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M2 microglia-derived exosomes
reduce neuronal ferroptosis via
FUNDC1-mediated mitophagy by
activating AMPK/ULK1 signaling

Jian Li%, Qing Chen? & Hao Gu?™*

Neuronal ferroptosis plays a vital role in the progression of neonatal hypoxic-ischemic brain damage
(HIBD). M2-type microglia-derived exosomes (M2-exos) have been shown to protect neurons from
ischemia-reperfusion (I/R) brain injury, but their impact on I/R-induced neuronal ferroptosis and

the underlying mechanisms remain poorly understood. In this study, we used an in vitro oxygen-
glucose deprivation/reoxygenation (OGD/R) model in HT-22 neuronal cells to investigate how M2-
exos modulate ferroptosis. We found that M2-exos were internalized by HT-22 cells and significantly
attenuated OGD/R-induced ferroptosis. Mechanistically, M2-exos enhanced mitophagy, which was
mediated by the upregulation of FUN14 domain-containing protein 1 (FUNDC1), thereby inhibiting
ferroptosis. Further analysis revealed that M2-exos activated FUNDC1-dependent mitophagy
through the AMP-activated protein kinase (AMPK)/UNC-51-like kinase 1 (ULK1) signaling pathway.
Taken together, these findings suggest that M2-exos ameliorate I/R-induced neuronal ferroptosis by
enhancing FUNDC1-mediated mitophagy through the activation of AMPK/ULK1 signaling pathway.
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Abbreviations

M2-exos M2-type microglia-derived exosomes
HIBD Neonatal hypoxic-ischemic brain damage
I/R Ischemia/reperfusion

OGD/R Oxygen-glucose deprivation/reoxygenation
FUNDC1  FUNI14 domain-containing protein 1

AMPK AMP-activated protein kinase
ULK1 UNC-52-like kinase 1
HIE Hypoxic-ischemic encephalopathy

Neuronal ferroptosis refers to the death of neurons caused by the accumulation of excess iron ions in cells'.
In hypoxic-ischemic encephalopathy (HIE), neuronal ferroptosis may be one of the important pathological
processes”™. HIE is brain damage caused by neonates suffering from hypoxia and/or ischemia during the
perinatal period®. In this case, the balance of intracellular iron ions may be disrupted due to insufficient oxygen
supply and metabolic disorders®. Excess iron ions can cause oxidative stress and intracellular damage, leading to
neuronal death. Excessive iron ions can cause neuronal death through multiple pathways, including promoting
oxidative stress, damaging mitochondrial function, and triggering apoptosis®. These processes may aggravate
the neurological damage of HIE and have a negative impact on the long-term neurological function of children.
Therefore, intervention targeting neuronal ferroptosis may become a potential strategy to alleviate neurological
damage in HIE.

Microglia play an important role in HIE as they can participate in inflammatory responses and repair
processes when the nervous system is damaged’~®. M2-type microglia are a specific type of microglia often
associated with anti-inflammatory and repair processes’. Previous studies have shown that during HIE, M2-type
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microglia increase and release anti-inflammatory factors and neurotrophic factors, thereby reducing neuron
damage and promoting nerve repair”'®. In addition, M2-type microglia also regulate inflammatory responses
and reduce inflammatory damage to nerve cells*!°. Therefore, exploring the role of M2-type microglia in HIE
is crucial to understand the pathophysiological mechanisms of this disease and to find potential therapeutic
strategies. By promoting the activation and function of M2-type microglia, it may help reduce the neurological
damage caused by HIE and improve the prognosis of children.

Neuronal ferroptosis and M2-type microglia may be related in some neurological diseases'""!2, but our
understanding of their interactions in HIE is currently relatively limited. M2-type microglia have been shown
to exert its function by secreting exosomes!'>!%. Exosomes are extracellular vesicles containing a lipid bilayer
that contain various bioactive molecules such as proteins, nucleic acids, and lipid515’16. These exosomes are
released outside cells through the in vitro secretion pathway, which can transmit information between cells and
regulate physiological and pathological processes of cells'>!¢. Some studies have found that exosomes secreted
by M2-type microglia contain a variety of bioactive molecules, such as anti-inflammatory factors, neurotrophic
factors, and growth factors, which promotes the survival and functional recovery of neurons'. Further study
may help reveal the mechanism of exosomes secreted by M2-type microglia in HIE and provide new ideas for
the development of related therapeutic strategies.

