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Abstract
We have recently demonstrated that δ-opioid receptor (DOR) activation attenuates α-synuclein expression/aggregation induced
by MPP(+) and/or severe hypoxia. Since α-synuclein plays a critical role in the pathogenesis of Parkinson’s disease, DOR
activation may trigger an antiparkinson pathway(s) against α-synuclein-induced injury. However, the underlying mechanism is
unknown yet. In HEK293Tand PC12 cells, we investigated the effects of DOR activation on the oligomer formation induced by
α-synuclein overexpression and mutation in normoxic and hypoxic conditions and explored the potential signaling pathways for
DOR protection. We found that (1) increased expression of both wild-type and A53T-mutant α-synuclein led to the formation of
α-synuclein oligomers and cytotoxic injury; (2) DOR activation largely attenuated the formation of toxic α-synuclein oligomers
induced by α-synuclein overexpression/mutation and/or hypoxia; (3) DOR activation attenuated α-synuclein-induced cytotox-
icity through TORC1/SIK1/CREB, but not the phospho-CREB pathway, while DOR activation reduced hypoxic cell injury
through the phospho-CREBmechanism; and (4) the interaction of α-synuclein and the DJ-1 was involved in the mechanisms for
DOR-mediated protection against α-synuclein oligomer formation. Our findings suggest that DOR attenuates the formation of
toxic α-synuclein oligomers through the phos-CREB pathway under hypoxic conditions, and through TORC1/SIK1/CREB
pathways in the conditions of α-synuclein overexpression and mutation. The DJ-1 gene was involved in the DOR protection
against parkinsonian injury.
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Introduction

δ-Opioid receptor (DOR) is expressed in abundance in the
cortical and striatal regions [1, 2]. DOR has been revealed to
pose an especially compelling biological function for new
neuroprotective therapies. An early human study suggested
that altered opioid transmission is part of the pathophysiology
of Parkinson’s disease (PD) [3]. Moreover, some studies on
rodent and primate PD models showed that systemic admin-
istration of a DOR agonist has significant antiparkinson ef-
fects [4, 5]. In sharp contrast, other studies showed opposite
results [6]. Therefore, the role of DOR in the parkinsonian
brain is debatable due to the lack of direct and convincing
evidence for the DOR’s effect on parkinsonian pathophysiol-
ogy and methodological limitations in previous opioid
research.

Our recent work with current approaches has strongly dem-
onstrated that DOR is a neuroprotector in the brain [7, 8].
Moreover, we found that DOR activation attenuates α-
synuclein expression/aggregation and accordingly reduces cy-
totoxicity in an in vitro PD model exposed to MPP(+) stress
[9]. Since α-synuclein plays a critical role in the pathogenesis
of PD, our novel finding prompted us to hypothesize that
DOR signaling may reduce α-synuclein overexpression and
oligomer formation in the parkinsonian brain, suggesting a
new therapeutic avenue for the treatment of PD.

Although the precise mechanisms underlying PD are still
unclear, several lines of evidence have demonstrated that en-
vironmental and genetic factors significantly contribute to PD
pathogenesis in an aged brain. MPTP, pesticides (paraquat,
organophosphates, and rotenone), hypoxic injury, metals
(e.g., manganese, copper, mercury, lead, iron, zinc, and alu-
minum), diet, head trauma, and infections have been proposed
as potential risk factors [10, 11], while caffeine intake and
cigarette smoking have been found to reduce the risk of PD
[10]. The genes associated with PD are α-synuclein, parkin,
ubiquitin carboxy-terminal hydrolase L1 (UCH-L1), PTEN-
induced putative kinase 1 (PINK1), DJ-1, and leucine-rich
repeat kinase 2 (LRRK2 or dardarin) [11]. Among these key
factors, MPP is well recognized as a PD inducer [12]. At
molecular level, α-synuclein expression and aggregation are
broadly thought as a primary event in the pathophysiology of
PD [9, 13]. Therefore, our finding on DOR’s attenuation of
MPP(+)-induced α-synuclein expression and aggregation is
truly significant in both science and medicine. However, the
mechanisms for DOR-induced protection againstα-synuclein
expression and aggregation are still unknown.

Our previous studies suggest that DOR activation may at-
tenuate MPP(+)- or hypoxia-induced α-synuclein expression/
aggregation via a CREB pathway because DOR activation
enhances CREB phosphorylation and prevents the collapse
of the mitochondrial membrane potential (Δψm) [9].
Several lines of evidence have shown that CREB is regulated

through phosphorylationat serine 133 (S133) and starts tran-
scription of the target gene by raising CBP [14]. However,
recent studies [15, 16] found that transducer of regulated
CREB (TORCs) can be sustained in conjunction with
CREB, leading to the transcription of target genes; this tran-
scription is not significantly dependent on phosphorylation at
S133. On the other hand, salt-inducible kinase (SIK) was
found to be the transcriptional inhibitory kinase of the
CREB-TORC complex [16]. One or more isoforms of SIK
are the target genes of CREB, which makes it possible to form
a complete feedback regulation loop for CREB signaling.

