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Selenomethionine Mitigates Cognitive Decline by Targeting
Both Tau Hyperphosphorylation and Autophagic Clearance
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Tau pathology was recently identified as a key driver of disease progression and an attractive therapeutic target in Alzheimer’s disease
(AD). Selenomethionine (Se-Met), a major bioactive form of selenium (Se) in organisms with significant antioxidant capacity, reduced
the levels of total tau and hyperphosphorylated tau and ameliorated cognitive deficits in younger triple transgenic AD (3xTg-AD) mice.
Whether Se-Met has a similar effect on tau pathology and the specific mechanism of action in older 3xTg-AD mice remains unknown.
Autophagy is a major self-degradative process to maintain cellular homeostasis and function. Autophagic dysfunction has been impli-
cated in the pathogenesis of multiple age-dependent diseases, including AD. Modulation of autophagy has been shown to retard the
accumulation of misfolded and aggregated proteins and to delay the progression of AD. Here, we found that 3xTg-AD mice showed
significant improvement in cognitive ability after a 3-month treatment with Se-Met beginning at 8 months of age. In addition to attenu-
ating the hyperphosphorylation of tau by modulating the activity of Akt/glycogen synthase kinase-3� and protein phosphatase 2A,
Se-Met-induced reduction of tau was also mediated by an autophagy-based pathway. Specifically, Se-Met improved the initiation of
autophagy via the AMP-activated protein kinase–mTOR (mammalian target of rapamycin) signaling pathway and enhanced autophagic
flux to promote the clearance of tau in 3xTg-AD mice and primary 3xTg neurons. Thus, our results demonstrate for the first time that
Se-Met mitigates cognitive decline by targeting both the hyperphosphorylation of tau and the autophagic clearance of tau in AD mice.
These data strongly support Se-Met as a potent nutraceutical for AD therapy.
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Introduction
Alzheimer’s disease (AD), the most common type of dementia in
aged people, is an untreatable neurodegenerative disorder char-

acterized by abnormal accumulations of �-Amyloid (A�) oli-
gomers and intracellular neurofibrillary tangles (NFTs) in the
brain attributable to hyperphosphorylated tau that results in pro-
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Significance Statement

Selenium has been widely recognized as a vital trace element abundant in the brain with effects of antioxidant, anticancer, and
anti-inflammation. In this study, we report that selenomethionine rescues spatial learning and memory impairments in aged
3xTg-AD mice via decreasing the level of tau protein and tau hyperphosphorylation. We find that selenomethionine promotes the
initiation of autophagy via the AMPK–mTOR pathway and enhances autophagic flux, thereby facilitating tau clearance in vivo and
in vitro. We have now identified an additional, novel mechanism by which selenomethionine improves the cognitive function of
AD mice. Specifically, our data suggest the effect of selenium/selenomethionine on an autophagic pathway in Alzheimer’s disease.
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gressive synaptic dysfunction and cognitive deficits (Balducci and
Forloni, 2014; Orr et al., 2014; Shibuya et al., 2014; Alzheimer’s
Association, 2015; Sui et al., 2015). A� has been widely viewed as
the principal therapeutic target of AD. However, increasing evi-
dence suggests that the generation of A� and tau dysfunction
have an intrinsic relationship and together may synergistically
trigger disease pathogenesis (Eckert et al., 2010; Hurtado et al.,
2010; Yu et al., 2014). Pathological alterations in tau mediate A�-
and inflammation-induced neurotoxicity, and a reduction in tau
can prevent A�- and inflammation-induced neurodegeneration
(Vossel et al., 2010, 2015; Maphis et al., 2015). Tau pathology
(tauopathy) better correlates with cognitive impairment in AD
patients than A� pathology. Thus, tau has emerged as a meaning-
ful target for pathological research and pharmaceutical interven-
tions for AD.

Tau is a microtubule-associated protein encoded by the MAPT
gene located on chromosome 17 that dynamically regulates the po-
lymerization, stability, and assembly of axonal microtubules (Gend-
ron and Petrucelli, 2009). An increasing body of evidence suggests
that tauopathies caused by pathological changes in tau proteins (e.g.,
misfolding, mislocalization, and hyperphosphorylation) exist in
�30 neurodegenerative diseases, with hyperphosphorylated tau
presenting as a pathological feature of AD (Berger et al., 2007;
Kopeikina et al., 2012). Tau hyperphosphorylation is site specific
and mainly occurs at serine/threonine residues, such as Thr231,
Thr235, Ser396, Ser404, Ser262, and Ser202 (Ding et al., 2006; Wang
et al., 2014). Thus, serine/threonine protein kinases and phospha-
tases that regulate tau phosphorylation directly, such as glycogen
synthase kinase-3� (GSK3�) and protein phosphatase 2A (PP2A),
may play a crucial role in AD-related tau pathology (Hu et al., 2006).
Inhibition of GSK3� or activation of PP2A ameliorated cognitive
impairment in AD mice by attenuating tau hyperphosphorylation
(Y. Zhang et al., 2014; Castro-Alvarez et al., 2015). We previously
reported that selenomethionine (Se-Met), a major form of dietary
selenium (Se) with powerful antioxidant capacity, reduced tau hy-
perphosphorylation by modulating the activity of GSK3� and PP2A
in 4-month-old triple transgenic AD mice (3xTg-AD; Song et al.,
2014). Our study was the first to reveal that Se-Met has a positive
effect on cognitive ability and tau pathology in AD. However, poten-
tial mechanisms by which this occurs remain unclear. In 3xTg-AD
mice, human mutant P301L-tau is an abnormally overexpressed
protein that is particularly prone to misfolding and site-specific hy-
perphosphorylation (Santacruz et al., 2005; Terwel et al., 2005;
Hunsberger et al., 2014). Therefore, besides reducing hyperphos-
phorylation, clearance of this mutant tau protein or abnormally hy-
perphosphorylated tau could represent another method to prevent
tauopathies.

Macroautophagy is a major cellular pathway for the degradation
and clearance of damaged organelles and/or denatured and aggre-
gated proteins/peptides. The autophagy process serves to maintain
cellular homeostasis, which depends on the fusion of autophago-
somes and lysosomes (i.e., autophagolysosomal fusion; Levine and
Klionsky, 2004; Mizushima et al., 2008). Previous studies have
shown that autophagic dysfunction in the CNS causes neurodegen-
eration in mice and that defects in autophagosome formation and
autophagosome–lysosome fusion occur early during AD pathogen-
esis (Komatsu et al., 2006; Zare-Shahabadi et al., 2015). Promoting
autophagy initiation, autolysosome formation, and lysosome bio-
genesis reduced the expression and aggregation of abnormal tau
protein in AD models (Shibuya et al., 2014; Y. Kim et al., 2015; Siman
et al., 2015). Oxidative stress can regulate autophagic pathways in
neurodegeneration, and autophagy may functionally bridge oxida-
tive stress and the development of AD (Zheng et al., 2006; Hensley

and Harris-White, 2015). Based on our research and other previous
studies, integrated pathological characteristics of tau occur at�8–12
months of age in the 3xTg-AD mouse (Oddo et al., 2003a,b). Thus,
in this study, the therapeutic effect and underlying mechanisms of
Se-Met on tau pathology were explored in 8-month-old AD mice.
We found that Se-Met rescued cognitive impairments of 3xTg-AD
mice, modulated the activity of Akt/GSK3� and PP2A to decrease
hyperphosphorylated tau, initiated autophagy via the AMP-acti-
vated protein kinase (AMPK)–mammalian target of rapamycin
(mTOR) pathway, and enhanced autophagic flux to promote the
autophagic clearance of tau in aged 3xTg-AD mice.

