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Abstract. It has been acknowledged that environmental stress 
is a risk factor for developing mental disorders. Chronic 
stress may contribute to the hyperactivation of the hypotha-
lamic‑pituitary‑adrenal (HPA) axis and a sustained rise in 
the levels of glucocorticoids (GCs). A high concentration of 
corticosterone (CORT) damages neuronal PC12 cells. It has 
been reported that (‑)‑Epigallocatechin‑3‑gallate (EGCG), 
a major component of green tea, exhibits neuroprotective 
activity. However, the protective effect of EGCG on neuronal 
cells injured by CORT remains to be elucidated. The present 
study aimed to identify the effects of EGCG on CORT‑injured 
neuronal PC12 cells and its associated mechanisms of action. 
CORT‑injured PC12 cells were pretreated with EGCG with 
or without cyclopamine. Cell viability was assessed using an 
MTT assay, changes in cell morphology were observed using 
phase‑contrast microscopy, cellular apoptosis was assessed 
by Hoechst 33342 staining, cell proliferation was measured 
using a cell counting kit‑8 assay, mRNA levels were measured 
by reverse transcription‑quantitative polymerase chain reac-
tion and protein expression was assessed using western blot 
analysis. The current study demonstrated that exposure 
to high concentrations of CORT induced cytotoxicity and 

downregulated the Sonic hedgehog pathway (Shh) in PC12 
cells. These effects were attenuated by EGCG. However, the 
EGCG‑mediated neuroprotective effects, as well as upregu-
lation of the Shh pathway were all attenuated by the Shh 
signaling inhibitor cyclopamine. These results indicate that 
EGCG protects PC12 cells from CORT‑induced neurotoxicity 
via activation of the Shh signaling pathway.

Introduction

The prevalence of mental disorders such as depression has 
increased over the past few years and such disorders negatively 
affect the quality of life of many people around the world (1). 
It has been demonstrated that environmental stress is a risk 
factor for a number of mental disorders. Exposure to psycho-
logical and physiological‑related chronic stress contributes 
to the dysfunction of hypothalamic‑pituitary‑adrenal (HPA) 
axis and causes a sustained elevation of glucocorticoid (GC) 
levels, which may result in the development of mental disor-
ders  (2). In vitro, a high concentration of GCs suppresses 
neuronal proliferation, growth and differentiation and may 
even inhibit neuronal cell death (3). It has been demonstrated 
that a number of classical antidepressants protect against the 
cytotoxicity induced by high concentrations of GCs in neural 
cells (4).

The consumption of green tea is very popular world-
wide and it may exhibit beneficial pharmacological actions, 
including anti‑oxidant, anti‑carcinogenic, anti‑tumor and 
anti‑neurodegenerative effects (5‑7). A number of studies have 
demonstrated that the green tea induces marked anti‑depressive 
effects in animal models of depression (8,9) and that catechins, 
the major polyphenolic compounds found in green tea, decrease 
depression‑ and anxiety‑like behaviors in a rat model induced 
following the injection of chronic corticosterone (CORT) (10). 
The catechin (‑)‑epigallocatechin‑3‑gallate (EGCG) is the 
primary constituent of the green tea polyphenols and exhibits 
the strongest biological activity, including antioxidant, 
anti‑inflammatory and neuroprotective effects  (11,12). It 
has been demonstrated that EGCG significantly improves 
chronic unpredictable mild stress‑induced behavior altera-
tions in rats (13) and exerts neuroprotective effects against 
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different types of stress‑related damage, including trauma and 
neuronal damage induced by L‑3,4‑dihydroxyphenylalanine 
(L‑DOPA) (14,15). However, few studies have been completed 
to assess the effect of EGCG on neural cells damaged following 
exposure to high concentrations of CORT.

The adrenal phaeochromocytoma PC12 cell line is one of 
the most widely used neuronal cell lines and is commonly used 
to study the neuronal damage induced by GCs in vitro (16) 
and also used as an in vitro experimental model of depres-
sion (17,18). Although previous studies have suggested that 
EGCG has neuroprotective effects, the effect of EGCG on 
neuronal cells exposed to high concentrations of CORT 
remains to be elucidated. The present study examined the 
neuroprotective activity and associated potential mechanisms 
of EGCG in CORT‑injured PC12 cells.