DJ-1 is a small but ubiquitously expressed protein impli-
cated in several pathways associated with PD pathogenesis.
Althoughmutations in the gene encoding DJ-1 lead to familial
early-onset PD, the exact mechanisms responsible for its role
in PD pathogenesis are still elusive. Recent studies found that
DJ-1 interacts directly with α-synuclein monomers and olig-
omers in vitro, which also occurs in HEK293 cells [17].
Therefore, a direct interaction between DJ-1 and α-synuclein
likely constitutes the basis for a neuroprotective mechanism,
and familial mutations in DJ-1 may contribute to PD by
disrupting these interactions [18].

This study was designed to determine if DOR has an
antiparkinson effect on the cell model with α-synuclein
overexpression/mutation induced oligomer formation. If this
is true, what is the major signaling pathway(s) mediating the
DOR effect? More specifically, are CREB, TORC, SIK, and
DJ-1 differentially involved in the DOR protection against α-
synuclein cytotoxicity? Since DOR activation also attenuates
hypoxia-induced α-synuclein aggregation and cell injury [9],
we further asked if DOR protects from α-synuclein cytotox-
icity through the same pathway(s) in MPP(+) and hypoxic
conditions.

Material and Methods

Chemicals and Reagents

Deulbecco’s Modified Eagle Medium (DMEM) and fetal bo-
vine serum (FBS) for cell culture medium, protease inhibitors
for western blot, and anti-α-synuclein antibody were all pur-
chased from Sigma Chemical Co. (St. Louis, MO, USA).
Primary antibodies against DOR CREB and CREB/S133
were purchased from Chemicon Inc. (Temecula, CA, USA).
Primary antibodies against PARK7/DJ-1, TORC1, and Snf1lk
were from Abcam (Cambridge, MA, USA). Cytoscan-LDH
cytotoxicity assay kit was purchased from G-Biosciences Inc.
(St. Louis, MO, USA). RIPA buffer was from Life Science
Research Pierce Biotechnology Inc. (Rockford, IL, USA).
Transfer buffer and running buffer for western blotting were
purchased from Boston BioProducts Inc. (Ashland, MA,
USA). UFP-512 [H-Dmt-Tic-NH-CH (CH2-COOH)-Bid], a
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specific and potent DOR agonist [19, 20], was provided by
our research team.

Cell Culture

HEK293T cells and PC12 cells were purchased from ATCC
(Manassas, VA, USA). Both cells were cultured in DMEM
supplemented with 10% FBS, 4500 mg/L of glucose,
110 mg/L of sodium pyruvate, and L-glutamine in a humidi-
fied incubator with 5% CO2 at a temperature of 37 °C. Cells
were plated on either 60-mm dishes (for western blotting stud-
ies) or 96-well plates (for cell viability, cytotoxicity, and fluo-
rescence microscope studies) at a density of 2 × 105 cells/mL.

Cell Transfection

PC12 cells were transfected with either the α-synuclein
(wild)-EGFP vector (empty vector control) or the α-
synuclein (A53T)-EGFP vector using Lipofectamine™ 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. Cells were transfected with 16 μg of
DNA/106 cells and incubated at 37 °C with 5% CO2 for
24 h, after which they were collected for further experiments.
WT/A53T plasmids were available free of charge from Dr.
Tomok i Kuwaha r a o f t h e G radua t e Schoo l o f
Pharmaceutical Sciences, University of Tokyo.

Western Blot Analysis

The harvested HEK293T cells were washed twice with DPBS
and then were ultrasonically homogenized in ice-cold RIPA
buffer (25-mM Tris-HCl pH 7.6, 150-mM NaCl, 1% NP-40,
1% sodium deoxycholate, 1% SDS) containing a mixture of
cocktail proteinase inhibitors (1-mg/mL pepstatin A, 1-mg/
mL leupeptin, 1-mg/mL aprotinin, 100-mg/mL phenyl meth-
ane sulfonyl fluoride, 100-μg/mL benzamidine, 8-mg/mL
calpains I and II; 0.1-mM PMSF). Homogenates were centri-
fuged (12,000 g, 15 min at 4 °C), and the supernatants were
used directly for electrophoresis. The concentration of protein
in samples was determined by a Bradford protein assay.
Samples were separated on a 10% SDS-PAGE under denatur-
ing conditions and transferred onto a polyvinylidenedifluoride
membrane (PVDF, Amersham Biosciences, USA). The non-
specific binding was blocked in a blocking buffer (5% non-fat
dry milk, 10-mM Tris-HCl, pH 7.5, 150-mM NaCl, 0.1%
Tween 20), and different proteins were identified using spe-
cific primary antibodies diluted in TBST containing 1% non-
fat dry milk incubated overnight at 4 °C. After washing with
TBST three times, the membrane was incubated for 1 h at
room temperature with goat anti-rabbit IgG (Chemicon Inc.
Temecula, CA, USA) for DOR and CREB, or goat anti-mouse
IgM (Chemicon Inc. Temecula, CA, USA) for α-synuclein
diluted 1:5000 in 1% non-fat dry milk. After thrice washing

with TBST, immunoreactive bands were observed under
Piercer® ECL Western Blotting Substrate (Thermo
Scientific, Rockford, IL, USA). In addition, membranes were
stripped by Restore™Western Blot Stripping Buffer (Thermo
Scientific, Rockford, IL, USA) and reprobed with anti β-actin
antibody (Chemicon Inc., Temecula, CA, USA) diluted in
1:5000 for quantitative analysis of proteins.

