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Abstract

Resveratrol is a natural polyphenolic compound with a wide range of biological activities such as antioxidant, anti-
carcinogenic, anti-obesity, anti-aging, anti-inflammatory, immunomodulatory properties. Accumulating evidence sug-
gests that resveratrol has pharmacological benefits in life-threatening diseases, including cardiovascular disease, cancer,
diabetes, and neurodegenerative diseases. Resveratrol is widely known for its anti-inflammatory properties; however,
signaling mechanisms of anti-inflammatory action are still elusive. Studies have illustrated that resveratrol can control
different regulatory pathways by altering the expression and consequently regulatory effects of microRNAs. Our study
aims to clarify the regulatory mechanisms of resveratrol in its anti-inflammatory features in the N9 microglial cell line.
Our results demonstrated that resveratrol inhibits LPS- and ATP-activated NLRP3 inflammasome and protects microglial
cells upon oxidative stress, proinflammatory cytokine production, and pyroptotic cell death resulting from inflamma-
some activation. Additionally, resveratrol inhibits nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB) signaling and activates AMPK/Sirt]l pathways. Furthermore, our results indicated that resveratrol downregulated
inflammasome-induced miR-155 expression. Then, inhibition of AMPK and Sirt]l pathways has significantly reversed
protective effect of resveratrol on miR-155 expression. To sum up, our results suggest that resveratrol suppresses the
NLRP3 inflammasome and miR-155 expression through AMPK and Sirtl pathways in microglia.
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Introduction

Microglia are the resident innate immune cells in the central
nervous system (CNS) responsible for homeostasis, phago-
cytosis of cellular debris or pathogens, and the secretion of
cytokines and chemokines (Walter et al. 2017). Microglial
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activation, the brain’s primary defense mechanism, occurs due
to pathogens, brain injury, or neurotoxins (Lee et al. 2019;
Tang and Le 2016). They are activated through Toll-like
receptors (TLRs) and NOD-like receptors (NLRs) to medi-
ate neuroinflammatory responses by producing and secret-
ing proinflammatory cytokines and mediators (Hanamsagar
et al. 2012). Inflammatory mediators from microglia amplify
the neuroinflammatory responses in CNS via innate immune
activation mechanisms, such as inflammasomes.

NLRP3 (NOD-, LRR-, and pyrin domain-containing
protein 3) inflammasome, a part of the innate immune sys-
tem, is a multi-protein complex that triggers proinflam-
matory responses. Activation of NLRP3 can be caused by
pathogen-associated molecular patterns (PAMPs), such as
microbiological insults and danger-associated molecular pat-
terns (DAMPs), like adenosine triphosphate (ATP), reactive
oxygen species (ROS), and peptide aggregates via RIG-like
receptors (RLRs), C-type lectin receptors, purinergic recep-
tors, TLRs, and NLRs (Heneka et al. 2018). Upon activation
through PAMPs or DAMPs, NLRP3 oligomerizes with the
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apoptosis-associated speck-like protein containing CARD
(ASC) and pro-caspase-1 to form an inflammasome com-
plex (Herman and Pasinetti 2018). Following inflammasome
complex formation, interleukin-1f (IL-1f) and interleukin-18
(IL-18) are cleaved by caspase-1 of inflammasome complex
and released to extracellular space (Heneka et al. 2018). Acti-
vated caspase-1 also modulates cleavage of Gasdermin D
(GSDMD) from its N terminal, which forms pores at the
cell membrane, and causes IL-1p and IL-18 secretion and
water molecule inflow, resulting in pyroptotic cell death as a
result of osmotic cell denaturation (Shi et al. 2015). Activa-
tion of the NLRP3 inflammasome cascade may also mediate
neuroinflammatory processes implicated in many neurologi-
cal diseases like Alzheimer’s disease, Parkinson’s disease,
traumatic brain injury, stroke, depression, and multiple scle-
rosis (Heneka et al. 2018; Hung et al. 2020; Kaufmann et al.
2017). Against inflammasome-associated neurodegenerative
diseases, phytochemicals can be utilized to suppress inflam-
masome activation as therapeutics agents.

Resveratrol (3,5,4'-trihydroxy-trans-stilbene, RSV), a non-
flavonoid polyphenolic compound, is especially abundant in
the skin red of grapes (Lu et al. 2010; Thiel and Rossler 2016).
RSV is extensively studied for its cardioprotective and can-
cer preventive roles (Thiel and Rossler 2016). Furthermore,
it is well-known for its antioxidant, anti-aging, and anti-
inflammatory effects. Previous studies have shown that RSV
may have protective effects in the central nervous system
against neuroinflammation (Sui et al. 2016). It reduces the
synthesis of proinflammatory mediators and induces anti-
inflammatory proteins, which result in anti-inflammatory
effects. Several lines of evidence have shown that RSV
can suppress inflammasome activation in various tissues
and organs, including the brain (Olcum et al. 2020a). RSV
inhibits inflammasome activation and subsequent behavioral
changes in the animal model of neurodegeneration induced
by amyloid-f (Qi et al. 2019), in which protective roles are
mediated by SIRT1 and AMPK and protects microglial cells
against amyloid-p induced inflammasome activation via
supressing TXNIP/thioredoxin/NLRP3 (Feng and Zhang
2019). Furthermore, in animal model estrogen deficiency-
induced depression, RSV upregulated SIRT1 in hippocampal
dentate gyrus resulting in diminished depressive- and anxiety-
like behaviors (Liu et al. 2019). However, previous work has
failed to address whether RSV mediates post-transcriptional
modifications to regulate NLRP3 inflammasome activation.

