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Abstract

Pyroptosis has been proven to be responsible for secondary brain injury after intracerebral hemorrhage (ICH). A recent
study reported that Raf kinase inhibitor protein (RKIP) inhibited assembly and activation of inflammasome in macrophages.
Our present study aimed to investigate the effects of RKIP on inflammasome-mediated neuronal pyroptosis and underlying
neuroprotective mechanisms in experimental ICH. Here, we showed that RKIP expression was decreased both in cerebro-
spinal fluid (CSF) samples from patients with ICH and in the peri-hematoma tissues after experimental ICH. In mouse ICH
model, activation of RKIP remarkably improved neurological deficits, reduced brain water content and BBB disruption,
and promoted hematoma absorption at 24 h after ICH, as well as alleviated neuronal degeneration, reduced membrane pore
formation, and downregulated pyroptotic molecules NLRP3, caspase-1 P20, GSDMD-N, and mature IL-1f. Besides, RKIP
activation decreased the number of caspase-1 P20-positive neurons after ICH. However, RKIP inhibitor reserved the neu-
roprotective effects of RKIP at 24 h following ICH. Moreover, RKIP could bind with ASC, then interrupt the assembly of
NLRP3 inflammasome. Mechanistically, inhibiting the caspase-1 by VX-765 attenuated brain injury and suppressed neuronal
pyroptosis after RKIP inhibitor-pretreated ICH. In conclusion, our findings indicated that activation of RKIP could attenuate
neuronal pyroptosis and brain injury after ICH, to some extent, through ASC/Caspase-1/GSDMD pathway. Thus, RKIP may
be a potential target to attenuate brain injury via its anti-pyroptosis effect after ICH.
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Introduction

Intracerebral hemorrhage (ICH) is a devastating type of
stroke with high mortality and morbidity, for which hereto-
fore no effective treatment is available [1]. Pyroptosis was
proven to be implicated in the pathogenesis of secondary
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brain injury after ICH [2]. To be specific, pyroptosis, a
novel type of programmed cell death, is characterized by
cell swelling, membrane rupture, formation of nonselective
pore caused by cleavage of gasdermin D (GSDMD), extrava-
sation of cellular content, and secretion of interleukin-1f
(IL-1p) and IL-18 exacerbating inflammation response [3,
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4]. Therefore, inhibition of pyroptosis might be a therapeutic
target for attenuating brain injury after ICH [2, 5].

Raf kinase inhibitor protein (RKIP), a prototypical
member of the phosphatidylethanolamine-binding protein
(PEBP) family, is involved in neural development, cardiac
function, and spermatogenesis [6—8]. As a signaling switch,
RKIP negatively regulates several protein kinases signaling
cascades, such as inhibiting MAP kinase (Raf-MEK-ERK),
G protein-coupled receptor (GPCR) kinase, and NF-kB
signaling cascades [9-11]. Previous studies reported that
the expression of RKIP was commonly downregulated in
multiple cancers, while overexpressing RKIP induced cancer
cells to programmed cell death [12, 13]. Besides, decreased
expression of RKIP was associated with a wide variety of
disorders such as circadian rhythms, synaptic long-term
depression (LTD), neural development and differentiation,
stress, depression, Alzheimer’s disease, and brain cancer
[11, 14-16]. Mounting evidence revealed that overexpres-
sion of RKIP attenuated brain injury after ischemia stroke,
whereas knockdown of RKIP exacerbated the deficits after
ischemia stroke [17, 18]. A recent study showed that RKIP
was directly bound to apoptosis-associated speck-like pro-
tein containing a caspase recruitment domain (ASC), thus
interrupted the assembly and activation of the nucleotide-
binding oligomerization domain-like receptor protein 3
(NLRP3) inflammasome in macrophages [19]. However, the
effects of RKIP on neuronal pyroptosis after hemorrhagic
stroke have not been elucidated.

Classical pyroptosis is initiated by NLRP3 inflamma-
some, which contains NLRP3, ASC, and Pro-Caspase-1
[20]. NLRP3 inflammasome can amplify the inflamma-
tory response by activating its core component, caspase-1
[21-23]. Activated caspase-1 cleaves GSDMD, the N-ter-
minal and C-terminal cleavage fragments (GSDMD-N and
GSDMD-C, respectively), and cleaves pro-IL-1p and pro-
IL-18 [24]. N-terminal fragment of GSDMD forms pores in
the plasma membrane of cells, resulting in its permeability
to drainage inflammatory intracellular contents [25]. In con-
trast, inhibition of caspase-1 exerts neuroprotective impacts
on various CNS disorders [26]. In experimental Alzheimer’s
disease, VX-765, a caspase-1 selective inhibitor, protected
mouse brains from memory deficits through improvement
in AP clearance [27]. Inhibition of caspase-1 mediated neu-
roprotective effects through polarizing M2 microglia/mac-
rophage and suppressing NF-kB activation in experimental
stroke [28]. Moreover, NLRP3 inflammasome-mediated
pyroptosis was involved in the pathogenesis of brain injury
after ICH [29]. In recent years, there has been a consensus
that NLRP3 inflammasome-mediated pyroptosis played a
critical role in the development of brain injury after TBI and
stroke [30, 31]. Activation of NLRP3 inflammasome aggra-
vated brain injury after TBI and stroke, while inhibiting
information of NLRP3 inflammasome improved brain injury
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[32, 33]. Therefore, inhibition of inflammasome-mediated
pyroptosis might be a feasible approach to attenuate brain
injury after ICH.

