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Abstract.

Background: Glutathione (GSH) is an important endogenous antioxidant protecting cells from oxidative injury. Cys-
teine (Cys), the substrate limiting the production of GSH, is mainly generated from the trans-sulfuration pathway.
S-adenosylmethionine (SAM) is a critical molecule produced in the methionine cycle and can be utilized by the trans-
sulfuration pathway. Reductions in GSH and SAM as well as dysfunction in the trans-sulfuration pathway have been
documented in the brains of Alzheimer’s disease (AD) patients. Our previous in vivo study revealed that SAM administration
attenuated oxidative stress induced by amyloid-g (Ag) through the enhancement of GSH.

Objective: To investigate the effect of AB-induced oxidative stress onthe trans-sulfuration pathway in astrocytes and neurons,
respectively, and the protective effect of SAM on neurons.

Methods: APP/PS1 transgenic mice and the primary cultured astrocytes, neurons, and HT22 cells were used in the current
study.

Results: SAM could rescue the low trans-sulfuration pathway activity induced by Ag only in astrocytes, accompanying with
increasing levels of Cys and GSH. The decrease of cellular viability of neurons caused by Ap was greatly reversed when
co-cultured with astrocytes with SAM intervention. Meanwhile, SAM improved cognitive performance in APP/PS1 mice.
Conclusion: In terms of astrocyte protection from oxidative stress, SAM might be a potent antioxidant in the therapy of AD
patients.

Keywords: Amyloid-g, astrocytes, glutathione, S-adenosylmethionine, trans-sulfuration pathway

INTRODUCTION to maintain the balance of oxidation-antioxidation.
Dietary methionine is activated by conversion to
S-adenosylmethionine (SAM) in an ATP-dependent
reaction catalyzed by methionine adenosyltrans-
: ferase to yield S-adenosylhomocysteine (SAH),
that can protect cells.frf)r.n free radical Qamage [1]. followed by homocysteine (HCY). HCY can be
Cys is the substrate limiting the pr(?ductlon of GSH either re-methylated back to methionine using a
[2-4], therefore, the level of Cys is the key factor methyl group provided by methyltetrahydrofolate

C Jonce tor L [ Deoartmont of Pathol or irreversibly converted into cystathionine by cys-
orrespondence to: Liang Li, Department o athology, L. . ;
School of Basic Medical Sciences, Capital Medical University, tathionine ﬂ _Synthase (CBS) via trans-sulfuration

10 Xi TouTiao, You An Men street, Beijing 100069, China. Tel.: pathway [3]. Cys is generated from CyStathionine by
+86 010 83911698; E-mail: liliang8698 @yeah.net. catalysis of cystathionine vy lyase (CSE). Thus, the

Glutathione (GSH), the tripeptide containing thiol,
is composed of glutamic acid, cysteine (Cys), and
glycine. GSH is an important endogenous antioxidant
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trans-sulfuration pathway is thought to be the main
source of Cys for GSH [4-6].

The trans-sulfuration pathway is particularly active
in the liver [7] since about 50% of the Cys in
GSH is derived from methionine through the trans-
sulfuration pathway in the mammalian liver [8].
Low levels of GSH accompanied by damage of the
trans-sulfuration pathway [9] have been found in
many liver diseases, such as non-alcoholic fatty liver
disease, alcoholic liver disease, drug-induced liver
injury as well as hepatic fibrosis [10]. However,
the very existence of this pathway in the brain has
been once-controversial [5]. With the deepening of
research, more and more evidence has confirmed that
the existence of an intact trans-sulfuration pathway
in the brain, and cell-specific differences in the trans-
sulfuration pathway capacity [5]. Compared with the
liver, the activity of the trans-sulfuration pathway in
the brain is very weak, and the activities of the key
enzyme CBS and CSE are 100 times lower than those
in the liver [3]. As the most abundant subtype of glial
cells in the central nervous system, astrocytes have a
high trans-sulfuration pathway capacity [4] and more
storage of GSH than those in neurons [11]. Extracel-
lular GSH released from astrocytes is broken down
into Cys, which is taken up by neurons and used to
synthesize their own GSH [4, 12, 13].

Alzheimer’s disease (AD) is a kind of neu-
rodegenerative disorder characterized by cognitive
impairment. The pathological features include the
extracellular deposition of amyloid-8 (ApB) in senile
plaques and intracellular formation of neurofibrillary
tangles as well as neuronal death in the brain [14].
Ap is a strong inducer of oxidative stress, which
induces the generation of free radicals, cause oxida-
tive stress damage and inflammatory reaction [15;
16]. Although the causes of AD are still unclear,
oxidative injury is recognized as one of the impor-
tant pathogenic mechanisms implicated in AD [17].
It is reported that a high level of HCY and reductions
in GSH, SAM, and CBS protein in the AD brain,
which make the brain more vulnerable to A 8-induced
toxicity [2, 18]. Moreover, disrupted Cys and GSH
metabolism has been observed in AD [2]. Some stud-
ies outline the dysfunction in the trans-sulfuration
pathway in the brains of both AD patients and AD
animal models [19].

