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Abstract
Epigallocatechin gallate (EGCG) is one of polyphenol that is abundant in green tea. It has anti-oxidative activity and exerts 
neuroprotective effects in ischemic brain damage. Ischemic conditions induce oxidative stress and result in cell death. 
Thioredoxin is a small redox protein that plays an important role in the regulation of oxidation and reduction. This study was 
designed to investigate the regulation of thioredoxin by EGCG in ischemic brain damage. Middle cerebral artery occlusion 
(MCAO) was performed to induce focal cerebral ischemia in male Sprague–Dawley rats. The EGCG (50 mg/kg) or was 
administered before MCAO surgical operation. Neurological behavior test, reactive oxygen species (ROS), and lipid per-
oxidation (LPO) measurement were performed 24 h after MCAO. The cerebral cortex was isolated for further experiments. 
EGCG alleviated MCAO-induced neurological deficits and increases in ROS and LPO levels. EGCG also ameliorated the 
decrease in thioredoxin expression by MCAO. This finding was confirmed using various techniques such as Western blot 
analysis, reverse transcription PCR, and immunofluorescence staining. Results of immunoprecipitation showed that MCAO 
decreases the interaction between apoptosis signal-regulating kinase 1 (ASK1) and thioredoxin, while EGCG treatment 
attenuates this decrease. EGCG also attenuated decrease of cell viability and thioredoxin expression in glutamate-exposed 
neuron in a dose-dependent manner. It alleviated the increase of caspase-3 by glutamate exposure. However, this effect of 
EGCG on caspase-3 change was weakened in thioredoxin siRNA-transfected neurons. These findings suggest that EGCG 
exerts a neuroprotective effect by regulating thioredoxin expression and modulating ASK1 and thioredoxin binding in 
ischemic brain damage.
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Introduction

Epigallocatechin gallate (EGCG) is a polyphenolic compo-
nent that is abundant in green tea, as well as in vegetables 
and fruits [1, 2]. EGCG has beneficial properties against 
harmful conditions including oxidative stress, metabolic 
syndrome, and cancer [3–5]. EGCG penetrates the blood 
brain barrier and easily distributes in brain tissue when 
administered in various routes such as oral or intraperitoneal 

injection [6–8]. Therefore, it is considered a useful neuro-
protective agent. EGCG also exerts neuroprotective effects 
on various neurological diseases such as Alzheimer’s dis-
ease, Parkinson’s disease, traumatic brain injury, and stroke 
[9–12].

Stroke is one of the most serious neurological diseases 
and is a major cause of human death [13, 14]. In particu-
lar, ischemic stroke has various causes such as glutamate 
toxicity, excessive calcium accumulation, and oxidative 
stress and can result in permanent neurological disorders 
[15]. Oxidative stress is a major harmful factor in various 
diseases and disorders and is a cause of many pathological 
changes [16]. As a self-protective action against oxidative 
stress, there are various molecular biological mechanisms in 
living organisms [17]. Thioredoxin is a small 12 kDa pro-
tein that is widely distributed in most cells and is involved 
in antioxidant defense signaling pathways [18, 19]. It has 
two redox-active cysteine residues that reduce the oxidized 
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protein by catalyzing the cysteine-thiol disulfide exchange 
[20]. Thioredoxin acts as an antioxidant by removing reac-
tive oxygen species (ROS). It is associated with growth fac-
tors, inflammatory reactions, DNA synthesis, and protein 
folding [21–24]. In neurons, thioredoxin regulates signal 
transduction and neuronal growth [25]. In addition, over-
expression of thioredoxin was reported to inhibit inflam-
mation or apoptosis through antioxidative effects against 
neuronal damage caused by ischemic stroke [26, 27]. Apop-
tosis signaling kinase 1 (ASK1) is an essential protein in 
apoptosis signaling pathways and is activated in response 
to cytotoxic stresses such as inflammation and ROS [28, 
29]. It is involved in the JNK and p38 MAP kinase cascades 
and induces various stress responses like apoptosis [28]. 
Thioredoxin binds to ASK1 and promotes ASK1 ubiqui-
tination, thereby inhibiting apoptosis signaling pathways 
[30]. We previously demonstrated the decrease of thiore-
doxin expression and the reduction of interaction between 
thioredoxin and ASK1 in ischemic damage [31, 32]. EGCG 
shows a protective effect against oxidative damage caused by 
hydrogen peroxide and mediates antioxidant defense through 
modulation of thioredoxin and thioredoxin reductase [33]. 
We hypothesized that EGCG exerts neuroprotective effects 
through regulation of thioredoxin and modulation of inter-
action between thioredoxin and ASK1 in the ischemic cer-
ebral cortex. Thus, we investigated whether EGCG modu-
lates thioredoxin expression and regulates thioredoxin and 
ASK1 binding in cerebral ischemia and glutamate-induced 
neuronal damage.

Materials and Methods

Experimental Animal Preparation and Drug 
Treatment

Male Sprague–Dawley rats (n = 89, 210 ± 10  g) were 
obtained from Samtako Co. (Animal breeding center, 
Osan, Korea). Rats were housed in controlled light con-
dition (12/12 h light and dark) and constant temperature 
(22 ± 1 °C), and freely provided with feed and water. All the 
experimental procedures were conducted in accordance with 
the guideline for Institutional Animal Care and Use Commit-
tee of Gyeongsang National University (Approval number: 
GNU-190218-R0008). Animals were randomly divided into 
four groups: phosphate buffered saline (PBS)-treated with 
sham, EGCG-treated with sham, PBS-treated with mid-
dle cerebral artery occlusion (MCAO), and EGCG-treated 
with MCAO animals. For accurate assessment, this study 
excluded dead animals, subarachnoid hemorrhagic animals, 
and animals that showed no signs of ischemic damage after 
MCAO surgery. Nine animals were excluded from this study 
according to the assessment. The excluded animals appeared 

only MCAO-operated animals, they were 7 animals in PBS-
treated group and 2 animals in EGCG-treated group. In this 
study, 80 animals were used and 24 rats were assigned to 
each group. EGCG (Sigma-Aldrich, St. Louis, MO, USA) 
was dissolved in PBS and injected into the abdominal cav-
ity just before MCAO surgery according to a previously 
described method [34]. EGCG was single administrated at 
50 mg/kg. PBS animals were injected with the same volume 
of PBS only.

