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Background: Neuroinflammatory reactions are crucial factors in secondary brain damage following intracerebral hemorrhage (ICH). 
Although previous studies have shown that IRAK3 is involved in immune responses, the potential effects of IRAK3 on ICH remain 
unclear.
Methods: Collagenase IV–induced ICH mouse model. Western blotting was used to determine the expression of IRAK3 at different 
time points following ICH. Immunofluorescence was used to investigate the cellular localization of IRAK3. The ICH model was 
treated with recombinant human IRAK3 (rh-IRAK3) or IRAK3 siRNA via an intracerebroventricular injection. The effect of IRAK3 
on ICH mice was assessed by Western blotting and short-term and long-term neurological function evaluation. RNA-seq was 
performed to explore the mechanism by which IRAK3 promotes inflammation after ICH. The mechanisms of IRAK3 and neuroin-
flammation will be further investigated by Western blotting, qRT-PCR and immunofluorescence. Recombinant IL-17A was used to 
investigate the connection between IRAK3 and the NF-κB/IL-17A signaling pathway in vivo and in vitro experiments.
Results: The expression of IRAK3 increased, peaking at 24 h, followed by a subsequent decrease after ICH. IRAK3 is mainly 
expressed in the microglia. RNA-seq analysis revealed 1,797 differentially expressed genes around the perihematomal brain tissue 
after IRAK3 siRNA treatment, with multiple inflammatory pathways being downregulated. Rh-IRAK3 treatment resulted in upregula-
tion of the levels of inflammatory cytokines around the perihematomal tissue and exacerbated neurological function deficits. 
Furthermore, IRAK3 siRNA treatment markedly decreased the expression of inflammatory cytokines and microglial activation via 
the NF-κB/IL-17A signaling pathway. Recombinant IL-17A exacerbated the inflammatory response in vivo and in vitro; however, 
IRAK3 knockdown reversed this process.
Conclusion: IRAK3 aggravates neuroinflammation by activating the NF-κB/IL-17A signaling pathway, thereby exacerbating 
neurological deficits following ICH. Therefore, inhibition IRAK3 may be a promising approach for treating ICH.
Keywords: IRAK3, neuroinflammation, intracerebral hemorrhage, microglia, NF-κB/IL-17A pathway

Introduction
Intracerebral hemorrhage (ICH), a prevalent form of stroke, has a 1-year survival rate of less than 50%. Survivors 
commonly experience neurological and cognitive disabilities.1 Brain injuries following ICH can be divided into primary 
and secondary brain injuries (SBI). Primary brain injury is caused by the space-occupying effect of the hematoma, which 
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directly compresses and damages brain tissue. Secondary brain injury begins and progresses in the hours following ICH, 
leading to a cascade of adverse consequences over the subsequent days to weeks. The mechanisms underlying SBI 
include excitotoxicity, mediated by glutamate release, thrombin activation, neuroinflammation, blood-brain barrier 
disruption, apoptosis, and necrosis.2 Poor outcomes associated with ICH are predominantly attributable to SBI.3

Neuroinflammation following ICH is a crucial factor contributing to neurological deficits in patients.4 The by- 
products of blood trigger a cytotoxic response in brain parenchymal cells, including an inflammatory reaction, blood- 
brain barrier disruption, neuronal apoptosis, and cellular death by necrosis.5,6 Previous studies have shown that microglia 
are among the first responders to blood-derived breakdown materials with an inflammatory process.7 Activated microglia 
release an abundance of pro-inflammatory mediators including chemokines, reactive oxygen species, and cytokines, 
thereby aggravating the inflammatory response.8,9 The NF-κB targets include cytokines, chemokines, and various 
inflammatory protein enzymes.10 Moreover, excessive inflammation leads to increased blood-brain barrier permeability, 
thereby precipitating cerebral edema. Cerebral edema intensifies ischemia and hypoxia in the tissues surrounding the 
hematoma, amplifying the inflammatory reaction.11 Therefore, attenuation of neuroinflammatory response may be an 
effective therapeutic approach for treating ICH.

Interleukin-1 receptor-associated kinase 3 (IRAK3) is a member of the IRAK family, initially described as an NF- 
κB-induced inflammatory signaling mediator.12,13 While IRAK3 activation has been shown to confer neuroprotection in 
cerebral ischemia and Alzheimer’s disease, it paradoxically promotes neuroinflammation in the EAE model.14–17 

Additionally, IRAK3 has been implicated in regulating epithelial cell inflammation.18,19 Obviously, the role of IRAK3 
in modulating inflammation across different diseases was different. However, its role in neuroinflammation after ICH is 
unknown. Moreover, the lack of specific IRAK3 inhibitors has hindered the development of therapeutic strategies for 
ICH. Therefore, this study aims to investigate the role of IRAK3 in a mouse model of ICH and explore its underlying 
mechanisms, providing a theoretical basis for the development of therapeutic targets for ICH. Specifically, we focus on 
the activation of the IL-17A signaling pathway and its potential roles with IRAK3, as it is a crucial pathway involved in 
promoting inflammation and neuronal toxicity following ICH.20

Here, we hypothesize that inhibiting IRAK3 may downregulate the NF-κB/IL-17A signaling pathway, thereby 
reducing neuroinflammation and promoting neurological recovery after ICH. Consequently, targeting IRAK3 might be 
a promising approach for ICH treatment.

Methods
Animals and ICH Animal Model
C57BL/6 male mice aged 10–12 weeks and weighing 25–30 g, were selected for this study. All specific pathogen-free 
(SPF) mice were acquired from the Experimental Animal Center of Southern Medical University and housed with 
appropriate temperature and humidity, and a 12-hour light/dark cycle, and free access to food and water. All experimental 
designs, surgical procedures, and animal care and management procedures were approved by the Ethics Committee of the 
Zhujiang Hospital of Southern Medical University (Animal Ethics No. LAEC-2023-156) and complied with the guide-
lines of the National Institute of Health.

As previously described,21 anesthesia was induced in mice by intraperitoneal injection of 1.25% tribromoethanol 
(0.2 mL/10 g). Once the mice were in a deep anesthetic state, they were fixed on a brain stereotaxic apparatus. The hair 
on the head was shaved and the scalp was fully exposed. After disinfecting the scalp with iodophor, the skin was held 
with the thumb and forefinger and a midline incision was made to expose the bregma and lambda. The puncture site was 
marked 2 mm laterally from the center of the anterior fontanelle, and then 0.2 mm in the anterior direction. The drill bit 
was removed upon experiencing a breakthrough. A sterile 5 μL microsyringe was then used to aspirate 1.0 μL of 
collagenase, and the needle was carefully guided in a straight, vertical direction into the burr hole until it reached 3.5 mm 
a depth. After 5 min, collagenase was administered to the right striatum at a flow rate of 0.25 μL/min. To prevent 
backflow of collagenase, the needle was left in its original position for an additional 5 min. Upon needle removal, the 
burr hole was promptly sealed with bone wax, followed by disinfection and suturing of the incision site. Finally, the mice 
were returned to their cages to ensure that they remained warm.
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Experiment Design and Group
The sample sizes for each group were determined based on those used in previous similar studies.21–24

Experiment 1: To investigate the time-dependent dynamic changes in IRAK3 expression and cellular localization 
following ICH. Mice were allocated to sham, ICH 3h, ICH 6h, ICH 12h, ICH 24h, and ICH 48h groups, with 3 mice in 
each group (n=3). WB was used to detect the expression of IRAK3 at different time points after ICH. Mice were 
allocated to sham and ICH groups to detect the expression level of IRAK3 by immunohistochemistry and immuno-
fluorescence experiments, with 3 mice in each group (n=3). The injury condition around hematoma was observed by HE 
after ICH (Figure 1A).