Materials and Methods
Animals and treatment. 3xTg-AD and wild-type (WT) mice were pur-
chased from The Jackson Laboratory (hybrid 129/C57BL6 background,
JAX order number 3591206). These mice express the mutant human
APPswe and tauP301L genes and the mutant mouse PS1M146V gene.
3xTg-AD mice (the fourth generation) at 8 months of age (n � 12; six
males and six females) were treated with 6 �g/ml Se-Met (Sigma-
Aldrich) in their drinking water for 12 weeks. The control mice and WT
mice (n � 12 per group; six males and six females in each group) received
normal drinking water. The body weight of each mouse was recorded
every 2 weeks. The mice were maintained under standard laboratory
conditions, including a 12 h light/dark cycle, a temperature of 22 � 2°C,
and ad libitum access to water and food. Each cage housed three to four
mice with the same genotype.

After treatment with Se-Met for 12 weeks and the subsequent behav-
ioral testing, mice were killed and their brains were rapidly removed. The
left hemisphere was immersion fixed with 4% paraformaldehyde for
24 h, dehydrated with a graded ethanol series, cleared with xylene, infil-
trated with wax, and cut into 5-�m-thick sections. The right hemisphere
was dissected into hippocampal and cortical samples, snap frozen in
liquid nitrogen, and stored at �80°C until analysis. The experiments and
procedures were performed in strict accordance with the institutional
guidelines regarding experimental animal use at Shenzhen University.
The protocol was approved by the Animal Ethical and Welfare Commit-
tee of Shenzhen University (permit number AEWC-20140615-002). All
efforts were made to minimize suffering.

Morris water maze. WT mice (11 months old), 3xTg-AD mice, and
Se-Met-treated mice were trained in a round, water-filled tub (160 cm in
diameter and 50 cm in height) as described previously (Song et al., 2014).
Each mouse was given four trials per day for 5 consecutive days with a
15 min intertrial interval. The first day was designated as the training day,
and the maximum trial length was 60 s. If mice did not reach the platform
in the allotted time, they were manually guided to it, where they re-
mained for 15 s. After the 5 d of task acquisition, probe trials were per-
formed 24 and 72 h later to assess short-term and long-term memory
consolidation. The platform was removed, and the mice were placed into
the quadrant of the pool opposite to the original platform quadrant. In
each probe trial, mice were allowed to swim for 60 s. The time mice spent
in the original platform quadrant and the number of times the mice
crossed the platform position were recorded. All trials were recorded
using an HVS water maze program for subsequent analyses of escape
latency and swimming speed (WaterMaze 3; Actimetrics).

Step-down test. The mice were subjected to a step-down test in a pas-
sive avoidance chamber. The floor of the chamber consisted of copper
rods and a well-insulated platform made of rubber in a corner of the
chamber. Mice were placed in the chamber for a 3 min adaptation period
and then placed on the platform. The latency to step down on the grid
with all four paws was measured. After stepping down on the copper bars,
the mice received an immediate mild electrical shock (36 V). To avoid the
shock, mice showed an instinctive reaction to jump back onto the plat-
form. Mice were tested in this manner for 5 min. The number of times
mice stepped down from the platform within 5 min was defined as the
acquisition error. After 24 h, this procedure was repeated, and the step-
down latency (SDL) was used as a measurement of memory retention.
The number of times that mice stepped down onto the platform within
the 3 min interval was recorded as the error time.
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Western blot analysis. The right hemibrain was dissected into hip-
pocampal and cortical samples and homogenized in 9 vol of Tris-
buffered saline (TBS) with a protease inhibitor mixture and phosphatase
inhibitors (Roche). The samples were centrifuged at 13,000 � g for 1.5 h
at 4°C. The TBS-soluble supernatants were collected, and the pellets were
resuspended in 2 vol of 5% SDS containing a protease inhibitor mixture
and phosphatase inhibitors. The TBS-insoluble pellet mixtures were son-
icated for 1 min in an ice bath and centrifuged at 13,000 � g for 30 min at
4°C. The supernatants of TBS-insoluble homogenates were also col-
lected. The protein concentration of each sample was determined using
the bicinchoninic acid assay (Sigma-Aldrich). Proteins (20 �g) were
loaded into each lane of a 10 –15% SDS-polyacrylamide gel. After elec-
trophoresis, proteins were transferred onto 0.45 nm polyvinylidene di-
fluoride membranes (Millipore) at 100 mA for 1.5 h. The membrane was
then blocked with 5% fat-free milk in TBS for 2 h at 37°C, followed by
incubation with primary antibodies (Table 1) overnight at 4°C and
horseradish peroxidase-conjugated secondary antibodies (anti-mouse
and anti-rabbit; NeoBioscience) for 1 h at 37°C. The immunoreactive
bands were visualized with an electroluminescence kit and scanned for
densitometric analysis using an imaging system (Image Station 4000 M;
Kodak) and Quantity One software (Bio-Rad). �-Actin and GAPDH
were used as the loading control.

Immunofluorescent staining. Sagittal paraffin sections (5 �m thick) of
mouse brains were mounted on glass slides. The sections were pretreated
with 0.01 mol/L citrate buffer, pH 6.0, in hyperthermy for 5 min and
blocked with 5% goat serum in PBS for 10 min. Next, the sections were
incubated with primary antibodies overnight at 4°C, followed by incuba-
tion with secondary antibodies (1:500 in PBS) for 1 h at 37°C. The pri-
mary antibodies used in this study were summarized in Table 1. The
primary antibodies were detected using Alexa Fluor fluorescent dye-
conjugated secondary antibodies (anti-mouse and anti-rabbit; Alexa
Fluor 488 and 695, Multi Sciences Biotech). Three equidistant sec-
tions that included the whole hippocampal and frontal cortical areas
were evaluated per animal. For the analysis and quantification of
immunoreactive areas, the sections were imaged by fluorescence mi-
croscopy (Olympus).

