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Mitochondrial dysfunction and oxidative stress are two factors that are thought to contribute to the
pathogenesis of Parkinson's disease (PD), a debilitating progressive neurodegenerative disorder that
results in the loss of catecholamine producing cells throughout specific regions of the brain. In this study
we aimed to compare the effects of hydrogen peroxide (H2O2) and rotenone (a pesticide and mito-
chondrial complex 1 inhibitor) on cell viability and the expression of tyrosine hydroxylase (TH) in a
cellular model of PD. We also sought to investigate the potential neuroprotective benefits of bioactive
constituents from cinnamon, hemp seed and polygonum cuspidatum. To create a model, SH-SY5Y cells
transfected with human TH isoform 1 were treated with varying concentrations of H2O2 and rotenone, in
the presence or absence of bioactive constituents. The effect of these toxins and constituents on cell
viability, apoptosis and protein expression was assessed using MTT viability assays and western blotting.
Rotenone treatment caused a significant decrease in cell viability but a significant increase in TH in the
remaining cells. H2O2 treatment caused a significant decrease in cell viability but had no significant effect
on TH expression. Curcumin, cinnamaldehyde, caffeoyltyramide (hemp seed extract) and piceatannol
glucoside (polygonum cuspidatum extract) were unable to attenuate rotenone induced cell death,
however they were able to provide protection against H2O2 induced cell death. This is the first study to
demonstrate the neuroprotective properties of cinnamaldehyde, caffeoyltyramide and piceatannol
glucoside in a dopaminergic cell line in response to H2O2.
© 2017 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Parkinson's disease (PD) is the second most common neurode-
generative disorder worldwide, affecting 1e2% of the population
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over the age of 65.1 The condition is characterised by the progres-
sive loss of dopaminergic neurons from the substantia nigra pars
compacta.2

There are a number of studies that link the development of PD
with the exposure of certain pesticides such as rotenone.3,4 As a
result, rotenone is commonly used to create in vivo and in vitro
models to study the disease.5,6 H2O2 is a compound commonly used
to model oxidative stress in vitro and in vivo.7,8 As mitochondrial
dysfunction and oxidative stress are thought to contribute to cell
death in PD, we aimed to assess the effects of both rotenone and
H2O2 on SH-SY5Y neuroblastoma cells.

The SH-SY5Y neuroblastoma cell line has been previously used
to create a cellular model of PD.9,10 The cells share many
biochemical and functional characteristics with mature dopami-
nergic neurons and have the ability to differentiate into a
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dopaminergic phenotype. As tyrosine hydroxylase (TH) and dopa-
mine (DA) seem to be central to the pathogenesis of PD and
dopaminergic neurons are specifically targeted in the condition, we
opted to utilise a cell line that had been transfected with human TH
isoform 1 (TH1).11

There were two main aims to be addressed in this study, firstly
we aimed to compare the effects of rotenone and H2O2 treatment
on cell viability and TH expression and once we had established
these changes we would then assess the ability of a number of
potentially neuroprotective compounds to protect against this
toxicity.

Cinnamon is a spice commonly used in food throughout the
world. The spice has been demonstrated to have anti-diabetic and
anti-inflammatory effects12,13 as well as some neuroprotective
properties.14 For instance a previous study demonstrated that
treatment with cinnamon prevented the development of PD like
symptoms and pathology in 1-methyl-4-phenyl-1,2,3,6-tetra
hydropyridine (MPTP) treated mice,15 however the effect of cin-
namon on rotenone is yet to be investigated. Hemp seed and its oil
have been used as both a food and medicine in China for at least
3000 years and hemp seed extracts have been found to demon-
strate antioxidant and antiaging effects16e18 as well as improve
cognitive impairment induced by chemicals in mice.19 In addition
to all of this, epidemiological studies suggest societies that
commonly use curcumin, cinnamon and hemp seed appear to
demonstrate a lower incidence of PD and neurodegenerative dis-
orders.14,20 We included the use of curcumin within our study as a
positive control as this substance has been shown previously to
provide protection against rotenone and H2O2 toxicity.10,21,22

Polygonum cuspidatum is widely distributed in the world and has
been shown to possess antiviral, antimicrobial, anti-inflammatory,
neuroprotective, and cardioprotective properties,23 however these
properties are yet to be investigated using a cellular model of PD.

