteins. Heat shock protein 72
(Hsp72) is an Hsp70 isoform that is stress-inducible (61,62).
MB reduces the ATPase activity of Hsp72 in vitro and promotes
clearance of the Hsp72 substrate tau in a dose-dependent manner
(62). It was also shown that Hsp72, but not the nearly identi-
cal constitutively expressed isoform heat shock cognate 70
(Hsc70), is irreversibly inactivated by MB oxidation of cysteine
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306 (Cys306), which is absent in Hsc70 (61). The authors also
found that Hsp72 became resistant to MB by mutation of the
key cysteines Cys267 and/or Cys306 in vitro, and overexpres-
sion of the C306S mutant suppressed MB-mediated tau degrad-
ation in a cellular model. The authors suggested that oxidation of
specific cysteine residues that were modified by MB played a
critical role in the loss of Hsp72 ATPase activity. Prominent
effects of MB in modifying cysteines were also linked to the
ability of MB to prevent tau aggregation in vitro (16,17).
Using NMR spectroscopy, it was shown that MB oxidized
cysteines in tau to sulfenic, sulfinic and sulfonic acids, which
prevented tau aggregation (16).

Among the endogenous defenses against oxidative stress are
antioxidant and anti-inflammatory signaling pathways. The
NF-E2-related factor 2 (Nrf2)/ARE signaling pathway is involved
in both antioxidant and anti-inflammatory activities. Our findings
that MB activates the Nrf2/ARE signaling pathway are consistent
with an effect on cysteine oxidation. The Nrf2 transcriptional ac-
tivator is normally bound to the protein Keap1 in the cytoplasm by
cysteine bridges. Keap1 targets Nrf2 to the Cullin3-E3 ligase
complex for ubiquitination and subsequent degradation by the
ubiquitin proteasome system. Oxidative stress and/or exposure
to electrophilic compounds cause the release and nuclear trans-
location of Nrf2. In complex with Maf proteins, Nrf2 then binds
to AREs in the promoters of antioxidant and anti-inflammatory
genes, inducing transcriptional activation of genes such as HO1,
NAD(P)H-quinone oxidoreducatse 1 (NQO1), thioredoxins,
Gclc and Gclm (63–65). Nrf2 signaling also downregulates
pro-inflammatory proteins such as iNOS and cyclooxygenase 2
(COX2), which are increased in AD brains (30,66). Thus, therap-
ies with the potential to activate the Nrf2/ARE pathway and curb
pro-inflammatory proteins are of particular interest in combating
the oxidative damage and inflammation associated with tauopa-
thies. Nrf2 overexpressing astrocytes protect against H2O2-
induced cell death in primary cortical neurons in vitro and
against malonate-mediated neurotoxicity in mouse brain in
vivo (67). We measured the mRNA levels of Nrf2/ARE genes
Nrf2, HO1, NQO1, Gclc, Gclm and iNOS following MB treat-
ment. MB treatment upregulated Nrf2/ARE genes, including
Nrf2, HO1, NQO1, Gclc and Gclm, and it decreased the
pro-inflammatory gene iNOS. MB low dose diet and MB high
dose diet also promoted the translocation of Nrf2 to the
nucleus, indicating that Nrf2 was transcriptionally active and
able to affect downstream target genes. Our findings that MB
upregulates redoxins are also consistent with Nrf2/ARE activa-
tion. The genes encoding Trx and Prxs are among the genes that
are ARE-activated (41,42,68,69). By inducing Gclc and Gclm,
Nrf2 signaling increases glutathione levels consistent with the
increase in the GSH/GSSG ratio that we observed, and the reduc-
tion in 8-OHdG levels. Curcumin, which is also known to acti-
vate the Nrf2/ARE pathway, reduces soluble tau dimers and
corrects synaptic and behavioral deficits in aged P301L tau trans-
genic mice (70–72).

