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Abstract

Glibenclamide (GLB) reduces brain edema and improves neurological outcome in animal experiments and preliminary
clinical studies. Recent studies also suggested a strong anti-inflammatory effect of GLB, via inhibiting nucleotide-binding
oligomerization domain-like receptor containing pyrin domain 3 (NLRP3) inflammasome activation. However, it remains
unknown whether the anti-inflammatory effect of GLB is independent of its role in preventing brain edema, and how GLB
inhibits the NLRP3 inflammasome is not fully understood. Sprague-Dawley male rats underwent 10-min asphyxial cardiac
arrest and cardiopulmonary resuscitation or sham-operation. The Trpm4 siRNA and GLB were injected to block sulfonylurea
receptor 1-transient receptor potential M4 (SUR1-TRPM4) channel in rats. Western blotting, quantitative real-time polymer-
ase chain reaction, behavioral analysis, and histological examination were used to evaluate the role of GLB in preventing
NLRP3-mediated neuroinflammation through inhibiting SUR1-TRPM4, and corresponding neuroprotective effect. To further
explore the underlying mechanism, BV2 cells were subjected to lipopolysaccharides, or oxygen—glucose deprivation/reperfu-
sion. Here, in rat model of cardiac arrest with brain edema combined with neuroinflammation, GLB significantly alleviated
neurocognitive deficit and neuropathological damage, via the inhibition of microglial NLRP3 inflammasome activation
by blocking SUR1-TRPM4. Of note, the above effects of GLB could be achieved by knockdown of Trpm4. In vitro under
circumstance of eliminating distractions from brain edema, SUR1-TRPM4 and NLRP3 inflammasome were also activated
in BV2 cells subjected to lipopolysaccharides, or oxygen—glucose deprivation/reperfusion, which could be blocked by GLB
or 9-phenanthrol, a TRPM4 inhibitor. Importantly, activation of SUR1-TRPM4 in BV2 cells required the P2X7 receptor-
mediated Ca*" influx, which in turn magnified the K* efflux via the Na* influx-driven opening of K* channels, leading
to the NLRP3 inflammasome activation. These findings suggest that GLB has a direct anti-inflammatory neuroprotective
effect independent of its role in preventing brain edema, through inhibition of SUR1-TRPM4 which amplifies K™ efflux and
promotes NLRP3 inflammasome activation.
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K,p family Two-pore domain K* channel family
Kv family Voltage-gated Kt channel family
LPS Lipopolysaccharides

MAP Mean arterial pressure

MAP-2 Microtubule-associated protein 2

NDSs Neurologic deficit scores

NeuN Neuronal nuclei

NF-xB Nuclear factor kappa-B

NLRP3 Nucleotide-binding oligomerization
domain-like receptor containing pyrin
domain 3

OGD/R Oxygen-glucose deprivation/reperfusion

PFA Paraformaldehyde

pro-caspase-1  Precursor of caspase-1

pro-IL-1pB Precursor of IL-1f

P2X7R P2X7 receptor

gRT-PCR Quantitative real-time polymerase chain
reaction

ROSC Return of spontaneous circulation

Sp-1 Specificity protein 1

SURI-TRPM4 Sulfonylurea receptor 1-transient recep-
tor potential M4

THIK1 Tandem pore domain halothane-inhibited
K* channel 1

TLR Toll-like receptor

TWIK1 Two-pore domain weak inwardly rectify-
ing K* channel 1

9-Ph 9-Phenanthrol

Introduction

Glibenclamide (GLB) is a sulfonylurea that has been used
for decades to treat type 2 diabetes. Sulfonylurea receptor
1-transient receptor potential M4 (SUR1-TRPM4) heteromer
is assembled by integrating SUR1 and TRPM4, in which
sulfonylureas like GLB could bind to SURI and thereby
prolong the closed states of TRPM4 channel [1], a pore-
forming protein nonselectively conducting monovalent cati-
ons [2]. In recent years, it has been proved that GLB exerts
neuroprotection on several neurologic disease models [3—6],
potentially through inhibiting the SUR1-TRPM4 channel
expressed in neurovascular units, and reducing consequen-
tial cell swelling, blood—brain barrier (BBB) disruption, and
brain edema [3, 4]. Encouragingly, in several clinical stud-
ies, GLB has been shown to reduce brain edema and even
improve neurological function [7-9]. More interestingly,
even in some people who may not develop malignant brain
edema [10, 11], sulfonylureas have shown neuroprotective
effects, suggesting that they may have additional protective
effects in addition to reducing brain edema. Indeed, animal
studies have shown salutary roles of GLB in brain damages
mainly characterized by neuroinflammation but not severe

edema [12, 13], implying a neuroprotective mechanism of
GLB apart from blocking the maladaptive influx of extracel-
lular Na* and water mediated by SUR1-TRPM4.

Inflammasomes, the key protein complexes of the host-
defense system, play a critical role in the inherent inflam-
matory process in response to danger-associated molecular
patterns (DAMPs) released during tissue injury [14], among
which the canonical inflammasome nucleotide-binding
oligomerization domain-like receptor containing pyrin
domain 3 (NLRP3) triggers the activation of the precur-
sor of caspase-1 (pro-caspase-1), followed by the active
caspase-1-mediated proteolytic cleavage of proinflamma-
tory interleukin-1f (IL-1f) and consequential excessive
inflammation [15]. Lamkanfi et al. [16] have corroborated
that GLB functions upstream of NLRP3 to block NLRP3
inflammasome activation, suggesting a crucial role of GLB
in restricting inflammation. However, it is unclear whether
the anti-inflammatory effects of GLB contribute to the com-
plementary neuroprotection in inflammatory brain damages
as mentioned above. In view of our and other researchers’
findings that both SURI-TRPM4 complex and NLRP3
inflammasome in microglia directly orchestrate the exces-
sive neuroinflammation [12, 17], we assume that GLB might
prevent the NLRP3 inflammasome activation in microglia
and subsequent violent neuroinflammation through block-
ing SUR1-TRPM4, thus alleviating the neuroinflammatory
injuries.

The mechanism underlying the potential link between
SURI1-TRPM4 and NLRP3 inflammasome remains to be
elucidated. After the priming phase initiated by ligating
Toll-like receptor (TLR) with agonists such as lipopoly-
saccharides (LPS) [18], NLRP3 inflammasome is acti-
vated by DAMPs including adenosine triphosphate (ATP)
which ligates the purinergic P2X7 receptor (P2X7R) [19,
20], a non-selective cation channel involved in the requi-
site decrease in intracellular K* for NLRP3 activation [21,
22]. Previous studies have shown that opening P2X7R is
not sufficient to reach the threshold of intracellular K™ to
engage NLRP3, in need of the cooperation with other K*
channels in two-pore domain K* channel (K,p) family and
voltage-gated K* channel (Kv) family [23-25]. However, the
mechanism by which these channels synergistically launch
the NLRP3 activation remains elusive. In consideration of
the findings that GLB acts downstream of P2X7R [16], and
the opening of above K* channels is regulated by the depo-
larized membrane potential [26, 27], we hypothesize that
SUR1-TRPM4 functions as an intermediate link between
P2X7R and downstream K* channels to gate the K" chan-
nels via conducting Na™ inward current.

