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Abstract
Parkinson’s disease (PD) is the second most common neurodegenerative disorder and is characterized by severe neuronal loss.
Necroptosis, or programmed cell necrosis, is mediated by the receptor interacting protein kinase-1 and -3/mixed lineage
kinase domain-like protein (RIP1/RIP3/MLKL) pathway, and is involved in several neurodegenerative diseases. Here we
aimed to explore the involvement of necroptosis in 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine hydrochloride (MPTP)-
induced PD and determine the potential mechanisms. We found that the protein levels of RIP1, RIP3, and MLKL increased
significantly in a MPTP-induced mouse PD model. High expression of RIP1/RIP3/MLKL was associated with severe loss of
dopaminergic neurons. Pretreatment with necrostatin-1 or the knockout of the RIP3/MLKL gene to block necroptosis pathway
dramatically ameliorated PD by increasing dopamine levels and rescuing the loss of dopaminergic neurons, independent of
the apoptotic pathway. Moreover, upregulation of inflammatory cytokines in MPTP-treated mice was partially inhibited by
deletion of RIP3 or MLKL gene, indicating that a positive feedback loop exists between these genes and inflammatory
cytokines. Our data indicate that RIP1/RIP3/MLKL-mediated necroptosis is involved in the pathogenesis of MPTP-induced
PD. Downregulating the expression of RIP1, RIP3, or MLKL can significantly attenuate MPTP-induced PD. Future therapy
targeting necroptosis may be a promising new option.

Introduction

Parkinson disease (PD) is the second most common neu-
rodegenerative disorder, surpassed only by Alzheimer’s
disease [1, 2]. Loss of dopaminergic neurons (DA neurons)
in the substantia nigra pars compacta (SNpc) is the critical
neuropathological change, which contributes to the

impaired movement seen in PD patients [3, 4]. Until
recently, the pathophysiological mechanism underlying the
loss of DA neurons has not been fully elucidated and
the clinical outcome for PD patients is still poor [4, 5].
Therefore, identifying the potential mechanism underlying
the loss of DA neurons in SNpc is needed to improve the
management of PD patients.

Necroptosis, a newly recognized type of programmed
cell death, has been found to contribute to inflammation and
several diseases, such as cancer, stroke, and renal disease
[6, 7]. When triggered by various stimuli, necroptosis is
initiated by the activation of receptor interacting protein
kinase-1 (RIP1). Activated RIP1 interacts with RIP3 via
their RIP homotypic interaction motifs, phosphorylates
RIP3 and forms a RIP1/RIP3 complex, termed the necro-
some [8, 9]. Then, mixed lineage kinase domain-like protein
(MLKL) is recruited and phosphorylated by RIP3 in the
necrosome [10]. The phosphorylated MLKL monomers
aggregate to form oligomers and translocate to the plasma
membrane to execute necroptosis [6, 10, 11].

Although multiple cell death pathways are involved in
PD, including apoptosis and autophagy, the effect of
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necroptosis remains largely unknown [12, 13]. Recently,
Dionisio et al. reported that loss of microglial parkin
inhibited necroptosis of BV-2 cells and contributed to
neuroinflammation, however, whether necroptosis con-
tributed to loss of DA neurons remains undefined [14].
Iannielli et al. found that pharmacological inhibition of
necroptosis protected from dopaminergic neuronal cell
death in Parkinson’s disease models, but they mainly
focused on an inherited form of PD caused by mutations in
the OPA1 gene and did not explore the role of the key
components of necroptosis, RIP1/RIP3/MLKL [15].
Therefore, in this study, we aimed to explore the activation
of necroptosis in PD and identify the role of RIP1/RIP3/
MLKL-mediated necroptosis in an MPTP-induced mouse
PD model. We found that necroptosis was involved in the
pathogenesis of MPTP-induced PD. The loss of DA neu-
rons was significantly reversed by administration of
necrostatin-1 (Nec-1) or gene deletion of RIP3 or MLKL.
Moreover, we also illustrated that the necroptosis pathway
promoted the expression of pro-inflammatory genes, which
may initiate neuroinflammation and in turn aggravate neu-
ron necroptosis in MPTP-induced PD.

