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ARTICLE INFO ABSTRACT

Keywords: Background: Although it has been reported that miRNA carried by M2 microglial exosomes pro-
M2 microglia-derived exosome tects neurons from ischemia-reperfusion brain injury, the mechanism of action remains poorly
OGD/R I understood. This study aimed to explore the miRNA signaling pathway by which M2-type
:Elle;z ;p microglia-derived exosomes (M2-exosomes) ameliorate oxygen-glucose deprivation/reoxygena-

tion (OGD/R)-induced cytotoxicity in HT22 cells.

Methods: BV2 microglia were induced by M2 polarization. Then, M2-exosomes were identified via
transmission electron microscopy and special biomarker detection and co-cultured with HT22
cells. Cell proliferation was evaluated using the Cell Counting Kit-8 (CCK-8) assay. Intracellular
concentrations of reactive oxygen species (ROS), Fe>*, glutathione (GSH), and malondialdehyde
(MDA) were determined using dichlorofluorescein fluorescence and biochemical determination.
miR-124-3p levels were determined using qRT-PCR, and protein expressions were examined via
western blotting.

Results: OGD/R suppressed the proliferation and induced the accumulation of Fe?*, ROS, and
MDA and reduction of GSH in mouse HT22 cells, suggesting ferroptosis of HT22 cells. OGD/R-
induced changes in the above mentioned indexes was ameliorated by M2-exosomes but
restored by the exosome inhibitor GW4869. M2-exosomes with (mimic-exo) or without miR-124-
3p (inhibitor-exo) promoted and suppressed proliferation and ferroptosis-associated indexes of
HT22 cells, respectively. Moreover, mimic-exo and inhibitor-exo inhibited and enhanced NCOA4
expression in HT22 cells, respectively. NCOA4 overexpression reversed the protective effects of
miR-124-3p mimic-exo in OGD/R-conditioned cells. NCOA4 was targeted and regulated by miR-
124-3p.

Conclusions: M2-exosome protects HT22 cells against OGD/R-induced ferroptosis injury by
transferring miR-124-3p and NCOA4 into HT22 cells, with the latter being a target gene for miR-
124-3p.
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1. Introduction

Ischemic stroke inevitably leads to physiological brain cell dysfunction and subsequent cell death. Although intravascular inter-
vention can be performed to remove the thrombus and restore the blood flow, this procedure induces neuronal ischemia-reperfusion
(I/R) injury. The most striking pathological feature of I/R injury is the excessive intracellular aggregation of reactive oxygen species
(ROS) due to oxygen introduction after restoring the blood flow [1]. ROS-mediated lipid peroxidation, inflammatory response, and
other series of events can lead to tight junction interruption and BBB disruption, which are the key pathological mechanisms of I/R
injury [1,2]. Previous studies have demonstrated that oxidative stress causes neuronal apoptosis and necrosis in animal models of I/R
and in vitro cell experiments [3-5]. Notably, recent studies have suggested that another mode of regulated non-apoptotic cell death,
namely ferroptosis, also promotes I/R-induced neuronal loss [6,7]. Ferroptosis is a non-apoptotic, peroxide-driven modulated mode of
cell death that depends on plentiful and easily obtained intracellular ROS and iron. The existence of this form of cell death had
remained unknown until its recent discovery using pharmacological methods [8]. However, the mechanisms by which I/R regulates
neuronal ferroptosis remain obscure.

Microglia are macrophages in the brain that function as a critical regulator of brain cell death and damage repair caused by brain
injury through indirect secretion of nutritional factors or direct cell-cell communication and are the first line of defense against I/R
injury [9]. Continuous ischemia and hypoxia induce microglia activation and recruitment toward the damaged area to remove debris
and initiate the repair process [10]. Microglia are highly plastic cells that obtain specific phenotypes and features by reacting to
specific stimuli. Microglia possess functional plasticity and dual phenotypes, namely proinflammatory M1 and anti-inflammatory M2
phenotypes [11]. M2 microglia is thought to be beneficial as they secrete anti-inflammatory mediators or chemokines to inhibit
excessive inflammatory responses and promote the damaged neuron repair [9]. Inducing M2 microglia to secrete exosomes in vitro can
improve ischemic brain injury [12]. Exosomes can be characterized as extracellular vesicles that transport microRNA (miRNA) to
recipient cells [13]. Previous evidence suggests that the miRNA carried by M2 microglial exosomes protects neurons from ischemic and
I/R brain injury [12]. However, the underlying mechanism is poorly understood.

