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Abstract

Neuroserpin, a secreted protein that belongs to the serpin superfamily of serine protease inhibitors, is highly expressed in the central nervous system and
plays multiple roles in brain development and pathology. As a natural inhibitor of recombinant tissue plasminogen activator, neuroserpin inhibits the increased
activity of tissue plasminogen activator in ischemic conditions and extends the therapeutic windows of tissue plasminogen activator for brain ischemia.
However, the neuroprotective mechanism of neuroserpin against ischemic stroke remains unclear. In this study, we used a mouse model of middle cerebral
artery occlusion and oxygen-glucose deprivation/reperfusion-injured cortical neurons as in vivo and in vitro ischemia-reperfusion models, respectively. The
models were used to investigate the neuroprotective effects of neuroserpin. Our findings revealed that endoplasmic reticulum stress was promptly triggered
following ischemia, initially manifesting as the acute activation of endoplasmic reticulum stress transmembrane sensors and the suppression of protein
synthesis, which was followed by a later apoptotic response. Notably, ischemic stroke markedly downregulated the expression of neuroserpin in cortical
neurons. Exogenous neuroserpin reversed the activation of multiple endoplasmic reticulum stress signaling molecules, the reduction in protein synthesis,

and the upregulation of apoptotic transcription factors. This led to a reduction in neuronal death induced by oxygen/glucose deprivation and reperfusion,

as well as decreased cerebral infarction and neurological dysfunction in mice with middle cerebral artery occlusion. However, the neuroprotective effects of
neuroserpin were markedly inhibited by endoplasmic reticulum stress activators thapsigargin and tunicamycin. Our findings demonstrate that neuroserpin
exerts neuroprotective effects on ischemic stroke by suppressing endoplasmic reticulum stress.
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Introduction

During ischemic stroke, prolonged ischemia leads to a lack of glucose
and oxygen in brain tissues, resulting in anaerobic metabolism and the
subsequent decrease of ATP levels and cellular pH, causing dysfunction of
jon transport mechanisms and intracellular calcium overload and eventually
inducing neuronal death via apoptotic/autophagic/necrotic mechanisms
(Mayer and Miller, 1990; Lee et al., 2000; Kalogeris et al., 2012). Currently,
the main therapeutic strategy is to restore the blood flow for tissue
reperfusion within a narrow time window after ischemia, which is achieved
by intravenous thrombolysis with recombinant tissue plasminogen activator
(tPA) or endovascular thrombectomy (National Institute of Neurological
Disorders and Stroke rt-PA Stroke Study Group, 1995; Campbell et al., 2019).
While reperfusion restores oxygen and nutrition, the enhanced generation
of reactive oxygen species exacerbates the intracellular dysfunction such
as intracellular calcium overload, triggering delayed neuronal death and
increased cerebral infarct volume (Kalogeris et al., 2012; George and
Steinberg, 2015). Therefore, better understanding of the mechanisms by
which ischemia-reperfusion (I/R) causes neuronal injury may lead to the
development of therapeutic strategies.

Endoplasmic reticulum (ER), a pivotal organelle for protein synthesis and
cellular homeostasis, is sensitive to various stress stimuli (Almanza et al., 2019).
Growing experimental evidence from in vivo middle cerebral artery occlusion
(MCAO) and in vitro oxygen-glucose deprivation (OGD) models indicates that
I/R activates ER stress, also known as the unfolded protein response, which
triggers neuronal apoptosis (Xin et al., 2014; Thiebaut et al., 2019; Han et al.,
2021b; Wang et al., 2022). Once ischemia or OGD occurs, the ER becomes
dysfunctional and abundant unfolded proteins accumulate in the ER lumen
to trigger the ER stress response (Tang et al., 2024). At least three signaling
pathways are known to induce ER stress—mediated cellular responses including
protein synthesis inhibition and apoptosis. Each signaling axis is initiated by
one of the following transmembrane sensors: double-stranded RNA-activated
protein kinase-like ER kinase (PERK), inositol requiring enzyme 1 (IRE1), or
activating transcription factor 6 (ATF6) (Walter and Ron, 2011). PERK activation
leads to inhibition of protein synthesis to relieve the protein folding load
of ER; it also promotes activating transcription factor 4 (ATF4)-dependent
transcription of pro-apoptotic factors including CCAAT/enhancer binding protein
homologous protein (CHOP) (Badiola et al., 2011; Walter and Ron, 2011;
Roussel et al., 2013). Both regulations are through inhibition of eukaryotic
translation initiation factor 2a (elF2a) by PERK-mediated phosphorylation. ER
stress inhibitors were shown to alleviate neuronal apoptosis and cerebral injury
(Nakka et al., 2010; Srinivasan and Sharma, 2011), suggesting that the ER may
be a potential therapeutic target for neuroprotection. However, the temporal
profiles of different signaling molecules of ER stress and apoptosis during 1/
R are unknown. Understanding the sequence and causal relations of different
signaling events, especially during the early stages of I/R (minutes to 24 hours
after ischemia), will provide critical information for the time window of possible
therapeutic intervention.

Neuroserpin, a secreted protein that belongs to the serpin superfamily of serine
protease inhibitors, is highly expressed in the central nervous system and plays
multiple roles in brain development and pathology (Krueger et al., 1997; Lee et
al., 2017; Adorjan et al., 2019; Ding et al., 2021; Godinez et al., 2022; Satapathy
and Wilson, 2023). Evidence has shown that neuroserpin has neuroprotective
effects against ischemic and hemorrhagic brain damage (Millar et al., 2017;
Ding et al., 2021). Higher levels of serum neuroserpin at the onset of cerebral
ischemia are associated with a smaller infarct volume and better outcome for
patients (Rodriguez-Gonzélez et al., 2011c; Wu et al., 2017). In rodent models,
the application of neuroserpin reduces neuronal apoptosis and cerebral infarct
volume caused by MCAO (Yepes et al., 2000; Cinelli et al., 2001), whereas
neuroserpin-deficient mice display a worse cerebral injury and neurological
outcome (Gelderblom et al., 2013). Neuroserpin also displays neuroprotective
effects in OGD/reperfusion (OGD/R) cell models (Rodriguez-Gonzélez et al.,
2011a; Yang et al., 2016). As an inhibitor of tPA, neuroserpin inhibits the
increased tPA activity in ischemic conditions (Yepes et al., 2000; Rodriguez-
Gonzaélez et al., 2011a). This is considered one of the main mechanisms of its
neuroprotective effects. Neuroserpin also alleviates ischemic infarct volume,
blood—brain barrier damage, and neuron apoptosis caused by prolonged
treatment of tPA thrombolysis in MCAO rat models, suggesting that it may
extend the therapeutic windows of tPA for brain ischemia (Zhang et al., 2002;
Cai et al., 2020). Additionally, multiple studies demonstrated that neuroserpin
exhibits neuroprotective effects against ischemia-induced neuronal death in

tPA-deficient mice and neurons, indicating tPA-independent mechanisms (Wu
et al., 2010; Ma et al., 2012; Gu et al., 2015). However, the neuroprotective
mechanisms of neuroserpin are not fully understood, and whether neuroserpin
exerts its effects through altering the ER stress response has not been explored.

In the present study, we explored the temporal profile of signaling events
of ER stress and apoptosis during the first 24 hours of reperfusion after
ischemia using the models of MCAO-injured mice and OGD/R-injured cortical
neurons. We further investigated the therapeutic effect and mechanism of
neuroserpin. These results may provide novel mechanistic insights and ER-
targeting therapeutic strategies for ischemic stroke.

Methods

Animals

Male adult C57BL/6J mice (weighing 20-25 g, 8-10 weeks of age, n = 100),
purchased from Beijing HFK Bioscience Co., Ltd. (Beijing, China; license No.
SCXK (Jing) 2014-0004), were used to establish the sham/MCAO model.
Male mice were used because they exhibit more consistent and reproducible
infarct sizes compared with females, and the hormonal fluctuations in female
mice might result in additional variability in experimental outcomes. Mice
were housed at 3—5 mice per cage in an environment of 25 + 1°C and 50%
relative humidity, with a 12-hour light/12-hour dark cycle (light on from 8:00
to 20:00) and ad libitum access to food and water.

