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Abstract
Chronic cerebral hypoperfusion (CCH) is a major contributor to vascular dementia, with neuroinflammation playing 
a central role in its pathogenesis. Sinomenine (SINO), a natural alkaloid derived from traditional Chinese medicine, 
has shown significant anti-inflammatory and neuroprotective properties. However, its efficacy and mechanism of 
action in CCH remain unclear. In this study, we established a CCH rat model through bilateral common carotid 
artery occlusion and administered 10 mg/kg of SINO daily. Behavioral tests demonstrated that SINO significantly 
improved cognitive and memory functions in CCH rats. Histological analysis revealed that SINO effectively reduced 
neuroinflammation and damage in the hippocampal CA1, CA3, and DG regions. Mechanistically, SINO promoted 
microglial polarization from the M1 to M2 phenotype, markedly inhibiting the release of pro-inflammatory 
cytokines, including IL-1β, IL-6, and TNF-α. Further exploration of its neuroprotective mechanism showed that 
exosomes from SINO-treated microglia were enriched with miRNA-223-3p, which suppressed NLRP3-mediated 
pyroptosis in neurons. While our findings highlight the therapeutic potential of SINO, further studies are needed 
to validate its safety and efficacy in diverse populations and chronic settings. In summary, this study not only 
demonstrates SINO’s regulatory effect on microglial polarization in CCH but also unveils a novel neuroprotective 
mechanism through exosomal miRNA-223-3p delivery, providing a solid theoretical foundation for SINO’s potential 
as a treatment for CCH.

Keywords  Chronic cerebral hypoperfusion, Sinomenine, Exosomal microRNA, Microglial polarization, 
Neuroinflammation, Pyroptosis

Sinomenine alleviates neuroinflammation 
in chronic cerebral hypoperfusion 
by promoting M2 microglial polarization 
and inhibiting neuronal pyroptosis via 
exosomal miRNA-223-3p
Qu Yang1,2,3,4, Qi Chen3, Kai-Bing Zhang3, Yu Liu1,4, Jia-Cheng Zheng3, Dong-Xia Hu1,4* and Jun Luo1,2,4*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-025-01950-z&domain=pdf&date_stamp=2025-2-28


Page 2 of 19Yang et al. Acta Neuropathologica Communications           (2025) 13:48 

Introduction
Chronic cerebral hypoperfusion (CCH) is a pathologi-
cal condition characterized by a long-term reduction in 
blood supply to entire or localized regions of the brain 
due to various causes. This leads to insufficient cere-
bral blood flow and an inability to meet the metabolic 
demands of the brain, resulting in chronic brain injury 
and neurological dysfunction [2, 34]. CCH plays a pivotal 
role in the pathogenesis of vascular cognitive impairment 
(VCI), ultimately leading to the development of vascular 
dementia (VaD), which ranks as the second most prev-
alent form of dementia following Alzheimer’s disease 
(AD) [26]. The main clinical symptoms include progres-
sive memory impairment, cognitive dysfunction, behav-
ioral changes, emotional instability, and sleepiness, which 
significantly impact patients and their families’ daily 
lives [46, 49]. According to World Health Organization 
(WHO) statistics, the global population of people with 
dementia reached 55.2  million in 2019, and this num-
ber continues to increase due to the aging population, 
presenting a formidable challenge and heavy burden for 
society [3, 16, 47]. Therefore, it is crucial to develop effec-
tive treatment strategies for CCH-induced brain injury 
and neurological dysfunction that hold great clinical sig-
nificance and social value.

Neuroinflammation plays a crucial role in the develop-
ment of CCH, as pathological changes in the extracellular 
microenvironment release damage-associated molecular 
patterns (DAMPs), triggering local and systemic inflam-
matory reactions that result in stress and damage to neu-
rons and glial cells [30, 35]. Microglia, which serve as 
resident brain macrophages, play a critical role in regu-
lating inflammation. Following activation, microglia dif-
ferentiate primarily into proinflammatory M1-type and 
anti-inflammatory M2-type microglia. M1 microglia 
secrete neurotoxic inflammatory cytokines, such as IL-6, 
IL-1β, and TNF-α, which lead to neuronal damage and 
even death, aggravating brain damage [17]. M2 microglia 
can secrete crucial anti-inflammatory cytokines, includ-
ing IL-4, IL-10, and TGF-β, which are vital for mitigating 
nerve cell death, facilitating nerve regeneration, and pro-
moting neurological function recovery [14, 29]. Recent 
research has demonstrated that regulating the polariza-
tion of microglia toward the M2 phenotype can alleviate 
neuroinflammation in CCH and play a neuroprotective 
role [6, 15, 54], providing a key strategy for effectively 
treating CCH-induced brain damage and neurological 
dysfunction.

Sinomenine (SINO), an isoquinoline alkaloid derived 
from the traditional Chinese medicine caulis sinomenii, 
exhibits pronounced anti-inflammatory and immuno-
suppressive effects [21, 23]. Recent research has dem-
onstrated that SINO is neuroprotective in the nervous 
system [11]. By inhibiting the activation of microglia 

and astrocytes, as well as NLRP3 inflammasome activa-
tion, SINO reduces the release of inflammatory factors, 
thereby alleviating brain damage in ischemic stroke [32, 
33], intracerebral hemorrhage [48], and AD [40]. How-
ever, the regulatory role of SINO in CCH-associated 
inflammation remains unclear. In this study, we discov-
ered that SINO can regulate the polarization of microglia 
from the M1 to the M2 phenotype, suppress inflamma-
tion, and promote the secretion of beneficial cytokines. 
However, further investigation is necessary to explore its 
effects and pathways on neurons.

Importantly, the exosomes released by microglia are 
essential for enabling communication between microg-
lia and neurons [1, 45]. Exosomes, small extracellu-
lar vesicles ranging in diameter from 40 to 160  nm, are 
secreted by various cell types. They can be endocytosed 
by adjacent or distant cells and facilitate the transporta-
tion of multiple biological components, including lipids, 
proteins, mRNAs, microRNAs (miRNAs), and other 
noncoding RNAs (ncRNAs) [43, 50]. Among them, the 
most widely studied is miRNA, which has been proven 
to play a crucial role in regulating various physiological 
and pathological processes of receptor cells in diverse 
diseases, including those affecting the central nervous 
system [19, 42]. Several studies have demonstrated that 
promoting microglial polarization toward the M2 phe-
notype leads to the release of exosomes, which are then 
taken up by neurons. The miRNAs carried in these exo-
somes can modulate downstream target genes to sup-
press neuroinflammation and neuronal death, thus 
mitigating ischemic stroke [41, 44, 52], craniocerebral 
trauma [10], and AD [5]. Therefore, we conducted a com-
prehensive study on the impact of exosomes released by 
microglia following SINO treatment on neurons and the 
involvement of exosomal miRNAs in this process.

In this study, we hypothesized that SINO could mod-
ulate microglial polarization from the M1 to the M2 
phenotype and promote the secretion of exosomes con-
taining anti-inflammatory miRNAs. When microglial 
exosomes are absorbed by neurons, these miRNAs exert 
neuroprotective effects by regulating the expression of 
downstream target genes or signaling pathways to miti-
gate neuroinflammation.

