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A B S T R A C T

Numerous literature related to the role of Parkin and mitophagy focuses on neurons, but not microglial cells,
responsible for most inflammatory responses in the central nervous system. Here, we first observed that Parkin
expression in BV-2 microglial cells increased up to 6 hours (early stage) after LPS stimulation and decreased after
that. Overexpression Parkin substantially suppressed the pro-inflammatory response and control of pro-in-
flammatory mediators is through regulation of MAPK and NF-κB signal in BV-2 cells. Therefore, these results
demonstrate that early LPS-induced Parkin controls the inflammatory response by modulating MAPK and retains
mitochondrial quality through mitophagy in microglial cells.

1. Introduction

Microglia, the resident innate immune cells of the central nervous
system (CNS), are highly important components in early control of in-
fections and for recruitment of cells of the adaptive immune system
required for pathogen clearance (Nimmerjahn et al., 2005; Ransohoff
and Brown, 2012). Furthermore, microglia are versatile and multi-
functional cells with pivotal functions in cell survival as immune sur-
veillance cells for maintaining brain homeostasis (Casano and Peri,
2015; Prinz and Priller, 2014).

Activated microglia in response to several stimuli such as lipopo-
lysaccharide(LPS) express genes associated with inflammation, in-
cluding pro-inflammatory cytokines/chemokines, growth factors, and
free radicals (Block and Hong, 2007; Lull and Block, 2010) and also
produce these substances (von Bernhardi et al., 2015). Excessive mi-
croglial activation (or unregulated microglial activation) is associated
with neurodegenerative diseases. In particular, reactive oxygen species
(ROS) generation by microglia is considered a major cause of neuronal
dysfunction, damage, and death (Gao et al., 2012) through direct oxi-
dative damage or disruption of neuronal redox signaling (Rojo et al.,
2014). Appropriate regulation of microglial activation might therefore
be key in protecting the CNS from inflammatory responses (Dello Russo

et al., 2004). Additionally, activated microglia are implicated in qua-
litative variation in mitochondria (Banati et al., 2004).

Mitochondria are highly reserved and dynamic eukaryotic orga-
nelles involved in various functions including amino acid production
(Harper et al., 1984), fatty acid synthesis (Kastaniotis et al., 2017), and
iron-sulfur protein biogenesis (Stehling et al., 2014). In addition, mi-
tochondria buffer calcium and are a signaling center for innate im-
munity and cell death (West et al., 2011; Zavodnik, 2016).In particular,
ATP synthesis is the most important function of mitochondria, and re-
active oxygen species (ROS) are generated as a byproduct via the
electron transfer chain (ETC) (Murphy, 2009).Therefore, mitochondria
are a prominent source of ROS; adequate control of ROS generation is
essential to regulate cell signaling (Czarna and Jarmuszkiewicz, 2006).
However, dysregulation of ROS can cause mitochondrial malfunction,
especially excessive activation of microglia (Gao et al., 2012; Rojo
et al., 2014). Thus, mitochondria need specific conditions, to prepare
for quality control and modulation of microglial activation.

Mitogen-activated protein kinases (MAPKs), well-known Ser/Thr
protein kinases, are activated through phosphorylation and convert
extracellular stimuli into cellular responses to mediate many cellular
activities, such as cell proliferation, survival, and death (Cargnello and
Roux, 2011; Kim and Choi, 2010). Accumulated evidence showed that
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MAPK signaling is deeply involved in the inflammatory response
(Bamford et al., 2007; Kaminska, 2005; Olajide et al., 2013), but little
emphasis was laid on the interplay between mitophagy and MAPK in
activated microglial cells.

Mitophagy is a form of selective autophagy that degrades impaired
mitochondria. Generally, mitophagy is regulated by the proteins parkin
and PTEN-induced putative kinase protein 1 (PINK1) (Durcan and Fon,
2015; Eiyama and Okamoto, 2015). Parkin is an E3 ubiquitin ligase
expressed in several tissues including the brain, heart, and muscles and
it polyubiquitinates its substrate through ubiquitination of different K
linkages to induce various cellular signals. For example, K48-linked
chains induce target proteins for destruction by the 26S proteasome
(Shimura et al., 2000), whereas K63-linked ubiquitination is involved in
various cellular signaling pathways such as autophagy (Komander and
Rape, 2012). Most parkin is located in the cytosol under physiological
conditions. In response to stress, such as mitochondrial depolarization,
parkin is translocated from the cytosol to the mitochondria by PINK1
and mediates selective autophagic elimination of damaged mitochon-
dria (Seirafi et al., 2015). Regulation of parkin expression and the
amount of translocated parkin are critical for modulation of mitophagy.
In addition, parkin has important functions with regard to mitochon-
drial function and morphology (Mortiboys et al., 2008; Muftuoglu et al.,
2004). Hence, parkin should be recruited to impaired mitochondria at
the appropriate time to mediate mitophagy. PINK1, another key com-
ponent for mitophagy, is the protein kinase that induces parkin-medi-
ated mitophagy by recruiting parkin (Seirafi et al., 2015). Parkin and
PINK1 are interactive proteins essential for mitophagy to maintain
mitochondrial homeostasis. Microglia are important components in the
brain that induce mitophagy for removal of impaired mitochondria.
Previous studies suggested that parkin deficiency evokes mitochondrial
dysregulation and sensitizes oxidative damage that cannot maintain
mitochondrial homeostasis (Palacino et al., 2004). Furthermore, recent
research showed has shown that parkin deficiency disrupts age-de-
pendent mitophagy that should be increased with aging (Cornelissen
et al., 2018). However, the effect of overexpression of parkin in re-
taining mitochondrial quality has not yet been studied.

