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Background: Intracerebral hemorrhage (ICH) stands as a crucial cerebrovascular pathology, wherein subsequent neuroinflam-
matory reactions augment neuronal detriment. Microglia, the principal immune effectors within the central nervous system,
significantly influence the inflammatory cascade following ICH. Interleukin (IL)-10 is an anti-inflammatory cytokine that func-
tions via the IL-10 receptor (IL-10R). It has been demonstrated to facilitate M2 polarization of microglial cells, thereby aiding
in the resolution of inflammation and the repair of neural tissue. However, the specific mechanism of IL-10R in regulating
microglial polarization remains unclear. Therefore, this study aimed to elucidate the role of IL-10R in facilitating microglia dif-
ferentiation into the M2 phenotype, specifically focusing on its modulation of the toll-like receptor 4 (TLR4)/nuclear factor κB
(NF-κB) signaling pathway.
Methods: We established a mouse model of intracerebral hemorrhage (ICH) to investigate the impact of neural stem cell (NSC)
transplantation. IL-10R knockdown was achieved through cell transfection. The expression levels of inducible nitric oxide syn-
thase (iNOS) and the mannose receptor (CD206) were evaluated using Western blot analysis to assess microglial polarization.
Furthermore, we quantified inflammation levels by assessing the expressions of IL-10R, IL-1β, and tumor necrosis factor-alpha
(TNF-α) using enzyme-linked immunosorbent assay (ELISA). Assessment of motor function was conducted using the modified
neurological severity score (mNSS) and the rotarod performance test. Neuronal injury and mortality were determined by mea-
suring brain water content, conducting Nissl staining, and performing the terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) assay. Additionally, Western blot analysis was employed to evaluate the activity of the toll-like receptor 4
(TLR4)/nuclear factor κB (NF-κB) pathway, with its activation being suppressed by the specific inhibitor Resatorvid (TAK-242).
Results: We found that NSC transplantation significantly decreased microglial M1 polarization, inflammatory response, brain
water content, neuronal cell damage, and apoptosis while increasing microglial M2 polarization and mice motor function follow-
ing ICH. Inhibition of IL-10R reversed the effect of NSC transplantation, indicating its crucial role in NSCs-mediated neuropro-
tection. Furthermore, the activity of the TLR4/NF-κB inflammatory pathway was enhanced after ICH, which was suppressed by
NSCs. Following NSC treatment, the IL-10R inhibition activated the TLR4/NF-κB pathway, which was reversed by TLR4/NF-
κB pathway inhibitor TAK-242. Additionally, IL-10R inhibition counteracted the effect of NSC transplantation, which was
disrupted when the TLR4/NF-κB pathway was inhibited.
Conclusion: This study suggests that IL-10R plays a crucial role in NSC transplantation for treating ICH. Inhibiting the
TLR4/NF-κB pathway facilitates M2 polarization of microglial cells, leading to a decrease in neuroinflammatory response. This
finding provides a new molecular target for treating ICH and other neuroinflammatory diseases. It emphasizes the potential
therapeutic value of NSC transplantation in conjunction with the modulation of IL-10R signaling.
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Introduction

Neuroinflammation following brain injury is a critical
factor leading to neuronal death and neurological dysfunc-
tion [1–3]. Microglia, the principal immune cells within
the central nervous system, are essential in controlling
the inflammatory response post-brain trauma [4,5]. The
interaction between pro-inflammatory M1-type and anti-

inflammatory M2-type microglial cells is pivotal in regu-
lating tissue repair and functional recovery after injury [6].
However, effectively modulating microglial polarization to
enhance therapeutic outcomes post-brain injury remains a
significant scientific challenge.

Interleukin (IL)-10 functions as a crucial anti-
inflammatory cytokine, exerting its effects through the
IL-10 receptor (IL-10R) [7–9]. Recent researches indi-
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cate that IL-10 not only suppresses the production of pro-
inflammatory cytokines but also promotes the transition
of microglial cells into the M2 phenotype [10–12]. How-
ever, the precise molecular mechanisms underlying IL-
10R’s regulation of microglial polarization remain partially
elucidated.

