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Abstract: The pathological changes of Parkinson’s disease (PD) are, at least partially, associated with
the dysregulation of PTEN-induced putative kinase 1 (PINK1) and caspase 3. Since hypoxic and
neurotoxic insults are underlying causes of PD, and since δ-opioid receptor (DOR) is neuroprotective
against hypoxic/ischemic insults, we sought to determine whether DOR activation could protect the
cells from damage induced by hypoxia and/or MPP+ by regulating PINK1 and caspase 3 expressions.
We exposed PC12 cells to either severe hypoxia (0.5%–1% O2) for 24–48 h or to MPP+ at different
concentrations (0.5, 1, 2 mM) and then detected the levels of PINK1 and cleaved caspase 3. Both
hypoxia and MPP+ reduced cell viability, progressively suppressed the expression of PINK1 and
increased the cleaved caspase 3. DOR activation using UFP-512, effectively protected the cells from
hypoxia and/or MPP+ induced injury, reversed the reduction in PINK1 protein and significantly
attenuated the increase in the cleaved caspase 3. On the other hand, the application of DOR antagonist,
naltrindole, greatly decreased cell viability and increased cleaved caspase 3. These findings suggest
that DOR is cytoprotective against both hypoxia and MPP+ through the regulation of PINK1 and
caspase 3 pathways.
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1. Introduction

Parkinson’s disease (PD) is characterized by the accumulation of cytoplasmic protein inclusions
called Lewy bodies in neurons, and the insufficient production of dopamine, which is produced in
the substantia nigra of the midbrain [1]. Over the past few decades, many scientists and clinicians
around the world have devoted themselves to understanding its pathophysiology, clinical courses
and therapies, but until now, there are still limited therapeutic options for PD treatment. Chronic
pharmacological therapies that use dopaminergic drugs, are associated with a series of side effects
such as L-dopa-induced dyskinesias [2,3] and the risk of tumor formation. Therefore, it is of utmost
importance to find novel strategies for PD treatment.

Although the etiopathogenesis of PD is complex, the vulnerability of midbrain dopaminergic
neurons to oxidative stress, and environmental neurotoxins affecting the dopamine biosynthetic
pathways [4] has long been implicated as potential causes of PD. Furthermore, as the morbidity of PD
is greater among older people, it might be associated with age-related conditions such as prolonged
ischemia or hypoxia in the brain. There is ample evidence to show that an insufficient blood or oxygen
supply to the brain, could attenuate neurons’ resistance to environmental damage, and it can even
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trigger cell death [5–7]. Therefore, hypoxia/ischemia and neurotoxins should also be recognized as
critical pathogenic factors that contribute to the development of PD.

One of major breakthroughs in PD research was the discovery of the close association between
PINK1 and autosomal recessive familial Parkinson’s disease [8,9]. In healthy mitochondria, PINK1
protects cells from damage-induced mitochondrial dysfunction, oxidative stress and cell apoptosis [10].
However, pathogenic PINK1 mutations in PD lead to a loss-of-function of the PINK1 molecule [11–13],
leading to depolarization of the mitochondrial membrane potential. Consequently, this induces the
mitophagic destruction of mitochondria [14] and then the release of apoptotic signals [15,16]. Like most
cells which undergo pathologically mediated cell apoptosis, the midbrain dopaminergic neurons’ death
in PD is caspases-dependent [17]. Once the initiator caspases are activated by apoptotic signals, they
produce a chain reaction, activating several other executioner caspases, leading to cell death [18–22].

Considering the complexity of the causes, the neuronal signaling involved, and the mechanisms
in PD, it is of utmost importance to find new strategies for halting dopaminergic neuron degeneration
by protecting neuronal cells against various insults such as hypoxia and neurotoxins. According to our
previous work, δ-opioid receptor (DOR) is neuroprotective and actively participates in the control of
neuronal survival [23–25]. Since hypoxic and neurotoxic insults are underlying causes of PD, and DOR
is neuroprotective against hypoxic/ischemic insults, we sought to determine whether DOR activation
could protect the cells from damage induced by hypoxia and/or MPP+ by regulating PINK1 and
caspase 3 expression.

In this work, we used in vitro PD models either in the condition of hypoxia or using MPP+

(1-methyl-4-phenyl-pyridinium ion), which is a neurotoxin agent which has been wildly used in animal
and cell models by destroying dopaminergic neurons in the substantia nigra in vivo and in vitro [26,27]
to mimic PD conditions. Our study was aimed at addressing the following two fundamental questions:
Are there any changes in PINK1 and caspase 3 expressions under hypoxic/MPP+ stress? Can DOR
activation regulate PINK1 and caspase 3 expression and improve cell survival in hypoxia and
MPP+ models?

2. Results

2.1. Prolonged Hypoxia and MPP+ Stress Caused Severe PC12 Cell Injury

Firstly, we used MTT assay to examine the effects of hypoxia and MPP+ on PC12 cell viability.
The data showed that after hypoxic exposure at 1% O2 for 24 h, the cell viability had a significant
reduction (79.20% vs. 100% of the control group, p < 0.01, n = 3; Figure 1a-left panel) and it was further
decreased after prolonging the exposure time to 48 h (63.91% vs. 100% of the control level, p < 0.01,
n = 3; Figure 1a-right panel).

We also applied MPP+ to the PC12 cells to induce parkinsonian injury and chose 1 mM as the
working concentration in this work based on our preliminary experiment. MTT assay showed that
MPP+ induced a similar injury to that of hypoxic stress (Figure 2a). Compared to the control group,
MPP+ exposure reduced the cell viability by 20.81% (p < 0.05, n = 3; Figure 2a-left panel) at 24 h and
33.77% at 48 h (p < 0.05, n = 3; Figure 2a-right panel) after the exposure.

