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Abstract

Epigallocatechin gallate (EGCG) is a major polyphenol in green tea with beneficial effects on the impairment in learning and
memory. Autophagy is a cellular process that protects neurons from stressful conditions. The present study was designed to
investigate whether EGCG can rescue chronic unpredictable mild stress (CUMS)-induced cognitive impairment in rats and
whether its protective effect involves improvement of autophagic flux. As expected, our results showed that CUMS
significantly impaired memory performance and inhibited autophagic flux as indicated by elevated LC3-II and p62 protein
levels. At the same time, we observed an increased neuronal loss and activated mammalian target of rapamycin (mTOR)/p70
ribosomal protein S6 kinase (p70S6k) signaling in the CA1 regions. Interestingly, chronic treatment with EGCG (25 mg/kg,
i.p.) significantly improved those behavioral alterations, attenuated histopathological abnormalities in hippocampal CA1
regions, reduced amyloid beta1–42 (Ab1242) levels, and restored autophagic flux. However, blocking autophagic flux with
chloroquine, an inhibitor of autophagic flux, reversed these effects of EGCG. Taken together, these findings suggest that the
impaired autophagy in CA1 regions of CUMS rats may contribute to learning and memory impairment. Therefore, we
conclude that EGCG attenuation of CUMS-induced learning and memory impairment may be through rescuing autophagic
flux.
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Introduction

Accumulating evidence suggests that chronic unpredictable mild

stress (CUMS) is a significant etiological factor for neurodegen-

erative disorders characterized by amyloid-b (Ab) deposition [1],

neuron loss [2], learning and memory deficits [3,4]. CUMS

increases corticosterone secretion, which causes dysregulation of

hypothalamic–pituitary–adrenocortical (HPA) axis and impair-

ment of hippocampus-dependent learning and memory processes.

Clinical data indicate that stress disorders and Alzheimer’s disease

(AD) are characterized by HPA dysfunction, and psychological

stress increases AD risk [5]. Moreover, in humans and animals, the

offspring of mothers that experience stress during pregnancy have

been reported to display cognitive dysfunctions [6]. These findings

suggest that chronic stress plays a critical role in the development

of learning and memory impairment.

The etiological role of dysregulated autophagy in cognitive

dysfunctions has been a subject of intense investigation. However,

the majority of present studies examining stress contributions to

learning and memory deficits have focused on HPA dysfunction,

tau phosphorylation and Ab aggregation in AD transgenic mice

[1,2,4], and only few studies have focused on the role of autophagy

in stress-induced memory impairment. The macroautophagy

pathway (hereafter referred to as autophagy) is the main

degradation route for damaged organelles [7] and protein

aggregates [8,9]. Autophagy is a highly regulated process

characterized by the formation of double or multi-membrane

vesicles (autophagosomes) that sequester portions of cytosol.
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Autophagosome then fuses with a lysosome to form an autolyso-

some where the captured material is degraded together with the

inner membrane. Above dynamic process of autophagy is termed

autophagic flux [10,11]. When autophagic flux is impaired, the

subsequent accumulation of damaged organelles and protein

aggregates may impair cellular functions and lead to neuronal cells

death [12,13]. These data suggest that autophagy may be

intimately associated with stress-induced cognitive dysfunctions.

Thus, we investigated whether autophagy mechanism was

involved in learning and memory impairment in experimental

model of CUMS rats.

In neurons, autophagy acts predominantly as a pro-survival

pathway to protect the cells from stress [12,14,15]. Autophagic

flux impairment is often associated with a number of diseases

[8,16], such as some forms of cancers and neurodegenerative

disorders. Several studies have identified specific defects in the

autophagy process in AD mouse model [7,17,18]. In fact, the

strategies to restore autophagic flux were reported to prevent

neuropathological and cognitive deficits in the AD mouse model

[19–21]. These data indicate that activation of autophagy may be

a therapeutic strategy in learning and memory deficits.

Epigallocatechin gallate (EGCG), a natural anti-oxidant flavo-

noid, has a variety of beneficial therapeutic roles, such as anti-

inflammatory and neuroprotective effects [22,23]. We and others

have shown that EGCG has beneficial health effects in various

pathophysiological conditions including neuronal cells injury [24]

and AD-related cognitive deficits [25]. Furthermore, recent

research has uncovered an important role for EGCG regulation

of autophagic flux in reducing intracellular lipid accumulation in

hepatic [26] and vascular endothelial cells [27]. However, it

remains largely unknown whether EGCG protects against CUMS-

induced memory impairment in rats through its regulation of

autophagic flux.

In this study, we investigated the effects of EGCG treatment on

the spatial learning and memory functions, pathological changes,

and hippocampal autophagic flux in CUMS rats. Here, we found

that EGCG treatment could significantly alleviate CUMS-induced

memory impairment in rats likely through restoring autophagic

flux. Hence, pharmacological manipulation of autophagic flux by

EGCG treatment may offer an alternative therapeutic approach in

cognitive dysfunctions.

Materials and Methods

Reagents
Epigallocatechin-3-gallate (EGCG) (purity .98%, Shanghai,

China) was kindly provided by Shanghai U-sea Biotech Co., Ltd.

Antibodies against GAPDH, LC3, p62, p-mTOR (Ser2448) and p-

p70S6K (Thr389) were purchased from Abcam (Cambridge, UK).

Chloroquine (CQ) was purchased from Sigma (Sigma, USA).

Animals
60 male Wistar rats were obtained from Peking University

Health Science Center (15 weeks, 200–230 g). Animals were

maintained on a 12-h light/dark cycle (lights on at 7:00 a.m., lights

off at 7:00 p.m.) under controlled temperature (2361uC) and

humidity (50610%), and were given standard diet and water

freely. They were allowed to acclimatize for a week before the

onset of the experiment. The experiments on animals have been

approved by the Animal Experimentation Ethics Committee of the

University of South China and conformed to the guidelines of the

‘‘China Council on Animal Care’’.