Immunofluorescence Assay

PC12 cells (0.5 × 104 cells/well) were seeded into 96-well
plates with sterile aseptic cover glasses and cultured. After
the treatment, the cells were washed and fixed with 4% para-
formaldehyde for 20 min at room temperature, then washed
and blocked with blocking buffer (5% non-fat dry milk in
PBS) for 2 h at room temperature. The cover glass with
PC12 cells was incubated with mouse anti-human α-synucle-
in antibody (1:50) (Sigma Chemical Co. St. Louis, MO, USA)
primary antibody for 1 h at room temperature. Cells were
washed and incubated with FITC-labeled goat anti-mouse
IgG as secondary antibodies (1:200) for 30 min at room tem-
perature; slides were protected from light, starting from this
step to the end, by covering slides with aluminum foil. Then,
they were washed in PBS-Tween 20 three times and mounted
with 50% glycerol. Images of stained cells were captured
using the Leica DMIL® fluorescent microscope.

Cell Injury Assessment

Cytotoxicity was quantitatively evaluated by measuring
the LDH activity in the medium with the Cytoscan-LDH
cytotoxicity assay kit (G-Biosciences Inc., St Louis, MO,
USA). Cells were treated with indicated compound(s) and
incubated for the desired period (include no-treatment
controls). Fifty microliters of the supernatant was trans-
ferred to each well of a flat-bottom 96-well enzymatic
assay plate and mixed with 50 μL of the reconstituted
Substrate Mix; these mixtures were then incubated at
room temperature and protected from light for 30 min.
Then, 50 μL of the Stop Solution was added to terminate
the reaction. The solutions were then used for LDH assay
by a microplate reader (Tecan Sunrise, Switzerland) with
the absorbance wavelength at 490 nm.

Statistical Analysis

All values are expressed as mean ± S.E. One-way analysis of
variance (ANOVA) followed by Bonferroni test was used for
multiple pairwise tests to determine the significance. P values
less than 0.05 were considered statistically significant.
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Availability of Data and Materials

The datasets used and/or analyzed during the current study
available from the corresponding author on reasonable
request.

Results

Effects of Hypoxia and α-Synuclein Expression on Cell
Viability

The leakage of LDH was measured to determine cell viability,
since it is a reliable index of cell injury [21]. First, we exam-
ined the effects of 24-h hypoxia at 0.5%O2 and transfection of
α-synuclein (wild-type and A53T mutant type) on cellular
cytotoxicity in the HEK293T cell. As shown in Fig. 1a that
summarizes the results of three independent experiments, hyp-
oxic exposure increased LDH leakage (35.68% over the con-
trol, P < 0.05).

The transfection of wild-type α-synuclein or A53T-mutant
α-synuclein caused more LDH leakage (56.24% over the con-
trol with wild-type α-synuclein and 56.60% over the control
with A53T-mutant α-synuclein, P < 0.05) under normoxic
conditions. Injury after transfection of wild-type α-synuclein
or A53T-mutant α-synuclein was severer than injury after
hypoxia (56.24 and 56.60 vs 35.68%, P < 0.05).

Under hypoxic conditions, the same transfection of wild-
type or A53T-mutantα-synuclein further increased LDH leak-
age (70.71% over the control with wild-type α-synuclein and
67.93% over the control with A53T-mutant α-synuclein, P <
0.05). There was, however, no significant difference between
the transfection of wild-type α-synuclein and that of A53T-
mutant α-synuclein in terms of cytotoxic injury.

These data suggest that both severe hypoxia and α-
synuclein over-expression (either wild-type or A53T-mutant)
lead to significant cytotoxicity, while the combination of both
stresses causes even more injury.

DOR Protection Against Cell Injury Induced
by Hypoxia and/or α-Synuclein Overexpression

To examine the effects of DOR activation on cell injury in-
duced by hypoxia and α-synuclein overexpression and DOR
activation with UFP-512, a potent and specific DOR agonist
(5 μM) [9, 19, 20] was applied to HEK293T cells with and
without the transfection of wild-type/A53T-mutant α-
synuclein under hypoxia. The cell injury was then determined
by an LDH release assay [9].

