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ARTICLE INFO ABSTRACT

Keywords: Activated microglia are an important type of innate immune cell in the brain, and they secrete inflammatory
Quercetin cytokines into the extracellular milieu, exert neurotoxicity to surrounding neurons and are involved in the
Neuroinflammation pathogenesis of many brain disorders. Quercetin (Qu), a natural flavonoid, is known to have anti-inflammatory
x;;rsgl;i flammasome and antioxidant properties. Previous studies have shown that both increased reactive oxygen species (ROS) stress
mtROS and decreased autophagy participate in the activation of microglial. In the current study, we showed that Qu
Mitophagy significantly attenuated LPS-induced inflammatory factor production, cell proliferation and NF-kB activation of

microglia. Importantly, Qu decreased the levels of NLR family, pyrin domain containing three (NLRP3)
inflammasome and pyroptosis-related proteins, including NLRP3, active caspase-1, GSDMD N-terminus and
cleaved IL-1f. Further study indicated that this anti-inflammatory effect of Qu was associated with mitophagy
regulation. Importantly, Qu promoted mitophagy to enhance damaged mitochondrial elimination, which then
reduced mtROS accumulation and alleviated NLRP3 inflammasome activation. Then, we confirmed that Qu
treatment protected primary neurons against LPS-induced microglial toxicity and alleviated neurodegeneration
in both depression and PD mouse models. Further IL-1p administration blunted these neuroprotective effects of
Qu in vitro and in vivo. This work illustrated that Qu prevents neuronal injury via inhibition of mtROS-mediated
NLRP3 inflammasome activation in microglia through promoting mitophagy, which provides a potential novel
therapeutic strategy for neuroinflammation-related diseases.

phenotype and secreting many mediators [4]. However, when inap-
propriately or persistently activated, microglia secrete various inflam-
matory cytokines, such as interleukin 1p (IL-1f), into the extracellular
milieu and participate in reactive oxygen species (ROS) generation,
eventually damaging surrounding neuronal cells, which orchestrate

1. Introduction

Recent studies have revealed that glial cells, important cellular

components in addition to neurons in the central nervous system (CNS),
play a more active role than previous considered [1,2]. Among all kinds
of glial cells, microglia are resident immune surveillance cells of the CNS
and have attracted much research owing to their diverse biological ac-
tivities [3]. Physiologically, microglia assist in CNS synaptogenesis and
brain homeostasis maintenance. In the case of neural damage, microglia
play an important role in host defense and tissue repair by changing the

microglia as neurotoxic mediators [4,5]. Accordingly, an increasing
number of studies have suggested that activated microglia-mediated
inflammation plays a vital role in the pathogenesis of many neurolog-
ical and neurodegenerative diseases, such as brain ischemia, Alz-
heimer’s disease (AD), major depressive disorder (MDD) and
Parkinson’s disease (PD) [6].
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Abbreviations BSA bull serum albumin
DAB 3,3’ -diaminobenzidine-tetrahydrochloride-dihydrate
PD Parkinson’s disease IBA-1 ionized calcium binding adaptor molecule 1
MDD major depressive disorder Ly lysate
NDDs neurodegenerative diseases SN supernatant
IL-1B interleukin 1 beta CM conditioned media
LPS lipopolysaccharides DAMPs danger- or damage-associated molecular patterns
CNS central nervous system TH tyrosine hydroxylase
ROS reactive oxygen species LC3 microtubule-associated protein light chain 3
Qu quercetin NLRP3 NLR family, pyrin domain containing protein 3
ip. intraperitoneally mtROS  mitochondrial reactive oxygen species
b.w. body weight Mito Q mitoquinone mesylate
SNpc substantia nigra pars compacta 3-MA 3-methyladenine;
FST forced swim test DHE dihydroethidium
TST tail suspension test MCM microglia-conditioned media
THC immunohistochemical Eth-D2  ethidium homodimer-2
PFA paraformaldehyde GAPDH glyceraldehyde-3-phosphate dehydrogenase

The above statements collectively demonstrate that inflammation
represents the key regulator in various neurodegenerative disorders and
highlight that microglia may be an important target for treating these
inflammatory-related diseases. However, despite extensive efforts,
many chemicals that target inflammation, such as caspase-1 inhibitors
and IL-1p neutralizing antibody, have failed to induce the predicted
clinical benefits in recent high-profile clinical trials [7]. Thus, further
understanding of the detailed mechanisms of microglial activation,
especially the interplay between inflammation and ROS, is needed to
identify potential more effective therapeutic targets.

Among the various inflammatory cytokines, IL-1p produced by nod-
like receptor (NLR) protein inflammasomes in microglia impairs motor
and sensory neurons and is involved in many disorders [8,9]. The
inflammasome serves as the main platform for caspase-1 activation and
proinflammatory cytokine IL-1f maturation, and it is a multimeric
protein complex that senses ‘danger- or damage-associated molecular
patterns (DAMPs) and responses to highly diverse stimuli [10]. Among
the NLR family members, the NLRP3 inflammasome is the most highly
expressed member in microglia and is most extensively studied [11].
Excessive NLRP3 inflammasome activation is involved in the patho-
genesis of many brain disorders, including trauma, ischemia and major
depressive disorder (MDD), as well as in NDDs such as PD [12]. Our
previous study also demonstrated that increased NLRP3 activation in
microglia participates in dopaminergic neuron death in PD mice [9].

In addition to the maturation of IL-1p, NLRP3 activation confers the
release of IL-1p via pyroptosis, a newly discovered caspase-1-dependent
programmed cell death process [13], occurs in multiple tissues,
including brain [14,15]. In mice, pyroptosis acts downstream of the
NLRP3 inflammasome, which transforms procaspase-1 into cleaved
caspase-1 and then cleaves gasdermin (GSDM) family proteins, mostly
GSDMD, to generate GSDMD N-termini and then form pores on the
plasma membrane for IL-1p release [13,16]. Recent studies have
revealed that excessive activation of pyroptosis leads to widespread cell
death, causing tissue damage and plays an important role in infectious
diseases [17]. With regard to CNS pathology, absent in melanoma 2
(AIM2) inflammasome-induced pyroptosis has been reported to be
present in neurons and involved in traumatic brain injury (TBI) [14].
However, the importance of pyroptosis in brain injury, especially in
brain immune cells, microglia, has not been fully studied.

Activation of NLRP3 inflammasomes requires two signaling path-
ways [18] as follows: Signal 1, the priming step, which was initially
considered as the NF-kB-mediated upregulation of NLRP and pro-IL-1f;
and signal 2, a direct inflammasome activator, which is needed to pro-
mote assembly of the NLRP3:ASC:pro-caspase-1 complex. Many mole-
cules have been identified as activators of the second signal, including

extracellular ATP, excess glucose, amyloids, urate and cholesterol
crystals, contributing to a variety of diseases [19]. Recent studies have
revealed that mitochondrial damage-associated signals, such as mtDNA
and reactive oxygen species (mtROS), as well as cytosolic presentation of
cardiolipin can promote NLRP3:ASC:pro-caspase-1 complex assembly
[20]. More interestingly, subsequent studies have indicated that extra-
cellular ATP-induced activation of the NLRP3 inflammasome leads to
NLRP3-dependent dissipation of the mitochondrial membrane potential
[21,22], generating more mitochondria signals that then amplify
inflammasome assembly and activation [20,23]. Interestingly, promot-
ing autophagy, a quality control process, has been proposed to nega-
tively regulate NLRP3 inflammasome activation [24,25]. The above
findings suggest that inflammasome activation may be promoted by
signals associated with damaged mitochondria, which can be degraded
in lysosomes through mitophagy [23,26]. The role of mitochondrial
damage in the activation of NLRP3 inflammasome encourages us to
speculate that promotion of the autophagic elimination of damaged
mitochondria may inhibit the overactivation of NLRP3 inflammation in
microglia and suggests that a mitophagy promotion and inflammation
inhibition based dual-targeted therapeutic strategy may be a better
choice than any single-targeted strategy.