Design and drug treatment
Rats were randomly divided into 6 groups with 10 animals in

each: control (non-stressed) group, CUMS group, CQ treatment

followed by CUMS (CUMS + CQ); EGCG treatment followed by

CUMS (CUMS + EGCG) group, co-administration with EGCG

and CQ followed by CUMS (CUMS + EGCG + CQ), and vehicle

treatment followed by CUMS (vehicle + CUMS) group. EGCG

was dissolved in sterile saline. Rats received 28 injections of EGCG

by intraperitoneally (i.p.) in 1 ml volume at a dose of 25 mg/kg,

once daily. CQ was injected into the right lateral ventricle of the

rat with a constant infusion technique. Briefly, the rats were

stereotaxically implanted with the cannulas leading into the right

lateral ventricle at coordinates of 0.8 mm anterior to posterior

bregma, 1.5 mm mid to lateral, 4 mm dorsal to ventral. The rats

received daily intraventricular injections of 5 ml chloroquine

diphosphate salt (20 mM) for 28 days. The doses of EGCG and

CQ were selected based on previous studies [23,28]. The drugs

(EGCG and CQ) were given 30 min before the stress exposure.

CUMS protocol
The stress scheme was slightly modified from previous study

[29]. Briefly, rats in CUMS groups were exposed to different

stressors, namely, 24-h food deprivation, 24-h water deprivation,

5-min cold swimming (at 6uC), 1-min tail pinch (1 cm from the

end of the tail), physically restraint for 2 h, exposure to rat odor

(removal of the cage containing the experimental rats from the

procedure room and placing the experimental rats into cages in

which cats had been held) for 1 h and overnight illumination. One

of these stressors (in random order) was given every day for

Figure 1. Effects of EGCG on the plasma corticosterone levels
in CUMS rats. The plasma corticosterone concentrations were assayed
using a radioimmunoassay as described in Methods. Control, control
group; CUMS, chronic unpredictable mild stress group; CUMS + CQ, CQ
administration followed by CUMS group; CUMS + EGCG, EGCG
treatment followed by CUMS group; CUMS + EGCG + CQ, co-
administration with EGCG and CQ followed by CUMS group; Vehicle,
vehicle treatment followed by CUMS group. The drugs (EGCG and CQ)
were given to rats 30 min before the stress exposure. Data are shown as
mean 6 SEM (n = 10 for each group). **P,0.01 versus the control
group.
doi:10.1371/journal.pone.0112683.g001
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4 weeks. The control rats were housed under identical conditions

in a separate room and had no contact with the stressed animals.

Assessment of plasma corticosterone concentration
After behavioral tests, rats were sacrificed and blood samples

were obtained by heart puncture. Samples were centrifuged at 4uC
for 30 min at 2500 rpm. The plasma corticosterone concentration

was determined by solid-phase125I radioimmunoassay using a

commercially available reagent kit (Diagnostic Products, Los

Angeles, CA).

Morris water maze assay
In the last week of treatment, spatial memory was assessed by

the Morris water maze (MWM) test. The task was conducted in a

circular tank (1.25 m diameter and 0.4 m high) filled with opaque

water (depth 0.3 m, 25uC). An 8-cm-diameter platform was placed

at the center of northwest quadrant of the tank. On the first day,

all rats were trained to remember the visible platform. During the

following 5 d, the hidden platform trials were used to evaluate

spatial learning ability. On each day, the rats were subjected to

three trials with 10 min interval between trials. Each trial lasted

for 90 s unless the rats reached the platform first. If the rats failed

to escape within 90 s, they were gently conducted to the platform

and allowed to stay there for 20 s. Escape latency (s) was recorded

Figure 2. EGCG ameliorates learning and memory deficits in CUMS rats. MWM test was performed to evaluate spatial memory in rats. (A) In
5 d training trials, the escape latencies were measured to assess the rat memory ability. (B, C) In the probe trial, the time spent in target quadrant and
the time for rats to cross the area where the submerged platform was placed in training trails were analyzed. Control, control group; CUMS, chronic
unpredictable mild stress group; CUMS + CQ, CQ administration followed by CUMS group; CUMS + EGCG, EGCG treatment followed by CUMS group;
CUMS + EGCG + CQ, co-administration with EGCG and CQ followed by CUMS group; Vehicle, vehicle treatment followed by CUMS group. The drugs
(EGCG and CQ) were given to rats 30 min before the stress exposure. Data are shown as mean 6 SEM (n= 10 for each group). *P,0.05 versus CUMS
group, #P,0.05 versus CUMS + EGCG group.
doi:10.1371/journal.pone.0112683.g002

EGCG Attenuates CUMS-Induced Memory Deficit via Regulating Autophagy

PLOS ONE | www.plosone.org 3 November 2014 | Volume 9 | Issue 11 | e112683



by video-tracking system. On the 6th day, the platform was

removed from the tank and each rat was allowed one 90 s swim

probe trial. Finally, the data for the escape latency, the number of

platform location crosses and percentage of time spent in the target

quadrant between groups were analyzed.

Figure 3. EGCG decreases CUMS-induced cell loss in CA1 region of hippocampus. (A) Representative light micrographs of HE-stained CA1
hippocampal cells. (B) Statistical analyses for the number of cells in the CA1 region. Control, control group; CUMS, chronic unpredictable mild stress
group; CUMS + CQ, CQ administration followed by CUMS group; CUMS + EGCG, EGCG treatment followed by CUMS group; CUMS + EGCG + CQ, co-
administration with EGCG and CQ followed by CUMS group; Vehicle, vehicle treatment followed by CUMS group. The drugs (EGCG and CQ) were
given to rats 30 min before the stress exposure. Data are shown as mean6 SEM (n= 4 for each group). *P,0.05 versus CUMS group, #P,0.05 versus
CUMS + EGCG group. Scale bar, 100 mm.
doi:10.1371/journal.pone.0112683.g003
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Histological analysis by hematoxylin and eosin (HE)
staining
The rats were given an overdose of pentobarbital (100 mg/kg)

and perfused transcardially with phosphate buffer solution (PBS),

followed by 4% paraformaldehyde. Brains were removed and

stored in 10% formalin for 24 h, followed by 10% formalin with

30% sucrose. After being dehydrated, the brain was embedded in

paraffins. Consecutive coronal paraffin sections (4 mm) were

collected throughout the hippocampus according to the rat

stereotaxic atlas and stained with HE. The number of cells in

the hippocampal CA1 region was counted under a light

microscope (4006 magnification) using the following formula:

number of cells per mm region of CA1= the number of normal

CA1 cells/CA1 length. Cells that underwent morphological

changes, such as pyknosis or nuclear fragmentation were excluded.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL) assay
Dewaxed sections of rats of each group were washed three times

(5 min each) in 0.01 M PBS, and permeabilized in proteinase K

for 10 min. Endogenous peroxidase was deactivated by 0.3%

hydrogen peroxide. These sections were washed 3 times again.

