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ERK activation induced by selenium treatment significantly
downregulates B/y-secretase activity and Tau phosphorylation
in the transgenic rat overexpressing human selenoprotein M
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Abstract. Selenium reportedly contribute to the modulation
process of protein phosphorylation to regulate various cellular
functions including growth, differentiation, proliferation and
development. The aim of this study was to investigate whether
selenium and Selenoprotein M (SelM) affects the mechanism
of Alzheimer's disease. To achieve this, we determined the
change of the MAPK pathway, secretase activity, and Tau
phosphorylation in the transgenic rat overexpressing human
selenoprotein M. Based on these results, we concluded that, i)
CMV/GFP-hSelM Tg rats showed a high activity level of
antioxidant enzyme in the brain tissues, ii) in response to
selenium treatment, the ERK signaling pathway was
significantly increased in Tg rats, but did not change in wild-
type rats, iii) the activation of the ERK pathway by selenium
treatment and SelM overexpression induced the inhibition of
the a/y-secretase activity related to the protection of AB-42
production, iv) the activation of the ERK pathway by
selenium treatment and SelM overexpression inhibited the
phosphorylation in several sites of Tau protein. Therefore,
these results provide strong evidence that selenium treatment
and SelM activate the ERK pathway to attenuate o/y-
secretase-mediated proteolysis and Tau phosphorylation to
protect brain function.

Introduction

Alzheimer's disease (AD) is a neurodegenerative disorder
represented by the progressive loss of cognitive and memory
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functions, neuronal and synaptic cell loss and the appearance of
apoptotic cells in the brain (1,2). There are two characteristics
of neuropathological lesions with AD, senile plaques and
neurofibrullary tangles (3,4). The main component of senile
plaques is an extracellular deposit made of A peptides, produced
by the amyloid precursor protein by cleaving B/y-secretase
(5.,6). Neurofibrillary tangles constitute of bundles of abnormal
filaments called paired helical filaments (PHF), which are
highly phosphorylated forms of the microtubule associated Tau
protein. Furthermore, results from previous studies suggest
that the high level of phosphorylated PHF-Tau is tightly
associated with microtubule disorganization and generation of
neurifibrillary lesions (7-9).

Various studies suggest novel strategies for the development
of medical compounds to cure and/or relieve the symptoms of
AD. Selenium is a known candidate for prevention and reliever
of AD. This element, long known as a ubiquitous trace
compound in nature, has been proven to be essential for animal
and human health (10). Recently, it was found that selenium
contributes to the modulation of protein phosphorylation
regulating various cellular functions. In particular, an inorganic
form of this compound, sodium selenite, was shown to increase
the p38 and p53 phosphorylation, activating caspase-
independent cell death (11,12). Furthermore, this compound
activates anti-apoptotic and the mitogen-activated protein
inhibitor (MAPK) pathway to prevent damage to brain tissues
and cells (13,14). However, few studies have been conducted
to investigate whether selenium treatment and SelM over-
expression affects the key regulator of AD pathology using a
transgenic rat overexpressing the human SelM (hSelM) gene.

As demonstrated by our data, the activity of antioxidant-
related enzymes involving superoxide dismutase (SOD) and
glutathione peroxidase (GPX) was significantly induced by
selenium treatment and SelM overexpression. In addition,
selenium treatment and SelM overexpression increased only
the ERK MAPK pathway, not p38 and JNK. Furthermore,
the activation of this signal induced the downregulation of
a/y-secretase and Tau phosphorylation, which were related to
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the prevention of AD pathogenesis. These results suggest that
selenium treatment and SelM overexpression contribute to the
activation of the ERK pathway to attenuate AD pathology
including AB-42 peptide production and Tau phosphorylation.