Mice were randomly assigned to the experimental groups: sham surgery,
MCAO surgery, or treatment of neuroserpin and/or ER stress activators.
Each experimental group contained 3—11 mice (3—-5 for western blot analysis
and RNA sequencing analysis, 6-11 for evaluation of neurological score and
infarction area).

Seven pregnant Sprague—Dawley rats (gestational age 18.5 days), purchased
from the Institute of Laboratory Animals at Southern Medical University,
China (license No. SCXK (Yue) 2016-0041), were used for the preparation of
primary neuronal cultures.

All animal experiments were approved by the Animal Care and Use
Committee of the animal facility at Jinan University, China (approval Nos.
IACUC-20210330-15 and IACUC-20220407-02) on September 12, 2022
and the Institutional Animal Care and Use Committee of Guangzhou Ruige
Biotechnology, China (approval No. IACUC-20230210-018) on February 10,
2023. All experiments were designed and reported following the Animal
Research: Reporting of /n Vivo Experiments (ARRIVE) guidelines (Percie du
Sert et al., 2020).

Establishment of the transient middle cerebral artery occlusion model
Transient MCAO was performed following published protocols (Hu et al.,
2021; Pan et al.,, 2022). Briefly, mice were anesthetized by inhalation of 3%
isoflurane (RWD Life Science Co., Ltd., Shenzhen, China, Cat#f R510-22-10)
for induction and 1% isoflurane for maintenance. The skin of the neck was
disinfected with 75% alcohol and a cut was made along the middle of the
neck, exposing the cervical blood vessels. The right common carotid artery,
external carotid artery, and internal carotid artery were carefully dissected
from surrounding tissues and nerves. The external carotid artery, common
carotid artery, and internal carotid artery were ligated with 6-0 silk sutures
or hemostatic clips. A small incision was made in the external carotid artery
followed by insertion of a standardized silicone rubber-coated 6-0 nylon
monofilament (Yushun Biotech, Guangzhou, China) through the external
carotid artery into the internal carotid artery to block the origin of the
middle cerebral artery. After 1.5 hours, the mice were re-anesthetized, the
filament was withdrawn, the common carotid artery was loosened to allow
reperfusion, and the incision was sutured. The sham group was anesthetized
and the neck blood vessels were exposed as in the same way as MCAO
group; the incision was sutured at 1.5 hours after the sham surgery. The
body temperature of mice was maintained at 37 + 0.5°C by placing them on a
heating pad during the surgery.

Assessment of neurological function

Neurological function was assessed by Zea-Longa test (Longa et al., 1989)
24 hours after MCAO by a graded score of 0 to 4. No neurological deficit
was scored as 0; failure to extend the contralateral forepaw was scored
as 1; contralateral rotation during walking was scored as 2; leaning to the
contralateral side was scored as 3; and failure to walk spontaneously was
scored as 4.
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Measurement of cerebral infarction

The infarct volume was measured in serial coronal sections of the brains
stained with 2,3,5-triphenyl-tetrazolium chloride (Sigma-Aldrich, Burlington,
MA, USA) (Zhang et al., 2021; Zhao et al., 2022). The brains were collected
and frozen at —20°C for 20 minutes and then coronally sliced into 1.5 mm
slices. The slices were incubated with 0.2% 2,3,5-triphenyl-tetrazolium
chloride in Dulbecco’s phosphate-buffered saline for 30 minutes at 37°C,
followed by fixation with 4% paraformaldehyde (Sigma-Aldrich). After
scanning and digitizing, the infarct area (%) in each slice was calculated by
the following formula: (the contralateral hemisphere area — the non-infarct
area in the ipsilateral hemisphere)/contralateral hemisphere area x 100. The
infarct volume (%) of each brain was calculated as the average infarct area of
all slices (Gong et al., 2017).

Primary cortical neuronal culture

Primary cortical neurons were cultured as described previously (Guo et al.,
2021; Liao et al., 2023). Briefly, pregnant Sprague—Dawley rats (gestational
age 18.5 days) were lightly anesthetized with 3% isoflurane followed by
cervical dislocation. The cortices from the embryos were dissected out in ice-
cold calcium, magnesium, bicarbonate-free Hank’s balanced salt solution (Life
Technologies, Waltham, MA, USA) and digested in 0.05% trypsin at 37°C for
20 minutes. Cells were dissociated by pipetting 15-20 times in the plating
media (Dulbecco’s modified Eagle medium containing 5% horse serum and
1% penicillin-streptomycin) and plated on poly-L-lysine (Sigma-Aldrich, 0.1
mg/mL)-coated culture dishes (8 x 10° cells/35 mm dish), 12-well plates
(6 x 10" cells/18 mm coverslip), or 96-well plates (1 x 10°/well). Cells were
cultured in Neurobasal medium (Gibco, Carlsbad, NM, USA, Cat#f 21103049)
supplemented with 2% B27, 1 mM L-glutamine, 10 mM D-glucose, and 1%
penicillin-streptomycin (Life Technologies). Primary cortical neurons were
identified by immunoreactivity of microtubule-associated protein 2 (MAP2),
a neuronal marker. All neuronal culture experiments were repeated at least
three times.

Oxygen-glucose deprivation reperfusion model establishment and
treatments

Cortical neurons were damaged by OGD/R at 7 days in vitro (DIV) (Shi et
al., 2019). Cells were maintained in Dulbecco’s modified Eagle medium
without glucose (Life Technologies) and placed in a hypoxia chamber (Billups-
Rothenberg, Del Mar, CA, USA) with premixed gas (95% N, and 5% CO,) for
4 hours. The cells were then incubated in standard culture medium under
normoxic conditions for another 24 hours. The medium or cell lysates
were collected after the 4-hour OGD phase and different time points after
reperfusion. As a control, cortical neurons (7 DIV) were changed to new
standard medium and cultured under normoxic conditions for 4 hours, and the
medium or cell lysates were collected.

For investigating the possible protective effect of secreted neuroserpin, the
medium collected from the control neurons was used as the conditioned
medium for application in OGD-injured neurons for the reperfusion phase.
To neutralize the secreted neuroserpin, anti-neuroserpin antibody (50 ng
for 20,000 cells, Santa Cruz Biotechnology, Dallas, TX, USA, Cat# sc-48360,
RRID:AB_628245) was added to the conditional medium.

For neuroserpin and drug treatment in cultured neurons, recombinant non-
glycosylated human neuroserpin (1-100 ng/mL, PeproTech, Cranbury, NJ,
USA, Cat# 130-14, produced in Escherichia coli) was added for 4 hours before
OGD or immediately after reperfusion. The ER stress inhibitors sodium
4-phenylbutyrate (4-PBA, 50 and 100 uM, Selleck, Houston, TX, USA) and
salubrinal (25 and 100 uM, Selleck) were added for 1 hour before OGD or
after reperfusion. The ER stress activator thapsigargin (100 nM, Thermo Fisher
Scientific, Waltham, MA, USA, Cat# T7459) and tunicamycin (50 uM, Thermo
Fisher Scientific) were added with or without neuroserpin for 4 hours before
OGD and during OGD.

Cell viability assay

Cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Sigma-Aldrich) assay after reperfusion for
24 hours. Briefly, the medium in the 96-well plate was replaced by 30 pL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (5 mg/mL)
plus 70 pL minimum essential media (Life Technologies) per well, followed
by incubation for 4 hours in a CO, incubator. The 96-well plate was
centrifuged at 159 x g for 5 minutes and the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide was replaced by 50 pL dimethyl sulfoxide
to dissolve the formazan crystals. The optical density value was read at 595
nm with a multimode detector (Beckman Coulter, Miami, FL, USA). Each
experiment was repeated three or four times.

