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Propofol alleviates M1 polarization and neuroinflammation of microglia
in a subarachnoid hemorrhage model in vitro, by targeting
the miR-140-5p/TREM-1/NF-kB signaling axis
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ABSTRACT

Subarachnoid hemorrhage (SAH) is a devastating stroke caused by ruptured intracranial aneurysms, leading to
blood accumulation around the brain. Early brain injury (EBI) within 72 h post-SAH worsens prognosis, pri-
marily due to intense neuroinflammation. Microglia, pivotal in central nervous system defense and repair,
undergo M1 to M2 polarization post-SAH, with M1 exacerbating neuroinflammation. Propofol (PPF), an anes-
thetic with anti-inflammatory properties, shows promise in mitigating neuroinflammation in SAH by modulat-
ing microglial activation. It likely acts through microRNAs like miR-140-5p, which attenuates microglial acti-
vation and inflammation by targeting TREM-1 and the NF-«B pathway. Understanding these mechanisms
could lead to new therapeutic approaches for SAH-related EBI. In this study, BV-2 cell was used to establish
in vitro model of SAH, and the expression of miR-140-5p and TREM-1 was detected after modeling. Microglial
activity, apoptosis, the inflammatory pathway and response, oxidative damage, and M1/M2 polarization of
microglia were evaluated by drug administration or transfection according to experimental groups. Finally, the
targeting relationship between miR-140-5p and TREM-1 was verified by dual luciferase reporter assays, and
the effect of PPF on the miR-140-5p/TREM-1/NF-«B signaling cascade was evaluated by RT—-qPCR or
Western blotting. PPF effectively mitigates apoptosis, neuroinflammation, oxidative damage, and M1
microglial polarization in SAH. In SAH cells, PPF upregulates miR-140-5p and downregulates TREM-1.
Mechanistically, PPF boosts miR-140-5p expression, while TREM-1, a downstream target of miR-140-5p,
inhibits NF-xB signaling by regulating TREM-1, promoting M1 to M2 microglial polarization. Reduced miR-
140-5p or increased TREM-1 counters PPF's therapeutic impact on SAH cells. In conclusion, PPF plays a neu-
roprotective role in SAH by regulating the miR-140-5p/TREM-1/NF-»B signaling axis to inhibit neuroinflam-
mation and M1 polarization of microglia.
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Introduction

Subarachnoid hemorrhage (SAH), mainly caused by a ruptured
aneurysm, is a devastating hemorrhagic stroke with high mortality
that is characterized by blood accumulation in the subarachnoid
space surrounding the brain.! The latest evidence shows that early
brain injury (EBI) occurring within 72 h after SAH is a key factor
leading to poor prognosis in SAH patients.>? Among them, intense
neuroinflammation after SAH is considered to be a key factor in
the progression of EBI after SAH.* As an important mediator of
neuroinflammation, microglia play a key role in host defense and
tissue repair in the central nervous system and are rapidly activated
after various acute brain injuries (including SAH).> In SAH, many
studies have reported that M1 microglia predominate in the begin-
ning and then transition to the M2 phenotype. Inhibiting M1 polar-
ization of microglia can significantly improve neuroinflammation
and nervous system outcomes after SAH.C It is also noteworthy to
consider the interactions of microglia with astroglia, another essen-
tial glial cell type in neuroinflammation. Astroglia, through their
close communication with microglial cells, further regulate
inflammatory responses and contribute significantly to the overall
neuroinflammatory environment in SAH and other brain injuries.
These effects might be mediated by microRNAs (miRNAs).
Certain dysregulated miRNAs may lead to chronic microglial
inflammation, which in turn leads to the development of neurode-
generative diseases.” Therefore, therapeutic strategies targeting the
transformation of microglia can be used as an entry point to reverse
the progression of EBI after SAH. Experiments can be carried out
to further explore the pathological progression of SAH and enrich
therapeutic strategies for SAH. Propofol (2,6-diisopropyl phenol,
PPF) is a widely used short-acting intravenous anesthetic that is
often used in the clinical treatment of analgesia and as an anticon-
vulsant. In addition to hypnosis and sedation, PPF also has anti-
inflammatory properties, which can reduce the production of pro-
inflammatory cytokines, change the expression of nitric oxide, and
inhibit the function of neutrophils.® There is evidence that PPF can
reduce microglial activation when cells are exposed to external
stimuli.>!* In addition, in the latest preclinical studies, PPF has
been shown to reduce inflammatory brain injury after SAH and has
neuroprotective effects.!'> However, the effect of PPF on EBI-
associated microglial activation after SAH remains largely
unknown. In addition, the molecular mechanism by which PPF
confers anti-inflammatory activity in microglia remains to be elu-
cidated. As small noncoding RNAs, miRNAs have been compre-
hensively studied for their important regulatory functions in
microglial activation. We noted that several previous studies have
shown that PPF reduces microglial activation and the inflammato-
ry response by regulating miRNA expression.!®!* Therefore, we
speculated that PPF regulates the progression of EBI after the phe-
notypic transformation of microglia reverses SAH, and its mecha-
nism of action may be related to downstream miRNAs.