MiRNA, a type of non-coding RNA molecule with approximately 20 nucleotides, mediates various cellular physiological events,
such as proliferation and differentiation of cells and regulation of activation/inactivation of innate immune cells [14]. MiRNAs are
usually encapsulated and transported by exosomes to impact the physiological process of recipient cells [13]. MiRNA-124 is a
brain-specific miRNA expressed in microglia [15]. MiR-124 participates in the pathological progress of ischemic brain injury and
protects neurons [16,17]. Moreover, miR-124 inhibits I/R injury and regulates ROS production in a rat model of I/R [18]. Increasing
miR-124 levels can reverse oxygen-glucose deprivation/reoxygenation (OGD/R)-induced cell injury [19]. Recent studies have re-
ported that miR-124 expression is significantly upregulated in the microglia of traumatic brains and exosomes of M2 microglia exposed
to I/R [20,21]. In addition, M2 microglia-derived exosomes have been reported to possess neuroprotective effects against ischemic
stroke, suggesting their potential as a therapeutic target for treating ischemic stroke [22]. However, the effects of M2 microglial
exosomes containing miR-124 on ferroptosis in I/R-induced neuron injury as well as the underlying mechanisms remain unknown.

Bioinformatics analysis in the early stage have revealed that miR-124 can bind to a considerable number of mRNAs, including
nuclear receptor coactivator 4 (NCOA4), a cargo receptor for ferritinophagy. NCOA4 has been reported to be closely related to lipid
peroxidation, ferritinophagy, and ferroptosis by regulating the amount of bioavailable intracellular labile iron pools [23,24]. In
addition, NCOA4 knockdown has been reported to markedly ameliorate ferritinophagy caused by I/R injury and inhibit ferroptosis
[25]. However, the regulatory effects of miR-124 on NCOA4 have not been reported in ischemic stroke and other diseases. In the
present study, we co-cultured M2 microglial exosomes and a HT22 cell model of OGD/R injury to elucidate the effects of M2 microglia
exosomes on ferroptosis in OGD/R-induced HT22 cell injury and explore the mechanisms by which M2-exosomes containing
miR-124-3p/NCOA4 relieve OGD/R-induced injury in HT22 cells.

2. Materials and methods
2.1. Cell culture and conditional treatment

HT22 (a mouse hippocampal neuronal cell line) and BV2 (a mouse microglial cell line) cells were used in this study. These cells
were provided by the cell bank of Shanghai Biology Institute (Shanghai, China). DMEM (Trueline, Kaukauna, WI, USA) was used as the
cell culture medium and mixed with 10% fetal bovine serum, 1% penicillin/streptomycin, and 2 mM t-glutamine (Solarbio, Beijing,
China). The cells were cultured in a 5% CO atmosphere at 37 °C. In vitro cerebral I/R was simulated through OGD/R treatment with 4
h of OGD conditional culture in a hypoxia chamber followed by 24 h of reperfusion culture in a normoxic incubator. To induce M2-type
microglial differentiation, BV2 cells were cultured in a medium containing recombinant protein IL-4 (Re-IL-4) and identified via flow
cytometry by detecting positive biomarkers (ARG and CD206).

2.2. Cell co-culture

HT22 cells and M2-type microglial cells were co-cultured in a Transwell permeable supports (Corning, Tewksbury, MA). M2-type
microglial cells were seeded in the top chamber, whereas HT22 cells were seeded in the lower chamber. These two cell types were
separated by a 0.4 pm porous membrane. Approximately 8 h before the start of co-culture, GW4869 (10 pM, Sigma, CA, USA) dissolved
in DMSO was added into the top chamber to reduce exosomes release from M2-type microglial cells.
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2.3. Exosome isolation

M2 microglial exosomes were acquired from approximately 3.2 x 107 cells using an ExoQuick exosome precipitation solution
(System Bioscience, USA) according to the manufacturer’s instructions. In brief, M2 microglial cells were cultured for 24-48 h in
a-MEM with exosome depletion. Thereafter, the medium was collected and centrifugated at 70,000 xg overnight. The supernatant was
then collected and further centrifuged for 1 h at 70,000xg. After washing with phosphate-buffered saline (PBS), the exosome-
containing pellet was centrifuged at 70,000xg for 1 h and resuspended in 200 pL of PBS. The prepared exosomes were stored at
—80 °C. Exosomes were verified using specific protein markers, CD63 and TSG101, via western blotting with their antibodies
(ab134045 and ab125011; Abcam, UK) and morphological examination using transmission electron microscopy (TEM).