MicroRNAs (miRNAs) are 22-nucleotide small RNA mol-
ecules that mediate gene expression regulation at the post-
transcriptional level by selectively binding to recognition
sites in 3'-UTR of target mRNAs to suppress the initiation of
translation or progression of mRNA degradation (Grosshans
and Filipowicz 2008; Erson-Bensan 2014; Tufekci et al.
2014). miRNAs play various regulatory roles in cell pro-
liferation, differentiation, apoptosis, signal transduction,
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organ development, and the development and functioning
of the immune system (Tufekci et al. 2014). In the immune
system, miRNAs have multifaceted roles affecting pro- and
anti-inflammatory processes upon inflammatory stimuli. The
primary regulator miRNAs are miR-146a and miR-155, regu-
lated by NF-kB activation in immune cells (O'Connell et al.
2007; Tili et al. 2007; Cardoso et al. 2016). Furthermore,
other miRNAs, namely miR-132 and miR-125b, modulate
innate and adaptive immune responses. Of these, miR-
155 and miR-132 have extensive proinflammatory effects,
whereas miR-125b and miR-146a are mostly negative regu-
lators of inflammation (Tufekci et al. 2014). Several studies
have shown that neurological disorders cause the upregu-
lation of miR-155 in microglia, thereby differentiation of
microglia into the M1 phenotype through regulation of sign-
aling pathways. Based on what we know, RSV can downregu-
late miR-155 and provide the differentiation of microglia into
the M2 phenotype in the favor of anti-inflammatory diseases
(Ghazavi et al. 2020). A recent study has revealed that miR-
155 expression regulates NLRP3 inflammasome activation
(Artlett et al. 2017). In addition to miR-155, inflammasome
activation is regulated by miR-223, which directly targets the
3'-UTR region of NLRP3 mRNA (Bauernfeind et al. 2012).
Thus, identifying regulatory molecules modulating NLRP3
inflammasome is beneficial to understand the mechanism of
the inflammasome in responses to neurodegeneration and to
clarify beneficial candidates for new therapeutic approaches.

RSV is a potent candidate for the treatment of neu-
roinflammatory diseases due to the ability to cross the
blood-brain barrier and the presence of versatile effects.
Furthermore, RSV also inhibits inflammasome activation in
the nervous system. This study aims to clarify the signaling
pathways in which RSV has anti-inflammatory properties
on suppressing NLRP3 inflammasome and the mechanisms
of controlling these signaling pathways. The present study
showed that RSV inhibits NLRP3 inflammasome activa-
tion and microglial cell death in LPS- and ATP-stimulated
murine N9 microglial cells.

Methods
Chemicals and Reagents

Cis-Resveratrol (Cat#: ab144436) was obtained from Abcam
(UK). RPMI 1640 medium, L-glutamine, penicillin/strep-
tomycin, phosphate-buffered saline (PBS), and trypsin/
EDTA were purchased from Biochrom (Germany). Fetal
bovine serum (FBS) (Cat#:10,500,064) was purchased from
Gibco (USA). Propidium iodide (Cat#: P1304MP) was pur-
chased from Thermo Scientific (USA). Lipopolysaccharide
(Catt:tlrl-3pelps) was purchased from Invivogen (USA).
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Adenosine 5'-triphosphate disodium salt hydrate (Cat#:
A6419-1G), compound C (Cat#: P5499), and Ex527 (Cat#:
E7034) were purchased from Sigma-Aldrich (USA).

Cell Culture and Treatments

Mouse microglial cell line N9, generously supplied from Dr.
Paola Ricciardi-Castagnoli (Cellular Pharmacology Center,
Milan, Italy), was cultured at 37 °C in a humidified incubator
with 5% CO,-95% air environment (Righi et al. 1989). Cells
were maintained in RPMI 1640 supplemented with 2 mM
L-glutamine, 10% fetal bovine serum (FBS), 100 U/ml peni-
cillin, and 100 pg/ml streptomycin. All cell culture treat-
ments were performed in serum-free RPMI 1640 medium
supplemented with 2 mM L-glutamine. In our experimental
inflammasome activation model, the cells were incubated
with RSV (10 uM, 1 h), then ultra-pure LPS (1000 ng/ml,
4 h), followed by ATP (5 mM, 1 h). Treatments with inhibi-
tors were carried out before the classical experiment model
with AMPK inhibitor compound C (20 uM,1 h) and SIRT1
inhibitor Ex527 (20 uM, 1 h). All experiments were repeated
3 times, using 5 technical replicates. Passage number of N9
cells in study was between 40 and 60.

Cell Viability Assay

Cell viability was determined using a tetrazolium-based col-
orimetric assay, namely CCK-8 (Cell counting kit-8, Sigma-
Aldrich, St Louis, USA). N9 cells (1 x 10*/well) were seeded
into 96-well plates and incubated overnight. After treatments,
10 pl of WST-8 solution was added to each well and incu-
bated for 2 h at 37 °C. Absorbance was measured at 450 nm
with a reference wavelength of 630 nm using a microplate
reader (Varioskan, Thermo Scientific, USA). Cell viability
was expressed as a percentage of the untreated cells.

Cytotoxicity Assay

Cells were treated with LPS (1 pg/ml) for 4 h and then ATP
(5 mM) for 1 h with or without 1 h RSV pre-incubation.
After treatments, cell-free supernatant was collected, and
the release of lactate dehydrogenase (LDH) was analyzed
spectrophotometrically by LDH Cytotoxicity Detection Kit
(Roche, Basel, Switzerland) according to the manufacturer’s
guidelines. Each well’s absorbance was measured at 492-
nm wavelength with a reference wavelength at 630 nm on
a microplate reader. Cell cytotoxicity was expressed as the
percentage of the maximum LDH activity.