Moreover, we measured LDH (lactate dehydrogenase) leakage in the medium to further validate
the effects of hypoxia and MPP+ on the PC12 cells. As shown in Figure 1b, LDH leakage progressively
increased with the duration of hypoxic exposure, with an increase by 22.42% after 24 h-hypoxia and
by 34.92% after 48 h-hypoxia (p < 0.01, n = 3; Figure 1b). LDH leakage also showed a 45.53% increase
(p < 0.01 vs. the control, n = 3, respectively; Figure 2b-left panel) after MPP+ exposure for 24 h and a
62.68% increase (p < 0.05 vs. the control, n = 3, respectively; Figure 2b-right panel) after MPP+ exposure
for 48 h.
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Figure 1. Responses of PC12 cells to DOR activation/inhibition under hypoxia. (a) Effects of hypoxia 
on cell viability. PC12 cells were exposed to hypoxia at 1% O2 for 24–48 h, and then the cell viability 
was measured by an MTT assay; (b) Effects of hypoxia on LDH leakage. PC12 cells were exposed to 
hypoxia at 1% O2 for 24–48 h, and then LDH leakage was measured. C: normoxic control. H: hypoxia. 
H + U: DOR activation with UFP-512 in hypoxic condition. H + N: DOR inhibition with naltrindole in 
hypoxic conditions. N = 3 in each group. * p < 0.05, ** p < 0.01 vs. control. # p < 0.05, ## p < 0.01 vs. H. 
Note that the cell viability was progressively reduced by the increase in hypoxic duration. DOR 
activation increased cell viability and decreased LDH leakage in hypoxic stress, while DOR 
inhibition further increased hypoxia induced injury. 

 
Figure 2. DOR activation protected PC12 cells against MPP+ insults. (a) Effects of MPP+ on cell 
viability. PC12 cells were exposed to 1.0 mM MPP+ for 24–48 h, and then cell viability was measured 
by an MTT assay; (b) Effects of MPP+ on LDH leakage. PC12 cells were exposed to 1.0 mM MPP+ for 
24–48 h, and then LDH leakage was measured. C: normoxic control. M: MPP+. M + U: DOR activation 
with UFP-512 exposed to 1.0 mM MPP+. M + N: DOR inhibition with naltrindole exposed to 1.0 mM 
MPP+. N = 3 in each group. * p < 0.05, ** p < 0.01 vs. control. Note that cell viability was progressively 
reduced by the increase in MPP+ exposure duration, DOR activation increased cell viability in the 
first 24 h and largely prevented LDH leakage after 48 h, while naltrindole further increased the injury 
induced by MPP+. 

We also examined cellular morphology using microscope. In the first 24 h of exposure to 1% O2 
or 1.0 mM MPP+, these highly differentiated PC12 cells did not show any appreciable changes in 
cellular morphology. However, they grew slower in both hypoxic and MPP+ conditions as compare 
the control. After prolonging the exposure duration to 48 h, the numbers of cells sharply decreased, 
and their shape had major changes, including blebbing and cell shrinkage. 

All these information demonstrated that both hypoxic and MPP+ stress cause severe injury in 
PC12 cells. 

2.2. Both Prolonged Hypoxia and MPP+ Insults Increased the Level of Cleaved Caspase 3 with a Reduction of 
PINK1 Protein 

Since caspase 3 activation plays a central role in the execution-phase of cell injury [28], we 
investigated whether hypoxia and MPP+ insults increase the activation of caspase 3 by measuring the 

Figure 1. Responses of PC12 cells to DOR activation/inhibition under hypoxia. (a) Effects of hypoxia
on cell viability. PC12 cells were exposed to hypoxia at 1% O2 for 24–48 h, and then the cell viability
was measured by an MTT assay; (b) Effects of hypoxia on LDH leakage. PC12 cells were exposed to
hypoxia at 1% O2 for 24–48 h, and then LDH leakage was measured. C: normoxic control. H: hypoxia.
H + U: DOR activation with UFP-512 in hypoxic condition. H + N: DOR inhibition with naltrindole in
hypoxic conditions. N = 3 in each group. * p < 0.05, ** p < 0.01 vs. control. # p < 0.05, ## p < 0.01 vs.
H. Note that the cell viability was progressively reduced by the increase in hypoxic duration. DOR
activation increased cell viability and decreased LDH leakage in hypoxic stress, while DOR inhibition
further increased hypoxia induced injury.
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Figure 2. DOR activation protected PC12 cells against MPP+ insults. (a) Effects of MPP+ on cell viability.
PC12 cells were exposed to 1.0 mM MPP+ for 24–48 h, and then cell viability was measured by an MTT
assay; (b) Effects of MPP+ on LDH leakage. PC12 cells were exposed to 1.0 mM MPP+ for 24–48 h,
and then LDH leakage was measured. C: normoxic control. M: MPP+. M + U: DOR activation with
UFP-512 exposed to 1.0 mM MPP+. M + N: DOR inhibition with naltrindole exposed to 1.0 mM MPP+.
N = 3 in each group. * p < 0.05, ** p < 0.01 vs. control. Note that cell viability was progressively reduced
by the increase in MPP+ exposure duration, DOR activation increased cell viability in the first 24 h
and largely prevented LDH leakage after 48 h, while naltrindole further increased the injury induced
by MPP+.

We also examined cellular morphology using microscope. In the first 24 h of exposure to 1% O2 or
1.0 mM MPP+, these highly differentiated PC12 cells did not show any appreciable changes in cellular
morphology. However, they grew slower in both hypoxic and MPP+ conditions as compare the control.
After prolonging the exposure duration to 48 h, the numbers of cells sharply decreased, and their
shape had major changes, including blebbing and cell shrinkage.