In this study, we hypothesized that overexpressed parkin may sup-
press pro-inflammatory cytokines and rescue impaired mitochondria
via up-regulated mitophagy. Therefore, we determined whether pro-
inflammatory mediators and cytokines were regulated by increased
mitophagy during parkin overexpression in BV-2 microglial cells, and
examined whether this overexpression affects regulation of mitochon-
drial quality.

2. Materials and methods

2.1. Cell culture and treatment

BV-2 murine microglial cells were immortalized by infection with
the v-raf/myc recombinant retrovirus, which was kindly provided by
Dr. Jau-Shyong Hong (NIEHS, NC, USA). Cells were cultured in
Dulbecco's modified Eagle medium (DMEM; Welgene, Daegu, Korea)
with 10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and
1% penicillin/streptomycin (Welgene) and incubated at 37 °C in a hu-
midified 5% CO2 incubator (SANYO, Osaka, Japan). Exponentially
growing BV-2 cells were stimulated with 1 μg/mL LPS from Escherichia
coli serotype 026:B6 (Sigma, MO, USA) for 12 hr.

2.2. Generation of lentivirus and stable cell line

The pDsRed2-Mito Plasmid and pEGFP-parkin WT plasmid were
purchased from Clontech (Mountain View, CA) and Addgene (Water
town, MA, USA). A previous paper described the establishment of the
lentivirus (Kim et al., 2010; Park et al., 2016). Stable cell lines with
parkin overexpression were generated by infection of BV-2 cells with
the lentivirus (MOI=5) and 8 μg/mL polybrene. Parkin-transduced

BV-2 cells were incubated for 72 hr and then selected with 8 μg/mL
blasticidin (Sigma) for 1 week.

2.3. Quantitative real-time polymerase chain reaction

TRI-Reagent (Invitrogen, CA, USA) was used for isolation of total RNA
from BV-2 and parkin overexpressing BV-2 according to the manufac-
turer's instructions. The concentration of isolated total RNA was calculated
from absorbance at 260 nm using a spectrophotometer (ACTgene, USA),
and the purity was verified by an optical density absorption ratio
(260 nm/280 nm) between 1.8 and 2.0. To synthesis of Complementary
DNA (cDNA), oligo dT were attached to RNA (1 μg) at 70 °C for 10min.
Then, by using a reverse transcription premix (Bioneer, Korea), RNA an-
nealed with oligo dT were reverse-transcribed into cDNA by performing
with activation of polymerase at 42 °C for 1 hr, inactivation of additional
action of polymerase at 95 °C for 5min, and stabilization at 15 °C for
5min. All cDNA samples used as template in the subsequent quantitative
PCR (qRT-PCR) analyses were stored at −20 °C. To quantify the mRNA
levels, we performed real-time PCR using the SYBR Fast quantitative PCR
(qPCR) Mix (Takara Bio, Kyoto, Japan). The final reaction volume was
20 μL, including 2 λ of cDNA, primers, and 10 μL of the SYBR green master
mix. The qRT-PCR assays were run on a Step OnePlus Real-Time PCR
machine (Applied Biosystems, CA, USA). Quantification was conducted
using the comparative ΔCt method. The following primers were used for
qRT-PCR amplification: 5’-Parkin, 5′- TCTTCCAGTGTAACCACCGTC -3′;
3′- Parkin, 5′- GGCAGGGAGTAGCCAAGTT -3′; 5′- TNF-α, 5′- CCTGTAG
CCCACGTCGTAGC -3′; 3′- TNF-α, 5′- AGCAATGACTCCAAAGTAGACC -3′;
5′- IL-1β, 5′- ACTGTTTCTAATGCCTTCCC -3′; 3’-IL-1β, 5′- TGGTTTCTTG
TGACCCTGA -3′; 5′- IL-6, 5′- TCCAGTTGCCTTCTTGGGAC -3′; 3′- IL-6, 5′-
GTGTAATTGCCTCCGACTTG -3′; 5′- GAPDH, 5′- TCCTGCACCACCAACT
GCTTA -3′; 3′- GAPDH, 5’ GTTCAGCTCTGGGATGACCTT −3′.

