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Microglia, the resident immune cells in the central nervous system (CNS), rapidly transition
from a resting to an active state in the acute phase of ischemic brain injury. This active state
mediates a pro-inflammatory response that can exacerbate the injury. Targeting the pro-in-
flammatory response of microglia in the semi-dark band during this acute phase may effect-
ively reduce brain injury. Shionone (SH), an active ingredient extracted from the dried roots
and rhizomes of the genus Aster (Asteraceae), has been reported to regulate the inflammat-
ory response of macrophages in sepsis-induced acute lung injury. However, its function in
post-stroke neuroinflammation, particularly microglia-mediated neuroinflammation, re-
mains uninvestigated. This study found that SH significantly inhibited lipopolysaccharide
(LPS)-induced elevation of inflammatory cytokines, including interleukin-1f8 (IL-1f), tumor
necrosis factor-a (TNF-a), and inducible nitric oxide synthase (iNOS), in microglia in vitro.
Furthermore, the results demonstrated that SH alleviated infarct volume and improved beha-
vioral performance in middle cerebral artery occlusion (MCAO) mice, which may be attrib-
uted to the inhibition of the microglial inflammatory response induced by SH treatment.
Mechanistically, SH potently inhibited the phosphorylation of serine-threonine protein kinase
B (AKT), mammalian target of rapamycin (mTOR), and signal transducer and activator of
transcription 3 (STAT3). These findings suggest that SH may be a potential therapeutic agent

for relieving ischemic stroke (IS) by alleviating microglia-associated neuroinflammation.

1. Introduction

Ischemic stroke (IS) accounts for 80% of all strokes and is as-
sociated with high morbidity, mortality, and disability rates '
Thrombolytic therapy remains the most effective treatment for
IS, yet it is constrained by an exceedingly narrow therapeutic
time window of 4 to 6 h after stroke onset . Despite recent pro-
gress in stroke research, certain limitations and deficiencies per-
sist with existing drug therapies °. Consequently, there is a press-
ing need to explore new, safe, and effective pharmacological in-
terventions for the treatment of IS.

Neuroinflammation response, particularly that mediated by
microglia, is essential for the pathological progression of IS in the
early stage *. Microglia are the resident immune cells of the brain,
responsible for maintaining central nervous system (CNS)
homeostasis and modulating innate immune responses. In
physiological conditions, microglia typically exhibit a small, rami-
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fied morphology, known as the "resting microglia” state. The dis-
ruption of brain homeostasis caused by IS leads to microglia ac-
tivation, characterized by the thickening of dendritic branches
and hypertrophy of the cell body °. Overactivated microglia exhib-
it a pro-inflammatory phenotype, producing an abundance of pro-
inflammatory factors °, such as interleukin-1p (IL-1pB), tumor nec-
rosis factor-a (TNF-a), and nitric oxide (NO), which exert toxic ef-
fects on neurons and subsequently exacerbate nerve tissue dam-
age . For instance, TNF-a plays a crucial role in glutamate excito-
toxicity by blocking glutamate transporters on astrocytes and in-
creasing the surface expression of AMPA receptors at glutamater-
gic synapses °. Furthermore, rapamycin has been reported to re-
duce neurodegeneration and decrease IL-13 and TNF-a produc-
tion by inhibiting the mammalian target of rapamycin (mTOR) °.
Therefore, suppressing microglia-associated neuroinflammation
has become one of the therapeutic strategies for cerebral
ischemia "’.

The serine-threonine protein kinase B (AKT), mTOR, and sig-
nal transducer and activator of transcription 3 (STAT3) signaling
pathway is recognized as a critical component in various inflam-
matory conditions, including dermal inflammation ' and trau-

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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matic brain injury-induced acute lung injury '°. Recent research
has demonstrated that heightened activation of the AKT-mTOR-
STAT3 pathway within microglia plays a significant role in the ex-
acerbation of IS "*. Furthermore, downregulation of the AKT-mT-
OR-STAT3 signaling pathway has been shown to suppress the
pro-inflammatory microglial phenotype and mitigate neuronal
death ",