Middle Cerebral Artery Occlusion

Rats were injected with Zoletil (50 mg/kg, Virbac, Carros, 
France) to induce anesthesia and were subjected to MCAO 
as a previously reported method [35]. Animals were laid in 
supine position and a midline neck skin incision was made 
to expose common carotid artery. The right common carotid 
artery (CCA), external carotid artery (ECA), and internal 
carotid artery (ICA) were separated from the surrounding 
tissues and nerves. The CCA was temporarily blocked with 
a microvascular clip to block blood flow, and then the distal 
part of the ECA was ligated and cut. A 4-0 monofilament 
nylon suture with blunt end by heating was inserted from the 
stump of ECA to ICA and carefully advanced to origin of 
middle cerebral artery. The length of inserted nylon suture 
was approximately 22–24 mm and middle cerebral artery 
was completely blocked. The inserted nylon suture was 
ligated with ECA and the incised skin was sutured. Sham-
operation was performed with the same surgical method 
except for the insertion of nylon suture. Rats were placed on 
a heating pad until recovery from anesthesia and returned to 
their cage. Food and water were freely provided. Rats were 
subjected to neurological deficit scoring test, corner test, and 
adhesive-remove test 24 h after MCAO.

Neurological Deficit Scoring Test

Neurological deficits were scored by a previously described 
method [36]. Score was determined according to the fol-
lowing 5-point scale: no neurological deficit (0), incomplete 
extension of the contralateral forelimb (1), involuntary con-
tralateral side circling (2), involuntary longitudinal rotation, 
falling down, and hypersensitive reflex (3), no movement 
and fainting (4).

Corner Test

Corner test was performed as a previously reported man-
ual [37]. Animals were removed from the cage and placed 
between two identical boards (30 × 20 × 1 cm3) with a small 
opening and a 30° corner. They were facing a corner and 
started moving into a small open corner. When the rats 
reached to the corner, both vibrissae were stimulated by two 
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boards and turned back from the corner. Only the complete 
turn was recorded as a response and the test was conducted 
ten times per trial. Incomplete turning or stepping back-
ward was excluded from the record. Rats were trained every 
day for 7 days before MCAO surgery. Animals that rotated 
same ratio in the left and right directions were used for the 
experiment. Sham-operated animals had no preference in 
the direction of turning. Animals with right MCAO damage 
preferred to circle to the right, which is the ipsilateral side 
of the MCAO damaged brain. The resulting data is displayed 
as the number of right turns in ten trials.

Adhesive Removal Somatosensory Test

The adhesive removal test was performed according to a pre-
viously described method [38]. Animals were transferred to 
a test cage and habituated for 60 s, and temporarily taken out 
from the cage to attach on adhesive tape. Adhesive circular 
tapes (12 mm in diameter) were firmly attached on both hair-
less part of the forelimb and animals were placed in a test 
cage. Rats removed the tapes in response to tactile stimuli. 
The time for removing adhesive tapes was measured and the 
time was recorded up to 180 s. Rats were trained for 3 days 
before MCAO surgery to limit the individual variations and 
rats that removed adhesive tapes within 15 s were used for 
the experiment.

Reactive Oxygen Species (ROS) Assay

ROS assays were performed to measure intracellular ROS 
levels in cerebral cortex using a reactive oxygen species 
assay kit according to manual of manufacturer (Elabscience 
Biotechnology Inc. Houston, TX, USA). Cerebral cortex was 
isolated, cut into small pieces, and reacted with the pro-
vided enzyme solution at 37 °C for 30 min to obtain a single 
cell sample. Single cells were washed with PBS and incu-
bated with 5 mM 2′,7′-dichlorodihydrofluorescein diacetate 
(DCFH-DA) at 37 °C for 1 h. DCFH-DA and cells mix-
tures were converted to 2′,7′-dichlorofluorescein (DCF) by 
reacting with the intracellular ROS that expressed fluores-
cence. These cells were centrifuged at 1000 g for 10 min and 
washed with PBS for 5 min. Samples were centrifuged again 
and cell pellet was collected. Fluorescence expression was 
measured with a Multiskan EX spectrophotometer (Thermo 
Fisher Scientific, Waltham, MA, USA) at 500 nm excitation 
wavelength and at 525 nm emission wavelength. Result data 
were represented as relative DCF pmol/mg of tissue.

Lipid Peroxidation (LPO) Assay

LPO assay was performed by the measurement of malon-
dialdehydride (MDA), a marker of membrane polyunsatu-
rated fatty acid peroxidation [39]. It was performed by lipid 

peroxidation colorimetric assay kit (BioVision Inc., Mil-
pitas, CA, USA) according to manufacturer’s instruction. 
Cerebral cortex was homogenized with MDA lysis buffer 
containing butylated hydroxytoluene. Homogenates were 
centrifuged at 13,000 g for 10 min and supernatants were 
collected. Samples were treated with thiobarbituric acid, 
incubated at 95 °C for 1 h, and cooled at 4 °C for 10 min. 
Absorbance at 532 wavelength was measured from samples 
by spectrophotometer. Result data were expressed as MDA 
nmol/mg of protein.

