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Abstract: Oxidative stress, iron dysregulation, and infl ammation have been implicated in the pathogenesis of Parkinson’s disease (PD). Consid-

ering the entwined relationship among these factors, epigallocatechin gallate (EGCG) may be a good candidate for PD treatment due to its 

protective effects against those factors. The objective of this study is to determine whether EGCG protects N27 dopaminergic neuronal cells 

from H
2
O

2 
– and TNFα- induced neurotoxicity. Seven treatments were included: control, H

2
O

2, 
TNFα , FeSO

4, 
H

2
O

2
+EGCG

, 
TNFα+EGCG, 

FeSO
4+

EGCG. Cells were pretreated with 10 μM EGCG, followed by 50 μM H
2
O

2
, 30 ng/ml TNFα or 50 μM FeSO

4
. Neuroprotective effects of EGCG 

were assessed by cell viability assay, caspase-3 activity, intracellular reactive oxygen species (ROS) generation, and iron related protein expres-

sions. Caspase-3 activity was increased to 2.8 fold (P < 0.001) and 1.5 fold (P < 0.01) with H
2
O

2
 and TNFα treatment; However, EGCG pretreatment 

signifi cantly decreased the caspase activity by 50.2 % (P < 0.001) and 30.1 % (P < 0.05). Similarly, cell viability was reduced to 69.2 % (P < 0.01) 

and 89 % (P < 0.01) by H
2
O

2
 and TNFα, which was partially blocked by EGCG pretreatment. Also, EGCG signifi cantly (P < 0.001) protected against 

H
2
O

2
- induced ROS in a time dependent manner. In addition, both H

2
O

2 
and TNFα signifi cantly (P < 0.05) upregulated hepcidin expression and 

marginally reduced ferroportin (Fpn) expression unlike iron treatment alone. Collectively, our results show that EGCG protects against both 

TNFα- and H
2
O

2
- induced neuronal apoptosis. The observed neuroprotection may be through the inhibition of oxidative stress and infl ammation 

which is possibly mediated mainly by hepcidin and partially by Fpn. 
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Introduction

Parkinson’s disease (PD) is the second most common neu-
rodegenerative disorder aff ecting about 1.5 % global popu-
lation over 65 years old [1]. It is characterized by the pro-
gressive degeneration of dopaminergic neurons in the 
substantia nigra pars compacta (SNpc), which manifests as 
motor dysfunction including tremor, bradykinesia, pos-
tural instability and rigidity [2]. Current therapies of PD 
include the precursor of dopamine levodopa, the mono-
amine oxidase B inhibitor, dopamine receptor antagonist, 
catechol-o-methyl transferase inhibitor. Although these 
available therapies can relieve the symptoms and improve 
the functional capacity of the patients, but can’t stop or re-
verse the progression of the neurodegenerative process 
[3]. Therefore, there is a great need to understand the 

pathogenesis and develop the new neuroprotective agents 
for the treatment or prevention of PD. 

Although the etiology of PD has to be established, it is 
widely accepted that many factors including oxidative 
stress, infl ammation, iron overloading may lead to neuro-
degeneration and development of PD [4]. Oxidative stress 
is a condition caused by the imbalance in the production of 
reactive oxygen species (ROS) and the biological system’s 
antioxidant capacity to detoxify those species and repair the 
resulting damage [5]. The major consequence of oxidative 
stress includes damage to nuclei, lipids and proteins, which 
severely aff ects cellular function and may induce cell death 
[6]. Oxidative stress has been thought to be involved in both 
idiopathic and genetic cases of PD, and oxidative damage 
such as increased levels of oxidized lipids, proteins, and 
DNA, and decreased levels of reduced glutathione have 
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been observed in substantia nigra (SN) of PD patients [7]. A 
number of sources and mechanisms responsible for the 
generation of ROS including the metabolism of dopamine, 
mitochondrion dysfunction and aging have also been impli-
cated in PD pathogenesis [8]. Neuroinfl ammation is consid-
ered as another major component in the pathogenesis of 
PD, which is demonstrated by the presence of activated mi-
croglia in the SN of PD patients or neurotoxins such as 
1-methyl-4-phenyl-1,2,3,6-tertrahydropyridine (MPTP)- in-
duced animal models [9–10]. Microglia are the resident 
macrophages of the central nervous system playing an es-
sential role in the immune response [11]. However, over-ac-
tivated or chronically activated microglia are a signifi cant 
source of oxidative stress and damage the neighboring neu-
rons through the secretion of cytotoxic substances such as 
nitric oxide or superoxide radicals [12]. In addition, micro-
glia produced pro-infl ammatory cytokines such as tumor 
necrosis factor alpha (TNFα), can mediate direct apoptosis 
in neurons through the activation of caspase 8 [13]. 