Propidium lodide Staining

Cells were seeded into 48-well plates with a density of
3% 10* cells per well. Fifteen minutes before the end of

treatment, propidium iodide (PI) was added each well to the
final concentration of 50 pg/ml in the dark and incubated
for 15 min. A phase-contrast microscope (Olympus IX71,
Japan) was used to detect dead cells marked by PI stain
(PI-positive cell). PI-positive cells were counted by ImageJ
(National Institutes of Health, USA) software (Schneider
et al. 2012), and data were shown as the percentage of total
cells.

Enzyme-Linked Immunosorbent Assay (ELISA)

Microglial cells (5 x 10*/well) were seeded into 96-well
plates and cultured overnight. Following treatments, cell
culture supernatants were collected for the measurement of
IL-1pB and IL-18. The level of IL-1f in the culture medium
was measured using the IL-1p ELISA kit (eBioscience,
USA), and IL-18 levels were detected using mice IL-18
ELISA Kit (eBioscience, USA) following the manufacturer’s
protocol.

Caspase-1 Activity Assay

Murine microglial cells (1 x 10%well) were seeded into
96-well plates and incubated overnight. In vitro experimental
model was applied with or without specific AMPK and Sirtl
inhibitors. Following the treatments, the samples’ supernatant
was taken into a white-walled 96-well plate, and Caspase-1
activities were determined via luminometric Caspase-Glo-1
Inflammasome Assay (Promega, USA) according to manu-
facturer’s protocol using Centro XS3 1b 960 microplate lumi-
nometer (Berthold Technologies, Germany).

Immunofluorescence Staining for ASC Specks

Microglial cells were seeded into 25cm? flasks with a density
of 1x10° cells per flask. Following the treatment, cells were
fixed with 4% paraformaldehyde in PBS and permeabilized
with 0.2% Triton X-100 in PBS and washed twice. Permea-
bilization and blocking were performed with PBS contain-
ing 10% FBS and 0.5% Triton-X-100 at 37 °C for 30 min.
Cells were incubated with ASC primary antibody (Santa
Cruz Biotechnology, sc-33958, 1:100 diluted) overnight, and
Alexa Fluor-488 conjugated the Anti-goat antibody (Jackson
Immunoresearch, 705-545-003, 1:1000) for 1 h. ASC speck
images were obtained under LSM 880 Confocal microscopy
(Zeiss, Germany). ASC speck positive cells were counted
by ImagelJ, and data were expressed as a percentage of total
cells.

Intracellular ROS Detection

Murine microglial cells (1 x 10%/well) were seeded
into 96-black-well plates and incubated overnight.
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Following the treatments, microglial cells were treated
with 2',7'-dichlorofluorescein diacetate (CM-H,-DCFDA),
the ROS sensor, was incubated for 1 h. The fluorescence
intensity of each well in the plate was measured by 495-
nm excitation and 532-nm emission by Varioskan Flash
(Thermo Scientific, USA) fluorescence plate reader. Fluo-
rescence values of the samples were normalized to control
groups and analyzed quantitatively.

Mitochondrial ROS Detection

The assay was performed both immunocytochemically and
fluorometrically. For the immunocytochemical procedure,
3% 10* cells per well were seeded in 48-well plates and
incubated overnight. After the inflammasome activation
was carried on, MitoSOX (5 uM) and Hoechst 33,342 dye
(20 uM) were added to the wells for 10 min. Images of cells
were taken via an inverted fluorescent microscope (Olym-
pus IX-71, Japan). For the fluorometric procedure, murine
microglial cells (1 X 10%/well) were seeded into 96-black-
well plates and incubated overnight. After incubation, the
experimental inflammasome activation model was applied.
Mitochondrial ROS production in N9 cells was measured
using MitoSOX (Molecular Probes, Invitrogen, USA) stain-
ing (to a final concentration of 5 pM for 15 min at 37 °C).
The MitoSOX fluorescence (Ex 530 nm/Em 590 nm) was
measured using a Varioskan Flash (Thermo Scientific, USA)
fluorescence plate reader.

Real-Time PCR Analysis of mRNAs

Total RNA was extracted from N9 cells using the Nucle-
ospin RNA II Kit (Macherey—Nagel, Germany) according
to the manufacturer’s instructions. Reverse transcription
was performed using Revert-Aid First Strand cDNA Syn-
thesis Kit (Thermo, USA). Quantitative real-time PCR was
performed using GoTaq qPCR Mastermix (Promega, USA)
and LightCycler 480 Instrument II (Roche Life Science,
USA) following the manufacturer’s protocol. The prim-
ers used in the qPCR reactions are listed in Table 1. PCR
amplification of the template cDNAs was performed for 40

cycles using the following conditions: initial denaturation
at 95 °C for 10 min, temperature cycling of denaturation at
95 °C for 10 s, annealing at 60 °C for 10 s, and extension
at 72 °C for 20 s was performed. The specificity of PCR
products was determined by the melting curve analysis.
The relative expression levels of mRNAs were quantified
using the 27(2€Y method with endogenous normalization
to the average amounts of the housekeeping gene, glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) (Livak and
Schmittgen 2001).

Real-Time PCR Analysis of miR-155

Total RNA was isolated with miRNeasy mini kit (Qiagen,
Germany), and cDNAs were synthesized by miScript RT
II (Qiagen, Germany) kit. Real-time qPCR was performed
using the miScript SYBR Green PCR Kit (Qiagen, Ger-
many) on a Lightcycler® 480 Real-Time PCR System
(Roche Diagnostics, Germany). Primers for mature miR-155
and housekeeping genes U6 and SNORD95 were purchased
from Qiagen (Valencia, CA). Changes in miRNA levels were
measured by the threshold cycle (AAC}) method (Livak and
Schmittgen 2001).