The present study was aimed to investigate the effect of M2-type microglia derived exosomes (M2-exos) on
neuronal ferroptosis and its potential mechanisms in vitro using an oxygen-glucose deprivation/reperfusion
(OGD/R) model in HT-22 cells.

Materials and methods

Cell culture and treatment

BV-2 mouse microglial cell line and mouse hippocampal neuronal line (HT-22) were purchased from Shanghai
Zhong Qiao Xin Zhou Co., Ltd. (Shanghai, China). BV-2 cells were cultured in MEM medium supplemented
with 10% fetal bovine serum, 100 U/mL penicillin, and 100 U/mL streptomycin. HT-22 cells were cultured in
DMEM complete medium. All cells were incubated in a humidified atmosphere of 5% CO, at 37 °C.

For M2-type microglial induction, BV2 cells were cultured in a medium containing recombinant protein
IL-4 at 20 ng/mL for 48 h, and identified via western blot by detecting positive biomarkers (Argl and CD206).
The oxygen-glucose deprivation and re-oxygenation (OGD/R) model was established in HT-22 neuron cell
lines as previously reported!”!3. Briefly, HT-22 cells were cultured in glucose-free DMEM and then transferred
to a sealed hypoxic box containing a mixture of 95% N, and 5% CO, at 37 °C for 4 h. Thereafter, the cells
were cultured in normal DMEM with 10% FBS and maintained for 24 h in reoxygenation under normoxic
conditions. Model success was verified by >40% cell death (CCK-8 assay), 2-fold Fe’* release increase, and
GPX4 downregulation (Western blot), consistent with OGD/R-induced ferroptosis'*?°. HT-22 cells cultured in
growth culture medium under normoxic conditions served as a control. Conditioned medium (CM) from M2-
type BV-2 cells were collected under sterile conditions followed by centrifugation at 3000g at 4 °C for 10 min to
remove cells and then diluted to 1:1 with DMEM complete medium for further use. CM from normal cultured
BV-2 cells was used as the control CM.

Cell viability assay

The viability of HT-22 cells was evaluated using the Cell Counting Kit-8 (CCK-8, MCE, Shanghai, China)
assay. Briefly, HT-22 cells were seeded into 96-well plates at a density of 3 x 10® cells/well and then treated as
described in the text. Subsequently, 20 yl CCK-8 was added to each well. After 2 h of incubation, the absorbance
was measured using a plate reader (ELx800, BioTek Instruments, Inc., Vermont, USA) at 450 nm (A450). Cell
viability was calculated as cell viability = OD (treatments)/OD (controls) x 100%.

MDA, SOD and iron content determination

The levels of MDA, GSH and iron in HT-22 cells were detected by an MDA assay kit (Jiancheng Bioengineering
Institute, China), GSH assay kit (Jiancheng Bioengineering Institute, China), and intracellular Iron colorimetric
assay kit (PPLYGEN, China), according to the manufacturer’s instructions.

Western blotting

Western blotting assays were performed as previously described by us?"?2. Briefly, a total of 25 ug proteins were
separated using 4-12% SDS-PAGE gels and transferred onto PVDF membranes. The membranes were blocked
with 5% skim milk at room temperature for 1 h, incubated with primary antibodies against CD63 (1:1000),
TSG101 (1:1000), Argl (1:1000), CD206 (1:1000), SLC7A11, GPX4 (1:1000), TOMM20 (1:2000), TIMM23
(1:2000), LC3-II (1:2000), Phospho-AMPK(1:1000), AMPK(1:2000), Phospho-ULK1 (1:1000), ULK1 (1:2000),
Phospho-FUNDCI1 (1:1000), FUNDCI1(1:2000), NCOA4 (1:2000) and B-actin (1:5000) at 4 °C overnight,
followed by corresponding secondary antibodies. All primary and secondary antibodies were obtained from
Biodragon (Suzhou, China). Blots were developed by ECL detection reagents (PECLO08, Proteinbio, China).