SAM is an important cell metabolite produced in
the methionine cycle and is a direct methyl donor
and the precursor of GSH. A few promising clinical
studies with AD patients and extensive research of
AD animal models exhibit the efficacy of SAM in

improving cognitive performance [20, 21]. Our pre-
vious study with the AS-intrahippocampal injection
rat model reveals that SAM administration attenuates
oxidative stress induced by A through enhancement
of GSH and potentiates the antioxidant enzyme activ-
ities [22]. However, the efficacy of SAM only stays
at brain tissue, it is unclear the effects of A-induced
oxidative stress on the trans-sulfuration pathway in
astrocytes and neurons, respectively, and the inter-
vention of SAM. In the present study, the APP/PS1
transgenic mice and the primary cultured astrocytes,
neurons, and HT22 cells were used to reveal the
astrocyte protection of neurons from Ap-induced
oxidative stress by SAM.

MATERIALS AND METHODS
Animals and treatment

Male APPswe/PS1dE9 (APP/PS1) mice and male
wild-type C57BL/6J mice (C57) of 8-week-old (the
ethical approval reference number were AEEI-2019-
081, Beijing HFK Bioscience Co, Ltd. Beijing,
China) were used in the present study. All animals
were housed in the Experimental Animal Center of
the Capital Medical University under conventional
laboratory conditions (22-24°C 40-60% relative
humidity) with ad libitum access to food and water
and maintained on a standard 12/12h light/dark-
cycle. The mice were randomly divided into four
groups (20 mice per group): C57 group, C57 + SAM
group, APP/PS1group, and APP/PS1+ SAM group.
SAM (6 mg/mL) was intragastricly administrated at
20 mg/kg weight every other day for seven months.
The mice of C57 group and APP/PS1 group were
administered with the same volume of saline. All
experimental procedures complied with the Guidance
for the Care and Use of Laboratory Animals formu-
lated by the Ministry of Science and Technology of
China.

Cell culture and treatment

Mouse hippocampal neuronal cell line (HT-
22, undifferentiated) was obtained from Shanghai
Langkang Biotechnology Co. Ltd. (China) and main-
tained at 37°C in a humidified atmosphere with
5% CO; in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, USA) containing 10% fetal bovine
serum (FBS) (Gibco).
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Primary astrocyte culture

Thebrain was obtained from the postnatal 0-day-
old Sprague-Dawley rat pups. After removing the
cerebellum, blood vessels, and meninges, cerebral-
cortices were isolated under a stereomicroscope. The
cerebral cortices were then cut into small pieces,
and digested with 0.25% trypsin for 5 min at 37°C.
After being filtered through a 70 wm cell strainer
(Biologix, China), the cell suspension was cen-
trifuged, resuspended, and seeded in 60 mm dishes
at a density of 1 x 10° cells/mL maintained in Dul-
becco’s modified Eagle’s medium: Nutrient Mixture
F-12 (Ham) (DMEM/F12) (Gibco) supplemented
with 10% FBS (Gibco). After incubation for 1 h at
37°C, the cell suspension was collected and seeded
in 25 cm? flasks maintained in DMEM/F12 (Gibco)
supplemented with 10% FBS (Gibco) and 1%
penicillin-streptomycin (Gibco, Invitrogen, USA).
The medium was refreshed every 3 days. After §—10
days, microglial cells were removed by shaking in
an orbital shaker at 37°C with the shaking speed
of 250r/min for 18h. The cells were transferred
to 60mm dishes and maintained in DMEM/F12
supplemented with 10% FBS and 1% penicillin-
streptomycin at 37°C in a humidified atmosphere
with 5% CO,. Cells from passage 3 were used for
subsequent experiments. The purity of astrocytes was
assessed by staining with the antibody of anti-GFAP
(1:300, Cell Signaling Technology, Danvers, MA,
USA, #3670).

