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Abstract
Background: Neuroin�ammation has been recognized as vital pathophysiological process during
ischemic stroke. Activated astrocytes play a major role in in�ammatory response. Lipocalin-2 (LCN2),
secreted from activated astrocytes, promotes neuroin�ammation. Pyroptosis, a pro-in�ammatory
programmed cell death, is emerging as a new area of research on stroke. Nevertheless, the potential role
of LCN2 in astrocyte pyroptosis remains unclear.

Methods: Ischemic stroke model was established by middle cerebral artery occlusion (MCAO) in vivo. In
vitro, oxygen-glucose deprivation and reoxygenation (O/R) was applied to cultured astrocytes. 24p3R (the
LCN2 receptor) was inhibited by astrocyte-speci�c adeno-associated virus (AAV-GFAP-24p3Ri). We used
MCC950 and Nigericin sodium salt (Nig) to inhibit or promote the activation of NLRP3 in�ammasome
pharmacologically. Histologic and biochemical analysis was performed on the death of astrocytes and
neurons both in vivo and in vitro. Besides, the neurological de�cit of mice was evaluated.

Results: LCN2 expression was signi�cantly induced in astrocytes 24 hours after stroke onset in mouse
MCAO models. Lcn2 knockout (Lcn2-/-) mice exhibited reduced infract volume and improved neurological
and cognitive functions after MCAO. LCN2 and its receptor 24p3R were colocalized in astrocytes.
Mechanistically, suppression of 24p3R by AAV-GFAP-24p3Ri alleviated pyroptosis pores formation and
pro-in�ammatory cytokines secretion induced by LCN2, which was then reversed by NLRP3
in�ammasome activation inducer Nig. Astrocyte pyroptosis was exacerbated in Lcn2-/- mice by
intracerebroventricularly administration of recombinant LCN2 (rLCN2), while the aggravation was
restricted by blocking 24p3R or inhibiting NLRP3 in�ammasome activation by MCC950.

Conclusion: LCN2/24p3R mediates astrocyte pyroptosis via NLRP3 in�ammasome activation following
cerebral ischemia/reperfusion injury.

Introduction
Cerebral ischemia/reperfusion injury can trigger grievous in�ammatory response [1]. Astrocytes emerge
as key players in neuroin�ammatory procedure [2]. Previous studies have shown that astrocytes play a
central role in in�ammatory pathology by communicating with CNS-resident cells, such as microglia [3–
5], or CNS-in�ltrating cells [6, 7]. In recent years, a new pro-in�ammatory programmed cell death called
pyroptosis is appealing. Pyroptosis, a caspase-1 mediated programmed cell death, is characterized by
GSDMD membrane pores formation, cell swelling and e�ux of cytoplasmic pro-in�ammatory cytokines
[8, 9]. In�ammasome activation, such as NLRP3, is necessary for pyroptosis [8]. To date, several studies
have found that astrocyte pyroptosis was induced by cerebral ischemia insult and suppression of
pyroptosis exhibited anti-in�ammatory and neuroprotective function [10–13]. However, the upstream
regulator of astrocyte pyroptosis has not been thoroughly reported.

Lipocalin-2 (LCN2), a member of the lipocalin family [14], functions as the acute-phase protein following
brain injury [15, 16]. In the CNS, astrocytes are the primary source and target of LCN2 under brain injury
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conditions [17, 18]. Our previous study has shown that LCN2 can induce astrocyte activation and
exacerbate in�ammatory injury in cerebral ischemia [19], which may function through facilitating pro-
in�ammatory cytokines production [20, 21]. LCN2 has also been reported to modulate cell death, such as
apoptosis [17, 22] and autophagy [23]. The potential role of LCN2 in astrocyte pyroptosis remains to be
further explored. Thus, this research aimed to investigate whether LCN2 was involved in pyroptosis of
astrocytes and whether this involvement was associated with NLRP3 in�ammasome activation after
cerebral ischemia/reperfusion injury.

Materials And Methods
Animal

Male C57BL/6J mice weighted 20-25 g were used for the experiments in vivo. Wild type mice were
purchased from Model Animal Research Institute of Nanjing University (Nanjing, China), and
Lcn2 knockout (Lcn2-/-) mice (B6.129P2-Lcn2tm1Aade/AkiJ, Jax) were provided by the Jackson
Laboratory. All mice were housed under appropriate condition (temperature 23 ± 2°C, humidity 55-60%,
with 12 h-light-dark circle) with free access to food and water.