Then they were incubated with TdT at 37uC for 1 h, and

incubated with antibody at 37uC for 1 h. These sections were

stained by 3, 30-diaminobenzidine (DAB). After hematoxylin post-

staining, they were mounted and observed under light microscope.

5 slides were randomly selected from each group, and in each

slide, 5 visual fields in the hippocampus were randomly selected.

The number of TUNEL-positive cells was counted with about 500

cells counted per slide. The TUNEL-positive cells rate was

calculated to equal (the number of TUNEL-positive cells/total

cells)6100%.

Ultrastructural morphological analysis using transmission
electron microscope (TEM)
Under anesthesia, 4 rats per group were transcardially perfused

with 4% paraformaldehyde and 2.5% glutaraldehyde in PBS. The

brains were removed and immediately immersed in 2.5%

glutaraldehyde in 0.1 M PBS, pH 7.4 on ice, with shaking for

6 h. After hippocampal CA1 region dissection, fixation was

continued for 1 h at 4uC. The material was washed and post-

fixed in a 1% OSO4 in 0.1 M PBS for 30 min and was processed

for Epon embedding and stained with lead citrate and uranyl

acetate. Ultrathin sections were cut on a Reichert 2 microtome

and a minimum of 10 sections from each hippocampus were

observed under a transmission electron microscope (JEM-

1200EX; JEOL, Tokyo, Japan). Quantification of autophago-

somes was performed as previously described [17]. Pictures were

taken from randomly selected cells from each sample. For each

picture, the number of autophagosomes and the total cellular area

were determined and the number of autophagic structures per cell

cytoplasmic area was calculated.

Western blotting analysis
Hippocampal CA1 tissues were treated with CelLyticMT

Mammalian Lysis Reagent (Sigma), 1% proteinase K inhibitor,

0.1% Triton X-100 or RIPA buffer that contains NaCl 0.5 M,

Tris 50 mM, EDTA-Na 1 mM, sodium dodecyl sulfate (SDS)

0.05%, Triton X-100 0.5%, and phenylme-thanesulphonylfluoride

(PMSF) 1 mM. The lysates were centrifuged at 16,000 g, 4uC for

30 min, and the supernatant was stored at 280uC. Protein

samples (30 mg) were run on 8–15% SDS-polyacrylamide gel

electrophoresis and then transferred onto a nitrocellulose mem-

brane at 90 V for 120 min. Blots were probed with a monoclonal

antibody against GAPDH (1:1000), LC3 (1:1000), p62 (1:1000), p-

mTOR (1:1000), and p-p70S6K (1:1000) at room temperature for

2 h. After primary antibody incubation, the membranes were

washed and incubated with horseradish peroxidase-conjugated

secondary IgG (1:3000) for 1 h at room temperature. The

immunoreaction was visualized using Amersham Enhanced

Chemiluminescence (Amersham Pharmacia Bio-tech, Piscataway,

NJ, USA). The densities of blots were analyzed using a scanning

densitometer that was operated by Scanner Control software

(Molecular Dynamics, Sunnyvale, CA, USA). Results were

obtained by calculating the density using Imagequant software

(American Biosciences, Pittsburg, PA, USA) and reported as

relative optical density of the specific proteins.

ELISA assay
After the behavioral test, rats were sacrificed, and the brains

were removed. The isolated CA1 regions (n = 4 for each group)

were weighed and homogenized in 10 volumes of guanidine-Tris

buffer (5 M guanidine HCl/50 mM Tris-HCl, pH 8.0). The

homogenates were mixed for 3 h in room temperature and

centrifuged with 15,000 rpm for 20 min at 4uC. Levels of soluble
and insoluble Ab1242 in the hippocampus were determined by the

Ab1242 ELISA kits (Invitrogen, Camarillo, CA, USA) according to

the manufacturer’s instructions. A spectrophotometer was used to

read the absorbance of the plates at 450 nm.

Statistical analysis
All data were presented as mean 6 SEM. Student’s t-test or

one-way ANOVA followed by Newman–Keuls post-hoc test

(PRISM software) was used. In those tests, significance level was

set at P,0.05.

Results

EGCG does not reduce the plasma corticosterone levels
in CUMS rats
To ensure that CUMS paradigms induced sufficient stress,

plasma corticosterone concentrations were determined as a means

of quantifying stress. As shown in Fig. 1, plasma corticosterone

levels increased significantly in the rats exposed to CUMS, as

compared with those in the no stressed control ones (P,0.01).

Plasma corticosterone levels in CUMS + CQ group, CUMS +
EGCG group, and CUMS + EGCG + CQ group rats had no

significant difference as compared with those in CUMS group rats

(P.0.05), respectively.

EGCG markedly ameliorates CUMS-induced learning and
memory impairment of rats
First, we performed the MWM assay to examine the effect of

EGCG on CUMS-induced memory impairment. The change in

the escape latency time to reach the hidden platform was observed

in this trial. As shown in Fig. 2A, although there was a downward

trend in escape latency time in water-maze training session for 5 d,

the mean latency (days 23–27) was significantly prolonged in the

CUMS group as compared with the non-stressed control group

(P,0.05), indicating a poorer learning. Compared with rats in

CUMS group, the mean latency of rats in CUMS + CQ group

obviously prolonged, suggesting CQ potentiated neuronal dys-

function in CA1 regions induced by CUMS. EGCG treatment, at

a daily dose of 25 mg/kg for 28 d, significantly shortened escape

latency time as compared with that in CUMS group (P,0.05).

EGCG Attenuates CUMS-Induced Memory Deficit via Regulating Autophagy
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Next, platform was removed on day 28 to evaluate the retention

of memory. As shown in Fig. 2B, C, rats in CUMS group spent

significantly less time in the target quadrant (Fig. 2B) and showed

a decreased number of across the target (Fig. 2C) than the control

group rats. Average spent time in the target quadrant and number

of across the target in CUMS + CQ group remarkably reduced as

compared with those in CUMS group, respectively (P,0.05). Rats

in CUMS + EGCG group exhibited a markedly increased the

average time spent in the target quadrant (Fig. 2B) and number of

across the target quadrant (Fig. 2C) as compared with those in

CUMS group, indicating improvement in cognitive performance.

However, CQ, an autophagic flux inhibitor, could abrogated

EGCG protective effects against CUMS-induced learning and

memory impairment (P,0.05), suggesting that autophagic flux

may be involved in EGCG improvement of CUMS-induced

memory impairment.

