
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 1

0/
27

/2
02

5 
10

:4
3:

23
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
(�)-Epigallocatec
aState Key Laboratory of Molecular En

Macromolecular Science, Fudan Universi

pingzhou@fudan.edu.cn; Fax: +86-21-55664
bDepartment of Physiology and Biophysics, S

Shanghai 200438, China. E-mail: yuding

Tel: +86-21-51630545

Cite this: RSC Adv., 2017, 7, 32508

Received 1st April 2017
Accepted 20th June 2017

DOI: 10.1039/c7ra03752j

rsc.li/rsc-advances

32508 | RSC Adv., 2017, 7, 32508–3251
hin-3-gallate (EGCG) inhibits
fibrillation, disaggregates amyloid fibrils of a-
synuclein, and protects PC12 cells against a-
synuclein-induced toxicity

Juan Zhao,a Qingnan Liang,b Qing Sun,a Congheng Chen,a Lihui Xu,a Yu Ding*b

and Ping Zhou *a

a-Synuclein (a-Syn) aggregates are the major component of Lewy bodies (LB), which is a pathological

hallmark in the brain tissue of Parkinson's disease (PD) patients. It has been reported that

(�)-epigallocatechin-3-gallate (EGCG) is biologically able to penetrate the blood–brain barrier and inhibit

the fibrillation of amyloid proteins. This study aimed to provide insight into the possible mechanism of

EGCG as a potential candidate agent for the prevention and treatment of PD on the basis of the

interaction between a-Syn and EGCG. In the present study, the effects of EGCG on the fibrillation and

disaggregation of a-Syn were investigated by thioflavin T (ThT) fluorescence spectroscopy, circular

dichroism spectroscopy (CD), nuclear magnetic resonance (NMR) spectroscopy, atomic force

microscopy (AFM) and transmission electron microscopy (TEM) on a molecular level. In addition, on the

cellular level, we investigated the protective effects of EGCG on a-Syn-induced cell death in the

transduced PC12 cells which overexpressed a-Syn, using the techniques of 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) assay, 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA)

assay, western blot and confocal laser scanning microscopy. It was found that EGCG not only

significantly inhibited the conformational transition of a-Syn from random coil to b-sheet conformers

through binding to Ile, Phe and Tyr amino residues, but also disaggregated the amyloid fibrils of a-Syn in

a dose-dependent manner, through binding to Leu, His, Phe and Tyr amino residues. It is also

demonstrated that EGCG can protect PC12 cells against a-Syn-induced damage by inhibiting the

overexpression and fibrillation of a-Syn in the cells.
1 Introduction

Parkinson's disease (PD), one of the most prevalent neurode-
generative diseases, is a degenerative situation leading to basal
ganglia atrophy and disorders in motorial, cognitive and affec-
tive domains,1 which readily occurs in people over the age of
60,2 and causes great discomfort for the afflicted elderly and
strain for attending family and caregivers. The exploration of an
effective target and treatment for the neurodegenerative
progression in PD remains challenging. The accumulation of
the synaptic protein of a-synuclein (a-Syn) in Lewy bodies (LB),3

and neurites of the nervous system in the form of amyloid
brils4 are the characteristics of neuropathology in PD. a-Syn,
the causative gene rstly identied in familial PD,5 is a soluble
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and unfolded protein under normal physiological conditions
with a molecular weight of 14.46 kDa.6 Fig. 1 shows the amino
acid sequence alignment of human a-Syn. Although the func-
tion of a-Syn is not well understood, studies suggest that a-Syn
is essential for healthy development of the cognitive functions.7

However, the factors including the overexpression of a-Syn,8

which are associated with an increased rate of neuronal cell
death, and the aggregation of a-Syn from monomers into
amyloid brils via oligomeric intermediates9 are considered to
play a vital role in the development of PD, by triggering
neuronal damage.10 Therefore, hindering the overexpression
and aberrant brillation of a-Syn for preventing a-Syn-induced
neurotoxicity is regarded as promising therapeutic strategies
against PD.

Experimental evidence showed that amyloid brillation can
be modulated using molecular chaperones such as Hsp40,
Hsp70,11 Hsp104 (ref. 12) and TRiC,13 and small natural
compounds including polyaromatic dyes and antioxidants. The
dyes of interest are Congo red,14 methylene blue,15 curcumin,16

orcein and its derivatives.17 However, the toxicity and poor
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Amino acid sequence alignment of human a-Syn. N-terminal, NAC and C-terminal regions identical in the sequence are indicated in the
upper panel, respectively.
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View Article Online
water-solubility limit their therapeutic application.18 The anti-
oxidants are mainly polycyclic polyphenols, such as resvera-
trol,19 dopamine20 and catechins.21 (�)-Epigallocatechin-3-
gallate (EGCG, Fig. 2) extracted from green tea is the most
abundant and efficient component among catechins from the
tea plant Camilla sinensis.22 Studies in vitro show that EGCG can
interact with proteins, such as germ line l VI,23 Ab24 and islet
amyloid polypeptide (IAPP),25 which involve the light chain
amyloidosis (AL), Alzheimer's disease (AD) and type 2 diabetes
(T2D), respectively, to inhibit the peptide conformation transi-
tion from random coil to b-sheet, prevent the amyloidogenesis,
and protect nerves.26 Besides, EGCG is also able to disassemble
the preformed b-sheet-rich aggregates as well as earlier inter-
mediates of brillogenesis.27

