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Background: Inflammasome-induced neuroinflammation is a key contributor to the pathol-
ogy of Parkinson’s disease (PD). NLR family pyrin domain-containing 3 (NLRP3) inflam-
masome activation has been implicated in PD in postmortem human PD brains, indicating it
as a potential target for PD treatment. Melatonin, a multitasking molecule, has been found to
have anti-inflammatory activities, mediated by silence information regulator 1 (SIRT1).
However, whether and how melatonin is involved in inflammasome-induced neuroinflamma-
tion in PD pathogenesis remains unclear.

Methods: We investigated the potential anti-inflammatory effects of melatonin in vitro and
in vivo, using 1-methyl-4-phenylpyridinium (MPP")-simulated BV2 and primary microglia
cell models, and a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced murine
PD model, with or without melatonin treatment. Rotarod, grip strength, and open-field
tests were performed to measure the effects of melatonin on MPTP-induced motor disorders.
Degeneration of dopaminergic neurons was evaluated by immunofluorescence. Changes in
microglia were examined by immunofluorescence and Western blotting, and the expression
levels of the involved signaling molecules were assessed by Western blotting and enzyme-
linked immunosorbent assay (ELISA). Intracellular reactive oxygen species (ROS) was
detected using fluorescent probes via flow cytometry.

Results: We found that melatonin significantly alleviated motor dysfunction and prevented
MPTP-induced neurotoxicity in dopaminergic neurons. Additionally, melatonin reduced
MPTP-induced microglial activation and suppressed NLRP3 inflammasome activity, and
also inhibited IL-1p secretion. Moreover, in MPP -primed BV2 cells, melatonin markedly
restored the downregulation of SIRT1 and attenuated the activation of the NLRP3 inflamma-
some. This was reversed by SIRT1 inhibitor treatment.

Conclusion: In conclusion, our data demonstrated that melatonin attenuates neuroinflam-
mation by negatively regulating NLRP3 inflammasome activation via a SIRT1-dependent
pathway in MPTP-induced PD models. These findings provide novel insights into the
mechanism underlying the anti-inflammatory effects of melatonin in PD.
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Introduction

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders,'
characterized by the degeneration of dopaminergic neurons and the accumulation of a-
synuclein-rich Lewy bodies.” However, its pathogenesis is still not fully understood,
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which makes it difficult to develop disease-modifying treat-
ments. Several etiological theories of PD have been pro-
posed. Among these, neuroinflammation, microglial
activation, and the inflammasome have been implicated in
PD pathogenesis.>* Inflammasomes are intracellular proin-
flammatory pattern recognition receptors (PRRs) that induce
proinflammatory cytokines and amplify the inflammatory
response.” Several factors contribute to the stimulation of
inflammasome, such as reactive oxygen species (ROS),
microbial or damage-associated stimuli, aggregated proteins
and metabolic abnormalities.® As a large multi-protein com-
plex, inflammasomes recruit pro-inflammatory cysteinyl
aspartate-specific proteinases (caspases) via the apoptosis-
associated speck-like protein containing a CARD (ASC) and
then proceeds to cleave the proinflammatory cytokine pre-
cursors, into their mature forms.” Upon assembly of inflam-
masomes, ASC is mobilized to form a large singular
paranuclear structure termed the ASC speck, which is essen-
tial for the recruitment of caspase-1 and its inflammatory
activity.® In particular, the NLR family pyrin domain-
containing 3 (NLRP3) inflammasome is increasingly impli-
cated in PD, based on postmortems of human PD brains, and
in PD progression.” ' Therefore, inhibition of NLRP3
inflammasome activation may be a promising therapeutic
target for PD.

Melatonin, a neurohormone produced by the pineal
gland,'? has been reported to exert a wide variety of biologi-
cal activities, such as anti-inflammatory, anti-oxidative, anti-
apoptotic, and immunomodulatory activities.'> !> Preclinical
and clinical studies have shown that melatonin decreases
neuroinflammation in PD,'? but the mechanism underlying
this effect remains to be explored. Recent studies on mouse
brain injury and major depressive disorder models showed
that the anti-inflammatory effect of melatonin was partially
attributed to the suppression of NLRP3 inflammasome activ-
ity, where melatonin reduced the expression of NLRP3
inflammasome components and the protein levels of IL-
1B.'*'® However, the inhibitory effect of melatonin on
NLRP3 inflammasome activation in PD per se has not been
studied.