Animal model of cerebral ischemia/reperfusion injury

Transient middle cerebral artery occlusion (MCAO) were performed following previous methods [24]. In
brief, the mice were anaesthetized with 2% iso�urane in O2. Then we separated right common carotid
artery (CCA), right external carotid artery (ECA) and right internal carotid artery (ICA) carefully through a
middle anterior neck incision. CCA and ECA were ligated with 6-0 suture. Next, we inserted silicone coated
nylon thread (diameter: 0.16 ± 0.02 mm) from a small cut on ECA into ICA to block the bifurcation of
middle cerebral artery (MCA). After blocking blood �ow for 90 minutes, nylon thread was extracted for
reperfusion. A heating pad was used to maintain body temperature during the whole procedure. For the
sham-operated mice, the same procedures were applied except the occlusion of MCA.

Brain infract volume determination

The infract volume was con�rmed by 2, 3, 5-triphenyltetrazoliumchloride (TTC, Sigma, USA) staining 24 h
after MCAO. Brain was cut into 1 mm-thick slices and then stained with 2% TTC solution at 37°C for 15
min at dark, followed by being �xed with 4% paraformaldehyde (PFA) at 4°C overnight [25]. We used HP
Scanjet G3110 to scan the brain slices, the relative infract volume was calculated by ImageJ software
(1.50g, Wayne Rasband, National Institutes of Health, USA). As reported before, the relative infract volume
was calculated as: (contralateral hemisphere volume - normal ipsilateral hemisphere volume) /
(contralateral hemisphere volume * 2) * 100% [25].

Neurological de�cit evaluation and behavioral analysis



Page 5/30

The modi�ed Neurologic Severity Score (mNSS) was applied to evaluate neurological de�cit after
MCAO [26]. mNSS assessment system consists with four kinds of tests: motor tests, sensory tests, beam
balance tests, and re�exes absent and abnormal movements. mNSS score ranges from 0 to 18. Score 0
means no neurological de�cit and score 18 represents the most severe de�cit.

Morris Water Maze (MWM) test was performed to evaluate spatial learning and memory ability [27]. A
blind test was conducted to exclude blind mice and severely dyskinetic mice at the day 22 after MCAO.
Four group mice (n = 10 per group) were trained to �nd the platform in four trails for consecutive 5 days
from day 23 to day 27. The trail ended if the mice found the platform within 60 s. The mice would be
guided to the platform and remained there for 10 s to strengthen memory if failed to �nd the platform.
The escape latency to �nd the platform and the swimming pathlength were recorded. At the day 28, the
platform was removed for probe trail, each trail lasted for 60 s. The time spent in the target quadrant and
platform crossovers were tracked and analyzed by the ANY-maze video tracking software (Stoelting,
USA).

Adeno-associated virus injection and drug administration

Astrocyte-speci�c Adeno-associated virus (AAV) was constructed by Shanghai Genechem Co.,Ltd.
(Shanghai, China). AAV construction was used to interfere 24p3R expression. The following sequences
were used: AAV-GFAP-24p3Ri 5-TCTGTATCCTCAGCATCAT-3; and AAV-GFAP-GFP 5-AGA-
TTCTCCGAACGTGTCACGT-3. The AAV-GFAP-24p3Ri titers were 1.09 E+13 (copies/ml) and AAV-GFAP-
GFP with 1.56 E+13 (copies/ml) of titers. AAV-GFAP-24p3Ri or AAV-GFAP-GFP was injected into right
lateral ventricle (dose: 5ul, coordinates: a/p, + 0.8, m/l, + 1.2, d/v, - 2.0) 4 weeks before MCAO surgery. We
injected 10 μl of 1 μg/ml recombinant LCN2 (rLCN2) (Abcam, UK) into right lateral ventricle for
continuous 5 days before MCAO surgery [28]. Nigericin sodium salt (Nig) (Selleck, USA) and MCC950
(Selleck, USA) are the inducer and inhibitor of NLRP3 in�ammasome activation respectively. The mice
were treated with Nig (4 mg/kg, i.p) [29] or MCC950 (50 mg/kg, i.p) [30] immediately following MCAO
surgery.

Primary astrocytes culture

Primary cortical astrocytes were cultured and puri�ed on the basis of methods described previously [31].
In short, astrocytes were harvested from neonatal mice within 24 h after birth. We isolated bilateral
cerebral cortex in Hank’s balanced salt solution (HBSS, Gibco, USA) on ice and then stripped meninges
and blood vessels under a microscope. The tissue was digested with 0.125% trypsin-EDTA (Gibco, USA)
for 15 min in 37°C. The digestion was terminated with Dulbecco’s Modi�ed Eagle Medium (DMEM, high
glucose, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA). The mixture was pipetted for
100 times to homogenize and then �ltered with screen cloth (diameter, 100 μm). After centrifuging at
1000 RPM for 5 min, the cells were resuspended with complete medium (DMEM containing 10% FBS and
1% penicillin-streptomycin) and seeded in T75 cell culture �ask (corning, USA) which was previously
coated with Poly-D-Lysine (PDL, sigma, USA) overnight. Twenty-four hours later, the medium was
changed to clear away non-adherent cells. From hereafter, half of the medium was changed every 3 days
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until cell fused totally. In order to harvest puri�ed astrocytes, the cells were shacked in 37°C at 400 RPM
for 6 h. The �oating cells were washed by sterile phosphate buffer saline (PBS) for three times. The
adherent cells were digested with 0.25% trypsin-EDTA for 3 min in room temperature and the digestion
was stopped with complete medium. Resuspended cells were seeded in dish and medium changing was
performed every 3 days.