Our findings demonstrated that SINO facilitates the 
polarization of microglia from the M1 phenotype to the 
M2 phenotype and that the exosomes released by these 
cells exhibit high expression of miR-223-3p, which selec-
tively targets Nlrp3 after endocytosis by neurons. The 
NLRP3 protein, acting as a pivotal mediator of inflam-
mation and pyroptosis, forms an inflammasome com-
plex with ASC and pro-caspase-1. This complex activates 
caspase-1 to cleave pro-IL-1β, pro-IL-18, and gasder-
min D (GSDMD), resulting in the generation of active 
IL-1β, IL-18, and the N-terminal fragment of gasdermin 
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D (GSDMD-N). Consequently, this process aggravates 
inflammatory responses and facilitates cell lysis [13, 37]. 
Afterward, miR-223-3p subsequently downregulated the 
expression of Nlrp3 and inhibited the activation of the 
NLRP3 inflammasome, thereby attenuating neuroinflam-
mation and pyroptosis. Ultimately, this effectively allevi-
ated brain injury and cognitive dysfunction after CCH.

This study emphasizes the key role of SINO in regu-
lating microglial polarization and exosome secretion 
to mediate neuroinflammation and pyroptosis in CCH, 
providing a theoretical basis for the use of SINO in the 
treatment of CCH-induced brain injury and neurological 
dysfunction.

Materials and methods
Animals
SPF-grade male Sprague‒Dawley rats (6 weeks old, 
weighing 180–200  g) were obtained from Tianqin Bio-
technology Co., Ltd. (Changsha, China). The rats were 
housed at an appropriate temperature and humidity and 
under a 12-hour light/dark cycle at the Circulatory Stan-
dardized Animal Experiment Center. Water and food are 
freely available. All animal experiments were carried out 
under the guidelines of the Animal Care and Use Com-
mittee of Nanchang University (China) and followed the 
Guide for the Care and Use of Laboratory Animals of the 
National Institutes of Health.

CCH rat model and drug administration
In this study, we used rats with bilateral common carotid 
artery occlusion (BCCAO) to establish a CCH animal 
model and treated them with SINO (GN10054, Glpbio, 
USA). The flowchart is shown in Fig. 1A. After one week 
of adjustable feeding, the rats were randomly divided into 
the following 3 groups: (1) the sham group, (2) the CCH 
group, and (3) the CCH + SINO group, n = 10 per group. 
The surgical procedure was performed based on previ-
ous research [46]. All rats were fasted before the surgery. 
1% pentobarbital sodium (30  mg/kg) was intraperitone-
ally injected to induce anesthesia. The rats were fixed in 
the supine position and routinely disinfected. The skin 
was incised along the midline of the neck, precisely at its 
intersection with the clavicle. Moreover, the skin, fascia, 
muscle, and vagus nerve were dissected layer by layer. 
When the common carotid artery and vagus nerve were 
exposed, the vagus nerve was carefully separated with a 
glass nerve dissector to avoid pulmonary edema caused 
by traction. Then, the common carotid arteries were 
exposed and separated, 4–0 threads were ligated, one 
side was ligated first, the other side was ligated three days 
later, and the 0th thread was sutured. In the sham group, 
anesthesia and layer-by-layer separation were also per-
formed without ligation of the common carotid artery. 
Electric blankets were used for insulation throughout the 

operation. The day following the surgical procedure, the 
rats in the CCH + SINO group were treated with SINO 
(10  mg/kg). SINO was injected intraperitoneally (i.p.) 
every day for two weeks. The sham and CCH groups 
were treated with normal saline.

Morris water maze (MWM) test
The MWM test was used to assess learning and memory 
ability [8]. The installation is a black pool with a diameter 
of 1.6  m and a height of 0.5  m divided into four quad-
rants, with the water temperature controlled at 20 ± 1 °C. 
Visual cues are set in each quadrant direction, while black 
curtains surround the pool to prevent external visual 
interference. A platform with a diameter of 9.5  cm was 
fixed in the fourth quadrant and submerged 1 cm below 
the water surface. A video tracking system was installed 
above the pool to record the rats’ movement tracks.

The experiment consisted of two phases: the platform 
hidden period was used to assess spatial learning ability, 
while the platform removal period was used to evaluate 
spatial memory ability. (1) Platform hidden experiment. 
From days 1 to 5, the rats were placed in the pool from 
four quadrants facing the pool wall and allowed to freely 
search for the platform for 60  s. If they landed success-
fully, the time was recorded as the escape latency. They 
were guided to the platform if they failed, and their 
escape latency was recorded as 60 s. Subsequently, they 
were permitted to remain on the platform for 15  s. (2) 
The probe trial was performed on day 6. The platform 
was removed during the experimental period. The plat-
form was removed, and the rats were placed into the 
water from the diagonal quadrant of the platform. The 
mice were allowed to explore for 60 s. The test was con-
ducted only once, and the following indicators were 
recorded: the number of platform crossings, average 
swimming speed, duration, and percentage of time spent 
in the target quadrant (n = 5 per group).

Fixation of brain tissue
After the behavioral test, the rats were anesthetized by 
intraperitoneal injection of 2% pentobarbital sodium 
(45 mg/kg), and the heart was fully exposed through tho-
racotomy. A perfusion needle was inserted into the apex 
of the rat heart, which was aligned parallel to the heart’s 
vertical axis. Approximately 100–200 mL of 0.9% cold 
saline was injected until the outflow fluid was clarified, 
and 4% paraformaldehyde was used to continue the infu-
sion until the rats became stiff in rapid sequence. Finally, 
the brain was removed by decapitation and fixed in 4% 
paraformaldehyde for histological or immunohistochem-
ical detection.
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Fig. 1  Assessment of the effects of sinomenine (SINO) treatment on rat brain injury and cognitive function. (A) Flowchart showing the construction of 
the CCH rat model and treatment process with SINO. (B, C) The Morris water maze (MWM) test of the hidden platform was conducted from day 1 to day 5 
to evaluate the learning ability of the rats. The escape latency refers to the time it takes for rats to find the platform. (D, E) The probe trial on the sixth day 
of the MWM test was used to assess the memory ability of the rats (n = 5 per group). (F) Observation of brain tissue damage via hematoxylin and eosin 
staining. nsP > 0.05, *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the Sham group. ##P < 0.01 vs. the CCH group
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Immunostaining
Brain tissue sections were dewaxed, rehydrated, and 
stained with hematoxylin and eosin (HE) for histologi-
cal analysis. Light microscopy was used to observe the 
histomorphology of the neurons. For immunofluores-
cence staining, 5  μm thick sections were prepared and 
incubated with blocking buffer (10% goat serum and 
0.5% Triton X-100 in phosphate-buffered saline) at room 
temperature for 1  h. Then, the sections were incubated 
with the following primary antibodies overnight at 4 °C: 
rabbit anti-IBA1 (1:500, 10904-1-AP, Proteintech), rabbit 
anti-INOS (1:500, 80517-1-RR, Proteintech), rabbit anti-
NLRP3 (1:500, 19771-1-AP, Proteintech) and rabbit anti-
GSDMD (1:500, 20770-1-AP, Proteintech). After being 
washed three times in phosphate-buffered saline with 
Tween-20, the secondary antibody (1:200, SA00013-2 
and SA00013-4, Proteintech) was used for the reaction at 
room temperature for 1  h in the dark. Finally, after the 
cells were subjected to DAPI treatment, fluorescence 
images after staining were obtained under a microscope. 
The analysis was performed using ImageJ, with the inten-
sity values were normalized by dividing by the total area 
of the hippocampus to account for variations in brain, 
and all measurements were taken from the same bregma 
coordinates, n = 3 per group.