As above, although EGCG has been demonstrated probably
benecial for PD treatment, systematically revealing the
mechanism of EGCG inhibiting the brillation, disaggregating
the mature brils, and protecting the cells against a-Syn-
induced toxicity is still not well carried out. In this study, we
investigated in detail the function, mechanism, efficacy and
safety of EGCG in inhibiting the brillation and reversing the
secondary structure of mature amyloid brils from the ordered
b-sheet into unfolded protein for maintaining and even recov-
ering the cell activity, by using chemical, biochemical as well as
cell-based methods including ThT uorescence, NMR, micros-
copy and MTT, etc., with the employment of a-Syn transduced
PC12 cells, in an attempt to understand the theoretic basis of
the function and potential application of EGCG in the medicine
and healthcare.
Fig. 2 Molecular structure of EGCG.

This journal is © The Royal Society of Chemistry 2017
2 Results
2.1 Inhibition and disaggregation of a-Syn brillation by
EGCG

To investigate the inhibition of a-Syn brillation by EGCG, ThT
uorescence was used to detect the kinetic of brillation. ThT
can bind to the groove of b-sheet protein chain parallel to the
bril axis,28 which xes the rotation around C–C bond in ThT
molecule,29 and thereby results in the increase of ThT uores-
cence. Here, ThT uorescence was measured in 50 mM a-Syn
solution incubated with 0, 5, 10, 20, 50, 100 and 200 mM EGCG,
respectively (Fig. 3A). In the absence of EGCG, ThT uorescence
was increased over the time in a sigmoidal pattern. The
formation kinetics of brils shows three phases in Fig. 3A,
including (i) lag phase, the formation of b-sheet nucleus or
seeds during the rst 8 h of incubation, (ii) exponential phase,
the logarithmic increase of b-sheet content during 8–19 h, and
(iii) equilibrium phase, the saturation of b-sheet content. The
results indicate that the brillation kinetics of a-Syn is similar
to that of amyloid-like proteins, which undergoes a typical
nucleation-dependent mechanism. However, the addition of
EGCG inhibited the brillation of a-Syn as ThT uorescence
intensity increased slower over the time in a dose-dependent
manner than that without EGCG, indicating an inhibitory
effect of EGCG on a-Syn bril formation. When the concentra-
tion of EGCG reached 200 mM, the conformation transition of a-
Syn was completely inhibited. We also used CD to detect the a-
Syn secondary structure in the nucleation period (Fig. 3C). At
initial state, the spectrum of untreated a-Syn displayed
a random coil conformation with a highly negative ellipticity at
197 nm. As incubation time went on, the negative ellipticity at
197 nm was reduced, indicating the decrease of random coil
conformers. When EGCG were added to a-Syn, the negative
ellipticity at 197 nm was reduced, indicating that the confor-
mational transition of a-Syn was inhibited by EGCG (Fig. 3D).

Furthermore, we investigated the disaggregation of the
mature amyloid bril in the presence of EGCG. When the brils
of a-Syn reached saturation, EGCG was added to the sample. It
was found that ThT uorescence intensity declined with the
addition of EGCG (Fig. 3B), which indicates that b-sheet content
decreased, and even dropped to the original content in a-Syn
solution in the presence of 200 mM EGCG. The results suggest
RSC Adv., 2017, 7, 32508–32517 | 32509
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Fig. 3 EGCG inhibited and disaggregated a-Syn fibrillation in vitro. (A) Fibrillation kinetics of 50 mM a-Syn in the absence or presence of 5, 10, 20,
50, 100 and 200 mM EGCGmonitoring by ThT fluorescence. (B) Fibrillation kinetics of 50 mM a-Syn incubated alone for 30 h, and the addition of
20 mM EGCG and 200 mM EGCG afterward (indicated by arrow) monitoring by ThT fluorescence. CD spectra of 50 mM a-Syn incubated in the
absence (C) or presence of (D) 40 mM EGCG for 0 h (black dash line), 10 h (red dash line).
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that EGCG reverses the mature a-Syn bril from b-sheet to
soluble random coil conformation.

To conrm the ThT uorescence results, the morphology of
a-Syn during the conformation transition with and without
EGCG were observed by AFM (Fig. 4) and TEM (Fig. 5). Fig. 4A
Fig. 4 AFM analysis of morphologies of a-Syn aggregates. 50 mM a-Sy
presence of 20 mM (C), 200 mM (D) EGCG for 58 h; 50 mM a-Syn incubated
for another 28 h.

