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Abstract (−)-Epigallocatechin-3‑gallate (EGCG), the pre-
dominant constituent of green tea, has been demonstrated to
be neuroprotective against acute ischemic stroke. However,
the long-term actions of EGCG on neurogenesis and function-
al recovery after ischemic stroke have not been identified. In
this study, C57BL/6 mice underwent middle cerebral artery
occlusion (60 min) followed by reperfusion for 28 days.
Neural progenitor cells (NPCs) were isolated from ipsilateral
subventricular zone (SVZ) at 14 days post-ischemia (dpi). The
effects of EGCG on the proliferation and differentiation of
NPCs were examined in vivo and in vitro. Behavioral assess-
ments were made 3 days before MCAO and at 28 dpi. SVZ
NPCs were stimulated with lipopolysaccharide (LPS) in vitro
to mimic the inflammatory response after ischemic stroke. We
found that 14 days treatment with EGCG significantly in-
creased the proliferation of SVZ NPCs and the migration of
SVZ neuroblasts, as well as functional recovery, perhaps

through M2 phenotype induction in microglia. LPS stimula-
tion promoted the neuronal differentiation in cultured NPCs
from the ischemic SVZ. EGCG treatment (20 or 40 μM) fur-
ther significantly increased the neuronal differentiation of
LPS-stimulated SVZ NPCs. After screening for multiple sig-
naling pathways, the AKT signaling pathway was found to be
involved in EGCG-mediated proliferation and neuronal dif-
ferentiation of NPCs in vitro. Taken together, our results re-
veal a previously uncharacterized role of EGCG in the aug-
ment of proliferation and neuronal differentiation of SVZ
NPCs and subsequent spontaneous recovery after ischemic
stroke. Thus, the beneficial effects of EGCG on neurogenesis
and stroke recovery should be considered in developing ther-
apeutic approaches.
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Introduction

Stroke is the second most common cause of death and the
major cause of permanent disability in adults worldwide [1,
2]. Recombinant tissue plasminogen activator (tPA) is the only
FDA-approved thrombolytic therapy for clinical stroke treat-
ment, but the efficacy and safety of its therapeutic application
are limited by its narrow therapeutic window and side effects
[3]. Thus, there is a compelling need to expand the narrow
repertoire of therapeutic opportunities for stroke. Clinical and
research efforts have focused on promoting post-ischemic
neurovascular remodeling and functional recovery in the later
phases of stroke recovery.

Green tea is an extremely popular beverage worldwide and
is next to water, and its habitual consumption has long been
associated with health benefits [4]. (−)-Epigallocatechin-
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3‑gallate (EGCG), the most abundant and bioactive polyphe-
nol in green tea [5], displays strong preventive effects against
diabetes, Parkinson’s disease, Alzheimer’s disease, obesity,
aging, cancer, and stroke [6–8]. Our and other previous studies
have shown that EGCG exerts strong neuroprotective effects
against ischemic damage in the acute phase of ischemic stroke
[8, 9]. However, the long-term effects of EGCG on the post-
stroke neurogenesis and functional recovery in the later phases
of stroke recovery remain unclear. Increasing evidences have
indicated that EGCG could confer various neurological bene-
fits. EGCG promotes neuronal plasticity in the hippocampus
of mice [10]. Long-term oral administration of green tea poly-
phenol EGCG promoted spatial cognition learning ability of
animals, which may be associated with the increasing angio-
genesis and neuronal spine density in the dentate gyrus of the
hippocampus [11]. EGCG has also been demonstrated to pro-
mote the proliferation of adult hippocampal neural progenitor
cells (NPCs) and thus improve spatial cognition in mice [12].
In addition, EGCG treatment promotes neural stem cells
(NSCs) proliferation and inhibits free radical-induced degra-
dation of NSCs, which have the potential to differentiate into
neurons and glias around the damaged area following traumat-
ic brain injury [13]. Taken together, all these studies indicate
that EGCG is closely related to the proliferation and differen-
tiation of NSCs/NPCs. Therefore, we speculate that consistent
administration of EGCG during stroke recovery could pro-
mote the proliferation and differentiation of NPCs in the adult
subventricular zone (SVZ) and thus promote functional
recovery.