Materials and methods

Maintenance and identification of CMV/EGFP-hSelM Tg rat.
All transgenic (Tg) rats used in this study were developed by
microinjection of CMV/GFP-hSelM fusion gene into fertilized
rat eggs and showed a high antioxidant status in various
tissues (15). All the rats were kept in an accredited Korea
FDA animal facility in accordance with the AAALAC
International Animal Care policies (Accredited Unit-Korea
Food and Drug Administration, Unit Number-000996). The
rats were given a standard irradiated chow diet (Purina Mills
Inc.) ad libitum, and were maintained in a specific pathogen
free state under a strict light cycle (light on at 06:00 h and
off at 18:00 h). All pedigrees were hemizygous for their
transgene.

In order to identify Tg rats, PCR analysis was performed
on the genomic DNA isolated from the tails of the 4-week
old founder rat. This transgene DNA was synthesized using
the sense and antisense primers, 5-ATG AGC CTC CTG
TTG CCT CCG CTG-3' and 5'-AGC TGG GGA AGG AAG
AAA GTG G-3', respectively, with a complementary hSelM
c¢DNA ranging from 90 to 113 and 675 to 696 nucleotides as
the DNA template. After 25 cycles of amplification, the level
of the hSelM product (606 bp) was quantified using a Kodak
Electrophoresis Documentation and Analysis System 120 on
1% agarose gels.

Experimental design and selenium treatment. Sodium selenite
(Na,SeO;) obtained from Sigma (S5261, USA) was dissolved
in distilled water to give a final concentration of 0.2 gmol/ul.
Ten-week old CMV/EGFP-hSelM Tg and wild-type rats
were randomly divided into two subgroups, six rats per
group. The first subgroup of the Tg and wild-type rats
received a comparable volume of distilled water via intra-
peritoneal injections daily (vehicle-treated Tg and wild-type
group), while the second subgroup received 5 pmol/kg body
weight per day of sodium selenite via intraperitoneal injections
for 3 weeks (selenium-treated Tg and wild-type group). After
3 weeks of injections, all animals were immediately euthanized
using CO, gas. Blood from the abdominal vein and brain tissue
samples were collected. These samples were then stored in
Eppendorf tubes at -70°C until assayed.

Western blot. The protein prepared from brain tissues of Tg
and wild-type rats was separated by electrophoresis in a 4-20%
SDS-PAGE gel for 3 h and transferred to nitrocellulose
membranes for 2 h at 40 V. Each membrane was incubated
separately with the primary, anti-Tau (H-150, Santa Cruz,
sc5587), anti-p-Tau (Ser404, Santa Cruz, sc12952), anti-p-Tau
(Ser396, Sigma, T 7319), anti-p-Tau (Ser202, Sigma, T 8069),
anti-p-Tau (Ser231, Sigma, T7194), and antibodies for anti-p38
(Cell Signaling, 9212), anti-p-p38 Thr180/Tyr182 (Cell
Signaling, 9211), anti-JNK (Cell Signaling, 9252), anti-p-JINK
Thr183/Tyr185 (Cell Signaling, 9251), anti-ERK (Santa Cruz
Biotechnology, SC94), anti-p-ERK (Santa Cruz Biotechnology,

SC7383), and anti-actin (Sigma, A5316) antibodies for over-
night at 4°C. The membranes were washed with a washing
buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 2 mM
KH,PO,, and 0.05% Tween-20) and incubated with horseradish
peroxidase-conjugated goat anti-rabbit IgG (Zymed) at a
1:1,000 dilution at room temperature for 2 h. The membrane
blots were developed using a Chemiluminescence Reagent
Plus kit (ECL, Pharmacia).