The toll-like receptor 4 (TLR4) and nuclear factor κB
(NF-κB) signaling pathways play crucial roles in regulat-
ing the inflammatory response and are significant contribu-
tors to the activation and polarization of microglia [13,14].
Studies have suggested that overactivation of the TLR4/NF-
κB signaling pathway is closely associated with neuroin-
flammatory responses subsequent to brain trauma [15,16].
Therefore, inhibiting this pathway could potentially alle-
viate the inflammatory response and promote tissue repair
[17]. Despite extensive research on the roles of IL-10, IL-
10R, and the TLR4/NF-κB pathway in inflammation, there
remains a gap in understanding the interactions and specific
mechanisms in regulating microglial polarization. Particu-
larly, the dynamic alterations and control mechanisms gov-
erning their interaction in a model of brain injury remain
incompletely explored.

This study aims to elucidate how IL-10R facilitates the
differentiation of microglia into the M2 phenotype, specif-
ically focusing on its modulation of the TLR4/NF-κB sig-
naling pathway. By conducting IL-10R siRNA interference
experiments in a mouse brain injury model, we evaluated
the impact of IL-10R on the TLR4/NF-κB pathway and its
role in regulating microglial polarization and reducing neu-
roinflammation. Our findings not only reveal a novel mech-
anism by which IL-10R regulates microglial function fol-
lowing brain injury but also provide scientific evidence for
developing novel therapeutic strategies. These insights po-
tentially hold significant clinical implications for improving
the prognosis of brain injury.

Methods

Mice Preparation
We obtained 180 male C57BL/6 mice, aged 8 weeks

and weighing 20–30 g, from Beijing Vital River Labora-
tory Animal Technology Co., Ltd., Beijing, with specific
pathogen-free (SPF) status. Mice were housed in a con-
trolled environment with temperatures between 26 and 28
°C and a 12-hour light-dark cycle. They were provided ad
libitum access to food and water. All experimental proce-
dures adhered to the ethical standards for the care and use of
animals and received approval from the Ethics Committee
of Yantai Yuhuangding Hospital (approval No. 2024-108).
After experimental procedures, themicewere humanely eu-
thanized using compressed CO2 gas, followed by cervical
dislocation. This method of euthanasia was selected for its
efficacy and compliance with the guidelines recommended
by the American Veterinary Medical Association (AVMA),
aiming to minimize animal suffering.

Intracerebral Hemorrhage (ICH) Model

The method for modeling ICH is consistent with
previous studies [18,19]. Briefly, to establish intracere-
bral hemorrhage models, mice were anesthetized through
intraperitoneal administration of 3% sodium pentobarbi-
tal (50 mg/kg sodium pentobarbital) (Cat. No. P3761,
Sigma-Aldrich, Saint Louis, MO, USA). Following stabi-
lization, cranial fur was meticulously removed, and a pre-
cise 1-cm incision at the scalp’s midpoint was developed.
After skull exposure, a 1-mm borehole was created 0.2 mm
anterior to bregma and 2.0 mm to the right of the midline.
A 26-gauge needle mounted on a stereotaxic frame was in-
serted to a depth of 3.7 mm into the right striatum. Using
a syringe pump (Legato 130, KD Scientific Inc., Hollis-
ton, MA, USA), Collagenase VII-S (Catalog No. C2399,
Sigma-Aldrich, Saint Louis, MO, USA) was precisely de-
livered into the brain tissue. The administered dose of Col-
lagenase VII-S consisted of 0.075 U dissolved in 0.5 µL of
isotonic saline solution (0.9%; Catalog No. ST341, Bey-
otime, Shanghai, China) at a rate of 2 µL/min. After injec-
tion, the needle remained in situ for an additional 10 min-
utes before being retracted at a velocity of 1 mm/min. The
Sham group underwent identical surgical procedures, ex-
cluding the administration of collagenase. Subsequently,
the incision was sutured, and the mice were returned to their
housing for recovery. The success of the ICH models was
verified by magnetic resonance imaging (MRI). All animal
ICH model was successful; thus, no animal was excluded
from analysis.