The role of iron has gained increasing attention in PD 
due to its complicated interplay with other pathological fac-
tors including oxidative stress and neuroinfl ammation [14]. 
Although iron possesses essential physiological roles in all 
organisms, excess iron can participate in Fenton reaction to 
generate highly reactive hydroxyl radicals leading to lipid 
peroxidation, DNA and protein damage [14]. Moreover, 
iron accumulation might stimulate the activation of glial 
cells leading to the release of neurotoxic substances such as 
TNFα, IL-6, nitric oxide contributing to the progression of 
PD [15]. Accumulated evidence has demonstrated that iron 
accumulation is a hallmark of several neurodegenerative 
disorders including PD [15]. It is demonstrated that 
iron concentration is signifi cantly elevated in SN in PD pa-
tients as well as neurotoxins, such as 6-hydroxydopamine 
(6-OHDA)-, 1-methyl-4-phenyl-1,2,3,6- tertahydropyridine 
(MPTP)-, and rotenone- induced PD model in animals [16, 
17]. The iron accumulation in PD may be due to altered ex-
pression of iron related proteins, such as increased expres-
sion of cellular iron import proteins including divalent met-
al transporter-1 (DMT-1) and transferrin receptor (TFR), or 
decreased expression of cellular iron export proteins ferro-
portin (Fpn) and ceruloplasmin, or altered expression of 
iron storage proteins ferritin or neuromelanin [18]. Hepci-
din is a small peptide that controls intracellular iron balance 
by binding to the sole cellular iron exporter Fpn and induc-
ing its degradation [19]. Recent studies have shown that 
hepcidin and Fpn are widely expressed in the central nerv-
ous system and dysregulated hepcidin-Fpn axis might ac-
count for iron accumulation in neurodegenerative disorders 
[20, 21].

Based on the multifactorial pathogenesis of PD, natural 
compounds targeted to aff ect multiple functions are ideal 
candidates for the prevention or treatment of the disease. 

Epigallocatechin gallate (EGCG) is the major polyphenol in 
green tea and it gained attention due to its antioxidant, iron 
chelating and anti-infl ammatory properties [22]. Both in 
vitro and in vivo studies have shown that EGCG prevented 
neurotoxin 1-methyl-4-phenylpyridinium (MPP+)- induced 
neuronal cell death and MPTP-  induced striatal dopamine 
depletion and loss of TH positive neurons, respectively [23–
25]. In agreement with these fi ndings, our recent in vitro 
study also showed that EGCG protected against 6-OHDA- 
induced neurotoxicity by regulating gene and protein ex-
pression of DMT-1, hepcidin, and ferroportin, which are 
involved in brain iron homeostasis [26]. The objective of 
this study is to further investigate whether EGCG could 
protect dopaminergic neurons from oxidative stress or in-
fl ammation induced apoptosis. Our hypothesis is that 
EGCG exerts neuroprotection against hydrogen peroxide 
(H2O2)- and TNFα- induced neurotoxicity through regulat-
ing iron related proteins, hepcidin and Fpn.

