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Abstract

Background: Intracranial hemorrhage (ICH) poses a serious risk to human health. The shift between pro-inflammatory (M1) and anti-
inflammatory (M2) microglial phenotypes is a complex dynamic process. Quiescin sulfhydryl oxidase 1 (QSOX-1) plays a role in
protecting cells from damage caused by oxidative stress and in cellular remodeling processes. This study explored how neuron-derived
QSOX-1 protein influences the shift in microglial polarization between theM1 andM2 states, and its subsequent impact on nerve function
after ICH. Methods: QSOX-1 expression in the ICH mouse model was detected. Neuroinflammation, nerve damage, microglial phe-
notype, nerve function changes, and related signaling pathways were observed in mouse or cell models treated with QSOX-1. Results:
After ICH, mass spectrometry analysis identified 353 differential proteins, of which the key role of QSOX-1 was verified by bioinfor-
matics analysis. QSOX-1 in the ICH model was highly expressed in the neurons. After treatment with recombinant QSOX-1, the ICH
model exhibited reduced neuroinflammation and nerve damage, improved nerve function, and a shift in microglia towards predominantly
anti-inflammatory (M2) phenotypes. In vitro, QSOX-1 intervention led to reduced inflammation and neuronal cell death. When QSOX-1
expression was upregulated in microglia, the cells primarily shifted towards the M2 phenotype. This shift was accompanied by reduced
levels of phosphorylated nuclear factor kappa B (NF-kB) and thioredoxin (TRX)-interacting protein (TXNIP)/NLR family pyrin domain
containing 3 (NLRP3) protein, along with increased levels of phosphorylated inhibitor of NF-kB alpha (IkB-α) and TRX. Conclusion:
Neuron-derived QSOX-1 protein reduces neuroinflammation and promotes nerve function recovery after ICH by regulating microglia
phenotype changes, which may be related to the IkB-α/NF-kB and TRX/TXNIP/NLRP3 axis.

Keywords: quiescin sulfhydryl oxidase 1; intracerebral hemorrhage; inhibitor of nuclear kappa B alpha (NF-kB)/NF-kB signaling path-
way; thioredoxin (TRX)/TRX-interacting protein/NLR family pyrin domain containing 3 signaling pathway; neuroinflammation; mi-
croglia

1. Introduction
Intracranial hemorrhage (ICH) has the characteristics

of high mortality, high morbidity, and high recurrence rate,
and poses a serious risk to human health. An increasing
number of studies have found that neuroinflammation is
closely related to the occurrence and development of in-
juries [1–10]. Therefore, current research on treating ICH
is focusing on regulating neuroinflammation to minimize
damage to nerve cells.

In the context of pathological conditions like traumatic
brain injury, stroke, andmultiple sclerosis, researchers have
observed inflammatory cell infiltration accompanied by the
release of numerous cytokines [11–17]. Microglia, which
are among the earliest-appearing non-neuronal cells in-
volved in innate immunity, are primarily categorized into
two functional types: pro-inflammatory M1 phenotype and
anti-inflammatory M2 phenotype. Microglial M1/M2 po-
larization is critical for regulating immune responses and
host defense mechanisms. Following ICH, this M1/M2

switch becomes a complex dynamic process. Understand-
ing and effectively modulating this polarization remains a
significant challenge and are a key focus in current mi-
croglial research. Studies have shown that after ICH, var-
ious cell types including astrocytes, oligodendrocytes, T
cells, and microglia can engage in intercellular communica-
tion or crosstalk, which in turn alters the polarization state
of the microglia [18–21]. After ICH occurs, ruptured blood
vessels release substances like hemoglobin, heme, and iron
into the brain parenchyma. These leaked materials are for-
eign to the brain parenchyma and trigger neurotoxic reac-
tions in the surrounding cells. Neurons exhibit greater sen-
sitivity to hemoglobin or heme than glial cells, and prefer-
entially absorb these specific hemoglobin breakdown prod-
ucts [22]. We hypothesize that complex communication
and mutual regulation exist between neurons and microglia
after ICH. Despite this potential significance, there is a lack
of research investigating the crosstalk between these two
cell types after an ICH event.
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While microglial polarization is a well-established
driver of ICH pathology, the upstream regulators that de-
termine this polarization remain incompletely understood.
Quiescin sulfhydryl oxidase 1 (QSOX-1) is a crucial thiol
oxidase that plays key roles in disulfide bond formation,
oxidative stress regulation, and extracellular matrix assem-
bly [9,10]. In central nervous system (CNS) tumors like
glioblastoma and neuroblastoma, upregulation of QSOX-1
drives key aggressive behaviors including tumor cell prolif-
eration, migration, and invasion [15,23]. Despite its estab-
lished role in promoting CNS tumor progression, the role of
QSOX-1 in neuroinflammatory diseases such as ICH and its
impact onmicroglialM1/M2 polarization remain unknown.
This study explored the effects of neuron-derived QSOX-1
protein on neuroinflammation and nerve function after ICH
and investigated the related mechanisms.

