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Objective: Stroke is a kind of cerebrovascular disease with high mortality. TMAO has been shown to aggravate stroke outcomes, but
its mechanism remains unclear.

Materials and Methods: Mice were fed with 0.12% TMAO for 16 weeks. Then, mice were made into MCAO/R models.
Neurological score, infarct volume, neuronal damage and markers associated with inflammation were assessed. Since microglia
played a crucial role in ischemic stroke, microglia of MCAO/R mice were isolated for high-throughput sequencing to identify the most
differentially expressed gene following TMAO treatment. Afterward, the downstream pathways of TMAO were investigated using
primary microglia.

Results: TMAO promoted the release of inflammatory cytokines in the brain of MCAO/R mice and promoted the activation of OGD/
R microglial inflammasome, thereby exacerbating ischemic stroke outcomes. FTO/IGF2BP2 inhibited NLRP3 inflammasome activa-
tion in OGD/R microglia by downregulating the m6A level of NLRP3. TMAO can inhibit the expression of FTO and IGF2BP2, thus
promoting the activation of NLRP3 inflammasome in OGD/R microglia. In conclusion, these results demonstrated that TMAO
promotes NLRP3 inflammasome activation of microglia aggravating neurological injury in ischemic stroke through FTO/IGF2BP2.
Conclusion: Our results demonstrated that TMAO promotes NLRP3 inflammasome activation of microglia aggravating neurological
injury in ischemic stroke through FTO/IGF2BP2. These findings explained the molecular mechanism of TMAO aggravating ischemic
stroke in detail and provided molecular mechanism for clinical treatment.
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Introduction

Stroke, commonly known as cerebral apoplexy, is a group of diseases characterized by the loss of local neurological
function caused by the disturbance of blood circulation in the brain. Ischemic stroke can be caused by hypertension,
transient ischemic attack, diabetes, high choline, atrial fibrillation and so on. Ischemic stroke is one of the most common
causes of death and disability worldwide.' Stroke brings a huge burden to the family and society; therefore, humans are

urgently looking for stroke prevention and treatment methods.

Journal of Inflammation Research 2023:16 3699-3714 3699
Received: 29 November 2022 © 2023 Ge et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 19 August 2023 A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Published: 28 August 2023


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ge et al Dove

Trimethylamine N-oxide (TMAO) is formed by the oxidation of the choline metabolite trimethylamine (TMA) by
monooxygenase 3 containing flavin in the liver.” It can also be generated by the oxidation of TMA that takes place in the

34 and

gut microbiota. TMAO is associated with varieties of neurological disorders, such as Alzheimer’s disease
Parkinson’s disease.” Recently, TMAO has been reported to be indicative of ischemic stroke in patients.” However,
the mechanism by which TMAO aggravates stroke remains unclear.

Microglia is closely related to stroke. It has been reported that microglia promoted the release of inflammatory
cytokines in stroke.® In addition, NLRP3 inflammasome is activated in microglia under the context of stroke.” NLRP3 is
an inflammasome that impairs cellular function, and the association of NLRP3 with many diseases has been extensively
studied, consisting of traumatic brain injury (TBI) and myocardial ischemia/reperfusion (I/R) injury.'®'' NLRP3
inflammasome is produced through stimulation by exogenous and endogenous harmful substances, initiating inflamma-
tory and non-inflammatory responses that influence the stroke process.'> TMAO has been shown to promote NLRP3
inflammasome activation in a variety of diseases, such as cardiac fibrosis,'® vascular calcification."* However, the
molecular mechanism of TMAO on NLRP3 has been less studied in stroke microglial.

N6-methyladenosine (m6A) is the most abundant and reversible modification in mRNA. It can regulate the stability, export,
splicing or translation of RNA, thus influencing disease processes such as obesity, cancer and viral infections.>™"” m6A
modification consisted of installing by “writer”, demethylating by “eraser” and identifying by “reader”.'®?° FTO, which is a
member of eraser, has been suggested to stimulate angiogenesis and anti-myocardial fibrosis after myocardial ischemia.
Meanwhile, downregulation of FTO and ALKBHS after stroke can exacerbate brain damage.”' > IGF2BP2 is also reported to
be one of the m6A “readers” and has been shown to have six RNA binding domains.?* FTO/IGF2BP2 plays an important role in
a variety of diseases. There was a documentation indicated that MTA1 is the direct target gene of FTO and is regulated by an FTO/
IGF2BP2 m6A-dependent mechanism in colorectal cancer.”” In addition, FTO/IGF2BP2 could be used as a diagnostic marker of
type 2 diabetes.?**” Nonetheless, FTO/IGF2BP2 has rarely been studied in stroke. It was reported that miR-1208 in EVs could
target METTL3 to reduce NLRP3 mRNA methylation, suppress inflammatory factor release.”® Furthermore, total flavones of
Abelmoschus manihot mediate NLRP3 inflammatory activation by targeting METTL3 to induce m6A modification on PTEN
mRNA to improve podocyte pyroptosis in high glucose.”” However, there are a few studies on the effect of FTO/IGF2BP2 on
NLRP3 in stroke.