Materials and methods

Animals and treatment

RIP3−/− and MLKL−/− C57BL/6 mice were gifts from
Jiahuai Han, School of Life Sciences, Xiamen University,
China. Mice were kept in a specific pathogen-free room
with constant temperature and humidity under a 12-h light/
dark cycle and raised with unrestricted access to water and
food. All experiments were approved by the Animal Care
and Use Committee of Fujian Medical University, in
accordance with the Chinese guidelines for the Care and
Use of Laboratory Animals.

Each mouse genotype (wild type, RIP3−/−, or MLKL−/−,
male, 8–10 weeks old)) was randomly divided into control
and experiment groups. Each group included six mice. Mice
were excluded from the study if they died before the indi-
cated time to extract sample. The observers were blinded to
the allocation of mice. The experimental mice were treated
with one intraperitoneal injection of 1-Methyl-4-phenyl-1, 2,
3, 6-tetrahydropyridine hydrochloride (MPTP, 20 mg Kg−1

per dose, Sigma, St. Louis, MO, USA) every 2 h for a total
of four doses over an 8 h in 1 day to induce an acute
intoxication according to the previous reported protocol
[16]. Control mice received saline only. Animals were killed
at different time points: 1, 4, 7, and 21 days after the last
MPTP injection. The brains were immediately stripped and
cut sagittally into two identical hemispheres. One hemi-
sphere was fixed in 4% formaldehyde and then embedded in

paraffin for further histopathology studies. The other hemi-
sphere was quickly dissected into SNpc and striatum and
stored at −80 °C for further use as previously reported [17].

Necrostatin-1 (Nec-1, Sigma, St. Louis, MO, USA) was
dissolved in dimethyl sulfoxide (DMSO, Sigma, St. Louis,
MO, USA). All mice in which Nec-1 was administrated
undertook intraperitoneal injection of Nec-1 (1.65 mg/kg,
dissolved in 250 μl saline) 12 h before the application of
MPTP as previously described [6, 18]. Repeated Nec-1
injections were ordered once per day until sacrifice. The
control group received only injections of 250 μl saline
with DMSO.

Reagents and antibodies

Rabbit polyclonal anti-RIP1 antibody (1:1000, ab106393,
Abcam, MA), rabbit polyclonal anti-RIP3 antibody (1:1000,
ab56164, Abcam, MA), rabbit monoclonal anti-RIP3
(phosphor T231+ S232) antibody (1:1000, ab222320,
Abcam, MA), rabbit polyclonal anti-MLKL antibody
(1:1000, ab172868, Abcam, MA), rabbit monoclonal anti-
MLKL (phosphor S345) antibody (1:1000, ab196436,
Abcam, MA), rabbit polyclonal anti-active caspase-3 anti-
body (1:1000, ab214430, Abcam, MA), and rabbit poly-
clonal anti-GAPDH antibody (1:1000, 10494-1-AP,
Proteintech, Wuhan, China) were used for western blot.
Rabbit polyclonal anti-tyrosine hydroxylase (TH) antibody
(1:750, ab112, Abcam, MA) was used to conduct immu-
nohistochemistry. Chicken polyclonal anti-TH primary
antibody (1:1000, ab76442, Abcam, MA), rabbit polyclonal
anti-RIP1 primary antibody (1:100, ab106393, Abcam,
MA), rabbit polyclonal anti-RIP3 primary antibody (1:100,
ab56164, Abcam, MA), rabbit polyclonal anti-MLKL pri-
mary antibody (1:100, 21066-1-AP, Proteintech, Wuhan,
China), rabbit polyclonal anti-GFAP antibody (1:200,
ab7260, Abcam, MA), rat anti-CD68 antibody (1:200,
ab53444, Abcam, MA), Alexa 488-conjugated goat anti-
chicken secondary antibody (1:200, ab150173, Abcam, MA)
and Alexa 594-conjugated goat anti-rabbit secondary anti-
body (1:200, SA00006-3, Proteintech, Wuhan, China) were
used to perform double immunofluorescence staining. In
Situ Cell Death Detection Kit (Roche, 11684817910, Man-
nheim, Germany) was used to carried out TUNEL staining.