All these information demonstrated that both hypoxic and MPP+ stress cause severe injury in
PC12 cells.

2.2. Both Prolonged Hypoxia and MPP+ Insults Increased the Level of Cleaved Caspase 3 with a Reduction
of PINK1 Protein

Since caspase 3 activation plays a central role in the execution-phase of cell injury [28], we
investigated whether hypoxia and MPP+ insults increase the activation of caspase 3 by measuring the
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changes in the cleaved caspase 3 with apoptotic activity and the full-length caspase 3 protein with no
apoptotic activity [18]. As depicted in Figures 3 and 4, the level of full-length pro-caspase 3 (35 kDa)
significantly decreased, while the level of cleaved caspase 3 (17 kDa) largely increased after 48 h of
hypoxic exposure or 24 h of MPP+ exposure.
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Figure 3. DOR induced attenuation of activated caspase 3 overexpression under hypoxia. Effects
of hypoxia on pro-caspase 3 and cleaved caspase 3 expression in PC12 cells. The experiments were
conducted under the same conditions described in Figure 1. C: normoxic control. H: hypoxia. H + U:
DOR activation with UFP-512 in hypoxic conditions. H + N: DOR inhibition with naltrindole in
hypoxic conditions. N = 3 for each group. ** p < 0.01 vs. control. # p < 0.05, ## p < 0.01 vs. H. Note that
the level of cleaved caspase 3 increased and the level of pro-caspase 3 decreased after 48 h exposure
to hypoxia. DOR activation with UFP-512 significantly attenuated the expression level of cleaved
caspase 3, whereas naltrindole led to an increase in the level of cleaved caspase 3, and a decrease in
that of inactivated caspase 3.
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Figure 4. DOR activation attenuated the increase in activated caspase 3 induced by MPP+ insults. The
experiments were conducted under the same conditions as described in Figure 2. C: normoxic control.
M: MPP+. M + U: DOR activation with UFP-512 exposed to 1.0 mM MPP+. M + N: DOR inhibition with
naltrindole exposed to 1.0 mM MPP+. N = 3 for each group. ** p < 0.01 vs. control. # p < 0.05, ## p < 0.01
vs. M. Note that the level of cleaved caspase 3 increased while the level of pro-caspase 3 decreased after
24-h exposure to MPP+. DOR activation with UFP-512 decreased MPP+-induced increase in cleaved
caspase 3, whereas naltrindole led to an increase in cleaved caspase 3 with a reduction in inactivated
caspase 3.
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Since PINK1 is thought to play an important role in protecting nerve cells from parkinsonism
by inhibiting caspase 3 action [29], we further investigated if the increase in the activated caspase 3
is associated with a reduction of PINK1 expression in hypoxic and MPP+ conditions. As shown in
Figure 5, hypoxia at 0.5% of O2 for 24 h caused a 44.35% reduction in PINK1 protein (p < 0.01, n = 3;
Figure 5-left panel) and hypoxia at 1% of O2 for 48 h led to a more marked decrease (67.53% reduction
vs. the control level, p < 0.01, n = 3; Figure 5-right panel).
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protein density at different oxygen levels for different durations was analyzed by Western blot.
C: normoxic control. H: hypoxia. N = 3 for each group. ** p < 0.01 vs. control. Note that both
hypoxic conditions significantly reduced the level of PINK1 protein, while there was a more significant
reduction, when under hypoxia at 1% O2 for 48 h.

MPP+ stress also significantly reduced PINK1 expression (Figure 6). This reduction was
dose-dependent in response to MPP+ exposure within the concentration range of 0.5 to 2.0 mM. After
24 h-exposure to 0.5 mM of MPP+, the relative density of PINK1 protein decreased by 15.10% (p < 0.01
vs. the control, n = 3; Figure 6). As the MPP+ concentration was increased, PINK1 protein density
declined more significantly. For example, 24 h-exposure to 2.0 mM MPP+ led to a 49.82% reduction in
PINK1 signal density (p < 0.01 vs. the control, n = 3; Figure 6). This data suggests that hypoxia and
MPP+ insults may negatively regulate PINK1 expression, and thus affect caspase 3 signaling.
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Figure 6. MPP+-induced reduction in PINK1 protein of PC12 cells. PINK1 protein was detected
using Western blot. C: normoxic control. M: MPP+. ** p < 0.01 vs. control. Note that MPP+

exposure significantly reduced the level of PINK1 protein and this reduction was more marked
as the concentration of MPP+ increased.
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2.3. DOR Activation Attenuated PC12 Cell Injury Induced by Hypoxic and MPP+ Stress

Furthermore, we determined whether DOR activation is protective against hypoxic and
MPP+ insults.

For the cells under the condition of 24 h-hypoxia with relatively mild injury, the application of
DOR agonist UFP-512 (5 µM) or antagonist naltrindole (1 µM) did not cause any significant change in
the cell viability. However, after prolonging the hypoxic exposure to 48 h and inducing more severe
cell injury, DOR activation largely reversed the reduction of cell viability (from 63.91% in hypoxia
alone to 84.30% in hypoxia plus DOR activation, p < 0.01, n = 3; Figure 2a-right panel), while DOR
inhibition further aggravated the hypoxic-induced reduction of cell viability (from 63.91% in hypoxia
alone to 54.63% in hypoxia plus DOR inhibition, p < 0.01, n = 3; Figure 2a-right panel).

DOR activation increased the cell viability by 13.97% (p < 0.05, n = 3; Figure 2a-left panel) following
24 h-exposure to 1.0 mM MPP+. In contrast, DOR inhibition with naltrindole led to a 7.7% reduction in
cell viability (p < 0.01, n = 3; Figure 2a-left panel). On the other hand, the MTT assay did not detect any
significant change in MPP+-induced injury at 48 h after the administration of UFP-512 or naltrindole
though the latter tended to deteriorate the MPP+ injury.

