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ABSTRACT

Parkinson’s disease (PD) is a highly prevalent neurodegenerative disorder, often associated with oxidative stress-induced transcrip-
tional changes in dopaminergic neurons. Phenolic antioxidants, oleuropein (OLE) and rutin (RUT) have attracted a great interest due
to their potential to counteract oxidative protein aggregation and toxicity. This study aimed at examining the effects of OLE and RUT
against 6-OHDA-induced stress response in rat pheochromocytoma cells. When differentiated PC12 cells were exposed to oxidative
stress composer 6-OHDA (100 uM, 8 h), a decreased mitochondrial membrane potential (AYm) was observed along with a significant
loss of cell viability and apoptotic nuclear changes. Exposure to 6-OHDA resulted in unfolded protein response (UPR) in differenti-
ated PC12 cells as evidenced by an increased level of endoplasmic reticulum (ER)-localized transmembrane signal transducer IRETa
adaptive response proteins ATF-4 and proapoptotic transcription factor CHOP. OLE or RUT pretreatment (24 h) at low doses (1-50 uM)
protected the differentiated PC12 cells from 6-OHDA-induced cytotoxicity as assessed by increased viability, improved AWYm and
inhibited apoptosis, whereas relatively high doses of OLE or RUT (>50 uM) inhibited cell growth and proliferation, indicating a typical
hormetic effect. In hormetic doses, OLE and RUT up-regulated 6-OHDA-induced increase in IRE1a, ATF-4 and inhibited CHOP, PERK,
BIP and PDI. 6-OHDA-activated XBP1 splicing was also inhibited by OLE or RUT. The presented results suggest that neuroprotection
against 6-OHDA-induced oxidative toxicity may be attributable to neurohormetic effects of OLE or RUT at low doses through regulat-
ing mitochondrial functions, controlling persistent protein misfolding, activating and/or amplificating the adaptive response-related
signaling pathways, leading to UPR prosurvival output.
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Introduction

Parkinson’s disease (PD), the most common neuro-
degenerative movement disorder, is characterized by
bradykinesia, muscular rigidity, and tremor. Both genetic
and environmental factors play a crucial role in its patho-
genesis (Fahn & Sulzer, 2004; Davie, 2008; Chao et al.,
2014). Although the molecular mechanisms remain to
be fully elucidated, the pathogenesis of PD is generally
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recognized to be associated with impaired redox signal-
ing, mitochondrial dysfunction, excitotoxicity, chronic
inflammation, early apoptosis and synaptic loss in dopa-
minergic neurons (Ebrahimi-Fakhari et al., 2012; Exner
etal.,, 2012).

Recent evidence emphasized that oxidative stress-
mediated neuroinflammation is a key cellular component
in the substantia nigra of patients with Parkinson’s disease
(Hauser & Hastings, 2013; Taylor et al., 2013). A number
of sources and mechanisms for the generation of reac-
tive oxygen species (ROS) are recognized including the
metabolism of dopamine itself, NADPH oxidases (NOX),
Fenton reaction, neuroinflammatory cells, calcium, and
aging (Taylor et al., 2013; Dias et al., 2013). Moreover, a
growing body of evidence highlights an important role
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of mitochondrial dysfunction in PD since mitochondria
contain many redox enzymes and naturally occurring
inefficiencies of oxidative phosphorylation generate ROS
in this organelle (Federico et al., 2012; Taylor et al., 2013;
Dias et al., 2013; Credle et al., 2015). Thus considerable
importance has been given to the prevention of oxidative
stress as a potential therapeutic strategy. Most insights
into the pathogenesis of PD come from experiments in
nerve-growth-factor (NGF)-differentiated PC12 cells
(neuronal PC12 cells) applied with neurotoxins such as
6-hydroxydopamine (6-OHDA). 6-OHDA is selectively
taken up by catecholaminergic neurons and causes their
damage or death by the combined effect of ROS and
quinones (Meng et al., 2007; Li et al., 2014). 6-OHDA has
also been demonstrated to cause mitochondrial damage,
resulting over-production of ROS and DNA damage (Deng
et al., 2012; Kim et al., 2012; Wang et al., 2015).

Oxidative stress disrupts endoplasmic reticulum (ER)
which is a key component of cellular protein homeostasis,
controlling the regulation of protein trafficking, synthesis,
folding, and degradation (Perri et al., 2016). The imple-
menting process in protein quality control in the ER is the
unfolded protein response (UPR), which is activated upon
ER stress to reestablish homeostasis through a sophisti-
cated transcriptionally and translationally regulated sig-
naling network (Hoozemans & Scheper, 2012; Cai et al.,
2016). Accumulation of misfolded proteins within the ER
activates the UPR resulting in the execution of adaptive
or non-adaptive signaling pathways. It is well established
that aggregation and accumulation of misfolded proteins
is responsible for neurodegeneration in PD (Benyair et al.,
2011).