Terminal deoxynucleotidyl transferase dUTP nick end labeling staining
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
staining was performed using a One Step TUNEL Apoptosis Assay Kit (Beyotime
Biotechnology, Shanghai, China, Cat# C1088) following the manufacturer’s
instructions. Briefly, cortical neurons were fixed with 4% paraformaldehyde
for 30 minutes, rinsed twice with phosphate buffered saline, and then
permeabilized by 0.3% Triton X-100 for 5 minutes at room temperature. The
neurons were incubated with TUNEL reaction mixture for 60 minutes at 37°C
in the dark. TUNEL-positive cells were imaged under a fluorescent microscope
(Axio Observer, Carl Zeiss AG, Oberkochen, Germany). Each experiment was
repeated three times.

Live and dead cell assay

Cells were labeled with a mixture of two fluorescent dyes that differentially
label live and dead cells by a one-step staining procedure using a Live and
Dead Cell Assay kit (Abcam, Cambridge, UK, Cat# ab115347) at 24 hours
after reperfusion. Cells were washed once with Dulbecco’s phosphate-
buffered saline and then processed following the manufacturer’s instruction.
The labeled live and dead cells (green and red fluorescence, respectively)
were imaged by a fluorescent microscope (Axio Observer, Carl Zeiss AG,
Oberkochen, Germany) and analyzed by ImageJ (Version 1.52n, National
Institutes of Health, Bethesda, MD, USA; Schneider et al., 2012). Each
experiment was repeated three times.

Western blot analysis

Ischemic brain tissues and cortical neurons were homogenized in radio
immunoprecipitation assay lysis buffer (1% NP-40, 0.1% sodium dodecyl
sulfate and 0.5% Na-deoxycholate in phosphate buffered saline) containing
protease and phosphatase inhibitors (Selleck) and centrifuged at 138,000 x
g for 15 minutes at 4°C. The supernatants were collected, and the protein
concentrations were determined using a bicinchoninic acid protein assay
reagent kit (Thermo Fisher Scientific) with bovine serum albumin (Thermo
Fisher Scientific) as a standard. Proteins from neuronal medium were also
quantified by bicinchoninic acid assay. Equal amounts of protein were
separated by sodium dodecyl sulfate—polyacrylamide gel electrophoresis
followed by western blot analysis following standard procedures. The
blots were visualized using enhanced chemiluminescence (GE Healthcare,
Chicago, IL, USA) and imaged by Amersham Imager 600 (GE Healthcare).
For quantification of protein levels, the band gray value was analyzed using
Quantity One software (Bio-Rad, Hercules, CA, USA), and the value of the
target protein was divided by the internal reference protein to obtain the
relative expression. The relative expression in the experimental group was
normalized to that in the control group.

The following primary antibodies were used (with an overnight incubation
at 4°C): neuroserpin (mouse, 1:1000; Santa Cruz Biotechnology, Cat#
sc-48360, RRID: AB_628245), phosphorylated-PERK (p-PERK, rabbit,
1:1000, Cell Signaling Technology, Danvers, MA, USA, Cat# 3179S, RRID:
AB_2095853), PERK (rabbit, 1:1000, Cell Signaling Technology, Cat# 31928,
RRID: AB_2095847), phosphorylated-elF2a (p-elF2a, rabbit, 1:1000, Cell
Signaling Technology, Cat# 3398S, RRID: AB_2096481), elF2a (rabbit, 1:1000,
Cell Signaling Technology, Cat# 9722S, RRID: AB_2230924), phosphorylated-
IRE1 (p-IREL, rabbit, 1:1000, Abcam, Cat# ab48187, RRID: AB_873899), IRE1
(rabbit, 1:1000, Abcam, Cat# ab37037, RRID: AB_775780), ATF6 (rabbit,
1:1000, Abcam, Cat# ab203119, RRID: AB_2650448), ATF4 (rabbit, 1:1000;
Cell Signaling Technology, Cat#t 11815S, RRID: AB_2616025), CHOP (rabbit,
1:1000, Cell Signaling Technology, Cat# 2895S, RRID: AB_2089254), Cleaved
caspase-3 (rabbit, 1:1000, Cell Signaling Technology, Cat# 9664S, RRID:
AB_2070042), glyceraldehyde-3-phosphate dehydrogenase (GAPDH, rabbit,
1:2000, Proteintech, Rosemont, IL, USA, Cat# 10494-1-AP, RRID: AB_2263076),
and a-tubulin (mouse, 1:2000, Sigma-Aldrich, St. Louis, MO, USA, Cat#
T8578, RRID: AB_184122). The following secondary horseradish peroxidase-
conjugated (HRP) secondary antibodies were used (with an incubation at room
temperature for 1 hour): goat anti-rabbit IgG H&L (HRP) (1:2000, Cell Signaling
Technology, Cat#t 7074S, RRID: AB_2099233) and goat anti-mouse 1gG H&L
(HRP) (1:2000, Cell Signaling Technology, Cat# 7076S, RRID: AB_2940774).
Each experiment was repeated three to six times.
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Measurement of de novo protein synthesis by puromycylation assay

Cells were incubated with 1 uM puromycin (Sigma-Aldrich, Cat# 540411-
100MG) for 30 minutes to label newly synthesized peptides as previously
described (Liao et al., 2018; Ma et al., 2022). Cells were washed with ice-cold
phosphate buffered saline and lysed in radio immunoprecipitation assay lysis
buffer containing protease and phosphatase inhibitors. Puromycin-labeled
peptides were analyzed by western blot using an anti-puromycin antibody
(mouse, 1:10000; Millipore, Billerica, MA, USA, Cat# MABE343, RRID:
AB_2566826). De novo protein synthesis was determined by the total gray
value of the entire lane using Quantity one software. Each experiment was
repeated three times.

Immunofluorescence staining

Cortical neurons were fixed in 4% paraformaldehyde and permeabilized with
0.4% Triton X-100. Neurons were stained with anti-MAP2 antibody (rabbit,
1:500; Millipore, Cat# AB5622, RRID: AB_91939) overnight at 4°C, followed
by incubation with Alexa Fluor 488 goat anti-rabbit (1:500; Thermo Fisher
Scientific, Cat# A11034, RRID: AB_2576217) secondary antibody. Nuclei were
stained with 4',6-diamidino-2-phenylindole (1:1000, Beyotime Biotechnology,
Cat# P0131-5ml) for 10 minutes. After mounting, the cells were imaged and
photographed with a confocal microscope (Zeiss LSM 800, Carl Zeiss Meditec
AG, Jena, Germany).

Stereotaxic intracerebroventricular injection

Recombinant neuroserpin in artificial cerebrospinal fluid solution was
administrated by unilateral intracerebroventricular injection 30 minutes
before MCAO procedure or immediately after reperfusion. Mice were
anesthetized and placed on a stereotaxic apparatus (RWD Life Science Co.,
Ltd.). Next, 100 ng (2 uL, 50 ng/uL in artificial cerebrospinal fluid solution) or
500 ng (1 pL, 500 ng/uL in artificial cerebrospinal fluid solution) neuroserpin
was injected into the right lateral ventricle (anteroposterior 0.1 mm from
bregma; mediolateral 0.9 mm from the midline; dorsoventral —3.0 mm from
the brain surface) (Qian et al., 2022) at a rate of 0.4 uL/min using a pulled
glass capillary assembled on a stereotaxic injector with a syringe pump
(Harvard Apparatus, Holliston, MA, USA). The injector was slowly withdrawn
5 minutes after injection. Artificial cerebrospinal fluid solution of equal
volume (2 pL for the control of 100 ng neuroserpin, and 1 uL for the control
of 500 ng neuroserpin) was injected as the vehicle control. For ER stress
induction, tunicamycin was dissolved in normal saline (0.05 mg/mL) and
intraperitoneally administered to mice (0.5 mg/kg, i.e., 10 ulL/g body weight)
2 days before MCAO (Wu et al., 2018). An equal volume of saline (10 ulL/g
body weight) was intraperitoneally administered as the vehicle control.