Materials and Methods

Chemicals

The immortalized rat mesencephalic dopaminergic neu-
ronal cell line (1RB3AN27, generally referred to as N27) 
was a gift from Dr. Kedar N. Prasad, University of Colora-
do Health Sciences Center (Denver, CO). RPMI-1640 me-
dium, fetal bovine serum, L-glutamine, penicillin, and 
streptomycin, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydro-
fl uorescein diacetate (CM-H2DCFDA) were purchased 
from Invitrogen (Carlsbad, CA). EGCG, FeSO4, ascorbic 
acid, mouse β-actin antibody, and H2O2 were purchased 
from Sigma Aldrich (St. Louis, MO). Substrate for cas-
pase-3, Acetyl-Asp-Glu-Val-Asp-AFC was obtained from 
Calbiochem (San Diego, CA). Rat TNFα recombinant was 
purchased from peprotech (Rocky Hill, NJ). The Cell Titer 
96® AQueous Non-Radioactive Cell Proliferation assay kit 
was bought from Promega (Madison, WI). The rabbit poly-
clonal antibody for Fpn or hepcidin was purchased from 
Abcam (Cambridge, MA). Alexa Fluor 680 conjugated an-
ti-mouse IgG and IRdye 800 conjugated anti-rabbit IgG 
were purchased from Invitrogen (Carlsbad, CA) and Rock-
land Inc (Gilbertsville, PA), respectively. All solutions were 
prepared fresh prior to each assay. 

Cell culture and treatment

N27 cells were grown in RPMI-1640 medium supple-
mented with 10 % fetal bovine serum, 2 mmol/l L-glu-
tamine, 50 units penicillin, and 50 μg/ml streptomycin 
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Western blot

Cell pellets were lysed using a modifi ed radioimmuno-
precipitation assay (RIPA) buff er as described previously 
[30]. Cell lysates containing equal amount of protein 
were loaded and separated on 12 % SDS-PAGE (for Fpn) 
gels or 15 % Tricine-SDS-PAGE gels (for hepcidin). After 
separation, the proteins were transferred onto a nitrocel-
lulose membrane (12 % SDS-PAGE gel) or polyvinylidene 
difl uoride (PVDF) membrane (15 % Tricine-SDS-PAGE 
gel) and probed with proper antibody directed against 
hepcidin rabbit polyclonal (1:500) or Fpn rabbit poly-
clonal (1:1000), followed by IR-dye 800 anti-rabbit sec-
ondary antibody (1:5000). Membranes were visualized 
on Odyssey Infrared Imaging system (LICOR, Lincoln, 
NE) and β-actin was used as an internal control. 

Statistics

Data were analyzed with Prism 5.0 software (Graph Soft-
ware, San Diego, CA). The measurements were normal-
ized to the respective controls in each experiment. The 
diff erences among the treatments were compared with 
ANOVA with Dunnett’s or Tukey’s Multiple Comparison 
and considered signifi cant P < 0.05.

Results

Cytotoxic effect of EGCG, H
2
O

2
 and TNFα

To determine the optimal dose of EGCG, H2O2 and TNFα, 
we fi rst measured the dose response of EGCG, H2O2 and 
TNFα on cytotoxicity using MTS assay. As shown in Table 
1, no cytotoxic eff ect was found when cells were treated 
with 5 or 10 μM EGCG for 24 h. However, N27 cell viability 
was reduced to 61.6 % (P < 0.001), 31.2 % (P < 0.001) and 
31.6 % (P < 0.001) after 24 h incubation of 25 μM, 50 μM, 
and 100 μM EGCG, respectively. The cytotoxic eff ects of 
diff erent concentration of H2O2 and TNFα were also shown 
in Table 1. Cytotoxicity was not found with 10 μM H2O2 af-
ter 24 h incubation, but a reduction of 12 % (P < 0.01) and 
48.3 % (P < 0.001) of cell viability was found with 30 μM 
and 100 μM. Similarly, 24 h treatment of TNFα 10 ng/ml 
didn’t aff ect cell viability but 30 ng/ml, 60 ng/ml, 100 ng/
ml signifi cantly decreased cell viability by 24.4 % 
(P < 0.05), 38.6 % (P < 0.001), 29.9 % (P < 0.01), respec-
tively. Therefore, 50 μM H2O2 and 30 ng/ml TNFα were 
chosen to induce cytotoxicity, and 10 μM EGCG was se-
lected as safe dose for the evaluation of its neuroprotective 
eff ect in the subsequent experiments. 