Western blot

Western blot analysis was performed as previously descri-
bed [12]. Briefly, total protein samples were extracted from
selected mouse midbrain by homogenization in radio
immunoprecipitation assay lysis buffer (Beyotime Bio-
technology, Shanghai, China). Protein concentration was
assessed using a BCA kit (Beyotime Biotechnology,
Shanghai, China). Equal amounts of protein were used to
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run on a SDS-PAGE gel, and then transferred to a poly-
vinylidene fluoride membrane. After blocking with 5%
nonfat dry milk in PBS at room temperature for 1 h, the
membranes were incubated at 4 °C overnight with appro-
priate primary antibodies. Following incubating with the
secondary antibody, blot bands were examined by enhanced
chemiluminescence (Beyotime, Biotechnology, Shanghai,
China) and quantified with Image J software (NIH).

High-performance liquid chromatography (HPLC)

HPLC was carried out as previously described [13]. Briefly,
striatum tissue sample was weighed and homogenized on
ice in 0.1 mol/l perchloric acid, then centrifuged at 13000
rpm at 4 °C for 15 min. The supernatant was mixed with the
HPLC mobile phase and injected into the HPLC column
under analytical conditions. Data are expressed as ng
dopamine per mg wet tissue.

Immunohistochemistry

Immunohistochemistry was performed as previously
described [19]. Briefly, after incubating in 3% H2O2 for 20
min and then in 10% goat serum for 1 h, 4 μm-thick-paraffin
sections were incubated overnight at 4 °C with appropriate
anti-TH antibody. Then a biotinylated goat anti-rabbit sec-
ondary antibody (PV-9001, ZSGB-BIO, China) and dia-
minobenzidine (ZLI-9017, ZSGB-BIO, China) were used to
assess immunoreactivity. The total number of TH-positive
neurons was measured as previously described [13]. Briefly,
20 consecutive sections were collected from each brain for
evaluation. Unbiased stereology was used to calculate the
number of TH-positive neurons of each section in SNpc at
×40 magnification using a microscope (Olympus IX51)
and Stereo Investigator software (MBF Bioscience,
Williston, USA).

Double immunofluorescence staining

Double immunofluorescence staining was carried out as
described previously [20]. Briefly, after blocking in 10%
goat serum for 60 min, the sections were incubated at 4 °C
overnight with indicated primary antibodies. After rinsed
with PBS, the sections were then incubated at room tem-
perature with a mix of proper secondary fluorescent anti-
bodies for 1 h. Nuclei were then counterstained with DAPI
for 5 min. The fluorescent images were acquired with a
fluorescent microscope (Olympus OX51).

TUNEL staining

TUNEL staining was carried out according to the manu-
facturer’s protocol. Briefly, after perforating with proteinase

K, brain sections were incubated with the TUNEL reaction
mixture at 37 °C for 1 h and then counterstained with DAPI
for 5 min. Samples were visualized using a fluorescent
microscope (Olympus OX51). The number of apoptotic
neurons was calculated in six different visual fields by
Image J software (NIH).

Quantitative real time PCR

Total RNA was extracted from selected mouse brain tissue
using Trizol reagent (Invitrogen, USA) and transcribed into
cDNA using TakaRa PrimeScriptTM RT reagent Kit (TakaRa,
Japan) as previously described. Real time PCR was carried out
in quadruplicate on a 96-well plate using TaKaRa SYBR
Premix Ex TaqTM Kit (TaKaRa, Japan). The level of mRNA
was normalized to the expression of β-actin. The primer
sequences used were listed as follows: TNF-α (Mouse), For-
ward 5′-CTTCTCATTCCTGCTTGTGG-3′, Reverse 5′-
ATGAGAGGGAGGCCATTTG-3′; IL-1β (Mouse), Forward
5′-CGACAAAATACCTGTGGCCT-3′, Reverse 5′-TTCTTT
GGGTATTGCTTGGG-3′; IL-6 (Mouse), Forward 5′-GCTA
CCAAACTGGATATAATCAGGA-3′, Reverse 5′-CCAGG
TAGCTATGGTACTCCAGAA-3′; β-actin (Mouse), Forward
5′-ATGTGGATCAGCAAGCAGGA-3′, Reverse 5′-AAAG
GGTGTAAAACGCAGCTC-3′.

Statistical analysis

Data were presented as mean ± SD. The statistical analysis
was conducted using GraphPad Prism 5 software (Graph-
Pad Inc., CA, USA). Differences between groups were
evaluated by one-way analysis of variance followed by the
Tukey multiple comparisons test. P < 0.05 was considered
statistically significant.