In this study we assessed the effect of rotenone and H2O2 on SH-
SY5Y cell survival and TH protein expression. We also evaluated the
protective effects of curcumin, cinnamaldehyde, and constituents
isolated from hemp seed (caffeoyltyramide) and polygonum cuspi-
datum (piceatannol glucoside).

2. Materials and methods

2.1. Cell culture

TH1 transfected SH-SY5Y cells (kindly provided by Associate
Professor Phil Dickson, University of Newcastle, Australia) were
cultured in Dulbecco's Modified EaglesMedium nutrient mixture F-
12 Ham (Sigma Aldrich, USA) supplemented with 10% foetal calf
serum (Assay Matrix, AUS) and 1X Antibiotic-Antimycotic (Gibco,
USA (Penicillin, Streptomycin, Fungizone® antimycotic)) in a hu-
midified atmosphere containing 5% CO2 at 37 �C. Cells were seeded
and allowed to adhere for 2 days. Mediawas replacedwith 2% foetal
calf serum media 1.5 h before treatments began and cells were left
to adjust.

2.2. Treatments

Caffeoyltyramide and piceatannol glucoside were isolated and
purified as described previously from hemp seed and Polygonum
cuspidatum24,25 respectively. Their purity (>98%) was confirmed by
high performance liquid chromatography and their structures were
well identified using spectroscopic techniques.

Concentrated stocks of rotenone, curcumin, cinnamaldehyde,
caffeoyltyramide and piceatannol glucoside were prepared using
Dimethyl Sulfoxide (DMSO) (Sigma Aldrich, USA) while stocks of
H2O2 were prepared using PBS. The compounds were added to the
media in the wells to obtain the desired treatment concentrations.
Cells were pre-treated with curcumin, cinnamaldehyde, caf-
feoyltyramide or picceatannol glucoside 1 h before rotenone or
H2O2 exposure. All controls received the same concentration of
vehicle with the DMSO not exceeding 0.5% (v/v) in any
experiment.
2.3. MTT cell viability assay

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) powder
(Sigma-Aldrich, USA) was used as a means to assess cell viability as
previously described.26 Briefly, at the conclusion of the 24 h
treatment duration, MTT was added to culture medium at a final
concentration of 0.5 mg/ml and the plate was mixed gently for
1 min before 2 h incubation in a 37 �C, 5% CO2 incubator. After the
incubation, media was removed and 100 mL of DMSO was added to
each well for 10e15 min while shaking. The intensity of the purple
colour produced in eachwell wasmeasured colourimetrically using
a plate reader at 595 nm. The values of absorbance are expressed as
a proportion of the controls.
2.4. Trypan blue assay

The Trypan Blue (Sigma Aldrich, USA) assay was used as another
means of visually assessing cell viability to support the MTT assay
findings. Cells were seeded into 12 well plates and treated as
described above. When the treatment protocol had ended the
media was removed from the wells and 30 mL of Trypan Blue was
added and left for 30 s. After 30 s an image of the plate was taken
using ‘Cell Pad’. While not quantitative this protocol provided a
means of visually assessing the viability of cell cultures.
2.5. SDS PAGE and western blots

Whole cell lysates were used for western blotting experiments
to analyse total TH (tTH) and Poly-ADP ribose-polymerase (PARP-1)
protein levels. Cells were seeded in a 24 well plate and treated as
described above. At the end of the treatment protocol media was
removed and 110 mL of 2% SDS stop buffer with inhibitors (50 mM
Tris HCL (pH 6.8), 2% SDS, 2 mM EDTA, 1 mM Na orthovanadate,
1 mM Na fluoride, 10 mM Na pyrophosphate) was added. The lysed
cells were collected and heated for 10 min at 100 �C. Samples were
then frozen and stored at -20 �C for later analysis.