Western Blot

Cells were seeded into T75 cell culture flasks with a den-
sity of 3 10° cells and incubated overnight. Following
the treatments, cells were harvested via scrapper, and total
protein was isolated from cells with RIPA lysis solution
containing protease and phosphatase inhibitor (Thermo
Scientific, USA). For cytosolic and nuclear protein frac-
tionation, NE-PER Nuclear and Cytoplasmic Extraction
Reagent (Thermo Scientific, USA) was used following the
manufacturer’s protocol. Protein concentrations were deter-
mined by Bicinchoninic Acid Kit for Protein Determination
(Santa Cruz, USA). An equal amount of proteins were sepa-
rated by 8—-15% SDS-PAGE gel and transferred to a PVDF
membrane. Then, membranes were incubated in a blocking
buffer, BSA, or milk with the required percentages within
the TBST washing solution for 1 h. After blocking, the

Table 1 List of PCR primers

mRNA Sequence (5'-3') Product length  Accession number

IL-1p Forward TTCTTTTCCTTCATCTTTGAAGAAG 365 bp NM_008361.4
Reverse =~ TCCATCTTCTTCTTTGGGTATTGTT

IL-18 Forward CTTTGGAAGCCTGCTATAATCC 363 bp NM_008360.2
Reverse =~ GGTCAAGAGGAAGTGATTTGGA

NLRP3  Forward TGCCTGTTCTTCCAGACTGGTGA 143 bp NM_145827.4
Reverse =~ CACAGCACCCTCATGCCCGG

GAPDH Forward ACCACAGTCCATGCCATCAC 452 bp NM_001289726.1
Reverse =~ TCCACCACCCTGTTGCTGTA
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membranes were incubated overnight at 4 °C with primary
antibodies (Table 2), specified for the desired protein accord-
ing to antibodies protocol. Membranes were incubated with
the horseradish peroxidase (HRP)-conjugated secondary
antibodies and chemiluminescent Supersignal West Dura
ECL reagent (Thermo Scientific, USA) was used for imag-
ing, and images were taken with Chemi-Smart 5100 (Vilber
Lourmat, France). Band intensities were evaluated densito-
metrically with ImageJ (Schindelin et al. 2015).

miRNA Transfection

In order to unravel the role of miR-155 in the protective
roles of RSV, functional assays with miR-155 mimic were
performed. For this experiment, N9 cells were seeded into
T25 cell culture flasks with a density of 1.5x 10° cells in
an antibiotic-free growth medium and incubated over-
night. Then, the cells were transfected with miR-155 mimic
(50 uM) or negative control mimic (AllStars Negative Con-
trol siRNA, 50 uM) for 48 h with HiperFect Transfection
reagent (Qiagen, Germany) according to manufacturer’s
recommendations.

Statistical Analysis

For statistical analyses, GraphPad Prism 9.0.1 (GraphPad
Software Inc., CA, USA) was used. The normality of data
was analyzed with the Shapiro—Wilk test. For groups more
than two, one-way ANOVA with Sidak’s multiple compari-
sons test was performed in the case of normal distribution. In
order to compare two experimental groups, Mann—Whitney
U-test was utilized. Data are presented as mean + SEM, and
p <0.05 was considered statistically significant.

Table 2 Primary antibodies

Antibody Provider Catalog Number Dilution
Anti-IL-1f Abcam ab9722 1:1000
Anti-Caspase-1 Abcam ab1872 1:1000
Anti-NLRP3 Adipogen AG-20B-0014  1:1000
Anti-Sirtl Cell Signaling 8469S 1:1000
Anti-p-AMPKa Cell Signaling 2535S 1:1000
(Thr172)
Anti-AMPKa Cell Signaling 2532S 1:1000
Anti-Gasdermin D Abcam ab209845 1:500
Anti-NF-xB p65 Santa Cruz sc-372 1:1000
Anti- IkBa Cell Signaling 9242S 1:1000
Anti-p-actin Abcam ab8227 1:1000
Anti-Lamin A/C Santa Cruz sc-20681 1:1000
Anti-Rabbit HRP Sec-  Cell Signaling 7074 1:2000
ondary
Anti-Mouse HRP Sec-  Cell Signaling 7076 1:2000
ondary

Results

RSV Inhibited LPS- and ATP-Induced Secreted
Levels and mRNA Expressions of IL-1p and IL-18
in Microglial Cells

Before investigating the effect of RSV on microglia NLRP3
inflammasome activation, we evaluated a non-toxic RSV
dose with cytotoxicity assay. RSV has caused no cytotoxicity
on N9 microglial cells up to 50 pM concentration (Fig. 1A).
To investigate the effect of RSV on NLRP3 inflammasome-
related cytokines IL-1p and IL-18 in microglial cells, they
were treated by LPS and ATP. Then, we analyzed secreted
cytokine levels upon LPS and ATP treatment with or without
RSV pre-treatment. ELISA analysis has presented that RSV
significantly inhibited IL-1f and IL-18 secretion induced by
LPS and ATP (Fig. 1B, C). Similarly, quantitative real-time
PCR analyses showed that LPS and ATP treatment enhanced
mRNA expressions of cytokines while RSV decreased IL-1f
and IL-18 mRNA expression levels (Fig. 1D, E). We next
evaluated whether the RSV affected secreted and intracel-
lular IL-1f protein levels. Our Western blot analysis indi-
cated that RSV pre-treatment dramatically decreased both
pro-IL-1p and mature IL-1f levels (Fig. 1F-H).

