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Nrf2 protects against cerebral ischemia-reperfusion injury by
suppressing programmed necrosis and inflammatory signaling
pathways
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Background: The NOD-like receptor family pyrin domain-containing 3 (NLRP3) -mediated
neuroinflammation is linked to neuronal necroptosis in cerebral ischemia-reperfusion (I/R) injury, especially
in cerebral ischemic penumbra. This study was designed to investigate the regulation of nuclear factor E2-
related factor-2 (Nrf2) on NLRP3 inflammasome in necroptosis signal pathway induced by I/R injury.
Methods: We investigated the mechanisms of Nrf2-negative regulation in necroptosis signaling pathway
by using middle cerebral artery occlusion (MCAO) with Q-VD-OPH injected intraperitoneally. The protein
level of the NLRP3 inflammasome was detected by western blot with Nrf2 knockdown and overexpression.
NLRP3 inflammasome activation was Reactive oxygen species (ROS) dependent, and the protein level
was regulated when N-acetylcysteine (NAC) and adenosine triphosphate (ATP) were selected as tools for
regulating ROS.

Results: We demonstrated the negative regulation of Nrf2 on NLRP3 inflammasome activation in Q-VD-
OPH-induced necroptosis in cerebral artery I/R injury through Lentivirus-mediated RNA Interferenc,
which mediated knockdown and overexpression of Nrf2. NLRP3 inflammasome activation was sensitive
to both ATP-mediated ROS level increases and NAC-mediated ROS inhibition, suggesting that ROS is
associated with the activation of NLRP3 inflammasome in necroptosis. In addition, Nrf2-induced NAD(P)
H quinone dehydrogenase 1 (NQO1) was involved in the inhibition of NLRP3 inflammasome activation.
These results suggest that Nrf2 regulates NQO1 to attenuate ROS, which negatively regulates NLRP3
inflammasome.

Conclusions: Nrf2/NQO1 was an inhibitor of ROS-induced NLRP3 inflammasome activation in Q-VD-
OPH-induced necroptosis following cerebral I/R injury. Therefore, NLRP3 inflammasome could be a
potential therapeutic target for cerebral ischemia.
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Introduction

Across the globe, acute stroke is the main cause of death and
permanent disability (1). Ischemic cerebral stroke occurs
when the arterial blood flow of brain tissue is blocked.
However, the development of cerebral ischemia-reperfusion
(I/R) injury involves complex pathophysiological
mechanisms, including energy metabolism dysfunction,
inflammation, glutamate/neurotoxin release, oxidative
stress, and calcium overload (2), along with multiple cell
death processes, including apoptosis, autophagy, and
necroptosis (3,4).

Necroptosis or programmed necrosis is known as
another form of caspase-independent programmed
cell death (PCD). Research shows that when apoptotic
caspases is inhibited, cells may selectively undergo
necroptosis (5). In our previous study, we applied Q-VD-
OPH to induce necroptosis in a middle cerebral artery
occlusion/reperfusion (MCAO/R) model in rats, and the
expression of the NOD-like receptor family pyrin domain-
containing 3 (NLRP3) inflammasome was subsequently
upregulated (6). However, the molecular mechanism of
NLRP3 inflammasome activation in Q-VD-OPH-induced
necroptosis in cerebral I/R injury remains unclear.

