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Abstract

Exosomes derived from mesenchymal stem cells (MSCs) have been considered as an alternative for cell therapy of acute
spinal cord injury (ASCI). However, the underlying mechanism remains unclear. Here, ASCI mouse model and hypoxic
cell model were established to evaluate the effects of MSCs and MSCs-derived exosomes (MSCs-exo). The results showed
that both MSCs and MSCs-exo inhibited the production of ROS and ferrous iron, upregulated the expression of ferroptosis
suppressor FSP1, and enhanced repair of neurological function in the ASCI mice. Besides, MSCs and MSCs-exo attenuated
hypoxia-induced neuronal cell ferroptosis and increased cell proliferation. Further study demonstrated that IncGm36569
was enriched in the MSCs-exo. Through bioinformatics analysis and luciferase assay, we confirmed that IncGm36569 acted
as a competitive RNA of miR-5627-5p to induce FSP1 upregulation. Furthermore, overexpression of miR-5627-5p reversed
the therapeutic effects of IncGm36569 on neuronal cell ferroptosis. In conclusion, MSCs-exosomes IncGm36569 inhibited
neuronal cell ferroptosis through miR-5627-5p/FSP1 axis, thereby attenuating neuronal dysfunction.
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Abbreviation AIFM?2 apoptosis-inducing factor mitochondrial 2
MSCs mesenchymal stem cells ceRNAs competing endogenous RNAs
ASCI acute spinal cord injury CCK-8 Cell Counting Kit-8
MSCs-Exo mesenchymal stem cells derived exosomes
ROS control is abbreviated as ctrl, reactive oxygen
species Introduction
ACSL4 acyl-CoA synthetase 4
GPX4 glutathione peroxidase 4 expression Acute spinal cord injury (ASCI) is a neural event with high
Nrf2 nuclear factor erythroid 2-related factor 2 mortality. ASCI commonly results in motor and sensory fail-
BMS Basso Mouse Scale ures in patients, which causes great individual and societal
TEM transmission electron microscope burden [1, 2]. To date, it has been demonstrated that ASCI is
MUT mutant not only triggered by the initial disruption of neuronal axons,
WT wildtype blood vessels, and cell membranes. Systematical secondary
injury induced by inflammatory, ischemia, hypoxia and pro-
52 Dongzhe Li gressive compression will also exacerbate ASCI, which rank
1dz5056 @ 126.com the leading causes of neuronal cell death [3-5]. Therefore,
Chenglong Shao understanding the molecular mechanism of neuronal cell
$290126156@163.com death in ASCI is still in urgent need.
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[6-10]. Chronic ASCI causes free radical accumulation,
iron-catalyzed lipid peroxidation and iron overload at the
injury site, consequently initiating ferroptosis [11-14].
Obvious changes of the redox and ferroptosis markers
could also be observed in ASCI models in vivo, where
acyl-CoA synthetase long-chain fatty acyl-CoA synthetase
4 (ACSL4) was up-regulated while glutathione peroxi-
dase 4 (GPX4), nuclear factor erythroid 2-related factor
2 (Nrf2), and heme oxygenase-1 were down-regulated
[15]. Some ferroptosis-related genes, such as Acyl-CoA
synthetase family member 2 (ACSF2) and iron-respon-
sive element-binding protein 2 (IREB2) were also down-
regulated under spinal cord injury (SCI). Treatment with
deferoxamine improved the repair of neuronal injury via
suppressing ferroptosis [16]. Although these findings have
provided important validation of ferroptosis as a potential
target during ASCI repair, it is still necessary to illumi-
nate the underlying mechanism and discover the effective
reagents for ASCI therapy.

Currently, mesenchymal stem cells (MSCs) transplan-
tation has a positive function on regulating behavioral
outcome and histopathological assessment in spinal cord
injured rats or patients [17-19]. MSCs therapy is con-
sidered as one promising approach to inhibit neuronal
cell death and increase astrogliosis after ASCI [20, 21].
Exosomes derived from MSCs (MSCs-exo) are proved
to possess great proangiogenic ability and are capable of
inhibiting neuronal cell apoptosis to repair neural func-
tions after traumatic SCI [22]. Moreover, MSCs derived
exosomes maintained anti-scarring and anti-inflamma-
tory effects, which also benefits ASCI treatment [23, 24].
Therefore, we believe that exosomes released by MSCs
could be employed as an alternative therapy for SCI and
may enhance the ASCI recovery.