Microglial cell culture and treatments
Rat microglia (RM) cells (ScienCell, California, USA) 
were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS and 100 g/L peni-
cillin/streptomycin in an incubator at 37  °C with 5% 
CO2 saturated humidity. The cells were digested with 
0.25% trypsin and passaged to the logarithmic stage for 
the experiments. To establish the RM cell inflammation 
model, we exposed RM cells to 1 µg/mL lipopolysaccha-
ride (LPS) for various predetermined durations (2, 4, and 
8 h) [36]. The experimental concentrations and treatment 
times were determined based on significant differences. 
RM cells were treated with different concentrations (0, 
0.05, 0.1, 0.2, 0.4, 0.8, 1, 2, and 4 µM) of SINO for 24 h. 
The final experimental concentration was determined 
through CCK-8 assays, where we selected a concentra-
tion that showed a significant difference in cell viability. 
To detect the anti-inflammatory effect of SINO on RM 
cells, the cells were divided into three groups: the con-
trol group, in which the cells were cultured normally; the 
LPS group, in which the cells were treated with LPS for 
4  h; and the LPS + SINO group, in which the cells were 
treated with SINO after being exposed to LPS.

Cell viability assays
A Cell Counting Kit-8 (CCK-8, Beyotime, China) assay 
was used to assess cell viability according to the manufac-
turer’s instructions. When the RM cells had reached 80% 

confluence, they were digested with 0.25% trypsin for 
2 min, and the reaction was terminated with a medium 
supplemented with serum. The cells were collected by 
centrifugation at 1000 rpm for 5 min, resuspended, and 
seeded in 96-well plates at approximately 5 × 103 cells/
well. After treatment with LPS or SINO, 10 µL of CCK-8 
solution was added to each well, and the cells were incu-
bated in an incubator for 2  h. The optical density (OD) 
value was determined at 450  nm using a microplate 
reader.

Flow cytometry
Flow cytometry was used to detect the phenotypes of 
CD86 + and CD206 + microglia. The cells from each group 
were collected. The viable cells were counted, resus-
pended in cell staining buffer (420201, BioLegend, USA) 
at 5–10 × 106 cells/mL, and 100 µl/tube of cell suspension 
(5–10 × 105 cells/tube) was distributed into 12 × 75  mm 
plastic tubes. A cocktail of fluorochrome-conjugated 
APC-CD86 (200316, BioLegend) and PE-CD206 (141706, 
BioLegend) in combination with Fc Receptor Blocking 
Solution (422301, BioLegend) was added for 30  min at 
4 °C in the dark. The cells were washed twice with at least 
2 mL of cell staining buffer by centrifugation at 350× g 
for 5 minutes. The cell pellet was resuspended in 0.5 ml 
of cell staining buffer, and 5 µl (0.25 µg)/million cells of 
7-AAD viability staining solution (420403, BioLegend) 
were added to exclude dead cells. Dead cells are labeled 
with the 7-ADD dye, whereas live cells remain unlabeled. 
The mixture was incubated for 3–5 minutes at 4 °C in the 
dark. Flow cytometric analysis was performed to deter-
mine the frequency of positively stained cells and the 
geometric mean fluorescence intensity (MFI). To calcu-
late the proportion of microglial cells that are positive 
for CD86 or CD206 in live cells, we used the following 
formula: positive cell ratio = (CD86 + or CD206 + without 
7-AAD) / (CD86- or CD206- without 7-AAD) × 100%.

Conditioned medium derived from RM cells treats H2O2-
induced injury in PC12 cells
To investigate the effects of exosomes derived from 
microglia on neuronal injury, we collected the superna-
tant of RM cells from different groups as conditioned 
mediums (RM-CM) to treat hydrogen peroxide (H2O2)-
treated PC12 cells. The experimental groups included 
the control group, LPS group, LPS + SINO group, and 
LPS + SINO + GW4869 group. GW4869 (567715, Merck), 
a sphingomyelinase inhibitor, is widely used as an exo-
some inhibitor. To establish neuronal injury, we treated 
PC12 cells with 100 µM H2O2 for 24  h. Afterward, we 
removed the supernatant and treated the cells with 
RM-CM from the respective groups for another 24  h 
to explore the effects of exosomes from RM cells on 
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neuronal injury. The PC12 cells were collected for subse-
quent validation.

Isolation and identification of RM exosomes (RM-Exos)
Healthy RM cells were divided into two culture dishes. 
The following day, the cells were treated with 1  µg/mL 
LPS for 4 h. Subsequently, the cells were treated with or 
without SINO for 24  h. The supernatant was collected 
from both culture dishes, and an exosome extraction 
and purification kit (UR52121, Umibio, Shanghai) was 
used according to the manufacturer’s instructions to 
isolate the exosomes. The two groups were designated 
CON-RM-Exos and SINO-RM-Exos, respectively. Trans-
mission electron microscopy was used to observe the 
morphology of the exosomes, and a nanoparticle track-
ing analyzer was used to detect and analyze the size 
distribution of the exosomes. Approximately 1.5E + 10 
exosomes can be extracted from 20 mL of SINO-treated 
RM cell culture supernatant, which are then dissolved in 
200 µL of PBS for treatment of H2O2-treated PC12 neu-
ronal cells. According the Exosome Protein Detection 
Kit (UR52301, Umibio), 20 µg of exosomes were used to 
detect the expression of the exosome marker CD63 and 
CD81 by Western blotting.

miRNA microarray analysis
OE Biotechnology Co., Ltd. (Shanghai, China) conducted 
miRNA microarray analysis and RM exosome data analy-
sis. The exosome pellet was lysed using TRIzol reagent 
(#15596018, Thermo Fisher). After phase separation with 
chloroform, the aqueous phase containing RNA was col-
lected and RNA was precipitated with isopropanol. The 
RNA pellet was washed with 75% ethanol and then dis-
solved in nuclease-free water. Total RNA was quantified 
with a NanoDrop ND-2000 (Thermo Scientific), and 
RNA integrity was assessed with an Agilent Bioanalyzer 
2100 (Agilent, USA). The labeling of the samples, micro-
array hybridization, and washing were carried out follow-
ing the standard protocols provided by the manufacturer. 
Briefly, total RNA was dephosphorylated, denatured, and 
then labeled with Cyanine-3-CTP. Following purifica-
tion, the RNAs were subjected to microarray hybridiza-
tion with 780 probes for mature miRNA. After washing, 
the arrays were scanned with an Agilent G2505C scan-
ner (Agilent, USA). Feature Extraction software (version 
10.7.1.1, Agilent) was used to analyze the array images 
to obtain the raw data. Differentially expressed miRNAs 
were identified based on the fold change (≥ 2.0) and P 
value (≤ 0.05) calculated using a t-test and validated by 
RT‒qPCR. The selected miRNAs were subjected to fur-
ther analysis to determine their functions.