Materials and methods

Materials. The PC12 cell line was supplied by the Central 
Laboratory of the Central Hospital of Wuhan (Wuhan, China). 
The RPMI 1640 medium was purchased from Hyclone; GE 
Healthcare Life Sciences (Logan, UT, USA). Fetal bovine serum 
(FBS) was purchased from Zhejiang Tianhang Biotechnology 
Co., Ltd. (Hangzou, China). EGCG (>97.0%) was purchased 
from Selleck Chemicals (Houston, TX, USA). CORT (>97.0%) 
and the hedgehog‑smoothened inhibitor cyclopamine 
(>99.0%) were purchased from Shanghai Aladdin Biochemical 
Technology Co., Ltd., (Shanghai, China). Desipramine (DIM; 
>98.0%), a well‑known antidepressant (19) which was used as 
the positive control (18) in the present study, was purchased 
from Sigma Aldrich; Merck KGaA (Darmstadt, Germany). All 
pharmacological agents were prepared as a stock solution and 
stored at ‑20˚C.

Cell culture and treatment. PC12 cells were maintained in 
1640 supplemented with 10% fetal bovine serum, 100 U/ml 
penicillin and 100 µg/ml streptomycin in a humidified atmo-
sphere containing 5% CO2 atmosphere at 37˚C. Cells were 
seeded at a density of 8x103 cells/well in 96‑well plates and 
incubated for 2‑3 days for MTT assay; cells were seeded at 
a density of 4x103 cells/well in 96‑well plates and incubated 
for 1 days for the CCK8 assay. The cells were divided into 
five groups: Control group, where PC12 cells were not 
treated; CORT group, where PC12 cells were treated with 
CORT; CORT+EGCG group, where PC12 cells were treated 
with CORT and EGCG, and EGCG was added 1 h before 
CORT; CORT+DIM group, where PC12 cells were treated with 
CORT and DIM, and DIM was added 1 h before CORT; and 
Cyclopamine+EGCG+CORT group, where PC12 cells were 
treated CORT, EGCG and cyclopamine, and cyclopamine was 
added 30 min before EGCG, and then EGCG was added 1 h 
before CORT.

MTT assay. A 3‑(4,5‑Desethyithiazol‑2‑yl)‑2,​5‑diphenyltet-
razolium bromide (MTT, Biosharp, Inc., Pivotal Scientific, 
Wuhan, China) assay was used to measure cell viability. Cells 
were seeded at a density of 8x103 cells/well in 96‑well plates 
and cultured, and following incubation of the cells with the 
different drugs for 24 h, they were treated with the MTT solu-
tion and incubated at 37˚C for 4 h. The dark blue formazan 

crystals that formed in the wells were solubilized with 
dimethyl sulfoxide for 10 min at 37˚C. Absorbance at 570 nm 
was measured using a microplate reader (PerkinElmer, Inc, 
Waltham, MA, USA).

Morphological changes. Following treatment of PC12 cells 
with different drugs, grown medium was removed by PBS. 
Cellular morphology was observed using a fluorescence 
microscope (BX‑50‑FLA, Olympus Corporation, Tokyo, 
Japan).

Hoechst 33342 staining. Cells were treated with different 
drugs and incubated for 24 h. The medium was subsequently 
replaced by Hoechst 33342 (Beyotime Biotechnology Institute 
of Biotechnology, Nanjing, China) solution and incubated at 
37˚C for 15 min. Cells were then observed under an inverted 
fluorescence microscope (BX‑50‑FLA, Olympus Corporation). 
Apoptotic cells exhibited strong blue fluorescence and 
shrunken nuclei, whereas non‑apoptotic cells exhibited weak 
blue fluorescence and normal nuclei.

Cell counting kit‑8 (CCK‑8) assay. A CCK‑8 assay (Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan) was used 
to measure cell proliferation. Cells were seeded and cultured 
in 96‑well plates and after the cells were treated with the 
different drugs and incubated for 0, 12, 24, 36, 48 and 60 h, 
the medium was replaced with CCK‑8 reagent (Dojindo 
Molecular Technologies, Inc.) and cells were incubated for a 
further 2 h at 37˚C. Finally, the optical density of each well 
was measured using a microplate reader at a wavelength of 
450 nm. The percentage of the control samples of each cell 
line was calculated thereafter.