Shionone (SH), a bioactive triterpenoid isolated from the
dried roots and rhizomes of the Aster plant, family and rhizomes
of the genus Aster (Asteraceae), is distributed in eastern Asia.
Previous studies have indicated that it exerts anti-inflammatory
effects on various inflammatory disease models, including attenu-
ating lipopolysaccharide (LPS)-induced inflammation in
RAW264.7 cells "' and alleviating sepsis-induced acute lung in-
jury in mice through the ECM1/STAT5/NF-xB pathway '°. In this
study, we hypothesized that SH may have the potential to relieve
microglial inflammation and potentially offer beneficial effects in
the context of neurological injury following IS. To examine this
conjecture, we investigated the effect and underlying mechanism
of SH on microglia both in vitro and in vivo in the setting of IS,
with the aim of identifying a novel therapeutic approach for this
condition.

2. Materials and Methods

2.1. Cell culture

Primary microglia were prepared from the cortex of
C57BL/6] mice ", cultured in a humidified incubator at 37 °C for
10 days, and then shaken culture flasks to separate microglia,
which were then re-implanted in 6-well or 12-well plates for 24 h
after cell counting. The purity of microglia detected using the
Ibal antibody exceeded 95%. The cell culture conditions utilized
Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher, USA)
medium containing 10% fetal bovine serum (FBS, Biological In-
dustries, Israel), 100 ug-mL™" streptomycin, and 100 U-mL™" peni-
cillin.

Cortical neurons were isolated from E15-17 C57BL/6] mouse
embryos. They were cultured and maintained in B27 /neurobasal
medium supplemented with glutamine for 10 days.

2.2. Treatment of microglia

In vitro experiments utilized LPS purchased from ALADDIN
Ltd (Shanghai, China). SH (purity: > 98%), obtained from Med-
ChemExpress (Shanghai, China), was dissolved in ethanol, subjec-
ted to ultrasonication, and stored at —80 °C. SC79, an agonist of
AKT, was acquired from MedChemExpress (Shanghai) and dis-
solved in dimethyl sulfoxide (DMSO). Primary microglia were di-
vided into three groups based on equivalent density: control
groups, LPS-only treatment groups, and drug-LPS treatment
groups. Cells were pretreated with SH for 1 h and then exposed to
LPS at a concentration of 100 ng-mL™" for an additional 24 h. The
concentration of DMSO did not exceed 0.1%.

2.3. Animals and middle cerebral artery occlusion (MCAQ)

The study utilized healthy, male C57BL/6] mice aged approx-
imately 8 weeks and weighing 20-25 grams, obtained from the
Animal Model Center of Nanjing Medical University (Nanjing,
China). All animal experiments were approved by the Animal
Care and Use Committee of Nanjing University and conducted in
accordance with institutional guidelines '’. The experimental
mice were housed in standard cages, maintained in a room with
appropriate environmental conditions, and provided with ad-
equate food and water.
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Prior to establishing the MCAO model, 20 mice underwent
behavioral training three days in advance, which included rotar-
od ", paw grasping *, and stepping rate assessments. To estab-
lish the MCAO mouse model, animals were anesthetized with
avertin (2.5%),and a 6/0 monofilament nylon suture (Doccol
Corporation, MA, USA) with a hot round tip was inserted through
the internal carotid artery into the origin of the MCA until ipsilat-
eral blood flow decreased to less than 30% of baseline values, as
monitored using a laser Doppler flowmeter (Perimed Corpora-
tion, Sweden). The filaments were withdrawn after 60 min of oc-
clusion to allow for blood reperfusion, and the mice were anes-
thetized and placed on a heating pad to maintain a temperature
of 37 + 0.5 °C until recovery *". Following the procedures, the
mice were randomly divided into two groups: a saline-treated
MCAO group (MCAO + Con) and a 20 mg-kg ' SH-treated MCAO
group (MCAO + SH). Over the next three days, the mice were
provided adequate nutrition and care, and each mouse was in-
traperitoneally injected with pre-dissolved SH or the same
volume of saline at 0.5, 24, and 48 h after MCAO induction **.