Numerous studies have reported that the anti-
inflammatory effects of melatonin can be mediated by
silence information regulator 1 (SIRT1)."” After melatonin
treatment, increased SIRT1 activity has been found in
a variety of cells and animal models, particularly in the
context of inflammation or aging.'® Interestingly, it has
been reported that SIRT1 activity is decreased in patients
with PD and in the midbrains of 1-methyl-4-phenyl-

rats.2% 22

1,2,3,6-tetrahydropyridine ~ (MPTP)-treated
Upregulation of SIRT1 suppressed NLRP3 inflammasome
2325 suggesting that SIRT1

may participate in the progression of PD by regulating

activation in many conditions,

neuroinflammation.

Therefore, our study aimed to investigate whether mel-
atonin inhibits activation of the NLRP3 inflammasome in
PD through a SIRT1-dependent pathway. We demonstrated
that melatonin reduced motor defects and NLRP3 inflam-
masome activation in an MPTP-induced mouse model of
PD. Additionally, melatonin inhibited the activation of the
NLRP3 inflammasome in microglia through a SIRT1-
dependent pathway.

Materials and Methods

Chemicals and Reagents

Melatonin (M5250), MPTP-HCL (MO0896), 1-methyl-
4-phenylpyridinium (MPP", D048), adenosine 5-tripho-
sphate disodium hydrate (ATP, A6419) were obtained
from Sigma—Aldrich (St Louis, MO), and nigericin was
purchased from InvivoGen (San Diego, CA). Selisistat
(EX-527) was purchased from MedChemExpress
(Monmouth Junction, NJ). Anti-NLRP3 (AG-20B-0014),
anti-caspasel (AG-20B-0042), and anti-ASC (AG-25B-
0006) antibodies were purchased from AdipoGen Life
Sciences (San Diego, CA). Anti-IBA-1 (ab5076) antibody
and anti-NF-kB p65 (ab16502) antibody were purchased
from Abcam (Cambridge, MA). Anti-tyrosine hydroxylase
(TH) (AB152) was purchased from Merck Millipore
(Billerica, MA). Anti-SIRT1 (No.8469) antibody and anti-
phospho-NF-«B p65 (No.3033) were purchased from Cell
Signaling Technology (Danvers, MA). Anti-IL18 (No.
A1115) antibody was purchased from ABclonal (Woburn,
MA). Alexa fluor-488 conjugated anti-rabbit and Alexa
fluor-546 conjugated anti-goat antibodies were purchased
from Invitrogen (Carlsbad, CA). The mouse IL-1 ELISA
kit (EK0394) was purchased from Boster Bio (Pleasanton,
CA). The
(DCFH-DA) fluorescent probe was purchased from
NIJICBIO (Nanjing, China).

2'7'-dichlorodihydrofluorescein  diacetate

Ethics Statement

All procedures were performed in accordance with the
of the Second Affiliated
Hospital of Zhejiang University, and were approved by

animal ethics guidelines
the Animal Research Ethics Committees of the Second

Affiliated Hospital of Zhejiang University.
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Animals and Experimem—_a| Design For the rotarod test, the mice were assessed using
Eight-week-old adult male C57BL/6 mice (weight 22-25 g) @ rotarod apparatus (Panlab, Barcelona, Spain; LE8205).
were obtained from SLAC Laboratory Animal Co., Ltd. ~The mice were placed on the rotating rod which is divided
(Shanghai, China). Animals were housed under a 12-h light/ ~ into five compartments, and the rotation speed was pro-
dark cycle with free drinking and eating. After 1 week of  gressively increased from 4 to 40 rpm within a 5 -min
acclimation and 5 days of behavioral test pre-training, mice  period. The latency to falling (the duration that mice
were randomly divided into three groups (n = 8/group): (1) the =~ remained on the rod until their first drop, or a maximum
control group; (2) MPTP model group; (3) pretreated melato-  cutoff time of 120 s) was recorded. The measurements
nin + MPTP group (mice were pretreated with 10 mg/kg  were averaged across three trials per day, at least 1
melatonin 1 h before each MPTP injection). Mice received  h apart. Before modeling, the mice were adapted to the
intraperitoneal injections of MPTP (30 mg/kg) daily for 5 test environment and received pre-training. The tests were
consecutive days to establish a subacute PD model. Control  performed on the 7th-10th days after the 1 week of accli-

animals were injected with an equal volume of 0.9% saline.  mation and the 5 days of training according to the time
MPTP was dissolved in 0.9% saline. Melatonin was dissolved  gchedule (Figure 1A).