NLRP3 inflammasome is known as a multiprotein
complex, composed of the NLRP3 scaffold, precursor
caspase-1, and the apoptosis-associated speck-like protein
(ASC) containing a caspase recruitment domain adaptor
(7,8). Both exogenous and endogenous factors contribute
to NLRP3 inflammasome activation, and the component
parts assemble to form the above complex. This complex
assembly leads to the maturation of the proinflammatory
cytokine interleukin-1p (IL-1f) and IL-18 via the activation
of caspase-1 (9,10). NLRP3 inflammasome is related to
many inflammatory diseases, such as Alzheimer disease,
cancers, type 11 diabetes mellitus, and atherosclerosis (11,12).
Experiments have proven that NLRP3 inflammasome is a
key regulator in the inflammatory process during apoptotic
cell death induced by I/R injury (13,14). Studies also
revealed that NLRP3 is activated by endogenous danger
signals present in atherosclerotic lesions, such as oxidized
low-density lipoprotein and cholesterol crystals. NLRP3
inflammasome promotes IL-1 family cytokine production
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in atherosclerosis. Inflammation is an important driver
of atherosclerosis, which is a potential pathology of acute
cerebral infarction. Therefore, NLRP3 inflammasome
activation contributes to vascular inflammatory response,
thus promoting the development and progress of
atherosclerosis (7,8,13). However, few studies exist
concerning the regulatory mechanism of NLRP3
inflammasome in necroptosis signaling pathway.

Using animal models of ischemic stroke, several
studies discovered that the mechanism directing NLRP3
inflammasome activation is related to reactive oxygen
species (ROS) release, potassium efflux, and lysosomal
damage (2,7,13,15). Among these, the increase of ROS
can induce oxidative stress and stimulate the release of
calcium ions, causing endoplasmic reticulum (ER) stress,
damaging organelles, and ultimately leading to apoptosis
(16,17). Interestingly, nearly all NLRP3 activators can
trigger ROS generation (17), and ROS inhibitors or
scavengers can suppress the production of NLRP3 (18).
Nrf2 is an endogenous redox sensitive transcription
factor that regulates inflammation and oxidative stress
through antioxidant action (17). Nrf2 belongs to the
basic leucine zipper transcription factor family, which
binds to the antioxidant response element (ARE) to
activate transcription factors, such as, heme oxygenase-1
(HO-1), glutathione peroxidase (GPx), andNQOI, all of
which protect cells from various injuries by contributing to
the anti-inflammatory process through the recruitment of
inflammatory cells (17,19). Studies have shown that Nrf2
has neuroprotective effect on hypoxic-ischemic brain injury
by inhibiting apoptosis signal pathway (17,19). However,
it is not known whether the Nrf2/ARE pathway figures
prominently in the regulation of NLRP3 inflammasome
in necroptosis. Therefore, further in-depth biochemical
analysis regarding the relationship among Nrf2, ROS,
and NLRP3 inflammasomes is needed. Necroptosis is
involved in the early stage of ischemic cerebral infarction,
especially in the ischemic penumbra. Effective regulation
of this signaling pathway may expand the treatment time
window of acute cerebral infarction (16). Therefore, the
regulation of Nrf2 on this signal pathway is worth studying.
This study was designed to determine the effects Nrf2-
mediated inhibition of NLRP3 inflammasome, which
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ultimately regulates NQO1 expression and ROS generation
in Q-VD-OPH-induced necroptosis in cerebral I/R injury.
We present the following article in accordance with the
ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-604/rc).

Methods
Animals

Male Sprague-Dawley rats (240-270 g, 50 days old) were
obtained from the experimental animal center of Xuzhou
Medical University in an environment consisting of the
following controlled parameters: temperature 212 °C,
humidity 55-70%, and a consistent light cycle (light from
6 am to 6 pm). A protocol was prepared before the study
without registration. The experiments were approved by
the Ethics Committee for the Use of Experimental Animals
of Xuzhou Medical University [No: SYXK(SU)2020-0048],
in accordance with National Institutes of Health (NIH)
guidelines for the care and use of animals.

MCAO model

Male rats were intraperitoneally anesthetized with 5%
chloral hydrate. After disinfection, surgery was performed
via a midline incision, and then the right external carotid
artery (ECA), internal carotid artery (ICA), and common
carotid artery (CCA) were separated. Approximately
18-20 mm of nylon suture was advanced through the
opening of the external carotid artery and extended into the
ICA until faint resistance was felt. The blood supply of the
middle cerebral artery was blocked for 2 h, after which the
thread was removed and reperfusion sustained for 24 h. The
rats were subsequently killed, and brain tissue was collected
for follow-up tests.