Target prediction and transfection of miR-223-3p
Target prediction for miR-223-3p was conducted using 
TargetScan (http://targetscan.org/) and miRDB ​(​​​h​t​t​p​:​/​
/​m​i​r​d​b​.​o​r​g​/​m​i​R​D​B​/​​​​​)​. To investigate the function of RM 
exosomal miR-223-3p, we transfected RM cells with miR-
223-3p mimics (miR10000892-1-5, RiboBio, China) and 
inhibitors (miR20000892-1-5, RiboBio). According to 
the instructions, the transfection complex was prepared, 
and the concentration of the miR-223-3p mimic was 
adjusted to 50 nM, while that of the miR-223-3p inhibi-
tor was adjusted to 100 nM. Then, the solution was added 
to DMEM without penicillin-streptomycin. The trans-
fection solution was added to the RM cells when the cell 
density reached 30–50%. After culture in a CO2 incubator 
at 37 °C for 48 h, the supernatant was collected to isolate 
the exosomes. RT‒qPCR was used to detect the expres-
sion of exosomal miR-223-3p to verify the transfec-
tion efficiency of the mimic and inhibitor. Subsequently, 
H2O2-treated PC12 cells were treated with exosomes 
from each transfected group for 24 h, and Nlrp3 mRNA 
expression levels were detected by RT‒qPCR. Further-
more, to investigate whether SINO-RM-Exos exert their 
effects through miR-223-3p, H2O2-induced PC12 cells 
were treated with SINO-RM-Exos, with or without the 
miR-223-3p inhibitor, for 24  h. The cells were then col-
lected for subsequent experiments.

Quantitative real-time polymerase chain reaction (RT‒
qPCR)
Total RNA was isolated from brain tissues, cells, and exo-
somes using RNAkey™ Reagent (SM129-02, Sevenbio, 
China). The RNA of tissues and cells was reverse tran-
scribed to synthesize cDNA using an All-in-one First 
Strand cDNA Synthesis Kit III (SM135, Sevenbio). The 
exosomal miRNAs were reverse transcribed to synthesize 
cDNA using a SweScript RT II First Strand cDNA Syn-
thesis Kit (G3333, Servicebio, China). Subsequently, 2× 
SYBR Green qPCR Master Mix II (SM143, Sevenbio) was 
used for quantitative PCR (qPCR) following the manu-
facturer’s instructions. All primer sequences are listed in 
Table S1.

Western blot
Total protein was extracted from brain tissues and cells 
using RIPA lysis buffer, quantified with a BCA Protein 
Assay Kit (PC0020, Solarbio, China), subjected to SDS‒
PAGE electrophoresis, and transferred to a PVDF mem-
brane. The membrane was blocked with 5% skim milk 
for 1.5  h at room temperature, followed by overnight 
incubation with diluted primary antibody at 4  °C. After 
that, the membrane was incubated with horseradish 
peroxidase-conjugated secondary antibodies for 1  h at 
room temperature. The secondary antibodies used were 
from Proteintech, chosen based on the species of the 

http://targetscan.org/
http://mirdb.org/miRDB/
http://mirdb.org/miRDB/
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primary antibody. Protein levels were assessed in vari-
ous samples using enhanced chemiluminescence (ECL) 
and quantified by ImageJ after washing three times with 
Tris-buffered saline containing Tween-20. Unless oth-
erwise specified, all the following antibodies were pur-
chased from Proteintech: NLRP3 (1:2000, 19771-1-AP), 
ASC (1:2000, 10500-1-AP), CASP1 (1:2000, 22915-1-AP), 
GSDMD (1:2000, 20770-1-AP), IL-1β (1:2000, 26048-1-
AP), IL-18 (1:2000, 10663-1-AP), CD206 (1:1000, 18704-
1-AP), INOS (1:1000, 18985-1-AP), and GAPDH (1:5000, 
10494-1-AP).

Statistical analysis
All the experiments were repeated at least three times. 
Quantitative data are shown as the mean ± standard 
deviation. Student’s t-test was used to analyze significant 
differences between two groups, and analysis of variance 
(ANOVA) was used to evaluate the differences between 
multiple groups. When the assumption of homogeneity 
of variance was met, the Bonferroni post-hoc test was 
applied following ANOVA. For non-parametric data, 
the Kruskal-Wallis test was used. A p-value of < 0.05 was 
considered statistically significant.

Results
SINO alleviated brain injury and improved learning and 
memory in CCH rats
According to the process outlined in Fig. 1A, a CCH rat 
model was constructed, and the therapeutic effect of 
SINO was evaluated. The Morris water maze (MWM) 
was used to evaluate the enhancement of spatial learning 
and memory ability in CCH rats treated with SINO. At 
the end of the animal experiment, the rats were eutha-
nized, and brain samples were collected for subsequent 
testing. As shown in Fig. 1B and C, both the Sham group 
and the CCH + SINO group outperformed the CCH 
group in locating the platform. Despite the decreas-
ing trend in escape latency for all groups during hidden 
platform training, the CCH group consistently exhibited 
longer escape latency than the Sham and CCH + SINO 
groups. Compared to the CCH group, the CCH + SINO 
group exhibited a significantly shorter escape latency, 
particularly on the 4th and 5th days. Furthermore, the 
memory ability of the rats is illustrated in Fig.  1D and 
E. Rats in the CCH + SINO and Sham groups frequently 
crossed the platform, while those in the CCH group 
circled the pool wall. Both the CCH + SINO group and 
the Sham group exhibited a longer duration and greater 
percentage of time spent in the target quadrant than did 
the CCH group. It is important to note that there was 
no significant difference in the swimming speed of each 
group, indicating that the differences in escape latency 
are not affected by swimming ability. The MWM results 
indicated that CCH rats induced by BCCAO exhibited 

a significant decrease in spatial learning and memory 
ability, but SINO treatment significantly improved their 
performance. HE staining were performed on the hippo-
campus of the rats (Fig. 1F). Neurons in the CA1, CA3, 
and dentate gyrus (DG) regions displayed normal mor-
phology, orderly arrangement, and distinct cell nuclei in 
the sham operation group. In contrast, the CCH group 
exhibited pathological changes such as nuclear con-
densation and increased staining intensity. However, 
SINO treatment effectively alleviated these pathologi-
cal changes (Fig.  1F). Furthermore, we conducted an in 
vivo biosafety assessment of SINO. HE staining revealed 
no significant damage to the heart, liver, spleen, lungs, 
or kidneys following SINO treatment (Table S2). There 
were no notable differences in blood indicators, such 
as aspartate aminotransferase (AST), total bilirubin 
(TBIL), direct bilirubin (DBIL), uric acid (UA), creatinine 
(CREA), or blood urea nitrogen (BUN) levels, indicating 
that SINO treatment did not adversely affect liver and 
kidney functions or cause any systemic toxicity (Table 
S3). Taken together, these results suggested that treat-
ment with SINO effectively prevented cognitive dysfunc-
tion and neuronal injury in CCH rats.

