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Abstract
Parkin is an E3 ubiquitin ligase involved in Parkinson’s disease (PD). Necroptosis is a regulated form of cell death that depends on
receptor interacting protein 1 (RIP1) and 3 (RIP3). Importantly, parkin has been implicated in ubiquitination events that can alter
inflammation and necroptosis. Here, we investigated how parkin influencesmicroglial function. Incubation of BV-2microglial cells
with zVAD.fmk (zVAD) induced high levels of cell death and viability loss, while N9 microglial cells and primary microglia
required further stimuli. Importantly, necrostatin-1 (Nec-1), an inhibitor of RIP1 kinase activity, abrogated cell death, thus impli-
cating RIP1-dependent necroptosis in cell death. Cell death was characterized by necrosome assembly, as determined by seques-
tration of RIP1/RIP3 in insoluble fractions and by MLKL phosphorylation, which were all abolished by Nec-1. Also, necroptosis-
inducing conditions led to TNF-α secretion, which may in turn contribute to autocrine necroptosis activation. Interestingly, parkin
knockdown protected BV-2 cells from zVAD-induced necroptosis, which may depend on the higher RIP1 ubiquitination levels
detected in siRNA-PARK2 transfected cells. This effect was independent of inflammation, since pro-inflammatory stimulation of
BV-2 and primary microglia with silenced parkin resulted in stronger pro-inflammatory gene expression, an opposite observation
from zVAD-exposed BV-2 cells. LPS-mediated inflammation was exacerbated by NF-κB/JNK over-activation. Finally, no alter-
ations in mitochondrial ROS production were detected in any condition, thereby excluding the role of parkin in mitophagy. In
conclusion, here, we reveal that parkin may have unsuspected roles in microglia by modulating ubiquitination. Parkin loss
exacerbates inflammation and promotes survival of activated microglia, thus contributing to chronic neuroinflammation.
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Introduction

Parkinson’s disease (PD) is mainly caused by dopaminergic
neurodegeneration in the substantia nigra pars compacta [1].
PD etiology is complex, involving oxidative stress, mitochon-
drial dysfunction, and chronic neuroinflammation [1].
Although mostly sporadic, 5–10% of all cases are related to

heritable forms of PD [1, 2]. In this regard, loss-of-function
mutations in the PARK2 gene, which encodes for the ubiqui-
tous cytosolic ring between ring E3 ubiquitin ligase parkin, is
associated with juvenile autosomal-recessive PD [1, 2].
Heterozygous carriers of these mutations present a higher risk
of developing the disease [3]. Moreover, parkin can be
inactivated by several pathological features involved in spo-
radic PD, such as oxidative stress [4].

Parkin is involved in themitophagy of depolarized/damaged
mitochondria [1, 5]. However, new roles have been ascribed for
parkin, which can mediate degradative and non-degradative
ubiquitination signaling [5, 6]. For example, parkin can in-
crease linear ubiquitin chain assembly complex (LUBAC) ac-
tivity, leading to NF-κB activation [6, 7]. Moreover, parkin
contributes to different ubiquitination processes, which include
linkages between lysine-63 (Lys63) involved in signaling, or
between lysine-48 (Lys48), which target proteins for
proteasomal degradation [4]. Further, parkin may be involved
in the regulation of the inflammatory response. PARK2
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polymorphisms are associated with leprosy susceptibility [8],
while its downregulation appears to decrease pro-inflammatory
induction in stimulated macrophages [9, 10]. Conversely, mac-
rophages derived from parkin-null mice express higher levels
of pro-inflammatory agents [11]. Moreover, parkin targets tu-
mor necrosis factor α (TNF-α) receptor (TNFR)-associated
factor 2 (TRAF2) and 6 (TRAF6) to proteasomal degradation
[12]. Although controversial, these findings suggest an inter-
play between parkin and inflammation.

Polyubiquitination also regulates the cross-talk between in-
flammation, survival, and death [6, 13, 14]. Necroptosis is a
caspase-independent form of regulated cell death typically exe-
cuted via activation of receptor-interacting protein 3 (RIP3) and
RIP1, being negatively regulated by caspase-8 [14, 15]. RIP1
activation usually depends on transmembrane receptor stimula-
tion, such as TNFR1, Toll-like receptor 3 (TLR3) and TLR4
[14–16]. Upon receptor stimulation, RIP1 is recruited to com-
plex I, where it is polyubiquitinated by the E3-ubiquitin ligases
cellular inhibitor of apoptosis (cIAPs) and LUBAC. These ubiq-
uitin chains stabilize complex I and signal towards NF-κB and
mitogen-associated protein kinase (MAPKs) activation [14, 15,
17]. However, upon deubiquitination, complex I dissociates,
which may lead to insoluble amyloid-like necrosome assembly
between RIP1 and RIP3, and RIP3-dependent phosphorylation
of the mixed lineage kinase domain-like protein (MLKL) at
T357/S358 [14, 15, 18, 19]. Then, MLKL oligomerizes and
translocates to cellular membranes, leading tomembrane disrup-
tion [14, 15, 19]. Importantly, necroptosis has been implicated in
neurodegenerative diseases, including Alzheimer’s disease [20]
and, more recently, PD [21].

We hypothesized that parkin plays unsuspected roles in PD
pathogenesis by modulating inflammation and necroptosis in
microglia. Surprisingly, parkin knockdown protected from
zVAD.fmk (zVAD)-mediated necroptosis, probably by indi-
rectly increasing RIP1 polyubiquitination. Moreover, loss of
parkin exacerbated LPS-driven inflammatory response by
over-activating c-Jun N-terminal kinase (JNK) and NF-κB
pathways. Of note, mitochondrial reactive oxygen species
(ROS) were not altered after parkin modulation.
Furthermore, we characterized how multiple stimuli can in-
duce necroptosis in mouse BV-2, N9, and primary microglia,
which will contribute to further dissect the complex aspects
linking inflammation and cell death in microglia.

