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Abstract

Background: Ischemic stroke triggers inflammatory responses that lead to neuronal damage, with microglial polarization significantly
influencing post-stroke inflammation. This study explores the role of Fc gamma receptor Ia (FCGR1A4) in microglial polarization and its
regulatory mechanisms in ischemic stroke. Methods: Differentially expressed genes (DEGs) associated with ischemic stroke were iden-
tified using the GSE58294 dataset. Hub genes were found by analyzing protein—protein interaction (PPI) networks. BV2 microglia were
subjected to oxygen—glucose deprivation/reoxygenation (OGD/R) to mimic ischemic conditions in vitro, and FCGR1A and inflammatory
marker levels were assessed. Besides, BV2 cells were stimulated with lipopolysaccharide (LPS) and interferon-gamma (IFN-v) to induce
M1 polarization, and the effects of FCGR1A overexpression and knockdown on cytokine production and microglial polarization were
evaluated. The function of the AMP-activated protein kinase (AMPK)-mTOR pathway in regulating microglial polarization was further
investigated using the mTOR inhibitor rapamycin (RAP). Results: From the 327 DEGs identified, FCGRI1A was chosen as a hub gene.
OGDJ/R treatment of BV2 cells produced a time-dependent rise in FCGR1A, induction of brown adipocytes 1 (Ibal), and interleukin 6
(IL-6) expression, indicating enhanced inflammation. FCGR1A overexpression induced a proinflammatory response and promoted M1
polarization, whereas FCGRIA knockdown reduced inflammation and shifted toward an anti-inflammatory M2 phenotype. Inhibition
of the mTOR pathway using RAP, combined with FCGR1A4 knockdown, significantly enhanced AMPK activation and promoted a shift
toward an anti-inflammatory M2 phenotype. Conclusion: FCGR1A4 modulates microglial polarization by affecting the AMPK-mTOR
signaling pathway in ischemic conditions. Targeting FCGRIA and related pathways could offer new therapeutic strategies to lessen
inflammation and facilitate the healing process after an ischemic stroke.
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1. Introduction

Stroke, a severe neurological condition, is defined by
the abrupt stoppage of blood flow to a particular brain area,
resulting in a significant loss of neurologic function [1]. Is-
chemic stroke, the most prevalent form, is driven by several
risk factors, such as atrial fibrillation, smoking, diabetes,
hypertension, and hyperlipidemia [2]. Despite advances in
preventive measures, stroke remains a major global con-
tributor to morbidity and mortality [3]. The high incidence
rates and substantial long-term disability in survivors high-
light the ongoing challenge of ineffective management [4].
Current treatments, such as thrombolysis and mechanical
thrombectomy, aim to restore blood flow rapidly; however,
their effectiveness is often limited by the narrow therapeutic
window and the complexities involved in post-stroke recov-

ery [5].

Recent research in ischemic stroke has increas-
ingly focused on the role of central nervous system mi-
croglia [6]. A Study employing oxygen—glucose depriva-
tion/reoxygenation (OGD/R) models have provided valu-
able insights into microglial responses during ischemic con-
ditions [7]. Furthermore, research involving lipopolysac-
charide (LPS) and interferon-gamma (IFN-v) treatments
has demonstrated their role in driving the M1 polarization
of microglia, which is associated with pro-inflammatory
responses and exacerbation of stroke pathology [8]. M1
microglia contribute to neuroinflammation and tissue dam-
age, while M2 microglia, typically promoted under differ-
ent conditions, are involved in tissue repair and resolution
of inflammation [9]. Understanding the balance between
these polarization states is crucial for developing targeted
therapeutic strategies to modulate microglial activity. De-
spite ongoing advances in treatment, stroke prognosis re-
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mains variable, with many patients experiencing persistent
neurological deficits [10]. Thus, there is an urgent need for
innovative diagnostic biomarkers and therapeutic interven-
tions to enhance patient outcomes and mitigate the global
burden of stroke.

Fc gamma receptor la (FCGRIA), also known as
CD64, encodes a high-affinity receptor for the Fc por-
tion of immunoglobulin G (IgG) and is predominantly ex-
pressed in monocytes, macrophages, and dendritic cells
[11]. This receptor plays a pivotal role in mediating
antibody-dependent cellular phagocytosis and inflamma-
tory responses by facilitating the clearance of pathogens
and activating pro-inflammatory pathways. Given its role
in these processes, FCGRIA is recognized as a significant
contributor to various inflammatory diseases. Weng W et
al. [12] identify FCGRI1A as crucial in peripheral immune
activation and neuroinflammation in aneurysmal subarach-
noid hemorrhage (aSAH), while Minett T ef al. [13] link
FCGRIA4 to microglial activation and Alzheimer’s disease-
related decrease in cognition. A recent analysis of datasets
from ischemic stroke and non-alcoholic fatty liver disease
(NAFLD) identified FCGR1A, among other genes, as a fa-
miliar immune-related candidate [14]. The AMP-activated
protein kinase (AMPK)-mTOR pathway regulates cellular
metabolism, growth, and stress responses and has also been
implicated in modulating inflammatory processes. A study
demonstrated this pathway’s critical function in controlling
neuroinflammation and microglia/macrophage polarization
in cerebral ischemia—reperfusion injury [15]. Furthermore,
Sun Z et al. [16] demonstrated that AMPK—mTOR signal-
ing pathway activation can protect human umbilical cord
mesenchymal stem cells (HUMSCs) from stroke-induced
apoptosis and inflammation. These results highlight the
possibility of focusing on the interplay between FCGRIA
and the AMPK-mTOR pathway to develop novel therapeu-
tic strategies for stroke and related diseases.