2. Methods
2.1 Animals

C57BL/6 mice and neonatal mice were purchased
from the Experimental Animal Center of Nantong Univer-
sity (Jiangsu, China). All animal experiments were con-
ducted according to Animal Research: Reporting of In
Vivo Experiments (ARRIVE) guidelines. All animal exper-
iments were approved by the Institutional Animal Care &
Use Committee of Nantong University. Mice were anes-
thetized with 3% isoflurane and subsequently euthanized
with carbon dioxide (CO2). The CO2 concentration was
continuously increased until both respiratory and cardiac
arrest were confirmed, after which a normal supply of oxy-
gen was provided. Themice achieved loss of consciousness
without experiencing pain because the 30–70%CO2 fill rate
was fast enough to guarantee a humane process. The total
intervention time for the CO2 procedure was 50S min.

2.2 Preparation of C57BL/6 Mouse Autologous ICH
Model

C57BL/6 male mice weighing 20–25 g were secured
in a prone position on a stereotaxic apparatus and kept anes-
thetized with 3% isoflurane for the duration of the surgery.
The cranial top was kept level, and the area around the an-
terior fontanelle was prepared for skin disinfection. The
scalp was cut along the midsagittal line, and the muscle and
periosteum were carefully separated to expose the skull.
About 30 µL of autologous blood was collected from the
tail vein and immediately injected into a specific location
(0.2 mm in front of the bregma, 2.3 mm lateral to the mid-
line, and 3.5 mm deep) using a syringe pump at a rate of 2
µL/min. After injecting 5 µL, the process was suspended
for 7 min, after which the remaining blood was injected at
the same rate. The procedure concluded with a 10 min hold
to prevent blood backflow.

2.3 Analysis of Tissue Proteomic Profiles by Label-Free
Mass Spectrometry

Briefly, brain tissues from the ICH model were lysed
and combined with lysis buffer (4% [w/v] sodium dode-
cyl sulfate, 100 mM Tris/HCl, pH 7.6, 0.1 M DTT), fol-
lowed by incubation at 95 °C for 5 min and centrifugation
at 14,000 g for 15 min. The protein concentration of the
lysate was determined by the Bicinchoninic Acid (BCA)
assay. An appropriate amount of protein was taken from
each sample for trypsin digestion using the Filter proteome
preparation method, and the peptide fragments were de-
salted using the C18 Cartridge. After lyophilization, the
peptide fragments were reconstituted in 40 µL of 0.1%
formic acid solution. Each sample was separated using
the EasynLC high-performance liquid chromatography sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA). The
samples were chromatographically separated and analyzed
with a Q-Exactive mass spectrometer (Thermo Fisher Sci-
entific). Data were analyzed using MaxQuant software
(Max Planck Institute of Biochemistry, Martinsried, Ger-
many).

2.4 Bioinformatics Analysis

Gene Ontology (GO) functional enrichment and Ky-
oto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis were used to analyze the differential genes. The
network of differentially expressed proteins was analyzed
for its protein–protein interactions (PPIs). The above bioin-
formatics analyses were performed by clusterProfile soft-
ware (version 4.8.3; Cluster 3.0; Stanford University, Stan-
ford, CA, USA). Through the above analysis, the molecular
target QSOX-1 of this study was identified.

2.5 C57BL/6 Mouse Autologous ICH Model Was Treated
With Recombinant QSOX-1 Protein

The in vivo study sample sizes were calculated
based on statistical power and a predetermined effect size.
C57BL/6 male mice (20–25 g) were randomly divided into
the following three groups based on random numbers gen-
erated using Statistics Package for Social Science (SPSS)
software (version 28, IBM, Chicago, IL, USA): (1) The
sham group underwent mock surgery (craniotomy without
blood infusion) followed by treatment with 0.1 mL 0.9%
saline; (2) The ICH+vehicle group underwent autologous
ICH surgery followed by treatment with 0.9% saline; and
(3) The ICH+ recombinant QSOX-1 (rQSOX-1) group re-
ceived an injection of rQSOX-1 into the ipsilateral lateral
ventricle (1 µg/µL, 50 µg/kg) 30 min after autologous ICH
surgery, followed by a second injection 24 h later. The
drug concentrations used were determined in preliminary
experiments (Supplementary Fig. 1). The mice in the
ICH+vehicle group were treated with the same dose of sol-
vent (sterile saline). In a separate group of 24 C57BL/6
mice (sham group), the animals underwent all aspects of the
model protocol (anesthesia, skin incision, and craniotomy)
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with the exception of autologous blood injection, and were
treated with the same dose of solvent. On postoperative
days 1, 3, 5, 7, and 14, 24mice per group were anesthetized,
and fresh brains were collected and frozen in liquid nitrogen
for later use.

2.6 Analysis of the Therapeutic Effects of rQSOX-1
Protein on the ICH Model

The wet-to-dry ratios (WDRs) were used to analyze
the brain edema as previously described [24]. Wet brain tis-
sues were weighed and heated in a drying oven at 100 °C for
3 days, after which the dry brain tissues were weighed. Tis-
sue water content was calculated using the formula: (1 – dry
weight / wet weight)× 100%. The neurologic deficits of the
ICH mice were assessed with modified neurologic severity
scores (mNSS) as previously described [25,26]. The higher
the score, the more severe the neurologic deficits. The loco-
motion function of mice was detected by the CatWalk gait
analysis method as described by Hamers et al. [27] and
Koopmans et al. [28]. The locomotion parameters of inter-
est in the ICH model were as follows: Print area, Max area,
Pressure, Swing, Swing speed, Duty cycle, Stride length,
Base of support, Cadence, Average speed of the hind paw,
and forepaw. The mice were analyzed using the CatWalk
apparatus (Noldus Information Technology, Wageningen,
The Netherlands), and the paw print footage was analyzed
automatically with the CatWalk computer program (Noldus
Information Technology).