With LDH leakage assay, although no significant change was detected at 24 h after the
administration of the DOR agonist in hypoxic cells, a significant reduction in LDH leakage (´11.36%,
p < 0.05 vs. H, n = 3; Figure 1b-right panel) was seen at 48 h after the administration of the DOR agonist
in hypoxic exposure. Probably because of the sensitive issue in the LDH assessment, DOR activation
with UFP-512 or inhibition with naltrindole did not induce any statistically significant changes in LDH
leakage after MPP+ exposure, although the trends of the changes were consistent with the results of
the MTT assay (Figure 2b).

Taken together, DOR activation generally is cytoprotective against hypoxic and MPP+ insults,
while its inhibition induced an opposite effect.

2.4. DOR Activation Upregulated PINK1 Expression in Hypoxia or MPP+ Stress

Furthermore, we found that DOR activation increased PINK1 expression in hypoxia or MPP+

stress. As shown in Figure 7a, the hypoxia-induced reduction in PINK1 expression was greatly
reversed by the application of DOR agonist UFP-512. DOR activation also effectively reversed the
MPP+ induced reduction in PINK1 protein (Figure 7b).
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Figure 7. Effect of DOR activation on PINK1 and DOR expression in PC12 cells exposed to hypoxic
or MPP+ insults. (a) PC12 cells were exposed to hypoxia at 1% O2 for 48 h. C: normoxic control.
H: hypoxia. H + U: DOR activation with UFP-512 in hypoxia. H + N: DOR inhibition with naltrindole
in hypoxia. Note that hypoxia at 1% O2 for 48 h greatly decreased PINK1 expression, while DOR
activation increased the level of PINK1 in the same hypoxic condition. In contrast, DOR expression
did not change significantly in hypoxia with/without DOR activation; (b) PC12 cells were exposed to
1.0 mM MPP+ for 24 h. C: normal control. M: MPP+. M + U: DOR activation with UFP-512 in MPP+

stress. M + N: DOR inhibition with naltrindole in MPP+ stress. Note that DOR activation reversed
the reduction of PINK1 expression induced by MPP+ insult, and partially attenuated MPP+ induced
reduction of DOR expression.
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Hypoxia at 1% O2 for 48 h did not induce any major change in DOR protein expression. UFP-512
had no appreciable effect on the level of DOR protein (Figure 7a). However, 1.0mM MPP+ markedly
reduced DOR expression, which was slightly attenuated by DOR activation with UFP-512 (Figure 7b).

2.5. DOR Activation Inhibited Hypoxia/MPP+-Induced Production of Cleaved Caspase 3

Since caspase 3 is a critical factor in hypoxia and MPP+ injury, we further investigated whether
DOR activation and inhibition affects caspase 3 signaling. Our data showed that the hypoxia or MPP+

induced increase in cleaved caspase 3 was significantly attenuated by DOR activation with more
caspase 3 remaining in an inactivated status (full-length protein) (Figures 3 and 4). In contrast, DOR
inhibition with naltrindole resulted in a marked increase in cleaved caspase 3, along with a decrease of
inactivated caspase 3 under both hypoxic and MPP+ conditions.

Our results suggest that DOR signaling may have an inhibitory effect on the transition from
inactivated caspase 3 to activated caspase 3.

3. Discussion

In this study, we have made several interesting findings regarding the effects of DOR activation
on cell survival and PINK1 and caspase 3 expression. Prolonged hypoxia, or a high concentration of
MPP+ reduced cell viability with a reduction in PINK1 protein and an increase in cleaved caspase 3.
DOR activation protected the cells from hypoxia and MPP+ injury with an upregulation of PINK1 and
downregulation of cleaved caspase 3, while its inhibition induced an opposite effect.

Hypoxia and MPP+ stress have been recognized as potential pathogenic factors that contribute to
the development of PD [6,7]. Although the specific mechanism underlying neuron death in PD is not
yet clearly understood, a large body of evidence strongly supports that mitochondrial dysfunction
is evident in the brains of PD patients [30,31]. According to past studies, they induced cell apoptosis
through destroying mitochondrial stabilizations [29–31]. Moreover, apoptosis has been found to be
caspase-dependent [32]. Two classes of caspase-dependent pathways have been identified [33,34].
One of them is dependent on the release of apoptotic factors from mitochondria. In this class, different
inducing agents result in a collapse of the mitochondrial transmembrane potential, which brings about
the irreversible change in the cell death process [33–35].

According to the results of our study, both hypoxia and MPP+ insults led to an increase in the
expression level of activated caspase 3, along with a decrease in the expression level of precursor forms
of caspase 3, suggesting that both hypoxic or MPP+-induced cell apoptosis is associated with an increase
in caspase 3 activity. Furthermore, we have demonstrated a reduction in PINK1 expression in hypoxic
and MPP+ conditions. Past studies support the significant role played by PINK1 in neuroprotection, as
it protects cells by stabilizing mitochondrial networks through maintaining membrane potential and
suppressing mitophagy [36]. It has been proven that in cultured mammalian cells, overexpression of
wild-type PINK1 protects cells against apoptosis, whereas small interfering RNA (siRNA)-mediated
PINK1 deprivation accelerates apoptotic cell death [29,37]. Since both prolonged hypoxia and MPP+

insults reduced the PINK1 protein concentration, we hypothesized that these two cell injury models
may share a common mechanism, which is associated with the dysregulation of PINK1 and caspase
3 signaling. As our conjecture, such dysregulation led to a swelling or enlargement of mitochondria
due to a loss of membrane maintenance, while mitochondrial dysfunction may be associated with the
release of apoptogenic factors, which triggers the conversion of inactive caspases to the active forms,
therefore resulting in a reduction in cell viability.