Recently, considerable attention has been focused on identifying
naturally occurring substrates, especially natural phytochemicals,
owing to the wide range of biological activities [27]. Flavonoids are
natural polyphenolic compounds that have largely attracted the atten-
tion of the scientific community and may be promising therapeutics for
many disorders [27]. Quercetin (3,3’,4’,5,7-pentahydroxyflavone; Qu),
one of the most common plant flavonoids and prominent dietary anti-
oxidants in the human diet [28], exists in various traditional Chinese
herbal medicines, tea, fruit and other vegetables, and it has been
approved in clinical trials [29]. Qu has been proposed to conserve
antifibrotic, antiviral, anticancer, anti-inflammatory and antioxidative
properties [27]. A previous study has also demonstrated that Qu pro-
motes autophagic progression by inducing the appearance of autophagic
vacuoles, conversion of LC3-I to LC3-II and activation of autophagy
genes [30].

Because Qu has been used as a healthy supplement for years and
conserves antioxidative, anti-inflammatory and autophagy-promoting
effects, we hypothesized that Qu may be a promising and multi-
targeting inhibitor of microglial activation, thereby protecting neurons
from microglia-/inflammation-mediated toxicity. The aim of this study
was to investigate whether Qu exerts neuroprotective effects by inhib-
iting microglial activation and to demonstrate the underlying
mechanism.
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2. Materials and methods
2.1. Chemicals and reagents

LPS (L3023), penicillin-streptomycin (V900929), pentobarbital so-
dium (Y0002194), and 3-MA (M — 9281) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Quercetin (117-39-5) for in vivo treat-
ment was purchased from Nanjing Jingzhu Bio-technology Co.,Ltd
(Nanjing, China), quercetin (HPLC > 99.0%, S2391) for in vitro experi-
ments were obtained from Selleck.cn (Houston, TX, USA). Mito Q
(S8978) was obtained from Selleck.cn (Houston, TX, USA). MitoSOX™
Red Mitochondrial Superoxide Indicator (M36008), dihydroethidium
(DHE; D23107), YO-Pro-1 iodide (491/509) (Y3603), Ethidium
Homodimer-2 (EthD-2; E3599) and FluoSpheres™ carboxylate-
modified microspheres (F8825) were purchased from Thermo Fisher
Scientific (Rockford, USA). IL-1p (401-ML/CF) was purchased from R&D
Systems (Minneapolis, MN, USA). ELISA kits for murine IL-1f (EM004-
96) was purchased from ExCell Bio (Taicang, China). For animal ex-
periments, Qu was dissolved in a solution of 2% DMSO +30% PEG300 +
2% Tween 80 in sterile ddH,0. The solution without Qu was used as
vehicle. For cell experiments, Qu was prepared in DMSO (Sigma) and
PBS (final DMSO concentration is 0.01%), pH 7.4.

For western blotting analysis, the following antibodies were used:
anti-p-IKKf Ab (1:1000, Cell Signaling Technology, 2697); anti-IKKp Ab
(1:1000, Cell Signaling Technology, 8943); anti-iNOS Ab (1:1000,
Abcam, ab49999); anti-Nrf2 Ab (1:1000, Cell Signaling Technology,
33649); anti-p65 Ab (1:1000, Cell Signaling Technology, 8242s); anti-
caspase-1 Ab (1:500, Millipore, 06-503-1); anti-caspase-1(p20) Ab
(1:500, AdipoGen, AG-20B-0042); anti-NLRP3 Ab (1:1000, AdipoGen,
AG-20B-0014-C100); anti-IL-18 Ab (1:500, Sigma, AB10626); anti-
GSDMD Ab (1:1000, Sigma, G7422) ; anti-p62 Ab (1:1000, Cell
Signaling Technology, 5114); anti-LC3 Ab (1:1000, Cell Signaling
Technology, 2775); anti-PINK1 Ab (1:1000, Abcam, ab23707); anti-
Parkin Ab (1:1000, Abcam, ab15954); anti-TH Ab (1:1,000; Abcam,
ab6211); anti-B-actin Ab (1:2000, Proteintech, 20536-1-AP); horse-
radish peroxidase-conjugated goat anti-mouse or rabbit IgG secondary
antibody (1:2,000; Thermo, 31430 and 31460).

For immunohistochemical or immunofluorescence staining analysis,
the following antibodies were used: anti-IBA1 Ab (1:500, Wako,
019-1974); anti-TH Ab (1:800, Sigma, T1299); anti-CD68 Ab (1:800,
Proteintech, 66231-2-Ig); anti-NLRP3 Ab (AdipoGen, AG-20B-0014-
C100; 1:500); anti-p62 Ab (1:1000, Cell Signaling Technology, 5114);
anti-Tomm20 Ab (1:800, Proteintech, 11802-1-AP); anti-MAP2 Ab
(1:1000, Proteintech, 17490-1-AP); Alexa Fluor 488-conjugated donkey
anti-mouse IgG (1:1000, Invitrogen, A21202); Alexa Fluor 488-conju-
gated goat anti-rabbit (1:1000, Invitrogen, A11008); Alexa Fluor 555-
conjugated goat anti-rabbit IgG (1:1000, Invitrogen, 21,432); Alexa
Fluor 555 goat anti-mouse IgG (1:1000, Invitrogen, 21,422).

2.2. Cells cultures and treatments

Primary microglia were obtained from postnatal (P1 to P2) mice and
conducted as described previously [9]. Briefly, whole brains were
removed, dissected and then mechanically dissociated to remove the
membranes and large blood vessels. Next, the dissected brains were
digested with trypsin-EDTA and then filtered through a 100-um filter to
obtain a single cell suspension. Subsequently, the cells were plated on
poly-i-lysine-precoated cell culture flasks containing Dulbecco’s modi-
fied Eagle’s medium (DMEM) supplemented with FBS (10% v:v) and
penicillin/streptomycin (1% v:v). After 7-10 days, the microglia were
dissociated by shaking the flasks several times, harvested by centrifu-
gation (300 g x 10 min) and then plated on poly-1-lysine-precoated
24-/96-well plates at x 10° cells/ml in complete cell culture medium for
subsequent use.

Primary neuron cultures were conducted as described previously
[31]. In brief, the hippocampus and mesencephalic tissues of C57BL/6
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mice on embryonic day 14/15 (E14/15) was carefully removed, me-
chanically dissociated to remove the membranes and large blood vessels
and then dissected. Next, they were digested with trypsin-EDTA (Cat
25200056, Gibco™, Thermo Fisher Scientific, Rockford, USA) and then
filtered through a 100-pm filter to obtain a single cell suspension. Sub-
sequently, the cells were plated on poly-1-lysine-precoated 12-/24-well
plates at 2.5 x 10° cells/ml containing Neurobasal medium (Cat
21103049, Gibco™) supplemented with B27 (2% v:v, Cat 17504044,
Gibco™) and penicillin/streptomycin (0.5% v:v). The culture medium
was changed every 3 days and cells can be used at 7-10 days. Both
hippocampus and mesencephalic primary neurons were treated with
microglia-conditioned media (MCM) mixed with the neurobasal culture
medium (1:2) for 12 h.

Cell lines: the authenticated mouse microglia BV2 cell line were
cultured in 10% FBS and 1% penicillin/streptomycin at 37 °C in a 5%
CO4 atmosphere and used at passages 4 to 14. In the experiments, BV2
cells were treated with LPS (100 ng/ml) or different doses of Qu for 24 h.
Ka (30, 60 pM, 1 h) primed-BV2 cells were stimulated with LPS (100 ng/
ml) for 24 h and ATP (5 mM) for 30 min. Qu (30 pM, 1 h) with (or
without) 3-MA (5 mM, 1 h) primed-BV2 cells were stimulated with LPS
(100 ng/ml) for 24 h.

2.3. Immunocytochemistry and confocal microscopy

Primary microglia and BV2 cells were seeded at 1 x 10° cells per well
in 12 well glass slides, and rested overnight for proper attachment. Then,
the cells were treated as designed. After the treatment, the cells were
washed twice with PBS and fixed with 4% PFA, permeabilized with
0.01% Triton X-100 and blocked in 5% BSA. The cells were then incu-
bated overnight with primary antibodies. Secondary fluorescent anti-
bodies were added for 1 h and DAPI was used for nuclear
counterstaining. Samples were then imaged by fluorescence microscopy
(Olympus, Tokyo, Japan).