In the present study, we identified a neuroprotective role
and mechanism of GLB in NLRP3-mediated neuroinflam-
mation through blocking the SUR1-TRPM4 channel in
microglia, independent of the previously known prevention
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of brain edema. Mechanistically, we revealed that the SUR1-
TRPM4 complex served as a K* efflux amplifier in activat-
ing the NLRP3 inflammasome in microglia, via mediating
Na™ influx, contributing to the depolarized membrane poten-
tial, and thereby gating downstream K* channels.

Materials and Methods
Animals

All animal experiments were performed in accordance
with guidelines established by the Animal Care and Use
Committee of Nanfang Hospital, Southern Medical Uni-
versity (Guangzhou, China). Male Sprague—Dawley rats
(350400 g) were purchased from the Experimental Animal
Center of Southern Medical University. All animals in cur-
rent study were housed in a specific pathogen-free facility
under a strict 12-h light/dark cycle with free access to food
and water.

Cell Line Culture and Treatments

Murine BV2 microglial cells and RAW?264.7 macrophage
cells were purchased from American Type Culture Collec-
tion (VA, USA) and cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM; Gibco, NY, USA) containing 4.5 g/L
glucose, 10% fetal bovine serum (FBS; Gibco), 100 IU/mL
penicillin, and 100 mg/mL streptomycin, under a humidified
atmosphere of 5% CO, at 37 °C.

When BV2 or RAW264.7 cells reached 80 to 90% con-
fluence, they were primed via oxygen—glucose depriva-
tion/reperfusion (OGD/R) or 3-h LPS (1 pg/mL; Sigma-
Aldrich, MO, USA) incubation. LPS was dissolved in
sterile water, while the equal volume of sterile water
was added as control. The 0.5-h incubation with NaN;
(1 mmol/L; Sigma-Aldrich), nigericin (10 pg/mL; MCE,
NIJ, USA), diazoxide (100 pmol/L; Sigma-Aldrich), or ATP
(5 mmol/L; Roche, Basel, Switzerland) was conducted 6 h
after the OGD, or LPS stimulation. Additionally, the fol-
lowing reagents were added into the medium 0.5 h preced-
ing the intervention with ATP, NaNj3, nigericin, or diazox-
ide: MCC950 (10 pmol/L; MCE) against NLRP3, PAP-1
(10 nmol/L; MCE) inhibiting Kv1.3, EGTA (4 mmol/L;
Sigma-Aldrich) chelating extracellular Ca>*, Brilliant Blue
G (BBG) (100 pmol/L; Sigma-Aldrich) against P2X7R,
9-phenanthrol (9-Ph) (50 pmol/L; Sigma-Aldrich) against
TRPM4, quinine (100 pmol/L; MCE) inhibiting K,, fam-
ily, and 0-200 pmol/L sulfonylureas (dissolved in 0.1-1%
DMSO; Sigma-Aldrich) against SUR1 including GLB,
gliclazide (GLZ), and glimepiride (GLM). Particularly,
cells were pre-incubated with transcription factor inhibi-
tors such as Mithramycin A (2 pmol/L; MCE) blocking
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specificity protein 1 (Sp-1) and JSH23 (30 pmol/L; MCE)
against nuclear factor kappa-B (NF-kB) for 1 h before
challenged by LPS, or OGD.

Solutions Used in lon-Replacement Experiments

The preparation of solutions was in accordance with the
previous study [23]. Nominally K*-free solution contains
(in mM) 150 NaCl, 2 CaCl,, 1 MgCl,, and 10 Hepes;
Nominally K*-, Na*-, and Ca**-free solution contains (in
mM) 150 NMDG-HCI, 1 MgCl,, and 10 Hepes.

Asphyxial Cardiac Arrest Model in Rats
and Treatments

Rats were randomly assigned to appropriate groups, and
the 10-min asphyxial cardiac arrest/cardiopulmonary
resuscitation (CA/CPR) model was performed as per our
previous study [28]. In brief, the rats were anesthetized
with isoflurane (4% for induction and 2% for maintenance;
RWD, Shenzhen, China), followed by the orotracheal
intubation with a 14G cannula (BD, Suzhou, China) and
connection to a ventilator (RWD). Intravascular catheters
(PE50; Smiths Medical, Ashford, UK) were inserted into
the right femoral artery and vein for dynamic blood pres-
sure monitoring and drug delivery, respectively. After
10-min stabilization, rats were chemically paralyzed by IV
Vecuronium (2 mg/kg), and then the ventilator was discon-
nected for 10 min, typically leading to circulatory arrest in
5 min, which was characterized by the cessation of arterial
pulse and a decrease of mean arterial pressure (MAP) to
20 mmHg below. At the end of 10-min asphyxia, cardio-
pulmonary resuscitation was initiated by effective ventila-
tion with 100% oxygen and intravenous administration of
epinephrine (0.01 mg/kg), simultaneously accompanied
by the chest compressions (200 compressions/min). Addi-
tional doses of epinephrine (0.02 mg/kg) were given at
2-min intervals until the return of spontaneous circulation
(ROSC), as defined by an increase of MAP to 60 mmHg
above for at least 10 min. After spontaneous respiration
recovery, rats were weaned from ventilator and extubated,
but the rats that failed to ROSC within 5 min or were
unable to be weaned from ventilator after 1-h observation
were excluded from the continuing experiments.

GLB was dissolved in 0.05% dimethyl sulfoxide (DMSO)
(2.5 pg/mL). After ROSC, GLB was administrated intra-
peritoneally with an initial dose of 10 pg/kg at 15 min and
4 maintenance doses of 1.2 pg per 6 h [28], whereas rats
in the vehicle group received equivalent volume of 0.05%
DMSO (Fig. S1A). Rats that underwent all procedures
except asphyxial CA/CPR were used as sham control.
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Intracerebroventricular Injection of siRNA solution

The Trpm4 in vivo-ready siRNA and the universal in vivo-
negative control siRNA were purchased from Ambion
(MA, USA). The sequences of Trpm4 siRNA were as fol-
lows: sense 5'-CGCUAGUAGCAGCAAAUCUtt-3" and
antisense 5'-AGAUUUGCUGCUACUAGCGtg-3', which
downregulated the expression of TRPM4 in vivo as per our
previous study [29]. Forty-eight hours before induction of
cardiac arrest, rats were anesthetized with pentobarbital,
and 500 pmol of Trpm4 or negative control siRNA in a
10-pL Hamilton syringe (Hamilton Co, Reno, NV, USA)
was injected into right lateral ventricle at a rate of 0.5 pL/
min via a burr hole on the skull, according to the coordi-
nates relative to bregma: 1.0 mm lateral, 1.5 mm posterior,
and 3.5 mm below the horizontal plane of bregma.