SINO reduces neuroinflammation and promotes M2 
polarization of microglia in the hippocampus of CCH rats
Microglia, the resident immune cells of the central ner-
vous system, play a critical role as the responder to injury 
with in the brain. The hippocampus is a vital brain struc-
ture responsible for learning and memory processes. As 
shown in Fig. 2A and B, ionized calcium-binding adapter 
molecule 1 (IBA1), a specific protein marker for microg-
lial activation, exhibited strong positivity in the hippo-
campus of rats in both the CCH group and CCH + SINO 
group, whereas it was not pronounced in the Sham group. 
Compared to those in the CCH group, the levels of IBA1 
protein decreased in the CCH + SINO group. This find-
ing suggested that there was damage and an inflamma-
tory response in the hippocampus of BCCAO-induced 
CCH rats, leading to the recruitment and activation of 
microglia, while SINO treatment partially alleviated this 
response.

However, as IBA1 cannot determine the polarization 
type of microglia, we detected M1- and M2-specific 
markers of microglia. The PCR results revealed that the 
M1-type marker genes Inos, IL-1β, and IL-18 were highly 
expressed in the CCH group, while they exhibited low 
expression in the CCH + SINO group. Conversely, the 
M2-type marker genes Arg1, IL-4, and IL-10 exhibited 
low expression in the CCH group but high expression in 
the CCH + SINO group (Fig.  2C). WB analysis revealed 
an increase in the level of INOS protein and a decrease in 
the level of ARG-1 protein in the CCH group, while the 
opposite trend was observed in the CCH + SINO group 
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(Fig.  2D). Moreover, the immunofluorescence results 
showed strong positivity of the INOS protein in the CA1, 
CA3, and DG regions of CCH rats, which was signifi-
cantly weakened after treatment with SINO (Fig. 2E and 
F). These findings indicate that CCH induces brain injury 
and inflammatory responses, leading to the activation of 
M1-type microglia and promoting inflammation; how-
ever, SINO treatment can regulate M2-type microglial 
polarization and help suppress inflammation.

SINO prevented CCH-induced NLRP3-mediated neuronal 
pyroptosis
Next, we further examined the influence of inflamma-
tion on neuronal pyroptosis. As depicted in Fig.  3A-D, 
there was a significant increase in the fluorescence pos-
itivity of the NLRP3 and GSDMD proteins in the CA1, 
CA3, and DG regions of rats in the CCH group com-
pared to those in the Sham group. However, within the 
CCH + SINO group, there was a decrease in the fluo-
rescence of these proteins relative to that in the CCH 
group. Subsequent WB analysis revealed that the levels 
of NLRP3, ASC, CASP1, and GSDMD-N were signifi-
cantly greater in the CCH group than in the CCH + SINO 

group and Sham group (Fig. 3E-I). Additionally, the ratios 
of IL-1β/pro-IL-1β and IL-18/pro-IL-18 were increased 
in the CCH group but decreased in the CCH + SINO 
group (Fig. 3J and K). Furthermore, the PCR results indi-
cated that Nlrp3 and Gsdmd gene expression was signifi-
cantly upregulated in CCH rats compared to sham rats 
but inhibited in CCH + SINO rats (Fig. 3L and M). These 
findings suggest that inflammation induces NLRP3-
mediated pyroptosis in CCH rats and that SINO treat-
ment has a notable inhibitory effect on this process.

SINO suppresses the LPS-induced inflammatory response 
in RM cells and enhances their M2 polarization
According to previous research, we selected LPS to 
induce an in vitro inflammatory microenvironment in 
RM cells. The process of cell grouping and treatment is 
shown in Fig. 4A [36]. A concentration of 1 µg/mL and 
treatment time of 4  h was determined through cell via-
bility analysis (Fig.  4B). Moreover, we treated the cells 
with 0.5 µM of SINO for 24 h in subsequent experiments 
(Fig. 4C). As depicted in Fig. 4D, the gene expression lev-
els of IL-1β, TNF-α, IL-6, and IFN-γ were significantly 
increased following LPS treatment, whereas they were 

Fig. 2  Effects of SINO treatment on neuroinflammation and microglial polarization in the brain tissue of CCH rats. (A, B) Immunofluorescence was used 
to assess and quantify the expression levels of the activated microglial marker protein IBA1 in the hippocampal region of the rat brain. The results are 
expressed as the fluorescence intensity of each arbitrary unit. (C) RT-qPCR analysis was conducted to examine the expression of M1-type genes, including 
Inos, IL-1β, and IL-18, and the expression of M2-type genes, including Arg-1, IL-4, and IL-10. (D) Western blot (WB) analysis was conducted to evaluate the 
levels of the M1-type protein INOS and the M2-type protein ARG-1 (n = 4 per group). (E, F) The levels of INOS protein in the CA1, CA3, and DG regions 
of the brain were measured using immunofluorescence. nsP > 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001 vs. the Sham group. #P < 0.05, ##P < 0.01, and 
####P < 0.0001 vs. the CCH group
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markedly decreased after SINO treatment. This finding 
suggested that SINO effectively suppresses LPS-induced 
cellular inflammation. Furthermore, in the LPS group, 
the M1 marker gene Inos exhibited high expression, while 

the M2 marker gene Arg-1 showed low expression; this 
pattern was reversed in the LPS + SINO group (Fig. 4E). 
These findings were further confirmed by immunofluo-
rescence staining and WB analysis. Immunofluorescence 

Fig. 3  Effects of SINO treatment on neuronal pyroptosis in CCH rats. (A-D) Immunofluorescence was used to measure the levels of the pyroptosis-related 
proteins NLRP3 and GSDMD. (E-K) Further analysis of the levels of proteins downstream of NLRP3 via WB analysis. (L, M) RT‒qPCR was used to verify the 
mRNA expression of Nlrp3 and Gsdmd. *P < 0.05, **P < 0.01, ***P < 0.001 vs. the Sham group. #P < 0.05 vs. the CCH group. n = 4 per group

 



Page 10 of 19Yang et al. Acta Neuropathologica Communications           (2025) 13:48 

Fig. 4 (See legend on next page.)
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also revealed a significant reduction in INOS protein 
enrichment and an increase in ARG-1 protein enrich-
ment after SINO treatment (Fig.  4F and G). WB analy-
sis demonstrated that the LPS + SINO group exhibited 
decreased INOS protein levels and increased CD206 
and ARG-1 levels compared to those in the LPS group 
(Fig.  4H). In addition, flow cytometry revealed differ-
ences in the surface markers of different cell types. In 
the LPS group, CD86 expression increased, while CD206 
expression decreased; however, this trend was reversed 
in the LPS + SINO group (Fig.  4I and J). Overall, these 
results indicate that SINO can effectively suppress the 
inflammatory response of LPS-induced RM cells and 
facilitate their polarization from the M1 phenotype to the 
M2 phenotype.