2.4. Exosome uptake assay

This experiment sought to determine whether HT22 cells uptake M2 microglial exosomes. Exosomes were stained with PKH67
(Sigma, USA) according to the procedures described in a previous study [26] and then diluted in PBS with 0.5 mL of Diluent C. The
labeled exosomes were subjected to 1 h of centrifugation at 100,000 xg. The exosome pellet was collected and resuspended in PBS. For
the uptake experiment, labeled exosomes were added to the medium of HT22 cells. After 12, 24, or 48 h of co-culture, HT22 cell
staining was performed using DAPI (Sigma, USA) and observed under a confocal microscope.

2.5. Evaluation of HT22 cell proliferation using CCK-8 assay

To determine cell proliferation, a CCK-8 assay was performed using the Cell Counting Kit-8 (CCK-8) (Signalway Antibody, USA).
After different conditional treatments, HT22 cells were added into the CCK-8 solution (1:10) and incubated for 1 h. The optical
densities of each cell sample were detected at a wavelength of 450 nm on a microplate reader (Pulangxin, Beijing, China). Each
experiment was conducted in triplicate. Three cell tests were performed for each treatment.

2.6. qRT-PCR

The total RNA samples used for qRT-PCR were obtained from lysates of differently treated cells using TRIzol Reagent (Invitrogen,
USA). The first step involved the reverse transcription of RNA using a cDNA synthesis kit (Invitrogen, USA). In the second step, the
cDNA product obtained as a result of the reverse transcription was subjected to a real-time PCR procedure. The process steps were as
follows: 10 min at 95 °C followed by 40 cycles at 95 °C for 15 s and 45 s at 60 °C. The relative expressions of each gene were calculated
using the 2~ 2ACt method and normalized to U6 (for microRNA) or B-actin (for mRNA). The following primers were used: ARG, F: 5-
GGTGGGTGGTCTGGTATC-3/, R: 5-CATTGCCATCCTATCCTG-3; CD206, F: 5-CTGCTTCTGGCTTTTATCTC-3', R: 5-ATGGCACTTA-
GAGCGTCC-3'; mmu-miR-124-3p, F:5-GCGTAAGGCACGCGGTG-3, R: 5-AGTGCAGGGTCCGAGGTATT-3; NCOA4, F: 5-AAAT-
CAGTGTCGGTCCCC-3, R: 5-CAGATTTAGGTTCCATAGGC-3; GAPDH, F: 5-GTGTTTCCTCGTCCCGTAG-3, R: 5-TTAGTGG
GGTCTCGCTCC-3; and U6, F: 5-CTCGCTTCGGCAGCACA-3, R: 5-AACGCTTCACGAATTTGCGT-3". Data were expressed as the
average of three replicates.

2.7. Western blotting

The total protein samples used for western blotting were obtained from lysates of differently treated cells using RIPA lysis buffer
(Thermo Fisher Scientific, USA) and quantified using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, USA). Equal amounts
(25 pg) of protein samples were loaded onto a 10% acrylamide gel for SDS-PAGE according to molecular weight. Proteins from the gel
were transferred to a nitrocellulose membrane (Millipore, USA) through electrophoresis. The membrane was blocked for 1 h with 5%
nonfat dry milk. Overnight incubation with specific antibodies (NCOA4, bs-19051R, Bioss, USA; GAPDH, #5174, CST; TSG101,
Ab125011, Abcam, UK; CD63, Ab59479, Abcam, UK) at 4 °C and 1 h incubation with a secondary antibody (Beyotime, China) at 37 °C
were performed in the same order. The blot on the membrane was visualized using a chemiluminescence system (Tanon, China).
GAPDH expression level was used as the control.

2.8. Biochemical determination and intracellular ROS measurement in HT22 cells

Intracellular concentrations of Fe?*, GSH, and MDA were determined using iron assay kit (ab83366, Abcam), GSH kit (A006-2,
Nanjing Jiancheng bioengineering Institute, China), and MDA kit (A003-1, Nanjing Jiancheng bioengineering Institute, China),
respectively, according to the manufacturer’s instructions.