Cell OGD/R Model

OGD/R on BV2 cells was performed as described previ-
ously [30]. The cells were cultured in the glucose-free
DMEM (Gibco), and placed in a hypoxic chamber with
1% O,, 5% CO,, and 94% N, at 37 °C for 3 h to mimic the
hypoxic-ischemic injury, followed by the restoration with
DMEM (containing 4.5 g/L glucose) at the normoxic con-
dition to mimic the reperfusion. Control cells were main-
tained in DMEM (containing 4.5 g/L glucose) without
oxygen deprivation.

Western Blotting

Western blotting was routinely performed as previ-
ously reported [31]. Rodent brain tissues, BV2 cells, and
RAW264.7 cells were homogenized in RIPA lysis buffer
(Beyotime, Shanghai, China) containing protease inhibi-
tor cocktail. After denatured in loading buffer, the sam-
ples were subjected to SDS-PAGE and then transferred to
PVDF membranes (Millipore, MA, USA). After blocked
by 5% non-fat milk, the membranes were incubated over-
night at 4 °C with the primary antibodies as below: mouse
anti-B-actin (Proteintech, IL, USA), rabbit anti-GAPDH
(Proteintech), rabbit anti-TRPM4 (Sigma-Aldrich), mouse
anti-SUR1 (Abcam, Cambridge, UK), rabbit anti-NLRP3
(Novus, CO, USA), rabbit anti-caspase-1 p20 (Bioss, Bei-
jing, China), rabbit anti-IL-1p p17 (Novus), rabbit anti-
Kir6.1 (Abcam), and rabbit anti-Kir6.2 (Abcam), followed
by the detection via the secondary antibodies (CST, MA,
USA). The densities of protein blots were quantified by
ImagelJ software (NIH, MD, USA) and normalized to the
level of B-actin or GAPDH.

Measurement of Gene Expression

The mRNA levels of SUR1, TRPM4, NLRP3, caspase-1,
IL-1B, Kir6.1, Kir6.2, K,p family, Kv family, and GADPH
were routinely measured by quantitative real-time poly-
merase chain reaction (QRT-PCR) [32]. Briefly, total RNA
was isolated using Trizol Reagent (Thermo Fisher Scien-
tific, MA, USA) and reverse transcribed to cDNA with the
PrimeScript™ RT Master Mix Kit (Takara, Dalian, China)
according to the manufacturer’s instructions. qRT-PCR was
performed using the SYBR Green master mixes (Takara)
and Roche LightCycler480 System. Relative changes of
mRNA expression were normalized to the level of GADPH.

Neurologic Function Evaluation

The neurologic outcome of post-cardiac arrest rats was
assessed at 24, 48, 72 h, and 7 days after ROSC, utilizing a
scale of neurologic deficit scores (NDSs) in which 80 was
considered normal, whereas O represented brain death [33].
The total NDS scale consisted of 7 components: general
behavioral deficit, brain-stem function, motor assessment,
sensory assessment, motor behavior, behavior, and seizures.

Behavioral Testing

The Morris water maze was carried out to evaluate short-
term spatial learning and memory as described previously
[17, 34]. The water maze apparatus is a circular tank filled
with opaque water (divided into four quadrants, called Q1,
Q2, Q3, Q4), and a hidden platform is submerged 2—3 cm for
rats below the water surface and not visible to the rodents.
Firstly, the rodents were trained to search for the platform
on day 9-12 post-cardiac arrest at a frequency of four trials/
day, orienting by referencing 3 external cues surrounding
the tank. If the rodents did not find the platform in 60 s, they
were manually placed on it for 15 s. Rodents’ movements
were tracked by TSE VideoMot2 tracking system (Bad Hom-
burg, Germany) to record the path and latency time taken to
escape from 4 randomly assigned locations. After the train-
ing termed as acquisition trial, the probe trial was performed
on the following day, when the rodents were allowed 60 s to
explore the platform which has been removed. The percent-
age of total time that rodents spent in the target quadrant and
the number of platform location crossings were recorded
and analyzed.

Histological Examination
For detecting neuronal loss and the levels of certain markers,
rats were deeply anesthetized and transcardially perfused

with saline on day 14 post-surgery. The brains were fixed
with 4% paraformaldehyde (PFA) overnight and embedded
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in paraffin, and the 4-pm-thick coronal slices located at
3.5 mm posterior to bregma were stained with cresyl violet
(Beyotime) and then observed under an optical microscope
(Olympus, Tokyo, Japan). Viable neurons in the hippocam-
pal CA1l region had the characteristics of visible nucleus
and intact cytoplasm with discernable Nissl staining, while
those shrunken cell bodies surrounded by empty space were
regarded as dead neurons.

Immunohistochemistry of hippocampus CA1 region from
rats was conducted on day 14 post-surgery by incubation
with antibodies against neuronal nuclei (NeuN; CST) for
neurons, microtubule-associated protein 2 (MAP-2; Sigma-
Aldrich) for dendrites, glial fibrillary acidic protein (GFAP;
Abcam) for astrocytes, ionized calcium-binding adapter
molecule-1 (Iba-1; Novus), and CD68 (Novus) for microglia.
After the immunoperoxidase staining via secondary antibod-
ies, the slides were counterstained with hematoxylin. In each
brain section, 3 fields were randomly examined. The rela-
tive intensity of MAP-2 staining and the number of NeuN-,
GFAP-, Iba-1-, or CD68-positive cells in hippocampus CA1
region were quantified using ImagelJ software.

For immunofluorescence, rats were euthanized after 12 h
post-cardiac arrest. Following fixation with 4% PFA, the
brains were immersed in 15% and 30% sucrose at 4 °C for
cryoprotection. With regard to the BV2 cells, they were fixed
with 2% PFA for 10 min at room temperature. For immu-
nofluorescent co-localization, the slides of brain sections
and cells were incubated with the pairs of the following
primary antibodies: rabbit anti-TRPM4, mouse anti-SURI,
and mouse anti-CD68. Afterwards, the slides were washed
and detected with appropriate Alexa Fluor dye of secondary
antibodies preceding counterstaining with DAPI in the dark.
Finally, fluorescent signaling was observed under a confocal
microscope (Olympus) and analyzed using ImagelJ software.

Caspase-1 Activity Detection

BV2 cells were seeded in 96-well plates, of which the acti-
vated caspase-1 was evaluated utilizing a FAM-FLICA
detection kit (Immunochemistry Technologies, MN, USA)
as described previously with some adjustments [35]. The flu-
orescent probe FAM-YVAD-FMK (FLICA) was employed
to irreversibly label in situ activated caspase-1 in living cells,
and the green fluorescent signal directly reflected the cas-
pase-1 activity at the time the reagent was added. Briefly,
following the reconstitution with DMSO, FLICA was diluted
with phosphate buffered saline (PBS), added to each sample
and incubated for 1 h prior to the nuclear staining with Hoe-
chst. FLICA excited from 490 to 495 nm and emitted from
515 to 525 nm. The images were captured with a fluores-
cence microscope and the fluorescence intensity of cleaved
caspase-1 was quantified by the multiscan spectrum (BMG,
Offenburg, Germany).
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Measurement of Intracellular Ca?* and Membrane
Potential

The procedure was established as described previously [36,
37]. Experiments were typically conducted using BV-2 cells
seeded into 96-well plates and allowed to adhere overnight.
After treatment with LPS and indicated antagonists, the
cultures were washed three times in buffer and loaded for
30 min in the dark at 37 °C, with 10 pmol/L of either cell-
permeable Ca** fluorescent indicator Fluo-4AM (Beyotime)
or membrane potential indicator Dioc5 (Abbkine, CA, USA).
Cells were then washed again in buffer and all experiments
were performed at room temperature in the dark. Using the
multiscan spectrum, emission intensity was measured up to
15 min, and the decline in Dioc5 fluorescent intensity at
430 nm represents the depolarization of membrane potential.
Stimulating drugs including ATP, diazoxide and nigericin
were added 30 s after the first measurement.