Experiment 2: To explore the effect of IRAK3 expression levels on SBI following ICH, mice were divided into five 
groups: sham, ICH+Vehicle, ICH+rh-IRAK3 1μg group, ICH+rh-IRAK3 3μg group, and ICH+rh-IRAK3 5μg group, 
with 6 mice in each group (n=6). The optimal therapeutic dose was selected based on the behavioral assessment scores. 
Mice were allocated into sham, ICH+Vehicle, and ICH+rh-IRAK3 groups. 3 mice for each group (n=3). The expression 
of inflammatory factors in the different groups was detected using Western blotting after ICH 24h. Using the optimal 
dosage of rh-IRAK3 to treat mice with ICH, the mice were divided into three groups: sham, ICH+Vehicle, and ICH + rh- 
IRAK3, 6 mice in each group (n=6). Neurofunctional deficits in the mice were assessed using a neurological scoring tests 
72 hours after ICH (Figure 1B).

Experiment 3: To investigate the effect of endogenous IRAK3 knockdown on neuroinflammation after SBI following 
ICH, mice were allocated to the ICH+Vehicle group and ICH+IRAK3 siRNA group, 5 mice in each group (n=5). RNA 

Figure 1 Experimental design layout. (A) Patterns of IRAK3 expression and its anatomical distribution after ICH. (B) The impact of IRAK3 on neuroinflammatory processes 
and neurological function deficits after ICH. (C) Evaluating the influence of IRAK3 knockdown on neuroinflammatory processes and both short-term and long-term 
neurological function deficits after ICH. (D) Exploring the relationship between IRAK3 and the NF-κB/IL-17A signaling pathway in vivo and vitro.
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sequencing (RNA-Seq) was performed. Mice were allocated into sham, ICH+Vehicle, and ICH+IRAK3 siRNA groups, 
with 6 mice in each group (n=6), undergoing neurological function tests at 24 h and 72 h after ICH. Additionally, the 
Morris water maze test was conducted on 21–25 days to evaluate cognitive function, n=6. Mice that completed the 
neurological function assessment at 24h were subjected to qRT-PCR, WB, IF, and IHC experiments, n=3 (Figure 1C).

Experiment 4: To investigate the mechanism by which IRAK3 regulates neuroinflammation, we conducted in vivo 
and in vitro experiments using recombinant IL-17A and IRAK3 siRNA. In the in vivo experiments, mice were randomly 
divided into five groups: sham group, ICH +Vehicle group, ICH+IRAK3 siRNA group, ICH+IL-17A+Vehicle group, and 
ICH+IL-17A+IRAK3 siRNA group, each with 3 mice (n=3). Thirty minutes before ICH was established, IRAK3 siRNA 
was injected into the lateral ventricles. Following the successful establishment of the ICH model for 30 min, recombinant 
IL-17A was injected into the contralateral ventricle. The tissue surrounding the hematoma was harvested for WB and 
enzyme-linked immunosorbent assay (ELISA) to detect the expression levels of NF-κB, IL-17A, IL-1β, IL-18, IL-6 and 
TNF-α after ICH for 24h. BV2 microglial cells were cultured in vitro and stimulated with lipopolysaccharide (LPS) to 
simulate the inflammatory environment following ICH. The cells were divided into five groups: control, LPS + Vehicle, 
LPS + IRAK3 siRNA, LPS + IL-17A + Vehicle, and LPS + IL-17A + IRAK3 siRNA. After the addition of recombinant 
IL-17A and IRAK3 siRNA, we conducted WB and ELISA experiments after 24h to evaluate the expression levels of NF- 
κB, IL-17A, IL-1β, IL-18, IL-6 and TNF-α, n=3 (Figure 1D).

Blinding and Inclusion/Exclusion Criteria
All mice were assigned sequential numbers generated randomly by a computer program, and the allocations were masked 
from the investigators to prevent bias. The exclusion criteria comprised mice exhibiting ICH with no or minimal 
hematoma, as well as those that experienced intraoperative or preoperative mortality. During the neurological function 
assessments, the investigators were blinded to the group assignments and the treatments administered.

Sample Preparation
The pre-prepared brain tissue was removed and allowed to reach room temperature. An appropriate amount of peri- 
hematoma brain tissue was weighed, thoroughly ground, and placed in a 2 mL EP tube. RIPA lysis buffer, protease 
inhibitor, and phosphatase inhibitor were added at a ratio of 100:1:1 and the tissue was lysed on ice for 30 min. If the 
tissue grinding was ineffective, a sonicator was used for further disruption. Three grinding steel beads were added to the 
lysis solution. The grinding parameters were set as 70 hz/90 s/-20°C. After grinding, the lysate was stored on ice for an 
additional 20 minutes of digestion. The EP tube containing the lysate was then placed in a refrigerated high-speed 
centrifuge and centrifuged at 4°C for 15 minutes at 14000 rpm. The protein solution was transferred to a new 1.5 mL EP 
tube, taking care not to disturb the cell debris at the bottom. A small aliquot of the protein solution was used to determine 
protein concentration. The loading buffer working solution was added and the mixture was subsequently boiled for 
15 min. The prepared protein samples were stored at −80°C for future use.

Drug Administration and Intracerebroventricular Injection
In vivo transfection was performed as previously described,25,26 and IRAK3 siRNA (Obio Technology, Beijing, China) 
was transfected using an siRNA transfection reagent (Engreen Biosystems, Beijing, China). According to the protocol, 
IRAK3 siRNA was dissolved in RNase-free water at concentrations of 1, 2, and 3 μg/μL. An equivalent concentration of 
scrambled siRNA was transfected into the negative control group. The optimal concentration of IRAK3 siRNA was 
chosen based on the qRT-PCR results. rh-IRAK3 (Fine Biotech, Wuhan, China) was dissolved in sterile PBS to a final 
concentration of 1, 3, or 5 μg/μL. Recombinant IL-17A was purchased from eBioscience (San Diego, CA, USA). Based 
on a previous described,27 the dose for intraventricular injection in in vivo experiments was 20 ng, whereas the 
concentration for in vitro experiments was 100 ng/mL. Mice were anesthetized with 1.25% tribromoethanol (0.2 mL/ 
10 g). After shaving the hair on the head of the mice, the scalp was disinfected with 75% alcohol. The scalp was incised 
to fully expose the fontanelle. With the anterior fontanelle as the center, a cranial burr hole was drilled at a coordinate 
0.2 mm posterior and 1.0 mm lateral to the fontanelle. Subsequently, rh-IRAK3 or IRAK3 siRNA was injected into the 
left ventricle of the mouse at a depth of 2.25 mm below the dura mater, and a release of 0.5 μL/min rate. The needle was 
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left in place for 5 min following injection, followed by slow withdrawal over 3 min. Finally, sterile medical bone wax 
was used to seal the cranial burr hole after the needle removal.