EGCG attenuates CUMS-induced neuronal damage in
CA1 region of hippocampus
Considering the principal role of hippocampal CA1 region in

the learning and memory, we examined the number and

arrangement of the CA1 cells by HE staining. As shown in

Fig. 3A, the CA1 hippocampal cells in the control group exhibited

a regular arrangement with distinct edges and a clear nucleus and

nucleolus, and no cell loss was found. In the CUMS group,

however, the CA1 cells were irregularly arranged. In many of

these cells, the edge, nucleus and nucleolus became ambiguous.

For the number of cells in the CA1 area (Fig. 3B), Post-hoc

comparisons indicated that the CUMS group showed a signifi-

cantly smaller number of CA1 cells compared with that in the

control group (P,0.05). The average number of cells in CQ +
CUMS group was lower than that in CUMS group (P,0.05).

Conversely, these CUMS-induced abnormalities were significantly

improved by EGCG treatment. The cells in CUMS + EGCG

group had better cell morphology and were more numerous than

those in the CUMS group (Fig. 3A, B). However, compared with

CUMS + EGCG group, the arrangement (Fig. 3A) of CA1 cells

became irregular and cell loss (Fig. 3B) was obviously increased in

CUMS + EGCG + CQ group, indicating co-administration of CQ

with EGCG markedly reduced the protective effects of EGCG

treatment alone. These results suggested that EGCG decreased

CUMS-induced neuron loss in CA1 areas of hippocampus via

restoring autophagic flux.

EGCG decreases CUMS-induced apoptotic cells in the
CA1 region
After characterization of cell number, apoptotic cells in the

hippocampal CA1 region of rat were detected by TUNEL method

(Fig. 4A, B). The TUNEL-positive cells were rarely detected in the

CA1 region of the control group. In contrast, the total number of

TUNEL-positive cells was obviously increased in the CUMS rats

(Fig. 4A). Percentage of TUNEL-positive cells in CUMS + CQ

group was much higher than that in CUMS group (Fig. 4B, P,
0.05). Compared with the CUMS group, CUMS + EGCG group

rats showed a significant decrease in the number of TUNEL-

positive cells in the CA1 region (Fig. 4B, P,0.05). These results

further indicated that EGCG decreased CUMS-induced apoptosis

in CA1 regions of rats. While CUMS +EGCG + CQ group rats

Figure 4. EGCG reduces the number of apoptotic cells in the CA1 region. (A) The TUNEL assay was used to detect apoptotic cells in the CA1
region of rats as described in Methods. (B) Quantification of TUNEL-positive cells. Control, control group; CUMS, chronic unpredictable mild stress
group; CUMS + CQ, CQ administration followed by CUMS group; CUMS + EGCG, EGCG treatment followed by CUMS group; CUMS + EGCG + CQ, co-
administration with EGCG and CQ followed by CUMS group; Vehicle, vehicle treatment followed by CUMS group. The drugs (EGCG and CQ) were
given to rats 30 min before the stress exposure. Data are shown as mean 6 SEM (n = 4 for each group). **P,0.01, *P,0.05 versus CUMS group, #P,
0.05 versus CUMS + EGCG group. Scale bar, 100 mm.
doi:10.1371/journal.pone.0112683.g004
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had higher percentage of TUNEL-positive cells as compared with

that of CUMS + EGCG group rats (Fig. 4B, P,0.05), suggesting

that the protective effects of EGCG treatment could be abrogated

by CQ in CUMS rats.

EGCG rescues CUMS-induced autophagic flux
impairment in the CA1 region
Since neurons are under strict surveillance rendering them

subject to autophagy at any time, it is possible that autophagy may

be involved in the injury of neurons in CUMS rats. Therefore, we

performed TEM and western blotting studies to evaluate the

effects of EGCG on autophagic flux induced by CUMS.

First, we examined whether CUMS impaired autophagic flux

process. As shown in Fig. 5A, TEM results showed significant

morphologic changes in the CA1 hippocampus of CUMS group

rats, characterized by increased number of mitochondrial swelling

and autophagic vacuoles (AVs). These changes suggested that

CUMS induced autophagy stress. To further confirm whether up-

regulated or impaired autophagic degradation pathway contrib-

uted to the increased AVs in CA1 regions of CUMS rats. The

expression of two critical markers in the process of autophagic flux,

LC3-II, and p62 levels were determined by western blotting

(Fig. 5B). Comparison of LC3-II western blots of CA1 extracts of

control group with CUMS group rats revealed a significant

increase in LC3-II levels in CUMS group rats (Fig. 5C, P,0.05).