MicroRNA-140-5p (miR-140-5p) is a well-known inflamma-
tion-associated miRNA that regulates inflammation, anti-apoptosis,
and immune responses in many human diseases. Studies have con-
firmed that miR-140-5p is involved in nerve damage in various
cerebrovascular diseases.!*!> Importantly, recent preclinical studies
have manifested that miR-140-5p weakens SAH-induced
microglial activation and the inflammatory response, as well as
neuronal damage, mainly by regulating downstream pathways.!¢17
In addition, PPF can play a therapeutic role in other diseases by
upregulating miR-140-5p."® Therefore, miR-140-5p was the most
popular candidate gene in our study. Subsequently, a bioinformatics
prediction website showed that trigger receptor 1 (TREM-1)
expressed on myeloid cells could be used as the downstream target
gene of miR-140-5p. Elevated TREM-1 has been shown to be asso-
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ciated with poor prognosis in patients with SAH.'??° In addition,
TREM-1 can participate in the activation of the nuclear factor-xB
(NF-kB) signaling cascade by coupling with DAP-12.2 Recent
studies have shown that restriction of the NF-kB cascade can con-
tribute to relieve EBI after SAH.?2 More importantly, activation of
the NF-kB cascade is associated with an increase in aneurysm
microglial cell populations.”* Based on the above background, we
hypothesized that PPF ameliorates SAH neuroinflammation by reg-
ulating the miR-140-5p/TREM-1/NF-«B signaling axis to mediate
microglial phenotypic transformation. In this study, the effects of
PPF on M1/M2 polarization and neuroinflammatory damage in
microglia induced by EBI after SAH were studied using an SAH
cell model and microglial phenotypic transformation as an entry
point. On this basis, the influence of PPF on EBI after SAH medi-
ated by the miR-140-5p/TREM-1/NF-«B signaling axis and its pos-
sible regulatory mechanism were further discussed.

Materials and Methods

Cellular Model

BV-2 microglia were used (National Cell Line Resource
Infrastructure). The cells were cultured in DMEM (C11995500BT;
Gibco, Rockville, MD, USA) containing 10% FBS and 1% peni-
cillin/streptomycin at 37°C and 5% CO2. Oxygenated hemoglobin
(OxyHb, 25 nM) was added to BV-2 cells for 24 h to establish an
in vitro SAH model.>* BV-2 cells were treated with 100 nM
rapamycin (R485503, Aladdin Scientific, Washington DC, WA,
USA) and 1 mM DMOG (D408454; Aladdin Scientific) for 1 h
before OxyHb induction.

Experimental grouping and administration

Cells in the logarithmic growth stage were selected for exper-
imental intervention and grouping and randomly divided into 13
groups, as shown in Table 1. For PPF (Aladdin Scientific) treat-
ment, BV-2 microglia were incubated with different concentrations
of PPF (0, 6.25, 12.5, 25, 50 and 100 uM) for 24 h after OxyHb
induction, and the optimal administration concentration of PPF
was selected according to cell activity and used as the experimen-
tal concentration for the following experiments. miR-140-5p
mimic or inhibitors (miR-140-5p mimic/in-miR-140-5p), overex-
pression plasmids targeting TREM-1 (OE-TREM-1) or short hair-
pin RNA (sh-TREM-1) and their negative controls (sh-NC, OE-
NC, mimic NC, in-NC) were all purchased from RiboBio Co. Ltd.
(Guangzhou, China). When the cells adhered to the wall and
reached approximately 80% confluence, the above plasmids and
RNA were transfected into BV-2 cells using Lipofectamine 3000
reagent according to the manufacturer’s instructions. The transfec-
tion efficiency was verified by RT-qPCR. The follow-up experi-
ment was carried out 24 h after the experimental intervention.