2.4. Neuroscore assessment

Mice were evaluated for neurological function using the mod-
ified neurological severity score (mNSS) on the third day after
MCAO. The mNSS, on a scale of 0 to 12, was utilized to measure
motor, sensory, balance, and reflex function. The scores indicate
the severity of brain damage. Neurological scores were evaluated
in a single-blind manner for the experimental group **. Motor and
sensorimotor functions were assessed through the rotarod test.
Prior to establishing the MCAO model, mice underwent training
on a rotarod device (RWD Life Science, China) twice daily for
three consecutive days. The rotarod apparatus was set at speeds
of 10, 20, 30, and 40 r-min™" while accelerating the rotarod for
5-7 min at each speed, and the time each mouse ran on the rotar-
od was recorded at 40 r-min”" on the third day. The footfault test
is another behavioral test. The mice were trained twice a day for
5 min each time for three consecutive days. The wrong footstep of
the left upper limb was recorded on the third day post-infarction.
Additionally, the mouse paw grip strength was measured by a
paw grip device for three days, and whether grip strength was af-
fected was tested on the third day after MCAO **.

2.5. Infarct volume measurement

At 72 h after MCAO, the mice underwent behavioral assess-
ment. Subsequently, the brains of the model mice were rapidly
removed, coronally sectioned into 1-mm-thick slices, and incub-
ated with 2% 2,3,5-triphenyl tetrazolium chloride (TTC, Sigma-
Aldrich, USA) solution for 10 min at 37 °C until the tissues were
stained . The infarct volume was analyzed using Image] (NIH,
USA) software to calculate the infarct size across all brain layers.
To mitigate the impact of brain edema, the ischemic hemisphere
volume was calculated using the ipsilateral hemisphere volume
as the baseline. The relative infarct volume is presented as the
total infarct volume as a percentage of the whole brain volume.

2.6. Cell viability assays

As described, the microglia were cultured in a humidified in-
cubator at 37 °C for 10 days. The microglial cells were then de-
tached from the astrocytes by shaking the flasks, and the floating
microglial cells were plated into 96-well plates at a density of 1 x
10* cells per well. The microglial cells were subsequently treated
with varying concentrations of SH. After a 24-h incubation period,
the viability of the microglia was assessed using the Cell Count-
ing Kit-8 (CCK-8) kit (Dojindo Laboratories, Japan). The optical
density (OD) of all wells was measured at 450 nm, and the cell vi-
ability was expressed as the percentage of the mean OD value of
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the treated cells compared to the control group.

Additionally, the study combined neuronal medium with LPS
and SH and added it to the microglia. After a 24-h incubation peri-
od, the supernatant was collected and added to the neurons
overnight. The toxic impact of the microglial supernatant on
neurons was further examined using the CCK-8 assay.

2.7. Western blotting analysis

Proteins were extracted from brain tissue in the ischemic
penumbra and from microglia. The extracted proteins were sep-
arated using 10% sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) and transferred onto polyvinylidene
fluoride (PVDF) membranes (Millipore, USA). The membranes
were blocked with 5% skim milk for 2 h at room temperature and
then cut horizontally according to different molecular weight
levels. They were subsequently incubated with the appropriate
primary antibodies, including -tubulin (AP0064, Bioworld Bio-
technology), anti-IL1-f (AB-401-NA, R&D Systems), anti-TNF-a
(ab215188, Abcam), anti-iNOS/NOS (610328, BD Biosciences),
phospho-AKT (p-AKT) (40608, Cell Signaling Technology), phos-
pho-STAT3 (p-STAT3) (9145S, Cell Signaling Technology), and
phospho-mTOR (p-mTOR) (2971S, Cell Signaling Technology)
overnight at 4 °C. Subsequently, the membranes were incubated
with secondary antibodies for an additional 2 h at room temper-
ature. Protein images were obtained using the Gel-Pro system
(Tanon Technologies, China), and the quantification of the blot
intensity was calculated using Image]. The p-AKT, p-STAT3, and p-
mTOR antibodies were stripped using primary and secondary an-
tibody removal solutions for 10 min and stripped only once. The
membranes were then washed with TBST and coated with the
corresponding non-phosphorylated antibodies, such as AKT
(46858, Cell Signaling Technology), STAT3 (9139S, Cell Signaling
Technology), and mTOR (BS3611, Bioworld Biotechnology).