Intracellular ROS was detected according to a method described in a previous study [27]. After 24 h of culture, cells were immersed
in PBS containing 20 pM 2',7"-dichlorodihydrofluorescein diacetate and kept for 20 min at 37 °C. Subsequently, the cells were treated
with OGD/R or OGD/R in combination with M2 microglial exosomes and then incubated with 200 pM of HoO5 in PBS. After treatment,
the cells were collected for determination of intracellular ROS concentration using an inverted fluorescence microscope. Three fields of
each photomicrograph were preserved. The amount of intracellular ROS was evaluated based on fluorescence intensity on Image-Pro
Plus 6.0 (Media Cybernetics, USA).
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2.9. NCOA4 overexpression in HT22 cells

A lentiviral vector (pLVX-puro) recombined with the full-length human NCOA4 gene coding region (CDS) sequence was used for
NCOA4 overexpression (0eNCOA4), and the mock vector was used as the negative control (0eNC). 0eNCOA4 or 0eNC was transduced
into the cells using Lipofectamine™ 2000 Transfection Reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s
instructions. After 48 h of transfection, the cells were harvested for further analysis.

2.10. Dual luciferase reporter gene analysis

Binding site prediction for miR-124-3p and NCOA4 was conducted using the TargetScan and Starbase databases. Based on the
predicted binding site, wild and mutant sequences were synthesized and cloned into luciferase reporter vectors (pGL3-Basic). Those
luciferase reporter vectors together with miR-124-3p inhibitor or mimics were transfected into HT22 cells. The cells were cultured for
another 48 h and harvested for luciferase activity analysis using the dual luciferase reporter gene test kit (Yuanpinghao Biotechnology
Co, China).

2.11. Statistical analysis

Data were presented as mean + standard deviation (SD) for at least three samples. All data analyses were conducted using
GraphPad Prism software (La Jolla, USA; Version 7.0). Comparison among three or more groups was performed using one-way analysis
of variance. Significant differences between two groups were determined using t-test. P value of <0.05 was considered statistically
significant.

3. Results
3.1. OGD/R suppressed the proliferation and promoted the accumulation of ROS and Fe?* in mouse HT22 cells

After 24 and 48 h of OGD/R treatment, HT22 cell proliferation was significantly suppressed (Fig. 1A). Ferroptosis is a ROS-
dependent cell death mode associated with two biochemical features, namely iron accumulation and lipid peroxidation. Our results

showed that HT22 cells treated with OGD/R for 48 h had increased concentrations of ROS (Fig. 1B) and Fe2t (Fig. 1C). GSH, a member
of the antioxidant system, was downregulated (Fig. 1D). MDA, a product of lipid peroxidation, was significantly upregulated (Fig. 1E).
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Fig. 1. OGD/R suppressed proliferation and promoted ROS accumulation in HT22 cells. A. CCK-8 assay demonstrated the suppressed proliferation
of HT22 cells after OGD/R treatment. B-E. In such OGD/R-conditioned HT22 cells, ROS accumulation increased (B), Fe®* concentrations increased
(C), GSH concentrations decreased (D), and MDA concentrations increased (E). *p < 0.05, ***p < 0.001 vs. vehicle.
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Overall, these findings suggest that OGD/R treatment causes ferroptosis of HT22 cells.

3.2. M2-type microglia-derived exosomes ameliorated OGD/R-induced injury in mouse HT22 cells

HT22 cells and M2-type microglial cells were co-cultured in a Transwell system to explore the effects of M2-type microglia-derived
exosomes on OGD/R-induced cytotoxicity in HT22 cells. Fig. 2A shows that compared with OGD/R alone, co-culturing for 48 h
promoted greater cell proliferation; however, this increase was reduced by the exosome inhibitor GW4869. After 48 h of culturing,
cells were harvested to determine the concentrations of ROS and Fe?*. As shown in Fig. 2B, M2-type microglial cells co-culturing
promoted significantly lower ROS levels compared with OGD/R alone in HT22 cells; however, this decrease was reversed by the
exosome inhibitor GW4869. Similarly, the increased intracellular Fe?* levels induced by M2-type microglial cell co-culturing was
reversed by the exosome inhibitor GW4869 (Fig. 2C). The reduced GSH levels and increased MDA levels induced by M2-type microglial
cells co-culturing were also reversed by the exosome inhibitor GW4869 (Fig. 2D and E). These data indicate that M2-type microglia-
derived exosomes play a protective role against OGD/R-induced cytotoxicity in HT22 cells.