Exosomes are one kind of extracellular vesicle with diam-
eters of 50-200 nm and could be released by all type of cells.
They participate in cell-cell communication by transferring
the specific features, including lipids, proteins, and func-
tional nucleic acid from the original cells into the recipient
cells [25, 26]. Long non-coding RNAs (IncRNAs) are a cru-
cial class of exosomal contents with more than 200 nucleo-
tides. Numerous data demonstrates that IncRNAs distribute
in both nucleus and cytoplasm. Based on the intracellular
location of IncRNAs, they exert critical functions in regulat-
ing many biological processes, such as cell survival, differ-
entiation and death through different molecular mechanism
[27]. Researchers have revealed that IncRNAs are critical for
regulating ferroptosis in many diseases through serving as
competitive endogenous RNAs (ceRNAs) for microRNAs
(miRNAs) [28-31]. However, the exact role of exosomal
IncRNAs on ASCI-induced ferroptosis of neurons has not
been discovered.
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In this study, we identified that MSCs-derived exosomes
had the potential to reduce neuronal ferroptosis and pro-
mote functional recovery in the ASCI model for the first
time. Moreover, we revealed the role of IncGm36569/miR-
5627-5p/FSP1 axis in ASCI progression. Our work provided
a novel therapeutic target for ASCIL.

Methods
Animal

Male C57BL/6 (7-8 weeks) were purchased from the Ani-
mal Center of Nanjing University (Nanjing, China) and
housed in the condition with controlled temperature and
humidity under a 12-h light/dark circadian rhythm. The
animals were provided with food and water ad libitum. For
determining the effects of MSCs-exo, the animals were
derived into three groups: sham (n=10), ASCI (n=10),
ASCI + MSCs (n=10); for determining the effects of exo-
somal IncGm36569, the animals were divided into five
groups: sham (n=10), ASCI (n=10), ASCI + MSC-Exo
(ctrl) (n=10), ASCI + MSCs-Exo (Inc-OE) (n=10), ASCI
+ MSCs-Exo (si-Inc) (n=10). The animal experiments were
approved by the Animal Ethics Committee of The First Affil-
iated Hospital of Zhengzhou University.

Acute Spinal Cord Injury (ASCI) Model
and Treatment

The ASCI model was constructed using Allen’s method with
some modifications [32]. After anesthetized by intraperito-
neal injection of 4% chloral hydrate (3 ml/kg, Sinopharm
group Co., Shanghai, China), the back of the mouse was
opened to expose the T10 vertebral laminae and under-
went dorsal laminectomy. Contusion was then induced by
NYU Impactor M-III falling from the height of 3.0 cm. The
sham mice underwent the same operation without contu-
sion. Finally, the muscles and skin were sutured. Involun-
tary spasms in the hind limbs and wriggled tails of the mice
indicated a successful ASCI model. After surgery, the mice
were injected with cefuroxime sodium for 3 days to pre-
vent infection and bladder evacuation was applied twice a
day until the end of the study period. In the sham group,
rats received only laminectomy. Three days after injury,
the ASCI mice were subjected to MSCs transplantation or
MSCs-exo treatment [33, 34]. MSCs or MSCs-exo (includ-
ing MSCs-exo (ctrl), MSCs-exo (si-Inc), MSCs-exo (Inc-
OE)) were resuspended in 3 pL of PBS and injected into the
injured hind limbs. The sham mice were injected with the
same volume of PBS without exosomes or MSCs. At the end
of the experiment, the mice were euthanized with isoflurane
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(5% for induction and 1.5% for maintenance) using a RWD
R550 small animal anesthesia machine, followed by cervi-
cal dislocation, and the spinal cord tissues were removed for
further analysis.

Behavioral Function Tests

Three evaluations were performed to assess the behavio-
ral function, including locomotor performance evaluation,
motor function evaluation, and sensory-motor function
evaluation. All tests were performed 1, 3, 7, 14, 21, 28,
35, and 42 day(s) after modeling at the same time. The
mice were allowed to rest for 30 min between different
tests [35].

Briefly, locomotor performance was determined
according to Basso Mouse Scale (BMS) [36]. The scores
were evaluated according to the BMS-locomotion scale
ranging from 0 to 9. A score of zero indicated for no
observable locomotion while nice indicated normal loco-
motor activity. On each scoring day, the mice were indi-
vidually placed in an open field (36 cm X 30 cm X 17 cm)
and observed for 10 min. The mean scores obtained from
two investigators were used for analysis Table 1.