Materials and Methods

Cell Culture and Reagents

BV-2 and N9 mouse microglial cell lines were kindly provid-
ed by Dr. Elsa Rodrigues (University of Lisbon). The BV-2
cell line was immortalized from primary microglia cultures
derived from C57BL/6 mouse pups infected with a J2

retrovirus [22], while the N9 cell line was established from
brain primary cultures derived from CD1 mouse embryos in-
fected with a 3RV retrovirus [23]. We used the commonly
studied BV-2 and N9 mouse microglial cell lines, which are
derived from the inbred C57BL/6 and outbred CD1 mouse
strains, respectively, in order to characterize their necroptotic
responses and compare them to primary C57BL/6 primary
microglia. Of note, these cell lines react with different inten-
sities to the same inflammatory stimuli, which has been linked
to differences in the immune responses detected in the original
mouse strains [24]. Both cell lines were maintained in RPMI
1640 medium (GIBCO Life Technologies, Inc. Grand Island,
USA), supplemented with 10% heat inactivated fetal bovine
serum (FBS), 1% antibiotic/antimycotic solution and 1%
GlutaMAX™ (all from GIBCO).

Primary microglia were obtained from mixed glial cultures
[25], with minor modifications. Briefly, mixed glial cultures
were prepared from meninge-free cortices of 2–3-day-old
C57BL/6 mouse pups. Individualized cells were obtained by
mechanical fragmentation followed by sequential passages
through steel screens of 230-, 104-, and 74-μm pore sizes.
Cells were plated at 4 × 105 cells/cm2 on 75-cm2 or 25-cm2

culture flasks in DMEM-F12 + GlutaMAX™ medium sup-
plemented with 10% FBS and 1% antibiotic/antimycotic
(GIBCO). Both microglial cell lines and primary cultures were
maintained at 37 °C in a humidified atmosphere of 5% CO2.

Isolation of microglia was performed as described before
[26]. In brief, after 21–25 days in vitro, the upper layer con-
taining astrocytes was detached by mild trypsinization with a
0.25% trypsin-1 mM EDTA solution (GIBCO) diluted 1:3 in
DMEM-F12 for 30–45 min and then discarded, whereas mi-
croglia remained attached to the flasks. Afterwards, microglia
were trypsinized with trypsin-EDTA for 10 min and collected
following vigorous pipetting. Microglia that remained at-
tached were further collected with a cell scraper. Finally,
microglial cells were plated at 5 × 104 cells/cm2 in mixed glial
culture-conditioned medium previously centrifuged at 600g
for 5 min and allowed to rest for 2 days before being manip-
ulated. Astrocyte contamination was less than 1%, as deter-
mined by immunocytochemistry with a primary antibody for
glial fibrillary acidic protein (GFAP) (GA5; Millipore), a
marker of astrocytes, and Iba-1 (Wako Pure Chemicals), a
marker of microglia (Supplementary Fig. 1).

For both microglial cell lines and primary cultures, treat-
ments were performed in serum-free medium (RPMI 1640 or
DMEM-F12, respectively), supplemented with 1% antibiotic/
antimycotic solution, 1% insulin-transferrin-selenium (ITS-G
supplement, GIBCO), and 1 mg/mL bovine serum albumin
(BSA) fraction V (7.5% solution, GIBCO) [27]. The reagents
used were as follows: lipopolysaccharide (LPS) from
Escherichia coli 055:B5 (#437625, Calbiochem); necrostatin-
1 (Nec-1) (#N9037, Sigma-Aldrich, St. Louis, MO, USA);
zVAD pan caspase inhibitor (#ALX-260-020, Enzo Life
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Sciences, Farmingdale, NY, USA) zIETD.fmk (IETD) caspase-
8 inhibitor (#FMK007, R&D Systems, Minneapolis, USA);
BV6 Smac mimetic (#B4653, ApexBio, Houston, USA); re-
combinant murine TNF-α (#315-01A, PeproTech EC Ltd.,
London, UK); recombinant murine interferon-γ (IFNγ)
(#315-05, Peprotech), and N-acetyl-L-cysteine (Nac)
(#A7250, Sigma-Aldrich).

siRNA Transfection

All transfections were performed with Lipofectamine 3000
(Invitrogen, Life Technologies), according to the manufac-
turer’s instructions. For siRNA-mediated downregulation of
parkin, the siGENOME SMARTpool Mouse Park2 siRNA
(#M-065413-01-0005, Dharmacon) was used at 50 nM, while
the siGENOME Non-Targeting siRNA Pool #1 (#D-001206-
13-05) was used as control. Transfection of siRNAs was
maintained for 48 h before further treatments.

Cell Death/Survival Determination

For evaluation of cell death and viability, BV-2 and N9 cells
were plated in 96-well plates at 7 × 103 cells/well for next-day
treatments of 8 and 24 h, or at 3 × 103 cells/well for transfection.
General cell death was evaluated using the lactate dehydroge-
nase (LDH) Cytotoxicity Detection KitPLUS (Roche Diagnostics
GmbH, Mannheim, Germany), by determining the quantities of
cytosolic LDH derived from cells with permeabilized plasma
membranes present in the extracellular medium. In brief,
50 μL of culture supernatant from each well was added to a
new 96-well plate to evaluate LDH release. Concomitantly, cells
on the original plate were lysed for 10 min with agitation in lysis
solution diluted 1:20 in 50 μL of medium, to determine the
amount of intracellular LDH. Afterwards, supernatant samples
and cell lysates were incubated with 50μL of assay substrate for
approximately 30 min, at room temperature, protected from
light. Absorbance readings were measured at 490 nm, with
620 nm reference wavelength in a Model 680 microplate reader
(Bio-Rad, Hercules, CA, USA). The percentage of LDH release
was calculated as the ratio between the released LDH (contained
in the supernatant) and the total LDH (supernatant + cell lysate),
as previously described [28].

MTS metabolism was evaluated as an indicator of cell viabil-
ity using the CellTiter 96 AQueous non-radioactive cell prolifera-
tion assay (Promega,Madison,WI, USA), according to theman-
ufacturer’s instructions. Changes in absorbanceweremeasured at
490 nm, using a Model 680 microplate reader (Bio-Rad).