In order to confirm that the neuroprotective effects of MB
were dependent on Nrf2 transcriptional signaling, we assessed
the effects of MB on activation of Nrf2-dependent genes in
WT and Nrf2 KO MEFs. Our data show that MB upregulated
Nrf2/ARE genes in an Nrf2-dependent manner such that Nrf2
WT MEFs, but not Nrf2 KO MEFs, showed significantly
increased levels of HO1, NQO1 and Gclc following MB

treatment. We therefore believe that the induction of Nrf2/
ARE transcriptional signaling may play a critical role in the neu-
roprotective effects of MB that we observed in the P301S trans-
genic mice. The results are in keeping with related studies on
Nrf2/ARE signaling in neurodegenerative diseases. Intra-
hippocampal injection of Nrf2 induces HO1 expression and
improves learning and memory in a mouse model of AD (73).
Triterpenoids upregulate Nrf2/ARE-related genes, including
HO1 and NQO1, decrease oxidative damage and exert neuropro-
tective effects in transgenic mouse models of AD (74), Hunting-
ton’s disease (75) and ALS (76). We also showed that
triterpenoids protect against the toxicity and oxidative damage
produced by either MPTP or 3-nitropropionic acid, which are
mitochondrial toxins (77,78).

MB has numerous hormetic effects at the behavioral and bio-
chemical levels (reviewed in 32), which are frequently thought to
be associated with oxidative promiscuity of this compound. On
the one hand, low doses of MB are thought to be able to rescue
mitochondria with damaged respiratory chains and to restore
ATP production. By competing for oxygen at the iron–sulfur
cluster of xanthine oxidase MB at low micromolar concentra-
tions suppresses the enzyme’s superoxide production without
inhibiting its natural catalytic activity (79–81). However, such
an ‘antioxidant’ property is a double edged sword because as
mentioned above, the reduced MB is re-oxidized by oxygen to
H2O2 (80,81). This can stimulate unproductive oxygen con-
sumption (uncouple mitochondria) and impair the efficiency of
ATP synthesis. These potentially deleterious effects might be
expected at high doses of accumulated MB.

Due to its low mildly positive midpoint redox potential
(0.01 V), MB can readily accept electrons from reduced glutathi-
one (20.28 V) (82). MB was shown to directly oxidize glutathi-
one in both aerobic and anaerobic conditions in vitro (82) and
most likely does so in vivo. It is known that tau fibril formation
is prevented by the oxidation of cysteine residues in the
protein, which can be done by oxidized MB. It was therefore sug-
gested (17) that MB should not be able to prevent tau fibril for-
mation in the cellular environment because of an abundance of
reduced glutathione. This conclusion was reached on the basis
of an in vitro experiment in which oxidized MB was not able
to oxidize tau protein’s cysteine residues in the presence of
5 mM reduced glutathione. However, we think the importance
of this in vitro finding might not be so clear when applied to in
situ conditions, since it is known that MB enters the cytosol
after being reduced at the cell surface, whereas glutathione
does not (83). Thus, at least in erythrocytes, the oxidized MB
concentration is much higher than that of reduced MB; and
even more of a disbalance toward the oxidized form can be
expected in cells containing mitochondria which can actively
oxidize MB. Therefore, in vitro experiments with the protein
and glutathione suspended in a tube with no-diffusion-barriers
and 5 mM reduced glutathione may not accurately reflect the
cytosol conditions where tau fibrils form.

Our present results therefore demonstrate that MB improves
the behavioral impairments and brain pathology found in
P301S mice and that this is associated with increased expression
of Nrf2/ARE genes, which is more likely to explain the beneficial
effects of MB than its direct anti-oxidant effects. The most strik-
ing results were seen with the MB low dose diet (4 mg/kg), con-
sistent with the hormetic dose response of the drug. We observed
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improvements in behavior and tau-related pathology that were
associated with decreased phospho-tau accumulation, increased
expression of antioxidant defenses, decreased inflammation
and increased mitochondrial biogenesis. Therefore, these
data provide further evidence that compounds such as MB,
which increase expression of Nrf2/ARE-dependent genes,
may be effective for the treatment of tauopathies and related
neurodegenerative diseases.