2.4. Enzyme-linked immunosorbent assay

Commercially available ELISA kits were used to detect the levels of
tumor necrosis factor- α (TNF-α; #MTA00B; R&D Systems), Interluekin-
6 (IL-6; #M6000B; R&D Systems) and Interleukin -1 β (IL-1β;
#MLB00C; R&D Systems) in BV-2 microglial cells.BV-2 microglial cells
and parkin-overexpressing BV-2 cells were cultured in 6-well plates
(1×105cells/well), and then added LPS (1 μg/mL) for 6 and 12 hr.
Then, the supernatants were collected after elimination of particulate
matter by centrifugation at 3500×g for 2min. Next, the cell culture
supernatants were added into the corresponding wells, and the wells
were sealed using adhesive tape and maintained at room temperature
for 2 hr. A total of 100 μl biotinylated antibody fluids were supple-
mented into wells. Subsequently, the wells were sealed by adhesive
tape and incubated for 2 hr at room temperature. Chromogenic sub-
strate was added into the wells. Plates were incubated for 30min in the
dark at room temperature. Stop solution was added into each well and
immediately mixed for 2min at room temperature. The optical density
(OD) at 450 nm was detected using a microplate reader (TECAN, Inc).

2.5. Western blot analysis

Whole protein lysates were obtained using PRO-PREP protein extrac-
tion solution (Intron Biotechnology, Korea). Cytoplasmic and mitochon-
drial fractions were isolated using a mitochondria isolation kit for cultured
cells (Thermo Scientific, MA, USA) according to the manufacturer's pro-
tocol. Nuclear and cytoplasmic fractions were isolated using a NE-PER
nuclear and cytoplasmic extraction reagent kit (Thermo Scientific) ac-
cording to the manufacturer's protocol. Proteins were separated by elec-
trophoresis on 8–12% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) systems and transferred onto nitrocellulose
membranes (Pall Corporation, FL, USA). The transferred membranes were
blocked with skimmed milk (5%) (Thermo Scientific). The membranes
were then incubated overnight at 4 °C with either anti-parkin
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(1:1000;#2132S), anti-iNOS (1:2000;#13120S), anti-COX-2 (1:2000;
#1312A),anti-JNK (1:2000;#9252S), anti-phosphorylated (p)-JNK
(1:1000;#9251S), anti-ERK (1:2000;9102S), anti-p-ERK (1:1000;9101S),
anti-p38 (1:2000;9212S), anti-p-p38(1:800;4511S), anti-ubiquitin
(1:1000;#3936S), anti-p62 (1:2000;#5114S), anti-LC3B
(1:1000;#2775S), anti-COX-IV (1:1000;#4844S) (Cell Signaling, MA,
USA), anti-PINK1 (1:1000; #23707) (Abcam, MA, USA), anti-GAPDH
(1:4000;#1311F), anti-NF-κBp65 (11000;E0517), (Santa Cruz, TX, USA),
or anti-Lamin B1 (14000;PA5-19468) (Invitrogen) primary antibodies.
After washing with buffer, the membranes were incubated with horse-
radish peroxidase conjugated secondary antibodies (Thermo Scientific) at
4 °C overnight.

2.6. Nitric oxide detection

NO was measured in the supernatant by using a commercially
available NO detection kit (Intron Biotechnology, Korea) according to
the manufacturer's instructions. The absorbance of each tube was
measured at 550 nm.

2.7. Immunocytochemistry

BV-2 cells (≥1×105) were fixed with 4% paraformaldehyde (Sigma)
for 1 hr and washed with cold phosphate-buffered saline (PBS). Then, the
fixed cells were permeabilized with 0.25% Triton X-100 in PBS (0.25%
PBST) for 10min. After the permeabilization, fixed cells were washed with
cold PBS and blocked with 0.25% PBST containing 1% bovine serum al-
bumin. Then, the cells were incubated with anti-NF-κB (1:500; sc-8008,
RRID: AB_628017; Santa Cruz), anti-IBA 1 (1:250; GT10312, MA5-27726;
Invitrogen), and anti-LC3B antibodies (1:250; #2775S; Cell Signaling) at
4 °C overnight. The cells were then incubated with Alexa 488 goat anti-
mouse secondary antibody, Alexa 350 goat anti-rabbit secondary anti-
body, and Alexa 488 goat anti-mouse secondary antibody (Thermo
Scientific) at 4 °C overnight. Images were obtained using an LSM-710
confocal microscope (Carl Zeiss, Oberkochen, Germany).