Primary neuron cultures. Primary cortical neurons were obtained from
postnatal (P0–P1) pups of WT and 3xTg-AD mice. Briefly, cortices were
dissected from the brains and digested with 2 mg/ml papain for 30 min at
37°C. Digested tissue was triturated by pipetting in DMEM with 10% FBS.
Dissociated cells were cultured in neurobasal medium supplemented with
2% B27, 0.5 mM L-glutamine, and 50 U/ml penicillin–streptomycin using
poly-D-lysine-coated six-well cell culture plates at a density of 0.5 � 106

cells/well. For confocal microscopy, cells were seeded onto 13 mm glass
coverslips precoated with poly-D-lysine and incubated in 24-well cell culture
plates at a density of 1.5 � 105 cells/well. The medium was completely
replaced after 4 h, and half of the medium was subsequently replaced every
3 d. To observe the effects of Se-Met on tau pathology, the neurons were
treated on day 8 with 1 �M Se-Met for 24 h.

Cell culture, transfection, and bafilomycin A1 treatment. Mouse neuro-
blastoma Neuro-2a (N2a) cells stably expressing human APP695
(N2a-sw cells) were obtained from Prof. Yunwu Zhang (Institute for
Biomedical Research, Xiamen University, Xiamen, China). Cells were
cultured in DMEM/Opti-MEM (1:1, v/v) containing 200 �g/ml G418,
10% fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomy-
cin at 37°C in humidified 5% CO2/95% air. The cells were passaged every
3 d and grown to 80% confluence. The mTagRFP-mWasabi-LC3 plas-
mid was a generous gift from Dr. Cuihong Zhou (Peking University,
Beijing, China). Approximately 1.4 � 10 5 cells were plated into each well
of a 24-well plate 24 h before transfection. Plasmid (500 ng/well) trans-
fections were performed with Lipofectamine 2000 (11668; Invitrogen)
according to the manufacturer’s protocol. To study the effect of Se-Met
on autophagic flux in N2a-sw cells, cells were pretreated with bafilomy-
cin A1 (10, 50, 100, 200, or 400 nM) 4, 8, or 16 h before Se-Met treatment.
The cells were treated with Se-Met for 24 h.

Isolation of autophagic vacuoles and lysosomes from brain tissue. For
each group, six different fresh hemibrains were pooled. Using a modified
protocol from Marzella L (Marzella et al., 1982), the samples were
homogenized and subjected to differential centrifugation. The nuclear
fraction and any unbroken cells were precipitated; then, the fraction
enriched in autophagic vacuoles, lysosomes, and mitochondria was col-
lected (Cuervo et al., 1995; Yang et al., 2014). The different organelles in
this fraction were isolated by flotation in a discontinuous gradient of
Nycodenz (50, 26, 24, 20, and 10%). A fraction containing mainly au-
tophagosomes was recovered from the 10 –20% interface, a fraction en-
riched in autolysosomes was isolated from the 20 –24% interface, and a
lysosome-enriched fraction was recovered from the 24 –26% interface.
These fractions were washed by centrifugation in 0.25 M sucrose. Next,
the pellets were homogenized in 3 vol of TBS with a protease inhibitor
mixture and phosphatase inhibitors (Roche), sonicated for 1 min in an
ice bath, and centrifuged at 13,000 � g for 30 min at 4°C. The samples
were then stored for subsequent Western blotting.

RNA isolation, cDNA synthesis, and RT-PCR for tauP301L mRNA. Total
RNA was extracted from the hippocampi of AD mouse brains using TRIzol
reagent. Total RNA (2.5 �g) was reverse transcribed with an oligo dT primer
in a 10 �l volume using the PrimeScript first-strand cDNA synthesis kit
(Takara Bio) according to the manufacturer’s instructions. PCR was per-
formed with 25 cycles of 1 min at 94°C, 1 min at 48°C, and 2 min at 72°C in
a 25 �l reaction mixture containing 12.5 �l of GoTag Green Master Mix
(Promega), 0.5 �l of the forward and reverse Tau5 primers (1 �M each) or
�-actin primers (10 pM each), 0.5 �l of first-strand cDNA, and 11 �l of
nuclease-free water. The primer sequences used were 5�-TCGCAGTCAC
CGCCACCCAC-3� (forward) and 5�-TGTCATCGCTTCCAGTCCCG
TC-3� (reverse) for tauP301L and 5�-GGAGAAGATCTGGCACCACA
CC-3� (forward) and 5�-CCTGCTTGCTGATC CACATCTGCTGG-3� (re-
verse) for mouse �-actin. The �-actin primer was used as an internal control.
Each PCR product (10 �l) was run on a 2% agarose gel containing 0.1 �g/ml
ethidium bromide, and the amplified products (750 bp for tauP301L and
840 bp for �-actin) were visualized using an imaging system (G: Box;
Syngene).

Transmission electron microscopy. Transmission electron microscopy
was performed as described previously (Su et al., 2014; Jiang et al., 2015).
Briefly, mouse hippocampi were fixed with 2.5% glutaraldehyde for 2 h at
4°C and 1% osmium tetroxide for 2 h at 4°C. After washing three times in
distilled water, samples were dehydrated in a graded ethanol series and
embedded in epoxy resin. Next, the samples were ultrathin sectioned
(DiATOME knife and Leica ultramicrotome), stained with 2% uranyl
acetate and 2% lead citrate, and analyzed using an FEI Tecnai G2 Spirit
transmission electron microscope.

Statistical analysis. The data were analyzed using GraphPad Prism soft-
ware. All data are expressed as the mean � SEM and considered statisti-
cally significant at a level of p 	 0.05. A repeated-measures ANOVA was

Table 1. Antibody information

Antibody Host Application Source

Tau5 Mouse IMB/IMF Abcam
Tau-pS404 Rabbit IMB/IMF Abcam
Akt Rabbit IMB Cell Signaling
p-Akt Rabbit IMB Cell Signaling
GSK3� Mouse IMB Cell Signaling
p-GSK3� Rabbit IMB Cell Signaling
PP2A Rabbit IMB Cell Signaling
p-PP2A Rabbit IMB Epitomics
Map2 Chicken IMF Abcam
mTOR Rabbit IMB Cell Signaling
p-mTOR Rabbit IMB Cell Signaling
P70S6K Rabbit IMB Cell Signaling
p-P70S6K Rabbit IMB Cell Signaling
AMPK� Rabbit IMB Cell Signaling
p-AMPK� Rabbit IMB Cell Signaling
SQSTM1/p62 Rabbit IMB Santa Cruz Biotechnology
Cathepsin D Rabbit IMB/IMF Cell Signaling
LC3 Rabbit IMB/IMF Sigma
LC3B Rabbit IMB/IMF Genetex
GAPDH Mouse IMB Proteintech
�-Actin Mouse IMB Proteintech

IMB, Immunoblot; IMF, immunofluorescence.
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used to analyze the behavioral test data. The one-way ANOVA and mul-
tiple comparisons test were used to analyze the immunoblot and RT-
PCR data.

Results
Se-Met rescues spatial memory deficits in 8-month-old
3xTg-AD mice
To examine the therapeutic efficacy of Se-Met, we used 8-month-
old 3xTg-AD mice, which express mutant human APPswe,
tauP301l, and mutant mouse PS1M146V. These mice along with
age-matched WT mice were administered drinking water with
Se-Met (6 �g/ml, n � 12) or nontreated water (n � 12) for
3 months, followed by behavioral analyses.