In this study, we further examined whether CUMS impaired

autophagic flux by comparing accumulation of LC3-II with and

without inhibition of lysosomal degradation. We blocked lysosom-

al degradation by CQ. As shown in Fig. 5C, accumulation of

LC3-II was markedly increased in CUMS group as compared with

that in control group. However, LC3-II level in CUMS + CQ

group was not further increased as compared with CUMS group,

indicating that autophagic flux was impaired in CUMS group. It is

well known that the ubiquitin-binding protein p62/SQSTM1 is an

autophagy substrate, which upon direct binding to LC3-II

incorporates into autophagosomes and is efficiently degraded by

autophagy. Thus, when autophagic degradation pathway is

blocked, p62 accumulation occurs. To further assess the hypoth-

esis that LC3-II increase in CUMS group rats was a consequence

of defective autophagic flux rather than increased autophagic

Figure 5. EGCG effects on CUMS–induced changes in ultra-structure and autophagic flux in CA1. TEM and western blotting were
conducted to evaluate autophagic flux. (A) TEM was used to examine autophagosome formation. Control group shows ultra-structure of neuronal
cells in the CA1 hippocampus under control conditions, characterized by normal structure of the mitochondria (M) and the nucleus (N) with evenly
distributed chromatin. CUMS group, CUMS + CQ, CUMS + EGCG + CQ and CUMS + vehicle group show ultra-structurally changed neuronal cells in the
CA1 sector of the hippocampus, including abnormal mitochondria (M), heterogeneous lysosomes, and increased autophagic vacuoles (AVs)-
containing impaired mitochondria (M) and unrecognized aggregate of electron-dense material compared with the control. CUMS + EGCG group
indicates that EGCG-treatment markedly attenuates CUMS-induced ultra-structure impairment in CA1, characterized by decreased swollen
mitochondria, heterogeneous lysosomes, and dysfunctional lysosomes-containing dense granules compared with those in the CUMS group rats. The
presented photos are representative of the three animals used in each experimental group. (B) Western blotting results showing the effects of EGCG
on LC3-I (18 kDa), LC3-II (16 kDa), and p62 (62 kDa) protein levels in CA1. Each lane contained 30 mg proteins for all experiments. (C), and (D),
Densitometry analysis of LC3-II and p62 protein levels was performed using three independent experiments. GAPDH was used as control for protein
loading. Control, control group; CUMS, chronic unpredictable mild stress group; CUMS + CQ, CQ administration followed by CUMS group; CUMS +
EGCG, EGCG treatment followed by CUMS group; CUMS + EGCG + CQ, co-administration with EGCG and CQ followed by CUMS group; Vehicle, vehicle
treatment followed by CUMS group. The drugs (EGCG and CQ) were given to rats 30 min before the stress exposure. Data are shown as mean6 SEM
(n = 3 for each group), and one-way ANOVA with Newman–Keuls post hoc analysis was used. NS means no significant difference. *P,0.05 versus
CUMS group, #P,0.05 versus CUMS + EGCG group, DP,0.05 versus CUMS + CQ group. Scale bar, 500 m.
doi:10.1371/journal.pone.0112683.g005
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activity, we evaluated p62 levels by western blotting in the CA1 of

rats. Western blotting analysis showed that p62 levels of CUMS

group rats were much higher than those of control ones (P,0.05).

These data suggested a disruption of the autophagic flux in CA1

regions of CUMS rats.

To confirm whether EGCG exerted its neuroprotection via the

regulation of the autophagic flux, we examined the effect of

EGCG (25 mg/kg) on morphological–ultrastructural alterations

and levels of LC3-II and p62. Our data showed that the number of

autophagosomes notably reduced, concomitantly with significantly

decreased swollen mitochondria in CA1 regions of EGCG group

rats as compared with that of CUMS group (Fig. 5A). Western

blotting results indicated that CUMS group rats treatment with

EGCG did not further enhanced the accumulation of LC3-II, but

LC3-II level in CUMS + EGCG + CQ group was dramatically

increased as compared with that in CUMS + EGCG group (P,
0.05). Furthermore, EGCG treatment markedly decreased the

expression of p62 in CA1 (P,0.05), as compared with CUMS

group rats. These results demonstrated that EGCG could restore

autophagic flux in CA1 region impaired by CUMS.

EGCG decreases Ab1242 levels in CA1 regions of CUMS
rats
Excessive accumulation of Ab peptide in the brain is the key

pathological change in AD-like cognitive dysfunction. Considering

the crucial role of autophagy in Ab1–42 production, we determined

the effect of EGCG on the accumulation of Ab1–42 in the

hippocampal CA1 region by ELISA analysis. As shown in Fig. 6,

the soluble (Fig. 6A) and insoluble Ab1-42 (Fig. 6B) levels in the

CA1 regions of the different groups were measured by ELISA,

respectively. The results showed that both soluble and insoluble

Ab1–42 contents in the CA1 of CUMS group rats were significantly

higher than those of control ones (P,0.05, Fig. 6A, B). Ab1–42
levels in the CA1 of CUMS + CQ group were much higher than

those in CUMS group (P,0.05, Fig. 6A, B). As expected,

treatment of EGCG obviously decreased such a high level of

Ab1–42 in the CA1 areas of CUMS (P,0.05, Fig. 6A, B), while

CQ could reverse the EGCG-induced Ab1–42 reduction in CA1

regions of CUMS rats (P,0.05, Fig. 6A, B). This result thereby

suggested that EGCG decreased Ab1–42 levels and via restoring

autophagic flux.

mTOR/p70S6K pathway is involved in EGCG-regulated
autophagy in CUMS rats
The mTOR signaling pathway is known to regulate autophagy,

and inhibition of mTOR results in the activation of autophagy.

P70S6 kinase (p70S6K) is the substrate of mTOR, and its

phosphorylation (p-p70S6K) reflects the activity of mTOR.

Considering the achieved results of EGCG-restored autophagic

flux in CUMS rats, we next explored the mechanism underlying

such effects by examining the potential inhibition of the mTOR-

mediated pathway using western blot assay. As shown in Fig. 7,

the levels of p-mTOR (Fig. 7A and 7B) and p-p70S6K (Fig. 7A

and 7C) in CUMS group rats were significantly higher than those

in the control group (both P,0.05), indicating the high mTOR

activity in CUMS rats. As expected, p-mTOR (Fig. 7A and 7B)

and p-p70S6K (Fig. 7A and 7C) levels in CUMS + EGCG group

were significantly lowered as compared with those in CUMS

group, respectively (both P,0.05). These data suggest that the

mTOR pathway was involved in EGCG-regulated autophagic

flux.

Discussion

In the present study, we applied a paradigm of CUMS rat

model, which shows exacerbating memory impairment, to

investigate the effects of stress on Ab1–42 accumulation and

autophagy in CA1 and how EGCG attenuates CUMS-induced

learning and memory impairment. Our major findings include: (1)

CUMS resulted in increased intracellular Ab1242 accumulation,

cells loss, and autophagic flux impairment in CA1 of rats; (2)

EGCG-treatment efficiently ameliorated learning and memory

Figure 6. EGCG treatment reduces both soluble and insoluble Ab1–42 levels in the hippocampal CA1 regions of CUMS rats. (A) The
soluble Ab1–42 levels in different groups were detected by ELISA. Data were presented as (pg/mg protein). (B) Insoluble Ab1–42 levels in different
groups were measured by ELISA. Data were presented as (ng/mg protein). Control, control group; CUMS, chronic unpredictable mild stress group;
CUMS + CQ, CQ administration followed by CUMS group; CUMS + EGCG, EGCG treatment followed by CUMS group; CUMS + EGCG + CQ, co-
administration with EGCG and CQ followed by CUMS group; Vehicle, vehicle treatment followed by CUMS group. The drugs (EGCG and CQ) were
given to rats 30 min before the stress exposure. Data are shown as mean6 SEM (n= 4 for each group). *P,0.05 versus CUMS group, #P,0.05 versus
CUMS + EGCG group.
doi:10.1371/journal.pone.0112683.g006
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deficits, and autophagic flux impairment induced by CUMS; (3)

EGCG rescue of the autophagic influx may be through inhibition

of mTOR signaling pathway. These results suggested that EGCG

may be exploited as a potential therapeutic reagent for the

treatment of learning and memory deficits associated with

abnormal autophagy.