Total and Soluble/Insoluble Protein Extraction

For total protein extraction, BV-2 and N9 cells were plated in
35-mm dishes at 2.5 × 105 cells/dish for next-day treatment or
at 1.1 × 105 cells/dish for transfection. Floating cells were

collected by centrifugation at 600g for 5 min and the pellet
was dissolved in lysis buffer containing 10 mM Tris-HCl (pH
7.6), 2.5 mM MgCl2, 0.75 mM KAc, 0.5% nonyl
phenoxypolyethoxylethanol (NP-40), 1 mM dithiothreitol
(DTT), and 1× Halt protease and phosphatase inhibitor cocktail
(EDTA-free, Pierce, Thermo Fisher Scientific, Rockford, IL,
USA), which was further used to scrape adherent cells directly.
The samples were allowed to rest on ice for 30 min. After, cell
lysates were then sonicated and centrifuged at 3200g for 10min
at 4 °C and the supernatants were recovered. Total protein
extracts were stored at − 80 °C. Protein concentrations were
calculated from the colorimetric Bradford method by using
the Bio-Rad protein assay kit, according to the manufacturer’s
recommendations. Soluble and insoluble fractions were isolat-
ed as described in [29]. Briefly, floating and adherent cells were
collected directly in NP-40 lysis buffer (1% NP-40, 20 mM
Tris-HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, 10% glycerol,
1 mM DTT, and 1× Halt protease and phosphatase inhibitor
cocktail). Lysates were then rotated for 30 min at 4 °C and then
centrifuged at 16,000g for 20 min at 4 °C. Supernatants were
recovered and used as the soluble fractions. To remove carry-
overs, the pellet was washed with NP-40 lysis buffer and fur-
ther centrifuged at 16,000g for 10 min at 4 °C. Then, the pellet
was resuspended in urea-sodium dodecyl sulfate (SDS) buffer
(8 M urea, 3% SDS in NP-40 lysis buffer) followed by sonica-
tion. Lysates were centrifuged at 16,000g for 20 min at 4 °C,
and the supernatants were used as the detergent-insoluble frac-
tions. Protein concentration was determined using the
bicinchoninic acid (BCA) assay (Thermo Fisher Scientific,
Inc.), according to the manufacturer’s instructions.

Western Blot Analysis

Equal amounts of protein (50 μg) were denatured and resolved
on 8% SDS-PAGE gels. The resolved proteins were transferred
onto nitrocellulose membranes and blocking was performed
with a 5% nonfat dried milk solution. Membranes were then
incubated overnight at 4 °C with agitation with the following
primary rabbit antibodies: RIP3; NF-κB; IκB (#135170, #372,
#371, Santa Cruz Biotechnology); MLKL (#M6697, Sigma-
Aldrich); p-MLKL (Ser358) (#196436, Abcam; Cambridge,
UK); RIP1; p-p38 (Thr180/Tyr182); Erk1/2 (#3493, #9211,
#4695, Cell Signaling; MA, USA); and with the following
mouse monoclonal antibodies: JNK; p-JNK (Thr183/Tyr185);
p38α/β, p-Erk1/2 (Tyr204); ubiquitin (#7345, #6254, #7972,
#7383, #8017, Santa Cruz Biotechnology); and p-IκB (Ser32/
36) (#9246, Cell Signaling). The membranes were then incu-
bated with goat secondary antibodies conjugated with horse-
radish peroxidase anti-mouse or anti-rabbit (Bio-Rad
Laboratories, Hercules, CA, USA) for 2 h at room temperature.
After rinsing 3× with TBS/0.2% Tween 20, the immunoreac-
tive proteins were visualized with Immobilon™ Western
(Millipore) or SuperSignal West Femto substrate (Thermo
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Scientific). β-actin (AC-15, Sigma-Aldrich) was used as load-
ing control. Densitometric analyses were performed with the
Image Lab software Version 5.1 Beta (Bio-Rad).

Immunoprecipitation

RIP1 ubiquitination levels were determined by immunopre-
cipitation of RIP1 followed by immunoblot detection of ubiq-
uitin. In brief, BV-2 cells were plated in 6-cm dishes at 1 × 106

cells/dish and transfected on the following day for 48 h before
exposure to zVAD for 5 h. Then, cells were lysed in RIPA
buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 1% NP-40,
0.5% deoxycholic acid, 0.1% SDS) with sonication, and 300
μg of protein in 200 μl RIPA buffer were pre-cleared with G-
linked agarose beads (Ezview Red Protein G Affinity Gel,
#E3403, Sigma-Aldrich) for 3 h at 4 °C with rotation. After,
samples were rotated overnight at 4 °C with either RIP1 anti-
body (#3493, Cell Signaling) 1:200 or with the same concen-
tration of non-specific rabbit IgGs as negative control. Next,
samples were incubated with G agarose beads overnight at 4
°C with rotation. On the next day, beads were pulled down,
washed 3× with RIPA buffer, and resuspended in denaturing
buffer and heated at 95 °C for 5 min to elute the bound pro-
teins. Beads were pulled down and the samples were proc-
essed for western blot analysis as described previously.

Sandwich ELISA

Sandwich ELISA kits (#900-K54 plus PeproTech’s ELISA
Buffer kit #900-600, PeproTech) were used to determine
TNF-α concentration in 100 μL of previously centrifuged
(600g for 5 min at 4 °C) cell culture supernatant, according
to the manufacturer’s indications.

Real-Time PCR

For RNA extraction, BV-2 cells were plated in 12-well plates
at 4 × 104 cells/well and transfected on the following day for
48 h before exposure to LPS or zVAD for 8 h. Primary mi-
croglia were plated in 6-well plates at 5 × 105 cells/well and
transfected after 2 days for 48 h before exposure to either
100 ng/mL LPS, 10 ng/mL TNF-α, 100 U/mL IFNγ, or
TNF-α + IFNγ for 8 h. Then, adherent cells were washed
once with PBS and TRIzol™ reagent (Invitrogen, Grand
Island, USA) was added directly. For zVAD conditions, the
correspondent floating cells were collected by centrifugation
and resuspended in the same TRIzol sample. After, total RNA
was isolated according to the manufacturer’s protocol and
quantified using a Qubit™ 2.0 fluorometer (Invitrogen).
Total RNA was converted into cDNA using NZY Reverse
Transcriptase (NZYTech, Lisbon, Portugal), according to the
manufacturer’s instructions. Quantitative real-time PCR (qRT-
PCR) analyses were performed in the 7300 real-time PCR

System (Applied Biosystems, Foster City, CA, USA), in a
final volume of 12.5 μL using 2× SYBR Green PCR master
mix and 0.3 μM of each primer pair (Fermentas International
Inc., Glen Burnie, Maryland, USA). The expression levels of
the genes of interest relative to the housekeeping gene
hypoxanthine-guanine phosphoribosyltransferase (HPRT)
were calculated using the relative standard curve method.
Primer sequences are presented in Supplementary Table 1.