Samples were prepared for electrophoresis by dilution with
sample buffer (20% DTT, 40% glycerol, 50 mM Tris, bromophenol
blue, pH 6.8). Samples were run on an 8 or 10% SDS-polyacylamide
gel and transferred to nitrocellulose membrane (0.45 mm and
0.2 mm, GE Healthcare, UK). To minimise non-specific binding
membranes were blocked with 5% skimmilk in Tris-buffered saline
containing 0.075% tween 20 (TBST) for 1.5 h at room temperature.
Membranes were then incubated with anti-PARP-1 (1:1000, Santa
Cruz Biotechnology catalogue no. sc-7150) or anti-total TH (tTH;
1:7,000, Sigma-Aldrich catalogue no. T2928) antibodies for 1 h at
room temperature. Blots were washed and exposed to appropriate
secondary antibody for 1 h at room temperature. Blots were then
exposed to enhanced chemiluminescence detection reagent for 1 h
and developed using a LAS 4000 imaging system (GE Healthcare,
UK). Later, membranes werewashed and then immunoblottedwith
b-actin antibody (1:10,000, Sigma-Aldrich, catalogue no. A3854) as
a marker of the total protein loaded per lane. The density of the
protein bands was quantified using ImageQuant TL software (GE
Healthcare, UK). Quantitation of tTH and PARP-1 were normalised
relative to b-actin levels.
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2.6. Statistical analysis

For data with only two variables a two-tailed unpaired t-test
was used. For data with more than two variables a one-way ANOVA
was used to estimate the overall significance of the data; this was
followed by post hoc Tukey's tests for multiple comparisons. All
analyses were performed using GraphPad Prism software (USA)
and the data is presented as mean ± SEM. All results were
confirmed from a minimum of three independent experiments.
Each experimental condition was conducted at least in triplicate. A
probability of less than 5% (p < 0.05) was considered statistically
significant.
3. Results

3.1. The effect of rotenone and H2O2 on cell viability

To determine the effect of rotenone and H2O2 on cell viability,
cells were exposed to varying concentrations of the toxins for 24 h
before viability was assessed byMTTassay. Fig. 1A depicts the effect
of various concentrations of rotenone on the viability of SH-SY5Y
cells. While exposure to 0.01 mM and 0.1 mM rotenone did not
have a significant effect on cell viability, exposure to 1 mM and 5 mM
rotenone decreased cell viability by approximately 20% (p¼ 0.0015)
and 25% (p < 0.0001) respectively. The higher rotenone doses of
25 mM (p < 0.0001) and 50 mM (p < 0.0001) induced greater cell loss
with an approximate 55% decrease of viability observed.
Fig. 1. The effect of rotenone and H2O2 on cell viability. Cells were exposed to varying con
MTT assay. (B, D) Representative light microscopy images of trypan blue staining demons
C ¼ control. Data presented as mean ± SEM. ***p < 0.005, ****p < 0.001 vs control.
Rotenone treatment also induced a change in cell morphology.
Cells treated with rotenone lost their extensions and became small
and rounded when compared to controls (Fig. 1B).

Fig. 1C depicts the effect of various concentrations of H2O2 on
cell viability. No change in cell viability was detected after exposure
to 10 mM or 50 mM H2O2 for 24 h. Treatment with 100 mM and
150 mM H2O2 resulted in the reduction of cell viability to approxi-
mately 67% (p < 0.0001) and 61% (p < 0.0001) of control cells
respectively while treatment with 200 mM decreased cell viability
to just 15% (p < 0.0001) of control cells.