This study aims to elucidate the function of FCGRIA4
in ischemic stroke and its underlying processes in BV2 mi-
croglia. The effects of FCGR1A overexpression and knock-
down, and mTOR inhibition on cellular inflammation and
polarization were investigated to explore potential thera-
peutic targets for alleviating stroke-induced neuroinflam-
mation. Our findings highlight FCGR1A4 as a key regulator
of inflammatory processes and cellular phenotypic transi-
tions, providing insights into new strategies for managing
ischemic stroke and related neuroinflammatory conditions.

2. Materials and Methods

2.1 Downloading and Processing of the GSE58294
Dataset

The microarray dataset from GSE58294 was obtained
from Gene Expression Omnibus (GEO, https://www.ncbi.n
Im.nih.gov/gds/) and preprocessed by the R software (Ver-
sion 4.0.3; R Foundation for Statistical Computing, Vienna,
Austria). The dataset includes blood samples from car-

diogenic stroke patients (n = 69) and control subjects (n
= 23). The average expression value of these probe sets
was computed for genes with multiple probe sets. Differ-
ential analysis was performed using the GEO2R tool after
the probe IDs were converted to gene symbols. Fold change
(FC) threshold >1 was called upregulated differentially ex-
pressed genes (DEGs), FC <1 was called downregulated
DEGs, and the adjusted p-value threshold was <0.05.

2.2 Analysis of Protein—Protein Interactions (PPlIs)

We conducted a network analysis utilizing the Search
Tool for the Retrieval of Interacting Genes (STRING, ht
tps://string-db.org/) database to investigate PPI networks
within the DEGs. The resulting network, which included
clusters recognized by maximal neighborhood component
(MNC) and molecular complex detection (MCODE), was
shown with Cytoscape (Version 3.7.1; Institute for Systems
Biology, Seattle, WA, USA), a platform for network visual-
ization that is open-source. This allowed for a comprehen-
sive examination of the interactions among proteins. The
criterion for statistical significance was fixed at p < 0.05.

2.3 Identification and Expression Analysis of Overlapping
Genes

The genes in the MCODE and MNC modules were
cross-analyzed to acquire overlapping genes using the
bioinformatics platform (https://bioinformatics.psb.ugent.b
e/webtools/Venn/). To evaluate the expression levels of
overlapping genes, we used R for data processing and box-
plot visualization and examined their expression in the case
and regular groups of the GSE58294 dataset.

2.4 Cell Lines and Culture

Mouse microglia (BV2) were obtained from the Na-
tional Collection of Authenticated Cell Cultures (Shang-
hai, China) and maintained in Dulbecco’s Modified Eagle
Medium (DMEM; Gibco; Thermo Fisher Scientific, Inc.;
Waltham, MA, USA; cat. no. 11965) supplemented with
1% penicillin—streptomycin (Gibco; Thermo Fisher Scien-
tific, Inc.; Waltham, MA, USA; cat. no. 15140122) and
10% fetal bovine serum (FBS; Gibco; Thermo Fisher Sci-
entific, Inc.; Waltham, MA, USA; cat. no. 16000044). The
temperature of the cell cultures was kept at 37 °C in a hu-
midified environment with 5% COs.

2.5 Cell Treatment

OGDJ/R is a popular in vitro experimental method to
simulate ischemia-reperfusion damage and investigate as-
sociated cellular protection mechanisms. The medium was
replaced with D-glucose-free DMEM (Corning; Riverfront
Plaza, Corning, NY, USA; cat. No. 17-207-CV) and in-
cubated at 37 °C in a hypoxic incubator (94% nitrogen
and 5% carbon dioxide) for 2 h to simulate OGD damage.
The cells were transferred to a standard glucose-containing
DMEM (Gibco; Thermo Fisher Scientific, Inc.; Waltham,
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MA, USA; cat. no. 11965) medium in a regular incuba-
tor (reoxygenation). In this investigation, BV2 cells were
given OGD/R conditions for 12, 24, and 48 hours to model
ischemic injury. To induce an inflammatory response and
promote M1 polarization, BV2 cells were treated with [FN-
~v (MeilunBio; Dalian, Liaoning, China; cat. no. MB5954;
20 ng/mL) and LPS (Beyotime Biotechnology; Haimen,
Jiangsu, China; cat. no. ST1470; 100 ng/mL) for 24 hours.
Additionally, rapamycin (PAP; Beyotime Biotechnology;
Haimen, Jiangsu, China; cat. no. S1842), an allosteric
mTOR inhibitor, was administered at a concentration of 50
nM, and BV?2 cells were treated for 24 hours to investigate
its effects on cellular signaling pathways.