NF-κB Transcriptional Activity Assay

NF-κB transcriptional activity was determined using the Cignal
NF-κB Pathway Reporter Assay Kit (#CCS013L, QIAGEN,
Chatsworth, CA, USA), according to the manufacturer’s in-
structions. Briefly, BV-2 cells were plated in 96-well plates at
3 × 103 cells/well and transfected with either siRNA-Control or
siRNA-PARK2. Following 24 h, medium was changed and
cells were transfected for further 24 h with a NF-κB responsive
construct, which encodes the firefly luciferase reporter gene
and that constitutively expresses Renilla luciferase gene or a
negative or positive control construct. After treatment with ei-
ther LPS or zVAD for 8 h, cells were lysed and processed for
the Dual-Luciferase™ Reporter Assay System.

Statistical Analysis

Data comparisons were conducted with one-way analysis of
variance (ANOVA) followed by Tukey’s or Bonferroni’s post
hoc tests as indicated. P < 0.05 was considered statistically
significant for all tests. Analyses and graphical presentation
were performed with the GraphPad Prism Software Version 5
(GraphPad Software, Inc., San Diego, CA, USA). Results are
presented as mean ± standard error of the mean (SEM).

Results

Microglial Cells Undergo RIP1-Dependent Necroptosis
after Caspase Inhibition

TLR3/4-stimulated primary murine microglia undergo
necroptosis upon caspase blockade [16, 30]. Here, BV-2 and
N9 cells were treated with the pan-caspase inhibitor zVAD or
the caspase-8 inhibitor IETD for 24 h along with combinations
of TNF-α, LPS (TLR4 agonist), BV6 (Smac mimetic), or Nec-
1 (necroptosis inhibitor). Interestingly, exposure to zVAD only
was sufficient to induce high levels of cell death in BV-2 cells
(Fig. 1a). Moreover, co-incubation of zVAD with LPS or BV6
strongly exacerbated the release of LDH to almost 100%, while
leading to total loss of cell morphology (Supplementary
Fig. 2a). Curiously, these effects appear to be zVAD specific,
since incubation with 50 μM IETD alone or with LPS only
slightly increased LDH release. Importantly, Nec-1 co-
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treatment fully reverted cell death in all conditions, thus impli-
cating RIP1 kinase activity in cell death. In N9 cells, zVAD-
dependent cell death only occurred when BV6 or LPS was
added (Fig. 1a). Co-incubation of zVAD with TNF-α also in-
duced cell death, but to a minimal extent, indicating that cas-
pase inhibition is not sufficient to induce necroptosis. Finally,
cell death was abrogated by Nec-1 in all conditions tested.

To characterize the chronological events leading to cell
death, BV-2 and N9 cells were exposed to similar stimuli for
only 8 h (Fig. 1b). zVAD alone was sufficient to increase LDH
release by 40% in BV-2 cells, while having no effect on MTS
metabolism. These results confirmed that pore formation at
the cellular membrane and subsequent leakage of cytosolic
contents constitutes an initial step in the necroptotic cascade
[19, 31], while ROS production and mitochondrial dysfunc-
tion [32] appear to contribute to late-stage necroptosis [16, 19,

31].When BV-2 cells were treated simultaneously with zVAD
and LPS, the percentage of LDH release raised up to almost
80%, while MTS metabolism was already decreased, thus
suggesting a stronger necroptotic setting in this condition.
Co-incubation of zVAD with BV6 was the strongest stimulus,
inducing LDH release and reduction of MTS metabolism at
levels similar to 24-h exposure. Moreover, the 8-h time-point
recapitulated the results for 24 h in N9 cells.

Since zVAD is able to induce autocrine production of
TNF-α [33, 34], we evaluated TNF-α secretion by BV-2
and N9 cells following exposure to combinations of zVAD,
LPS, BV6, and Nec-1 for 5 h (Fig. 2a). Both BV-2 and N9
cells secreted considerable basal amounts of TNF-α (268 and
170 pg/mL, respectively), considering that 10 pg/mL are suf-
ficient to induce necroptosis in zVAD-sensitized L929 cells
[33]. As expected, we observed an increment of TNF-α

Fig. 1 BV-2 and N9 microglial
cells undergo RIP1-dependent
necroptosis. BV-2 and N9 cells
were exposed to combinations of
the following stimuli: 25 μM
zVAD, 50 μM IETD, 0.5 μM
BV6, 10 ng/mLTNF-α, 100 ng/
mL LPS, and 30 μM Nec-1 for
either 24 h (a) or 8 h (b). Then,
cell membrane permeability and
cell metabolism were evaluated
by LDH and MTS assays, re-
spectively. Values represent mean
± SEM of five independent ex-
periments. *p < 0.05 and **p <
0.01 from control, †p < 0.05 from
zVAD, ‡p < 0.05, and ‡‡p < 0.01
from LPS + zVAD, §p < 0.01
from zVAD + BV6 and ¥p < 0.05
from TNF-α + zVAD in one-way
ANOVA followed by Tukey’s
post hoc test
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Fig. 2 Evaluation of TNF-α secretion, cell death and viability in
microglial cell lines and in primary microglia cells. a BV-2 and N9 mi-
croglia cells were exposed for 5 h to combinations of the following stim-
uli: 25 μM zVAD, 0.5 μMBV6, 10 ng/mLTNF-α, 100 ng/mL LPS, and
30μMNec-1. TNF-α secretion to the culture supernatant was determined
with a sandwich ELISA procedure. b BV-2 and N9 cells were co-treated
with combinations of 25 μM zVAD, 0.5 μM BV6 and 1 mM Nac for
24 h, and cell metabolism was evaluated using the MTS assay. c Primary
microglia cells isolated fromwild-type (Wt) and RIP3 knockout (RIP3ko)
mice were treated for 24 h with combinations of the following stimuli:

25 μM zVAD, 10 ng/mLTNF-α, 100 ng/mL LPS and 30 μMNec-1, and
cell membrane permealization and cell metabolism were evaluated by
LDH and MTS assays, respectively. Values represent mean ± SEM of
three independent experiments. *p < 0.05 and **p < 0.01 from control,
†p < 0.05 from zVAD, ‡p < 0.05 from zVAD + BV6, ‡‡p < 0.01 from
zVAD + BV6, ¶p < 0.05 from TNF-α + zVAD, and ¥p < 0.05 from LPS
+ zVAD. a, c Data were analyzed by one-way ANOVA followed by
Tukey’s post hoc test. bData were analyzed by one-wayANOVA follow-
ed by Bonferroni’s post hoc test
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secretion upon exposure of BV-2 cells to zVAD alone or in
combination with BV6. Incubation with LPS or LPS + zVAD
further induced TNF-α production. In N9 cells, on the other
hand, only co-incubation of zVADwith BV6 was sufficient to
increase TNF-α secretion. Of note, zVAD or zVAD + BV6
exposure for 5 h did not lead to significantly higher LDH
release in BV-2 and N9 cells, respectively, indicating that cell
death is not the main mechanism for zVAD-dependent TNF-α
secretion (data not shown). Finally, Nec-1 co-treatment
completely reverted TNF-α secretion in both cell lines.