In the present study, we hypothesized that activation of
RKIP binding ASC could alleviate neuronal pyroptosis and
improve neurological function after ICH in mice, and the
anti-pyroptosis mechanism of RKIP is mediated through
Caspase-1/GSDMD signaling pathway.

Materials and Methods
CSF Sample Collection

Patients with basal ganglion ICH admitted to our hospital
were screened. Inclusion criteria were spontaneous ICH and
age > 18 years, diagnosed with basal ganglia ICH on non-
contrast CT within 24 h after symptoms onset. The amount
of hematoma was 10-20 mL in volume on CT scan. Exclu-
sion criteria were as follows: (1) Presences of other previous
systemic diseases including uremia, liver cirrhosis, malig-
nancy, and chronic heart or lung disease. (2) ICH caused
by traumatic brain injury, cerebral aneurysm, arteriovenous
malformation, brain tumor stroke, or hemorrhagic trans-
formation of ischemic stroke. (3) History of arteriovenous
malformation of the brain and history of ruptured cerebral
aneurysm. In the ICH group and the control group, the
cerebrospinal fluid (CSF) samples were collected through
lumbar puncture. Fresh CSF samples were spun down, and
supernatant was collected and stored at — 80 °C until analy-
sis. The informed consents were obtained from patients, con-
trols, or family members in all cases before CSF samples
were collected. The study was performed with approval from
the Ethics Committee of the Second Affiliated Hospital of
Chongqing Medical University.

Animals

The experiments were conducted ini C57BL/6 male mice
(weight about 25 g), purchased from and bred at the Animal
Center of Chongqing Medical University. All mice were kept
at room temperature (22 + 1 °C) with a 12-h day/night cycle
(humidity: 60 +5%) with free access to food and water. All
mouse experimental protocols were approved by the Ani-
mal Ethics Committee of Chongqing Medical University.
The study was conducted in accordance with the National
Institutes of Health guide for the care and use of Laboratory
Animals and the ARRIVE (Animal Research: Reporting
In Vivo Experiments) guidelines and was approved by the
Institutional Animal Care and Use Committee of Chongqing
Medical University.
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Cell Culture

Immortalized mouse hippocampal neuron HT-22 (CL-
0595) cells were provided by Cell Bank, Shanghai. The
cells were cultured in Dulbecco’s modified eagle medium
(DMEM) (4.5 g/L glucose) containing 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin at 37 °C in
a 5% CO2 atmosphere. When the cells reach to approxi-
mately 80% confluence, they were digested with trypsin
and passaged for additional experiments. The cells were
pretreated with lipopolysaccharide (LPS) (1 pg/mL) for
4 h. After stimulation, the cells were disrupted using lysis
buffer, finally centrifuged, and collected as previously
described.

Experimental Design

Six separate experiments were designed as follows (Fig. 1).
A total of 330 mice were used (Supplementary Table S1).

Experiment 1 To detect the expression level of RKIP in
patients with ICH and healthy controls, cerebrospinal fluid
(CSF) samples were tested by the enzyme-linked immuno-
sorbent assay (ELISA).

Experiment 2 Time course of the expression of endogenous
RKIP in the peri-hematoma tissue after ICH was measured
by Western blot. The cellular localization of RKIP was
detected by double immunofluorescence staining at 24 h
after ICH.

Experiment 3 To assess effects of RKIP on brain injury after
ICH, three doses of didymin (0.5, 1.5, 4.5 mg/kg, Solarbio,
China), a RKIP up-regulator, were administered intraperi-
toneally at 1 h after ICH insult to upregulate RKIP expres-
sion. Locostatin (0.5 mg/kg, Darmstadt, Germany), a RKIP
inhibitor, was administered intraperitoneally at 1 h before
ICH insult to inhibit endogenous RKIP [34]. Mice were ran-
domly divided into 6 groups: sham, ICH + vehicle (DMSO),
ICH + didymin (0.5 mg/kg), ICH + didymin (1.5 mg/kg),
ICH +didymin (4.5 mg/kg), ICH +locostatin (0.5 mg/kg).
Neurological test, brain water content, Evans blue (EB)
extravasation, and magnetic resonance imaging (MRI) were
evaluated 24 h after ICH.

To validate the delivery efficiency of intraperitoneal
administration of didymin (1.5 mg/kg) and lococsta-
tin (0.5 mg/kg), the expression of RKIP was examined
by Western blot and immunofluorescence assay. Mice
were randomly assigned to 6 groups: naive + vehicle
(DMSO), naive + didymin (1.5 mg/kg), naive + locosta-
tin (0.5 mg/kg), ICH + vehicle (DMSO), ICH + didymin
(1.5 mg/kg), ICH + locostatin (0.5 mg/kg).

Experiment 4 To evaluate effects of RKIP on neuronal
degeneration and neuronal pyroptosis after ICH. Fluoro-
Jade C (FJC) staining, transmission electron microscopy
(TEM), Western blot, and immunofluorescence stain-
ing were performed after ICH. Based on the results of
experiment 3, the optimal dose of didymin was 1.5 mg/
kg, which was set as a standard dose for the rest of the
experiment. Mice were randomly divided into 4 groups:
sham, ICH + vehicle (DMSO), ICH + didymin (1.5 mg/
kg), ICH + locostatin (0.5 mg/kg).

Experiment 5 To explore the interaction of RKIP and ASC,
co-immunoprecipitation was performed in mice at 24 h after
ICH. In addition, to exclude false positive of the interaction
of RKIP and ASC, immunofluorescence staining was per-
formed in HT-22 cells after LPS stimulation to verify both
RKIP and ASC co-expressed in the cytoplasm.