Results

RIP3-mediated necroptosis contributed to MPTP-
induced PD

As RIP3 was reported to be the determinant for cellular
necroptosis, we first investigated the correlation between the
expression of RIP3 and DA neuron degeneration in MPTP-
treated mice [21, 22]. We found that the protein levels of RIP3
increased significantly and reached its peak at day 7 after
MPTP induction (Fig. 1a). We also found that the striatal level
of dopamine and the number of DA neurons in SNpc
decreased dramatically, which was in consistent with the
change of RIP3 expression (Fig. 1b, c). Since the expression of
RIP3 reached its peak at day 7 after MPTP induction, all the
following parameters were investigated at day 7 after
MPTP induction. Moreover, phosphorylation of RIP3 at
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Fig. 1 RIP3-mediated necroptosis may be involved in MPTP-induced
PD. a RIP3 expression in the midbrain was assessed by western blot
after MPTP application at each indicated time points. b Striatal
dopamine level was measured by HPLC. c TH-positive neurons in
SNpc were assessed and quantified by immunohistochemistry.
d Phosphorylation of RIP3 at Thr231/Ser232 and phosphorylation of
MLKL at Ser345 were evaluated by western blot after MPTP

treatment. n= 6 mice per group; RIP3 receptor interacting protein
kinase-3, MPTP 1-Methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
hydrochloride, PD Parkinson disease, HPLC high-performance liquid
chromatography, TH tyrosine hydroxylase, SNpc substantia nigra pars
compacta. *P < 0.05 vs. control. Data were represented as mean ± SD.
Scale bar: 200 μm

Fig. 2 Nec-1 attenuated MPTP-induced PD. a–d Representative
western blots and quantifications of the protein level of RIP1/RIP3/
MLKL in the selected midbrain tissue. e Striatal dopamine level was
measured by HPLC. f TH-positive neurons in SNpc were measured.

n= 6 mice per group; Nec-1 necrostatin-1, RIP1 receptor interacting
protein kinase-1, MLKL mixed lineage kinase domain-like protein.
*P < 0.05 vs. control. #P < 0.05 vs. MPTP; Data were represented as
mean ± SD
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Thr231/Ser232 (P-RIP3) and phosphorylation of MLKL at
Ser345 were also elevated after MPTP treatment (Fig. 1d).

Downregulation of necroptosis signals by Nec-1
attenuates MPTP-induced PD

Nec-1, an effective small-molecule inhibitor of necroptosis,
blocks a pivotal step in necroptosis [18]. Accordingly, we
assessed the effect of Nec-1 on necroptosis signals in
MPTP-induced PD. Our data show that MPTP application
increased the expression of RIP1, RIP3, and MLKL, and
were dramatically reversed by Nec-1 treatment (Fig. 2a–d).
Moreover, the HPLC and immunohistochemistry data
revealed that Nec-1 treatment significantly rescued
the decreased level of dopamine and the loss of TH-positive
neurons in SNpc (Fig. 2e, f). Double immunofluorescence
staining further indicated that RIP1, RIP3, and MLKL
were colocated with TH-positive DA neurons and highly
expressed after MPTP induction (Fig. 3).

Deletion of RIP3 or MLKL can attenuate MPTP-
induced PD

Both RIP3-knockout (RIP3-KO) and MLKL-KO mice were
viable, with no detectable defects in normal development
[6, 23]. Western blots of the selected midbrain tissue of RIP3-
KO or MLKL-KO mice showed the absence of RIP3 or
MLKL proteins, respectively (Fig. 4a, d). HPLC demon-
strated that the levels of dopamine were much higher in the
RIP3−/− and MLKL−/− littermates than that in the WT mice
(Fig. 4b, e). Moreover, immunohistochemistry analysis indi-
cated that the loss of TH-positive neurons was dramatically
ameliorated in RIP3−/− mice and MLKL−/− mice (Fig. 4c, f).

Because there is crosstalk between necroptosis and other
cell death types [24], we then explored whether RIP3 or
MLKL deficiency affected MPTP-induced apoptosis in
SNpc. Although MPTP treatment also induced neuronal
apoptosis, the number of TUNEL-positive neurons were
similarly increased in both RIP3+/+ and RIP3−/− mice and
in both MLKL+/+ and MLKL−/− mice (Fig. 5a, c). Cleaved
caspase-3 was also increased similarly in both RIP3+/+

and RIP3−/− mice and in both MLKL+/+ and MLKL−/−

mice (Fig. 5b, d). Thus, these finding indicated that the
attenuation of MPTP-induced PD by the knockout of RIP3
or MLKL was independent of neuronal apoptosis.