RSV Inhibits NLRP3 Inflammasome

The NLRP3 inflammasome is a type of NLR, a known
protein complex consisting of NLRP3, ASC adaptor pro-
tein, and caspase-1. We first evaluated the caspase-1 pro-
tein levels. We determined no significant difference in the
intracellular level of caspase-1 p45 among experimental
groups (Fig. 2A, B). However, RSV significantly reduced
active caspase-1 p20 compared to LPS- and ATP-treated
cells (Fig. 2A, C). Next, we examined NLRP3 expression
at mRNA and protein levels. RSV significantly decreased
the expression of NLRP3 both in mRNA and protein lev-
els, which was increased with LPS and ATP induction
(Fig. 2D-F). Furthermore, our immunofluorescence staining
results revealed that RSV attenuated ASC speck formation
induced by LPS and ATP (Fig. 2G, H).

RSV Prevented Pyroptotic Cell Death and Cleavage
of Gasdermin D in LPS- and ATP-Treated Microglial
Cells

The effect of RSV pre-treatment on cell death by admin-
istration of LPS and ATP was first determined via LDH
assay. According to our results, LPS and ATP dramatically
increased cell death in N9 cells, while RSV pre-treatment
significantly decreased the cytotoxicity (Fig. 3A). Similarly,
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Fig.1 RSV reduced mRNA and protein levels of IL-1p and IL-18.
N9 microglial cells were pre-treated with RSV (10 pM) for 1 h, then
treated with LPS (1 pg/ml) for 4 h and ATP (5 mM) for 1 h. (A)
The toxicity of RSV is determined. (B, C) The suppressor effect of
RSV on secreted IL-1f and IL-18 was measured with ELISA. (D,
E) mRNA levels of IL-1f and IL-18 reduced by RSV pre-treatment

cell viability assay showed that RSV increased cell viability
in LPS- and ATP-induced microglial cells (Fig. 3B). The
effect of RSV on pyroptotic cell death was demonstrated
by propidium iodide (PI) staining and western blot analysis
of GSDMD. LPS and ATP treatment enhanced the number
of PI-positive cells; however, RSV significantly suppressed
LPS- and ATP-induced cell death (Fig. 3C, D). It has been
known that pyroptosis displays plasma membrane disrup-
tion. In pyroptotic cell death, the cell’s nucleus is located in
the center and above the main plane of the cell body. These
cells often resemble to a fried egg (Chen et al. 2016). To
address these typical morphological features, we took phase-
contrast images. These signs can be clearly observed in the
cell with pyroptotic cell death (Fig. 3E). Next, our Western
blotting analysis revealed that pre-treatment with RSV sig-
nificantly reduced cleaved GSDMD levels compared to the
LPS- and ATP-treated group (Fig. 3F, G).

RSV Ameliorated Intracellular and Mitochondrial
ROS Production

The intracellular ROS level in microglial cells was deter-
mined by DCFDA. Cellular ROS level in RSV pre-treated
group was significantly decreased compared to the LPS and
ATP group (Fig. 4A). To investigate mitochondrial ROS pro-
duction, we examined MitoSOX analysis. The mitochondrial
superoxide significantly increased within the cell via LPS
and ATP induction. As shown in Fig. 4B-D, the fluorescence
level was decreased in RSV preincubated cells.
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compared to LPS and ATP induction group. (F, G, H) RSV reduced
protein levels of pro-IL-1p and secreted IL-1p compared to LPS- and
ATP-induced cells. The results are presented as mean+S.E.M, n=>5.
*p<0.05, **¥p<0.01 compared to control and #p <0.05, ##p<0.01
compared to LPS and ATP treated cells

RSV Inhibited NF-kB Translocation

The effect of RSV on nuclear translocation of NF-kB pro-
tein was investigated by Western blotting. Our blot revealed
that LPS and ATP induction increased the band intensity of
NF-kB protein. Pre-treatment with RSV showed a reverse
effect and significantly decreased the NF-kB protein level. In
addition, LPS and ATP treatment significantly increased the
NF-«kB protein level in the nucleus, and RSV pre-treatment
significantly prevented this increase. Meanwhile, NF-kB
protein level decreased in cytosolic samples after LPS and
ATP treatment and RSV treatment reversed the reduction
and increased NF-xB protein level in cytosolic samples
(Fig. SA). According to these results, LPS and ATP treatment
significantly increased the ratio of nuclear to cytoplasmic
NF-kB, and RSV pre-treatment decreased this ratio (Fig. 5B).
Also, our blot showed that RSV pre-treatment significantly
increased the IkBa band intensities which were decreased by
LPS and ATP treatment (Fig. 5C, D).

RSV Activated SIRT1 and AMPK Pathways

To evaluate the mediator pathways in protective effects of
RSV on NLRP3 inflammasome activation, we first investi-
gated Sirt]l and AMPK pathways. The Western blot method
was used to determine whether different doses of RSV
(10 uM, 20 puM, and 50 uM) activated the Sirt] and AMPK
pathways. Our analysis has revealed that RSV treatment
upregulated the band intensity of Sirtl protein compared
to the control group in a concentration-dependent manner
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Fig.2 RSV reduced NLRP3, caspase-1, and ASC speck formation.
N9 microglial cells were pre-treated with RSV (10 pM) for 1 h, then
treated with LPS (1 pg/ml) for 4 h and ATP (5 mM) for 1 h. (A, B,
C) Pro-caspase-1 shows no difference among groups. RSV reduced
cleaved caspase-1 in RSV pre-treated cells compared to LPS- and
ATP-treated cells. (D, E, F) RSV suppressed NLRP3 on both protein

(Fig. 6A, B). Similarly, RSV treatment also increased
the band intensity of AMPK phosphorylation in a dose-
dependent manner (Fig. 6C, D).