Image] software was utilized to analyze the grayscale values
of the protein bands. The grayscale values of the target proteins
were compared to the grayscale values of the corresponding in-
ternal control bands to determine protein expression levels,
which represented the relative content of the target protein in the
samples. Furthermore, changes in the ratio of phosphorylated
protein to total protein were used to explain alterations in phos-
phorylation levels. Statistical and analytical analyses were con-
ducted using GraphPad Prism 7.0.

2.8. Real-time polymerase chain reaction (PCR)

PCR primers were purchased from Tsingke Biotechnology Co,
Ltd. Primary microglia were cultured with SH for 1 hour and
stimulated with 0.1 pg-mL™ LPS for 24 h. Infarcted tissue mRNA
was extracted from mice on the third day after MCAO. Total
mRNA was reverse transcribed into complementary DNA (cDNA)
using the PrimeScript RT reagent kit (Vazyme, China) *. The ex-
pression of specific genes was analyzed on a LightCycler 96 PCR
system (Roche, Switzerland) using an SYBR Green Kit (Vazyme,
China). The primer sequences are provided below:

TNF-a: Forward, 5'- CAAGGGACAAGGCTGCCCCG-3'

The sequence 5'-GCAGGGGCTCTTGACGGCAG-3' serves as the
reverse primer in this study.

IL1-B: Forward, 5'- AAGCCTCGTGCTGTCGGACC-3'

The reverse primer sequence is 5'-TGAGGCCCAAGGCCACAGG-
3.

Inos: Forward, 5'-CAGCTGGGCTGTACAAACCTT-3'

The sequence provided, 5'-CATTGGAAGTGAAGCGTTTCG-3',
represents the reverse, or complementary, strand of a nucleic
acid sequence.

Gapdh: Forward, 5'-GCCAAGGCTGTGGGCAAGGT-3'

Reverse primer, 5'-TCTCCAGGCGGCACGTCAGA-3'
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Relative quantitative methods were utilized to analyze quant-
itative polymerase chain reaction (qPCR) data. The primary unit
employed is fold change, calculated predominantly using the
2744 method. This approach indicates the difference in expres-
sion of the target gene between the experimental and control
groups.

2.9. Flow cytometry and microglia isolation

After inducing an MCAO model in mice, the infarcted hemi-
spheres were collected, ground in a buffer solution containing
25% glucose and HEPES, and passed through a 70-um filter to ob-
tain a single-cell suspension. The cell suspension was then
layered on a 30%-70% Percoll gradient and centrifuged to separ-
ate the cells. The top layer containing myelin was discarded, and
the cells at the junctions were collected. These cells were then
stained with antibodies against the microglial markers CD45,
CD11b, and CD86 for analysis.

Primary microglia were subjected to flow cytometry analysis.
The cells were first digested, washed twice with phosphate-buf-
fered saline (PBS), and re-suspended in cold PBS at a density of
1 x 10° cells/mL. The microglia were then incubated with the fol-
lowing fluorescently-labeled antibodies in the dark at 4 °C for 30
min: CD45-PE/CY7 (Biolegend, 100422, 1:500), CD11b-APC
(eBioscience, 17-0112-82, 1:500), and CD86-BV421 (BD Hori-
zon, 564198, 1:500). The expression of CD86 was subsequently
detected using a FACS Calibur flow cytometer (BD Biosciences).