Primary neuron culture

The cerebral cortices were isolated from postna-
tal 0-day-old Sprague-Dawley rat pups, then cut into
small pieces, and digested with 0.125% trypsin for
15 min at 37°C. After being filtered through a 70 w m
cell strainer (Biologix), the cell suspension was cen-
trifuged, resuspended, and seeded onto poly-L-lysine
(0.05 mg/ml)-coated 6-well plates at a density of
1 x 106 cells/mL maintained in DMEM/F12 (Gibco)
supplemented with 2% B27 (Gibco) and 0.25%
Glumax (Gibco). After 3 days, 2.5 wg/mL cytosine
arabinoside (Sigma, USA) was added in the culture
medium for 24 h to inhibit the proliferation of glial
cells. Fifty percent of the medium was replaced every
third day. The cells were maintained at 37°C with 5%
CO2 for 14 days before subsequent experiments. The
purity of neurons was assessed by staining with the
antibody of anti-map-2 (1 : 300, Abcam, Cambridge,
MA, USA, ab32454).

Cell co-culture

The transwell co-culture system was used. Astro-
cytes were cultured at a density of 5x 10° on
transwell inserts (pore size 0.4 wm, Corning, NY,
USA) in 6-well plates, and the HT22 cells or primary
cultured neurons were placed in 6-well plate.

Both AB1—42 and scrambled A f1—47 (peptide com-
prised of the same amino acid composition.of A 8142
but in a randomized sequence, China Peptides Co.,
Ltd, China) were aggregated by incubationin distilled
saline at 37°C for 72 hbefore use. Aggregated AB1—42
(20 wM), aggregated scrambled ABj_4> (20 wM)
were added into the medium co-incubated with or
without SAM (100 n. M in water, Yuanye Bio, China)
for 72 h.

Cell viability assay

The cell viability was tested using Cell Counting
Kit-8 (cck-8 kit) (Applygen, China) following the
manufacturer’s instruction. Astrocytes or HT22 cells
were cultured in 96-well plates at a density of 5 x 10*
cells/well. Primary neurons and co-culture cells were
tested in 6-well plates. Before assay, the medium
was replaced by fresh media and CCK-8 solution
was added in each well and allowed to incubate for
1-1.5h at 37°C. The absorbance was measured using
microplate reader (Thermo Scientific, Waltham, MA,
USA) at 450 nm. The absorbance in wells with only
medium and CCK-8 solution was used as negative
control. The percentage of cell viability was calcu-
lated as follows:

Cell viability (%) = (A450 [sample]| -A450 [NC])/
(A450 [control] -A450 [NC]) x 100%

Flow cytometric apoptosis analysis by
annexin-PI staining

The cellular apoptosis was detected using annexin
V-FITC apoptosis detection kit (Beyotime, China)
following the manufacturer’s instructions. Cells were
harvested and carefully washed with PBS for three
times. After centrifugation at 1000 g for 5 min, the
cell pellets were resuspended in 195 w L annexin V
binding buffer and mixed by adding 5 . L annexin V-
FITC and 10 p L propidium iodide. The suspension
was then incubated in the dark for 15 min at room
temperature. The samples were analyzed by Guava
easy cyte flow cytometer (Millipore, Darmstadt,
Germany).
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Western blot analysis

Cells or cerebral cortices of each group were
harvested and homogenized in a lysis buffer con-
taining 50 mM Tris-HCI (pH 7.5), 150 mMNacCl, 1%
NP-40, 0.1% SDS, and protease inhibitor cocktail
(PPLYGEN, China). The extraction of membrane
protein carried out using Membrane and Cytosol
Protein Extraction Kit (Beyotime) following the man-
ufacturer’s instructions. Routine procedures were
carried out as described previously [22]. The pri-
mary antibodies used in this study were as follows:
rabbit anti-CBS polyclonal antibody (1 : 1000, Pro-
tein Tech, Chicago, IL USA, 14787-1-AP), rabbit
anti-GCLC monoclonal antibody (1 : 5000, Abcam,
ab190685), rabbit anti-xCT monoclonal antibody
(1:5000, Abcam, ab175186), rabbit anti-ATP1A1
polyclonal antibody (1:1000,ProteinTech,14418-
1-AP), rabbit anti-EAAT3 polyclonal antibody
(1:1000, Protein Tech, 12686-1-AP), and mouse
anti-GAPDH monoclonal antibody (1: 10000, Pro-
tein Tech, 60004-1-1g). The quantification of the blots
was carried out using Alpha Fluor Chem FC3system
(Protein Simple, USA) and analyzed with Image J
16.0 (NIH, Bethesda, MD, USA). Each blot was
quantified densitometrically, and then the data were
obtained after being normalized to GAPDH blots. All
original western blot images are shown in Supple-
mentary Figure 1.

CBS activity assay

Cultured cells or cerebral cortices were harvested
and 500 pl of CBS Assay Buffer was added to each
sample, then homogenize on ice and centrifuge at
10,000 g, 4°C for 10 min. The supernatant was col-
lected and detected by Cystathionine S Synthase
Activity Assay Kit (Fluorometric) (Biovisionlnc.,
Milpitas, CA, USA #K998-100) according to the
manufacturer’s instructions. The fluorescence inten-
sity was measured using Twinkle LB 970 (Berthold,
Bad Wildbad, Germany) with the excitation and emis-
sion wavelengths at 368 and 460 nm, respectively. All
assays were performed in triplicate.