32510 | RSC Adv., 2017, 7, 32508–32517
and B show the images of a-Syn aer 0 h and 58 h incubation
without EGCG, respectively, which exhibit the typically bundled
brils formed aer 58 h incubation. When the a-Syn was treated
with 20 mM EGCG for 58 h incubation (Fig. 4C), much shorter
and thinner brils appeared. Importantly, the a-Syn treated
n incubated alone for 0 h (A), 58 h (B); 50 mM a-Syn incubated in the
alone for 30 h and then co-incubated with 20 mM (E), 200 mM (F) EGCG

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 TEM analysis of morphologies of a-Syn aggregates. 50 mM a-Syn incubated alone for 0 h (A), 58 h (B), 50 mM a-Syn incubated in the
presence of 20 mM (C), 200 mM (E) EGCG for 58 h. 50 mM a-Syn incubated alone for 30 h and then co-incubated with 20 mM (D), 200 mM (F) EGCG
for another 28 h.
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with 200 mM EGCG (Fig. 4D) produced large amorphous
aggregates, instead of the ordered brils. This phenomenon is
well consistent with the ThT uorescence results, revealing an
effective inhibition of a-Syn brillation by EGCG.

To study the effect of EGCG on preformed amyloid brils, we
rstly produced a-Syn brils by incubating natively unfolded
monomers for 30 h, and then added EGCG into the preformed
brils for additional 28 h incubation. We found that when a-Syn
brils were treated with 20 mM EGCG (Fig. 4E), the amount of
brils were decreased dramatically, and when treated with 200
mM EGCG (Fig. 4F), the a-Syn brils were almost disassembled
and the rest of the brils became shorter and thinner. The
results demonstrate that EGCG can remodel the ordered and
brillary morphology of a-Syn into the amorphous one in
a dose-dependent manner. The similar results were also
observed by TEM as shown in Fig. 5.
2.2 EGCG-binding sites of a-Syn demonstrated by 1H NMR

To gain deeper insight into the interactions between EGCG and
a-Syn, we recorded 1H NMR spectra of samples with 50 mM a-
Syn in the absence or presence of 200 mM EGCG in 90% H2O/
10% D2O. In order to avoid the overlap of solvent peaks, the
region within 6.55 and 8.65 ppm and the region within 0.55 and
3.15 ppm were chosen to analyze the a-Syn resonances inter-
fered by EGCG. 1H NMR spectrum at resonance range of 6.55–
8.65 ppm (Fig. 6A) arose from aromatic residues, including
Phe4, Tyr39, His50, Phe94, Tyr133 and Tyr136, and at resonance
range of 0.55–3.15 ppm (Fig. 6B) from aliphatic residues. The
changes of spectra in these regions provide the probe for
exploring the binding features of EGCG to a-Syn. As observed in
Fig. 6A(1) and (2) and B(1) and (2), the spectrum linewidth of a-
Syn incubated for 58 h (2) was broadened signicantly
compared with that without incubation (1) especially for the
aromatic region (Fig. 6A), which suggests that the aggregates of
This journal is © The Royal Society of Chemistry 2017
a-Syn were formed during incubation. The rigid particle has
short transverse relaxation time of the resonance, therefore,
leading to the line broadening.30 The results indicate that resi-
dues of Ala, Phe, His and Tyr play a fundamental role in the
brillation of a-Syn.

To investigate the binding sites of EGCG in preventing the
formation of a-Syn abnormal aggregates, we recorded the 1H
NMR spectrum of 50 mM a-Syn in the presence of 200 mM EGCG
aer 58 h incubation. It was found that the line broadenings
were suppressed in Fig. 6A(3) and B(3) compared with Fig. 6A(2)
and B(2), which also implies that EGCG signicantly inhibited
the abnormal aggregation of a-Syn. In this work, Fig. 6A(3) and
B(3) shows that the peaks of Ile (d 1.95 ppm), Phe (d 7.20 ppm)
and Tyr (d 6.85 ppm) were broadened compared with that in
Fig. 6A(1) and B(1), which suggests that Ile, Phe and Tyr were
involved in the EGCG interaction.

Furthermore, to explore the disaggregation of preformed
aggregates of a-Syn by EGCG, we recorded 1HNMR spectrum of 50
mM a-Syn incubated alone for 30 h and then with 200 mM EGCG
for extra 28 h (Fig. 6A(4) and B(4)). The linewidths of Fig. 6A(4) and
B(4) were broadened, compared with that of unfolded a-Syn in
Fig. 6A(1) and B(1), but the broadening of the peak of His (d 8.00–
8.50 ppm) was receded, compared with that of the folded a-Syn
without EGCG in Fig. 6A(2) and B(2). In contrast, from Fig. 6A(4)
and B(4), the broadenings of the peaks of Phe (d 7.20 ppm) and Tyr
(d 6.85 ppm) were enhanced, and interestingly, the peak of Leu (d
1.05 ppm) was split, which appeared due to small eld-dependent
perturbations of scalar couplings.