Experiment 6 To investigate underlying mechanisms of
RKIP-mediated anti-pyroptotic effect, locostatin (0.5 mg/
kg) was intraperitoneally injected in each group at 1 h
before ICH insult, and then a Caspase-1 inhibitor, VX-765
(50 mg/kg, San Diego, CA, USA) [27, 28], was admin-
istered intraperitoneally at 1 h after ICH insult. Mice
were randomly divided into 3 groups: sham + locosta-
tin (0.5 mg/kg), ICH + locostatin (0.5 mg/kg) + vehicle,
ICH +locostatin (0.5 mg/kg) + VX-765 (50 mg/kg). Neu-
rological test, brain water content, EB extravasation, West-
ern blot, and double immunofluorescence staining were
performed.

ICH Mouse Model Induction

ICH model was induced by autologous blood injec-
tion as previously described [35]. Briefly, the mice
were anesthetized with 1% pentobarbital (50 mg/kg,
i.p.) and all experimental mice received a total of 30 pl
autologous arterial blood drawn from the central artery
of the tail, which was injected successively into the
basal ganglion without anticoagulation (stereotaxic
coordinates: 0.2 mm anterior, 2.3 mm left lateral, and
3.5-mm deep). When the injection was completed, the
needle was left in place for more than 10 min to pre-
vent possible backflow. After the withdrawal of the
needle, the burr hole was filled with bone wax and the
skin was sutured and sterilized. Body temperature was
maintained at 37 °C on an electric blanket throughout
all of these procedures. After surgeries, the ICH model
was evaluated by Bederson score to assess whether the
modeling is successful [36]. Unsuccessful ICH models,
including asymptomatic and dead mice before sacrifice,
were excluded from this study.
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Experiment 1: The expression of RKIP in CSF from patients with ICH
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Experiment 4: The Effects of RKIP on neuronal pyroptosis after ICH
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«Fig. 1 Experimental design and animal groups. Co-IP, co-immuno-
precipitation; DMSO, dimethyl sulfoxide; ELISA, enzyme-linked
immunosorbent assay; FJC, Fluoro-Jade C staining; ICH, intracer-
ebral hemorrhage; IF staining, immunofluorescence staining; MRI,
magnetic resonance imaging; TEM, transmission electron micro-
scope; WB, Western blot

Intraperitoneal Drug Administration

Following the manufacturer’s instructions, didymin (0.5, 1.5,
4.5 mg/kg, Solarbio, China), locostatin (0.5 mg/kg, Darm-
stadt, Germany), and VX-765 (50 mg/kg, San Diego, CA,
USA) were dissolved in dimethylsulfoxide (DMSO), respec-
tively, and then administered intraperitoneally.

Neurobehavioral Function Test

Neurobehavioral functions were evaluated using modified
Garcia test and corner turn test at 24 h following ICH by
a blinded investigator as previously described [37]. In the
modified Garcia test, mice were evaluated for seven items
including spontaneous activity, axial sensation, vibrissae
touch, limb symmetry, lateral turning, forelimb walking,
and climbing. Each test was scored as either 0-3 or 1-3,
and established a maximum deficit score of 21. A higher
indicated a better neurological function. For the corner turn
test, the mouse was allowed to proceed freely into a 30°
corner and choose either left or right to exit the corner. The
choice of direction during 10 repeats was recorded, with at
least 30-s break between the trials, and the percentage of
ipsilateral turns was calculated. The percentage of right turn
to 10 trials was then calculated.

BBB Permeability

BBB permeability was assessed using method of Evans
blue extravasation [38]. After injected with Evans blue for
3 h, mice were transcardially perfused with cold phosphate-
buffered saline (0.1 M, PBS, pH 7.4) under deep anesthesia.
The operator took out mouse brain, and then separated into
left or right hemisphere and cerebellum, stored at — 80 °C
immediately. The right part of the 1 g brain was homog-
enized in 100 pl PBS, sonicated, and centrifuged (12,000 g,
4 °C, 30 min). The supernatant was collected and added an
equal amount of trichloroacetic acid (TCA) was incubated
overnight by 4 °C. After centrifugation (12,000 g, 4 °C,
30 min), Evans blue stain was measured by spectrophotom-
eter (Thermo Fisher Scientific, USA) at 610 nm.

Brain Water Content

Wet/dry method was used to measure ICH-induced brain
edema as previously described [38, 39]. Briefly, mice were

sacrificed under deep pentobarbital anesthesia at 24 h after
ICH. The brain was immediately removed and cut into a
4-mm coronal slice and separated into five parts: ipsilateral
and contralateral basal ganglia, ipsilateral and contralateral
cortex, and cerebellum. The cerebellum was retained as an
internal control. Each part was immediately weighed on an
electronic analytical balance (FA2204B, Techcomp, USA) to
obtain the wet weight (WW) and then dehydrated at 100 °C
for 72 h. The samples were then reweighted to obtain a dry
weight (DW). Water content of brain tissue was calculated
as follows: brain water content (%)= [(wet weight — dry
weight)/wet weight] X 100%.

Fluoro-Jade C Staining

Degenerating neurons were evaluated by Fluoro-Jade C
(FIC) staining as previously described [40]. Briefly, tissue
sections were immersed in a basic alcohol consisting 1%
sodium hydroxide in 80% ethanol for 5 min, followed by
70% ethanol for 2 min, and 0.06% potassium permanganate
solution for 10 min. Then, samples were incubated with
0.0001% working solution of FJC for 10 min. Two observers
blinded to the experimental group counted the FIC-positive
cells in six sections per brain (at 20 X magnification) through
the injury’s epicenter. Data were expressed as the ratio of
FIC-positive cells (relative to Sham group).