2.10. Immunofluorescence staining

Three days after MCAO, brain tissues were dehydrated and
cut into 20 um sections *’. Microglia were fixed with 4% para-
formaldehyde for 15 min. The slices and cells were washed three
times with PBS, then the slices or primary microglia were per-
meated with 0.1% Triton X-100 for 10 min and blocked with 2%
bovine serum albumin (BSA) for 90 min. Sections and microglia
were incubated overnight at 4 °C with primary antibodies against
ionized calcium-binding adapter molecule 1 (Ibal, 1:500; Wako,
Japan) or cluster of differentiation 86 (CD86, 1:1000; Abcam,
USA). These samples were then incubated with the indicated sec-
ondary antibodies for 2 h at room temperature in the dark. 4',6-
diamidino-2-phenylindole (DAPI, 10 ug-mL™", Beyotime) was ad-
ded for 15 min to stain the nuclei. Images were obtained using an
Olympus BX51 (Japan) fluorescence microscope, and the relative
area and mean fluorescence intensity (MFI) of microglia were
analyzed using Image] software (Image] 1.5, National Institutes of
Health).

2.11. Enzyme-linked immunosorbent assay (ELISA)

The tissue of the cerebral infarction hemisphere was collec-
ted 3 days after MCAO. The tissue was ground and homogenized
on ice, and the supernatant containing microglia was collected.
The supernatant was centrifuged for 10 min to remove the cellu-
lar pellet. ELISAs were performed to determine the levels of IL-13
and TNF-a using commercial kits (Bioworld Biotechnology, USA)
according to the manufacturer’s instructions. The enzyme mark-
er was used for dual-wavelength detection within 30 min, and the
maximum absorption wavelength was measured at 450 nm. A
standard curve was generated by plotting the standard concen-
tration against the OD values, and the fitted equation was used to
calculate the corresponding cytokine concentrations based on the
0D values obtained from the samples.

2.12. Statistical analysis

The data results are expressed as the mean #* standard error
of the mean (SEM) for the different experimental groups. The
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statistical significance of differences between two groups was cal-
culated using the Student’s t-test, while the significance of differ-
ences among three or more groups was evaluated through one-
way analysis of variance (ANOVA). P-values less than 0.05 were
deemed statistically significant.

3. Results

3.1. SH reversed microglial morphological changes after LPS stimu-
lation and its effect on microglial cell viability

To investigate the cytotoxic effects of SH (Fig. 1A) on mi-
croglia, primary cultured microglia were subjected to a CCK-8 vi-
ability assay after treatment with varying concentrations of SH
(1, 5,20, 40, 50, 100 umol-L™) for 24 h. The results indicated that
microglial viability remained unaffected at concentrations below
50 pmol-L™ (Fig. 1B). Consequently, concentrations below 50
pumol-L™" were selected for further research. After SH treatment,
the morphological changes of microglia were evaluated, reveal-
ing that SH could gradually inhibit LPS-induced microglial en-
largement (Figs. 1C and 1D) and attenuate Ibal fluorescence in-
tensity as the concentration increased (Figs. 1C and 1E). In addi-
tion, the results of the CCK8 test showed that SH could rescue the
toxic effect of LPS-stimulated microglial supernatant on neurons

A

Chinese Journal of Natural Medicines 23 (2025) 471-479

(Fig. 1F). These findings suggest that SH can reverse the morpho-
logical changes and toxicity of LPS-induced microglia.

3.2.SH reduced LPS-induced pro-inflammatory cytokines in
primary microglia

To assess the protective effect of SH on neuroinflammation,
various pro-inflammatory cytokines were examined. The study
demonstrated that pretreatment of primary microglia with SH
could significantly reduce the mRNA (Figs. 2A-2C) and protein
levels (Figs. 2E-2H) of IL-1f, TNF-a, and iNOS after LPS stimula-
tion in a dose-dependent manner. Furthermore, we detected IL-
1B and TNF-a expression respectively by ELISA in vitro experi-
ments, and we found that IL-18 and TNF-a expression was de-
creased in the SH group (Figs. 21-2]). Additionally, the MFI of
CD86, a microglial inflammatory marker, was found to be higher
in LPS-stimulated primary microglia by flow cytometry, while
CD86 expression was reduced in SH-treated microglia (Figs. 2K
and 2L). These results indicate that SH can inhibit the LPS-in-
duced inflammatory response in primary microglia.