Exosome isolation, characterization, labeling and treatment

Exosomes were purified from the cell culture supernatants of M2-type BV-2 cells using an ExoQuick exosome
precipitation solution (System Bioscience, USA) according to the manufacturer’s instructions. Briefly, M2-type
BV-2 were cultured for 24 h in exosome-free MEM medium. The medium was then collected and centrifugated
at 70,000xg overnight. The supernatant was then collected and further centrifuged for 1 h at 70,000xg. The
exosome-containing pellet was washed with PBS, followed by centrifuged at 70,000xg for 1 h and resuspended
in 200 pL of PBS. The exosomes were stored at —80 °C immediately after isolation until further analysis.
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A transmission electron microscopy (JEM-1230, JEOL Ltd., Akishima, Japan) was used to identify the
characteristic of the exosomes. Nanoparticle tracking analysis (NTA, Brookhaven, New York) was used to
measure the diameter of exosomes. The protein content was measured using BCA protein assay, and exosome
markers, CD63 and tumor susceptibility gene 101 (TSG101) were detected by western blot analysis.

For exosomal labeling, exosomes were labeled using PKH26 (cat. MIDI26, Sigma-Aldrich, Saint Louis, USA)
following the manufacturer’s procedures. Exosomes were incubated with PKH26 for 5 min. The reaction was
then stopped with FBS. After washing with medium, PKH26-labeled exosomes (40 yg/mL) were added to HT-22
cells and incubated at 37 °C for 24 h. The cells were then incubated with DAPI (cat. 0100 - 20, Southern Biotech,
Birmingham, USA) to stain the nuclei and observed via a fluorescence microscope (DM2500, Leica, Wetzlar,
Germany).

For exosome treatment, after being cultured in oxygen-glucose deprivation (OGD) for 4 h, HT-22 cells were
treated with fresh normal DMEM with 10% FBS containing 40 ug/mL exosome and placed back in a 5% CO,
incubator for 24 h. PBS incubation was set as the control.

Immunofluorescence assay

HT-22 cells were seeded onto cover glasses in 6-well plates and treated as described in the text. After washing
twice with PBS, MitoTracker Red CMXRos probe (200 nM, Beyotime, China) was added and the cells were
incubated for another 30 min at 37 °C. Cells were fixed with 4% paraformaldehyde for 20 min, followed by
permeabilization with 0.1% Triton-X 100 for 5 min. The cover glasses were then blocked with 1% bovine
serum albumin (BSA) for 1 h and incubated with anti-LC3-II antibody at 4 °C overnight. Then, the cells were
incubated with FITC-conjugated secondary antibodies (Invitrogen, Carlsbad, CA, USA) for 1 h and stained with
4’,6-diamidino-2-phenylindole (DAPI) for 10 min. Finally, images were collected using a fluorescent microscope
(Leica DM2500, Wetzlar, Germany).

Statistical analysis

Data are expressed as mean + standard deviation (SD) from a minimum of three independent experiments.
All statistical analyses were conducted using Prism 10.0 software (GraphPad Software, USA). Prior to analysis,
data were assessed for normality (Shapiro-Wilk test) and homogeneity of variance (Levene’s test). For datasets
satisfying these assumptions, comparisons between two groups were performed using Student’s t-test, while
multiple-group comparisons were analyzed by ordinary one-way ANOVA along with Tukey’s post hoc test. For
datasets violating normality or homogeneity assumptions, non-parametric tests were applied. A p-value <0.05
was considered statistically significant. Despite the absence of dedicated funding, this study utilized established
protocols and shared laboratory resources to ensure reproducibility. Sample sizes were determined based on
pilot effect sizes and prior literature.