DOR activation significantly attenuated cytotoxicity in-
duced by α-synuclein overexpression. UFP-512 adminis-
tration decreased LDH leakage from 53.36 to 21.86% (P
< 0.05) of the control in the group of wild-type α-
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Fig. 1 Effect of DOR activation on cell injury of HEK293T induced by
the transfection of wild-type or A53T-mutant α-synuclein under
normoxic or hypoxic conditions. LDH leakage was measured as an index
of cellular injury. a Overexpression or mutation of α-synuclein with or
without hypoxia. b DOR agonist UFP512 attenuated the cellular injury
induced by overexpression or mutation of α-synuclein. c DOR agonist
UFP512 attenuated the cellular injury induced by overexpression or mu-
tation ofα-synuclein under hypoxia. C, normoxic control; H, hypoxia;W,
transfection of wild-type α-synuclein plasmid; A, transfection of A53T-
mutant α-synuclein plasmid; U, UFP-512. N = 3. * P < 0.05 vs. the con-
trol. □ P < 0.01 vs. wild-type α-synuclein (b) or wild-type α-synuclein
under hypoxia (c). ♦ P < 0.01 vs. A53T-mutant α-synuclein (b) or A53T-
mutant α-synuclein under hypoxia (c). Note that DOR activation is
cytoprotective against cellular injury induced by the overexpression or
mutation of α-synuclein in both normoxic and hypoxic conditions
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synuclein and from 51.58 to 23.26% (P < 0.05) of the
control in the group of A53T-mutant α-synuclein (P <
0.05; Fig. 1b). The same treatment with UFP-512 also
reduced LDH leakage by 32.58% in hypoxia group (P <
0.05 vs. the control; Fig. 1c).

Under hypoxic conditions, DOR activation still induced a
significant reduction in cell injury after transfection of wild-
type or A53T-mutant α-synuclein. As shown in Fig. 1c, LDH
leakage decreased from 64.12 to 38.32% (P < 0.05) of the
control after 24 h of hypoxia and from 57.48 to 39.33% of
the control (P < 0.05) in the group of A53T-mutant α-synu-
clein after 24 h hypoxia at 0.5% O2.

These results suggest that DOR activation is cytoprotective
against hypoxia and/or α-synuclein overexpression induced
cytotoxicity in the HEK293T cell.

Effect of DOR Activation on DOR Protein Expression
Under the Conditions of Hypoxia and α-Synuclein
Overexpression

We have previously found that DOR is sensitive to hypoxic
stress with its protein levels decreasing in response to severe
stress [7, 22]. In this work, we observed that the level of DOR
protein in HEK293T cell significantly decreased after the
overexpression of wild-type or A53T-mutant α-synuclein,
while UFP-512 application (5 μM) significantly increased
the level of DOR (Fig. 2a). Interestingly, DOR activation in-
duced a slight overshoot of DOR expression in both naive
cells (13.15%, P < 0.05 vs. the control; Fig. 2a) and in those
with the overexpression of wild-type α-synuclein (12.72%, P
< 0.05 vs. the control; Fig. 2a), while it could only restore the
expression of DOR protein to the control level in the cells with
the overexpression of A53T-mutant α-synuclein (P > 0.05 vs.
the control; Fig. 2a). In the hypoxic condition, the DOR pro-
tein greatly decreased in all three groups: hypoxia alone (H)
(53.42%, P < 0.05 vs. the control; Fig. 2b), hypoxia plus the
overexpression of wild-type α-synuclein (H +W) (58.48%, P
< 0.05 vs. the control; Fig. 2b), and hypoxia plus the overex-
pression of A53T-mutant α-synuclein (H +A) (76.14%, P <
0.05 vs. the control; Fig. 2b), especially in the group of H +A.
However, DOR activation almost doubled the level of DOR
proteins, especially in the groups of H and H +W (54.14 and
52.73%, P < 0.05 vs. H; Fig. 2b).

These results suggest that DOR activation can reverse the
decrease in DOR expression resulting from severe hypoxia or
α-synuclein insults.

DOR Inhibition of α-Synuclein Overexpression
and Oligomer Formation

We then determined whether DOR activation directly in-
hibits hypoxia-induced α-synuclein expression and the
overexpression of wild-type and A53T-mutant α-

synuclein in HEK293T cells. We found that in normoxic
conditions, DOR activation had no appreciable effect on
the level of α-synuclein (Fig. 3a), while in hypoxic con-
ditions, DOR activation significantly reduced the level of
α-synuclein by 22.2% (P < 0.05 vs. the control; Fig. 3b).
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Fig. 2 Effects of UFP-512 on DOR protein expression in HEK293Tcells
with the transfection of wild-type or A53T-mutant α-synuclein under
normoxic or hypoxic conditions. a Representative blots of western blot
analysis of DOR expression after transfection of wild-typeα-synuclein or
A53T-mutant α-synuclein plasmids under normoxic conditions. b
Representative blots of western blot analysis of DOR expression after
transfection of wild-type α-synuclein or A53T-mutant α-synuclein plas-
mids under hypoxic conditions. C, normoxic control; H, hypoxia; W,
transfection of wild-type α-synuclein plasmid; A, transfection of A53T-
mutant α-synuclein plasmid; U, UFP-512. N = 3. * P < 0.05 vs. the con-
trol. □ P < 0.01 vs. wild-type α-synuclein (a) or Wild-type α-synuclein
under hypoxia (b). ◆ P < 0.01 vs. A53T-mutantα-synuclein (a) or A53T-
mutant α-synuclein under hypoxia (b). Note that DOR activation in-
creases DOR protein level in the cells with α-synuclein overexpression
or mutation under normoxic or hypoxic condition
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In the cells with an overexpression of wild-type or A53T-
mutant α-synuclein, DOR activation also significantly re-
duced the levels of both wild-type and A53T-mutant α-
synuclein. As shown Fig. 3a, the level of wild-type α-
synuclein (W) was reduced by 38.63% (P < 0.05 vs. W),