Measurement of Intracellular K* and Na*

This procedure was routinely performed as previously
reported [38]. The BV-2 cells were seeded into 96-well
plates to adhere overnight. After treatment with LPS and
indicated antagonists, the cells were loaded with either
potassium- or sodium-sensitive fluorescent dyes, PBFI-AM
(5 pmol/L, Abcam), or SBFI-AM (5 pmol/L, Abcam), which
were freshly prepared by combining with equal volume of
25% Pluronic F-127 (Solarbio, Beijing, China) for 40 min
at 37°C. The change in 340 nm/380 nm ratio that represents
the alteration of intracellular Kt or Nat was analyzed with
the multiscan spectrum. Stimulating drugs including ATP
and diazoxide were added 30 s after the first measurement.

Measurement of Intracellular ATP

Cells were cultured in a 96-well plate and allowed to grow
overnight. After treatment, the intracellular ATP level was
measured using CellTiter-Glo luminescent cell viability
assay kit (Promega, WI, USA) as previously reported [39].
The luminescence was measured to calculate the ATP con-
centration using the standard curve.

Co-immunoprecipitation

This assay was performed in line with our previous study
[17]. BV2 and RAW264.7 cells were lysed in moderate lysis
buffer (Genstar, Beijing, China) containing phenylmethyl-
sulfonyl fluoride. After centrifuged at 14,000 g for 15 min,
the supernatant was obtained and quantified, of which the
portion containing 500 pg protein was immunoprecipitated
with 1 pg rabbit anti-TRPM4 or mouse anti-SUR1 under
rotation overnight at 4 °C. Following the rotary incubation
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with 30 uL protein A/G magnetic beads (Bimake, TX, USA)
for another 20 min at room temperature and subsequent
magnetic separation, the complexes were washed 5 times,
and resuspended in 40 pL loading buffer prior to denatured
at 100 °C. Finally, the protein complexes were subjected
to Western blotting as described above, and the employed
antibodies were as follows: rabbit anti-TRPM4, mouse anti-
SURI, rabbit anti-Kir6.1, and rabbit anti-Kir6.2. Whole cell
lysates were used as an input control, and homophytic IgG
was used as a negative control.

Statistical Analysis

All data were presented as means +SD or medians and 25th
to 75th percentiles (NDSs). Quantitative data were analyzed
with one-way ANOVA followed by Tukey’s post hoc multi-
ple comparison tests, or as indicated. NDSs were compared
using Mann—Whitney U test. The data of escape latency in
the water maze test were analyzed with repeated-measures
ANOVA comprising treatment groups, time points, and
groups X time interaction, followed by Tukey’s post hoc
multiple comparison tests. SPSS 20.0 IBM, NY, USA) and
GraphPad Prism 8.0 (GraphPad, CA, USA) were used for
statistical analyses. P <0.05 was considered statistically
significant.

Results

Blockage of SUR1-TRPM4 by GLB Prevents NLRP3
Inflammasome Activation in Microglia After Cardiac
Arrest

Rats undergoing 10-min CA/CPR modeling (n=58) or sham
operation (n=15) were randomly assigned to appropriate
groups for different experimental purposes (Fig. S1B).
Eleven rats failed to ROSC and were randomly distributed
to the vehicle/control group (6/32) and the GLB/siRNA
group (5/26), indicating that no significant difference in the
success rates of CA/CPR was observed among groups. For
resuscitated animals, 4 rats (2 in the vehicle/control group,
2 in the GLB/siRNA group) were unable to be weaned from
ventilator, and there was no significant difference in the fail
rate of removing ventilator among these groups. The time
from asphyxia to cardiac arrest, the time required for ROSC,
the epinephrine usage, and physiological variables including
MAP, heart rate, and rectal temperature were all comparable
among experimental groups (Table S1). There were also no
statistical differences in laboratory results including PaCO,,
PaO,, PH, and blood glucose level at baseline or after ROSC
among these groups (Table S2).

In the rat model of CA/CPR characterized by drastic
neuroinflammation [17], we first addressed whether GLB

exerted the anti-inflammatory effect via inhibiting the
NLRP3 inflammasome activation mediated by the SURI-
TRPM4 channel in microglia. Sampling at 12 h post-cardiac
arrest was determined according to our previous studies [17,
40], which showed that the SUR1 and TRPM4 protein levels
significantly increased from 6 to 24 h after CA/CPR, accom-
panied by concurrent NLRP3 inflammasome activation. In
this study, the levels of NLRP3, caspase-1 p20, and IL-1p
pl7 from hippocampus and cortex of rats were elevated at
12 h after CA/CPR, but reversed by pharmacological inhi-
bition of SUR1 with GLB and gene knockdown of Trpm4
(Fig. 1A-D), implying that obstructing SUR1-TRPM4
might disturb the activation signal required for NLRP3
inflammasome. However, GLB could not suppress the
upregulated SUR1 and TRPM4 at 12 h post-cardiac arrest
(Fig. 1A, 1C), suggesting that GLB might inhibit the trans-
port activity of this specific channel rather than reduce its
expression as per our previous study [28]. As determined by
the highly consistent immunofluorescent location in the hip-
pocampus under confocal microscopy, SUR1 co-localized
with TRPM4 suggesting on the expression of the SUR1-
TRPM4 channel, and TRPM4 was also massively localized
in cells expressing CD68 (Fig. 1E), collectively depicting the
formation of the complex mainly in microglia. In sum, the
above results elucidate that cardiac arrest fuels the activation
of NLRP3 inflammasome during the acute phase, which can
be reversed by GLB through blocking the SUR1-TRPM4
complex in microglia.

Inhibiting SUR1-TRPM4 Channel with GLB Improves
Neurological Function After CA/CPR

We further explored whether blockage of the SUR1-TRPM4
channel with GLB improved neurologic outcomes in CA/
CPR modeling rats. We used the NDSs to assess the neuro-
logic function after CA/CPR and observed that rats in the
vehicle group presented lower NDSs at 24, 48, and 72 h after
ROSC than those in the GLB group, without prominent dif-
ference on day 7 (Fig. 2A), manifesting that the neurologic
deficits caused by CA/CPR were alleviated by GLB.