Taking the above reports into consideration, we use MCAO/R mice and primary microglia to explore the molecular
mechanism of NLRP3 inflammasome regulation and the effect of FTO/IGF2BP2 on NLRP3 in ischemic stroke, which
provide diagnostic indicators and drug targets for the treatment of stroke.

Materials and Methods

Animal and Treatments

C57BL/6J mice (8 weeks, male, 25-30g) were purchased from Model Animal Research Center of Nanjing University
(Nanjing, China); meanwhile, all animal studies were conducted with approval from the Animal Research Ethics
Committee of University of Science and Technology of China (2022-N(A)-089) and conducted in the Experimental
Animal Centre. The animals used in this study were handled according to the Guide for the Care and Use of Laboratory
Animals published by the National Institutes of Health (NIH Publications No. 8023, revised 1978). In the experiments,
all mice were fed with or without 0.12% TMAO (Sigma-Aldrich, USA) for 16 weeks.**!

HPLC-MS/MS Detection of TMAO Level

TMAO plasma and brain levels were measured using liquid chromatography mass spectrometry. Briefly, 60 pL of
samples were aliquoted into 1.5 mL Axygen tubes and mixed with 10 pL of a lug/mL internal standard consisting of d9-
TMAO in methanol. Proteins in the samples were precipitated and supernatants (5 pL) were analyzed by injection into
a Waters BEH C18 column (2.1 x 50 mm, 1.7 pm; Cat. No. 03433919615148, Massachusetts, USA) at a flow rate of
0.4 mL/min using an LC-20AD Shimadzu pump system and SIL-20AXR autosampler interfaced with a Triple Quad
4500MD mass spectrometry (AB SCIEX, Framingham, MA). By mixing solvent A (0.1% formic acid in water) and
solvent B (0.1% formic acid in methanol) in different ratios, starting at 10% B, a discontinuous gradient was generated to
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separate the analytes and then linearly increased to 80% B over 1.0 min, then hold for 1.8 min, then return to 10%
B. Quantification of TMAO was performed using multiple reaction monitoring (MRM) transitions at m/z 76.1—59, d9-
TMAO at m/z 85.1—68.1.

Animal Model of MCAO/R

The MCAO/R surgical was performed in mice using a modified endovascular suture method described by Longa
et al.*> Mice were anesthetized with isoflurane (Abbott Park, USA). Briefly, after exposure of the right common carotid
artery, external carotid artery (ECA), and internal carotid artery (ICA), a suture was introduced into the ECA and
extended from the ICA to the opening of the middle cerebral artery (MCA). The MCA was blocked by inserting a silk
thread from the carotid bifurcation. Sutures were removed after 60 minutes of occlusion and then reperfused. Finally,
the neck wound was sutured with surgical thread. The Sham group underwent the same surgery, except that no wires
were inserted.

Neurological Score Determination

At 24 h after MCAOJ/R, neurological deficit scores were evaluated according to the 5-point scoring system described by
Longa et al by an examiner blinded to the experiment.*? The higher the neurological deficit score, the more severe the
motor injury.

TTC Staining

Mice brain collection was performed 24 hours after MCAO/R. The mice brains were flash-frozen in a —20 °C refrigerator
for about 20 minutes to facilitate slicing. The mice brains were sliced and placed in 2% 2,3,5-triphenyltetrazolium
chloride (TTC) (Sigma-Aldrich, USA). Covered with tin foil and placed in a temperature box at 37°C for 15 ~ 30 min.
Turned the brain tablet from time to time to make even contact with the staining solution. Infarct size was determined
using ImageJ analysis software (Image-Pro plus, USA).

Hematoxylin and Eosin Staining

After the neurological score determination, the mice were anesthetized with isoflurane and perfused with normal saline
and fixed with paraformaldehyde in phosphate buffered saline (PBS). Then, the mice brain was sliced. Histological
changes were analyzed after hematoxylin and eosin staining.

