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Necrostatin-1 protection of dopaminergic neurons
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Introduction
Necroptosis is a unique type of cell death observed under 
different experimental conditions and pathological pro-
cesses (Fayaz et al., 2014; Linkermann and Green, 2014; Re 
et al., 2014). It is characterized by programmed necrotic 
cell death accompanied by autophagic pathway activation 
(Chavez-Valdez et al., 2012; Jain et al., 2013). Necrostatin-1 
(Nec-1) was discovered to be a specific inhibitor of this path-
way (Degterev et al., 2005). Several studies have disrupted 
necroptosis to investigate the neuroprotective effect of Nec-1 
and have identified a protective potential in different models 
(Smith et al., 2007; Degterev et al., 2008; Linkermann et al., 
2012; Oerlemans et al., 2012). Recently, emerging evidence 
has indicated the involvement of this pathway in neurode-
generative diseases (Le, 2014). Does necroptosis play a role 
in the pathophysiology of Parkinson’s disease? If yes, then, 
could Nec-1 be a preventive or therapeutic agent for this in-
tractable disease? Oxidative stress has been demonstrated as 
the crucial mechanism of dopaminergic cell death in Parkin-
son’s disease (Dias et al., 2013; Streck et al., 2013). Autoph-
agy, which is downstream of necroptosis, is involved in do-
paminergic cell death in Parkinson’s disease (Lynch-Day et 

al., 2012; Arduino et al., 2013; Pan and Yue, 2014). Nec-1 can 
attenuate oxidative stress and mitochondrial dysfunction in 
neurons following neonatal hypoxia-ischemia (Chavez-Val-
dez et al., 2012), and can also play an important protective 
role in myocardial ischemia/reperfusion injury (Oerlemans 
et al., 2012). Hence, we hypothesize that Nec-1 can protect 
PC12 cells from oxidative cytotoxicity induced by 6-hy-
droxydopamine (6-OHDA) by interfering with necroptosis. 

Materials and Methods
Cell culture and treatment
PC12 cells (Chinese Academy of Sciences Cell Bank, Shang-
hai, China) were cultivated in Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco, New York, NY, USA), supple-
mented with 100 U/mL penicillin, 100 mg/mL streptomycin 
and 10% heat-inactivated fetal bovine serum (Beijing Beyo-
time Institute of Biotechnology, Beijing, China). Cells were 
maintained at 37°C in a humidified atmosphere containing 
5% CO2 before collection at passages 10–20 and seeded on 
poly-L-lysine-coated plates (Sigma, St. Louis, MO, USA) at a 
density of 2 × 105 cells/mL. Cells in the Nec-1 treated group 
were pretreated with different concentrations of Nec-1 for 
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1 hour before being challenged by 6-OHDA (final concen-
tration 100 μM; Sigma). Cells in the control groups were 
treated with medium followed by 6-OHDA or saline. All 
cells were harvested at 24 hours after drug administration 
for further investigation.

Growth-arrested PC12 cells were divided into four groups: 
normal DMEM group (NS group), 100 μM 6-OHDA 
DMEM group (6-OHDA group), 10 μM Nec-1 + 100 μM 
6-OHDA DMEM group (6-OHDA + Nec-1 group), and 0.2% 
dimethyl sulfoxide + normal DMEM group (vehicle group).

Colorimetric MTT assay
Cell viability was measured by the MTT assay according to 
previous methods (Wang et al., 2011). Cell viability was ex-
pressed as a percentage of cells in the normal control. To deter-
mine the protective effect of Nec-1 against neurotoxicity, PC12 
cells were exposed to Nec-1 at the concentrations of 5, 10, 20, 
30, 60 and 90 μM before 6-OHDA treatment for 1 hour. The 
viability of the cells was assessed as described above.

Detection of autophagy by fluorescence staining
PC12 cells were seeded into 24-well plates containing cover 
slips pre-coated with 0.1% poly-lysine and then treated with 
100 μM of 6-OHDA after cell synchronization (Wang et al., 
2011). The cultivation medium was then replaced with fresh 
medium containing 50 μM monodansylcadaverine (Sigma) 
at 2, 4, 6, 12 and 24 hours after cell synchronization, and these 
cells were further cultured at 37°C in a humidified atmosphere 
containing 5% CO2 for 10 minutes. After two washes with 
D-Hank’s solution, the cover slips were removed and placed 
onto gelatin pre-treated slides and observed under an inverted 
fluorescence microscope (Olympus, Tokyo, Japan). 