2.7 M1 Phenotype-Induced Differentiation Culture

Six neonatal mice (P1 or P2) were purchased from the
Experimental Animal Center of Nantong University. After
removing the scalp and skull, the brain tissue was extracted
and the cortex was isolated for the preparation of microglial
cells. The resulting mixed glial cells were initially cultured
for approximately 12–14 days in conditioned medium con-
taining 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin. Then microglia cells were detached from
the mixed glial cells in an incubator at 37 °C at 200 rpm.
The purity of the resulting microglia was greater than 95%.
The M1 phenotype differentiation of microglia cells used
four distinct groups for comparison: control, rQSOX-1,
lipopolysaccharide (LPS), and LPS+rQSOX-1 groups. Mi-
croglial cells in the control group were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) containing 10%
FBS; cells in the rQSOX-1 group were cultured in DMEM
containing 10% FBS and 50 nM rQSOX-1; cells in the LPS
group were cultured in DMEM containing 10% FBS and
100 ng/mLLPS; and cells in the LPS+rQSOX-1 groupwere
cultured in DMEM containing 10% FBS, 100 ng/mL LPS,
and 50 nM rQSOX-1. Microglial cells were seeded in 96-
well plates at a density of 1.5× 105 cells/well. After 7 days
of culture, cells were collected for flow cytometry analy-
sis, and culture medium was collected for enzyme-linked
immunosorbent assay (ELISA) analysis. The drug con-

centrations used were obtained in preliminary experiments
(Supplementary Fig. 2).

2.8 Co-Culture of Neurons and Microglia Cells

Six neonatal mice (P1 or P2) were purchased from the
Experimental Animal Center of Nantong University. The
scalp and skull were incised to expose the brain, and the
cortex was harvested. Cortical tissue was enzymatically di-
gested with 0.125% trypsin at 37 °C for 15 min, followed
by gentle trituration to achieve a single-cell suspension,
which was filtered and centrifuged. The supernatant was
discarded, and the cell pellet was resuspended in 3 mL of
10% FBS/DMEM. The cell concentration was determined
by counting, and the cells were subsequently cultured in
flasks. Neurons were cultured in 10%FBS/DMEMat 37 °C
in a humidified chamber with 95% air and 5% CO2. Half of
the medium was changed every 2 days. The neurons were
used for further research when they covered about 90% of
the flask.

Transwell culture was used to co-culture the neurons
and microglia cells. The transwell culture was divided into
four groups: control, rQSOX-1, LPS, and LPS+rQSOX-
1 groups. The control group received only media; the
rQSOX-1 group received 50 nM rQSOX-1; the LPS group
received 100 ng/mL LPS; and the LPS+rQSOX-1 group re-
ceived combined treatment of 100 ng/mL LPS and 50 nM
rQSOX-1. The co-culture groups were prepared by seed-
ing neurons into the lower chambers in 10% FBS/DMEM
containing 50 nM mouse hemoglobin. Microglial cells
were seeded into the corresponding upper chambers in 10%
FBS/DMEM and treated as follows: the control group re-
ceived only media; the rQSOX-1 group received 50 nM
rQSOX-1; the LPS group received 100 ng/mL LPS; and the
LPS+rQSOX-1 group received combined treatment of 100
ng/mL LPS and 50 nM rQSOX-1. After 7 days of culture,
neurons were collected for flow cytometry analysis.

2.9 Cell Transfection and Transcriptome Analysis

Microglial cells were cultured in a 6-well culture
plate at a concentration of 5 × 103 cells/mL. After 24
h, they were transfected with the QSOX-1 overexpres-
sion vector (pcDNA-QSOX-1; Shanghai Sun Biotech Co.,
Ltd., Shanghai, China) using Lipofectamine 2000 (Thermo
Fisher Scientific) according to the manufacturer’s instruc-
tions. The transfected cells were placed in an incuba-
tor set to 37 °C with 5% CO2. A blank control group
was included in the experiment. After 48 h, the trans-
fected cells underwent transcriptome analysis (Shanghai
Genechem Co., Ltd., Shanghai, China). The stably trans-
fected microglia M1 phenotype-induced differentiation ex-
periments with LPS were divided into four groups: control
vector, LPS+vector, QSOX-1 vector, and LPS+QSOX-1
vector groups. In the control vector group and LPS+vector
group, microglia transfected with an empty vector were cul-
tured. In the QSOX-1 vector group and LPS+QSOX-1 vec-
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tor group, microglia transfected with empty QSOX-1 vec-
tor were cultured. After 7 days of culture, cells were col-
lected for Western blot and culture medium was collected
for ELISA.