Like rotenone, treatment with H2O2 also induced significant
changes in cell morphology. Cells became smaller in size, lost their
cellular extensions and became rounded when compared to con-
trols (Fig. 1D).
3.2. The effect of rotenone and H2O2 on poly (ADP-ribose)
polymerase-1 (PARP-1) cleavage

Poly (ADP-ribose) polymerase-1 (PARP-1) is a nuclear protein
with a wide range of physiological functions. Cleavage of PARP-1 by
caspases results in the production of an 89 kD protein fragment and
is a major hallmark of apoptosis (Pacher and Szabo, 2008). Western
blot analysis of our samples demonstrated 2 bands (Fig. 2A and B).
The upper band was around 116 kD and corresponded to the ex-
pected size of uncleaved PARP-1. The other band was around 89 kD
and corresponded to the expected size of the major fragment of
cleaved PARP-1.
centrations of rotenone (A) or H2O2 (C) for 24 h before viability was assessed using the
trating the effect of the toxins on cell viability and morphology. Scale bar ¼ 50 mm,



Fig. 2. The effect of rotenone and H2O2 treatment on PARP-1 cleavage as determined by western blot. (A, B) Representative western blots. (C, D) Cells were exposed to rotenone
(C) or H2O2 (D) for 24 h before cells were harvested for western blot analysis. C ¼ control. Data presented as mean ± SEM. *p < 0.05, ***p < 0.005, ****p < 0.001 vs control.
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Treatment of SH-SY5Y cells with rotenone for 24 h caused a dose
dependent increase in PARP-1 cleavage with 25 mM and 50 mM
treatments resulting in approximately 2.5 (p ¼ 0.0240) and 3-fold
(p < 0.0001) increases in PARP-1 cleavage respectively compared
to control cells (Fig. 2C).

Treatment of SH-SY5Y cells with varying concentrations of H2O2
for 24 h also resulted in a dose dependent increase in PARP-1
cleavage indicating the occurrence of apoptosis within these cells.
While treatment with 10 mM and 50 mMH2O2 caused an increase in
PARP-1 cleavage that failed to reach significance, treatment with
100 mM, 150 mM and 200 mM H2O2 resulted in 3 fold (p ¼ 0.0174), 5
fold (p < 0.0001) and 9 fold (p < 0.0001) increases in PARP-1
cleavage respectively (Fig. 2D).
3.3. The effect of rotenone and H2O2 on tyrosine hydroxylase (TH)
protein expression

Tyrosine hydroxylase (TH) is the rate limiting enzyme in DA
biosynthesis. The SH-SY5Y cells used in this project have been
transfected with human TH-1 and hence have the ability to express
the TH protein.11

Western blot analysis using a mouse anti-TH antibody revealed
a prominent band at approximately 55 kD; the expected size of TH
(Fig. 3A). 0.01 mM, 0.1 mM and 1 mM rotenone treatment did not
induce any significant changes in total TH (tTH) expression (Fig. 3B).
However, treatment with 5 mM, 25 mMand 50 mM rotenone resulted
in a significant increase in TH expression (p ¼ 0.0005, 0.0099 and
0.0367 respectively).

In contrast to the rotenone treatment, H2O2 did not induce any
significant changes in TH expression (Fig. 3C).
3.4. The effect of curcumin, cinnamaldehyde, caffeoyltyramide and
piceatannol glucoside on rotenone toxicity

In this study we assessed the effect of curcumin, cinnamalde-
hyde (a component of cinnamon), caffeoyltyramide (a component
of hemp seed) and piceatannol glucoside (a component of polyg-
onum cuspidatum) on rotenone treatment to explore their ability to
reduce rotenone induced cell death and therefore their potential as
a preventative strategy and/or natural therapy to prevent DA
degeneration in PD.

Exposing the cells to cinnamaldehyde (1 nM - 1 mM), caffeoyl-
tyramide (0.1 mMe10 mM) or piceatannol glucoside (0.1 mMe50 mM)
did not have any significant effect on cell viability (Fig. 4 B, C and D).
Treatment with 10 mM curcumin demonstrated toxicity reducing
cell viability to approximately 50% (p ¼ 0.0149) (Fig. 4A) and hence
this concentration was not used in further investigations.

