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Epigallocatechin gallate attenuates L-DOPA-induced apoptosis in rat PC12 cells
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Abstract
In this study, the protective effects of EGCG on L-3,4-dihydroxyphenylalanine (L-DOPA)-induced oxidative cell death in catecholaminergic PC12

cells, the in vitro model of Parkinson’s disease, were investigated. Treatment with L-DOPA at concentrations higher than 150 µM caused cytotoxicity 
in PC12 cells, as determined using the 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and flow cytometry detection. The 
apoptotic ratio was similar in cells treated with 100 µM EGCG plus 150 µM L-DOPA (5.02%) and the control (0.96%) (P > 0.05), and was lower 
than that of cells treated with L-DOPA only (32.24%, P < 0.05). The generation level of ROS (% of control) in cells treated with EGCG plus
L-DOPA was lower than that in cells treated with L-DOPA only (123.90% vs 272.32%, P < 0.05). The optical density in production of TBARS 
in cells treated with L-DOPA only was higher than that in the control (0.27 ± 0.05 vs 0.08 ± 0.04, P < 0.05), and in cells treated with EGCG only 
(0.14 ± 0.02, P < 0.05), and EGCG plus L-DOPA (0.13 ± 0.02, P < 0.05). The intracellular level of GSH in cells treated with EGCG plus L-DOPA 
was higher than that in cells treated with L-DOPA only (233.25 ± 16.44 vs 119.23 ± 10.25, P < 0.05). These results suggest that EGCG protects 
against L-DOPA-induced oxidative apoptosis in PC12 cells, and might be a potent neuroprotective agent.
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Fig. 1. Chemical structure of epigallocatechin gallate [16]

Introduction1)

Parkinson’s disease (PD) is a neurodegenerative disorder 
characterized by degeneration of dopaminergic neurons in the 
substantis nigra and dopamine depletion in the striatum [1]. The 
neuropathology associated with PD within and around the 
substantia nigra is thought to involve excess production of free 
radical, L-DOPA autoxidation [2,3], defects in expression of 
glutathione peroxidase, attenuated levels of reduced GSH [4], 
altered calcium homeostasis [5], elevation in brain iron content, 
excitotoxicity, and genetic defects in mitochondrial complex Ⅰ 
activity [6]. In addition, enhanced levels of lipid peroxidation 
products have been reported in brains of PD patients [7]. 
Oxidative stress to doparminergic neurons is believed to be one 
of the causes of neurodegeneration in PD [8,9]. Antioxidants, 
as scavengers of ROS and free radicals, may play an important 
role in prevention of PD.

The catechins in green tea have attracted considerable attention 
in recent years for their potential for prevention of oxidative 
stress-related diseases, including neurodegenerative disease, 
cardiovascular disease, and cancer [10-13]. One of the most 
important catechins, epigallocatechin gallate (EGCG, Fig. 1), 

exerts protective effects, such as antioxidant, anticarcinogenic, 
antimutagenic, and antineurodegenerative effects [10,12,14-16]. 
EGCG has been reported to exhibit a potent antioxidant property 
because it possesses two triphenolic groups in its structure [17]. 
In addition, EGCG has been proven to be neuroprotective in both 
cell and animal models of PD [12,18,19]. After exposure of PC12 
cells to hydrogen peroxid, EGCG inhibited many points of the 
apoptotic sequence, including release of caspase-3, and cytochrome 
c, cleavage of poly (ADP-ribose) polymerase, the glycogen 
synthase kinase-3 pathway, and modulated cell signaling by 
activation of the phophatidyl inositol-3 kinase/Akt pathway [20].