RNA sequencing

Cortices of the ischemic hemisphere were collected for RNA sequencing
(RNA-seq) 24 hours after MCAO. Briefly, total RNA was extracted using Trizol
reagent (Invitrogen, Waltham, MA, USA, Cat# 15596026). RNA purity and
quantification were evaluated using Qubit4.0 (Thermo Fisher Scientific),
and RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA). The libraries were constructed using the
Hieff NGS® Ultima Dual-mode mRNA Library Prep Kit for lllumina® (Yeasen
Biotechnology (Shanghai) Co., Ltd., Shanghai, China). RNA-seq was performed
on the DNBSEQ-T7 platform (Geneplus-Shenzhen, Shenzhen, China). FastQC
(v0.12.1) and MultiQC (v1.14; https://github.com/s-andrews/FastQC/) were
used for raw data quality control. Sequencing data were mapped to the
mouse reference genome (GRCmM39, NCBI Annotation Release 109; https://
www.ncbi.nIm.nih.gov/datasets/genome/GCF_000001635.27/) and quantified
to raw read counts using STAR (v2.7.10a; https://github.com/alexdobin/
STAR/) (Dobin et al., 2013). Raw read counts were filtered under the standard
that read counts are no less than 1 in all samples; only protein coding genes
were considered for further analysis. Differentially expressed genes (DEGs)
were identified by |log2(fold change)| > 1 and adjusted P value < 0.05 using
DESeq2 package (v1.38.3; https://www.bioconductor.org/packages/release/
bioc/html/DESeq2.html) (Wu et al., 2021). Gene Ontology (GO) enrichment
and Gene Set Enrichment Analysis were conducted using cluster Profiler
package (v4.9.0; https://github.com/YulLab-SMU/clusterProfiler) (Love et al.,
2014). Gene expression was normalized to transcript per million mapped to
generate principal component analysis plot and volcano plots.

Statistical analysis
Although no statistical methods were used to predetermine sample sizes
for in vivo studies, the sample sizes were comparable to those reported in

previous publications (Chen et al., 2023a; Liu et al., 2023). If any animal died,
it was excluded from subsequent analysis. Data were collected by a blinded
evaluator. Data are presented as mean * standard error of mean (SEM) from
at least three independent experiments. Statistical analysis was performed
using GraphPad Prism 9.0.0 software (GraphPad Software, San Diego, CA,
USA, www.graphpad.com). Comparisons between two groups and multiple
groups were evaluated by unpaired t-test and one-way analysis of variance
followed by the Dunnett’s multiple comparison test, respectively. The specific
analysis used for each evaluation is stated in the figure legends. Neurological
scores (discrete values) were analyzed using Mann—Whitney U test or Kruskal—
Wallis test, followed by Dunnett’s multiple comparison test. P < 0.05 indicates
statistical significance.

Results

Cerebral ischemia-reperfusion injury induces early activation of
endoplasmic reticulum transmembrane stress sensors and late activation
of endoplasmic reticulum-mediated apoptosis

To investigate the temporal profile of ER stress in cerebral I/R injury, cerebral
ischemia was induced in adult mice by MCAO for 1.5 hours, and samples were
collected at different time points (ranging from O to 24 hours) after reperfusion
(Figure 1A). The effectiveness of MCAO was confirmed by detection of cerebral
infarction, compromised neurological function including motor and sensory
dysfunction, and loss of reflexes and balance by Zea-Longa test after 24 hours
of reperfusion (Figure 1B-D). The ischemic brain tissues were collected after
1.5 hours of MCAO (reperfusion 0 hours) or 1, 3, 6, 12, and 24 hours after
reperfusion to monitor the time-dependent expression/activity changes of
the ER stress signaling molecules elF2a, IRE1, ATF6, ATF4, and CHOP (Figure
1E). Tissues from the sham group were collected at 1.5 hours after the sham
surgery. elF2a phosphorylation, IRE1 phosphorylation, and ATF6 expression
all exhibited a sharp increase immediately after cerebral ischemia and were
sustained during the first 1, 3, and 6 hours of reperfusion, respectively, followed
by a decrease to normal levels after 12 hours (Figure 1F—H). Notably, ATF4 and
CHOP, the key pro-apoptotic transcription factors linking ER stress to apoptosis
(Liu and Ju, 2024), were activated at later time points of reperfusion (Figure
11 and J). These findings revealed that cerebral I/R injury induces a rapid and
transient activation of ER stress protein sensors followed by upregulation of
apoptosis.

Oxygen-glucose deprivation reperfusion induces transient activation of
endoplasmic reticulum stress sensors followed by subsequent apoptosis,
which is ameliorated by endoplasmic reticulum stress inhibitors

We then further investigated the role of ER stress in I/R injury using the OGD/
R-damaged primary cortical neuron in vitro model. The purity of primary
cultured cortical neurons was confirmed to be ~90%, quantified by the
percentage of cells with immunoreactivity of MAP2, a marker of neuronal
dendrites (Additional Figure 1). As previously established (Shi et al., 2019), 4
hours of OGD followed by 24 hours of reperfusion in 7 DIV cortical neurons led
to a 40% decrease in cell viability (Figure 2A and B). Cell lysates were harvested
at various time points of OGD and reperfusion, and different ER stress signaling
molecules were examined (Figure 2C). Consistent with the observations in
the MCAO mice, OGD induced strong activation of all ER transmembrane
stress sensors, including PERK (and its substrate elF2a), IRE1, and ATF6. The
phosphorylation of PERK, elF2a, and IRE1 and the expression of ATF6 all peaked
at the beginning of reperfusion and then gradually decreased to normal levels
after 1-4 hours (Figure 2D-G).

As ER stress leads to inhibited mRNA translation (Chen et al., 2023b), we also
investigated the temporal changes of de novo protein synthesis using the
puromycylation assay. OGD remarkably suppressed global protein synthesis,
which gradually recovered to normal level after 2 hours of reperfusion (Figure
2H), coinciding with the change pattern of ER stress sensors. By contrast,
apoptosis signaling molecules were activated at later stages of reperfusion;
ATF4 and CHOP increased at 12 hours of reperfusion, and cleaved caspase-3
peaked at 24 hours of reperfusion (Figure 21-K). Taken together, our
experiments showed that ER stress activation and protein synthesis inhibition
occurred at the end of OGD and they gradually recovered during the early
phase of reperfusion, whereas apoptosis activation occurred later. Notably,
the ER stress activator thapsigargin, which induces the ER stress response by
non-competitive inhibition of the ER Ca”" ATPase, induced a similar signaling
transduction sequence to that induced by OGD/R in cultured cortical neurons,
suggesting that OGD/R-induced signaling changes are largely mediated by ER
stress conditions (Additional Figure 2).
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Figure 1 | Cerebral I/R induces transient activation of ER stress transmembrane sensors, followed by apoptosis.

(A) Schematic representation of the timeline of the experimental procedure. Mice were subjected to sham/MCAO for 1.5 hours followed by recovery/reperfusion. Brain tissues were
collected at various time points during reperfusion for Western blotting, and brain infarction and neurological evaluation were performed after 24 hours recovery/reperfusion. (B)
Triphenyl-tetrazolium chloride—stained cerebral coronal sections from representative brains, collected at 24 hours after reperfusion. The infarcted area is shown in white, and the
normal area is shown in red. (C) Statistical analysis of the infarct volumes (n = 5). ****P < 0.0001, I/R group vs. sham group, unpaired t-test. (D) Statistical analysis of the neurological
scores 24 hours after reperfusion by Zea-Longa test (n = 5). ****P < 0.0001, I/R group vs. sham group, Mann—-Whitney U test. (E-J) The ischemic brain tissues were collected after
1.5 hours of MCAO (reperfusion 0 hours) or 1, 3, 6, 12, and 24 hours after reperfusion. The tissues from the sham group were collected at 1.5 hours after the sham surgery. (E)
Representative western blot images of p-elF2a, p-IRE1, ATF6, ATF4, and CHOP at different time points (n = 3) after reperfusion. (F-J) Quantifications of the normalized levels of p-elF2a/
elF2a (F), p-IRE1/IRE1 (G), ATF6/GAPDH (H), ATF4/GAPDH (1), and CHOP/GAPDH (J). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, I/R group vs. sham group, one-way analysis
of variance followed by Dunnett’s multiple comparison test. Data are shown as mean + SEM. ATF: Activating transcription factor; CHOP: CCAAT/enhancer binding protein homologous
protein; elF2a: eukaryotic translation initiation factor 2a; ER: endoplasmic reticulum; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; I/R: cerebral ischemia-reperfusion; IRE1:

inositol requiring enzyme 1; MCAO: middle cerebral artery occlusion; p-: phosphorylated-; TTC: 2,3,5-triphenyl tetrazolium chloride.