As demonstrated in Fig. 4 E, F, G and H, pre-treatment with
curcumin, cinnamaldehyde, caffeoyltyramide or piceatannol
glucoside did not have any significant effect on rotenone toxicity in
SH-SY5Y cells.
3.5. The effect of curcumin, cinnamaldehyde, caffeoyltyramide and
piceatannol glucoside on H2O2 toxicity

Pre-treatment with curcumin provided protection against every
H2O2 concentration tested (10 mM - 200 mM), notably curcumin
increased the viability of cells treated with 150 mM H2O2 from
approximately 60%e100% (p ¼ 0.0006) and the viability of
200 mM H2O2 treated cell from 15% to approximately 80%
(p < 0.0001) (Fig. 5A). While curcumin did have the ability to
protect against treatment with 200 mM H2O2, we found that the
reduction in cell viability caused by this concentration of H2O2 was
too robust and made further protein analysis difficult therefore we



Fig. 3. The effect of rotenone and H2O2 on TH expression as determined by western blot. A) Representative western blots. (B, C) Cells were exposed to rotenone (B) or H2O2 (C)
for 24 h before cells were harvested for western blot analysis. C ¼ control. Data presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, vs control.
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proceeded with 150 mM H2O2 treatments.
In contrast, pre-treatment with all of the compounds tested

provided the cells with protection against cellular toxicity induced
by treatment with 150 mM H2O2 (Fig. 5B).

In addition, we also evaluated the effect of these compounds on
the increase in PARP-1 cleavage seen in H2O2 treated cells. We
found that 1 mM curcumin, 100 nM cinnamaldehyde, 1 mM picea-
tannol glucoside and 10 mM caffeoyltyramide were able to reduce
PARP-1 cleavage, indicating a reduction in apoptosis (Fig. 5C and D).
These findings suggest that the tested compounds could provide
protection against H2O2 induced apoptosis and that they poten-
tially possess antioxidant properties.

4. Discussion

This study demonstrates that rotenone and H2O2 have markedly
different effects on SH-SY5Y cells. H2O2 treatment does not appear
to have any significant effect on TH protein expression and the cell
death induced by H2O2 can be prevented by a number of com-
pounds tested. In contrast, rotenone treatment was associated with
an increase in TH protein levels and its toxicity could not be pre-
vented with any of the compounds.

Mitochondrial dysfunction and oxidative stress are two factors
that are thought to play a significant role in the development of PD.
As seen in Fig. 1, rotenone and H2O2 both induced dose dependant
decreases in cell viability in the TH1 transfected SH-SY5Y cells. The
concentrations of rotenone and H2O2 needed to induce this change
were higher than those noted in previous studies using the SH-
SY5Y cell line22,27; this could be due to the transfection of TH1
within these cells incurring increased resistance to rotenone. This
hypothesis is supported by our previous studies using the TH1
transfected SH-SY5Y cell line reporting an increased resistance to
oxidative stress and treatment with 6-OHDA and H2O2.28

Cleavage of PARP-1 is commonly used as an index of apoptosis.
In this study, treatment with rotenone and H2O2 both induced a
dose dependent increase in PARP-1 cleavage indicating the occur-
rence of apoptosis. Interestingly while oxidative stress is thought to
play a major role in cell death induced by both rotenone and H2O2,
the two toxins had significantly different effects on TH expression.
Rotenone induced an increase in TH expressionwithin our SH-SY5Y
cells, this is in contrast to previous studies that suggest rotenone
treatment results in a decrease in TH expression in both animal
models and cells.29,30 It should be emphasised, however, we
measured TH protein only in the cells that were still attached to the
bottom of the plate (which we assume were still viable) but not in
the cells that had detached from the plates (due to death) as these
were removed with the media at the completion of rotenone
treatment. Therefore, our results suggest that TH protein was
increased only per remaining cell (surviving cell) and not per total
number of cells present at the beginning of the treatment. In
contrast H2O2 had no effect on TH protein levels in the remaining
cells, suggesting that while oxidative stress may play a role in
rotenone induced cell death, the increase in TH seen was not
induced by it. Rotenone is also thought to cause inhibition of the
proteasome system,31 therefore it is possible that the levels of TH
protein are increasing in these cells because breakdown and
removal of the protein have been altered; however, this requires
further investigation.