3.3. M2-exosomes contributed to the recovery of OGD/R-induced mouse HT22 cell injury by delivering miR-124-3p

To explore the potential downstream pathway of miR-124-3p by which M2-exosomes alleviated OGD/R-induced HT22 cell injury,
M2-exosomes with miR-124-3p overexpression (mimic-exo) or miR-124-3p silencing (inhibitor-exo) were isolated from M2-type
microglia transduced with miR-124-3p mimics or miR-124-3p inhibitor. Mimic-exo or inhibitor-exo and OGD/R were then co-
cultured with HT22 cells. After co-culturing for 24 and 48 h, miR-124-3p inhibitor-exo promoted a markedly lower cell prolifera-
tion than the control. Moreover, after 48 h of co-culturing, miR-124-3p mimic-exo promoted greater cell proliferation than OGD/R
(Fig. 3A). Subsequent analysis of ferroptosis-related biochemical features showed that ROS and Fe?* aggregation was suppressed by
mimic-exo co-culturing but was facilitated by inhibitor-exo co-culturing (Fig. 3B and C); GSH level was increased by mimic-exo co-
culturing but decreased by inhibitor-exo co-culturing (Fig. 3D); and MDA level was decreased by mimic-exo co-culturing but increased
by inhibitor-exo co-culturing (Fig. 3E). Furthermore, qRT-PCR and western blotting revealed that NCOA4 mRNA and protein
expression in HT22 cells were inhibited by mimic-exo co-culturing and enhanced by inhibitor-exo co-culturing (Fig. 3F and G).

A B HT22
HT22 40000
209 - I 2
onoculture Z 30000 ek k ks
== Monoculture + OGD/R g
8 Co-culture + OGD/R + 8 20000 i
E DMSO g aae
o
3 Co-culture + OGD/R + 5 10000
a GW4869 T
o
0
° <>\<2~ &L ‘b@
p N XOO XQQ §m
IR S S
4 0
S
& @ x
S &
& S
& &
00
HT22 HT22
0.15+ 54
i
- 4 : -
8 s
&
231 2
<] °
. 3
8 n s
0.
@ Q& o] )
& O © &
§ xoé §>
& o &
DS S @
& QO
¢ x O
\&0 ﬂ?‘ x
N &
& &
€ Od

Fig. 2. M2-type microglial cell co-culturing ameliorated ferroptosis in HT22 cells injured by OGD/R. A. OGD/R-stimulated HT22 cells showed
increased proliferation after co-culturing with M2-type microglial cells. B-E. In co-cultured HT22 cells, ROS accumulation was suppressed (B), Fe*"
concentrations were reduced (C), GSH concentrations were increased (D), and MDA levels were decreased (E). *p < 0.05, ***p < 0.001 vs.
monoculture, !!!p < 0.001 vs. monoculture + OGD/R.
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Fig. 3. M2-exosomes contributed to the recovery of OGD/R-induced injury in HT22 by delivering miR-124-3p. A. Co-culture of miR-124-3p mimic-
exo promoted OGD/R cell proliferation. B. ROS accumulation was decreased in OGD/R-conditioned HT22 cells after co-culturing with miR-124-3p
mimic-exo. C. Fe>* concentration in OGD/R-induced HT22 cells was downregulated after co-culturing with mimic-exo. D. Mimic-exo upregulated
GSH levels in OGD/R-conditioned cells. E. MDA levels in OGD/R-conditioned cells were downregulated in OGD/R-induced HT22 cells after co-
culturing with miR-124-3p mimic mimic-exo. F and G. NCOA4 expressed low levels of mRNA and protein after OGD/R-conditioned cells were
treated with mimic-exo. Please see Supplemental files to find uncropped pictures. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; !p < 0.05, !!p <
0.01, !!!p < 0.001 vs. vehicle.

3.4. NCOA4 overexpression suppressed mimic-exo function in OGD/R-conditioned cells

To examine the participation of NCOA4 in the protective role of miR-124-3p-overexpressed exosomes in OGD/R-conditioned cells,
NCOA4 was overexpressed in HT22 cells by overexpression vector transfection (0eNCOA) (Fig. 4A and B). NCOA4 overexpression
reduced cell proliferation and significantly suppressed pro-proliferative function of M2-exosomes in OGD/R-conditioned cells after 24
and 48 h of co-culturing (Fig. 4C). After 48 h of co-culturing, ferroptosis-related biochemical features of HT22 cells were analyzed.
Fig. 4D and E shows that NCOA4 overexpression increased ROS and Fe" levels and reversed the inhibitory effects of M2-exosomes on
ROS and Fe?* production in OGD/R cells. Furthermore, M2-exosomes suppressed NCOA4 expression in OGD/R-conditioned cells
(Fig. 4F).