Cell Culture
IRAK3 is expressed not only in microglia but also in neurons and astrocytes. Given that microglia are the primary cells 
that induce neuroinflammation, we decided to focus our investigation on IRAK3’s effects specifically in microglia. To 
minimize confounding factors, we conducted our studies in vitro using cultured microglial cells. BV2 microglial cells 
were obtained from Procell Life Science & Technology (Wuhan, China) and cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 100 U/mL penicillin, 100 μg/mL streptomycin (Solarbio, Beijing, China), and 10% 
fetal bovine serum containing glucose. Cells were incubated at 37°C in a 5% CO2 atmosphere, seeded at a density of 
approximately 5×105 cells per well in a 6-well plate, and stimulated with 1 μg/mL LPS to simulate the inflammatory 
environment following ICH.

Cell Viability Assay
As previously described,28 cell viability was assessed using the CCK-8 assay (Fdbio Science, China). Briefly, BV2 
microglial cells were seeded at a density of 1×104 cells per well in 96-well plates and treated with varying concentrations 
of rh-IRAK3 or IRAK3 siRNA for 24 hours. Subsequently, 10 μL of CCK-8 solution was added to each well. After 
incubating at 37°C for 2 hours, absorbance at 450 nm was measured using a microplate reader (SYNERGY H1, BioTek, 
USA). Cell viability was determined based on the optical density (OD) values.

Western Blotting
As previously described,28 brain tissue from the left basal region was rapidly collected after perfusion of the left atrium 
with 0.9% saline. Proteins were extracted from the left basal ganglia tissue with RIPA lysis buffer (Beyotime, China). 
The lysate was sonicated and thoroughly ground in a cryogenic grinder (Luca, China), centrifuged at 14,000 rpm for 
15 min at 4°C, and the supernatant was collected. A BCA assay kit (Beyotime, China) was used to determine the protein 
concentration. The supernatant was mixed with a protein loading buffer (ComWin Biotech, China) and boiled for 15 min. 
Protein separation was achieved using gel electrophoresis and transferred onto a PVDF membrane (Millipore Sigma, 
USA). The PVDF membrane was blocked in 5% non-fat milk for 2 h, followed by overnight (15–18 hours) incubation 
with the diluted primary antibody at 4°C. Primary antibody information is presented in Table 1. After washing the 
membrane with TBST, it was incubated with the secondary antibody solution for 1.5 hours. Finally, enhanced chemi-
luminescent HRP substrate (Millipore Sigma, USA) was used to detect the target protein bands. β-actin was used as an 
internal control. ImageJ software was used to measure the band intensities.

Immunofluorescence Staining
As previously described,29 after full-body anesthesia, the left ventricular apex was perfused with 100 mL of pre-cooled 
4% paraformaldehyde. Upon completion of perfusion, the brain was immersed in 4% paraformaldehyde for 24 h, 
transferred to a 30% sucrose solution, and incubated at 4 °C until the suspended brain tissue sank to the bottom. The 
brain tissue was embedded using OCT embedding medium (Sakura, USA) and then sectioned into 10 μm coronal slices. 
The cryosections were washed with PBS, immersed in sodium citrate-EDTA antigen retrieval solution, and boiled for 
10 min. The sections were incubated with a 10% goat serum solution for 2 h in a humid chamber. The solution was 
discarded and the primary antibody (Table 1) was added and incubated for 15–18h at 4°C. The unbound primary antibody 
was washed away with PBS and the sample was incubated for 2 h at room temperature with the secondary antibody. 
Nuclei were labeled with DAPI and the slides were subsequently coverslipped. Images were obtained using a Ti2E 
fluorescence microscope (Nikon, Japan). The ImageJ software was used to quantify the number of cells in the images.

RNA-Seq Analysis
The sequencing process involved a multistage procedure, sample preparation, and sample quality assessment. This is 
followed by library construction that requires rigorous quality control. High-throughput sequencing is then conducted, 
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succeeded by data quality control protocols. Ultimately, the workflow concludes with a bioinformatics analysis. 24 hours 
after the successful establishment of the ICH model, peri-hematoma tissue samples were collected from both the ICH 
group and ICH + IRAK3 siRNA group. Total RNA was isolated using the TRIzol method, and its concentration and 
purity were determined using the RNA Nano 6000 Assay Kit. Double-stranded cDNA was generated by reverse 
transcription and qualified fragments were selected and amplified by PCR to obtain the sequencing library. After 
successful quality control, the library was sequenced on an Illumina NovaSeq 6000 platform (Biomarker 
Technologies, China). Because there were no outliers among the samples, further analyses were performed. 
Differential analysis was conducted using R software. The edgeR package is used to normalize FPKM values and 
identify significantly differentially expressed RNAs. Edgers were used for the differential expression analysis. Genes 
were considered differentially expressed if the fold change>1.5 and the p-value<0.05,30 and a heatmap is generated using 
the R package based on the normalized values of all DEGs. A volcano plot is created to visualize the consistently 
significant DEGs between the two cohorts. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analyses were conducted to annotate the potential functions of the differentially expressed genes 
(DEGs). A false discovery rate (FDR) of < 0.05 was set as the significance threshold for enriched GO terms and KEGG 
pathways. Additionally, as previously described, Gene Set Enrichment Analysis (GSEA) was performed using the 
clusterProfiler R package to analyze DEGs between the two cohorts. Gene sets were analyzed based on KEGG and 
Reactome pathways, with enriched gene sets assigned according to a nominal FDR < 0.05.31,32 The data were deposited 

Table 1 Table of Antibodies Used

Antibody Name Host Spices 
and Clone

Manufacturer Usage Dilution 
Ratio

Identifier

IRAK3 Rabbit 

monoclonal

Novus WB, IF, IHC WB = 1:2000  

IF = 1:200  

IHC = 1:50

NBP1-76782

IBA-1 Mouse polyclonal Servicebio WB, IF 1:300 GB12105-100

GFAP Mouse polyclonal Abcam IF 1:300 Ab279290

IL-1β Rabbit polyclonal Proteintech WB 1:1500 26,048-1-AP

TNF-α Rabbit polyclonal Proteintech WB 1:1000 17,590-1-AP

IL-18 Rabbit Polyclonal Proteintech WB 1:2000 10,663-1-AP

IL-6 Rabbit Polyclonal Proteintech WB 1:1000 29,444-1-AP

IL-17A Rabbit polyclonal Proteintech WB, IF, IHC WB= 1:1000  
IF= 1:200  

IHC= 1:100

26,163-1-AP

NF-κB/pNF-κB Rabbit 

monoclonal

Abcam WB 1:2000 Ab16502  

ab76302

β-actin Rabbit polyclonal Beyotime WB 1:1000 AF5003

Rabbit lgG (HPR) Goat Beyotime WB 1:10000 A0208

Mouse lgG (HPR) Goat Beyotime WB 1:10000 A0216

Goat Anti- Rabbit/Mouse IgG H&L 
(Alexa Fluor® 488)

Goat Abcam IF 1:1000 Ab150077  

Ab150113

Goat Anti- Rabbit/Mouse IgG H&L 
(Alexa Fluor® 647)

Goat Abcam IF 1:1000 Ab150083  

Ab150115
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in the CNGB Sequence Archive (CNSA) of the China National GeneBank DataBase (CNGBdb) under accession number 
SUB057791 (https://db.cngb.org/cnsa/).