Oxygen-glucose deprivation/reoxygenation

For oxygen-glucose deprivation (OGD), the medium was replaced with glucose-free and FBS-free DMEM
(Gibco, USA). The cells were incubated in anaerobic chamber equipped with AnaeroPack-Anaero (MGC,
Japan) at 37°C in constant temperature incubator. According to the time point reported previously [19],
astrocytes were returned to normal culture condition for reoxygenation after 6 hours (OGD/R).

Western blotting

Total protein was extracted from penumbra region and cultured astrocytes using RIPA lysis buffer (Cell
Signaling Technology, USA) for following western blotting (WB) as reported previously [32]. The protein
concentration was detected by BCA kit (Generay Biotechnology, China). The protein sample was loaded
into 8-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for electrophoresis,
and then transferred to polyvinylidene di�uoride (PVDF) membranes (Millipore, USA). The membranes
were incubated at 4°C overnight with primary antibodies against GFAP (1:5000, Abcam, UK), LCN2 (1:200,
Abcam, UK), 24p3R (1:500, Biorbyt, UK), NLRP3 (1:500, Abcam, UK), ASC (1:500, Santa Cruz
Biotechnology, USA), caspase-1(1:500, Abcam, UK), GSDMD (1:500, Santa Cruz Biotechnology, USA), IL-
1β (1:500, Santa Cruz Biotechnology, USA), IL-18 (1:500, Abcam, UK), β-actin (1:5000, Cell Signaling
Technology, USA). Next day, the membranes were incubated with corresponding HRP-conjugated
secondary antibody at room temperature for 1 h. The optical signal was detected by enhanced
chemiluminescence (Millipore, USA) and the results were analyzed by ImageJ software. β-actin was
selected to serve as housekeeping gene.

Immuno�uorescence staining and TUNEL staining

The mice were sacri�ced after perfusion and brains were �xed with PFA at 4°C overnight. The dehydration
procedure was proceeded according to the concentration gradient (10%, 20%, and 30% of sucrose
solutions) at 4°C. After frozen in optimal cutting temperature compound (Sakura Finetek, Japan), the
brains were sliced into 10 μm sections for immuno�uorescence staining (IF).

Brain slices and cell climbing sheets were washed by PBS for three times before �xation with PFA for 10
min at room temperature. The slices were blocked with solution containing 0.1% Triton-100 (Sigma, USA),
10% goat serum (Beyotime, China) and 1% bovine serum albumin (BSA, AMRESCO, USA) for 1 h. The
slices were incubated with primary antibody against GFAP (1:1000, Abcam, UK), NeuN (1:500, Abcam,
UK), LCN2 (1:200, Abcam, UK), 24p3R (1:100, Biorbyt, UK), NLRP3 (1:200, Abcam, UK), ASC (1:200, Santa
Cruz Biotechnology, USA), caspase-1(1:500, Abcam, UK), GSDMD (1:200, Santa Cruz Biotechnology, USA)
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at 4°C overnight, followed by incubation with appropriate Alexa Fluor-488/594/647-conjugated secondary
antibodies (Jackson ImmunoResearch, USA) for 1 h protected against exposure to light. After triple
washing with PBS, slices were mounted with CC/MOUNT (Sigma, USA). Images were shot by a
�uorescence microscope (Olympus MX51, Japan) or FluoView FV3000 series of confocal laser scanning
microscope (Olympus, Japan).

In order to detect the apoptosis of neurons, TdT-mediated dUTP Nick-End Labeling (TUNEL) was applied
by One-Step TUNEL Assay Kit (Beyotime, China). In a nutshell, after incubating slices with anti-NeuN
primary antibody (1:500, Abcam, UK) at 4°C overnight, TUNEL staining was performed in dark for 1 h at
37°C. Finally, DAPI (1:1000, Sigma, USA) staining was proceeded to label cell nucleus. The ratio of
apoptotic neurons was calculated by ImageJ software. The percentage of TUNEL-positive neurons (red)
compared with total NeuN-stained neurons (green) was used to assess neuron apoptosis. For each
sample, four regions were selected for counting, and the average value was calculated.

ELISA assay

LCN2, LDH, IL-1β and IL-18 in astrocytes culture supernatants were measured by ELISA kits according to
the manufacturer’s instruction (R&D system, USA; Abcam, UK and NEOBIOSCIENCE, China). In short, the
sample was added into wells incubated with appropriate antibodies. After the combination between
enzyme and substrate, the absorbancy of the samples was detected at 450 nm using a microplate reader
(Thermo Fisher Scienti�c, USA).