2.8. Measurement of mitochondrial membrane potential

Mitochondrial- specific membrane potential was assessed using JC-1
dye (Thermo Scientific). BV-2 cells were harvested (≥2×105) by using
0.05% Trypsin/EDTA with pre-warmed (37 °C) DMEM. Then, the cell
suspension was centrifuged at 300×g for 2min. During the

Fig. 1. Parkin is relevant to early-stage LPS-induced inflammatory responses.
(A) mRNA expression levels of parkin were observed in BV-2 microglial cells treated with LPS (1 μg/mL) for the indicated times (0, 6, 12, and 24 hr) through
quantitative real-time PCR (qRT-PCR). (B) Proteins expression levels of parkin were observed in LPS treated BV-2 microglial cells for 0,6,12, and 24 hr through
western blot analysis. (C) Protein expression levels of parkin were observed in BV-2 microglial cells following LPS stimulation for the indicated times (0, 1, 3, and
6 hr) through western blot analysis. (A), (B) and (C) used one-way ANOVA for statistical analysis. Data are presented as mean ± SD (n=3). *p < .05, **p < .01,
and ***p < .001.
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centrifugation, an aliquot of 5 μM JC-1 stock solution was thawed. After
that, the cell suspension was incubated with 5 μM JC-1 at 37 °C for 20min
in the dark, followed by washing with PBS and centrifugation at 300×g
for 2min. The cells were re-suspended in phenol red-free DMEM and
analyzed with a FACS Verse flow cytometer (BD Biosciences).

2.9. Measurement of intracellular and mitochondrial ROS

Intracellular and mitochondrial ROS generation was assessed using
CM-H2DCF-DA and MitoSOX (Thermo Scientific). BV-2 cells were har-
vested (≥2×105)using 0.05% Trypsin/EDTA with pre-warmed (37 °C)
DMEM. Then, the cell suspension was centrifuged at 300×g for 2min.
During the centrifugation, an aliquot of 5 μM CM-H2DCF-DA stock solution
was thawed. Next, the cell suspension was incubated with 5 μM CM-
H2DCF-DA at 37 °C for 20min in the dark, followed by washing PBS and
centrifugation at 300×g for 2min. The cells were re-suspended in phenol
red-free DMEM and analyzed by flow cytometry (BD Biosciences).

2.10. . Statistical analysis

Prism software (GraphPad Prism version 5.0; La Jolla, CA, USA) was
used for statistical analysis. Data represent mean ± SD of at least three
independent experiments (n≥3). One-way analysis of variance (ANOVA)
was used for group comparisons, followed by Dunnett's multiple com-
parison tests. A p-value< .05 was considered statistically significant and is
indicated on graphs by an asterisk, whereas p- values<0.01 and<0.001
are indicated by two and three asterisks, respectively.

3. Results

3.1. Parkin is relevant to early-stage LPS-induced inflammatory responses

Before determining the interaction between Parkin and pro-in-
flammatory mediators, we observed the expression of parkin in LPS-
induced microglial activation, which occurs via toll-like receptor 4

Fig. 2. Overexpressed parkin suppresses the production of pro-inflammatory cytokines and NO production in BV-2 microglial cells.
(A) mRNA levels of pro-inflammatory cytokines (TNF α, IL-1 β, and IL-6) were observed after stimulation with LPS (1 μg/mL) in BV-2 and parkin-overexpressing BV-2
microglial cells for the indicated times (0, 6, and 12 hr) through quantitative real-time PCR (qRT-PCR). (B) ELISA of pro-inflammatory cytokines (TNF α, IL-1 β, and
IL-6) in LPS-stimulated BV-2 and parkin-overexpressing BV-2 microglial cells for the indicated times (0, 6, and 12 hr). (C) Western blot analysis of iNOS, COX-2, and
Parkin in LPS-stimulated BV-2 and parkin-overexpressing BV-2 microglial cells for 12 hr. (D) Nitrite levels in control and parkin-overexpressing BV-2 microglial cells
treated with LPS (1 μg/mL) for the indicated times (0, 6, and 12 hr). (B) Analyzed using one-way ANOVA and (A), (C) analyzed using two-way ANOVA for statistical
analysis. Data are presented as mean ± SD (n=3). *p < .05, **p < .01, and ***p < .001.
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(TLR4) (Lehnardt, 2010), in BV-2 microglial cells, a model cell widely
used in neuroinflammation research (Blasi et al., 1990).We first ex-
amined the mRNA levels of parkin in BV-2 microglial cells with LPS and
found that it accrued until 6 hr and decreased gradually from 12 hr after
the activation (Fig. 1A).We also investigated the protein levels of parkin
(Fig. 1B). Western blot analysis showed a similar tendency for its mRNA
levels. Further, we investigated the expression of parkin before 6 hr in
the protein levels (Fig. 1C). As surmised, the protein levels of parkin
augmented after LPS stimulation until 6 hr. Therefore, we concluded
that the expression of parkin increased early on (until 6 hr) and de-
creased later (after 12 hr) in microglial activation. Overall, these results
suggested that expression of parkin must be regulated at the tran-
scriptional level.