2.10 Flow Cytometry Analysis
Flow cytometry was used to detect microglia pheno-

type or neuronal apoptosis according to a previous study
[29]. The antibodies or cell stains were as follows: Flu-
orescein Isothiocyanate (FITC)-labeled anti-cluster of dif-
ferentiation 86 (CD86), Allophycocyanin (APC)-labeled
anti-CD206, Phycoerythrin (PE)-labeled anti-CD11b, PE-
Cyanine7-labeled anti-CD45, and an Annexin V Apopto-
sis Detection Kit. Cells were gated to sequentially exclude
debris [Forward Scatter-Area (FSC-A) vs. Side Scatter-
Area (SSC-A)] and doublets (FSC-H vs. FSC-A). Live cells
were identified as Annexin V-Enhanced Green Fluorescent
Protein (EGFP) and propidium iodide Propidium Iodide
(PI)-negative. Microglia (CD11b+ CD45 low) were dis-
tinguished from peripheral macrophages (CD11b+ CD45
high). The resultingmicroglia populationwas then assessed
for M1 (CD86+) and M2 (CD206+) phenotypes. Analysis
was performed using the Fluorescence-Activated Cell Sort-
ing (FACS) Calibur flow cytometer with Cell Quest soft-
ware (BD Biosciences, Franklin Lakes, NJ, USA).

2.11 Quantitative PCR Analysis
Quantitative PCR (qPCR) was performed using a pro-

tocol as previously described [30]. The sense and antisense
primers were synthesized as follows: GAPDH 5′-TCCCT
CAAGATTGTCAGCAA-3′, 5′-AGATCCACAACGGAT
ACATT-3′; QSOX-1 5′-GACTTCCCATCTTGTTAC-3′,
5′-CCGAAGATAGGATGTATAG-3′; TXNIP 5′-CGAG
TCAAAGCCGTCAGGAT-3′, 5′-CGTTCTCACCTGCT
GTAGGC-3′, TRX 5′-CTCATCCAGAAGTTTGGGGAC
C-3′, 5′-GTTGTTCTTCACGTCCAGCAG-3′, NLRP3 5′-
AGGCTGCTATCTGGAGGAACT-3′, 5′-GCAACGGAC
ACTCGTCATCT-3′.

2.12 Western Blot Analysis
Western blot was performed as previously described

[30]. The primary antibodies used were as follows: rab-
bit anti-QSOX-1 (1:800; Abcam, Cambridge, UK), rab-
bit anti-CD206 (M2 marker, 1:800; Thermo Fisher Scien-
tific), rabbit anti-CD86 (M1 marker, 1:800; Thermo Fisher
Scientific), rabbit anti-thioredoxin (TRX) (1:800; Abcam),
rabbit anti-thioredoxin-interacting protein (TXNIP) (1:800;
Thermo Fishers Scientific), rabbit anti-NLR family pyrin
domain containing 3 (NLRP3) (1:800; Thermo Fisher
Scientific), rabbit anti-nuclear factor kappa B (NF-kB)
(1:800; Abcam), rabbit anti-phosphorylated NF-κB (p-NF-
kB) (1:800; Abcam), rabbit anti-p-NF-kB (1:800; Abcam)
rabbit anti-inhibitor of NF-kB alpha IkB-α (1:800; Abcam),
and rabbit anti-p-IkB-α (1:800; Abcam). After primary an-
tibody incubation, they were incubated with the horseradish

peroxidase-conjugated goat anti-rabbit secondary antibody
(1:1000; Abcam) and visualized using the enhanced chemi-
luminescence system (Pierce, Rockford, IL, USA). In addi-
tion, GAPDH or β-actin was used as a reference protein.

2.13 Immunohistochemistry and Immunofluorescence
For immunohistochemistry, the tissue slides were

incubated with rabbit anti-QSOX-1 (1:800; Abcam) at
room temperature for 1 h. Antibody binding was de-
tected using diaminobenzidine. For immunofluorescence,
the tissue slides or cells were incubated with the follow-
ing primary antibodies: rabbit anti-QSOX-1 (1:600; Ab-
cam), mouse anti-NeuN (neuronal marker, 1:600; Abcam),
mouse anti-glial fibrillary acidic protein (glial cell marker,
1:800; Abcam), mouse anti-ionized calcium-binding adap-
tor molecule 1 (Iba-1) (microglia marker, 1:800; Abcam),
rabbit anti-CD206 (1:600; Thermo Fisher Scientific), and
rabbit anti-inducible nitric oxide synthase (iNOS) (M1
marker, 1:600; Thermo Fisher Scientific). The secondary
antibodies used were: Alexa Fluor® 568 labeled goat anti-
rabbit secondary antibody (1:1000; Abcam) and Alexa
Fluor® 488 labeled goat anti-mouse (1:1000; Abcam) sec-
ondary antibody. Finally, cell nuclei were counter-stained
with DAPI (5 µg/mL; Abcam). The positive cells were ob-
served under a fluorescence microscope (Leica, Wetzlar,
Germany) at 400× magnification.

2.14 ELISA
The levels of tumor necrosis factor alpha (TNF-α), in-

terleukin 10 (IL-10), IL-1β, and IL-14 in the medium of
each group were measured using the corresponding ELISA
detection kit (Beyotime, Beijing, China) according to the
manufacturer’s instructions.

2.15 Cell Viability/Cytotoxicity Detection
Neuron viability and death level in vitrowere detected

with the Calcein-AM·PI Kit (Thermo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Fluorojade B
(FJB) staining was used to assess the level of neuron death
in vivo (Millipore, Burlington, MA, USA) according to the
manufacturer’s instructions.