in 1% EtOH/0 and 0.9% saline (v/v). The animals were sub-
jected to behavioral experiments and were sacrificed by

For the open field test, animals were transported to the
testing room and left undisturbed for 30 min before the
decapitation. test. The mouse was placed in the middle of a cubic box
under bright illumination, and its movements were
Behavioral Tests recorded over the course of 5 min as it moved around
The rotarod test, open field test, and grip strength test were  and explored the environment. The total distance traveled

performed to evaluate the behavioral defects of MPTP-  during this 5-min period was measured by SMART video

induced mice. tracking software (Smart 3.0).
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Figure | Melatonin attenuates weight loss and behavior disorder. (A) Schematic representation illustrating the experimental design (timeline). (B) Melatonin restored body weight
in MPTP-treated mice. (C—F) Behavior changes in the indicated mice were analyzed. The grip strength (C), total travelled distance in the open field test (D), and the latency to falling
in the rotarod test on the 10th day (E) were recorded and analyzed. (F) The latency to falling during the rotarod test on the accelerated rotarod was recorded for four consecutive
trials. aMT, melatonin. *P < 0.05 vs control group; #P < 0.05 vs MPTP group; ns, no significant differences. Data are presented as mean + SEM, n = 7.
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For the grip strength test, a grip strength meter (Ugo
Basile, Cat. No. 47200; Gemonio, Italy) was used to measure
the grip strength (peak force and time resistance) of the
forelimbs. The mouse was lowered to just above the grid
and the torso was kept in line with the grid. Once the mouse
clasped the grid, it was gently pulled back by its tail, and the
maximal value of grip strength was recorded. This procedure
was repeated twice and the values averaged for data analysis.

Immunofluorescence of Brain Slices

After decapitation, animals were perfused with phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde
(PFA). The brains were dissected out, fixed in 4% PFA
solution overnight at 4°C, and then dehydrated in 30%
sucrose in PBS solution until the brains sunk to the bottom
of the container. Brains were embedded in OCT compound
(Sakura, Osaka, Japan) and were serially sectioned (thick-
ness: 30 um) using a cryostat microtome (Leica CM1950;
Wetzlar, Germany). For blocking and permeabilization,
brain slices were incubated with PBS containing 5%
bovine serum albumin (BSA) and 0.3% Triton X-100 for
1 h at room temperature (RT). After a brief rinse in carrier
solution (PBS with 1% BSA and 0.3% Triton X-100), the
slices were incubated with primary antibodies diluted in
carrier solution and then incubated at 4°C overnight. Next,
the slices were washed with the carrier solution and incu-
bated with fluorescent secondary antibodies for 2 h at RT.
After washing with the carrier solution, anti-fading agents
containing 4',6-diamidino-2-phenylindole (DAPI) was
added before mounted. Sections were screened using
laser scanning confocal microscopy (Leica TCS SP8) and
VS120 virtual slide microscope (Olympus, Shinjuku City,
Japan). Images were analyzed using Image] software
(NIH, Bethesda, MD). The number of TH-positive cells
in substantia nigra compacta (SNc) was obtained stereo-
logically as previously described with modifications.?®
Briefly, every sixth section covering the entire extent of
the SNc¢ was included in the counting procedure (7-8
sections per animal). A 2x lens was used to outlined the
SNc on the sections, while 40x lens was used for counting.