3.2. Overexpressed parkin suppresses the production of pro-inflammatory
cytokines and NO production in BV-2 microglial cells

To investigate the role of augmented parkin in the early stages of
microglial activation and microglial pro-inflammatory responses, we
built the lentivirus (pLenti6.3 Parkin-eGFP) and infected BV-2 cells to
construct parkin-overexpressing stable cell line in BV-2 microglial cells.
These cells and normal BV-2 microglial cells were stimulated with LPS.

In Fig. 1, parkin was elevated in the early stage of LPS-induced in-
flammatory responses. LPS also causes enhanced production of pro-in-
flammatory cytokines such as tumor necrosis factor- alpha (TNF-α),
interleukin-1β (IL-1 β), interleukin-6 (IL-6), and NO (Fang et al., 2004).
The mRNA levels of these cytokines were increased in the LPS-stimu-
lated BV-2 microglial cells but decreased in parkin-overexpressing LPS-
stimulated BV-2 microglial cells (Fig. 2A). Next, we confirmed lenti-
virus-mediated DsRed2-mito expressing BV-2 microglial cells through
confocal fluorescence images (Supplementary Fig. S1) and excluded
that some of the effects ascribed to parkin overexpression are in fact
due to the prior viral infection by using lentivirus-mediated DsRed2-
mito expressing (Supplementary Fig. S2). Additionally, we investigated
the effect of overexpression of parkin against cytokines' expression in
BV-2 microglial cells by using ELISA. Similarly, the production of TNF-
α, IL-1 β, and IL-6 was hampered in parkin-overexpressing LPS-stimu-
lated BV-2 microglial cells (Fig. 2B). We next examined the protein
levels of inducible-NO (iNOS) and cyclooxygenase-2 (COX-2), which
are well- known pro-inflammatory mediators and related with micro-
glial activation (Petrova et al., 1999) (Fig. 2C). These were dramatically
decreased in parkin-overexpressing LPS-stimulated BV-2 microglial
cells and the effects of the prior viral infection were also excluded by
lentivirus-mediated DsRed2-mito expressing (Supplementary Fig. S3).

Fig. 3. Parkin controls LPS-induced pro-inflammatory responses in microglial cells via differential regulation of MAPK.
(A) Levels of (p)-JNK, (p)-ERK, and (p)-p38 in the whole cell lysates were evaluated by western blotting in BV-2 - and BV-2 parkin-overexpressing microglial cells
after LPS stimulation (1 μg/mL) for the indicated times (0 and 30min). (B) Levels of NF-κB p65 in the whole cell and nuclear fraction were evaluated by western
blotting in BV-2 - and BV-2 parkin-overexpressing microglial cells after LPS stimulation (1 μg/mL) for the indicated times (0 and 60min). (C) BV-2- and parkin-
overexpressing cells were stimulated with LPS. The translocation level of NF-κB p65 was determined by immunocytochemistry. Nuclei are stained with Hoechst, and
the merged images show the NF-κB and Hoechst signals. Scale bar, 10 μm. (A), (B) used one-way ANOVA for statistical analysis. Data are presented as mean ± SD
(n=3). *p < .05, **p < .01, and ***p < .001.

H.K. Yun, et al. Journal of Neuroimmunology 336 (2019) 577044

5



Finally, we investigated whether parkin suppresses the production of
NO in LPS-stimulated BV-2 microglial cells (Fig. 2D). Parkin-over-
expressing BV-2 microglial cells showed substantially decreased levels
of NO production compared with normal BV-2 microglial cells. These
results suggest that increased levels of parkin in the early stage alle-
viated microglial pro-inflammatory responses.

3.3. Parkin controls LPS-induced pro-inflammatory responses in microglial
cells via differential regulation of MAPK

Numerous studies have shown that activation of MAPKs, such as
JNK, ERK, and p38 play an important role in modulating the expression
of pro-inflammatory cytokines/molecules in stimulated microglia (Kim
et al., 2004; Park et al., 2015; Torres, 2003). We examined the effects of
parkin overexpression on the activity of JNK, ERK1/2, and p38 in LPS-
activated BV-2 microglial cells. Our results showed that LPS activation
of JNK, ERK, and p38 was down-regulated by parkin overexpression.
JNK and ERK activation was markedly decreased by Parkin over-
expression. (Fig. 3A); p38 not as much. In addition to MAPKs, the ex-
isting literature considered the nuclear factor kappa-light-chain-en-
hancer of activated B cells (NF-κB) pathway as a pertinent factor in the
expression of pro-inflammatory genes including cytokines/chemokines
and inflammasome regulation (Lawrence, 2009; Ye et al., 2017). To test
the effect of overexpressed parkin on NF-κB p65, we observed the
protein levels of NF-κB p65 in the whole cell lysates. The expression of
NF-κB p65 did not show any differences between control and parkin-
overexpressing cells. Accordingly, we isolated the cytoplasm and nu-
clear fraction from BV-2 microglial cells and investigated the protein
levels of NF-κB p65 in the nuclear fraction. The increased LPS-stimu-
lated NF-κB p65 in BV-2 microglial cells was considerably reduced in
parkin-overexpressing BV-2 microglial cells (Fig. 3B). Furthermore, we
confirmed the subcellular localization of NF-κB p65 in control- and
parkin-overexpressing BV-2 cells after LPS stimulation by confocal
microscopy. Our data showed that the translocation of NF-κB p65 into
the nuclei was notably decreased in parkin-overexpressing cells com-
pared to controls (Fig. 3C). Taken together, overexpression of parkin
regulates the pro-inflammatory response in LPS-stimulated microglial
cells by modulating MAPK, especially the JNK, ERK, and NF-κB p65
signal pathways.