Altogether, 1H NMR structural characterization reported
here indicates that the inhibition of a-Syn aggregates may
possibly result from the interaction of EGCG with the residues
of Ile, Phe and Tyr, while the disaggregation of a-Syn aggregates
from the interaction of EGCG with the residues of Leu, His, Phe
and Tyr.
RSC Adv., 2017, 7, 32508–32517 | 32511
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Fig. 6 1H NMR of a-Syn treated with EGCG. (A) The aromatic region of
a-Syn within 6.55 and 8.65 ppm; (B) high field region of a-Syn and
EGCG within 0.55 and 3.15 ppm. Spectra were recorded at 25 �C in
90% H2O/10% D2O. Samples are 50 mM a-Syn incubated alone for 0 h
(1) and 58 h (2), with 200 mM EGCG for 58 h (3); a-Syn incubated alone
for 30 h and then co-incubated with 200 mM EGCG for another 28 h
(4), respectively, in PBS (20 mM, pH 7.4).

Fig. 7 Effect of EGCG on the expression of a-Syn in the transduced PC12
analyses for the a-Syn expression in the cells. b-Actin was used as an end
assay. The transduced PC12 cells were cultured with 0 (control), 1, 10 and
**: p < 0.01, ***: p < 0.001 compared with the control group.

32512 | RSC Adv., 2017, 7, 32508–32517
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2.3 Suppression of a-Syn overexpression and cytotoxicity in
transduced PC12 cells by EGCG

To study the effect of EGCG on a-Syn overexpressed cells, we
employed the rat pheochromocytoma cell line PC12, a stable cell
line expressing wild-type a-Syn by a-Syn gene knock-in method.
Western blot analysis shows that the treatment of EGCG led to
the decrease of a-Syn expression in a concentration-dependent
manner (Fig. 7A). MTT assay shows that when the transduced
PC12 cells were cultured with EGCG at the concentrations of 1, 10
and 50 mM for 48 h, cell viability remained (Fig. 7B) approxi-
mately by 107, 112 and 95%, respectively, as compared with that
of the control group (without EGCG). The treatment of EGCG
attenuated cell death, and 10 mM EGCG protected the cells most
efficiently against a-Syn-induced toxicity.

To further study the functional mechanism of EGCG in the
transduced PC12 cells, we used LSCM to observe the distribu-
tion of a-Syn in the cells, and ThT uorescence assay to inves-
tigate a-Syn brillation inside the cells with and without EGCG.
Firstly, we cultured the transduced PC12 cells in wells for 24 h
and then added 10 mM EGCG for additional 48 h incubation.
Then the cells were stained with uorescence agents of DAPI for
cells nuclei, rabbit anti-human a-Syn antibody for a-Syn
protein, 0.05% ThT for a-Syn brils, and washed to remove the
excess stain. As shown in Fig. 8, cells nuclei (DAPI, blue), cyto-
plasmic inclusions containing a-Syn (rabbit anti-human a-Syn
antibody, red) and intracellular a-Syn brils (ThT, green) are
observed. Fig. 8 shows that the expression level of a-Syn was
remarkably higher in the transduced PC12 cells without EGCG
(control) than that with EGCG, and a-Syn brils were also more
in control than that in the cells with EGCG aer 48 h incuba-
tion, which indicate that EGCG inhibited the expression of a-
Syn and reduced the brils of a-Syn.
2.4 EGCG inhibits ROS production in transduced PC12 cells

For analysis of intracellular ROS, the oxidation-sensitive probe
DCFH-DA was used, which can be oxidized to the highly
cells and on the viability of the transduced PC12 cells. (A) Western blot
ogenous loading reference. (B) The cell viability determined by the MTT
50 mM EGCG for 48 h, respectively. Error bars ¼ SD, n ¼ 3; *: p < 0.05,

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 LSCM images of a-Syn aggregates in the transduced PC12
treated with 0 (control) and 10 mM EGCG for 48 h. Cells were stained
by DAPI (blue) for nuclei, rabbit anti-human a-Syn antibody (red) for a-
Syn, and ThT (green) for amyloid fibrils.
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uorescent dichlorouorscein (DCF).31 Fig. 9 shows that EGCG
incubated with cells for 48 h decreased ROS levels in a dose–
response manner, compared with the control group. When cells
were treated with 50 mM EGCG, the intracellular ROS was
decreased by 60%. These results suggest that EGCG inhibited
ROS production in transduced PC12 cells, displaying a signi-
cantly antioxidant capacity.
3 Discussion

It is generally acknowledged that the soluble b-sheet-rich pro-
tobrils or aggregates induce the cellular toxicity, while amor-
phous aggregates of protein are nontoxic to mammalian cells.32