Activity analysis of SOD and GPX. The level of SOD and
GPX in brain cells from wild-type and Tg rat were detected
using the calorimetric assay procedure and reagents in the
Bioxytech SOD-525 and GPX-340 kit (OxisResearch™;
Portland, USA). The neuronal cells were harvested from the
blood by centrifugation at 3,000 rpm for 10 min, then 4
volume of cold deionized water to lysis cell. This lysate was
stored at -70°C until the enzyme activity assay. In order to
measure the GPX activity, the spectrophotometer was set to
measure the absorbance at 340 nm and 23-25°C. Immediately
prior to this assay, the erythrocytes lysate was diluted with
assay buffer, typically 1:10 (for SOD assay; 200 mM Manitol,
10 mM Tris-HCI (pH 7.4), 1 mM EDTA, 50 mM sucrose, for
GPX assay; 5 mM EDTA, 50 mM Tris (pH 7.5), 1 mM
mercaptoethanol). Assay buffer (350 ul), NADPH reagent
(350 pl) and erythrocytes lysate (70 ul) were well mixed and
added to the cuvette. To this, 35 ul of working substrate,
1:10,000 dilution of tert-Butyl hydroperoxide, was also added
to the cuvette and mixed by pipetting up and down twice.
Finally, the absorbance was measured in As,, for 3 min with the
GPX activity rate determined by the change in A;,, per min.
The net rate for GPX activity was calculated by subtracting
the rate observed for a water blank from the rate measured for
a erythrocytes lysate. Then, the net A;,, for GPX activity was
converted to NADPH consumed (nmol/min/ml) using the
following relationship, 1 mU/ml = 1 nmol NADPH/min/ml =
(A34/min)/0.00622. For SOD activity, 900 pl of reaction
buffer (2-amino-2methyl-1,3-propanediol, containing boric
acid and DTPA, pH 8.8) was aliquoted to a test tube for each
blank or brain sample. This mixture was added to the 40 yul
of brain sample and 30 ul of R2 reagent (1-methyl-2-vinyl-
pyridinium trifluoromethanesulfonate in HCl), and incubated at
37°C for 1 min. Finally, 30 ul of R1 reagent (5,6,6a,11b-
tetrahydro-3,9,10-trihydroxybenzo[c]fluorine in HCIl) was
added to the test tube containing mixture and vortex briefly.
Immediately, the final mixture was transferred to a spectro-
photometric cuvette and the absorbance was measured by a
spectrophotometer at 525+2 nm. The SOD activity was
calculated directly from the experimental Vs/Vc ratio using
the following equation, [SOD] = 0.93 x (Vs/Vc-1)/1.073-
(0.073 x (Vs/Vc)).

a, 3 and y-secretase activity analyses. o, b and y-secretase
activity was detected using the detection kits for each (a-kit,
FP001; B -kit, FP002; y-kit, FP0O03; R&D System Inc., MN,
USA) using the recommended methods. First, brain tissue
was homogenized using a glass homegenizer in ice cold 1x
Cell Extraction Buffer to yeild a final protein concentration of
roughly 0.5-2.0 mg. These mixtures were then incubated on
ice for at least 10 min and centrifuged at 10,000 x g for 1 min
to remove the unbroken fragments. Supernatants collected
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from centrifuged mixture were used in the detection of secretase
activity, carried out using the microplate provided by the
manufacturer. To perform the enzymatic reaction, 50 ul of
tissue lysate was added to each well, followed by 50 ul of 2X
Reaction buffer, 5 ul of substrate. The wells were gently
mixed in these microplates and incubated in the dark at 37°C
for 1-2 h to induce the enzyme-substrate reaction. Final
fluorescence produced from the reaction was read on a
fluorescent microplate reader filtering the excitation between
335-355 nm wavelength.

Statistical analysis. Significance between selenium- and
vehicle-treated rats were performed using the one-way
ANOVA test of variance (SPSS for Windows, Release 10.10,
Standard Version, Chicago, IL). Post-Hoc tests (SPSS for
Windows, Release 10.10, Standard Version, Chicago, IL) were
performed to determine the variance and significance
between CMV/EGFP-hSelM Tg and wild-type rats for the
levels given in the text. All the values are reported as the
mean +SD. A p-value <0.05 was considered significant.