and those of A53T-mutant α-synuclein (A) by37.18% (P
< 0.05 vs. A) after DOR activation. These findings strong-
ly suggest that DOR activation has an inhibitory effect on
α-synuclein overexpression.

To elucidate the mechanisms behind DOR-mediated
cytoprotection, we examined the formation of toxic α-
synuclein oligomers in PC12 cells with the overexpres-
sion of wild-type and A53T-mutant α-synuclein using an
immunofluorescence assay with monoclonal anti-SNCA
antibody (clone 2E4, Cat # WH0006622M1). As shown
in Fig. 4, the samples harvested from cell cultures with
the overexpression of wild-type and A53T-mutant α-sy-
nuclein were all strongly labeled by the α-synuclein anti-
body (red) and showed typical aggregation of oligomers
and fibrils. Meanwhile, DOR activation with UFP-512
greatly inhibited such aggregation (Fig. 4b). These obser-
vations suggest that DOR activation is inhibitory to toxic
aggregation of α-synuclein.

DOR-Induced Changes in Ser-133/CREB in Hypoxia
and α-Synuclein Injury

To determine whether DOR effects involve the transcrip-
tion factor CREB, we examined the effect of DOR acti-
vation on the phosphorylation of CREB in HEK293T cells
under both normoxic and hypoxic conditions. The cells
were incubated with UFP-512 at 5 μM for 24 h under
either normoxia or hypoxia. CREB protein expression
was detected by western blot analysis with anti-Ser 133
phosphorylated CREB and anti-CREB antibodies. The re-
sults revealed that DOR activation had upregulated Ser-
133 CREB phosphorylation (Fig. 5a). Hypoxia slightly
decreased the levels of Ser-133 CREB phosphorylation,
whereas DOR activation greatly increased the level of
Ser-133 CREB phosphorylation (P < 0.05 vs. the control;
Fig. 5a). No significant changes in the total amount of
CREB levels were found in these conditions (Fig. 5a).
Unexpectedly, we found that the overexpression of wild-
type and A53T-mutant α-synuclein, unlike that under
hypoxic stress, did not induce any significant change in
Ser-133 CREB phosphorylation. Also, DOR activation
had no appreciable effect on Ser-133 CREB phosphoryla-
tion in the cells with α-synuclein overexpression
(Fig. 5b). These data suggest that hypoxia and α-
synuclein insults differentially affect Ser-133 CREB
phosphorylation.

DOR-Induced Changes in SIK1 and TORC1
Under α-Synuclein Injury

We further explored the mechanisms underlying the DOR-
mediated cytoprotection against α-synuclein injury by in-
vestigating the effect of DOR activation on SIK1,
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Fig. 3 Effects of UFP-512 on the α-synuclein protein expression in
HEK293T cells with the transfection of wild-type or A53T-mutant α-
synuclein under normoxic or hypoxic conditions. a Representative blots
of western blot analysis of α-synuclein expression after transfection of
wild-type α-synuclein or A53T-mutant α-synuclein plasmids under
normoxic conditions. b Representative blots of western blot analysis of
α-synuclein expression after transfection of wild-type α-synuclein or
A53T-mutant α-synuclein plasmid under hypoxic conditions. C,
normoxic control; H, hypoxia; W, transfection of wild-type α-synuclein
plasmid; A, transfection of A53T-mutant α-synuclein plasmid; U, UFP-
512. N = 3. * P < 0.05 vs. the control. □ P < 0.01 vs. wild-type α-synu-
clein (a) or wild-type α-synuclein under hypoxia (b). ◆ P < 0.01 vs.
A53T-mutant α-synuclein (a) or A53T-mutant α-synuclein under hypox-
ia (b). Note that α-synuclein protein expression increases after transfec-
tion of wild-type α-synuclein or A53T-mutant α-synuclein plasmids un-
der normoxic or hypoxic conditions, while DOR activation lowered the
level of α-synuclein protein in the cells with transfection of wild-type α-
synuclein or A53T-mutant α-synuclein plasmids in both normoxic and
hypoxic conditions
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TORC1, and CREB in HEK293T cells. In the western blot
analysis, SIK1 protein expression was detected by the
anti-Snf1lk antibody, and TORC1 protein was detected
by anti-Ser 151 phosphorylated TORC1 and anti-TORC.
The results showed that the levels of SIK1 and Ser 151
TORC1 phosphorylation increased in the cells transfected
wild-type or A53T-mutant α-synuclein, whereas DOR ag-
onist UFP-512 reversed the overexpression of α-synuclein
(wild/A53T)-induced increase in the level of Ser 151
TORC1 phosphorylation and SIK1 (Fig. 6). No signifi-
cant changes in the expression of SIK1 and TORC1 pro-
tein were found under hypoxic conditions (Fig. 6). Such
findings raise the possibility that in these cells transfected
wild-type or A53T-mutant α-synuclein, the primary path-
way of DOR activation attenuated α-synuclein-induced
cytotoxicity through TORC1/SIK1/CREB, but not the
phospho-CREB pathway, while DOR reduced hypoxic
cell injury depended on the phospho-CREB mechanism.