Intracerebroventricular Injection of Small
Interfering (si)RNA and TLR4 Inhibitor

After anesthetizing the mice and exposing the
skull as described above, a 1-mm burr hole was
drilled on the left front side of the head. For the
targeted suppression of IL-10R in mouse brain tis-
sue, siRNA specific to IL-10R (si-IL-10R; sequence:
5′-GAGCCTAGAATTCATTGCATACGAA-3′) and
a corresponding negative control (si-NC; sequence:
5′-GAGGATTAAACTGTTTACCACCGAA-3′) were
synthesized by GenePharma Co., Ltd. (Shanghai, China).
The siRNAs were dissolved in sterile, RNase-free aqueous
solution according to the manufacturer’s instructions.
Subsequently, a 26-pin stereotactic needle was inserted to
a depth of 2.3 mm, and the siRNA solution was delivered
into the brain tissue at a controlled rate of 0.67 µL/min
using a SYRINGE PUMP (legato 130, KD Scientific Inc.,
Holliston, MA, USA). Following the injection, the needle
was left for an additional 5 minutes before being removed
at a speed of 1 mm/min. After this, the burr hole was
sealed, and the scalp was sutured. To inhibit the TLR4/NF-
κB pathway, the specific TLR4 inhibitor Resatorvid
(TAK-242) (3 mg/kg; S7455, Selleck, Houston, TX, USA)
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was added in the siRNA solution and co-administered into
the brain. This intracerebroventricular (i.c.v.) injection
was performed 1 day before establishing ICH.

Preparation and Transplantation of Neural Stem
Cells (NSCs)

The neural stem cells (NSCs; C17.2; iCell-m012)
were obtained from iCell Bioscience Inc. (Shanghai,
China) and cultured in a specialized medium designated
for C17.2 cells (iCell-m012-001b, iCell Bioscience Inc.,
Shanghai, China). Culture conditions were maintained at
37 °C with 5% CO2 and 70–80% humidity. For transplan-
tation, a suspension of 1× 105 cells in 3 µL ofNSC-specific
mediumwas injected into the ICH core at a rate of 1 µL/min,
1 hour after ICH induction. The cells used in this study have
undergone mycoplasma detection, and the results indicate
the absence of mycoplasma contamination.

Furthermore, sixty mice were randomly divided
into 6 groups, including the Sham, ICH, ICH+NSCs,
ICH+NSCs+si-NC, ICH+NSCs+si-IL-10R, and
ICH+NSCs+si-IL-10R+TAK-242 groups, each com-
prising 10 mice. The detailed procedure of treatment was
as described above.

Modified Neurological Severity Score (mNSS)
Assessment and Rotarod Test

Seventy-two hours after ICH surgery, mice under-
went mNSS scoring to evaluate motor and sensory func-
tion, balance beam performance, reflexes, and abnormal
movements. The mNSS scoring system ranged from 0 to 18
points, with 1–6 points indicating mild injury, 7–12 points
indicating moderate injury, and 13–18 points indicating se-
vere injury.

After evaluating the mNSS, the motor coordination
and balance were further assessed through the rotarod test,
which determines the ability of mice to maintain their posi-
tion on a rotating rod. Initially, mice underwent an adapt-
ability assessment on a rotating rod set at 4 rotations per
minute (rpm). Subsequently, four additional trials were
conducted with the speed progressively increasing from 4
rpm to 40 rpm over 5 minutes. The average time of mice
falling from the rotating rod during the experiment was
recorded.

Collection of Brain Tissue Samples and Their Water
Content Measurement

After completing the neurobehavioral assessment, the
brain water content (BWC) was determined to evaluate
brain edema. Following the previously described proce-
dures [20,21], mice were euthanized via cervical disloca-
tion, followed by the extraction of brain tissue. In each
group, brain tissue from 5 mice was used for assessing
BWC, while the remaining 5 brain tissues were used for
obtaining coronal sections. To determine BWC, brain spec-
imens were initially recorded for their wet weight using

an electronic balance (Model 02202101, Fisher Scientific,
Shanghai, China). Subsequently, these specimens were
desiccated in an oven at 100 °C for 14 hours to ascertain
the dry weight. Moreover, BWC was calculated using the
formula: [(wet weight – dry weight) / wet weight]× 100%.
For tissue sectioning, 2-mm coronal slices from the hemi-
sphere ipsilateral to the ICH were either immediately an-
alyzed or paraffin-embedded and preserved at –80 °C for
subsequent investigations.