Primary Microglia Isolation

Primary microglial cells were isolated as previously described
with modifications.” Briefly, the newborn Sprague Dawley
rats (postpartum day 0-2) were decapitated and the brains
harvested. The meninges were carefully removed, and the
cerebral cortices were collected and trypsinized in 0.25%
trypsin at 37°C for 15 min. After centrifugation at 500 x

g for 5 min at 4°C, the pellets were suspended in 5 mL warm
Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
Waltham, MA) with 10% fetal bovine serum (FBS, Gibco)
and 1% penicillin—streptomycin) and filtered through a 70-
um-pore-size filter. Cells from two cortices were seeded in
a poly-D-lysine-coated T-75 culture flask containing 15 mL
culture media and were incubated in 5% CO, at 37°C. After
24 h, the entire culture medium was replaced, and half of the
medium was replaced with fresh culture medium every 3-5
days. On days 12—14, microglia were isolated from the mixed
glial culture by shaking the flask at 200 rpm for 1.5 h at 37°C.
The collected microglia were seeded in 12-well plates for
further treatment. The purity of microglia was > 90%, as
determined by Iba-1 immunostaining.

Cell Culture and Treatments
Mouse BV2 cells were obtained from the Cell Bank of the
Chinese Academy of Sciences (Beijing, China). Cells were
maintained in DMEM supplemented with 10% FBS in 5%
CO, at 37°C. Following stimulation with MPP" (250 uM or
500 uM, 6 h), with or without melatonin, or a specific SIRT1
inhibitor, Selisistat (EX527), BV2 cells were treated with
ATP (2.5 mM, 30 min) or nigericin (10 pM, 45 min).
Primary microglial cells were treated with 100 uM
MPP" for 6 h in the presence and absence of melatonin.
Then, treatment with ATP (2 mM, 30 min) was conducted.

Western Blot Analysis
After treatment, proteins were extracted from cell lysates of
BV2 cells using RIPA lysis buffer containing 1% protease
inhibitor cocktail (Halt, Thermo Scientific, Waltham, MA).
For mouse brain tissue, the striatum and substantia nigra of
the midbrain were isolated as previously described.”® The
tissue was minced and homogenized using a tissue grinder.
The supernatant was collected after centrifugation at 12,000 x
g for 20 min at 4°C. The extracted protein was added to 5 %
loading buffer by volume, denatured at 95°C for 5 min. SDS-
PAGE was used to resolve proteins isolated from cell lysate
and brain tissue along with a molecular weight marker, and
then transferred to polyvinylidene fluoride membranes (Merck
Millipore). Blocking was performed with 5% skim milk in
0.1% Tween-20/ Tris-buffered saline (TBS-T) for 1 h at RT.
Then, the membranes were incubated with the primary anti-
bodies overnight at 4°C. Following the incubation of horse-
radish peroxidase (HRP)-conjugated secondary antibodies for
1 h at RT, the protein bands were visualized by chemilumines-
cence detection using an enhanced chemiluminescent reagent
(WBKLS0500, Millipore)  and

quantitated  using
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a densitometer (Bio-Rad Imaging System, Hercules, CA).
Band density was analyzed with ImageJ and normalized to
GAPDH.

Enzyme-Linked Immunosorbent Assay
(ELISA)

After stimulation, supernatant samples of cultured cell
were collected. The levels of IL-1p were determined by
ELISA according to the manufacturer’s instructions. The
then measured at 450nm using
(PerkinElmer

absorbance was

a multimode plate reader EnVision;

Waltham, MA).

Detection of ASC Specks

Primary microglial cells were seeded at a density of 1x10°
cells per well in a six-well plate. After treatment, cells
were fixed with 4% PFA at RT for 30 min and washed
with PBS three times. PBS containing 10% BSA and 0.5%
Triton X-100 was used for blocking and permeabilization
at 37°C for 30 min. Following incubation with anti-ASC
(1:500) and anti-IBA-1 primary antibody (1:500) over-
night at 4 °C, cells were incubated with Alexa fluor-488
conjugated anti-rabbit antibody (1:500) and Alexa fluor-
546 conjugated anti-goat antibody (1:500) for 2 h at RT.
ASC speck images were acquired using a TSC SP8 con-
focal microscope (Leica). ASC speck-positive microglial
cells were counted using ImageJ software.

Detection of Reactive Oxygen Species
(ROS)

Intercellular ROS was detected using DCFH-DA fluores-
cent probe according to manufacturer’s protocol. In brief,
the BV2 cells were incubated in the dark with 8uM
DCFH-DA at 37°C for 30min after treatments and washed
with PBS. The fluorescence intensity was measured using
flow cytometry (CytoFLEX, Beckman) and analyzed with
FlowlJo.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism
8.0 (GraphPad Software Inc., San Diego, CA). All data
were analyzed using one-way ANOVA test, followed by
Tukey’s multiple comparison test. Data are presented as
the mean £ SEM with at least 3 independent experiments.
Statistical significance was set at p < 0.05.