In an in vivo study, we found that EGCG treatment during
stroke recovery significantly promoted functional recovery
via enhancement of the proliferation of SVZ NPCs and the
migration of SVZ neuroblasts, which could be associated with
the microglial response toward a neuroprotective M2 pheno-
type. Our in vitro study demonstrated that EGCG treatment
(20 or 40 μM) significantly increased the proliferation and
neuronal differentiation of lipopolysaccharide (LPS)-stimulat-
ed SVZNPCs dissociated from the ischemic ipsilateral SVZ at
14 days post-ischemia (dpi), all of which were through the
activation of AKT signaling pathway.

Methods

Animals and Middle Cerebral Artery Occlusion (MCAO)
Model

Male wild-type (WT) C57BL/6 mice were purchased from the
Wuhan University Laboratory Animal Center. The mice used
for all experiments were 8–10 weeks old and were housed
under specific pathogen-free conditions at the Animal
Laboratory Center of Tongji Medical College. All experi-
ments with the mice were performed in accordance with the

protocols approved by the Animal Care and Use Committee of
Tongji Medical College, Huazhong University of Science and
Technology. The C57BL/6 mice (24–25 g) were anesthetized
intraperitoneally (i.p.) with ketamine (100 mg/kg) and
xylazine (8 mg/kg). Focal cerebral ischemia was induced by
MCAO with a 6–0 silicone-coated nylon monofilament for
1 h, to block the origin of the MCA as previously described
[14]. Occlusion was confirmed by laser Doppler flowmeter
(Periflux system 5000, PERIMED, Stockholm, Sweden) with
a probe placed on the thinned skull over the lateral parietal
cortex [14]. The blood flow was restored by withdrawal of the
monofilament. Body temperature was maintained at 37
±0.5 °C with a feedback temperature control unit until the
mice had recovered from surgery. Our previous studies
showed no physiological differences between groups [14, 15].

In Vivo Drug Treatments

Treatment groups were assigned in a randomized and blinded
manner. The mice intracerebroventricular (ICV) injection was
performed under anesthesia using a stereotaxic instrument
(RWD Life Science Co., Ltd.) with a sterile 26-G Hamilton
microsyringe (80330; Hamilton Company, Reno, NV).
EGCG was dissolved in dimethyl sulfoxide (DMSO) (all ob-
tained from Sigma-Aldrich, St. Louis, MO, USA). EGCG
(1 mg/ml; 2 μl) or 1 % DMSO (2 μl) was injected slowly
(0.5 μl/min) into the left ventricle (0.9 mm laterally, 0.1 mm
posteriorly, 3.1 mm deep from the bregma). EGCG was re-
peated every 24 h for 2 weeks starting at 14 dpi. Drug treat-
ments were performed by an investigator blinded to the ex-
perimental protocol.

5-Bromo-2′-deoxyuridine (BrdU) Labeling

We assessed cell proliferation by treating the mice i.p. twice
with BrdU (dissolved at 10 mg/ml in saline, 50 mg/kg per
injection; Sigma, St. Louis, MO, USA) with an 8-h interval
between injections at 27 dpi; on the following day, the mice
were humanely killed to analyze BrdU labeling of dividing
cells.

Functional Assays

The elevated body swing test (EBST) was performed to eval-
uate the symmetry of motor behavior at 28 dpi [16]. The mice
(n=12/group) were examined for lateral movements/turning
when their bodies were suspended 10 cm above the testing
table by lifting their tails. A swing was recorded when mice
moved their head away from the vertical axis (angle >10°) in
three sets of 10 trials, performed over 5 min. Results are
expressed as the ratio of the total number of the contralateral
swings.
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The rotarod test provided an index of the forelimb and
hindlimb motor coordination and balance [16]. The mice
(n=12/group) were trained daily on an accelerating (5 to
40 rpm) rotating rod for 3 days before MCAO; only those
mice able to remain on the rod for 20 s at 40 rpm were sub-
jected to MCAO. Test sessions consisting of three trials at
40 rpm were carried out just before focal ischemia, at
28 dpi, by an investigator who was blinded to the experimen-
tal groups. The final score was expressed as themean time that
a mouse was able to remain on the rod over three trials.

The pole test was used to assess forelimb strength, ability to
grasp, and balance performed in a blinded fashion at 28 dpi
[17]. The mice (n=12/group) were placed head upward near
the top of a vertical steel pole (60-cm high with a rough sur-
face). Thereafter, both times taken to orientate the body
completely downward and to reach the floor with all four
paws were recorded.