Western Blot Analysis
Tissue samples were immersed in ice-chilled RIPA

lysis buffer (Catalog No. P0013B, Beyotime, Shanghai,
China) added with phenylmethylsulfonyl fluoride (PMSF;
Catalog No. ST505, Beyotime, Shanghai, China) in a 100:1
ratio. Following a 30-minute incubation, samples were
homogenized using a homogenizer (Model CN-41056-
98, Cole-Parmer Instrument Company, LLC., Shanghai,
China). The homogenate was centrifuged at 12,000 rpm
for 20 minutes at 4 °C, and the supernatant was retrieved
for total protein isolation. After this, the proteins were
separated through sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE; Catalog No. P0012A,
Beyotime, Shanghai, China) and subsequently transferred
onto a polyvinylidene difluoride (PVDF) membrane (Cat-
alog No. IPVH00010, Millipore, Billerica, MA, USA).
The membrane was then blocked with 5% skim milk for
2 hours and incubated overnight with primary antibod-
ies, including anti-inducible nitric oxide synthase (iNOS)
(1:1000; Catalog No. ab178945, Abcam, Cambridge, MA,
USA), anti-CD206 (1:1000; Catalog No. ab64693, Ab-
cam, Cambridge, MA, USA), anti-TLR4 (1:1000; Catalog
No. ab22048, Abcam, Cambridge, MA, USA), anti-NF-κB
(1:1000; Catalog No. 51-0500, Invitrogen, Carlsbad, CA,
USA), anti-p-NF-κB (1:1000; Catalog No. MA5-15160,
Invitrogen, Carlsbad, CA, USA), and anti-Glyceraldehyde-
3-Phosphate Dehydrogenase (GAPDH) (1:2000; Catalog
No. ab8245, Abcam, Cambridge, MA, USA) at 4 °C. The
next day, the membrane was treated with HRP-conjugated
secondary antibody (1:2000; Catalog No. ab7090, Abcam,
Cambridge, MA, USA) at room temperature for 2 hours.
The protein bands were visualized using an enhanced
chemiluminescence system (ECL; Catalog No. 1622301,
Millipore, Billerica, MA, USA) and were quantitatively an-
alyzed utilizing ImageJ software (version 1.48, National In-
stitutes of Health, Rockville, Maryland, USA).

Enzyme-Linked Immunosorbent Assay (ELISA)
The levels of IL-10R (ml037888, MLbio, Shang-

hai, China), IL-1β (EK201B, MultiSciences, Hangzhou,
China), and tumor necrosis factor-alpha (TNF-α; Catalog
No. ab100747, Abcam, Cambridge, MA, USA) within the
injured brain tissue sections were conducted using commer-
cially available ELISA kits, following the instructions pro-
vided by the manufacturer. Moreover, the quantitative re-
sults were expressed in picograms per milliliter (pg/mL).
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Nissl Staining
Nissl staining was utilized to evaluate neuronal sur-

vival in brain specimens. The prepared slices were coronal
sections of the brain. These prepared slices were treated
with Nissl staining reagent (Catalog No. C0117, Bey-
otime, Shanghai, China) at 40 °C for 10 minutes. Subse-
quent rinsing of the sections was carried out using 95% and
70% ethanol solutions (Catalog No. 10009128, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China). Visualiza-
tion of Nissl-stained sections was accomplished using light
microscopy (Model BX51, Olympus, Tokyo, Japan), with
quantification of Nissl-positive neurons using ImageJ soft-
ware (version 1.48, National Institutes of Health, Rockville,
MD, USA).

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL)

Fresh tissue sections were fixed in 4% paraformalde-
hyde (Catalog No. P0099, Beyotime, Shanghai, China) and
permeabilized utilizing Proteinase K (Catalog No. P9460,
Solarbio, Beijing, China). After rinsing with phosphate-
buffered saline (PBS; Catalog No. C0221A, Beyotime,
Shanghai, China), the sections underwent labeling with
a TUNEL assay kit (Catalog No. C1082, Beyotime,
Shanghai, China) and were subsequently stained with 2-
(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI; Catalog No. C1002, Beyotime, Shanghai, China).
Apoptotic cells were enumerated in four arbitrarily se-
lected visual fields using a fluorescence microscope (Model
CKX53, OLYMPUS, Tokyo, Japan). In cases where sec-
tions were paraffin-embedded, initial deparaffinization in
xylene was required (Catalog No. 10023418, Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China), followed
by rehydration through a series of graded ethanol (Catalog
No. 100091192, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China).