The current therapeutic strategies available for PD
temporarily ameliorate some of the clinical symptoms
but do not stop or slow down the underlying degenerative
processes. Recently, enormous efforts have been deployed
to formulate new strategies that address neuronal degen-
eration. The latest studies indicated that mitochondrial
dysfunction and ER-stress targeted regimens could be
a potential approach to overcome neurodegeneration
(Kondratyev et al., 2007; Benyair et al., 2011; Hoozemans
& Scheper, 2012; Leitman et al., 2013; Cai et al., 2016;
Ogen-Shtern et al., 2016). Following this line of evidence, a
few recent studies showed that some natural polyphenolic
compounds exhibited neuroprotective effects by regula-
tion of redox stress-mediated UPR response (Wu et al.,
2015; Cheng et al., 2016). Natural polyphenols exert their
beneficial effects also by different means including the
modulation of key steps in redox signaling pathways,
limitation of neuroinflammation, inhibition of apoptosis
and activation of autophagy (El-Horany et al., 2016; Ataie
et al., 2016).

Of them, oleuropein (OLE) is a polyphenolic compound,
derived from Olea europea, reported to exert numerous
pharmacological benefits including, anti-oxidative, anti-
inflammatory, anti-atherogenic, antitumor, hypoglycemic,
hepatoprotective, and neuroprotective activities (Rigacci
& Stefani, 2016). We demonstrated that OLE protected
the cells against cytokine-induced damage (Cumaoglu et
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al., 2011a, 2011b) and 4-hydroxynonenal-induced toxicity
through maintenance of redox homeostasis (Bali et al.,
2014). Its effectiveness also against Alzheimer’s disease
has recently been emphasized (Casamenti et al., 2015;
Martorell et al., 2016). OLE is reported to improve learning
and memory retention, and to attenuate cognitive dysfunc-
tion in a rat model of oxidative damage (Pourkhodadad
et al., 2016; Alirezaei et al., 2016; Pantano et al., 2017).
OLE also reduces the oxidative damage in midbrain and
dopaminergic neurons of substantia nigra by increasing
the antioxidant enzyme activities in old rats (Sarbishegi et
al., 2014). Recent studies showed protective effects of OLE
against 6-OHDA-induced degeneration and apoptosis
via mitigating mitochondrial superoxide production and
modulating autophagy in a dopaminergic cellular model
(Pasban-Aliabadi et al., 2013, Achour et al., 2016).

Similarly to oleuropein, rutin (RUT) also improves
locomotor activity, motor coordination, antioxidant level,
dopamine content, dopaminergic D2 receptor number
in 6-OHDA-treated rat model (Khan et al., 2012). RUT
protects mitochondrial functions and ameliorates neural
apoptosis (Zhai et al., 2016). Moreover, a recent study
showed that rutin increased dopamine biosynthesis, and
attenuated the apoptotic genes, which were expressed
significantly in the 6-OHDA-treated neuron like PC12
cells (Magalingam et al., 2016).

While the accumulating evidence supports the
involvement of the benefits of OLE and RUT against
neurotoxicity, the cellular and molecular mechanisms
remain to be elucidated. Here we hypothesized that OLE
or RUT would change ROS-induced alterations in ER- and
mitochondria-associated neurodegeneration induced by
6-OHDA exposure in differentiated PC12 cells.

Materials and methods

Materials

PC12 cells were obtained from American Type Culture
Collection (Manassas, VA, USA). Oleuropein and Rutin
were purchased from AppliChem GmbH (Saxony-Anhalt,
Germany). Fetal bovine serum (FBS), horse serum,
bovine serum albumin (BSA), L-glutamine, penicillin,
streptomycin, RPMI 1640 medium were purchased
from HyClone (Logan, UT, USA). Mouse nerve growth
factor 2.5S (2.5S mNGF) was obtained from Promega
(Madison, WI, USA). Collagen Type IV from human
placenta was purchased from Sigma-Aldrich (Steinheim,
Germany). 6-hydroxydopamine was obtained from Tocris
(Minneapolis, MN, USA). Annexin V-FITC/PI Assay Kit
was obtained from eBioscience (San Diego, CA, USA).
High Pure RNA Isolation Kit and High Fidelity cDNA
Synthesis Kit were obtained from Roche Diagnostics
(Mannheim, Germany). BCA™ Protein Assay Kit was
obtained from Thermo Scientific (Waltham, MA, USA).
PCR reagents were purchased from New England Biolabs
(Ipswich, UK). Rabbit mono- or poly-clonal antibodies
to PDI, CHOP, PERK, PDI, ATF-4, IRElq, B-Actin were
obtained from CST (Danvers, MA, USA). All other



reagents were purchased from Sigma or Millipore unless
otherwise noted.

Cell culture

Neuron-like PC12 cells derived from a transplantable rat
pheochromocytoma, were cultured in RPMI 1640 sup-
plied with 2 mM L-glutamine, 100 IU/mL penicillin and
100 pg/mL streptomycin. The cultures were maintained in
a5% CO, 95% air humidified atmosphere at 37°C, and the
culture medium was changed every 2-3 days. Cells were
seeded on 100 pg/mL collagen type IV coated plates and
passaged at 70—80% confluency. Cells were differantiated
using RPMI 1640 media containing 1% heat-inactivated
horse serum, 100 ng/mL NGF, 100 pg/mL BSA, 2mM
L-glutamine, 100 IU/mL penicillin and 100 pg/mL strep-
tomycin. All the experiments were carried out with NGF
(100 ng/mL) supplemented differentiation media.