2.16 Statistical Analyses
The numbers of repeated samples or mice are listed

in the figure legends. To address the multiple testing prob-
lem inherent in high-throughput transcriptomic data, we ap-
plied a correction for multiple comparisons. The raw p-
values obtained from the differential expression tests were
adjusted using the Benjamin-Hochberg procedure to con-
trol the false discovery rate (FDR). Genes with an ad-
justed p-value (FDR) <0.05 were considered statistically
significant. Statistical analyses were performed using SPSS
Statistics 21.0. The measurement data in this study were
found to follow a normal distribution, as determined by the
Kolmogorov-Smirnov test, and are presented as the mean

4

https://www.imrpress.com


Fig. 1. QSOX-1 protein was highly expressed in the ICH mouse model. (A) QSOX-1 protein expression was detected by immuno-
histochemistry (n = 4 mice, four sections per mouse). Scale bar: 200 µm. (B) Immunofluorescence results showed that QSOX-1 protein
was mainly expressed in neurons (n = 4 mice, four sections per mouse). Scale bar: 200 µm (the original image), Scale bar: 160 µm (the
enlarged image). (C) QSOX-1 mRNA expression was detected by RT-PCR (n = 4 experimental replicates). (D) QSOX-1 protein expres-
sion was detected by Western blot analysis and was consistent with the immunohistochemistry results (n = 4 experimental replicates). *
vs. sham, p < 0.05; ** vs. sham, p < 0.01; *** vs. sham, p < 0.001 (independent t-test). QSOX-1, quiescin sulfhydryl oxidase 1; ICH,
intracranial hemorrhage.

± standard deviation. Group comparisons were conducted
using an independent t-test or one-way analysis of variance.
p < 0.05 was considered statistically significant.

3. Results
3.1 Differential Protein Expression After ICH

The results of label-free mass spectrometry (MS)
showed a total of 353 differential proteins, of which 99were
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Fig. 2. Immunofluorescence results showed that the QSOX-1 protein was mainly expressed in neurons (n = 4 mice, four sections
permouse). Scale bar: 222 µm (the original image), Scale bar: 200 µm (the enlarged image). *** vs. sham, p< 0.001; # vs. ICH+vehicle,
p < 0.05 (one-way analysis of variance).

upregulated and 254 were downregulated; QSOX-1 protein
was identified as being upregulated (Supplementary Fig.
3A). GO function and KEGG pathway analysis showed that
the functions of these differentially expressed proteins were
mainly binding, catalytic activity, molecular function reg-
ulator, transporter activity, and structural molecule activ-
ity. These differentially expressed proteins were mainly in-
volved in cellular processes, biological regulation, regula-
tion of biological processes, and important metabolic bio-
logical processes such as process and cellular component
organization or biogenesis (Supplementary Fig. 3B). PPI
analysis showed that QSOX-1 protein played a key role
(Supplementary Fig. 3C), and the above analysis iden-
tified QSOX-1 as a molecular target.

3.2 QSOX-1 Protein is Highly Expressed in the ICH
Mouse Model

Immunohistochemistry results revealed a significant
increase in QSOX-1-positive cells within the brain tissue
of mice in the ICH model group compared to the sham
group. Specifically, levels were increased on day 1, re-
mained elevated on day 3, peaked on day 5, and gradu-
ally decreased from day 7 through day 14; however, even
on day 14, levels remained higher than those observed in

the sham group (Fig. 1A). The findings from Real-Time
polymerase chain reaction (RT-PCR) and Western blot ex-
periments were consistent with the results of immunohis-
tochemistry analysis (Fig. 1C,D). Immunofluorescence re-
sults showed that QSOX-1 protein was mainly expressed in
neurons (Fig. 1B).

3.3 rQSOX-1 Treatment Decreases Nerve Damage Levels
and Increases Nerve Function In Vivo

Immunofluorescence results showed that NeuN-
positive cells in the ICH+vehicle and ICH+rQSOX-1
groups were significantly decreased compared with the
sham group. In addition, the ICH+rQSOX-1 group ex-
hibited more NeuN-positive cells than the ICH+vehicle
group. Both the ICH+vehicle and ICH+rQSOX-1 groups
showed significant increases in FJB-positive cells com-
pared to the sham group, but the number of FJB-positive
cells in the ICH+rQSOX-1 group was lower than that of
the ICH+vehicle group (Fig. 2).

The results of WDR analysis showed that the water
content in the affected brain hemisphere was significantly
elevated in both the ICH+vehicle group and ICH+rQSOX-
1 group compared with the sham group. However, the wa-
ter content was lower in the ICH+rQSOX-1 group than in