Results
Melatonin Ameliorates Weight Loss and
Motor Dysfunction

To evaluate the neuroprotective effects of melatonin on the
MPTP-induced mouse model of PD, we first recorded the
changes in body weight and measured motor function
using the rotarod test, open field test, and grip strength
test (Figure 1A). Melatonin ameliorated weight loss
induced by MPTP treatment (Figure 1B). In the rotarod
test, melatonin significantly restored the decreased latency
to falling on an accelerated rotarod that was induced by
MPTP treatment in four consecutive trials (Figure 1C and
D; Supplementary Figure 1A-D). In the open field test and

grip strength test, however, no statistically significant cor-
relation was observed between the different groups
(Figure 1E and F; 1E).
Collectively, these findings indicate that melatonin par-

Supplementary  Figure

tially reversed the adverse effects of MPTP on motor
function.

Melatonin Attenuates Dopaminergic

Neuron Loss and Microglial Activation

We next performed tyrosine hydroxylase (TH) immunos-
taining and Western blotting to examine the protective effect
of melatonin on dopaminergic neurons. The results indicated
that compared with the control group, MPTP-treated mice
exhibited severe loss of TH-positive neurons, and melatonin
treatment partially alleviated this situation (Figure 2A and
B). Moreover, melatonin also upregulated TH expression in
the brain striatum and substantia nigra (SN) of MPTP-
treated mice (Figure 2C—E). Furthermore, while IBA-1 posi-
tive cells in the striatum were significantly increased in the
MPTP-treated mice, melatonin reduced IBA-1 expression in
this region (Figure 2F and G). Consistent with this result,
while MPTP significantly increase the expression levels of
IBA-1 in the striatum and SN region, melatonin downregu-
lated the level of IBA-1 in the striatum of the mouse brain,
indicating that melatonin partially reduced microglial activa-
tion in response to MPTP (Figure 2H-J).

Melatonin Inhibits NLRP3 Inflammasome

Activation in vivo

We then examined whether melatonin-mediated inhibi-
tion of neuroinflammation was associated with the
NLRP3 inflammasome signaling pathway by Western
blotting. We found that, compared with the control
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Figure 2 Protective effect of melatonin on dopaminergic neurons and microglia. (A) Representative immunofluorescence staining of neurons in the striatum and substantia
nigra compacta (SNc) of mouse brain for TH. Yellow dotted circles indicate the SNc. Scale bars are indicated. (B) Quantification of relative TH-positive cells in SNc (n = 4).
(C-E) Western blotting was performed to determine the expression of TH in striatum and SN of PD mice (n = 4). Data are shown as representative plots (C) and bands
quantified by densitometric analysis (D and E). (F) Representative immunofluorescence image of the microglia in the brain striatum stained with anti-IBA| antibody (red).
DAPI represents nuclear staining (blue). Scale bars = 100 um. (G) Quantification of relative IBAI-positive cells per DAPI (n = 4). (H-J) Western blotting was performed to
determine the expression of IBA-1 in the striatum and SN of PD mice (n = 4). Data are shown as representative plots (H) and bands quantified by densitometric analysis
(I and J). aMT, melatonin; TH, tyrosine hydroxylase; SN, Substantia nigra, PD, Parkinson disease. *P < 0.05, **P < 0.01, ***P<0.001. Data are expressed as means + SEM.

group, the expression of NLRP3, cleaved-caspase 1 and melatonin markedly inhibited the activation of the
mature IL-1f in the striatum and SN tissues of MPTP- NLRP3 inflammasome by decreasing the levels of
treated mice was significantly increased, suggesting the NLRP3 and cleaved-caspase 1 in the SN and the stria-
activation of the NLRP3 inflammasome. However, tum (Figure 3A and B, E and F, G and H, K and L). In
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Figure 3 Melatonin inhibits NLRP3 inflammasome activation in vivo. (A-F) Immune blotting analysis of NLRP3 inflammasome signals in the striatum from mouse brains (n = 4).
Representative blots are shown in (A). Relative expression of NLRP3, NF-kB p65, phospho-NF-kB, cleaved-caspase I, IL-1B were quantified by densitometric analysis in (B—F). (G-L)
Immune blotting analysis of NLRP3 inflammasome signals in the SN region of the brains (n = 4). Data are shown as representative plots (G) and quantified immunoblotting bands (H-L).
aMT, melatonin. *P < 0.05, **P < 0.01, ***P<0.001; ns, no significant differences. Data are expressed as the mean + SEM.