Transmission Electron Microscopy

Brian tissues (1 X 1 X 1 mm) from the ipsilateral cortex were
fixed in 2.5% glutaraldehyde and then were postfixed in 1%
osmium tetroxide. After being dehydrated in a gradient of
ethanol (30%, 50%, 70%, 90%, 100%) and being embedded
in araldite, tissues were cut into 50—60-nm sections. Finally,
the thin sections were stained with 3% uranyl acetate and
lead citrate and were then scanned using an H7500 transmis-
sion electron microscope (TEM) (Hitachi, Japan).

Immunofluorescence Staining

Double fluorescence staining was conducted as previ-
ously described [41]. The mice were deeply anesthetized
and were transcardially perfused with 20 mL ice-cold PBS
followed by 20 mL of 4% paraformaldehyde at 24 h post-
ICH. The brain was removed and then was fixed overnight
in 4% paraformaldehyde, and then the brain was dehy-
drated in 20% sucrose for 1 day and then replaced in 30%
sucrose for another day. The brain was embedded in OCT
and frozen in a— 80 °C refrigerator and then was cut into
8-pm-thick coronal sections using a cryostat (CM1860;
Leica Microsystems, Germany). For double immunohis-
tochemistry staining, the brain sections were incubated at
4 °C overnight with primary antibody: anti-Neun (1:100,

@ Springer



1042

Translational Stroke Research (2022) 13:1037-1054

Abcam, USA), anti-ionized calcium-binding adaptor mole-
cule 1 (Iba-1, 1:200, Wako, Japan), anti-glial fibrillary acidic
protein (GFAP, 1:200, CST, USA), and anti-RKIP (1:50,
Abcam, USA), anti-GSDMD (1:50, Sigma, USA). After
being washed three times, the sections were incubated with
appropriate secondary antibody (1:200, Bioss, China) for 1 h
at 37 °C. For each mouse, we acquired images from at least
three randomly selected fields per section and chose at least
two randomly selected sections from the major hemorrhagic
territory using a fluorescence microscope (U-HGLGPS,
OLYMPUS, Japan). Microphotographs were analyzed with
cellSens Standard software.

The LPS-pretreated HT-22 cells were seeded on glass
coverslips in 24-well plates. After various treatments, the
cells were fixed in 4% paraformaldehyde at room tempera-
ture for 20 min and then washed thrice in PBST. After per-
meabilization with 0.1% Triton X-100/PBS for 15 min, the
cells were washed with PBS, blocked in PBS with 5% BSA
at room temperature for 1 h, and then incubated with RKIP
(1:100, Abcam, USA) and ASC (1:50, Santa Cruz, USA)
primary antibodies at 4 °C overnight. After being washed
with PBS, the cells were incubated with FITC-conjugated
secondary antibodies (1:1000) for 1 h at room tempera-
ture. Finally, the cells were washed with PBS, mounted in
Fluoroshield containing DAPI, and analyzed by confocal
microscopy.

Western Blot

Western blotting was performed as previously described
[42]. After mice were perfused with ice-cold PBS (0.1 M,
pH 7.4) at 24 h post-operation, the peri-hematoma tissues
were collected and stored in a— 80 °C freezer until use. After
sample preparation, 20 pg of total protein of every sample
was separated by SDS gel electrophoresis and electro-trans-
fer to a PVDF membrane, and the membrane was blocked
for 1 h at 37 °C followed by incubated with the primary anti-
body overnight at 4 °C. The primary antibodies were anti-
RKIP (1:1000, Abcam, USA), anti-ASC (1:1000, Abcam,
USA), anti-NLRP3 (1:1000, Abcam, USA), anti-GSDMD
(1:1000, Abcam, USA), anti-caspase-1 (1:1000, Abcam,
USA), and anti-B-actin (1:5000, proteintech, China). The
secondary antibodies (ZSGB-BIO) were incubated for 1 h
at 37 °C. The protein bands were visualized using enhanced
chemiluminescence (ECL), and the relative protein quantity
was determined using Image] software (National Institutes
of Health, USA).

Co-immunoprecipitation
Tissue protein lysates were obtained with NP40 buffer

(150 mM NaCl, 50 mM Tris—HCI [pH 7.5], 1% NP40)
containing a protease and phosphatase inhibitor cocktail
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(Thermo Fisher Scientific). Take out 60 pl tissue protein
as input group. Wash protein G-agarose beads (Thermo) 3
times with washing buffer (50 mm Tris (pH 7.5), 0.1 mm
ethylenediaminetetraacetic acid, 1% Triton X-100, 10%
glycerol, 1 mm phenylmethylsulfonyl fluoride, and 1 mm
DTT). Protein G-agarose (Thermo) beads were added with
capturing antibody for 2 h at 4 °C and then washed with the
washing buffer. For immunoprecipitation, 1 mg of total pro-
tein was used with 40 pl of Protein G Dynabeads pre-coated
with 2 pl of capturing antibody. Tissue proteins were incu-
bated with the mixed sample. After overnight incubation,
beads were extensively washed 5 times with NP40 buffer.
Samples were eluted by incubation with 1 X concentrated
electrophoresis sample buffer and the input group was added
2 x concentrated electrophoresis sample buffer, then both
were boiled for 10 min. The supernatant was collected to
proceed to Western blot.