3.4. Parkin is involved in the early stage of mitophagy in activated BV-2
microglial cells

Our previous data showed that parkin modulated the production
and secretion of pro-inflammatory cytokines and NO to maintain cel-
lular quality via down-regulation of MAPK and NF-κB signals.
Accordingly, we hypothesized that parkin must be relevant to mito-
phagy, a well-known mechanism for mitochondrial clearance, in acti-
vated BV-2 microglial cells. We detected PINK1, Parkin, ubiquitin, p62,
and LC3B, major components of the mitophagic process, in the mi-
tochondrial fraction of LPS-stimulated BV-2 microglial cells (Fig. 4A).
Our data showed that the protein levels of PINK1 and Parkin were much
more increased in early stages in the mitochondrial fraction. The ubi-
quitination patterns in the mitochondrial fraction were significantly
increased as well. Furthermore, p62, a selective cargo receptor for au-
tophagy and important for the regulation of mitophagy (Narendra et al.,
2010; Song et al., 2016), and LC3B, which interacts with p62 to remove
protein aggregates, was increased in the mitochondrial fraction. We
next investigated whether overexpression of parkin can induce mito-
phagy following long-term LPS stimulation (24 hr) which parkin mostly
decreased, and mitophagy therefore may not occur (Fig. 4B). Our data
showed that decreased parkin and PINK 1 were significantly aug-
mented, and LC3-II were increased slightly in parkin overexpression. In
addition, the level of ubiquitination was considerably augmented in
parkin overexpression, and p62 increased as well. Taken together,
overexpression of parkin can induce delayed mitophagy when parkin

must be decreased and mitophagy, therefore, may not be occurred.
Next, we confirmed the subcellular localization of LC3B in BV-2 and
parkin overexpressing cells after LPS stimulation by confocal micro-
scopy (Fig. 4C). Our image data showed that the microglial activation
marker Iba-1 was increased in a time-dependent manner with LPS, and
the subcellular localization of LC3B into mitochondria was highest after
6 hr stimulation. Besides, the subcellular level of LC3B into the mi-
tochondria was more increased in parkin-overexpressing cells. Based on
these results, it seems likely that parkin-mediated mitophagy can occur
early after LPS stimulation, and this event can be rescued even in late
time by overexpression of parkin.

3.5. Parkin contributes to mitochondrial quality control through
downregulation of ROS

Mitochondrial quality control (MQC) is pertinent to homeostasis in
CNS. When damaged mitochondria accumulate, there is a drop in the
mitochondrial membrane potential and excessive production of ROS
(Suski et al., 2012). Thus, MQC cannot be maintained, and many or-
ganelles are damaged. We therefore investigated whether the over-
expression of parkin can regulate mitochondrial membrane potential
and intracellular/mitochondrial ROS, respectively. We used JC-1, a
well-known mitochondrial membrane potential marker (Fig. 5A). The
results showed that mitochondrial membrane potential of LPS-stimu-
lated parkin-overexpressing BV-2 microglial cells was significantly
salvaged. Next, we measured intracellular ROS by staining BV-2 mi-
croglial controls and parkin-overexpressing BV-2 cells with the in-
dicator CM-H2DCF-DA (Fig. 5B). Overexpression of parkin effectively
suppressed LPS-upregulated ROS. We also measured mitochondrial-
specific ROS by MitoSOX staining, which can be selectively oxidized by
mitochondrial superoxide anions, in BV-2 microglial control and
parkin-overexpressing BV-2 cells (Fig. 5C). Enhanced parkin con-
siderably suppressed the elevated LPS-induced ROS. In short, LPS ac-
tivated BV-2 microglial cells by causing mitochondrial ROS production
and reducing mitochondrial membrane potential and eventually pro-
voking, mitochondrial damage. Taken together, it is reasonable to
conclude that parkin-mediated mitophagy functions as a scavenger of
LPS-induced mitochondrial ROS through elimination of damaged mi-
tochondria and restores disrupted mitochondrial quality, thereby sup-
pressing the secretion of pro-inflammatory cytokines in BV-2 microglial
cells.