Results

M2-type BV-2 attenuated OGD/R-induced ferroptosis in HT-22 cells by secreting exosomes
We first investigated the effect of M2-type microglia on neuronal ferroptosis, BV-2 cells were first polarized to
the M2 type by IL-4. The mRNA levels of M2-type markers CD206 and Argl were increased after IL-4 induction
(Fig. 1A). Western blot and immunofluorescence analysis also showed that IL-4 stimulation significantly
upregulated the protein levels of CD206 and Argl (Fig. 1B, C). As shown in Fig. 1D, compared with OGD/R
alone, M2-conditioned medium (CM) significantly increased the viability of HT-22 cells subjected to OGD/R.
The MDA levels were significantly higher in the OGD/R group than in the control group (Fig. 1E), and GSH
levels in the OGD/R group was decreased compared with the control group (Fig. 1F). In contrast, CM could
reduce MDA levels and increase GSH levels in OGD/R-exposed HT-22 cells (Fig. 1E-F). Moreover, CM could
reduce iron content in OGD/R-exposed HT-22 cells (Fig. 1G). Western blot analysis showed that OGD/R
significantly increased NCOA4 expression, and decreased the expression of SLC7A11 and GPX4 in HT-22
cells, which was attenuated by the addition of CM (Fig. 1H). To investigate the mechanism by which M2-type
microglia ameliorated OGD/R-induced neuronal ferroptosis, the exosome inhibitor GW4869 was added into
the CM. The result showed that CM increased the viability in OGD/R-exposed HT-22 cells, which was inhibited
by GW4869 (Fig. 1D). GW4869 also attenuated CM-induced increases in GSH and iron levels and decreases in
MDA levels (Fig. 1E-G). The decreased NCOA4 levels, increased SLC7A11 and GPX4 levels induced by CM
were also reversed by GW4869 (Fig. 1H). These results suggested that M2-type microglia attenuated OGD/R-
induced neuronal ferroptosis by secreting exosomes.

Isolation and identification of exosomes derived from M2-type BV2 cells

To investigate the potential roles of exosomes derived from M2-type BV2 cells (M2-exos) in OGD/R-induced
neuronal ferroptosis, M2-exos were first isolated (Fig. 2A) and verified with transmission electron microscopy
(TEM), western blot, and nanoparticle tracking analysis (NTA). The TEM results revealed that M2-exos
exhibited round-shaped morphology, which is consistent with the typical exosomal morphology (Fig. 2B). NTA
data indicated that the diameters of the M2-exos were mostly approximately 70 nm (Fig. 2C). Western blot
results confirmed the presence of specific exosome surface markers (TSG101, and CD63) and absence of cell-
specific markers (GM130 and Calnexin) in M2-exos (Fig. 2D). Collectively, these results confirmed that the
M2-exos were successfully isolated and identified.

M2-exos attenuated OGD/R-induced ferroptosis of HT-22 cells

To investigate the effect of M2-exos on OGD/R-induced ferroptosis, HT-22 cells were cultured in OGD
conditions for 4 h and then cocultured with M2-exos in the 24 h reperfusion phase. As shown in Fig. 3A,
M2-exos increased the viability of HT-22 in a concentration-dependent manner under OGD/R conditions.
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Fig. 1. Effects of M2-type BV-2 conditioned medium and the exosome inhibitor GW4869 on OGD/R-
induced ferroptosis in HT-22 cells. (A-C) BV-2 cells were treated with 20 ng/ml IL-4 for 48 h, and the
expression levels of CD206 and Argl were detected by RT-qPCR, western blot, and immunofluorescence,
respectively. Scar bar =100 um. (D-H) HT-22 cells were cultured under normal conditions (control), or
underwent OGD/R treatment (OGD), or pretreated with M2-BV2-conditioned medium (CM) and exposed
to OGD/R treatment (OGD + CM), or pretreated with CM plus GW4869 and exposed to OGD/R treatment
(OGD + CM + GW4869). The viability of HT-22 cells in each group was detected by CCK-8 assay (D), the
MDA, GSH and iron levels in each group were detected by specific kit, respectively (E-G), and the expression
levels of SLC7A11, GPX4 and NCOA4 in each group were detected by western blot (H). **p <0.01 compared
with control group; #p<0.01 compared with OGD group; *¥p<0.01 compared with OGD + CM group.