We also employed the Morris water maze test to gauge
the effect of GLB on short-term spatial learning and mem-
ory ability after cardiac arrest. During the hidden-platform
training on day 9-12 after surgery, rats in the sham, vehi-
cle, and GLB groups all showed a gradual decline in the
latency to find the hidden platform over time (F=65.183,
P=0.000) (Fig. 2B). Besides, repeated-measure ANOVA
revealed that escape latency differed significantly among the
groups (F=14.294, P=0.000), with no significant interac-
tion between groups and time points (F=1.375, P=0.241)
(Fig. 2B). Tukey’s post hoc test showed that GLB substan-
tially rescued the extended latency caused by CA/CPR on
day 10-12 (Fig. 2B). In the probe trial of the Morris water
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Fig.1 Blocking SURI-TRPM4 with GLB reverses NLRP3 inflam-
masome activation in microglia after CA/CPR. A and C The protein
levels of indicated molecules among the sham, vehicle, and GLB
groups. B and D The protein levels of above molecules among the
sham, control (treated with the negative control siRNA), and Trpm4
siRNA groups. E Confocal analysis of TRPM4 (green) and SURI1

maze test on day 13 after surgery, the frequency of cross-
ing the platform area was decreased in the vehicle group
compared with the sham group, whereas the propensity to
reduction was largely reversed by GLB (Fig. 2C—D). Like-
wise, rats administrated with GLB spent markedly more time
searching in the platform quadrant (Q3) in comparison with
vehicle rats (Fig. 2C—D). These results collectively dem-
onstrate that inhibiting SUR1-TRPM4 with GLB provides
persistent neuroprotection and mitigates the spatial learning
and memory deficiency derived from cardiac arrest.

GLB Ameliorates Neurological Injury After CA/CPR
Through Targeting SUR1-TRPM4 Channel

To assess the profound effect of GLB on the histological
damage caused by cardiac arrest, all the rats involved in
the Morris water maze test were euthanized on day 14 after
CA/CPR to conduct histological examination. The results
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of Nissl staining unraveled that CA/CPR elicited neuron
loss in hippocampal CA1 region, a susceptible region to
ischemia, whereas more viable neurons were reserved by
GLB (Fig. 2E—F). Consistently, GLB-treated rats exhib-
ited more NeuN + neurons in hippocampal CAl region
than vehicle-treated rats (Fig. 2G—H). We also set out
to evaluate the injury to dendrite by immunostaining for
MAP-2. As expected, GLB partially recovered the exten-
sive loss of dendrites caused by CA/CPR in hippocampal
CAl region (Fig. 2G—H). Neuron loss is usually accompa-
nied by glial activation to clean up the cell debris. Herein,
we carried out the Iba-1, CD68, and GFAP immunohisto-
chemical staining to verify the activation of microglia and
astrocytes. As illustrated in Fig. 2G—H, dramatic incre-
ment of Iba-1-positive, GFAP-positive, and CD68-positive
cells appeared in the post-cardiac arrest hippocampal CA1
region when compared to the sham controls. However,
the activated glial cells were significantly reduced in the
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Fig.2 Inhibiting SURI-TRPM4 channel with GLB improves neu-
rological function and neuropathological damage after CA/CPR. A
NDSs of survived rats at 24, 48, and 72 h and on day 7 after ROSC.
B-D The effect of GLB on post-cardiac arrest spatial memory deficits
in Morris water maze test. E-H The effect of GLB on post-cardiac
arrest neuropathological damage. Scale bar=500 pm or 100 pm.
Statistical significances are determined with one-way ANOVA fol-

presence of GLB, as evidenced by the decreased immuno-
reactivities of Iba-1, CD68, and GFAP. Overall, the find-
ings suggest that occluding SUR1-TRPM4 complex with
GLB mitigates CA/CPR-induced neuropathological injury.

lowed by Tukey’s post hoc test or Mann—Whitney U test (NDSs),
except the data of escape latency which are analyzed with repeated-
measures ANOVA. Data are presented as mean+ SD, or medians and
percentiles (NDSs). *P <0.05, **P <0.01, ***P <0.001 versus sham;
#P <0.05, ##P<0.01, #### P<0.001 versus vehicle. n=5 or 9 per
group

Signal Coupling of SUR1-TRPM4 Complex and NLRP3
Inflammasome Occurs in BV2 Cells Challenged
with Various Injurious Stimuli
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Due to the difficulty in completely eliminating the interfer-
ence of brain edema in CA/CPR model [41], in vitro, we
further explored the anti-inflammatory effect of GLB. To
evaluate the connection between SUR1-TRPM4 complex
and NLRP3 inflammasome, we first sought to examine the
expression of key components of SUR1-TRPM4 complex
and NLRP3 inflammasome in LPS- and OGD/R-primed
BV2 cells, in which the latter mimicked in vivo CA/CPR
model. As shown in the heatmaps (Fig. 3A), the mRNA
levels of SURI1 (encoded by Abcc8), TRPM4, NLRP3,

caspase-1, and IL-1p were remarkably elevated in post-
modeling cells, but reversed by inhibiting Sp-1 and NF-xB
with Mithramycin A and JSH23, suggesting the engagement
of the two transcriptional factors in the priming stage of
NLRP3 activation [42, 43]. Besides, no alteration was found
in the levels of Kir6.1 and Kir6.2 (encoded by KcnJ8 and
KcnJ11, respectively), which functioned as the components
of K ,rp (SUR1/2-Kir6.x) channel, another specific target of
sulfonylureas. Consistently, the massively increased protein
levels of SUR1, TRPM4, and NLRP3 after modeling were
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Fig.3 Signal coupling of SURI-TRPM4 complex and NLRP3
inflammasome in BV2 cells challenged with various injurious
stimuli. A The heatmap reflecting the mRNA levels of indicated
genes in LPS- or OGD-primed BV2 cells with or without transcrip-
tional factor inhibitors. Mith A, Mithramycin A. B Western blotting
bar graph of SUR1, TRPM4, and NLRP3 in LPS- or OGD-primed
BV2 cells. C Confocal analysis of TRPM4 (green) and SURI (red)
staining in LPS- or OGD-primed BV2 cells. Scale bar=50 pm. D
and E The immunofluorescence reflecting the caspase-1 activity in
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LPS- or OGD-primed BV2 cells challenged with ATP with or with-
out MCC950. Scale bar=50 pm. F and G The protein expression
levels of caspase-1 p20 and supernatant IL-1f reflecting the NLRP3
activation in OGD-primed BV2 cells challenged with ATP with or
without MCC950. All data in this figure are analyzed using one-way
ANOVA followed by Tukey’s post hoc test. Data are represented
as mean+SD. *P<0.05, **P<0.01, ***P<(0.001 versus control;
#P <0.05, ##P <0.01, ### P<0.001 versus LPS- or OGD-primed
BV2 cells challenged with ATP. n=3 per group
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determined by immunoblotting (Fig. 3B). Additionally, the
fluorescence in Fig. 3C showed the obvious formation of
SUR1-TRPM4 channel after modeling, as evidenced by the
highly consistent localization of SUR1 and TRPM4.

