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Abstract
Exposure to rotenone, a widely used pesticide, has been suggested to increase the risk of developing
Parkinson’s disease. Studies indicate that the neurotoxicity of rotenone may be related to its ability
to generate reactive oxygen species. The present work was conducted to determine to what extent
(−)-epigallocatechin-3-gallate (EGCG), a widely-used dietary supplement, modulates the
cytotoxicity of rotenone in human neuroblastoma SH-SY5Y cells. Our results indicate that EGCG
shows concentration-dependent effects on ROS production and cytotoxicity in SH-SY5Y cells.
Treatment of these dopaminergic cells with rotenone (1–50 μM) alone or EGCG (25 or 50 μM) alone
caused a significant decrease in cell viability. Pretreatment of SH-SY5Y cells with 25 or 50 μM
EGCG potentiated the cytotoxicity of rotenone. The exacerbating effect of EGCG on rotenone
toxicity may involve an apoptotic mechanism as shown by the enhancement of caspase-3 activity
and activation of other caspases in rotenone-treated SH-SY5Y cells. The potentiating effect of EGCG
on rotenone toxicity may be attributed to the enhanced production of intracellular superoxide in SH-
SY5Y cells. The enhanced intracellular production of ROS by rotenone-EGCG combination may
also account for the increased formation of protein carbonyls in 10,000 × g fraction of SH-SY5Y
cells detected by anti-HNE antibody. For instance, core histones and nuclear ribonuclear proteins
were identified as major putative in vivo targets of HNE. Our present findings indicate that more
detailed mechanistic studies are necessary to fully understand the chemistry of EGCG and to justify
its use as potentially health-promoting dietary supplement, e.g. in the prevention of
neurodegenerative diseases associated with oxidative stress.
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1. Introduction
A number of studies suggest that oxidative stress that results in the excess production of reactive
oxygen species may be involved in the development of neurodegenerative disorders such as
Parkinson’s disease (Mandel et al., 2005; Sayre et al., 2005; Zhang et al., 2000). Rotenone is
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a complex 1 inhibitor and is one of the common neurotoxic agents used to examine the
development of Parkinson’s disease in animal models (Przedborski and Ischiropoulos, 2005).
This pesticide increases the formation of ROS and induces toxicity in primary dopaminergic
cultures from embryonic mouse mesencephala (Radad et al., 2006), in rat PC12 cells (Wang
et al., 2005) and human neuroblastoma SH-SY5Y cells (Molina-Jimenez et al., 2003).

Plant polyphenols are commonly considered as dietary antioxidants and, as such, may protect
against neuronal cell injury caused by neurotoxic agents that act via the production of ROS.
Indeed, epigallocatechin gallate (EGCG), a major polyphenol in green tea, was found to protect
neuronal cells against the cytotoxic effects of 6-hydroxydopamine (Levites et al., 2002a), N-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Levites et al., 2001), amyloid β peptide
(Choi et al, 2001; Levites et al., 2003), N-methyl-D-aspartate (Lee et al., 2004), 3-
hydroxykynurenine (Jeong et al., 2004), and hydrogen peroxide (Koh et al., 2004). Possible
neuroprotective mechanisms of EGCG not only include simple radical scavenging and metal-
chelating properties but also involve cellular mechanisms such as the stimulation of protein
kinase C, modulation of cell survival/cell cycle genes (Levites et al., 2002b), inhibition of death
signals including GSK-3 (Koh et al., 2004), and modulation of mitochondrial function (Mandel
et al., 2005). However, more recently, studies indicated that polyphenolic compounds may
have concentration-dependent mode of actions associated with the extent of redox imbalance
and cell type (Elbling et al., 2005).

The present work was carried out to determine to what extent EGCG would modulate the
cytotoxic effects of rotenone in SH-SY5Y neuroblastoma cells, a commonly used cellular PD
model (Molina-Jimenez et al., 2003; Shamoto-Nagai et al, 2003). Our results demonstrate that
EGCG exacerbated rather than prevented the cytotoxic and apoptotic effects of rotenone in
SH-SY5Y cells.