2.6 Transfection Assay

For transient transfection, a density of 2 x 10° cells
per well was applied to seed BV2 cells in 24-well plates.
Overexpression of FCGRIA4 in BV2 cells was performed
by transfecting the cells with a plasmid encoding the
FCGRIA gene. According to the manufacturer’s pro-
tocol, transfections utilized Lipofectamine 3000 (Invitro-
gen; Thermo Fisher Scientific, Inc.; Carlsbad, CA, USA;
cat. no. L3000). To knock down FCGRIA expres-
sion, BV2 cells were transfected with specific small in-
terfering RNA (siRNA) targeting FCGRIA. After trans-
fection, cells were cultured for 48 hours to allow for ef-
ficient overexpression or knockdown of FCGRIA. The
sequence of si-FCGRIA is CGUUCAGAUCUCCACGC-
CUAGUUAU (sense Sequence); AUAACUAGGCGUG-
GAGAUCUGAACG (antisense Sequence). The sequence
for small interfering RNA negative control (si-NC) is CGU-
UAGACCUCCGCAGAUCUCUUAU (sense Sequence);
AUAACUAGGCGUGGAGAUCUGAACG (antisense Se-
quence).

2.7 Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

The total RNA of BV2 cells was extracted using the
TRIzol reagent (Tiangen; Xuhui District, Shanghai, China;
Cat. no. 4992730) according to the manufacturer’s in-
structions. To synthesize cDNA, we utilized a PrimeScript
RT kit (Takara Biotechnology Co., Ltd.; Changping Dis-
trict, Beijing, China; cat. no. RR037). SYBR Green PCR
Master Mix (Vazyme Biotech Co., Ltd.; Nanjing Economic
and Technological Development Zone, Nanjing, China; cat.
no. A0012) was applied for qRT-PCR via the StepOne-
Plus Real-Time PCR System (Applied Biosystems; Thermo
Fisher Scientific, Inc.; Waltham, MA, USA). The levels of
gene expression were measured and adjusted for GAPDH.
The 2~ 2ACT method was utilized to compute each target
expression level. A primer sequence was set in Table 1.

2.8 Western Blot (WB) Assay

Protease and phosphatase inhibitors (CoWin Bio-
sciences; Taizhou, Jiangsu, China; cat. no. CW2200S)
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Table 1. Primer sequences for qRT-PCR.

Target Direction Sequence (5’-3")

FCGRIA  Forward CTCACAGGGTGGATGGGTTC
FCGRIA  Reverse CAAATCTGGGGAGGGTGCAT
CDI6 Forward GAGTCAGTCTGTCAGTCGGC
CDI6 Reverse GCCCCGAGTCTTGATTCGAT
CD32 Forward GTACTATCTGCCAAGCCGGG
CD32 Reverse CATGAGTCCCAGCAGCAAGA
iNOS Forward GGAGCGCTCTAGTGAAGCAA
iNOS Reverse TCCACTGCCCCAGTTTTTGA
CD206 Forward GGCTGATTACGAGCAGTGGA
CD206 Reverse ATGCCAGGGTCACCTTTCAG
Arg-1 Forward ATCGGAGCGCCTTTCTCAAA
Arg-1 Reverse CAGACCGTGGGTTCTTCACA
IL-10 Forward CCAAGGTGTCTACAAGGCCA
IL-10 Reverse ~ ACGAGGTTTTCCAAGGAGTTGT
IL-1a Forward GAGCCGGGTGACAGTATCAG
IL-1o Reverse ACTTCTGCCTGACGAGCTTC
IL-18 Forward  TGCCACCTTTTGACAGTGATGA
IL-18 Reverse GCCTGCCTGAAGCTCTTGTT
IL-6 Forward  TGATGGATGCTACCAAACTGGA
IL-6 Reverse GTGACTCCAGCTTATCTCTTGG
TNF-a Forward CACACTCACAAACCACCAAGTG
TNF-a Reverse GCAGCCTTGTCCCTTGAAGA
TGF-B Forward CTCAGATGGGGCGCTCATAC
TGF-8 Reverse AGAGCACACACAGGGATTGC
GAPDH  Forward CCCTTAAGAGGGATGCTGCC
GAPDH Reverse ATGAAGGGGTCGTTGATGGC

qRT-PCR, quantitative real-time polymerase chain reaction;
FCGRIA, Fc gammareceptor la; CD16, Fc gamma receptor I1la;
Arg-1, Arginase-1; iNOS, Inducible nitric oxide synthase; /L, in-
terleukin; TNF-«, tumour necrosis factor-alpha; TGF-43, trans-
forming growth factor 3.

were added to radio-immunoprecipitation assay (RIPA) ly-
sis buffer (Solarbio; Tongzhou Dist, Beijing, China; cat. no.
R0010) to obtain protein lysates from BV2 cells. The bicin-
choninic acid (BCA) Protein Assay Kit (Beyotime Biotech-
nology; Haimen, Jiangsu, China; cat. no. P0009) was
applied to measure the protein concentration. Polyvinyli-
dene fluoride membranes (PVDF; Beyotime Biotechnol-
ogy; Haimen, Jiangsu, China; cat. no. FFP22) were utilized
to receive equal quantities of protein that had been separated
with 10% Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE). Membranes were blocked with
5% skim milk and then incubated with primary antibodies
against FCGR1A (cat. no. ab140779), interleukin (IL)-
6 (cat. no. ab233706), induction of brown adipocytes
1 (Ibal) (cat. no. abl178847), FC gamma receptor Illa
(CD16) (cat. no. ab246222), inducible nitric oxide syn-
thase (iNOS) (cat. no. abl178945), CD206 (cat. no.
ab64693), Arginase-1 (Arg-1) (cat. no. abl133543), p-
AMPK (cat. no. ab133448), AMPK (cat. no. ab32047),
p-mTOR (cat. no. ab109268), and mTOR (cat. no.
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ab32028) (all from Abcam, Cambridge, MA, USA). Ex-
cept for FCGR1A, which was diluted at a ratio of 1:4000,
all other antibodies were diluted at a ratio of 1:1000. Mem-
branes were cleaned and then treated with the relevant sec-
ondary antibodies, including goat anti-rabbit [gG-HRP (cat.
no. ab6721; dilution 1:5000) and goat anti-mouse IgG-
HRP (cat. no. ab6789; dilution 1:5000) (all from Ab-
cam, Cambridge, MA, USA). GAPDH (Kangcheng; Cao-
hejing Hi-Tech Development Zone, Shanghai, China; cat.
no. KC-5G4; 1:5000) was an internal reference. A Chemi-
Doc imaging system (Bio-Rad, Shanghai, China; cat. no.
12003153) was employed to obtain the images of the pro-
tein bands, which were viewed using an enhanced chemilu-
minescence (ECL) kit (Tiangen; Xuhui District, Shanghai,
China; cat. no. ZN1926).