MATERIALS AND METHODS

Animals and treatment

Male P301S transgenic mice, which express the P301S mutant
human MAPT, and female B6C3F1/J WT mice were obtained
from Jackson Laboratory (Bar Harbor, ME, USA) and bred. Off-
spring were genotyped by PCR of tail DNA. At 1 month of age,
P301S transgenic mice and WT littermates were randomly assigned
to either control diet (LabDiet #5002, Purina-Mills, Richmond, IN,
USA), diet containing 4 mg/kg MB (low dose) or diet containing
40 mg/kg MB (high dose). Diets were provided ad libitum from 1
to10monthsofage.MB(3,7-bis(Dimethylamino)phenazathionium
chloride, C16H18ClN3S . 3H2O) was received from Sigma-Aldrich
(St Louis, MO, USA) and diets were pelleted by Purina-Mills.

Behavioral analysis was performed on all mice at 5, 7 and 9
months of age. Mice were then divided into two groups, those
intended for histology and those intended for biochemistry.
Histological and biochemical analyses were performed at 10
months of age. All experiments were approved by the Weill
Cornell Medical College Institutional Animal Care and Use
Committee.

Behavioral assessment

A battery of behavioral analyses, including the open field test,
elevated plus maze, and body weight and consumption measure-
ments, was conducted at 5, 7 and 9 months of age. The open field
test was used to assess locomotion and exploration as previously
described (84). Briefly, mice were placed in the open field for a
5 min trial during which distance moved and rearing frequency
were recorded by a video tracking system (Ethovision 3.1,
Noldus Technology, Attleborough, MA, USA). The elevated
plus maze was used at 7 and 9 months of age to measure both
anxiety, as indicated by time spent in the open arms of the appar-
atus, and exploration, as indicated by total number of entries into
the arms of the apparatus. Body weight and consumption were
also measured at 5, 7 and 9 months to ensure that there were
no adverse effects of the diets on weight or appetite.

During the 9-month behavioral assessment, an additional be-
havioral measurement was used to assess learning and memory.
Contextual fear conditioning was conducted over a 2-day period.
On day 1, mice were introduced to a neutral context during a ha-
bituation period. Electrical shock was used as a negative stimu-
lus within the neutral context, and two electrical shocks were
delivered during the trial on day 1 of testing. The percent time
spent freezing was recorded (Coulbourn Instruments, Allen-
town, PA, USA). The degree of learning and memory was then
assessed by the percent time spent freezing during the trial on
day 2, during which no shocks were delivered by the apparatus.

Tissue collection and storage

At 10 months of age, mice intended for biochemical studies were
sacrificed by decapitation. Brain tissues were collected, dis-
sected and snap frozen in liquid nitrogen. All tissues were
stored at 2808C until processing.

Mice intended for immunohistochemistry and histology
studies were also sacrificed at 10 months of age. Sodium pento-
barbital was used to deeply anesthetize the mice before transcar-
dial perfusion with ice-cold 0.9% sodium chloride followed by
4% paraformaldehyde. Brains were collected and stored in 4%
paraformaldehyde followed by 30% sucrose and, finally, cryo-
protectant solution.

Immunohistochemistry and histology

Paraformaldehyde-fixed brain tissue was sectioned at 40 mm
thickness. Sections were stained with the AT8 mouse monoclonal
anti-human tau pSer202/Thr205 antibody (1:500, Thermo Fisher
Scientific, Rockford, IL, USA), anti-8-hydroxydeoxyguanosine
antibody (8-OHdG, 1:200, Millipore, Billerica, MA, USA), anti-
GFAP antibody (GFAP; 1:500, DAKO, Carpinteria, CA, USA) or
anti-NF-E2-related factor 2 antibody (Nrf2, 1:50, Abcam, Cam-
bridge, MA, USA). Immunolabeling was detected with the
streptavidin-horseradish peroxidase method and visualized with
diaminobenzidine visualization system (Vector, Burlingame,
CA, USA). Quantification of AT8 was done using two 40 mm
serial non-adjacent sections per animal (480 mm apart, from
bregma –1.34 through bregma –2.84 through the cerebral
cortex and hippocampus). The percentage area occupied by
AT8 was measured using Scion Image (Scion Corp., Frederick,
MD, USA). For the cerebral cortex, measures were determined
within a 0.9 mm2 area encompassing the primary (M1) and sec-
ondary (M2) motor cortex and the threshold was set to 60. For
thehippocampus, the percentareaoccupiedbyAT8-labeledstruc-
tures in the CA1 was determined and the threshold was set to 90.