Neurological Score Test
As previous study described,28 the modified Garcia scoring system to evaluate neurological function in mice, which comprises 
seven distinct assessment items. These items are categorized based on their scoring ranges: four items, including spontaneous 
activity, symmetry of limb movement, body proprioception, and extending forelimbs, are scored on a scale of 0 to 3, while 
three items, namely climbing ability, sensory response, and lateral turning, are scored on a scale of 1 to 3. Specifically, 
spontaneous activity was assessed by observing the mouse’s self-initiated movements in a new cage for 5 minutes, yielding 
scores from 0 (no activity) to 3 (active exploration). Body proprioception was evaluated by lifting the tail and noting the angle 
and range of lateral turning, resulting in scores from 0 (no turning) to 3 (smooth and coordinated turning). Similarly, sensory 
response was determined by gently stimulating the whiskers using a cotton swab, yielding scores from 1 (no response) to 3 
(clear reaction). Furthermore, the extension of forelimbs was observed during tail lifting, resulting in scores from 0 (no 
extension) to 3 (full extension). Axial sensation was assessed by lightly touching both sides of the body with a stick, yielding 
scores between 1 (no response) and 3 (noticeable response). Additionally, symmetry of limb movement was evaluated by 
observing the movement of all four limbs when the tail was lifted, with scores ranging from 0 (no movement) to 3 (fully 
coordinated movement). Finally, climbing ability was assessed on an inclined surface, with scores ranging from 1 (unable to 
climb) to 3 (proficient climbing). The total score, which ranges from a minimum of 3 to a maximum of 21 points, represents 
a cumulative assessment of neurological function, where a lower score indicates more severe neurological deficits.

A corner turning test was conducted by setting up two partitions at a 30-degree angle to the table surface. The mouse 
was gently encouraged to walk towards the corners formed by the two partitions. When the mouse entered the corner, it 
instinctively chose to turn it. Each mouse was tested 10 times, with a 30-second interval between trials. Given the 
potential for damage to the right basal ganglia in the experimental model, the focus was on recording the frequency of 
left turns made by the mouse during 10 trials, which was then expressed as a percentage.

The forelimb placement test assesses the motor response of the mouse forelimbs to tactile stimulation. After ensuring 
that the mouse’s limbs were in a relaxed, non-tensed state, the mouse was slowly brought to the edge of a table and one 
of its whiskers lightly touched the table surface. The researcher then observed whether the mouse forelimb extended 
naturally towards the table edge when the whisker contacted the surface. Each mouse was tested 10 times, with a 30- 
second interval between trials, and the frequency of successful forelimb extension towards the table edge was recorded. 
Given the potential damage to the right basal ganglia in the experimental model, only the frequency of left forelimb 
extension was calculated and expressed as a percentage.

The Morris water maze test was completed on days 21–25 after ICH to assess memory and spatial learning capacity. 
As previous study described,33 a circular pool with a diameter of 120 cm was filled with an opaque white liquid and 
evenly divided into four quadrants. A platform with a diameter of 5 cm was positioned at the center of one quadrant. 
During the first 5 days of training, the platform was submerged approximately 1 cm below the water surface, and mice 
were placed into the pool from four different starting positions, with each trial lasting 60 seconds. On the 6th day, the 
platform was removed, and the mice were placed into the pool from a fixed starting position. A camera recorded the 
mice’s movements, and software was used to analyze the time required to find the platform during training, the time spent 
in the target quadrant after platform removal, and the number of times the mice crossed the former platform location.

qRT-PCR
As previously described,29 perihematomal tissue was collected 24 h after ICH induction and the AG RNAex Pro RNA 
reagent was used to extract total RNA. A SYBR Green Pro Taq HS reverse transcription kit was used to generate cDNA. 
A Bio-Rad sequencing detection system was used for qRT-PCR analysis. GAPDH was used as an internal control. The 
2−ΔΔCt method was used to analyze the relative expression levels of the target genes. The primer sequences are shown in 
Table 2.
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Hematoxylin and Eosin Staining
As previously described,34 the mice were deeply anesthetized and administrated pre-cooled 0.1 M PBS (pH 7.4). 
Perfusion was switched from PBS to 4% paraformaldehyde once the liver turned white. The brain tissue was immersed 
in 4% paraformaldehyde for 24 h at 4°C. After dehydration and paraffin embedding, continuous coronal sections of 4 μm 
thickness were obtained. Briefly, brain sections were deparaffinized, rehydrated, and stained with hematoxylin and eosin. 
The staining duration was adjusted based on the desired staining intensity. Images were captured using an optical 
microscope (Leica-DM2500, Leica, Wetzlar, Germany), and the observers were blinded to the experimental groups.

IHC Staining
As previously described,35 after the prepared brain tissue sections were dewaxed, rehydrated, and subjected to antigen 
retrieval, they were incubated with 3% hydrogen peroxide for 15 minutes. The brain tissue sections were then covered 
with 5% goat serum and incubated for 30 min. The primary antibody working solution was added and incubated at 4°C 
for 12–15 hours. The antibodies used for immunohistochemical staining were the same as those used for IF staining of 
IRAK3 and IL-17A. Subsequently, sections were incubated with biotinylated goat anti-rabbit antibody for 15 min. The 
sections were then incubated with horseradish peroxidase-streptavidin reagent for 15 min. Finally, the sections were 
stained with 3.3′-diaminobenzidine and hematoxylin. The sections were observed and images were obtained using an 
optical microscope (3D HISTECH, Dynamax Biotech, Shanghai, China) by personnel blinded to the experimental 
grouping.

ELISA Analysis
As previously described,29 ELISA kits for IL-1β and TNF-α were purchased from R&D Systems (Minneapolis, USA). 
Briefly, the mice were deeply anesthetized and perfused transcardially with PBS, and brain tissues were quickly 
harvested. The samples were homogenized using a Dounce homogenizer (Thermo Fisher Scientific, USA) in buffer 
containing a protease inhibitor cocktail (Nacalai Tesque, Japan).

Statistical Analysis
Statistical analyses were performed using the GraphPad Prism software (version 10.1.2). Data are presented as the mean 
± standard error of the mean (SEM). For comparison between more than two groups, one-way analysis of variance 
(ANOVA) was used. Post-hoc tests, including Bonferroni correction, were conducted for multiple comparisons. For non- 
normally distributed values, non-parametric ANOVA (Kruskal–Wallis test) was used, followed by Dunn’s post-hoc test 
for multiple comparisons. Mann–Whitney U-tests were used for individual comparisons between independent values 
within groups. Additionally, two-way repeated measures ANOVA was used for the long-term Morris water maze test 
data. P<0.05 was considered statistically significant.