6
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Fig. 3. rQSOX1 treatment reduces brain water content and enhances neurobehavioral outcomes following ICH. (A) The brain
water content was assessed by WDR (n = 6 mice/group). (B) The neurologic deficits of the ICH mice were assessed with mNSS (n =
6 mice/group). (C) The locomotion function of mice was detected by CatWalk gait analysis (n = 6 mice/group). LH, left hind paw; LF,
left forepaw. RH, right hind paw; RF, right forepaw. * vs. sham, p < 0.05; ** vs. sham, p < 0.01; # vs. ICH+vehicle, p < 0.05; ## vs.
ICH+vehicle, p < 0.01; NS vs. ICH+vehicle, p > 0.05 (one-way analysis of variance).
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the ICH+vehicle group (Fig. 3A), indicating that rQSOX-
1 treatment reduced swelling compared to vehicle treat-
ment. The mNSS results showed that mNSS changes
were minimal in the sham group, with scores remain-
ing near zero. Compared to the sham group, both the
ICH+vehicle and ICH+rQSOX-1 groups exhibited signif-
icantly increased mNSS on days 1, 3, 5, 7, and 14. mNSS
in the ICH+rQSOX-1 group were consistently lower than
those in the ICH+vehicle group. mNSS in the ICH+vehicle
and ICH+rQSOX-1 groups showed a gradual downward
trend, and the decline in the ICH+rQSOX-1 group was
more obvious (Fig. 3B). CatWalk gait analysis showed that
the Print area, Max area, Pressure, Swing, Swing speed,
Duty cycle, Stride length, Base of support, Cadence, Av-
erage speed of hind paw and forepaw were worse in the
ICH+vehicle and ICH+rQSOX-1 groups comparedwith the
sham group. The ICH+rQSOX-1 group demonstrated bet-
ter outcomes in these measurements than the ICH+vehicle
group (Fig. 3C).

3.4 rQSOX-1 Promotes M2 Microglial Differentiation
In the sham group, there were minimal numbers of

both M2 phenotype (CD206/Iba-1 double-positive) cells
andM1 phenotype (INOS/Iba-1 double-positive) cells. Fol-
lowing ICH, the ICH+vehicle group showed significant in-
creases in both M1 and M2 cell types. However, after
treatment with rQSOX-1, the population of M2 phenotype
cells increased while the number of M1 phenotype cells
decreased (Fig. 4A). Flow cytometry analysis showed that
CD206 fluorescence intensity significantly increased and
CD86 fluorescence intensity significantly decreased after
rQSOX-1 treatment (Fig. 4B).

In an in vitro study of M1 microglia differentiation
induced by LPS, the application of rQSOX-1 protein re-
sulted in a significant increase in fluorescence intensity of
the CD206 marker and a significant decrease in fluores-
cence intensity of the CD86 marker, as revealed by flow
cytometry analysis (Fig. 5A). ELISA showed that LPS stim-
ulation caused M1 polarization, as evidenced by signifi-
cant increases in IL-1β and TNF-α levels and significant
decreases in IL-10 and IL-4 levels in the medium. Treat-
ment with rQSOX-1 protein reversed this trend: IL-1β and
TNF-α levels significantly decreased, while IL-10 and IL-4
levels significantly increased (Fig. 5B). In vitro, following
transfection of microglia with QSOX-1 vector, a significant
increase in QSOX-1 mRNA levels was observed (Fig. 5C).
QSOX-1 overexpression significantly promoted the expres-
sion of CD206 while simultaneously inhibiting the expres-
sion of CD86 (Fig. 5D). Furthermore, ELISA results indi-
cated that QSOX-1 overexpression significantly enhanced
IL-10 expression levels and inhibited IL-1β and TNF-α ex-
pression levels.

3.5 Protective Effect of rQSOX-1 Treatment on Neurons In
Vitro

In the co-culture of neurons and microglia cells, neu-
ron damage was induced by hemoglobin, while microglia
cells were stimulated with LPS (Fig. 6A). Flow cytome-
try analysis showed high rates of neuronal apoptosis, and
cell viability/cytotoxicity detection showed a significant
number of PI-positive cells with only a few Calcein-AM-
positive cells. Treatment with rQSOX-1 protein effec-
tively mitigated this damage, leading to a significant de-
crease in neuronal apoptosis and the number of PI-positive
cells, and a notable increase in Calcein-AM-positive cells
(Fig. 6B,C).

3.6 Transcriptome Analysis and Preliminary Analysis of
Signaling Pathways

After QSOX-1 overexpression, transcriptome analy-
sis showed inhibition of various pro-inflammatory signal-
ing pathways in microglia, including NF-kB, Toll-like re-
ceptor, IL-17, TNF, Janus kinase (JAK)/signal transducer
and activator of transcription (STAT), necroptosis, NOD-
like receptor, and cytokine–cytokine interactions (Fig. 7A–
C). The protein most significantly suppressed was TXNIP
(Fig. 7D). Western blot analysis corroborated these find-
ings, demonstrating that QSOX-1 overexpression led to de-
creased levels of p-NF-kB and TXNIP/NLRP3, while lev-
els of p-IkB-α and TRX increased (Fig. 8A,B). As shown
in Fig. 9A–C, the functions of rQSOX-1 treatment were re-
versed by the overexpression of TXNIP.