L-DOPA induces apoptosis in PC 12 cells and is most 
commonly used in animal models of PD [21,22]. L-DOPA, is 
the natural precursor of dopamine in catecholaminergic neurons 
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and the most widely used medicine in treatment of PD, its tocixity 
in cell lines, including PC12 cells [2,3], cultured sympathetic 
neurons [23], and striatal neurons [24] has been reported. 
L-DOPA, through auto- and enzymatic oxidation, can generate 
a variety of cytotoxic oxygen radical species, including superoxide, 
hydrogen peroxide, semiquinones, and quinones [2,3,25]. Thus, 
as the major component of ROS, L-DOPA has been used 
extensively as an inducer of oxidative stress in in vitro models 
[2,3]. The sympathetic nerve pheochromocytoma cell line, PC12 
cells, is a good model system for the study of oxidative stress 
in dopamine-containing cells as they exhibit several physiological 
properties of dopaminergic neurons [26].

Therefore, in this study, the protective effects of EGCG on 
L-DOPA-induced cytotoxicity in PC12 cells were investigated.

Materials and Methods

Materials

EGCG, RNase A, propidium iodide (PI), ethylenediaminetetra-
acetic acid (EDTA), 3-(4,5-dimetylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), and poly-L-lysine were purchased 
from Sigma (St. Louis, MO, USA). All sera, antibiotics, and 
RPMI 1640 for cell culture were obtained from Gibco (Grand 
Island, NY, USA). All other chemicals were of reagent grade.

Cell culture

PC12 cells were routinely maintained in RPMI 1640 medium 
supplemented with 10% heat-inactivated donor horse serum and 
5% heat-inactivated fetal calf serum plus 100 units/mL penicillin 
and 100 μg/mL streptomycin at 37℃. After 24 h, the cells were 
exposed to L-DOPA only or pretreated with EGCG for 30 min 
before treatment with DOPA.

Measurement of cell viability by MTT assay

MTT assay was performed as described previously with slight 
modification [27]. After a period of incubation, the viable cells 
could convert the soluble dye MTT to insoluble blue formazan 
crystals. PC12 cells were diluted to 1 × 105 cells/mL and plated 
at 100 μL per well in a 96-well microplate. PC12 cells were 
treated with various concentrations of catechin and/or L-DOPA 
(20-100 μM) for 24 h. MTT solution (final concentration 1 
mg/mL) was added to the cells and the cultures were allowed 
to incubate at 37℃ for 4 h. After the supernatant was discarded 
by centrifuging, the pellets were dissolved in 100 μL isopropanol 
containing 0.8 M HCl, and the absorbance was then measured 
at 570 nm using a Bauty Diagnostic Microplate Reader (Molecular 
Devices, CA, USA). Cell viability was expressed as a percentage 
of the control value.

Flow cytometric analysis 

Flow cytometry was performed for determination of cell death. 
PC12 cells were harvested, washed with ice-cold PBS, fixed in 
ice-cold 70% ethanol, and stored at -20℃ until analysis. Cells 
were then washed in PBS and suspended in 1 mL staining 
solution (50 μg/mL PI, 0.05 mg/mL ribonuclease A and 0.1 mM 
EDTA, pH 7.4 in PBS), followed by incubation at room 
temperature for 30 min. Analysis of 10.000 events was performed 
on a FACScan flow cytometer and calculation of the percentage 
of apoptotic cells was based on the cumulative frequency curves 
of the appropriate DNA histograms. Flow cytometric diagram 
was recorded using a FACS vantage fluorescence-activated flow 
cytometer (Becton Dickinson, CA, USA).

Intracellular reactive oxygen species (ROS) measurement

An assay based on the conversion of non-fluorescent DCFH2- 
DA to a fluorescent species by intracellular ROS was used in 
this study. PC12 cells (per 100 μL in 96-well plates) were rinsed 
with Krebs Ringer buffer and loaded with 50 μM DCFH2-DA 
for 45 min at 37℃ according to the method of Gunasekar et 
al. [28], the cells were then washed twice with the same buffer 
and treated with varying concentrations of L-DOPA alone or 
pretreated with EGCG for 30 min. After exposure to the 
compounds, the cells were washed with Krebs Ringer solution 
and fluorescence intensity was measured at 475 nm excitation 
and 525 nm emission using a fluorescence spectrophotometer 
(Kotron AG, Swiss).