Real-Time Reverse Transcription-Quantitative PCR (RT-qPCR) for mRNA Expression
At 24 h after MCAO/R, mice were anesthetized with isoflurane and the brain tissue was dissected. Total RNA was extracted from
the brain using an RNA extraction kit and reverse transcribed into cDNA using a commercial kit (TAKARA, Japan). Real-time
PCR was performed using an ABI 7500 sequence detection system (Applied Biosystems, Foster City, CA) mixed with SYBR
Green 2 x PCR master Mix (TAKARA, Japan), cDNA template, forward and reverse primers. Thirty-five cycles: 95°C for 15s,
60°C for 60s. The following primers were used: IL-1B: forward TGACCTGGGCTGTCCTGATG, reverse
GGTGCTCATGTCCTCATCCTG; IL-6: forward CCACTTCACAAGTCGGAGGC, reverse GCAAGTGCATC
ATCGTTGTTCAT; TNF-a: forward GACCCTCACACTCAGATCATCTTCT, reverse CCTCCACTTGGTGGTTTGCT. B-
actin: forward TGAGCTGCGTTTTACACCCT, reverse GCCTTCACCGTTCCAGTTTT. Data were analyzed using the ABI
7500 sequence detection system software. The quantity of TNF-a, IL-1p, and IL-6 mRNA was normalized to that of B-actin using
the comparative (2~**“") method.

ELISA for IL-1B, IL-6 and TNF-a Serum Concentrations

The brain homogenates or the collected supernatant medium of primary microglial was centrifuged at 12,000 rpm for 10
min. The IL-1B (#MLBOOC, R&D Systems, Inc. USA), IL-6 (#¥M6000B, R&D Systems, Inc. USA) and TNF-a
(#MTAO0B, R&D Systems, Inc., USA) levels were determined using a corresponding ELISA kit.
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Immunofluorescence

Microglia were fixed with paraformaldehyde, permeabilized with Triton X-100, washed and then blocked by BSA. After
washing, the cells were stained with anti-IBA1 (1:100, GT10312, ThermoFisher, USA) for overnight at 4°C. After
washing, the cells were incubated with anti-mouse secondary antibodies (1:200, A-11001, Invitrogen, USA) for 1 h at
37°C. After washing, the cells were stained with DAPI (Sigma, USA) for 15 min. Samples were observed and
photographed with a fluorescence microscope (ZEISS, Germany) and the number of Ibal™ cells was counted from
three randomly selected microscope fields.

Western Blot Analysis

Total protein in the ischemic brain tissue and cell lysis buffer were extracted with the protein extraction kit (Key GEN Biotech,
China), and the protein quantity was assessed with the BCA protein assay kit (Key GEN Biotech, China). The protein samples
were separated electrophoretically and transferred to polyvinylidene difluoride membranes (Millipore, USA). After the mem-
branes were blocked with 5% fat-free milk powder in TBST buffer, they were incubated overnight at 4 °C with anti-NLRP3
(1:1000; #15101, Cell Signaling Technology, USA), anti-IGF2BP2 (1:1000, #ab124930, Abcam Biotechnology, UK), anti-FTO
(1:1000, #ab280081, Abcam Biotechnology, UK), anti-B-actin (1:1000; #4970, Cell Signaling Technology, USA). Next, the
membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody at room temperature for 2
h and washed again. Immune complexes were assessed with peroxidase and an enhanced chemiluminescence system (Thermo
Fisher, USA). The Western blot band densities were quantified by Quantity one software (BioRad, USA).

Primary Microglia Cell Culture and Oxygen-Glucose Deprivation/Reoxygenation
(OGD/R) Treatment