Table 2 Primers Used for qRT-PCR

Gene Primer Sequences, 5′-3′ Forward Reverse

IRAK3 GGTGGCAGGAAACATCTGTGGTAC TTCCGAGGACAGGGTGGTATCTTC

IL-1β TTCAGGCAGGCAGTATCACTCATTG TTCAGGCAGGCAGTATCACTCATTG

IL-18 TTCAGGCAGGCAGTATCACTCATTG TTCAGGCAGGCAGTATCACTCATTG

TNF-α ATCCGCGACGTGGAACTG ACCGCCTGGAGTTCTGGAA

IL-6 TTCTTGGGACTGATGCTGGTG CACAACTCTTTTCTCATTTCCACGA

GAPDH AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTGA
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Results
The ICH Model and Mortality Rate
The overall mortality rate of experimental mice was 4.5% (7/155). In this study, no deaths occurred in the sham group. 
Mortality rates did not differ significantly among the treatment groups. Twenty mice were excluded due to the absence of 
hematomas in mice with ICH. No drug-related adverse reactions were observed in any of the treatment groups.

The Expression Pattern and Location of IRAK3 in Experimental Mouse ICH Model
Western blotting was used to investigate the expression of IRAK3 at 3, 6, 12, 24, and 48 h after the establishment of the 
ICH model. IRAK3 expression was markedly increased at 3 h, peaking at 24 h, and decreased at 48 h after ICH compared 
to sham group (Figure 2A amd B). Immunohistochemical analysis revealed that the expression of IRAK3 increased in the 
ICH group than in the sham group at 24 h (Figure 2D and E). Immunofluorescence staining co-labeled IRAK3 with the 
microglial marker IBA-1, the astrocyte marker GFAP, and the neuronal marker NeuN, indicating that IRAK3 was mainly 

Figure 2 The expression and localization of IRAK3, and the tissue injury around the perihematomal area at different time points after ICH. (A) Representative Western blot 
bands of IRAK3. (B) Quantitative analysis of IRAK3 protein expression. (C) Representative HE staining images of the perihematomal tissue. Scale bar= 50 μm. (D) 
Quantitative analysis of IRAK3 positive cells in immunohistochemistry. (E) IRAK3 immunohistochemical staining images around the perihematomal tissue, with red arrows 
indicating representative IRAK3-positive cells. Scale bar= 50 μm. (F) Representative immunofluorescence images of IRAK3 (red), IBA-1 (green), NeuN (green) and GFAP 
(green) around the perihematomal tissue. Scale bar= 50 μm, n=3. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs sham group.
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expressed in microglia (Figure 2F). HE staining showed that the perihematomal tissue became loose, with obvious cell 
edema and vacuoles after ICH (Figure 2C).

Rh-IRAK3 Exacerbates Neurological Dysfunction and Neuroinflammation After ICH
The modified Garcia test, turning corner test, and forelimb placement test were used to assess neurological functional 
deficits with rh-IRAK3 treatment at 24 h and 72 h after ICH. The scores were significantly lower in the ICH group than 
sham group (Figure 3A–C). Compared to the ICH group, the scores continued to decrease in the ICH+rh-IRAK3 (3μg) 
group. However, there was no statistical difference between the rh-IRAK3 1 μg, rh-IRAK3 5 μg, and ICH + Vehicle 
groups (Figure 3A–C). Therefore, the optimal rh-IRAK3 dosage was determined to be 3 μg/μL. To assess the cytotoxic 
effects of rh-IRAK3 on BV2 microglia, a CCK-8 assay was conducted 24 hours after treatment with various concentra-
tions of rh-IRAK3 (0, 1, 3, and 5 μg/mL). The results indicated that these concentrations of rh-IRAK3 did not exhibit 
cytotoxicity toward BV2 microglia cells (Figure 3D). To further evaluate the therapeutic efficacy of rh-IRAK3, 
neurological function assessments were performed 72 h after ICH. Consistently, treatment with rh-IRAK3 exacerbated 
the significant neurological impairment induced by ICH (Figure 3E–G). Western blotting was used to detect changes in 
inflammatory factors in perihematomal tissue. WB results showed that compared to the sham group, the ICH+Vehicle 
group had significantly increased levels of the inflammatory factors IL-1β, IL-18, IL-6 and TNF-α. Compared to the ICH 
+Vehicle group, rh-IRAK3 treatment continued to increase the expression of IL-1β, IL-18, IL-6 and TNF-α 
(Figure 3H–L).

DEG Identification and Enrichment Analysis After IRAK3 siRNA Treatment
To investigate the potential mechanisms by which IRAK3 promotes the inflammatory response and exacerbates neuronal 
injury after ICH, we used intracerebroventricular injection of IRAK3 siRNA to detect transcriptional changes, followed 
by RNA-seq analysis. We identified 1,797 differentially expressed genes in the IRAK3 siRNA-treated ICH group, with 
783 upregulated and 1,014 downregulated genes (Figure 4A and B).

Gene Ontology (GO) enrichment analysis of DEGs revealed that IRAK3 was primarily involved in the regulation of 
inflammatory processes with red representing biological processes (BP), green indicating cellular components (CC), and 
blue denoting molecular functions (MF), such as (1) Regulation of inflammatory response and (2) Negative regulation of 
cytokine production. (3) Regulation of IL-18 and IL-1β production (Figure 4C). KEGG pathway enrichment analysis of 
the DEGs indicated that IRAK3 was involved in multiple functions, including (1) Cytokine-cytokine receptor interac-
tions. (2) neuroactive ligand-receptor interactions. (3) NOD-like receptor and TNF signaling pathways. (3) NF-kappa 
B signaling pathway and IL-17 signaling pathways (Figure 4D).

To further explore the potential role of IRAK3 in the pathways following ICH, GSEA was performed. The GSEA 
results suggested that all six pro-inflammatory pathways were downregulated in the peri-hematoma brain tissue of mice 
treated with IRAK3 siRNA, as indicated by the peak values of the enrichment scores in the blue bars. In ICH mice with 
IRAK3 siRNA intracerebroventricular injection, the IL-17, NF-κB, TNF, and pro-inflammatory cytokine signaling 
pathways were suppressed. Additionally, there were downregulatory effects on other pathways, such as the cytosolic 
DNA sensing pathway, apoptosis, and necroptosis, in which IRAK3 plays a role. In summary, these analyses provide 
preliminary evidence for various potential mechanisms by which IRAK3 siRNA inhibits the inflammatory response after 
ICH (Figure 5A–I).