Mitochondrial membrane potential assay  
The disruption of active mitochondria, including changes in 
mitochondrial membrane potential, is a distinctive feature of 
the early stage of apoptosis. This change can be determined 
using the membrane permeant dye, JC-1 (Beijing Beyotime 
Institute of Biotechnology). After exposure to this dye, a 
potential-sensitive color shift from red to green suggests 
mitochondrial depolarization. At 24 hours after 6-OHDA 
treatment, PC12 cells were incubated with 5 μg/mL JC-1 dye 
at 37°C for 20 minutes. Cells were then rinsed twice with 
PBS. Mitochondrial membrane potentials were monitored 
by determining the relative amount of dual emissions from 
mitochondrial JC-1 monomers or aggregates using a fluores-
cence microscope (Olympus, Tokyo, Japan) equipped with 
an argon ion laser emitting at 488 nm. 

Western blot assay 
PC12 cells were seeded in 60 mm dishes at a density of 2 × 105 
cells/mL. After removing medium, cells were washed twice 
with ice-cold PBS, and then lysed on ice using lysis buffer 
containing 50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton 
X-100, 2.5 mM sodium pyrophosphate, 1 mM ethylenedi-
amine tetraacetic acid, 1% Na3VO4, 0.5 μg/mL leupeptin, and 
1 mM phenylmethanesulfonyl fluoride for 20 minutes. The 
collected lysates were centrifuged at 12,000 × g at 4°C for 5 
minutes to give supernatants for western blot assay. Protein 

concentrations were determined by the Bradford protein 
assay. Equal amounts of protein (20 μg) from each sample 
were loaded onto 12.5% sodium dodecyl sulfate-polyacryl-
amide gels for electrophoresis, followed by electro-transfer 
onto nitrocellulose membranes (Amersham Biosciences 
Buckinghamshire, UK) at 0.8 mA/cm2 for 30–60 minutes. 
Membranes were blocked at room temperature for at least 
1 hour with 5% skimmed milk in Tris-buffered saline and 
Tween 20 (50 mM Tris/HCl, 150 mM NaCl, pH 7.5, 0.2% 
v/v Tween-20) and then incubated overnight at 4°C with 
rabbit anti-light chain 3 (LC3) antibody (1:500; Sigma), 
mouse anti-casthepsin B antibody (1:500; Sigma), mouse 
anti-Bcl-2 antibody (1:500; Zhongshan Golden Bridge Bio-
technology Company, Beijing, China) or rabbit or mouse 
β-actin (1:1,000; Sigma-Aldrich, Madrid, Spain) antibodies. 
After washing with Tris-buffered saline and Tween 20, mem-
branes were reacted with alkaline phosphatase-conjugated 
anti-mouse IgG or anti-rabbit secondary antibodies (1:1,000; 
Zhongshan Golden Bridge Biotechnology Company) at 
room temperature for 2 hours. NBT/BCIP (Promega, Madi-
son, WI, USA) was used to develop membranes. Membranes 
were scanned and analyzed on an image analyzer (Quantity 
One, Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analysis
One-way analysis of variance followed by the least significant 
difference test (two-tailed) was performed to compare the 
effects of Nec-1 on PC12 cells using SPSS 16.0 software (SPSS, 
Chicago, IL, USA). Data are expressed as the mean ± SD. A P 
value < 0.05 was considered statistically significant.

Results
Effects of Nec-1 on PC12 cell viability  
The viability of PC12 cells in the 6-OHDA group was signifi-
cantly lower than that in the NS group (P < 0.01), indicating 
that 6-OHDA caused injury to cells. Treatment with 5, 10, 20 
and 30 μM Nec-1 could substantially reverse the decreased 
viability, although further cell deterioration occurred with 
Nec-1 treatment of 60 and 90 μM (P < 0.01). This finding 
suggests a potential neuroprotective effect of Nec-1 at con-
centrations of 5–30 μM (Figure 1).