CCK-8

Cell viability was assessed by a CCK-8 Cell Counting Kit
(C0038; Beyotime, Shanghai, China). Logarithmic cells were
inoculated in 96-well plates, and 10 pL of CCK-8 solution was
added to each well for 2 h. Optical density (OD) values were mea-
sured at 450 nm with an enzyme marker.

Flow cytometry (FCM)

BV-2 cells were inoculated into a 6-well plate (5x10°
cells/well) for SAH stimulation and transfection as described
above. This was followed by reaction with 5 uL. Annexin V-FITC
and 10 pL PI (40302ES20; Yeasen, Shanghai, China) in the dark
for 5 min. Finally, apoptotic cells were counted by an Attune™
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NxT Flow Cytometer (A24858; Invitrogen, Carlsbad, CA, USA).
The percentage of the M1/M2 microglial phenotype was deter-
mined by assessing the levels of CD86 and CD206, the corresponding
markers of the M1/M2 microglial phenotype. BV-2 cells were collect-
ed and adjusted to 2x10° cells/well after digestion by pancreatic
enzymes. When the degree of cell fusion was approximately 80%, the
cells were digested, resuspended and counted. Fifty microliters of sin-
gle-cell suspension (approximately 1x10° cells) was added to 10 uL of
CD86 (AF1447; Beyotime, Shanghai, China) and CD206 (AG2660;
Beyotime) antibodies with fluorescent marker FITC-labeled Goat
Anti-Rabbit IgG(H+L) (A0562; Beyotime) and incubated at room
temperature for 60 min away from light. Finally, the percentages of
CD86 and CD206 were measured in an Attune™ NxT Flow
Cytometer (A24858; Invitrogen) equipped with FlowJo software.

ELISA

The BV-2 cell culture supernatant was collected following the
manufacturer’s instructions. Cytokine concentrations were mea-
sured by an IL-1p ELISA kit (KE10003; Proteintech, Rosemont,
IL, USA), TNF-a ELISA kit (KE10002; Proteintech), and IL-6
ELISA kit (KE10008; Proteintech).

Oxidative stress reaction analysis

The BV-2 cells were collected and dissolved in 0.2% Triton X-100
(100-100 ML; Sigma-Aldrich, St. Louis, MO, USA). After centrifuga-
tion, 50 pL of supernatant was collected for the experiment. The SOD
Assay Kit (S0101S; Beyotime) or MDA Assay Kit (S0131S; Beyotime)
was applied to detect the activity levels of superoxide dismutase (SOD)
and malondialdehyde (MDA) according to the manufacturer’s instruc-
tions. Similarly, an ROS assay kit (S0033S; Beyotime) was used to
assess the production of reactive oxygen species (ROS).

RT-qPCR

RNA extraction was carried out using a TRIzol kit (RC112-01;
Vazyme, Nanjing, China), and the concentration of RNA was
determined. HiScript 111 1st Strand cDNA Synthesis Kit (R211-02;
Vazyme) for reverse transcription; Taq Pro Universal SYBR qPCR
Master Mix (Q712-02; Vazyme) was applied to real-time PCR with
the following cycle conditions: 95°C 5 min (predenaturation),
95°C 10 s (denaturation), 60°C 1 min (annealing/extension), 40
cycles. U6 and GAPDH were used to normalize miR-140-5p and
mRNA, respectively. The primers are shown in Table 2.

Western blot

Protein was extracted from cell precipitation by radioimmuno-
precipitation (RIPA, BL504A, Biosharp, Hefei, China) buffer con-

Table 1. Experimental grouping and administration.
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taining protease inhibitors. An equal amount of protein was added
to each sample, separated by SDS-PAGE (Criterion™ Cell; Bio-
Rad, Hercules, CA, USA), and then transferred to a PVDF mem-
brane for separation. Subsequently, the membrane was closed with
5% skim milk at room temperature for 2 h, and then incubated with
primary antibody at 4°C overnight. Then, the membrane was incu-
bated with the secondary antibody (1:10,000, bs-0295G-HRP) for
2 h. The imprinted tape was visualized and exposed to X-ray film
using enhanced chemiluminescence (ECL, NCM Biotech, Suzhou,
China), and ImageJ software was used for analysis. The primary
antibodies used are as follows: Rabbit Anti-TREM-1 antibody
(1:1000, TA-08, ZSBG-Bio), Rabbit Anti-pNF-kB antibody
(1:1000, TA-08, ZSBG-Bio), Rabbit Anti-NF-«B antibody
(1:1000, TA-08, ZSBG-Bio), Anti-iNOS antibody [EPR16635] (1:
antibody 1000, ab178945, Abcam, Cambridge, UK) Recombinant
Anti-Ym-1 + Ym-2 antibody [EPR15263] (1: Description 10000,
ab192029, Abcam), Anti-GAPDH antibody [6C5] -Loading
Control (1:10,000, ab8245, Abcam).