RIP3/MLKL-mediated neuroinflammation may
contribute to neuron necroptosis

Necrosis can cause inflammation, which in turn will
enhance necrosis [25]. Accordingly, we further assessed the
role of RIP3/MLKL pathway on neuroinflammation in
SNpc. We found that astrocytes and microglia were

significantly activated after MPTP induction (Fig. 6a–h).
The mRNA levels of TNF-α, IL-1β, and IL-6 increased
significantly after MPTP injection (Fig. 7a–f), which are
consistent with previous reports [26, 27]. Notably, deletion
of RIP3 or MLKL genes significantly ameliorated
neuroinflammation by downregulating the expression of
TNF-α, IL-1β, and IL-6 (Fig. 7a–f).

Discussion

In the present study, we found that RIP1/RIP3/MLKL-
mediated necroptosis was activated in the MPTP-induced
mouse PD model. Blockade of necroptosis through phar-
macological intervention by Nec-1 or deletion of RIP3/
MLKL gene can significantly restore the decreased level of
dopamine and increase the number of DA neurons in mice

Fig. 3 Double immunofluorescence staining showed colocalization
and high expression of RIP1/RIP3/MLKL in SNpc at day 7 after
MPTP treatment. a Immunostaining analysis of RIP1 in SNpc.
b Immunostaining analysis of RIP3 in SNpc. c Immunostaining ana-
lysis of MLKL in SNpc. a–c Scale bar= 20 μm. n= 6 mice per group
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Fig. 4 Deletion of RIP3 or MLKL genes ameliorated MPTP-induced
PD. a Western blot showed the absence of RIP3 protein in selected
midbrain in RIP3−/− mice. b Striatal dopamine level was measured by
HPLC. c TH-positive neurons in SNpc were measured. d Western

blot showed the absence of MLKL protein in selected midbrain in
MLKL−/− mice. e Striatal dopamine level was measured by HPLC. f
TH-positive neurons in SNpc were measured. b–e, c–f n= 6 mice per
group. WT wild type; *P < 0.05; Data were represented as mean ± SD

Fig. 5 Attenuation of MPTP-induced PD by the knockout of RIP3 or
MLKL was independent of neuronal apoptosis. a Representative
microphotograph of TUNEL staining showed the neuron apoptosis in
SNpc after MPTP injection in both RIP3+/+ and RIP3−/− mice.
TUNEL-positive cells were counted and averaged in six randomly
selected fields per mouse. Scale bar= 50 μm. b Representative western
blot (left panel) and quantification (right panel) of active caspase-3 are

shown. c Representative microphotograph of TUNEL staining showed
the neuron apoptosis in SNpc after MPTP injection in both MLKL+/+

and MLKL−/− mice. TUNEL-positive cells were counted and aver-
aged in six randomly selected fields per mouse. Scale bar= 50 μm.
d Representative western blot (left panel) and quantification (right
panel) of active caspase-3 are shown. a–d n= 6 mice per group. *P <
0.05 vs. control. Data were represented as mean ± SD
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after MPTP treatment. Moreover, we also revealed that
necroptosis enhanced the expression of pro-inflammatory
genes, which might initiate neuroinflammation and in turn
aggravate DA neuron necroptosis in the MPTP-induced
mouse PD model (Fig. 8).

Classically, cell death is classified into three main types:
apoptosis, autophagy, and necrosis [24]. Necrosis has pre-
viously been described as uncontrolled cell lysis [24].
However, growing evidence has shown that necroptosis is a

programmed form of necrosis [6, 10, 11]. Necroptosis was
first detected in inflammation induced by TNF-α [18]. More
recently, several studies have shown that numerous micro-
environmental factors can initiate this pathway [6, 28].
RIP1, RIP3, and MLKL are the core components that
execute necroptosis [11, 21]. In line with these findings, our
data consistently show that MPTP treatment significantly
elevated the expression of RIP1, RIP3, and MLKL in
SNpc, which indicates that RIP1/RIP3/MLKL-mediated