4. Discussion

Several lines of evidence have demonstrated that loss of parkin
sensitized cells, especially their mitochondria, to inflammatory re-
sponses. (Frank-Cannon et al., 2008; Hwang et al., 2017; Mouton-Liger
et al., 2018). However, the relationship between parkin and LPS-in-
duced inflammatory responses in microglial cells is not yet fully un-
derstood. In this study, we first showed that the expression of parkin is
increased early and decreased late, at both the transcriptional and
translational levels after LPS stimulation, a well-known inducer of mi-
croglial activation through TLR4. Parkin may have a critical role in
alleviating inflammatory responses to maintain normal cellular condi-
tions.

Inflammatory mediators released by the microglia have causative
and exacerbating roles in neurodegenerative diseases. Many previous
studies showed that inflammatory responses were increased when
parkin was deficient (Frank-Cannon et al., 2008; Mouton-Liger et al.,
2018). Thus, it is conceivable that parkin regulates pro-inflammatory
responses. Our results showed that overexpression of parkin sub-
stantially suppressed translocation of NF-κB p65 to the nucleus and the
production of pro-inflammatory cytokines and NO in BV-2 microglial
cells in response to LPS. In line with these findings, parkin was sug-
gested to regulate pro-inflammatory mediators in microglial cells. In
this study, we showed that transcriptional levels of parkin are relevant
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Fig. 4. Parkin is involved in the early stage of mitophagy in activated BV-2 microglial cells.
(A) Levels of PINK1, Parkin, Ubiquitin, p62, and LC3B in the mitochondrial fraction were evaluated by western blotting in BV-2 microglial cells stimulated for the indicated
times (0, 6, 12, 24 hr) with LPS (1 μg/mL). (B) PINK 1, Ubiquitin, p62, and LC3B levels were examined by western blotting after stimulation of LPS for 24 hr in BV-2 and
parkin-overexpressing cells. (C) LC3B levels in the mitochondria were determined by immunocytochemistry. Mitochondria were stained with Mito-Tracker Red, and Iba-1
was used as the microglial activation marker. The merged images show the Iba-1, LC3B, and Mito-Tracker signals. COX IV was used as mitochondrial loading controls. Data
were analyzed using two-way ANOVA. Data are presented as mean ± SD (n=3). *p < .05, **p < .01, and ***p < .001. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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to early-stage LPS-induced inflammatory responses. Although the pre-
cise mechanism of transcriptional regulation is not yet elucidated, Tran
et al. suggested that LPS-induced NF-κB binds to the parkin promoter to
repress transcriptional activity, inducing excessive inflammatory re-
sponse (Tran et al., 2011). However, our data indicated that LPS-in-
duced oxidative stresses in the early stage led to parkin expression that
must be related to inflammatory pathways. Letsiou et al. reported that
parkin regulates LPS-induced pro-inflammatory response in acute lung
injury (Letsiou et al., 2017). Our results suggested that parkin might be
involved in early pro-inflammatory responses, resulting in regulation of
microglial cell activation. Therefore, regulation of parkin is important
to preserve the basal level of inflammatory responses. Winklhofer and
his research group suggested that parkin initiates a neuroprotective
program under moderate stress by regulating the NF-kB pathway in
human neuroblastoma SH-SY5Y cells (Henn et al., 2007). Besides, they
identified parkin as an additional component of linear ubiquitin chain
assembly complex (LUBAC), which induces linear ubiquitination of NF-
κB essential modulator (NEMO) to prevent stress-induced cell death
(Muller-Rischart et al., 2013). However, our results showed that over-
expression of parkin suppress the translocation of NF-kB after LPS sti-
mulation; thus, it depends on the cell type, stimuli, duration of the
stimulus, and other cellular conditions. The precise mechanism be-
tween parkin and MAPKs has not yet fully understood. Therefore, our
future study plans to focus on the mechanism of interaction between
parkin and MAPK by investigating how parkin can be regulated at the
levels of transcription/translation in microglial cells after LPS stimu-
lation.

Mounting evidence has demonstrated that parkin-mediated mito-
phagy is important to remove damaged mitochondria and maintain
cellular homeostasis (Eiyama and Okamoto, 2015; Vigie and
Camougrand, 2017; Youle and Narendra, 2011). Mitophagy degrades
damaged mitochondria and helps to maintain the MQC (Pickles et al.,
2018; Vigie and Camougrand, 2017). One of the most studied me-
chanisms for mitophagy in mammalian cells is the parkin-mediated
mitophagy pathway (Eiyama and Okamoto, 2015; Youle and Narendra,
2011). Parkin is a cytosolic E3 ubiquitin ligase that is involved in a
common pathway regulating MQC and inducing mitophagy (Narendra
et al., 2012; Youle and Narendra, 2011). Most of the existing literature

pertaining to the role of parkin and mitophagy is focused on neurons
(Ashrafi et al., 2014; Ebrahimi-Fakhari et al., 2016), and little is known
about its role in microglial cells, which are responsible for most in-
flammatory responses in the CNS. In LPS-stimulated microglial cells,
our results showed that the expressions of PINK1, Parkin, ubiquitin,
p62, and LC3B were more increased in the early stage in the mi-
tochondrial fraction. In other words, the expression of parkin in early
LPS-stimulated BV-2 microglial cells may induce mitophagy to regulate
pro-inflammatory responses. We also confirmed that delayed mito-
phagy can occur, which Parkin mostly decreased therefore mitophagy
may not be occurred, via overexpression of Parkin.