Quantification of SAM and HCY

Cultured cells or cerebral cortices were collected
and homogenized in saline. After centrifugation at
1,500 g for 20 min at 4°C, the supernatant was col-
lected for the quantitative analysis of SAM or HCY
by enzyme-linked immunosorbent assay (ELISA)

(Cloud-Clone Corp, Wuhan, China) according to the
manufacturer’s protocols. The colorimetric reaction
products were measured at 450 nm using microplate
reader (Thermo Scientific). All assays were per-
formed in triplicate.

Quantification of Cys

The production of Cys was measured by Cys
ELISA kit (MeiBiao Biology Corp, Jiangsu, China)
according to the manufacturer’s instructions. The
absorbance was measured using microplate reader
(Thermo Scientific) at the wavelength of 450 nm. All
assays were performed in triplicate.

Determination of GSH

Cultured cells or cerebral cortices of each group
were harvested and homogenized. After centrifuga-
tion at 14,000 g for 10min at 4°C, the supernatant
was collected for the quantitative analysis of reduced
GSH level according to the manufacturer’s instruc-
tions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China). The absorbance was measured using
microplate reader (Thermo Scientific) at the wave-
length of 405nm. All assays were performed in
triplicate.

Morris water maze test

The Morris water maze test was performed 7
months after SAM administration. A pool (diame-
ter: 100 cm; height: 50 cm; depth of water: 30 cm)
was filled with water (22 & 1°C). A transparent plat-
form (diameter: 8cm; height: 29 cm) was placed at the
center of one quadrant in the pool, and the platform
was approximately 1 cm beneath the water surface,
invisible from the surface of the water. The water
in the pool was dyed white. During the experiment,
some specific graphics were fixed in someplace in
the wall of the pool to provide additional cues for the
mice to locate the platform. Before starting a hidden
platform experiment, animals receive adaptive train-
ing. Briefly, during the acquisition trial (days 1-5),
each mouse was trained to find a submerged platform
within 60s, and the latency, swimming speed and
searching distance were recorded. If the mouse found
the platform within 60 s, the time was recorded as the
latency. Otherwise, the mouse was gently guided to
the platform and allowed to remain on the platform
for 10 s, and the latency was recorded as 60 s. For the
probe trial (day 6), the platform was removed and the
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mouse was allowed to swim freely for 60 s; the num-
ber of target platform crossings and the time spent and
swimming distances in each quadrant were recorded
[23].

Statistical analysis

The normality of all data was evaluated by Shapiro-
Wilk test using SPSS software, version 21.0 (SPSS
Inc., Chicago, USA). Data were analyzed by one-way
ANOVA and two-way ANOVA followed by Tukey’s
post hoc testusing Prism6 (GraphPad software, USA)
software, and data were considered statistical sig-
nificance as p<0.05. All data were presented as
mean =+ standard deviation (SEM).

RESULTS

SAM rescued AB-induced low trans-sulfuration
pathway activity in astrocytes, but not in HT22
cells

Firstly, APP/PS1 transgenic mice were used to get
the knowledge to the levels of SAM and HCY under
Ap insult in the brain tissue. The level of SAM in
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Fig. 1. SAM and HCY levels in APP/PS1 mice and cultured cells. The level of SAM and HCY were examined by ELISA in (A, D) cortex

the brain of APP/PS1 mice was reduced to 78.8%
(Fig. 1A), while, HCY was increased to more than
2-fold, compared with C57 mice (Fig. 1D). After
SAM administration for 7 months, the level of HCY
was reduced to 69.6%, compared with APP/PS1 mice
(Fig. 1D). Next, the effects of A treatment on the
levels of SAM and HCY were examined in either
astrocytes or neurons, respectively. SAM levels were
decreased to 70.0% and 72.4%, while, HCY levels
were increased to 1.6-fold and 1.46-fold in the pri-
mary cultured astrocytes and HT22 cells under A8
treatment, compared with the control group (Fig. 1B,
C, E, F). The level of HCY decreased to 68.2% in
the SAM intervention group in the primary cultured
astrocytes (Fig. 1E), while, no significant changes
were observed in HT22 cells with SAM intervention
(Fig. 1F).