Morphological changes and cell viability assay

Cell viability was determined by trypan blue exclusion
assay. In brief, differentiated PC12 cells were seeded at
a density of 2 x 104 cells/cm? for 24 h at 37°C and then
incubated with various concentrations of OLE or RUT
(1, 10, 50, 100, 200, 250, 500 uM) for 24 h or 6-OHDA
(100 uM) for 8 h, 12 h, 24 h. For protection experiments
of OLE and RUT, cells were pre-incubated with OLE or
RUT with various concentrations (1, 10, 50, 100 uM)
for 6 h, followed by 8 h 100 uM of 6-OHDA treatment.
After the incubation period, the cells were trypsinized
and then stained with trypan blue (0.4%), and viable cells
were counted using a hemocytometer. For morphological
changes after treatments, cell images were captured using
Leica DM6000 microscope with a Leica DFC420 camera.

Flow cytometry analysis

Apoptosis and necrosis were determined using an Annexin
V-FITC/PI Assay Kit according to the manufacturer’s
protocol. Briefly, cells were trypsinized after treatments,
washed twice with cold PBS, and then re-suspended
in binding buffer at a density of 1x 10> cells/mL. After
incubation with 5uL of Annexin V-FITC and 5puL of
propidium iodide (PI) working solution in dark for 15 min
at room temperature, the cells were washed and analyzed
by FacsCalibur Flow Cytometer (Becton-Dickinson) using
Cell Quest software (Becton-Dickinson, San Jose, CA).
FITC Annexin V positive and PI negative cells were con-
sidered as early apoptotic; however both FITC Annexin
V and PI positive cells were defined as late apoptotic or
necrotic cells.

Assessment of mitochondrial membrane potential (A¥m)

A¥Ym was determined using a JC-1 dye. The cells were
seeded in 24-well plates at a density of 5x 10% cells/well.
To assess the integrity of A¥m, the cells were pre-treated
with OLE and RUT in different concentrations (1, 10,
50uM) for 6 h, followed by 100 pM of 6-OHDA treat-
ment for 8 h and then stained with 10 uM JC-1 at 37°C
for 30 min in darkness. Then the cells were washed twice
with PBS. The JC-1 fluorescence images were captured
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and processed using Leica LAS AF7000 software. Images
were analyzed in terms of fluorescence integrities and the
ratios of red (non- apoptotic cells)/green (apoptotic cells)
were calculated by Image ] Software (NIH Image, USA)
compared with control and 6-OHDA treated cells.

RNA extraction and cDNA synthesis

Differentiated PC12 cells were seeded in 6-well plates at
a density of 5x 10° cells/well. Cells were pre-treated with
OLE or RUT in different concentrations (1, 10, 50 uM) for
6 h. After pre-treatments, the cells were incubated with
100 uM of 6-OHDA for 8 h. Also Thapsigargin was used
as a positive control as an ER-stress inducer at 300 nM
for 8 h. Total RNA extraction was performed using High
Pure RNA Isolation Kit according to the kit protocol.
RNA quantity/quality was measured with Nanodrop
ND-Spectrophotometer Lite (Thermo Scientific, USA)
and was also confirmed by gel electrophoresis containing
1.5% agarose. cDNA synthesis, based on reverse tran-
scription reactions, was performed with 1 pg of RNA and
High Fidelity cDNA Synthesis Kit which contains 2.5 uM
random hexamer, 1x transcriptor High Fidelity Reverse
Transcriptase reaction buffer, 20 U protector Rnase
inhibitor, 1 mM deoxynucleotide mix, 5 mM DTT, 10 U
Transcriptor High Fidelity Reverse Transcriptase at final
concentration. The following incubation conditions were
applied; 10 min at 65°C, 30 min at 55°C and 5 min at 85°C.

Reverse Transcription PCR (RT-PCR)

Amplification with XBP-1 and P-ACTIN primer
couples were performed with the following thermal
cycling conditions: denaturation for 5 min at 95°C;
35 cycles of 15s at 95°C, 15s at 59°C, and 15s at 72°C;
and an elongation step of 7 min at 72°C. The primers
were B-ACTIN (For-CCCGCGAGTACAACCTTCT; Rev-
CGTCATCCATGGCGAACT), XBP1 (For-TTACGAGAGA-
AAACTCATGGGC; Rev-GGGTCCAACTTGTCCAGAATGC).
The final concentrations of the PCR reagents for each
type of PCR were: Phusion HF buffer, 0.2 mM dNTPs, 10
pM forward and reverse primers and 2 units of Phusion
DNA Polymerase per reaction.

Agarose gel electrophoresis

For the splice variant analysis of XBP1 gene transcripts,
RT-PCR products were separated electrophoretically
using 2.5% agarose gel containing 0.5 pg/mL ethidium
bromide. For the agarose gel electrophoresis, TAE (Tris,
acetic acid, EDTA) buffer consists of 40 mM Tris, 20 mM
acetic acid, and 1 mM EDTA (pH 8) was used as the gel
running buffer. For the sizing of the restriction frag-
ments, 2-Log DNA Ladder was used as the size standard.
Restriction fragments (Unspliced XBP-1= 289 bp, Spliced
XBP-1= 263 bp) were visualized using UV transillumina-
tor and their relative densities were calculated by Image |
Software (NIH Image, USA).