2.9 Enzyme-Linked Immunosorbent Assay (ELISA)

Samples of cell culture supernatant were appropriately
diluted and put into the wells of an ELISA plate that had
been coated beforehand with tumor necrosis factor-alpha
(TNF-«) (Invitrogen; Thermo Fisher Scientific, Inc.; Carls-
bad, CA, USA; cat. no. BMS607-3), IL-13 (Invitrogen;
Thermo Fisher Scientific, Inc.; Carlsbad, CA, USA; cat.
no. BMS6002-2), IL-10 (Invitrogen; Thermo Fisher Scien-
tific, Inc.; Carlsbad, CA, USA; cat. no. BMS614), and IL-6
(Invitrogen; Thermo Fisher Scientific, Inc.; Carlsbad, CA,
USA; cat. no. BMS603-2)-specific antibodies. Following
incubation, plates were washed to remove unbound mate-
rial. Enzyme-linked secondary antibodies were added to
each well, after which a chromogenic substrate was added.
The response was terminated using an appropriate stop so-
lution, and absorbance was detected at the specific wave-
length recommended for the substrate utilizing a microplate
reader. By comparing the absorbance readings to a stan-
dard curve created from standards of known quantities, the
amounts of TNF-«, IL-13, IL-10, and IL-6 were deter-
mined.

2.10 Immunofluorescence Staining

Cells or tissue sections were fixed with 4%
paraformaldehyde (Beyotime Biotechnology, Haimen,
Jiangsu, China; cat. no. PFA; P0099) at room temper-
ature for 15 minutes. Following fixation, samples were
permeabilized with 0.2% Triton X-100 (Bioss; Tongzhou
District, Beijing, China; cat. no. C03-02002) for 10
minutes. To reduce non-specific binding, samples were
stopped utilizing 5% BSA (Solarbio; Tongzhou Dist,
Beijing, China; cat. no. SW3015) in PBS for 1 hour. The
samples were treated with primary antibodies diluted in
1% BSA in PBS and incubated at 4 °C for a whole night.
The primary antibodies used were Ibal (cat. no. ab178847,
dilution 1:100), FCGRI1A (cat. no. ab140779, dilution
1:100), CD16/32 (cat. no. ab25235, dilution 1:200),
and CD206 (cat. no. ab64693, dilution 1:100) (all from
Abcam, Cambridge, MA, USA). After washing with PBS,

samples were incubated with fluorescent dye-conjugated
secondary antibodies, including goat anti-rabbit I[gG Alexa
Fluor® 488 (cat. no. ab150077, dilution 1:500) and goat
anti-mouse IgG Alexa Fluor® 594 (cat. no. abl50116,
dilution 1:500) (all from Abcam, Cambridge, MA, USA)
at room temperature for 1 hour. DAPI (Invitrogen; Thermo
Fisher Scientific, Inc.; Carlsbad, CA, USA; cat. no.
D1306) was applied as a five-minute counterstain on the
nuclei. Finally, samples were elevated using Fluoromount-
G (Yeasen, Shanghai, China; cat. no. 36307ES) and
pictured using a confocal microscope (FV1000, Olympus,
Beijing, China), magnification 20x. Images were captured
and analyzed with ZEN software (Version 3.1, Zeiss,
Oberkochen, Germany).

2.11 Statistical Analysis

R software was employed to conduct statistical analy-
sis. Data from experiments carried out thrice are displayed
as mean =+ standard deviation (SD) [17]. An independent
t-test was employed to compare the two groups. Tukey’s
posthoc test was applied to determine specific group differ-
ences in comparisons involving several groups, after which
a one-way ANOVA was conducted. A p-value of less than
0.05 was statistically significant.

2.12 Mycoplasma Detection Statement

In this study, we followed strict standard operating
procedures for cell culture and assays to ensure the qual-
ity and authenticity of the cell lines used. The cells we
used, BV2, were obtained from the National Center for the
Preservation of Certified Cell Cultures. To further vali-
date these cell lines’ authenticity and rule out the possibility
of mycoplasma contamination, we performed mycoplasma
testing on all cell lines. The assay results showed no my-
coplasma contamination was detected in any of the cell
lines tested, and all results were negative (Supplementary
Fig. 1). While STR profiling was not independently per-
formed in our lab, STR reference data are available from
the supplier (https://www.cellbank.org.cn/search-detail.ph
p?1d=899), and the cell line has not been reported to be
misidentified or contaminated. We are committed to com-
plying with scientific and ethical standards for all cell lines
used in our research, and we will continue to monitor and
maintain the integrity of our cell lines.