Fluoro‑Jade B (FJB) Staining

FJB staining was carried out to detect the degeneration of 
neuronal cells in cerebral cortex. Brain tissues were fixed 
in 4% paraformaldehyde for 24 h and fixed tissues were 
washed with tap water for overnight. They were dehydrated 
by gradient ethyl alcohol (70% to 100%) and cleaned by 
xylene. Brain tissues were embedded in paraffin block and 
sliced into 4 μm-thickness by rotary microtome (Leica, Wet-
zlar, Germany). Tissue sections were dried in slide warmer 
(Thermo Fisher Scientific) and deparaffinized with xylene, 
rehydrated with gradient ethyl alcohol (100% to 70%) and 
washed in distilled water. Sections were immersed with 
0.06% potassium permanganate solution for 10  min to 
quench the fluorescence background. They were stained 
with 0.0001% FJB in 0.1% acetic acid solution for 30 min, 
washed with distilled water, and completely dried. Nuclei 
were counterstained with 4′,6-diamidine-2-phenylindole 
(DAPI, Sigma-Aldrich) and slides were mounted with a non-
fluorescence dibutylphthalate polystyrene xylene mounting 
media (Sigma-Aldrich). Tissue slides were observed with 
a confocal laser scanning microscope (FV 1000, Olympus) 
and micrographs were taken. Data were expressed as the 
ratio of FJB positive cells to DAPI positive cells.

Two‑Dimensional Gel Electrophoresis

The cerebral cortex tissues were isolated from the brain tis-
sue and stored at − 70 °C for further experiments. Tissue 
samples were homogenized with lysis buffer (8 M urea, 4% 
CHAPS, ampholyte and 40 mM Tris–HCl) and gently vor-
texed for overnight at 4 °C. Homogenates were centrifuged 
at 20,000 g for 20 min at 4 °C and the supernatant was mixed 
with 10% trichloroacetic acid for 30 min. Mixtures were 
centrifuged at 20,000 g for 20 min at 4 °C and precipitated 
protein pellet was collected. The protein pellets were washed 
with 90% acetone and dissolved in sample buffer [8 M urea, 
4% CHAPS, 0.2% amphoteric solution, 40 mM Tris–HCl, 
2 μg/ml dithiothreitol (DTT)]. Protein concentration was 
determined by Bradford assay kit (Bio-Rad, Hercules, CA, 
USA) following the provided manufacturer’s instruction. 
Total proteins (50 µg) were added to rehydration buffer 
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[8 M urea, 2% CHAPS, 20 mM DTT, 0.5% immobilized 
pH gradient (IPG) buffer, bromophenol blue] and applied 
to IPG gel strips (pH range 4–7, 17 cm, Bio-Rad) for 13 h 
at room temperature. Rehydrated IPG gel strips containing 
protein samples were loaded on an Ettan IPGphor 3 System 
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) and 
electrophoresed according to the following protocol: 250 V 
for 15 min, 10,000 V for 3 h, and then 10,000 V to 50,000 V. 
First dimensional electrophoresed IPG gel strips were 
immersed in a equilibration buffer (6 M urea, 30% glycerol, 
2% sodium dodecyl sulfate, 50 mM Tris–HCl, bromophenol 
blue) containing 1% DTT for 10 min and immersed with an 
identical equilibration buffer containing 2.5% iodoacetamide 
for 10 min. IPG gel strips were placed on a 12% sodium 
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) gel and electrophoresed at 10 mA using Protein-II 
XI electrophoresis equipment (Bio-Rad) at 15 °C until the 
bromophenol blue dye reached the bottom end of the gel. 
Electrophoresed gels were immersed in fixation solution 
(12% acetic acid, 50% methanol) for 2 h and washed twice 
for 20 min with 50% ethyl alcohol. They were sensitized by 
immersing in 0.02% sodium thiosulfate for 1 min, washed 
with distilled water, stained with a silver nitrate solution 
(0.2% silver nitrate, 0.0003% formaldehyde) for 20 min, 
and washed with distilled water. The development reaction 
was completed by immersion in 0.2% sodium carbonate 
containing 0.0002% formaldehyde and stopped with 1% 
acetic acid solution. Gel images were taken with an Agfar 
ARCUS 1200™ scanner (Agfar-Gevaert, Mortsel, Belgium) 
and analyzed with PDQuest 2D analysis software (Bio-Rad) 
to quantify the protein spot intensity of the gel. Matrix-
assisted laser desorption ionization time (MALDI-TOF) 
was performed to identify the proteins. Each protein spots 
were incised from the gel, desalted with 30 mM potassium 
hexacyanoferate containing 100 mM sodium thiosulfate, and 
washed with 10% acetic acid in 50% methanol. They were 
treated with 50 mM ammonium bicarbonate and acetonitrile, 
dried in a vacuum centrifuge (Biotron, Seoul, Korea) for 
20 min, and dissolved in reduction solution (10 mM DTT 
in 0.1 M ammonium bicarbonate) for 45 min at 56 °C. They 
were treated with 0.1 M ammonium bicarbonate and acetoni-
trile, dried in vacuum centrifuge for 20 min, and treated with 
digestion solution (12.5 ng/ml trypsin, 0.1% octyl beta-d 
glycopyranside in 50 mM ammonium bicarbonate) for 12 h 
at 37 °C. Proteins were extracted by 1% trifluoroacetic acid 
in 66% acetonitrile and dried in a vacuum centrifuge. They 
were dissolved with 1% trifluoroacetic acid in 66% acetoni-
trile and matrix solution (16 mg/ml alpha-cyano-4-hydrox-
inic acid, 4 mg/ml nitrocellulose in acetone). Each protein 
was placed on a MALDI-TOF metal plate and MALDI-TOF 
was performed by a Voyager-DE STR (Applied Biosystem, 
Foster City, CA, USA). These results were investigated with 
NCBI and MS-FIT protein sequence databases.