As no comparable improved effects on the viability of HT-22 cells were observed at concentrations of 40 ug/
mL and 80 ug/mL (Fig. 3A), the concentration of 40 yg/mL was selected to conduct subsequent experiments.
Immunofluorescence results showed PKH26-labeled M2-exos (40 yg/mL) in HT-22 cells, indicating successful
uptake of M2-exos (Fig. 3B). OGD/R increased MDA and iron levels and NCOA4 expression, decreased the
GSH levels and the protein expression levels of SLC7A11 and GPX4 in HT-22 cells (Fig. 3C-F). In contrast, M2-
exos treatment partly abolished these effects of OGD/R exposure (Fig. 3C-F). Collectively, these data suggested
that M2-exos attenuated OGD/R-induced ferroptosis of HT-22 cells.

M2-exos attenuated OGD/R-induced ferroptosis of HT-22 cells by enhancing mitophagy
Previous studies demonstrated that inhibition of mitophagy contributes to neuronal ferroptosis*>?*. Thus, we
wondered whether mitophagy is involved in the protective effect of M2-exos against OGD/R-induced neuronal
ferroptosis. As shown in Fig. 4A, M2-exos-induced mitophagy was demonstrated by co-localization between
mitochondria and the autophagosome marker LC3B-II. Western blot analysis showed that M2-exos reduced
TIMM23 and TOMM20 levels, and increased LC3B-II level in OGD/R-exposed cells (Fig. 4B). When mitophagy
was suppressed with a mitophagy inhibitor (mitochondrial division inhibitor-1, Mdivi-1) or an autophagy
inhibitor (3-methyladenine, 3-MA) in OGD/R-exposed HT-22 cells treated with M2-exos, the viability of HT-
22 cells was significantly decreased (Fig. 4C), the level of GSH was significantly decreased (Fig. 4D), the levels of
MDA and iron were significantly increased (Fig. 4E, F), the protein expression levels of NCOA4 were increased,
and the protein expression levels of SLC7A11 and GPX4 were significantly decreased (Fig. 4G). Collectively, these
findings suggest that M2-exos attenuated OGD/R-induced ferroptosis of HT-22 cells by enhancing mitophagy.
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Fig. 2. Identification of exosomes derived from M2-type BV2 cells (M2-exos). (A) Flow chart of acquisition
of exosomes from M2-type BV2 cells. (B) Exosomes were observed under a transmission electron microscope.
Scale bar: 200 nm. (C) The size of exosomes was assessed by nanoparticle tracking analysis (NTA). (D)
Expression levels of exosomal markers (TSG101, and CD63) and cell-specific markers (GM130 and Calnexin)
were measured by western blotting.
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Fig. 3. Effect of M2-exos on OGD/R-induced ferroptosis of HT-22 cells. (A) HT-22 cells were cultured under
three different conditions: normal (control), OGD/R (OGD), and OGD/R with different concentrations of M2-
exos. After 24 h of culture, cell viability was determined by the CCK-8 assay. (B) MSC-exos are internalized

by HT-22 cells. PKH26-labeled M2-exos are shown in red, MAP2-labeled HT-22 cells are shown in green,

and DAPI-labeled nuclei are shown in blue. Scale bar: 50 ym. (C-F) HT-22 cells were cultured under three
conditions: normal (control), OGD/R (OGD), and OGD/R +40 ug/mL MSC-exos (M2-exos). After 24 h of
culture, the MDA, GSH and iron levels in each group were detected by specific kit, respectively (C-E), and the
expression levels of SLC7A11, GPX4 and NCOA4 in each group were detected by western blot (F). **p<0.01
compared with control group; *p <0.05, #*p <0.01 compared with OGD group; ¥p<0.05, ¥p<0.01 compared
with OGD + M2-exos (10 yg/mL) group; ®p <0.05 compared with OGD + M2-exos (20 yg/mL) group.