2. Results
2.1. Cytotoxicity of rotenone and EGCG

Initial experiments were first performed to determine whether rotenone alone or EGCG alone
was toxic to human neuroblastoma cells (SH-SY5Y) by measuring LDH in the culture medium.
During necrosis or late apoptosis, there is a loss of membrane integrity and LDH is released
into the surrounding media. Fig. 1A showed that rotenone significantly increased LDH activity
in a dose-dependent manner indicating that this compound caused cytotoxicity in SH-SY5Y
cells. In contrast, EGCG showed cytotoxicity only at 50 μM as indicated by the increase in
LDH activity. Based on the dose-response data from Fig. 1, the concentrations of 5 and 10
μM rotenone were chosen to evaluate the influence of EGCG on rotenone toxicity in SH-SY5Y
cells.

The MTT assay was performed to further assess the toxicity of rotenone and EGCG in SH-
SY5Y cells and to determine the influence of EGCG on rotenone toxicity in these cells. This
assay is used to measure cell viability and is based on the reduction of MTT to a blue formazan
product by dehydrogenase enzymes of intact mitochondria. Thus, unlike the LDH assay, the
MTT assay measures mitochondrial function or integrity. The results of the MTT showed that
rotenone induce cytotoxicity in SH-SY5Y cells from 1 to 50 μM (Fig. 2A), with no marked
differences in the degree of toxicity among the doses used. In the case of EGCG, cell viability
measured by the MTT assay was significantly decreased at 25 and 50 μM concentrations (Fig.
2B).

The MTT assay was also used to determine the influence of EGCG on rotenone toxicity in SH-
SY5Y cells. Pretreatment with 10, 25 and 50 μM EGCG enhanced the toxicity of 5 μM rotenone
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(Fig. 3A) or 10 μM rotenone (Fig. 3B). However, at 1 or 5 μM concentrations, EGCG did not
modify the cytotoxicity of rotenone as determined by the MTT assay.

To confirm the enhancing effect of EGCG on rotenone toxicity, SH-SY5Y cells were treated
with rotenone alone, EGCG alone or EGCG + rotenone in phenol-red free and serum-free
RPMI medium. Unlike EMEM/F12 media which contained 1.5 mM pyruvate, the RPMI
medium did not contain pyruvate. Both rotenone (10 μM) and EGCG (25 μM) significantly
increased LDH activity whereas a combination of rotenone and EGCG produced a much higher
increase in LDH activity than rotenone alone or EGCG alone (Fig. 4).

2.2. Effect of rotenone and EGCG on caspase-3 activity
The caspase-3 activity of SH-SY5Y cells was measured to determine if EGCG would prevent
or enhance rotenone-induced apoptosis in these cells. Rotenone has been reported to induce
apoptosis in SH-SY5Y cells as shown by the activation of caspase-3 (Wang et al, 2005; De
Sarno et al., 2003; Sanchez-Reus et al., 2005). Fig. 5 shows that rotenone (10 μM) or EGCG
(25 μM) significantly increased caspase-3 activity in SH-SY5Y cells. Pretreatment of the cells
with 25 μM EGCG markedly enhanced the rotenone-induced increase in caspase-3 activity.
The concentration of rotenone (10 μM) used in our study was within the range of rotenone
concentrations (5–100 μM) that has shown to induce apoptosis in HL-60 (promyelocytic
leukemia) and BJAB cells (B-cell lymphoma) (Tada-Oikawa et al., 2003).

2.3. Analysis of apoptotic cells by flow cytometry
SH-SY5Y cells undergoing various stages of apoptosis (early, mid-stage and late stage) were
analyzed by flow cytometry following staining with SR-VAD-FMK and 7-AAD. Early to mid-
stage apoptotic cells are SR-VAD-FMK (+) and 7-AAD (−) whereas late apoptotic cells are
SR-VAD-FMK (+) and 7-AAD (+). In contrast, dead cells are SR-VAD-FMK (−) and 7-AAD
(+). Based on these criteria, we found that treatment of SH-SY5Y cells with rotenone (10 μM)
or EGCG (25 μM) significantly increased the percentage of late stage apoptotic cells (Fig. 6).
When cells were treated with both rotenone and EGCG, there was a further increase in late
stage apoptotic cells compared to rotenone alone or EGCG alone. No significant difference in
early to mid-stage apoptotic cells was observed between control and treated groups (data not
shown).