Western Blot Analysis

Cerebral cortices were homogenized with lysis buffer [1% 
Triton X-100, 1 mM EDTA in PBS (pH 7.4)] containing 
200 µM phenylmethylsulfonyl fluoride. Homogenates were 
reacted for 1 h at 4 °C and sonicated with on ice using an 
ultrasonic probe. Samples were centrifuged at 15,000 g for 
1 h at 4 °C and supernatant was collected. Concentrations 
of protein samples were determined by bicinchoninic acid 
protein assay kit (Pierce, Rockford, IL, USA) according to 
the protocol provided by the manufacturer. Protein sam-
ples (30 μg) were heated for 3 min at 100 °C for protein 
denaturation and cooled on ice. They were loaded on 10% 
SDS-PAGE gel, electrophoresed at 10 mA for 30 min, and 
continuously performed at 20 mA for 90 min using a Mini-
PROTEAN 3 Cell (Bio-Rad). They were transferred to a pol-
yvinylidenedifluoride membrane (Millipore, Billerica, MA, 
USA) at 120 V for 2 h. Membrane was incubated with 5% 
skim milk in Tris-buffered saline containing 0.1% Tween-20 
(TBST) for 1 h to block non-specific binding and washed 
3 times for 10 min with TBST. They were incubated with 
the following primary antibodies: anti-thioredoxin, anti-cas-
pase-3, cleaved caspase-3 (1:1000 in TBS, Cell Signaling 
Technology, Beverly, MA, USA), and anti-β-actin (1:1000 
in TBS, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
for overnight at 4 °C, and washed with TBST. They were 
subsequently incubated with horseradish peroxidase-conju-
gated anti-rabbit IgG or anti-mouse IgG (1:5000 in TBST, 
Cell Signaling Technology) for 2 h, washed with TBST, and 
reacted with enhanced chemiluminescence detection rea-
gents (GE Healthcare) to detect protein expression. They 
were exposed on Fuji medical X-ray film (Fuji Film, Tokyo, 
Japan) to visualize protein bands. Films were developed with 
developer, washed with distilled water, fixed with fixation 
solution, washed with distilled water, and dried. Relative 
protein band intensities were normalized by β-actin band 
signal intensity. Protein levels were expressed as a ratio of 
specific protein band intensity to β-actin band intensity. The 
band intensity was analyzed by SigmaGel 1.0 (Jandel Scien-
tific, San Rafael, CA, USA) and SigmaPlot 4.0 (SPSS Inc., 
Point Richmond, CA, USA).

Reverse‑Transcript Polymer Chain Reaction (RT‑PCR)

Cerebral cortices were isolated from brain tissues, immedi-
ately frozen, and keep at − 70 °C before total RNA extrac-
tion. Total RNA was extracted using Trizol Reagent (Life 
Technologies, Rockville, MD, USA) and 1 mg of RNA 
was used for reverse-transcription. Complementary DNA 
(cDNA) was prepared with Superscript III first-strand sys-
tem (Invitrogen, Carlsbad, CA, USA) according to the man-
ufacturer’s instruction. Specific gene codes were detected 
by the following primers: thioredoxin product (188 bp), 
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forward primer: 5′-TTC​TTT​CAT​TCC​CTC​TGT​G-3′, reverse 
primer: 5′-TCC​GTA​ATA​GTG​GCT​TCG​-3′; β-actin (238 bp), 
forward primer: 5′-GGG​TCA​GAA​GGA​CTC​CTA​CG-3′, 
reverse primer: 5′-GGT​CTC​AAA​CAT​GAT​CTG​GG-3′. 
Genes were amplified by PCR with following protocols: 
initial denaturation for 5 min at 94 °C; template denatura-
tion for 30 s at 94 °C, primer annealing for 30 s at 54 °C, 
extension 1 min at 72 °C for 30 cycles; and a final extension 
for 10 min at 72 °C. PCR products were mixed with Loading 
STAR dye (Dyne Bio, Seongnam, Korea) and loaded on a 
1% agarose gel. They were electrophoresed by Mupid-2 plus 
(Takara bio, Shiga, Japan) and visualized under ultraviolet 
light exposure.

Immunofluorescence Staining

Paraffin tissues were deparaffinized and hydrated with xylene 
and gradient ethyl alcohol series, dipped in with water, and 
rinsed with PBS. Tissues were incubated with 1% normal 
goat serum in PBS for 1 h at room temperature to block non-
specific reaction. They were incubated with anti-thioredoxin 
antibody (diluted 1:100 in 1% normal goat serum; Cell Sign-
aling Technology) overnight at 4 °C and washed with PBS. 
Tissues were incubated with anti-rabbit fluorescein isothio-
cyanate (FITC)-conjugated secondary antibody (1:100 in 
PBS; Santa Cruz Biotechnology) in the dark chamber for 
1 h at room temperature and washed with PBS. They were 
counterstained with 4,6-diamidino-2-phenylindole (DAPI, 
Santa Cruz Biotechnology) to observe nuclei, mounted 
with UltraCruz mounting medium (Santa Cruz Biotechnol-
ogy), and cover slipped. Immunofluorescence reactions of 
FITC and DAPI were observed and microscopic images 
were taken with a confocal microscope (FV-1000, Olym-
pus, Tokyo, Japan). Five regions of the cerebral cortex were 
randomly selected and the number of FITC-positive cells or 
DAPI-positive cells was counted using Image-Pro Plus soft-
ware (Media Cybernetics, Silver Spring, MD, USA). These 
results were represented as the ratio of thioredoxin-positive 
cells and DAPI-positive cells.

Immunoprecipitation Assay

Extracted proteins (200  μg) were cleaned with Protein 
A/G agarose beads (Santa Cruz Biotechnology) to prevent 
non-specific binding proteins in agarose beads. They were 
reacted with anti-thioredoxin antibody (Santa Cruz Bio-
technology) for overnight at 4 °C with gentle shaking and 
mixed with Protein A/G agarose beads for 2 h at 4 °C. These 
complexes were rinsed with radioimmunoprecipitation assay 
buffer (Sigma-Aldrich), denatured with sample buffer for 
3 min at 4 °C, and cooled on ice. They were electrophoresed 
on a 10% SDS-PAGE gel and transferred to PVDF mem-
brane. Membranes were washed with TBST, incubated with 

anti-ASK1 antibody (1:1000 diluted with TBST), and con-
tinuously processed with the same protocol as described in 
the Western blot analysis.