To investigate whether early ER stress leads to the late phase of cell injury,
4-PBA or salubrinal at dosages that do not influence cell viability were used
to inhibit ER stress (Additional Figure 3; Boyce et al., 2005; Gao et al., 2013;
Sharma et al., 2016). 4-PBA is a potent chemical chaperone that alleviates
the unfolded protein response and acts as an ER stress inhibitor (Sharma
et al., 2016). Salubrinal is a selective inhibitor of elF2a dephosphorylation
independent of the elF2a kinase PERK, offering protection against ER stress—
induced apoptosis; it has been used as an inhibitor of ER stress in several
studies (Boyce et al., 2005; Sokka et al., 2007; Gong et al., 2012; Gao et al,,
2013; Kim et al., 2014). Either 4-PBA or salubrinal was added to cortical
neurons at 1 hour before OGD and maintained during OGD, but not during
reperfusion (Figure 2L). Both inhibitors substantially alleviated the cell
damage caused by OGD/R (Figure 2M and N), suggesting that early-stage
inhibition of ER stress effectively protects neurons against OGD/R injury.

Neuroserpin secretion is inhibited by oxygen-glucose deprivation, and the
addition of extracellular neuroserpin protects neurons against oxygen-
glucose deprivation reperfusion damage

Neuroserpin is produced by several types of neurons and is a secretory
protein with neuroprotective effects. We thus examined whether OGD
influences the intracellular or secreted levels of neuroserpin in cortical
neurons. Notably, neuroserpin level was not altered in the cell homogenate
containing intracellular and membrane proteins, but cellular neuroserpin

MRNA and extracellular neuroserpin protein were both markedly decreased
by OGD (Figure 3A-D), suggesting substantial inhibition of gene expression
and extracellular protein secretion of neuroserpin. Consistent with the in vitro
results, the mRNA level of neuroserpin was also markedly downregulated in
brain tissues of MCAO mice (Figure 3E). We speculated that the deprivation
of secreted neuroserpin leads to weakened neuroprotection, thereby
contributing to OGD/R-induced cellular damage. To test this hypothesis, we
collected the conditioned medium from normal cortical neurons cultured in
standard conditions. Instead of adding new culture medium to OGD-injured
neurons, we added the conditioned medium containing secreted neuroserpin
for the reperfusion phase (Figure 3F). Conditioned medium treatment
markedly increased the cell viability of OGD/R-injured neurons. Moreover,
when anti-neuroserpin antibody was used to neutralize neuroserpin in the
conditioned medium, the protective effect of the conditioned medium was
canceled (Figure 3G). These results suggest that secreted neuroserpin is
an important factor for neuroprotection, and OGD substantially inhibits its
secretion from the endogenous sources, thus worsening cell survival.

Our results showed that extracellular neuroserpin alleviates cell damage.
We thus next examined whether the addition of recombinant neuroserpin
also has a protective effect. Neuroserpin (1-20 ng/mL) was pretreated to 7
DIV cortical neurons for 4 hours and was continuously present during the 4
hours of OGD phase but was absent during the reperfusion phase (Figure
3H). Neuroserpin effectively alleviated OGD/R-induced damage at 20 ng/mL
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Figure 2 | OGD/R induces early activation of ER stress sensors followed by apoptosis in cultured cortical neurons, which is ameliorated by ER stress inhibitors.

(A) Schematic representation of the timeline of the experimental procedures. Cortical neurons (7 DIV) were cultured in normal conditions (Control group) or exposed to oxygen/
glucose deprivation for 4 hours followed by reperfusion (OGD/R group). Cell lysates were collected at various time points for Western blotting, and cell viability was evaluated after 24
hours reperfusion. (B) The cell viability of primary cortical neurons after OGD/R 24 hours was detected by MTT assay. Cortical neurons (7 DIV) under standard culture conditions were
used as the control group (n = 3). **P < 0.01, vs. control, unpaired t-test. (C) Cell lysates from the OGD/R group were collected at different time points (0—24 hours) after reperfusion.
For the control group, cell lysates were collected at the same time corresponding to 0 hours reperfusion of OGD/R group. Levels of ER stress sensors, protein synthesis, and apoptosis-
related proteins were examined by western blot analysis. (D-K) Quantifications of the normalized levels of p-PERK/PERK (D, n = 4), p-elF2a/elF2a (E, n = 3), p-IRE1/IRE1 (F, n = 3), ATF6
(G, n = 3), puromycin (H, n = 3), ATF4 (I, n = 3), CHOP (J, n = 3), and cleaved-caspase-3 (K, n = 3). GAPDH and a-tubulin served as the loading control. ¥P < 0.05, **P < 0.01, ***p <
0.001, ****p < 0.0001, vs. control, one-way analysis of variance followed by Dunnett’s multiple comparison test. (L) A schematic illustration of the application of ER stress inhibitors,
sodium 4-PBA or Sal, to neurons 1 hour before OGD and during OGD (-5 to O hours). (M, N) MTT assay was performed to evaluate cell viability of neurons treated with 4-PBA or Sal (n
=3). ¥****p <0.0001, OGD/R vs. control; #P < 0.05, ##P < 0.01, 4-PBA (50 or 100 uM) or Sal (25 or 100 uM) vs. OGD/R, unpaired t-test. Data are shown as mean + SEM. 4-PBA: Sodium
4-phenylbutyrate; ATF: activating transcription factor; CHOP: CCAAT/enhancer binding protein homologous protein; C-Casp-3: cleaved-caspase-3; DIV: day in vitro; elF2a: eukaryotic
translation initiation factor 2a; ER: endoplasmic reticulum; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IRE1: inositol requiring enzyme 1; MTT: 3-(4,5-Dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide; OGD: oxygen-glucose deprivation; OGD/R: oxygen-glucose deprivation/reperfusion; p-: phosphorylated-; PERK: double-stranded RNA-activated

protein kinase-like ER kinase; Sal: salubrinal.

(Figure 31). We further used the live and dead cell assay to visualize cell
viability. OGD/R triggered a pronounced decreased number of viable cells
and an increased number of damaged cells, but the addition of neuroserpin
prevented OGD-induced cell damage (Figure 3J and K). We further examined
whether neuroserpin could reverse cell damage when applied after OGD
(Figure 3L). Neuroserpin (50 and 100 ng/mL) markedly enhanced cell viability

of the OGD/R-injured cells (Figure 3M). Consistent with the cell viability
results, the numbers of TUNEL-positive apoptotic cells markedly increased
after OGD/R, whereas neuroserpin (20 and 100 ng/mL) reversed the
apoptosis level (Figure 3N and 0O). These results showed that complementing
endogenous extracellular neuroserpin by adding exogenous protein improves
cell survival against OGD/R.
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Figure 3 | Secreted neuroserpin ameliorates cell death in cultured cortical neurons.