and maintained at 37oC in a humidifi ed atmosphere con-
taining 5 % CO2 as described in our previous studies [27]. 
We used N27 dopaminergic neuronal cell model since 
this cell line has the potential to diff erentiate and produce 
dopamine and widely used as a cell culture model for PD 
[28]. Cells from passage numbers 5–8 were treated with 
diff erent concentrations of EGCG, H2O2, TNFα 
to determine the optimal doses for the experiments. To 
investigate the protective eff ect of EGCG against H2O2- 
or TNFα- induced cytotoxicity, cells were pretreated 
with 10 μM EGCG for 3 h, followed by 50 μM H2O2 30 ng/
ml TNFα or 50 μM FeSO4 for another 15 or 24 h. Cells 
were collected at the end of each treatment for the fu-
ture assay.

Cell viability assay

Cell viability was measured using the Cell Titer 96 Aque-
ous Non-Radioactive Cell Proliferation kit as described 
earlier [28]. Briefl y, cells were incubated with 10 μL tetra-
zolium compound MTS solution reagent mix at 37 °C for 
45 min, followed by adding 25 μL DMSO to dissolve the 
formazan crystals. The absorbance was read at 490 nm 
with a reference wavelength of 670 nm using a micro-
plate reader (Molecular Devices, Sunnyvale, CA). 

Caspase-3 activity assay

Caspase-3 activity was measured as described previously 
[29]. The cell pellet was lysed with Tris buff er (50mM 
Tris-HCL, 1 mM EDTA, and 10 mM EGTA at pH = 7.4) 
containing 10 μmol/L digitonin for 20 min at 37oC. 
Lysates were quickly centrifuged and cell free superna-
tants were incubated with 50 μM Ac-DEVD-AFC as the 
fl uorometric caspase-3 substrate for 1 h at 37oC. The cas-
pase-3 activity was measured using a fl uorescence micro-
plate reader with the excitation at 400 nm and emission 
at 505 nm. The caspase-3 activity was expressed as fl uo-
rescent units (FU)/mg protein.

Intracellular ROS measurement

The formation of intracellular ROS was measured using 
the  CM-H2DCFDA fl uorescent probe as described in our 
early publication with minor modifi cations [28]. In brief, 
cells were incubated with 10 μM CM-H2DCFDA along 
with the treatment. Fluorescence intensity was continu-
ously measured using a fl uorescence microplate reader 
with the excitation 488 nm and emission 515 nm with 
30 min interval for 2 h. 
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ther hepcidin or Fpn expressions. However, H2O2 and 
TNFα signifi cantly upregulated hepcidin expression by 
66.3 % (P < 0.05) and 64.1 % (P < 0.05), and 3h pretreat-
ment of EGCG down regulated hepcidin expression in-
duced by H2O2 by 34.1 % (P < 0.05) and induced by TNFα 
by 32.1 % (P > 0.05), respectively (Figure 2A and Figure 
2C). Although not signifi cant, Fpn expression was reduced 
modestly and EGCG pretreatment marginally counter-
acted this eff ect by increasing Fpn expression by 42.5 % 
(P > 0.05) and 44.5 % (P > 0.05), respectively (Figure 2B 
and Figure 2D). As a positive control, we also tested the 
eff ect of 50 μM iron on hepcidin and Fpn expressions (Fig-
ure 2E and Figure 2F). Iron partially elevated hepcidin ex-
pression by 79.9 % and signifi cantly reduced Fpn by 47.6 % 
(P < 0.05), and EGCG pretreatment reversed these eff ects 
and decreased hepcidin expression by 19.7 % and in-
creased Fpn to the control level (P < 0.01). 