Scientific Reports|  (2025) 15:17955 | https://doi.org/10.1038/s41598-025-03091-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

: N
MitoTracker LC3B-l Merge < d

TOMM20 .
TIMM23
LC3B-I E

Control

N
S\a

OoGD

N C
L o o o

& & @Wp+§"’°+\&~'”°+
GPx4 e S W = |

SLC7A11 |‘ . e |

M2-exons

NCOA4 | JE— -..|

150 8

-

o

o
o

i
&& 8&&

*%

Cell viability (%)

N

GSH (umol/g prot)
£y
MDA (umol/g prot)

Fig. 4. Mitophagy is required for the protective effect of M2-exos against OGD/R-induced ferroptosis of
HT-22 cells. (A, B) HT-22 cells were cultured under three conditions: normal (control), OGD/R (OGD), and
OGD/R +40 pg/mL M2-exos (M2-exos). After 24 h of culture, (A) The cells were stained with MitoTracker
Red followed by immunostaining with LC3B-II antibody. Scale bar: 50 um. (B) the expression levels of
TIMM23, TOMM20 and LC3B-II were detected by western blot. (C-G) HT-22 cells were treated as follows:
normal (control), OGD/R (OGD), OGD/R + M2-exos treatment (M2-exos), pretreated with vehicle (Vech),
3-methyladenine (3MA, 10 mM), or mitochondrial division inhibitor-1 (Mdi-1, 10 uM) followed by M2-exos
treatment. After 24 h of treatment, (C) cell viability was determined by the CCK-8 assay. (D-F) the MDA, GSH
and iron levels in each group were detected by specific kit, respectively. (G) The expression levels of SLC7A11,
GPX4 and NCOA4 in each group were detected by western blot. **p <0.01 compared with control group;
#p<0.05, #p<0.01 compared with OGD group; ¥p<0.05, ¥&p <0.01 compared with M2-exos group.

M2-exos activated FUNDC1-mediated mitophagy via AMPK/ULK1 to ameliorate OGD/R-
induced ferroptosis of HT-22

FUN14 domain-containing protein 1 (FUNDCI1)-mediated mitophagy has been shown to exert protective
effects against cerebral ischemia-reperfusion (IR) injury'2?>26, Moreover, the AMPK-ULK1 pathway has
been shown to activate FUNDCI to promote mitophagy?”?3. Therefore, we next investigated the involvement
of AMPK/ULK1/FUNDCI axis in M2-exos-induced mitophagy in our system. The results showed significant
decreases in the phosphorylation levels of AMPK, ULK1 and FUNDC1 under OGD/R conditions (Fig. 5A). M2-
exos treatment significantly increased the phosphorylation levels of these proteins in OGD/R-exposed HT-22
cells (Fig. 5A). Furthermore, dorsomorphin (AMPK inhibitor) and SBI-0206965(ULK1 inhibitor) significantly
reduced the phosphorylation levels of FUNDCI1 in M2-exo-treated HT-22 cells under OGD/R conditions (Fig.
5A). Dorsomorphin and SBI-0206965 also significantly inhibited M2-exos-induced downregulation of TIMM23
and TOMM20 levels, and upregulation of LC3B-II in OGD/R-exposed HT-22 cells (Fig. 5A). Furthermore, the
M2-exos-induced increases in cell viability (Fig. 5B), GSH level (Fig. 5C), and expression levels of SLC7A11 and
GPX4 (Fig. 5A), and decreases in MDA (Fig. 5D), iron levels (Fig. 5E) and expression levels of NCOA4 (Fig. 5A)
were significantly reversed by drsomorphin and SBI-0206965 treatment. Collectively, these results indicated that
M2-exos exerted its protective effect against ferroptosis by activating FUNDCI1-dependent mitophagy through
the AMPK/ULK1 pathway.
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Fig. 5. The AMPK/ULK1/FUNDCI1 signaling pathway is required for the M2-exos-induced mitophagy and
inhibition ferroptosis in OGD/R-exposed HT-22 cells. HT-22 cells were cultured under the conditions: normal
(control), OGD/R (OGD), OGD/R +40 pug/mL M2-exos (M2-exos), pretreated with Dorsomorphin (Dor, 10
mM), or SBI-0206965 (SBI, 10 uM) followed by M2-exos treatment. After 24 h of treatment, the expression
levels of p-AMPK, AMPK, p-ULK1, ULK1, p-FUNDCI, FUNDCI1, TIMM23, TOMM20, LC3B-II, SLC7A11,
GPX4 and NCOA4 were detected by western blot (A), cell viability was determined by the CCK-8 assay (B),
the MDA, GSH and iron levels in each group were detected by specific kit, respectively (C-E). **p <0.01
compared with control group; *p <0.05, #p <0.01 compared with OGD group; ¥p <0.05, ¥¥p<0.01 compared
with M2-exos group.