(A) Schematic of the experiment: cell lysates and media of cortical neurons (7 DIV) were collected separately and analyzed individually for NSP levels after 4 hours of OGD. (B)
Representative western blot images showing the cellular and secreted levels of NSP. (C) Quantifications of NSP protein levels in cell lysate or medium from primary cortical neurons
after 4 hours of OGD by Western blot assay (n = 6). ****P < 0.0001, OGD 4 h vs. control, unpaired t-test. (D) Quantifications of the cellular NSP mRNA level in cell lysate from
primary cortical neurons after 4 hours of OGD by quantitative polymerase chain reaction (n = 7). ****P < 0.0001, OGD 4 h vs. control, unpaired t-test. (E) Neuroserpin mRNA levels
in brain tissues of sham and MCAO mice by quantitative polymerase chain reaction (n = 3 mice per group). **P < 0.01, control vs. MCAO, unpaired t-test. (F) A diagram showing the
conditional medium treatment procedure. Conditioned medium was collected from normal neurons of the same stage (7 DIV) and added to OGD-injured neurons for the reperfusion
phase. To neutralize NSP in the medium, anti-NSP antibody (a-NSP Ab; 50 ng for 20,000 cells) was added in the conditional medium. (G) Cell viability was measured by MTT assay
in OGD/R neurons cultured in conditioned medium with or without a-NSP Ab (n = 3). **P < 0.01, OGD/R vs. control; #P < 0.05, OGD/R + conditioned medium vs. OGD/R; $P < 0.05,
OGD/R + conditioned medium + a-NSP Ab vs. OGD/R + conditioned medium, unpaired t-test. (H) A diagram showing the recombinant NSP treatment procedure. NSP (1-20 ng/mL)
was added to neurons 4 hours before OGD and during OGD and after reperfusion. (I) Cell viability of neurons treated with different concentrations of NSP was determined by MTT
assay (n = 4). ¥****p <0.0001, OGD/R vs. control; #P < 0.05, OGD/R + NSP vs. OGD/R, unpaired t-test. (J) Representative images of live and dead neurons, treated with 20 ng/mL NSP,
measured by the live and death cell assay. Scale bar: 200 um. (K) Quantification of the percentage of dead cells (n = 3). ***P < 0.001, OGD/R vs. control; ##P < 0.01, OGD/R + NSP
vs. OGD/R, unpaired t-test. (L) A diagram showing the experimental procedure: NSP (50 and 100 ng/mL) was added to neurons immediately after OGD. (M) Cell viability of neurons
treated with different concentrations of NSP were determined by MTT assay (n = 3). ****P < 0.0001, OGD/R vs. control; #P < 0.05, OGD/R + NSP vs. OGD/R, unpaired t-test. (N)
Representative TUNEL and DAPI staining in OGD/R-injured neurons treated with NSP (20 and 100 ng/mL). Scale bar: 100 um. (O) Number of TUNEL-positive cells in each group was
quantified and normalized to that of the control group (n = 3). **P < 0.01, OGD/R vs. control; ##P < 0.01, OGD/R + NSP vs. OGD/R, unpaired t-test. Data are shown as mean + SEM.
a-NSP Ab: Anti-NSP antibody; DAPI: 4',6-diamidino-2-phenylindole; DIV: day in vitro; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; MCAO: middle cerebral artery occlusion;
MTT: 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; NSP: neuroserpin; OGD: oxygen-glucose deprivation; OGD/R: oxygen-glucose deprivation/reperfusion; TUNEL:
terminal deoxynucleotidyl transferase dUTP nick end labeling.
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Neuroserpin inhibits oxygen-glucose deprivation reperfusion-induced
endoplasmic reticulum stress and subsequent apoptosis signaling pathways
As the presence of neuroserpin at an early stage protects neurons from OGD/
R injury, we investigated whether this effect occurs via the inhibition of ER
stress. We added neuroserpin (or vehicle) before and during OGD, and the
cell lysates were collected at different time points for the detection of the
maximum activation/deactivation levels of different signaling events. All ER
stress molecules and de novo protein synthesis were analyzed immediately
after OGD, ATF4 and CHOP were analyzed at 12 hours, and cleaved caspase-3
at 24 hours of reperfusion (Figure 4A). Neuroserpin treatment substantially
reversed all the above signaling changes induced by OGD/R (Figure 4B and C).
The immediate increase of ER stress sensors p-PERK, p-IRE1, ATF6, and p-elF2a
and the inhibition of global protein synthesis after OGD was suppressed
by neuroserpin (Figure 4D-H). The subsequent activation of apoptosis
molecules ATF4, CHOP, and cleaved caspase-3 was also effectively inhibited
by neuroserpin (Figure 41-K). Application of neuroserpin in normoxic neurons
did not show any obvious effect on the expression of these molecules (Figure
4D-K). Therefore, supplementing neuroserpin at the OGD phase effectively
inhibits the early stage of ER stress activation and greatly prevents the
subsequent programmed apoptosis at the later stage of reperfusion.

Neuroserpin alleviates oxygen-glucose deprivation reperfusion-induced
neuronal damage in vitro and cerebral ischemia-reperfusion injury in vivo
through inhibition of endoplasmic reticulum stress

To verify whether the protective effects of neuroserpin against I/R were
achieved through inhibiting ER stress, we elevated the ER stress levels
at the beginning of OGD by pretreatment with thapsigargin (100 nM) or
another ER stress activator tunicamycin (50 pM), which induces ER stress
response by inhibiting protein glycosylation (Figure 5A). These two ER stress
activators alone did not aggravate cell damage by OGD/R (Figure 5B and
C). However, pretreatment of either thapsigargin or tunicamycin abrogated
the effects of neuroserpin (20, 50, or 100 ng/mL) on improving cell survival
(Figure 5B, C, and Additional Figure 4). These results suggest that ER stress
inhibition at an early stage mediates the neuroprotection of neuroserpin.
Next, we examined whether the neuroprotective effect of neuroserpin is
blocked by ER stress activation in vivo. Multiple studies have shown that
neuroserpin protects against cerebral I/R damage (Yepes et al., 2000;
Cinelli et al., 2001; Zhang et al., 2002; Cai et al., 2020; Ding et al., 2021).
We delivered recombinant neuroserpin (100 ng) into the brain of mice by
intracerebroventricular administration 30 minutes before MCAO surgery
(Figure 5D). Consistent with published observations (Zhang et al., 2002; Cai
et al., 2020), neuroserpin substantially reduced infarct volume and improved
neurological function (Figure 5E-G). To enhance ER stress at the initial stage
of MCAQ, tunicamycin (0.5 mg/kg) was intraperitoneally injected 2 days
before neuroserpin administration to mildly elevate brain ER stress (Figure
5D; Wu et al., 2018). Notably, although tunicamycin alone did not worsen
the cerebral I/R injury, it blocked the effect of neuroserpin on reducing the
infarct volume and improving neurological function (Figure 5E=G). To assess
whether neuroserpin treatment after brain ischemia also has a protective
effect via inhibition of ER stress, tunicamycin or vehicle was intraperitoneally
injected 2 days before MCAO, and recombinant neuroserpin (500 ng) was
intracerebroventricularly administered immediately after ischemia (Figure
5H). Indeed, acute application of neuroserpin after ischemia remarkably
lowered the infarct volume and neurological score, and these effects were
blocked by tunicamycin (Figure 51-K). Taken together, these findings showed
that neuroserpin reduces I/R injury both in vitro and in vivo, which is mainly
dependent on inhibition of the ER stress response.

Transcriptomic analysis reveals that neuroserpin rescues endoplasmic
reticulum stress and neuronal apoptosis in middle cerebral artery occlusion
mice

To further investigate the potential molecular mechanisms of neuroserpin in
cerebral ischemia, total RNA was isolated from the cortices of the ischemic
hemisphere at 24 hours after MCAO and subjected to transcriptomic
analysis. Principal component analysis on RNA-seq data showed that the
transcriptome of the MCAO group differed dramatically from the sham group,
whereas neuroserpin administration data were clustered between these
two groups, suggesting that neuroserpin administration partially reversed
the transcriptome variation caused by MCAO (Figure 6A). In total, 2374
DEGs (defined as |log2(fold change)| > 1 and adjusted P value < 0.05) were
identified in the MCAOQ group compared with the sham group, which included

1794 upregulated DEGs (75.6% of the total DEGs) and 580 downregulated
DEGs (24.4% of the total DEGs). There were 1151 DEGs identified in the
neuroserpin group compared with the MCAO group, including 1027
downregulated DEGs (89.3% of total DEGs) and 124 upregulated DEGs (10.7%
of total DEGs) (Figure 6B and C). Overall, there were more upregulated than
downregulated genes in the MCAO group compared with the sham group,
whereas most of the DEGs were downregulated in the neuroserpin group
compared with the MCAO group, suggesting that neuroserpin has an opposite
effect on the overall transcriptional change caused by MCAO.