Hippocampal Cell Line Culture

Immortalized mouse hippocampal neuron cell line (HT22, 
passages 7–12) was cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Gibco BRL, Gaithersburg, MD, USA) 
without l-glutamate. DMEM was added with 10% fetal 
bovine serum (FBS), penicillin (100 units/ml), and strep-
tomycin (100 mg/ml) as a growth supplement and antibiot-
ics. Cells were seeded at a density of 5 × 103 per well in 96 
well culture plate (Thermo Fisher Scientific) for MTT assay 
and 2 × 106 in 100 mm diameter culture dish (Nalge Nunc 
International, Rochester, NY, USA) for further studies. Cells 
were cultured in a controlled environment with a 5% CO2 
humidified atmosphere and a constant temperature (37 °C). 
They were cultured until the confluence rate reached 70%. 
Glutamate (5 mM) was added to DMEM to induce excita-
tory toxicity [40] and EGCG (10, 20, 40 μM) was treated 1 h 
before glutamate treatment. After 24 h of glutamate treat-
ment, cells were scraped and stored at − 70 °C before further 
experiment.

Cell Viability Assay

A 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was carried out to investigate cell viabil-
ity. Cells were seeded in 24-well plates (5 × 104 cells/300 μl) 
and grown for 24 h. Glutamate and EGCG were treated in 
plates as previously mentioned. Cells were incubated with 
0.1% MTT solution in PBS for 4 h at 37 °C. MTT solu-
tion was discarded and cells were cleaned with PBS. MTT 
solution was discarded and the cells were rinsed with PBS. 
Metabolized MTT formazan was formed in viable cells and 
dissolved in 300 μl of DMSO. Sample absorption rate was 
measured at 570 nm wavelength using spectrophotometer, 
and cell viability was expressed as percentage (%) of absorp-
tion rate. The cell viability of the PBS group was evaluated 
as 100%.

siRNA Transfection

siRNA transfection process was carried out to knockdown 
thioredoxin expression in cultured cells. Cells were incu-
bated with Neurobasal A media 24 h before siRNA trans-
fection. Neurobasal A media with Lipofectamine 2000TM 
(Thermo Fisher Scientific) was incubated for 5 min, mixed 
with thioredoxin siRNA, and incubated for 20 min. The 
prepared siRNA mixture was treated in a cell medium at a 
final concentration of 30 nM and transfected for 12 h. After 
siRNA transfection, the cell culture media was changed 
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and treated with 5 mM of glutamate and 10, 20, 40 μM of 
EGCG. Cells were scraped and preserved at − 70 °C until 
further experiment conducted.

Statistical Analysis

All experimental data are expressed as the mean ± standard 
deviation (S.D.).Normality of data distribution and equal 
variance of data were confirmed by Shapiro–Wilk test and 
Lev ene’s test, respectively. One-way ANOVA or two-way 
ANOVA followed by post-hoc Scheffe’s test was applied 
to data which satisfying the normal distribution and equal 
variance. Two-way ANOVA followed by Dunnett’s multi-
ple comparison test was applied to data which showing the 
effect of EGCG in dose-dependent manner. Mann–Whitney 
U test was applied to data which is not satisfying the normal 
distribution and equal variance. p < 0.05 was considered to 
be statistically significant.

Results

Neuroprotective and Antioxidative Effects of EGCG 
in MCAO Animal

Neurological deficit scores were evaluated for neurobehav-
ioral deficits in MCAO animals. Sham-operated animals 
had normal posture without neurological defects. However, 
serious behavioral defects such as falling, hypersensitivity 
reflection, and fainting were observed in PBS-treated ani-
mals with MCAO. However, mild defects such as involuntary 
rotation were observed in EGCG-treated animals. EGCG 
treatment alleviated these defects caused by MCAO. Neu-
rological deficit scores were divided from 0 to 4 point, they 
were 3.63 ± 0.49 and 2.17 ± 0.70 in PBS- and EGCG-treated 
animals with MCAO animals, respectively (Fig. 1a). Corner 
tests showed the degree of biased behavior due to loss of 
response to stimuli. The rate of rotation was similar in the 
two directions in sham-operated animals. However, right-
biased rotation was observed in PBS-treated animals with 
MCAO. This biased behavior was significantly reduced by 
EGCG treatment. The number of right turns was 9.20 ± 1.04 
and 7.10 ± 0.58 in PBS- and EGCG-treated animals with 
MCAO, respectively (Fig. 1b). The significance of these 
results is less than 0.01. The adhesion-removal test showed 
the response time for tactile stimulus of both forepaws. 
Sham animals removed both forepaws very quickly. How-
ever, adhesion removal time was delayed in MCAO animals. 
The removal times in MCAO animals were 163.6 ± 15.5 and 
83.6 ± 16.8 s in PBS- and EGCG-treated groups, respectively 
(Fig. 1c). These results are significant, and the significance is 
less than 0.01. It was significantly shorter in EGCG-treated 
animals than in PBS-treated animals. The DCF and MDA 

assays were performed to measure oxidative stress, show-
ing increased DCF and MDA levels in MCAO-operated 
animals compared to sham-operated animals. This increase 
was alleviated in EGCG-treated animals. DCF levels were 
4.82 ± 1.36 and 2.46 ± 1.08 pmol/mg protein in PBS- and 
EGCG-treated animals, respectively (Fig. 1d). MDA levels 
were 2.75 ± 0.61 in PBS and 1.50 ± 0.68 pmol/mg protein in 
EGCG-treated animals (Fig. 1e). The significance of these 
results is less than 0.01. We observed FJB-positive cells to 
detect degenerated neurons in the cerebral cortex. These 
positive cells were observed in ischemic regions in MCAO 
animals. EGCG treatment significantly reduced the num-
ber of FJB-positive cells compare to PBS-treated animals 
(Fig. 2a). No positive cells were detected in sham-operated 
animals. The ratio of FJB positive cells to DAPI-positive 
cells were 0.54 ± 0.18 and 0.34 ± 0.09 in PBS- and EGCG-
treated animals with MCAO, respectively (Fig. 2b).