2.4. Intracellular superoxide production
Both rotenone (Molina-Jimenez et al., 2005) and EGCG (Chan et al., 2006) have been reported
to induce the intracellular production of superoxide and other ROS. In the present study, we
also found that rotenone and EGCG significantly increased superoxide production in SH-SY5Y
cells (Fig. 7). When cells were preincubated with EGCG for 30 min prior to rotenone treatment,
the intracellular production of superoxide was significantly increased over that of rotenone
alone or EGCG alone.

2.5. Extracellular hydrogen peroxide production
Studies have shown that in certain instances, the biological effects of EGCG may be mediated
by H2O2 produced in the culture medium (Halliwell et al., 2000 and Halliwell, 2003).
Therefore, we determined the concentrations of H2O2 in the culture media obtained from
control and treated cells grown in phenol-red free RPMI media with and without 1.5 mM
pyruvate. The addition of rotenone (1 to 50 μM) to SH-SY5Y cells fed media with no pyruvate
did not cause an increase in the formation of hydrogen peroxide in the culture medium (Table
1). However, the addition of EGCG to the cells fed pyruvate-free media produced a slight
increase in the production of H2O2 to a maximum of 1.72 μM, with 50 μM EGCG. Combined
treatment of cells with rotenone and EGCG did not cause a further increase in H2O2 production
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in the culture media. When pyruvate (1.5 mM) was added to the culture medium, the formation
of H2O2 in the culture medium induced by 10 or 25 μM EGCG was completely neutralized
and H2O2 produced by 50 μM EGCG was significantly reduced.

2.6. Western blot and tandem mass spectrometric analysis of protein-HNE adducts
We attempted to detect oxidatively-modified proteins in control and treated SH-SY5Y cells
using anti-HNE IgG in Western blot analysis and identify these proteins by MALDI-tandem
mass spectrometry. In this report we focused on the 10,000g fraction. Several proteins were
identified after in-gel trypsin digestion of excised selected bands of sample D (rotenone +
EGCG) that matched the immunoreactive bands in the Western blot (Fig. 8). As putative targets
of modification by HNE, several nuclear proteins were identified: the polypyrimidine tract-
binding protein-associated-splicing factor (gel region 1), the nuclear ribonucleoproteins A3
(gel region 7) and A2/B1 (gel region 8), and the core histones H2, H3 and H4 (gel region 13
and 14). Other proteins, that were assigned as targets of lipid peroxidation products, were the
mitochondrial proteins ADP/ATP translocase 3 (gel region 10) and the voltage-dependent
anion-selective channel protein 1 (gel region 9), the heat shock protein 90 (gel region 2) and
the glutathione transferase P1 (gel region 12). The HNE-positive protein bands appeared to
have higher intensities in sample D (rotenone + EGCG) than in sample A (control) in the
Western blot in agreement with our findings of increased oxidative stress (intracellular
superoxide) in cells with the combined treatment (Fig. 7).

3. Discussion
Exposure to certain pesticides has been reported to increase the risk for Parkinson’s disease
(Ascherio et al., 2006). In experimental animals, pesticides such as rotenone (Sherer et al.,
2003) and paraquat (McCormack et al., 2002) cause dopaminergic degeneration in the
substantia nigra and they also accelerate the rate of formation of alpha-synuclein fibrils in vitro
(Uversky et al., 2001). The causal mechanisms by which rotenone causes dopaminergic injury
are not well understood. The binding of rotenone to the ubiquinone-binding sites of complex
1 stimulates ROS generation which has been associated with its neurotoxicity (Shamoto-Nagai
et al., 2003). ROS may induce apoptosis which could partially explain the neurotoxic effects
of rotenone in human neuroblastoma SH-SY5Y cells (Wang et al., 2002). Our results confirmed
the ability of rotenone to induce toxicity in SH-SY5Y cells as shown by the LDH and MTT
assays.