It is interesting to note that DOR activation effectively attenuated cell injury induced by hypoxia
and MPP+ insults and reversed the reduction in PINK1 and the increase in cleaved caspase 3. Our
results strongly suggest that DOR-mediated neuroprotection is closely associated with the rebalance of
survival signals via the regulation of PINK1 and caspase 3.

In summary, our findings showed that prolonged hypoxia, and MPP+ stress can cause severe
cellular injury by decreasing PINK1 expression and thus lead to mitochondrial dysfunction, which is
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associated with the caspase signaling pathway. DOR activation positively regulated PINK1 expression
and negatively affected the transition from inactivated caspase 3 to activated caspase 3, thus attenuating
hypoxia or MPP+ injury. Our findings sheds a light on DOR’s potential as a promising target that can
be applied for clinical neurotherapeutics, especially for Parkinsonism conditions.

4. Materials and Methods

4.1. Chemicals and Reagents

UFP-512, a specific and potent DOR agonist was produced by our research group.
Naltrindole hydrochloride was purchased from Tocris Bioscience (Cat: 0740, Bristol, UK). MPP+

(1-methyl-4-phenylpyridinium), MTT powder for cell viability, and fetal bovine serum (FBS) were all
purchased form Sigma Chemical Co. (Cat: D048, 15H467, M2128, respectively, St. Louis, MO, USA).
LDH cytotoxicity assay kit was purchased from Beyotime Biotechnology (Cat: C0016, Shanghai, China).
Dulbecco’s Modified Eagle Medium (DMEM) for cell culture was purchased from Gibco®, Thermo
Fisher Scientific (Cat: 11995-065, Waltham, MA, USA). Anti-PINK1 antibody was purchased from
Novus Biologicals (Cat: BC100-494, Littleton, CO, USA). Anti-β-actin antibody, anti-caspase 3-antibody
were all purchased from Cell Signaling Technology (Cat: 4970, 4691, 4060, 9662S, respectively, Danvers,
CO, USA).

4.2. Cell Cultures and Experimental Groups

Highly differentiated PC-12 cell line was obtained from American Type Culture Collection
(Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagle Medium (DMEM), supplemented
with 10% FBS. Under normoxic control conditions, the cells were incubated at 37 ˝C in a humidified
atmosphere with 5% CO2. Before induction of hypoxia or MPP+ Parkinsonism, the cells were cultured in
6-well plates, and were then randomly allocated to normoxia, hypoxia and MPP+ groups. For hypoxia,
the cells were placed in a hypoxic chamber (Galaxy 48R, New Brun-swick, Edison, NJ, USA) at 37 ˝C,
and its O2 levels were kept strictly at 0.5% or 1% by constantly flushing with nitrogen. For mimicking
PD conditions, the cells were exposed to 0.5–2.0 mM of MPP+. UFP-512 (5 µM) and naltrindole (1 µM)
were separately added to the culture mediums before the onset of hypoxia and MPP+ exposure. In the
normoxic control group, they were added to the culture medium at a similar time point.

There were the following experimental groups:

C: normoxic control.
H: hypoxia.
H + U: DOR activation with UFP-512 (5 µM) in hypoxic condition.
H + N: DOR inhibition with naltrindole (1 µM) in hypoxic condition.
M: MPP+.
M + U: DOR activation with UFP-512 (5 µM) under MPP+ insult.
M + N: DOR inhibition with naltrindole (1 µM) under MPP+ insult.

4.3. Cell Viability Assay

Cell viability was measured by a MTT assay. Exponentially growing cells were plated at
6000 cells/well in a 96-well flat-bottom plate, and were allowed to incubate overnight at 37 ˝C in a
humidified incubator with 5% CO2. Wells without cells but containing a 200 µL culture medium served
as a control for the minimum absorbance. After drug treatment for 24 h, MTT reagent (20 µL/200 µL
per well of the 96 well plate) was added, and the cells were incubated another 4 h before measurement.
The absorbance was assessed at the wavelength of 490 nm using a microplate reader (BioTek, Winooski,
VT, USA).
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Lactate Dehydrogenase Assessment

Cytotoxicity was quantitatively evaluated by measuring the activity of lactate dehydrogenase
(LDH) in the culture medium using a LDH cytotoxicity assay kit. The cells were treated with indicated
compounds and incubated for the desired period. Plates containing 10% lactate release reagent and a
200 µL of culture medium without cells were set as maximum control and blank control respectively.
After 5 min of centrifugation at 400 g, 120 µL supernatant was transferred to a new 96 well plate and
mixed with the provided working solution. These mixtures were incubated at room temperature,
protected from light, and for 30 min, the absorbance of each solution was recorded by a microplate
reader (BioTek, Winooski, VT, USA) at the wavelength of 490 nm.

% cytotoxicity was calculated as follows:

% Cytotoxicity “
rexperimental pOD490q ´ blank pOD490qs ˆ 100

rmaximum LDH release pOD490q ´ blank pOD490qs

4.4. Western Blotting

Cells were lyzed at 4 ˝C using lysis buffer containing 0.1% protease inhibitor, 1% phosphatase
inhibitor and 0.5% 100 mM PMSF (KeyGEN Biotec, Cat: KGP2100, Nanjing, China). The protein
concentration was determined using the BCA protein assay kit, and equal amounts of proteins or
equal proportions of cell lysates were analyzed using a Western blot. Protein samples were diluted in
a 6ˆ sample buffer containing no reducing agent and run in 10% SDS-PAGE. After electrophoresis,
proteins were transferred to hydrophobic polyvinylidenedifluorid (PVDF) membranes, and then
probed with various mAbs. The binding of mAbs was detected using HRP conjugated secondary
antibodies, and visualized using Western Lightening® Chemiluminescence Reagent Plus (Perkin-Elmer,
Boston, MA, USA). Quantitation was performed by densitometry using the NIH Image program
(Image J).