Enzyme-Linked Imnmunosorbent Assay

ELISA was performed as previously described [43]. Tis-
sue protein from experimental animals and cerebrospinal
fluid samples from patients with ICH and healthy control
individuals were obtained and detected by enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems, USA),
according to the manufacturer’s instruction. At 24 h after
ICH, mice were anesthetized and then perfused with
0.1 M PBS. Tissue protein from experimental animals
with ICH was obtained and homogenized in lysis buffer
containing protease inhibitors (to each 10 mg of tissue,
100 pl of lysis buffer was used); the supernatant with-
out dilution was used to measure IL-1p. Mouse DuoSet
ELISA kit to IL-1f was purchased from R&D Systems
and performed as instructed by the manufacturer. The
protein concentration of the lysate was determined using
a Pierce TM bicinchoninic acid assay protein assay kit
(Thermo Scientific, Rockford, IL, USA).

Magnetic Resonance Imaging

Mice were under anesthesia by inhalation of 3.5% iso-
flurane and maintained by inhalation of 1.0-2.0% iso-
flurane in 70% N,O and 30% O, by a nose cone. During
MRI scan, the animal’s respiration was continually moni-
tored by a small animal monitoring and gating system
(SA Instruments, Stoney Brook, NY) via a pillow sensor
positioned under the abdomen. Mice were placed on a
heated circulating water blanket to maintain normal body
temperature (36-37°C) and under a special coil for small
animals.. The T2WI parameters were set as follows: the
repetition time (TR) was 8000 ms, the echo time (TE)
was 85 ms, and the slice thickness was 1.0 mm using a
3.0-T MRI scanner (MAGNETOM Prisma, SIEMENS,
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Fig.2 Changes of RKIP expression in CSF samples from ICH
patients and in the peri-hematoma tissues after experimental ICH.
a ELISA assay results showed that the expression of RKIP was
decreased in CSF from patients with ICH compared with CSF from
healthy control individuals. n=6 for each group. *P <0.05 vs healthy
controls. b Representative Western blot band and quantitative analy-
ses of RKIP time-dependent expression in right hemisphere after

Germany). Post-scanning, mice were transferred to a
heated cage for 5-10 min in order to recover from anes-
thesia, and then returned to their home cages. All image
analyses were performed by 2 observers blinded to the
mouse treatment factors.

ICH. n=6 per group. *P<0.05 vs sham. ¢ Representative brain
sample with schematic illustration presented four regions in the
peri-hematoma area (indicated by black boxes). d Representative
images of double immunofluorescence staining showed that RKIP
was colocalized with microglia (Iba-1), astrocytes (GFAP), and
neurons (NeuN) separately at 24 h after ICH. n=3 per group. Scale
bar=50 pm

Statistics Analysis
All results were expressed as the mean +SD and analyzed

with GraphPad Prism (version 9.0, GraphPad Software,
Inc.) and Image J (version 1.8.0) using one-way analysis of
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«Fig.3 The effects of activation of RKIP and inhibition of endogenous
RKIP on neurological function, brain edema, blood—brain barrier per-
meability, and hematoma size after ICH. a—e Activation of RKIP with
didymin (1.5 mg/kg) significantly improved neurological deficits (a)
and reduced brain water content (b) and EB extravasation (¢), as well
as promoted hematoma absorption (d, e) at 24 h after ICH. However,
administration of locostatin aggravated neurological deficits (a) and
increased brain water content (b), EB extravasation (c¢), and hema-
toma size (d, e) at 24 h after ICH. n==6 per group. *P <0.05 vs sham;
#P <0.05 vs ICH + vehicle. ipsilateral basal ganglia (ipsi-BG), con-
tralateral basal ganglia (contra-BG), ipsilateral cortex (ipsi-CX), con-
tralateral cortex (contra-CX), and cerebellum

variance followed by a Student—-Newman—Keuls test. P value
of <0.05 was defined as statistically significant.

Results
Mortality and Exclusion

All sham-operated were survived. The overall mortality of
ICH mice was 7.87% (26/330) in this study. There is no
significant difference in the operation groups among experi-
ments 2—6. Four mice were ruled out from this study due to
no hematoma (Supplementary Table S1).

Changes of RKIP Expression in CSF Samples
from ICH Patients and in the Peri-hematoma Tissues
After Experimental ICH

ELISA result showed that RKIP expression level was
decreased in CSF samples from patients with ICH compared
with healthy control individuals (Fig. 2a). Western blot anal-
ysis showed that the level of RKIP in the peri-hematoma
tissues significantly decreased at 24 h in the ICH group com-
pared with the sham group (Fig. 2b,c). Double immunofluo-
rescence staining showed that RKIP was mainly expressed
in microglia, astrocytes, and neurons in the peri-hematoma
tissues at 24 h after ICH (Fig. 2d). The above-mentioned
results together indicated that decreased expression of RKIP
was closely associated with the development of brain injury
after ICH.

The Neuroprotective Effects of RKIP on Brain Injury
After ICH

The neurological deficits and brain edema were worse in
ICH + vehicle group, ICH + didymin (0.5 mg/kg) group,
and ICH + didymin (4.5 mg/kg) group in contrast with the
sham group at 24 h after ICH (Fig. 3a—c). Administration
of didymin (1.5 mg/kg) markedly improved the neurologi-
cal deficits (Fig. 3a), reduced brain edema (Fig. 3b), and
decreased BBB permeability assessed by EB extravasation
in ipsilateral hemisphere (Fig. 3c) compared with those in

the ICH + vehicle group. Based on these results, the optimal
dose of didymin was 1.5 mg/kg, which was set as a stand-
ard dose for the rest of the experiment. However, inhibition
of endogenous RKIP by locostatin significantly aggravated
neurological deficits (Fig. 3a), increased brain water content
(Fig. 3b), and BBB permeability (Fig. 3c) at 24 h after ICH
compared with those in the ICH + vehicle group. To evaluate
the role of RKIP in hematoma size and hematoma absorp-
tion, brain gross specimens were taken and MRI scan was
performed in cerebral hemispheres. Treatment with didymin
significantly promoted hematoma absorption, while inhibi-
tion of RKIP by locostatin effectively inhibited hematoma
absorption (Fig. 3d,e).