Animals were scored after recovery from anesthesia with
the Bederson scale (5-point scale). After the MCAO model
was established, rats with a score of 1-3 were included
in the study. Rats that died due to anesthesia, operation,
or subarachnoid hemorrhage; and those with a score of
less than 1 or with a score of more than 4 were excluded
from the study. Rats scoring of 1-3 grades were randomly
selected for supplementation so as to ensure the required
number of experimental animals. Each experiment was
repeated at least 4 times with at least 5 rats in each group.
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Drug administration

Rats were given a 1.0 mg/kg Q-VD-OPH (Selleck
Chemicals, Houston, Texas, USA) intraperitoneal injection,
30 min before I/R. Adenosine triphosphate (ATP; Sigma-
Aldrich, St. Louis, MO, USA) was unilaterally administered
into the right cortex: anteroposterior (AP), -0.7 mm;
mediolateral (ML), -2.0 mm; dorsoventral (DV), -2.0 mm
from the bregma at a dose of 10, 100, and 500 nmol/L.
N-acetylcysteine (NAC) was administered intraperitoneally
at the beginning of reperfusion and again 6 h later, at a
concentration of 200 mg/mL and doses of 50, 150, 250, 500
mg/kg body weight, diluted in normal saline, pH 7.4.

Lentiviral ventricular injection

Rats were placed on a stereotactic apparatus following
the anesthetization described above. Lentivirus
(5x10° TU/mL) preparations were infused stereotactically
into the right lateral ventricle at the following coordinates: AP,
-0.8 mm; ML, -1.5 mm, and DV, -4.2 mm from the bregma.
Rats were fed for 14 days to achieve sufficient gene expression.
Nrf2 was knocked down/overexpressed, and the interference
sequence of Nrf2 was 5'-CCGAGTTACAGTGTCTTAA-3'
(GeneChem Company, Shanghai, China). Nrf2 expression in
the cells was then confirmed by real-time polymerase chain
reaction (PCR).

Western blot assay

A bicinchoninic acid (BCA) protein assay kit (Beyotime
Biotechnology, Shanghai, China) was used to quantify the
proteins. After being separated by 10-12% SDS-PAGE
electrophoresis, the proteins were electrotransferred onto
nitrocellulose (NC) membranes (Millipore, Bedford, MA,
USA). Following blocking with 5% nonfat dry milk for 2 h
at room temperature, NC membranes were incubated with
primary antibodies NLRP3 (1:1,000, Novus Biologicals,
Littleton, CO, USA), caspase-1 (1:1,000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), Nrf2 (1:1,000,
Santa Cruz), NQOI1 (1:1,000, Abcam, UK), IL-1p (1:1,000,
Abcam), cleaved caspase-3 (1:1,000, Cell Signaling
Technology, Danvers, MA, USA), and B-actin (1:10,000,
Sigma-Aldrich) overnight at 4 °C. After incubation with
secondary antibodies for 2 h in a dark environment, the
bands were visualized with the Odyssey Infrared Imaging
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System (LI-COR Biosciences, Lincoln, NE, USA).

RNA extraction and quantitative real-time reverse
transcription PCR

"Total RNA was extracted and purified from tissue samples
by Trizol Reagent (Invitrogen, Waltham, MA, USA). After
the concentration and purity of RNA were detected, real-
time reverse transcription (RT-PCR) was performed using
SYBR Green PCR master mix and was analyzed with the
LightCycler 480 Real-Time PCR System (Roche, Basel,
Switzerland). The primers for Nrf2 were as follows:
forward primer 5'-ATCCAGACAGACACCAGTGGATG-3'
and reverse primer 5'-GGCAGTGAAGACCGAACTTTCA-3'".
GAPDH was used as an internal reference in each reaction (forward
primer: 5'-GATGCTGGTGCTGAGTATGTCG-3' reverse
primer: 5'-GTGGTGCAGGATGCATTGCTGACA-3').