Inhibition of SIRT1 and AMPK Activation
Ameliorated Protective Effects by RSV Against
NLRP3 Inflammasome Activation

To determine whether RSV utilizes its anti-inflammatory
effects through Sirtl and AMPK pathways, we checked the
NLRP3 inflammasome activation by using inhibitors of these
pathways. Western blotting analysis showed that Ex527 and
CC reversed the effects of RSV on LPS- and ATP-induced
cells, increasing the protein of NLRP3 (Fig. 7A, B). Inhi-
bition of AMPK and Sirtl pathways markedly raised both

and mRNA levels compared with LPS and ATP activated cells. (G)
ASC speck formation was determined by confocal microscopy. (H)
RSV significantly prevented ASC speck formation compared to LPS-
and ATP-induced cells. The results are presented as mean+S.E.M,
n=5. *p<0.05, **p<0.01 compared to control and #p<0.05,
##p <0.01 compared to LPS- and ATP-treated cells

NLRP3 and IL-1p mRNA levels downregulated by RSV
pre-treatment (Fig. 7C, D). Furthermore, pre-treatment
with Ex527 and CC significantly elevated caspase-1 activ-
ity, which was diminished by RSV pre-treatment (Fig. 7E).

The miR-155 Level is Attenuated with RSV
Treatment

First, transfection efficiency was determined by gPCR. miR-
155 mimic transfection upregulated miR-155 over 1000-fold
compared to the scrambled transfected group (Fig. 8A). To
determine whether RSV suppresses the NLRP3 inflammasome
by regulating the SIRT1 and AMPK pathways via miRNAs, we
first examined RSV effects on the miR-155 expression level.
Our qPCR analyses demonstrated that RSV pre-treatment
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death and decreased Pl-positive cells. (E) Phase-contrast image of
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Fig.4 RSV inhibited intracellular and mitochondrial ROS produc-
tion. N9 microglial cells were pretreated with RSV (10 pM) for 1 h,
then treated with LPS (1 pg/ml) for 4 h and ATP (5 mM) for 1 h. (A)
RSV pre-treatment reduced intracellular ROS production. (B, C, D)
RSV decreased mitochondrial ROS production compared with LPS-

downregulated miR-155 level, upregulated by LPS and ATP
induction in the N9 microglial cell line (Fig. 8B). The func-
tional study with miR-155 mimics revealed that reversal of
RSV suppressed protein levels of NLRP3 (Fig. 8C, D) and
mRNA levels of NLRP3 (Fig. 8E), IL-1p (Fig. 8F), and IL-18
(Fig. 8G) compared to negative controls transfected groups.
Furthermore, to establish which signaling pathways regulate
suppression of miR-155 by RSV, we determined the miR-155
expression level with and without AMPK and SIRT1 inhibi-
tors. Pre-treatment with CC and Ex527 reversed the downregu-
lation of miR-155 expression significantly (Fig. 8G). These
results have suggested that protective effects of RSV on miR-
155 expression are dependent on AMPK and SIRT1 pathways.

RSV Treatment Rescued miR-155-Related Pyroptotic
Cell Death

The effect of miR-155 mimic alone on pyroptotic cell death
was assessed by propidium iodide (PI) staining. According
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and ATP-activated cells in fluorometric measurements and cells were
visualized with immunofluorescence. The results are presented as
mean=+S.E.M, n=5. ¥p<0.05, **p<0.01 compared to control and
#p <0.05, ##p <0.01 compared to LPS- and ATP-treated cells

to our results, miR-155 transfection dramatically increased
cell death in N9 cells compared to scrambled transfected
cells, while RSV pre-treatment significantly decreased the
cytotoxicity (Fig. 9A, B).

Discussion

The NLRP3 inflammasome is an innate immune mechanism
that plays a fundamental role in the pathogenesis of neuro-
degenerative diseases. Here, we demonstrated that RSV sup-
presses NLRP3 inflammasome and microglial pyroptosis by
regulating the SIRT1 and AMPK pathways via miR-155. RSV
is a well-known natural compound with its antioxidant, anti-
cancer, anti-obesity, anti-aging, and anti-inflammatory effects
(He et al. 2017). Previous clinical studies have concluded that
the RSV dose range used in vitro is bioavailable for human
administration (Espinoza et al. 2017; Movahed et al. 2013;
Turner et al. 2015). Besides, its ability to interact with multiple
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Fig.5 RSV inhibited activation of NF-kB. N9 microglial cells were
pre-treated with RSV (10 pM) for one hour, then treated with LPS
(1 pg) for 30 min. (A, B) RSV rescued LPS and ATP induced an
increase of nuclear/cytoplasmic ratio of NF-kB p65 subunit. (C, D)
RSV pre-treatment significantly increased expression of IkBa, which

molecular targets involved in inflammation and immunity is
well established. A growing body of literature has investigated
the protective effects of RSV on neuroinflammation associated
in vitro and in vivo models, such as sepsis-associated encepha-
lopathy (Sui et al. 2016), experimental subarachnoid hemor-
rhage (Zhang et al. 2017), cerebral ischemia/reperfusion injury
(He et al. 2017), and amyloid-p-induced cognitive decline (Qi
et al. 2019). Previous studies on the neuroprotective roles of
RSV mainly focused on its antioxidant, anti-inflammatory,
and cytoprotective effects. RSV has been reported to amelio-
rate NLRP3 expression and IL-1f cleavage in hippocampus
regions of sepsis-associated encephalopathy animal model (Sui
et al. 2016). Another study has reported that RSV alleviated
ischemia—reperfusion brain injury—induced NLRP3, caspase-1,
IL- 1pB, and IL-18 levels (He et al. 2017). Besides, RSV has
also been revealed to be protective in experimental subarach-
noid hemorrhage by suppressing NLRP3 and ASC expres-
sions and cleavage of caspase-1, IL- 1, and IL-18 (Zhang
et al. 2017).
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is downregulated after LPS and ATP induction. The results are pre-
sented as mean+S.E.M, n=5. *p<0.05, **p<0.01 compared to
control and #p <0.05, ##p <0.01 compared to LPS- and ATP-treated
cells