Statistical Analysis
Statistical analyses were performed using SPSS ver-

sion 22.0 (IBM SPSS, Armonk, NY, USA). Data were ex-
pressed asmean± standard deviation. Multiple group com-
parisons were conducted using one-way ANOVA followed
by Bonferroni correction. A p-value< 0.05 was considered
statistically significant.

Results

NSC Transplantation Attenuates Microglial
Activation and Neuroinflammation Post-Brain
Hemorrhage

Utilizing a rodent model of ICH, we explored the ef-
fects of NSC transplantation on microglial activation, fo-
cusing on inducible nitric oxide synthase (iNOS) expres-
sion, a marker of the pro-inflammatory M1 microglial phe-
notype. We observed a significant increase in iNOS expres-

sion in the ICH group compared to sham controls, high-
lighting the impact of NSC transplantation on microglial
activation dynamics post-ICH (Fig. 1A, p < 0.001). How-
ever, this effect was reversed by the NSCs transplantation
in the ICH+NSCs group (p < 0.001). These findings indi-
cated that NSC transplantation could reduce the M1 activa-
tion state of microglial cells post-brain hemorrhage. Con-
versely, CD206, a marker of M2-type microglial cells, was
significantly increased in the ICH group (Fig. 1A, p <

0.001), which was further enhanced following NSC trans-
plantation (p < 0.001). These observations indicate that
NSC transplantation can promote the polarization of mi-
croglial cells towards the M2 type, contributing to the al-
leviation of neuroinflammatory responses.

Furthermore, IL-1β (Fig. 1B) and TNF-α (Fig. 1C)
were significantly increased in the ICH group compared
to the Sham group (p < 0.001). However, these pro-
inflammatory factors were significantly decreased in the
ICH+NSCs group (p < 0.001), indicating that NSC trans-
plantation can mitigate neuroinflammatory reactions fol-
lowing cerebral hemorrhage. The expression of IL-10R, a
marker of anti-inflammatory activity, was found to be ele-
vated in the ICH group relative to the Sham group (Fig. 1D,
p < 0.001), which was further increased in the ICH+NSCs
group (p < 0.001). These findings demonstrate that NSC
transplantation can increase the expression of the anti-
inflammatory factor IL-10R, contributing to the alleviation
of neuroinflammatory responses.

Inhibition of IL-10R Diminishes the Efficacy of NSC
Transplantation

As shown in Fig. 2A, the level of IL-10R was sub-
stantially reduced in the ICH+NSCs+si-IL-10R group com-
pared to the ICH+NSCs+si-NC group (p < 0.001), indi-
cating successful downregulation of IL-10R in NSC-treated
ICH mouse models post-transfection. Moreover, the inhi-
bition of IL-10R led to the increase of IL-1β (Fig. 2B, p <

0.001) and TNF-α (Fig. 2C, p < 0.001) levels, indicating
enhanced neuroinflammatory responses. Additionally, fol-
lowing treatment with si-NC and si-IL-10R, the expression
levels of iNOS and CD206 were assessed using Western
blot analysis. As depicted in Fig. 2D, the ICH+NSCs+si-
IL-10R group exhibited significantly elevated iNOS level
(p < 0.001) and reduced CD206 level (p < 0.001) than the
ICH+NSCs+si-NC group. This indicates that the inhibition
of IL-10R attenuates the therapeutic effect of NSC trans-
plantation, leading to microglial cells being more inclined
towards the M1 activation state rather than M2. ELISA
analysis demonstrated that in the si-IL-10R treated ICH
group, brain tissue levels of IL-1β and TNF-α were sub-
stantially higher compared to the si-NC treated ICH group
(p < 0.001). These observations suggested that the inhibi-
tion of IL-10R enhanced neuroinflammatory responses and
shifted microglial towards the M1 activation state, thereby
attenuating the therapeutic effect of NSC transplantation.
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Fig. 1. Neural stem cell (NSC) transplantation alleviates microglial cell activation and inflammatory response following intrac-
erebral hemorrhage. (A) The expression levels of inducible nitric oxide synthase (iNOS) and CD206 were assessed using Western blot
analysis. (B–D) The expression levels of interleukin (IL)-1β, tumor necrosis factor-alpha (TNF-α), and IL-10 receptor (IL-10R) in the
cerebral tissues of mice were quantified utilizing enzyme-linked immunosorbent assay (ELISA) techniques. N = 10. ***p< 0.001. ICH,
intracerebral hemorrhage; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase.

