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Abstract

Neuroinflammation has been known to play a critical role in the pathogenesis of Alzheimer's disease (AD) through amyloidogenesis. In a previous study, we
found that systemic inflammation by intraperitoneal (ip) injection of lipopolysaccharide (LPS) induces neuroinflammation and triggers memory impairment. In
this present study, we investigated the inhibitory effects of epigallocatechin-3-gallate (EGCG) on the systemic inflammation-induced neuroinflammation and
amyloidogenesis as well as memory impairment. ICR mice were orally administered with EGCG (1.5 and 3 mg/kg) for 3 weeks, and then the mice were treated by
ip injection of LPS (250 pg/kg) for 7 days. We found that treatment of LPS induced memory-deficiency-like behavior and that EGCG treatment prevented LPS-
induced memory impairment and apoptotic neuronal cell death. EGCG also suppressed LPS-induced increase of the amyloid beta-peptide level and the
expression of the amyloid precursor protein (APP), 3-site APP cleaving enzyme 1 and its product C99. In addition, we found that EGCG prevented LPS-induced
activation of astrocytes and elevation of cytokines including tumor necrosis factor-«, interleukin (IL)-13, macrophage colony-stimulating factor, soluble
intercellular adhesion molecule-1 and IL-16, and the increase of inflammatory proteins, such as inducible nitric oxide synthase and cyclooxygenase-2, which are
known factors responsible for not only activation of astrocytes but also amyloidogenesis. In the cultured astrocytes, EGCG also inhibited LPS-induced cytokine
release and amyloidogenesis. Thus, this study shows that EGCG prevents memory impairment as well as amyloidogenesis via inhibition of neuroinflammatory-

related cytokines released from astrocytes and suggests that EGCG might be a useful intervention for neuroinflammation-associated AD.

© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer's disease (AD) is the most common cause of dementia,
accounting for 50% to 75% of all cases [1,2]. AD is pathologically
characterized by senile plaques and neurofibrillary tangles in the
brain. In particular, the senile plaques are extracellular aggregates of
amyloid beta-peptide (AP) that are cleaved from the amyloid
precursor protein (APP) [3]. Postmortem studies of AD brains also
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found a number of pathological abnormalities including a profound
loss of synapses, microglial activation and inflammatory processes [4].
Previous studies with transgenic animals revealed that neuroinflam-
mation also accelerates amyloidogenesis in the process of cerebral
amyloid deposition [5-8]. In the process of neuroinflammation,
various cytokines [tumor necrosis factor (TNF)-c, interleukin (IL)-6,
IL-1P, etc.], chemokines [monocyte chemotactic protein (MCP)-1,
macrophage-derived inflammatory mediator (MIP)-c, etc.], oxygen
free radicals and reactive nitrogen species [9], and eicosanoids such as
leukotriene B, and prostaglandins [10] are important signaling
molecules of neuroinflammatory responses [11].

Intraperitoneal (ip) administration of lipopolysaccharide (LPS)
can induce an immediate, strong and persistent up-regulation of
proinflammatory cytokines IL-1B, IL-6 and TNF-a primarily from
macrophages, and these proinflammatory cytokines exert neurobio-
logical effects [12], suggesting that systemic inflammation can affect
the neurobiological condition. Systemic administration of a single
dose of LPS through ip injections induces neuroinflammation that
persists for 10 months, which results in the progressive loss of
dopaminergic neurons in the substantia nigra [13]. Mouton et al. [14]
found that single ip injection of LPS induced elevation of several
cytokines, such as IL-1p, IL-6 and TNF-c, in hippocampal tissue.
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Erickson and Banks [15] reported that single and three repeated ip
injections of LPS increased release of neuroinflammatory-related
cytokines and chemokines granulocyte colony-stimulating factor, IL-
la, IL-6, MCP-1, MIP-1a¢ and TNF-o, in mouse brain. Those
inflammatory components accelerate amyloidogenesis via up-regu-
lation of the 3-secretase level and activity [16,17]. Recently, Jaeger et
al. [18] reported that systemic injection of LPS increased brain influx
of blood AR via alteration of low density lipoprotein receptor-related
protein 1 (LRP-1) in mice brain. Our previous studies also showed that
systemic administration of LPS could induce memory deficiency and
AR accumulation through the elevation of - and +y-secretase
activities [19]. Moreover, administration of anti-inflammatory agents
in AD patients could reduce amyloidogenesis, suggesting that
neuroinflammation may cause the pathogenesis of AD via amyloido-
genesis [20]. Thus, this animal model might be useful to study
underlying mechanisms of neuroinflammation-associated develop-
ment of AD.

Epigallocatechin-3-gallate (EGCG) is the most abundant biologi-
cally active compound in tea. Epidemiological studies have also
suggested a positive relationship between consumption of EGCG and
the prevention of AD [21]. Green tea extract or EGCG has been
reported to attenuate AR-induced neurotoxicity in cultured human
neuronal cell lines and to modulate both tau pathology and AP-
mediated cognitive impairment in transgenic mice models of AD [22-
26]. It was also reported that green tea has anti-pB-secretase activity in
vitro [27]. Moreover, Rezai-Zadeh et al. [22] reported that EGCG
markedly elevated the a-secretase activity and promoted soluble
APP-a production in the murine neuron-like cells transfected with
the human Swedish mutant form of APP (SweAPP N2a cells), as well
as in primary neurons derived from Swedish mutant APP-over-
expressing mice (the Tg APPsw line 2576).