addition, we also investigated the influence of melatonin
on NLRP3 inflammasome-related priming effector NF-
kB and activation effector pro-inflammatory cytokine
IL-1B. Our data demonstrated that melatonin reduced
IL-1B secretion and phosphorylation of NF-kB induced
by MPTP in the striatum and SN, although it is not
significant in some results (Figure 3C and D, I and J).
These results suggest that melatonin prevents MPTP-
induced NLRP3 inflammasome activation in vivo.

Melatonin Suppresses Activation of
NLRP3 and the Assembly of ASC Specks
in vitro

Next, to investigate the effect of melatonin on NLRP3
inflammasome activation further in vitro, we evaluated

the constitutive protein levels of the NLRP3 inflamma-
some after treatment. When BV2 cells were primed
with MPP" alone, we found that NLRP3 inflamma-
some activation failed to elicit. While MPP" priming,
followed by ATP or nigericin treatment, increased the
protein levels of NLRP3 and cleaved-caspase 1, as
well as the release of IL-1P, melatonin pretreatment
almost completely abrogated activation of the NLRP3
inflammasome (Figure 4A-E). In addition, we mea-
sured the intracellular production of ROS in BV2
cells to evaluate whether melatonin regulated the oxi-
dative stress, which is an important contributor in the
activation of NLRP3 inflammasome. While intracellu-
lar ROS in MPP'-
induced cells, pretreatment with melatonin reduced

levels significantly increased
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Figure 4 Melatonin suppresses MPP*-induced NLRP3 inflammasome activation in vitro. (A-D) Immunoblot analysis of NLRP3, caspase | (full-length and cleaved forms)
from mouse BV2 cells primed with MPP* (500 uM, 6 h), followed by ATP (2.5 mM, 30 min) or nigericin (10 uM, 45 min); or MPP* (500 uM, 6 h) + melatonin (100 uM, 6 h)
followed by ATP (2.5 mM, 30 min) or nigericin (10 uM, 45 min). (E) Quantification of IL-If in the BV2 cell culture supernatants. (F and G) Intracellular levels of ROS were
detected in MPP*-treated (500 puM, 6 h) BV2 cells followed by ATP (2.5 mM, 30 min), with or without melatonin (100 uM, 6 h) pretreatment. Mean fluorescence intensity
was quantified by FlowJo in (G). (H) Representative immunofluorescence image of primary microglia treated with PBS or MPP* followed by ATP, with or without melatonin
pretreatment, stained with anti-ASC antibody (green) and anti-IBA| antibody (red). DAPI represents the nuclear signal (blue). Scale bars = 25 um. White arrows indicate

ASC specks. (I) Quantification of relative ASC speck intensity per IBAI-positive cells. aMT, melatonin; Nig, Nigericin. *P < 0.05, **P < 0.01, ***P<0.001. Data are expressed
as the mean * SEM, all experiments were repeated at least 3 times.

production of intracellular ROS (Figure 4F and G). microglia (Figure 4H and I). Taken together, we
Consistent with the findings in BV2 cells, melatonin  demonstrated that melatonin treatment prevented
treatment also ameliorated the formation of ASC MPP'-induced inflammasome activation as well as
specks induced by MPP" and ATP in primary ASC speck formation in vitro.

3070 "o Journal of Inflammation Research 2021:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Zheng et al

Melatonin Negatively Regulates the
NLRP3 Inflammasome via Its Effects on
SIRTI Expression