Regulation of Thioredoxin Expression by EGCG 
in MCAO Animals

We observed the change of thioredoxin expression between 
PBS- and EGCG-treated animal with MCAO (Fig.  3a). 
The matched peptide mass with extracted protein sample 
was 8/87 and the sequence coverage was 42%. Thiore-
doxin expression decreased in MCAO-operated animals, 
while EGCG treatment alleviated this decrease. Thiore-
doxin levels were 0.21 ± 0.07 and 0.58 ± 0.11 in PBS- and 
EGCG-treated animals with MCAO, respectively (Fig. 3d). 
Thioredoxin expression did not change in sham-operated 
animals regardless of EGCG treatment. Western blot and 
reverse transcription-PCR analyses confirmed the decrease 
of thioredoxin expression in MCAO animals (Fig. 3b, c). 
The level of thioredoxin proteins was 0.55 ± 0.13 in PBS- 
and 0.79 ± 0.13 in EGCG-treated animals with MCAO 
(Fig.  3e). Thioredoxin mRNA level was 0.60 ± 0.11 in 
PBS-treated and 1.21 ± 0.21 in EGCG-treated aniamls with 
MCAO, respectively (Fig. 3f). Immunofluorescence staining 
showed a significant reduction in the number of thioredoxin-
positive cells in PBS-treated animals with MCAO. However, 
this decrease was alleviated by EGCG (Fig. 4a). We evalu-
ated thioredoxin level as the ratio of thioredoxin-positive 
cells to DAPI-positive cells. The thioredoxin levels were 
0.22 ± 0.02 in PBS- and 0.44 ± 0.08 in EGCG-treated ani-
mals with MCAO (Fig. 4b).

Modulation of Thioredoxin and ASK1 Interaction 
by EGCG in MCAO Animals

The results of immunoprecipitation showed the changes of 
thioredoxin and ASK1 interaction in MCAO animals with 
EGCG treatment. These protein interaction levels decreased 
in MCAO animals compared to sham animals, and these 
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reductions were alleviated by EGCG treatment. The level of 
interaction was similar in sham-operated animals regardless 
of PBS or EGCG treatment (Fig. 5a). The interaction levels 
in MCAO animals were 0.35 ± 0.10 and 0.51 ± 0.08 in PBS- 
and EGCG-treated groups, respectively (Fig. 5b).

Regulation of Thioredoxin Expression by EGCG 
in Glutamate‑Exposed HT22 Cells

Glutamate toxicity decreases the cell viability and induces 
serious cell death in HT22 cells. EGCG treatment allevi-
ated these damages in a dose-dependent manner (Fig. 6a). 
The cell viability was evaluated as 100% in the PBS 
group and was 34.7 ± 4.5% in the glutamate-only-treated 

group. The survival rates of combined treatment with 
EGCG 10, 20, and 40 μM were 43.3 ± 3.3, 64.6 ± 4.1, 
and 76.9 ± 5.5%, respectively (Fig. 6b). These results are 
significant, and the significance is less than 0.01. Gluta-
mate exposure decreased the expression of thioredoxin, 
while EGCG treatment attenuated this reduction in a dose-
dependent manner (Fig. 6c). The thioredoxin protein level 
in the glutamate-only-treated group was 0.06 ± 0.02. They 
were 0.18 ± 0.07, 0.22 ± 0.07, and 0.46 ± 0.10 in the com-
bined group with EGCG 10, 20, and 40 μM, respectively 
(Fig. 6d). We used a thioredoxin siRNA transfection tech-
nique to reveal the anti-apoptotic effect of EGCG through 
regulation of thioredoxin expression.

Fig. 1   Neurological deficit score (a), corner test (b), adhesive-
removal test (c), reactive oxygen species (ROS) (d), and lipid per-
oxidation (e) analyses in phosphate buffered saline (PBS) + mid-
dle cerebral artery occlusion (MCAO), epigallocatechin gallate 
(EGCG) + MCAO, PBS + sham, and EGCG + sham animals. EGCG 
improved neurological deficit and biased right turning behavior in 
ischemic brain damage (a–c). Data (n = 24) of a, b and c are graphed 

as median value (bold black line), upper and lower quartiles (box 
boundaries), highest and lowest values (whiskers), and black dot (out-
lier). Mann–Whitney test. EGCG alleviated the increases in DCF and 
MDA in ischemic-damaged cerebral cortex (d, e). Data (n = 4) of d 
and e are shown as the mean ± S.D. #p < 0.001, two-way ANOVA fol-
lowed by Scheffe’s test
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Modulation of Caspase‑3 Expression by EGCG 
in Thioredoxin siRNA‑Transfected HT22 Cells

Figure 7 showed the thioredoxin, caspase-3, and cleaved 
caspase-3 expressions in thioredoxin siRNA-transfected 
cells. The expression of thioredoxin was down-regulated in 
the glutamate-only-treated group, and EGCG co-treatment 
alleviated this decrease (Fig. 7a). The thioredoxin levels in 
non-transfected cells were 0.08 ± 0.03 and 0.17 ± 0.02 in 
glutamate-only- and EGCG co-treated group, respectively 
(Fig. 7b). In addition, the expressions of caspase-3 and 
cleaved caspase-3 in glutamate-treated groups increased 
compared to the PBS-treated group. Caspase-3 and cleaved 
caspase-3 expressions increased in siRNA transfection 

groups compared to non-transfection groups. EGCG treat-
ment alleviated the increase in the glutamate-only-treated 
group regardless of siRNA transfection (Fig.  7c). The 
caspase-3 levels in non-transfected cells were 0.46 ± 0.09 
and 0.24 ± 0.06 in the glutamate-only and EGCG co-
treated group, respectively. In transfected cells, they 
were 0.96 ± 0.14 and 0.81 ± 0.13 in the glutamate-only 
and EGCG co-treated group (Fig. 7d). The cleaved cas-
pase-3 levels in non-transfected cells were 1.01 ± 0.12 and 
0.63 ± 0.08 in the glutamate-only and EGCG co-treated 
group. In siRNA transfected cells, they were 1.57 ± 0.20 
and 1.12 ± 0.08 in the glutamate-only and EGCG co-
treated group, respectively (Fig. 7d).