Recent studies suggest that a-Syn interacts with phospholipid
membranes, regulates synaptic vesicle dynamics and plays
a role in neuronal plasticity and neurotransmission.33 Trans-
genic mice34 and ies35 overexpressing human wild type or
mutant a-Syn exhibit neuronal dysfunction and degeneration.
In vitro, it has been found that overexpression of a-Syn increases
intracellular reactive oxygen species (ROS), causes mitochon-
drial dysfunction and induces cell death.36 Some small mole-
cules can be used to modulate protein aggregation.37,38 EGCG,
a natural small molecule, has been demonstrated not only as
an antiangiogenic and antitumor agent,39 but also as an
Fig. 9 Flow cytometry analysis to evaluate the effect of EGCG on the pr
were treated with 0 (control), 0.1, 1, 10 and 50 mM EGCG for 48 h, respect
Quantitative analysis of the production of ROS. Results are expressed as
0.01, ***: p < 0.001 compared with the control group.

This journal is © The Royal Society of Chemistry 2017
amyloidogenic inhibitor. It is capable of modulating the mis-
folding of proteins by directly binding to unfolded polypeptide
chains and forming unstructured, SDS-stable, nontoxic oligo-
mers instead of the ordered b-sheet-rich aggregates, which
makes the protein aggregation prone to a safe off-pathway
assembly.26 In addition, as an in vitro model, PC12 cells pre-
treated by a-Syn and Ab are oen used to investigate PD and AD,
respectively.40,41 However, a-Syn is a highly abundant endoge-
nous protein with 140 amino acids, its uptake in cells cannot be
accurately determined. Therefore, on the cellular level, under-
standing the effect of EGCG on the overexpression, brillation
and cytotoxicity of a-Syn in the transduced PC12 cells is
a paramount issue for the development of EGCG in the clinical
application.
3.1 Binding sites of EGCG to amino acids for inhibition and
disaggregation of a-Syn brillation

In this study, we systematically investigated how EGCG inhibits
the brillation of a-Syn and disaggregates the mature b-sheet-
rich brils. Above studies indicate that EGCG not only signi-
cantly inhibits the conformational transition of a-Syn from
random coil to b-sheet conformers, but also disaggregates the
amyloid brils of a-Syn in a dose-dependent manner. Ehrn-
hoefer et al. reported that at equimolar concentrations, EGCG
preferentially binds to the C-terminus of a-Syn at amino acid
residues of Asp119, Ser129, Glu130 and Asp-135.26 However, at
high EGCG/a-Syn molar ratio, EGCG binds nonspecically to
both hydrophobic and hydrophilic residues in the polypeptide
chain.26 The hydroxyl groups in benzene ring of gallate are
crucial for EGCG binding with protein.42 These groups are also
found in other brillation inhibitors, such as baicalein, scu-
tellarein, etc.43 Here, from 1H NMR spectroscopic results, we can
nd that for inhibition of brillation, EGCG interacts with
amino acid sites of Ile, Phe and Tyr which are different from
Leu, His, Phe and Tyr for disaggregation of brils.

Schulten et al.44 have found that residues from 36 to 55 in a-
Syn adopt b-hairpin in b-sheet conformation by molecular
dynamics simulation. Among those residues, Gly36, Leu38,
oduction of ROS in transduced PC12 cells. The transduced PC12 cells
ively. (A) Representative histogram of DCF fluorescence in the cells. (B)
relative fluorescent intensity. Error bars ¼ SD, n ¼ 3; *: p < 0.05, **: p <
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Val40, Ser42, Val49, Gly51, Ala53 and Val55 are affixed to the
front surface of b-hairpin, while Val37, Tyr39, Gly41, His50,
Val52 and Thr54 are on the back surface of b-hairpin, and Lys43,
Thr44, Lys45, Glu46, Gly47 and Val48 are in the turn. EGCG is
able to interact with protein by hydrogen bonding as well as p–
p stacking.45 The interaction between B-ring and residues of Ile
and Ala, between A-ring and Phe, between B/C ring and Leu, and
between E-ring and Tyr play an important role during EGCG
binding process.46 It seems reasonable to speculate that when a-
Syn is in an unfolded conformation, EGCG may anchor to Ile by
strong hydrogen bonding and to Phe and Tyr by p–p stacking,
which blocks b-sheet formation in core amyloidogenic
sequence, therefore effectively inhibiting the self-assembly of a-
Syn. When a-Syn is in a folded b-sheet conformation, EGCGmay
interact with residues of His and Tyr which locate in the back
surface of b-sheet, by p–p stacking, and interact with Leu which
locate in the front surface of b-sheet, by hydrogen bonding,
leading to the disassembling of preformed b-sheet structures.
These assumptions need to be conrmed by further molecular
dynamics simulations.
3.2 Attenuation of a-Syn overexpression, aggregation and a-
Syn-induced cell death on cellular level by EGCG