Preparation of total RNA and reverse transcription‑quan‑
titative polymerase chain reaction (RT‑qPCR). Cells were 
treated with the aforementioned drugs and cultured for 
24 h. Subsequently, cells were harvested and total RNA was 
extracted using TRIzol reagent (Thermo Fisher Scientific, Inc., 
Waltham, MA, USA). The purity of total RNA was evaluated 
using the optical density 260/280 ratio and a UV spectropho-
tometer (Beckman Coulter, Inc., Brea, CA, USA). RNA purity 
was determined to be between 1.7 and 2.0.

Reverse transcription‑quantitative polymerase chain reac-
tion (RT‑qPCR) was performed to determine mRNA expression 
of proteins in the hedgehog signaling pathway. Reverse tran-
scription was performed using cDNA Synthesis kit (Toyobo, 
Co., Ltd., Osaka, Japan) following the manufacturer's protocol. 
cDNA was subjected to qPCR using the Power SYBR® Green 
PCR Master mix (CWBIOTECH, Beijing, China). The specific 
sequences of the primers used were as follows: GAPDH, 
forward 5'‑GAT​GGT​GAA​GGT​CGG​TGT​GA‑3' and reverse 
5'‑GTC​AAT​GAA​GGG​GTC​GTT​GA‑3'; Shh, forward 5'‑TAT​
GAG​GGT​CGA​GCA​GTG​GA‑3' and reverse 5'‑AGT​GGA​TGC​
GAG​CTT​TGG​AT‑3'; Gli1, forward 5'‑GTC​AC​TAC​CTG​GCC​
TCA​CAC‑3' and reverse 5'‑CCC​CTG​CAT​TGG​GGT​TGT​
AT‑3'; and N‑myc, forward 5'‑GAT​GAC​TTC​TAC​TTC​GGC​
GGT‑3' and reverse 5'‑CCA​AAC​GCA​TCC​TCC​TCG​G‑3'. 
qPCR was performed under the following conditions: 95˚C for 
30 sec, followed by 45 cycles at 95˚C for 5 sec, 60˚C for 30 sec 
in the ABI 7900 Real‑Time PCR System (Applied Biosystems; 



EXPERIMENTAL AND THERAPEUTIC MEDICINE  15:  4284-4290,  20184286

Thermo Fisher Scientific, Inc.). The relative quantification of 
gene expression was calculated using the 2‑ΔΔCq method (20). 
Each gene analysis was performed in triplicate.

Western blot analysis. Cells were lysed with ice‑cold radioim-
munoprecipitation assay lysis buffer with 10% phenylmethane 
sulfonyl fluoride (Beyotime Institute of Biotechnology, Haimen, 
China) and the protein was collected after being centrifuged 
at 12,000 x g for 30 min at 4˚C. Protein concentration was 
measured using a BCA protein assay kit (Beyotime Institute of 
Biotechnology) following the manufacturer's protocol. Equal 
amounts of protein (20 µg per lane) were electrophoresed 
on 10% density SDS acrylamide gels and then proteins were 
transferred to nitrocellulose membranes. Non‑specific binding 
was blocked with 5% skim milk in TBST buffer at 4˚C for 
2‑3 h, prior to incubation with rabbit anti‑N‑myc antibody 
(1:200, sc‑791; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) and rabbit anti‑GAPDH antibody (1:1,000, sc‑25778; 
Santa Cruz Biotechnology, Inc.,) overnight at 4˚C. Membranes 
were then incubated with FITC‑conjugated goat anti‑rabbit 
IgG secondary antibody (1:10,000, BL033A; Biosharp Inc., 
Pivotal Scientific) for 1 h at room temperature. Finally, detec-
tion was performed using enhanced chemiluminscence (GE 
Healthcare Life Sciences) and quantified using Quantity One 
4.6.2 imaging software (Bio‑Rad Laboratories, Inc., Hercules, 
CA, USA).

Stat ist ical analysis. Data were expressed as the 
mean ± standard error of the mean. Multiple group compari-
sons were performed using one‑way analysis of variance 
(ANOVA) followed by Dunnett's test using GraphPad Prism 
5.0 software (GraphPad software, Inc., La Jolla, CA, USA) to 
detect any inter‑group differences. P<0.05 was considered to 
indicate a statistically significant difference.