Inhibiting IL-10R Reverses the Neuroprotective
Benefits of NSC Transplantation

The mNSS and rotarod tests are commonly used to
evaluate mouse neurological function. We observed that
mNSS score (Fig. 3A) was significantly decreased in the
ICH group (p < 0.001), which was subsequently restored
following NSC transplantation (p < 0.05). In contrast, the
improved mNSS score was decreased by downregulating
IL-10R (p < 0.05). Similarly, the time of mice staying on
the rotating rod (Fig. 3B) was decreased in the ICH group
(p < 0.001), which was effectively increased by NSCs (p
< 0.001). Conversely, the increased time was decreased by
downregulating IL-10R (p < 0.001). Our findings suggest
that NSCs enhance the motor function of ICHmice, but this
enhancement is disrupted by inhibiting IL-10R. Measure-

ment of brain water content indicates the degree of brain
tissue edema. As shown in Fig. 3C, we observed a signifi-
cant increase in brain water content within the ICH group (p
< 0.001), which was subsequently alleviated by NSCs (p<
0.001). In contrast, the decreased brain water was increased
again by inhibiting IL-10R (p < 0.05). These findings in-
dicate that the NSCs could reduce the level of brain edema,
which was disrupted by IL-10R inhibition. Furthermore,
Nissl staining was used to observe the cellular status around
the hemorrhagic site, with a reduction in the number of pos-
itive cells (Nissl bodies) possibly indicating cell damage.
As shown in Fig. 3D, a significant decrease in Nissl bodies
was found in the ICH group (p < 0.001), which was subse-
quently restored by NSCs (p < 0.001), indicating a neuro-
protective effect of NSCs in ICH models. However, in the
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Fig. 2. Blocking IL-10R diminishes the therapeutic impact of NSC transplantation. (A–C) The levels of IL-10R (A), IL-1β (B), and
TNF-α (C) in the brain tissue of ICH mice were determined using ELISA. (D) Protein expression of iNOS and CD206. N = 10. ***p<
0.001.

ICH+NSCs+si-IL-10R group, there were fewer Nissl bod-
ies compared to the ICH+NSCs+si-NC group (p < 0.001),
suggesting that inhibiting IL-10R attenuated the protective
effect of NSCs on mouse neurons. Additionally, TUNEL
staining (Fig. 3E) revealed an increase in cell apoptosis in
the ICH group (p < 0.001), which was mitigated following
NSC transplantation in the ICH+NSCs group (p < 0.01).
Conversely, inhibiting IL-10R resulted in an elevated num-
ber of apoptotic cells following NSC transplantation (p <

0.01). These results suggest that IL-10R inhibition reverses
the neuroprotective effect of NSC transplantation in ICH,
thereby leading to neurological impairment, brain edema,
cell damage, and cell apoptosis.

NSCs Suppress the Activation of the TLR4/NF-κB
Inflammatory Pathway Post-ICH by Upregulating
IL-10R