Assessment of lipid peroxidation

Formation of lipid peroxides during the lipid peroxidation 
process was analyzed by measurement of thiobarbituric acid- 
reacting substances (TBARS) in PC12 cells, as described previously 
[29]. Briefly, an equal volume of ice-cold 10% TBA was added 
to the cell suspension. A solution containing 0.335% of 2-TBA 
in 50% glacial acetic acid was added and samples were incubated 
at 100℃ for 30 min. Samples were cooled, and water-saturated 
butanol was added to the solution. After centrifugation at 2,000 
rpm for 5 min, TBARS were determined by absorbance at 535 
nm.

Measurement of intracellular total glutathione (GSH) concentration

The intracellular total GSH content was measured using a 
commercially available colorimetric assay kit [30]. Cells were 
gently washed with PBS and resuspended with 10 mM HCl. After 
freezing and thawing, a solution of 5% sulfosalicylic acid was 
added at a final concentration of 1% and samples were centrifuged 
at 15,000 rpm for 10 min. Supernatants were incubated with a 
reaction mixture containing 5,5’-dithiobis (2-nitrobezoic acid), 
NADPH, and glutathione reductase in a 96-well plate. The 
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Fig. 2. Effects of EGCG on viability of PC12 cells. PC12 cells were incubated 
for 24 h in media containing various concentrations of EGCG (50-200 μM). Each 
value was calculated as a percentage of the MTT assay in control PC12 cells. The 
results represent the mean ± SEM of six experiments.

Fig. 3. Effects of EGCG on L-DOPA-induced decrease in viability of PC12 cells. 
After 24 h in culture, PC12 cells were exposed to 50-150 μM L-DOPA or 
preincubated with 50-100 μM EGCG for 30 min before treatment with L-DOPA. 
Cell viability was assessed using the MTT method and the results represent the 
mean ± SEM of six experiments. * P < 0.05 compared with the untreated control 
group; # P < 0.05 compared with L-DOPA damaged cell groups (ANOVA followed 
by Tukey’s test).

(A)

(B)

Fig. 4. Flow cytometric histograms of PC 12 cells after exposure to 150 μM 
L-DOPA alone for 24 h or preincubated with 100 μM EGCG for 30 min before 
treatment with L-DOPA. (A) After incubation, cells were harvested and stained with 
propidium iodide. Relative DNA content was analyzed by flow cytometry. The X-axis 
represents DNA content and the Y-axis represents the number of cells. (B) The 
results shown in present the mean ± SEM of six experiments. * P < 0.05 compared 
with the untreated control group; # P < 0.05 compared with L-DOPA damaged cell 
groups (ANOVA followed by Tukey’s test).

absorbance was measured at 405 nm using a microplate reader 
(Molecular Devices, CA, USA).

Statistical analysis

All data were expressed as mean ± SEM of at least six 
experiments. Statistical analyses were performed using InStat Ver 
3.06 (GraphPad Software, Inc.,). Statistical significance of the 
data was determined using ANOVA, followed by Tukey's, test, 
and values ≤ 0.05 were considered significant.

Results

Protective effects of EGCG on viability of L-DOPA-exposed 
PC12 cells

Treatment of PC12 cells with 50, 100, 150, and 200 μM of 
EGCG for 24 h resulted in no significant reduction of cell 

viability (Fig. 2). L-DOPA-induced cytotoxicity was also determined 
by the percentage of MTT reduction assay after culture with 
increasing concentrations (50-150 μM) of L-DOPA for up to 24 
h. Treatment with L-DOPA resulted in a concentration-dependent 
decrease in cell viability, whereas pretreatment with EGCG at 
50 and 100 μM for 30 min prevented the loss of viability (Fig. 
3). Cell viability of PC12 cells treated with 150 μM L-DOPA 
for 24 h was apprpximately 62.49 ± 4.21% of untreated control 
value, whereas the cell viability of cells pretreated with 100 μM 
EGCG for 30 min before exposure to L-DOPA was up to 101.21
± 5.63%. Results of the MTT assay indicated that treatment with 
L-DOPA resulted in reduced viability of PC12 cells, which was 
prevented by pretreatment with EGCG.