To evaluate the role of ROS, we co-incubated BV-2 and N9
cells treated with zVAD or zVAD + BV6, respectively, with
Nac, a potent anti-oxidant molecule [35], for 24 h (Fig. 2b).
Nac protected in ~ 30% from zVAD or zVAD + BV6 loss of
cell viability. Moreover, Nac partially reverted loss of cell
number and morphology detected with either zVAD or
zVAD + BV6 (Supplementary Fig. 2). In contrast, Nac co-
treatment did not alter membrane permeability, suggesting a
latter role for ROS production (data not shown).

Finally, we evaluated necroptosis induction in primary mi-
croglia cultures prepared from Wt and RIP3ko mice, whose
cells are devoid of necroptosis (Fig. 2c) [36]. Here, caspase
inhibition with zVADwas insufficient to trigger necroptosis in
primary Wt microglia, which in turn only occurred after co-
incubation of zVAD with LPS or TNF-α. Finally, co-
incubation with Nec-1 or RIP3ko totally protected from cell
death.

zVAD-Dependent Necroptosis Relies on RIP1/RIP3
Necrosome Assembly and MLKL Phosphorylation

To further confirm the involvement of necroptotic signaling
pathways in zVAD-induced cell death, RIP1/RIP3 necrosome
assembly and MLKL phosphorylation were evaluated as
markers of necroptosis (Fig. 3). Treatment of BV-2 cells with
zVAD induced RIP1/RIP3 necrosome assembly, as observed
by RIP1 and RIP3 sequestration from the soluble to the insol-
uble fraction, along with a striking increase in phosphorylated
MLKL (p-MLKL) in both fractions (Fig. 3a). For N9 cells,
zVAD + BV6 also induced sequestration of RIP1 and RIP3 in
the insoluble fraction and a marked increase in p-MLKL
levels, followed by LPS + zVAD. Once again, co-treatment
with Nec-1 totally abrogated these events.We also analyzed p-
MLKL in total protein extracts from BV-2 and N9 cells stim-
ulated for 5 h with a set of zVAD combinations. In fact, zVAD
+ BV6 already majorly increased p-MLKL levels in BV-2
cells, followed by zVAD alone (Fig. 3b). For N9 cells,
zVAD + BV6 was also the strongest inducer of MLKL phos-
phorylation, followed by LPS + zVAD. Nec-1 co-incubation
fully reverted these results. Overall, we confirmed RIP1/RIP3
necrosome formation and MLKL phosphorylation during
necroptosis in BV-2 and N9 cells.

Parkin Plays Different Roles during Necroptosis
and Inflammation

Parkin can interact synergistically with LUBAC, a complex
known to increase RIP1 linear ubiquitination [6, 37]. In turn,
RIP1 linear ubiquitination is thought to stabilize complex I in
detriment of cell death-inducing complexes [13, 17, 37, 38].
Therefore, we hypothesized that parkin decreases necroptosis

Fig. 3 zVAD-induced necroptosis depends on RIP1/RIP3 necrosome as-
sembly and MLKL phosphorylation in BV-2 and N9 microglia cells. a
Cells were exposed to combinations of 25 μM zVAD (Z), 0.5 μM BV6
(B), and 30μMNec-1 (N) for 8 h and RIP1/RIP3/MLKL sequestration in
insoluble protein fractions was evaluated. bMLKL phosphorylation was
further compared in total BV-2 and N9 cell lysates exposed to combina-
tions of 25 μM zVAD (Z), 0.5 μM BV6 (B), 100 ng/mL LPS (L), and
30 μM Nec-1 (N) for 5 h. Blots are representative of three independent
experiments. C, control no addition
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in microglial cells while influencing inflammation. We started
by performing siRNA-mediated knockdown of parkin in BV-
2 cells for 48 h, followed by 8 h of exposure to zVAD, LPS, or
no addition (Fig. 4a). Parkin levels decreased in ~ 50% when

compared to cells transfected with a non-specific pool of
siRNAs (siRNA-control). Moreover, parkin knockdown in
BV-2 cells treated with zVAD significantly decreased
TNF-α secretion, while the opposite was obtained after LPS
exposure (Fig. 4b), suggesting that parkin exhibit opposite
roles during these two cellular processes. Since LPS- and
zVAD-driven TNF-α secretion may depend on the activation
of MAPKs [33, 39, 40], we evaluated whether parkin silenc-
ing modulates JNK, p38, and Erk1/2 signaling pathways. As
expected, exposure of BV-2 cells to LPS showed increased
phosphorylation of all kinases (data not shown). zVAD signif-
icantly elevated JNK phosphorylation (Fig. 4c). Notably,
compared to siRNA-Control transfected cells, parkin silenc-
ing further increased JNK phosphorylation levels in the pres-
ence or absence of LPS.

To further investigate whether the effects in TNF-α secre-
tion were dependent on altered inflammatory responses after
LPS or zVAD exposure, we evaluated mRNA levels of several
pro-inflammatory mediators 8 h after exposure to LPS or
zVAD. Overall, we observed a significant decrease of
TNF-α, interleukin (IL)-1β, IL-6, and inducible nitric oxide
synthase (iNOS) mRNA in siRNA-PARK2 transfected cells
following zVAD exposure (Fig. 5a), while an opposite result
was obtained for LPS-treated cells (Fig. 5b), again suggesting
alternative roles for parkin in zVAD- and LPS-mediated in-
flammation. Of note, Nec-1 co-incubation totally abrogated
pro-inflammatory gene expression (Supplementary Fig. 3),
which has been recently demonstrated to be dependent on
the recruitment of the necroptotic machinery [41].