Since oxidative stress may be involved in the neurotoxic action of rotenone (Zhang et al.,
2000), we examined the role of the antioxidant, EGCG, in preventing the cytotoxicity of this
pesticide in SH-SY5Y cells. We have chosen to examine EGCG as a cytoprotective agent
against rotenone-induced toxicity because previous studies (Levites et al., 2001, 2002a,
2003;Choi et al., 2001; Lee et al., 2004; Jeong et al., 2004; Koh et al., 2004; Jung et al.,
2007) showed that EGCG protects against oxidative-stress related neuronal cell death or injury.
In particular, Koh et al. (2004) reported that EGCG, at 50 to 200 μM, significantly increased
cell viability of neuronal-differentiated N18D3 cells exposed to 100 μM H2O2. However, in
our present study, we found that EGCG, at 25 or 50 μM, potentiated substantially the toxicity
of rotenone in SH-SY5Y cells (Figs. 3A and 3B). This finding may be explained by the ability
of EGCG itself to decrease the viability of SH-SY5Y cells (Fig. 2B), confirming the results of
Weinreb et al. (2003) who reported an IC50 of 35 μM for EGCG in these cells. Other studies
showed that EGCG, at concentrations greater than 10 μM, promotes, rather than prevents,
neuronal cell damage induced by 6-hydroxydopamine (Levites et al., 2002a).

Rotenone may induce cell death by apoptosis through various mechanisms, one of which is
the activation of caspase-3 (Newhouse et al., 2004). Our results (Fig. 5) showed that rotenone
significantly increased caspase-3 activity and that EGCG dramatically enhanced this rotenone-
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induced activation of caspase-3. The enhanced activation of caspases in apoptotic cells by
EGCG-rotenone treatment was confirmed by flow cytometry following staining of the cells
with the detection reagents, SR-VAD-FMK and 7-AAD (Fig. 6). EGCG may accentuate
mitochondria-mediated apoptosis since caspase-3 is a downstream target of caspase-9 which
is involved in the mitochondria-initiated pathway of apoptotic cell death. Das et al. (2006) have
previously reported that EGCG may induce apoptosis in SH-SY5Y cells in part by the
activation of caspases.

Additional studies are needed to elucidate other mechanisms by which EGCG enhances
rotenone toxicity in SH-SY5Y cells. Rotenone has been found to increase intracellular H2O2
and superoxide production in SH-SY5Y cells (Molina-Jimenez et al., 2005) and EGCG has
been reported to generate ROS (H2O2 and superoxide) intracellularly in other cell lines such
as human promyelocytic leukemic HL60 cells (Elbling et al., 2005), murine RAW 264.7 cells
(Elbling et al., 2005) and ovarian cancer cells (Chan et al., 2006). In our study, we showed that
treatment of SH-SY5Y cells with a combination of rotenone and EGCG cause an increase in
the intracellular superoxide greater than that elicited by rotenone alone or EGCG alone. This
enhancement of superoxide production by the combined treatment may have led to a greater
production of intracellular ROS to induce greater apoptosis in cells exposed to the two
compounds.

EGCG, at high concentrations (0.1–1 mM), has been shown to induce the production of
H2O2 by interacting with cell culture media, in the absence of cells (Long et al., 2000). Halliwell
et al. (2000) and Halliwell (2003) have suggested that the effects of EGCG on cells may be
due to artefactual formation of H2O2 in the culture media arising from the oxidation of EGCG.
Therefore, we measured the formation of H2O2 in the culture medium containing EGCG and/
or rotenone. There was a minimal increase in H2O2 production in the culture media after a 24-
h incubation of SH-SY5Y cells with EGCG (Table 1). The increase in H2O2 formation induced
by low concentrations of EGCG (10 or 25 μM) was completely abolished by the inclusion of
pyruvate in the culture media. This finding confirms the previous observation that pyruvate
neutralized the EGCG-induced formation of H2O2 in the culture media (Chan et al., 2006).
Pyruvate is a potent scavenger of H2O2 and suppresses superoxide production by
submitochondrial particles (Wang et al., 2007). Pyruvate (0.5 mM) present in 1:1 mixture of
Dulbecco’s Minimum Essential and Ham’s F-12 media has been shown to accelerate the
disappearance of exogenous H2O2 (200 μM) in culture media with or without cells
(Giandomenico et al., 1997). Thus, the exacerbating effect of EGCG on rotenone toxicity in
SH-SY5Y cells is unlikely related to the artifactual formation of H2O2 in the culture medium
from the autoxidation of EGCG as reported in other cell culture studies (Halliwell et al.,
2000).