3.3.SH attenuates brain injury and neurological deficits after
cerebral ischemia

The study then examined the impact of SH on IS in vivo. The
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ity was measured by CCK-8 assay. Results are expressed as the mean of three independent experiments + SEM (n = 3). P < 0.05; "P<0.001and " P < 0.001.
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findings demonstrated that the infarct volume of MCAO mice
treated with SH for three days was significantly reduced com-
pared to the control group, as measured by TTC staining (Figs. 3A
and 3B). Furthermore, the cerebral ischemic mice suffered a bet-
ter neurological function evaluation, including the mNSS test,
paw grasping, rotary running, and the wrong stepping rate after
SH treatment (Figs. 3C-3F). Collectively, these data indicated that
SH attenuated brain injury and neurological deficits in cerebral
ischemic mice.

3.4. SH reduced the activation of pro-inflammatory microglia in
vivo

Immunofluorescence staining of CD86, a marker of pro-in-
flammatory microglia, demonstrated a reduction in fluorescence
intensity of CD86 in microglia following SH treatment (Figs. 4A
and 4B). Further analysis using flow cytometry revealed a de-
crease in the mean fluorescence intensity of CD86 in microglial
cells of SH-treated mice (Figs. 4C and 4D). These findings indic-
ate that SH can inhibit the activation of pro-inflammatory mi-
croglia in the MCAO mouse model.

3.5. SH suppressed the expression of inflammatory cytokines in vivo

This study examined the mRNA levels of 111b, tnfa, and inos in
the penumbra. The results indicated that these pro-inflammatory
cytokines were significantly reduced in the SH-treated ischemic
brain (Figs. 5A-5C). Further analysis by Western Blotting (Figs.
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5D-5G) and ELISA (Fig. 5SH-5I) demonstrated that SH could re-
verse the increase of IL-1B, TNF-a, and iNOS protein levels fol-
lowing MCAO. The consistent changes observed in the produc-
tion and secretion of these pro-inflammatory cytokines at both
the mRNA and protein levels suggest that SH can inhibit pro-in-
flammatory responses in the penumbra of the ischemic hemi-
sphere.

3.6. SH exerted a protective effect through the AKT-mTOR-STAT3
signaling pathway

Next, we aimed to further explore the possible mechanism of
SH in reducing microglial activation and the expression of inflam-
matory factors. We assessed primary microglia on the expression
of AKT, mTOR, and STAT3 by using Western Blot and found that
the phosphorylation of STAT3, AKT, and mTOR was significantly
increased after LPS treatment, while SH decreased the phos-
phorylation of STAT3, AKT, and mTOR in LPS-treated microglia
(Figs. 6A, 6C-6E). Additionally, the analysis of proteins extracted
from the brain tissue in the penumbra of the ischemic hemi-
sphere revealed that the phosphorylation of AKT, mTOR, and
STAT3 was also significantly decreased in vivo compared to the
control group (Figs. 6B, 6F-6H). To further investigate whether
the AKT-mTOR-STAT3 pathway is associated with the anti-in-
flammatory effects of SH, we supplemented the LPS + SH + AKT
agonist SC79 (4 ug-mL™") group **. As shown in the graphs (Figs.
61-6K), the results revealed that the anti-inflammatory activity of
SH disappeared after AKT activation, suggesting that SH specific-
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ally inhibits lps-induced expression of microglial inflammatory
factors through the AKT-mTOR-STATS3 signaling pathway.

4. Discussion

This study identified a novel anti-neuroinflammatory com-
pound, SH. SH demonstrated the capacity to significantly reduce
the expression of pro-inflammatory cytokines, including IL-1p,
TNF-a, and inducible nitric oxide synthase (iNOS), in LPS-stimu-
lated cultured microglia cells and the penumbra region of a MCAO
mouse model. The anti-inflammatory effects of SH on the MCAO
mouse model improved neurological behaviors and decreased in-
farct volume, consistent with the compound’s ability to inhibit
the LPS-induced inflammatory response in acute lung injury
models using RAW264.7 cells ". These findings suggest that SH
may serve as an effective neuroprotective agent with potential
applications in the treatment of IS.