It has been reported that chronic stress can exacerbate neuro-

degeneration and impair cognitive performance in AD transgenic

mice [2]. Our results demonstrated that CUMS markedly

aggravated learning and memory impairment and also increased

cell loss and Ab1–42 accumulation in CA1. These findings are

consistent with those analogous results obtained in AD transgenic

mice after similar paradigms of chronic stress [2]. In the present

study, CUMS model rats exhibited elevated glucocorticoid levels,

one of characteristics of chronic stress. In previous studies

[22,25,30], the effects of EGCG on AD memory deficits have

been investigated in several animal models. In this study, our

results showed that 15-week-old male rats exposed to 4-week

Figure 7. EGCG inhibits CUMS–induced activation of the mTOR pathway in CA1. (A) The effects of EGCG on p-mTOR (289 kDa) and p-
p70S6K (70 kDa) protein levels in CA1 were investigated by western blot analysis. Each lane contained 30 mg proteins for all experiments. (C, D)
Densitometry analysis of p-mTOR and p-p70S6K protein levels was performed using three independent experiments, respectively. GAPDH was used
as control for protein loading. Control, control group; CUMS, chronic unpredictable mild stress group; CUMS + CQ, CQ administration followed by
CUMS group; CUMS + EGCG, EGCG treatment followed by CUMS group; CUMS + EGCG + CQ, co-administration with EGCG and CQ followed by CUMS
group; Vehicle, vehicle treatment followed by CUMS group. The drugs (EGCG and CQ) were given to rats 30 min before the stress exposure. Data are
shown as mean 6 SEM (n= 3 for each group). *P,0.05 versus CUMS group.
doi:10.1371/journal.pone.0112683.g007
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CUMS demonstrated a remarkable deficiency in the hippocam-

pus-dependent tasks of MWM. Furthermore, we found that

EGCG treatment for 4 weeks rescued spatial learning and

memory deficits as indicated by reduced escape latency as well

as increased target quadrant occupation in these CUMS rats. As

shown in Fig. 1, EGCG treatment had no significant effect on the

plasma glucocorticoid levels of CUMS rats, suggesting that EGCG

improvement of CUMS-induced memory deficits was indepen-

dent of glucocorticoid levels. Interestingly, this protective effect of

EGCG can be antagonized by CQ, an autophagic flux inhibitor.

These findings suggested that EGCG improvement of CUMS-

induced memory deficits may be associated with the complete

autophagic flux.

Recent studies have suggested that autophagy impairment is

involved in cognitive dysfunction, such as AD [11,17,31]. We have

provided evidence for dysregulated autophagy in CA1 underlying

the effects of CUMS on neurodegeneration in the hippocampus of

CA1. Specifically, our electron microscopic analysis revealed that

CUMS resulted in a significant increase in the number of AVs.

However, the accumulation of AVs is not always indicative of

autophagy induction, as it may represent either an increase in

generation of AVs and/or a block in autophagosomal maturation

and/or the completion of the autophagic flux. Therefore, western

blotting method was employed to evaluate the expression of

proteins related to autophagic flux in CA1, including LC3-I, LC3-

II, and p62 protein levels. We found LC3-II level was markedly

increased in CUMS group. Interestingly, LC3-II level in CUMS +
CQ group was not significantly increased as compared with that in

CUMS group. Furthermore, LC3-II accumulation (Fig. 5C) was

accompanied by a drastic elevation of p62 level (Fig. 5D) in CA1

of CUMS group as compared with the control one. These changes

were also accompanied by increased number of autophagic

vacuoles as noted by TEM (Fig. 5A). Taken together, these data

strongly supported the hypothesis of a blockade in the autophagic

flux in CUMS rats.

In this study, we also found a significant increase in Ab1–42
accumulation in CA1 of CUMS rats. Two possible explanations

are proposed. First, Ab1–42 accumulation may be due to the

increased glucocorticoid level that reportedly aggregates Ab1–42
[2]. It is also possible due to the CUMS-reduced degradation of

Ab1–42 [1]. Several degradation pathways of Ab1–42 have been

proposed, including ubiquitin-dependent proteasome pathway and

autophagy-lysosomal pathway [32,33]. Our results showed that a

significant increase in Ab1–42 accumulation in CA1 of CUMS rats

was associated with elevated LC3-II and p62 levels. These data

suggested that CUMS-induced autophagic flux impairment

decreased the clearance of autophagic substrates, likely resulting

in Ab1–42 accumulation in CA1.

Among the numerous components involved in the regulation of

autophagy and neurodegenerative diseases, mTOR signaling is a

key component that coordinately regulates the balance between

neurodegeneration and autophagy in response to stress [16,34].

To further explain the mechanisms for the autophagic flux

impairment induced by CUMS, we examined the phosphorylation

levels of mTOR and its downstream effector p70S6K in CA1. The

changes in their phosphorylation levels represent as the alterna-

tions of mTOR activities [35]. Our results showing that CUMS

resulted in a significant increase in the phosphorylation levels of

mTOR and p70S6K strongly suggest that mTOR signaling plays

a critical role in autophagic flux impairment induced by CUMS.

It has been established that impairment of autophagy contrib-

utes much to the abnormal protein accumulation (e.g., Ab1–42) in
several age-dependent neurodegenerative diseases, including AD

[17,18] and Parkinson’s disease [36]. Compounds with activity of

autophagy regulation have been identified to delay the AD

pathology process, and inhibition of mTOR could increase Ab1–42
clearance and rescue memory impairment in AD model mice via

enhancing autophagy [27,37]. EGCG has been shown to exert

neuroprotection. Several studies have suggested that autophagy is

one of the therapeutic targets for EGCG [26,27,38]. In the present

study, the effects of EGCG on CUMS-induced autophagic influx

impairment, Ab1–42 accumulation, and pathological changes have

been established. Our results showed that EGCG treatment

significantly reduced the number of AVs, and the expressions of

p62 protein in CA1 of CUMS group rats. Meanwhile, EGCG

treatment elevated the LC3-II level in CUMS rats. We also

observed that EGCG treatment decreased Ab1–42 accumulation

and neuron loss in CA1 region of the CUMS rats, which is in

agreement with previous observations in transgenic mice [1].