3.5. MiR-124-3p decreased NCOA4 expression by binding to its 3UTR

To explore the regulatory role of miR-124-3p in NCOA4 expression, miR-124-3p was silenced or overexpressed in HT22 cells
transduced by an inhibitor or mimic. Notably, miR-124-3p silencing increased NCOA4 mRNA and protein expressions, whereas miR-
124-3p overexpression decreased these expressions (Fig. 5A and B), suggesting the repressive impact of miR-124-3p on NCOA4
expression. Bioinformatics prediction suggested that miR-124-3p had binding sites on the NCOA4 3'-UTR. To determine whether miR-
124-3p targets NCOA4, luciferase report plasmids containing wild NCOA4 3-UTR or mutant NCOA4 3'-UTR were constructed
(Fig. 5C). These luciferase report plasmids together with miR-124-3p inhibitor or mimic were used to transduce HT22 cells. Luciferase
activity analysis showed that miR-124-3p overexpression decreased, but miR-124-3p silencing increased, the luciferase activity of cells
with wild NCOA4 3-UTR transfection, whereas miR-124-3p did not affect the luciferase activity of cells with mutant NCOA4 3-UTR
transfection. These results indicate that miR-124-3p targets and controls NCOA4 expression (Fig. 5D).

M2-type microglia were preliminarily identified by the surface antigen CD206 using CD206 anti-body. Figure S1Ashows the IHC
images of microglia stained with CD206. Furthermore, the IHC images of HT22 cells with NCOA4 staining before/after OGD/R
treatment, and with/without exosome incubation are shown inFigure S1B.

M2-type microglia were observed after BV2 cells were stimulated by Re-IL-4. Figure S2Ashows that the M2-type microglia-specific
biomarkers ARG and CD26 were upregulated in Re-IL-4-induced cells. Figure S2B and Figure S2Cshow that after Re-IL-4 induction,
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ARG-positive cells accounted for 87.8% of the total number of cells. M2-type microglia-derived exosomes were isolated to determine
miR-124-3p expression level. Figure S2D shows that miR-124-3p expression was upregulated in M2 microglial exosomes. Furthermore,
miR-124-3p was overexpressed and silenced in M2 microglial cells transfected with the corresponding mimic and inhibitor
(Figure S2E). To verify the M2 microglial exosome, TEM was used to observe the morphology of the exosome (Figure S2F), which
showed the increased expression levels of the specific biomarkers TSG101 and CD63 (Figure S2G). Consistent with M2-BV2 cells
transfected with a mimic and inhibitor, the obtained M2-exosomes contained increased and decreased levels of miR-124-3p
(Figure S2H). The PHK-67 staining assay indicated that M2-exosomes were absorbed by HT22 cells through endocytosis (Figure S2I).

4. Discussion

Severe cell injury and death are pathological indicators of cerebral I/R; therefore, regulating the modulated mode of cell death can
prevent or reverse I/R injury. The present study verified that M2 microglia-derived exosomes deliver miR-124-3p to HT22 neuronal
cells and protect cells injured by OGD/R from ferroptosis, indicating their potential as a therapeutic target for I/R-induced neuron
injury.

A sudden reduction in available oxygen and nutrients is a key factor for cellular damage in ischemic or hypoxic tissues. At this
point, a cascade reaction of stress and death occurs in cells, and disorder of the endogenous mechanisms responsible for ROS clearance
promote the accumulation of ROS [28]. ROS accumulation, a common phenomenon associated with cell I/R damage, has been
observed in OGD/R culture of multiple types of cells in vitro, including neuronal cells and microglia [29]. The present study also
supports this phenomenon as ROS levels sharply increased in OGD/R conditional HT22 cells. ROS accumulation is closely associated
with controlled cell death [30]. With the current understanding of ferroptosis, which can be described as a mechanism of regulated cell
death controlled by ROS and iron accumulation, some studies have observed ferroptosis in neurons injured by OGD/R [31,32]. In our
results, ROS and Fe?* levels and lipid peroxidation products were significantly increased in HT22 cells after 48 h of OGD/R treatment.
Therefore, consistent with other studies showing that OGD/R caused neuronal ferroptosis [31,33], our study revealed that OGD/R
caused ferroptosis in the hippocampal neuronal cell line HT22.