Real-time quantitative PCR

Total RNA was extracted by Trizol Reagent (Sigma, USA) from peri-infract region of brains and cultured
astrocytes. The extracted RNA was reversely transcribed into cDNA using RevertAid First Strand cDNA
Synthesis Kit (Thermo Scienti�c, USA). A 25 μl reaction system consisted of diluent cDNA (1:10), speci�c
primers and UItraSYBR Mixture (CWBio, China) using Stratagene Mx3000P QPCR system (Agilent
Technologies, USA) was performed to proceed real-time quantitative PCR (qPCR). The mRNA expression
level of GAPDH was served as endogenous control. The primer pairs used in this research were as
follows, 24p3R-forward primer (5-TACCTGATGCGCCTGGAGCT-3), 24p3R-reverse primer (5-
TTCTCCAGTTCCTGCAAAGCTT-3); GAPDH-forward primer (5-AAGAAGGTGGTGAAGCAGG-3), GAPDH-
reverse primer (5- GAAGGTGGAAGAGTGGGAGT-3).

Transmission electron microscopy

The brain tissues were �xed in electron microscopy �xative solution, processing as mentioned by our
previous research [33]. The sections and sheets were scanned by H7500 Transmission Electron
Microscope (Hitachi, Japan).

Statistical analysis
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Statistical analysis was performed with SPSS software (Vision 22.0, SPSS Inc., IBM, NY, USA). All
continuous variables were presented as mean and standard deviation (mean ± S.D.). Two-way repeated-
measures ANOVA followed by Tukey’s post hoc test was used to analyze mNSS, the escape latecy and
swimming pathway in MWM test. Other data were analyzed by one-way ANOVA followed by Tukey’s post
hoc test. Statistical signi�cance was a�rmed by P < 0.05.

Results
LCN2 expression in astrocytes is induced by ischemia/reperfusion injury

Reactive astrogliosis occurs after ischemic stroke through a phenomenon of morphological changes and
increased expression of GFAP [34]. According to the previous researches, reactive astrogliosis mostly
occurs in penumbra region [35, 36]. Our results were consistent with those previous studies (Fig.S1). At 24
h and 72 h post-MCAO surgery, results of IF and WB consistently revealed that GFAP expression was
remarkably increased, indicating the activation of astrocytes was mobilized. Co-immuno�uorescence
staining con�rmed that LCN2 expression was triggered by ischemia insults and was well co-localized
with GFAP (Fig.1 a, b). LCN2 expression reached a peak at 24 h after MCAO surgery while decreased
thereafter (Fig.1 c, d). In in vitro model of ischemic stroke, the maximum level of astrocyte LCN2
expression appeared at 12 h after OGD/R (Fig.1 e, f). This was in consistent with ELISA result measuring
LCN2 secretion into culture supernatants (Fig.S2 a). LDH release assay demonstrated no signi�cant
difference in cell death after reoxygenation for different time periods. The effect of cell activity on the
amount of LCN2 release could be ruled out (Fig.S2 b). Therefore, we chose 24 h in vivo and 12 h in vitro
as the optimal time point for the following experiments respectively.

Lcn2 knockout diminishes brain damage and alleviates post-stroke neurological de�cits

We applied TTC staining to evaluate infarct volume 24 hours after MCAO. The results demonstrated that
infract volume dramatically decreased from 34.40% ± 3.76% to 23.24% ± 4.42% by Lcn2 gene knockout
(Fig.2 a, b; P < 0.001). We further investigated whether Lcn2 deletion could affect ischemia/reperfusion-
induced neuronal apoptosis. For this purpose, NeuN/TUNEL co-immunostaining was used to detect the
apoptosis of neurons in penumbra (Fig.2 c). There were 50.06% ± 11.66% TUNEL-positive neurons in the
peri-infarct region in WT mice. Lcn2 deletion signi�cantly reduced TUNEL-positive neurons in penumbra
to 21.82% ± 3.20% (Fig.2 d, P < 0.001).

mNSS was used to assess post-stroke neurological function on post-stroke day 1, 3, 7, 14, 28. As shown
in Fig.3 a, mice exposure to MCAO suffered from gradually recovered but permanent sensorimotor
de�cits. However, Lcn2 gene de�ciency signi�cantly improved post-stroke sensorimotor function
compared to WT group (P < 0.001 for day 1, 3, 7; P = 0.007 for day 14; P = 0.014 for day 28). In addition,
we used MWM to assess spatial learning and memory function from post-surgery day 22 to 28. With the
extension of the training time, the escape latency and path length to the platform were decreased in all
groups. Nevertheless, Lcn2-/- mice performed better than WT mice. In the training trial, Lcn2 de�ciency
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could reduce escape latency and shorten path length when compared to WT MCAO mice (Fig.3 b, c, P <
0.001 for both on the last training day). Probe trail was proceeded the day after the last training day.
Lcn2-/- mice crossed the hidden platform more times and spent more time in the target quadrant than WT
MCAO mice (Fig.3 d-f, P < 0.05 for both). No signi�cant differences were observed between the sham-
operated groups with either WT or Lcn2-/- background.