NLRP3 inflammasome activation occurs as a result
of two different signals, namely priming and activation.
While mRNA and protein levels of NLRP3 complex com-
pounds are upregulated in the priming step, NLRP3 acti-
vation and inflammasome recruitment occur in the acti-
vation phase (Guan and Han 2020; Olcum et al. 2020b).
In physiological states, intracellular protein levels of
NLRP3, IL-1beta, and IL-18 are minimal. Therefore, in
our LPS- and ATP-induced model, the priming step is
crucial and initiated by binding LPS to TLR4 to activate
downstream NF-kB signaling cascade to induce transcrip-
tions of NLRP3, pro-IL-1f, pro-IL-18, and pro-GSDMD
(Piancone et al. 2021). Previous studies have reported
that RSV inhibited protein levels of NLRP3, Caspase-1,
and IL-1p as inflammasome markers (Sui et al. 2016).
However, a serious drawback with this report is that the
authors did not study whether RSV affected the prim-
ing or activation step of the NLRP3 inflammasome. As
opposed to the previous report, in our study, we analyzed
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Fig.6 RSV activated SIRT1 and AMPK pathways. N9 microglial
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B) RSV pre-treatment activated Sirtl in a dose-dependent manner.
(C, D) RSV pre-treatment significantly increased phosphorylation of

both mRNA and protein levels of NLRP3 inflammasome
components and their transcriptional regulator NF-xB.
Hence, these results offer indisputable evidence for the
transcriptional regulatory mechanism of RSV on micro-
glial inflammasome activation.

The activation of NLRP3 inflammasome leads to a type
of cell death, namely pyroptosis, due to DAMP molecules,
such as ATP (Voet et al. 2019). Also, mature caspase-1
mediates cleavage of GSDMD, which then forms pore com-
plexes at the plasma membrane, leading to pyroptotic cell
death (Shi et al. 2017). Accumulating evidence has shown
that RSV has protective roles against pyroptosis in mac-
rophages and kidney tissues. In studies with macrophages,
RSV has been reported to inhibit paclitaxel- or LPS- and
ATP-induced pyroptosis by PI staining, without any direct
effect of RSV on GSDMD cleavage (Zeng et al. 2019; Chang
et al. 2015). Furthermore, in the diabetic ischemia—
reperfusion rodent model, RSV has suppressed renal ischemia-
associated pyroptosis (Zhang et al. 2020). Our findings have
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AMPK compared to the untreated cells. The results are presented as
mean+S.EM, n=5. ¥*p<0.05, **p<0.01 compared to control and
#p <0.05, ##p <0.01 compared to LPS- and ATP-treated cells

also displayed that RSV inhibited pyroptosis by inhibiting
GSDMD cleavage induced by LPS and ATP. Thus, our study
demonstrated that RSV inhibited pyroptotic cell death in
microglia for the first time in the literature.

RSV has been reported to mediate cellular responses via
the AMPK pathway, which is activated due to elevation in
cellular AMP/ATP ratio because of stress or starvation. In
addition to metabolic functions, AMPK is also associated
with cell survival and proliferation. The first investigations
into AMPK found that induction of inflammasome by ATP
was linked to the AMPK pathway in macrophages (Zha et al.
2016). Furthermore, RSV has been demonstrated to induce
autophagy in peritoneal mesothelial cells, which prevented
sensitization to NLRP3 inflammasome activation via acti-
vation of AMPK signaling (Wu et al. 2016). In other stud-
ies, RSV attenuated NLRP3 inflammasome activation in
endoplasmic reticulum stress model in adipose tissue (Li
et al. 2016), high-glucose-induced inflammasome activa-
tion in retinal vascular endothelial cells (Jiang et al. 2019),
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reversed the protective effect of RSV against (A, B) NLRP3 protein
level, (C) NLRP3 mRNA level, (D) II-18 mRNA level, (E) caspase-1
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RSV pretreated cells
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and chronic intermittent hypoxia in cardiac tissue (Sun et al.
2020). RSV also protected from amyloid-p-induced neuro-
inflammation in the hippocampus and prefrontal cortex via
activation of AMPK signaling (Qi et al. 2019). Accumulat-
ing evidence suggests that RSV caused activation of AMPK,
which led to cytoprotective effects in microglia and mac-
rophages (Han et al. 2014; Yi et al. 2011). Moreover, activa-
tion of AMPK was suggested to induce the Sirtl pathway
via elevation of intracellular NAD™ levels (Mancuso et al.
2014), which has therapeutic effects against neurodegenera-
tion and aging (Mancuso et al. 2014). RSV also activates
Sirt] to modulate several cellular signaling cascades related
to anti-inflammatory effects (Li et al. 2014). The first studies
on the effects of RSV on Sirtl found that RSV upregulates
Sirtl levels in a dose-dependent manner (Fu et al. 2013).
Since Sirt] is the primary effector mechanism of RSV func-
tion, inhibition of Sirtl diminished the protective effects of
RSV in several in vivo and in vitro models (He et al. 2017,
Zou et al. 2018; Sui et al. 2016). In a study by Zhou et al., in
which CC and Ex527 were utilized, it was demonstrated that
both CC and Ex527 alone have attenuated the NLRP3 and
mature IL-1f upregulation (Zhou et al. 2020). In addition,
Wang et al. have reported that EX527 significantly upregu-
lated the expression of p-NF-«xB and pyroptosis-related pro-
teins, such as NLRP3, cleaved caspase 1, cleaved IL-1p,
and GSDMD-N, in LPS- and ATP-treated RAW?264.7 mac-
rophages (Wang et al. 2021). Similarly, Wang et al. 2019 has
demonstrated that CC alone downregulated the expressions
of NLRP3 inflammasome-associated proteins (NLRP3 and
cleaved caspase 1) in mice (Wang et al. 2019). Also, they
reported that CC reduces the p-AMPK/AMPK ratio. Our
study analyzed the roles of the AMPK/Sirt] axis in the pro-
tective effects of RSV on the NLRP3 inflammasome activa-
tion. First, we have assessed that RSV treatment resulted
in increased AMPK phosphorylation and upregulated Sirtl
in microglial cells. Then, we treated cells with AMPK and
Sirtl inhibitors, which are CC and Ex527, respectively, and
the protective roles of RSV on NLRP3 inflammasome acti-
vation were investigated. Here, we have found that inhibition
of AMPK and Sirtl with chemical inhibitors reversed pro-
tective roles of RSV on inflammasome activation associated
increase of NLRP3 and IL-1p levels and caspase-1 activity.