EGCG attenuates L-DOPA-induced apoptosis in PC12 cells

Apoptotic cells were quantified in cells pretreated with EGCG 
prior to delivery of L-DOPA using flow cytometric detection. 
When a number of apoptotic cells were stained with a DNA- 
specific fluorochrome, such as propidium iodide, a special DNA 
peak (usually called subG1 peak or apoptotic peak) appeared. 
This peak is thought to be one of the characteristics of apoptosis. 
Treatment with EGCG (100 μM) and L-DOPA (150 μM) together 
for 24 h resulted in a marked decrease the percentage of apoptotic 
cells, compared with cells treated with L-DOPA alone (Fig. 4). 
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Fig. 5. Effect of EGCG on L-DOPA-induced intracellular accumulation of ROS 
in PC12 cells loaded with DCFH2-DA. PC12 cells in culture after 1 h were 
exposed to 150 μM L-DOPA or preincubated with 100 μM EGCG for 30 min before 
treatment with L-DOPA. Formation of peroxides, detected using 2’,7’-dichloro-
luorescin oxidation and fluorescence, was monitored on a Multi-Well Plate Reader. 
The results were expressed as a relative percentage of DCF fluorescence. Values 
are expressed as the mean ± SEM of triplicate determinations in six distinct 
experiments. * P < 0.05 compared with the untreated control group; # P < 0.05 
compared with L-DOPA damaged cell groups (ANOVA followed by Tukey’s test).

Fig. 6. Effect of EGCG on L-DOPA-induced TBARS formation in PC12 cells.
PC12 cells in culture were exposed to 150 μM L-DOPA or preincubated with 100 
μM EGCG for 30 min before treatment with L-DOPA. After exposure for 24 h, the 
increase in TBARS formation was evaluated. The results represent the mean ± SEM 
of six experiments. * P < 0.05 compared with the untreated control group; # P < 0.05 
compared with L-DOPA damaged cell groups (ANOVA followed by Tukey’s test).

Fig. 7. Decrease in intracellular GSH content by L-DOPA and its inhibition by 
EGCG. PC12 cells in culture for 24 h were exposed to 150 μM L-DOPA or 
preincubated with 100 μM EGCG for 30 min before treatment with L-DOPA. After 
incubation, the total intracellular GSH content was measured using DTNB, as 
described in the Materials and Methods section. The results represent the mean
± SEM of six experiments. * P < 0.05 compared with the untreated control group; 

# P < 0.05 compared with L-DOPA damaged cell groups (ANOVA followed by 
Tukey’s test).

The ratios of apoptotic cells in the subG1 phase were 0.96 ±
0.22%, 2.34 ± 0.64%, and 32.24 ± 4.21% in the control, EGCG, 
and L-DOPA treated cells, respectively. However, the apoptotic 
ratio was reduced by 5.02 ± 1.17% in cells pretreated with 100 
μM EGCG before exposure to L-DOPA. The protective effect 
of EGCG on L-DOPA-induced cytotoxicity as determined by 
flow cytometry was similar to that determined by MTT assay.

Protection by EGCG against L-DOPA-induced accumulation of 
ROS 

To investigate involvement of oxygen radicals in L-DOPA- 
induced apoptosis of PC12 cells, accumulation of ROS after 
exposure to L-DOPA was measured utilizing a conversion of 
DCF-DA to DCF. An increase (2-fold) in ROS production was 
observed after treatment of cells with L-DOPA, which was 

showed a significant decrease (1.5-fold) after pretreatment with 
EGCG (P < 0.05) (Fig. 5). EGCG were inhibitory in the presence 
of L-DOPA, indicating the ROS scavenging activity of EGCG 
under oxidative stress conditions.