In our previous studies, we found that intracerebroventricular
(icv) injection of LPS induced memory deficiency and AP accumula-
tion through decreased a-secretase activity as well as elevation of the
3- and +y-secretase activities, and these were all reduced by EGCG
[28]. We previously also demonstrated that EGCG prevented
amyloidogenesis via inhibition of 3-secretase activity in AR-injected
and presenilin2 mutant transgenic mice [28,29]. Thus, we investigat-
ed preventive effect of EGCG on the systemic neuroinflammation
model via ip injection of LPS, and we investigated the possible
mechanisms of EGCG effects to improve the memory deficiency in
systemic LPS-injected AD mice models.

2. Materials and methods
2.1. EGCG

Green tea-derived flavonoid EGCG was purchased from Sigma-Aldrich (St. Louis,
MO, USA). In our previous memory impairment animal model, 1.5 and 3 mg/kg EGCG
treatment for 3 weeks showed a neuroprotective effect [28,29]. Therefore, a similar

dose of EGCG (1.5 and 3 mg/kg) was used in the present study, which is about 1.5 times
more than the dose of human consumption. The daily human consumption of green tea

Administration of EGCG (1.5 or 3 mg/kg)

is about 2 mg/kg (12 gx1% yield from green tea leaf/70 kg) [30]. The average water
consumption of mouse per day was about 3-4 ml; thus, the amount of EGCG intake was
approximately 15 or 60 mg per mouse. The amount of EGCG that reached the brain was
about 2-3 nmol/g tissue according to another research [31]. EGCG was added to
drinking water, and mice were allowed access for 3 weeks ad libitum before induction
of memory impairment.

2.2. LPS-induced memory impairment mouse model

Five-week-old male mice IcrTacSam:ICR (Samtako, Gyeonggi-do, Korea) was used
as it was used for LPS-induced neurodegenerative mice model in our previous study
and in another study [18,19]. These mice were maintained in accordance with the
Institutional Animal Care and Use Committee of the Laboratory Animal Research Center
at Chungbuk National University, Korea (CBNUA-144-1001-01). All mice were housed
in aroom that was automatically maintained at 21°C-25°C and relative humidity (45%-
65%) with a controlled light-dark cycle. The LPS (serotype 055:B5, Sigma, St. Louis, MO,
USA; final concentration of 0.1 mg/ml) was dissolved, and aliquots in saline were
stored at —20°C until use. The ip injection (250 pg/kg) of LPS or vehicle (saline) was
administered daily for 7 days after the EGCG treatment. Subsequently, the behavioral
tests of learning and memory capacity were assessed using two separate tests (water
maze, probe and passive avoidance tests). An 1-day interval was given between tests
for adaptation of new circumstances (Fig. 1).

2.3. Water maze test

The water maze test is also a widely accepted method for memory test, and we
performed this test as described by Morris [32]. Maze testing was performed by the
SMART-CS (Panlab, Barcelona, Spain) program and equipment. A circular plastic pool
(height: 35 cm, diameter: 100 cm) was filled with nontoxic black ink water kept at
22°C-25°C. An escape platform (height: 14.5 cm, diameter: 4.5 cm) was submerged
0.5-1 cm below the surface of the water in position. On training trials, the mice were
placed in a pool of water and allowed to remain on the platform for 10 s and were
then returned to the home cage during the second trial interval. Our water maze test
employed a fixed platform and three start positions at the circumference of the pool
randomly assigned to a different arm for each trial. The mice that did not find the
platform within 60 s were placed on the platform for 10 s at the end of trial. They
were allowed to swim until they sought the escape platform. Escape latency, escape
distance, swimming speed and swimming pattern of each mouse were monitored by
a camera above the center of the pool connected to a SMART-LD program (Panlab,
Barcelona, Spain).

2.4. Probe test

In order to assess memory consolidation, a probe trial was performed 24 h after the
5-day acquisition tests. In this trial, the platform was removed from the tank, and the
mice were allowed to swim freely. For these tests, the percentage time in the target
quadrant and target site crossings within 60 s was recorded. The time spent in the
target quadrant is taken to indicate the degree of memory consolidation that has taken
place after learning. The time spent in the target quadrant was used as a measure of
spatial memory. Swimming pattern of each mouse was monitored by a camera above
the center of the pool connected to a SMART-LD program described above.