Long before the concept of ferroptosis had been proposed, several studies found abnormalities in iron accumulation and iron
metabolism in ischemic regions of the brain [34,35]. Iron deposition is positively correlated with the poor prognosis of ischemic stroke
[36]. In 2012, Dixon et al. proposed the concept of “ferroptosis” [8]; since then, some studies have gradually revealed that the form of
ferroptosis characterized by excessive intracellular accumulation of labile iron is an important factor for cerebral I/R injury [37,38].
Our results potentially support the role of ferroptosis, an iron-dependent modulated form of cell death, in the pathologic progression of
cerebral I/R injury. The relationship between ferroptosis and cerebral I/R injury remains to be explored given that the exact mech-
anism of iron death is yet to be elucidated.

MiR-124, a miRNA molecule with high M2 microglia content, plays a protective role against ischemia-related neuronal injury
through exosomes as a communication medium between cells [39,40]. For instance, brain extracts from traumatic brain injury in-
crease the level of miR-124 in BV2 exosomes, and such miR-124 enriched BV2 exosomes promote neuronal cell survival [41]. M2
microglial exosomes carrying miR-124 were intravenously injected to reduce infarct size and promote neuronal survival in mouse
models of ischemic brain injury [9]. MiR-124-3p delivered via microglia exosomes protects neuronal cells by influencing modulated
cell survival, such as autophagy [41]. Our results demonstrate for the first time that ferroptosis of HT22 cells induced by OGD/R was
abrogated by miR-124-3p overexpressed M2 microglial exosomes.

As aregulatory ncRNA, miRNA post-transcriptionally regulates gene expression by obstructing messenger RNA (mRNA) translation
or facilitating mRNA degradation [42]. Our data prove that miR-124-3p targets NCOA4 mRNA and regulates NCOA4 expression.
NCOAA4, a selective cargo receptor, functions conservatively across cell types, thereby contributing to the balance in intracellular iron
levels by regulating the autophagic degradation of ferritin. Given the central role of NCOA4 in regulating intracellular iron levels,
recent studies have shown that ferroptosis sensitivity is modulated by NCOA4 [23,24]. Ferroptosis can be suppressed when NCOA4
deletion induces the blockage of ferritinophagy and ferritin degradation; in contrast, ferroptosis is easily induced when NCOA4 is
overexpressed [24]. NCOA4 is involved in various ferroptosis-related pathologic conditions, including neurodegenerative diseases, I/R
injury, and cancer [23]. In the present study, NCOA4 overexpression abrogated the protective effects of miR-124-3p against ferroptosis
in OGD/R-conditioned HT22 cells, suggesting that miR-124-3p might target NCOA4 to protect the cell from ferroptosis in OGD/R
conditional HT22 cells. This has been proven by luciferase reporter assays and functional experiments wherein miR-124-3p targeted
and suppressed NCOA4 expression.

Exosomes contain parts of identical components with the parent cells, and could serve as ideal cell-free therapy. The present study
revealed that M2 microglial exosomes could ameliorate neuron ferroptosis in HT22 cells exposed to OGD/R, suggesting a simple and
economical method to treatment I/R injury-based cerebrovascular disease. Moreover, abnormal miR-124-3p/NCOA4 expression might
indicate the degree of cerebrovascular disorder; however, further clinical and experimental studies are needed to confirm this finding.

5. Conclusions

The present study showed the protective function of M2 microglial exosomes against neuron ferroptosis in a HT22 cell model of
OGD/R-induced injury. The underlying mechanism for this was the ability of M2 microglial exosomes to deliver miR-124-3p to HT22
cells, thereby suppressing the expression of NCOA4 in HT22 cells and consequently eliminating intracellular Fe2* and ROS accu-
mulation. The protective effects of M2 microglia might have been caused by the synergistic effects of multiple components in the
exosomes; more in vitro and in vivo studies are needed to prove this. Nonetheless, miR-124-3p/NCOA4 could be an effective
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therapeutic target for preventing and reversing I/R-induced neuron loss. Our findings provided new insights into the pathogenesis of I/
R injury-based cerebrovascular disorders and propose a potential therapeutic strategy.
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