Protection by EGCG against L-DOPA-induced lipid peroxidation

The resultant oxidative stress was also determined by measuring 
the level of lipid peroxidation. To estimate the preventive effect 
of EGCG, PC12 cells were treated with L-DOPA for 3 h, and 
the level of lipid peroxide was measured by TBARS assay (Fig. 
6). Production of TBARS in PC12 cells treated with L-DOPA 
(150 μM) showed a significant increase, to 301 ± 10% (P < 0.05 
over control). Pretreatment with EGCG (100 μM) inhibited 
production of TBARS by 102 ± 9% compared to L-DOPA alone.

Effect of EGCG on intracellular GSH levels in the presence of 
L-DOPA

Because the data from MTT, ROS, and TBARS suggested 
protection against oxidative stress, total GSH was investigated 
in cells pretreated with EGCG. PC12 cells treated with 150 μM 
L-DOPA for 24 h showed a significant decrease in the 
intracellular level of GSH relative to the level observed in control 
cells (2-fold, P < 0.05) (Fig. 7). However, pretreatment with 
EGCG at 100 μM before exposure to L-DOPA resulted in a 
marked increase in the level of GSH compared to that of L-DOPA 
alone in PC12 cells (1.7-fold, P < 0.05).

Discussion

Oxidative stress is believed to play important role in a number 
of neurodegenerative disorders, including PD, stroke, and 
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Alzheimer’s disease. Neurodegenerative disorders are a class of 
diseases linked to elevation of ROS and apoptosis [31]. 
Intracellular accumulation of ROS will quickly exhaust reducing 
agents such as GSH. Many cellular compounds are easily oxidized, 
and lipid peroxides have been used as a marker for oxidative 
stress [32,33]. Finding of the current study demonstrated that 
exposure to L-DOPA-induced oxidative stress, characterized by 
a number of potentially detrimental changes in intracellular ROS, 
lipids, and GSH in PC12 cells. In addition, ROS cause DNA 
damage by directly attacking DNA, ultimately contributing to 
cell death [4]. We demonstrated that exposure of PC12 cells to 
L-DOPA resulted in a significant increase in ROS, triggered 
DNA damage, as examined by use of a DNA sensitive dye with 
flow cytometry, showed a significant subG1 peak in the 
histograms, and produced neurotoxicity as evaluated by MTT 
assay. 

Food-derived antioxidants such as phytochemicals and 
vitamins have recently received increasing attention, because they 
are known to function as chemoprotective and chemopreventive 
agents against oxidative stress [9]. EGCG, the major polyphenol 
isolated from green tea, was shown in several studies to possess 
neuroprotective effects against a variety of toxic insults and 
neuronal injuries [12,18,19]. Thus, in order to investigate the 
mechanism underlying EGCG induced protection against L-DOPA 
associated oxidative damage in PC12 cells, we measured 
generations of ROS, GSH content, and lipid peroxidation. One 
of the possible protective mechanisms of EGCG might be its 
direct scavenging of ROS produced by L-DOPA. In the current 
study, an increase in intracellular levels of ROS was observed 
in L-DOPA-treated PC12 cells, which were decreased by EGCG, 
suggesting that a radical scavenging effect of EGCG may be 
a significant contributor to the neuroprotective effect. In relation 
to this, Levites et al. [34-36], reported that EGCG protected 
neuronal cells against the cytotoxic effect of 6-hydroxydopamine 
(OHDA), N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, and amyloid 
β peptide. 