2.4. Cell viability CCK-8 assay

The changed cell viability of Qu treatment was detected by cell
counting kit-8 (CCK-8 Kit, c0037, Beyotime, Shanghai, China). In brief,
BV2 cells were seeded in a 96-well plate and then treated with different
concentrations of Ka (3, 10, 30, 100, 300 pM) or plus LPS (100 ng/ml)
for 24 h or 48 h. Then 10 pl of CCK-8 reagent was added to each well for
4 h. Finally, the absorbance was detected by the Multiskan Spectrum
(Thermo Fisher Scientific) at 450 nm.

2.5. Western blotting analysis

In vitro experiment, BV2 cells were mainly used and prepared for the
western blotting analysis because they are more easily acquired and
repeatable than primary microglia. Cells or brain tissues were lysed in
the RIPA buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS supplemented with protease and
phosphatase inhibitors. Protein concentrations were determined with
the Micro BCA Kit (Beyotime, Shanghai, China). A 30-ug protein of each
sample were separated by SDS-PAGE using polyacrylamide TGX gels
(Bio-Rad) and then transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore, Bedford, MA). After blocking, PVDF membranes
were incubated with various specific primary antibodies in TBST at 4 °C
overnight then washed and incubated in corresponding horseradish
peroxidase (HRP) conjugated secondary antibodies for 1 h at room
temperature. Immunoreactive bands were visualized and detected by
enhanced chemiluminescence (ECL) and analyzed using the Image-
Quant™ LAS 4000 imaging system (GE Healthcare, Pittsburgh, PA,
USA).
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2.6. Purification of cell culture supernatant (SN) protein

The cell culture SN protein analysis experiments were carried out as
described previously [9]. Briefly, the cell culture SN was collected and
centrifuged to remove the dead cells. Then, 500 pl of SN was transferred
into new tubes, 500 pl of methanol and 125 pl of chloroform were added,
and centrifuged at 21,000 g for 5 min to precipitate the SN proteins. The
upper phase was discarded without touching the protein layer, another
500 pl of methanol was added and then the mixture was centrifuged at
21,000 g for 5 min, then the pellet was dried at 37 °C for 5 min. Ulti-
mately, 30 pl of 2 x loading buffer was added and vortexed. The samples
were boiled and loaded onto 12-15% gels for western blotting analysis.

2.7. Reverse transcription (RT)-and real time quantitative (q) PCR

Total RNA was extracted from brain tissues and cultured cells using
Trizol reagent (15596026, Invitrogen, Carlsbad, CA, USA). Reverse
transcription was carried out using TAKARA PrimeScript RT reagent kit
(RRO36A, TaKaRa, Japan). Realtime qPCR was carried out using SYBR
Green Master Mix (04913914001, Roche) in a StepOnePlus instrument
(Applied Biosystems). The primers were purchased and validated from
Generay (Shanghai, China). The primers used for gPCR were shown in
Supplementary Table 1.

2.8. Intracellular and mitochondrial ROS detection

Intracellular ROS was measured using dihydroethidium (DHE) as
described previously [32]. Cells pretreated with (or without) Qu were
primed with LPS (100 ng/ml, 24 h). The cells were then incubated with
2 pM DHE for 30 min at 37 °C and washed twice with PBS, followed by
staining with Hoechst 33342 to indicate nucleuses for 10 min. Mito-
chondrial ROS were measured using MitoSOX as described [20]. Briefly,
BV2 cells, pretreated with (or without) Qu (30 pM, 1 h) and 3-MA (5
mM, 1 h), were primed with LPS (100 ng/ml, 24 h) followed by treat-
ment with ATP for 30 min. Then the cells were washed with PBS and
loaded with 4 pM of MitoSOX for 20 min and washed twice with PBS.
Fluorescence intensity was observed and photographs were captured by
fluorescence microscopy (Olympus, Tokyo, Japan).

2.9. Hoechst staining

To quantify apoptotic cells, monolayer BV2 cells or primary neurons
were fixed and stained with Hoechst 33,324 (Sigma, St Louis, MO, USA)
(1 pl diluted in 500 pl PBS) for 10 min as described previously [33]. The
morphological features of apoptosis (high-density fluorescence with
nuclear shrinkage, chromatin fragmentation, and condensation) were
observed and monitored by fluorescence microscopy (Olympus, Tokyo,
Japan).

2.10. TH immunoreactivity neurite length measurement

To quantify the TH immunoreactivity neuronal processes, primary
mesencephalic neurons were fixed and followed by immunocytochem-
istry as described above. Thirty TH immunoreactivity (TH-ir) neurons
were randomly selected and captured by a Nikon Optical TE2000-S
inverted microscope (Nikon, Melville, New York). The length of each
TH-ir cell neurite was traced from the perinuclear region to the end of
the neurite using the measurement function of Image J (NIH software).
The values were normalized to that obtained from control culture.

2.11. Microglia phagocytosis assay

Primary microglia were seeded in a 12-well plate glass slides as
described [9]. The cells were then pretreated with Qu and stimulated
with LPS for 24 h. To assess microglial phagocytotic activity, 0.5 pl/ml
latex beads (2-um, Invitrogen) were added into each well as described
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[34]. After 2 h, the cells were washed with PBS and fixed with 4% PFA
for 10 min at room temperature then rinsed with PBS and observed by
fluorescence microscopy (Olympus, Tokyo, Japan).

2.12. Engyme-linked immunosorbent assay

Cultured cell supernatant samples were collected after stimuli. The
concentration of IL-1p in cell culture supernatants was measured by
mouse IL-1p ELISA kits (ExCell Bio, EM004-96) according to the man-
ufacturer’s instructions.

2.13. Dye uptake

Dye uptake assay was conducted as described [14]. BV2 cells were
pretreated with Qu for 1 h and stimulated with LPS plus ATP for 24 h.
Triton X-100 detergent (0.1%) was used as a positive control. Both
YO-PRO-1 iodide (0.2 mM) and ethidium homodimer-2 (Eth-D2) (2 mM)
were added for 15 min. Cells were then stained with Hoechst 33342 and
images were captured using an inverted microscope (Olympus, Tokyo,
Japan).

2.14. Experimental animals

C57BL/6J mice (male, 3-month old) were obtained from Nanjing
Medical University Animal Core (Nanjing, China). Mice were main-
tained and bred in the animal facility at Nanjing Drum Tower Hospital.
All animals were maintained with free access to pellet food and water
under specific pathogen-free conditions. Animal welfare and experi-
mental procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (National Institutes of Health, the
United States).

2.15. Stereotaxic surgery, induction and treatment of LPS- induced PD
and depression mouse model

For LPS-induced PD mouse model induction, stereotaxic surgery
under pentobarbital sodium anesthesia (40 mg/kg b.w., i.p.) was per-
formed as described [9]. The SNpc of 3-month-old C57BL/6 mice were
microinjected bilaterally with LPS (0.5 pg in 1 pl of saline, 0.2 pl/min)
using the following coordinates relative to the bregma: A/P —3.0 mm,
R/L £+ 1.3 mm, and D/V —4.5 mm, which can induce the typical path-
ologic changes of PD. The respective controls were injected with
equivalent volumes of saline. For LPS-induced depression mouse model
induction, mice were intraperitoneally injected with LPS (1 mg/kg b.w.)
or saline as control for 5 successive days as described [35]. Such regimen
can induce depression-like behavioral changes in mice and is widely
used.