Lcn2 de�ciency alleviates pyroptosis of astrocyte induced by ischemia/reperfusion injury

As GSDMD is the marker of pyroptosis expressed on the membrane, we detected the expression of
GSDMD by IF and WB both in vivo and in vitro. As shown in Fig.4 a, there was scarcely GSDMD expressed
in sham-operated groups, but the elevated expression of GSDMD could be induced by MCAO operation.
However, GSDMD expression was reduced by Lcn2 knockout. In vitro, we found that GSDMD expressed
on the membrane of astrocytes after OGD exposure. Lcn2-/- astrocytes showed less GSDMD expression
than WT astrocytes (Fig.4 d). The expression of pore-forming protein, GSDMDNterm, was promoted after
ischemia/reperfusion injury, which could be suppressed by Lcn2 knockout (Fig.4 b, c, e, f, P < 0.001 for
both in vivo and in vitro). These results demonstrated that Lcn2 de�ciency could alleviate pyroptosis of
astrocyte.

To intuitively observe the pyroptosis pores on astrocytes, microscopic evaluation by electron microscopy
was introduced. The GSDMDNterm formed pores were clearly visible on the membrane of astrocytes
suffered from ischemia/reperfusion injury. Membrane pores were less frequent in Lcn2-/- group compared
to WT group (Fig.4 g). As IL-1β and IL-18 could be released through GSDMDNterm pores on the membrane
of astrocytes [37], we further collected cell culture supernatant to evaluate the e�ux of IL-1β and IL-18 in
astrocytes. The ELISA assay results suggested that the upregulated secretion of IL-1β and IL-18 were
both reversed by Lcn2 knockout (Fig.4 h, i, P < 0.001 for IL-1β and P = 0.003 for IL-18).

LCN2 induces NLRP3 in�ammasome activation and astrocyte pyroptosis via binding with 24p3R

GSDMD is cleaved to GSDMDNterm by activated NLRP3 in�ammasome, which is essential for the
formation of pyroptosis pores [38]. We then investigated whether LCN2 could induce astrocyte pyroptosis
through NLRP3 in�ammasome activation by IF and WB. As shown in Fig.5, the upregulated expression of
the target protein of NLRP3 in�ammasome activation pathway, such as ASC, pro-caspase-1, cleaved
caspase-1, mature IL-1β and mature IL-18, could be all signi�cantly suppressed by Lcn2 knockout (P <
0.001for all above target protein).

We next asked whether the function of LCN2 on NLRP3 in�ammasome was associated with its canonical
receptor, 24p3R. By IF, we con�rmed that LCN2 and 24p3R were co-localized in astrocytes (Fig.S3). We
constructed astrocyte-speci�c adeno-associated virus-24p3Ri (AAV-GFAP-24p3Ri) to interfere 24p3R
expression. Intracerebroventricular injection of AAV-GFAP-GFP and AAV-GFAP-24p3Ri (1.09 E+13
copies/ml, 1.56 E+13 copies/ml, 2 μl) was performed 4 weeks before MCAO surgery (Fig.6 a). We used
small animal imaging system and immunostaining of brain sections to con�rm that AAV was
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successfully injected into lateral ventricle and transfected into astrocytes speci�cally (Fig.6 b, c).
Intracerebroventricular injection of AAV-GFAP-24p3Ri could signi�cantly suppress the expression of
24p3R both in transcriptional and translational level when compared to AAV-GFAP-GFP injection (Fig.6 d-
g). The NLRP3 in�ammasome activation inducer, 4 mg/kg of Nig, was immediately injected
intraperitoneally after MCAO surgery. NLRP3 in�ammasome activation was notably enhanced by Nig
application (Fig.7 a, b). The results of WB indicated that NLRP3 in�ammasome activation and
subsequent pyroptosis were inhibited by the interference of 24p3R. The activation of NLRP3
in�ammasome by Nig, though, could reverse the 24p3R interference-induced suppression of astrocyte
pyroptosis (Fig.7 c, d). Together, these results suggested that the association between LCN2 and 24p3R
was necessary in NLRP3 activation-induced astrocyte pyroptosis.