Protein extraction and Western Blot analysis
After each treatment and induction, the cells were washed
twice with ice-cold PBS and centrifuged at 2000 rpm
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for 10 min. Cell pellets were lysed by lysis buffer (RIPA)
containing protease and phosphatase inhibitor cocktails
and incubated on ice for 30 min. After centrifugation at
12,000 g for 15 min at 4°C, the supernatant was separated
and the protein content of each sample was determined by
BCA™ Protein Assay Kit according to the manufacturer’s
protocol. 30 pg of lysates were loaded onto a 10 % sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) for 1.5 h at 100V and and transferred onto 0.2 um
nitrocellulose membranes. After blocking with 5% non-fat
milk in TBST (Tris-buffer saline with 0.1% Tween 20) buf-
fer for 1 h at room temperature. Membranes were incu-
bated overnight at 4°C with primary antibodies against
PDI, CHOP, PERK, PDI, ATF-4, IREla and -Actin as an
internal control. After being washed with TBST three
times, the membranes were probed with an appropriate
horseradish peroxidase (HRP)-conjugated secondary
antibody for 2 h at room temperature. Blots were devel-
oped using electrochemiluminescence (ECL) reagent
and detected using an ECL system (Gel Logic 2200 PRO
Imaging System, Carestream, USA). The band intensities
were quantified with Image J software (NIH Image, USA).
All experiments were performed in triplicate.

Statistical analysis

Statistical analysis was performed with the unpaired
Student's ¢-test for viability assay. One-way analysis of
variance (ANOVA) with Bonferroni post hoc test for
flow cytometry analysis and Holm Sidak post hoc tests
were performed for other parameters using SigmaStat
v3.5 software. The results were expressed as mean values
+ SEM and values of p<0.05, p<0.01 and p<0.001 were
considered statistically significant.

Results

Morphology and the viability of PC12 cells

PC12 cell morphology was observed under inverted phase
contrast microscope and cell mortality calculated by
trypan blue assay. Control neuron like PC12 cells grew
in a high density with long neurites and intact morphol-
ogy (Figure 1A), but exposure to 6-OHDA (100 pM)
led to formation of short neurites, decadent neuronal
network swelling and impaired membrane integrity, in
a time dependent manner (8-24 h) (Figure 1B-D). In
contrast to 12—24 h incubation time with 6-OHDA, dif-
ferentiated PC12 cell morphology still tended to outgrow
neurites, and so they did 8 h after incubation with 100
uM concentration of 6-OHDA (Figure 1B). OLE or RUT
pretreated cells had greater tendency to increase neurite
outgrowth and showed a few changes on the morphology
when compared to the cells exposed to 6-OHDA alone
(Figure 1E-L). The trypan blue exclusion assay displayed
a gradually decreased viability after increasing con-
centration of 6-OHDA (data not shown). In accordance
with the results of the imaging study, the cell viability
decreased around 50% after 8 h treatment with 6-OHDA
(100 uM) (vs control cells p<0.001). Figure 1M shows the
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cell viability results obtained from pretreatment with
increasing concentrations of OLE or RUT (1-500 uM) for
24 h. OLE or RUT progresivelly inhibited cell viability at
high concentrations (100-500 uM). Figure 1N shows the
effects of pretreatment with increasing concentrations
(1, 10, 50, 100 uM) of OLE or RUT for 6 h on 6-OHDA
(100 uM; 8 h) treated cells. OLE or RUT at relatively low
concentrations caused a significant normalization in the
viability of cells exposed to 6-OHDA (vs 6-OHDA treat-
ment alone p<0.001).

Effects of OLE and RUT on 6-OHDA-induced cell apoptosis.

Effects of OLE and RUT on 6-OHDA-induced cytotoxic-
ity were also evaluated by Annexin V-FITC/PI assay. The
results showed that 11.58% of control cells were apoptotic
and 5.70% of them were necrotic (Figure 2B, ] and K). In
the 6-OHDA exposed group (100 pM 8 h), many apop-
totic nuclei positive for PI staining were observed, and
the apoptotic and necrotic cell ratios were significantly
increased up to 57% and 15.10%, respectively (vs control
cells p<0.001) (Figure 2C, ] and K). However, the number
of apoptotic nuclei was decreased in pretreated groups.
Pretreatment of the cells with OLE or RUT with 1, 10,
50 uM for 6 h, significantly reduced AV (+) cells to 13.70%,
13.10% and 16.75% for OLE (Figure 2D, E and F) and
13.45%, 15.00% and 19.10% for RUT (Figure 2G, H and
I), respectively (vs control cells p<0.001) (Figure 2], K). As
shown in Figure 2K, OLE or RUT in all concentrations
significantly decreased PI (+) cells, and this effect was
observed as more significant in the presence of 1 uM of
RUT and 1 uM or 50 uM of OLE (vs 6-OHDA or control
group p<0.001).