Natural compounds with antioxidant and anti-inflammatory
properties have become of interest with regards to PD as the cur-
rent treatments are associated with harmful side effects. Curcumin,
cinnamon, hemp seed and Polygonum cuspidatum are all naturally
occurring products that have been used in traditional Chinese
medicine for many years.14,16,32 We found that pre-treatment of our
SH-SY5Y cells with compounds isolated from these products did
not have an effect on rotenone toxicity. This is in contrast to pre-
vious studies that have demonstrated the protective effect of cur-
cumin against rotenone in SH-SY5Y cells.10,22 It should be noted
that while both studies have utilised SH-SY5Y cells, our cells
contain human TH1. Therefore, it is possible that the transfected
TH1 and the increase in TH protein expression seen with rotenone
treatment could be potentiating rotenone induced cell death and
playing a role in our inability to protect against rotenone toxicity. As
TH is the rate limiting enzyme in DA synthesis, it is possible that the
increased TH protein expression in response to rotenone could have
induced an increase in DA production. The increased DA could
possibly accumulate within the cytoplasm of the cells and lead to
increased oxidative stress, proteasomal inhibition and mitochon-
drial dysfunction that could be contributing to rotenone induced
cell death. This hypothesis is similar to a popular hypothesis that



Fig. 4. The effect of natural compounds on cell viability and rotenone toxicity. Cells were exposed to curcumin (A), cinnamaldehyde (B), caffeoyltryramide (C), or piceatannol
glucoside (D) for 24 h before viability was assessed using the MTT viability assay. Cells were exposed to curcumin (E), cinnamaldehyde (F), caffeoyltyramide (G) or piceatannol
glucoside (H) before rotenone treatment to assess the effect of each compound on rotenone toxicity. C ¼ control. Data presented as mean ± SE. *p < 0.05, ****p < 0.001 vs control.
Cur-curcumin; Cinn-cinnamaldehyde; Caff-caffeoyltyramide; Pic-piceatannol glucoside; Rot-rotenone.
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suggests an involvement of hyper-activation of TH and DA pro-
duction in early PD pathogenesis.33 Interestingly, the same com-
pounds did display the ability to protect against H2O2 induced
toxicity. In addition, all tested compounds also prevented the
increase in PARP-1 cleavage seen with H2O2 treatment indicating a
reduction in apoptosis and supporting the findings of the viability
assay as well as the findings of previous studies that suggest the
novel compounds possess antioxidant activity.24,25 Moreover a



Fig. 5. The effect of compounds on H2O2 toxicity. A) The effect of 1 mM curcumin on the viability of H2O2 treated cells. Black columns ¼ H2O2 alone, Grey columns ¼ H2O2 þ 1 mM
Curcumin. B) The effect of various compounds on the viability of H2O2 treated cells. C) Representative western blots for the effect of various compounds on PARP-1 cleavage. D)
Quantitative data on the effect of various compounds on PARP-1 cleavage. C ¼ control. Data presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 compared to
control. #p < 0.05, ###p < 0.005 vs 150 mM H2O2 treatment group. ^̂ ^̂ p < 0.0001 vs 200 mM H2O2 treatment group. Cur-curcumin; Cinn-cinnamaldehyde; Caff-caffeoyltyramide;
Pic-piceatannol glucoside.
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previous study has demonstrated the ability of cinnamaldehyde to
modulate the release of catecholamines from a rat pheochromo-
cytoma cell line,34 indicating this compound has the potential to
not only be neuroprotective but may also further ease the symp-
toms of PD by promoting catecholamine release. While the in vitro
antioxidant capabilities of these compounds have been demon-
strated previously, this is the first study to demonstrate the neu-
roprotective properties of cinnamaldehyde, caffeoyltyramide and
piceatannol glucoside in a dopaminergic cell line in response to
H2O2.

In summary, we demonstrated that the effect of rotenone on
these cells is more complicated than just the induction of oxidative
stress and suggest that perhaps TH may be involved. Curcumin,
cinnamaldehyde, caffeoyltyramide and piceatannol glucoside suc-
cessfully prevented H2O2 induced cell death, making this the first
study to demonstrate the neuroprotective potential of these natural
compounds in a SH-SY5Y cellular model of oxidative stress.
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