2.5. Passive avoidance performance test

The passive avoidance test is widely accepted as a simple and rapid method for
memory test. The passive avoidance response was determined using a “step-through”
apparatus (Med Associates Inc., St. Albans, VT, USA) that consisted of an illuminated
and a dark compartment (each 20.3x15.9x21.3 cm) adjoining each other through a
small gate with a grid floor, 3.175-mm stainless steel rod set 8 mm apart. Two days
after the water maze test, the ICR mice were placed in the illuminated compartment
facing away from the dark compartment for the training trial. When the mice moved
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Fig. 1. Experimental scheme for effect of EGCG against LPS-induced memory impairment. Five-week-old mice were treated with EGCG (1.5 or 3 mg/kg) into drinking water for 3 weeks.
Then, LPS (250 pg/kg) was administered intraperitoneally once daily for 7 days. The animals were then trained for three trials per day for 4 days. Test trials were performed once a day

for 3 days. Subsequently, step-through test was performed.
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completely into the dark compartment, it received an electric shock (2 mA, 3-s
duration). Then, the mice were returned to their home case. Twenty-four hours later,
the mice were placed in the illuminated compartment, and the latency period to enter
the dark compartment defined as “retention” was measured. The time when the mice
entered in the dark compartment was recorded and described as step-through latency.
The retention trials were set at a limit of 180 s of cutoff time.

2.6. Astrocyte culture

As described elsewhere [33,34], 2-day-old rat pups were ice-anesthetized and
decapitated. After the skull was cut and the skin was opened, the brain was released
from the skull cavity. After washing with phosphate-buffered saline (PBS), the
cerebrum was separated from the cerebellum and brain stem, and the cerebral
hemispheres were separated from each other by gently teasing along the midline
fissure with the sharp edge of forceps. The meninges were gently peeled from the
individual cortical lobes, and the cortices were dissociated by mechanical digestion
[using the cell strainer (BD Bioscience, Franklin Lakes, NJ, USA)] with Dulbecco's
modified Eagle’s medium (DMEM) containing F12 nutrient mixture (Invitrogen,
Carlsbad, CA, USA). The resulting cells were centrifuged (1500 rpm, 5 min),
resuspended in serum-supplemented culture media and plated into 100-mm dishes.
Serum-supplemented culture medium was composed of DMEM supplemented with
F12, fetal bovine serum (FBS) (5%), NaHCO5; (40 mM), penicillin (100 U/ml) and
streptomycin (100 pg/ml). The cells were incubated in the culture medium in a
humidified incubator at 37°C and in 5% CO, for 9 days. At confluence (9 days), the flask
was subjected to shaking for 16-18 h at 37°C. The cultures were treated for 48 h with
cytosine arabinoside, and the medium was replaced with DMEM/F12HAM containing
10% FBS. The monolayer was treated with 1.25% trypsin-EDTA for a short duration, after
which the cells were dissociated and plated into uncoated glass coverslips. The
astrocyte cultures formed a layer of process-bearing, glial fibrillary acidic protein
(GFAP)-positive cells. The purity of astrocyte cultures was assessed by GFAP
immunostaining. Under these conditions, we can assume that over 95% of the cells
were astrocytes. The cultured cells were treated simultaneously with LPS (1 pg/ml) and
several concentrations (10, 20, 50 uM) of EGCG dissolved in PBS, and the cells were
harvested after 24 h. Reverse transcription polymerase chain reaction (PCR) analysis,
Western blotting and cytokine array analysis were performed.

2.7. Brain collection and preservation

After the behavioral test, animals were perfused with PBS under inhaled ether
anesthetization. The brains were immediately collected in the same manner and
formalin stored at room temperature, and separated into cortical and hippocampal
regions. All the brain regions were immediately stored at —80°C and used to measure
biological assay of APBq_4> and cell death detection.

2.8. Measurement of AB;_4> level

Lysates of brain tissue or astrocytes were obtained through protein extraction
buffer containing protease inhibitor. AR;_4> levels were determined using a specific
enzyme-linked immunosorbent assay (ELISA) kit (Immuno-Biological Laboratories Co.,
Ltd., Takasaki-Shi, Gunma, Japan). In brief, 100 pl of sample was added into the
precoated plate and was incubated overnight at 4°C. After washing each well of the
precoated plate with washing buffer, 100 pl of labeled antibody solution was added,
and the mixture was incubated for 1 h at 4°C in the dark. After washing, chromogen
was added, and the mixture was incubated for 30 min at room temperature in the dark.
Finally, the resulting color was assayed at 450 nm using a microplate absorbance reader
(Sunrise, TECAN, Switzerland) after adding stop solution.

2.9. 3- and ry-secretase assay

The total activities of 3- and <y-secretase in the brains and astrocytes were
measured using a commercially available secretase activity kit, a p-secretase
fluorescence resonance energy transfer (BACE 1 FRET) assay kit (PANVERA) and a y-
secretase activity kit (R&D Systems) according to the manufacturers' protocols and as
described elsewhere. This formation of fluorescence was read using a Fluostar galaxy
fluorometer (excitation at 355 nm and emission at 510 nm) with Felix software (BMG
Labtechnologies). The level of y-secretase enzymatic activity was proportional to the
fluorometric reaction, and the P-secretase activity was expressed as units of
fluorescence produced. R-Secretase enzyme activity was expressed as nmol/(mg
protein-min).