To evaluate the protection of Qu in the PD and depression model of
LPS-toxicity, mice were randomly divided into the following groups:
saline-treated group, LPS + vehicle-treated group, LPS + Qu (30 mg/kg
b.w., i.p., daily)-treated group, LPS + Qu (60 mg/kg b.w., i.p., daily)-
treated group, and LPS + Qu (60 mg/kg b.w., i.p., daily) + IL-1p (15
pg/kg b.w., i.p., daily)-treated group. For the pharmacological evalua-
tion, mice received Qu treatment 3 d prior to treatment with LPS and
over the 5 LPS injection days in depression model and 3 d prior to in-
jection with LPS and 7 d afterwards in PD model. For IL-1p treatment,
mice were given recombinant IL-1f (15 pg/kg b.w., i.p., daily) injection
for two days followed the last injection of Qu. Control mice received
saline only. All drugs were administered between 2:30 p.m. and 3:30 p.
m. Doses of Qu were selected based on the preliminary animal [36,37]
and human studies (with 30/60 mg/kg b.w. corresponding to a dose of
2.1/4.2 g for a 70 kg individual) without any adverse effects associated
with Qu administration [29,38]. To evaluate the equilibrium and
depressive performance, mice were subjected to behavioral testing
blinded to groups. Finally, all mice were anesthetized and sacrificed for
brain proteins detection and immunohistochemistry analysis.
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2.16. Behavioral analysis

Two days after the final injection of Qu, the forced swim test (FST)
and tail suspension test (TST) were performed as described before [35].
For the FST, mice were forced to swim individually in a cylinder (height,
25 cm; diameter, 15 cm) containing 15 cm water maintained at 22 +
2 °C. Mice were judged to be immobile to keep their heads above water,
which was characterized by motionless floating in the water with an
upright position and only necessary slight movements. The duration of
immobility was recorded during the last 4 min of the 6 min test by
TailSuspScan (Clever Sys). For TST, mice were suspended in the appa-
ratus box (50 x 50 x 50 cm) by wrapped mice tails with adhesive tape.
Each test period lasted 6 min, with the first 2 min as the habituation
period. During the last 4 min, duration of immobility (hanging passively
and motionless) was recorded with TailSuspScan (Clever Sys). The
rotarod test was performed as described in our previous work [39]. In
brief, mice were acclimatized to the rotarod for 2 consecutive days then
were tested at 20 rpm for 300 s for other 3 consecutive days. The latency
to fall was recorded using Rotarod Analysis System (Jiliang, Shanghai,
China).

2.17. Brain sample collection

At the end of the experiments, mice were anesthetized by sodium
pentobarbital (40 mg/kg b.w., i.p.). For qPCR and western blotting
analysis, the whole brains were rapidly extracted from animals then the
midbrain or hippocampus samples were quickly dissected, pre-frozen by
liquid nitrogen. All samples were stored at —80 °C until analysis.

For immunohistochemical (IHC) analysis, mice were perfused
transcardially with 4% paraformaldehyde (PFA). Brains were extracted,
post-fixed, dehydrated, embedded in OCT (Tissue-Tek), and serial sec-
tions of the brains were cryosectioned (30 pm per slicen) through each
entire hippocampus and midbrain using a freezing microtome (Leica
CM1950, Nussloch, Germany). All sections were collected in six separate
series and brain slices were stored in 50% glycerin and frozen in —20 °C
until analysis.

2.18. Histological analysis, IHC, and immunofluorescence

For THC or immunofluorescence staining, the brain sections were
prepared as described in our previous study [9]. Brain slices were rinsed
in PBS (followed by 3% H50> for 10 min for IHC assay) then incubated
with 0.3% Triton X-100 in PBS supplemented 5% Bull Serum Albumin
(BSA) for 1 h. After that, slides were incubated with the primary anti-
bodies in PBS containing 5% BSA at 4 °C overnight, then washed and
incubated in secondary antibodies for 1 h at room temperature, followed
by incubating with diaminobenzidin (DAB) or mounting in DAPI (Cat
P36931, ThermoFisher scientific) as immunofluorescent staining for 5
min. The total numbers of TH-positive neurons in the SNpc and
IBA-1-positive microglia in the hippocampus or cortex were obtained
stereologically by using the optical fractionator method with Micro-
BrightField Stereo-Investigator software (MicroBrightField, Williston,
VT, USA).

2.19. Statistical analysis

Data were presented as mean + SEM. The significance of difference
was determined by Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. Difference was considered
significant at P < 0.05.
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3. Results

3.1. Effects of Qu on the survival and inflammatory factor expression of
primary microglia and BV2 cells

First, to examine the effect of Qu on the survival of microglial cells,
both the primary microglia and the murine microglial BV2 cells were
treated with different concentrations of Qu for 24 h, and a CCK-8 assay
was performed to determine its cytotoxicity. As shown, Qu treatment at
concentrations of 100 uM or lower had no effect on the viability of BV2
cells (Fig. 1b) and primary microglia (Fig. S1a) compared with untreated
controls. To evaluate the anti-inflammatory effects of Qu, LPS-
stimulation was included. BV2 cells were pretreated with Qu for 1 h
followed by LPS (100 ng/ml) treatment for 24 h. Treatment with LPS
alone or plus Qu (30 and 100 pM, safe concentrations) developed no
significant changes in the survival ratio of cells (Fig. 1c). A Hoechst
staining assay was then performed, which shows high-density fluores-
cence with chromatic agglutination and karyopyknosis to indicate
compromised or apoptotic cells. Consistently, under a fluorescence mi-
croscope, Qu had no effect on chromatin condensation or nuclear
shrinkage in LPS-treated BV2 cells (Fig. 1d). Further functional studies
showed that LPS exposure increased the mRNA levels of 1I-1p, 11-6 and
Tnfa. These pro-inflammatory mediators were significantly inhibited by
Qu in both BV2 cells (Fig. 1e-g) and primary microglia (Figs. S1b-d).
Since Qu induced significant inhibitory effects at 30 pM and 60 pM
concentration in a concentration-dependent manner, we observed these
concentrations in the subsequent studies. These results indicate that Qu
inhibits inflammatory activation without affecting the viability of
microglial BV2 cells.

3.2. Qu inhibits LPS-induced proliferation of primary microglia and
reduces LPS-induced microglial phagocytosis

In addition to the upregulation of inflammatory factors, enhanced
proliferation is another hallmark of microglial activation, leading to an
increase in cell density that further amplifies the inflammatory response
[6]. We then investigated the effect of Qu on LPS-induced microglial
proliferation. As shown in Fig. 2a and b, LPS treatment resulted in a
significant increase in the proliferation of primary microglia, which was
attenuated by Qu pretreatment in a dose dependent manner.

Since active microglia develop enhanced phagocytosis, we further
investigated whether the inhibitory effect of Qu on microglial activation
was associated with decreased phagocytic activity. To test this hypoth-
esis, the phagocytosis activity was measured by a phagocytosis assay
using fluorescence microspheres. As shown in Fig. 2¢ and d, LPS treat-
ment significantly increased the microsphere phagocytosis in microglia
(—11.3-fold). Qu at 30 and 60 pM concentrations dramatically attenu-
ated the phagocytosis induced by LPS stimulation (Fig. 2¢ and d). In
addition, increased phagocytic activity displays a high level of CD68, a
lysosomal-localized indicator [40]. For conformation, the expression of
CD68 in microglia was measured by costaining with CD68 and micro-
glial marker, IBA-1. The results revealed that exposure to LPS caused a
significant increase in intracellular CD68 fluorescence intensity, which
was significantly suppressed by pretreatment with Qu (Fig. 2e and f).
These results collectively suggest that Qu plays a crucial role in the
regulation of the microglial proliferation and phagocytotic activity.

3.3. Qu suppresses LPS-induced intracellular ROS production and NF-kB
(p65) activation in BV2 cells

Increased intracellular ROS production is another marker of micro-
glial activation, which in turn activates microglia to secrete more
proinflammatory factors and exacerbate inflammation [41]. To deter-
mine whether Qu attenuates LPS-induced ROS production, DHE assays
were performed to detect intracellular ROS. The results showed that
exposure of microglia to LPS for 24 h caused a significant increase in



X. Han et al.

a
OH
OH
HO O
OH
OH O

C

120 4 [C124h [E348h
8 100_|
G
o 80
2 60|
E
‘© 40|
>
T 20
o

0

T T T T T T T
Ctl _0 30 100 O 30 100pM

LPS

]
—.‘

20 4 RS 8+
—~ 16 _
S g -
S 0 5
S °7 Q
N b
=< =
o 4 S
I ¢
(hd 2

0

LPS - + + + + LPS
Qu (uM) - = 30 60 100 Qu (uM) -

Fig. 1. Qu suppresses the inflammatory activation in microglial BV2 cells.

on

Cell viability (% of Ctl)

Redox Biology 44 (2021) 102010

150

100

N
o
1

o
=}

T T
100 300

=
<
O
e
w
—
o
w
o

LPS+Qu (30 iM, 24 h) ['tPS+Qu (30 uM, 48 h)

LPS+Qu (100 .uM, 24 h) FLPS+Qu{100 pM, 48 h)

Ratio ( 7Tnfa/Gapdh)

0
LPS - + + + +
Qu@M) - - 30 60 100

30 60 100
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Hoechst staining (d). Scale bar, 40 pm. (e-g) Effects of LPS and Qu on the expression of IL-1p (e), IL-6 (f) and Tnfa (g) in BV2 cells as analyzed by qPCR (normalized to
the control group). Data are shown as the e + SEM and are representative of at least three independent experiments. ns, not significant,*P < 0.05, **P < 0.01 and
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DHE-positive cells (Fig. 3a and b). However, pretreatment with Qu
markedly suppressed LPS-induced ROS production in microglia (Fig. 3a
and b). Besides, the markedly inducted expression of iNOS, which me-
diates the synthesis of large amounts of NO, was also confirmed by
western blot analysis. Qu inhibited LPS-induced iNOS expression at the
protein level (Fig. 3c-e). Further Nrf2 signaling, which regulates the
expression of antioxidant enzymes, was analyzed. And we found that the
LPS-induced reduction of Nrf2 within the nucleus was significantly
revised or even enhanced in Qu-treated cells (Fig. 3d, f).