In addition, the delivery efficiency of intraperitoneal
administration of didymin and lococstatin was validated by
Western blot and immunofluorescence assay. Results showed
that RKIP expression in ipsilateral hemisphere was signifi-
cantly increased in the didymin-treated group compared with
vehicle group at 23 h after didymin administration, while
RKIP expression in ipsilateral hemisphere was significantly
decreased in the locostatin-treated group compared with
the vehicle group at 25 h after locostatin injection (Supple-
mentary Fig. Sla—c), which indicated that intraperitoneal
administration of didymin and lococstatin were successfully
delivered into the brain.

Upregulating RKIP Ameliorated Neuronal Injury
After ICH

To assess whether upregulating RKIP by didymin
treatment can attenuate neuronal injury following
ICH, FJC staining was conducted to detect neuronal
degeneration in the peri-hematoma tissues. FJC-
positive neurons were remarkably increased at 24 h
after ICH in the ICH + vehicle group compared with
the sham group (Fig. 4a, 4b). Upregulation of RKIP
diminished the density of FJC-positive neurons in
the peri-hematoma tissues at 24 h after ICH in the
ICH + didymin group, compared with the ICH + vehi-
cle group. Conversely, RKIP-inhibitor aggravated the
neuronal degeneration in the ICH + locostatin group
compared with the ICH + vehicle group (Fig. 4a,
4b). To detect membrane integrity and pores formed
by GSDMD-N on the neuronal membrane post-
ICH, TEM was employed. As shown in Fig. 4d, the
GSDMD membrane pore formation in neurons and
neuronal membrane rupture at the ipsilateral basal
ganglia region were obvious in the ICH + vehicle
group, whereas GSDMD membrane pores were less
formed and membrane integrity was to some extent
preserved in the ICH + didymin group compared with
the ICH + vehicle group. On the contrary, membrane
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«Fig.4 The effects of activation of RKIP and inhibition of endog-
enous RKIP on neuronal injury at 24 h after ICH. a, b Fluoro-Jade
C staining and quantitative analysis of FJC-positive cells in the ipsi-
lateral basal ganglia. Results showed that the number of FIC-positive
cells was decreased in the ICH+didymin group and was increased
in the ICH+locostatin group compared with the ICH+ vehicle
group respectively at 24 h after ICH. Scale bar=50 pm. n=3 for
each group. ¥*P<0.05 vs sham; #P <0.05 vs ICH+ vehicle. ¢ Rep-
resentative brain sample with schematic illustration presented four
regions in the peri-hematoma area (indicated by black boxes). d
Representative transmission electron microscopy images of neurons
in ipsilateral basal ganglia. Results showed that plasma membrane
pore formation was reduced in the ICH+didymin group compared
with the ICH+ vehicle group. The damage of membrane integrity
was markedly aggravated in the ICH + lococstatin group compared
with the ICH+ vehicle group. The red box features discontinuous
cell membrane structure and red bar features membrane pores. Scale
bar=1 pm. n=3 for each group

pores were more formed in neurons and its mem-
brane rupture was further aggravated and we could
not see the continuous cell membrane structure at the
ipsilateral basal ganglia region in the ICH + locos-
tatin group, compared with the ICH + vehicle group
(Fig. 4d).

Activation of RKIP Decreased the Expression
of Pyroptotic Molecules After ICH

Western blot analysis demonstrated the expression of
pyroptotic molecules such as NLRP3, cleaved caspase-1,
and GSDMD-N was significantly increased at 24 h after
ICH, which was evidently diminished by RKIP activation
after administration of didymin (Fig. 5a, 5b). Consistently,
ELISA result showed that mature IL-1p was significantly
increased at 24 h after ICH, whereas RKIP upregulation
effectively decreased the protein level of mature IL-1p
(Fig. 5¢). In contrast, opposite results on the expression of
pyroptotic molecules were observed with RKIP-inhibitor
treatment in the ICH + locostatin group compared with
the ICH + vehicle group (Fig. Sa—c). Immunofluorescence
staining results showed that limited Caspase-1 P20 immu-
noreactivity was observed in sham mice; however, intense
Caspase-1 P20 immunostaining accumulated in the peri-
hematoma tissues in ICH mice. The amount of Caspase-1
P20-positive neurons was decreased in the peri-hematoma
tissues at 24 h in the ICH + didymin group compared to
the ICH + vehicle group, which was increased by RKIP-
inhibitor treatment (Fig. 5d).

RKIP Directly Bound ASC

To further explore the interaction of RKIP and ASC, co-immu-
noprecipitated (co-IP) was conducted. The result showed that
RKIP was associated with ASC (Fig. 6a). Besides, immuno-
fluorescence staining in HT-22 cells after LPS stimulation

showed both RKIP and ASC expressed in the cytoplasm and
excluded false positive of the interaction (Fig. 6b).