4.5. Statistical Analysis

All data are presented as means ˘ SEM of at least three independent experiments. Statistical
analysis was performed using one-way ANOVA followed by Bonferroni’s multiple comparison test
(Prism 5, GraphPad Software, La Jolla, CA, USA).

Acknowledgments: Yilin Yang was supported by Jiangsu SPMS (BL2014035) of China. Ying Xia was supported
by Memorial Hermann’s Foundation and Vivian L Smith Neurologic Foundation.

Author Contributions: Ying Xia, Yilin Yang, Yuan Xu and Feng Zhi conceived and designed the experiments;
Yuan Xu and Rong Wang performed the experiments; Yuan Xu, Feng Zhi and Naiyuan Shao analyzed the data;
Yilin Yang, Naiyuan Shao and Feng Zhi contributed reagents/materials/analysis tools; Yuan Xu and Ying Xia
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Valente, E.M.; Abou-Sleiman, P.M.; Caputo, V.; Muqit, M.M.; Harvey, K.; Gispert, S.; Ali, Z.; del Turco, D.;
Bentivoglio, A.R.; Healy, D.G.; et al. Hereditary early-onset Parkinson’s disease caused by mutations in
PINK1. Science 2004, 304, 1158–1160. [CrossRef] [PubMed]

2. Mazzucchi, S.; Frosini, D.; Ripoli, A.; Nicoletti, V.; Linsalata, G.; Bonuccelli, U.; Ceravolo, R. Serotonergic
antidepressant drugs and L-dopa-induced dyskinesias in Parkinson’s disease. Acta Neurol. Scand. 2015, 131,
191–195. [CrossRef] [PubMed]

3. Politis, M.; Lindvall, O. Clinical application of stem cell therapy in Parkinson’s disease. BMC Med. 2012,
10, 1. [CrossRef] [PubMed]

4. Feng, L.R.; Maguire-Zeiss, K.A. Gene therapy in Parkinson’s disease: Rationale and current status. CNS Drugs
2010, 24, 177–192. [CrossRef] [PubMed]

http://dx.doi.org/10.1126/science.1096284
http://www.ncbi.nlm.nih.gov/pubmed/15087508
http://dx.doi.org/10.1111/ane.12314
http://www.ncbi.nlm.nih.gov/pubmed/25274076
http://dx.doi.org/10.1186/1741-7015-10-1
http://www.ncbi.nlm.nih.gov/pubmed/22216957
http://dx.doi.org/10.2165/11533740-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20155994


Int. J. Mol. Sci. 2016, 17, 1179 10 of 11

5. Gao, C.; Zhu, W.; Tian, L.; Zhang, J.; Li, Z. MCT4-mediated expression of EAAT1 is involved in the resistance
to hypoxia injury in astrocyte-neuron co-cultures. Neurochem. Res. 2015, 40, 818–828. [CrossRef] [PubMed]

6. Karunasinghe, R.N.; Lipski, J. Oxygen and glucose deprivation (OGD)-induced spreading depression in the
Substantia Nigra. Brain Res. 2013, 1527, 209–221. [CrossRef] [PubMed]

7. Rodriguez-Grande, B.; Blackabey, V.; Gittens, B.; Pinteaux, E.; Denes, A. Loss of substance P and inflammation
precede delayed neurodegeneration in the substantia nigra after cerebral ischemia. Brain Behav. Immun. 2013,
29, 51–61. [CrossRef] [PubMed]

8. Siuda, J.; Jasinska-Myga, B.; Boczarska-Jedynak, M.; Opala, G.; Fiesel, F.C.; Moussaud-Lamodiere, E.L.;
Scarffe, L.A.; Dawson, V.L.; Ross, O.A.; Springer, W.; et al. Early-onset Parkinson’s disease due to PINK1
p.Q456X mutation—Clinical and functional study. Parkinsonism Relat. Disord. 2014, 20, 1274–1278. [CrossRef]
[PubMed]

9. Yunfu, W.; Guangjian, L.; Ping, Z.; Yanpeng, S.; Xiaoxia, F.; Wei, H.; Jiang, Y.; Jingquan, H.; Songlin, W.;
Hongyan, Z.; et al. PINK1 and its familial Parkinson’s disease-associated mutation regulate brain vascular
endothelial inflammation. J. Mol. Neurosci. 2014, 53, 109–116. [CrossRef] [PubMed]

10. Minami, A.; Nakanishi, A.; Matsuda, S.; Kitagishi, Y.; Ogura, Y. Function of alpha-synuclein and PINK1 in
Lewy body dementia (Review). Int. J. Mol. Med. 2015, 35, 3–9. [PubMed]

11. Kazlauskaite, A.; Muqit, M.M. PINK1 and Parkin—Mitochondrial interplay between phosphorylation and
ubiquitylation in Parkinson’s disease. FEBS J. 2015, 282, 215–223. [CrossRef] [PubMed]

12. Pickrell, A.M.; Youle, R.J. The roles of PINK1, parkin, and mitochondrial fidelity in Parkinson’s disease.
Neuron 2015, 85, 257–273. [CrossRef] [PubMed]

13. Van der Merwe, C.; van Dyk, H.C.; Engelbrecht, L.; van der Westhuizen, F.H.; Kinnear, C.; Loos, B.;
Bardien, S. Curcumin Rescues a PINK1 Knock Down SH-SY5Y Cellular Model of Parkinson’s Disease from
Mitochondrial Dysfunction and Cell Death. Mol. Neurobiol. 2016. [CrossRef] [PubMed]