Spatial learning was assessed using the Morris water maze test,
which measures the time required for mice to find the hidden
platform (escape latency). A shorter escape latency was consid-
ered better spatial learning. We found that the escape latencies of
the 3xTg-AD mice were markedly longer than those of WT
mice. However, the prolonged latency was mostly reversed with
Se-Met treatment (Fig. 1A). A t test revealed that Se-Met-treated
3xTg-AD mice performed significantly better than those of the
control mice beginning on the second day (day 2 and day 4,
p 	 0.05). Moreover, Se-Met-treated mice exhibited significantly
shorter total escape latencies over 5 consecutive training days. No
significant differences were observed in the swimming speed
among the three groups (Fig. 1A,B), indicating that the effect of
Se-Met on learning and memory was independent of physical
performance.

Probe trials were conducted to evaluate the spatial reference
memory of the mice 24 and 72 h after the 5 d training. The time
spent in the target quadrant and the number of times the mice
crossed the previous platform location during a single 60 s trial
were measured. Twenty-four hours after training, 3xTg-AD mice
spent significantly less time in the target quadrant than WT mice.
Treatment with Se-Met significantly reversed this effect in trans-
genic mice (p 	 0.05; Fig. 1C). In addition, Se-Met-treated mice
swam across the platform location more frequently than the con-

trol mice (p 	 0.05; Fig. 1D). Similar results were obtained in the
72 h memory trial. Se-Met-treated 3xTg-AD mice spent more
time in the target quadrant (p 	 0.05; Fig. 1E). Se-Met-treated
mice showed a trend toward increased platform crossings, but
these data were not significantly different from those of the con-
trol mice (Fig. 1F).

The step-down passive avoidance test was also used to evalu-
ate the effect of Se-Met on the learning and memory of the trans-
genic mice. Compared with WT mice, 3xTg-AD mice exhibited a
poor performance consisting of a significant increase in the num-
ber of errors (p 	 0.05; Fig. 1H) and a significant decrease in SDL
(p 	 0.05; Fig. 1G). Se-Met treatment did not significantly affect
the SDL of 3xTg-AD mice, but the number of errors was signifi-
cantly decreased. These findings suggest that Se-Met treatment
effectively rescues the spatial memory deficits in 11-month-old
AD mice.

Se-Met reduces the accumulation of total tau and
hyperphosphorylated tau
Our previous work found that Se-Met ameliorated tau pathology
in the brains of 4-month-old 3xTg-AD mice (Song et al., 2014).
To determine whether Se-Met had a similar effect on older
3xTg-AD mice when the integrated pathological features of tau
have developed in the brain, the pathological changes of tau were
investigated in the hippocampus and cortex, which represent the
most sensitive regions affected in the AD brain (Bryan et al.,
2009). After 3 months of treatment with Se-Met, Western blot
analysis of total tau levels showed significant reductions in Tris-
buffered saline (TBS)-soluble and TBS-insoluble tau in the hip-
pocampus (p 	 0.01 and p 	 0.05, respectively; Fig. 2A,B) and
cortex (p 	 0.05 and p 	 0.001, respectively; Fig. 2C,D) in Se-
Met-treated mice compared with untreated controls. Besides re-
ducing total tau protein levels (P301L-tau, human full-length tau
protein, about 55 kDa; Fig. 2), Se-Met treatment also decreased
the levels of 35– 45 kDa tau fragments, but the difference was not
statistically significant (data not shown). The level of pS404-tau

Figure 1. Se-Met administration ameliorates cognitive deficits in 3xTg-AD mice. A–F, The Morris water maze test was used to evaluate spatial memory in mice. A, B, During the 4 d of spatial
orientation trials, escape latencies and swimming speed were measured to assess the memory and the locomotor ability of the mice, respectively. C–F, For the 24 and 72 h probe trials, respectively,
the time spent in the target quadrant and the number of crossings over the original platform area were recorded. G, H, The latency period and number of errors during a step-down-type passive
avoidance test were detected. The values are shown as the mean � SEM, and 12 mice were tested per group. *p 	 0.05; **p 	 0.01.
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was also significantly decreased in the TBS-soluble and TBS-
insoluble fractions from the hippocampus (p 	 0.01 and p 	
0.01, respectively; Fig. 2A,B) and TBS-soluble fractions from the
cortex (p 	 0.05; Fig. 2C,D) of Se-Met-treated mice. A histo-
pathological analysis of total tau in the dentate gyrus, CA1
(cornu ammonis 1), and cortical regions of the brain revealed
that Se-Met-treated mice showed markedly less tau immuno-
staining than control mice (Fig. 2E). Similarly, neuronal stain-
ing using a specific antibody against pS404-tau revealed lower
fluorescence intensity in the hippocampus of Se-Met-treated
mice than in control mice (Fig. 2F ).

To further ascertain the effect of Se-Met on tau pathology,
primary cortical neurons were isolated from newborn 3xTg-AD
and WT mice. The neurons were treated with Se-Met (1 �M) for
24 h, and the levels of total tau and pS404-tau proteins were
detected by Western blot. There was a significant increase in total
tau and pS404-tau in primary 3xTg neurons compared with
WT neurons (p 	 0.001 and p 	 0.001, respectively; Fig. 2G,H).
Treatment with Se-Met significantly decreased the levels of both
total tau and pS404-tau in 3xTg neurons (p 	 0.01 and p 	 0.01,
respectively; Fig. 2G,H). Consistent with the immunoblot results,
decreased fluorescence staining of tau5 and pS404-tau was ob-
served in Se-Met-treated 3xTg neurons compared with the con-
trol group (Fig. 2 I, J). Thus, Se-Met impedes tau pathology by

decreasing total tau and tau hyperphosphorylation both in vitro
and in vivo.

Akt and GSK3� are involved in Se-Met-induced tau
dephosphorylation in aged 3xTg-AD mice
To investigate the mechanisms underlying the effect of Se-Met on
tau phosphorylation, several enzymes that regulate this post-
translational modification were evaluated. GSK3� is a major ki-
nase that regulates tau hyperphosphorylation, and its activity is
inhibited by phosphorylation at residue Ser9 (Hernandez et al.,
2013). Thus, the levels of GSK3� and GSK3� phosphorylated at
Ser9 (p-GSK3�) were assessed by Western blot. The ratio of
p-GSK3�/GSK3� inversely reflects the activity of GSK3� in vivo.
Compared with WT mice, the ratio of p-GSK3�/GSK3� signifi-
cantly decreased in the hippocampus and cortex of 3xTg-AD
mice (p 	 0.05 and p 	 0.05, respectively; Fig. 3A–D). Se-Met
significantly increased the ratio of p-GSK3�/GSK3� in the hip-
pocampus and cortex (p 	 0.001 and p 	 0.05, respectively; Fig.
3A–D), suggesting that Se-Met inhibits GSK3� activity in
3xTg-AD mice. PP2A is part of a large family of enzymes that
accounts for the majority of Ser/Thr phosphatase activity in the
brain and a major tau phosphatase in vivo (Sontag and Sontag,
2014). PP2A is inactivated by phosphorylation at Tyr-307. The
ratio of p-PP2A/PP2A significantly decreased in the hippocam-