Immunofluorescence staining

Dual immunofluorescence staining was used to detect CD86 and
CD206 in Ibal-labeled microglia. The green fluorescently labeled
Ibal was the marker of microglia, red fluorescently labeled CD86 was
the representative cell surface marker expressed on M1 microglia,
while the yellow fluorescently labeled CD206 was the representative
cell surface marker expressed on M2 microglia. 2.5 x 10* cells BV-2
cells were inoculated in an 8-well slide with 500 puL/ well, and the cell
culture supernatant was discarded after drug administration. The cells
on the cell culture slide were fixed with 4% paraformaldehyde
(P0099-500ml) at room temperature for 30 min, and then incubated
with CD86 (1:200 dilution, AF1447; Beyotime), CD206 (1:200 dilu-
tion, 18704-1-AP; Proteintech) and Ibal (1:200 dilution, ab 283346;
Abcam) at 4°C overnight. Subsequently, the cells on the glass slide
were rinsed twice with TBS. The cells were incubated with HRP-
labeled Goat Anti-Rabbit IgG(H+L) (1:1000 dilution, bs-0295G-HRP,
Bioss Antibodies, China) to label CD86 and CD206, and incubated
with HRP-labeled Goat Anti-Mouse IgG(H+L) (1:1000 dilution, bs-
0296G-HRP; Bioss Antibodies, Beijing, China) to label Ibal at room
temperature for 90 min. After rinsed twice with TBS, Fluoroshield™
containing 4',6-Diamidino-2-phenylindole (DAPI) was used to fix the
slides. Finally, the stained cells were observed under a fluorescence
microscope (BX43, Olympus) and the fluorescence intensities of
CD86, CD206 and Ibal were analyzed using ImageJ software
(National Institutes of Health, Bethesda, MD, USA). Negative con-
trols were performed by omitting the primary antibodies.

Groups Group specification

Control group Normal control group

SAH group Model group

SAH+PPF group Adding the optimal concentration of PPF to treat SAH model cells

SAH+PPF+in-NC group
SAH+PPF+in-miR-140-5p group

SAH model construction, PPF treatment + transfection inhibitor negative control

After constructing in vitro SAH model), transfected miR-140-5p mimic

SAH+PPF+OE-NC group
SAH+PPF+OE-TREM-1 group

PPF treatment + transfection of blank overexpressed plasmid group

PPF treatment + transfection of targeted TREM-1 overexpression plasmid

SAH+ mimic-NC group
SAH+miR-140-5p mimic group

Transfection mimic-NC after constructing in vitro SAH model

After constructing in vitro SAH model), transfected miR-140-5p mimic

SAH+OE-NC group
SAH+OE-TREM-1 group

After in vitro SAH model was constructed, OE-NC was transfected
After in vitro SAH model was constructed, OE-TREM-1 was transfected

SAH+sh-NC group
SAH+sh-TREM-1 group

After in vitro SAH model was constructed, transfected sh-NC
After constructing in vitro SAH model, transfected sh-TREM-1
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Luciferase reporter assay

For the dual luciferase reporting experiment, the target gene
TREM-1-wild-type (WT-TREM-1) vector and mutant vector
(MUT-TREM-1) with miR-140-5p binding sites were designed
through an online bioinformatics analysis website. The double
luciferase reporter vector plasmid was constructed by Shanghai
Shenggong Bioengineering Co. (China). BV-2 cells were transfect-
ed with the above vectors and miR-140-5p mimic/mimic-NC for
24 h. The supernatant was collected after cell lysis and centrifuga-
tion at 12,000 rpm for 1 min. Then, luciferase activity was detected
via a dual luciferase detection system.

Statistical analysis

Data were analyzed and mapped using GraphPad Prism 9 (ver-
sion 9.5.0, La Jolla, CA, USA). Photoshop was used to organize the
images. All maps are presented as the means+=SDs, and the significant
difference between groups was tested by a r-test. A p-value less than
0.05 was considered significant (*p<0.05, **p<0.01, ***p<0.001).