Neurosphere Cultures

Ipsilateral SVZ cells were dissociated from ischemic hemi-
spheric brains at 14 dpi. After digestion, the cells were cul-
tured in cell proliferation medium (DMEM/F-12 medium
(Thermo Scientific HyClone, Beijing, China) supplemented
with 1 % penicillin plus streptomycin (Solarbio Science &
Technology, Beijing, China), 2 μg/ml heparin (StemCell
Technologies, Vancouver, Canada), 1 % insulin-transferrin-
selenium (ITS; Sigma, St. Louis, MO, USA), 2 % B27 sup-
plement (Invitrogen/Gibco, Carlsbad, CA, USA), 20 ng/ml
epidermal growth factor (EGF; PeproTech, Rocky Hill, NJ,
USA), and 20 ng/ml basic fibroblast growth factor (bFGF;
PeproTech, Rocky Hill, NJ, USA)) at a concentration of
5× 104 cells/ml. The cells were maintained at 37 °C with
5 % CO2 in an incubator with high humidity. The medium
was changed twice per week. After 7–10 days of culture,
primary neurospheres of 100–150 μm in diameter could be
collected without disturbing the attached cells and were pas-
saged into a fresh cell proliferation medium. Passage 2 SVZ

neurospheres were dissociated from single cells and placed
onto a poly-L-ornithine (Sigma, St. Louis, MO, USA)- and
laminin (Invitrogen, Carlsbad, CA, USA)-coated coverslip in
a cell proliferation medium. At 18 h post-plating, the medium
was changed into a differentiation medium (DMEM/F-12 me-
dium supplemented with 1 % penicillin plus streptomycin,
1 % ITS, 2 % B27 supplement, 1 % FBS (Gibco, Carlsbad,
CA, USA)) and differentiated for 7 days.

Assessment of Neurosphere Formation and Proliferation

Passage 2 neurospheres were dissociated from single cells and
were passaged into 24-well plates and cultured in a fresh cell
proliferation medium. Two hours after the passage, LPS
(10 ng/ml) was added to the proliferation medium to mimic
the inflammation conditions that were induced by cerebral
ischemia [18]. At 2 h after LPS treatment (10 ng/ml), the
proliferation medium was supplemented with EGCG (10,
20, or 40 μM) or 1 % DMSO every 24 h for 7 days. The
neurosphere number was counted on day 8. Then, the primary
neurospheres were dissociated from single cells and placed
onto a poly-L-ornithine- and laminin-coated coverslip in a cell
proliferation medium. At 18 h post-plating, the medium was
changed into a differentiation medium and BrdUwas added to
the cells for 16 h, followed by fixation using 4 %
paraformaldehyde.

The phosphatidylinositol 3-kinase (PI3K)/Akt inhibitor
LY294002 (25 μM; Sigma, St. Louis, MO, USA) was added
to the cultures 30 min prior to EGCG treatment.

Assessment of Neural Precursor Cells Differentiation

At 2 h after LPS (10 ng/ml) treatment, the differentiation me-
dium of passage 2 NPCs was supplemented with EGCG (10,
20, or 40 μM) or 1 % DMSO every 24 h for 7 days.
Differentiated cells were collected by either direct cell lysis
for Western blotting analysis or by fixation using 4 % parafor-
maldehyde for immunohistochemical staining using cell

Table 1 Primers for real-time
polymerase chain reaction Gene Forward (5′-3′) Reverse (5′-3′)

CD16 TTTGGACACCCAGATGTTTCAG GTCTTCCTTGAGCACCTGGATC

CD11b CCAAGACGATCTCAGCATCA TTCTGGCTTGCTGAATCCTT

CD32 AATCCTGCCGTTCCTACTGATC GTGTCACCGTGTCTTCCTTGAG

iNOS CAAGCACCTTGGAAGAGGAG AAGGCCAAACACAGCATACC

TNF-α AGAAGTTCCCAAATGGCCTC TTTTCACAGGGGAGAAATCG

IL-10 CCAAGCCTTATCGGAAATGA TTTTCACAGGGGAGAAATCG

Arg-1 TCACCTGAGCTTTGATGTCG CTGAAAGGAGCCCTGTCTTG

TGF-β TGCGCTTGCAGAGATTAAAA CGTCAAAAGACAGCCACTCA

CD206 CAAGGAAGGTTGGCATTTGT CCTTTCAGTCCTTTGCAAGC

YM1 CAGGGTAATGAGTGGGTTGG CACGGCACCTCCTAAATTGT
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lineage-specific antibodies. LY294002 was also added to the
cultures 30 min prior to EGCG treatment.