We then performed GO analysis to understand the functional enrichment
of DEGs. The upregulated DEGs in the MCAO group were mainly enriched
in processes related to ER stress and neuron apoptotic process, such as
regulation of neuron death, neuron apoptotic process, response to ER stress,
cellular response to unfold protein, ER unfolded protein response, and
regulation of chemokine. The downregulated DEGs in the MCAO group were
enriched in synapse, such as regulation of postsynaptic membrane potential,
synapse assembly, postsynapse organization, potassium ion transport, and
regulation of synapse structure or activity (Figure 6D). Conversely, in the
neuroserpin group, the upregulated DEGs were mainly enriched in processes
related to synapse, such as regulation of membrane potential, gated channel
activity, potassium ion transport, postsynaptic membrane, neurotransmitter
receptor activity, and GABAergic synapse; the downregulated DEGs were
enriched in ER stress and neuron apoptosis, such as leukocyte apoptotic
process, regulation of neuron death, ER lumen, response to unfolded protein,
and regulation of chemokine production (Figure 6E).

To further characterize the transcriptomic changes related to ER stress and
synaptic function in each comparison, we used Gene Set Enrichment Analysis
to identify statistically enriched gene sets in the transcriptomic data (Figure
6F). ER stress—related processes were markedly upregulated in the MCAO
group, including response to ER stress and response to unfolded protein,
along with other related processes such as neuron apoptotic process and
regulation of immune response. Furthermore, synaptic function—related
processes were markedly downregulated in the MCAO group, including
GABAergic synapse, regulation of postsynaptic membrane potential, chemical
synaptic transmission, and neurotransmitter secretion. The above processes
were correspondingly reversed in the neuroserpin group (Figure 6F). By
comparing the MCAO vs. sham DEG list with the neuroserpin vs. MCAO
DEG list, we found that 908 out of 1794 (~50.7%) of the upregulated MCAO
vs. sham DEGs were reversely downregulated by neuroserpin (Figure 6G).
Furthermore, these genes were enriched in GO biological processes related
to neuronal apoptosis and ER stress (Figure 6H). Additionally, 71 out of
580 (~12.2%) of the downregulated MCAO vs. sham DEGs were reversed
as upregulated neuroserpin vs. MCAO DEGs (Figure 6l). These genes were
enriched in GO sets related to ion transport and synapse (Figure 6J). Taken
together, these data reveal that the administration of neuroserpin markedly
alters the transcriptome of MCAO mice, resulting in the expression of a
substantial number of genes, particularly those associated with ER stress,
apoptosis, and synapse function.

Discussion

ER stress plays critical roles in the complex pathophysiology that underlies
cerebral I/R. Strong evidence indicates that the inhibition of ER stress
can effectively mitigate experimental cerebral I/R injury, and therefore ER
stress is a potential therapeutic target for ischemic stroke (Xin et al., 2014;
Thiebaut et al., 2019; Han et al., 2021b; Wang et al., 2022). ER stress is
detrimental to neuronal survival as it leads to dysregulated proteostasis
and cell death; however, ER stress also mediates adaptation for cell survival
when unfolded proteins accumulate during cell damage (Luchetti et al.,
2023; Li et al., 2024). Therefore, ER stress—targeted intervention strategies
should be used with caution. Importantly, the time sequence and causal
relations of ER stress signaling transduction in I/R and the ER stress—targeted
therapeutic time window have not been fully established. Using in vitro and
in vivo models, we demonstrated that ER stress was rapidly activated with
concomitant inhibition of protein synthesis by ischemia/OGD. With prolonged
reperfusion time, ER stress and protein synthesis recovered, but apoptosis
gradually increased. We also showed that inhibition of the rapid activation
of ER stress during the early stage of reperfusion effectively reduced
neuronal apoptosis during the late stage of reperfusion. Inhibiting ER stress
before or after ischemia was found to reduce the damage caused by I/R
(Lv et al., 2023). Moreover, neuroserpin increased the time window of
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Figure 4 | Neuroserpin inhibits ER stress—mediated signaling transduction induced by OGD/R.

(A) Schematic representation of the timing of the experimental procedures. Neuroserpin (NSP; 20 ng/mL) was added to cortical neurons (7 DIV) 4 hours before OGD and during
OGD, followed by reperfusion. Cell lysates were collected at the indicated time points of reperfusion for the examination of ER stress signaling molecules. (B) Representative western
blots showing phosphorylated and total levels of ER stress sensors and apoptosis-related proteins. (C) Representative western blots showing levels of puromycin. (D-K) Quantitative
analysis of the normalized p-PERK/PERK (D, n = 3), p-elF2a/elF2a (E, n = 3), p-IREL/IREL (F, n = 3), ATF6 (G, n = 3), puromycin (H, n = 3), ATF4 (I, n = 5), CHOP (J, n = 5), and cleaved-
caspase-3 (K, n = 4). GAPDH and a-tubulin were used as loading controls. **P < 0.01, ***P < 0.001, OGD/R vs. control; #P < 0.05, ##P < 0.01, OGD/R + NSP vs. OGD/R, unpaired
t-test. Data are shown as mean + SEM. ATF: Activating transcription factor; CHOP: CCAAT/enhancer binding protein homologous protein; C-Casp-3: cleaved-caspase-3; DIV: day in
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activated protein kinase-like ER kinase.

thrombolysis treatment via tissue-type fibrinogen activator in stroke in rats
(Zhang et al., 2002). Therefore, ER stress suppression may also be an effective
adjunctive therapy to improve the outcome after ischemic stroke before or
concurrently with reperfusion therapy such as thrombolysis or thrombectomy.

As a tPA inhibitor, neuroserpin alleviates brain damage caused by prolonged
treatment of tPA thrombolysis in MCAO rat models (Zhang et al., 2002; Cai
et al., 2020). Whether the protective effect of neuroserpin is via inhibiting
endogenous tPA is still unclear. A previous study showed that the interaction
between neuroserpin and tPA is unstable, with a short-lived and reversible
nature (Barker-Carlson et al., 2002). Moreover, neuroserpin shows retained
protective effects against I/R injury in tPA-deficient mice and neurons (Wu et
al., 2010; Ma et al.,, 2012; Gu et al., 2015). Neuroserpin is a widely-studied
neuroprotective secreted protein, but whether its secretion is altered during
I/R has not been explored. We showed here that secreted neuroserpin was
drastically decreased in I/R-injured cortical neurons and mice, which may
be from the dysfunctional secretory pathway under ER stress. Conditional
medium from normal neurons exerted a protective effect in OGD/R
neurons. While multiple neuroprotective agents are secreted by neurons,
such as brain-derived neurotrophic factor, we demonstrated that secreted
neuroserpin is essential for neuroprotection, as the protective effect of the
conditioned medium was diminished by neutralizing neuroserpin using a

specific antibody. Our result is consistent with the clinical findings that higher
serum neuroserpin levels are associated with a smaller infarct volume and
better outcome of patients (Rodriguez-Gonzélez et al., 2011c; Wu et al.,
2017), supporting the notion that depletion of extracellular neuroserpin
contributes to the pathophysiology of neuronal damage by I/R. This explains
why supplying exogenous extracellular recombinant neuroserpin in the
ischemic brain or neurons is effective for neuroprotection (Yepes et al., 2000;
Cinelli et al., 2001; Zhang et al., 2002; Wu et al., 2010; Rodriguez-Gonzalez
et al.,, 2011a; Ma et al,, 2012; Gu et al,, 2015; Yang et al., 2016; Cai et al.,
2020). In our study, we demonstrated that early administration of exogenous
neuroserpin effectively attenuated the activation of the initial ER sensor
and inhibition of protein synthesis and reduced the subsequent signaling
transduction of ER stress—induced apoptosis. Moreover, pharmacological
activation of ER stress canceled the neuroprotection of neuroserpin both
in vitro and in vivo, suggesting that the neuroprotection of neuroserpin is
dependent on ER stress inhibition.

The mechanism of neuroserpin-mediated suppression of ER stress is still
unclear; this is a limitation of this study and requires further investigation.
An overload of cytoplasmic Ca’* levels caused by increased glutamate
release is a common pathological change in ischemia. Notably, the serum
neuroserpin level is negatively correlated with the glutamate level within the
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Figure 5 | Neuroprotective effect of neuroserpin is dependent on the suppression of ER stress in vitro and in vivo.