Given that activated NF-kB subunit plays an important role in
mediating the expression of pro-inflammatory cytokines and the gen-
eration of ROS, we further examined the effect of Qu on the activation of

NF-xB in BV2 cells using western blot analysis. LPS treatment induced
dramatic NF-«B activation compared with the control, as indicated by a
significant increase of IKKf phosphorylation (Fig. 3¢, g) and increased
p65 subunit translocation into the nucleus (Fig. 3d, h), which was
distinctly attenuated by Qu treatment (Fig. 3c—d, g-h). These results
demonstrate that Qu reduces microglial activation-related intracellular
ROS generation and indicate that the anti-inflammatory effect of Qu in
microglia is associated with the suppression of NF-kB activity.
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Fig. 2. Qu inhibits LPS-induced proliferation and phagocytotic activity in microglia. Primary microglia were treated with 30 and 60 pM Qu for 1 h, followed by LPS
(100 ng/ml) treatment for 24 h (a-b) Effects of Qu on LPS-induced proliferation changes in primary microglia observed by phase-contrast microscopy, and cell
numbers were quantified (normalized to the control group). Scale bar, 100 pm. (c—-d) Phagocytosed microspheres were imaged by fluorescence microscopy (c). Scale
bars, 10 pm. The density of beads was analyzed and quantified (d) (normalized to the control group). (e—f) Phagocytotic activity was assessed by immunostaining
CD68 (lysosomal phagocytic degradation marker) in IBA-1* microglia and observed by fluorescence microscopy (e). Scale bar, 10 pm. The mean fluorescence in-
tensity (MFI) of CD68 was quantified (f) (normalized to the control group). Values are shown as the mean + SEM of at least three independent experiments. *P < 0.05
and **P < 0.01, ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc test. Ctl, untreated control; Qu, quercetin; LPS, lipopolysaccharide.

3.4. Qu suppresses the activation of NLRP3 inflammasome and related
pyroptosis in LPS and ATP -treated BV2 cells

NLRP3 inflammation activation is a key mediator of the increased
inflammatory factors release in microglia and plays an important role in
neurodegeneration [12]. To determine the effects of Qu on NLRP3
inflammasome activation, LPS-primed BV2 cells were pretreated with
Qu followed by an ATP challenge, which acts as a second signal and is
needed for the NLRP3 inflammasome assembly. Qu inhibited the
LPS-induced increase in the expression of NLRP3 inflammation-related
proteins, including NLRP3, NLRP3-dependent caspase-1 activation,
and IL-1f maturation, in a concentration-dependent manner as evi-
denced by western blot analysis (Fig. 4a—c). The inhibitory effect of Qu
on the maturation and release of IL-1f was further confirmed by ELISA
(Fig. 4d).

NLRP3 inflammation activation also leads to the cleavage of full-
length GSDMD to generate the GSDMD N-terminus as the effector

molecule of pyroptosis [13]. We observed an increase in the level of the
GSDMD N-terminus in LPS plus ATP-treated BV2 cells, which was
significantly inhibited by Qu pretreatment (Fig. 4a, c). Activated
GSDMD-N forms oligomeric pores in the plasma membrane and is
required for cleaved IL-1p release to extracellular, which is a distinctive
characteristic of pyrotosis [42]. The pores have an average inner
diameter of approximately 13 nm, which allows only small molecules to
pass through. Thus, the combined use of Eth-D2, a larger membrane
impermeable dye, and YO-PRO-1 iodide, a small membrane imperme-
able dye, allows visualization of pyrotosis-related pores [14]. To
investigate whether Qu-mediated NLRP3 inhibition also shares this
feature, we applied these dyes to LPS plus ATP-treated BV2 cells. Triton
0.1% served as a positive control for dye uptake. We found that NLRP3
inflammasome stimulation resulted in an increased uptake of YO-PRO-1
iodide (green) with the exclusion of Eth-D2 (red), which was signifi-
cantly inhibited by Qu pretreatment (Fig. 4 e-f). These results demon-
strate that Qu inhibits NLRP3 inflammasome activation and
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Fig. 3. Qu inhibits LPS-induced ROS generation, NF-kB (p65) activation and activates Nrf2 signaling in BV2 microglial cells. Primary microglia and BV2 cells were
pretreated with Qu (30-60 pM) for 1 h followed by LPS (100 ng/ml) exposure for 24 h (a-b) Intracellular reactive oxygen species (ROS) accumulation was measured
by the dihydroethidium (DHE) assay and monitored by fluorescence microscopy. Scale bars, 40 pm. (c-h) iNOS protein expression in BV2 cells was determined by
Western blotting assay (c) and quantified by densitometry (e). Phosphorylation of IKKp and nuclear (Nuc) translocation of NF-kB (p65) was determined by Western
blot analysis (c-d) and quantified by densitometry (g-h). Nuclear accumulation of Nrf2 was determined by Western blot assay (d) and quantified by densitometry (f)
(normalized to the control group). Data are shown as the mean + SEM of at least three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way
ANOVA followed by Tukey’s post hoc test. Ctl, untreated control; Qu, quercetin; LPS, lipopolysaccharide; Nuc, nucleus; Cyto, cytoplasm.

NLRP3-mediated pyroptosis in microglial BV2 cells.

3.5. Qu promotes mitophagy and decreases mito-ROS production in LPS
and ATP-stimulated BV2 cells

NLRP3 inflammasome agonists trigger mitochondrial damage [20,
22], which in turn functions as the second signal to promote NLRP3
inflammation activation [19] (Fig. 5a). Normally, damaged mitochon-
dria are eliminated via mitophagy [43] and blunted mitophagy forms a
feedback loop with NLRP3 inflammation to amplify the inflammatory
response [22]. To investigate whether mitophagy is involved in the
anti-inflammatory effect of Qu, we first examined the levels of
autophagy-associated proteins. As shown in Fig. 5b-f, in cultured BV2
cells, the level of microtubule-associated protein light chain 3 (LC3)-1I
was remarkably lower, while the expression of p62, a substrate of
autophagy, was markedly increased in both cytosal and mitochondrial
protein extracts from LPS + ATP-treated cells, as measured by western
blot, which was significantly reversed by Qu treatment (Fig. 5b-f). As a
specialized form of autophagy, mitophagy is controlled by
mitophagy-related proteins including PINK1, Parkin and BNIP3. We also

found that the expressions of Parkin and PINK1 were much lower in
mitochondrial fraction of LPS + ATP treated BV2 cells (Fig. 5b, g-h). Qu
treatment restored the mitochondrial level of Parkin and PINK1. We
further tested the changes in mitophagy by coimmunostaining of p62
and Tomm20 (a protein located in the outer mitochondrial membrane)
with bafilomycin added to prevent autophagosome fusion with lyso-
somes. LPS + ATP treatment induced more p62-containing aggregates
colocalized with or adjacent to mitochondria, indicating blunted auto-
phagic degradation of mitochondria, which was also reduced by Qu
pretreatment (Fig. 5i and j).

Increased accumulation of damaged mitochondria exacerbates
mitochondrial oxidative stress and enhances mtROS production [20].
Additionally, Qu significantly reduced the robust ROS-generating
mitochondria, as determined by MitoSOX staining (Fig. 5k-1), which
was comparable to the addition of Mito Q, a mitochondrial-specific
antioxidant. These results support that damaged mitochondria in LPS
-+ ATP-treated BV2 cells are mobilized by mitophagy for removal and
that Qu promotes mitophagy to reduce mtROS accumulation.
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to the Web version of this article.)