Knockdown IRAK3 Alleviates Short-Term and Long-Term Neurological Dysfunction 
After ICH
We further explored the role of IRAK3 in neurological dysfunction and neuroinflammation following ICH. First, qRT- 
PCR was used to detect the mRNA levels of IRAK3 at 24 hours after ICH in the 1, 2, and 3 μg/μL IRAK3 siRNA 
concentration groups. These results suggested that 2 μg/μL IRAK3 siRNA had the best knockdown effect. This 
concentration was used for qRT-PCR and the subsequent experiments (Figure 6A). We then evaluated neurological 
deficits using the modified Garcia, forelimb placement, and corner tests. Western blotting was performed to measure the 
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Figure 3 Rh-IRAK3 treatment exacerbated neurological dysfunction at 24 h and 72 h and decreased inflammatory response after ICH. (A and E) The modified Garcia test 
scores at 24 h and 72 h after ICH, n=6. (B and F) The left corner turning test scores at 24 h and 72 h after ICH, n=6. (C and G) The forelimb placement test scores at 
24 h and 72 h after ICH, n=6. (D) CCK-8 Assay of BV2 cell viability after treatment with different concentrations of rh-IRAK3, n=6. (H) Representative Western blot bands 
of IL-1β, IL-18, IL-6 and TNF-α. (I-L) Quantitative analysis of IL-1β, IL-18, IL-6 and TNF-α protein expression, n=3. **P<0.01, ***P<0.001, ****P<0.0001 vs sham; #P<0.05, 
##P<0.01 vs ICH+ Vehicle group.
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Figure 4 Differential expression gene and functional enrichment analysis of the ICH group and ICH+IRAK3 siRNA group. (A) Volcano plot of DEGs between ICH group 
and ICH+ siIRAK3. (B) Heatmap of differentially expressed genes between the ICH group and ICH+IRAK3 siRNA group. Upregulated genes are represented in yellow, and 
downregulated genes are denoted in blue. (C) GO enrichment analysis of DEGs, including biological processes (BP, red), cellular components (CC, green), and molecular 
functions (MF, blue). (D) KEGG pathway analysis of DEGs. The bar chart represents the count of genes annotated to each pathway. All pathway with p-value < 0.05.
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levels of proinflammatory cytokines. Compared to the sham group, the ICH group showed significantly lower neurolo-
gical function scores. In contrast, the ICH+IRAK3 siRNA group exhibited significantly improved neurological function 
compared to the ICH group (Figure 6B–D). To assess the cytotoxic effects of IRAK3 siRNA on BV2 microglia, a CCK-8 
assay was conducted 24 hours after treatment with various concentrations of IRAK3 siRNA (0, 1, 2, and 3 μg/mL). The 
results indicated that these concentrations of IRAK3 siRNA did not exhibit cytotoxicity toward BV2 microglia cells 
(Figure 6E). To further evaluate the therapeutic efficacy of IRAK3 siRNA, neurological function assessments were 
performed 72 h after ICH. Consistently, treatment with IRAK3 siRNA improved the significant neurological deficits 
induced by ICH (Figure 6F–H). The Morris water maze test was employed to assess the number of platform crossings, 
escape latency, and the duration of time spent in the target quadrant, in order to evaluate the effects of IRAK3 siRNA 
treatment on the recovery of spatial learning and memory function following ICH. Compared to the sham group, mice in 
the ICH + Vehicle group exhibited significant neurological deficits. However, the IRAK3 siRNA treatment group 
demonstrated a marked improvement in memory and learning abilities compared to the Vehicle group, as evidenced 
by a significant reduction in escape latency, an increased number of platform crossings, and a longer duration spent in the 
target quadrant (Figure 6I–L).

Knockdown IRAK3 Decreases Microglial Activation and Expression After ICH
Microglial activation is a key contributor to neuroinflammation following ICH. Immunofluorescence staining and Western 
blotting were used to detect changes in the microglia following ICH and IRAK3 siRNA treatment, respectively. The number 
of IBA-1-positive microglia markedly increased compared to sham group at 24 h after ICH. However, IRAK3 siRNA 

Figure 5 GSEA enrichment analysis. (A) NF-kappa B signaling pathway. (B) IL-17 signaling pathway. (C) TNF signaling pathway. (D) Chemokine signaling pathway. (E) JAK- 
STAT signaling pathway. (F) NOD-like receptor signaling pathway. (G) Cytosolic DNA-sensing pathway. (H) Necroptosis. (I) Apoptosis.
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Figure 6 IRAK3 siRNA administration alleviated both short-term and long-term neurological dysfunction. (A) IRAK3 mRNA levels after treatment with different 
concentrations of IRAK3 siRNA, n=3. (B and F) The modified Garcia test at 24 h and 72 h after ICH, n=6. (C and G) The left corner turning test scores at 24 h and 
72 h after ICH, n=6. (D and H) The forelimb placement test at 24 h and 72 h after ICH, n=6. (E) CCK-8 Assay of BV2 cell viability after treatment with different 
concentrations of rh-IRAK3, n=6. (I) Typical tracks of water maze exploration. (J-L) Escape latency, time spent in target quadrant and frequence cross the platform, n=6. 
***P<0.001, ****P<0.0001 vs sham; ##P<0.01, ###P<0.001, ####P<0.0001 vs ICH+ Vehicle group.
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treatment reduced the number of IBA-1-positive microglia compared to ICH+Vehicle group (Figure 7A and B). These 
findings suggest that IRAK3 knockdown decreases microglial activation after ICH. Western blotting revealed a substantial 
increase in the expression of IBA-1 in the ICH group compared to that in the sham group. However, after IRAK3 siRNA 
treatment, the expression of IBA-1 was markedly reduced compared to ICH group (Figure 7C and D).

Knockdown IRAK3 Suppresses NF-κB/IL-17A Signaling Pathway and 
Neuroinflammation
To further explore the mechanism by which IRAK3 participates in the inflammatory response, we used qRT-PCR, 
immunofluorescence, immunohistochemistry, and Western blotting to detect changes of IRAK3, IL-17A, NF-κB and pro- 
inflammatory factors levels in Sham, ICH and ICH+IRAK3 siRNA group. The results of qRT-PCR show that compared 
to the Sham group, the IRAK3 mRNA levels and the inflammatory cytokines IL-1β, IL-18, IL-6, and TNF-α mRNA 
levels were significantly elevated in the ICH+Vehicle group. In contrast, the IRAK3, IL-1β, IL-18, IL-6, and TNF-α 
mRNA levels were significantly reduced in the ICH+IRAK3 siRNA group compared to the ICH+Vehicle group 
(Figure 8A–E). Western blot analysis of perihematomal tissue from the ICH group revealed that, the proteins expression 
of IRAK3, IL-17A, NF-κB, IL-1β, IL-18, IL-6 and TNF-α was significantly higher in the ICH group than in the sham 
group. In contrast, ICH mice with IRAK3 siRNA treatment showed a marked reduction in IRAK3, IL-17A, NF-κB, IL- 
1β, IL-18, IL-6 and TNF-α expression compared to ICH+Vehicle group (Figure 8F–N). Double immunofluorescence 
staining of IBA-1 and IL-17A showed that IL-17A was expressed in microglia. Compared to the sham group, the 
proportion of IL-17A positive microglia was markedly increased in the ICH+Vehicle group. However, ICH mice with 
IRAK3 siRNA treatment showed a significant decrease in the proportion of IL-17A-positive microglia compared to the 