It has been reported that the overexpression of a-Syn can
decrease mitochondrial complex I activity, increase ROS
production, and produce LB-like synuclein-contained inclu-
sions which damage the dopaminergic neurons, resulting in the
behavioral abnormality.36,47,48 Taking accounts into the effect of
EGCG on the brillation of a-Syn in the protein system, we
deduced that EGCG may also have the similar effect in the
cellular system. Since the concentration of a-Syn in the trans-
duced PC12 cells is much lower than that in the studied protein
sample, it is reasonable that EGCG concentration required for
the inhibition of a-Syn brillation in cells is much lower than
that in protein sample. EGCG has been proven to be neuro-
protective in both cell and animal models of PD by releasing
caspase-3 and cytochrome c, cleaving poly (ADP-ribose) poly-
merase and glycogen synthase kinase-3, activating phosphatidyl
inositol-3 kinase/Akt signaling pathway, and scavenging ROS
and nitrogen species (RNS).49–53 In this work, we specically
used the transduced PC12 cells to further verify the role of
EGCG in inhibiting overexpression, brillation and cytotoxicity
of a-Syn.

Besides, the protobrils and b-sheet rich oligomeric aggre-
gates of a-Syn are demonstrated to be the primary toxic species
in PD.54 They are formed during the early-stage of protein
aggregation,54 and bind to lipid membranes, disrupting vesi-
cles, mitochondria, lysosomes and cellular membrane, and
leading to the apoptosis of neurons.55–57 There is an equilibrium
between the expression and brillation of a-Syn. High concen-
tration of a-Syn is likely to form the ordered b-sheet bril nuclei,
leading to the increase of brils and aggregates.58 The over-
expression of a-Syn can block the endoplasmic reticulum (ER)–
golgi transporting lysosomal enzyme and glucocerebrosidase
(GCase), resulting in the GCase activity reduced, and conse-
quently the neurotoxicity in the cells.59 On the basis of our work
32514 | RSC Adv., 2017, 7, 32508–32517
for the transduced PC12 cells, we suggest that EGCG can
maintain or improve the cell viability by decreasing the over-
expression of a-Syn, inhibiting the brillation of a-Syn and even
disaggregating the preformed ordered b-sheet brils into
amorphous aggregates. Moreover, EGCG can protect the cells by
eliminating ROS produced by the overexpression and b-sheet
aggregation of a-Syn.

In conclusion, we demonstrate that EGCG not only signi-
cantly inhibits the conformational conversion of a-Syn from
random coil to b-sheet conformers, but also disaggregates the
ordered amyloid brils of a-Syn on molecular level. In addition,
EGCG can protect the transduced PC12 cells against a-Syn-
induced cytotoxicity via reducing a-Syn overexpression and
brillation. a-Syn transduced PC12 cells can be used to provide
a valuable model system for preclinical investigation of PD
therapeutics. We suppose that EGCG could be potentially used
as a neuroprotective agent as well as a therapeutic agent against
PD.
4 Materials and methods

EGCG, thioavin T (ThT), uranyl acetate, thiazolyl blue tetra-
zolium bromide (MTT), phenylmethanesulfonyl uoride
(PMSF) and tris-hydroxymethyl aminomethane (Tris) were
sourced from Sigma and Aldrich, USA. Dulbecco's modied
Eagle's medium (DMEM), horse serum (HS), fetal bovine serum
(FBS), L-glutamine, penicillin/streptomycin antibiotics were
purchased from Gibco, USA. Hydrochloric acid (HCl), KH2PO4,
Na2HPO4$12H2O, KCl, NaCl, Triton X-100 and dimethyl sulph-
oxide (DMSO) were purchased from Sinopharm, CN. Stock
solutions of EGCG and ThT were prepared immediately before
use.
4.1 a-Syn expression and purication

a-Syn gene (GenBank: NM_000345) was amplied by PCR and
cloned into the pT7N10C6 prokaryotic expression vector. The
pT7N10C6 vector was reconstructed from the commercialized
pET15b vector (Novagen, USA) by replacing the N-terminal
with a 10-histidine tag and a TEV protease (Tobacco Etch
Virus protease) cleavage site. The expression plasmid
pT7N10C6-a-Syn was then introduced into Escherichia coli
BL21 (DE3) pLsyS, in which the recombinant a-Syn protein
was expressed in the auto-induction system at 37 �C (Studier
2005). When the bacteria were cultured until the optical
density of ODl ¼ 600 ¼ 0.8, they were incubated at 16 �C for
20 h for the transferred reaction. The cells were harvested by
centrifugation (6000g, 4 �C and 15 min) and the cell pellets
were suspended in 50 mM Tris–HCl buffer, pH 8.5, with
150 mM NaCl and 5% glycerol. Cells were then disrupted by
sonication, followed by centrifugation (20 000g, 4 �C and 60
min). The supernatants were loaded onto HisTrap HP column
(GE Healthcare) and eluted with 50 mM Tris–HCl buffer, pH
8.5, containing 150 mM NaCl, 5% glycerol and 140 mM
imidazole. Aerward, the His10 tag on the a-Syn protein was
removed by incubation with His-tagged TEV protease over-
night and separated on a HisTrap HP column (GE
This journal is © The Royal Society of Chemistry 2017
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Healthcare). The recombinant a-Syn protein was further
puried by Superdex 75 Increase 10/300 GL size exclusive
column (GE Healthcare). Finally, the puried protein was
exchanged into Tris–HCl buffer by ultraltration.