Inhibition of Caspase-1 Alleviated Neuronal
Pyroptosis and Brain Injury After RKIP
Inhibitor-Pretreated ICH

To investigate whether RKIP-mediated neuronal pyropto-
sis is related to Caspase-1/GSDMD pathway, a Caspase-1
selective inhibitor, VX-765, was administered intraperito-
neally after RKIP inhibitor-pretreated ICH. As manifested
in Fig. 7a—c, neurological deficits and brain edema were
significantly alleviated and destroy of BBB permeabil-
ity was mitigated in the ICH + locostatin + VX-765 group
compared with the ICH + locostatin + vehicle group. West-
ern blot and ELISA results showed expression of caspase-1
P20, GSDMD-N, and mature IL-1p was downregulated in
the ICH + locostatin + VX-765 group compared with the
ICH + locostatin + vehicle group (Fig. 7d—f). Consitent effect
of VX-765 on RKIP-inhibitor treatment was observed by the
immunofluorescence staining assay. In the peri-hematoma
tissue at 24 h after ICH, the number of GSDMD-N-positive
neurons was increased in the ICH + locostatin + vehicle
group compared with sham + locostatin group, while the
number of GSDMD-N-positive neurons was decreased in
the ICH + locostatin + VX-765 group compared with the
ICH + locostatin + vehicle group (Fig. 7g).

Discussion

The novel findings in the present study were as follows: (1)
RKIP was significantly decreased both in CSF samples from
patients with ICH and in the peri-hematoma tissues at 24h
after experimental ICH; (2) Upregulating RKIP attenuated
brain edema and BBB disruption, improved neurological
deficits, and promoted hematoma absorption following ICH;
(3) Activation of RKIP alleviated neuronal degeneration and
neuronal membrane rupture, and inhibited the expression of
pyroptotic molecules such as NLRP3, cleaved caspase-1, and
GSDMD-N after ICH; (4) Inhibition of endogenous RKIP
by locostatin significantly increased the expression of pyrop-
totic molecules, thus aggravated neurological impairments at
24h post-ICH; (5) Caspase-1 inhibitor ameliorated neuronal
pyroptosis and brain injury after RKIP inhibitor-pretreated
ICH; (6) ASC/Caspase-1/GSDMD pathway was a poten-
tial mechanism of RKIP-mediated neuroprotection. Taken
together, our findings indicated that RKIP could alleviate
neuronal pyroptosis and improve neurological impairments,
which were at least in part mediated by ASC/Caspase-1/
GSDMD signaling pathway (Fig. 8).

Pyroptosis, which is characterized with plasma
membrane pore formation and causes massive leakage
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«Fig.5 The effect of RKIP activation on expression of pyroptotic
molecules following ICH. a Representative Western blot bands of
downstream pyroptotic molecules. b Densitometric quantification
suggested the expression of NLRP3, Caspase-1 P20, and GSDMD-
N was prominently downregulated in the ICH + didymin group com-
pared with the ICH + vehicle group at 24 h after ICH. The expres-
sion of pyroptotic molecules was increased in the ICH + locostatin
group compared with the ICH+ vehicle group at 24 h after ICH. ¢
ELISA assay results showed that IL-1p production was decreased in
the ICH +didymin group and was increased in the ICH + locostatin
group compared with the ICH+ vehicle group separately. n=6 for
each group. *P <0.05 vs sham; #P <0.05 vs ICH + vehicle. d Dou-
ble immunofluorescence staining and quantitative analysis showed
the amount of Caspase-1 P20-positive neurons was decreased in
the ICH +didymin group and was increased in the ICH +locostatin
group compared with the ICH+ vehicle group, respectively. Scale
bar=50 pm. n=3 for each group. *P<0.05 vs sham; #P <0.05 vs
ICH + vehicle

of cytosolic contents, was considered as one of the
crucial pathological processes of brain injury follow-
ing ICH [4, 44, 45]. The latest evidence has shown
that NLRP3 inflammasome mediated cell pyroptosis
following ICH by evoking the activation of caspase-1
to trigger the cleavage of GSDMD and maturation
of potent proinflammatory mediators (IL-1f and
IL-18) [46-48]. The cleaved GSDMD (GSDMD-N)

forms nonselective pores in membrane to accelerate
osmosis of inflammatory intracellular contents, lead-
ing to amplified inflammatory response [25]. Recent
studies showed that neuronal pyroptosis served as a
crucial mechanism of brain injury after ICH [5]. In
the present study, neuronal membrane pores formed
by GSDMD-N and severe membrane rupture were
observed at the acute stage of ICH and expressions of
pyroptotic molecules were increased after ICH, indi-
cating that neuronal pyroptosis was involved in the
brain injury after ICH in morphology and molecule
biology. Therefore, suppressing neuronal pyroptosis
might be beneficial to prevent subsequent inflamma-
tion response and brain injury after ICH.

RKIP plays various roles in different pathological
conditions [19, 49]. As a multifunctional protein, RKIP
could control cellular growth, motility, differentia-
tion, and tumor metastasis [12, 13]. Previous studies
showed that the expression of RKIP was decreased in
various cancers and neurodegenerative diseases, such
as AD and PD [13, 15, 50, 51]. Consistent with previ-
ous studies in the cerebral ischemia model [17, 18],
we also observed a significant decrease level of RKIP
in CSF samples from patients with ICH, as well in the

a IP: RKIP IP: ASC
marker Input control Co-lp marker marker Input control Co-lp  marker
IB: ASC , . 22kD  |B: RKIP . ‘ 21kD
b
| RKIP ! ASC / DAPI ! Merge
70}
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2()1'111}
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D
=]
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&
=