3. Results
3.1 DEG Screening and Expression Analysis in Stroke

A total of 197 downregulated and 130 upregulated
DEGs were found in the GSE58294 dataset, comprising
23 control and 69 cardioembolic stroke samples (Fig. 1A).
Through the STRING database, PPI network analysis of
these DEGs revealed a network with 164 nodes and 302
edges. The MCODE algorithm identified a subnetwork
containing 12 nodes and 24 edges, while the MNC al-
gorithm identified a subnetwork with 10 nodes and 22
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edges (Fig. 1B,C). Five overlapping genes (catenin beta
1 (CTNNBI), SRY-box transcription factor 9 (SOX9), ma-
trix metallopeptidase 9 (MMP9), CD19 molecule (CD19),
and FCGR1A4) were identified using the bioinformatics plat-
form from the MCODE and MNC subnetworks (Fig. 1D).
Expression analysis indicated that CTNNBI, MMP9, and
FCGR1A4 were upregulated in the stroke samples, whereas
SOXY and CD19 were upregulated in the non-stroke control
samples within the GSE58294 dataset (Fig. 1E and Sup-
plementary Table 1). FCGR1A4 plays a role in the immune
system, helping to clear damaged tissue and control inflam-
mation, which is essential for stroke recovery. FCGRIA
may work by affecting the activity and movement of im-
mune cells, affecting inflammation and repair processes af-
ter stroke. The increase in FCGRIA in stroke patient sam-
ples in the GSE58294 dataset may indicate its role in the
early stages of stroke, which may be in response to ischemic
injury. FCGRI1A was bioinformatically associated with is-
chemic stroke in a previous study [14]. Still, its detailed
functional role and mechanism in stroke have not been fully
explored and deserve further study, so we chose it as a hub
gene.

3.2 Time-Dependent Upregulation of FCGRIA and IL-6 in
BV2 Cells Induced by OGD/R

WB analysis was conducted to evaluate the pro-
tein levels of FCGR1A in BV2 cells exposed to 12,
24, and 48 hours of OGD/R. The results demonstrated a
time-dependent increase in FCGR1A protein expression,
with higher levels observed at longer treatment durations
(Fig. 2A,B). In addition, we used immunofluorescence
staining to detect the expression of FCGRIA and Ibal,
which are specific markers for microglia and macrophages
and whose expression plays a role in microglia activation
and polarization. Immunofluorescence results showed en-
hanced fluorescence signals of FCGR1A and Ibal in BV2
cells after 24 hours of reoxygenation, indicating increased
FCGRI1A activation (Fig. 2C). These observations suggest
that FCGR1A is activated in response to OGD/R-induced
injury. Furthermore, the protein levels of IL-6 in BV2
cells increased progressively with OGD/R treatment dura-
tions of 0, 12, 24, and 48 hours, as shown by WB analysis
(Fig. 2D,E).

3.3 FCGR1A Overexpression Induces an Inflammatory
Response and Promotes M1 Polarization in BV2 Cells

The effectiveness of FCGRIA overexpression in
BV2 cells was confirmed by gqRT-PCR and WB methods
(Fig. 3A—C). The levels of pro-inflammatory cytokines in
BV2 cells were calculated using the ELISA method af-
ter treatment with LPS+IFN-v or FCGR1A overexpression.
The outcomes demonstrated that the expression of these
cytokines enhanced significantly after treatment (Fig. 3D—
F), indicating that FCGRIA contributes to the activation
of inflammatory response in BV2 cells. In addition, qRT-
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PCR analysis demonstrated that both LPS+IFN-~ stimula-
tion and FCGRIA overexpression significantly increased
M1 polarization markers CD32, CD16, and iNOS (Fig. 3G—
I). In contrast, the M2 markers Arg-1, IL-10, and CD206
levels under the same conditions were not significantly af-
fected (Fig. 3J-L). These findings suggest that FCGRIA
promotes inflammatory responses and enhances M1 polar-
ization in BV2 cells.

3.4 FCGRI1A Knockdown Attenuates OGD/R-Induced
Inflammatory Response in BV2 Cells

The knockdown efficiency of FCGRIA in BV2 cells
was verified using qRT-PCR and WB analysis (Fig. 4A—
C). Subsequent qRT-PCR analysis under OGD/R treatment
conditions showed that silencing FCGR1A significantly re-
duced the mRNA expression levels of IL-13, IL-1a, TNF-
a, and IL-6 (Fig. 4D-G). Conversely, the mRNA expres-
sion of transforming growth factor § (TGF-53) and IL-
10 were markedly upregulated after FCGRIA knockdown
(Fig. 4H,I). These results indicate that the knockdown of
FCGRI1A4 reduces the inflammatory reactions in BV2 cells
and encourages the expression of anti-inflammatory cy-
tokines under OGD/R-induced stress conditions.