2.10. Reverse transcription PCR analysis

Total RNA was extracted using the RNeasy Plus Mini kit (Qiagen) and quantified
spectrophotometrically. The cDNA was synthesized using High Capacity RNA-to-cDNA
Kit (Applied Biosystems, Foster city, CA, USA) according to the manufacturer's
instructions. The primers for TNF-o, IL-1(3, macrophage colony-stimulating factor
(M-CSF), soluble intercellular adhesion molecule-1 (ICAM-1), IL-16 and glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH) as an internal PCR control were as
follows: 5’-GTA GCC CAC GTC GTA GCA AA-3’ (sense) and 5’-CCC TTC TCC AGC TGG

GAG AC-3’ (antisense) for TNF-«, 5'-TGA TGT TCC CAT TAG ACA GC-3’ (sense) and 5’-
GAG GTG CTG ATG TAC CAG TT-3’ (antisense) for IL-1p3, 5'-AGT GGT CTG TAA GCT CCA
TC-3’ (sense) and 5'-GAG CTT CTT GCA ATG GGT TG-3' (antisense) for M-CSF, 5'-AAA
CGG GAG ATG AAT GGT ACC TAC-3’ (sense) and 5'-TGC ACG TCC CTG GTG ATA CTC-3’
(antisense) for ICAM-1, 5'-AAA TGG ACA CTG CCA ATG GTG CTC-3’ (sense) and 5’-AAA
GGA GCT GAT TCT CTG CCG GAT-3’ (antisense) for IL-16, and 5’-TCC CTC AAG ATT GTC
AGC AA-3’ (sense) and 5’-AGA TCC ACA ACG GAT ACA TT-3’ (antisense) for GAPDH
[35]. All PCRs were run in a 7500 Real-Time PCR System (Applied Biosystems, Foster
city, CA, USA). The PCR cycles consisted of denaturation at 94°C for 30 s; annealing at
55°C for 30 s (TNF-a, IL-1p3 and GAPDH), 50°C for 30 s (M-CSF and ICAM-1) or 60°C for
30 s (IL-16); and extension at 72°C for 90 s for 30 cycles. The PCR product was
separated by electrophoresis on a 1.5% agarose gel, stained with ethidium bromide and
then detected under UV light.

2.11. Cytokine arrays

Mouse Cytokine Array Panels were used according to the manufacturer in-
structions (R&D Systems, Inc.). Briefly, brain or cultured astrocytes lysates were mixed
with a cocktail of biotinylated detection antibodies prior to incubation at 4°C with the
array membranes. Following washing, streptavidin-horseradish peroxidase was
applied for 30 min at ambient temperature. Immunoreactivity was then visualized
using enhanced chemiluminescence reagent (GE Healthcare). Densitometric analysis
was then performed using Mylmage (SLB, Seoul, Korea) and quantified by Labworks 4.0
software (UVP Inc., Upland, CA, USA).

2.12. Western blotting

An equal amount of total protein (40 pg) isolated from brain tissue or astrocytes
was resolved on a sodium dodecyl sulfate/10% or 15% polyacrylamide gel and then
transferred to a polyvinylidene difluoride membrane (GE Water and Process
Technologies). The membrane was incubated at room temperature with specific
antibodies: anti-BACE (1/500, Sigma), anti-C99 (1/500, ABR-Affinity Bioreagents), anti-
APP (1/500, Covance), anti-GFAP (1/500, Abcam), anti-caspase-3 (1/500, Cell
Signaling) and anti-p-actin (1/2000, Santa Cruz Biotechnology) were used in this
study. Rabbit polyclonal antibodies against the active form of inducible nitric oxide
synthase (iNOS) (1/1000, Abcam) and cyclooxygenase (COX)-2 (1/1000, Cayman
Chemical, Ann Arbor, MI, USA) were also used. The blot was then incubated with the
corresponding conjugated anti-mouse or anti-rabbit IgG-horseradish peroxidase (1/
4000, Santa Cruz Biotechnology). Inmunoreactive proteins were detected with the ECL
Western blotting detection system. The relative density of the protein bands was
scanned by densitometry using Mylmage and quantified by Labworks 4.0 software.

2.13. Immunohistochemistry and immunofluorescence

Brains were fixed in formalin and paraffin-enclosed for examination. Six-
micrometer-thick tissue sections were used with immunohistochemistry. Paraffin-
embedded sections were deparaffinized and rehydrated, washed in distilled water and
then subjected to heat-mediated antigen retrieval treatment. Endogenous peroxidase
activity was quenched by incubation in 2% hydrogen peroxide in methanol for 15 min
and then cleared in PBS for 5 min. The sections were blocked for 30 min with 3% normal
horse serum diluted in PBS. These sections were incubated overnight with appropriate
antibodies: APR1_4 (1/2000, 4G8, Covance, Berkeley, CA, USA), GFAP (1/5000, Abcam,
Inc., Cambridge, MA, USA), iNOS (1/100, Abcam) and cleaved caspase-3 (1/200, Cell
Signaling Technology, Inc.). After the incubation, sections were washed in PBS and
incubated with the biotinylated secondary antibodies (ABC Kit, Vector Laboratories,
Burlingame, CA, USA) for 1 h. The sections were washed with PBS, incubated with the
avidin-biotin complex (Vector Laboratories) for 30 min and visualized by chromogen
3,3" Diaminobenzidine (DAB;Vector Laboratories) reaction. It was then counterstained
by hematoxylin. Finally, sections were dehydrated in ethanol, cleared in xylene and
mounted with Permount (Fisher Scientific, Hampton, NH, USA).