To evaluate the role of SIRT1 in regulating the effect of
melatonin on NLRP3 inflammasome activation, we first
examined SIRT1 protein expression levels in the presence
or absence of melatonin, within a given time frame. We
found that melatonin significantly increased the expression
of SIRT1 over time, but high concentrations of melatonin
decreased SIRT1 expression levels, indicating that mela-
tonin exerts its effects within a particular concentration
range (Figure 5A and B). Next, we investigated whether
MPP"-induced inflammasome activation could affect the
expression of SIRT1 in BV2 cells. We found that when the
concentration of MPP" stimulation increased, the expres-
sion of SIRT1 showed a downward trend and declined
significantly under subsequent stimulation with ATP
(Figure 5C and D). Then, we evaluated the regulatory
effect of melatonin on SIRTI expression and NLRP3
inflammasome suppression. Not surprisingly, we found
the expression of SIRT1 increased while the protein levels
of NF-«kB, and cleaved-caspase 1 decreased as the concen-
tration of melatonin increased (Figure S5E and F). Finally,
we investigated whether SIRT1 suppression affects the
inhibitory effect of melatonin on NLRP3 inflammasome
activation using selisistat, a specific SIRT1 inhibitor. As
expected, selisistat suppressed the expression of SIRTI
and reversed the protective effect of melatonin on MPP"-
and ATP-treated cells by increasing the protein levels of
NLRP3 and cleaved-caspase 1, which is consistent with
the results we found in primary microglia except for
changes in SIRT1 expression (Supplementary Figure 2A—

D). This suggested that melatonin negatively regulates the
NLRP3 inflammasome through its effects on SIRT1
expression (Figure 5G and H).

Discussion

The current study revealed that melatonin suppresses
MPTP-induced dopaminergic neuron degeneration, micro-
glial activation, and motor dysfunction by inhibiting
NLRP3 inflammasome activation via a SIRT1-dependent
pathway. Specifically, MPTP treatment induced NLRP3
inflammasome activation in vivo, but only acted as
a priming signal in vitro. Melatonin ameliorated neuroin-
flammation in PD models by inhibiting NLRP3 inflamma-
some activation in vitro and in vivo. Melatonin prevents
MPP-induced production of ROS. Melatonin inhibited

NLRP3
dependent pathway (Figure 6). Collectively, our results

inflammasome activation through a SIRTI-

demonstrated a previously unrecognized mechanism

through which melatonin suppresses inflammasome-
induced neuroinflammation in PD.

Although the precise pathogenesis of PD remains elu-
sive, accumulating evidence indicates that inflammasome-
induced neuroinflammation is an important component of
PD etiopathogenesis.*”*° In particular, the NLRP3 inflam-
masome, including NLRP3, ASC, and caspase 1, is the
most studied inflammasome in PD.” To activate the
NLRP3 inflammasome successfully, two signals have
been proposed: (1) Signal 1 (priming). Priming signals
are required for the transcription of NLRP3 and pro-IL
-1B. (2) Signal 2 (activation). Activation signals are
responsible for assembly and activation of the NLRP3
inflammasome.” A recent study reported that priming
with MPTP or MPP" alone failed to activate inflamma-
somes in primary mixed glial and mouse bone marrow-
derived macrophages.'' Similar to this result, our study
demonstrated that MPP" treatment without ATP or niger-
icin failed to elicit NLRP3 inflammasome activation in
BV2 cells, suggesting that MPP" only plays a priming
role in in vitro studies. As previously reported, expression
of the proinflammatory cytokine IL-1f3, which is mainly
regulated by the NLRP3 inflammasome, was notably
increased in PD patients.*' > Recent studies have shown
that the NLRP3 inflammasome is implicated in postmor-
tem human PD brains and is significantly activated in
MPTP and o-synuclein preformed fibril (PFF)-induced
PD mouse models.'™'" Consistent with this finding, our
results showed that activation of NLRP3 inflammasome
and levels of IL-1p were significantly increased in the
MPTP-treated mice.