Discussion

The goal of this current study was to investigate the anti-
oxidant and anti-infl ammatory eff ects of EGCG in a cell 
culture model of PD. We used H2O2 and TNFα to induce 
oxidative stress or infl ammation mediated damage in do-
paminergic neurons. Hydrogen peroxide is produced from 
the enzymatic or spontaneous dismutation of superoxide 
and further converted to highly toxic hydroxyl radicals via 
Fenton reaction [31]. Hydrogen peroxide, generated dur-
ing dopamine turnover and auto-oxidation of dopamine, 
can produce free radicals, which are implicated in neuro-
toxins MPTP or rotenone mediated neuronal death [32]. 
Therefore, H2O2 is extensively used in vitro studies to elicit 
the mechanisms of which oxidative damage induced neu-
ronal apoptosis, as well as to screen neuroprotective agents 
in neurodegenerative diseases [33–35]. A previous study 
has shown that 250 μM H2O2 increased intracellular ROS 
by 50 % after 24 h treatment and caspase 3 activity by 
210 % after 8 h treatment [36]. Similarly, our current study 
showed a lower dose of 50 μM H2O2 started to increase in-
tracellular ROS after 60 min, and signifi cantly elevate cas-
pase 3 activity after 15 h and induce cell death after 24 h 
treatment. Our study also found that TNFα had similar ef-
fects on dopaminergic N27 cells as H2O2. TNFα is a pro-in-
fl ammatory cytokine that is secreted by microglia in re-
sponse to various stimuli, and has been considered to play 
a key role in the neuroinfl ammation mediated cell death in 
neurodegenerative disorders including PD [37]. TNFα not 
only activates and recruits immune cells to propagate in-
fl ammation, but also directly induces oxidative stress by 
the activation of ROS generation [13]. This might explain 
why TNFα and H2O2 have similar toxic eff ects and induce 

EGCG protects N27 cells from both 
H

2
O

2
- and TNFα- induced cytotoxicity

Protective eff ects of EGCG against H2O2- and TNFα- in-
duced cytotoxicity was evaluated by MTS (Figure 1A and 
Figure 1B), caspase-3 activity (Figure 1C and Figure 1D), 
and intracellular ROS measurement (Figure 1E). Cell via-
bility was decreased to 69.2 % (P < 0.01) and 89 % (P < 0.01) 
after treating with H2O2 or TNFα. However, EGCG shows 
marginal protection and increased cell viability to 88.5 % 
and 94.8 % respectively. Similarly, caspase-3 activity was 
increased to 2.8 fold (P < 0.001) and 1.5 fold (P < 0.01) after 
treatment with H2O2 or TNFα, but EGCG signifi cantly pro-
tected against H2O2- or TNFα- induced apoptosis by reduc-
ing caspase-3 activity by 50.2 % (P < 0.001) and 30.1 % 
(P < 0.05), respectively. In addition, intracellular ROS was 
increased by 4.5 % (P < 0.001), 5.5 % (P < 0.001), 6.6 % 
(P < 0.001) after incubating with H2O2 for 60 min, 90 min, 
120 min, and EGCG pretreatment signifi cantly counteract-
ed the eff ect (P < 0.001) and protected against H2O2- in-
duced ROS in a time dependent manner. 

EGCG protects N27 cells from both 
H

2
O

2
- and TNFα- induced cytotoxicity 

through downregulation of hepcidin 
and upregulation of Fpn

To further explore the mechanisms involved in the protec-
tive eff ect of EGCG against H2O2- and TNFα- induced cy-
totoxicity, we assessed the hepcidin and Fpn protein ex-
pressions, as shown in (Figure 2A and Figure 2B). As 
expected, 24 h of EGCG alone treatment didn’t aff ect ei-

Table 1. Dose response effects of 24 hours exposure of EGCG (5–

100μM), H
2
O

2 
(10–100μM) and TNFα (10–100μM) on Dopaminergic 

neuronal N27 cell viability.