Table 2. Primer sequences.

Genes Primer sequences (5°-3’)

miR-140-5p F:5'-CAGTGGTTTTACCCTATGGTAG-3'

R:5'-ACCATAGGGTAAAACCACTGTT-3'

TREM-1 F:5-TGGTGCCTTGTAGCTGTC-3'
R:5-TCTTTGAAGGCCTCTCTG-3'

iNOS F:5-GCTGAACTTGAGCGAGGA-3'
R:5'-ACTCAGTGCCAGAAGCTGGA-3'

YM1/2 F:5'-TGGACCTGACTACAATTCCTACA-3'
R:5-AGACCCTGAATACTGCATGGTT-3'

U6 F:5-GCGCGTCGTGAAGCGTTC -3'
R:5'-GTGCAGGGTCCGAGGT-3'

GAPDH F:5'-ACCACAGTCCATGCCATCAC-3'

R:5'-TCACCACCCTGTTGCTGTA -3'

Results

PPF plays a neuroprotective role in SAH by
inhibiting neuroinflammation and microglial M1
polarization

After the SAH cell model was constructed with BV-2 cells, the
effect of PPF at different concentrations (0, 6.25, 12.5, 25, 50, and
100 uM) on cell viability was determined by CCK-8. Our data
revealed that the viability of BV-2 cells in the SAH group was
sharply depressed vs. the control group (p<0.001). The cell viabil-
ity significantly increased in the 12.5 uM, 25 pM, and 50 uM PPF
treatment groups compared to the SAH group (p<0.001) (Figure
1A). This suggests that PPF concentrations of 12.5 pM, 25 uM,
and 50 uM notably enhanced BV-2 cell viability induced by
OxyHb. Among these concentrations, the 25 uM PPF treatment
demonstrated the highest viability enhancement. However, no sig-
nificant changes were observed with 6.25 uM and 100 uM PPF
treatments. Consequently, a concentration of 25 uM PPF was cho-
sen for subsequent studies. FCM showed that the apoptosis rate of
BV-2 cells in the SAH group was increased by 9.22% vs. the con-
trol group (p<0.001). However, SAH-induced apoptosis was
reversed by PPF (Figure 1B). To determine the effect of PPF on
SAH-induced neuroinflammation and oxidative damage, we mea-
sured the levels of pro-inflammatory factors, ROS production,
SOD content, and MDA levels in cells. Our results displayed that
SAH induced neuroinflammation by promoting TNF-a, IL-1f, and
IL-6 levels in BV-2 cells and induced oxidative damage by increas-
ing ROS production and MDA levels while reducing SOD activity.
However, SAH-induced neuroinflammation and oxidative damage
could be reversed by PPF (Figure 1 C-F). Subsequently, we further
explored the influence of PPF on the polarization of M1 and M2
microglia. RT-qPCR and Western blot results manifested that PPF
treatment markedly depressed M1 surface markers (iNOS) and
increased M2 surface markers (YM1/2) vs the model group
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Figure 1. PPF can weaken BV-2 cell damage caused by OxyHb. The SAH cell model was constructed by BV-2 cells, and then PPF admin-
istration was performed. A) CCK-8 method test of cell proliferation activity. B) Flow cytometry detection of apoptosis rate.
C) The levels of IL-1B, IL-6 and TNF-a in the supernatant of cells were detected by ELISA kit. D-F) The oxidative damage of cells was
evaluated by SOD, ROS and MDA levels. *p<0.05, **p<0.01, ***p<0.001, n=3.
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(p<0.05) (Figure 2 A,B). In addition, the FCM results for CD86
(M1 surface marker) and CD206 (M2 surface marker) revealed
that PPF treatment reduced the number of CD86+ microglia and
increased the number of CD206+ microglia vs. the model group.
By using double immunofluorescence labeling method, we identi-
fied that the expression of CD86+ in Ibal-identified microglial
cells significantly decreased in the PPF treatment group comparing
with model (p<0.01, Figure 2C). On the other hand, CD 206+ in
Ibal-identified microglial cell significantly increased comparing
with model group (p<0.05, Figure 2D). This evidence suggests that
in SAH, PPF can limit microglial M1 polarization and neuroin-
flammation.