Real-Time PCR Analysis

Total RNA was isolated using Tr izol Reagent
(Invitrogen, Carlsbad, CA). Complementary DNA
(cDNA) was synthesized from total RNA with Taqman
reverse transcriptase (Applied Biosystems, Foster City,
CA). cDNA were amplified using Power SYBR Green
(Applied Biosystems, Foster City, CA). Two-step real-
time PCR was performed (95 °C for 15 s, 60 °C for
60 s extension and detection, 40 cycles) with specific
primers. The PCR primers are shown in Table 1. The
relative quantitation value is expressed as 2−ΔCt, where
ΔCt is the difference between the mean ΔCt value of
duplicate measurements of the sample and β-actin
control.

Western Blotting

Western blotting was done according to our previously
established protocols [14, 15]. The primary cells were
lysed in RIPA buffer containing protease and phosphatase
inhibitors (KeyGen Biotech Co., Ltd., Nanjing, China).
Equal amounts of protein were subjected to SDS-PAGE
analysis, transferred onto a PVDF membrane and probed
with primary antibodies against phospho-AKT (p-AKT),
total-AKT (t-AKT), p-ERK, t-ERK, p-JNK, t-JNK, p-p38,
t-p38, or β-actin (all obtained from Cell Signaling
Technology, Danvers, MA, USA). After washing, the
membranes were treated with the corresponding horserad-
ish peroxidase (HRP)-conjugated secondary antibody.
Chemiluminescence detection was carried out with ECL
Western Blotting Detection Reagents (Millipore, Billerica,
MA, USA) plus BioWest enhanced chemiluminescence
(UVP, Upland, CA). Band intensity was quantified with
ImageJ software (NIH, Bethesda, MD, USA).

Fig. 1 EGCG promotes the
proliferation of neural progenitor
cells (NPCs) in the adult
subventricular zone (SVZ) and
the migration of neuroblasts after
ischemic stroke. a
Immunofluorescence imaging for
BrdU+ (red) cells coexpressing
DCX (green) in the ischemic SVZ
and striatum at 28 days post-
ischemia (dpi). Bar= 50 μm. b
Quantitative comparison of
BrdU-labeled and BrdU/DCX
double-labeled cells in the
ischemic SVZ and striatum for
each group. Data represent mean
± SEM, n = 5; #P< 0.05. c
Representative micrographs of
Ki67 labeling in the ischemic
SVZ at 28 dpi. Bar= 100 μm. d
Quantitative determination of
Ki67-labeled cells in the ischemic
SVZ for each group. Data
represent mean ± SEM, n= 5;
*P< 0.05, significantly different
from the DMSO-treated sham
group; #P< 0.05. LV lateral
ventricles, Str striatum
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Immunocytochemistry

The mice were transcardially perfused with 4 % paraformal-
dehyde, and the brains were embedded with paraffin. The
brains were cut into 4-μm-thick coronal sections. Cell cultures
were fixed using 4 % paraformaldehyde for 15 min. For both
sections and cells, nonspecific binding was blocked using
normal goat serum. Immunoassays were performed using
the following antibodies at concentrations (and using proto-
cols) recommended by the respective manufacturers: BrdU,
doublecortin (DCX), Ki67, beta-3-tubulin (Tuj-1), glial fibril-
lary acidic protein (GFAP) (all obtained from Cell Signaling
Technology, Danvers, MA, USA), or Iba1 (Wako Pure
Chemical Industries, Osaka, Japan). The primary antibodies
were detected with cy3-conjugated goat anti-rabbit, DyLight
488-conjugated goat anti-mouse secondary antibody. The nu-
clei were counterstained by DAPI.

Statistical Analyses

Multiple comparisons were performed by one-way analysis of
variance (ANOVA) followed by Newman-Keuls multiple
comparison tests for multiple comparisons (GraphPad Prism
statistics software version 5.0, La Jolla, CA, USA). Two
groups were compared by two-tailed Student’s t test.

Behavioral data were analyzed by two-way ANOVAwith re-
peated measures, followed by post hoc multiple comparison
tests. All data are presented as mean±SEM. A P value of
<0.05 was considered statistically significant.