As resident cells of the brain, microglia contribute to the de-
velopment and homeostasis of the CNS by supporting neuronal
survival, apoptotic program, and synaptogenesis in the normal
brain *’. Typically, microglia exist in a resting state, exhibiting a
highly branched morphology. However, when brain homeostasis
is disrupted after stroke onset, microglia undergo rapid activa-
tion and transformation into an amoeboid shape, leading to the
release of inflammatory factors, synaptic degeneration, nerve cell
death, and neurotoxicity *. Ibal is a 17-kDa EF-hand calcium-
binding protein widely expressed in macrophages and microglia,
and its levels are significantly elevated when these cells are activ-
ated *'. In this research, after SH treatment, the morphology of
microglia and the fluorescence intensities of Ibal were reversed,
indicating that SH suppressed microglial activation and thereby
exerted a potential neuroprotective effect.
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Following cerebral ischemia, microglia undergo a transform-
ation into a pro-inflammatory phenotype, releasing inflammat-
ory mediators such as TNF-a, IL-1f, NO, and interferon-y (IFN-y),
accompanied by an increase in CD86 expression *°. These pro-in-
flammatory cytokines, IL-1B and TNF-qa, can exacerbate brain in-
jury by activating damaging signaling pathways (e.g., NF-xB and
JNK/AP-1), leading to blood-brain barrier disruption and the ini-
tiation of apoptotic mechanisms (such as glutamate-mediated ex-
citotoxicity) ***°. Furthermore, iNOS interacts with other inflam-
matory factors, like IL-1B and TNF-a, and is involved in the in-
flammatory cascade *°. Numerous studies have reported that the
reduction of CD86, a pro-inflammatory microglial marker, inhib-
its neuronal apoptosis in the brain®’. Therefore, the synthesis, se-
cretion, and biological activity of these pro-inflammatory cy-
tokines represent potential therapeutic targets for IS. Our data in-
dicate that SH inhibited the microglial expression of pro-inflam-
matory factors (such as IL-1B, TNF-a, and iNOS) and CD86 fol-
lowing IS, suggesting the neuroprotective effect of SH.

P-AKT is a major effector of the AKT-mTOR-STAT3 pathway,
which regulates cellular functions by activating various transcrip-
tion factors, kinases, and enzymes *°. mTOR, a downstream tar-
get of p-AKT, is a serine-threonine protein kinase regulated by
proline and is stimulated by various factors that mediate essen-
tial biological processes in the brain *°. STAT proteins belong to a
family of transcription factors that play an important role in cel-
lular signal transduction. Similar to the mTOR protein, STAT3 in-
tegrates extracellular signals (like cytokines) from the interferon
and interleukin families . The AKT-mTOR-STAT3 pathway,
which has been reported as a key signal transduction pathway in
the inflammatory response, is highly activated in microglia after
IS and is involved in the aggravation of disease damage . The
data presented here showed that the phosphorylation levels of
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AKT, mTOR, and STAT3 were decreased after treatment with SH.
Moreover, the highly selective AKT agonist SC79 ** was used to
validate the specific effect of SH on the AKT-mTOR-STAT3 path-
way during neuroinflammation. As shown in the graphs (Figs.
6 1-6K), the anti-inflammatory activity of SH disappeared after
AKT activation, suggesting that SH specifically inhibits LPS-in-
duced expression of microglial inflammatory factors through the
AKT-mTOR-STAT3 signaling pathway. These findings confirm
that SH pretreatment inhibits the inflammatory response of activ-
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ated microglia by modulating the AKT-mTOR-STAT3 pathway.
Meanwhile, there was no significant change in microglial NF-«xB
and ERK phosphorylation levels in microglia after LPS stimula-
tion (not shown), indicating that the anti-inflammatory effect of
SH on microglia did not work through these pathways.

In summary, this study revealed the protective effects of SH
against IS injury and its anti-inflammatory action on microglia
and the potential underlying mechanism involving the inhibition
of the AKT-mTOR-STAT3 signaling pathway. These findings indic-
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ate that SH may offer a new therapeutic approach for the treat-
ment of IS.
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