Measurement of ROS generation

ROS was quantified with a dihydroethidium (DHE)
fluorogenic probe, and brain tissue slides were incubated
with 10 pM of DHE for 30 min at 37 °C. After a wash with
phosphate-buffered saline (PBS), DHE fluorescence was
imaged by fluorescence microscopy. The DHE fluorescence

intensity was measured by Ipp 6.0 software (Roper
Technologies, Sarasota, FL, USA).

Statistics analysis

Statistical analysis was performed using Prism 6.0 software
(GraphPad, San Diego, CA, USA), and all the values are
presented as the mean = SD. Statistical significance was
determined with the Student’s 7-test for 2 groups. One-
way analysis of variance (ANOVA) was used for comparing
differences among groups. Values of P<0.05 were
considered significant.

Results

Negative regulation of Nrf2 on NLRP3 inflammmasome
activation in Q-VD-OPH-induced necroptosis following
cerebral I/R injury

To detect the potential roles of Nrf2 in the activation of
NLRP3 inflammasome in necroptosis signaling pathway,
lentivirus-mediated Nrf2 knocked down (referred to as sh
Nrf2), Nrf2 overexpress (referred to as OE-Nrf2), lentivirus
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vector—carrying scrambled short hairpin RNA (referred to
as cont-shRINA) was injected into the right lateral ventricle
of rats with a stereotactic method. At 14 days after injection,
we simulated cerebral I/R injury by establishing a model
of MCAO by intraluminal suture. One day after MCAO,
green fluorescent protein (GFP)-tagged sh Nrf2/OE-Nrf2
was observed in the right cerebral cortex, contrasting with
cont-shRNA group. Additionally, there was a significant
reduction in Nrf2 expression in the cerebral cortex of the sh
Nrf2 group when compared with the cont-shRNA group,
while the overexpression showed the opposite trend. Results
from quantitative RT-PCR were consistent with those from
western blots (Figure 14-1D). The NLRP3 inflammasome
protein level was greater in the sh Nrf2 group than in the
control group (Figure 1E). Meanwhile, Nrf2 overexpression
following cerebral I/R injury was associated with an
apparent decrease in NLRP3 inflammasome components

(Figure IF).

Nrf2 negatively regulated NLRP3 inflammasome by
mediating NQO1 activation in necroptosis

Nrf2 was previously shown to be a negative regulator
of NLRP3 inflammasome activation in necroptosis. To
further understand the underlying mechanism of the Nrf2-
mediated inhibition of NLRP3 inflammasome activation,
we detected the expression levels of the Nrf2-targeted ARE
gene, NQOI1, which is an antioxidant enzyme gene that
plays a critical role in scavenging ROS. We found that the
expression of NQO1 was significantly reduced in the sh
Nrf2 group (Figure 2A); in contrast, in the OE-Nrf2 group,
the expression levels of NQO1 were increased (Figure 2B).