Since CBS is the key component of the trans-
sulfuration pathway that catalyzes the conversion of
HCY to cystathionine [8], CBS expression and activ-
ity were examined. There was no significant change in
the expression of CBS protein in APP/PS|1 transgenic
mice (Fig. 2A), while the CBS activity was decreased
to 54.3%, compared with C57 mice (Fig. 2D). SAM
administration enhanced CBS activity to 1.71-fold,
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from APP/PS1 mice (n=5) treated with or without SAM (20 mg/kg) every other day for seven months, (B, E) astrocytes (n=3) and (C, F)
HT22 cells (n=3) treated with A (20 w M) with or without SAM (100 w M) for 72 h. Data were expressed as mean £ SEM. **p <0.01;

##%p < 0.001 versus C57 mice or control group; #p <0.05, #p <0.01 versus APP/PS1 mice or AB group. All in vitro experiments were

performed independently 3 times and repeated 3 times.
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Fig. 2. CBS expression and activity in APP/PS1 mice and cultured cells. CBS protein levels were tested by western blot and CBS activity
examined using CBS Activity Assay Kit in (A, D) cortex from APP/PS1 mice (n =5-6) treated with or without SAM (20 mg/kg) every other
day for seven months, (B, E) astrocytes (n=3) and (C, F) HT22 cells (n=3) treated with Ag (20 p M) with or without SAM (100 n M) for
72 h. The expressions of the blots were densitometrically quantified, and the data were obtained after being normalized to GAPDH blots.
Data were expressed as mean &= SEM. *p <0.05; *#p <0.01; versus C57 mice or control group; *p <0.05, #p <0.01 versus APP/PS1 mice
or AB group. All in vitro experiments were performed independently 3 times and repeated 3 times.

compared with APP/PS1 mice (Fig. 2D).In astro-
cytes, the expression of CBS protein and CBS activity
were decreased to 52.3% and 50.2% under Ap treat-
ment, respectively, and SAM intervention increased
both protein level and activity of CBS (Fig. 2B, E).
However, in HT22 cells, CBS activity was decreased
to 54.8% without alteration in CBS protein expres-
sion under A treatment, and SAM didnot restore
CBS activity (Fig. 2C, F). These data suggested that
the trans-sulfuration pathway was largely inhibited
by AB, and SAM could rescue. its activity only in
astrocytes.

SAM increased low level of GSH induced by AB
in astrocytes, but not in HT22 cells

Since GSH is the main product of the trans-
sulfuration pathway [5], next the levels of GSH
were measured. GSH level in the brain of APP/PS1

mice was decreased to 48.2%, compared with C57
mice, and SAM administration reversed it to 1.9-fold,
compared with APP/PS1 transgenic mice (Fig. 3A).
Similarly, the GSH level in AS treatment group was
decreased to 72.1% and 43.2% of that in control
group, and SAM intervention increased GSH levels
to 1.3-fold and 1.47-fold, compared with AS treated
group in astrocytes and in the astrocytes cultured
medium, respectively (Fig. 3B, C). In HT22 cells,
the GSH level in A treatment group was decreased
to 72.1% of that in control group, and SAM did not
reverse it (Fig. 3D).

Cys is an important substrate required for GSH and
is supplied through the trans-sulfuration pathway [2].
Cys level in APP/PS1 transgenic mice was decreased
to 81.7%, and SAM restored it to nearly normal level,
compared with C57 mice (Fig. 3E). In astrocytes and
their cultured medium, the levels of Cys in A treat-
ment group were decreased to 46.6% and 63.1% of
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Fig. 3. GSH and Cys levels in APP/PS1 mice and cultured cells.The level of GSH tested by GSH assay kit and Cys were examined by ELISA respectively in (A, E) cortex from APP/PS1 mice
(n=75) treated with or without SAM (20 mg/kg) every other day for seven months, (B, F) astrocytes (n=3), (C, G) astrocytes cultured medium (n=3), and (D, H) HT22 cells (n=3) treated with
AB (20 w M) with or without SAM (100 p. M) for 72 h. Data were expressed as mean - SEM. *p <0.03; *¥p <0.01; **¥p <0.001 versus C57 mice or control group; *p <0.05, #p <0.01 versus
APP/PS1 mice or AS group. All in vitro experiments were performed independently 3 times and repeated 3 times.
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that in the control group, while SAM intervention
increased Cys level to 1.6-fold and 1.4-fold, com-
pared with A8 treatment group, respectively (Fig. 3F,
G).In HT22 cells, the Cys level in A8 treatment group
was decreased to 81.8% of that in the control group,
while SAM didnot reverse it (Fig. 3H).