Results

Effects of both selenium treatment and SelM overexpression
on the SOD and GPX activity. It was reported that the
activity of SOD and GPX were significantly higher in the
CMV/GFP-hSelM Tg than the wild-type rats (15). Therefore,
we first examined whether both selenium treatment and SelM
overexpression induces changes in the activity levels of
antioxidant enzymes. The activity level of SOD and GPX
were detected in the brain tissue of CMV/GFP-hSelM Tg and
wild-type rats using detection kits containing specific
substrates. In the vehicle-treated group, SOD and GPX
activity in CMV/GFP-hSelM Tg rats were higher than that of
wild-type rats. After selenium treatment, the activity of these
enzymes significantly increased in both CMV/GFP-hSelM
Tg and wild-type rats (Fig. 1B). However, the increase in
CMV/GFP-hSelM Tg rats was greater than wild-type rats
(Fig. 1A). These results suggest that the selenium treatment
and SelM overexpression contributed to the increase of GPX
and SOD activity in the CMV/EGFP-hSelM Tg rats,
respectively.

Effect of selenium treatment and SelM overexpression on the
MAPK pathway. It was demonstrated that sodium selenite
also significantly activates anti-apoptotic PI3K/AKT and
ERK pathway to protect ischemia. (13,14). To investigate
whether the co-stimulation with both selenium treatment and
SelM overexpression affects the MAPK signaling pathway,
the phosphorylation level of three major components (ERK,
JNK and p38) in the MAPK signaling pathway were detected
in the brain of CMV/GFP-hSeIM Tg and wild-type rats using
specific antibodies. In the vehicle treatment condition, there
were no differences between the total and phosphate-form
level of JNK and p38 protein in the brain of both CMV/GFP-
hSelM Tg and wild-type rats. These results were also observed
with the same patterns detected in the selenium treatment
group. However, for the ERK protein, CMV/GFP-hSelM Tg
rats showed high levels of p-ERK in both cortex and hippo-
campus regions during selenium treatment, which did not
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Figure 1. Effects of selenium treatment and SelM overexpression on GPX and
SOD activity in brain tissue. The brains used in this assay were collected from
CMV/EGFP-hSelM Tg and wild-type rats after intraperitoneal injections of
sodium selenite (5 ymole/kg body weight/day) for 3 weeks. Six rats per group
were assayed in the ELISA test. The data represent the mean +SD from three
replicates. “p<0.05, significant level compared with the Tg rat; “p<0.05,
significant level compared with the selenium-treated group.

change in wild-type rats (Fig. 2). These results suggest that
selenium treatment and SelM overexpression dramatically
induce activation of the ERK signaling pathway.

Effects of MAPK signaling pathway on a, 3 and y-secretase
regulation. Previous studies suggest that the activation of ERK
MAPK pathway by sodium selenite inhibits the activity of
y-secretase, a key enzyme regulating A-42 peptide production
in C99-GL-T20 cells (16,17). To ascertain whether the ERK
MAPK activation induced by selenium treatment and SelM
overexpression regulates the activity of the three secretases,
the activity levels of o, § and y-secretase were measured in the
brain of CMV/GFP-hSelM Tg and wild-type rats. For the o and
y-secretases, the basal levels in CMV/GFP-hSeIM Tg rats
were slightly higher than that of wild-type rats. However,
selenium treatment induced the decrease of a and y-secretase
activity in both CMV/GFP-hSelM Tg and wild-type groups,
although the decrease rate in CMV/GFP-hSelM Tg rats was
significantly higher than that of wild-type rats (Fig. 3A and C).
On the other hand, in the case of 3-secretase, the basal activity
had a similar pattern with a and y-secretase when vehicle-
treated. However, after selenium treatment, both CMV/GFP-
hSeIM Tg and wild-type rats exhibited significantly high
activity of B-secretase, approximately 10-20% induction after
3 weeks of treatment (Fig. 3B). These observations suggest
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Figure 2. Effect of selenium treatment and SelM overexpression on the MAPK
pathway. (A) Protein expression level of ERK. (B) Protein expression level
of JNK. (C) Protein expression of p38. Protein extracts were prepared from
brains of selenium treated and untreated group, as described in Materials
and methods. Protein (50 pg per sample) were immunoblotted with anti-
bodies for each protein. Three samples were assayed in triplicate via
Western blot. The data represent the mean +SD from three replicates.
“p<0.05, significant level compared with the Tg rat; “p<0.05, significant
level compared with the selenium-treated group.