NLRP3 inhibitor abolishes the effects of rLCN2 on astrocyte pyroptosis

We intraperitoneally injected recombinant LCN2 (rLCN2, 10 μl, 10 μg/ml) into 

Lcn2-/- mice 5 consecutive days before MCAO surgery. rLCN2 aggravated astrocyte pyroptosis compared
to vehicle group. Target protein expression associated with pro-in�ammatory cytokines secretion, such as
IL-1β and IL-18, were upregulated by rLCN2 induction (Fig.8 a, b). MCC950 is a selective and effective
inhibitor of NLRP3 in�ammasome. MCC950 (50 μg/kg) was intraperitoneally injected into the mice
immediately after MCAO surgery. As expected, MCC950 signi�cantly inhibited NLRP3 in�ammasome
activation (Fig.8 c, d, P < 0.001). The exaggeration on astrocytes pyroptosis induced by rLCN2 was
remarkably reversed by MCC950. All these results reproducibly suggested that LCN2/24p3R mediated
pyroptosis of astrocytes via NLRP3 in�ammasome after cerebral ischemia/reperfusion injury. Meanwhile,
restraining astrocyte pyroptosis could lighten neurological impairment (Fig.8 e).

Discussion
The present study identi�es LCN2 as an important regulator in astrocyte pyroptosis following cerebral
ischemia/reperfusion injury. LCN2 was increased in astrocytes of peri-infarction area after MCAO. Genetic
knockout of Lcn2 could improve short-term and long-term outcomes of MCAO mice. Mechanistically, we
veri�ed co-localization of LCN2 and 24p3R in astrocytes, providing a physical basis for their association.
Pyroptosis of astrocytes was alleviated using astrocyte-speci�c AAV-GFAP-24p3Ri, which could be
reversed by NLRP3 in�ammasome activator. Likewise, re-expression of LCN2 in Lcn2−/− mice aggravated
GSDMD-mediated pyroptosis. This detrimental effect could be mitigated by 24p3R interference or NLRP3
inhibition. Collectively, in cerebral ischemia/reperfusion injury, LCN2 can bind to the 24p3R on astrocytes
membrane and facilitate NLRP3 activation, which can ultimately trigger astrocyte pyroptosis and pro-
in�ammatory effects (Fig. 10). This research provides new insights into the important role of LCN2 in
neuroin�ammation after cerebral ischemia.

It has been widely accepted that neuroin�ammation is a vital secondary injury following stroke. It is
recently discovered that the multiprotein complexes termed “in�ammasomes”, �rstly described by
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Martinon [39], were involved in the initiation of in�ammatory response [40]. In�ammasomes generally are
consisted of three components: a cytosolic pattern-recognition pattern (PRP) sensing damage-associated
molecular patterns (DAMPs) released from the dead cells, the caspase-1 protease and an adaptor protein
facilitates integrating the two components [41]. So far, the in�ammasomes NLRC4, NLRP1, NLPR3,
NLRP6 and AIM have been implicated in ischemic stroke [12, 13, 42]. Among them NLRP3 in�ammasome
is the most well-studied regulator of caspase-1 activation related to sterile in�ammation in neurological
diseases [43, 44]. NLRP3 protein was found to be increased following ischemic stroke. Inhibiting NLRP3
in�ammasome activation could improve neurological function [45, 46]. Some research suggested that
NLRP3 transcript was not apparently expressed in astrocytes at baseline but could be induced by NLRP3-
activation stimuli, such as recombinant Aβ [47]. NLRP3 in�ammasome activation could initiate pro-
in�ammatory programmed cell death, termed pyroptosis [48].In brief, DAMPs released from damaged
cells are recognized by pattern recognition receptor (PRR) to stimulate NLRP3 in�ammasome activation,
followed by pro-caspase-1 mature promoting. Gasdermins are the executor of pyroptosis, represented by
GSDMD [49]. Caspase-1 cleaves full-length GSDMD into GSDMDNterm, polymerization of GSDMDNterm

forms the characteristic membrane pores of pyroptosis (Aglietti and Dueber, 2017; Ding et al., 2016; Liu et
al., 2016; Sborgi et al., 2016). However, the triggers of NLRP3 in�ammasome activation in ischemic stroke
remains unclear. Activated astrocytes following ischemic stroke could respond to in�ammatory signals
and promote in�ammation. Nowadays, mounting evidences demonstrated that pyroptosis of astrocytes
was involved in cerebral ischemia/reperfusion pathologic process. Suppressing NLRP3-mediated
pyroptosis of astrocytes by hispidulin could improve neurological symptoms and decrease pro-
in�ammatory cytokines secretion, infract volume and brain edema [11]. Pioglitazone conferred
neuroprotective function against astrocyte pyroptosis in brain injury [10]. Our results substantiated that
NLRP3 in�ammasome was activated in astrocytes and subsequently caused astrocyte pyroptosis during
ischemic stroke. Once NLRP3 activation was inhibited, the pyroptosis of astrocytes was suppressed,
suggesting that NLRP3 initiation was necessary in astrocyte pyroptosis following cerebral
ischemia/reperfusion injury.