Emerging evidence suggests that melatonin treatment pro-
tects dopaminergic neurons in PD by decreasing
neuroinflammation.'? However, no previous study has evalu-
ated the effect of melatonin on inflammasome activation in
PD. Here, we demonstrated that melatonin almost completely
counteracted MPTP-induced NLRP3 inflammasome activa-
tion both in vivo and in vitro. The anti-inflammatory effects
of melatonin are known to be mediated by SIRT1 in some
contexts.'* Recent studies have revealed that SIRT1 inhibits
the transcriptional activity of nuclear factor-kappa B and
NLRP3 inflammasome activation.'®** Interestingly, the enzy-
matic activity of SIRT1 is disturbed in patients with PD,**
suggesting that SIRT1 may participate in PD progression by
regulating neuroinflammation. Indeed, in our study, we found
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Figure 5 Inhibition of SIRT| reverses the suppressive effect of melatonin on NLRP3 inflammasome activation. (A and B) BV2 cells were treated with melatonin (50 pM, 100
uM, 400 pM) for 0-6 h. Representative Western blotting of SIRT| expression is shown as plots (A) and quantified bands (B). (C and D) Immunoblot analysis of SIRT|
expression from MPP*-treated BV2 cells (250 uM or 500 pM, 6 h), with or without ATP (2.5 mM, 30 min). Representative blots are shown in (C). Bands were quantified by
densitometric analysis in (D). (E-H) Immunoblot analysis of NLRP3 inflammasome signals and SIRT | expression from BV2 cells primed with MPP+ (500 uM, 6 h), followed
by ATP (2.5 mM, 30 min), with or without melatonin (50 pM, 100 M, 200 uM, 6 h) pretreatment. Data are shown as representative plots (E) and quantified bands (F-H).
(I-L) Immunoblot analysis of SIRT I, NLRP3, and caspase | from mouse BV2 cells primed with MPP* (500 uM, 6 h), followed by ATP (2.5 mM, 30 min); or MPP* (500 uM, 6 h)
+ melatonin (100 uM, 6 h) pretreatment, with or without selisistat (50 uM, 6 h), followed by ATP (2.5 mM, 30 min). Data are shown as representative plots (I) and quantified
bands (J-L). aMT, melatonin. *P < 0.05, **P < 0.01, ***P<0.001. Data are expressed as the mean * SEM, all experiments were repeated at least 3 times.

that the expression of SIRT1 significantly decreased upon  However, whether there is a direct link between SIRT1 and
treatment with MPP" and ATP, indicating a correlation the inhibitory effect of melatonin on NLRP3 inflammasome
between SIRT1 and NLRP3 inflammasome activation.  activation in PD has not been reported. Thus, to determine
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Figure 6 The underlying mechanism of the anti-inflammatory effect of melatonin in Parkinson’s disease. The NLRP3 inflammasome is assembled and activated in microglia
when MPTP acts as the priming signal (signal 1), and ATP or nigericin acts as the activation signal (signal 2). Once the NLRP3 inflammasome is activated, it cleaves pro-IL-13
into mature IL-1B and promotes the release of ASC specks. However, melatonin can negatively regulate NLRP3 inflammasome activation via the SIRT |-dependent pathway

and protect dopaminergic neurons in Parkinson’s disease.

whether the inhibitory effect of melatonin on NLRP3 inflam-
masome depends on the SIRT1 signaling pathway, we first
evaluated the effect of melatonin on SIRT1 expression using
melatonin pretreatment within a concentration gradient. As
expected, we found that the expression of SIRT1 increased
accompanied by the inhibition of NLRP3 inflammasome as
the concentration of melatonin increased. Then, we used
a SIRT1-specific inhibitor selisistat and found that SIRTI
suppression partly abolished the inhibitory effect of melatonin
on NLRP3 inflammasome in vitro, demonstrating a previously
unrecognized mechanism through which melatonin sup-
presses inflammasome-induced neuroinflammation in PD.
There were some limitations to our study. First, the
results in Figure 5 suggest that melatonin regulates SIRT1
expression in a dose-and time-dependent manner. Additional

studies are required to validate the different doses and routes
of administration both in vitro and in vivo. Second, we only
investigated the involvement of SIRT1 in NLRP3 inflamma-
some activation in vitro, but we did not find significant
differences in the expression of SIRT1 between different
groups in the in vivo study (Supplementary Figure 3A-D).

Its role in vivo prompted further research. Moreover, species
differences should be considered when translating bench-
side findings into human studies.

Conclusion

In conclusion, our study showed that melatonin treatment
ameliorated motor deficits and dopaminergic neuron loss,
and inhibited microglial activation in an MPTP-induced
PD  model. diminished NLRP3

Melatonin  also
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inflammasome activation both in vivo and in vitro.
Furthermore, we concluded that the SIRT1 signaling path-
way is involved in the inhibitory effects of melatonin on
NLRP3 inflammasome activation in microglia. The pre-
sent study shed light on the mechanism underlying the
preventative effect of melatonin on NLRP3 inflammasome

activation in PD.
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