Results

EGCG Enhances the NPCs Proliferation and Neuroblasts
Migration During Stroke Recovery

We assessed cell proliferation by treating 27 dpi mice twice
with S-phase marker BrdU with an 8-h interval between in-
jections; on the following day, the animals were humanely
killed to analyze BrdU labeling of dividing cells. Results
showed that the mice treated with EGCG had a significantly
higher number of BrdU+ cells in the ischemic SVZ to the mice
treated with 1 % DMSO at 28 dpi (Fig. 1a, b; P< 0.05).
Consistently, the number of cell proliferation marker Ki67+

cells in the ischemic SVZ was also significantly increased in
the mice treated with EGCG (Fig. 1c, d; P<0.05).

Next, we evaluated DCX expression because DCX as a
marker for neuronal precursors and neurogenesis is expressed
by virtually all neuroblasts. The migration of newly generated
neuroblasts and SVZ neurogenesis was detected with BrdU
and DCX double marker. We observed more BrdU+/DCX+

cells in EGCG-treated mice in the ischemic striatum
(Fig. 1a, b; P<0.05).

Promoting Effects of EGCG on Post-Stroke Functional
Recovery

Improving functional outcome after stroke is the ultimate goal
of stroke treatment. It is essential to detect the functional re-
covery after the intervention. We found that deficits in the
EBST (P < 0.05), rotarod test (P < 0.05), and pole test
(P<0.05 and P<0.01, respectively) were better in EGCG-
treated mice tested at 28 dpi (Fig. 2a–d).

EGCG Enhanced Microglial Activation

Recent studies suggest that activated microglia contribute to
post-stroke neurogenesis and functional recovery [19].
Therefore, to test the effects of EGCG on microglia, we used
immunofluorescence staining of Iba1 in the peri-infarct stria-
tum at 28 dpi. Microglia were classified into ramified, inter-
mediate, amoeboid, or round phenotypes (Fig. 3a), which is
correlated with distinct functional states, ramified microglia
signifying resting, and round microglia, typically the most
activated ones [20, 21]. In the peri-infarct striatum, there
was a dramatic decrease of ramified microglia, whereas a sig-
nificant increase of round microglia was observed 28 days
after the treatment with EGCG (Fig. 3b, c; P<0.05).

Fig. 2 EGCG improves post-ischemic functional recovery. Behavioral
tests were assessed at 28 days post-ischemia (dpi), including the elevated
body swing test (EBST) (a), rotarod test (b), pole test (time to turn
completely head down (c) and time to reach the floor (d)). Data
represent mean ± SEM, n= 12; #P< 0.05, ##P< 0.01
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EGCG Treatment Promoted the Polarization
of the Microglia Toward the M2 Phenotype
in the Ischemic Brain

Activated microglia are classified as either classically activat-
ed (M1) or alternatively activated (M2) microglia, which are
characterized by the expression of the signature genes that are
associated with the M1 or M2 phenotype [22]. The M1 phe-
notype is involved in tissue injury whereas the M2 phenotype
has a role in neurogenesis and functional recovery [22, 23]. To
further understand the EGCG-induced increase in activated
microglia, we examined markers of activated microglia phe-
notypes in the ischemic brain. We found that EGCG treatment
significantly decreased M1 markers (CD16, CD11b, CD32,
inducible nitric oxide synthase (iNOS), and tumor necrosis
factor-α (TNF-α)) and increased M2 markers (IL-10,
arginase-1 (Arg-1), transforming growth factor-β (TGF-β),

CD206, and YM1) of activated microglia (Fig. 4; all changes
P<0.05), suggesting a shift from M1 to M2 phenotypes at
28 dpi.

EGCG Promotes the Proliferation of NPCs Through AKT
In Vitro

To further investigate the direct function of EGCG in NPCs,
we prepared neurosphere cultures from the SVZ of ischemic
mice at 14 dpi. LPS (10 ng/ml) was added to the medium to
mimic the inflammation conditions that were induced by ce-
rebral ischemia [18]. Bright-field microscope images showed
that LPS treatment of NPCs decreased the size and the number
of the neurosphere compared with the control group (Fig. 5a,
b; P<0.05), and the percentage of cells that incorporated
BrdU was significantly decreased by the treatment with LPS
(Fig. 5c, d; P<0.05).