To simultaneously determine level of GFAP and AP, we performed immunoflu-
orescence assay in the paraffin section of the brain. The sections were then incubated
to primary rabbit polyclonal antibody for GFAP (1/1000, Abcam, Inc., Cambridge, MA,
USA) and mouse monoclonal antibody for APR;_4> (1/2000, Covance, Berkeley, CA,
USA) overnight at 4°C. After washes with ice-cold PBS followed by treatment with an
anti-rabbit secondary antibody labeled with Alexa Fluor 568 and anti-mouse
secondary antibody labeled with Alexa Flour 488 (1/100 dilution, Molecular Probes,
Inc., Eugene, OR, USA) for 2 h at room temperature, immunofluorescence images were
acquired using a confocal laser scanning microscope (TCS SP2, Leica Microsystems AG,
Wetzlar, Germany).

2.14. Statistical analysis

Statistical analysis of the data was carried out using analysis of variance for
repeated measures followed by Dunnett's post hoc analysis using GraphPad Prism 4
software (Version 4.03, GraphPad software, Inc.). “#” indicates significant difference
from the vehicle group control (P<.05); “*” indicates significant difference from the
LPS-treated group (P<.05).
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3. Results

3.1. Effect of EGCG on the LPS-induced memory impairment as
determined by behavior tests

The memory-improving effect of EGCG was assessed in mice
that were continuously administered with EGCG at a dose of 1.5 or
3 mg/kg/day daily for 3 weeks (from day 1 to day 28), and then
they were ip injected with 250 pg/kg/day LPS for 1 weeks (from
day 22 to day 28). The mice then performed the Morris water
maze test after 15 training sessions (three times per day for 5
days) as shown in Fig. 1. Similar to previous findings [19,28], the
LPS injection retarded arriving at the location of the platform
without alteration of speed, demonstrating that LPS induced
memory impairment. However, EGCG significantly ameliorated
the memory impairment in the LPS-injected mice. The mice
exhibited shorter escape latency by the end of the training trial,
and the escape latency at the end of training to the platform was
about 474.94+98.9 cm and 19.543.5 s after 15 training trials in the
control (vehicle) group. The LPS-injected mice exhibited escape
latencies to the platform of about 1073.3£252.2 cm (F;, 3=
9.7565, P=.0074) and 45.0+7.5 s (F;, 30=19.778, P=.0004)
(Fig. 2A and B), respectively. However, those values for the mice
given 1.5 and 3 mg/kg of EGCG at day 5 were significantly and
dose-dependently decreased to 774.6+172.7 cm (F3 30=1.909, P=
.0486) and 28.2+6.0 s (F;, 30=6.6358, P=.020), and 402.84+123.9
cm (F3 30:11.385, P:00454) and 21.4+5.2 s (F3 30:14.37, P=
.0016). The swimming speed did not differ among the groups (data
not shown). One day after the water maze test, we performed a
probe trial to measure the maintenance of memory function.
During the probe trial, the time spent on the target quadrant was
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decreased in the LPS-injected mice group (20.18%+1.93%) (F3, 36=
13.912, P=.0016) as compared to that of the vehicle mice
(32.77%+£4.66%), but the time spent on the target quadrant by
the EGCG-treated memory-impaired mice groups (1.5 or 3 mg/kg/
day daily) was significantly increased to 27.53%4-4.32% (F3 3=
5348, P=.033) and 34.57%+5.18% (F;, 3s=15.140, P=.0011),
respectively (Fig. 2C).

Two days after the probe test, a step-through test was performed.
The vehicle group exhibited a step-through latency in the illuminated
compartment of about 93.2433.5 s, whereas the LPS-treated group's
step-through latency was decreased to 20.8+£8.2 s (F3 36=10.977, P=
.0038). The EGCG-treated mice recovered from the LPS-scheme-
induced step-through latency to 47.7426.2 s (F3 3=2412, P=
.0478) and 84.0+36.2 s (F3, 33=7.270, P=.0147), respectively, in a
dose-dependent manner (Fig. 2D).

3.2. EGCG inhibits the LPS-induced iNOS and COX-2 expressions

To investigate the inhibitory effect of EGCG on memory
impairment via the inhibition of neuroinflammation, the expressions
of iNOS and COX-2 were determined by immunohistochemical
analysis and Western blotting. The number of iNOS-positive cells in
both the cortex and hippocampus of the LPS-injected mice was
significantly greater than that in the vehicle mice, but EGCG
treatment lowered the LPS-increased number of iNOS-positive
cells (Fig. 3A and B). Similar to the expression level of iNOS
detected by immunohistochemical analysis, Western blotting
showed that systemic administration of LPS significantly increased
the iNOS and COX-2 expressions in the mice's brains, and the LPS-
induced elevation of the iNOS and COX-2 expressions was
significantly inhibited by EGCG treatment (Fig. 3C).
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Fig. 2. Effect of EGCG on water maze test (A, B), probe test (C) and step-through-type passive avoidance test (D). Memory function was determined by the escape latencies (A, s) and
distance (B, cm) for 5 days, and time to zone 4 (C, s) in probe test after administration of LPS. Each value is mean4+S.E. from 10 mice. *Significantly different from vehicle group control