14. Burbulla, L.F.; Fitzgerald, J.C.; Stegen, K.; Westermeier, J.; Thost, A.K.; Kato, H.; Mokranjac, D.; Sauerwald, J.;
Martins, L.M.; Woitalla, D.; et al. Mitochondrial proteolytic stress induced by loss of mortalin function is
rescued by Parkin and PINK1. Cell Death Dis. 2014, 5, e1180. [CrossRef] [PubMed]

15. Gogvadze, V.; Orrenius, S.; Zhivotovsky, B. Analysis of mitochondrial dysfunction during cell death.
Methods Mol. Biol. 2015, 1264, 385–393. [PubMed]

16. Orrenius, S.; Gogvadze, V.; Zhivotovsky, B. Calcium and mitochondria in the regulation of cell death.
Biochem. Biophys. Res. Commun. 2015, 460, 72–81. [CrossRef] [PubMed]

17. Cohen, G.M. Caspases: The executioners of apoptosis. Biochem. J. 1997, 326, 1–16. [CrossRef] [PubMed]
18. Choudhary, G.S.; Al-Harbi, S.; Almasan, A. Caspase-3 activation is a critical determinant of genotoxic

stress-induced apoptosis. Methods Mol. Biol. 2015, 1219, 1–9.
19. Sakahira, H.; Enari, M.; Nagata, S. Cleavage of CAD inhibitor in CAD activation and DNA degradation

during apoptosis. Nature 1998, 391, 96–99. [CrossRef] [PubMed]
20. Liu, X.; Zou, H.; Slaughter, C.; Wang, X. DFF, a heterodimeric protein that functions downstream of caspase-3

to trigger DNA fragmentation during apoptosis. Cell 1997, 89, 175–184. [CrossRef]
21. Liu, X.; Li, P.; Widlak, P.; Zou, H.; Luo, X.; Garrard, W.T.; Wang, X. The 40-kDa subunit of DNA fragmentation

factor induces DNA fragmentation and chromatin condensation during apoptosis. Proc. Natl. Acad. Sci. USA
1998, 95, 8461–8466. [CrossRef] [PubMed]

22. Rathnasamy, G.; Sivakumar, V.; Rangarajan, P.; Foulds, W.S.; Ling, E.A.; Kaur, C. NF-kappaB-mediated nitric
oxide production and activation of caspase-3 cause retinal ganglion cell death in the hypoxic neonatal retina.
Investig. Ophthalmol. Vis. Sci. 2014, 55, 5878–5889. [CrossRef] [PubMed]

23. Zhang, J.; Gibney, G.T.; Zhao, P.; Xia, Y. Neuroprotective role of delta-opioid receptors in cortical neurons.
Am. J. Physiol. Cell Physiol. 2002, 282, C1225–C1234. [CrossRef] [PubMed]

24. Zhang, J.; Qian, H.; Zhao, P.; Hong, S.S.; Xia, Y. Rapid hypoxia preconditioning protects cortical neurons
from glutamate toxicity through delta-opioid receptor. Stroke J. Cereb. Circ. 2006, 37, 1094–1099. [CrossRef]
[PubMed]

25. Ma, M.C.; Qian, H.; Ghassemi, F.; Zhao, P.; Xia, Y. Oxygen-sensitive-opioid receptor-regulated survival
and death signals: Novel insights into neuronal preconditioning and protection. J. Biol. Chem. 2005, 280,
16208–16218. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11064-015-1532-2
http://www.ncbi.nlm.nih.gov/pubmed/25645447
http://dx.doi.org/10.1016/j.brainres.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23796781
http://dx.doi.org/10.1016/j.bbi.2012.11.017
http://www.ncbi.nlm.nih.gov/pubmed/23232501
http://dx.doi.org/10.1016/j.parkreldis.2014.08.019
http://www.ncbi.nlm.nih.gov/pubmed/25226871
http://dx.doi.org/10.1007/s12031-013-0207-1
http://www.ncbi.nlm.nih.gov/pubmed/24385196
http://www.ncbi.nlm.nih.gov/pubmed/25355138
http://dx.doi.org/10.1111/febs.13127
http://www.ncbi.nlm.nih.gov/pubmed/25345844
http://dx.doi.org/10.1016/j.neuron.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25611507
http://dx.doi.org/10.1007/s12035-016-9843-0
http://www.ncbi.nlm.nih.gov/pubmed/27003823
http://dx.doi.org/10.1038/cddis.2014.103
http://www.ncbi.nlm.nih.gov/pubmed/24743735
http://www.ncbi.nlm.nih.gov/pubmed/25631030
http://dx.doi.org/10.1016/j.bbrc.2015.01.137
http://www.ncbi.nlm.nih.gov/pubmed/25998735
http://dx.doi.org/10.1042/bj3260001
http://www.ncbi.nlm.nih.gov/pubmed/9337844
http://dx.doi.org/10.1038/nature15532
http://www.ncbi.nlm.nih.gov/pubmed/26416741
http://dx.doi.org/10.1016/S0092-8674(00)80197-X
http://dx.doi.org/10.1073/pnas.95.15.8461
http://www.ncbi.nlm.nih.gov/pubmed/9671700
http://dx.doi.org/10.1167/iovs.13-13718
http://www.ncbi.nlm.nih.gov/pubmed/25139733
http://dx.doi.org/10.1152/ajpcell.00226.2001
http://www.ncbi.nlm.nih.gov/pubmed/11997236
http://dx.doi.org/10.1161/01.STR.0000206444.29930.18
http://www.ncbi.nlm.nih.gov/pubmed/16514101
http://dx.doi.org/10.1074/jbc.M408055200
http://www.ncbi.nlm.nih.gov/pubmed/15687501


Int. J. Mol. Sci. 2016, 17, 1179 11 of 11

26. Monti, C.; Bondi, H.; Urbani, A.; Fasano, M.; Alberio, T. Systems biology analysis of the proteomic alterations
induced by MPP(+), a Parkinson’s disease-related mitochondrial toxin. Front. Cell. Neurosci. 2015, 9, 14.
[CrossRef] [PubMed]

27. Chen, T.; Hou, R.; Li, C.; Wu, C.; Xu, S. MPTP/MPP+ suppresses activation of protein C in Parkinson’s
disease. J. Alzheimer Dis. JAD 2015, 43, 133–142.