Parkin Silencing Attenuates Necroptosis Progression

Unexpectedly, parkin knockdown decreased LDH release by
40%, while totally abrogating zVAD-mediated reduction in
MTS metabolism at 24 h post-zVAD treatment (Fig. 6a),
which was also observed for 8 h (Fig. 6b). Moreover,
MLKL phosphorylation was strongly reduced in siRNA-
PARK2 transfected cells treated with zVAD, further
confirming decreased necroptotic commitment (Fig. 6c). Co-

�Fig. 4 Parkin silencing increases JNK phosphorylation and TNF-α se-
cretion in LPS-treated cells. a Parkin siRNA-mediated knockdown was
determined by Western blot in siRNA-Control (siC) and siRNA-PARK2
(siP) transfected BV-2 cells after exposure to combinations of 25 μM
zVAD (Z), 100 ng/mL LPS (L), and 30 μM Nec-1 (N) for 8 h. b siC
and siP transfected BV-2 cells were exposed to 25 μM zVAD or 100 ng/
mL LPS for 5 h, and TNF-α secretion to the culture supernatant was
determined with a sandwich ELISA procedure. c JNK phosphorylation
levels were determined in protein lysates from siC or siP transfected BV-2
cells exposed to combinations of 25 μM zVAD (Z), 100 ng/mL LPS (L),
and 30 μM Nec-1 (N) for 8 h. Values represent mean ± SEM of three
independent experiments. *p < 0.05 and **p < 0.01 from siC, †p < 0.05
from siC + LPS, ‡p < 0.05 from siC + zVAD and §p < 0.05 from siC + ZN
in one-way ANOVA followed by Tukey’s post hoc test. C, control no
addition
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incubation of zVAD with LPS abrogated siRNA-PARK2-
mediated protection from necroptosis (data not shown), which
is not surprising, considering that parkin knockdown may not
affect TLR4-dependent necroptosis. Curiously, LPS exposure
increased MLKL protein levels (Supplementary Fig. 4),

suggesting that LPS-stimulated cells are more prone to under-
go necroptosis [16, 42].

Taking into account the role of parkin as an important com-
ponent for mitophagy induction, we evaluated mitochondrial
ROS production in siRNA-PARK2 and siRNA-Control
transfected BV-2 cells treated with zVAD followed by incu-
bation with the MitoSOX™ Red reagent. Surprisingly, no
significant alterations were detected in any conditions tested
(Supplementary Fig. 5a), suggesting that mitochondrial dy-
namics and ROS production are not involved in the protective
effect of parkin knockdown. To further explore the molecular
pathways involved in parkin-dependent necroptosis, we eval-
uated TRAF2/6 protein levels, since they are well-known tar-
gets of parkin involved in RIP1 polyubiquitination [12, 14,
17]. However, parkin silencing did not alter TRAF2/6 protein
levels, either alone or in combination with zVAD or LPS (data
not shown). We then explored a potential role for NF-κB,
since higher activity of NF-κB protects cells from zVAD-
dependent necroptosis [33]. However, NF-κB transcriptional
activity remained unaltered between siRNA-Control and
siRNA-PARK2 transfected cells (data not shown).

Finally, since higher RIP1 polyubiquitination may attenuate
RIP1-dependent necroptosis [13, 14, 17, 43], we assessed RIP1
ubiquitination by performing immunoprecipitation of RIP1
from lysates of parkin-silenced cells treated with zVAD,
followed by ubiquitin detection. Parkin silencing markedly in-
creased RIP-linked ubiquitin moieties levels after zVAD expo-
sure (Fig. 6d), thus implicating RIP1 polyubiquitination status
as a probable explanation for the mitigation of zVAD-induced
necroptosis. Next, we evaluated the role of parkin during
necroptosis in N9 and primary microglia. However, parkin
knockdown in N9 cells did not affect LPS + zVAD- or zVAD
+ BV6-mediated necroptosis (data not shown). Of note, BV6
leads to reduced polyubiquitination of RIP1 and subsequent
destabilization of complex I [17]. Regarding primarymicroglia,
parkin knockdown was less efficient, with only ~ 40% reduc-
tion in parkin protein levels after siRNA-PARK2 transfection
(Supplementary Fig. 6). Further, parkin silencing did not sig-
nificantly protect from TNF-α + zVAD- or LPS + zVAD-
induced necroptosis (Supplementary Fig. 6). These results un-
ravel novel roles for parkin during necroptosis that are probably
dependent on altered ubiquitination events.

Parkin Knockdown Increases LPS-Driven
pro-Inflammatory Response

Exposure to LPS has been shown to decrease parkin expres-
sion in BV-2 and primary microglia [11]. Therefore, we eval-
uated parkin protein levels in BV-2 and N9 microglial cells
after exposure to LPS for 48 and 72 h (Fig. 7a). Importantly,
the presence of LPS induced amarked decrease of parkin in all
conditions tested. To further dissect the role of JNK in siRNA-
PARK2 transfected cells in inflammation, we performed a

Fig. 5 Parkin silencing differentially modulates pro-inflammatory gene
expression following LPS or zVAD treatment. siRNA-Control (siC) or
siRNA-PARK2 (siP) transfected BV-2 cells were exposed for 8 h to
25 μM zVAD (a) or 100 ng/mL LPS (b), and TNF-α, IL-1β, IL-6 and
iNOS mRNA levels were determined by qRT-PCR. Values represent
mean ± SEM of 4 independent experiments. *p < 0.05 from siC, †p <
0.05 from siC + LPS, and ‡p < 0.05 from siC + zVAD in one-way
ANOVA followed by Bonferroni’s post hoc test
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time-course of JNK activation following LPS incubation
(Fig. 7b). JNKwas over-activated in cells with silenced parkin
as early as 30min after LPS incubation, whichwas maintained
for 8 h. In turn, p38 and Erk1/2 phosphorylation levels were
increased following LPS exposure but were not further aug-
mented in siRNA-PARK2 transfected cells (data not shown).
IκB phosphorylation also presented a tendency to increase in
siRNA-PARK2 transfected cells stimulated with LPS when
compared to siRNA-Control cells (Fig. 7c). Moreover, parkin
silencing led to increased NF-κB transcriptional activity fol-
lowing LPS incubation (Fig. 7d). Therefore, increased expres-
sion of pro-inflammatory mediators may depend on NF-κB
and activating protein 1 (AP-1), composed by c-Fos and phos-
phorylated c-Jun, the main JNK target.