Afterwards, the increment of caspase-1 activity was
reflected by the higher fluorescent intensity and increased
caspase-1 p20 in post-modeling BV2 cells treated with ATP
(Fig. 3D—-Q). Likewise, the ATP-induced release of IL-1§
into supernatant was also observed via Western blotting.
Nevertheless, the increased caspase-1 p20 and supernatant
IL-1f was eliminated through intervening in NLRP3 by
MCC950 (Fig. 3F—G), suggesting that ATP mainly activates
canonical NLRP3 inflammasome rather than non-NLRP3
inflammasomes. Taken together, these findings indicate
the tight relation of SUR1-TRPM4 but not K,p channel
with NLRP3 inflammasome activation in response to ATP
in microglia challenged with excessive inflammation, or
ischemia—reperfusion injury, further suggesting the critical
role of SUR1-TRPM4 in NLRP3 activation in vivo.

Pharmacological Inhibition of the SUR1-TRPM4
Channel Reverses the Activation of NLRP3
Inflammasome in BV2 Cells

To further investigate the role of SUR1-TRPM4 channel in
ATP-induced NLRP3 activation, we evaluated the expres-
sion of relevant molecules in ATP-treated BV2 cells chal-
lenged with LPS, when exposed to the concentration gradi-
ent of SUR1 or TRPM4 inhibitors. The results revealed that
the NLRP3 inflammasome activation was almost abolished
through dampening TRPM4 by 50 pmol/L of 9-Ph, as evalu-
ated by the level of caspase-1 p20 and supernatant IL-1p
returning to baseline (Fig. 4A). As indicated in Fig. 4B—D,
the sulfonylureas including GLB, GLZ, and GLM also inhib-
ited NLRP3 inflammasome activation in a concentration-
dependent manner. Likewise, ATP-induced NLRP3 activa-
tion was diminished by 50 pmol/L of 9-Ph and 100 pmol/L
of sulfonylureas in BV2 cells OGD/R model (Fig. 4E). In
sum, closing the SUR1-TRPM4 channel with inhibitors such
as GLB effectively prevents ATP-induced NLRP3 inflam-
masome activation in microglia challenged with excessive
inflammation, or ischemia—reperfusion injury, in consistency
with the results in CA/CPR model.

Upstream P2X7R-Mediated Ca?* Influx Modulates
the Opening of SUR1-TRPM4 Required by NLRP3
Inflammasome Activation

We next set out to determine the electrophysiological mecha-
nism by which the activated SUR1-TRPM4 channel delivered
the activation signal to NLRP3 inflammasome (Fig. 5A). As
assessed by the level of caspase-1 p20 subunit and released
IL-1B, LPS-primed BV2 cells challenged with ATP showed

apparent NLRP3 activation, whereas the activation was largely
blunted due to the presence of BBG, a specific antagonist
of P2X7R (Fig. 5SB—C). Moreover, we observed a marked
increase of NLRP3 inflammasome activation in LPS-treated
BV?2 cells with diazoxide opening SUR1-regulated channels,
comparable to what was observed posterior to ATP incubation.
The difference was that BBG could not eliminate caspase-1
cleavage and IL-1p release, but 9-Ph or GLB could, collec-
tively demonstrating that SUR1-TRPM4 complex acts down-
stream of P2X7R. Thereafter, we found that EGTA depletion
of extracellular Ca®* was responsible for the inhibition of
NLRP3 activation in the LPS-primed BV?2 cells incubated
with ATP, but the activation of NLRP3 inflammasome after
diazoxide treatment showed no relation to extracellular Ca**
concentration (Fig. SD—E). We further detected the change
in intracellular Ca®* after various stimulations and interven-
tions (Fig. 5F), and corroborated that the intracellular Ca’t
was significantly elevated given the stimulation with LPS and
ATP, but was largely reversed when blocking the P2X7R by
BBG or depleting extracellular Ca>* by EGTA, illustrating
that ATP-induced opening of P2X7R activates SUR1-TRPM4,
through increasing intracellular Ca**, the critical condition for
TRPM4 channel opening [44].

Lack of SUR1-TRPM4 Channel Suppresses the NLRP3
Inflammasome Activation Mediated by the ATP
Decrease in BV2 Cells

Nigericin, a K ionophore, elicits the NLRP3 inflamma-
some activation involving increased K* efflux independent of
P2X7R [45] and the decline of intracellular ATP, of which the
latter is considered as a key trigger of NLRP3 inflammasome
activation [46] and also another critical condition for TRPM4
channel opening [47]. We thus explored the role of SURI1-
TRPM4 complex in the P2X7R-independent NLRP3 activa-
tion. The nigericin-treated BV2 cells showed increment of cas-
pase-1 activation and mature IL-1p release, but the increase
was abolished by 9-Ph or GLB (Fig. 5G—H). Likewise, GLB
or 9-Ph abrogated the NLRP3 activation fueled by NaN,
(Fig. 5I-J), a metabolic toxin depleting intracellular ATP
[48], and Fig. 5K verifies the efficacy of nigericin and NaN,
to reduce intracellular ATP. Overall, these results imply that
SUR1-TRPM4 channel participates to the P2X7R-independent
NLRP3 inflammasome activation following cytoplasmic ATP
decrease in microglia, which may be another NLRP3 activa-
tion pathway involving SUR1-TRPM4 in vivo.

SUR1-TRPM4 Magnifies the K* Efflux via the Na*

Influx-Driven Opening of Downstream K* Channels
in BV2 Cells

Previous studies have illuminated the engagement of
multiple specific K™ channels belonging to K,p and Kv
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Fig.4 Pharmacological inhibition of SURI-TRPM4 reverses the
activation of NLRP3 inflammasome in BV2 cells. A-D Western blot-
ting results manifesting the levels of NLRP3 inflammasome activa-
tion in LPS-primed BV2 cells challenged with ATP, when exposed
to the concentration gradient of 9-Ph (A), GLB (B), GLM (C), and
GLZ (D). E Western blotting results manifesting the levels of NLRP3
inflammasome activation in OGD-primed BV2 cells challenged with

family [23-25] in the decline of intracellular K* required for
NLRP3 activation. Therefore, we further addressed the K*
efflux mechanism involving above channels in the NLRP3
inflammasome activation mediated by SUR1-TRPM4 com-
plex (Fig. 6A). The results verified that inhibition of Kv1.3
by PAP-1 partially restored the augmented caspase-1 cleav-
age and IL-1p release triggered by ATP or diazoxide in LPS-
primed BV2 cells, while the NLRP3 activation was almost
completely suppressed by quinine, an antagonist of K,p fam-
ily (Fig. 6B—C). As expected, inhibiting kv1.3 or K, family
counteracted the obvious decline in intracellular K* caused
by ATP or diazoxide (Fig. 6D). Moreover, the BV2 cells
challenged with LPS manifested the massively increased
mRNA levels of representative channels such as TWIK1

@ Springer

ATP, in the presence of indicated SURI or TRPM4 inhibitors. All
data in this figure are analyzed using one-way ANOVA followed by
Tukey’s post hoc test. Data are represented as mean+SD. *P <0.05,
#*P<0.01, ***P<0.001 versus control; #P <0.05, ##P<0.01, ###
P <0.001 versus OGD-primed BV2 cells challenged with ATP. n=3
per group

(two-pore domain weak inwardly rectifying K* channel 1),
TWIK?2, THIK1 (tandem pore domain halothane-inhibited
K™ channel 1), and Kv1.3 (Fig. 6E). These findings prove
that these representative K™ channels mediate the K™ efflux
required for the NLRP3 activation.