that the activation of ERK MAKP pathway by selenium
treatment and SelM overexpression contribute to the decrease
of a and y-secretase activity in the brain.

Effects of ERK MAPK signal pathway on Tau phosphorylation.
Finally, to determine whether Tau phosphorylation, which
causes the formation of neurofibril tangles, is directly affected
by the ERK MAPK pathway, the levels of Tau and p-Tau were
detected in the brain of both CMV/GFP-hSelM Tg and wild-
type rat after selenium injections for a 3-week period. In the
cortex region, Tau phosphorylation at Ser404 and Thre231 was
significantly decreased in the selenium-treated group compared
the to vehicle-treated group in CMV/EGFP-hSelM Tg rats,
but was not affected in wild-type rats. However, in the Ser396
and -202 sites, the levels of p-Tau were decreased in both
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Figure 3. Effects of the activated ERK pathway induced by selenium treatment
and SelM overexpression on the activity of the three secretases. The microsomal
proteins isolated from the three groups of mice were used to determine the
secretase activity, as described in Materials and methods. The data represent
the mean +SD from three replicates. “p<0.05, significant level compared with
the Tg rat; ““p<0.03, significant level compared with the selenium-treated group.

CMV/EGFP-hSelM Tg and wild-type rat after selenium
treatment. For the hippocampus region, the levels of p-Tau were
lower at the Serd404, Ser202 and Thre231 site after selenium
treatment, but increased at the Ser396 site (Fig. 4A and B).
Therefore, these results suggest that the activation of the ERK
MAPK signaling pathway by selenium treatment and hSelM
overexpression induces the decrease of Tau phosphorylation.

Discussion

Selenium compounds have been demonstrated to be required
for normal growth and reproduction during spermatogenesis
(18). Its deficiency was demonstrated to induce multiple
diseases associated with oxidative damage an endemic fatal
cardiomyopathy in Keshan, China (19) as well as muscular
dystrophy in patients subjected to long-term, unsupplemented
and parenteral nutrition (20). It is also well known that
selenium deficiency was associated with a variety of serious
diseases including infectious diseases, cardiovascular disease,
cancer and neurodegenerative disorders (21). Savaskan et al
(22) provided direct evidence that selenium was a
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Figure 4. Effects of the activated ERK pathway induced by selenium treatment
and SelM overexpression on the Tau phosphorylation. Nitrocellulose
membranes trasferring 50 g of protein from Tg and wild-type rat brains
were incubated with the specific antibody to total Tau, p-Tau (Ser404), p-Tau
(Ser396), p-Tau (Ser202), p-Tau (Ther231) and actin, and followed by
horseradish peroxidase-conjugated goat anti-rabbit IgG. The data represent
the mean +SD from three replicates. “p<0.05, significant level compared with
the Tg rat; ““p<0.03, significant level compared with the selenium-treated group.