(P<.05); *signiﬁcantly different from LPS-treated group (P<.05).
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3.3. Effect of EGCG against the accumulation of AB;_4 in the brains of
the LPS-injected mice

We studied the effect of EGCG against the increased APB;_4; level in
the brains of the LPS-injected mice because the accumulation of AR1_4
has been implicated in memory dysfunction. We found that, similar to
the previous data[19], the number of AR _4, plaques in both the cortex
and hippocampus of the LPS-injected mice was significantly greater
than that in the vehicle mice, but EGCG treatment lowered this
increased number of APB;_4, labeled plaques (Fig. 4A). In agreement
with the reduced number of AB;_4, reactive plaques, the level of
APi_42 and the activities of B- and +y-secretase were also
significantly reduced in the EGCG-treated whole brains of the
LPS-injected mice (Fig. 4B). Moreover, the expression of neuronal
B-secretase (BACE1) and the number of BACE1-positive cells were
significantly reduced by the EGCG treatment (Fig. 5A and B). We
also investigated the levels of APP, C99 and BACE1 protein by
Western blotting. The expression levels of APP, BACE1 and (99
were increased in the brains of the LPS-injected mice, and these
elevated levels were reduced by EGCG treatment (Fig. 5C).

3.4. Effect of EGCG on the activation of astrocytes in the LPS-injected
mice brains

Astrocytes are the source of released cytokine, which has been
implicated in the amyloidogenesis during the development of AD
[36]. So, we investigated the protective effect of EGCG against

astrocyte activation. The significantly greater number of GFAP-
reactive cells (an indication of astrocyte activation) was induced in
the brains of the LPS-injected mice, whereas EGCG treatment reduced
the number of GFAP-reactive cells in the cortex and hippocampus
(Fig. 6A and B). Western blot analysis also showed that the level of
GFAP was increased in the brains of the LPS-injected mice, and this
was reduced by EGCG treatment (Fig. 6C). To further determine
whether release of cytokines by activation of astrocytes could result in
increased amyloidogenesis, the cells that were immunoreactive for
both GFAP and AP4, were detected by double immunofluorescence
with GFAP and AP antibodies (Fig. 6D). The number of co-
immunoreactive cells was significantly increased by LPS, but the
number of co-immunoreactive cells was much lower in the brains of
the EGCG-treated mice (Fig. 6D). We also investigated alterations of
the cytokine levels in the brains of the LPS-injected mice since the
activation of astrocytes releases cytokines in the mice brain. Systemic
administration of LPS induced elevation of the levels of M-CSF, ICAM-
1 and IL-16, whereas EGCG treatment reduced these cytokine levels in
the mice brains (Fig. 6E).

3.5. Effect of EGCG on the release of cytokines in cultured astrocytes

To further define in vivo results, we investigated the level of
cytokines in LPS-stimulated cultured astrocytes. As expected, admin-
istration of LPS induced up-regulation of M-CSF, ICAM-1 and IL-16
levels, and EGCG inhibited LPS-induced up-regulation of these
cytokines (Fig. 7A and B). Besides these proteins, we also found
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alternations of other cytokines and chemokines such as IL-1 receptor
antagonist, regulated on activation normal T cell expressed and
secreted (RANTES/CCL5), MIP-1a,, MCP-1, chemokine ligand 1 and
interferon-inducible protein 10 kDa (CCL10), which were elevated by
LPS, but EGCG prevented these expressions in cultured astrocytes
(Fig. 7A). Furthermore, we investigated through Western blotting
whether EGCG prevented LPS-induced neuroinflammation and
amyloidogenesis in cultured astrocytes. In the same manner with in
vivo model, iNOS and COX-2 expression was markedly increased in
response to LPS after 24 h. However, treatment with EGCG (10, 20, 50
uM) caused concentration-dependent decreases in LPS-induced iNOS
and COX-2 expression in cultured astrocytes (Fig. 7C). The expression
of APP, BACE and (99 proteins indicating amyloidogenesis was also
increased in response to LPS (1 pg/ml) after 24 h; however, treatment
with EGCG (10, 20, 50 uM) caused concentration-dependent de-
creases in LPS-induced BACE, C99 and APP expression in cultured
astrocytes (Fig. 7C).

3.6. Effect of EGCG on the neuronal cell death

We investigated cell death to see the consequence of astrocytes
activation and amyloidogenesis by LPS and the protective effect of
EGCG. We investigated the expression of the proapoptotic protein

cleaved caspase-3. LPS-injection increased the number of cleaved
caspase-3-positive cells in the mice brain, but EGCG treatment
decreased the number of cleaved caspase-3-positive cells in the
mice brains (Fig. 8A and B). Moreover, the expression of cleaved
caspase-3 was also significantly reduced by the EGCG treatment
(Fig. 8C).