Oxidative stress may lead to the generation of lipid peroxidation products (LPOs) such as HNE
that may bind to nucleophilic sites of proteins by Michael addition (Chavez et al., 2006). Fig.
8 shows that anti-HNE antibody recognized proteins in SH-SY5Y cells providing evidence
that HNE protein adducts were formed in these cells. Treatment with a combination of rotenone
and EGCG caused an increase in the intensity of these immunoreactive bands suggesting
enhanced formation of HNE-protein adducts in the treated cells. Increased formation of HNE-
protein adducts is consistent with the enhanced production of ROS in cells treated by the
rotenone-EGCG combination. In the 10,000g-fraction used in the Western blot analysis,
nuclear (histones and ribonuclear proteins), mitochondrial (ADP/ATP translocase 3, voltage-
dependent anion-selective channel protein 1 and the heat shock protein 90), and cytosolic
(glutathione transferase P) proteins were identified as putative proteins recognized by the anti-
HNE antibody. Histone carbonylation in PC 12 cells was previously reported by Wondrak et
al. (2000). Carbonylation of nuclear proteins may have important implications for chromatin
integrity and more studies will be required to shed light on the diverse chemical mechanisms
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and the extent of carbonylation reactions. In order to identify unique HNE-conjugated peptides
in the proteins detected by the anti-HNE antibody enrichment procedures using affinity
chromatography in combination with mass spectrometry will be needed (Chavez et al.,
2006).

In conclusion, the results of our present study suggest that EGCG, at least at higher
concentrations, e.g. 25 μM, does not protect against neuronal damage induced by rotenone but
rather enhance the neurotoxicity of this pesticide. The mechanisms for the potentiating effect
of EGCG on rotenone toxicity may involve an enhancement of apoptosis and intracellular
production of superoxide. These findings may have important implications in the use of large
doses of EGCG for the prevention of neurodegenerative diseases such as Parkinson’s disease
associated with exposure to rotenone and other neurotoxic pesticides.

4. Experimental procedures
4.1. Chemicals

Rotenone, EGCG, MTT, sodium pyruvate, and NADH were purchased from Sigma (St. Louis,
MO, USA). N-acetyl-Asp-Glu-Val-Asp-AMC (7-amino-4-methylcoumarin) (Ac-DEVD-
AMC) was obtained from EMD Biosciences, Inc. (San Diego, CA, USA). SH-SY5Y cells and
tissue culture media, Eagle’s Minimum Essential Medium (EMEM and F-12K Medium
(Kaighn’s Modification of Ham’s F-12 Medium), were purchased from the American Type
Culture Collection (ATCC), Manassas, VA, USA. Heat-inactivated fetal bovine serum (FBS),
phenol red-free RPMI 1640, streptomycin, penicillin and trypsin-EDTA were obtained from
Invitrogen Corporation (Carlsbad, CA, USA). The cell culture plates and culture flasks (75
cm2) were purchased from BD Biosciences, San Jose, CA, USA.

4.2. Cell culture of SH-SY5Y cells
SH-SY5Y cells were initially grown in1:1 mixture of EMEM and F12K Medium supplemented
with 10% fetal 100 U/ml penicillin, and 100 μg/ml streptomycin in a 75 cm2 vented culture
flask. In separate experiments, SH-SY5Y cells were grown in phenol red-free RPMI-1640
medium containing 10% FBS, 1% MEM non-essential amino acids, penicillin and
streptomycin. The cultures were incubated at 37°C in 5% CO2/95% humidified air. When cells
had reached 80–90% confluence in the flask, they were trypsinized and seeded onto 96-well
plates or 6-well plates.

4.3. LDH and MTT assays
The LDH (lactate dehydrogenase) and MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide] assays were used to measure cell membrane integrity and cell
viability, respectively, following treatment with EGCG and/or rotenone. SH-SY5Y cells,
seeded in 96-well plates, were exposed to various concentrations of EGCG or rotenone alone
in serum-free EMEM/F12 or RPMI 1640 media for 24 h. The media collected from the control
(vehicle-treated) and treated wells were centrifuged at 10,000 × g for 10 min to remove floating
cells and aliquots of the supernatants were used for the LDH assay using a 96-well plate. The
reaction mixture consisted of 50 mM phosphate buffer, pH 7.4, 1 mM pyruvate and 0.2 mM
NADH in a total volume of 0.2 ml/well. The oxidation of NADH was followed kinetically by
measuring the change in absorbance at 340 nm over 5 min at 25°C.