DOR-Induced Changes in DJ-1 Under α-Synuclein
Injury

Since DJ-1 interacts with α-synuclein and inhibits α-
synuclein aggregation [17], we further asked if DOR prevents
α-synuclein injury by increasing DJ-1 expression. We found
that both wild-type and A53T-mutant α-synuclein expression
led to a significant decrease in DJ-1 levels. However, DOR
activation greatly increased the levels of DJ-1 in HEK293T
cells with wild-type or A53T-mutant α-synuclein overexpres-
sion (Fig. 7). These results suggest that DJ-1 may play an
important role in the DOR-mediated inhibition of α-
synuclein injury. It is a remarkable fact that the expression
of α-synuclein protein increased under hypoxic conditions
can be attenuated by DOR activation, which is consistent with
our previous studies [21]. At the same time, DOR activation
induced the expression of DJ-1 protein corresponding increase
(Fig. 7), suggesting that the interaction of α-synuclein and the

Fig. 4 Immunofluorescence ofα-
synuclein in PC12 cells. a The
abnormal protein aggregation in
the cells with the transfection of
wild-type α-synuclein or A53T-
mutant α-synuclein. b DOR acti-
vation induced reduction of ab-
normal protein aggregation in the
cells with the transfection of wild-
type or A53T-mutant α-synucle-
in. GFP (green), PC12 cells stably
expressing GFP-α-synuclein pro-
tein (green fluorescence) were
transfected with pEGFP-
synuclein (wt/mut) plasmid, and
then stained with anti-α-
synuclein and FITC-labeled goat
anti-mouse IgG as secondary an-
tibodies (red fluorescence). Merg,
Merg GFP +α-synuclein. Note
that pre-treatment with UFP-512
remarkably reduces abnormal
protein aggregation in the cells
with transfection of wild-type or
A53T-mutant α-synuclein.
Representative cells are shown
from one experiment out of three
total experiments
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DJ-1 was involved in the mechanisms for DOR-mediated pro-
tection against α-synuclein oligomer formation.

Discussion

We have made several interesting findings in this work. First,
DOR activation largely attenuated the formation of toxic α-
synuclein oligomers and cell injury in the cells with α-

synuclein overexpression/mutation and/or the cells exposed
to prolonged hypoxia. Secondly, the DOR protection against
α-synuclein overexpression and mutation was associated with
TORC1 and SIK1 downregulation without any significant
changes in CREB phosphorylation. In contrast, the DOR pro-
tection against α-synuclein dysregulation under hypoxic con-
ditions was associated with an upregulated CREB phosphor-
ylation without any appreciable change in TORC1 and SIK1.
Finally, DOR protections upregulated DJ-1 expression in ei-
ther conditions of α-synuclein overexpression/mutation and
hypoxia. Our novel finding suggests that DOR upregulates
DJ-1 expression and suppresses α-synuclein dysregulation
through dual pathways.
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Fig. 5 Effect of DOR activation on CREB phosphorylation in HEK293T
cells with the transfection of wild-type or A53T-mutant α-synuclein un-
der normoxic or under hypoxic conditions. a Pre-treatment with UFP-512
in the cells under normoxic and hypoxic conditions. b Pre-treatment with
UFP-512 in the cells with the transfection of wild-type α-synuclein or
A53T-mutantα-synuclein plasmids. C, normoxic control; H, hypoxia;W,
transfection of wild-type α-synuclein plasmid; A, transfection of A53T-
mutant α-synuclein plasmid; U, UFP-512. N = 3. * P < 0.05 vs. the con-
trol. □ P < 0.05 vs. hypoxia. Note that DOR activation increases p-CREB
in hypoxia or normoxia, but had no appreciable effect on p-CREB in the
cells with the transfection of wild-type α-synuclein or A53T-mutant α-
synuclein plasmids
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Fig. 6 Effect of DOR activation on the SIK1 and p-TORC1 protein
expression in HEK293T cells with the transfection of wild-type or
A53T-mutant α-synuclein. a Pre-treatment with UFP-512. The represen-
tative blots of western blot analysis show SIK1 expression in the cells
with the transfection of wild-type or A53T-mutant α-synuclein plasmids.
b Pre-treatment with UFP-512. The representative blots of western blot
analysis show p-TORC1 protein expression in the cells with the transfec-
tion of wild-type or A53T-mutant α-synuclein plasmid. W, wild-type α-
synuclein plasmid; A, A53T-mutant α-synuclein plasmid; U, UFP-512.
N = 3. * P < 0.05 vs. the control. □ P < 0.05 vs. wild-type α-synuclein. ◆
P < 0.05 vs. A53T-mutant α-synuclein. Note that DOR activation de-
creases the expression of p-TORC1 and SIK1 proteins in the cells with
α-synuclein overexpression or mutation
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The cause of Parkinson’s disease is generally unclear,
but believed to involve both genetic and environmental
factors. Since the discovery of missense mutations
(A53T and A30P) of α-synuclein in familial cases of PD
(PARK1), numerous histological studies have shown that
α-synuclein dysregulation is a major component in Lewy
bodies [23, 24]. There is also an increased risk in people
exposed to certain pesticides, hypoxic/ischemic injury,
and prior head injuries, while there is a reduced risk in
tobacco smokers and those who drink coffee or tea [25,
26]. The motor symptoms of the disease result from the
death of cells in the substantia nigra, a region of the mid-
brain. This results in not enough dopamine in these areas.
The reason for this cell death is poorly understood, but