Effects of OLE and RUT on mitochondrial membrane potential

Mitochondrial membrane potential (A¥m) is critical for
maintaining the physiological function of the respira-
tory chain to generate ATP (Joshi & Bakowska, 2011).
Mitochondrial membrane potential was measured by
fluorescence staining with JC-1 dye. JC-1 is aggregated in
mitochondria in living cells and emits red fluorescence,
but in apoptotic cells JC-1 remains in the monomeric
form, which shows green fluorescence. As shown in
Figure 3A, the control group of cells emitted more intense
red fluorescence. After being treated with 6-OHDA, the
red fluorescence intensity was decreased and the green
was increased (Figure 3B), while the cells were able to
overcome 6-OHDA-induced green fluorescence inten-
sity when pretreated with OLE or RUT (Figure 3C and
3F). However, the cells were tending to undergo apoptosis
and emitted green fluorescence at high concentrations
of phytochemicals compared to control cells. The results
of JC-1 experiments showed that 6-OHDA treatment
significantly decreased red/green fluorescence ratio that
could be prevented by pretreatment with OLE or RUT
(p<0.01). In case of pre-treatment with low concentration
of OLE (1 uM), red fluorescence intensity was similar to
the red fluorescence intensity obtained from control
cells, and there was no significant difference (Figure 3I).
But, as shown in Figure 3D and 3E, the red/green
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Figure 1. Representative morphological images of PC12 cells under phase-contrast microscopy (A-L) (Magnification: 400x). Control cells were
treated with NGF (100 ng/mL) for 24 h (A). NGF (100 ng/mL)-stimulated cells were treated with 100 uM 6-OHDA for 8, 12, 24 h (B-D), various
concentrations (1, 10, 50, 100 pM) of OLE or RUT for 24 h (E-L). Effects of OLE and RUT were assessed by trypan blue exclusion assay; cells were
treated with OLE or RUT with various concentrations (1, 10, 50, 100, 200, 250, 500 uM) for 24 h (M), and cells were pre-treated with OLE or
RUT with various concentrations (1, 10, 50, 100 uM) for 6 h, then post-treated with 100 uM of 6-OHDA for 8 h (N). The assay was performed as
described in Materials and Methods section. Data were expressed as mean + SEM; n=6 wells per each group. Statistical significance was deter-
mined with unpaired Student's t-test, ***p<0.001, versus control cells. $p<0.001, versus 6-OHDA treated cells. 6-OHDA: 6-hydroxydopamine;
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fluorescence ratio was decreased significantly when the
cells were pretreated with 10 uM or 50 uM OLE (p<0.01).
In all concentrations of RUT, red fluorescence intensity
was significantly decreased (vs control group p<0.05 for
1 uM and 10 uM RUT; p<0.01 for 50 uM RUT) (Figure
3F, G and H).

Effects of OLE and RUT on the expression of ER stress-related

proteins in 6-OHDA-induced neuron-like PC12 cells

To investigate the involvement of ER stress in the
neuroprotective effect of OLE and RUT, we measured
the expressions of ER stress markers with Western blot
(Figure 4). 6-OHDA (100 uM) treatment increased CHOP
protein expression in a time dependent manner, and
CHOP levels reached maximal level after 8 h of incubation
with 6-OHDA (2.5-fold) (vs time 0 h p<0.001) (Figure 4A).
We show that OLE and RUT, when used at relatively low
concentrations (1, 10, 50 pM) decreased 6-OHDA induced
CHOP increment (vs 6-OHDA p<0.01). On the other
hand, ER stress responsive kinase IREla levels and ATF-4
translational expression were significantly up-regulated
by 6-OHDA treatment (100 uM; 8 h) (vs control p<0.001)
(Figure 4B, C). Interestingly, all pre-treatment regimens
were able to produce a further increase in this UPR (vs
6-OHDA alone p<0.05-p<0.001) (Figure 4C). Only 50 uM
RUT had no significant effect on IREla protein levels in
6-OHDA-induced neuron-like PC12 cells.

Moreover, PERK, PDI and BIP protein levels were
decreased by 6-OHDA treatment (100 uM; 8 h) (vs control
»<0.001), and OLE and RUT when used at relatively low
concentrations (1, 10, 50 uM) produced a further decline
in 6-OHDA-induced reduction in PERK, PDI and BIP pro-
tein levels (vs 6-OHDA alone p<0.05-p<0.01). Especially
at 10 and 50 uM concentrations of RUT, 2.7- and 2.94-fold
decrease in PERK level as well as 2.2- and 2.1-fold decrease
in PDI level (vs 6-OHDA alone p<0.01) were observed
(Figure 4D).