In the MTT assay, the cells were grown in 96-well plates and exposed to EGCG and/or
rotenone. After 24 h, the media was replaced with fresh media containing MTT (0.5 mg/ml).
After an additional 3-h incubation at 37°C, the MTT-containing media was removed.
Isopropanol containing 0.04 N HCl (200 μl) was then added to each well and the plate was
shaken for 10 min to dissolve the formazan product. The absorbance at 570 nm of the formazan
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product was determined using a microplate reader (SpectraMax 250, Molecular Devices,
Sunnyvale, CA, USA). The viability of SH-SY5Y cells in each well was expressed as the
percentage of control (untreated) cells.

The effect of EGCG on the cytotoxicity of rotenone was determined by pretreating the SH-
SY5Y cells with different concentrations of EGCG for 30 min and then rotenone (5 or 10 μM)
was added to the cells. Twenty-four h after rotenone treatment, LDH and MTT assays were
performed as described above.

4.4. Caspase-3 activity
Caspase-3 activity in culture was measured using the caspase-3 substrate, Ac-DEVD-AMC.
Briefly, control and treated cells grown in 6-well plates were rinsed twice with Dulbecco’s
phosphate-buffered saline (PBS) and transferred to microtubes using a cell scraper. The cells
were sonicated in caspase-3 buffer (25 mM HEPES, pH 7.4, 10% glycerol, and 1 mM EDTA)
and then centrifuged at 10,000 g for 5 min. The caspase-3 activity of the supernatant fraction
was determined by incubating an aliquot equivalent to 20 μg of protein with Ac-DEVD-AMC
in caspase-3 buffer in a total volume of 0.2 ml in a 96-well plate at room temperature. The
increase in fluorescence intensity (excitation at 380 nm and emission at 460 nm) with time was
measured using a microplate fluorescence reader (SpectraMax Gemini, Molecular Devices,
Sunnyvale, CA).

4.5. Analysis of apoptotic cells by flow cytometry
The different stages of apoptosis in control and treated SH-SY5Y cells were analyzed by flow
cytometry using the MultiCaspase Detection kit according to the manufacturer’s directions
(Guava Technologies, Hayward, CA). This detection kit contains sulforhodamine-valyl-
alanyl-aspartyl-fluoromethyl-ketone (SR-VAD-FMK), and 7-amino-actinomycin D (7-AAD).
(SR-VAD-FMK) binds covalently to activated caspases in apoptotic cells whereas 7-AAD
permeates late apoptotic and dying cells but not live, healthy and early to mid-stage apoptotic
cells. In this assay, SH-SY5Y cells were seeded in 6-well plates and with treated with rotenone
(10 μM), EGCG (25 μM), or rotenone (10 μM) plus EGCG (25 μM) for 20 h. Cells were
harvested using trypsin and then stained first with SR-VAD-FMK, followed by staining with
7-AAD before analysis by flow cytometry.

4.6. Measurement of superoxide anion production
Hydroethidine was used to evaluate the intracellular production of superoxide. The cells,
seeded on a 96-well plate, were incubated with rotenone (10 μM), EGCG (25 μM), or rotenone
(10 μM) plus EGCG (25 μM) for 20 h. The cells were washed with phenol red-free RPMI and
then hydroethidine (5 μM) was added to the cells. The increase in red fluorescence as a result
of the oxidation of hydroethidine by superoxide was measured in a fluorescence plate reader
(SpectraMax Gemini) at excitation wavelength of 510 nm and emission wavelength of 590 nm
at 30 min-intervals over a 4-h period.