involves the build-up of α-synuclein proteins into Lewy
bodies in the neurons [24, 27].

A collection of studies from our laboratory and those of
others have well demonstrated the role of DOR in neuropro-
tection [3–5, 7, 9, 20, 22, 28–33]. Specific agonists of delta-
opioid receptors, such as UFP-512 and DADLE [(D-Ala2, D-
Leu5) encephalin], have displayed the ability to promote neu-
ronal survival and mitigate apoptotic pathways [22, 28, 34].
Delayed neuronal death is the primary target of neuroprotec-
tive strategies [35, 36]. Studies have shown that exposure of
neurons to opioids immediately before ischemia induces is-
chemia tolerance and delays neuronal death. This phenome-
non is called acute opioid preconditioning and this neuropro-
tection may be delta1-opioid receptor dependent and may in-
volve mitochondrial adenosine triphosphate-sensitive potassi-
um channel activation, free radical production [37, 38].
Indeed, the induction of nuclear and mitochondrial gene ex-
pression and the maintenance of protein phosphatases levels
may be involved the neuroprotective mechanism, in a manner
that likely involves modulation of the phosphorylation state of
signaling kinases and mitochondrial pro- and anti-apoptotic
proteins [39, 40].

However, it is debatable if DOR plays a protective role
against parkinsonism or not [6, 41, 42]. Recently, our
evidence suggests that DOR downregulation is potentially
involved in the genesis of parkinsonian pathology [21,
43–45]. In an in vitro cell model, for example, we found
that MPTP treatment led to a marked reduction of DOR
expression with α-synuclein overproduction/aggregation
and cell injury [9]. The present study further demonstrated
that DOR activation indeed attenuated α-synuclein dys-
regulation in both genetic and environmental abnormali-
ties. It is well-recognized that aggregation of α-synuclein
contributes to the formation of Lewy bodies, which then
leads to neurodegeneration in PD [24, 46–48]. Since our
studies repeatedly demonstrated that DOR activation is
inhibitory to α-synuclein dysregulation, it is very likely
that DOR signaling may be antiparkinsonian by targeting
the α-synuclein molecule.

There is no information available regarding the signaling
mechanisms underlying the DOR-mediated protection against
α-synuclein dysregulation. We made the first exploration in
this work. CREB, a cellular transcription factor, binds to cer-
tain DNA sequences called cAMP response elements (CRE),
thereby regulating the transcription of the downstream genes
[49]. The CREB-dependent gene expression is widely in-
volved in synaptic transmission, signal transduction, gene
transcription, and metabolic and other physiological functions
[50, 51]. In pathophysiological conditions, CREB downregu-
lation is implicated in the pathology of some neurodegenera-
tive diseases such as Alzheimer’s disease, while an increase in
CREB expression is considered a possible therapeutic target
[52]. Indeed, we found a significant increase in phospho-
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Fig. 7 Effect of DOR activation on the expression of the DJ-1 protein in
HEK293T cells with the transfection of wild-type or A53T-mutant α-
synuclein. a Pre-treatment with UFP-512. The representative blots of
western blot analysis show DJ-1 expression in the cells with the transfec-
tion of wild-type or A53T-mutant α-synuclein plasmids. b Pre-treatment
with UFP-512. The representative blots of western blot analysis show α-
synuclein protein expression in the cells with the transfection of wild-type
or A53T-mutant α-synuclein plasmid. C, normoxic control; H, hypoxia;
W, transfection of wild-type α-synuclein plasmid; A, transfection of
A53T-mutant α-synuclein plasmid; U, UFP-512. N = 3. * P < 0.05 vs.
control. ■ P < 0.05 vs. hypoxia. □ P < 0.05 vs. wild-type α-synuclein. ◆
P < 0.05 vs. A53T-mutant α-synuclein. Note that DOR activation de-
creasesα-synuclein protein expression in the cells withα-synuclein over-
expression or mutation by increasing DJ-1 protein expression
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CREB expression after DOR activation under hypoxic condi-
tions, which is in parallel with the attenuation of α-synuclein
dysregulation. In sharp contrast, the upregulation of phospho-
CREB expression was not seen after DOR activation in the
cells with the transfection of wild-type or A53T-mutant α-
synuclein. These results suggest that CREB is differentially
involved in the DOR protection against α-synuclein dysregu-
lation in genetic versus environmental abnormalities.