4. Discussion

The most important finding in this study is that systemic
administration of LPS caused memory impairment and that EGCG
suppressed the amyloidogenesis through its anti-neuroinflamma-
tory property via modulation of cytokine release in systemic LPS-
induced in vivo and in vitro models, and resulted in ameliorated
memory impairment.

Many epidemiological and experimental animal studies have
suggested that neuroinflammation may contribute to the occurrence
and progress of AD [37-40]. Systemic administration of LPS can
induce neurobiological effects through neuroinflammation [12,41-
43], although the mechanisms are not fully clarified. Many studies
have demonstrated that a neuroinflammatory condition caused by
LPS induces AD-like pathology such as increased APP processing and
AP accumulation by the concomitant increase of neuroinflammation
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[19,29,44-46]. We previously demonstrated that the neuroinflam-
matory condition by icv treatment of LPS induced accumulation of
AP via increased [3- and +y-secretase activities [28]. In addition, we
also previously reported that the systemic administration of LPS
induced an elevated expression of genes related to inflammation
such as iNOS, COX-2 and GFAP as well as AR accumulation via
increased - and y-secretase activities [19,47]. Recently, Jaeger et al.
[18] was also reported that systemic injection of LPS increased brain
influx of blood AP via alteration of LRP-1 in mice brain, although it is
different with our mechanism of amyloid deposition. The result
agreed with our data showing that systemic injection of LPS induced
AP accumulation, thus causing memory impairment, although the
mechanism for AR accumulation is different from ours. The present
study confirmed that systemic LPS injection induced neuroinflam-
mation as evidenced by the elevated expressions of inflammatory
genes such as iNOS, COX-2 and GFAP as well as several cytokines
including M-CSF, ICAM-1 and IL-16 in brain and in cultured
astrocytes. These neuroinflammation responses were concomitantly
correlated with the AR accumulation and increased - and ‘y-
secretase activities. However, EGCG inhibited the iNOS and COX-2
expressions and the increased inflammatory related cytokines in the
mice's brains and in the cultured astrocytes. Consequently, these
anti-inflammatory effects of EGCG decreased amyloidogenesis by
decreasing expression of APP, BACE1 and C99 as well as AR level.

The present data indicated that the anti-neuroinflammatory prop-
erties of EGCG could be associated with anti-amyloidogenesis.

The ways how anti-neuroinflammation inhibits amyloidogenesis
have not been clearly demonstrated. However, it is noteworthy that
several cytokines released from the activated astrocytes are involved
in amyloidogenesis. In AD, inflammation and astrogliosis are
primarily triggered by amyloid deposits in the extracellular space,
and these amyloid deposits primarily consist of aggregated AP [48-
50]. Reactive astrocytes have been shown to release TGF-31, TGF-33
and IL-10, as well as proinflammatory mediators such as MCP-1,
RANTES, TNF-a and IL-1 [51]. Our present findings showed that
systemic administration of LPS induced elevated levels of M-CSF,
ICAM-1 and IL-16 in the mice's brains and in cultured astrocytes.
These data indicated that LPS activates astrocytes, and activated
astrocytes released these cytokines. Activation of astrocytes is also
known to lead to elevated R-secretase activity [52-54] as well as -
secretase activity [55], consequently increasing AP generation. In this
present study, we also found that LPS induced an increase of co-
located activated astrocytes and amyloid plaque. The increased BACE1
expression may locally increase the generation of amyloidogenic APP
fragments, and this may potentially contribute to AP plaque
formation [56]. These LPS-elevated cytokines and activation of
astrocytes were prevented by EGCG. These data indicate that EGCG
prevented LPS-induced amyloidogenesis via blocking of cytokines
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release by inhibition of astrocytes activation. Verdier et al. [57]
reported that binding of AP to the neuronal receptor for advanced
glycation end product induces M-CSF expression in vitro. The AD
brain shows an increased neuronal expression of M-CSF in proximity
to AR deposits and in the cerebrospinal fluid from AD patients. In
addition, the postmortem brains of AD patients were found to have
higher levels of M-CSF than those from the nondemented elderly
control brains [58,59]. Furthermore, an increased M-CSF receptor
expression by microglia has been reported in AD brains and in the
APPv717f transgenic mouse model for AD [37,60]. Several in vitro
studies have demonstrated that M-CSF can exhibit a synergistic effect
on the fibrillar AB-induced release of proinflammatory cytokines and
NO by a microglial cell line [60-62]. The administration of LPS was
recently also demonstrated to induce elevated levels of the cell
adhesion molecule ICAM-1 [63,64]. The expression of ICAM-1 in the
AD brain is known to contribute to plaque formation, tissue
remodeling and neurodegeneration [65,66]. Immunocytochemistry
performed in the brains of Tg2576 mice at various ages has
demonstrated that the ICAM-1 expression is correlated with the AR
plaque load [67]. In addition, up-regulation of ICAM-1 on the surface
of human brain microvascular endothelial cells is reported to be