MiRNAs, which are the post-transcriptional regulator of
mRNA molecules, may affect the expression of upstream
or downstream signaling of inflammasome activation or
components of the inflammasome complex itself. Of miR-
NAs, miR-155 is the regulator of innate immune responses
and has been reported to regulate inflammasome signaling.
Upon activation of TLR4/NF-kB signaling by LPS, miR-
155 is upregulated in microglia (Tufekci et al. 2021). The

upregulation of miR-155 could be reversed by various phy-
tochemicals, including RSV. The first investigation into the
role of RSV on miR-155 found that RSV inhibited inflamma-
tory responses in monocytes (Tili et al. 2010). Furthermore,
a recent study has reported that RSV protected BV-2 micro-
glial cells from LPS-induced inflammation by inhibiting
miR-155 and promoting M2 polarization. (Ma et al. 2020).
However, no studies have reported on the protective role
of RSV on microglial inflammasome activation. Although
it is known that RSV suppresses inflammasome and regu-
lates miR-155 in myeloid cells, it also has not been demon-
strated how signaling pathways regulate it. Here, we report
that RSV has alleviated inflammasome activation-induced
upregulation of miR-155 in microglial cells. Furthermore,
functional studies with miR-155 mimics have shown that
miR-155 inhibition resulted in the reversal of protective roles
of RSV in NLRP3 inflammasome activation by affecting
NLRP3, IL-1p, and IL-18 levels. In addition to the roles of
miR-155 in inflammasome activation, our study provided
evidence of transcriptional regulatory elements of RSV on
miR-155 expression. We believe that this is the first time
that inhibition of Sirtl and AMPK pathways with chemical
inhibitors displayed that RSV downregulated LPS and ATP
induced miR-155 levels via AMPK and Sirtl signaling.

We are aware that our research may have some limita-
tions. Pyroptosis can be diverted into the canonical pathway
and non-canonical pathway, and the most important initiator
is the NLRP3 inflammasome (Yu et al. 2021). In this study,
we only investigated the canonical pyroptosis pathway. Our
study utilized the N9 microglial cell line to model inflamma-
some activation in the brain. N9 cell line was obtained from
mouse brain and immortalized by v-myc overexpression.
They have been reported to share similarities with primary
mouse microglia (Righi et al. 1989) regarding cell surface
marker expression, immune responses against inflamma-
tory stimuli, and phagocytosis ability (Stansley et al. 2012).
Furthermore, using a cell line is advantageous in cost,
availability, yield, and homogeneity. On the other hand, one
limitation of our study is the lack of in vivo studies. Even
though some studies reported changes in transcriptome and
proteome, NO cells have been reported to replace in vivo
studies (Henn et al. 2009).

Taken together, our results would seem to suggest that
RSV treatment inhibits NLRP3 inflammasome activation,
pyroptotic cell death, and miR-155 levels in mouse micro-
glial cell line. Our study is the first study that reveals the
protective effects of RSV on pyroptotic cell death. Further-
more, considerable progress has been made concerning the
mechanism of RSV in microglial cells by determining the
roles of Sirtl and AMPK.
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«Fig.8 miR-155 modulates the protective role of RSV in inflamma-
some activation through Sirt]1/AMPK pathway. Transfection efficiency
was determined by qPCR. (A) miR-155 mimic transfection upregu-
lated miR-155 over 1000 fold compared to the scrambled group.N9
cells were treated with mimic-miR-155 before RSV (10 uM) for 1 h,
then treated with LPS (1 pg/ml) for 4 h and ATP (5 mM) for 1 h. miR-
155 level was analyzed with gPCR. (B) miR-155 expression without
any modification upregulated in LPS- and ATP-treated group and
downregulated in the RSV pre-treatment group. (C, D, E) After mir-
155 activation, the difference in NLRP3 between the LPS and ATP
and RSV pre-treatment groups decreased. (F) After mir-155 activa-
tion, the difference in IL-1f between the LPS and ATP group and
RSV pre-treatment group was decreased. (G) After mir-155 activa-
tion, the difference in IL-18 between the LPS and ATP group and the
RSV pre-treatment group was decreased. (H) miR-155 mRNA levels
measured with and without AMPK/Sirt] inhibitors. Pre-treatment with
CC and Ex527 reversed the downregulation of miR-155 expression
significantly compared to the RSV pre-treated cells. The results are
presented as mean+S.E.M, n=5. *p<0.05, **p<0.01 compared to
control, #p <0.05, ##p <0.01 compared to LPS- and ATP-treated cells
and $p <0.05, $$p <0.01 compared to RSV pretreated cells
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Fig.9 RSV treatment rescued miR-155 related pyroptotic cell death. presented as mean+S.E.M, n=5. *p<0.05, **p<0.01 compared to
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pyroptotic cell death and decreased PI-positive cells. The results are
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