Results

EGCG protects against the cytotoxicity induced by CORT. 
Differentiated PC12 cells were treated with 50, 100, 150, 250 
and 400 µM CORT for 24 h. Subsequently, the effect of CORT 
on PC12 cell viability was determined using a MTT assay. 
Different concentrations of CORT decreased cell viability 
in a dose‑dependent manner (Fig. 1A). The concentration of 
400 µM CORT, which significantly decreased cell viability to 
35.6% (P<0.01; Fig. 1A) was selected for subsequent experi-
ments. The protective effects of different concentrations of 
EGCG was subsequently investigated. EGCG induced no cyto-
toxic effects at concentrations between 1 and 20 µM (Fig. 1B), 
although concentrations of EGCG >30  µM significantly 
decreased cell viability compared with the control (P<0.05). It 
was also demonstrated that EGCG attenuated the decrease in 
cell viability induced by CORT in a dose‑dependent manner 
and that the activity of EGCG was optimal at a concentration 
of 20 µM (Fig. 1C). The viability of PC12 cells treated with 
20 µM EGCG and 400 µM CORT increased significantly by 
compared with cells that underwent treatment with 400 µM 
CORT alone (P<0.01; Fig. 1C). DIM significantly increased 
the viability of PC12 cells (P<0.05) at a concentration of 
1 µM compared with the group treated with 400 µM CORT 
alone (Fig. 1D). To determine the protective effect of EGCG 

on CORT‑injured PC12 cells, the morphological changes of 
PC12 cells treated with different drugs were observed using 
an inverted microscope (Fig. 1E). The morphology of cells 
treated with 400 µM CORT changed and the axons shrunk 
markedly. However, these alterations were attenuated when 
cells in the 400 µM CORT group were pretreated with 20 µM 
EGCG or 1 µM DIM. Thus, EGCG may protect PC12 cells 
against the cytotoxicity induced by CORT.

EGCG attenuates CORT‑induced cell apoptosis and inhibition 
of cell proliferation. Cellular apoptosis induced by different 
drugs was detected by staining with Hoechst 33342 (Fig. 2A). 
The results demonstrated that treatment with 400 µM CORT 
markedly increased the amount of condensed chromatin 
in PC12 cells. The addition of 20 µM EGCG decreased the 
amount of condensed chromatin compared with the CORT 

Figure 1. Protective effect of EGCG against the cytotoxicity induced by 
CORT in PC12 cells. (A) The viability of PC12 cells treated with 50, 100, 
150, 250, 400 µM CORT was measured using an MTT assay 24 h after 
treatment of cells with CORT. (B) The viability of PC12 cells treated with 
1, 10, 20, 30, 50 µM EGCG was measured using an MTT assay 24 h after 
cells were treated with EGCG. (C) The viability of PC12 cells treated with 
1, 5, 10, 15, 20 µM EGCG and 400 µM CORT was measured using an MTT 
assay. PC12 cells were pretreated with different concentrations of EGCG 1 h 
before treatment with 400 µM CORT and incubated for 24 h prior to the MTT 
assay. (D) The viability of PC12 cells treated with 0.1, 0.5, 1, 5, 10 µM DIM 
(positive control) and 400 µM CORT was measured using an MTT assay. 
PC12 cells were pretreated with different concentrations of DIM 1 h before 
incubation with 400 µM CORT for 24 h prior to an MTT assay. (E) Images 
of cell morphology were taken 24 h after the cells were treated with 400 µM 
CORT alone, 400 µM CORT and 20 µM EGCG or 400 µM CORT and 1 µM 
DIM (magnification, x200). All results are presented as the mean ± stan-
dard error of the mean of three independent experiments performed in 
triplicate. *P<0.05 and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. CORT 
group. EGCG, (‑)‑Epigallocatechin‑3‑gallate; CORT, corticosterone; DIM, 
desipramine.
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group. The optical density (OD) of PC12 cells treated with 
400 µM CORT for 0, 12, 24, 36, 48 and 60 h was determined 
using a CCK8 assay. Compared with the control group, the 
OD of the cells were significantly decreased when treated with 
400 µM CORT for 12 (P<0.05, Fig. 2B), 24 (P<0.001, Fig. 2B), 
36 (P<0.001, Fig. 2B), 48 (P<0.001, Fig. 2B) and 60 h (P<0.001, 
Fig. 2B). The OD of the cells pretreated with 20 µM EGCG 
increased significantly when compared with the OD of cells 
treated 400 µM CORT for 24 (P<0.05, Fig. 2B), 36 (P<0.001, 
Fig. 2B), 48 (P<0.01, Fig. 2B) and 60 h (P<0.01, Fig. 2B). These 
findings suggested that cellular proliferation was reduced 
following exposure to 400 µM CORT; however, this effect was 
reversed following treatment with 20 µM EGCG. These results 
indicate that EGCG may attenuate cellular apoptosis and the 
inhibition of cell proliferation induced by CORT.