Discussion

Neuronal ferroptosis has been demonstrated to play a critical role in the progression of neonatal HIBD>%.
Additionally, previous studies revealed that exosomes-derived from different types of cells exerted protective
effects against ferroptosis in various cells**-32. In the present study, we found that M2-exos significantly increased
cell viability and the expression levels of the key proteins associated with ferroptosis, and reduced the levels of
MDA and iron in OGD/R-exposed HT-22 cells. These findings suggested that M2-exos exerted protective effects
against I/R-induced neuronal ferroptosis. Our results are consistent with a previous study reported by Xie et al. .
They also found that exosomes derived from M2-type microglia could ameliorate OGD/R-induced injury by
inhibiting ferroptosis in HT-22 cells**. While Xie’s and our studies demonstrate the protective effects of M2-exo
against OGD/R-induced injury in TH-22 cells, several limitations must be acknowledged, particularly regarding
the acute-phase experimental design. Firstly, our findings are based on acute-phase assessments, which may not
fully capture the long-term therapeutic potential or possible delayed adverse effects of M2-exos. Secondly, the
TH-22 cell line, while useful for mechanistic studies, does not fully replicate the complexity of in vivo neuronal
networks, glial interactions, or systemic inflammatory responses. The absence of blood-brain barrier dynamics,
immune cell crosstalk, and vascular components may limit the translational relevance of our findings. Thirdly,
the efficacy of M2-exos in in vitro OGD/R models does not guarantee similar outcomes in in vivo HIBD models,
where factors like biodistribution, immune clearance, and off-target effects come into play. Preclinical validation
in animal models is essential.

The mechanism by which M2-exos attenuate I/R-induced neuronal ferroptosis was then investigated.
Mitophagy is a process that cells selectively wrap and degrade damaged mitochondria through an autophagy
mechanism, thus maintaining mitochondria and intracellular homeostasis®****. Mitophagy has been demonstrated
to be involved in the pathogenesis of many clinical diseases and the regulation of mitophagy may become a new
direction for the treatment of some diseases>*~3. Recently, activation of mitophagy has been demonstrated to be
a critical protective mechanism of exosomes against different diseases'>?**”. Importantly, mitophagy has been
shown to suppress neuronal ferroptosis in some brain injury diseases***%. In accordance with these results, the
present study showed that M2-exos treatment significantly increased the levels of mitophagy in OGD/R-exposed
HT-22 cells. When mitophagy was blocked with 3-MA or Mdivi-1, the protective effect of M2-exos against
OGD/R-induced ferroptosis was markedly reversed in HT-22 cells. These data strongly indicated that M2-exos
prevent OGD/R-induced ferroptosis of neuronal HT-22 cells by enhancing mitophagy. Recent studies, such as
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Wang et al.?°, have highlighted the anti-ferroptotic potential of M2 microglia-derived exosomes in ischemic
injury. Our study extends these findings by demonstrating that naturally secreted M2-exos mitigate neuronal
ferroptosis through FUNDCI1-dependent mitophagy, activated via the AMPK/ULK1 pathway, a mechanism not
previously reported.