Figure 2. Se-Met decreases the level of total tau and hyperphosphorylated tau. A–D, Se-Met significantly reduced the levels of total tau and pS404-tau protein in the TBS-soluble and
TBS-insoluble fractions of the hippocampus (A, B) and cortex (C, D) in 3xTg-AD mice. E, F, Immunofluorescence images of tau in the hippocampus (DG and CA1) and cortex and pS404-tau in the
hippocampus (CA3). G, H, Representative Western blot images and densitometric analysis of total tau and pS404-tau in primary cortical neurons. I, J, Immunofluorescence images of tau and
pS404-tau in primary cortical neurons. Quantitative results were normalized against the levels of GAPDH. The data were expressed as percentages of the control (set to 100%) and presented as the
group mean � SEM (n � 6). *p 	 0.05; **p 	 0.01; ***p 	 0.001. Scale bars, 20 and 50 �m. Hipp, Hippocampus; DG, dentate gyrus; CA1, cornu ammonis 1; CA3, cornu ammonis 3.
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pus of 3xTg-AD mice after the treatment of Se-Met (p 	 0.05,
Fig. 3A,B). However, there was no difference in the ratio of
p-PP2A/PP2A in the cortex among WT, Se-Met-treated, and
control groups. Akt is an important upstream protein kinase that
can promote the phosphorylation of GSK3� at Ser9 (Dolan and
Johnson, 2010). Similarly, Akt can be activated by phosphoryla-
tion at Ser473, and the ratio of p-Akt/Akt reflects Akt activity. The
ratio of p-Akt/Akt significantly decreased in the hippocampus
and cortex of 3xTg-AD mice compared with WT mice (p 	 0.05
and p 	 0.05, respectively; Fig. 3A–D), and Se-Met treatment
significantly increased p-Akt/Akt in the hippocampus (p 	 0.01;
Fig. 3A,B).

We also examined these enzyme levels in primary cortical neu-
rons using Western blotting. Se-Met had no significant effect on the

activities of those enzymes in WT neurons. The ratio of p-GSK3�/
GSK3� significantly decreased and the ratio of p-PP2A/PP2A signif-
icantly increased in 3xTg neurons compared with WT neurons (p 	
0.001 and p 	 0.01, respectively; Fig. 3E,F). Similar to the in vivo
results, Se-Met treatment significantly improved the p-GSK3�/
GSK3� and p-Akt/Akt ratios (p 	 0.05 and p 	 0.05, respectively;
Fig. 3E,F) and had no effect on the p-PP2A/PP2A ratio.

Se-Met promotes tau clearance by modulating the
AMPK–mTOR-mediated autophagic pathway
The decrease in total tau could be the result of inhibition of the
transcription and translation of P301L-tau gene or the elimina-
tion of abnormal tau proteins. We found no significant difference
in the level of tau mRNA between Se-Met-treated and control

Figure 3. Se-Met decreases tau phosphorylation via activation of Akt and inhibition of GSK3�. A, B, Representative Western blot images and quantification of GSK3�, pGSK3� (Ser9), PP2A,
p-PP2A (Tyr307), Akt, and p-Akt (Ser473) in the hippocampus of WT, Se-Met-treated, and control mice. C, D, Representative Western blot images and analysis of these kinases in the cortex of WT,
Se-Met-treated, and control mice. E, F, Western blot images and analysis of these kinases in primary cortical neurons. Densitometry results were normalized against the levels of GAPDH. The values
are expressed as percentages of the control (set to 100%) and presented as the group mean � SEM (n � 6). *p 	 0.05; **p 	 0.01.
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mice (Fig. 4A,B), which implied that the reduction in tau was
attributable to a clearance mechanism. Thus, we next focused on
the autophagic pathway. Autophagy, a vital catabolic process in
cells, is a primary driving force for degradation of abnormal and
aggregated proteins and an essential protective response to
pathologic stress. Light chain protein 3 (LC3) is a commonly used
marker of autophagy. This protein is converted from its inactive
LC3-I form to active LC3-II during formation of the autophago-
some. To assess autophagy after Se-Met treatment, LC3-II in the
brain was detected by Western blotting. LC3-II in the hippocam-
pus and cortex of 3xTg-AD mice was significantly lower com-
pared with WT mice (p 	 0.05 and p 	 0.05, respectively; Fig.
5A–D). However, this effect was significantly attenuated in
Se-Met-treated mice (p 	 0.05 and p 	 0.05, respectively; Fig.
5A–D). Consistent with the immunoblot results, transmission
electron microscopy revealed more autophagosomes in the cyto-
plasm of hippocampal neurons from Se-Met-treated mice than
control mice (Fig. 4C). Collectively, these results suggest that
Se-Met promotes the initiation of autophagy to enhance tau
clearance.

mTOR, a serine/threonine protein kinase, is a major regulator
of mammalian autophagy (Schmelzle and Hall, 2000). Both the
hippocampus and cortex of 3xTg-AD mice showed significantly
increased mTOR (p 	 0.01 and p 	 0.05, respectively; Fig. 5A–D)
and p-mTOR (Ser2448; p 	 0.05 and p 	 0.05, respectively; Fig.
5A–D) levels compared with WT mice, and treatment with Se-
Met significantly reduced levels of mTOR (p 	 0.01 and p 	 0.05,
respectively; Fig. 5A–D) and p-mTOR (p 	 0.001 and p 	 0.05,
respectively; Fig. 5A–D) in both hippocampus and cortex. mTOR
activity is routinely measured by the phosphorylation level of its
direct downstream target p70S6K at Thr389. After treatment
with Se-Met, the levels of p70S6K and p-p70S6K in the hip-
pocampus were significantly decreased compared with control
mice (p 	 0.01 and p 	 0.05, respectively; Fig. 5A–D). In addition
to mTOR, AMPK plays a significant role in the promotion of
autophagy. When activated by phosphorylation at Thr172,
AMPK inhibits mTOR activation. The levels of AMPK (in the

hippocampus) and p-AMPK (in the cor-
tex) were significantly decreased in the
brain of 3xTg-AD mice compared with
WT mice (p 	 0.05 and p 	 0.01, respec-
tively; Fig. 5A–D). Treatment with Se-Met
significantly increased AMPK (in the
hippocampus; p 	 0.5; Fig. 5A,B) and
p-AMPK (in the hippocampus and cor-
tex; p 	 0.001 and p 	 0.01, respectively;
Fig. 5A–D). To validate the relationship
between tau clearance and autophagy, the
localization of LC3-II and total tau in the
hippocampus was determined using immu-
nofluorescence (Fig. 5E). Se-Met reduced
the intensity of total tau fluorescence, in-
creased the fluorescence intensity of LC3-II,
and increased the colocalization of LC3-II
with tau.