Fig. 6 Astrocyte and microglia
were activated by MPTP
induction. a Immunostaining
analysis of CD68-labeled
microglia and GFAP-labeled
astrocyte in control group.
b Immunostaining analysis of
CD68-labeled microglia and
GFAP-labeled astrocyte in
MPTP-treated group. Scale bar
= 25 μm. n= 6 mice per group

Fig. 7 RIP3/MLKL-mediated neuroinflammation might be involved in
DA neuron necroptosis. a–c Relative mRNA levels of TNF-α, IL-1β,
and IL-6 were measured by qRT-PCR in SNpc after MPTP injection in
both RIP3+/+ and RIP3−/− mice. d–f Relative mRNA levels of TNF-α,

IL-1β, and IL-6 were measured by qRT-PCR in SNpc after MPTP
injection in both MLKL+/+ and MLKL−/− mice. a–f n= 6 mice per
group; *P < 0.05 vs. control. #P < 0.05 vs. RIP3+/+ (a–c) or MLKL+/+

(d–f); Data were represented as mean ± SD
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necroptosis might also contribute to PD. However, the
mechanisms underlying the initiation of necroptosis remain
undefined. One possible interpretation is that TNF-α, a
feature of PD, modulated the RIP1/RIP3/MLKL pathway
via conducting neuroinflammation in SNpc [28, 29].
Chronic activation of RIP1/RIP3/MLKL by TNF-α may
cause enduring neuron necroptosis activation, which is
consistent with a previous report [28].

To further identify the potential mechanism, we
employed Nec-1, a specific RIP1 kinase inhibitor, to
downregulate the necroptosis signals to investigate the role
of necroptosis in MPTP-induced PD [6]. Consistently, our
data clearly demonstrated that Nec-1 significantly decreased
the expression of RIP1, and following the expression of
RIP3 and MLKL also declined. In addition, a series of
pathological changes that contributed to MPTP-induced PD,
including decreased levels of dopamine and loss of DA
neurons, were also dramatically rescued by Nec-1 treat-
ment. Taken together, these data suggest a promising neu-
roprotective role of Nec-1 by inhibiting necroptosis
pathway in MPTP-induced PD.

Because RIP3/MLKL activation is sufficient to initiate
necroptosis through a RIP1-independent pathway, it is essen-
tial to identify the potential role of RIP3 and MLKL in med-
iating DA neuron necroptosis in the MPTP-induced mice PD
model [30, 31]. In this study, we used RIP3−/− and MLKL−/−

mice to address the problem, and we found that deletion of
RIP3 or MLKL gene significantly increases the level of
dopamine and rescued the loss of DA neurons in SNpc.
Moreover, consistent with the previous study, we noted that
the small number of necrotic neurons was detected in
MPTP-induced RIP3−/− or MLKL−/− mice, suggesting that
other types of cell death also occurred in PD [6].

Necroptosis is ultimately executed by oligomerization of
MLKL, which will induce membrane perforation and sub-
sequently release damage-associated molecular patterns into
the extracellular environment and trigger necroinflammation
[6, 11]. Accordingly, we found that MPTP treatment sig-
nificantly promoted the activation of astrocytes and micro-
glia, and increased the mRNA levels of several
inflammatory cytokines in WT mice, and that the response
can be partially rescued by deletion of RIP3 or MLKL gene,
indicating that RIP3/MLKL-mediated necroptosis was
involved in the formation of neuroinflammation. In addi-
tion, the inflammatory cytokines might in turn aggravate
neuron necroptosis as previously reported [6, 11].

There are several limitations to this study. First, the use
of only male mice is a limitation since PD affects males and
females. Second, we did not carry out power calculations to
ascertain optimal mice numbers. However, six animals per
group were previously considered to properly power the
simulated study in exploratory preclinical study [32]. Third,
we did not study the effect of increasing RIP1/RIP3/MLKL-
induced necroptosis nor did we assess the consequences on
MPTP-treated PD mice. Further study to address this issue
is warranted.

In summary, the present study demonstrates that RIP1/
RIP3/MLKL-mediated necroptosis was involved in the
pathogenesis of MPTP-induced PD. Downregulation of
necroptosis signals by pharmacological intervention (Nec-
1) or by RIP3 or MLKL gene knockout can attenuate
MPTP-induced PD via increasing the striatal level of
dopamine and the number of DA neurons in SNpc. Therapy
targeting DA neuron necroptosis may be a potential proto-
col for treating PD.
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