3.6. Autophagy inhibition reverses the suppressive effect of Qu on mito-
ROS accumulation, mitochondrial dysfunction and inflammatory factors
expression

To further test whether mitophagy is one of the main mechanisms of
the anti-inflammatory effect of Qu, the autophagy inhibitor, 3-MA, was
used. We found that the protective effects of Qu on mitochondrial injury,
including reduced mtROS acumulation (Fig. 6a and b), and alleviated
mitochondrial dysfunction, as evidenced by fractured morphology and
reduced number by immunostaining for Tomm20 (Fig. 6¢ and d), were
significantly blocked by 3-MA. Furthermore, the inhibitory effect of Qu
on LPS + ATP-induced NLRP3 inflammasome activation, including
decreased pro-IL-1f protein (Fig. 6e) and reduced IL-1p maturation and

release (Fig. 6f and g) in BV2 cells, were significantly blocked by 3-MA.
These results collectively indicate that Qu inhibits NLRP3 inflamma-
some activation through promoting mitophagy to alleviate mitochon-
drial ROS stress.

3.7. Quercetin suppresses microglia activation-mediated neurotoxicity in
vitro

Activated microglia release inflammatory mediators that exert
neurotoxic effects in many disorders [5,6]. We next investigated
whether the inhibition of microglial activation by Qu protects neurons
from inflammatory injury. To this end, primary mesencephalic TH™
dopaminergic neurons and hippocampal MAP " neurons were cultured,
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Fig. 5. Qu promotes mitophagy and decreases the mitochondrial ROS production in LPS + ATP-treated BV2 cells.

Qu (30 pm, 1 h) pretreated BV2 cells were stimulated with LPS (100 ng/ml, 24 h) and ATP (5 mM, 30 min).

(a) Increased damaged mitochondria functions as the second signal to promote NLRP3 inflammasome assembly and activation, which ultimately induces pyroptosis
and IL-1p release.

(b-h) Representative immunoblots (b) and quantitative analysis of p62 and LC3II in the cytosol and mitochondrial protein extracts of BV2 cells. Quantified data are
normalized to the control group.

(i-j) Representative images of the intracellular distribution of p62 and mitochondria (Tomm20) in BV2 cells as analyzed by confocal microscopy (i). Scale bar, 10 pm.
The number of cells with p62 aggregation on mitochondria was quantified (j) (n = 12 fields/group; 3 wells/group and 4 fields/well).

BV2 cells were treated with Qu (30 pM, 1 h) or Mito Q (1 pM, 1 h) followed by LPS (100 ng/ml, 24 h) and ATP (5 mM, 30 min) stimulation.

(k-1) Mitochondrial ROS levels were assessed by staining with MitoSOX and analyzed using confocal microscopy (k). DAPI was used to stain nuclei (blue). Scale bar,
40 pm. Quantification of MitoSOX fluorescence intensity (1).

Data are shown as the mean + SEM from three to five independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA followed by Tukey’s
post hoc test. Ctl, untreated control; Qu, quercetin; LPS, lipopolysaccharide; Mito Q: mitoquinone mesylate. . (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

10



X. Han et al.

Redox Biology 44 (2021) 102010

a
LPS+ATP - + + + + b
+ Qu + 3-MA + 3-MA
X 40-
g 4o
s USRS
2 304
= .
-
O 204
2
‘B
c 10
.
[ =
E
LPS+ATP - + + + +
Qu(30pm) - - + + N
3MA - - -+ o+
N d
LPS+ATP - + + + +
T 151
TOMM20 S o
C c
w2
O°G 1.0 i
22
eE
Eg 0.5
€
€
(o]
00 S
LPS+ATP - + + + +
Qu (30 pm) - - + + -
3MA - - -+ o+
2000 _ f 9
'E 1500 IL-1B8 - - = [17|sSN z=°] —
B - g =
(o c =
= 1000 _ . = 0 44
@ B-actin |- D GNP e -43 Q.0
= 500 ] Ly 48,
’l‘ Pro-IL-1B| -3
0 0 ‘
LPS+ATPF_‘_' + F F 4 LPS*tATP -+ o LPS*ATP - + + +
Qu@opm) - - o+ o+ - ol pm): ~ - o Qu@opm) - - o+ o+ -
3MA - - -+ o+ FMA - - & 3MA - - -+ o+

Fig. 6. Inhibiting autophagy reverses the protective effect of Qu on LPS + ATP-induced mitochondrial injury and inflammation in BV2 cells.

BV2 cells were treated with 3-MA (5
mM, 1h

) before Qu (30 pM, 1 h) treatment followed by LPS (100 ng/ml, 24 h) and ATP (5 mM, 30 min) stimulation.

(a-b) Mitochondrial ROS levels were assessed by staining with MitoSOX and analyzed using confocal microscopy (a). DAPI was used to stain nuclei (blue). Scale bars,
40 pm. Quantification of MitoSOX fluorescence intensity using ImageJ software (b).

(c-d) Mitochondrial morphology in BV2 cells were monitored and pictured by immunostaining for Tomm20. Scale bars, 20 pm.

(e) ELISA of IL-1f in supernatants from differently treated BV2 cells.

(f-g) Expression of pro-IL-1f in the cell lysate (Ly) and cleaved IL-1p in the supernatant (SN) were detected by an immunoblot assay (f) and quantified as normalized
to the control group (g). Data are shown as the mean + SEM from three to five independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA
followed by Tukey’s post hoc test. Ctl, untreated control; Qu, quercetin; LPS, lipopolysaccharide; 3-MA, 3-methyladenine. . (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

and microglial-derived conditioned medium (MCM) was added
(Fig. 7a). As shown in Fig. 7b, the addition of conditioned medium from
LPS + ATP-stimulated microglia led to the reduced viability of cultured
mesencephalic and hippocampal neurons, and Qu significantly attenu-
ated neuron damage (Fig. 7b). This protection of Qu was blunted by
adding pro-inflammatory factor IL-1 to cultured neurons (Fig. 7b). By
immune-staining assay, we found that the TH" neural processes and
neurites of dopaminergic neurons were significantly shorted when
cultured with LPS+ATP-treated microglia medium, evidenced by ICH
morphological analysis (Fig. 7c and d). However, this neurotoxicity was
reduced by adding conditioned medium from Qu-pretreated microglia,

11

and the protection of Qu was blunted by adding IL-1f to the neuronal
culture (Fig. 7c and d). Consistent with the CCK-8 assay in Fig. 7b, under
fluorescence microscope, we found that the hippocampal neurons
showed high-density fluorescence with nuclear shrinkage and chromatic
agglutination ~when treated with LPS +  ATP-stimulated
microglia-conditioned medium, evidenced by the Hoechst staining assay
(Fig. 7e and f). Pretreatment of microglia with Qu alleviated LPS +
ATP-induced karyopyknosis and chromatin condensation, which was
reversed by IL-1p administration (Fig. 7e and f). These data demonstrate
that the anti-inflammatory effect of Qu exerts a neuroprotective effect in
cultured primary neurons.
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Fig. 7. Qu protects against microglia activation-mediated neurotoxicity in vitro.

Mesencephalic and hippocampal primary neurons were treated with conditioned media (CM) from miroglia

cells exposed to LPS

+

ATP with or without Qu (30 pM) pretreatment or treated with CM from LPS + ATP + Qu treated-microglia plus recombinant IL-1p (50 ng/ml) for 24 h

(a) Protocol of treatment. Primary mesencephalic and hippocampal neurons were incubated with the microglia-derived CM mixed with neurobasal medium for 12
h followed by the bioassay.

(b) Cell viability of primary neurons was assayed by the CCK8 assay.

(c—d) Representative images of TH immunostaining of mesencephalic neurons (c). White arrows indicate the nucleus. Scale bars as indicated. Quantification of the
total neurite length (d). There was a total of 27-30 neurons/condition (3 wells/group and 9-10 neurons/well).

(e-f) Primary hippocampal neurons were stained with Hoechst and imaged by fluorescence microscopy (e).Quantitative analysis of the Hoechst positive cells with
condensed nuclei (f). Scale bar, 20 pm.