Given that the opening of above K* channels was regu-
lated by the depolarized membrane potential [26, 27], we
also addressed the mechanism by which SURI-TRPM4
opened the downstream K* channels. We observed that the
caspase-1 activation and increased supernatant IL-1 was
largely reversed, when the LPS-primed BV2 cells treated
with ATP or diazoxide were bathed in a nominally Na*-free
medium (Fig. 6F—G), accompanied by the inhibition of
ATP- or diazoxide-induced inward Na* current, depolarized
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Fig.5 The activation of SURI-TRPM4 in BV2 cells involves
upstream P2X7R-mediated Ca®* influx, and participates in the
NLRP3 activation mediated by the ATP decrease in BV2 cells. A The
schematic of the hypothesis and experiment design in this chapter.
B-E Western blotting results reflecting NLRP3 activation in LPS-
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Fig.6 SURI-TRPM4 magnifies the K* efflux via the Na* influx-
driven opening of downstream K* channels in BV2 cells. A The
schematic of the hypothesis and experiment design in this chapter. B
and C Western blotting results reflecting NLRP3 activation in LPS-
primed BV2 cells challenged with ATP or diazoxide, in the pres-
ence of quinine or PAP-1. D The change in intracellular K* of BV2
cells after various stimulations and interventions. E qRT-PCR results
showing the mRNA levels of representative K channels in LPS-
primed BV2 cells. F and G Western blotting results reflecting NLRP3

membrane potential, and outward K* current, which was
comparable to the efficacy of silencing SUR1-TRPM4
(Fig. 6D, 6H—I). These results suggest that SUR1-TRPM4
regulates the Na' influx and subsequent depolarization of
membrane potential, thereby opening the mentioned K*
channels and amplifying K* efflux.
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activation in LPS-primed BV2 cells challenged with ATP or diazox-
ide, when bathed in a nominally Na*-free medium. H The change in
intracellular Na* of BV2 cells after various stimulations and interven-
tions. I The change in membrane potential of BV2 cells after vari-
ous stimulations and interventions. All data in this figure are analyzed
using one-way ANOVA followed by Tukey’s post hoc test. Data are
represented as mean +SD. *P <0.05, ¥**P <0.01, ***P <0.001. n=3
per group

NLRP3 Inflammasome Activation in RAW264.7 Cells
Is Attributed to the TRPM4 Channel Alone Rather
than Binding to SUR1

Given that 200 pmol/L of GLB but not glipizide
entirely inhibits the NLRP3 inflammasome activation in



Molecular Neurobiology (2022) 59:6590-6607

6603

macrophages, suggesting a SUR1-independent inhibi-
tory effect [16], we further explored the difference in the
mechanism of NLRP3 activation between microglia and
macrophages. As illustrated in Fig. 7A—B, ATP-induced
NLRP3 inflammasome activation in RAW264.7 cells chal-
lenged with LPS was completely abrogated by 50 pmol/L
of 9-Ph, partly restored by 100 pmol/L of GLB, but not
recovered by GLZ or GLM. Additionally, TRPM4 was
poorly capable of binding to SUR1 in RAW264.7 cells,
compared with BV2 cells (Fig. 7C). This was reminiscent
of the K,rp channel, and we thereby evaluated whether
Kir6.x had better capacity of competitive binding to SUR1
than TRPM4 in RAW?264.7 cells. The levels of SURI and
TRPM4 were elevated in LPS-treated BV2 and RAW264.7
cells, whereas Kir6.1 level was increased in RAW264.7
but not BV2 cells (Fig. 7D—F). Consistently, SURI1-
TRPM4 complex was dominant in BV2 cells, while obvi-
ous interaction between SUR1 and Kir6.1 was observed
in RAW264.7 cells (Fig. 7G), demonstrating the existence
of competitive relationship between TRPM4 and Kir6.1.
Therefore, we suppose that the TRPM4 channel mainly
exists at an unbound state in macrophages to mediate the

NLRP3 inflammasome activation, and can be directly
blocked by higher concentration of GLB [44].

Discussion

In the previous studies, GLB has reportedly played a neu-
roprotective role in several neurologic diseases such as
ischemic stroke [3], subarachnoid hemorrhage [4], and trau-
matic brain injury [5], likely through blocking the SUR1-
TRPM4 complex in neurons and astrocytes, which has been
reported to mediate the dramatic influx of Nat and water,
strongly correlating with the BBB damage and cerebral
edema in the above neurologic diseases [3—5]. However,
recent studies have also found that the inhibition of SURI-
TRPM4 by GLB reduces the neuroinflammatory burden of
brain damages without obvious edema [12, 13], implying a
complementary neuroprotective mechanism underlying the
inhibition of SUR1-TRPM4 with GLB, through restrict-
ing neuroinflammation but not reducing edema. NLRP3
inflammasome activation is a critical host defense to danger
signals such as extracellular ATP released from dead cells.
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Fig. 7 The difference in the mechanism of NLRP3 activation between
microglia and macrophages. A and B Western blotting results reflect-
ing NLRP3 activation in LPS-primed RAW264.7 cells challenged
with ATP, in the presence of SUR1 or TRPM4 inhibitors. C The
association of SUR1 and TRPM4 detected by immunoprecipitation,
in both BV2 and RAW264.7 cells stimulated by LPS. D-F The pro-
tein and mRNA levels of SUR1, TRPM4, Kir6.1, and Kir6.2 in LPS-

primed BV2 or RAW264.7 cells. G The association between SUR1
and TRPM4, Kir6.1, or Kir6.2 detected by immunoprecipitation, in
both BV2 and RAW264.7 cells stimulated by LPS. Samples from
LPS-primed cells are immunoprecipitated with isotype IgG as a con-
trol. All data in this figure are analyzed using one-way ANOVA fol-
lowed by Tukey’s post hoc test. Data are represented as mean+ SD.
*P<0.05, ¥*P<0.01, ##*P <0.001. n=3 per group
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However, overactivity of this pathway can cause detrimen-
tal inflammatory processes and exacerbate tissue damage
in various neurological disorders [49-51]. In terms of the
findings that GLB has been reported to suppress NLRP3
activation in previous studies [16, 52, 53], we speculate that
GLB prevents the activation of NLRP3 inflammasome via
blocking SUR1-TRPM4.

