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The dual role of necrostatin-1 in 
Parkinson’s disease models

Neuronal cell death is the main hallmark of 
Parkinson’s disease (PD). It is an irreversible 
process promoted by neurotoxins and/or 
genetic mutations. Different types of cell 
death have been associated with PD. The 
mechanisms by which neurons decide to 
specific type of cell death remain elusive. 
However, it is well known that cell death can 
be either programmed or not. Apoptosis is 
a programmed cell death that involves the 
release of cytochrome c from damaged 
mitochondria to cytosol and the activation 
of caspases leading to nuclear condensation. 
Necrosis is a caspase-independent cell 
death characterized by a gain in cell volume, 
rupture of plasma membrane and leak of 
cell contents, inflammation, and affects 
neighbouring cells. It was classified as a non-
programmed cell death, but there are types 
of necrotic death triggered by a protein 
activation cascade, including necroptosis.

Necrostatin-1 (Nec-1) inhibits necroptosis: 
Nec-1 inhibits necroptosis, a programmed 
necrotic cell death, which is regulated by 
subsequent activation of and interaction with 
the receptor-interacting protein (RIP) 1, RIP3 
and the mixed lineage kinase domain-like 
(MLKL) protein. The MLKL protein is crucial 
for the rupture of the plasma membrane and 
the release of cell contents, and it triggers 
inflammation, oxidative stress and cell death 
(Alegre-Cortés et al., 2020). Nec-1 has been 
shown to be neuroprotective in different 
cells (Ito et al., 2017) and animal models 
of neurodegenerative diseases (Iannielli 
et al., 2018), such as PD. Although Nec-
1 has also been related to the inhibition of 
nonnecroptotic cell death (Ito et al., 2017), it 
is indeed an inhibitor of RIP1 kinase activity. 
Nec-1 has analogs, such as Nec-1s (the stable 
variant) that seems to be more efficient in 
inhibiting the activity of this serine/threonine 
protein kinase (Iannielli et al., 2018). The 
activation of necroptosis is generally related 
to the tumor necrosis factor (TNF) receptor  
pathway (Remijsen et al., 2014), but other 
studies have demonstrated that the strong 
generation of reactive oxygen species 
(ROS; Zhang et al., 2017) and neurotoxins 
(Lin et al., 2020) can lead to the cascade 
activation of the RIP1 and RIP3 proteins 
(Figure 1). In this regard, necroptosis has 
been detected in neuronal cells exposed to 
neurotoxins [6-hydroxydopamine (Oñate et 
al., 2020), rotenone (Alegre-Cortés et al., 
2020), and 1-methyl-4-phenylpyridinium 
iodide], in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced mouse models 

(Lin et al., 2020), and in postmortem brain 
samples (Oñate et al., 2020) but not in 
fibroblasts from patients with PD. However, 
when cells from genetic and sporadic PD 
patients were exposed to the neurotoxin 
rotenone, they displayed an increase in 
MLKL phosphorylation (Alegre-Cortés et al., 
2020). There is no doubt that necroptosis 
is activated in PD models; however, this 
activation could be a priori  related to 
the sensitivity of the model. Despite the 
inhibition of necroptosis by Nec-1 (Alegre-
Cortés et al., 2020) or Nec-1s (Oñate et 
al., 2020), other cell death processes are 
sti l l  activated in certain experimental 
disease models. Most likely, the inhibition 
of necroptosis activates a switch between 
cel l  death pathways,  which depends 
on Nec-1 dose-responses and disease 
models. Given that multiple pathways of 
cell death (necroptosis, apoptosis, and 
autophagy) are simultaneously involved in 
rotenone toxicity, Nec-1 inhibits rotenone-
induced necroptosis but does not reverse 
the inhibition of mitochondrial complex I 
and seems to potentiate apoptosis and/
or necrosis. Consistently, knockout of 
RIP3 or MLKL did not attenuate neuronal 
apoptosis in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine-induced mice (Lin et 
al., 2020). Therefore, we surmised that 
neuroprotection with Nec-1 was partial 
because of the sustained mitochondrial 
ROS generation, the presence of nuclear 
condensat ion ,  and  the  detect ion  o f 
propidium iodide-positive cells. However, 
Goodall et al. (2016) suggested that the 
autophagy machinery could control this 
switch. In fact, they described a strong 
interaction between necrosome components 
and prote ins  of  the  autophagosome 
formation. Autophagy-related gene (ATG) 
protein such as sequestosome 1 (SQSTM1) 
promotes necrosome/necroptosis activation 
upon TNF-related apoptosis inducing ligand 
treatment. The knockdown of sqstm1 as 
well as Nec-1 abrogates this interaction and 
promotes apoptosis. 