CORT downregulates the Shh signaling pathway. To determine 
whether the Shh signaling pathway regulates CORT‑induced 
cytotoxicity, the levels of Shh, N‑myc and Gli1 mRNA were 
measured using RT‑qPCR. The expression of N‑myc protein 

was evaluated using western blot analysis to determine the 
downstream effects of the Shh signaling pathway (Fig. 3). 
Cells were then treated with 400 µM CORT 24 h prior to 
extraction of total RNA and the results of RT‑qPCR indicated 
that the expression of Shh mRNA did not differ significantly 
between control cells and cells treated with 400 µM CORT 
(Fig. 3A). However, in PC12 cells treated with 400 µM CORT, 
levels of Gli1 and N‑myc mRNA (Fig. 3A) as well as levels of 
N‑myc protein (Fig. 3C) were significantly lower than controls 
(P<0.05), demonstrating that CORT inhibits downstream Shh 
signaling.

EGCG reverses the downregulation of Shh signaling induced 
by CORT. PC12 cells were co‑treated with 20 µM EGCG and 
400 µM CORT for 24 h to determine the effects of EGCG 
on CORT‑induced signaling inhibition. It was determined 
that 20 µM EGCG did not significantly alter the levels of Shh, 
Gli1 and N‑myc mRNA in control cells (Fig. 3A), however it 
reversed the decrease in the levels of Shh, Gli1 and N‑myc 
mRNA (P<0.05; Fig. 3B) and expression of N‑myc protein 

Figure 2. The effect of EGCG on cellular apoptosis and proliferation in CORT‑injured PC12 cells. (A) The apoptosis of PC12 cells treated with 20 µM EGCG 
and 400 µM CORT was detected by Hoechst 33342 staining (magnification, x200). Red arrows indicated apoptotic nuclei. Observations were made 24 h after 
treatment of cells with CORT and EGCG. (B) The growth of PC12 cells treated with 20 µM EGCG and 400 µM CORT was measured using a CCK‑8 assay. 
Measurements were made 0, 12, 24, 36, 48 or 60 h following treatment of cells with CORT and EGCG was added 1 h before CORT. *P<0.05 and ***P<0.001 
vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. CORT group. EGCG, (‑)‑Epigallocatechin‑3‑gallate; CORT, corticosterone; CCK‑8, cell counting kit‑8.

Figure 3. The effect of EGCG on the CORT‑induced downregulation of Shh signaling. PC12 cells were treated with 20 µM EGCG 1 h prior to treatment with 
400 µM CORT. mRNA and protein levels were measured 24 h after treatment with 400 µM CORT. (A and B) Relative mRNA expressions of Shh, Gli1, N‑myc 
were measured by reverse transcription‑quantitative polymerase chain reaction following treatment with (A) 400 µM CORT or 20 µM EGCG or (B) 400 µM 
CORT and 20 µM EGCG. (C) The expression of N‑myc protein was measured using western blot analysis. The results are presented as the mean ± standard 
error of the mean of three independent experiments performed in triplicate. *P<0.05, **P<0.01 and ***P<0.001 vs. control; #P<0.05 vs. CORT group. Shh, Sonic 
hedgehog pathway; EGCG, (‑)‑Epigallocatechin‑3‑gallate; CORT, corticosterone.
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(P<0.05; Fig. 3C) induced by 400 µM CORT. This suggests 
that EGCG contributes to the activation of Shh pathway in 
CORT‑treated PC12 cells and this signaling may be involved 
in the protection of EGCG in CORT‑injured PC12 cells.