Newborn mice for 1 to 2 days were taken. After disinfection with 75% alcohol, the brain tissues were removed by craniotomy
under sterile conditions and placed in pre-cooled D-Hanks solution, and the surface blood was washed off with cold D-Hanks
solution. The blood vessels and meninges were carefully dissected under the microscope and all bleeding spots were removed.
The cortex and hippocampus were transferred to a 15 mL centrifuge tube containing D-Hanks solution. Add 0.25% trypsin with
1 mL pipette and gently blow and mix well. Then, the centrifuge tube was placed in a constant temperature incubator for 3 min.
The digestion was terminated with DMEM/F12 medium containing 10% FBS when the liquid was flowing. The terminated liquid
was filtered through a 70 um cell sieve, and the filtered liquid was collected and centrifuged (1000 r/min, Smin). After
precipitation, the cells were suspended, inoculated in 2x10° into 75 cm? culture bottles, and cultured in an incubator. The culture
was incubated with DMEM/F12 (Gibco, USA) containing 10% FBS (Gibco, USA) based on 24 h total liquid exchange. On the
5th day, the culture was changed again and continued to the 8th day. On the 8th day of culture, the cells were obviously stratified.
DMEM/F12 (Gibco, USA) medium with 10% FBS (Gibco, USA) was used for liquid exchange. On the 9th day, the culture
medium was removed from the culture bottle to the centrifuge tube and placed into the culture box for cultivation. Then, the new
DMEM/F12 medium of 10% FBS was injected into the culture flask, and the flask was sealed with sealing glue, and the flask was
shaken for 2 h with a 37 °C constant temperature shaker (200 r/min). The scattered cells were collected and seeded directly into
culture bottles or well plates and cultured in a constant temperature incubator. At the same time, DMEM/F12 (Gibco, USA)
medium containing 10% FBS (FBS, Gibco, USA) was added to the original mixed culture flask. After 5 days, the second batch of
microglia could be harvested. The culture medium in the new culture flask/well plate was decanted after 25 min by differential
adhesion method. The culture medium prepared in advance on the 8th day was centrifuged and added to the culture flask or well
plate. After 24 h, the culture medium was completely changed and then used for the test.

The establishment of OGD/R model: oxygen—glucose deprivation stage: the original cell medium was aspirated, rinsed once
with phosphate buffer, cultured with sugar-free Kreb’s solution instead of complete medium, and placed into a modular hypoxic
culture device. Mixed gas (95% N2+5% CO2) was injected into the device, and the air was fully replaced for 10 min. The inlet and
outlet were clamped, and the device was incubated with cells in an incubator for 6 h. Reoxygenation stage: At the end of anoxic
culture, sugar-free Kreb’s solution was aspirated, rinsed with phosphate buffer once, and then incubated with complete medium
under normal conditions for different times. To determine the effects of TMAO on OGD/R primary microglia cell, we added 200
uM TMAO (Sigma-Aldrich, USA) to the OGD/R primary microglia cell.

3702 e Journal of Inflammation Research 2023:16

Dove!


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

Dove Ge et al

Isolation of Adult Microglia

Adult mice were anesthetized and brains were harvested after heart perfusion with ice-cold Duchenne phosphate buffer. This was
followed by tissue isolation, debris removal, and red blood cell removal, followed by single-cell suspension using an adult brain
isolation kit (Miltenyi Biotec, Germany). Microglia were further isolated from single-cell suspensions using MACS separation
columns (Miltenyi Biotec, Germany) and magnetic CD11b microbeads (Miltenyi Biotec, Germany).

Lentivirus Infection

The lentivirus system (OEC, OE-IGF2BP2, OE-FTO, shC, sh-IGF2BP2, sh-FTO) was used to infect microglia. These
productions are purchased from Shanghai Genechem. These lentivirus infected microglia were harvested after incubating
with 1 mg/mL puromycin at 37°C for 72 h. Their infection efficiency was verified by Western blot.

RNA Extraction Library Construction and Sequencing

Adult microglia cells from MCAO/R mice were sequenced. Total RNA was extracted by Trizol reagent (Thermo Fisher, USA).
mRNA was purified from total RNA (5ug) using Dynabeads Oligo (dT) (Thermo Fisher, USA), and then was fragmented by
divalent cations under elevated temperature (Magnesium RNA Fragmentation Module (NEB, USA) under 94°C 5—7min). The
cleaved RNA fragments were reverse-transcribed to cDNA by SuperScript™ II Reverse Transcriptase (Invitrogen, USA), which
were next used to synthesise U-labeled second-stranded DNAs with E. coli DNA polymerase I (NEB, USA), RNase H (NEB,
USA) and dUTP Solution (Thermo Fisher, USA). An A-base was added to the blunt ends of each strand to ligate to indexed
adapters, each of which contained a T-base overhang. After the heat-labile UDG enzyme (NEB, USA) treatment of the
U-labeled second-stranded DNAs, the products were amplified as following: 95°C for 3 min; 8 cycles of at 98°C for 15 sec;
60°C for 15 sec; 72°C for 30 sec; 72°C for 5 min. The average insert size for the final cDNA libraries were 300+50 bp. Lastly, we
performed the 2x150bp paired-end sequencing (PE150) on an Illumina Novaseq™ 6000 (LC-Bio Technology Co., Ltd.,
Hangzhou, China). The sequencing data have been deposited in GenBank (GSE216349).

Bioinformatics Analysis
The potential m6A modification site on NLRP3 mRNA was analyzed by m6Avar (http://www.cuilab.cn/sramp/).