Fig. 3 EGCG enhances
microglial activation in the peri-
infarct striatum at 28 days after
ischemia. a Photomicrographs
showing examples of microglia
classified into four different
morphological phenotypes:
ramified, intermediate, amoeboid,
and round in striatal peri-infarct
area. b Representative
micrographs of Iba1-labeling in
the peri-infarct striatum at 28 days
after 60 min MCAO or sham
surgery. Bar= 50 μm. c
Percentage of microglia with
different morphological
phenotypes of the total number of
Iba1+ cells in the peri-infarct
striatum. Data represent mean
± SEM, n = 5; #P< 0.05
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We next investigate the effects of EGCG on
neurosphere formation and proliferation of LPS-
stimulated NPCs, the neurosphere number and the per-
centage of cells that incorporated BrdU was measured
7 days after the treatment of EGCG at different concen-
trations (10, 20, 40 μM). The neurosphere formation
(Fig. 5a, b; P< 0.05 and P< 0.05, respectively) and pro-
liferation (Fig. 5c, d; P< 0.05 and P< 0.05, respectively)
of LPS-stimulated NPCs were significantly increased by
EGCG (20 or 40μM).

We then explored the potential underlying mechanisms
in vitro. Mitogen-activated protein kinase (MAPK) and
PI3K/AKT are major signaling pathways implicated in
NPCs proliferation and differentiation [24–28]. The ex-
pression of p-AKT was significantly increased after
EGCG treatment in the LPS-treated group compared with
the LPS-only treatment group (P< 0.05), without altering
the levels of p-ERK, p-JNK, and p-38 (Fig. 6a).
LY294002 pretreatment effectively inhibited the protein
level of p-AKT (Fig. 6b; P < 0.05), which significantly

Fig. 4 EGCG inhibits the M1
phenotype and promotes the M2
phenotype in microglia after
ischemic stroke. a M1 marker
(CD16, CD11b, CD32, iNOS,
and TNF-α) mRNA levels. Data
represent mean ± SEM, n= 5;
#P< 0.05, ##P< 0.01. b M2
marker (IL-10, Arg-1, TGF-β,
CD206, and YM1) mRNA levels.
Data represent mean ± SEM,
n= 5; #P< 0.05, ##P< 0.01. Real-
time polymerase chain reaction
was performed using total RNA
extracted from ischemic brains at
28 days after transient MCAO or
from sham-operated brains. iNOS
inducible nitric oxide synthase;
TNF-α tumor necrosis factor-α;
Arg-1 arginase-1; and TGF-β
transforming growth factor-β
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reduced the neurosphere number (Fig. 6c; P< 0.05) and
the percentage of cells that incorporated BrdU (Fig. 6d;
P< 0.05).

EGCG Promotes the Neuronal Differentiation of NPCs
Through AKT In Vitro

We analyzed the role of EGCG in NPC differentiation, and
immunofluorescent staining with antibodies against Tuj-1 and
GFAP was performed on NPCs after 7 days of differentiation.
LPS, which is added to the medium to mimic the inflamma-
tion conditions after ischemic stroke, significantly increased
the percentage of Tuj-1+ neurons and reduced the percentage

of GFAP+ astrocytes (Fig. 7a, b; P<0.05 and P<0.05, respec-
tively). The percentage of Tuj-1+ neurons was further signif-
icantly increased after 20 μM EGCG (P<0.05 and P<0.05,
respectively) or 40 μM EGCG (P<0.05 and P<0.05, respec-
tively) treatment in the LPS-treated group compared with the
LPS-only treatment group (Fig. 7a, b).

The levels of p-AKT were significantly increased after
EGCG treatment in the LPS-treated group compared with
the LPS-only treatment group, without altering the expression
of p-ERK, p-JNK, and p-38 (Fig. 8a; P<0.05). LY294002
pretreatment effectively inhibited the protein level of p-AKT
(Fig. 8b; P<0.05), which significantly decreased the percent-
age of Tuj-1+ neurons (Fig. 8c, d; P<0.05).