nutritionally essential trace element, having a pivotal role in
neuronal susceptibility to excitotoxic lesions. Also, this study
suggests that the neuroprotective effect of selenium is not
directly mediated via antioxidative effects of selenite, but
requires de novo protein synthesis. Therefore, the selenium
deficiency in the brain tissue leads to increased oxidative stress
with subsequent NF-xB activation and neuronal cell death.
Several studies reported that intracellular ETKs were
activated either with sodium selenite, an inorganic salt known
to activate ERK (13), or transfected with a constitutively
active mutant of MEK1, an immediate upstream activator of
ERKR (23,24). Until now, the results of some studies suggest
that selenium compounds and selenoprotein were regarded as
novel candidates to protect brain damage and improve
neuronal dysfunction. In this study, CMV/EGFP-hSelM Tg
rats have shown high activity of antioxidant enzymes, such
as SOD and GPX after selenium treatment. Furthermore,
selenium treatment and SelM overexpression significantly
induced the ERK MAPK pathway, but not other MAPK

pathways involving p38 and JNK. Therefore, these results
suggest that SelM overexpression as well as selenium
treatment contribute to the activation of the ERK signal
pathway.

In the pathogenesis of AD, secretase-mediated generation
of the AB-42 peptide is closely correlated with deposition at
neuritic plaques (17,25). Specifically, y-secretase plays an
important role in the production of the AB-42 peptide. This
enzyme is composed of one obligatory component,
presenilin, and three additional cofactors, including nicastrin,
Aph-1 and Pen-2, to make a multimeric protease complex
(26). In this study, the activity levels of a, f and y-secretase
were detected in the brain of CMV/EGFP-hSelM Tg and
wild-type rats to examine whether the ERK MAPK signaling
pathway induced by selenium treatment and SelM
overexpression affects secretase activity levels. As seen in
the studies of the Tung group (16), our studies also show that
y-secretase activity was significantly decreased with selenium
treatment, respectively. Furthermore, our results suggest that
selenium treatment also induced the decrease of a-secretase
activity as well as y-secretase, while the B-secretase enzyme
activity was significantly increased. In this study, SelM is
regarded as a novel regulator factor affecting the secretase
activity and Tau phosphorylation. Therefore, all these results
were considered important data in AD pathology study,
because it was suggested that selenium treatment and SelM
overexpression contribute to the decrease of AB-42 peptide
production through downregulation of o/y-secretase and
upregulation of -secretase.

Tau proteins belong to the microtubule-associated protein
(MAP) family and are mainly distributed in the neurons of the
brain (27,28). These proteins were changed in various physio-
logical processes by destructing the balance of the MAPK
signal pathway, which is involved in apoptoic signaling as well
as in control of growth and differentiation (29-31). The previous
studies provide strong evidence that phosphorylation of Tau
proteins cause the formation of neurofibril tangles in the cyto-
plasm of neurodegenerative disease cells (8). Most of the
kinases, including glycogen synthase kinase-36 (GSK-38),
cyclin-dependent kinase-5 (Cdk-5), extracellular signal-regulated
kinase (ERK), microtubule-affinity regulating kinase, and fyn
kinase, contributed to Tau phosphorylation in vitro and in vivo
(32-34). Therefore, we investigated the activation effect of the
ERK pathway on Tau phosphorylation using CMV/EGFP-
hSelM Tg and wild-type rats. Tau phosphorylation at three
sites, Ser404, Ser202 and Thre231, was significantly decerased
by ERK activation in CMV/EGFP-hSelM Tg rats but, Tau
phosphorylation at the Ser396 site was slightly increased in
the hippocampus region of CMV/ EGFP-hSelM Tg rat brains.
These results support that selenium treatment and SelM over-
expression induce the decrease of Tau phosphorylation in
CMV/EGFP-hSelM Tg rats.

Taken together, our results show that selenium and SelM
are tightly associated with neurodegenerative diseases, in the
formation of amyloid plaques and neurofibril tangles during
AD pathogenesis, indicating that selenium and SelM relieve
or prevent the incidence of AD. It is postulated that selenium
and SelM have crucial roles in the regulation of neuro-
degenerative diseases via modulation of secretase activity
and Tau phosphorylation through the activation of the ERK
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MAPK pathway. Therefore, it appears that selenium and
SelM serve as potential new drug candidates for the relief of
AD by modulating ERK signaling. However, intensive work
is still needed to define the role of SelM and selenium in
preventing AD in the human population.
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