Conditioned medium from SINO-treated RM cells prevents 
H2O2-induced pyroptosis in PC12 cells
Further investigation was conducted to examine the 
effects of RM cell supernatant on PC12 cells. As depicted 
in Fig.  5A, the supernatants from the control, LPS, and 
LPS + SINO groups of RM cells were collected as a con-
ditioned medium to continue treating the PC12 cells for 
24  h, followed by subsequent experimental detection 
and analysis. The viability of PC12 cells decreased after 
treatment with 100 µM of H2O2 (Fig.  5B). The addition 
of LPS-treated RM-CM further reduced PC12 cell viabil-
ity, while SINO-treated RM-CM improved cell viabil-
ity (Fig.  5C). Immunofluorescence analysis revealed an 
increase in the fluorescence of the NLRP3, ASC, and 
GSDMD proteins following H2O2 treatment compared 
to that in the untreated group. No significant change 
was observed after the addition of CM from the control 
RM cells. However, the fluorescence intensity further 
increased after the addition of CM from LPS-treated RM 
cells, while it significantly decreased after the addition of 
CM from LPS + SINO-treated RM cells (Fig. 5D). The WB 
results showed that the protein levels of NLRP3, ASC, 
CASP1, and GSDMD-N in H2O2-treated PC12 cells were 
significantly greater than those in untreated cells and fur-
ther increased after culture with CM from LPS-treated 
RM cells (Fig.  5E-I). The ratios of GSDMD-N/GSDMD, 
IL-1β/pro-IL-1β, and IL-18/pro-IL-18 also exhibited sim-
ilar trends (Fig.  5J-L). This indicates that H2O2 induces 
pyroptosis in PC12 cells, which is further exacerbated in 
the supernatant of LPS-treated RM cells. Treatment with 
CM from control RM cells did not decrease the levels of 

pyroptosis-related proteins; however, treatment with CM 
from LPS + SINO-treated RM cells significantly reversed 
the changes in the levels of these proteins. Moreover, the 
PCR results revealed that LPS + SINO-treated RM-CM 
significantly suppressed the expression of Nlrp3 and 
Gsdmd (Fig.  5M and N). In conclusion, these findings 
suggest that compared to the control or LPS-treated RM 
cell supernatant, SINO treatment can effectively alleviate 
H2O2-induced PC12 cell damage and inhibit pyroptosis.

Exosomes derived from SINO-treated RM cells protected 
PC12 cells against pyroptosis
To investigate the impact of SINO-treated RM cell 
exosomes on PC12 cells, we cotreated RM cells with 
GW4869 to inhibit exosome secretion and collected the 
supernatant to treat H2O2-treated PC12 cells (Fig.  6A). 
As expected, immunofluorescence revealed that the 
fluorescence of the NLRP3, ASC, and GSDMD proteins 
in PC12 cells was enhanced after H2O2 induction, while 
treatment with LPS + SINO-treated RM-CM significantly 
weakened the fluorescence of these proteins. However, 
this protective effect was attenuated after cotreatment 
with GW4869 (Fig.  6B). Western blot analysis revealed 
a similar trend (Fig.  6C). Treatment with LPS + SINO-
treated RM-CM reduced H2O2-induced increases in the 
levels of NLRP3, ASC, and GSDMD-N, but these effects 
were reversed by GW4869 (Fig.  6D-F). Therefore, these 
findings suggest that exosomes derived from RM cells 
treated with SINO play a crucial role in safeguarding 
PC12 cells against pyroptosis.

Exosomal mir-223-3p mediates the protective effects of 
SINO-activated microglia on neuronal pyroptosis
To further explore the mechanisms by which RM exo-
somes exert neuroprotective effects, we isolated exo-
somes and conducted miRNA sequencing analysis 
(Fig.  7A). Exosomes were categorized into two groups 
based on their source: those derived from RM cells 
treated with LPS alone (LPS-RM-Exos) and those derived 
from RM cells treated with both LPS and SINO (SINO-
RM-Exos). Identification of the exosomes was performed 
using transmission electron microscopy, nanoparticle 
tracking analysis, and WB analysis. The exosomes exhib-
ited a typical cup-shaped membrane vesicle morphology 
with diameters ranging from 40 to 160 nm (Fig. 7A and 
B). WB analysis confirmed the positive expression of the 
exosomal markers CD63 and CD81 (Fig. 7C). A total of 

(See figure on previous page.)
Fig. 4  In vitro, SINO regulates inflammation and polarization in LPS-induced RM cells. (A) Schematic diagram showing the establishment of an inflam-
mation model in RM cells and treatment with SINO. (B, C) The effects of LPS and SINO dosages on RM cell viability were assessed by the CCK-8 assay. (D) 
RT‒qPCR analysis of the mRNA expression of inflammatory markers, including IL-1β, TNF-α, IL-6, and IFN-γ, in RM cells. (E) Expression levels of the M1-type 
marker gene Inos and the M2-type marker gene Arg-1 in RM cells. (F, G) Immunofluorescence observation and quantification of INOS and CD206 protein 
levels in RM cells. (H) WB analysis of the levels of the M1-type marker protein INOS and the M2-type marker proteins ARG-1 and CD206 in RM cells (n = 4 
per group). (I, J) Flow cytometry analysis of the protein levels of the surface markers CD86 and CD206 in RM cells. *P < 0.05 and **P < 0.01 vs. the control 
group. #P < 0.05, ##P < 0.01, and ####P < 0.0001 vs. the LPS group
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Fig. 5 (See legend on next page.)
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20 differentially expressed miRNAs were identified in 
the sequencing results, with 11 upregulated and 9 down-
regulated miRNAs, based on a fold change ≥ 2 and a P 
value < 0.05 (Fig. 7D and E, Table S4). miR-223-3p, which 
was found to be highly upregulated in SINO-RM-Exos, 
was identified as a potential regulator of NLRP3 expres-
sion (Fig.  7F, G). This suggests that miR-223-3p might 
play a crucial role in modulating neuroinflammation and 
pyroptosis in neurons.

To further investigate the effect of RM-derived exo-
somal miR-223-3p in H2O2-induced PC12 cells, we 
conducted transfection experiments. The expression of 
miR-223-3p in RM cells was significantly upregulated by 
the miR-223-3p mimic but was significantly downregu-
lated by the miR-223-3p inhibitor (Fig.  7H). The corre-
sponding RM-CM was collected to treat H2O2-treated 
PC12 cells separately. The PCR results showed that 
the miR-223-3p mimic significantly suppressed Nlrp3 
expression, while the miR-223-3p inhibitor significantly 
increased Nlrp3 expression (Fig.  7I). Subsequently, we 
treated H2O2-treated PC12 cells with SINO-RM-Exos 
and miR-223-3p inhibitor. The findings showed that 
SINO-RM-Exos efficiently suppressed the expression of 
Nlrp3 in PC12 cells. However, the miR-223-3p inhibi-
tor reversed this effect and upregulated the expression 
of Nlrp3 (Fig.  7J). Immunofluorescence and WB analy-
sis revealed that treatment with SINO-RM-Exos signifi-
cantly decreased the protein levels of NLRP3, ASC, and 
GSDMD in PC12 cells. However, this protective effect 
was reversed by the miR-223-3p inhibitor (Fig.  7K-O). 
In conclusion, RM exosomes processed by SINO inhibit 
NLRP3-mediated pyroptosis in PC12 cells through the 
transfer of miR-223-3p.