28. Ding, A.X.; Sun, G.; Argaw, Y.G.; Wong, J.O.; Easwaran, S.; Montell, D.J. CasExpress reveals widespread and
diverse patterns of cell survival of caspase-3 activation during development. eLife 2016, 5, e10936. [CrossRef]
[PubMed]

29. Arena, G.; Gelmetti, V.; Torosantucci, L.; Vignone, D.; Lamorte, G.; De Rosa, P.; Cilia, E.; Jonas, E.A.;
Valente, E.M. PINK1 protects against cell death induced by mitochondrial depolarization, by phosphorylating
Bcl-xL and impairing its pro-apoptotic cleavage. Cell Death Differ. 2013, 20, 920–930. [CrossRef] [PubMed]

30. Gautier, C.A.; Corti, O.; Brice, A. Mitochondrial dysfunctions in Parkinson’s disease. Rev. Neurol. 2014, 170,
339–343. [CrossRef] [PubMed]

31. Subramaniam, S.R.; Chesselet, M.F. Mitochondrial dysfunction and oxidative stress in Parkinson’s disease.
Prog. Neurobiol. 2013, 106–107, 17–32. [CrossRef] [PubMed]

32. Liu, X.R.; Li, Y.Q.; Hua, C.; Li, S.J.; Zhao, G.; Song, H.M.; Yu, M.X.; Huang, Q. Oxidative stress inhibits
growth and induces apoptotic cell death in human U251 glioma cells via the caspase-3-dependent pathway.
Eur. Rev. Med. Pharmacol. Sci. 2015, 19, 4068–4075. [PubMed]

33. Meng, X.W.; Fraser, M.J.; Feller, J.M.; Ziegler, J.B. Caspase-3-dependent and caspase-3-independent pathways
leading to chromatin DNA fragmentation in HL-60 cells. Apoptosis Int. J. Program. Cell Death 2000, 5, 61–67.
[CrossRef]

34. Liu, X.; Kim, C.N.; Yang, J.; Jemmerson, R.; Wang, X. Induction of apoptotic program in cell-free extracts:
Requirement for dATP and cytochrome c. Cell 1996, 86, 147–157. [CrossRef]

35. Lax, A.; Soler, F.; Fernandez-Belda, F. Mitochondrial damage as death inducer in heart-derived H9c2 cells:
More than one way for an early demise. J. Bioenerg. Biomembr. 2009, 41, 369–377. [CrossRef] [PubMed]

36. Rakovic, A.; Shurkewitsch, K.; Seibler, P.; Grunewald, A.; Zanon, A.; Hagenah, J.; Krainc, D.; Klein, C.
Phosphatase and tensin homolog (PTEN)-induced putative kinase 1 (PINK1)-dependent ubiquitination of
endogenous Parkin attenuates mitophagy: Study in human primary fibroblasts and induced pluripotent
stem cell-derived neurons. J. Biol. Chem. 2013, 288, 2223–2237. [CrossRef] [PubMed]

37. Li, L.; Hu, G.K. PINK1 protects cortical neurons from thapsigargin-induced oxidative stress and neuronal
apoptosis. Biosci. Rep. 2015, 35, e00174. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3389/fncel.2015.00014
http://www.ncbi.nlm.nih.gov/pubmed/25698928
http://dx.doi.org/10.7554/eLife.10936
http://www.ncbi.nlm.nih.gov/pubmed/27058168
http://dx.doi.org/10.1038/cdd.2013.19
http://www.ncbi.nlm.nih.gov/pubmed/23519076
http://dx.doi.org/10.1016/j.neurol.2013.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24119854
http://dx.doi.org/10.1016/j.pneurobio.2013.04.004
http://www.ncbi.nlm.nih.gov/pubmed/23643800
http://www.ncbi.nlm.nih.gov/pubmed/26592828
http://dx.doi.org/10.1023/A:1009689710184
http://dx.doi.org/10.1016/S0092-8674(00)80085-9
http://dx.doi.org/10.1007/s10863-009-9236-4
http://www.ncbi.nlm.nih.gov/pubmed/19777329
http://dx.doi.org/10.1074/jbc.M112.391680
http://www.ncbi.nlm.nih.gov/pubmed/23212910
http://dx.doi.org/10.1042/BSR20140104
http://www.ncbi.nlm.nih.gov/pubmed/25608948
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	Prolonged Hypoxia and MPP+ Stress Caused Severe PC12 Cell Injury 
	Both Prolonged Hypoxia and MPP+ Insults Increased the Level of Cleaved Caspase 3 with a Reduction of PINK1 Protein 
	DOR Activation Attenuated PC12 Cell Injury Induced by Hypoxic and MPP+ Stress 
	DOR Activation Upregulated PINK1 Expression in Hypoxia or MPP+ Stress 
	DOR Activation Inhibited Hypoxia/MPP+-Induced Production of Cleaved Caspase 3 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Cell Cultures and Experimental Groups 
	Cell Viability Assay 
	Western Blotting 
	Statistical Analysis 