4.7. Determination of H2O2 in culture media
SH-SY5Y cells were treated with increasing concentrations of rotenone or EGCG, alone, or
in combination, in phenol red-free RPMI medium in the presence and absence of 1.5 mM
pyruvate. After 24 h, aliquots of the culture media were analyzed for H2O2 by the PeroXOquant
Quantitative Peroxide Assay Kit (Pierce, Rockford, IL, USA). This assay is based on the
oxidation of ferrous to ferric iron by hydroperoxides in the presence of xylenol orange. Various
concentrations of H2O2 were used to generate a standard curve for estimating the H2O2
concentrations of the culture media.
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4.8. Immunodetection of protein-bound HNE
SH-SY5Y cells seeded in 75 cm2 flasks were treated with 10 μM rotenone or 25 μM EGCG
for 24 h. Other cells were preincubated with 25 μM EGCG for 30 min prior to incubation with
10 μM rotenone for 24 h. Cells were harvested using a cell scraper and lysed by freeze-thaw
cycles and sonication. The lysed cells were centrifuged at 900 × g for 3 min to remove nuclei
and unbroken cells and the resulting supernatant was centrifuged at 10,000 × g for 10 min. The
10K pellet was resuspended in PBS for Western blot analysis. The proteins (20 μg) were mixed
with Laemmli sample buffer (Bio-Rad cat. no. 161-0737), heated at 95°C for 5 min, and then
loaded onto a 10-well 12% Tris-HCl gel (Bio-Rad Cat. no. 161-1102) with SDS-PAGE
molecular marker (Bio-Rad, 161-0363). After electrophoresis, the proteins were transferred to
a nitrocellulose membrane and blocked with 5% non-fat milk in TBS (Tris-buffered saline) for
1 h at room temperature. The membrane was probed with anti-HNE IgG (Oxis International,
Inc.). The membrane was washed 6 times with TBS-T (TBS with 0.1% tween-20) and then
incubated with goat anti-mouse IgG-HRP conjugate. After washing, the membrane was
incubated with SuperSignal West Pico Chemiluminescent Substrate (Pierce) for 5 min. The
HNE-positive bands were then visualized on X-ray film.

4.9. Identification of immunoreactive proteins in SH-SY5Y cells by tandem mass
spectrometry

To identify the proteins recognized by anti-HNE antibody, a parallel gel was stained with IEF
gel staining solution (Bio-Rad, 161-0434) for 2 h at room temperature. The gel was destained
with 40% methanol-10% acetic acid. The bands of interest were excised. The protein bands
were digested with trypsin and desalted with Ziptip C18 (Millipore, ZTC18S096). The
extracted peptides were analyzed by tandem mass spectrometry using a MALDI-ToF/ToF
instrument (Applied Biosystem, 4700 Proteome Analyzer, Foster City, CA) as described by
Chavez et al. (2006). Mascot software (Matrix Science, London, UK) was used to aid in the
interpretation of tandem mass spectral data. Trypsin was selected as the digesting enzyme
allowing for the possibility of up to one missed cleavage site. The following variable peptide
modifications were allowed: carbamidomethyl (C), phosphorylation (STY) and oxidation of
methionine (M).