Fig. 2   Representative images of Fluoro-Jade B (FJB, green) and 
DAPI (nuclei marker, blue) staining in the cerebral cortex of phos-
phate buffered saline (PBS) + middle cerebral artery occlusion 
(MCAO), epigallocatechin gallate (EGCG) + MCAO, PBS + sham, 
and EGCG + sham animals. FJB-positive cells were increased in 

the cerebral cortex with ischemic damage. EGCG alleviated these 
increases (a, b). Arrows indicate FJB-positive cells. Scale bar: 
100 μm. Data (n = 4) are shown as the mean ± S.D. *p < 0.001, two-
way ANOVA followed by Scheffe’s test
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Discussion

EGCG is a powerful antioxidant that acts as a neuropro-
tective agent for neurodegenerative diseases, including 
Alzheimer’s disease, Parkinson’s disease, and stroke [9, 
10, 41]. EGCG has a protective effect against oxidative 
stress-induced neuronal damage through ROS elimina-
tion characteristics [42, 43]. We previously reported that 
EGCG improves neurological deficits and reduces infarct 
lesion in ischemic brain damage [10]. The present study 
additionally demonstrated that EGCG regulates the expres-
sion of thioredoxin and modulates the binding of thiore-
doxin and ASK 1. EGCG also exhibits the property of 
scavenging ROS and LPO. The thioredoxin system regu-
lates reduction and oxidation homeostasis in mammalian 
cells and consists of thioredoxin, thioredoxin reductase, 
and nicotinamide adenine dinucleotide phosphate [44]. 

Thioredoxin acts as a strong antioxidant and exerts stress 
response properties [45, 46]. Thioredoxin protects vari-
ous organs such as the heart, kidney, and brain against 
ischemic damage [26, 47, 48]. Oxidative stress is known 
as a major pathological cause of ischemia. The inhibition 
of thioredoxin expression by siRNA transfection increases 
oxidative stress, activates ASK1 cell death signaling path-
way, and exacerbates ischemic brain damage [49, 50]. We 
previously showed decrease in thioredoxin expression in 
MCAO-induced damage [31]. We confirmed the decrease 
of thioredoxin expression in an ischemic-injured cer-
ebral cortex model. Moreover, we identified decrease in 
thioredoxin by glutamate exposure in cerebral cortex of 
neonatal rats [51]. Overexpression or administration of 
recombinant thioredoxin showed a significant reduction 
in oxidative stress and a decrease in apoptosis in neurons 
[27, 52]. These results demonstrate that thioredoxin plays 

Fig. 3   Image of thioredoxin (TRX) protein spots using proteomics (a, 
d), Western blot (b, e), and reverse transcription-PCR analyses (c, f) 
in phosphate buffered saline (PBS) + middle cerebral artery occlusion 
(MCAO), epigallocatechin gallate (EGCG) + MCAO, PBS + sham, 
and EGCG + sham animals. Squares of A photos indicate TRX pro-

tein spot. TRX protein level is expressed as a ratio of spot intensity 
in each group relative to that in the PBS + sham group (d). TRX pro-
tein and mRNA levels are expressed as the intensity of TRX to that of 
β-actin (e, f). Data (n = 4) are shown as the mean ± S.D. *p < 0.01 and 
**p < 0.001, two-way ANOVA followed by Scheffe’s test
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an important role in neuroprotection through maintenance 
of the redox cycle in ischemic brain injury.

EGCG restores neurons of the cerebral cortex damaged 
by MCAO [10]. The present study additionally showed 
that EGCG alleviates the increase in ROS and LPO lev-
els and the decrease in thioredoxin expression caused by 
MCAO. Previous studies demonstrated that EGCG attenu-
ates ROS and LPO levels by modulating enzymic anti-
oxidants including superoxide dismutase, glutathione, and 
glutathione peroxidase [53]. EGCG also prevents oxida-
tive stress by regulating thioredoxin system in liver [33]. 
Based on these results, we investigated whether EGCG 
affects the interaction of thioredoxin and ASK1 in apop-
totic signaling pathways. ASK1 acts as a major regulator 
of oxidative stress-related apoptosis through activation of 
JNK and p38-MAPK pathways [54]. The inactive ASK1 

or the ASK1 knockout condition has resistivity against the 
apoptosis induced by oxidative stress [55]. Thioredoxin 
acts as a negative regulator of ASK1 activation by bind-
ing to the N-terminal site of ASK1 protein [54]. However, 
apoptotic stimuli such as tumor necrosis factor and ROS 
dissociate thioredoxin from ASK1 to activate the apoptosis 
signaling pathway [30]. We have previously reported that 
ischemic brain damage decreases thioredoxin expression 
and reduces the binding between thioredoxin and ASK1 
[32]. Maintaining the interaction between thioredoxin and 
ASK1 is an important mechanism to prevent apoptosis 
caused by oxidative stress. Our results showed that MCAO 
damage reduces thioredoxin and ASK1 binding. EGCG 
treatment relieves dissociation of thioredoxin from ASK1 
due to MCAO damage. These findings demonstrate that 
regulation of thioredoxin and ASK1 binding by EGCG 

Fig. 4   Images of immunofluorescence staining with thioredoxin 
(TRX, green) and DAPI (nuclei marker, blue) in the cerebral cortex 
of phosphate buffered saline (PBS) + middle cerebral artery occlusion 
(MCAO), epigallocatechin gallate (EGCG) + MCAO, PBS + sham, 

and EGCG + sham animals (a). Quantified number of TRX-positive 
cells in the cerebral cortex region (b). Arrows indicate TRX-positive 
cells. Data (n = 4) are shown as the mean ± S.D.*p < 0.001, two-way 
ANOVA followed by Scheffe’s test. Scale bars = 100 µm
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contributes to neuroprotective effects of EGCG against 
ischemic damage.