Figure 7 Knockdown of IRAK3 attenuated the activation of microglia following ICH. (A) Representative immunofluorescence images of the microglia 24 hours after ICH. 
Scale bar = 50 μm. (B) The percentage of IBA-1 positive microglial cells within the image of view. (C) Representative Western blot bands of IBA-1. (D) Quantitative analysis 
of IBA-1 protein expression, n=3. **P<0.01, ****P<0.0001 vs sham; #P<0.05, ###P<0.001 vs ICH+ Vehicle group.
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Figure 8 Inhibition IRAK3 suppressed the expression of the NF-κB/IL-17A signaling pathway and neuroinflammation after ICH. (A-E) Quantification of IRAK3, IL-1β, IL-18, 
and TNF-α relative mRNA level, n=3. (F-N) Representative Western blot bands and quantitative analysis of IRAK3, IL-17A, NF-κB, IL-1β, IL-18, IL-6 and TNF-α, n=3. (O) 
Immunofluorescent co-localization images of IBA-1 (red) and IL-17A (green). Scale bar = 50 μm. (P) Quantification of IBA-1-positive and IL-17A-positive cells, n=3. (Q) 
Representative immunohistochemical images of IL-17A in perihematomal tissue, with red arrows indicating representative IL17A-positive cells. Scale bar = 50 μm. (R) 
Quantification of IL-17A-positive cells by immunohistochemistry, n=3. **P<0.01, ***P<0.001, ****P<0.0001 vs sham; #P<0.05, ##P<0.01, ###P<0.001, ####P<0.0001 vs 
ICH+ Vehicle group.
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ICH+Vehicle group (Figure 8O and P). Immunohistochemical staining of IL-17A in the perihematomal tissue showed 
that compared to the sham group, the expression of IL-17A in the brain tissue of the ICH+Vehicle group was significantly 
increased. However, the ICH group with IRAK3 siRNA treatment exhibited a significant decrease in IL-17A-positive 
microglia compared to the ICH+Vehicle group (Figure 8Q and R).

Effects of IRAK3 on pro-inflammatory factors after recombinant IL-17A intervention in vivo and vitro experiment.
To further investigate the mechanism by which IRAK3 regulates microglial-mediated neuroinflammation after ICH, 

we conducted intracerebroventricular injections of IRAK3 siRNA, followed by interventions using recombinant IL-17A. 
WB was used to analyze the expression levels of IL-17A, NF-κB, IL-1β, IL-18, IL-6 and TNF-α. The results show that, 
compared to the sham group, the ICH + vehicle group exhibited a significant upregulation of IL-17A, NF-κB, IL-1β, IL- 
18, IL-6, and TNF-α protein expression. In contrast, the ICH + IRAK3 siRNA group showed a significant decrease in the 
expression of IL-17A, NF-κB, IL-1β, IL-18, IL-6, and TNF-α compared to the ICH + vehicle group. However, in the ICH 
+ IL-17A + vehicle group, the expression levels of IL-17A, NF-κB, IL-1β, IL-18, IL-6, and TNF-α were further 
increased compared to ICH+vehicle group. Compared to the ICH + IL-17A + vehicle group, the ICH + IL-17A + 
IRAK3 siRNA group had a significantly reduced expression of IL-17A, NF-κB, IL-1β, IL-18, IL-6, and TNF-α. 
Meanwhile, ELISA was used to measure changes in the inflammatory factors IL-1β and TNF-α in perihematomal 
brain tissue after ICH for 24 hours. The results of the ELISA for IL-1β and TNF-α were consistent with the trends 
observed in the Western blot results for IL-1β and TNF-α (Figure 9A–I). To further explore whether knockdown IRAK3 
reduced microglial-mediated neuroinflammation through the NF-κB/IL-17A signaling pathway and pro-inflammatory 
factors IL-1β, IL-18, IL-6 and TNF-α, we cultured BV2 microglial cells in vitro and stimulated them with LPS while 
intervening with IRAK3 siRNA and recombinant IL-17A. WB was used to assess the changes in IL-17A, NF-κB, IL-1β, 
IL-18, IL-6 and TNF-α, and ELISA was used to assess the expression of IL-1β and TNF-α at 24 h after ICH. The results 
show that in vitro experiments involved WB analysis to assess changes in the protein expression of IL-17A, NF-κB, IL- 
1β, IL-18, IL-6, and TNF-α. Additionally, ELISA was used to measure changes in IL-1β and TNF-α, and the trends 
observed were consistent with the results obtained from in the vivo experiments (Figure 9J–R).

Figure 9 Inhibition IRAK3 decreased microglial neuroinflammation via NF-κB/IL-17A pathway in vivo and vitro. (A) Representative Western blot bands of IL-17A and NF-κB 
after ICH. (B-G) Quantitative analysis of Western blot of IL-17A, NF-κB, IL-1β, IL-18, IL-6 and TNF-α at 24 h after ICH, n=3. (H and I) ELISA analysis of inflammatory 
factors IL-1β and TNF-α in the perihematomal tissue 24 hours after ICH, n=3. (J) Representative Western blot bands of IL-17A, NF-κB, IL-1β, IL-18, IL-6 and TNF-α in vitro 
experiment. (K-P) Quantitative analysis of Western blot of IL-17A, NF-κB, IL-1β, IL-18, IL-6 and TNF-α in vitro experiment, n=3. (Q and R) ELISA analysis of pro- 
inflammatory factors IL-1β and TNF-α expression 24 hours after LPS stimulation of BV2 microglia, n=3. ***P<0.001, ****P<0.0001 vs Sham/Control; #P<0.05, ##P<0.01, 
###P<0.001, ####P<0.0001 vs ICH/LPS+ Vehicle group. @@@ P<0.001, @@@@ P<0.0001 vs ICH/LPS+IRAK3 siRNA group; $ P<0.05, $$ P<0.01, $$$ P<0.001, $$$$ 
P<0.0001 vs ICH/LPS+ IL-17A+Vehicle group.
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Discussion
This study investigated the role and mechanism of IRAK3 in an experimental mouse model of ICH, in which IRAK3 
affects neuroinflammation. Our results were as follows: (1) The expression of IRAK3 a time-dependently manner after 
ICH, peaking at 24 h and declining at 48 h. Immunofluorescence co-localization showed that IRAK3 was mainly 
expressed in microglia. (2) Activation IRAK3 exacerbated neuroinflammatory response. (3) Intracerebroventricular 
injection of IRAK3 siRNA downregulated inflammatory pathways. (4) IRAK3 knockdown improved both short-term 
and long-term neurological functional deficits, accompanied by decreased expression of NF-κB/IL-17A signaling path-
way and inflammatory factors. (5) Knockdown of IRAK3 can reverse the pro-inflammatory process induced by 
recombinant IL-17A in vivo and in vitro. Overall, our results demonstrate that IRAK3 levels were significantly 
upregulated after ICH. IRAK3 is expressed in microglia. Knockdown of IRAK3 decreased neuroinflammation around 
hematoma tissue and improved both short-term and long-term neurological deficits after ICH, at least in part, by 
suppressing the NF-κB/IL-17A signaling pathway (Figure 10).

Secondary brain injury following intracerebral hemorrhage is a comprehensive result of a series of adverse reactions, 
of which neuroinflammation is a crucial step in this process.29,36 Specifically, blood breakdown products activate 
microglia, leading to increased transcription and expression of inflammatory factors, which in turn triggers an inflam-
matory storm around the hematoma.37,38 Previous studies have demonstrated a significant increase in the levels of TNF-α 
and IL-1β in both the perihematomal region and serum, which can serve as critical indicators of neuroinflammation 
during the acute phase of ICH.39,40 Reducing the levels of inflammatory factors after intracerebral hemorrhage can 
improve the neurological deficits.36 This study found that in the acute phase of ICH, the levels of inflammatory factors 
IL-1β, IL-18, TNF-α and IL-6 in the perihematomal tissue were significantly increased, consistent with previous 
researches. Furthermore, our study indicates that knockdown of IRAK3 resulted in a reduction of inflammatory factors 
surrounding the hematoma. This suggests that inhibition of IRAK3 during the acute phase after ICH can attenuate the 
amplification of neuroinflammatory signaling. Therefore, targeting IRAK3 may represent an effective strategy for 
decreasing secondary brain injury following ICH; however, specific inhibitors of IRAK3 have not yet been exploited. 
This study contributes to investigate the role and molecular mechanisms of IRAK3 inhibition in decreasing microglia- 
mediated neuroinflammatory responses after ICH, providing a promising therapeutic strategy for ICH.