Nrf2-induced NLRP3 inflammmasome inbibition was ROS
dependent

To determine if Nrf2-induced NLRP3 inflammasome
inhibition was ROS dependent under Q-VD-OPH-
induced ischemic conditions, we used NAC and ATP as
a tool for regulating ROS. NAC, a potent antioxidant,
decreased ROS in a dose-dependent manner. Specifically,
NAC at concentrations of 150 and 250 mg/kg showed
beneficial efficacy compared with concentrations of 50 and
500 mg/kg (Figure 34). In contrast, ATP (10, 100, and
500 nmol/L) administered into the cortex increased ROS
levels. Although 10 nmol/L of ATP had little effect,
500 nmol/L of ATP induced a significant increase in ROS
levels (Figure 3B). Therefore, to analyze the ROS regulation
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Figure 1 Nrf2 knockdown regulated the expression of NLRP3 inflammasome under Q-VD-OPH-induced ischemic conditions. The
cerebral cortex of rats was infected by lentiviral vectors containing Nrf2 green fluorescent protein (GFP) for 14 d and then subjected
to Q-VD-OPH and cerebral I/R injury. (A) The transfected cerebral cortex of groups cont-sh RNA and sh Nrf2 was detected by
green fluorescence under fluorescence microscope, at 10x magnification. Images were taken under identical conditions and exposures;
(B) lentivirus-mediated Nrf2 knockdown was detected by quantitative RT-PCR and immunoblot; (C) the cerebral cortex infected by
lentiviral vectors containing Nrf2 GFP was detected in the Nrf2-overexpression group by microscopy, with a magnification of 10; (D)
lentivirus-mediated Nrf2 overexpression was detected by quantitative RT-PCR and immunoblot; (E) Western blot analysis of the NLRP3
inflammasome after Nrf2 knockdown; (F) Western blot analysis of the protein expression levels of NLRP3 inflammasome in the Nrf2-
overexpression group. N=4 for each group. NS, no significant difference; *P<0.05. Nrf2, nuclear factor E2-related factor-2; NLRP3, NOD-

like receptor family pyrin domain-containing 3.

of NLRP3 inflammasome in brain I/R injury, we chose
250 mg/kg of NAC and 500 nmol of ATP as the optimum
dose and concentration, respectively, for further study.

We analyzed ROS levels in OE-Nrf2 and sh Nrf2 of rat
MCAO models and determined the role of ROS in Nrf2-
induced NLRP3 inflammasome inhibition. Fluorescence
staining test showed that the level of ROS was highly
elevated in the sh Nrf2 group compared with the I/R group,
while the ROS level was significantly reduced with Nrf2
overexpression (Figure 3C). We then detected the expression
of NLRP3 inflammasome and IL-1p, with results indicating
that the expression of NLRP3 inflammasomes, cleaved
caspase-1, and cleaved IL-1p were increased in sh Nrf2 rats
compared with the cont-shRNA group, which was a similar
trend to that of ROS level (Figure 44). After administration
of NAC, expression levels of NLRP3 inflammasomes and

© Annals of Translational Medicine. All rights reserved.

cleaved IL-1B were found to be further suppressed in the
sh Nrf2 + NAC group compared with the sh Nrf2 group
(Figure 44). However, ATP treatment after Nrf2 silencing
significantly enhanced I/R-induced NLRP3 inflammasome,
cleaved caspase-1, and cleaved IL-1B expression, while
decreased in the sh Nrf2 + NAC group compared with sh
Nrf2 group (Figure 44). We also tested the expression levels
of NLRP3 inflammasome in OE-Nrf2 rats. Results showed
that I/R-induced elevation of NLRP3 inflammasome and
cleaved IL-1B were reduced in OE-Nrf2 rats; however,
the protein levels in the OE-Nrf2 group and NAC + OE-
Nrf2 group showed no significant difference. Meanwhile,
protein levels of NLRP3 inflammasome, cleaved caspase-1
and cleaved IL-1B showed much greater upregulation in
ATP + OE-Nrf2 group than that of the OE-Nrf2 group
(Figure 4B).
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Figure 2 Nrf2 negatively regulated NLRP3 inflammasome by mediating NQO1 activation in necroptosis. After the cerebral cortex of rats

was infected with lentiviral vectors for 14 d, the rats were subjected to Q-VD-OPH and cerebral I/R injury. (A) Western blot analysis of

NQOL after Nrf2 knockdown. (B) Western blot analysis of the protein expression levels of NQOI in the Nrf2-overexpression group. N=4

for each group. NS, no significant difference; *P<0.05. Nrf2, nuclear factor E2-related factor-2; NLRP3, NOD-like receptor family pyrin

domain-containing 3; NQO1, NAD(P)H quinone dehydrogenase 1; I/R, ischemia-reperfusion.