Loss of parkin may also contribute to higher mito-
chondrial ROS levels, which can increase LPS-mediated
inflammatory response in microglia [44–46]. Therefore,
we assessed mitochondrial ROS in BV-2 cells with
parkin knockdown treated with LPS or no addition
(Supplementary Fig. 5b). Nevertheless, no changes were
detected in cells with silenced parkin, suggesting that
mitochondrial ROS are not involved in the higher pro-
inflammatory response. Since RIP1 ubiquitination can
contribute to mediate TLR4-dependent downstream sig-
naling [47], we checked whether parkin silencing could
have an effect on RIP1 polyubiquitination, but unexpect-
edly no differences were detected after LPS exposure
both at 30 min and 5 h (data not shown).

Fig. 6 Parkin silencing attenuates necroptosis progression. siRNA-
Control (siC) and siRNA-PARK2 (siP) transfected BV-2 cells were ex-
posed to combinations of 25μMzVAD (Z) and 30μMNec-1 (N) for 24 h
(a) or 8 h (b) and cell membrane permeabilization and cell metabolism
were evaluated by LDH and MTS assays, respectively. Values represent
mean ± SEM of four independent experiments. c siC and siP transfected
BV-2 cells were exposed to 25 μM zVAD (Z) and 30 μM Nec-1 (N) for
8 h and MLKL phosphorylation levels were evaluated by Western blot.

Values represent mean ± SEM of three independent experiments. d RIP1
polyubiquitination by Western blot was determined following RIP1 im-
munoprecipitation from cell lysates of siC and siP transfected BV-2 cells
exposed to 25 μM zVAD for 5 h. Blots are representative of three inde-
pendent experiments with similar results. *p < 0.05 and **p < 0.01 from
siC, †p < 0.05, and ††p < 0.01 from siC + zVAD. a, b Data were analyzed
by one-way ANOVA followed by Tukey’s post hoc test. c Data were
analyzed by one-way ANOVA followed by Bonferroni’s post hoc test
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Finally, we assessed LPS-mediated pro-inflammatory gene
expression in primary microglia following parkin knockdown
(Fig. 8a). In this case, no alterations were detected between
siRNA-Control and siRNA-PARK2 transfected cells.
However, LPS is a strong pro-inflammatory stimulus, partic-
ularly in primary microglia, which may abrogate any effect
derived from parkin loss. Therefore, primary microglia
transfected with siRNA-Control or siRNA-PARK2 were ex-
posed to milder pro-inflammatory stimuli, namely TNF-α,
interferon-γ (IFNγ), or a combination of the two (Fig 8b).
Incubation with IFNγ or TNF-α + IFNγ significantly induced
the expression of TNF-α, IL-6, and iNOS and inhibited IL-1β
expression. The specific effect of IFNγ on IL-1β expression is
controversial, with some studies suggesting that IFNγ limits
IL-1β generation [48, 49]. Importantly, parkin knockdown
significantly increased iNOS mRNA levels following expo-
sure to IFNγ or TNF-α + IFNγ. Moreover, a general tendency
towards higher pro-inflammatory gene expression is apparent,
thus fully supporting an anti-inflammatory role for parkin.

Discussion

Here, we hypothesized that parkin plays unsuspected roles dur-
ing necroptosis and inflammation in microglia. First, we con-
firmed that BV-2 and N9 cells undergo necroptosis, as assessed
by cell death and viability assays, and by the presence of
necroptotic markers, namely RIP1 and RIP3 necrosome assem-
bly and MLKL phosphorylation. Of note, Nec-1 fully reverted
all necroptosis-related events, thus implicating RIP1 kinase
activity-dependent necroptosis. However, while BV-2 cells
underwent necroptosis upon exposure to zVAD alone, N9 cells
further required either BV6-dependent degradation of cIAPs or
LPS-mediated TLR4 stimulation. In fact, co-incubation of
zVAD and BV6 was the strongest inducer of necroptosis in
both cell lines, underlining the importance of cIAPs-mediated
RIP1 ubiquitination in abrogating RIP1-dependent necroptosis
[13, 14, 17, 43]. Primary microglia from C57BL/6 mice also
need further stimuli to undergo necroptosis besides zVAD, such
as LPS or addition of TNF-α, thus behaving more similarly to
N9 than BV-2 cells. Since BV-2 cells were also derived from
the same mouse strain, these phenotypic differences may de-
pend on altered intracellular signaling, possibly linked to deg-
radation of RIP1/RIP3 by caspase-8. Despite these differ-
ences, microglial cell lines still maintain many similarities
to primary microglia, thus being instrumental to dissect
inflammatory mechanisms in disease [24].

Interestingly, zVAD or zVAD + BV6 resulted in autocrine
TNF-α production in all conditions leading to cell death in
microglial cell lines, where autocrine TNF-α action may con-
tribute to TNFR1-dependent necroptosis. In this regard, it was
already described for L929 and macrophage cells that zVAD
induces RIP1-E3 ubiquitin ligase identified by differential

Fig. 7 Parkin silencing potentiates LPS-mediated inflammation by over-
activating JNK and NF-κB pathways. a Parkin protein levels were
assessed by Western blot in cell lysates from BV-2 and N9 microglial
cells exposed to the indicated LPS concentrations for 48 and 72 h. BV-2
cells transfected with siRNA-Control (siC) and siRNA-PARK2 (siP)
were treated with 100 ng/mL LPS for the indicated time-points and phos-
phorylation of JNK (b) and IκB (c) were evaluated by Western blot. C,
siRNA-Control; P, siRNA-PARK2. d NF-κB transcriptional activity was
determined with an inducible NF-κB responsive luciferase reporter con-
struct in siC and siP BV-2 cells after LPS exposure for 8 h. Values repre-
sent mean ± SEM of three independent experiments. *p < 0.05 from siC
and ‡p < 0.05 from siC + LPS. Data in panel dwere analyzed by one-way
ANOVA followed by Bonferroni’s post hoc test

3000 Mol Neurobiol (2019) 56:2990–3004



display (EDD) physical interaction, which contributes to JNK
and Erk 1/2 activation and subsequent AP1-dependent TNF-α
expression [33, 34]. This mechanism is dependent on RIP1
kinase activity, since Nec-1 abolished TNF-α production [34].
We recapitulated these observations, since Nec-1 abolished
TNF-α secretion in conditions leading to necroptosis, while
zVAD exposure was also correlated with higher JNK and
Erk1/2 activation in BV-2 cells. Interestingly, a Smac mimetic
also contributes to TNF-α production by inducing RIP1 ki-
nase activity in an EDD-dependent manner, which may ex-
plain why N9 cells require zVAD and BV6 to secrete more
TNF-α [34]. Nevertheless, addition of exogenous TNF-α at
20 ng/mL in combination with zVAD only slightly induced
necroptosis in N9 cells. Moreover, zVAD alone was a much
stronger inducer of necroptosis in BV-2 cells than IETD, as
previously observed for L929 cells, suggesting other mecha-
nisms for zVAD-mediated sensitization to necroptosis [33].