IRAK3, a member of the IRAK family, also known as IRAKM, was initially characterized for its regulatory role in TLR 
signaling and NF-κB pathway activation, subsequently modulating the inflammatory response.14,41 IRAK3 has been identified 
as a crucial regulator of inflammation in various disease contexts, including chronic alcoholic liver disease, asthma, and 
myocardial ischemia-reperfusion injury.42–44 In CNS diseases, such as cerebral ischemia and subarachnoid hemorrhage, 
IRAK3 has been considered to have neuroprotective properties. Lyu C et al demonstrated that in a mouse tMCAO disease 
model, IRAK3 mRNA levels peaked at 1 hour after ischemia and subsequently declined, reaching a minimal level at 24 hours. 
Conversely, IRAK3 knockout was associated with increased infarct volume, blood-brain barrier permeability, and inflamma-
tory response levels15. However, our data indicate that IRAK3 expression increased gradually after ICH, peaking at 24 hours 
and then declining at 48 hours. Interestingly, our findings contradict those of previous studies on cerebral ischemia, where 
neuronal damage is primarily induced by ischemia-hypoxia.45 In contrast, brain damage following ICH is mainly attributed to 
secondary insults triggered by hemoglobin degradation products.46 Furthermore, Cao C et al found that in a mouse 
subarachnoid hemorrhage (SAH) disease model, TREM2 mitigated neuroinflammation and exerted neuroprotective effects 
by activation IRAK3 expression.47 In this study, IRAK3 protein levels were found to be higher after SAH compared to the 
sham group, consistent with our research findings. However, Cao C et al only investigated IRAK3 expression at 48 hours post- 
SAH, without examining the temporal dynamics of IRAK3 expression in the SAH disease model. Moreover, the study focused 
on the basal cortical region, whereas our research was conducted in the striatum. Although both ICH and SAH involve 
secondary brain injury triggered by hemoglobin degradation products, the underlying pathophysiological mechanisms differ 
between the two conditions.48 Notably, IRAK3 does not uniformly function as an inhibitor of inflammation, as evidenced by 
a study by Zhang et al in the experimental autoimmune encephalomyelitis (EAE) disease model. In this study, IRAK3 was 
shown to promote neuroinflammation by activating the caspase-8-mediated inflammasome in microglia, highlighting the 
necessity of IRAK3 for the activation of inflammatory signaling in microglia.17 In summary, IRAK3 plays a crucial role in the 
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central nervous system, and the differential expression and function of IRAK3 may be attributed to varying disease contexts or 
system. Currently, the role of IRAK3 in ICH remains unclear. Therefore, investigating the function of IRAK3 in ICH is 
warranted, and it may potentially serve as a therapeutic target for treating ICH. Our study reveals that exogenous IRAK3 
enhanced inflammatory factor expression, whereas knockdown IRAK3 reduced inflammatory factor expression and alleviated 
short-term and long-term neurological dysfunction. These findings expand our understanding of IRAK3’s regulatory 
mechanisms in the pathogenesis of central nervous system diseases. In clinical translation, the development of IRAK3 

Figure 10 Schematic Illustration of the Mechanism. IRAK3 activation aggravates neurological dysfunction and increased neuroinflammation in the perihematomal region 
following ICH. Knockdown of IRAK3 improved both short-term and long-term neurological dysfunction and decreased neuroinflammation, and this is partly mediated via 
the NF-κB/IL-17A signaling pathway.
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inhibitors or RNA interference technologies to suppress its overactivation can enable precise treatment, while dynamic 
monitoring of IRAK3 expression could optimize the therapeutic window and personalize treatment strategies. Furthermore, 
high IRAK3 levels may serve as a molecular biomarker for poor prognosis in the acute phase of ICH patients.

IL-17A is one of the main members of the IL-17 family and primarily exerts its effects by interacting with IL-17R, which 
significantly enhancing inflammatory responses.49 IL-17A is involved in various CNS inflammatory diseases and plays 
a crucial role in microglial cells.50 Previous studies have shown that activated microglial cells secrete IL-1β, which promotes 
the secretion of IL-17A, while IL-17A, in turn enhances the secretion of IL-1β from microglial cells, creating a vicious cycle of 
inflammatory storms.51 Furthermore, research has shown that inhibiting the NF-κB/IL-17A signaling pathway can reduce 
neuroinflammatory responses after ICH, improve neurological function, and increase survival rates in ICH mice.52 In our 
study, we performed RNA-seq on the perihematomal region of IRAK3 knockdown ICH mice and enriched KEGG and GSEA, 
including NF-κB/IL-17 signaling. These sequencing results are consistent with previous studies. Additionally, we treated ICH 
mice with exogenous recombinant IL-17A and observed increased expression of inflammatory factors compared to the ICH 
group. Knockdown of IRAK3 mitigated this process and reduced NF-κB/IL-17A signal transduction. Thus, IRAK3 partly 
targets post-ICH neuroinflammation by regulating the NF-κB/IL-17A signaling pathway.

In conclusion, this study suggests that IRAK3 plays a functional role in regulating inflammatory signaling pathways and is 
critical for attenuating neuroinflammation after ICH. IRAK3 exacerbates the neuroinflammatory response in perihematomal 
tissue via activation of the NF-κB/IL-17A signaling pathway, which in turn worsens neurological deficits after ICH in mice. 
Therefore, targeting IRAK3 may represent a potential therapeutic strategy to mitigate secondary brain injury after ICH.

This study has several limitations. First, following IRAK3 knockdown in ICH mice, multiple inflammatory pathways 
were downregulated, but we only focused on the relationship between IRAK3 and the NF-κB/IL-17A signaling pathway. 
Further investigation is warranted to determine whether IRAK3 interacts with other inflammatory pathways to reduce 
neuroinflammation. Second, to minimize the influence of estrogen on ICH, our study only used male mice. Therefore, the 
role of IRAK3 in female mice remains to be explored.53 Third, astrocytes are also key cells that induce neuroinflamma-
tion, and it is worth investigating how IRAK3 regulates astrocyte-induced inflammatory responses.37 Finally, we did not 
examine IRAK3 expression in neurons, and whether IRAK3 can directly regulate neuronal processes remains to be 
further investigated, leaving this as a promising area for future research.

Conclusion
Our study indicates that the activation of IRAK3 exacerbated SBI following ICH. In contrast, suppression of IRAK3 
expression ameliorated the neuroinflammatory response in perihematomal tissue and improved short-term and long-term 
neurological deficits, partially through modulation of the NF-κB/IL-17A signaling pathway. However, further studies are 
needed to investigate the role of IRAK3 in modulating other inflammatory pathways and its role in neurons and 
astrocytes. Exploring IRAK3 inhibitors may be a promising therapeutic approach for the treatment of ICH.
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