Discussion

Necroptosis, as a recently discovered form of programmed
cell death, can be triggered by death receptors, such as
tumor necrosis factor (TNF) and receptor 1 (TNFR1),
while apoptosis is blocked (20). Increasing evidence suggests
that in the absence of active caspase-8, receptor-interacting
protein kinase 1 (RIPK1), RIPK3, and MLKL interact
with one another to eventually induce necroptosis (5). We
therefore use caspase inhibitor Q-VD-OPH as a tool in
medicine.

The recovery of blood flow in the ischemic tissue after I/
R injury leads to the aggravation of potentially irreversible
tissue damage which often occurs in the brain, heart, liver,
kidney, and lung (21). Recently, NLRP3 inflammasome
was found to play a pivotal role in cerebral I/R injury.

© Annals of Translational Medicine. All rights reserved.

Studies have revealed that endogenous damage-associated
molecular patterns (DAMPs) increase NLRP3 expression,
leading to the activation of caspase-1, which in turn causes
release of IL-1pB, and therefore ultimately serves as a central
component in the inflammatory response in ischemia stroke
(6,7,12,22). Deroide er al. showed that through inhibiting
NLRP3 inflammasome and the subsequent production
of IL-1B, milk fat globule-EGF 8 could regulate innate
immunity and subsequently reduce infarct volume and brain
inflammation (23); Yang et /. reported that NLRP3 played
a key role in the development of I/R-induced brain injury
in NLRP3-deficient mice (24); their data clearly showed
NLRP3 deficiency could reduce neurovascular damage,
improve infarct volume, and attenuate neurological deficits

after I/R injury (24). Although studies have revealed that
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Page 8 of 14 Chen et al. Nrf2 regulates stroke neuroinflammatory injury

A ROS DAPI Merge
NAC . .
50 mg/kg R
o
C
3
I} 4 *
NAC g % et
150 mg/kg 2 51:3
o S
=7 2
®
NAC S
250 mg/kg 0
o
NAC, mg/kg 50 150 250 500
NAC I/R +QVD
500 mg/kg
B ROS DAPI Merge
PBS *
| ——— |
10 7 *
8
c 8
ATP § "
10 nmoL/L 8 % 6
25
2€ 41
ATP 2
100 nmol/L g 2
0
ATP ATP nmolL  — 10 100 500
500 nmoL/L PBS I/R + QVD
C ROS DAPI Merge
1
10
Sham o X
LT
2>
O & =
I/R + QVD sg g 6
vehicle ﬁg 4
=
3 2
o
I/R + QVD 0
sh Nrf2 QVD + + +
sh Nrf2 - - + -
OE-Nrf2 - - - +
I/R + QVD —_—
OE-Nrf2 % o
e
s %]

Figure 3 ROS level in brain tissue slides was assessed by DHE staining. (A) Fluorescence micrographs of the brain slice with increasing
dose (mg/kg) of NAC, at 20x magnification. Scale bar represents 50 pm; (B) fluorescence micrographs of the brain slice with increasing
concentrations (nmol/L) of ATP, with a magnification of 20 was used. Scale bar: 50 mm; (C) the regulation of Nrf2 on the level of ROS.
Fluorescence micrographs of the brain slice in sham group, I/R + QVD + vehicle, I/R + QVD + sh Nrf2, and I/R + QVD + OE-Nrf2 groups,
at 20x magnification. Scale bar represents 50 pm. Images were taken under identical conditions and exposures; N=4 for each group. NS, no
significant difference; *P<0.05. ROS, reactive oxygen species; DHE, dihydroethidium; NAC, N-acetylcysteine; ATP, adenosine triphosphate;