Changes to autophagic vacuoles in PC12 cells
After 2 hours of treatment with 6-OHDA (100 μM), auto-
phagic vacuoles started to appear as fluorescent particles 
clearly scattered within the cytoplasm. This staining was not 
observed in the NS group. Large quantities of fluorescent 
particles were visible at 6 and 12 hours, which indicated their 
continuous production. However, at 24 hours after treatment, 
the number of fluorescent particles had declined, indicating 
fewer autophagic vacuoles in the cytoplasm (Figure 2).

Nec-1 effects on mitochondrial membrane potential in 
PC12 cells treated with 6-OHDA 
PC12 cells in the NS group stained with JC-1 dye displayed 
orange-red fluorescence in mitochondria. 6-OHDA treat-
ment produced obvious green fluorescence, indicating re-
markably reduced mitochondrial potentials. Fluorescence 
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Figure 3 Nec-1 attenuated mitochondrial membrane potential reduction in PC12 cells induced by 6-OHDA. 
Growth-arrested PC12 cells were exposed to NS, 6-OHDA, 6-OHDA + Nec-1, or vehicle for 24 hours. (A) Representative photographs of JC-1 
staining in different groups. The cells were stained with JC-1 and imaged under a fluorescence microscope to analyze the ratio of green to red fluo-
rescence. An increase in green/red fluorescence indicates mitochondrial depolarization. (B) Quantitative analysis of a shift from bright orange-red 
fluorescence to green. All the values are expressed as the mean ± SD (The number of samples in each group was six). There were ten parallel images 
in each group. *P < 0.01, vs. NS group; #P < 0.01, vs. 6-OHDA group. NS group: Normal DMEM media; 6-OHDA: 100 μM 6-OHDA; 6-OHDA + 
Nec-1: 10 μM Nec-1 + 100 μM 6-OHDA; vehicle: 0.2% dimethyl sulfoxide in normal DMEM medium. Nec-1: Necrostatin-1; 6-OHDA: 6-hydroxy-
dopamine; DMEM: Dulbecco’s modified Eagle’s medium.

Figure 2 Changes in autophagic vacuoles in 
PC12 cells (monodansyl cadaverine 
fluorescence staining). 
PC12 cells were cultured on cover slips. 
Fluorescent particles indicate autophagy vac-
uoles. After 2 hours of 6-OHDA treatment 
(100 μM), autophagic vacuoles started to 
appear, which were not seen in the NS group. 
Large quantities of autophagy vacuoles were 
observed at 6 and 12 hours after treatment. 
Scale bars: 20 μm. (A) NS group; (B–F) 2, 4, 6, 
12 and 24 hours after treatment, respectively. 
6-OHDA: 6-Hydroxydopamine; NS group: 
normal Dulbecco’s modified Eagle’s medium.

Figure 1 Effects of Nec-1 on PC12 cell viability assessed by MTT assay. 
Cells were treated with 6-OHDA for 24 hours. *P < 0.01, vs. NS group; #P < 0.05, 
vs. 6-OHDA group. Data are expressed as the mean ± SD (The number of sam-
ples in each group was six). NS group: Normal DMEM media; 6-OHDA group: 
100 μM 6-OHDA. Six different Nec-1 groups: 5, 10, 20, 30, 60 and 90 μM Nec-
1 + 100 μM 6-OHDA. The viability of PC12 cells was represented as the ratio of 
the average absorbance value of three parallel experiments from treated groups 
to the control. Nec-1: Necrostatin-1; 6-OHDA: 6-hydroxydopamine; DMEM: 
Dulbecco’s modified Eagle’s medium; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide. 
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and increased the level of Bcl-2 (Figure 4C and D).

Discussion
Apoptosis in the pathogenesis of Parkinson’s disease has been 
widely studied. However, novel non-apoptotic pathways have 
been discovered in recent years (Cabon et al., 2013; Cho, 
2014; Feoktistova and Leverkus, 2015). A general consensus 
of neurodegenerative disease is that complex signal transduc-
tion involving different pathways occurs in neurons during 
degeneration (Perier et al., 2012; Venderova and Park, 2012) 
and cross-talk among different cell death pathways has been 
intensively studied in Parkinson’s disease. In the present study, 
6-OHDA-induced PC12 cell death manifested both apoptotic 
and autophagic features. LC3 and cathepsin B levels increased 
in PC12 cells after 6-OHDA treatment, and a prosurvival ef-