Besides the trans-sulfuration pathway, Cys is also
provided by cystine/glutamate exchange transporter
(system x. ) for the production of GSH [24]. In astro-
cytes, the XCT (the functional subunit of system xc—)
protein in A treated group was significantly reduced
to 33.5% compared with the control group; how-
ever, no effect of SAM on xCT expression (Fig. 4B).
In addition, no changes of xCT expression were
observed in APP/PS1 transgenic mice and HT22 cells
(Fig. 4A, C). Most neuronal Cys uptake is mediated
by EAAT3 [25]. The expression of EAAT3 protein
was examined in HT22 cells to find that EAAT3 was
decreased to 48.6% under Af treatment, and SAM
intervention increased it to 2.7-fold, compared with
Ap treated group (Fig. 4D). In order to detect the
effect of SAM on EAAT3 binding activity, the cells
were incubated with 50 w MCys at 37°Cfor 5min
before harvest and then detected the intracellular con-
tent of Cys. As shown in Fig. 4H, SAM could increase
the content of intracellular Cys to 1.42-fold, com-
pared with AS treatment group. These data implied
that SAM could increase EAAT3 expression and
activity in HT22 cells, which is conducive to neurons
to uptake extracellular Cys for GSH synthesis.

GSH is synthesized by the consecutive action of
the enzymes glutamate-cysteine ligase (GCL) and
glutathione synthetase. The GCLC (the glutamate-
cysteine ligase catalytic subunit) is the rate-limiting
enzyme in GSH synthesis [26]. We found that GCLC
protein in APP/PS1 transgenic mice was decreased
to 75.1%, and SAM restored it to normal level, com-
pared with C57 mice (Fig. 4E). However, there were
no changes in astrocytes and HT22 cells (Fig. 4F,
G). These data suggested that the synthesis of GSH
is more sensitive to the substrate of Cys from the
trans-sulfuration pathway in astrocytes.

SAM protected HT22 cells against AB injury
when co-cultured with astrocytes

SAM did not reverse ApB-induced low GSH level
in HT22 cells; however, GSH level was increased
by nearly 30% when supplementing of exogenous
Cys (N-Acetyl-L-cysteine) (Fig. 5A). The in vitro
study of astrocyte indicated that SAM could increase
both GSH and Cys in astrocytes cultured medium

(Fig. 3C, G), meanwhile, SAM increased EAAT3
expression and activity in HT22 cells (Fig. 4D, H).
Next, the astrocytes-neuron co-culture system was
used to explore the interplay of these two kinds of
cells. When HT22 cells were co-cultured with astro-
cytes, the level of Cys in HT22 cells and the HT22
cultured medium were decreased to 80:1% and 70.0%
of that in the control group when under A treat-
ment, while SAM increased Cys to 1.14-fold and
1.2-fold, compared with A treatment group, respec-
tively (Fig. 5B, C). Consistently, the GSH level in
HT?22 cells and co-cultured medium were increased
tonearly 1.5-fold, compared with A 8 treatment group
(Fig. 5D, E). Then, the cellular apoptosis and via-
bility of HT22 cells in this co-culture system were
tested. SAM could largely decrease the number of
apoptotic cells by 44.2% and increased the cellular
viability by 50.1%, compared with the HT22 cells
cultured alone (Fig. 5F, G). Furthermore, the cellu-
lar viability of primary cultured neurons was also
increased when co-cultured with astrocytes combined
with SAM treatment (Fig. SH). These results sug-
gested that SAM could protect neurons from Ap
damage with the help of astrocytes.

SAM improved cognitive performance in
APP/PS1 mice

Morris water maze was used to evaluate the spatial
memory of the mice. APP/PS1 mice exhibited cog-
nitive deficiency with prolonged escape latency and
swimming distance, compared with C57 mice. The
mice with SAM administration for 7 months demon-
strated significant decreases in escape latency and
swimming distance when compared with APP/PS1
mice (Fig. 6A, B). Moreover, longer times spent in the
target quadrant and more times crossing the platform
were observed in the mice with SAM administration
compared with APP/PS1 mice (Fig. 6D, E). Swim-
ming speed was not different among all the groups
(Fig. 6C, F). These results implied that SAM might
improve the learning and memory ability of APP/PS1
mice through protection of neurons against A 8 injury.