I/R, ischemia-reperfusion; Nrf2, nuclear factor E2-related factor-2.
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Figure 4 Nrf2-induced NLRP3 inflammasome inhibition was ROS dependent innecroptosis. (A) Representative immunoblots and quantification
illustrating the expression levels of NLRP3 inflammasome proteins, Nrf2, and IL-1p with NAC and ATP treatment in sh Nrf2 rats; (B)
representative immunoblots and quantificaton illustrating the expression levels of NLRP3 inflammasome proteins, Nrf2, and IL-1p with NAC
and ATP treatment in OE-Nrf2 rats. N=4 for each group. NS, no significant difference; “P<0.05. Nrf2, nuclear factor E2-related factor-2; NLRP3,
NOD-like receptor family pyrin domain-containing 3; ROS, reactive oxygen species; NAC, N-acetylcysteine; ATP, adenosine triphosphate.
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NLRP3 inflammasome serves as a central component
in inflammatory responses and that suppressing NLRP3
activation reduces inflammation associated with cerebral
I/R injury, the mechanism and pathway involved in these
processes remains elusive, especially in necroptosis signaling
pathway.

Mitochondria are the major source of cellular ROS, and
overgeneration of free radicals under pathophysiological
conditions such as ischemia can markedly promote ROS
production, resulting in oxidative stress (17,25,26). The
Kelch-like ECH-associated protein 1(KEAP1)/Nrf2/ARE
signaling pathway is known to regulate anti-inflammatory
gene expression, thus inhibiting inflammation (19). KEAP1
is a substrate adaptor for cullin-based E3 ubiquitin ligase.
Under oxidative or chemical stress, the activated Nrf2
translocates into the nucleus through its dissociation from
KEAP1 and interacts with ARE to activate transcription
of antioxidant enzyme genes (27) such as HO-1 and
NQO-1 (28), thus inhibiting the generation of ROS. We
can also conclude that Nrf2 positively regulates NQOI, as
their gene and protein expression levels are consistent.

In a previous study, we demonstrated that the NLRP3
inflammasome participated in Q-VD-OPH-induced
necroptosis after cerebral I/R injury (6), yet a precise
mechanism was not confirmed. Therefore, in this study,
we endeavored to elucidate the mechanism involved in
NLRP3 inflammasomes activation in necroptosis. We
consequently demonstrated that Nrf2 could inhibit NLRP3
inflammasome activation in a ROS-dependent manner in
necroptosis following cerebral ischemia.

Our study furthered found the increased expression
of NLRP3 inflammasomes in sh Nrf2 rats as compared
to control group rats. In contrast, in OE-Nrf2 rats, the
expression levels of NLRP3 inflammasomes and IL-1p were
decreased, indicating that Nrf2 is a negative regulator of
NLRP3 inflaimmasome. Other research has demonstrated
that the high expression of certain Nrf2 activators inhibit
inflammasome activation (29). In addition, it was also
reported that Nrf2 activators exert anti-inflammatory
effects by altering the expression levels of proinflammatory
cytokines (30,31), which is in agreement with our results.
NQOL, an antioxidant gene, protect cells from various
injuries due to its anti-inflammatory effects, thus affecting
the progress of disease (24). Notably, in our study, NQO1
expression was closely related to the Nrf2-mediated
inhibition of NLRP3 inflammasome and thus also inhibited
ROS production.

To investigate whether the anti-inflammatory effects
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of NQOI1 were exerted via the inhibition of ROS, the
expression of NLRP3 inflammasome was detected under
conditions that either promoted ROS generation with
ATP or inhibited ROS generation with NAC. The results
showed that NAC administration decreased ROS levels and
NLRP3 inflammasome, while ATP produced dissimilar
outcomes.

Oxidative stress is considered to be a critical pathogenic
factor of inflammatory response and is related to the
imbalance of the production and clearance rate of ROS.
The homeostasis of ROS plays an important role in
reducing oxidative damage. The level of cellular reactive
oxygen species maintains a dynamic balance in cells, which
is regulated by the cellular process of producing and
eliminating reactive oxygen species (32,33). Here, we found
that expression of NLRP3 inflammasome was increased
upon upregulation of ROS. Correspondingly, when ROS
was downregulated, NLRP3 inflammasome expression
was inhibited. These results were consistent across both
sh Nrf2 and OE-Nrf2 rats. Therefore, we can conclude
that ROS activates NLRP3 inflammasomes in necroptosis.
Furthermore, Nrf2-mediated inhibition of NLRP3
inflaimmasomes induced NQO1 activation, which in turn
downregulated ROS in necroptosis signaling pathway.