3.5 FCGRI1A Knockdown Reduces Inflammatory Response
and Promotes M2 Polarization in BV2 Cells Following
OGD/R Treatment

The expression of M1 markers (CD16 and CD32) and
M2 markers (CD206) in BV2 cells following OGD/R ther-
apy and FCGR 1A knockdown was assessed by immunoflu-
orescence labeling. CD16/32 is usually associated with
MI-type microglia, whereas CD206 is with M2-type mi-
croglia. Differences in the expression of Ibal, CD16/32,
and CD206 reveal the polarization characteristics of mi-
croglia in different states. The results showed that the
number of Ibal-positive microglia/macrophages expressing
M1 markers CD16 and CD32 was significantly reduced in
FCGRI1A knockdown cells compared with cells only ex-
posed to OGD/R. Conversely, the number of cells express-
ing M2 marker CD206 increased, indicating a shift from
M1 to M2 phenotype (Fig. 5A). Further qRT-PCR anal-
ysis showed that FCGRIA knockdown significantly ele-
vated the levels of M2 polarization markers and reduced
the levels of M1 polarization markers compared with the
OGD/R group (Fig. 5B-F). ELISA results revealed that
IL-10 was elevated and IL-15 was markedly decreased af-
ter FCGR1A knockdown compared with OGD/R treatment
alone (Fig. 5G,H). WB analysis confirmed these findings,
and the Ibal, CD16, and iNOS protein levels were con-
siderably decreased, while Arg-1 and CD206 levels were
raised in the FCGR14 knockdown group in contrast to the
OGD/R group alone (Fig. 5L,J). These results suggest that
FCGRI14 knockdown promotes the transition of BV2 cells
to the anti-inflammatory M2 phenotype, thereby alleviating
OGD/R-induced inflammation.
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insignificant expression. (B,C) PPI network analysis of DEGs, including MCODE (B) and MNC (C) algorithms. The MCODE algorithm
contains 12 nodes and 24 edges, and the MNC algorithm includes 10 and 22 edges. Nodes represent proteins or protein domains, and edges

represent interactions between these proteins. (D) Venn diagram of 5 overlapping genes in MCODE and MNC, including CTNNB1, SOX9,
MMPY, CD19, and FCGRI1A4. (E) Analysis of overlapping gene expression in non-stroke control and stroke samples of the GSE58294
dataset. Red represents the control sample, and black represents the case sample. DEGs, differentially expressed genes; PPI, protein—

protein interaction; MCODE, molecular complex detection; MNC, maximal neighborhood component; CTNNBI, catenin beta 1; SOX9,
SRY-box transcription factor 9; MMP9, matrix metallopeptidase 9. ****p < 0.0001.

3.6 FCGRIA Regulates the AMPK—mTOR Pathway to
Promote the Transition of BV2 Cells to the M2 Phenotype

Rapamycin (RAP), a well-known mTOR inhibitor,
was applied to BV2 cells subjected to OGD/R. WB analysis
revealed that both si-FCGRIA and 50 nM RAP treatment
significantly increased p-AMPK protein levels while de-
creasing p-mTOR protein levels compared to OGD/R treat-
ment alone, with no notable alterations in total AMPK and
mTOR protein expression. The combination of si-FCGRIA
and RAP further amplified these effects (Fig. 6A,B). qRT-
PCR analysis demonstrated that M1 polarization markers
expression was significantly reduced, while M2 polariza-
tion markers were correspondingly increased following si-
FCGRI1A4 or RAP treatment. These changes were even
more pronounced when the two interventions were com-
bined (Fig. 6C-G). ELISA results showed that both si-
FCGRIA and RAP treatment led to a rise in the anti-
inflammatory cytokine and a significant decline in the pro-

inflammatory cytokine, with a more substantial effect ob-
served with combined treatment (Fig. 6H,I). WB analysis
further confirmed these findings, showing a marked de-
crease in Ibal and the M1 marker CD16 and a significant
increase in CD206 in cells treated with either si-FCGRIA
or RAP, with more pronounced changes following the com-
bined treatment (Fig. 6J,K). These findings suggest that un-
der OGD/R conditions, FCGRI1A knockdown and mTOR
inhibition synergistically enhance AMPK activation, lead-
ing to the promotion of M2 polarization and suppression of
M1 polarization in BV2 cells.

4. Discussion

Worldwide, ischemic stroke accounts for the major-
ity of stroke cases, making it a primary cause of mortal-
ity and disability [18]. Identifying the molecular mecha-
nisms involved in stroke can provide insights into poten-
tial therapeutic targets. This study’s bioinformatics analysis
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independent replicates. ELISA, enzyme-linked immunosorbent assay; LPS, lipopolysaccharide; IFN-v, interferon-gamma.

of the GSE58294 dataset revealed five overlapping genes:
CTNNBI, SOX9, MMP9, CDI19, and FCGRIA. Our re-
sults showed that CTNNB1, MMP9, and FCGR1A4 were sig-
nificantly upregulated in stroke samples, while SOX9 and
CD19 were downregulated. Zhao XY et al. [19] identified
that the CTNNBI polymorphism rs2953 increases stroke
risk in the Chinese Han population by reducing CTNNBI
mRNA expression through miR-3161 binding. Xu X et
al. [20] demonstrated that SOX9 limits post-stroke recov-
ery by upregulating CSPG production, with SOX9 knock-
out mice showing enhanced axonal sprouting and improved
neurological outcomes, suggesting SOXY inhibition as a po-

tential therapeutic strategy. Meanwhile, Zielinska-Turek
J et al. [21] found that elevated MMP-9 levels, coupled
with reduced TIMP activity, are predictors of stroke risk
and restenosis in patients with carotid stenosis undergoing
stenting or endarterectomy. Although some bioinformat-
ics studies have indicated that FCGRIA may be connected
to ischemic stroke, its specific function and mechanism in
stroke remain unclear. Therefore, we chose FCGRIA as a
hub gene for further investigation in this study to elucidate
its potential role in stroke pathology.