Fig.6 The interaction of RKIP and ASC. a Co-immunoprecipitation
showed that RKIP can interact with ASC. n=3 for each group. b
Immunofluorescence staining in HT-22 cells after LPS stimulation

showed both RKIP and ASC co-expressed in the cytoplasm. Scale
bar =20 pm. n=3 for each group
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«Fig. 7 Inhibitor of Caspase-1, VX-765, ameliorated neuronal pyrop-
tosis, and brain injury after locostatin-pretreated ICH. a—¢ VX-765
significantly improved neurological deficits (a), decreased brain
water content (b), and EB extravasation (¢) at 24 h after ICH com-
pared with those in the ICH 4 locostatin+ vehicle group. d Repre-
sentative Western blot bands of the downstream pyroptotic mol-
ecules. e Densitometric quantification suggested that the expression
of GSDMD-N and Caspase-1 P20 at 24 h after ICH was prominently
downregulated in the ICH+locostatin+VX-765 group compared
with the ICH + locostatin + vehicle group. f ELISA assay showed that
IL-1p production was decreased in the ICH 4 locostatin+ VX-765
compared with the ICH+locostatin + vehicle group. n=6 for each
group. ¥*P<0.05 vs sham; #P <0.05 vs ICH +locostatin + vehicle. g
GSDMD/Neun double immunofluorescence staining and quantita-
tive analysis of GSDMD-positive neurons showed that the number
of GSDMD-positive neurons was decreased in the ICH+locosta-
tin4+ VX-765 group compared with the ICH +locostatin group. Scale
bar=50 pm. n=3 for each group. *P <0.05 vs sham; #P <0.05 vs
ICH +locostatin 4 vehicle

peri-hematoma tissues at 24 h after experimental ICH.
These results indicated that RKIP downregulation is
associated with the pathogenesis of brain injury after
ICH. Previous studies revealed that overexpression of
RKIP played a protective role in cancers and neurode-
generative diseases [13, 15, 19]. In the present study,
upregulating RKIP by didymin attenuated neurological
deficits, brain water content, and BBB permeability;
promoted hematoma absorption; and decreased the
number of degenerative neurons after ICH. However,
inhibiting RKIP with locostatin exacerbated neurologi-
cal dysfunction, brain edema, and BBB breakdown fol-
lowing ICH. These results suggested that RKIP exerted
neuroprotective property in secondary brain injury
after ICH.

Fig.8 Schematic diagram of
potential molecular mechanisms
of the anti-pyroptosis effect of
RKIP activation through ASC/
Caspase-1/GSDMD signaling
pathway following ICH
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A recent study reported that RKIP binding with ASC
negatively regulated the formation and activation of
inflammasome in macrophages [19]. Consistent with the
previous study, Co-IP assays showed that RKIP directly
bound ASC. Furthermore, upregulating RKIP by didymin
significantly decreased the expression of pyroptotic
molecules including NLRP3, Caspase-1, GSDMD-N,
and inflammatory molecules IL-1p, as well as the num-
ber of Caspase-1 P20-positive-neurons after ICH. Con-
versely, inhibiting the expression of RKIP with locostatin
increased the expression of pyroptotic molecules. These
results indicated that RKIP blocked NLRP3 inflamma-
some assembly through competing with NLRP3 to inter-
act with ASC, therefore suppressed ICH-induced neuronal
pyroptosis.

Activated Caspase-1 executes pyroptosis in mac-
rophages by recruitment to an inflammasome in response
to intracellular bacteria [26, 52]. It also cleaved GSDMD,
the key protein of pyroptosis [53]. Previous studies
demonstrated that inhibition of caspase-1 inhibited
inflammasome activation and pyroptosis after middle
cerebral artery occlusion (MCAOQO) [28]. In the current
study, Caspase-1 level was increased after ICH, which
was consistent with the previous findings in ischemic
stroke [54]. After upregulating RKIP by didymin, we
observed that decreased expression of cleaved caspase-1
preserved neuronal membrane integrity and reduced neu-
ronal pyroptosis. On the contrary, inhibition of RKIP
by locostatin greatly increased caspase-1 expression and
aggravated neuronal pyroptosis and neurological defi-
cits after ICH. Moreover, inhibition of caspase-1 with
VX-765 could ameliorate neuronal pyroptosis and brain

REENRRERR RN

00

\7 °p Caspase-1p20

IL-18
IL-18

|

<D

QQ—»

Caspase-1 p20

*.Q O Pro-caspase-1
= Pro-IL-18
NLRP3 =
Pro-IL-18
[ ASC

: o

5 G——

i@ binding

@ Springer



1052

Translational Stroke Research (2022) 13:1037-1054

injury after locostatin-pretreated ICH. Thus, these find-
ings strengthened our hypothesis that the anti-pyroptosis
effect of RKIP might be mediated at least in part through
inhibiting caspase-1 activation.

There are some limitations in the present study. RKIP
is a multifunctional protein. In this study, we just concen-
trated on its anti-pyroptosis effect after ICH. Therefore, fur-
ther studies are needed to elucidate other neuroprotective
roles of RKIP and its underlying signaling mechanisms in
brain injury after ICH. Additionally, since RKIP was also
expressed in microglia and astrocytes, its anti-pyroptosis
effect on microglia and astrocytes following ICH requires
further investigation. Finally, the long-term outcome and
underlying mechanisms of RKIP need to be investigated in
brain injury after ICH in the future.

Conclusions

Activation of RKIP binding ASC could alleviate neuronal
pyroptosis and improve neurological deficits through Cas-
pase-1/GSDMD signaling pathway after ICH in mice.
Therefore, RKIP might be a promising target to attenuate
brain injury for ICH patients.
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