Data are shown as the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc test.
Ctl, untreated control; Qu, quercetin; LPS, lipopolysaccharide.

3.8. Qu suppresses microglia-mediated neurotoxicity in a mouse
depression model

model as reported [5,6]. C57BL/6 mice were injected with LPS for 5
days to induce depression. Mice were administered different doses of Qu
(30 and 60 mg/kg b.w.) 3 days prior to and during the duration of LPS

To study the anti-inflammatory and neuroprotective role of Qu in
vivo, we first constructed the accepted inflammatory-related depression

modeling followed by behavioral tests (Fig. 8a).
As inflammasome-regulated IL-1p is an essential mediator involved
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Fig. 8. Qu inhibits LPS-induced glial proliferation and NLRP3 inflammasome activation in the hippocampus of a depression mouse model.

(a) Timeline of the experimental procedure in the LPS-induced depression mouse model.

(b-d) Protein levels of NLRP3, caspase-1, pro-IL-1p, IL-1p and PINK1 in mouse hippocampal homogenates were analyzed by western blot (b) and quantified (c-d). n
= 4-6 mice/group.

(e-g) Immunofluorescent staining of IBA-1-positive microglia in hippocampal sections (e) with quantification (g). Scale bars, 80 pm n = 4-6 mice/group. (f) Upper
and lower magnified images represent resting and activated microglia, respectively. Scale bar, 10 pm.

(h-i) The tail suspension test (TST) (h) and forced swim test (FST) (i) of the indicated mouse. (n = 8-10 mice/group).

Values are shown as the mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc test. NC, negative control; Qu,
quercetin; LPS, lipopolysaccharide. . (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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in the development of depression [44], we first investigated the acti-
vation of the NLRP3 inflammasome in the hippocampus. As shown in
Fig. 8b and c, the LPS mice developed markedly increased expression of
NLRP3 as well as active caspase-1 and matured IL-1f levels compared
with  control mice. Qu treatment significantly inhibited
NLRP3/caspase-1/IL-1f axis activation in a dose-dependent manner
(Fig. 8b and c). We also found that Qu treatment alleviated the reduction
of PINK1 in the hippocampus of LPS-treated mice (Fig. 8b, d). Further-
more, immunofluorescence staining of IBA-1 indicated the activation of
microglia as evidenced by increased cell density and activated
amoeba-like morphology (Fig. 8f) in both the hippocampus (Fig. 8e-g)
and cortex (Fig. S 2a-b) of the LPS mice. The activation was further
confirmed by significantly increased CD68 fluorescence intensity in
IBA-17 cells in the hippocampus of LPS mice (Fig. S 2¢-d). Qu treatment
significantly suppressed the microglia activation (Fig. 8e, g and Fig. S
2a-d). Then, to evaluate the effect of Qu on depressant activity, behav-
ioral tests were employed. As shown in Fig. 8 h-i, the immobility time
was significantly higher in LPS-treated mice than in control mice in both
the TST (Fig. 8h) and FST (Fig. 8i), which was ameliorated in the
Qu-treated group.

As IL-1p is the final effector of NLRP3 inflammation, studies have
demonstrated that administration of IL-1f mimics the effects of induced
depression [45] and blocks the antidepressant effect of caspase-1 dele-
tion in mice [46]. Thus, we investigated whether administration of IL-1f
blocks the antidepressant effect of Qu. As shown in Fig. 8h and i, IL-1p
administration significantly blunted the neuroprotective effects of Qu as
evidenced by reversed alleviation of immobility performance in the TST
and FST. These results collectively suggest that inhibition of
NLRP3/caspase-1/IL-1p activation accounts for the antidepressant effect
of Qu in the LPS-induced depression model.

3.9. Qu suppresses microglia-mediated neurotoxicity and alleviates the
loss of DA neurons in the SNpc of a PD mouse model

Both enhanced neuroinflammation and weakened mitophagy are
involved in the pathogenesis of Parkinson’s disease [47]. To evaluate the
neuroprotective role of Qu in PD, we conducted a LPS-induced PD mouse
model as our previously reported [9]. Briefly, C57BL/6 mice were
stereotactically microinjected with LPS in the SNpc and received Qu
treatment (30 and 60 mg/kg b.w.) 3 days prior to and 7 days afterwards
the LPS injection (Fig. 9a). After model induction, the activation of
NLRP3 inflammation in the midbrain was observed. The protein levels of
NLRP3, active caspase-1 and IL-1p were markedly increased in the
midbrain in LPS-treated mice, which was prevented by Qu (Fig. 9b and
c). THF staining also confirmed increased IBA-1" microglial density in
the SNpc of LPS-microinjected mice, which was attenuated by Qu
pre-treatment (Fig. 9f and g). Regarding neuroprotection, the TH protein
levels and TH" neuron numbers in the mouse SNpc were detected by
western blot and immunostaining. The LPS challenge resulted in a sig-
nificant reduction in TH protein expression (Fig. 9d and e) and TH"
neuron numbers (Fig. Sh and i), which was alleviated by Qu treatment.
We also examined the performance of the Qu-treated mice in behavioral
coordination. The data obtained for the rotarod test demonstrated that
Qu improved the LPS-inhibited movement performance in mice (Fig. 9j).

Furthermore, administration of IL-1p post Qu treatment significantly
blunted the neuroprotective effects of Qu as evidenced by increased
reduction of TH protein (Fig. 9d and e) and loss of TH™ neurons (Fig. 9h
and i) in the SNpc of mouse and worsened motor performance in the
retarod test (Fig. 9j). This evidence confirms that Qu exerts neuro-
protective effects in both depression and PD mice by inhibiting micro-
glial activation.

4. Discussion

The present study showed that the natural bioflavonoid compound
Qu is a key inhibitor of microglial activation by orchestrating both the
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first and second signals of the NLRP3 inflammasome. First, Qu inhibited
the LPS-induced increase in the activity of NF-kB signal and the
expression of NLRP3 inflammasome-related proteins. Second, Qu acted
as a key link by which mitophagic signaling could inhibit mtROS-
amplified NLRP3 inflammasome assembly and final activation. Our re-
sults demonstrated that the mitophagy pathway is a key regulatory loop
through which Qu promotes damaged mitochondrial clearance to
reduce mtROS accumulation and subsequent NLRP3 inflammasome as-
sembly. Collectively, we focused on both transcription and mitophagy-
regulated mtROS inhibition signals to alleviate inflammation in micro-
glial cells to clarify the neuroprotective effect of Qu by preventing
neuronal degeneration due to excessive inflammatory toxicity (Fig. 10).

Recent studies have revealed that direct, intracellular neurotoxins,
such as impaired mitochondrial respiration, increased ROS and
decreased ATP production in neurons cannot completely clarify the
mechanisms of many brain disorders, including depression and NDDs.
Structurally, neurons are surrounded by a large number of glial cells [2].
Functionally, the glial cell-mediated microenvironment surrounding
neurons plays an important role in neuronal homeostasis and activity
maintenance [1,3,48]. Multiple studies have proposed that sterile
inflammation has a crucial role in neuronal damage and is implicated in
the pathophysiology of many CNS injuries [8,49]. Microglia are the
dominant inflammatory cells among all glial cells [50], which act as the
first defense of the CNS and initiate inflammatory signaling to secrete
damage-associated molecules into the extracellular milieu in case of
danger [51]. However, uncontrolled excessive or persistent activation of
microglia and its mediated inflammation are quite harmful and are
involved in diverse CNS diseases, including PD, AD and depression [4,
41]; thus, the activation of microglia should be tightly controlled. We
previously reported increased activation of the NLRP3 inflammasome in
microglia in the SNpc of both MPTP- and LPS-injected mice, which ag-
gravates the death of dopaminergic (DA) neurons [9], and we also re-
ported that targeted inhibition of microglial activation alleviates DA
neuron loss [9]. All the above findings demonstrate that excessively
activated microglia are toxic to neurons and that targeting microglial
activation inhibition represents an important potential strategy for
treating various neuronal disorders.