In recent years, our team has observed that SUR1-TRPM4
is highly expressed in murine microglia after CA/CPR or
ischemic stroke [40, 54]. Moreover, the critical role of
microglia in providing the platform for neuroinflammation is
further exemplified by our findings that the aberrant NLRP3
inflammasome activation in microglia mediates the exces-
sive neuroinflammation in CA/CPR model [17]. In view of
the finding that the expression of certain pro-inflammatory
genes could be downregulated via blocking the upregu-
lated SUR1-TRPM4 channel with GLB in LPS-activated
microglia [12], we further hypothesize that GLB effectively
prevents microglial NLRP3 activation through inhibiting
SURI1-TRPM4. Here, we conducted in vivo experiments
in the CA/CPR model which was mainly characterized by
neuroinflammation. We demonstrated that the microglial
NLRP3 activation after CA/CPR could be abolished by
GLB. To completely exclude the interference of brain edema
after CA/CPR [41], in vitro, we further explored the anti-
inflammatory effect of GLB. BV2 cells were treated with
LPS, and OGD/R to mimic the pathophysiologic process in
CA/CPR model, further indicating that the sequential acti-
vation of SUR1-TRPM4 and NLRP3 inflammasome acts as
common response to damage stress in microglia challenged
with various stimuli, directly participates in the injurious
neuroinflammation, and can be prevented by GLB through
occluding SUR1-TRPM4. Besides, we confirmed that
SUR1-TRPM4 also participated in the P2X7R-independent
NLRP3 activation initiated by reduced cytoplasmic ATP in
microglia, and could also be inhibited by GLB. It was note-
worthy that the intracellular ATP was partially decreased in
OGD/R microglia, implying that SUR1-TRPM4 may medi-
ate the NLRP3 activation via two diverse routes simultane-
ously after OGD/R. Therefore, it may be a complementary
route of SUR1-TRPM4-involved NLRP3 activation in vivo.
Then, we further addressed whether the anti-inflammatory
effects of GLB exerted complementary neuroprotection in
inflammatory brain damages after CA/CPR. Inspiringly, the
results showed that GLB could significantly improve neu-
rologic outcomes, promote the recovery of cognitive func-
tion, and alleviate the neuropathologic injuries in CA/CPR
model, strongly implying that GLB has beneficial effects on
neurologic diseases via reducing not only edema but also
inflammation.

Microglial functions are closely related to ion channels
[55]. Previous study has proved that the reduction of intra-
cellular K* to 70-80% is sufficient to activate NLRP3 [22],
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suggesting the critical role of K* channels in NLRP3 inflam-
masome activation. P2X7R is a non-selective cation chan-
nel which acts as an initial trigger of NLRP3 activation by
sensing extracellular ATP [20], but the K* outward current
required for NLRP3 activation is mainly mediated by other
K* channels like K,p family and Kv1.3 [23-25]. Likewise,
we observed that the mRNA levels of TWIK1, TWIK?2,
THIK]1, and Kv1.3 were obviously upregulated in LPS-
primed microglia, and the above channels collaboratively
launched the ATP-induced NLRP3 activation, of which K,
family played a dominant role, as reflected by the result that
quinine almost entirely counteracted the NLRP3 activation,
consistent with previous studies [23, 24]. It is reported that
THIK-1 is not expressed in cultured microglia [56], con-
flicting with our result of highly expressed THIK-1 after
LPS treatment, which may be attributed to the non-modeling
microglia used in the previous study, with different cell sta-
tus from ours. However, the underlying mechanism by which
involved channel-mediated K" efflux is triggered after acti-
vating P2X7R remains controversial. In vitro, we found that
SUR1-TRPM4 could be fueled through sensing increased
intracellular Ca** mediated by P2X7R, and gave rise to the
Na* inward current responsible for the onset of K* efflux.
In summary, we first illustrate that SUR1-TRPM4 acts as a
signal amplifier and an integrated switch of downstream K*
channels, and ultimately triggers K* efflux-driven NLRP3
activation, through mediating Na* influx and consequen-
tial depolarized membrane potential (Fig. 8). The opening
mechanisms of related K* channels: [1] K,p family members
belong to the constitutively active K* leak channels, and
the depolarized membrane potential magnifies the driving
force of K* efflux [27]; [2] Kv1.3 belongs to voltage-gated
K* channels, and is activated by the depolarized membrane
potential [26].

High-dose GLB (200 pmol/L) can reverse the NLRP3
activation in macrophages [16], but there are major chal-
lenges towards clinical translation due to the side effect of
hypoglycemia. In this study, we found that NLRP3 inflam-
masome activation in microglia could be entirely suppressed
by 100 pmol/L of sulfonylureas including GLB. Therefore,
we further provided important insights into the differ-
ences in the mechanism under NLRP3 activation between
microglia and macrophages. In view of another finding that
SURI tended to bind TRPM4 in microglia, but Kir6.1 in
macrophages, we support the notion that TRPM4 in mac-
rophages mainly participates in the NLRP3 activation at
an unbound state, and is directly blocked by higher dose
of GLB because of lower sensitivity to GLB compared to
SUR1-TRPMA4 [12, 44], whereas SUR1-TRPM4 in microglia
can be inhibited by both GLB and other sulfonylureas. On
account of the minimal risk of hypoglycemia [57], we hope
that our research will represent a turning point in the under-
standing of the direct anti-inflammatory effects of GLB,
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Fig.8 The regulatory mechanism of SUR1-TRPM4 in NLRP3-medi-
ated neuroinflammation. In the current study, we have demonstrated
that the environment in multiple neurological disorders can provide
both the priming signal to induce the NF-kB-dependent transcrip-
tional upregulation of SUR1-TRPM4 complex and NLRP3 inflamma-
some components, and the activation signal to trigger inflammasome
assembly. The signal 1 (priming; left) is provided by the ischemia—
reperfusion, and the activation of TLR4 with PAMPs such as LPS.
After priming, the signal 2 (activation; right) is provided by DAMPs
like ATP which binds to P2X7R to activate SUR1-TRPM4 by mediat-

and promote the translation of low-dose GLB into clinical
trials for neurological disorders involving NLRP3-related
inflammation.

Conclusion

This study uncovers a complementary neuroprotective
mechanism of GLB, which is attributed to the inhibition
of NLRP3-mediated neuroinflammation through block-
ing SUR1-TRPM4 in microglia, and independent of the
well-documented neuroprotection through blocking SUR1-
TRPM4 in neurovascular units and thus reducing the brain
edema. Mechanistically, this research reveals that the
SURI1-TRPM4 complex serves as a K efflux amplifier

ing Ca* influx. SURI-TRPM#4 acts as an integrated switch of indi-
cated K* channels and an amplifier of K* efflux through mediating
Na* influx and contributing to the depolarized membrane potential,
and thereby initiates the NLRP3 inflammasome activation in micro-
glia when the decreased intracellular K.* reaches the threshold to
engage NLRP3. Formation of the inflammasome activates caspase-1,
which in turn processes the precursor of IL-1f (pro-IL-1p) into its
mature form. CARD, caspase recruitment domain; LRR, leucine-rich
repeat; PAMPs, pathogen-associated molecular patterns; PYD, pyrin
domain; TLR4, Toll-like receptor 4

in activating the NLRP3 inflammasome in microglia,
via mediating Na* influx, contributing to the depolar-
ized membrane potential, and thereby gating downstream
K" channels. In conclusion, this study will certainly be
insightful for deciphering the direct anti-inflammatory
effects of GLB, as well as the contribution of low-dose
GLB to combating neurological disorders involving
NLRP3-related inflammation.
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