RNA Immunoprecipitation (RIP)

mo6A modifications on NLRP3 mRNA were detected using the Magna RIP™Quad RNA-binding Protein immunopreci-
pitation Kit (17-704, Millipore, USA). Briefly, 200 mg of total RNA was enriched with anti-M6A antibody (ABE572,
Merck, USA), anti-IGF2BP2 antibody (ab128175, Abcam, USA) or IgG-coupled protein A/G magnetic beads in 500 mL
of 1XIP buffer supplemented with RNase inhibitors. Overnight at 4 ° C. The RNA of interest was immunoprecipitated
with beads. One-tenth of each RNA fragment was stored as an input control for qPCR analysis with primers: NLRP3, 5'-
CCATCAATGCTGCTTCGACA-3' and 5'-GAGCTCAGAACCAATGCGAG-3'.

Statistical Analyses

All data were expressed as Mean + Standard deviation (SD). GraphPad prism 8 (GraphPad Software, Inc., La Jolla, USA)
was used for statistical analysis of experimental data in this chapter. Unpaired #-test was used for comparison between
two groups, and one-way ANOVA test was used for comparison between multiple groups Dunnett method was used to
analyze the data. When P < 0.05, significant differences were considered.

Results

TMAO Aggravated Neuronal Injury in the Brain of MCAO/R Mice

In order to investigate the effect of TMAO, mice were treated with TMAO. As shown in Figure 1 A and B, given TMAO increased
plasma and brain TMAO concentrations in the Sham group, the plasma and brain TMAO levels in MCAO/R+Vehicle group are
higher than Sham group; meanwhile, the plasma and brain TMAO levels were further elevated in MCAO/R+TMAO group. As
shown in Figure 1 C-F, TMAO did not cause cerebral infarction in Sham mice. After 24 h of MCAO/R, neurological deficits were
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examined. The scores of the MCAO/R+Vehicle group were significantly higher than the Sham group, but the scores of the
MCAO/R+Vehicle group was lower than MCAO/R+TMAOQO group (Figure 1C). Cerebral infarction was detected by TTC
staining, which is indicated in Figure 1D and E. There was no cerebral infarction in the Sham group, but there were extensive
lesions in the brain in the MCAO/R+Vehicle group. In the MCAO/R+TMAOQO group, infarct size was significantly increased
compared with that in the MCAO/R+Vehicle group. HE staining showed histological changes in the MCAO/R+TMAO and
MCAO/R+Vehicle group compared with that of mice in the Sham group. The Sham group showed normal round intact brain
neurons with normal nuclei and intact tissue structure. HE staining revealed the mice brain in MCAO/R group exists with nucleus

pyknosis, vacuolation, and shrunken neuronal bodies in the focal point of the infarcted region. After pretreatment with TMAOQ, the
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focal point of the infarction was significantly expanded when compared with that in the MCAO/R+vehicle group (Figure 1F). In
conclusion, these results showed that TMAO aggravated neuronal injury in the brain of MCAO/R mice.

TMAO Promoted the Release of Inflammatory Cytokines in the Brain of MCAO/R
Mice

Neuroinflammation is an important factor in neuronal apoptosis, so we next examined the expression of inflammatory
factors in the brain of MCAO/R mice. As shown in Figure 2A—C, IL-1f, IL-6 and TNF-a mRNA levels were increased
slightly in the Sham+TMAO group compared with the Sham+Vehicle group, but there was no significant difference. IL-
1B, IL-6 and TNF-a mRNA levels were notably upregulated in the MCAO/R+Vehicle group compared with Sham group
and were enlarged by TMAO administration. As shown in Figure 2D-F, brain protein levels of IL-1B and IL-6 were
increased in the Sham+TMAO group compared with the Sham+Vehicle group, but TNF-a has no significant change.
Meanwhile, the brain concentrations of the inflammatory cytokines IL-1p, IL-6 and TNF-o were significantly increased
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Figure 2 TMAO promoted the release of inflammatory cytokines in the brain of MCAO/R mice. (A—C) The levels of IL-1B, IL-6, TNF-a mRNA in the mice brain were
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in the MCAO/R+Vehicle group relative to the Sham+Vehicle group at 24 h after the induction of ischemia-reperfusion
injury. Compared with the MCAO/R+Vehicle group, the IL-1B, IL-6 and TNF-a concentrations were significantly
upregulated in the MCAO/R+TMAO groups. To sum up, these suggest that TMAQO promoted the release of inflammatory
cytokines in the brain of MCAO/R mice.