Activation of autophagy has protective effects in mouse and fly

models of cognitive dysfunction. Therefore, it is not surprising that

restoration of autophagic activity by EGCG decreased the number

of Ab1–42 aggregates and improved cell survival. However, CQ, a

specific inhibitor of autophagy-lysosomal pathway, could com-

pletely abolish these effects of EGCG. These data have therefore

suggested that EGCG protection of rats from CUMS-induced

learning and memory impairment is likely associated with

restoring autophagic flux.

Numerous studies have demonstrated that can regulate mTOR

signaling in many cell lines, for instance, Huang et al. [39] have

reported that EGCG inhibited the mTOR pathway through

AMPK activation in cancer cells, Chen et al. [40] found that

EGCG inhibited the proliferation of cancer stem cells via down-

regulation of mTOR pathway, Peairs A et al. [41] reported that

EGCG attenuated inflammation in MRL/lpr mouse mesangial

cells via the PI3K/Akt/mTOR pathway. In this study, we have

revealed that EGCG rescue of autophagic influx is likely

dependent of the inhibition of the mTOR pathway. After 4-week

EGCG treatment, both p-mTOR and p-p70s6K were significantly

reduced in CA1 regions of CUMS rats (Fig. 7). Since inhibition of

the mTOR signaling is well known to activate autophagy [34], our

data suggest that EGCG may rescue autophagic flux through the

inhibition of mTOR pathway.

In summary, this study has demonstrated that EGCG could

improve CMUS-induced memory impairment in rats. The

mechanism underlying the protective effect of EGCG may be

associated with rescuing CUMS-impaired autophagic flux through

the mTOR pathway. EGCG treatment restored autophagic flux, a

key step for autophagic degradation of Ab1–42, which may help

reduce the accumulation of Ab1–42 and protects cells against

CUMS-induced injury in CA1 regions. These data shed new light

on a novel mechanism underlying EGCG amelioration of CUMS-

induced memory deficits in rats.

Acknowledgments

The authors gratefully acknowledge Dr. Ping-Jun Li for technical support

with the transmission electron microscopy at Key Lab for neurodegener-

ative diseases of Hunan Province.

Author Contributions

Conceived and designed the experiments: HFG. Performed the experi-

ments: YXN QZT YZ. Analyzed the data: DFL. Contributed reagents/

materials/analysis tools: DFL. Contributed to the writing of the

manuscript: HFG. Contributed to finishing the supplementary experi-

ments: YLT. Contributed to keeping rats: KQJ. Contributed to checking

English language of this manuscript: XLZ.

EGCG Attenuates CUMS-Induced Memory Deficit via Regulating Autophagy

PLOS ONE | www.plosone.org 10 November 2014 | Volume 9 | Issue 11 | e112683



References

1. Jeong YH, Park CH, Yoo J, Shin KY, Ahn SM, et al. (2006) Chronic stress

accelerates learning and memory impairments and increases amyloid deposition

in APPV717I-CT100 transgenic mice, an Alzheimer’s disease model. FASEB J

20: 729–731.

2. Carroll JC, Iba M, Bangasser DA, Valentino RJ, James MJ, et al. (2011) Chronic

stress exacerbates tau pathology, neurodegeneration, and cognitive performance

through a corticotropin-releasing factor receptor-dependent mechanism in a

transgenic mouse model of tauopathy. J Neurosci 31: 14436–14449.

3. Said Mohammadi H, Goudarzi I, Lashkarbolouki T, Abrari K, Elahdadi

Salmani M (2014) Chronic administration of quercetin prevent spatial learning

and memory deficits provoked by chronic stress in rats. Behav Brain Res 270C:

196–205.

4. Castilla-Ortega E, Hoyo-Becerra C, Pedraza C, Chun J, Rodriguez De Fonseca

F, et al. (2011) Aggravation of chronic stress effects on hippocampal

neurogenesis and spatial memory in LPA(1) receptor knockout mice. PLoS

One 6: e25522.

5. Pervanidou P, Chrousos GP (2010) Neuroendocrinology of post-traumatic stress

disorder. Prog Brain Res 182: 149–160.

6. Koo JW, Park CH, Choi SH, Kim NJ, Kim HS, et al. (2003) The postnatal

environment can counteract prenatal effects on cognitive ability, cell

proliferation, and synaptic protein expression. FASEB J 17: 1556–1558.

7. Tan CC, Yu JT, Tan MS, Jiang T, Zhu XC, et al. (2014) Autophagy in aging

and neurodegenerative diseases: implications for pathogenesis and therapy.

Neurobiol Aging 35: 941–957.

8. Wong E, Cuervo AM (2010) Autophagy gone awry in neurodegenerative

diseases. Nat Neurosci 13: 805–811.

9. Nassif M, Hetz C (2012) Autophagy impairment: a crossroad between

neurodegeneration and tauopathies. BMC Biol 10: 78.

10. Rossi M, Munarriz ER, Bartesaghi S, Milanese M, Dinsdale D, et al. (2009)

Desmethylclomipramine induces the accumulation of autophagy markers by

blocking autophagic flux. J Cell Sci 122: 3330–3339.

11. Wang P, Hanover JA (2013) Nutrient-driven O-GlcNAc cycling influences

autophagic flux and neurodegenerative proteotoxicity. Autophagy 9: 604–606.

12. Cherra SJ, 3rd, Chu CT (2008) Autophagy in neuroprotection and

neurodegeneration: A question of balance. Future Neurol 3: 309–323.

13. Lim J, Lee Y, Kim HW, Rhyu IJ, Oh MS, et al. (2012) Nigericin-induced

impairment of autophagic flux in neuronal cells is inhibited by overexpression of

Bak. J Biol Chem 287: 23271–23282.

14. Parganlija D, Klinkenberg M, Dominguez-Bautista J, Hetzel M, Gispert S, et al.

(2014) Loss of PINK1 Impairs Stress-Induced Autophagy and Cell Survival.

PLoS One 9: e95288.

15. Li CW, Lin YF, Liu TT, Wang JY (2013) Heme oxygenase-1 aggravates heat

stress-induced neuronal injury and decreases autophagy in cerebellar Purkinje

cells of rats. Exp Biol Med (Maywood) 238: 744–754.

16. Murrow L, Debnath J (2013) Autophagy as a stress-response and quality-control

mechanism: implications for cell injury and human disease. Annu Rev Pathol 8:

105–137.

17. Yang DS, Stavrides P, Mohan PS, Kaushik S, Kumar A, et al. (2011) Reversal of

autophagy dysfunction in the TgCRND8 mouse model of Alzheimer’s disease

ameliorates amyloid pathologies and memory deficits. Brain 134: 258–277.