The Shh signaling pathway is involved in the protective effect 
of EGCG. To identify the role of Shh signaling pathway in 
the protective effect of EGCG, prior to treatment with 20 µM 
EGCG and 400 µM CORT, cells were pretreated with 20 µM 
cyclopamine, which targets the Sonic hedgehog signaling 
pathway by blocking the activity of the smoothened frizzled 
class transmembrane receptor (SMO). The results demonstrated 
that, compared with the EGCG + CORT group, pretreatment 
with 20 µM cyclopamine significantly decreased the cell 
viability (P<0.01; Fig. 4A), although it could not decrease the 
cell viability to a similar level in the CORT group (Fig. 4A), 
which showed that EGCG's effect of promoting cell survival 
was partly inhibited by 20 µM cyclopamine. Furthermore, 
compared with the EGCG and CORT group, the axons of 

the cells were markedly reduced and cell apoptosis was 
markedly decreased after the cells were treated with 20 µM 
cyclopamine (Fig. 4B and C, respectively). Compared with the 
EGCG and CORT group, the OD of the cells pretreated with 
20 µM cyclopamine were significantly decreased after treated 
with 400 µM CORT for 24 (P<0.05; Fig. 4D), 36 (P<0.001) 
and 48 h (P<0.01; Fig. 4D). Furthermore, cyclopamine also 
significantly reversed the increase in levels of Gli1 and N‑myc 
mRNA (P<0.05; Fig. 4E) and levels of N‑myc protein (P<0.01; 
Fig. 4F) by 20 µM EGCG in PC12 cells treated with 400 µM 
CORT. These findings imply that the Shh signaling pathway is 
involved in the neuroprotective effect of EGCG.

Discussion

Supraphysiological GC levels may have detrimental effects on 
neurodevelopment (21) and a significant chronic rise in GC 
levels induced by stress is associated with pathological changes 
in the hippocampus, which contributes to the pathogenesis of 

Figure 4. Cyclopamine inhibits the neuroprotective effect of EGCG. PC12 cells were treated with 20 µM cyclopamine 30 min prior to treatment with 20 µM 
EGCG, which occurred 1 h before treatment with 400 µM CORT. (A) Cell viability was measured using an MTT assay, conducted 24 h following the treatment 
of cells with 400 µM CORT. (B) Morphological images of cells were taken using a fluorescence microscope (magnification, x200) 24 h after treatment of 
cells with 400 µM CORT. (C) Cellular apoptosis was measured using Hoechst 33342 staining (magnification, x200). Red arrows indicated apoptotic nuclei. 
Observations were made 24 h after the treatment of cells with 400 µM CORT. (D) Cellular proflieration was measured using a CCK‑8 assay 0, 12, 24, 36, 48 and 
60 h after the treatment of cells with 400 µM CORT. (E) The relative mRNA expression of Gli1 and N‑myc was measured using reverse transcription‑quanti-
tative polymerase chain reaction. mRNA levels were measured 24 h after the treatment of cells with 400 µM CORT. (F) Relative expression of N‑myc protein 
as determined by western blot analysis. Protein expression was measured 24 h after the treatment of cells with 400 µM CORT. All results are expressed as the 
mean ± standard error of the mean of three independent experiments performed in triplicate. *P<0.05 and **P<0.01 vs. control; #P<0.05 and ##P<0.01 vs. CORT 
group; &P<0.05, &&P<0.01 and &&&P<0.01 vs. CORT+EGCG group. CCK‑8, cell counting kit‑8; EGCG, (‑)‑Epigallocatechin‑3‑gallate; CORT, corticosterone.
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depression. Previous studies have demonstrated that exposure 
to high levels of GCs may suppress neuronal proliferation, 
growth and differentiation and lead to the death of neuronal 
cells, including PC12 cells, in vitro (3,22). Consistent with 
these observations, the present study demonstrated that treat-
ment with 400 µM CORT induced a significant decrease in 
cell survival and growth as well as the shrinking of cells, 
confirming that CORT induces neurotoxicity. EGCG allevi-
ated cytotoxicity induced by CORT but had no effect on 
normal cells, indicating that EGCG reverses CORT‑induced 
neuronal damage.