Protein measurement by western blot

Snap frozen cerebral cortex tissues were homogenized in RIPA
buffer with protease and phosphatase inhibitors (Santa Cruz Bio-
technology, Santa Cruz, CA, USA). Equal amounts of protein
were electrophoresed through 4–20% Criterion TGX Precast
Gels (Bio-Rad, Hercules, CA, USA). After transfer to polyviny-
lidene fluoride, membranes were blocked in 5% non-fat dry milk
in phosphate buffer saline with 0.05% Tween 20 (PBST) and
exposed overnight to the primary antibody at 48C. Horseradish
peroxidase-conjugated secondary antibody binding was visua-
lized with enhanced chemiluminescence (Pierce, Rockford, IL,
USA).

Primary antibodies and concentrations used for western blot-
ting were AT8 mouse monoclonal anti-human tau pSer202/
Thr205 (1:500, Thermo Fisher Scientific), anti-GFAP antibody
(GFAP; 1:5000, DAKO) and mouse monoclonal anti-b-actin
(1:10 000, Sigma, St Louis, MO, USA). Quantitative analysis
was performed using NIH-based Scion Image software (Scion
Corp.). Statistical analysis was performed using ratios of
the densitometric value of each band normalized to b-actin as
loading control.
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Glutathione measurement by high-performance liquid
chromatography (HPLC) mass spectrometry

Cerebral cortex tissue samples were homogenized with a buffer
containing 200 mM methane sulphonic acid with 5 mM DTPAC
as previously described (85). Briefly, 20 vol of buffer were added
to each sample. Samples were homogenized and centrifuged for
30 min at 14000g at 48C. Supernatants were collected and fil-
trated in an eppendorf UltraFree 5 kDa filter. An Agilent 1290
LC system coupled to an ESI-Q-TOF MS/MS 6520 instrument
(Agilent Technologies, Barcelona, Spain) was used to analyze
the samples. Two microliters of extracted sample was applied
to a reversed-phase column (Zorbax SB-Aq 1.8 mm 2.1 ×
50 mm; Agilent Technologies) equipped with a pre-column
(Zorba-SB-C8 Rapid Resolution Cartridge 2.1 × 30 mm
3.5 mm; Agilent Technologies) with a column temperature of
608C. The flow rate was 0.6 ml/min. Solvent A was composed
of water containing 0.2% acetic acid and solvent B was composed
of methanol 0.2% acetic acid. The gradient started in 2% B and
increased to 98% B in 13 min and hold at 98% B during 6 min.
Pot-time was established in 5 min. Data were collected in positive
electrospray mode TOF operated in full-scan mode at 50–
1600 m/z in an extended dynamic range (2 GHz), using N2 as
the nebulizer gas (10 l/min, 3508C). The capillary voltage was
4000 V with a scan rate of 1.5 scan/s. The ESI source used a sep-
arate nebulizer for the continuous, low-level (10 l/min) introduc-
tion of reference mass compounds: 121.050873, 922.009798,
which were used for continuous, online mass calibration. Mas-
sHunter Qualitative Analysis Software (Agilent Technologies)
was employed for integration and extraction of peak intensities.
The m/z values used for quantification were: m/z 308.0966
[M+H]+ for GSH and m/z 613.1594 [M+H]+ for GSSG. Inter-
assay and intra-assay CV were below 5%.