Thioredoxin is widely distributed in various tissues, espe-
cially in red blood cells [56]. We found small particles of 
thioredoxin-positive  signals  in  all  experimental animal 
groups, which were considered as erythrocytes in blood. 
We also counted thioredoxin and DAPI-double posi-
tive signals in the cerebral cortex. Interestingly, we found 
that the positive signal size of thioredoxin differs in ani-
mal group. We have previously reported histopathologi-
cal changes in the MCAO damaged cerebral cortex [10]. 
Ischemic damage induces pyramidal cell distortion with 
contracted  nucleus,  while EGCG noticeably attenuates 

these histopathological changes [10]. The result of immu-
nofluorescent staining showd a decrease in the number of 
thioredoxin-positive cells due to MCAO damage, and EGCG 
alleviated this decrease. The size of thioredoxin positive sig-
nal decreased in ischemic damaged cells, while EGCG atten-
uated this decrease. The size change of the positive signal 
can be explained with the shape change due to the MCAO 
damage. These changes are mitigated by EGCG treatment. 
EGCG also exerts neuroprotective effects on glutamate-
treated neurons. The high extracellular concentration of 
glutamate causes accumulation of ROS and lipid peroxida-
tion through interaction with glutamate/cystine antiporter 
systems [57]. Glutamate toxicity reduces cell viability, and 
EGCG administration improves this reduction in a dose-
dependent manner. Moreover, EGCG alleviates the decrease 
in thioredoxin expression caused by glutamate toxicity, and 
the effect of EGCG was dose dependent. This study showed 
that thioredoxin is involved in the neuroprotective effects 
of EGCG using an siRNA transfection technique. EGCG 
exerts anti-apoptotic effects through regulation of thiore-
doxin expression. EGCG alleviates the increase in caspase-3 
expression caused by glutamate toxicity, but thioredoxin 
siRNA transfection ameliorates this impact of EGCG treat-
ment. The cleavage of caspase-3 is an important event in 
apoptosis, and is accepted as a biomarker of apoptosis in 
cerebral ischemia [58]. In this study, glutamate treatment 
increases cleaved caspase-3 expression and EGCG allevi-
ates the increase of cleaved caspase-3 by glutamate toxicity. 
However, the transfection of thioredoxin siRNA decreases 
the alleviative effect of EGCG. These results demonstrated 
that thioredoxin acts as an important protein for the neu-
roprotective effect of EGCG. EGCG attenuates apoptosis 
through the regulation of thioredoxin expression. Thus, we 
can suggest that the anti-apoptotic effect of EGCG in gluta-
mate-exposed neuron is mediated by the regulation of thiore-
doxin expression. Our results demonstrated that EGCG has 
neuroprotective and anti-apoptotic effects against ischemic 
damage, and thioredoxin is involved in these actions of 
EGCG. However, despite the inhibition of thioredoxin, the 
protective effect of EGCG against apoptosis was not reduced 
completely. EGCG exerts a neuroprotective effect through 
the regulation of various factors as well as thioredoxin. 
Although more researches are required to identify other fac-
tors, this study can demonstrate the protective mechanism of 
EGCG by regulation of thioredoxin expression in neuronal 
cell damage caused by ischemia. In conclusion, our findings 
suggest that EGCG has a neuroprotective effect on ischemic 
brain damage and glutamate toxicity by modulating thiore-
doxin expression and regulating the interaction between 
thioredoxin and ASK1.

Fig. 5   Immunoprecipitation result of thioredoxin (TRX) and apop-
tosis signal-regulating kinase 1 (ASK1) interaction in the cerebral 
cortex of phosphate buffered saline (PBS) + middle cerebral artery 
occlusion (MCAO), epigallocatechin gallate (EGCG) + MCAO, 
PBS + sham, and EGCG + sham animals (a). Densitometric results 
are represented as intensity ratio of identified protein to IgG intensity 
(b). Data (n = 4) are represented as the mean ± S.D. *p < 0.01, two-
way ANOVA followed by Scheffe’s test
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Fig. 6   Cell viability (a, b) and Western blot analysis (c, d) of thiore-
doxin (TRX) in HT22 cells. Epigallocatechin gallate (EGCG, 10, 
20, 40  µM) was applied for 1  h and glutamate (Glu, 5  mM) was 
subsequently treated. Cell images were obtained by phase-contrast 
microscopy to confirm the morphological changes (a). MTT assay 

was performed to access cell viability (b). Densitometric results are 
expressed as the intensity of thioredoxin to that of β-actin (d). Data 
(n = 5) are shown as the mean ± S.D. *p < 0.01 and **p < 0.001, two-
way ANOVA followed by Dunnett’s multiple comparison. Scale 
bar = 100 µm
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Fig. 7   Western blot analysis of thioredoxin (TRX, a, b), caspase-3, 
and cleaved caspase-3 (c, d) in siRNA transfected cells. Epigallocate-
chin gallate (EGCG, 10, 20, 40 µM) was applied for 1 h and followed 
with glutamate (Glu, 5  mM). Densitometric results are expressed 

as the ratio of TRX, caspase-3, cleaved caspase-3 intensity to that 
of β-actin. Data (n = 5) are shown as the mean ± S.E.M. *p < 0.05, 
**p < 0.001 in un-transfected group, #p < 0.05, ##p < 0.001 in trans-
fected group, two-way ANOVA followed by Scheffe’s test
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