Interestingly, in the present study, we demonstrated that Qu, a nat-
ural flavonoid component, strongly suppressed not only the proin-
flammatory factor production but also the phagocytosis activity in LPS-
treated microglial cells. Moreover, our results demonstrated that Qu was
a natural inhibitor of NLRP3 inflammasome activation in microglia,
which alleviated the release of proinflammatory factor IL-1f. The
inflammasome, as a crucial component of innate immune responses and
inflammation, is a family of cytosolic multimeric protein complexes that
are sensors of DAMPs [18,19]. Although several inflammasomes have
been described, the NLRP3 inflammasome is highly expressed in
microglia and especially relevant to neurotoxicity, which is extensively
involved in many brain diseases [8]. Two signaling pathways, both
primary transcriptional activators and second assembly activators, are
required for NLRP3 inflammasome activation [19]. By measuring the
level of secreted IL-1p in the supernatant of cultured BV2 cells, we first
found that Qu reduced the levels of IL-1p protein in LPS-treated BV2
cells, which conforming the inhibitory effect of Qu on inflammasome
activation. Then, we found that Qu inhibited the LPS-induced upregu-
lation of NLRP3 inflammasome-related proteins, including NLRP3,
pro-caspase-1 and pro-IL-1p, in BV2 cells. The above results confirmed
the inhibitory effect of Qu on at least the first signal of the NLRP3
inflammasome.

However, the cleavage of pro-IL-1p into mature IL-1f requires the
assembly step of the NLRP3/ASC/pro-caspase-1 complex. When NLRP3
binds to ASC, it recruits and induces pro-caspase-1 cleavage into active
caspase-1, which then cleaves pro-IL-1f to produce mature IL-1p [19]. In
addition to the first priming step, many regulatory mechanisms have
been studied focusing on the attenuation of the assembly step of NLRP3
inflammasome signaling. Among them, the induction of autophagy has
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Fig. 9. Inhibitory effect of Qu on NLRP3 inflammasome activation-related neurotoxicity in LPS-induced PD mice.

(a) Timeline of the experimental procedure in the LPS-induced mouse PD model.

(b-c) Protein levels of NLRP3, caspase-1, pro-IL-1p and IL-1p in mouse mesencephalic homogenates were analyzed by western blot (b) and quantified (c). Low

indicated 30 mg/kg b.w., high indicated 60 mg/kg b.w. dose.

(d-e) Expression of TH protein levels in mesencephalon from the indicated mice was analyzed by immunoblotting (d) and quantitative analyzed (e).
(f-g) Immunofluorescent staining of IBA-1-positive microglia in SNpc sections (f) and quantitative analyzed (g). Scale bars as indicated.
(h-i) Immunohistochemical images of TH-positive DA neurons in SNpc sections (h) with quantification (i). Scale bars as indicated.

(j) Rotarod test in different groups at the end of the experiment. (n =
7—
9 mice/group).

Values are shown as the mean + SEM of three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 by one-way ANOVA followed by Tukey’s post hoc
test. n = 4-6 mice per group in (b-i). NC, negative control; Qu, quercetin; LPS, lipopolysaccharide; SNpc, substantia nigra pars compacta.
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Fig. 10. Proposed model depicting Qu as a mitophagy promoter to degrade damaged mitochondria and prevent mtROS accumulation, which alleviates NLRP3
inflammation assembly and resulted IL-1p release from microglia, consequently, suppressing the neurotoxicity process in depression and Parkinson’s disease.

been reported to negatively regulate NLRP3 inflammasome activation,
which mediates the clearance of harmful substrates or secondary signals,
such as damaged mitochondria in cells [24,25]. Recent studies have
shown that mitophagy-dependent degradation of damaged mitochon-
dria alleviates NLRP3 activation [11,20] but the mechanism is not fully
defined. Damaged mitochondria are thought to release or display sig-
nals, such as mtROS and mtDNA, which function as assembly activators
to promote and amplify NLRP3 inflammasome activation [19]. Based on
the above facts, we reasoned that promoting elimination of damaged
mitochondria may attenuate NLRP3 assembly. Interestingly, we found
that Qu promoted mitophagy, which enhanced the mitophagic clearance
of damaged mitochondria and reduced the accumulation of mtROS in
LPS-treated BV2 cells. Furthermore, specific inhibition of mitophagy by
3-MA blunted the inhibitory effect of Qu on IL-1f maturation and release
from LPS and ATP-treated BV2 cells, suggesting that Qu inhibits the
second assembly signal of the NLRP3 inflammasome in microglial cells
in a mitophagy-dependent manner.

Another remarkable finding of the present study is that we deter-
mined that Qu had a robust effect against pyroptosis in LPS + ATP-
treated BV2 cells as evidenced by both Western blot and dye uptake
assays. Pyroptosis is an inflammatory type of programmed cell death
that is required for IL-1B secretion [13]. Activation of the NLRP3
inflammasome results in the cleavage of full-length GSDMD protein to
generate the GSDMD N-terminus, which then forms large oligomeric
pores in the plasma membrane, allowing for the release of mature IL-1p.
First, we found that the protein level of the GSDMD N-terminus was
increased in BV2 cells stimulated with LPS plus ATP, and this effect was
alleviated by Qu pretreatment. In addition to GSDMD cleavage, pore
formation on the plasma membrane is another functional characteriza-
tion of pyroptosis, which allows only molecules with a diameter less
than 10-13 nm to pass through. Thus, small (YO-PRO-1 iodide, 629 Da)
pore permeable and large (Eth-D2, 1,293 Da) pore impermeable dyes
were combined to visualize pyroptotic cells by fluorescence microscopy
[14]. This dye uptake assay showed that pretreatment with Qu signifi-
cantly decreased the LPS + ATP-induced formation of discrete pores in
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the plasma membrane of BV2 cells, thus confirming the
pyroptosis-inhibiting effect of Qu on the microglial activation process.

These findings implied that Qu might be a promising natural com-
pound for the inhibition of microglial activation and therapy of
neuroinflammation-related neuronal injury. For clarification, we con-
ducted primary neuron cultures, which were further coincubated with
conditioned medium from LPS + ATP (or Qu pretreatment)-stimulated
microglia. In cultured microglia, we found that Qu inhibited LPS +
ATP-induced NLRP3 inflammasome activation, the related pyroptosis
and consequently IL-1p release. Furthermore, Qu alleviated subsequent
dendritic injury and cell apoptosis induced by activated microglia-
derived conditioned medium in both cultured primary mesencephalic
and hippocampal neurons. We also found that the further administration
of recombinant IL-1f in neuronal culture reversed the role of Qu in
preventing microglial activation-induced toxicity in primary neurons,
indicating that Qu exerts a neuroprotective effect through microglial
NLRP3/IL-1p pathways in vitro. In addition, we provided evidence that
Qu pretreatment ameliorated LPS-induced depression behaviors and
dopaminergic neuron loss in depression and PD mouse models, respec-
tively, by inhibiting microglial activation in the NLRP3/IL-1f dependent
pathway.

Quercetin is a natural flavonoid that is ubiquitously present in diet
and many traditional medicinal herbs, which are valuable sources for
lead compounds identification and their subsequent drugs discovery.
Studies indicated that supplementation with quercetin-enriched foods or
supplements can increase quercetin concentrations in plasma easy,
exerting beneficial effects in the prevention and treatment of a variety of
diseases including NDDs [27]. However, many neurodegenerative
changes are irreversible in the later stages. And study indicated that
quercetin showed only a modest protective effect when administered
after the diagnosis in a severe model of PD [52]. Thus, developing a safe
and effective strategy and starting the intervention at an early age may
yield greater neuroprotection. To this point, our in vivo treatment
paradigm, in which we administered quercetin prior to the models in-
duction (LPS challenge), mimics the preventive approach. And, our
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results support the concept that quercetin can be orientated on the
prevention rather than just on therapy to get an earlier benefit.

In conclusion, the results in this study provided strong evidence for
the preventive/therapeutic activity of Qu against microglial inflamma-
tory activation and its mediated neurotoxicity in vitro and in vivo. The
mechanisms underlying the activity of Qu involved both inhibition in
the transcription stage and mitophagy-mediated mtROS elimination-
dependent NLRP3 inflammasome inactivation in the assembly stage,
thus resulting in reduced NLRP3-/pyroptosis-mediated IL1p release
from microglia. The data presented here are consistent with the concept
that microglia may be an important target for treating various brain
injuries and might help guide decisions regarding the use of natural
molecular Qu as an anti-inflammatory agent in microglial activation and
related neuroinflammatory conditions.
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