PPF plays a neuroprotective role in SAH by
upregulating miR-140-5p

To further explore the specific mechanism of the neuroprotec-
tive effect of PPF, detection of miR-140-5p in cells was performed.

Our data showed that miR-140-5p was markedly downregulated in
the SAH group vs. the control group, while PPF upregulated miR-
140-5p (p<0.001) (Figure 3A). We then downregulated miR-140-
5p in the context of PPF treatment and verified it by RT-qPCR
(Figure 3B). Subsequently, biological function experiments
showed that downregulation of miR-140-5p reversed the effects of
PPF on microglial activity, apoptosis, inflammation and oxidative
stress damage (Figure 3 C-H). In addition, RT-qPCR, Western blot,
FCM and immunofluorescence staining results showed that the
influence of PPF on the polarization of M1 and M2 microglia was
reversed after downregulating miR-140-5p (Figure 4 A-D). This
evidence strongly confirms that PPF plays a neuroprotective role
in SAH by upregulating miR-140-5p.

TREM-1 is involved in the development of SAH as
a target gene of miR-140-5p

First, we predicted the binding site of miR-140-5p to TREM-1
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Figure 3. Downregulation of miR-140-5p reversed the ameliorative effect of PPF on SAH cell damage. A) RT-qPCR examination of miR-
140-5p in cells. B) BV-2 cells were transfected with miR-140-5p in the presence of PPF and OxyHb; transfection efficiency of cells. C)
CCK-8 assay of cell proliferation activity. D) Flow cytometry detection of apoptosis rate. E) The levels of IL-1p, IL-6 and TNF-a in the
supernatant of cells were detected by ELISA kits. F-H) The oxidative damage of cells was evaluated by SOD, ROS and MDA levels.

**p<0.01, ***p<0.001, n=3.
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using a bioinformatics website (Figure SA). Subsequently, mRNA
targeted to miR-140-5p was screened by a dual luciferase reporter
assay. As shown in Figure 5B, the luciferase activity decreased
after cotransfection of the miR-140-5p mimic with WT-TREM-1
but did not affect the luciferase activity after cotransfection of
MUT-TREM-1 with the miR-140-5p mimic. Subsequently, we
examined TREM-1 in SAH. As shown in Figure 5C/D, TREM-1
was abnormally highly expressed in SAH, while PPF treatment or
overexpression of miR-140-5p reduced TREM-1 levels. Previous
studies have shown that activation of the NF-«xB signaling cascade
is a key downstream target of TREM-1.2° Subsequently, we
silenced or overexpressed TREM-1 in SAH cell models and found
that silencing TREM-1 inhibited the activation of the NF-kB sig-
naling cascade, whereas overexpression of TREM-1 had the oppo-
site effect (Figure SE). In addition, RT—qPCR results showed that
silencing TREM-1 significantly reduced the expression of M1 sur-

>
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face markers (iNOS) and increased the expression of M2 surface
markers (YM1/2), while overexpression of TREM-1 had the oppo-
site effect (Figure 5F). These data indicate that TREM-1 is the
downstream target gene of miR-140-5p and that miR-140-5p
inhibits the activation of the NF-«B signaling cascade by targeting
TREM-1 expression, thereby inhibiting M1 polarization of SAH
microglia.

PPF plays a neuroprotective role in SAH by regu-
lating the miR-140-5p/TREM-1 axis

To further clarify whether PPF affects TREM-1 by regulating
the expression of miR-140-5p and thereby participates in the pro-
gression of SAH, we conducted a functional salvage experiment.
As shown in Figure 6 A,B, the promoting influence of PPF on
miR-140-5p could not be affected by overexpression of TREM-1,
but the inhibiting influence of PPF on TREM-1 was reversed by
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Figure 4. Downregulation of miR-140-5p reversed the effect of PPF on M1/M2 polarization of SAH cells. A,B) The expression of M1
surface marker (iNOS) and M2 surface marker (YM1/2) were detected by RT-qPCR and Western blot. C) The levels of CD86 (M1 marker)
or CD206 (M2 marker) were determined by flow cytometry. D) Immunofluorescence detection of CD86 and CD206 in Ibal-labeled
microglial cells; scale bars: 100 um; *p<0.05, **p<0.01, ***p<0.001, n=3.
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overexpression of TREM-1 (Figure 6 A,B). The results of biologi-
cal function experiments showed that after upregulation of TREM-
1, the effect of PPF on enhancing cell vitality and inhibiting cell
apoptosis, inflammation and oxidative stress damage was weak-
ened (Figure 6 C-H). In addition, RT-qPCR, Western blot, FCM
and immunofluorescence staining results showed that the effect of
PPF on the polarization of M1 and M2 microglia was reversed
after upregulation of TREM-1 (Figure 7 A-D). These results sug-
gest that PPF plays a neuroprotective role in SAH by regulating the
miR-140-5p/TREM-1 axis to inhibit M2 polarization and neuroin-
flammation of microglia.