Discussion
In the intricate pathological cascade of CCH, inflam-
mation plays a dual role and is essential for brain tissue 
repair while also acting as a significant contributor to 
secondary brain injury. Consequently, modulating neu-
roinflammation and mitigating neuronal damage have 
emerged as pivotal strategies for CCH treatment [7, 54]. 
Through our investigation employing SINO treatment in 
CCH-afflicted rats, we made several noteworthy observa-
tions. First, SINO effectively alleviated brain damage and 
notably ameliorated cognitive dysfunction in CCH rats. 
Second, SINO exerted its anti-inflammatory effects by 
modulating the polarization of microglia, shifting their 

phenotype from the proinflammatory M1 state to the 
anti-inflammatory M2 state. Finally, M2 microglia release 
exosomes that facilitate the delivery of miR-223-3p to 
target and downregulate Nlrp3 expression in neuronal 
cells, thereby suppressing pyroptosis and fostering neu-
ral functional recovery. This study offers insights into 
the role and mechanism of SINO in CCH and provides 
robust evidence for its clinical application in treatment 
(Fig. 8).

With a large amount of domestic and foreign basic and 
clinical research, it has been discovered that SINO pos-
sesses a wide range of pharmacological activities, includ-
ing anti-inflammatory, immunosuppressive, antitumor, 
and antiarrhythmic effects. Additionally, it plays a cru-
cial neuroprotective role within the central nervous sys-
tem [11, 20]. However, the role of SINO in CCH remains 
uncertain. We utilized a widely accepted BCCAO-
induced CCH rat model and administered SINO via 
intraperitoneal injection [46]. The experimental results 
(Fig.  1) demonstrated that SINO significantly enhanced 
brain injury recovery and improved learning and mem-
ory abilities in CCH rats, which is consistent with previ-
ous findings.

Based on the findings above and reports of the anti-
inflammatory properties of SINO, we conducted a com-
prehensive investigation on the anti-inflammatory effects 
of SINO in CCH. Ni et al. reported that the SINO deriva-
tive C16 can reprogram macrophages from the M1 to the 
M2 phenotype, possibly by mediating the p-p38/p-AKT 
or STAT1 signaling pathway [25]. Shukla et al. discov-
ered that SINO could inhibit amyloid-β (Aβ)-induced 
microglial activation and protect hippocampal cells from 
neurotoxicity in the treatment of AD [40]. Moreover, 
SINO can inhibit the activity of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase and inhibit 
the production of various proinflammatory mediators by 
activated microglia [31]. In addition, SINO can enhance 
the M2 phenotype of microglia and mitigate inflam-
matory injury in cerebral hemorrhage [39]. Therefore, 
we hypothesize that SINO may regulate microglial cell 
polarization to alleviate CCH-induced neuroinflamma-
tion. As expected, following SINO treatment, there was 
a significant decrease in the mRNA expression and pro-
tein levels of the M1 phenotype marker INOS in CCH 
rat brain tissue samples. The expressions of the proin-
flammatory factors IL-1β and IL-18 were also distinctly 
decreased. Conversely, there was an increase in both 

(See figure on previous page.)
Fig. 5  SINO-treated RM-CM alleviates H2O2-induced PC12 neuronal cell damage and pyroptosis. (A) Schematic illustration: Acquisition of RM-CM from 
different groups and establishment of an in vitro neuronal cell damage model. (B) Determination of the optimal concentration of H2O2 based on PC12 cell 
viability. *P < 0.05, ***P < 0.001, ****P < 0.0001 vs. NC. (C) SINO-treated RM-CM improved PC12 cell viability. ***P < 0.001 vs. the control group. ###P < 0.001 vs. 
the LPS group. (D) Immunofluorescence detection of the levels of the pyroptosis-related proteins NLRP3, ASC, and GSDMD in PC12 cells. (E) WB analysis of 
differences in the expression of proteins downstream of NLRP3 in PC12 cells after treatment. (F-L) Quantitative analysis of the levels of these proteins. (M, 
N) RT‒qPCR detection of the mRNA expression levels of Nlrp3 and Gsdmd in PC12 cells. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. n ≥ 3 per group
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the mRNA and protein expression of the M2 phenotype 
marker ARG-1. The levels of the anti-inflammatory fac-
tors IL-4 and IL-10 were increased (Fig. 2). This finding 
suggested that SINO may play an important role in anti-
inflammatory responses by regulating M1 to M2 microg-
lial polarization.

Numerous studies have demonstrated that inflamma-
tion triggers a form of programmed cell death known 
as pyroptosis. In nervous system diseases, inflammation 
promotes the activation of the NLRP3 inflammasome, 
leading to neuronal pyroptosis and subsequent brain 
injury and cognitive impairment [9, 53]. The process of 
pyroptosis involves the stimulation of pattern recogni-
tion receptors (PPRs), the formation of inflammasomes, 
the activation of caspase proteins, the activation of gas-
dermin D (GSDMD), the bursting of cell membranes, 
and the release of inflammatory factors. Stimulation 
of the PPR by pathogen-associated molecular patterns 
(PAMPs) or damage-associated molecular patterns 
(DAMPs) leads to the activation of inflammasomes [18, 

24]. Typical inflammasomes are macromolecular pro-
tein complexes composed of sensors (mainly NLR family 
proteins and PYHIN family proteins), the adapter ASC, 
and effectors, including NLRP1, NLRP3, NAIP-NLRC4, 
and AIM. Among them, the NLRP3 inflammasome is the 
most characteristic and extensively studied [28]. Acti-
vated NLRP3 binds to ASCs and recruits pro-caspase-1 
to form an inflammasome [12]. The formation of inflam-
masomes leads to the transformation of pro-caspase-1 
into activated caspase-1, which is capable of cleaving 
pro-IL-1β, pro-IL-18, and GSDMD to generate bioactive 
IL-1β, IL-18, and N-terminal gasdermin-D (GSDMD-N). 
GSDMD-N can penetrate the cell membrane, forming a 
pore that leads to the forced uptake of external ions and 
water, cellular swelling, rapid cell lysis, and the release 
of cellular contents such as the inflammatory factors 
IL-1β and IL-18, ultimately exacerbating inflammation 
[22]. In this study, we found that the mRNA expression 
of Nlrp3 and Gsdmd increased in CCH rat brain tissue, 
accompanied by increased protein levels of NLRP3, ASC, 

Fig. 6  Exploration of the effects of RM cell exosomes on H2O2-induced pyroptosis in PC12 cells. (A) Schematic diagram showing the treatment of PC12 
cells with RM-CM cocultured with SINO and with or without GW4869. (B) Immunofluorescence analysis of pyroptosis-related protein levels in H2O2-treat-
ed PC12 cells treated with RM-CM with or without inhibition of exosome secretion. (C-F) WB analysis of the protein levels of NLRP3, ASC, and GSDMD-N. 
*P < 0.05 and **P < 0.01. n ≥ 3 per group
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Fig. 7 (See legend on next page.)
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CASP-1, GSDMD-N, IL-1β and IL-18 (Fig. 3). These find-
ings suggest that inflammation triggers the activation of 
the NLRP3 inflammasome in CCH, resulting in neuronal 
pyroptosis. Importantly, SINO treatment prevents this 
phenomenon.