TMAO Promoted NLRP3 Inflammasome Activation in OGD/R Microglia

Next, we investigated the molecular mechanism of TMAO affecting neuroinflammation in vitro, so primary microglia
were extracted. Above all, we verified the purity of primary microglia by immunofluorescence with Iba-1 antibody. The
results showed that microglia accounted for more than 90% of the extracted cells (Figure 3A). We also detected the
expression of NLRP3 in the primary microglia. Adding TMAO to control primary microglia increased NLRP3 expres-
sion and IL-1P protein levels in the brain (Figure S1A—C). Compared with the Control+Vehicle group, OGD/R+Vehicle
and OGD/R+TMAO group significantly upregulated the levels of NLRP3, especially in OGD/R+TMAO group
(Figure 3B and C). As shown in Figure 3D, the supernatant concentrations of the IL-1p was significantly increased in
the OGD/R+Vehicle. Compared with the OGD/R+Vehicle group, the supernatant IL-1f concentrations was further
upregulated in the OGD/R+TMAO groups. In general, our research indicated that TMAO promoted NLRP3 inflamma-

some activation in OGD/R microglia.
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in the primary microglia, Scale bar = 20 um (n=3). (B and C) The expression of NLRP3 in primary microglia was detected by Western blot assay. B-actin was used as an
internal control (n=3). (D) The content of IL-1f in the supernatant of primary microglia was detected by ELISA assay (n=3). Results were shown as mean * SD. *P <0.05,
##5p <0,001 versus the Control+Vehicle group; *P <0.05, “##P <0.0001 versus the OGD/R+Vehicle group.
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TMAO Promoted NLRP3 Inflammasome Activation in OGD/R Microglia by
Down-Regulating IGF2BP2

To further investigate the mechanisms of TMAO affects microglia, we explored gene expression changes affected by

TMAO in adult microglia by high-throughput sequencing. The results showed a significant change in gene expression
caused by TMAO, with 210 genes downregulated and 5 upregulated at a cut-off of 6 folds and P<0.05 (Figure 4A).
Among them, only IGF2BP2 was associated with the m6A-related genes, thereby we chose IGF2BP2 as the research
object. IGF2BP2 expression was reduced by TMAO administration in both Sham mice and Control primary microglia
cells (Figure S2A-D). Compared with Sham+Vehicle group, IGF2BP2 level in MCAO/R+Vehicle group decreased.
Compared with the MCAO/R+Vehicle group, MCAO/R+TMAO group significantly downregulated the levels of
IGF2BP2 (Figure 4B and C). As shown in Figure 4D and E, the overexpression of IGF2BP2 was induced by
IGF2BP2 overexpressing lentivirus, while the expression of IGF2BP2 was reduced after IGF2BP2 knockdown lentivirus.
However, NLRP3 expression showed the opposite result, NLRP3 expression was increased by TMAO administration in
Sham mice (Figure S1D and E). NLRP3 expression decreased when IGF2BP2 was overexpressed, whereas NLRP3
expression increased when IGF2BP2 expression decreased (Figure 4F and G). The supernatant of IL-f decreased in
OGD/R+OE-IGF2BP2 group, nonetheless the supernatant of IL-f could increase in OGD/R+sh-IGF2BP2 group
(Figure 4H). In summary, these results demonstrated that TMAO promoted NLRP3 inflammasome activation in OGD/
R microglia by down-regulating IGF2BP2.

FTO/IGF2BP2 Inhibited NLRP3 Inflammasome Activation in OGD/R Microglia by

Downregulating the m6A Level of NLRP3

It has been reported that IGF2BP2 can recognize m6A-modified mRNA. We used m6Avar to analyze the potential m6A
sites on NLRP3 mRNA, and the m6A site of NLRP3 mRNA position has high confidence (Figure SA and Table S1).
Additionally, the result of RNA immunoprecipitation (RIP) analysis showed that NLRP3 mRNA indeed occurred m6A
modification (Figure 5B), and IGF2BP2 interacted with NLRP3 mRNA in primary microglia cells (Figure 5C). After
FTO was knocked down, the expression of FTO decreased significantly (Figure 5D and E). RIP analysis showed that
knockdown of FTO significantly increased m6A modification on NLRP3 mRNA (Figure 5F), and inhibited IGF2BP2
binding NLRP3 mRNA (Figure 5G). In Figure SH and I, NLRP3 expression in OGD/R+shC group was higher than that
in Control group. NLRP3 expression decreased when FTO was overexpressed; meanwhile, NLRP3 expression increased
when FTO expression decreased. Compared with OGD/R+shC group, the supernatant of IL-f§ increased in OGD/R+sh-
FTO group (Figure 5J). In short, these results indicated that FTO/IGF2BP2 inhibited NLRP3 inflammasome activation in
OGD/R microglia by downregulating the m6A level of NLRP3.