DISCUSSION

GSH assists in maintaining oxidative homeosta-
sis by removing reactive oxygen species, reactive
nitrogen species, and peroxides. GSH, hydrophilic
compounds, can passively diffuse through the lipid
border of the blood-brain barrier. It seems unlikely
that direct transport of GSH would contribute consid-
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Fig. 4. The effect of SAM on xCT, EAAT3, and GCLC proteins under A treatment. XCT and GCLC expressions were tested by western blot in (A, E) cortex from APP/PS1 mice (n=5-6) treated
with or without SAM (20mg/kg) every other day for seven months, (B, F) astrocytes (n=3) and (C, G) HT22 cells (n=3) treated with AS (20 w M) with or without SAM (100 . M) for 72 h. D)
EAATS3 expressions were tested by western blot and (H) Cys level tested by ELISA in HT22 cells (n=3) treated with A8 (20 u M) with or without SAM (100 w M) for 72 h. The expressions of
the blots were densitometrically quantified, and the data were obtained after being normalized to GAPDH blots. Data were expressed as mean + SEM. *p <0.05; **p <0.01versus C57 mice or
control group; #p <0.01 versus APP/PS1 mice or Af group. All in vitro experiments were performed independently 3 times and repeated 3 times.
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Fig. 5. SAM protected HT22 cells against A injury when co-cultured with astrocytes. The levels of (A) GSH were examined in HT22 cells
(n=3) when treated with A (20 w M) with or without SAM (100 p M), NAC(N-Acetyl-L-cysteine) (1 mM) for 72 h. The levels of Cys and
GSH were examined in (B, D) HT22 cells (n =3) and (C, E) the cultured medium (n =3) when co-cultured with astrocytes under the treatment
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Fig. 6. Cognitive performance tested by Morris water maze in APP/ PS1 mice. The mice were subjected to Morris water maze test on
a designed time for five consecutive days, (A) average escape latency, (B) average swimming distance, (C) mean speed in Positioning
cruise experiment, (D) platform crossing time, and (E) time in target quadrant were measured (n=9-15). The (F) mean swimming speed
was calculated (n=9-15). Data were expressed as mean + SEM. *p <0.05; **p <0.01; ¥*¥p'<0.001 versus C57 mice; *p <0.05, #p <0.01

versus APP/PS1 mice.

erably to brain GSH content since most of the studies
report that the cerebrospinal fluid concentration of
GSH is 250-500 x lower than intracellular GSH lev-
els in brain [27, 28]. Thus, intracellular synthesis is
necessary for maintaining the large concentration dif-
ference. Cys is the substrate limiting the production
of GSH and the immediate precursor of hydrogen
sulfide and taurine, both of which have significant
antioxidant properties [29, 30]. Cys must be sup-
plied either from the extracellular medium imported
cystine, its oxidized form, or in situ synthesis from
methionine via the trans-sulfuration pathway. Astro-
cytes and microglial cells are the main sites of GSH
production in the brain and import cystine, which is
immediately reduced to Cys on entering the cytosol.
In astrocytes, uptake of cystine provides approx-
imately two-thirds of the Cys required for GSH
synthesis. The remaining one third is derived from
methionine via the trans-sulfuration pathway, but this
contribution increases during oxidative stress [31].
The trans-sulfuration pathway has cell-specific dif-
ferences and acts in a reserve capacity in astrocytes
to boost GSH production when needed [32]. It is
increasingly recognized that methionine is a signifi-

cant source of Cys for GSH in astrocytes [3, 5, 30].
Methionine is converted to Cys through the methion-
ine cycle and trans-sulfuration pathway. Flux through
the pathway is increased in response to oxidative
stress, meaning that a greater percentage of Cys
for GSH originates from methionine rather than the
extracellular compartment [3, 30]. It is believed that
CBS is more important than CTH in astrocytes [33]
and is primarily expressed in astrocytes [34]. An
inherited deficiency in CBS results in a pathologi-
cal accumulation of HCY which can cause oxidative
stress due to a limited supply of Cys for GSH in the
brain [35]. In our study, we found that SAM interven-
tion could repair the damage of the trans-sulfuration
pathway induced by ApS to increase GSH level in
astrocytes and APP/PS1 mice, especially in improv-
ing CBS activity. The protective effect of SAM was
not seen in HT22 cells, which might be due to the
weak ability of trans-sulfuration pathway in neurons.
Besides, the enzyme of CBS can generate hydro-
gen sulfide (H,S) using Cys or HCY as a substrate
[32]. H»S has several physiological and patholog-
ical actions in the brain, including the ability to
protect neurons from oxidative stress and glutamate-
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mediated excitotoxicity [36, 37]. In the present study,
we do not focus on H» S, and it deserves further study
in this system in the future.