TLR4 is a cell surface receptor whose activation
can initiate the signaling pathway of inflammatory reac-
tions. p-NF-κB, the phosphorylated form of NF-κB, in-
dicates the activation status of NF-κB, which mediates
inflammatory responses. We observed significantly ele-
vated TLR4 levels and the ratio of p-NF-κB to NF-κB (p
< 0.001) compared to the Sham group, indicating activa-
tion of the TLR4/NF-κB inflammatory pathway after ICH
(Fig. 4). Conversely, in the ICH+NSCs group, TLR4 lev-
els and the p-NF-κB/NF-κB ratio were significantly lower
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Fig. 3. Inhibiting IL-10R reverses the neuroprotective effect of neural stem cell (NSC) transplantation. (A,B) The modified
neurological severity score (mNSS) and Rotarod tests were performed 72 hours post-ICH induction to evaluate neurological behavior.
(C) Brain water content was quantified. (D) Nissl staining was performed to observe cellular status around the ICH site (scale: 50
µm). (E) Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining was utilized to observe cellular apoptosis
near the ICH site. (scale: 50 µm). N = 10. *p < 0.05, **p < 0.01, ***p < 0.001. DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride.
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compared to the ICH group (p < 0.001) (Fig. 4), sug-
gesting the anti-inflammatory effects of NSCs. Further-
more, the levels of TLR4 and p-NF-κB/NF-κB were sub-
stantially higher in the ICH+NSCs+si-IL-10R group com-
pared to the ICH+NSCs+si-NC group (p < 0.001) (Fig. 4).
This indicates that the NSCs suppress the TLR4/NF-κB
inflammatory pathway by promoting IL-10R. When IL-
10R is knocked down, the suppression of inflammation
is disrupted (Fig. 4). Moreover, the levels of TLR4 and
p-NF-κB/NF-κB were reduced in the ICH+NSCs+si-IL-
10R+TAK-242 group compared to the ICH+NSCs+si-IL-
10R group (p < 0.001), indicating that the TAK-242 sup-
presses the TLR4/NF-κB inflammatory pathway. Accord-
ingly, NSCs exhibit an anti-inflammatory effect on ICH,
but IL-10R inhibition reduces this effect, thereby failing to
reduce the activity of the inflammatory pathway.

IL-10R Inhibition Promotes Inflammation and
Decreases M2 Polarization of Microglial Cells by
Activating the TLR4/NF-κB Pathway

As depicted in Fig. 5A, si-IL-10R significantly de-
creased IL-10R level (p< 0.001) inNSCs treated ICHmice,
while the TLR4/NF-κB pathway inhibitor TAK-242 did not
affect the IL-10R level. The IL-10R inhibition increased
TNF-α (Fig. 5B, p< 0.001) and IL-1β (Fig. 5C, p< 0.001)
levels, which were reversed by suppressing TLR4/NF-κB
pathway (p < 0.001). IL-10R inhibition enhanced the in-
flammatory response by activating the TLR4/NF-κB path-
way. Western blot analysis was employed to assess the ex-
pression of iNOS and CD206. The findings (Fig. 5D) re-
vealed that IL-10R inhibition led to an increase in iNOS ex-
pression and a decrease in CD206 expression (p < 0.001),
both of which were reversed by suppressing the TLR4/NF-
κB pathway (p < 0.001). These findings suggest that IL-
10R inhibition promotes M1 polarization and suppresses
M2 polarization by activating the TLR4/NF-κB pathway.

Discussion

Brain injury is a common and severe neurological
disorder, with its pathogenesis involving complex inflam-
matory processes [22,23]. Overactivation of the neuroin-
flammatory response following brain injury often exacer-
bates neuronal damage and functional impairment, signif-
icantly impacting patient recovery and quality of life [24].
Therefore, finding effective therapeutic strategies to modu-
late neuroinflammatory response and promote injury recov-
ery holds paramount clinical significance [25]. Microglial
cells, the primary immune cells within the central nervous
system, play a pivotal role in modulating the inflammatory
response after brain injury [26]. The activation state of mi-
croglial cells significantly impacts the severity of neuroin-
flammation and the effectiveness of the injury repair pro-
cess. Studies have shown that microglial cells undergo po-
larization into pro-inflammatoryM1 and anti-inflammatory

M2 phenotypes, with M2 microglia being particularly im-
portant in promoting injury repair and restoring neurolog-
ical function [27–29]. This study aimed to investigate the
influence of interleukin-10 receptor (IL-10R) on microglial
cell polarization towards the M2 phenotype by modulating
the TLR4/NF-κB signaling pathway, and its effect on mit-
igating neuroinflammation in mice following brain injury.
Our findings indicate that activating IL-10R effectively pro-
motes the polarization of microglial cells towards the M2
type, thereby reducing the inflammatory response follow-
ing brain injury. These observations provide a novel strat-
egy for treating brain injury.