4. Discussion
In this study, we found that neuron-derived QSOX-

1 promoted the microglia M2 polarization switch, reduced
neuroinflammation, and promoted nerve function recovery
after ICH. Studies have shown that QSOX1 is involved
in protecting cells from oxidative stress and facilitating
cellular remodeling [31,32]. In this study, brain tissues
in the ICH model were analyzed by label-free MS. The
results showed that QSOX-1 protein expression was up-
regulated, and PPI analysis showed that QSOX-1 protein
played a key role in the protein interactions. Using an ICH
mouse model, the temporal and spatial expression changes
in QSOX-1 protein were characterized. The protein’s ex-
pression surged, reaching peak levels at 5 days after injury,
followed by a decrease, while still maintaining a high ex-
pression state long-term. Immunofluorescence results con-
firmed that QSOX-1 protein was mainly expressed in neu-
rons. To explore the role of QSOX-1 protein in ICH, we
conducted relevant experiments in vitro and in vivo. The re-
sults of in vitromousemodel experiments showed that treat-
ment with QSOX-1 protein significantly decreased nerve
damage levels and increased nerve function, indicating that
QSOX-1 protein protects against ICH. In vitro cell exper-
iments verified the neuroprotective effect of QSOX-1 pro-
tein. We found that QSOX-1 protein influences the switch
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Fig. 4. rQSOX-1 promotedM2 phenotype differentiation of microglia cells. (A) Microglial M1/M2 polarization switch was detected
in vivo by CD206/Iba-1 and INOS/Iba-1 immunofluorescence (n = 4 mice, four sections per mouse). Scale bar: 500 µm (the original
image), Scale bar: 200 µm (the enlarged image). (B) Microglial M1/M2 polarization switch was detected in vivo using flow cytometry
to quantify CD206 and CD86 fluorescence (n = 4 experimental replicates). * vs. ICH+vehicle, p < 0.05; ** vs. ICH+vehicle, p < 0.01
(one-way analysis of variance). rQSOX-1, recombinant QSOX-1.
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Fig. 5. rQSOX1 promotes an anti-inflammatory phenotype in microglia in vitro. (A) In vitro, flow cytometry was used to assess the
M1/M2 polarization switch in microglia by measuring the fluorescence intensity of the M2 marker CD206 and M1 marker CD86 (n = 4
experimental replicates). (B) IL-4, IL-10, IL-1β, and TNF-α levels in medium were detected by ELISA (n = 4 experimental replicates).
(C) In vitro, after microglia were transfected with QSOX-1 vector, the QSOX-1mRNA levels significantly increasesd (n = 4 experimental
replicates) Scale bar: 40 µm. (D) In vitro, QSOX-1 overexpression significantly promoted the expression of CD206 and inhibited the
expression of CD86, which was verified byWestern blotting (n = 4 experimental replicates). ELISA showed that QSOX-1 overexpression
significantly upregulated IL-10 expression and inhibited IL-1β and TNF-α expression levels (n = 4 experimental replicates). * vs. control,
p < 0.05; ** vs. control, p < 0.01; *** vs. control, p < 0.001; ns vs. control, p > 0.05 (an independent t-test). IL, interleukin; TNF-α,
tumor necrosis factor alpha; ELISA, enzyme-linked immunosorbent assay.

in microglial cell polarization. This was demonstrated in
vitro and in vivo by direct QSOX-1 treatment or overexpres-
sion in microglia. The results showed that QSOX-1 pro-
moted the M2 phenotype differentiation of microglia cells.

At the same time, QSOX-1 inhibited the expression of pro-
inflammatory factors and promoted the expression of anti-
inflammatory factors. These findings suggest that the pro-
tective effect of QSOX-1 on ICH is closely related to its
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Fig. 6. Protective effect of rQSOX-1 treatment on neurons in vitro. (A) In the co-culture of neurons and microglia cells, neuron
damage was induced by hemoglobin, while microglia cells were stimulated with LPS. The figure was created with BioRender. (B) The
neuronal apoptosis rate was assessed with flow cytometry (n = 4 experimental replicates). (C) The cell viability/cytotoxicity was detected
with Calcein-AM and PI staining (n = 4 experimental replicates). Scale bar: 40 µm. * vs. control, p < 0.05; ** vs. control, p < 0.01;
*** vs. control, p < 0.001 (independent t-test). LPS, lipopolysaccharide.

regulation of M2 phenotype differentiation and inhibition
of neuroinflammation. However, the underlying molecular
signaling mechanism is still unclear. Therefore, after mi-
croglia overexpressed QSOX-1, transcriptome sequencing
was performed. The results showed that pro-inflammatory
signaling pathways in microglia such as NF-κB, Toll-like
receptor, IL-17, TNF, JAK/STAT, necroptosis, NOD-like
receptor, and cytokine–cytokine interactions were inhib-
ited, and volcano map showed the TXNIP protein was
most significantly suppressed. In this study, NF-κB and
TXNIP signaling pathways were selected for preliminary
research. This study provides initial evidence indicating
that QSOX-1 overexpression induces the transition of mi-
croglia to an anti-inflammatory (M2) phenotype via the NF-
κB and TXNIP signaling pathways. This finding introduces
a novel element to the understanding of post-hemorrhagic
brain repair by identifying a previously unrecognized player
in microglial polarization. In the broader context of ICH

research, most therapeutic strategies have focused on blood
pressure management [33], hematoma evacuation [34], and
general immunosuppression [35]. By contrast, our work
identifies QSOX-1 as a specific endogenous protein that,
upon supplementation, shifts the immune response toward a
protective M2 state. Our results both complement and con-
trast existing work on microglial modulation in ICH. For
instance, studies by Yang et al. [36] demonstrated that the
cytokine IL-4 can promoteM2 polarization and improve re-
covery after ICH, whereas our findings identified QSOX-1
as a non-cytokine factor capable of achieving a similar ben-
eficial shift. More importantly, we have linked this effect to
specific downstream signaling axes, the NF-κB andNLRP3
signaling pathways, which are key mediators of neuroin-
flammation [37,38]. A limitation of this study was that the
exploration of the NF-κB and TXNIP signaling pathways
was at the correlation level. As a result, we will further ex-
plore its mechanism in future studies.
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Fig. 7. Transcriptome analysis and preliminary analysis of signaling pathways. (A) Heatmap of differentially expressed genes
(DEGs). (B) Gene Ontology (GO) enrichment analysis of DEGs. (C) Gene set enrichment analysis of DEGs. (D) Volcano map showed
that the thioredoxin (TRX)-interacting protein (TXNIP) protein was most significantly suppressed.