Lipocalin-2 (LCN2) is an acute phase protein and mainly secreted from activated astrocytes under diverse
brain injury conditions [16]. LCN2 acts as an autocrine pattern on astrocyte. To date, studies about the
role of LCN2 on astrocyte mainly focused on reactive astrocytosis. Astrocyte has two distinct activation
phenotypes, classic activation (pro-in�ammatory one) and alternative activation (anti-in�ammatory one).
LCN2 auto-secreted from activated astrocytes could in turn stimulate the classic activation and provide
in�ammation-promoting function [18, 50]. Our previous study also proved the necessity of LCN2 for
astrocyte classic activation using Lcn2−/− mice [19]. Devireddy documented that LCN2 could mediate cell
apoptosis via binding with 24p3R [51]. We further expanded the function of LCN2/24p3R to cell
pyroptosis. We found that LCN2 could trigger pyroptosis of astrocyte via binding with 24p3R, and the
generation of pro-in�ammatory cytokines and neurologic impairment was alleviated by Lcn2 gene
knockout. LCN2 can amplify in�ammasome through astrocytes/microglia activation and neutrophil
in�ltration [21]. Even LCN2 may have direct neurotoxic effect by binding with receptor on neurons [20].
Our study found that LCN2-mediated astrocytic pyroptosis could cause neuron damage. Here we
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discussed the possible mechanisms for further study. Astrocyte-neuron crosstalk contributes to the
pathological process of various neurological diseases, and neurotoxic effects of activated astrocytes
have been widely studied.[52–54]. Among them, the study about effect of astrocytic pyroptosis on
neurons are attracting more and more attention. In a sepsis model, pyroptosis of astrocytes caused
increased release of pro-in�ammatory cytokines (IL-1β and IL-18), resulting neuron damage[55]. Another
study found that pyroptosis, especially occurred in astrocytes, promoted disruption of blood-brain barrier
integrity and accumulation of toxic Aβ, ultimately leading to neuronal death after I/R injury[56]. Another in
vitro study demonstrated that pyroptosis of astrocytes decreased neuronal viability and aggravated
neuronal apoptosis through caspase-1 activation[13]. Refer to the above, aggravated neuroin�ammation
and neuronal damage may lead to increased infract volume by MCAO.

In summary, our data support a pro-pyroptotic role of LCN2 in cerebral ischemia/reperfusion injury.
Inhibiting LCN2-induced astrocyte pyroptosis may be a promising therapeutic target for ischemia stroke
management.
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Figure 1

The LCN2 expression in astrocytes was upregulated following ischemia/reperfusion injury both in vivo
and in vitro. (a, b) Double label immuno�uorescence staining for GFAP (green) and LCN2 (red) in peri-
infract region and OGD/R treated astrocytes. Scale bar = 20 μm. (c-f) Immunoblotting analysis of LCN2
expression after MCAO or OGD/R. All data were shown as mean ± S.D.; n = 3 per group; ***P < 0.001, *P <
0.05 versus sham-operated group or control group; ###P < 0.001, $$$P < 0.001.
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Figure 2

Lcn2 knockout reduces infract volume and neuronal death after MCAO surgery. (a, b) Infract volume was
assessed by TTC (2, 3, 5-triphenyltetrazoliumchloride) staining 24 h after MCAO surgery. n = 10 per group.
(c, d) Presentative images of double staining of TUNEL (red) with NeuN (green) to assess the proportion
of apoptotic neurons after MCAO surgery. Scale bar = 50 μm. All data were shown as mean ± S.D.; ***P <
0.001 versus corresponding sham-operated group; ###P < 0.001.
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Figure 3

Lcn2 deletion alleviates post-stroke neurological de�cits. (a) mNSS were used for sensorimotor function
assessment after MCAO surgery. ***P < 0.001, **P < 0.01, *P < 0.05 for MCAO-operated mice in WT group
versus Lcn2-/- group. (b-f) Long-term cognitive function was assessed by MWM (Morris Water Maze) test
at day 22-28 post MCAO surgery. (d) Representative swimming path trace of mice attempting to �nd the
hidden platform on the last training day (top traces, “learning”), or searching for the removed platform in
the probe trail (below traces, “memory”). (b, c) Escape latency and path length were recorded on day 23-
27 post-MCAO surgery. ***P < 0.001, **P < 0.01, *P < 0.05 for MCAO-operated group versus corresponding
sham-operated group; ###P < 0.001, #P < 0.05 for MCAO-operated mice in WT group versus LCN2-/- group.
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(e, f) Time in target quadrant and platform crossovers were recorded in the probe trail, ***P < 0.001 and *P
< 0.05 for MCAO-operated group versus corresponding sham-operated group; #P < 0.05. All data were
shown as mean ± S.D.; n = 10 per group.