Gene expression by qRT-PCR

Snap frozen cerebral cortex and hippocampus tissues were pro-
cessed for RNA extraction (Qiagen RNeasy Mini Kit, Valencia,
CA, USA). qRT-PCR was performed at the Weill Cornell
Medical College Microarray Core Facility using the ABI
Prism 7900HT sequence detection system (Applied Biosystems,
Foster City, CA, USA). The following genes were analyzed
using SybrGreen assays: GAPDH, GFAP, Trx1, TrxR1, Trx2,
TrxR2, Grx1, Grx2, Prx6, Nrf2, HO1, NQO1, Gclc, Gclm and
iNOS.

mtDNA copy number

Fresh, non-fixed, snap-frozen cerebral cortex tissues stored at
2808C were processed for mtDNA copy number as previously
described (86). Briefly, DNA extraction was performed accord-
ing to the manufacturer’s protocol (Qiagen Kit, Valencia, CA,
USA). The relative mtDNA copy number was determined by
qRT-PCR on an ABI PRISM 7900H Sequence Detection
System (Applied Biosystems) using the TaqManw Universal
PCR Master mix and predeveloped TaqManw Gene Expression
Assay primers/probes (Applied Biosystems) for mitochondrial
cytochrome oxidase 2 and b-actin (nuclear DNA control).
Results were calculated from the threshold cycle values and
expressed as the 22DCT of cytochrome oxidase 2 to b-actin.

SOD activity in enriched mitochondrial fractions

Fresh, non-fixed, snap-frozen frontal lobe samples (�30–
55 mg) were stored frozen at 2808C until assaying. Tissue
samples were thawed on ice and homogenized with Dounce-type
2 ml homogenizer (glass vessel/glass pestle) before assays. The
homogenate was centrifuged at 1000g × 5 min to get rid of
nuclear fraction and cell debris. The resulting supernatant was
centrifuged at 14 000g × 5 min. The pellet was collected and
centrifuged again at 14 000g × 5 min and the final pellet was
re-suspended in 20 mM HEPES (pH 7.8) and used for all
assays. All samples were assayed for SOD activity (Superoxide
Dismutase Assay Kit, Cayman Chemical, Ann Arbor, MI, USA).
All activities were normalized by protein content (BCA Protein
Assay, Thermo Scientific, FL, USA).

Cell culture and treatments

Nrf2 WT and KO MEFs were received from Dr Thomas
W. Kensler (University of Pittsburgh) (87). Cells were main-
tained in the IMDM medium supplemented with 10% FBS,
100 U/ml penicillin and 100 mg/ml streptomycin, in a humidi-
fied incubator set at 378C 5% CO2. MB (Sigma-Aldrich) was dis-
solved in DMSO. Cells were treated with 0.1, 1 or 10 mM MB or
the solvent for 3 or 8 h in triplicates.

Total RNA was prepared from MB treated and control cells
using Trizol reagent (Life Technologies, Carlsbad, CA, USA).
Half microgram of total RNA was reverse transcribed using
High Capacity Reverse Transcription Kit (Life Technologies).
cDNA was diluted and 100 ng was used to measure relative ex-
pression of genes with respect to control WT, normalized to the
expression of GAPDH. Specific primers listed below and SyBR
Selectw kit (Life Technologies) was used to amplify cDNA in an
ABI Prism 7900HT RT-PCR. Relative gene expression was
determined using the DDCt method compared with that of WT
control, all values normalized to GAPDH expression.

Statistical analysis

Analysis of variance and post hoc Fisher’s PLSD test were used
for multiple comparisons (comparing six groups: WT mice fed a
control diet, WT mice fed a the MB low dose diet, WT mice fed a
the MB high dose diet, P301S mice fed a control diet, P301S mice
fed the MB low dose diet and P301S mice fed the MB high dose
diet) for all data sets (Statview 5.0.1, SAS Institute Inc., Cary,
NC, USA). For cell culture experiments, significance was set at
P , 0.05 as determined by two-tailed, paired Student’s t-test.
All presented data were expressed as means+ standard errors
of the means.
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