We had also hypothesized that parkin plays a role in
protecting from necroptosis. Surprisingly, we found that
parkin knockdown in BV-2 cells markedly protected from
all necroptotic-related effects. Although parkin is a regulator
of mitophagy, and parkin knockdown could increase mito-
chondrial ROS, that was not the case in our model, thus

excluding a role for mitophagy in zVAD-mediated
necroptosis. Moreover, anti-oxidant Nac could only partially
revert late-stage loss of MTS metabolism without affecting
membrane permeability, while parkin silencing reduced these
two necroptotic aspects. Interestingly, despite the controver-
sial roles of ROS production and mitochondria/mitophagy in
necroptosis [31, 50–54], mitophagy can contribute to TNF-α-
independent necroptosis by increasing mitochondrial ROS
production [50, 51]. Conversely, parkin silencing does not
affect TNF-α-dependent necroptosis in L929 cells [55], while
parkin-induced mitochondrial depletion does not protect from
necroptosis mediated by TNF-α + zVAD [31]. Overall, the
importance of ROS and mitochondria during necroptosis ap-
pears to be cell type- and stimulus-dependent.

Importantly, parkin knockdown increased RIP1
polyubiquitination levels without affecting RIP1 total protein
levels, therefore suggesting altered non-degradative
ubiquitination signaling [4, 47]. In turn, higher RIP1
polyubiquitination levels are expected to stabilize RIP1 in
pro-survival complex I, which may explain the reduction of
zVAD-mediated necroptosis [14, 17]. However, the stabilizing
roles of RIP1 linear and Lys63-linked ubiquitin chains have
been recently challenged, despite cIAP2 being crucial to

Fig. 8 Parkin silencing increases
TNF-α/IFNγ pro-inflammatory
response in primary microglia.
siRNA-Control (siC) and siRNA-
PARK2 (siP) transfected primary
microglia were exposed for 8 h to
100 ng/mL LPS (a) or combina-
tions of 10 ng/mLTNF-α, 100 U/
mL IFNγ or TNF-α + IFNγ (b),
and TNF-α, IL-1β, IL-6, and
iNOS mRNA levels were deter-
mined by qRT-PCR. Values rep-
resent mean ± SEM of four inde-
pendent experiments. *p < 0.05
and **p < 0.01 from siC, †p <
0.05 from siC + IFNγ and ‡p <
0.05 from siC + TNF-α + IFNγ. a
Data were analyzed by one-way
ANOVA followed by
Bonferroni’s post hoc test. b Data
were analyzed by one-way
ANOVA followed by Tukey’s
post hoc test
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complex I stabilization [14, 17, 38]. Here, we speculate that
parkin may be influencing protein levels of one or more me-
diators that stabilize RIP1 ubiquitination, with the exclusion
of TRAF2/6 that remained unaltered.

Of note, although JNK phosphorylation levels were not al-
tered between zVAD-treated siRNA-Control and siRNA-
PARK2 transfected cells, parkin silencing alone increased JNK
phosphorylation not cumulative with zVAD-dependent JNK ac-
tivation, which may indicate that parkin silencing decreases
zVAD-mediated JNK activation. Regarding the role of
necroptosis in microglia, it has been reported that death of mi-
croglia by necroptosis contribute to multiple sclerosis progres-
sion [56]. However, necroptosis may reduce inflammation by
limiting immune cell populations [15, 30, 42, 57]. Moreover,
microglial necroptosis protects primary neurons against inflam-
mation [30]. Therefore, it is possible that, by protecting microg-
lia from cell death, parkin loss may allow for the maintenance of
activated microglia that would otherwise perish.

Several reports implicate parkin as a regulator of inflam-
mation, despite some controversy regarding its pro- or anti-
inflammatory role [9–12]. Here, LPS exposure led to de-
creased parkin protein levels in BV-2 and N9 cells, an ob-
servation also described for BV-2 and primary microglia
[11]. This effect may be dependent on PARK2 transcription-
al repression mediated by NF-κB [11]. We also observed
NF-κB, as well as JNK, over-activation in BV-2 cells with
silenced parkin following LPS exposure, which were cor-
related with higher pro-inflammatory gene expression and
TNF-α secretion. Since phosphorylation of other MAPKs
activated by LPS, such as p38 and Erk1/2, are not altered by
PARK2 knockdown, these effects are probably independent
of direct altered TLR4 downstream signaling. Importantly,
two other studies reported higher JNK phosphorylation
levels following parkin knockdown in inflammatory set-
tings, with one also showing higher NF-κB activity [9,
12]. Moreover, several other studies demonstrated in-
creased JNK activity upon parkin downregulation or inac-
tivation in non-inflammatory contexts [58–61]. Increased
JNK activity has been linked to ROS production, which in
turn is elevated upon accumulation of damaged mitochon-
dria [5, 62]. However, we did not observe any differences in
mitochondrial ROS levels between siRNA-control and
siRNA-PARK2 transfected cells unstimulated or stimulated
with LPS. Moreover, RIP1 polyubiquitination levels were
unaltered in BV-2 cells treated with LPS, suggesting that
the higher pro-inflammatory response detected in this cell
model after parkin knockdown is independent on altered
RIP1-downstream signaling. Finally, primary microglia
with decreased parkin levels presented higher expression
of pro-inflammatory genes in mild pro-inflammatory con-
ditions, closer to PD-derived neuroinflammation. Overall,
our results support an anti-inflammatory role for parkin,
probably by limiting NF-κB and JNK responses.

In conclusion, we unravel unsuspected roles for parkin
during necroptosis and inflammation in microglia, which are
probably dependent on altered ubiquitination events. Here,
parkin silencing protected from zVAD-mediated necroptosis,
while potentiating LPS-induced inflammation by elevating
NF-κB and JNK activities. These observations suggest that
loss of parkin may contribute to higher microglial survival
and pro-inflammatory activation in PD, which could contrib-
ute to PD pathogenesis through chronic neuroinflammation.
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