4.2 ThT uorescence assay

ThT uorescence measurements were performed at the excita-
tion wavelength of 450 nm and the emission wavelength of
485 nm using a BioTek Synergy H1 (BioTek, USA) plate reader.
The samples were incubated in 96-well plates at 37 �C. All
samples were prepared by adding lyophilized a-Syn into Tris–
HCl–ThT (pH 7.4) solution immediately before the measure-
ment. The nal solution contained 50 mM protein, 10 mM ThT
and 20 mM Tris–HCl. The concentration of EGCG in the protein
solution was adjusted to 0, 5, 10, 20, 50, 100 and 200 mM,
respectively.

4.3 CD spectroscopy analysis

Jasco spectropolarimeter was utilized to record CD spectra of
the a-Syn-based samples. 10 mL of the reaction mixture was
diluted by 140 mL phosphate buffer (20 mM, pH ¼ 7.4) in a 1
mm path-length quartz cell at the scanning range from 190 to
250 nm. The nal CD spectra were calculated by subtracting
a blank control spectrum (20 mM phosphate buffer only).

4.4 Atomic force microscopy (AFM)

AFM samples were prepared from the solutions used for the
uorescence measurements. 5 mL of the protein solution was
collected at the end of the kinetic runs and swily diluted to 5
mg mL�1 solutions with Tris buffer. 20 mL of the diluted samples
was mounted onto the freshly cleaved mica for AFM observa-
tion. Aer dried at room temperature for 2 h, the sample on the
mica surface was gently rinsed with deionized water for
removing the Tris salt in the sample, and then dried in vacuum
overnight. The images of protein aggregates were acquired in
atmosphere by the silicon probes in a tapping mode by using
Multimode 8 Scanning Probe Microscope (Bruker, USA). The
model of the probe is RTESP with 40 N m�1 elastic index and
300 kHz resonance frequency.

4.5 Transmission electron microscopy (TEM)

TEM samples were prepared from the solutions used for the
uorescence measurements. 5 mL of the protein solution was
collected at the end of the kinetic runs and swily diluted to 25
mg mL�1 solutions with Tris buffer. Aer that, 10 mL of the
diluted samples was blotted on a carbon-coated Formvar 300
mesh copper grid (Electron Microscopy Sciences, USA) twice for
20 min and then negatively stained with saturated uranyl
acetate for 2 min. The images of protein aggregates were
acquired by using Tecnai G2 20 TWIN (FEI, USA).

4.6 1H NMR spectroscopy

The protein was dissolved in PBS buffer (20 mM, pH 7.4) and
then mixed with EGCG aqueous solutions to obtain the protein
concentration of 50 mM, and EGCG concentration of 0, 20 and
This journal is © The Royal Society of Chemistry 2017
200 mM, respectively. The samples were incubated while steadily
shaken at 37 �C for 58 h, and then D2O was added in the ratio of
90% H2O/10% D2O for 1H NMRmeasurement at 25 �C. 1H NMR
spectra were acquired on an AVANCE III HD 500 MHz spec-
trometer (Bruker, GER) using the water suppression pulse
sequence.

4.7 Viability of a-Syn transduced PC12 cells by MTT method

PC12 cell is a cell line derived from a pheochromocytoma of
the rat adrenal medulla and was purchased from Shanghai
Institutes for Biological Sciences, CAS, CN. PC12 cells which
can overexpress wild-type a-Syn were prepared as described in
our previous reports.60 The transduced PC12 cells were grown
in DMEM containing 6.7% HS, 3.3% FBS, 1% L-glutamine
(3.6 mM) and 1% penicillin/streptomycin antibiotics in 5%
CO2 at 37 �C. Cells were harvested from asks (Corning Inc.,
NY) and plated in 96-well polystyrene plates (Corning Inc.,
NY) with the density of 2.5 � 104 mL�1 in 100 mL medium per
well and incubated at 37 �C for 24 h to attach to the plates,
then the pre-incubated medium in each well was aspirated
carefully, and 100 mL fresh medium (DMEM containing 1.0%
HS, 0.5% FBS, 1% L-glutamine (3.6 mM) and 1% penicillin/
streptomycin antibiotics) with EGCG at concentrations of 0,
1, 10 and 50 mM were added to the wells, respectively. The
cells were then incubated for additional 48 h at 37 �C, and at
the end of incubation, 20 mL fresh DMEM with 5 mg mL�1

MTT was added to each well and incubated for additional 4 h
at 37 �C for the formation of formazan crystals, and the
formed crystals were then dissolved by addition of 100 mL
DMSO in each well with shaking for 20 min at room
temperature. The absorbance at 490 nm was measured by Bio-
Rad multi-well assay plate reader (Bio-Rad, USA) and aver-
aged by ve replicated wells for each sample and control. Cell
viability was calculated by the ratio of the absorbance of
studied groups to that of the control group. The standard
deviations were analyzed by one-way ANOVA packaged in
Origin 8.0 soware.