Uptake of cystine is also mediated by the x.~
exchanger (SLC7A11 carrier) that releases glutamate
in a 1:1 ratio with cystine uptake. Basal xCT is
expressed both in neurons and astrocytes of the cere-
bral cortex [38—40]. Some study finds that impaired
GSH metabolism correlates with downregulation of
xCT [41] and targeted deletion of the mice xCT gene
lead to higher cystine/Cys ratios in blood plasma,
elevated redox stress, and oxidative damage [42]. In
addition, xCT over expression alone in astrocytes is
sufficient to increase GSH synthesis/release and pro-
tect neurons against oxidative stress [24]. However,
the system x.~ can release glutamate which increases
glutamate in extracellular to cause neurotoxicity [43].
Other research finds that microglia enhances the toxi-
city of AB by releasing glutamate through the system
Xc~ [44] which seems to be a double-edged sword.
Consistent with the above reports, our data showed
that xCT protein decreased significantly in astrocytes
accompanied by low-level GSH induced by Ap, but
not in HT22 cells. The reason for this inconsistency
may be that the X~ is not the main channel protein to
maintain the level of Cys in neurons. Meanwhile, the
decrease of xCT protein was not found in APP/PS1
transgenic mice. Some research report that astrocytes
in isolation are dependent upon the x.~ exchanger
for Cys to generate GSH, whereas the relationship
is less critical in vivo [45]. In addition, alternative
pathways or compensatory mechanisms operate to
maintain an adequate supply of intracellular Cys and
GSH when the animals in the absence of a functional
Xc~ exchanger [46].

Moreover, Cys can be taken up by EAAT3 coded
by SLC1A1/SIclal [2]. Excitatory amino acid trans-
porters (EAATSs) are high-affinity Na+-dependent
carriers of major importance in maintaining glu-
tamate homeostasis in the central nervous system.
Some research reports that the EAAT3 is responsi-
ble for about 90% of total Cys uptake in neurons
[47] and believed to be important for the synthe-
sis of intracellular GSH and subsequent protection
from oxidative stress [48]. The mice knocked-out
forEAAT3, which presents a decreased GSH con-
tent in neurons and early onset brain aging, exhibits
significant biochemical and functional improvements
when treated with the antioxidant N-acetyl-cysteine
[49-51]. The reports about EAAT3 expressions in
mouse models of AD are conflicting. Schaller et
al. [52] report an increase in EAAT3 expression in

ApBPP23 mice, while a decrease in the expression
of EAAT?3 has been reported by Cassano et al. [53]
in triple transgenic (3xTg) AD mice. In humans,
aberrant intracellular accumulation of a detergent-
insoluble EAAT?3 has been described in hippocampal
neurons of AD patients, although the overall corti-
cal expression of the transporter is comparable to
controls [54]. Impairment of the PI3k/Akt pathway
which can increase the translocation of EAAT?3 to the
cell surface has been demonstrated in the postmortem
brains of AD patients, associated with insulin-like
growth factor-1 (IGF-1) and insulin resistance [19].
Our results showed that the expression of EAAT3
protein was decreased under A insult and SAM
can improve either its expression or activity in HT22
cells. The underlying mechanisms need to be further
explored.

The regulation of GSH synthesis occurs at the level
of y-glutamate-cysteine ligase (GCL) and GCLC is
the rate-limiting enzyme in GSH synthesis [55]. Our
results showed that GCLC expression was decreased
in AB-induced and SAM could recover it in APP/PS1
mice. However, this change was not observed in the
in vitro study, which may be due to the different sys-
tems and differences in the experimental processing.
However, it is puzzling that the gene coding for this
enzyme of GCLC and xCT is a recognized target of
the antioxidant response transcription factor, nuclear
factor (erythroid-derived 2)-like 2 (Nrf2) [56], but
their changes are inconsistent in our model, which
suggested that there may be other regulatory path-
ways [46].

SAM is an important molecule in normal
cell function and survival. SAM is utilized by
three key metabolic pathways: transmethylation,
trans-sulfuration, and polyamine synthesis. In trans-
sulfuration, SAM is converted via a series of
enzymatic steps to Cys, a precursor of GSH which
is a major cellular anti-oxidant. SAM has been
used extensively to manage liver diseases of differ-
ent etiologies in both humans and animals [57-59].
The effect of SAM has been attributed to its
role in the enhancement of GSH stores in hepato-
cytes and decrease the production of the reactive
oxygen species [34, 60-62]. SAM decreases HCY re-
methylation to methionine by allosterically inhibiting
methyltetrahydrofolate reductase (MTHFR) and acti-
vates CBS activity [63] to stimulate reduced GSH
synthesis in liver disease [64]. Moreover, SAM
administration abolishes hypomethylation, dimin-
ishes the amyloid pathology and restores cognitive
capabilities [65]. SAM reduces amyloid production,
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increases spatial memory in TgCRNDS8 mice, and
inhibits tau phosphorylation in TgCRNDS8 mice [21,
66, 67]. Dietary supplementation with SAM delays
Ap and tau pathology in 3xTg-AD mice [68]. Fur-
thermore, the administration of SAM could inhibit
oxidative and inflammatory injury in AD animal
models [69, 70].

Collectively, SAM can protect neurons against A 8-
induced injury by enhancing the trans-sulfuration
pathway in astrocytes. This study will help to under-
stand the protective mechanisms of SAM in brain,
especially for AD patients.
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