(A) Schematic representation of the timing of in vitro experimental procedures. NSP (20 ng/mL) with or without the ER stress activators TG (100 nM) or TM (50 uM) was added to
cultures of cortical neurons (7 DIV) 4 hours before OGD and during OGD, followed by reperfusion. (B, C) MTT assay was performed to determine OGD/R-injured neurons treated
with NSP and TG (b) or TM (c) (n = 3). ***P < 0.001, OGD/R vs. control; #P < 0.05, OGD/R + NSP vs. OGD/R; $P < 0.05, OGD/R + NSP + TG/TM vs. OGD/R + NSP, unpaired t-test. (D)
The schematic representation of the timing of in vivo experimental procedures. TM (0.5 mg/kg) was i.p. administrated to adult mice 2 days before MCAO, and NSP (100 ng) was i.c.v
injected 30 minutes before MCAO; MCAO lasted for 1.5 hours followed by reperfusion for 24 hours. (E) TTC-stained coronal brain slices from representative brains. (F) Quantitative
analysis of infarct volumes (n = 9 for sham group, n = 6 for I/R group, n = 8 for I/R + TM group, n = 11 for I/R + NSP group, n = 6 for I/R + NSP + TM group). ****P < 0.0001, I/R vs.
sham; #P < 0.05, I/R + NSP vs. I/R; SP < 0.05, I/R + NSP + TM vs. I/R + NSP, unpaired t-test. (G) Quantitative analysis of the neurological function by Zea-Longa test (n = 9 for sham, n=6
forI/R, n=7for I/R+TM, n =9 for I/R+ NSP, n = 11 for I/R + NSP + TM). ****P < 0.0001, I/R vs. sham; ##P < 0.01, I/R + NSP vs. I/R, unpaired t-test. (H) Schematic of the experimental
procedure in which NSP was treated after MCAO. TM (0.5 mg/kg) was i.p. administrated to adult mice 2 days before MCAQ, and NSP (500 ng) was i.c.v injected immediately after
ischemia. (1) TTC-stained coronal brain slices from representative brains. (J) Quantitative analysis of infarct volumes (n = 6). ***P < 0.001, I/R vs. Sham; #P < 0.05, I/R + NSP vs. I/R; SP
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Figure 6 | Transcriptomic analysis reveals that neuroserpin rescues ER stress and neuronal apoptosis in MCAO mice.

(A) PCA of different groups (sham group, n = 5; MCAO group, n = 3; NSP treated group, n = 5). (B) Volcano plots of DEGs between MCAO and sham groups (MCAQO vs. sham). (C)
Volcano plots of DEGs between NSP and MCAO groups (NSP vs. MCAO). For B and C, gray represents no significant change in expression, red represents upregulation, and blue
represents downregulation. The dotted horizontal line represents an adjusted P value of 0.05. The dotted vertical line represents that fold change reaches 2-fold. (D) GO enrichment
analysis of DEGs (MCAO vs. sham). (E) GO enrichment analysis of DEGs (NSP vs. MCAO). In D and E, the yellow and blue bars represent the selected enriched GO terms from the
upregulated and downregulated DEGs, respectively. Bar length represents the gene ratio. Red numbers are the adjusted P values. (F) The dot plot shows the selected enriched gene
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principal components analysis.
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first 24 hours after ischemia (Rodriguez-Gonzalez et al., 2011b). Treatment
of neuroserpin decreases calcium influx mediated by N-methyl-D-aspartate
receptor, thus inhibiting excitotoxicity-induced neuronal death (Lebeurrier
et al., 2005). Whether neuroserpin has a role in regulating glutamate release
and N-methyl-D-aspartate receptor function should be investigated in future
studies. Moreover, neuroserpin also inhibits neuronal injury induced by
oxidative stress (Cheng et al., 2017; Han et al., 2021a). Both Ca’* dysregulation
and oxidative stress may be triggers of ER stress and in turn exacerbated by
ER stress. Indeed, our transcriptomic data revealed that in addition to causing
changes in multiple ER stress—related pathways, neuroserpin treatment also
leads to changes of calcium-mediated signaling and oxidative stress in the
MCAO brain. Whether neuroserpin acts on these upstream damaging signals
or directly on ER stress molecules is not yet clear. Moreover, Kondo et al.
(2015) found co-localization of neuroserpin and the ER chaperone protein
BiP in subplate neurons. As ER stress can be triggered by disassociation of BiP
with ER stress sensors such as PERK and IRE1 (Chen et al., 2023b), it is worth
investigating whether neuroserpin influences the interaction between BiP and
ER stress sensors. The explorations of the above-mentioned questions are
necessary to understand the specific molecular mechanism underlying the
regulation of ER stress and neuroprotection by neuroserpin.

Overall, our findings demonstrate that ER stress is an early event triggered
by ischemia, characterized by the initial acute activation of ER stress
transmembrane sensors and inhibition of protein synthesis, followed by
subsequent apoptotic responses. Administration of exogenous neuroserpin
at early stages effectively reversed the ER stress—mediated signaling
transduction, reduced neuronal death and cerebral infarction, and enhanced
neurological function in I/R models. These results provide novel mechanisms
of the neuroprotective properties of neuroserpin and underscore the
potential of intervening ER stress with neuroserpin as a therapeutic strategy
for ischemic stroke.
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Additional Figure 1 Quantification of the purity of cultured cortical neurons.

(A) Representative images of MAP2 (neuronal marker, green, Alexa Fluor 488) and DAPI (blue) in 7 DIV
cultured primary cortical neurons from three independent experiments. Scale bar: 50 um. (B) Quantification of the
percentage of MAP2-positive cells. Data are shown as mean + SEM (n = 16 views from three independent
experiments (5—6 views from each experiment)). DAPI: 4',6-Diamidino-2-phenylindole; DIV: day in vitro; MAP2:
microtubule-associated protein 2.
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Additional Figure 2 The ER stress activator thapsigargin induces similar signaling transduction sequence as
induced by OGD/R in cultured cortical neurons.

(A) Cultures of cortical neurons (7 DIV) were treated with thapsigargin (100 nM) for different time periods, and
cell lysates were collected for western blot analysis. Representative western blots showing the levels of ER stress
sensors, protein synthesis, and apoptosis-related proteins. (B—I) The normalized levels of p-PERK/PERK (B),
p-elF2a/eIF2a (C), p-IRE1/IRE1 (D), ATF6/GAPDH (E), puromycin/GAPDH (F), ATF4/GAPDH (G),
CHOP/GAPDH (H), and cleaved caspase-3/GAPDH (I) (n = 3). *P <0.05, **P < (. 01, ***P < 0.001, ****P <
0.0001, vs. control, one-way analysis of variance followed by Dunnett's multiple comparison test. Data are shown
as mean £ SEM. ATF: Activating transcription factor; C-Casp-3: cleaved caspase-3; CHOP: CCAAT/enhancer
binding protein homologous protein; DIV: day in vitro; elF2a: eukaryotic translation initiation factor 2a; ER:
endoplasmic reticulum; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IRE1: inositol requiring enzyme 1;
OGD/R: oxygen-glucose deprivation/reperfusion; p-: phosphorylated-; PERK: double-stranded RNA-activated

protein kinase-like ER kinase.
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Additional Figure 3 4-PBA and Sal treatment alone do not alter cell viability of cortical neurons.
(A, B) Cell viability of neurons treated with 4-PBA (A) and Sal (B) of different concentrations (25, 50 or 100 pM)
(n=3). Data are shown as mean + SEM. 4-PBA: Sodium 4-phenylbutyrate; DMSO: dimethyl sulfoxide; Sal:

salubrinal.
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Additional Figure 4 ER stress activators block the neuroprotection of NSP.

Cell viability of neurons treated with 50 or 100 ng/mL NSP in the presence or absence of ER stress activators TG
(100 nM) or TM (50 uM) (n = 3). ****P < (0.0001, OGD/R vs. control; *P < 0.05, OGD/R + NSP vs. OGD/R. Data
are shown as mean = SEM. ER: Endoplasmic reticulum; NSP: neuroserpin; OGD/R: oxygen-glucose

deprivation/reperfusion; TG: thapsigargin; TM: tunicamycin.
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