We next explored the potential activators for M2-exos-induced mitophagy in OGD/R-exposed HT-22
cells. FUNDCI is an outer mitochondrial membrane (OMM) protein that acts as an autophagy receptor for
mitophagy under hypoxic conditions?’. Increasing evidence has indicated that FUNDC1-mediated mitophagy
plays a critical role in inhibition of ferroptosis**2. In this study, we found that M2-exos significantly increased
the activity of FUNDCI in OGD/R-exposed HT-22 cells, suggesting that M2-exos attenuated OGD/R-induced
ferroptosis through FUNDC1-mediated mitophagy. AMPK has been identified as an indispensable inducer of
FUNDCI1-dependent mitophagy*®**. Reduced energy production increases AMP levels and thus promotes the
phosphorylation of AMPK, which directly activates ULK1 by phosphorylating it at Ser317 or Ser7774%43. Upon
its activation, ULK1 translocates to the mitochondrial outer membrane surface to phosphorylate FUNDCI1
at Ser17, thus inducing mitophagy’®*’. The AMPK/ULK1/FUNDCI pathway-mediated mitophagy has been
characterized as a protective mechanism under various pathological conditions, including cognitive impairment
and myocardial fibrosis?®*. In the present study, we found that inhibition of AMPK or ULK1 activation
significantly attenuated M2-exos-induced FUND1-dependent mitophagy and ferroptosis inhibition in OGD/R-
exposed HT-22 cells, suggesting that M2-exos activates AMPK/ULK1/FUNDCI pathway to enhance mitophagy
to suppress OGD/R-induced ferroptosis in HT-22 cells.

It is well known that mitophagy is activated by two distinct pathways, one is ubiquitin dependent while
the other is receptor dependent. The ubiquitin dependent pathway involves Parkin/PINK1 pathway-mediated
ubiquitination. PINK1 accumulates at the outer membrane of dysfunctional mitochondria and recruits Parkin.
Activated Parkin subsequently leads to the ubiquitination of substrates and the recruitment of autophagy
receptors to initiate mitophagy*®*. In the receptor-dependent pathway, mitochondrial receptors like FUNDCI1,
BNIP3 and NIX, directly bind to LC3 or GABARAP to initiate mitophagy****. In addition to receptor dependent
pathway, AMPK was also been shown to activate mitophagy through the Parkin/PINK1 pathway*®445, Whether
the Parkin/PINK1 pathway is involved in AMPK-mediated mitophagy in our system is an interesting point for
us to investigate in the near future.

M2-exos have been shown to exert their function by transferring proteins, messenger RNAs, and non-coding
RNA to recipient cells*®*’. Jiang et al. showed that the glioblastoma-associated M2-type microglia (GAM)
could promote the angiogenesis of glioblastoma multiforme (GBM) via transporting exosomal circular RNA
KIF18A (circKIF18A) into human brain microvessel endothelial cells (h(BMECs)*. Liu et al. recently found
that microglia-derived exosomes paraquat-induced neuronal damage by transferring circZNRF1%. Recent
research has provided evidence that specific circRNA has the ability to modulate disease progression through
diverse mechanisms, one of which is by regulating cellular ferroptosis. Importantly, the abnormal expression of
circRNAs has been shown to be involved in the pathogenesis of neonatal HIBD*% Therefore, it is worthwhile
to investigate which circRNA in M2-exos alleviates I/R-induced neuronal ferroptosis by activating FUNDCI1-
mediated mitophagy through the AMPK/ULK1 pathway.

Conclusion

In conclusion, our findings indicated that M2-exos alleviated I/R-induced neuronal ferroptosis by enhancing
FUNDCI-mediated mitophagy via activating the AMPK/ULK1 pathway (Fig. 6). The findings in the present
study provide a neuronal ferroptosis-centric view of the neuroprotective effect of M2-exos. These results
demonstrated that M2-exos may be a promising target for the treatment of neonatal HIBD. While our study
delineates the mechanistic role of M2-exos in vitro, future work will validate these findings in vivo using HIBD
models to assess long-term neuroprotection and functional recovery. The unfunded nature of this work may limit
the scale of certain analyses. However, the consistent mechanistic data across replicates support the conclusions.
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Fig. 6. A proposed model of M2-exos-induced mitophagy alleviates I/R-induced ferroptosis in neurons.
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