4.8 Western blot analysis of endogenous a-Syn in
transduced PC12 cells

The cells were harvested from asks and plated in 6-well poly-
styrene plates with 5 � 105 mL�1 cells in 2.5 mL medium per
well, and then incubated at 37 �C for 24 h to attach to the plate.
EGCG at concentrations of 0, 1, 10 and 50 mM was then added
individually to those cell wells. The cells were then incubated
for additional 48 h at 37 �C. At the end of incubation, a-Syn
expressed in the cells was analyzed by Western blot method.
The cells were lysed on ice in the RIPA lysis buffer (Beyotime,
CN) with 1 mM PMSF for 30 min. Aer centrifugation at 12 000g
for 10 min, the supernatants were collected. The protein
concentrations in the supernatants were determined by BCA
method. Before electrophoresis, the cell lysates in the super-
natants were further diluted with SDS loading buffer (Beyotime,
CN) and heated at 100 �C for 8 min. 30 mg of lysate was sepa-
rated by SDS-PAGE and transferred to the polyvinylidene
diuoride (PVDF) membranes (Millipore, MA). The PVDF
RSC Adv., 2017, 7, 32508–32517 | 32515
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membrane was then blocked in TBST (10 mM Tris–HCl, pH 7.4,
150 mM NaCl, 0.1% Tween-20, 5% non-fat milk) and probed
with the rabbit anti-human a-Syn primary antibody (1:1000,
CST, USA). Blots were detected using the enhanced chem-
iluminescence reagents (ECL, Pierce, IL), and visualized with
GelDoc XR (Bio-Rad, USA). The intensity of each band was
estimated by densitometric quantication using the Image Lab
version 5.2.1 soware. Data were collected from three inde-
pendent experiments.
4.9 Immunouorescence microscopy

The cells were harvested from asks, and 5� 104 mL�1 cells in 1
mL medium were seeded on 0.01% poly-L-lysine (Songon
Biotech, CN) coated glass slides in 12-well polystyrene plate
(Corning Inc., NY), and incubated at 37 �C for 24 h to attach to
the plate. Then the pre-incubated medium in each well was
aspirated carefully, and 1 mL fresh medium (DMEM containing
1.0% HS, 0.5% FBS, 1% L-glutamine (3.6 mM), and 1%
penicillin/streptomycin antibiotics) with EGCG at concentra-
tions of 0 and 10 mM were added individually to each cell well.
The cells were incubated for additional 48 h at 37 �C and then
were xed in 4% (w/v) paraformaldehyde (Songon Biotech, CN)
in PBS for 20 min. Upon washed with PBS, cells were permeated
with 0.1% Triton X-100 in PBS and blocked with 3% goat serum
(Songon Biotech, CN) in PBS for 30 min at room temperature,
subsequently incubated with rabbit anti-human a-Syn primary
antibody (1:250, CST, USA) for 1 h at room temperature and
then incubated with secondary antibody (1:250, goat anti-rabbit
IgG conjugated to Alexa Fluor 647, CST, USA) for 1 h. 40,6-
Diamidino-2-phenylindole (DAPI, Songon Biotech, CN) and ThT
were used to label the cell nuclei and amyloid brils, respec-
tively. Aer nally washed with PBS, the coverslips were
mounted in antifade mounting medium (Beyotime, CN) and
observed by laser scanning confocal microscope (LSCM, C2+,
Nikon, JP).
4.10 Measurement of intracellular ROS formation

The cells were harvested from asks and plated in 6-well poly-
styrene plates with 5 � 105 mL�1 cells in 2.5 mL medium per
well, and then incubated at 37 �C for 24 h to attach to the plate.
EGCG at concentrations of 0, 1, 10 and 50 mM was then added
individually to those cell wells. The cells were incubated for
additional 48 h at 37 �C and then were incubated with 10 mM
DCFH-DA for 30 min. Upon washed with DMEM and PBS, cells
were detached with 0.05% trypsin and the cellular uorescence
intensity was measured by using a ow cytometer (Beckman
Coulter, USA) (excitation 488 nm and emission 525 nm for the
DCF). A total of 100 000 events were acquired and cells were
properly gated for analysis. Data were collected from three
independent experiments.
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