A similar phenomenon was observed
in primary cortical neurons. The level of
LC3-II in 3xTg neurons was significantly
lower than in WT neurons (p 	 0.05; Fig.
5 F, G), and Se-Met treatment signifi-
cantly restored the level of LC3-II in 3xTg
neurons (p 	 0.05; Fig. 5F,G). The ex-
pression of mTOR and p-mTOR in 3xTg

neurons was significantly higher than in WT neurons (p 	 0.01
and p 	 0.05, respectively; Fig. 5F,G). Treatment with Se-Met
significantly inhibited mTOR and p-mTOR expression (p 	 0.05
and p 	 0.01, respectively; Fig. 5F,G). Se-Met treatment also
reversed the increased expression of p70S6K and p-p70S6K
(p 	 0.01 and p 	 0.01, respectively; Fig. 5F,G) and improved
the level of p-AMPK (p 	 0.05; Fig. 5F,G) in 3xTg neurons.
These data suggest that Se-Met promotes the clearance of tau
protein by regulating the AMPK–mTOR-mediated autophagic
pathway.

Se-Met enhances the degradation of p62 and increases
cathepsin D levels in the autophagy–lysosomal pathway
Defects in autophagic maturation may be a general feature of AD
pathology. p62/SQSTM1 is involved in the targeting of ubiquiti-
nated proteins to autophagic vacuoles and has been identified as
one of the specific substrates that are degraded through the au-
tophagy–lysosomal pathway. Since the expression of p62 is in-
versely correlated with autophagic activity (Komatsu et al., 2007;
Mizushima et al., 2010), we assessed p62 levels by Western blot-
ting. The 3xTg-AD mice showed significantly increased p62 ex-
pression compared with WT mice (hippocampus, p 	 0.01;
cortex, p 	 0.01; Fig. 6A–D). Treatment with Se-Met significantly
reduced p62 levels (hippocampus, p 	 0.05; cortex, p 	 0.01; Fig.
6A–D). Cathepsin D (CatD), a principal lysosomal aspartyl
protease, is highly abundant in the brain and is activated by pro-
teolysis in the acidified lysosome to produce a mature proteolytic
product (mCatD) (Avrahami et al., 2013). Precursor CatD
(46 –52 kDa) and mCatD (32 kDa) were detected in the brains of
WT, Se-Met-treated, and 3xTg-AD mice. The expression of
mCatD was significantly reduced in 3xTg-AD mice compared
with WT mice (hippocampus, p 	 0.01; cortex, p 	 0.01; Fig.
6A–D). Treatment with Se-Met significantly elevated mCatD
expression in the hippocampus and cortex of 3xTg-AD mice
(hippocampus, p 	 0.05; cortex, p 	 0.01; Fig. 6A–D). Immuno-
fluorescence staining of CatD in the hippocampus and cortex of
the brain revealed that the Se-Met-treated group showed a

Figure 4. Se-Met has no effect on tau P301L transcription and increases the formation of autophagosomes in the hippocampus
of 3xTg-AD mice. A, B, The level of tauP301L mRNA in the hippocampus was investigated by RT-PCR. Quantitative results were
normalized against the level of actin. Values are expressed as percentages of the control (set to 100%) and presented as the group
mean � SEM (n � 4). C, The double-membrane-bound autophagosomes in the hippocampus of 3xTg-AD mice were observed
using transmission electron microscopy. Scale bars, 0.2 �m.
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marked increase in CatD-positive area compared with the con-
trol group (Fig. 6E). Similar phenomena were observed in the
primary cortical neurons. Se-Met treatment significantly inhib-
ited the p62 level (p 	 0.001; Fig. 6F,G) and increased mCatD
expression (p 	 0.05; Fig. 6F,G) in 3xTg neurons.

Se-Met enhances autophagic proteolysis and autophagic flux
LC3-II first appears on newly formed autophagosomes and is
then quickly degraded by lysosomal enzymes after autophagoly-
sosomal fusion. To investigate whether autophagic proteolysis
and protein turnover can be restored by Se-Met treatment, lyso-
somes and autophagic vacuoles of relatively lower (autophago-
some) and higher (autolysosome) density were isolated from the
brains of three groups of mice by subcellular fractionation using
a Nycodenz density gradient. The identities of these organelles
were verified by the presence of LC3-II and/or LAMP1 (a marker
for lysosome) immunoreactivity using immunoblot analyses
(Fig. 7A). The lysosome fractions of 3xTg-AD mice contained
abnormally low levels of LC3-II compared with WT mice. Levels
of p62 were higher in the autophagosome fraction and decreased

in the autolysosome fraction in 3xTg-AD mice. After treatment
with Se-Met, the levels of p62 in both fractions were restored to
WT levels (Fig. 7A).

Additional immunoblot analyses of these subcellular frac-
tions using anti-tau/pS404-tau antibodies revealed increased
tau protein accumulation within the lysosomal compartments
of WT and Se-Met-treated mice compared with 3xTg-AD mice
(Fig. 7A,B). Interestingly, pS404-tau levels were increased in the
autophagosome and decreased in the autolysosome in 3xTg-AD
mice. Se-Met treatment potently restored pS404-tau levels in
these fractions to WT levels (Fig. 7A,C).

Based on these data, a N2a cell line overexpressing mutant
human swedish-APP695 was treated with bafilomycin A1. Bafilo-
mycin A1 is an autophagic flux inhibitor that blocks the fusion of
autophagosomes with the lysosome, thereby inhibiting the au-
tophagic degradation of proteins, including LC3-II and p62. The
optimal concentration and treatment time with bafilomycin A1
were determined to be 50 nM and 4 h, respectively (data not
shown). The ratio of LC3-II/LC3-I was significantly increased by
blocking the transformation of the autophagosome to the autoly-

Figure 5. Se-Met enhances tau clearance by promoting the initiation of autophagy via the AMPK–mTOR pathway. A, B, Representative Western blot images and densitometric analysis
of LC3-II, mTOR, p-mTOR (Ser2448), p70S6K, p-p70S6K (Thr389), AMPK�, and pAMPK� (Thr172) expression in the hippocampus of WT, Se-Met-treated, and control mice. C, D,
Representative Western blot images and densitometric analysis of these kinases in the cortex of WT, Se-Met-treated, and control mice. E, Immunofluorescence staining was performed
to detect the expression and localization of LC3 and total tau in the hippocampus (DG, CA1, and CA3). F, G, Representative Western blot images and densitometric analysis of LC3-II, mTOR,
p-mTOR (Ser2448), p70S6K, p-p70S6K (Thr389), AMPK�, and pAMPK� (Thr172) in primary cortical neurons. Densitometry results were normalized against the levels of GAPDH. Values
are expressed as percentages of the control (set to 100%) and presented as the group mean � SEM (n � 6). *p 	 0.05; **p 	 0.01; ***p 	 0.001. Scale bar, 50 �m. DG, Dentate gyrus;
CA1, cornu ammonis 1; CA3, cornu ammonis 3.
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sosome with bafilomycin A1 (p 	 0.001; Fig. 8A,B). Cotreatment
of bafilomycin A1 with Se-Met significantly inhibited the bafilo-
mycin A1-induced increase in LC3-II/LC3-I (p 	 0.05; Fig.
8A,B). Immunofluorescence staining of LC3 (Fig. 8C) confirmed
that Se-Met restored autophagic degradation.