The motor function was assessed by inclined plane test.
In this test, each mouse was placed on an inclined plane,
the largest angle that the mice could maintain its posi-
tion for more than 5 s was recorded. Three trials were
performed for each mouse and mean angle was used for
analysis [37].

Beam walk test was applied to assess the sensory-
motor function. Eight beams with different widths were
designed to match the scoring scale (1-8). Each mouse

was placed on the beams to walk from side to side. The
narrowest beams that the mice could walk through with-
out foot slip were recorded. Each mouse was tested for
two times [38].

Cell Culture and Treatment

Mouse neuronal cell lines HT-22 and HEK-293 T were
obtained from ATCC (Rockville, USA) and cultured in
Dulbecco’s modified Eagles medium (DMEM, Gibco,
USA) containing 10% fetal bovine serum (FBS, Gibco,
USA). Mouse bone marrow-derived MSCs were obtained
from Cyagen Biosciences (Suzhou, China) and maintained
in DMEM/F12 (Gibco, USA) supplemented with 10% FBS.
To stimulate ASCI condition in vitro, HT-22 cells were
exposed to hypoxic conditions (3% O,, 5% CO, and 92%
N,) at 37 °C for 24 h. The control cells were maintained in
normoxic conditions.

Co-Culture of MSCs and HT-22 Cells

HT-22 cells were plated in the lower chambers of the tran-
swell system, whereas MSCs were plated in the upper cham-
bers. GW4869 (20 pM, MedChemExpress, USA), a neutral
sphingomyelinase inhibitor, was used to treat the MSCs cells
for 48 h before co-culture to deplete exosomes in the co-
culture system.

Western Blot

After different treatments, proteins from the cells or spi-
nal cord tissues were collected using RIPA buffer. Equal

Table 1 Scores and operational definitions for the basso mouse scale for locomotion (BMS)

Score  standard of perfection
0 No ankle movement
1 Slight ankle movement
2 Extensive ankle movement
3 Plantar placing of the paw with or without weight support —-OR
Occasional, frequent or consistent dorsal stepping but no plantar stepping
4 Occasional plantar stepping
5 Frequent or consistent plantar stepping, no coordination —OR
Frequent or consistent plantar stepping, some coordination, paws rotated at initial contact and lift off (R/R)
6 Frequent or consistent plantar stepping, some coordination, paws parallel at initial contact (P/R, P/P) -OR
Frequent or consistent plantar stepping, mostly coordinated, paws rotated at initial contact and lift off (R/R)
7 Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and rotated at lift off (P/R) -OR
Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and severe trunk instability
8 Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and mild trunk instability
-OR
Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and normal trunk stability
and tail down or up & down
9 Frequent or consistent plantar stepping, mostly coordinated, paws parallel at initial contact and lift off (P/P), and normal trunk stability

and tail always up.
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total proteins (30 pg/lane) were separated using 10% SDS-
PAGE (Bio-Rad, USA) followed by transferring onto the
PVDF membrane. After blocked with 5% BSA for 2 h at
room temperature, the membranes were incubated with
primary antibodies against FSP1(1:1000, Abcam, USA),
GPX4 (1:1000, Abcam, USA), FTH1 (1:1000, Abcam,
USA), NRF2 (1:1000, Abcam, USA), ACSL4 (1:1000,
Abcam, USA), COX2 (1:1000, Abcam, USA), CD9 (1:1000,
Abcam, USA), CDS81 (1:1000, Abcam, USA), CD63
(1:1000, Abcam, USA), TSG101 (1:1000, Abcam, USA),
and GAPDH (1:5000, Abcam, USA) at 4 °C overnight. Next,
the membranes were incubated with HRP-conjugated sec-
ondary antibodies (1:5000, Abcam, USA) for 2 h at room
temperature. The bands were then developed using enhanced
chemiluminescence chromogenic substrate (GE Healthcare,
UK) and analyzed by Image J software. GAPDH was used
as a control in this study.