Exosomes, as important mediators of intercellular 
communication, play a key role in physiological and 
pathological processes. It can carry a variety of signaling 
molecules, including proteins, lipids, cytokines, mRNAs, 
and miRNAs [43]. Studies have shown that microg-
lial exosomes play an important role in mediating the 
interaction between microglia and neurons [4, 27]. As 
anti-inflammatory agents, M2 microglia-derived exo-
somes can reduce neuronal responses to cerebral isch-
emia damage after they are internalized by neurons [41, 
52]. Chen et al. effectively improved cognitive function 
in AD mice using exosomes secreted by M2 microglia 
induced by near-infrared light [5]. Therefore, this study 
further explored the effect of SINO treatment on microg-
lial exosomes in CCH. First, we established an inflamma-
tion model in RM cells by LPS induction and observed 
that RM cells polarized to the M1 phenotype. However, 
after SINO treatment, the RM cells polarized to the M2 
phenotype, which was consistent with the results of the 
animal experiments (Fig.  4). Subsequently, we collected 
the supernatant of RM cells treated with SINO as a con-
ditioned medium for treating H2O2-treated PC12 cells. 
The results demonstrated that CM derived from SINO-
treated RM cells effectively inhibited pyroptosis in PC12 
cells, but this effect was counteracted by the addition of 
the exosome inhibitor GW4869 (Figs. 5 and 6). This indi-
cates that exosomes released by SINO-induced M2 polar-
ization of RM cells inhibited pyroptosis in PC12 cells.

Recently, an increasing number of studies have 
shown that exosomal miRNAs, as key functional ele-
ments of intercellular interactions, play important 
roles in regulating brain injury [19, 51]. MiRNAs, a 
type of small non-coding RNA molecule, recognize the 
3’UTR of target genes through complementary base 
pairing and guide the silencing complex to degrade 
target gene mRNA or inhibit its translation accord-
ing to the degree of complementarity [38]. MicroR-
NAs (miRNAs) derived from microglial exosomes 
can alleviate neurological damage in acute brain 

injury and neurodegenerative disease through differ-
ent pathways, thereby improving neurological func-
tion [5, 10, 41, 52]. In this study, to further explore 
the molecular mechanism by which SINO-treated RM 
cell exosomes (SINO-RM-Exos) regulate PC12 cell 
pyroptosis, we isolated RM exosomes with or without 
SINO treatment for miRNA sequencing and identi-
fied 11 miRNAs that were significantly upregulated in 
the SINO-RM-Exos (Fig.  7, Table S4). These findings 
were verified using qRT‒PCR analysis. We discovered 
that miRNA-223-3p can target and bind to the NLRP3 
gene, leading to anti-inflammatory and antipyroptotic 
effects. The remaining 10 upregulated miRNAs—miR-
296-5p, miR-139-3p, miR-466c-5p, miR-465-5p, miR-
1188-3p, miR-2985, miR-6315, miR-3102, miR-6333, 
and miR-149-5p—are rarely reported in the nervous 
system. Therefore, they were excluded from the focus 
of our study. As depicted in Fig.  7, treatment with 
SINO-RM-Exos significantly suppressed Nlrp3 mRNA 
expression in H2O2-treated PC12 cells and downregu-
lated the protein levels of NLRP3, ASC, and GSDMD. 
However, after transfection of the miR-223-3p inhibi-
tor, this effect was significantly weakened. These 
results suggested that SINO-RM-Exos could inhibit 
the transcription and translation of NLRP3 by deliver-
ing miR-223-3p, thereby alleviating pyroptosis in PC12 
cells. While our study focused on the neuroprotec-
tive effects of exosomal miR-223-3p, which was found 
to inhibit NLRP3-mediated neuronal pyroptosis, it is 
important to note that exosomes can also propagate 
neuroinflammation. These vesicles carry a variety of 
molecules, including pro-inflammatory cytokines, 
damage-associated molecular patterns (DAMPs), and 
microRNAs, which can further activate glial cells or 
neurons in the surrounding tissue, thereby exacerbat-
ing inflammation. This dual role of exosomes—both 
as mediators of neuroinflammation and as poten-
tial regulators of inflammation—warrants further 
investigation.

Conclusion
In summary, neuroinflammation significantly impacts 
hippocampal neuros and cognitive function in CCH 
rats. SINO treatment promotes a shift in microglial 

(See figure on previous page.)
Fig. 7  SINO-treated RM cell-derived exosomes inhibit NLRP3-mediated pyroptosis in PC12 cells via miR-223-3p. (A, B) Isolation and identification of 
exosomes from RM cells (RM-Exos). The morphology and particle size of the exosomes were identified through transmission electron microscopy and 
nanoparticle tracking analysis. (C) The levels of the exosome marker proteins CD63 and CD81 were determined via WB analysis. (D, E) Volcano plot and 
heatmap illustrating the differentially expressed miRNAs in the CON-RM-EXO and SINO-RM-EXO groups determined by miRNA sequencing. (F) RT‒qPCR 
validation of the differential expression of exosomal miR-223-3p. (G) The targeted binding relationship between miR-223-3p and Nlrp3. (H) miR-223-3p 
expression in RM cells after transfection with the miR-223-3p mimic or inhibitor. (I) The expression of the target mRNA Nlrp3 in PC12 cells was measured 
after treatment with RM-CM transfected with the miR-223-3p mimic and inhibitor. (J) The miR-223-3p inhibitor reversed the downregulation of Nlrp3 in 
PC12 cells induced by SINO-RM-Exos. (K) Immunofluorescence observation of the effects of SINO-RM-Exos transfected with the miR-223-3p inhibitor 
on pyroptosis-related proteins in PC12 cells. (L-O) Detection of the protein levels of NLRP3, ASC, and GSDMD-N in PC12 cells by WB analysis. *P < 0.05, 
**P < 0.01, and ***P < 0.001. n ≥ 3 per group
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polarization from M1 to M2, thereby reducing 
the inflammatory response. Mechanistically, exo-
somes derived from SINO-treated microglial deliver 
miR-223-3p, which inhibits NLRP3/ASC/GSDMD-
mediated pyroptosis and neuronal damage (Fig.  8). 
However, this study has some limitations. Further 
investigation using a neuron-microglia co-culture 
model is necessary to explore the cortical therapeutic 
effects of SINO on inflammation, beyond its impact on 
the hippocampus. Nevertheless, this research provides 
valuable insights and a theoretical foundation for the 
potential use of SINO in treating neuroinflammation.
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