We also used an improved tandem fluorescent-tagged LC3
(mTagRFP-mWasabi-LC3) to monitor autophagic flux based
on the different pH stabilities of green and red fluorescent
proteins. The acidic environment (less than pH 5) inside the

lysosome quenches the fluorescent signal of mWasabi but ex-
erts a weak effect on mRFP. In green/red merged images, yel-
low puncta (i.e., RFP 
mWasabi 
) indicate autophagosomes,
whereas red puncta (i.e., RFP 
mWasabi �) indicate autolyso-
somes (Zhou et al., 2012). Thus, autophagic flux is increased
when the presence of both yellow and red puncta is increased
in the cells, and autophagic flux is blocked when only the
presence of yellow puncta is increased in cells (Zhou et al.,
2012). The mTagRFP-mWasabi-LC3 plasmid was transfected

Figure 6. Se-Met decreases p62 protein expression and increases cathepsin D protein expression. A–D, Representative Western blot images of p62 and CatD expression in the
hippocampus (A, B) and cortex (C, D) of WT, Se-Met-treated, and control mice. E, Immunofluorescence staining of CatD in the hippocampus (DG, CA1, and CA3) and cortex. F, G,
Representative Western blot images of p62 and CatD expression in primary cortical neurons. Densitometry results were normalized against the levels of GAPDH. Values are expressed as
percentages of the control (set to 100%) and presented as the group mean � SEM (n � 6). *p 	 0.05; **p 	 0.01. Scale bar, 50 �m. DG, Dentate gyrus; CA1, cornu ammonis 1; CA3,
cornu ammonis 3.
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into N2a-sw cells, followed by treatment with bafilomycin A1
and/or Se-Met. Bafilomycin A1 treatment markedly increased
the number of yellow puncta in cells, whereas the cotreatment
with bafilomycin A1 and Se-Met notably improved the num-
ber of yellow and red puncta in the cells compared with bafi-
lomycin A1 treatment only (Fig. 8D). These data indicate that
Se-Met modulates autophagic flux to promote autophagic
proteolysis.

Discussion
Se is widely recognized as an essential trace element and an abun-
dant micronutrient in the brain. Evidence suggests that Se levels
in the brain decrease with age and are associated with a decline of
cognitive function in AD patients (Gao et al., 2007, 2012). Thus,
Se is vital for central neuron system function. Se supplementation
significantly enhanced mitochondrial function and protected
cells from apoptosis in primary neurons; in addition, the treat-
ment reduced A� production, mitigated tau pathology, and ame-
liorated cognitive deficits and oxidative damage in AD animal
models (Gwon et al., 2010; van Eersel et al., 2010; Mendelev et al.,
2012). Se-Met, the predominant chemical form of Se ingested by
humans, delayed the decline in cognitive function, reduced tau
hyperphosphorylation, and ameliorated synaptic deficits in
4-month-old 3xTg-AD mice (Song et al., 2014). The principal
pathological hallmarks (e.g., hyperphosphorylation of tau, A�
deposition, and inflammation) were significantly increased in the
hippocampus and cortex of 8-month-old 3xTg-AD mice. Thus,
determining the effect of Se-Met in aged AD mice is important
because AD is not diagnosed in patients until advanced stages. In
our present study, 8-month-old 3xTg-AD mice were treated with
6 �g/ml Se-Met in their drinking water for 12 weeks to explore its
effect on the phenotype, especially tau pathology. We demon-

strated that long-term treatment with Se-Met reduced tau hyper-
phosphorylation by regulation of the Akt/GSK3� pathway and
cleared tau protein by the AMPK–mTOR-mediated autophagic
pathway. Furthermore, Se-Met ameliorated the cognitive impair-
ment in older 3xTg-AD mice. Our results provide the first evi-
dence for the effect of Se on autophagy in neurodegenerative
disease.

Tau is mainly expressed in neurons and is abundant in neuronal
axons (Z. Zhang et al., 2014). Normal post-translational phosphor-
ylation of tau controls microtubule dynamics and establishes neuro-
nal polarity, axonal outgrowth, and axonal transport. Pathological
hyperphosphorylated tau, the main component of NFTs in AD, se-
verely interferes with tau’s ability to regulate microtubules dynamics
(Caceres and Kosik, 1990; Harada et al., 1994), displays an increased
propensity to form paired helical filaments in vitro, and sequesters
full-length tau and other microtubule-associated proteins (Alonso et
al., 2001). As expected, Se-Met reduced the hyperphosphorylation of
tau in 11-month-old 3xTg-AD mice (after a 3-month treatment).
These data suggest that Se-Met has a significant therapeutic effect on
tauopathy. An imbalanced regulation in protein kinases and protein
phosphatases is the direct cause for tau hyperphosphorylation in
AD. As the kinase and phosphatase playing key roles in the regula-
tion of tau phosphorylation, GSK3� phosphorylates tau at multiple
AD-related sites in a site-specific manner (Hanger et al., 2009) and
PP2A accounts for �70% of the total tau phosphatase activity in the
brain and plays a dominant role in the regulation of tau dephosphor-
ylation. Se-Met significantly inhibited the activity of GSK3� and
increased that of PP2A in aged 3xTg-AD mice. This result can be
explained by the dynamic cross talk between GSK3� and PP2A at
different stages of AD. Indeed, these proteins are regulated by each
other and control tau phosphorylation both directly and indirectly

Figure 7. Se-Met influences the levels of total tau and phosphorylated tau in the autolysosome, autolysosome, and lysosome fractions isolated from the brain of 3xTg-AD mice. A, Autophago-
some, autolysosome, and lysosome fractions were isolated from the brain of WT, Se-Met-treated, and control mice. The relative enrichment of autophagic and lysosomal protein markers was
detected by Western blot with anti-LC3 and anti-Lamp1 antibodies (top two rows), respectively. The expression of p62, total tau, and phosphorylated tau in these fractions was detected (bottom
three rows). B, C, Densitometry analysis of total tau (B) and phosphorylated tau (C) expression in different fractions. CBB, Coomassie Brilliant Blue.
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(Wang et al., 2015). The activity of Akt, the most important up-
stream kinase that phosphorylates GSK3� at Ser9, was significantly
increased after Se-Met treatment. This suggests Se-Met reduces tau
hyperphosphorylation by promoting Akt activity, which subse-
quently inhibits GSK3� activity.