fect of Nec-1 was found in this cytotoxic model. This indicat-
ed not only apoptosis but also non-apoptotic pathways were 
evoked by these experimental conditions. Nec-1 can attenuate 
oxidative stress and mitochondrial dysfunction in neurons 
following neonatal hypoxia-ischemia (Northington et al., 
2011; Chavez-Valdez et al., 2012) and can produce protective 
effects against neuronal injury induced by ischemia/reperfu-
sion (Xu et al., 2010). Here, supporting our hypothesis, block-
ing necroptosis signaling attenuated 6-OHDA cytotoxicity of 
PC12 cells. In this study, 5, 10, 20, and 30 μM of Nec-1 pro-
tected PC12 cells from 6-OHDA-induced cytotoxicity, and 
also reversed decreased mitochondrial membrane poten-
tials. However, the results showed that 60 and 90 μM Nec-
1 caused a substantial decrease in the viability of PC12 cells, 
demonstrating dual effects of Nec-1; protection at lower 

Figure 4 Effects of Nec-1 on the protein expression of LC3-II, Cathepsin B and Bcl-2 in PC12 cells (western blot assay). 
Growth-arrested PC12 cells received the following treatments: (A) NS, 100 μM 6-OHDA for 2, 4, 6, 12 and 24 hours; (B–D) NS, 100 μM 6-OHDA, 
10 μM Nec-1 + 6-OHDA, or vehicle. After the indicated exposure times (A), the cells were harvested and lysed. The relative absorbance is repre-
sented as a fold value compared with the NS group. Data are expressed as the mean ± SD (The number of samples in each group was six). *P < 0.05, 
vs. NS group; #P < 0.05, vs. 6-OHDA group. NS group: Normal DMEM medium; 6-OHDA: 100 μM 6-OHDA; 6-OHDA + Nec-1: 10 μM Nec-1 + 
100 μM 6-OHDA; vehicle: 0.2% dimethyl sulfoxide in normal DMEM medium. Nec-1: Necrostatin-1; 6-OHDA: 6-hydroxydopamine; LC3: micro-
tubule-associated protein 1A/1B-light chain 3. 
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concentrations in comparison with toxicity at higher concen-
trations. This result was consistent with a point of discussion 
made by Smith and Yellon (2011). 

Apoptosis plays an important role in the degeneration of 
substantia nigra dopaminergic neurons in Parkinson’s dis-
ease (Duyckaerts et al., 2010). Animal models and post-mor-
tem material have enabled morphological observations of 
changes in apoptosis, while immunohistochemical evidence 
indicates activation of caspases in substantia nigra dopami-
nergic neurons (Vila and Przedborski, 2003). Recent studies 
have focused on the crosstalk among apoptosis, neroptosis 
and other death pathways (Venderova and Park, 2012; Ardu-
ino et al., 2013; Nikoletopoulou et al., 2013). In the present 
study, Bcl-2 protein in PC12 cells was down-regulated by 
6-OHDA, but was protected by pretreatment of Nec-1. This 
implies that Nec-1 pretreatment also interfered with apopto-
sis in this process. The changes in mitochondrial membrane 
potential and mitochondrial function in 6-OHDA-treated 
PC12 cells were inhibited by Nec-1, which indicates a poten-
tial anti-apoptotic mechanism of Nec-1 by stabilizing the mi-
tochondrial membrane. Autophagy can be a survival strategy 
and also a cell death pathway (Tung et al., 2012). The results 
of the present study also suggest the activation of autophagy 
in PC12 cells after 6-OHDA exposure. The increased expres-
sion of LC3-II and cathepsin B induced by 6-OHDA treat-
ment were reversed by Nec-1 pretreatment. This indicates that 
blocking necroptosis by Nec-1 could prevent PC12 cells from 
undergoing autophagic cell death and downstream necroptot-
ic signaling. Inhibition of necroptosis could be a new target to 
protect cells from oxidative stress. Based on these limited data, 
we cannot answer the question of whether Nec-1 has a pro-
tective effect in animal models of dopaminergic neurotoxicity. 
In vivo testing of Nec-1 may give new clues for neuroprotec-
tion in Parkinson’s disease.
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