OGDV/R is a typical model for ischemic stroke simula-
tion and evaluating microglial responses in vitro [22]. This
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plots of WB experiments represent the SD + mean of a single run, and statistical plots of qPCR experiments were performed with the

SD + mean of at least three independent replicates.
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Fig. 5. FCGRIA knockdown promotes the transition of BV2 cells from M1 to M2 phenotype after OGD/R treatment. (A) Im-
munofluorescence staining of BV2 cells for Ibal, M1 markers (CD16, CD32), and M2 marker (CD206) after OGD/R and FCGRI1A4
knockdown. (B-F) qRT-PCR detection of the mRNA levels of M1 polarization markers CD16 (B), CD32 (C) and iNOS (D), M2 mark-
ers CD206 (E) and Arg-1 (F) in BV2 cells after OGD/R and FCGR1A4 knockdown. (G,H) ELISA detection of the protein concentrations
of M1 polarization inflammatory factor IL-15 and M2 polarization inflammatory factor IL-10 in BV2 cells after OGD/R and FCGRI1A4
knockdown. (I,J) WB analysis of Ibal, CD16, iNOS, CD206, and Arg-1 protein levels in BV2 cells after OGD/R and FCGRI1A knock-
down. qRT-PCR, quantitative real-time polymerase chain reaction; WB, Western blot; ELISA, enzyme-linked immunosorbent assay;
OGD/R, oxygen—glucose deprivation/reoxygenation. *p < 0.05. **p < 0.01. Original magnification: 20x. Scale, 50 pm. Statistical
plots of WB experiments represent the SD 4 mean of a single run, statistical plots of qPCR experiments and ELISA experiments were
carried out with at least three independent replicates of the SD + mean, and immunofluorescence experiments were carried out with at

least three independent replicates.

treatment induces a stress response in microglia, character- not only in stroke onset but also in post-stroke recovery
ized by heightened inflammation and activation, which is and cognitive impairment—an integrative review: chal-
critical for understanding stroke pathophysiology. In our  lenges [23]. LPS, a component of Gram-negative bacte-
study, OGD/R treatment increased inflammation in BV2 rial membranes, triggers a strong immune response, lead-
cells, as indicated by elevated Ibal and IL-6 levels. In- ing to pro-inflammatory cytokine production. IFN-7v is
creased Ibal is associated with more severe stroke and  a cytokine that enhances inflammatory responses and im-
poorer outcomes, highlighting its clinical relevance. IL- mune regulation. LPS and IFN-vy synergistically acti-
6 is a prognostic marker in ischemic stroke, with higher =~ vate macrophages and microglia, promoting M1 polar-
levels linked to cognitive dysfunction, suggesting its role ization and increasing pro-inflammatory mediator produc-
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tion. Wu CC et al. [24] showed that this combination Microglial polarization is intricately linked to stroke

induces pro-inflammatory microglial polarization and neu-
ronal degeneration in a stroke model. At the same time, (-
funaltrexamine reduces these effects by promoting an anti-
inflammatory state. Similarly, Yang C ef al. [25] found
that LPS and IFN-v lead to pro-inflammatory microglial
polarization and neuronal damage. These findings under-
score the role of inflammation and microglial polarization
in stroke pathology and the potential for therapeutic inter-
vention.

&% IMR Press

outcomes, with M1 polarization exacerbating inflamma-
tion and neuronal damage, while M2 polarization sup-
ports tissue repair and neuroprotection [26]. Recent stud-
ies have highlighted various mechanisms influencing mi-
croglial polarization in ischemic stroke. Zou J et al. [27]
reported that electroacupuncture (EA) enhances M2 po-
larization through annexin A1 (ANXA1) upregulation, re-
ducing neuroinflammation and improving neurological out-
comes. Conversely, Zhou X et al. [28] identified that
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chemokine-like-factor 1 (CKLF1) upregulation in neurons
drives M1 polarization, exacerbating neuroinflammation
and neuronal damage, with NF-xB regulation of this pro-
cess. Our study extends these findings, showing that
FCGR1A4 upregulation enhances inflammation and encour-
ages BV2 cells to become M1 polarized under OGD/R cir-
cumstances. We observed that FCGR1A overexpression in-
creased pro-inflammatory cytokine levels and M1 mark-
ers, whereas FCGRIA knockdown reduced inflammation,
decreased M1 markers, and facilitated a shift to the anti-
inflammatory M2 phenotype. These results highlight the in-
tricate function of microglial polarization in stroke pathol-
ogy and suggest that FCGR1A4 might be a viable target for
modulating inflammation and enhancing stroke outcomes.