Effects of OLE and RUT pretreatment on the splice variant

of XBP1in 6-OHDA-induced differentiated PC12 cells

To evaluate whether 6-OHDA-induced apoptosis in PC12
cells or the effects of OLE or RUT is related to XBP1S
associated ER stress, we measured XBP1 splice variant
(XBP1S) levels semi-quantitatively, by agarose gel elec-
trophoresis. Thapsigargin was used as a positive control
for induction of the splicing of XBP-1 in PC12 (data not
shown). A significant up-regulation of XBP1 splicing was
observed following treatment with 100 uM 6-OHDA.
Pretreatment with 1-10 uM OLE or 1 uM RUT followed
by 6-OHDA treatment resulted in lowered XBP1S variant
levels, (vs 6-OHDA alone p<0.05, p<0.001, respectively)
(Figure 5B). However, 50 uM OLE or 10 pM RUT did not
change 6-OHDA-induced splicing of XBP1 (vs 6-OHDA
alone p>0.05) (Figure 5B).
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Figure 2. Flow cytometry analysis of NGF (100 ng/mL)-stimulated PC12 cells using Annexin V-FITC and propidium iodide, and the results were
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**p<0.01 ***p<0.001 versus control cells; $p<0.001 versus 6-OHDA treated cells. 6-OHDA: 6-hydroxydopamine; OLE: Oleuropein; RUT: Rutin;
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Figure 3. JC-1 staining for 6-OHDA-induced dissipation of mitochondrial membrane potential NGF (100 ng/mL)-stimulated PC12 cells (A-I)
(Magnification: 400X). NGF (100 ng/mL)-stimulated cells were treated with 100 uM 6-OHDA for 8 h (C), various concentrations (1, 10, 50 pM) of
OLE or RUT for 6 h then post-treated with 100 pM of 6-OHDA for 8 h and stained for 30 min with JC-1, a mitochondrial potential sensitive dye
(A-H). Fluorescence patterns of different antioxidant groups, as represented in the pictures, were increased in red JC-1 aggregates; increase in
green fluorescence means attenuation of mitochondrial membrane potential. Data (red/green fluorescence ratios) were expressed as mean +
SEM; n=3 wells per each group (I). Statistical significance was determined with one-way analysis of variance (ANOVA) with Holm Sidak post hoc
\test,*p<0.05, **p<0.01 versus control cells; fp<0.01 versus 6-OHDA treated cells. 6-OHDA: 6-hydroxydopamine; OLE: Oleuropein; RUT: Rutinj
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Figure 4. Effects of OLE or RUT on the ER-stress related protein levels in 6-OHDA (100 uM, 8 h)-induced and NGF (100 ng/mL)-stimulated
PC12 cells were examined by western blot analysis (A, B, C, D). CHOP protein levels were examined in NGF (100 ng/mL)-stimulated PC12 cells
treated with 100 pM 6-OHDA for 4, 8, 12, 24 h (A). Each value represents the mean + SEM band density ratio for each group (n=3). 3-Actin
was used as an internal control (A, B, C, D). Statistical significance was determined with one-way analysis of variance (ANOVA) with Holm
Sidak post hoc test, *p<0.05, **p<0.01 and ***p<0.001 versus control cells or time 0 h cells ; #p<0.05, #/p<0.01 and fp<0.001 versus 6-OHDA
treated cells. 6-OHDA: 6-hydroxydopamine; OLE: Oleuropein; RUT: Rutin; PERK: Protein kinase R (PKR)-like endoplasmic reticulum kinase; IRE1a:
inositol-requiring enzyme 1a; BIP: binding immunoglobulin protein; PDI: protein disulfide-isomerase; ATF-4: activating transcription factor 4;
CHOP: C/EBP-homologous protein.
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Discussion

Most neuroprotective antioxidants have hormetic
properties and interact with cell signaling systems to
modulate adaptive stress responses via changing gene
expression of various stress responsive proteins (Joshi &
Bakowska, 2011). Numerous polyphenolic antioxidants
as well as OLE or RUT have shown therapeutic potential
against neurodegenerative diseases (Calabrese et al,
2010; Barbaro et al., 2014; Rodriguez-Morat6 et al., 2015;
Magalingam et al., 2016). However, the underlying cel-
lular and molecular mechanisms are largely unknown.
In this study, we investigated the action mechanisms of
OLE and RUT on 6-OHDA-induced neurodegeneration in
differentiated PC12 cells, and we provided direct evidence
to indicate that hormetic effect and the related signaling
pathways were responsible for the neuroprotective activ-
ity of both OLE and RUT.

In fact, the characteristic of hormesis is a biphasic
dose-response with a low dose stimulatory/beneficial
effect (improved function, increased resistance to injury)
and a high dose inhibitory/toxic effect (dysfunction,
molecular damage, or even death) (Rieger et al., 2011).
Hormesis in the nervous system has been documented
as neurohormesis (Mattson & Cheng, 2006), which is