The present study demonstrated that EGCG increases the 
viability and proliferation of PC12 cells in vitro following 
CORT injury and that treatment with 20  µM induces the 
greatest effects. Higher doses of EGCG, such as 100 µM 
EGCG, are harmful to normal PC12 cells, thus confirming 
the hypothesis that the biological activity of EGCG follows 
a characteristic biphasic pattern: Higher doses of EGCG 
exhibit pro‑oxidant and pro‑apoptotic effects, whereas lower 
doses of EGCG have neuroprotective effects (23,24). Previous 
studies have suggested that EGCG has a neuroprotective 
function. It has been demonstrated that EGCG protects the 
brain against traumatic injury  (14), inhibits the oxidative 
stress induced by 1‑methyl‑4‑phenylpyridinium in neuronal 
cells (25), attenuates the neurotoxicity induced by L‑DOPA 
or oxygen‑glucose deprivation  (15,26) and promotes the 
neurogenesis of adult hippocampus in vivo and in vitro (27). 
The current study confirmed that EGCG protects neuronal 
cells against CORT‑induced damage, indicating that EGCG is 
neuroprotective.

However, the precise cellular and molecular mechanisms 
underlying CORT‑induced neurotoxicity are not fully under-
stood. It has been demonstrated that in prenatally stressed rats 
and hippocampus neural cells treated with high concentra-
tions of cortisol, the inhibition of Hedgehog (Hh) signaling by 
high concentrations of GCs contributes to neurotoxicity (28) 
and that activation of Shh signaling is protective against 
GC‑induced neurotoxicity  (29,30). Hh signaling serves an 
important role in neuronal development and growth, as well 
as the repair of damage (31) and is activated by the binding 
of secreted Hh proteins, including Shh, Desert hedgehog and 
Indian hedgehog, to the transmembrane receptor Patched 
(Ptch). Upon binding to Ptch, the Hh protein reverses the 
repression of the transmebrane receptor SMO, thus activating 
the major transcription factor Gli that regulates the expres-
sion of genes, such as those encoding N‑myc, to influence the 
survival, growth and differentiation of cells (32). The present 
study demonstrated that Gli1 and N‑myc were inhibited in 
PC12 cells by high concentrations of CORT, which is similar 
to the results of studies that indicated chronic GC treatment 
reduced the expression of Gli1 and N‑myc in neonatal brain 
or medulloblastoma (30,33). Furthermore, consistent with the 
results of a study by Heine et al (30), the current study did 
not detect any changes in Shh expression, demonstrating that 
CORT acted downstream of Shh in this pathway and that Gli1 
may be a target of CORT.

Activation of Shh signaling is involved in protection against 
neuronal damage (34), however little is known regarding its 
role in EGCG‑enhanced protection following CORT‑induced 
neurotoxicity. EGCG stimulates intracellular signaling 

pathways associated with cell survival and growth and Shh 
signaling is involved in EGCG‑mediated neuroprotection (35). 
In the current study, it was determined that pretreatment with 
EGCG attenuated the CORT‑induced downregulation of 
Gli1 and N‑myc, implying that EGCG may contribute to the 
activation of the Shh signaling pathway. By contrast, when 
cells were treated with the Shh inhibitor cyclopamine prior 
to EGCG, the increase in cell viability and proliferation was 
reversed. Furthermore, the expression of Gli1 and N‑myc were 
suppressed by cyclopamine, indicating that Shh signaling 
contributes to the protective effect of EGCG. Although 
cyclopamine reversed the effect of EGCG on promoting cell 
survival, it could not decrease the cell viability to a similar 
level with the CORT group. This suggested that the increase in 
cell viability was not completely blocked by cyclopamine, indi-
cating that Shh signaling may be not the only mechanism by 
which EGCG acts (13). Therefore, further studies are required 
to elucidate these other potential mechanisms of action.

In conclusion, the current study demonstrated that EGCG 
exhibits protective activities and contributes to the activation 
of the Shh signaling pathway in CORT‑injured PC12 cells. 
Furthermore, Shh signaling may be involved in the neuropro-
tective effects of EGCG against CORT‑induced neurotoxicity. 
The results of the current study may be useful in improving 
understanding regarding the neuroprotective effects of the 
various compounds contained in green tea. However, further 
experimental studies in vivo are required to examine the effects 
of EGCG and other compounds in green tea on stress‑related 
neurotoxicity and neurological disorders.
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