The AMPK-mTOR pathway regulates cellular energy
homeostasis and growth. AMPK senses cellular energy sta-
tus and, when activated, inhibits the mTOR pathway to
conserve energy. AMPK activation can suppress exces-
sive neuronal growth and inflammation in ischemic stroke
by downregulating mTOR signaling [29]. This modula-
tion helps maintain cellular metabolism and protect neu-
rons from damage. Moreover, AMPK activation pro-
motes autophagy, a process essential for removing dam-
aged cellular components, further aiding in neuroprotec-
tion and recovery post-stroke [30]. Recent investigations
have demonstrated the critical function of the AMPK-
mTOR signaling pathway in stroke management. Zhao M
et al. [31] showed that metformin reduces oxidative stress
and enhances neurological function in individuals suffer-
ing from acute stroke with type 2 diabetes by modulating
this pathway, thereby improving neuroprotection and re-
covery. Yuan Y et al. [32] showed that kaempferol pro-
tects against harm from cerebral ischemic—reperfusion by
activating the AMPK-mTOR signaling pathway, which in-
duces autophagy, reduces neuronal apoptosis, and improves
outcomes in a rat stroke model. Conversely, Wang L et
al. [33] found that epigallocatechin-3-gallate (EGCG) mit-
igates harm from ischemia—reperfusion by inhibiting au-
tophagy through the AKT/AMPK/mTOR cascade, leading
to reduced infarct volume and neuronal loss in both mouse
models and in vitro cell cultures. Similar to the above stud-
ies, this research found using in vitro cell experiments that
under OGD/R conditions, FCGR1A4 knockdown and mTOR
inhibition synergistically enhanced AMPK activation, re-
sulting in the inhibition of M1 polarization and the promo-
tion of M2 polarization in BV2 cells, that is, FCGRIA regu-
lates the AMPK-mTOR pathway and promotes the change
of BV2 cells to the M2 phenotype. This suggests that dys-
regulation of the AMPK-mTOR pathway may lead to ad-
verse consequences, highlighting its capacity as a target for
therapy for improving stroke recovery and minimizing neu-
ronal damage.

FCGRIA, a high-affinity IgG Fc receptor expressed
on macrophages and monocytes, is key in regulating im-
mune responses and inflammatory processes. Our findings

12

that the expression level of FCGRIA was significantly up-
regulated in microglia under in vitro simulated ischemic
conditions echoed the upregulation of FCGRIA in periph-
eral blood, suggesting that FCGRIA may play an essen-
tial role in the inflammatory response in stroke. Our find-
ings support a functional role for FCGRIA in microglia
polarization, particularly in promoting M1-type inflamma-
tory responses and inhibiting M2-type anti-inflammatory
responses. This was further confirmed by FCGR1A4 overex-
pression and knockdown experiments, in which upregula-
tion of FCGR1A promoted inflammatory factor production
and M1-type microglia polarization. In contrast, the down-
regulation of FCGR 1A reduced inflammation and promoted
M2-type anti-inflammatory polarization. These findings
are consistent with previous studies that point to a role for
FCGRI4 in various inflammatory diseases and emphasize
its potential importance in CNS inflammation. In addition,
our study explored how FCGR A4 regulates microglia polar-
ization by affecting the AMPK-mTOR signaling pathway,
which plays a central role in cellular metabolism, growth,
and stress responses and whose role in regulating neuroin-
flammation and microglia/macrophage polarization in cere-
bral ischemia—reperfusion injury has been extensively stud-
ied. Our experimental results suggest that downregulation
of FCGRIA in combination with the mTOR inhibitor RAP
synergistically enhances AMPK activation, thereby pro-
moting anti-inflammatory polarization of microglia toward
the M2 type. This finding opens the possibility of develop-
ing new therapeutic strategies to attenuate the inflammatory
response after stroke and promote neural repair by targeting
FCGRI1A4 and its associated signaling pathways.

A limitation of this study is that all experiments were
performed in vitro using BV2 cells, which may not fully
mimic the complex environment of ischemic stroke in vivo.
Although BV2 cells provide a valuable model for studying
the inflammatory response of microglial cells, they may not
fully represent human microglial cell behavior. In addition,
in vitro experimental conditions differ from the in vivo en-
vironment, such as cell—cell interactions, the composition
of the extracellular matrix, and hemodynamics, which play
an essential role in the in vivo stroke environment. There-
fore, our findings need to be further validated by in vivo
models in future studies to assess the accuracy of the ther-
apeutic potential of FCGRIA in ischemic stroke. Further-
more, although our study revealed a role for FCGRIA in
microglia polarization and provided strong evidence for a
potential role of FCGRIA in ischemic stroke, there are still
limitations that need to be further explored, especially about
other possible mechanisms of FCGR1A’s role in poststroke
inflammatory responses. Future studies should cover the
analysis of FCGRIA expression patterns in stroke patient
samples and assess the efficacy of FCGR1A-targeted ther-
apies in stroke models.
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5. Conclusion

This study identifies FCGRIA as a critical regulator
of inflammation and microglial polarization in the context
of ischemic stroke. Bioinformatics analysis showed that
FCGRIA4 is a hub gene associated with stroke pathology.
Experimental results demonstrated that FCGRIA4 overex-
pression in BV2 cells promotes M1 polarization and en-
hances inflammatory responses following OGD/R. Con-
versely, FCGR1A knockdown alleviates inflammation and
facilitates the transition from M1 to M2 phenotype, indicat-
ing an anti-inflammatory shift. Notably, FCGRIA4 knock-
down, combined with mTOR inhibition, synergistically ac-
tivates the AMPK pathway, further promoting M2 polariza-
tion. These outcomes highlight the function of FCGR1A4 in
regulating the AMPK—mTOR pathway and suggest its pos-
sibility as an intended treatment for adjusting inflammatory
responses and improving outcomes in ischemic stroke.
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