Several studies have demonstrated a devastating
pathophysiological process, or conversely, a potential
therapeutic strategy for modulating the oxidative stress and
inflammatory pathways involved in NLRP3 inflammasome
activation—induced ischemic brain injury (34,35). Inhibiting
the activation of NLRP3 inflammasome could inhibit the
inflammatory response, thereby reducing tissue damage (36).
Several NLRP3 inflammasome inhibitors that have potential
clinical efficacy, including nitric oxide, small molecules,
microRNAs, and type I interferon, have been promoted
(8,37,38). Experimental evidence suggests that increased
ROS generation, either during the ischemic phase or during
the reperfusion period, can induce cell injury by disrupting
cellular signal transduction and activating NLRP3
inflammasomes in cardiac diseases (39). Some studies
have reported that activation of NLRP3 inflammasomes
is accompanied by an increase in NLRP3 itself, as well as
ASC, caspase-1, IL-1p, and IL.-18 in mouse primary cortical
neurons both iz vitro and in vive ischemic conditions (40,41).
Another study revealed that Nlrp3™"
infarct volume, edema formation, and blood-brain barrier

mice had reduced

permeability preservation in a MCAO mouse model (25).
Therefore, further experiments examining the NLRP3
inflammasome inhibition mechanisms in necroptosis are
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Figure 5 Nrf2 negatively regulated NLRP3 inflammasome activity in necroptosis in a ROS-dependent manner. TNF-alpha was significantly
promoted after cerebral ischemia; TNF-alpha combined with TNFR1 and recruited a series of proteins to form complex I (TRADD, RIP1,
TRAF2, TRAFS, cIAP1, cIAP2, and ubiquitin enzyme complex). TNFR1 was dissociated from complex I and form complex II (RIP1, RIP3,
TRADD, FADD and caspase-8). In complex II, if RIP1 and RIP3 are inactivated by proteolytic cleavage by caspase-8, apoptosis was induced,;
however, with apoptosis inhibitor (Q-VD-OPh), caspase-8 was inhibited, the RIP1 kinase combines with RIP3 to form necrosome. Necroptosis
leading to release of DAMPs are believed to participate in triggering inflammatory processes, which can initiate activation of the NLRP3
inflammasome. In this experiment, we proved that Nrf2/ NQOI can further inhibit NLRP3 inflammasome through ROS dependent way. Nrf2,
nuclear factor E2-related factor-2; NLRP3, NOD-like receptor family pyrin domain-containing 3; ROS, reactive oxygen species; TNE, tumor
necrosis factor; NQO1, NAD(P)H quinone dehydrogenase 1; TRADD, Fas-associated death domain; TRAF2, Tumor necrosis factor (TNF)
receptor associated factor 2; TRAFS5, Tumor necrosis factor (TNF) receptor associated factor 5; cIAP1, cellular inhibitor of apoptosis 1; cIAP2,
cellular inhibitor of apoptosis 2; RIP1, receptor interacting protein kinase 1; RIP3, receptor interacting protein kinase 3; DAMPs, damage-
associated molecular patterns.

required to improve ischemic penumbra salvage. Our In conclusion, as necroptosis is one of the mechanisms
study showed that Nrf2 was an inhibitor of ROS-induced of delayed ischemic cerebral injury, our results indicate that
NLRP3 inflammasome activation and also caused increased NLRP3 inflammasome could be a potential therapeutic
expression of NQOI, an antioxidant gene, in Q-VD-OPH- target for this disease. In parallel, we also showed that Nrf2
induced necroptosis after cerebral I/R injury (Figure 5). may be of therapeutic value in NLRP3 inflammasome
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activation—associated diseases in necroptosis.
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