4.10. Statistical analysis
All values are expressed as mean ± S.E.M. Statistical analysis was carried out using Student’s
t-test for comparisons between two groups, with P-values less than 0.05 considered significant.
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Fig. 1.
LDH activity in culture medium of SH-SY5Y cells exposed to increasing concentrations of
rotenone (A) or EGCG (B) for 24 h. The data are expressed as means ± S.E. of 4 experiments.
*P < 0.05 versus control (Con) group.
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Fig. 2.
Effect of rotenone (A) or EGCG (B) on cell viability. SH-SY5Y cells were treated with
increasing concentrations of rotenone or EGCG for 24 h and then cell viability was measured
by the MTT assay. The data are expressed as means ± S.E. of 4 experiments. *P < 0.05 versus
control (Con) group.
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Fig. 3.
Effect of EGCG pretreatment on viability of SH-SY5Y cells exposed to 5 μM (A) or 10 μM
(B) rotenone. The SH-SY5Y cells were treated with different concentrations of EGCG (0 to
50 μM) for 30 min prior to the addition of rotenone to the culture medium. Twenty-four h
following rotenone treatment, cell viability was assessed by the MTT assay. The data are
expressed as means ± S.E. of 4 experiments. . #P < 0.05, when cell viability is compared with
that of the control (Con) group; *P < 0.05, when cell viability is compared with that of the cells
treated with only 5 (A) or 10 μM (B) rotenone (no EGCG pretreatment).
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Fig. 4.
LDH activity in culture medium of SH-SY5Y cells exposed to rotenone (10 μM), EGCG (25
μM), or a combination of rotenone (10 μM) and EGCG (25 μM) for 24 h. The data are expressed
as means ± S.E. of 4 experiments. #P < 0.05 versus control (Con) group. *P < 0.05, compared
to rotenone- or EGCG-treated group.
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Fig. 5.
Effect of pretreatment with rotenone, EGCG and rotenone plus EGCG on caspase-3 activity
of SH-SY5Y cells. The cells were exposed to the rotenone (10 μM) alone, EGCG (25 μM)
alone, or rotenone (10 μM) plus EGCG (25 μM) for 24 h before measuring caspase-3 activity
of cell lysates using Ac-DEVD-AMC as a substrate. The data are expressed as means ± S.E.
of 4 experiments. *P < 0.05 vs. control group.
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Fig. 6.
Induction of late apoptosis [SR-VAD-FMK (+) 7-AAD (+)] in SH-SY5Y cells by rotenone
(10 μM) alone, EGCG (25 μM) alone, or rotenone (10 μM) plus EGCG (25 μM). The cells
were treated by the test compounds for 20 h before measuring apoptosis by flow cytometry.
Cells undergoing late apoptosis were identified by positive staining with the fluorescent
compounds, SR-VAD-FMK (which binds covalently to activated caspases) and with 7-amino-
actinomycin D (7-AAD) which permeates later stage apoptotic and dying cells. The data are
expressed as means ± S.E. of 4 experiments. #P < 0.05 versus control (Con) group. *P < 0.05,
compared to rotenone- or EGCG-treated group.
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Fig. 7.
Effect of pretreatment with rotenone, EGCG and rotenone plus EGCG on intracellular
superoxide anion production in SH-SY5Y cells. The cells, seeded on a 96-well plate, were
incubated with rotenone (10 μM), EGCG (25 μM), or rotenone (10 μM) plus EGCG (25 μM)
for 20 h prior to the addition of hydroethidine (5 μM). The increase in fluorescence measured
at excitation wavelength of 510 nm and emission wavelength of 590 nm was followed over a
4-h period. The data are expressed as means ± S.E. of 4 experiments.
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Fig. 8.
SDS-PAGE and Western blot of crude 10,000g-fractions of SH-SY5Y cells treated with
rotenone and/or EGCG for 24 h. Twenty μg of protein were loaded into 12% Tris-HCl gel. The
gel (panel 1) was stained with IEF Gel staining solution. The blot (panel 2) was incubated with
anti-HNE IgG for detection of immunoreactive bands. A: DMSO, B: 10 μM rotenone, C: 25
μM EGCG, D: EGCG (25 μM) + rotenone (10 μM). The identified proteins in sample D that
matched with the Western blot are; 1: Splicing factor, 2: Heat shock protein 90-β, 3: Heat shock
protein 71, 4: not assigned, 5: not assigned, 6: β-Actin, 7: Nuclear ribonucleoprotein A3, 8:
Nuclear ribonucleoprotein A2/B1, 9: Voltage-dependent anion-selective channel protein 1, 10:
ADP/ATP translocase 3, 11: not assigned, 12: Gluthathione S-transferase P, 13: Histone H2B,
H2AV, H3.1t, and 14: Histone H4.
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Table 1
Effect of EGCG and rotenone on hydrogen peroxide content of culture media.

Treatment Hydrogen peroxide (μM)

No pyruvate media With 1.5 μM pyruvate media

Control ND ND
Rotenone
 1 μM ND ND
 5 μM ND ND
 10 μM ND ND
 25 μM ND ND
 50 μM ND ND
EGCG
 1 μM ND ND
 5 μM ND ND
 10 μM 0.33 ± 0.04 ND
 25 μM 0.72 ± 0.04 ND
 50 μM 1.72 ± 0.10 0.87 ± 0.03*
Rotenone (RT) + EGCG
 1 μM EGCG + 10 μM RT ND ND
 5 μM EGCG + 10 μM RT 0.30 ± 0.04 ND
 10 μM EGCG + 10 μM RT 0.58 ± 0.04 ND
 25 μM EGCG + 10 μM RT 0.99 ± 0.04 ND
 50 μM EGCG + 10 μM RT 1.90 ± 0.03 0.5 ± 0.03*

SH-SY5Y cells were treated with rotenone alone, EGCG alone or a combination of the two in serum-free and phenol-red free RPMI 1640 media. After
24 h of treatment, aliquots of media were analyzed for H2O2 by using the PeroXOquant Quantitative Peroxide Assay Kit (Pierce, Rockford, IL, USA).
Each value represents the means ± SE of 4 experiments.

*
Significantly different from corresponding no pyruvate-containing media, P < 0.05, by Student’s t-test.
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