regulated by plant secondary metabolites (Zhang et al.,
2016), neurotoxins and other endogenous factors. It
activates compensatory pathways to induce neuropro-
tection, neurite outgrowth and cell viability (Zhang et
al., 2017; Murugaiyah & Mattson, 2015). We found that
both OLE and RUT produce typical neurohormetic
dose-response effects in NGF-differentiated PC12 cells,
a rat pheochromocytoma cell line with typical neuron
features, that has been widely introduced as a neuronal
cell in vitro model (Rieger et al., 2011). Differentiated
PC12 cells when preincubated with OLE or RUT at the
concentrations ranging from 1-50pM significantly
ameliorated 6-OHDA-induced growth inhibition. The
neuroprotective effect of OLE and RUT was confirmed
by flow cytometry measurements, and we found that the
pretreatment with OLE or RUT at hormetic concentra-
tions (1-50 uM) inhibited 6-OHDA-induced neuronal
apoptosis. However, the relatively high concentrations of
OLE and RUT (100-500 uM) did not produce a protec-
tive activity, but inhibited cell viability and enhanced
cytotoxicity of 6-OHDA. In accordance with our findings,
previous studies reported that 6-OHDA-induced cell
death involves apoptotic and necrotic features (Li et al.,
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2015), and OLE, olive leaf extract (Pasban-Aliabadi et al.,
2013) and also RUT (Magalingam et al., 2016) are able to
inhibit 6-OHDA-induced neuron-like PC12 cell apoptosis.
Moreover, Martin-Aragén et al. reported that RUT and
quercetin might have neuroprotective effects on SH-SY5Y
cell line, over-expressing the amyloid precursor protein,
through their neurohormetic effects via modulating pro-
teasomal function (Martin-Aragén et al., 2016). 6-OHDA
has been demonstrated to cause mitochondrial damage
by effecting mitochondrial dynamics, leading to excess
production of ROS and the activation of ROS-mediated
cellular death pathways (Magalingam et al., 2016). In this
context, mitochondrial membrane potential (A¥Ym) is a
key indicator for evaluating mitochondrial dysfunction,
and the loss of A¥m indicates overproduction of ROS
(Joshi & Bakowska, 2011). Mitochondrial dysfunction
contributes to apoptosis induction and plays a central role
in 6-OHDA-activated cell death (Zuo and Motherwell,
2013; Hu et al., 2014; Jha et al., 2017). Accordingly, our
results demonstrated that the treatment with 100 uM
6-OHDA during 8 h resulted in a sharp loss of AYm.
However, pretreatment with OLE or RUT (1-50puM)
attenuated 6-OHDA-induced loss in AYm and promoted
neuronal survival in consistency with the findings from
our flow cytometry experiments. The A¥m protecting

effect of OLE or RUT has been demonstrated previously
in diferent cell models of oxidative stress (Cumaoglu et al.,
2011a, 2011b; Carrasco-Pozo et al., 2012).

On the other hand, excess ROS production due to
impaired mitochondrial integrity is a major reason of
UPR and ER stress that can also trigger mitochondrial
damage by altering protein folding enzyme functions
which, in turn, leads into ER stress again. This crosstalk
between ER stress and mitochondrial dysfunction is
induced by 6-OHDA both directly and indirectly (Cai
et al., 2016). Accumulation of misfolded proteins within
the ER activates UPR, resulting with the execution of
adaptive or non-adaptive signaling pathways (Benyair et
al., 2011; Hoozemans & Scheper, 2012). Upon activation,
the UPR orchestrates cellular alterations in transcription,
translation and protein degradation. These changes are
mediated through the activation of three well-known
sensors of the UPR, inositol-requiring protein 1 alpha
(IREla), PKR (double-stranded-RNA-dependent protein
kinase)-like ER kinase (PERK), activating transcription
factor-6 (ATF6) and their downstream effectors (Cai et al.,
2016). Their activation triggers specific adaptive responses
to resolve the stress or initiates signalling pathways that
lead to apoptosis, depending on the severity and duration
of the stress (Hosoi & Ozawa, 2009; Leitman et al., 2013;

Nucleus @

UPR Target Genes

Neuronal Apoptosis

Figure 6. Mechanistic insight of OLE and RUT in preventing 6-OHDA-induced ER-stress in PC12 cells. 6-OHDA induces both mitochondrial
dysfunction and ER-stress, leading to over-production of ROS and unfolded protein response (UPR). OLE and RUT attenuate 6-OHDA induced
adaptive response to survival via directly regulating mitochondrial functions, promoting IRE1a signaling pathway (ATF-4), reducing ER protein
overload (via PERK, BIP, PDI downregulation); rather than apoptosis (CHOP, ROS overproduction). OLE and RUT can also enhance stress related
pathways under serum deprivation concomitantly with 6-OHDA exposure, however cell viability and healthy-apoptotic cells ratio remain ele-
vated. Red arrows: 8 h 100 uM 6-OHDA alone treatment; green arrows: 6 h OLE or RUT pre-treatment, followed by 8 h 100 pM 6-OHDA treatment.
6-OHDA: 6-hydroxydopamine; OLE: Oleuropein; RUT: Rutin; UPR: Unfolded protein response; PERK: Protein kinase R (PKR)-like endoplasmic
reticulum kinase; IRE1a: Inositol-requiring enzyme 1a; XBP1: X-Box binding protein 1; XBP1s: X-Box binding protein 1 splice variant; BIP: Bind-
ing immunoglobulin protein; PDI: Protein disulfide-isomerase, SAPK/JNK: Stress-activated protein kinase/Jun-amino-terminal kinase; ATF-4:

N

Activating transcription factor 4 CHOP: C/EBP-homologous protein; AYm: Mitochondrial membrane potential; ROS: Reactive oxygen species.
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Credle et al., 2015; Cai et al., 2016). Once, ER-stress is
activated, a chaperone protein named binding immuno-
globulin protein (BIP) dissociates from misfolded proteins
and activates IREla and PERK. Incubation of differenti-
ated PC12 cells with 100 pM dose of 6-OHDA induced
UPR in a time dependent manner (0, 4, 8, 12, 24 h) that
was determined by increased levels of UPR signaling mol-
ecule CHOP (via IREla but not PERK). In UPR cascade,
the activation of PERK via phosphorylation leads to the
phosphorylation of eukaryotic initiation factor 2 (eIF2a)
to induce translational repression in order to decrease ER
overload (Kondratyev et al., 2007; Leitman et al., 2013). If
elF2a severely decreases, the activating protein-4 (ATF-4)
is induced, which promotes apoptotic ER-stress marker
C/EBP homologous protein (CHOP) (Ogen-Shtern et al.,
2016). Although we did not evaluate the phosphorylation
level of PERK, its documented decreased total levels fol-
lowing 6-OHDA treatment indicated that PERK was less
likely to have a function as a master regulator of apoptosis
in our model of 6-OHDA-induced UPR. However, we
confirmed the upregulated levels of ATF-4 and CHOP, a
major transcription factor mediating ER-stress-induced
apoptosis which, in accordance with previous study
(Szegezdi et al., 2006), settled at maximum level after 8
h of incubation with 6-OHDA. Furthermore, phosphory-
lated IREla activates SAPK/JNK pathways (Muralidharan
& Mandrekar, 2013) and also induces inactive X-box-
binding protein 1 (XBP1) mRNA splicing to its active
XBP1S variant. We found that 6-OHDA-induced UPR
increases XBP1 splicing, which can promote adaptive or
apoptotic ER stress-related genes. In fact, ATF-4 not only
regulates the expression of pro-apoptotic gene CHOP
under chronic stress conditions (Galehdar et al., 2010;
Mercado et al., 2015), but also translocates to the nucleus
where it induces the expression of ER chaperones, such as
protein disulfide isomerase (PDI), which increases refold-
ing of misfolded proteins (Halperin et al., 2014). PD], a
convergent center of ER redox homeostasis and signalling
processes (Zeeshan et al., 2016) has been suggested to
occur as an early adaptive response in toxin-mediated
stress (Kim-Han & O’Malley, 2007). In the cellular model
of the PD, the increased oxidative modification of PDI has
been reported to result in inhibition of its activity, trig-
gering ER stress and possibly cell death (Mercado et al.,
2013). Consistently with previous observations (Mercado
et al., 2015), we found an unchanged PDI protein level in
6-OHDA treated neuron-like PC12 cells. On the other
hand, BiP is a HSP70 molecular chaperone located in the
lumen of the ER that binds newly synthesized proteins as
they are translocated into the ER and maintains them in a
state competent for subsequent folding and oligomeriza-
tion. Under ER stress, the cells activate BiP, which protects
them from lethal conditions (Schroder & Kaufman, 2005).
In the present study, inhibited BiP levels were associated
with unchanged PDI levels in 6-OHDA treated cells. A
previous study suggested that UPR-mediated apoptosis
or survival is dependent on the balance between BIP and
CHOP levels, and 6-OHDA exposure induces CHOP
rather than BIP (Hu et al., 2014). In accordance with
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all findings, our differentiated PC12 cells underwent
apoptosis via the CHOP pathway due to continuous
6-OHDA-induced ER stress. Another interesting finding
of this study is the effect of OLE and RUT on 6-OHDA-
induced UPR. We found that pretreatment with OLE or
RUT leads to potentiation of 6-OHDA-induced increases
in the levels of IREla and ATF-4, but not CHOP. CHOP
was significantly inhibited by OLE or RUT pretreatment,
consistently with the results of our flow cytometry experi-
ments. Sun et al. suggested that ATF-4 overexpression
influences different proteins that in turn regulate parkin
turnover and make cells resistant to ER stressors (Sun et
al., 2013). Moreover, recent studies reported that IREla
expression is inducible through ATF4 that catalyses the
splicing of the XBP1, leading to neuroprotection (Tsuru
et al., 2016). In the light of previous works, our results
suggested that preconditioning with OLE or RUT triggers
adaptive response processes and increased IREla could
potentiate ATF-4-mediated neuronal survival. Spliced
XBP1 is a stable transcription factor which translocates to
the nucleus to induce the upregulation of ER chaperones
and proteins involved in the ER-associated degradation
(ERAD) pathway (Tsai & Weissman, 2010). XBP1 also
controls phospholipid synthesis which is important for
ER membrane expansion when the ER is under stress
(Zeeshan et al., 2016). It has been demonstrated that a
down-regulation of XBP1 mRNA levels triggers CHOP-
mediated apoptosis and causes spontaneous neurode-
generation in adult mice nigral dopaminergic cells (Lee
et al., 2003; Valdés et al., 2014). However, Choi et al.
reported that baicalein induces protection in ER stress
induced HT22 cells via diminishing the cleavage of XBP1
(Choi et al., 2010). We found that the induction of XBP1
by 6-OHDA is inhibited by hormetic doses OLE or RUT,
indicating that OLE and RUT direct the cells to adaptive
state rather than irreversible apoptotic state. The present
findings are in consistency with the results of a recent
study, which showed that rutin protects neuron-like PC12
cells against 6-OHDA induced cytotoxicity by suppres-
sion of lipid peroxidation and activation of antioxidant
enzymes (Magalingam et al., 2016).

Conclusion

In summary, we demonstrated that low doses of OLE or
RUT show hormetic effects and thereby neuroprotection
against 6-OHDA-induced cell growth inhibition and
apoptosis through preservation of mitochondrial function
and activation of UPR-mediated cell survival pathways in
neuron-like PC12 cells.
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