selectively induced by soluble AB;_40 aggregates [68]. IL-16 has been
reported to play a chemoattractant and immunomodulatory role in
chronic inflammatory disorders in the brain [69,70]. IL-16 has been
known to stimulate the production of the inflammatory cytokines IL-
1p, IL-6 and TNF-«x [71] and induces increases in intracellular Ca* or
inositol-(1,4,5)-triphosphatase and translocation of protein kinase C
[72]. In fact, each of these events causes AP accumulation and
neuronal cell death [73,74]. In particular, elevation of IL-16 level was
found in AD patient brain [75,76]. Thus, our study showed that the
inhibitory effect of EGCG on the LPS-induced M-CSF, ICAM-1 and IL-16
release may be significant in the anti-amyloidogenic effect of EGCG.
In addition to astrocytes, microglia are also known to play a critical
role in the neuroinflammation associated with AD because activated
microglia are often a source of proinflammatory cytokines which
could be related with amyloidogenesis [77,78]. In previous studies,
we found that microglia were activated in brain of systemic
inflammation inducing AD [79,80] and that several anti-inflammatory
compounds inhibited the activation of microglia as well as prevented
the development of AD inhibited the activation of microglia as well as
prevented the development of AD [80,81]. The inhibitory effect of
EGCG on microglial activation is also well known to be effective for
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other neuroinflammatory diseases such as ischemic stroke, Parkin-
son's disease (PD) and amyotrophic lateral sclerosis [82-84]. The anti-
PD effect of EGCG shows neuroprotective effects in an animal model
of PD by inhibiting microglial activation [85]. In addition, inactivation
of microglia has been reported to ameliorate neuronal damage in an
animal model of ischemia [86-88]. Thus, inhibition of microglial
activation could also contribute to the inhibitory effect of EGCG on
systemic LPS-induced neuroinflammation and amyloidogenesis, thus
preventing the development of AD.

There have been reports that up to 12 g of green tea extract can be
consumed with no adverse reactions [31,89]. As was reported
previously [29], 3 mg/kg of EGCG is ~1.5 times more compared to
the EGCG that a person receives when people have 300 ml of green tea
drink, which generally contains 6 g of green tea. Therefore, the dose of
EGCG used in the present study could be applicable for human trials
without any side effects.

In many studies, EGCG has been used through oral or ip
administration [22,23]. EGCG is normally absorbed through oral
administration in human, but oral or ip administration is used for
exact experimental animals. Each route should be required for the
purpose of each study. Administration via an ip injection may have
temporarily attained peak concentration after administration.
Conversely, the oral consumption to drink over the course of a
24-h period may induce to maintain a steady-state concentration
of EGCG over the whole period of treatment, although the oral

consumption has a lower absorption rate. A daily dose of 800 mg
EGCG for 4 weeks was shown to be safe in human subjects [90]. In
animal safety studies for EGCG, a single administration of an oral
dose of 2000 mg/kg or 10 days’ administration of an oral dose of
1200 mg/kg/day to mice demonstrated an absence of genotoxic
effects [91]. In acute toxicity, a single oral administration of 2000
mg/kg to rats showed signs of lethargy, calm behavior, hunched
posture, labored respiration, piloerection and/or ptosis. [92]. An
oral dose administration of EGCG preparation to rats and dogs for
13 weeks was not toxic at doses up to 500 mg/kg/day [92]. In
reproductive toxicity studies in rats, the no observed adverse effect
level was equivalent to 200 mg/kg/day [93]. EGCG is known to
have potential side effects such as anxiolytic activity (30 mg/kg, ip
in mice) [94] and hepatotoxicity (1500 mg/kg, intragastric, in
mice) [95,96]. Thus, oral administration of 3 mg EGCG/kg/day for 3
weeks in our study is not expected to cause any negative side
effects. Accumulated results of EGCG offer us the possibility of
beneficial effects, but limited data from clinical trials of EGCG
confuse us on its effects [97,98]. Bioavailability of EGCG is
enhanced by several factors such as cool and dry storage
conditions, albumin [99], ascorbic acid [100] and omega-3 fatty
acids from salmon [101] and piperine [102]. However, EGCG has
poor bioavailability contributed to by many factors such as air
contact oxidation; gastrointestinal inactivation [103,104]; presence
of calcium, magnesium and other metals [99]; catechol-O-
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methyltransferase (COMT) polymorphisms [105]; sulfation and
glucuronidation [106]. Enhancing bioavailability of EGCG is one of
the important tasks for inducing ability of EGCG. Thus, for
improving EGCG bioavailability, many researchers have developed
methods such as the encapsulation of EGCG in chitosan nanopar-
ticles [107,108], the design and semisynthesis O-acyl derivatives of
EGCG [109], the solid-phase synthesis of EGCG derivatives [110] or
even considering another application way, for instance, the
transdermal delivery of EGCG [111], or co-administration of
quercetin, a natural inhibitor of COMT [112].

In summary, our current study shows that EGCG has a recovery
effect against LPS-induced memory deficiency, and the inhibition of
AR generation through the inhibition of cytokine release may be
another important mechanism of the anti-amyloidogenic effects of
EGCG. Based on these findings, we suggest that EGCG may be a
useful agent for the prevention of the neuroinflammation-associat-
ed development or progression of AD. In the future, we will
investigate more detailed mechanisms on systemic inflammation-
inducing neuroinflammation and anti-AD effect of EGCG on other
AD model.
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