Necrostatin-1 downregulates mitophagy: 
Autophagy is a dynamic cellular mechanism 
that engulfs the cytosol ic cargo, into 
a  double membrane structure cal led 
autophagosome, to be later degraded 
i n  a u t o p h a g o l y s o s o m e s .  I n  m o s t 
neurodegenerative diseases, autophagy 
is impaired, which affects the turnover of 
misfolded proteins and damaged organelles. 
This impairment, which can be due to either 
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exacerbation or inhibition of this catabolic 
process, can sensitize cells to death. Optimal 
autophagy induction generally maintains 
cell viability and metabolism. This catabolic 
process can be triggered by different stress 
stimuli to promote cell protection and 
survival. Although rotenone is an inhibitor 
of mitochondrial complex I and an efficient 
ROS generator, it induces mitophagy and 
necroptosis in neuronal cells (Alegre-Cortés 
et al., 2020). Consequently, the inhibition of 
necroptosis by Nec-1 promotes an increase 
of mitochondrial mass and further facilitates 
apoptosis and necrotic cell death in PD 
patients and rotenone-exposed cells. The 
inhibitory effect of Nec-1 on autophagy 
has been reported in 6-hydroxydopamine-
t re ate d  n e u ro n s  ( Wu  e t  a l . ,  2 0 1 5 ) . 
Additionally, RIP1 knockdown upregulated 
autophagy, while Nec-1 was shown to 
downregulate autophagy (Yonekawa et al., 
2015). This suppression of autophagy is RIP1 
kinase-independent. Therefore we think 
that autophagy inhibition could provoke the 
accumulation of damaged mitochondria in 
rotenone-exposed cells. Remarkably, Nec-1 
prevented mitophagy in human fibroblasts 
and SH-SY5Y cells even in the presence of 
carbonyl cyanide 3-chlorophenylhydrazone 
(CCCP; Alegre-Cortés et al., 2020). Thus, the 
inhibition of mitophagy by Nec-1 could occur 
through the RIP1 protein as an adapter and 
not as a kinase. Consequently, RIP1 kinase 
inhibition does not alleviate rotenone-
induced mitochondrial damage and fails 
to reverse mitochondrial dysfunction and 
mitochondrial ROS generation (Figure 
1). Previous studies have associated the 
activation of necroptosis with dynamin-
re lated prote in  1  (DRP1)-dependent 
mitochondrial fission. Upon TNF treatment, 
RIP3 phosphorylates a mitochondrial 
phosphatase protein, phosphoglycerate 
mutase 5 (PGAM5), which, in turn, leads 
to the dephosphorylation (serine 637) and 
activation of DRP1 (Remijsen et al 2014). 
Mitochondrial fission promotes the clearance 
of damaged mitochondria via mitophagy and 
protects the healthy mitochondria. However, 
it remains unclear whether DRP1 promotes 
the removal of damaged mitochondria 
or potentiates TNF-induced necroptosis. 
We hypothesized that the implication of 
DRP1 might precede MLKL activation, even 
though Remijsen et al. (2014) reported that 
mitophagy did not contribute to necroptosis. 
We have not tested this hypothesis in 
PD models  but  d id  observe that  the 
mitochondrial mass increased, the lysosomal 
size was enlarged and Nec-1 prevented 
CCCP-induced mitophagy (Alegre-Cortés et 
al., 2020). In fact, CCCP induces mitophagy 
in SH-SY5Y cells via the increased expression 
of the PGAM5, DRP1 and PTEN-induced 
putative kinase/Parkin proteins. The loss of 
PGAM5 or DRP1 reduces autophagosome 
fo r m a t i o n ,  p r e v e n t s  C C C P- i n d u c e d 
mitophagy, and enhances CCCP-induced 
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apoptosis (Park et al., 2018). We think that 
the use of Nec-1 affects not only the RIP1-
RIP3-MLKL but also the RIP1-PGAM5-DRP1 
axis, preventing mitochondrial fission and 
subsequent mitochondrial turnover (Figure 
1). By inhibiting PINK1/Parkin-mediated 
mitophagy, Nec-1 affects mitochondrial 
morphology and mitochondrial clearance, 
which could enhance the effect of any 
parkinsonian toxin. It would be interesting 
and crucial to combine Nec-1 with other 
drugs regulating or modulating autophagy/
mitophagy and oxidative stress. 
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Figure 1 ｜ Necrostatin-1 downregulates rotenone-activated necroptosis and mitophagy.
Through the inhibition of mitochondrial complex I, rotenone triggers ROS generation, which leads 
to the activation of the necrosome complex (RIP1-RIP3-MLKL) and necroptosis. Meanwhile, RIP3 
activates the serine/threonine phosphatase protein PGAM5. The latter recruits into mitochondria and 
dephosphorylates DRP1 to promote the mitochondrial fission and turnover. However, necrostatin-1 
inhibits both rotenone-induced necroptosis and mitophagy and enhances necrosis and apoptotic cell 
death. DRP1: Dynamin-related protein 1; MLKL: mixed lineage kinase domain-like protein; PGAM5: 
phosphoglycerate mutase 5; RIP: receptor-interacting protein; ROS: reactive oxygen species.