Discussion

Many studies have verified that microglia play a key role in
regulating neuroinflammation in the pathogenesis of EBI after
SAH.2122 Here, we observed that PPF inhibited oxidative stress

v~]

damage and pro-inflammatory factor secretion in SAH by regulat-
ing the miR-140-5p/TREM-1/NF-kB signaling axis and further
promoted the transformation of the microglial M1 phenotype to the
M2 phenotype after SAH. To date, this study is the first to investi-
gate the possible molecular mechanism of PPF in microglial
inflammation and microglial polarization after SAH.

Previous studies have confirmed that neuroinflammation plays
a dominant role in the pathophysiological progression of SAH,
including the activation of resident microglia and recruitment of
immune cells, as well as the production of large amounts of pro-
inflammatory mediators.?>>* Recent studies have shown that
microglia can be polarized into two different phenotypes, M1 (pro-
inflammatory) and M2 (anti-inflammatory).>>?¢ At the outset of
pathological injury in SAH, M1-induced microglial activation is
closely related to neuroinflammation through the production of a
series of inflammatory mediators, which further leads to neuroin-
flammation, the immune response, neuronal damage, efc.?’?
Consistent with this theory, our research confirms that SAH-
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with miR-140-5p. C,D) RT-qPCR and Western blot were used to evaluate the effects of PPF treatment or overexpression of miR-140-5p
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induced M1 polarization markers, pro-inflammatory factors and
oxidative stress damage were significantly increased, but M1
polarization markers were decreased in microglia.

PPF has been reported to have antioxidant and anti-inflamma-
tory properties and to modulate neuronal apoptosis and immune
function properties in a variety of stroke-induced brain injuries.’*-
32 Ma et al. found that PPF plays a neuroprotective role in stroke
by inhibiting inflammatory pathways.*° In addition, Yu ef al. found
that PPF alleviated inflammatory damage after cerebral infarction
by inhibiting the overactivation of microglia.* However, the role
of PPF in SAH has not been studied. Recent study suggested that
PPF exerts anti-inflammatory effects and protects astrocytes from
LPS-induced inflammatory injury by downregulating LncRNA-
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MEGS3 expression and inhibiting NF-kB activation. The LncRNA-
MEG3/NF-«B axis may represent a potential therapeutic target for
PPF’s neuroprotective effects.’* Consistent with this study, we
found that PPF can significantly inhibit the release of pro-inflam-
matory cytokines after SAH while reducing oxidative stress dam-
age. Importantly, our findings suggest that PPF therapy can induce
microglia to change from a pro-inflammatory phenotype, M1, to
an anti-inflammatory phenotype, M2. In addition, PPF therapy can
improve microglial viability and apoptosis, which may be achieved
by regulating M2 microglial polarization.

MicroRNAs (miRNAs) are brief, non-coding RNA molecules
that modulate gene expression, influencing crucial molecular path-
ways crucial for tumor growth, resistance to cell death, invasion,
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Figure 6. Upregulated TREM-1 reversed the ameliorative effect of PPF on SAH cell damage. With the intervention of PPF and OxyHb,
BV-2 cells were transfected with OE-TREM-1. A,B) RT-qPCR examination of miR-140-5p and TREM-1 in cells. C) The CCK-8 method
was used to evaluate the viability of BV-2 cells. D) flow cytometry detection of apoptosis rate. E) The levels of IL-1, IL-6 and TNF-a
in the supernatant of cells were detected by ELISA kits. F-H) The oxidative damage of cells was evaluated by SOD, ROS and MDA levels.