In this study, we found a correlation between IL-10R
and the increase in M2-type markers in the brain injury
model, suggesting a potentially beneficial role for IL-10R
in microglial cell polarization. Utilizing IL-10R interfer-
ence RNA experiments, we validated the enhancing effect
of IL-10R on M2-type polarization. Additionally, we ex-
plored the regulatory role of the TLR4/NF-κB pathway in
microglial polarization, indicating that IL-10R activation
could suppress the TLR4/NF-κB pathway, a pivotal regu-
lator of the inflammatory response. These findings suggest
a potential mechanism by which IL-10R promotes M2-type
polarization, thus exerting an anti-inflammatory effect.

Furthermore, our experimental results demonstrate
that IL-10R activation significantly decreases the expres-
sion of neuroinflammatory biomarkers, including TNF-
α and IL-1β, post-brain injury. Additionally, mice ac-
tivated by IL-10R showed improved neurological func-
tion recovery, indicating that M2-type polarization could
play a critical role in inhibiting neuroinflammatory re-
sponses and promoting neurological repair. The exacerba-
tion of the neuroinflammatory response following brain in-
jury leads to neuronal damage, impacting the recovery and
repair processes. Therefore, by modulating IL-10R and the
TLR4/NF-κB pathway, the severity of the neuroinflamma-
tory response can be effectively reduced, thereby enhancing
neuroprotection and providing new insights and strategies
for treating brain injury.

The findings of our study align with established med-
ical literature, indicating that IL-10R exerts an inhibitory
effect on the TLR4/NF-κB pathway. IL-10R can inhibit
TLR4-mediated signaling, thereby suppressing the produc-
tion of inflammatory factors [30]. Additionally, our find-
ings validate the role of IL-10R in promoting M2 polariza-
tion of microglial cells [31,32]. IL-10 through its receptor
can promote M2 polarization of macrophages. Overall, nu-
merous studies have highlighted the critical role of IL-10R
in regulating immune responses and promoting tissue repair
[33–35].

Furthermore, our study revealed the significant role
of NSC transplantation in modulating neuroinflammatory
responses. As a potential therapy, NSCs can regulate mi-
croglial cell activation, decrease the release of inflamma-
tory factors, and enhance neuroprotection. Therefore, NSC
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Fig. 4. Toll-like receptor 4 (TLR4)/nuclear factor κB (NF-κB) inflammatory pathway is activated after ICH and is suppressed
by NSCs through increasing IL-10R. N = 10. ***p < 0.001. TAK-242, Resatorvid.

transplantation holds promise as an effective strategy for
treating brain injuries. We analyzed the long-term effects of
IL-10R activation on microglial cell function and its poten-
tial clinical applicability. While our study provides promis-
ing prospective insights, we recognize the limitations of the
research, including the need for further preclinical studies
to validate these findings and a deeper investigation of the
role of IL-10R in various brain injury models.

The academic achievement and contribution of this
study lie in elucidating the regulatory mechanism of IL-
10R in neuroinflammatory responses following brain in-
jury, providing a new perspective on the regulation of mi-
croglial polarization. Our findings not only validate IL-
10R’s role in suppressing the TLR4/NF-κB pathway but
also elucidate its impact on promoting M2 polarization of
microglial cells. This discovery offers the potential for de-
veloping new treatment strategies, particularly for brain in-
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Fig. 5. IL-10R inhibition triggers inflammation and reduces M2 polarization in microglial cells by activating TLR4/NF-κB path-
way. (A–C) The expression levels of IL-10R (A), TNF-α (B), and IL-1β (C) in the brain tissue of ICH mice were assessed using ELISA.
(D) The expression levels of iNOS and CD206 were evaluated utilizing western blot. N = 10. ***p < 0.001.
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juries induced by neuroinflammation, by potentially miti-
gating the inflammatory response and promoting the repair
and functional recovery of neural tissue through IL-10R.

Conclusion

Our study underscores IL-10R’s pivotal role in mod-
ulating microglial M2 polarization and reducing neuroin-
flammation post-brain injury. It also elucidates the regula-
tory mechanism of the TLR4/NF-κB pathway. These find-
ings not only provide new insights into the regulation of in-
flammation following brain injury but also offer a scientific
basis for the development of new treatment strategies.
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