A conserved family of coactivators, called transducers
of regulated CREB (TORCs) [53–57] has been found to
increase the expression of cAMP responsive genes. Under
basal conditions, TORC1s are sequestered in the cyto-
plasm through phosphorylation by the salt inducible ki-
nase 1(SIK1) and other members of the AMPK family of
Ser/Thr kinases [16, 58]. Following exposure to cAMP,
TORC1 is dephosphorylated and translocated to the nu-
cleus, where it associates with CREB and target gene
expression. Our data in this work clearly show that
SIK1 protein expression and TORC1 phosphorylation
are significantly increased by the transfection of wild-
type or A53T-mutant α-synuclein, while such an increase
was completely reversed by DOR activation. The DOR
inhibited SIK1 expression, might have caused TORC1 to
be Btranslocated^ from the cytoplasm to the nucleus by
dephosphorylation [53], where it interacted with the bZIP

domain of CREB [53–55], and thus reduced α-synuclein
protein expression. Therefore, DOR signaling may antag-
onize α-synuclein dysregulation induced by α-synuclein
overexpression and mutation by attenuating the upregula-
tion of SIK1 and TORC1. This mechanism is different
from that of DOR activation in hypoxic conditions.

DJ-1 is a small ubiquitously expressed protein impli-
cated in several pathways associated with PD pathogene-
sis [59–61]. Interestingly, in both genetic (transfection of
wild-type or A53T-mutant α-synuclein) and environmen-
tal (hypoxic) conditions as shown in this work, DJ-1 pro-
tein levels were largely decreased, whereas DOR activa-
tion could restore it to normal levels, or even higher.
Several lines of evidence show that direct interactions
between α-synuclein and DJ-1, two critical proteins in
the control of PD pathogenesis, constitute the basis for a
neuroprotective mechanism [17, 62, 63]. Our results
strongly support that DJ-1 and α-synuclein change oppo-
sitely in response to genetic and environmental stress,
therefore supporting the view that α-synucleinand DJ-1
interact with each other functionally. DOR signaling
may attenuate α-synuclein dysregulation via DJ-1 upreg-
ulation in both genetic (transfection of wild-type or A53T-
mutant α-synuclein) and environmental (hypoxic) condi-
tions, although CREB and SIK1/TORC1 pathways are
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Fig. 8 Schematical illustration of potential mechanisms behind DOR protection against α-synuclein aggregation
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differentially involved in DOR action in different condi-
tions. In fact, DJ-1 may be an important redox-reactive
neuroprotective protein implicated in the regulation of ox-
idative stress after ischemia. DJ-1 was detected immedi-
ately after a stroke, and efficiently translocated into the
mitochondria [64], serving a neuroprotective role [65].

We used HEK293T and PC12 cells in the present study
to explore DOR’s effect on the oligomer formation in-
duced by hypoxia and/or α-synuclein overexpression/mu-
tation. HEK 293T cells have been widely used as a cell
model for many years because of their reliable growth and
propensity for transfection, achieving efficiencies ap-
proaching 100% [66, 67]. Moreover, we found that these
cells express DOR and are suitable for DOR-relevant re-
search [9]. The PC12 cell line has been used to obtain
cellular and molecular information about diseases of the
brain because of its extreme versatility for pharmacologi-
cal manipulation, ease of culture, and the large amount of
information on their proliferation and differentiation [68].
PC12 cells have smaller vesicles holding an average 1.9 ×
10−19 mol of neurotransmitter to be released [68]. The
vesicles hold catecholamines, not only dopamine but also
limited amounts of norepinephrine. PC12 cell line use has
given much information to the function of proteins under-
lying vesicle fusion. This cell line has been used to un-
derstand the role of synaptotagmin in vesicle-cell mem-
brane fusion [69]. Therefore, a combined use of these two
cell models is helpful for understanding the regulation of
cellular and molecular mechanisms of PD.

In summary, our novel data suggest that DOR activa-
tion can largely attenuate α-synuclein dysregulation via
DJ-1 upregulation in both genetic (transfection of wild-
type or A53T-mutant α-synuclein) and environmental
(hypoxic) conditions; the DOR action involves TORC1/
SIK1 downregulation in the former condition and CREB
phosphorylation in the latter condition. Figure 8 schemat-
ically shows the potential mechanisms of the DOR-
mediated protection against α-synuclein dysregulation. It
is our belief that DOR signaling is an anti-parkinsonian
factor through the mechanism of DJ-1 upregulation versus
α-synuclein downregulation, while the regulation of DJ-1
and α-synuclein differentially involve CREB and
TORC1/SIK1 signaling, depending on the condition.
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