EGCG (μM) H
2
O

2 
(μM) TNFα (ng/ml)

  0 100.0   0 100.0   0 100.0

  5  92.0  10  93.1  10  81.4

 10  99.9  30  88.0**  30  75.6*

 25  61.6*** 100  51.7***  60  61.4***

 50  31.2*** 100  70.1**

100  31.6***

The values (mean ± SEM) represent percentage of the respective controls 

(no treatment); ANOVA with Dunnett’s multiple Comparisons test was used 

to detect the differences between the treatments and controls of each 

treatment; *P  < 0.05; **P  < 0.01; ***P  < 0.001. EGCG: epigallocatechin gal-

late; H
2
O

2
: hydrogen peroxide; TNFα: tumor necrosis factor alpha.
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limited, recent research has shown that hepcidin and Fpn 
were widely expressed in the central nervous system and 
might be involved in neuroinfl ammation and brain iron dys-
regulation [20,21,39]. One recent in vivo study shows in-
tracerebroventricular injection of lipopolysaccharides (LPS) 
in the rat brain upregulated hepcidin and downregulated 
Fpn in cortex and SN [39]. Another in vitro study showed 
that infl ammatory cytokines such as TNFα upregulated the 
expressions of iron importer divalent metal transporter 1 
(DMT-1), suppressed Fpn expression, which is mediated in 
part by hepcidin, resulting in iron accumulation in neurons 
or astrocytes [20]. Our previous study found that neurotox-

caspase activity and apoptosis in dopaminergic neurons in 
our current study. The protection of EGCG against both 
TNFα- and H2O2- induced apoptosis suggests both antioxi-
dant and anti-infl ammatory properties of EGCG. Since 
ROS and infl ammation can have synergistic eff ect and 
eventually result in a feed-forward loop of neurodegenera-
tion in PD [14], EGCG might be a promising candidate for 
prevention or halting the progression of the disease.

Hepcidin-Fpn axis is a master regulation of cellular iron 
metabolism and controls cellular iron export in response to 
iron stores, oxidative stress, infl ammation [38]. Although 
the role of hepcidin in neurodegenerative disorders is very 

Figure 1. The protective effect of EGCG against 

H
2
O

2
 or TNFα induced neurotoxicity measured 

by MTS (A, n = 8; B, n = 8), caspase-3 activity 

(C, n = 4; D, n = 5) and intracellular ROS (E, n = 

8) in N27 cells; Cells were treated with 10 μM 

EGCG, followed by the treatment of 50 μM 

H
2
O

2 
or 30 ng/ml TNFα for another 15 or 24 h. 

The values (mean + SEM) are normalized to 

their  respective controls and ANOVA with Tuk-

ey’s Multiple Comparison was used to detect 

the differences among the treatments and 

controls; *P < 0.001. Bars sharing same letters 

are not signifi cantly different.
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Figure 2. The protective effect of 

EGCG against H
2
O

2 
(A and B), TNFα 

(C and D), or ferrous sulfate (E and 

D) induced altered expressions of 

hepcidin or ferroportin in N27 cells 

(n  = 3); Cells were treated with 10 μM EGCG with 3 h, followed by the 

treatment of 50 μM H
2
O

2 
or 30 ng/

ml TNFα or 50 μM ferrous sulfate 

for another 15 or 24 h. The val-

ues (mean+SEM) are normalized to 

their respective controls and ANO-

VA with Tukey’s Multiple Compari-

son was used to detect the differ-

ences among the treatments and 

controls; Bars sharing same letters 

are not signifi cantly different.

A

C

E

B

D

F
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the mediation of iron regulated proteins such as hepcidin 
and Fpn. Our study sheds light on some of the mecha-
nisms by which EGCG provides protection in PD.
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infl ammation. We also found that iron alone treatment on 
dopaminergic neurons had more signifi cant eff ects on Fpn 
expression than hepcidin. Since Fpn is regulated not only by 
hepcidin at the post-translation level, but also by iron regu-
latory protein/iron responsive element at the posttranscrip-
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ment might have reduced Fpn expression independent of 
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spleen and pancreas [47]. The underlying protective 
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tory, iron chelating properties, its ability to interfere with 
protein aggregation and intracellular signaling pathways 
such as Nrf2 [48, 49]. Our current study demonstrates that 
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