Increase of free radicals also leads to production of lipid 
peroxidation, a major cause of cell membrane damage, which 
eventually leads to degeneration of cells. Dietary polyphenols, 
such as catechins, are known to protect against oxidation of 
biomolecules by oxidant species, and by prevention of lipid 
peroxidation [15,16]. In this study, using EGCG, we observed 
marked inhibition of L-DOPA-induced lipid peroxidation in 
PC12 cells. EGCG has also been shown to protect against lipid 
peroxidation by initiators of oxidative stress, such as 6-OHDA 
[12], hydrogen peroxide [20], and 3-hydroxykynurenine [37]. 
Previous study has shown that pretreatment with EGCG results 
in attenuation of the increase in the Bax to Bcl-2 ratio, a marker 
of apoptosis, which is increased by oxidative stress in PC12 cells 
[38]. In addition, in the central nervous system, oral adminis-
tration of green tea polyphenols or flavonoid-related compounds 
has preventive effects on accumulation of iron-salt-induced lipid 
peroxide in the brain [19], age-related accumulation of neurotoxic 

lipid peroxides in rat brain, and ischemia-reperfusion-induced 
neural death in Mongolian gerbils [39]. 

GSH is a critical intracellular antioxidant, and its radical- 
scavenging ability is the primary mechanism for elimination of 
excess ROS under physiological conditions [31]. There is evidence 
that depletion of cellular GSH in cerebellar granule neurons and 
PC12 cells results in increased generation of ROS, disruption 
of the mitochondrial transmembrane potential, and rapid loss of 
mitochondrial function [40,41]. The toxic effect of L-DOPA on 
neuronal cells appears to be mediated by formation and reduction 
of intracellular GSH contents [4]. Results of this study indicate 
that depletion of GSH may play an important role in the cytotoxic 
effect of L-DOPA. In this study, pretreatment of PC12 cells with 
EGCG prevented the marked decline of intracellular GSH levels 
that normally occurs after exposure to L-DOPA. The result again 
suggests an oxidative stress-dependent mechanism and further 
demonstrates regulation of an endogenous antioxidant mecha-
nism by EGCG. Raza and John [42] also reported that alteration 
in GSH metabolism can be achieved through administration of 
polyphenols, particularly EGCG. 

One possible mechanism underlying the effectiveness of EGCG 
against oxidative stress induced by L-DOPA involved its polyp-
henolic structure, since plant-derived polyphenolic compounds 
are known to be potent antioxidant and free radical scavengers 
[43]. Thus, catechins have been studied with regard to their 
structure-antioxidant activity relationship [16]. The structure- 
antioxidant activity relationship of EGCG (Fig. 1) has been 
demonstrated in many studies, where the active site of green tea 
polyphenols reacted directly with oxygen free radicals at the 
ortho-hydroxyl group in the B ring and galloyl moitery in the 
C ring in the chemical structure of EGCG [16]. In addition, the 
galloyl group was very important for the antioxidant properties 
of EGCG against lipid peroxidation in synaptosomes [15,16]. 
Oral administration of EGCG alone also resulted in elevated 
activity of superoxide dismutase and catalase in striatum [34]. 
Since L-DOPA treatment has been shown to increase GSSG 
levels with depletion of reduced GSH [4], critical involvement 
of the galloyl group in L-DOPA cytotoxicity is possible. In 
addition, using in vitro and in vivo models, recent studies have 
suggested the protective effects of tea catechins on neuronal 
damage induced by free radical attack [12,15,19]. 

In summary, L-DOPA-induced apoptosis in PC12 cells through 
induction of oxidative stress, which could be attenuated by 
treatment with EGCG. EGCG may decrease the L-DOPA- 
induced death of PC12 cells through a scavenging action on ROS, 
inhibition of lipid peroxidation, and increase in GSH level. 
Therefore, the current data indicate that EGCG might be a potent 
neuroprotective agent against diseases such as PD. However, 
conduct of more epidemiological and clinical studies needed in 
order to fully elucidate their efficacy.
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