Recently, Hwang et al. showed that parkin markedly suppresses
both Hep (Drosophila JNK kinase) and Bsk (Drosophila JNK) via tran-
scriptional regulation (Hwang et al., 2010). In addition, Hirota et al.
showed that induction of mitophagy relies on MAPK1/ERK2 and
MAPK14/p38 (Hwang, Kim et al., 2010). However, little is known
about the interaction between parkin and MAPKs in microglial cells. In
this study, we showed that overexpressed parkin regulates MAPKs ac-
tivation induced by LPS stimulation. Interestingly, parkin markedly
down-regulates the activation of JNK and ERK compared with p38 in
microglial cells. Recent studies have showed that p38 MAPK negatively
regulates parkin by phosphorylating parkin in serine 131 and sup-
presses the interaction between parkin and PINK1, thereby causing
decreased mitophagy (Chen et al., 2018). Thus, it is conceivable that
p38 may be involved in the upstream regulation of parkin. Besides, to
assess the effect of parkin on MAPKs, we pre-treated cells with U0126
(10 μM), SP600125 (20 μM), and SB203580 (10 μM) to inhibit ERK,
JNK, and p38, respectively. Intriguingly, ERK showed increased more
activation when cells were pre-treated with SB203580 and SP600125;
parkin expression showed a decrease upon treatment with U0126,
SP600125, and SB203580 (data not shown). Parkin in microglial cells
mainly appears to regulate the activation of JNK and ERK rather than
p38. However, the mechanism between parkin and MAPK still remains
elusive, and future studies are needed to elucidate the precise me-
chanisms of interaction between parkin and other MAPKs.

Our previous study demonstrated that mitochondrial ROS govern
the LPS-induced pro-inflammatory response in microglial cells by reg-
ulating the MAPK and NF-κB pathways (Park et al., 2015). LPS-induced

Fig. 5. Parkin contributes to mitochondrial quality control through downregulation of reactive oxygen species.
Controland parkin-overexpressing BV-2 microglial cells were treated with LPS (1 μg/mL) for 12 hr. The cells were incubated with JC-1, CM-H2DCF-DA, and MitoSOX
for 15min at 37 °C, and mitochondrial membrane potential indicator (JC-1) (A), intracellular ROS (B), and mitochondrial ROS (C) were analyzed by flow cytometry.
(A), (B), and (C) used one-way ANOVA for statistical analysis. Data are presented as mean± SD (n=3). *p < .05, **p < .01, and ***p < .001.
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immoderate ROS aggravate cellular homeostasis, especially by inducing
the defective turnover of mitochondria, which sequentially provoked
the accumulation of damaged mitochondria. In turn, the plethora of
damaged mitochondria produce excessive mitochondrial ROS (mtROS)
and cause the loss of mitochondrial membrane potential, events that are
directly related to the mitochondrial dysfunction that could, in turn,
induce mitophagy (Fischer et al., 2012; Youle and Narendra, 2011).
Therefore, proper regulation of ROS by mitophagy is crucial for cell
viability. In this study, we showed that overexpression of parkin miti-
gates mitochondrial membrane potential, intracellular ROS, and
mtROS, and thus ameliorates damaged mitochondria in microglial cells.
Recent studies have shown that inhibition of mitophagy induces NLRP3
inflammasome activation by increasing superoxide production (Zhou
et al., 2011); the NLRP3 inflammasome is involved in neuroin-
flammation (Freeman and Ting, 2016). It is becoming increasingly
evident that mtROS in microglia is highly associated with the NLRP3
inflammasome, though the link between mitophagy and neuroin-
flammation in microglia still needs to be clarified.

From the results of this study, we speculate that accumulation of
damaged mitochondria plays a causative and exacerbating role in dis-
ruption of microglial homeostasis, and that parkin regulates mi-
tochondrial homeostasis via the production of early pro-inflammatory
mediators by circumventing LPS-induced MAPK and NF-κB activation
in microglial cells. Our results indicate that regulation of parkin ex-
pression helps prevent neuroinflammation caused by activated micro-
glial cells. Further studies should be carried out to better understand the
interplay between mitophagy and microglial inflammatory responses
both under physiological and pathological conditions for approaches to
prevent neurodegenerative diseases in which microglial cells play a
pertinent role.
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