Figure 4
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Lcn2 de�ciency alleviates pyroptosis of astrocyte induced by ischemia/reperfusion injury. (a, d) Double-
label immuno�uorescence staining for GFAP (green) and GSDMD (red) in vivo and in vitro. Scale bar = 20
μm. (b, c, e, f) WB analysis of GSDMD protein expression in penumbra tissue and cultured astrocytes. All
data were shown as mean ± S.D.; n = 5 per group; ***P < 0.001, **P < 0.01, *P < 0.05 for MCAO-operated
group versus corresponding sham-operated group or OGD/R-cells versus corresponding control cells; ###P
< 0.001. (g) Representative image of TEM of astrocytes in peri-infract brain tissue. The red arrows pointed
to pyroptosis pores on the cell membrane. Scale bar = 5 μm and 1 μm for magni�ed image. (h, i) IL-1β
and IL-18 secretion into supernatants measured by ELISA kits. All data were shown as mean ± S.D.; n = 3
per group; ***P < 0.001 for OGD/R-cells versus corresponding control cells; ###P < 0.001, ##P < 0.01.
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Figure 5

LCN2 induces NLRP3 in�ammasome activation and subsequent pyroptosis in astrocytes. (a) Co-
immuno�uorescence staining of GFAP with NLRP3, ASC, and caspase-1. Scale bar = 20 μm. (b)WB
analysis of expression of LCN2, 24p3R, NLRP3, ASC, pro-caspase-1, cleaved caspase-1, pro-IL-1β, mature
IL-1β, mature IL-18 in penumbra region. All data were shown as mean ± S.D.; n = 5 per group; ***P < 0.001
versus corresponding sham-operated group; ###P < 0.001.
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Figure 6

AAV-GFAP-24p3Ri transfection reduces 24p3R expression in astrocyte. (a) Schematic diagram of
intracerebroventricular injection procedure. (b) Representative images of small animal imaging system. A.
WT MCAO-operated mouse; B. WT MCAO-operated mouse with AAV-GFAP-GFP injection; C. WT MCAO-
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operated mouse with AAV-GFAP-24p3Ri injection. (c) Representative images of AAV (labeled with GFP,
green) speci�cally transfected into astrocytes but not microglia and neurons (labeled with GFAP, Iba-1,
and NeuN, red). Scale bar = 20 μm. (d) qPCR was used to verify the e�cacy of 24p3Ri in transcriptional
level. n = 3 per group; *P < 0.05 versus vehicle-injection group; #P < 0.5. (e, f) Detection of interference of
24p3R expression in translational level by WB. n = 3 per group; ***P < 0.01 versus vehicle-injection group;
###P < 0.001. (g) IF showed that astrocytic-24p3R expression was signi�cantly inhibited by AAV-GFAP-
24p3Ri injection. Scale bar = 20 μm.
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Figure 7

LCN2 mediates astrocyte pyroptosis by NLRP3 in�ammasome activation via binding to 24p3R. (a, b) The
e�cacy of Nig to induce NLRP3 in�ammasome activation was evaluated by WB. n = 3 per group; ***P <
0.001, **P < 0.01; *P < 0.05 versus sham-operated group; ###P < 0.001. (c, d) WB analysis of NLRP3, ASC,
pro-caspase-1, cleaved caspase-1, GSDMD-FL, GSDMDNterm, pro-IL-1β, mature IL-1β, mature IL-18. n = 5
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per group; ***P < 0.001, **P < 0.01 versus sham-operated group; ###P < 0.001; $$$P < 0.001. All data were
shown as mean ± S.D..

Figure 8

NLRP3 inhibitor abolished detrimental effects of rLCN2 on pyroptosis and functional prognosis. (a, b) WB
analysis of LCN2, 24p3R and target protein in NLRP3 in�ammasome and pyroptosis pathway. n = 5 per
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group; ***P < 0.001, **P < 0.01, *P < 0.05 versus sham-operated group; ###P < 0.001; $$$P < 0.001, $$P <
0.01; &&&P < 0.001. (c, d) Detection of MCC950 function by WB analysis of NLRP3 expression. n = 3 per
group; ***P < 0.001, **P < 0.01, *P < 0.05 versus sham-operated group; ###P < 0.001. (e) Neurologic
impairment assessment on 24 h after MCAO surgery. n = 8 per group; #P < 0.05; $$P < 0.01; &&&P < 0.001.
All data were presented as mean ± S.D..

Figure 9

LCN2, secreted from astrocytes during brain ischemia/reperfusion injury, binded to 24p3R on the
membrane of astrocytes. This process could stimulate the activation of NLRP3 in�ammasome. Pro-
caspase-1 was subsequently cleaved into caspase-1. GSDMDNterm cleaved by caspase-1 polymerized on
the cell membrane forming GSDMDNterm pores and caused programmed in�ammatory cell death,
pyroptosis. Activated caspase-1 could also promote the maturation and release of pro-in�ammatory
cytokines such as IL-1β and IL-18.
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