Although hyperphosphorylation is a potent inducer of tau
pathology, tau-mediated neurodegeneration in AD may result
from the combination of toxic gain of function in pathological
tau (abnormal or aggregated forms) and loss of function in nor-
mal tau (Ballatore et al., 2007). Tau hyperphosphorylation at
specific sites reduces its ability to bind microtubules and mark-
edly promotes self-aggregation (Liu et al., 2007). Mutant human
P301L-tau is overexpressed in 3xTg-AD mice. Previous studies
on these mice have demonstrated that the conformational change
in P301L-tau is a necessary intermediate for further phosphory-
lation and aggregation (Shibuya et al., 2015). Thus, neurons in
the mouse brain are fully capable of forming tau aggregates and
tangles (Terwel et al., 2005). A reduction in tau has a protective
effect in cultured neurons and animal models of AD (Roberson et
al., 2007). In this manner, the inhibition or clearance of P301L-
tau may be an effective therapeutic strategy for AD.

Se-Met has no influence on the expression of the TauP301L
gene, and the reduction of tau by Se-Met can be achieved only by
enhancing tau clearance. Autophagy is an essential process that
initiates the cellular clearance of misfolded and aggregated pro-
teins via autophagolysosomal fusion (Mizushima et al., 2010).
Autophagic dysfunction has been directly linked to the pathogen-

esis of AD (Boland et al., 2008). The reduction of autophagic
activity that occurs in tauopathies results in the accumulation of
abnormal and hyperphosphorylated tau (Inoue et al., 2012; Z.
Zhang et al., 2014). Thus, modulation of the autophagic pathway
is a promising approach for the clearance of tau and hyperphos-
phorylated tau. The protein kinase mTOR is important in the
autophagy pathway and plays a key role in controlling cellular
homeostasis via activation of p70S6 kinase and inhibition of au-
tophagy (Klionsky and Emr, 2000). Overwhelming evidence has
shown that pharmacological or genetic reduction in mTOR
signaling increases the formation and activity of autophagy
(Heras-Sandoval et al., 2014). Upregulated mTOR and p70S6K
are associated with increased tau accumulation in AD brains, and
inhibition of mTOR decreases the level of total tau in vitro and in
vivo (Pei et al., 2006; Caccamo et al., 2010). mTOR also colocal-
izes with NFTs, mediates tau phosphorylation, and enhances tau
aggregation (Tang et al., 2013). Consistent with these findings,
we discovered that Se-Met significantly decreased mTOR and
p70S6K expression both in vitro and in vivo. AMPK inhibits
mTORC1 activity through activation of the tuberous sclerosis
1/tuberous sclerosis 2 complex (Maiese, 2016). Thus, Se-Met
initiates autophagy by up-regulating AMPK and inhibiting the
activation of the mTOR pathway during the early stages of
autophagy.

Enhanced lysosomal activity by Se-Met may also play a key
role in the clearance of aggregated tau by effectively degrading
LC3-II-positive autophagosomes. The p62 protein is selectively

Figure 8. Se-Met enhances autophagic flux by promoting autophagolysosomal fusion. N2a-sw cells were treated with bafilomycin A1 (50 nM, 4 h) to block the fusion of autophagosomes with
lysosomes, and the effect of Se-Met (1 �M) on autophagic flux was assessed. A, B, The expression of p62 and LC3II was detected by Western blot. Quantitative results were normalized against the
levels of �-actin. Values are expressed as percentages of the control (set to 100%) and presented as the group mean � SEM (n � 3). *p 	 0.05; **p 	 0.01; ***p 	 0.001. C, LC3 expression was
detected by immunofluorescence staining in N2a-sw cells. D, Representative fluorescent images of N2a-sw cells transiently transfected with mTagRFP-mWasabi-LC3, followed by bafilomycin A1
and/or Se-Met treatment. Scale bars, 10 and 20 �m.
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incorporated into autophagosomes via direct binding to LC3,
and p62 is efficiently degraded by autophagy. Thus, p62 levels are
inversely correlated with autophagic flux. The lysosomal proteo-
lytic enzyme cathepsin D is the only aspartic-type protease ubiq-
uitously expressed in all cells of the human body and abundantly
expressed in the brain (Shacka and Roth, 2007). Generally, ca-
thepsin D-mediated proteolysis is essential to neuronal cell ho-
meostasis and involves the degradation of unfolded or oxidized
protein aggregates delivered to lysosomes via autophagy. Neurons
are particularly vulnerable to the loss of cathepsin D function
(Vidoni et al., 2016). A number of studies have demonstrated that
cathepsin D expression is decreased in AD (Urbanelli et al., 2008),
and enhancing cathepsin D expression and activity restored the
A�1– 42-disturbed acid environment of lysosomes and promoted
the fusion and clearance of autophagosomes with lysosomes
(Zhang and Zhao, 2015). Se-Met decreased p62 expression and
increased cathepsin D expression in primary cortical neurons and
the hippocampus and cortex of 3xTg-AD mice. Thus, Se-Met
promoted autophagolysosomal fusion and improved autophagy
flux, which enhanced the clearance of abnormal tau proteins. The
N2a-sw cell line is a well known cellular model of AD. These cells
were treated with bafilomycin A1 in the absence or presence of
Se-Met to verify the effect of Se-Met on autophagic flux in AD. In
agreement with our in vivo results, Se-Met reversed the accumu-
lation of LC-II and p62 and increased the presence of yellow
and red puncta in mRFP-mWasabi-tandem fluorescent LC3-
transfected cells. These data show that Se-Met effectively restores
bafilomycin-blocked autophagic flux.

Why does Se-Met influence the autophagy pathway in AD?
Accumulating evidence suggests that oxidative stress plays a cen-
tral role in the common pathophysiology of neurodegenerative
diseases, including AD (G. H. Kim et al., 2015). The AD brain
exhibits a significant increase in oxidative damage to lipids, pro-
tein, DNA, and RNA (Venkateshappa et al., 2012). Oxidative
stress, which is present early in AD development, is influenced by
autophagy. Thus, autophagy may be the link between oxidative
stress and AD (Zheng et al., 2006). Oxidative stress and free rad-
ical damage play principal roles in cell death via the autophagic
pathway and lysosome dysfunction (inhibition of lysosome en-
zyme function and lysosome membrane damage; Pivtoraiko et
al., 2009). Oxidative stress induces lysosomal membrane permea-
bilization, improves lysosomal pH, and inhibits cathepsin D ac-
tivity (Hensley and Harris-White, 2015). Conversely, autophagy
dysfunction can increase oxidative stress in AD (Zheng et al.,
2006). Well characterized are the major biochemical and phar-
macological properties of Se and Se-Met in contributing to oxi-
dation resistance exerted by related selenoproteins and
selenoenzymes. Therefore, there may be a close relationship be-
tween the effect of Se-Met on autophagy activation and its anti-
oxidative activity. Additional studies are required to test this
hypothesis.

In conclusion, our present study is the first to demonstrate that
Se-Met reduces tau hyperphosphorylation via modulation of the
Akt/GSK3� pathway, enhances autophagic flux and increases tau
clearance through the autophagy–lysosome pathway, and rescues
spatial learning and memory impairments in aged 3xTg-AD mice.
These data shed light on a novel mechanism behind the therapeutic
effect of Se-Met in AD.
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