Fig. 5 EGCG directly promotes
the proliferation of neural
progenitor cells (NPCs) in vitro. a
Representative images of
neurospheres treated with 10, 20,
or 40 μM EGCG or DMSO.
Bar = 50 μm. b Quantification of
the numbers of neurospheres for
each group. Data represent mean
± SEM from three experiments.
*P< 0.05, significantly different
from the control group; #P< 0.05,
significantly different from the
DMSO-treated group stimulated
by LPS. c Representative
micrographs of BrdU labeling.
BrdU was added to NPCs at the
time of differentiation induction
for 16 h and then subjected to
immunofluorescence analysis.
DAPI was used to label the
nucleus. Bar= 20 μm. d
Quantification of the percentage
of BrdU-positive cells for each
group. Data represent mean
± SEM from three experiments.
*P< 0.05, significantly different
from the control group; #P< 0.05,
significantly different from the
DMSO-treated group stimulated
by LPS
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Discussion

Stroke treatment is constrained by narrow therapeutic win-
dows and the clinical inefficacy of agents that showed preclin-
ical promise. Yet, animal and clinical studies suggest consid-
erable post-stroke neurovascular remodeling, which could al-
low treatment with recovery-modulating agents. Our in vivo
results revealed that chronic treatment with green tea polyphe-
nol EGCG could promote neurogenesis and functional recov-
ery in the later phases of stroke recovery. The clinical and

theoretical significance of our findings is twofold. First, it
suggests that post-stroke recovery can be enhanced without
the stringent time-dependency of neuroprotective strategies.
Second, it suggests a treatment for post-stroke functional re-
covery that is also neuroprotective in acute ischemic brain
injury [8, 9].

Accumulating evidence suggests that M2-polarized mi-
croglia resolve the over-activation of inflammation and
promote tissue repair following cerebral ischemic injury
[19, 22, 23]. We present in vivo evidence that the

Fig. 6 AKT signaling is involved in the promoting effects of EGCG on
the proliferation of neural progenitor cells (NPCs) in vitro. a Western
blotting and quantitative data for p-Akt, p-ERK, p-JNK, and p-p38 in
passage 2 NPCs treated with EGCG after 7 days of proliferation. Data
represent mean ± SEM from three experiments; #P < 0.05. b Western
blotting and quantitative data for p-AKT in passage 2 NPCs treated
with EGCG with or without the addition of LY294002 to cell
proliferation medium. Data represent mean ± SEM from three

experiments; #P < 0.05. c Representative images and quantification of
neurospheres treated with 20 μM EGCG with or without the addition of
LY294002 to cell proliferation medium. Bar= 50 μm. Data represent
mean ± SEM from three experiments; #P < 0.05. d Representative
micrographs of BrdU labeling, and quantification of the percentage of
BrdU-positive cells for each group. Bar= 20 μm. Data represent mean
± SEM from three experiments; #P< 0.05
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promoting effects of EGCG on the neurogenesis and long-
term recovery could be associated with increased activa-
tion of an M2 phenotype of microglia in the ischemic
brain. In this study, we assessed the cerebral polarization
of the microglia by analyzing the expression of signature
genes associated with M1 or M2 polarization in the ische-
mic brain. We observed an increase in M2 signature gene

expression and a decrease in M1 gene expression in the
ischemic brain. Therefore, we suggest that the predomi-
nant M2 phenotype of microglia after EGCG treatment
could provide a better environment for neurogenesis by
resolving inflammation via the secretion of anti-
inflammatory cytokines after ischemic stroke, such as
IL-10, TGF-β, and Arg-1. However, the mechanism by

Fig. 7 EGCG directly promotes
the neuronal differentiation of
neural progenitor cells (NPCs) in
vitro. Double
immunofluorescence labeling (a)
and quantitative analyses (b) for
Tuj-1 (red) and GFAP (green) in
passage 2 NPCs treated with 10,
20, or 40 μM EGCG or DMSO.
Bar = 50 μm. Data represent
mean ± SEM from three
experiments; *P< 0.05,
significantly different from the
control group; #P< 0.05,
significantly different from the
DMSO-treated group stimulated
by LPS
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which EGCG activates microglia and polarizes activated
microglia to M2 phenotypes remains to be defined.