TMAO Promoted NLRP3 Inflammasome Activation in OGD/R Microglia by Inhibiting

FTO Expression

To explore whether TMAO promotes NLRP3 inflammasome activation in OGD/R microglia via FTO, both TMAO and
FTO overexpressing lentiviruses were added to primary OGD/R microglia. The result demonstrated that the expression of
FTO increased in OE-FTO group (Figure 6A and B). The NLRP3 protein expression in OGD/R+OEC+Vehicle group
was slightly higher than that in Control group. The TMAO-induced upregulation of NLRP3 protein levels was reversed
by FTO overexpression (Figure 6C and D). Equally, the TMAO-induced upregulation of IL-f protein levels in the
supernatant was reversed by FTO overexpression (Figure 6E). Overall, these results indicated that TMAO promoted
NLRP3 inflammasome activation in OGD/R microglia by inhibiting FTO expression.

TMAO Inhibited FTO Expression but Promoted NLRP3 Expression in MCAO/R Mice
To verify effects of TMAO on expression of FTO and NLRP3 in MCAO/R mice, we administered TMAO to MCAO/R
mice and measured the changes of NLRP3 and FTO gene expression by WB. FTO expression was slightly inhibited by
TMAO administration in Sham mice, but there was no significant difference (Figure S3A and B). NLRP3 expression was
elevated after ischemic stroke in mice and higher after TMAO administration (Figure 7A and B). In contrast, FTO
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Figure 4 TMAO promoted NLRP3 inflammasome activation in OGD/R microglia by down-regulating IGF2BP2. (A) Top 215 differentially expressed gene were detected through gene
microarray analysis. Genes in red indicates overexpression; those in blue indicate reduced expression. A total of 5 genes were up-regulated and 210 genes were down-regulated (n=3).
(B and C) The expression of IGF2BP2 in C57BL/6) mice brain was detected by Western blot assay. $-actin was used as an internal control (n=6). (D and E) The expression of IGF2BP2 in
primary microglia was detected by Western blot assay. $-actin was used as an internal control (n=3). (F and G) The expression of NLRP3 in primary microglia was detected by Western
blot assay. B-actin was used as an internal control (n=3). (H) The content of IL- | § in the supernatant of primary microglia was detected by ELISA assay (n=3). Results were shown as mean
+SD. ¥P <0.01 versus the Sham+Vehicle group; **P <0.001 versus the MCAO/R+Vehicle group; *P <0.01, ¥+P <0.0001 versus the Control group; *P <0.05, P <0.0001 versus the
OGD/R+OEC group; P <0.05, #%3&p <0,0001 versus the OGD/R+shC group.
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Figure 5 FTO/IGF2BP2 inhibited NLRP3 inflammasome activation in OGD/R microglia by downregulating the m6A level of NLRP3. (A) The potential m6A sites on NLRP3
mRNA were analyzed by méAvar. (B and C) RIP assays were used to detect the interaction between mé6A/IGF2BP2 and NLRP3 mRNA (n=3). (D and E) The expression of
FTO in primary microglia was detected by Western blot assay. -actin was used as an internal control (n=3). (F and G) RIP assays were used to detect the interaction
between m6A/IGF2BP2 and NLRP3 mRNA in primary microglia infected with shRNA-FTO for 48 h (n=3). (H and I) The expression of NLRP3 in primary microglia was
detected by Western blot assay. B-actin was used as an internal control (n=3). (J) The content of IL-1 in the supernatant of primary microglia was detected by ELISA assay
(n=3). Results were shown as mean * SD. **P <0.01, ****P <0.0001 versus the IgG group, *P <0.05 versus the shC group; ***P <0.001, ****P <0.0001 versus the IgG group in
sh-C; ##p <0.001, ##p <0.0001 versus the IgG group in sh-FTO; *P <0.05, ***P <0.00| versus the Control group; P <0.001 versus the OGD/R+sh-C group.
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Figure 6 TMAO promoted NLRP3 inflammasome activation in OGD/R microglia by inhibiting FTO expression. (A and B) The expression of FTO in primary microglia was
detected by Western blot assay. B-actin was used as an internal control (n=3). (C and D) The expression of NLRP3 in primary microglia was detected by Western blot assay.
B-actin was used as an internal control (n=3). (E) The content of IL-1B in the supernatant of primary microglia was detected by ELISA assay (n=3). Results were shown as
mean * SD. **P <0.01 versus the OEC group; *P <0.05, **P <0.001 versus the Control group; **P <0.001, *#p <0,0001 versus OGD/R+Vehicle+OEC group; 4P <0.01,
&8&p <0,001 versus the OGD/R+TMAO+OEC group.
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Figure 7 TMAO inhibited FTO expression but promoted NLRP3 expression in MCAO/R mice. (A and B) The expression of NLRP3 in MCAO/R mice brain was detected
by Western blot assay. 3-actin was used as an internal control (n=6). (C and D) The expression of FTO in MCAO/R mice brain was detected by Western blot assay. -actin
was used as an internal control (n=6). Results were shown as mean % SD. *P <0.05, **P <0.01 versus the Sham+Vehicle group; *P <0.05, **P <0.001, versus MCAO/R