Pu et al. [39] and Liu et al. [40] investigated the
protective effect and underlying mechanism of silymarin in
paraquat-induced macrophage injury and found that sily-
marin pretreatment significantly reduced cytotoxicity, pro-
moted the expression of TRX and antioxidant enzymes, and
inhibited the activation of TXNIP and NLRP3 inflamma-
somes. Silymarin attenuates paraquat-induced macrophage
cytotoxicity by inhibiting oxidative stress, NLRP3 inflam-
masome activation, cytokine secretion, and apoptosis. Our
results showed that QSOX-1 overexpression in the mi-

croglia increased the expression of TRX and inhibited the
expression of TXNIP and NLRP3, which may be related
to the neuroprotective effects of QSOX-1 against ICH.
Studies have shown that NF-κB signaling is closely re-
lated to stroke, ischemia-reperfusion injury, neuroinflam-
mation, and microglial polarity switching [41–45]. Liu et
al. [45] reported that Pterostilbene attenuated astrocytic in-
flammation and neuronal oxidative injury after ischemia-
reperfusion by inhibiting NF-κB phosphorylation. Zhao
et al. [42] found that the NF-κB pathway promoted mi-
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Fig. 8. QSOX-1 overexpression abrogated LPS-induced NLRP3 inflammasome activation and NF-κB signaling. (A) Western
blot analysis showed that TXNIP/NLRP3 proteins levels decreased and TRX level increased after QSOX-1 overexpression under the
condition of LPS stimulation (n = 4 experimental replicates). (B) Western blot analysis showed p-NF-kB levels decreased and p-IkB-α
levels increased after QSOX-1 overexpression (n = 4 experimental replicates). * vs. control vector, p < 0.05; *** vs. control vector, p
< 0.001; ns vs. ICH+vehicle, p > 0.05 (independent t-test). NLRP3, NLR family pyrin domain containing 3.

croglia M1 polarization and inhibited microglia polariza-
tion toward the M2 phenotype. While the relationship be-
tween NF-κB and QSOX-1 has not been previously re-
ported, our study showed that QSOX-1 overexpression in
microglia promotes IkB-α phosphorylation, inhibits NF-
κB phosphorylation, and drives M2 polarization. Future
studies are needed to clarify how QSOX-1 relates to the
NF-κB and TXNIP signaling pathways, its effect on mi-
croglia phenotype changes, and its direct interaction with
key molecules.

Our study presents direct evidence that supplement-
ing the QSOX-1 protein itself can elicit therapeutic effects
in a preclinical model of ICH, establishing rQSOX-1 as a
promising biologic therapeutic candidate. However, the
translation of this intracerebroventricular (ICV) protein de-
livery approach into a clinically feasible treatment faces sig-
nificant challenges that must be recognized. Despite the po-
tency of ICV injection as an experimental method, its high
invasiveness and associated risks for patients warrant at-
tention. The development of less invasive delivery tech-
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Fig. 9. Overexpression of TXNIP combined with rQSOX-1
treatment. (A) qPCR results showed that the mRNA level of
TXNIP was increased in the QSOX-1+TXNIP group compared to
theQSOX-1 group. (B) qPCR results showed that themRNA level
of TRX was decreased in the QSOX-1+TXNIP group compared
to the QSOX-1 group. (C) qPCR results showed that the mRNA
level of NLRP3was increased in theQSOX-1+TXNIP group com-
pared to the QSOX-1 group (n = 6 experimental replicates). * vs.
QSOX-1 vector (independent t-test).

niques capable of effectively transporting this large pro-
tein across the blood–brain barrier (BBB) is of utmost im-
portance. Future endeavors could investigate engineered
BBB-penetrating antibodies, nanoparticle carriers, or in-
tranasal delivery pathways. The pharmacokinetic profile of
rQSOX-1 within the brain parenchyma remains unknown.
Essential parameters such as its half-life, distribution, and
optimal dosing regimen must be meticulously character-
ized to formulate an efficacious treatment protocol for a dy-
namic condition like ICH. The immunogenicity and long-
term safety implications of administering a recombinant
protein into the central nervous system have not been ex-
plored comprehensively. Thorough toxicology assessments
and immunogenicity studies in clinically relevant models
are fundamental prerequisites for progressing to clinical
development. While our discoveries illuminate a promis-
ing avenue for therapy, they also underscore the extensive
translational efforts needed in the future.

5. Conclusions
Our study demonstrates that neuron-derived QSOX-

1 plays a crucial protective role in the aftermath of ICH. It
effectively mitigates neuroinflammation and neuronal dam-
age, facilitates the transition of microglia toward the anti-

inflammatory M2 phenotype, and promotes functional re-
covery. The underlying mechanism appears to involve
modulation of the IkB-α and TRX/TXNIP/NLRP3 sig-
naling pathways. These findings highlight QSOX-1 as a
promising therapeutic target for alleviating brain injury and
improving recovery following ICH.
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