The promoting effects of EGCG on the neurogenesis and
long-term recovery could also be corrected with the direct
promotion of the proliferation and neuronal differentiation of
SVZ NPCs, as further demonstrated in vitro by our results. To
mimic the inflammatory conditions observed in vivo experi-
mental ischemic stroke, we incubated NPCs with LPS in vitro,
which is due to its similar effects with ischemic stimulation on
the proliferation and differentiation of NPCs in vivo [18]. The
proliferation rate was evaluated through neurosphere forma-
tion assays. The size and the number of the neurosphere reflect
the state of proliferation. LPS was shown to be capable of
causing the size of the neurosphere to decrease [18]. In our
present study, we found that LPS treatment markedly de-
creased the number of the neurosphere and the percentage of
cells that incorporated S-phase marker BrdU, both indicating
that LPS inhibits the proliferation rate of NPCs. One

explanation is that LPS stimulation may inhibit proliferation
but promote neuronal differentiation of NPCs. More DCX-
positive NSCs and microtubule associated protein-2 (MAP-
2)-positive mature neuronal cells were detected after the stim-
ulation of LPS [18]. Our present results further substantiate
the promoting effect of LPS on the neuronal differentiation of
NPCs, which is similar to the post-ischemic stimulation after
stroke. Stroke, induced by MCAO, triggers increased genera-
tion of neuroblasts in SVZ, which migrate toward the dam-
aged striatum where they differentiate to mature striatal neu-
rons [29, 30]. Endogenous neurogenesis may be one of the
mechanisms underlying the spontaneous recovery after stroke,
but its contribution is probably minor [31]. We found that
EGCG, which is the main polyphenolic constituent in green
tea, markedly enhanced endogenous neurogenesis and long-
term functional recovery after cerebral ischemia. When stud-
ied in vitro, EGCG could obviously promote the proliferation
and neuronal differentiation of SVZ NPCs under LPS-

Fig. 8 AKTsignaling is involved
in the promoting effects of EGCG
on the neuronal differentiation of
neural progenitor cells (NPCs) in
vitro. a Western blotting and
quantitative data for p-Akt, p-
ERK, p-JNK, and p-p38 in
passage 2 NPCs treated with
EGCG after 7 days of
differentiation. Data represent
mean ± SEM from three
experiments; #P< 0.05. bWestern
blotting and quantitative data for
p-AKT in passage 2 NPCs treated
with EGCG with or without the
addition of LY294002 to
differentiation medium. Data
represent mean ± SEM from three
experiments; #P< 0.05. Double
immunofluorescence labeling (c)
and quantitative analyses (d) for
Tuj-1 (red) and GFAP (green) in
passage 2 NPCs treated with
20 μMEGCGwith or without the
addition of LY294002 to
differentiation medium.
Bar = 50 μm. Data represent
mean ± SEM from three
experiments; #P< 0.05
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stimulated inflammatory conditions that mimicking the in
vivo microenvironment after ischemic stroke.

Our in vitro results showed that AKT signaling path-
way played an important role in EGCG-mediated prolif-
eration and neuronal differentiation of SVZ NPCs after
screening for PI3K/AKT and MAPK signaling pathways,
which are major signaling pathways implicated in the pro-
l i ferat ion and differentia t ion of NPCs [24–28].
Subsequently, we showed that the effects of EGCG appear
not to be associated with the ERK, JNK, or p38 pathways
as these were not different between EGCG- and DMSO-
treated mice. The serine/threonine protein kinase AKT is
shown to play a critical role in stroke-induced NPC pro-
liferation [26, 32–34]. Depletion of PTEN, a negative
regulator of the PI3K/AKT signaling pathway, leads to
persistently enhanced self-renewal of NPCs [35].
Inactivation of AKT is indeed required for the inhibitory
effects of caspase-3 on NPCs proliferation [34]. Our data
revealed that AKT signaling plays an important role in the
promoting effects of EGCG on the neurogenesis.
However, in addition to AKT, multiple other signaling
pathways may also contribute to the proneurogenesis ef-
fects of EGCG during stroke recovery. Future studies are
needed to study how AKT signal may modulate EGCG-
induced neurogenesis after stroke.

Conclusions

Neurogenesis holds promise for brain repair and long-
term functional recovery after ischemic stroke. Thus,
proneurogenesis and recovery-modulating agents are
needed. Our data here suggests that delayed treatment
with EGCG improves stroke outcomes in an apparently
proneurogenesis manner involving increased SVZ NPCs
proliferation, enhanced migration of neuroblasts, and el-
evated neuronal differentiation, associated with improved
recovery of sensory and motor cortical function.
Increased activation of an M2 phenotype of microglia
in the ischemic brain could provide a better environment
for EGCG-induced neurogenesis. Considering that EGCG
also exerts neuroprotective effects against neuronal death
during acute stroke, our data suggest that EGCG could
be used for the treatment of ischemic stroke throughout
all phases from acute to chronic. However, additional
evaluation of EGCG in the clinical setting may be
warranted.
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