+Vehicle group.

expression was reduced after ischemic stroke and even lower after TMAO administration (Figure 7C and D). In
summary, these results showed that TMAO inhibited FTO expression but promoted NLRP3 expression in MCAO/R

mice.

Discussion
TMAO can be used as a marker of stroke.”*>% Plasma TMAO levels were associated with adverse functional outcomes and

mortality 3 months after stroke in a dose-dependency.” TMAO levels in brain tissue are associated with neuronal oxidative stress
and mitochondrial dysfunction, and may further cause neurological dysfunction.>> Recent studies have shown that TMAO
exacerbates neurological damage in ischemic stroke by promoting astrocyte polarization and glial scar formation.*® At the same
time, our research shows that TMAOQO aggravated neuronal injury in the brain of MCAO/R mice.

Increasingly, evidence supports the fact that the inflammatory response is related to infarct severity and infarct
volume.*” >’ In the hyperacute phase after stroke, the peripheral immune system rapidly activates and inflammatory
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cytokines are released in large quantities as a response to the stroke-induced brain injury. This first acute systemic
response is followed by a state of immunosuppression, which is characterized by loss and unresponsiveness of immune
cells. Later, in the chronic phase after stroke, a third and less well-understood phase is characterized by a low-grade
sustained residual inflammation that might potentially impact on the long-term outcome of stroke patients.*® Our research
shows that TMAO aggravated inflammatory response in stroke.

The recruitment of microglia in brain parenchymal tissue after ischemic stroke can increase the infarct volume. It was
reported that microglia activation could induce various inflammatory mediators that lead to cellular damage and death,
thus further aggravating brain damage in stroke.*'**> Minocycline and Fluoxetine has a neuroprotective effect on brain
injury after intracerebral hemorrhage by inhibiting microglial activation.**** In our study, we found that TMAO
promotes microglial activation to worsen stroke.

NLRP3 is involved in microglia-induced inflammation. NLRP3 levels in microglia correlate with brain injury and the
pathology of central nervous system diseases.**® Some studies have shown that reducing NLRP3 inflammasome
activation in microglia cells could inhibit neuroinflammation and ameliorates ischemic stroke injury.*” Targeting the
microglial NLRP3 inflammasome may provide a new way for treatment of PD.** Triggering microglial NLRP3
inflammasome activation is critical contributor to AD pathology.*’ Furthermore, our research demonstrated that
TMAO promotes NLRP3 inflammasome activation of microglia aggravating neurological injury in stroke.

M6A is involved in the development of stroke. It was reported that YTHDCI1, one of m6A readers, can alleviate
ischemic stroke by destabilizing PTEN mRNA.’° METTL3 mediated miRNA m6A modification promotes stress granule
generation in the early stage of acute ischemic stroke.”' Obesity gene FTO is a risk factor for large atherosclerotic stroke
in Chinese.* In thyroid papillary carcinoma, FTO inhibits APOE expression and thus tumor growth through IGF2BP2-
mediated m6A modification™. In epithelial ovarian cancer, FTO inhibits SNAI2 expression and attenuates cancer cell
growth and metastasis in an M6a-IGF2BP2-dependent manner.”* However, the FTO/IGF2BP2 pathway has been poorly
studied in ischemic stroke. Finally, we found that FTO/IGF2BP2 is a TMAO pathway that promotes NLRP3 inflamma-
some in ischemic stroke, so FTO/IGF2BP2 pathway has important significance for stroke.

It should be noted that this study has a limitation. DMB, a TMAO formation inhibitor, was not used in vivo studies.
We will conduct relevant studies in the future.

In conclusion, these results demonstrated that TMAO promotes NLRP3 inflammasome activation of microglia
aggravating neurological injury in stroke through FTO/IGF2BP2. Our study explained the molecular mechanism of
TMAO aggravating stroke in detail and provided molecular mechanism for clinical treatment.
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