**p<0.01, ***p<0.001, n=3.
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angiogenesis, and metastasis across various cancer types.>>
Dysregulation of miRNA expression in human cancers arises from
processes such as miRNA gene amplification or deletion, aberrant
transcriptional regulation of miRNAs, disrupted epigenetic modi-
fications, and defects in miRNA biogenesis mechanisms.’*** It has
been confirmed that miRNAs are highly sensitive to cell stimula-
tion and pathophysiological conditions and directly participate in
the adjustment of several key pathophysiological processes after
SAH.*# It has been reported that miR-140-5p can reduce SAH-
induced microglial activation and the inflammatory response as
well as neuronal damage by regulating downstream pathways.!¢!7
Importantly, PPF plays a therapeutic role by upregulating miR-
140-5p in other diseases.*® Consistent with previous studies, in this
study, we found that miR-140-5p was under expressed in SAH,
while PPF treatment significantly promoted miR-140-5p expres-
sion. In addition, PPF can inhibit the M1 polarization of microglia
and neuroinflammation by upregulating the expression of miR-
140-5p, which plays a neuroprotective role in SAH, suggesting
that PPF-mediated neuroinflammation may protect against SAH
EBI through targeted regulation of miRNA expression and func-
tion. miRNA-based disease therapies are in a stage of rapid clinical
development,? and targeting miR-140-5p may provide innovative
and practical therapies for SAH patients.

As an important factor in posttranscriptional gene regulation,
miRNAs can participate in disease progression by regulating
downstream mRNAs.¥7 Here, we found that miR-140-5p targets
the 3’-untranslated region of TREM-1, thereby promoting the
expression of TREM-1. TREM-1 is a glycoprotein in the
immunoglobulin superfamily that plays a key role in innate and
adaptive immunity. Sun ez a/. found that TREM-1 was involved in
the pathogenesis of SAH-induced EBL* We also noted that
TREM-1 can be involved in the activation of the NF-«kB signaling
cascade by coupling with DAP-12.2° NF-kB has been shown to
play a vital role in inflammatory signaling, bringing about
increased expression of pro-inflammatory cytokine genes. More
importantly, activation of the NF-kB cascade is related to increased
populations of microglia and macrophages in aneurysms.*
Therefore, in this study, we were interested in the miR-140-
S5p/TREM-1/NF-«xB pathway. Here, we demonstrate that miR-140-
Sp inhibits NF-kB by targeting TREM-1. From these cumulative
studies, we hypothesize that PPF promotes M2 polarization to
reduce neuroinflammation after SAH, which may depend on acti-
vation of the miR-140-5p/TREM-1/NF-«xB signaling axis. As we
surmised, TREM-1 is highly expressed in SAH, whereas PPF or
overexpression of miR-140-5p can reduce TREM-1 expression.
Cell rescue experiments confirmed that overexpressed TREM-1
could reverse the effect of PPF on SAH, suggesting that PPF might
play a neuroprotective role in SAH by targeting the miR-140-
Sp/TREM-1/NF-kB signaling axis.

Overall, our findings provide a novel mechanism by which
PPF exerts a neuroprotective role in SAH by targeting the miR-
140-5p/TREM-1/NF-«B signaling axis. This has potential implica-
tions across various neurological conditions such as stroke, trau-
matic brain injury, and neurodegenerative diseases, where neuroin-
flammation and neuronal damage are prominent. However, there
are several limitations to this study that warrant consideration.
Firstly, our investigation relied on BV-2 cell lines, necessitating
validation in an SAH animal model to better simulate the complex
in vivo environment of SAH. Secondly, while our findings provide
valuable insights, potential confounding factors such as variations
in cell culture conditions and experimental protocols may influ-
ence the robustness and generalizability of our results.
Furthermore, the sample size in our study may have restricted the
statistical power needed to detect subtle effects. Addressing these
limitations is crucial for ensuring the reliability and applicability of
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our findings to clinical settings. Additionally, the precise mecha-
nisms through which NF-kB modulates the progression of SAH
remain incompletely understood and require further investigation
to fully elucidate its role. Future investigations could focus on clin-
ical trials to evaluate PPF’s efficacy in mitigating conditions like
postoperative cognitive dysfunction and sepsis-associated
encephalopathy. Mechanistic studies exploring the miR-140-
S5p/TREM-1 axis could pave the way for novel therapeutic targets
and biomarkers, enhancing personalized approaches to neuropro-
tection in clinical settings.

This study highlights the critical role of PPF in preventing
excessive M1 activation of microglia, abnormal release of inflam-
matory factors, and oxidative damage, which will help ameliorate
severe nerve damage after SAH. Importantly, our results suggest
that miR-140-5p targeting Trem-1-mediated NF-kB activation is a
novel molecular target for the neuroprotective effects of PPF.
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