18. Yang DS, Stavrides P, Mohan PS, Kaushik S, Kumar A, et al. (2011)

Therapeutic effects of remediating autophagy failure in a mouse model of

Alzheimer disease by enhancing lysosomal proteolysis. Autophagy 7: 788–789.

19. Zhu Z, Yan J, Jiang W, Yao XG, Chen J, et al. (2013) Arctigenin effectively

ameliorates memory impairment in Alzheimer’s disease model mice targeting

both beta-amyloid production and clearance. J Neurosci 33: 13138–13149.

20. Renna M, Jimenez-Sanchez M, Sarkar S, Rubinsztein DC (2010) Chemical

inducers of autophagy that enhance the clearance of mutant proteins in

neurodegenerative diseases. J Biol Chem 285: 11061–11067.

21. Chu C, Zhang X, Ma W, Li L, Wang W, et al. (2013) Induction of autophagy by

a novel small molecule improves abeta pathology and ameliorates cognitive

deficits. PLoS One 8: e65367.

22. Cai J, Jing D, Shi M, Liu Y, Lin T, et al. (2014) Epigallocatechin gallate (EGCG)

attenuates infrasound-induced neuronal impairment by inhibiting microglia-
mediated inflammation. J Nutr Biochem 25: 716–725.

23. Xie J, Jiang L, Zhang T, Jin Y, Yang D, et al. (2010) Neuroprotective effects of
Epigallocatechin-3-gallate (EGCG) in optic nerve crush model in rats. Neurosci

Lett 479: 26–30.

24. Kuang X, Huang Y, Gu HF, Zu XY, Zou WY, et al. (2012) Effects of intrathecal
epigallocatechin gallate, an inhibitor of Toll-like receptor 4, on chronic

neuropathic pain in rats. Eur J Pharmacol 676: 51–56.
25. Rezai-Zadeh K, Arendash GW, Hou H, Fernandez F, Jensen M, et al. (2008)

Green tea epigallocatechin-3-gallate (EGCG) reduces beta-amyloid mediated

cognitive impairment and modulates tau pathology in Alzheimer transgenic
mice. Brain Res 1214: 177–187.

26. Zhou J, Farah BL, Sinha RA, Wu Y, Singh BK, et al. (2014) Epigallocatechin-3-
gallate (EGCG), a green tea polyphenol, stimulates hepatic autophagy and lipid

clearance. PLoS One 9: e87161.
27. Kim HS, Montana V, Jang HJ, Parpura V, Kim JA (2013) Epigallocatechin

gallate (EGCG) stimulates autophagy in vascular endothelial cells: a potential

role for reducing lipid accumulation. J Biol Chem 288: 22693–22705.
28. Viscomi MT, D’Amelio M, Cavallucci V, Latini L, Bisicchia E, et al. (2012)

Stimulation of autophagy by rapamycin protects neurons from remote
degeneration after acute focal brain damage. Autophagy 8: 222–235.

29. Jiang P, Zhang WY, Li HD, Cai HL, Liu YP, et al. (2013) Stress and vitamin D:

altered vitamin D metabolism in both the hippocampus and myocardium of
chronic unpredictable mild stress exposed rats. Psychoneuroendocrinology 38:

2091–2098.
30. Liu M, Chen F, Sha L, Wang S, Tao L, et al. (2014) (2)-Epigallocatechin-3-

gallate ameliorates learning and memory deficits by adjusting the balance of
TrkA/p75NTR signaling in APP/PS1 transgenic mice. Mol Neurobiol 49:

1350–1363.

31. Liang JH, Jia JP (2014) Dysfunctional autophagy in Alzheimer’s disease:
pathogenic roles and therapeutic implications. Neurosci Bull 30: 308–316.

32. Nilsson P, Loganathan K, Sekiguchi M, Matsuba Y, Hui K, et al. (2013) Abeta
secretion and plaque formation depend on autophagy. Cell Rep 5: 61–69.

33. Ling D, Salvaterra PM (2011) Brain aging and Abeta (1)(2)(4)(2) neurotoxicity

converge via deterioration in autophagy-lysosomal system: a conditional
Drosophila model linking Alzheimer’s neurodegeneration with aging. Acta

Neuropathol 121: 183–191.
34. Sarkar S (2013) Regulation of autophagy by mTOR-dependent and mTOR-

independent pathways: autophagy dysfunction in neurodegenerative diseases
and therapeutic application of autophagy enhancers. Biochem Soc Trans 41:

1103–1130.

35. Shinojima N, Yokoyama T, Kondo Y, Kondo S (2007) Roles of the Akt/
mTOR/p70S6K and ERK1/2 signaling pathways in curcumin-induced

autophagy. Autophagy 3: 635–637.
36. Anglade P, Vyas S, Javoy-Agid F, Herrero MT, Michel PP, et al. (1997)

Apoptosis and autophagy in nigral neurons of patients with Parkinson’s disease.

Histol Histopathol 12: 25–31.
37. Han J, Pan XY, Xu Y, Xiao Y, An Y, et al. (2012) Curcumin induces autophagy

to protect vascular endothelial cell survival from oxidative stress damage.
Autophagy 8: 812–825.

38. Hashimoto K, Sakagami H (2008) Induction of apoptosis by epigallocatechin
gallate and autophagy inhibitors in a mouse macrophage-like cell line.

Anticancer Res 28: 1713–1718.

39. Huang CH, Tsai SJ, Wang YJ, Pan MH, Kao JY, et al. (2009) EGCG inhibits
protein synthesis, lipogenesis, and cell cycle progression through activation of

AMPK in p53 positive and negative human hepatoma cells. Mol Nutr Food Res
59: 1156–1165.

40. Chen D1, Pamu S, Cui Q, Chan TH, Dou QP. (2012) Novel epigallocatechin

gallate (EGCG) analogs activate AMP-activated protein kinase pathway and
target cancer stem cells. Bioorg Med Chem 20: 3031–3037.

41. Peairs A, Dai R, Gan L, Shimp S, Rylander MN, et al. (2010) Epigallocatechin-
3-gallate (EGCG) attenuates inflammation in MRL/lpr mouse mesangial cells.

Cell Mol Immunol 7: 123–132.

EGCG Attenuates CUMS-Induced Memory Deficit via Regulating Autophagy

PLOS ONE | www.plosone.org 11 November 2014 | Volume 9 | Issue 11 | e112683