qRT-PCR

Total RNAs were extracted by TRIzol reagent (Thermo,
USA) following the manufacturer’s protocol. 1 pg of total
RNA was revere-transcribed into cDNA using TagMan
Reverse Transcription Kit or TagMan microRNA Reverse
Transcription Kit (Applied Biosystems, USA). Next, cDNA
was analyzed by the qQRT-PCR system using SYBR green
(Toyobo, Japan). The gene expression levels were calculated
using the 2" 22T method and normalized by U6 or GAPDH.
The primers used in this study were presented as follows:
AIFM2 (mouse): forward 5’-CAACGGGGCTCTGAAAGT
GA-3', reverse 5’-AGCCTTCCGTGAGTCTAATCC-3";
GAPDH (mouse): forward 5’-TGAGGACCAGGTTGTCTC
CT-3', reverse 5’-GAGGGCACCAAACCTTCAGTT-3"
IncGm9725 (mouse): forward 5’-GGTGGGCAGTTAAAA
GTCGC-3', reverse 5’-ACAACATGCTGCAATGCTCTC-
3'; IncGm14586 (mouse): forward 5’-CCAAGACCGTGA
AGAAGGCT-3', reverse 5’-TCTCACAGGCCCTCTCTG
AA-3"; IncGm8623 (mouse): forward 5’-CCCCTGGAG
ATGATCGTGCG-3', reverse 5’ACACGGACCCGAATA
TCCACAC-3'; IncGm36569 (mouse): forward 5’-TCATTT
CTCTGCCGCTTCCA-3', reverse 5’-AAAGAGCTCCTG
TTTTCTGTACC-3'; mmu-miR-5627-5p: forward 5’-AGA
GGGTGCGCCGGGC-3, reverse 5’-AGTGCAGGGTCC
GAGGTATT-3'; mmu-miR-326-5p: forward 5’-GGGGCA
GGGCCTTTGTG-3', reverse 5’-AGTGCAGGGTCCGAG
GTATT-3'; U6 (mouse): forward 5’-GCTCGCTTCGGC
AGCACAT-3', reverse 5’-ATGGAACGCTTCACGAAT-3'.

Isolation of Exosomes
For exosome isolation, the MSCs after different transfec-

tions were maintained in the DMEM/F12 medium supple-
mented with 10% exosome-free fetal bovine serum. The
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MSCs-conditioned medium was harvested after 48 h, and
centrifuged at 300xg for 15 min, 2500xg for 30 min, and
100,000xg for 4 h at 4 °C. The pellets were collected and
laid on top of a 30% sucrose/D,0 cushion, followed by ultra-
centrifugation at 100000xg for 1 h at 4 °C. Finally, the pel-
lets were resuspended in 200 pL PBS for further study [39].
For the in vitro exosome treatment, HT-22 cells were incu-
bated with 100 ng/mL MSCs-exosomes (in 100 uL. PBS) for
24 h before hypoxic stimulation.

Identification and Labeling of MSCs-Derived
Exosomes

The morphologic feature of exosomes was determined using
a transmission electron microscope (TEM) as a previous
study described [40]. Besides, NanoSight NS300 (NTA,
Malvern Instruments, China) was performed to examine
the size of the exosomes according to the manufacturer’s
instructions. The protein markers were detected by west-
ern blotting as described above. In addition, the exosomes
were labeled using a PKH67 green fluorescent labeling kit
(Sigma, USA) following the manufacture’s protocol. After
incubation with HT-22 cells for 6 h, the PKH67 signals were
detected under the fluorescent microscope.

Cell Transfection

miR-5627-5p inhibitor, mimic, IncGm36569 overexpressed
vector (Inc-OE), IncGm36569 siRNA (si-Inc) and the cor-
responding controls, were obtained from GenePharma
(Shanghai, China). For the in vitro transfection, the cells
were plated on the 6-well plate at the density of 10° cells
per well. Next, the cells were transfected with these rea-
gents (5 pg) using Lipofectamine 2000 following the manu-
facturer’s instructions. After 48 h, the cells were used for
further studies.

Cell Counting Kit-8 (CCK-8) Assay

After different treatments, HT-22 cells were plated on
96-well plates (5000 cells/well) and incubated with 10 pL
of CCK-8 reagent (Dojindo, Japan) at 37 °C for 2 h. The
optical densities were detected by a microplate reader (Bio-
Tek, USA) at 450 nm.

Iron Assay

Spinal cord samples and cells were collected to determine
the intracellular ferrous iron level using the iron assay kit
(Abcam, USA). In brief, after homogenization, the samples
were incubated with an iron reducer on ice for 30 min, fol-
lowed by staining with the iron probe for 1 h. The content
of iron was measured by the microplate reader at 593 nm.
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Reactive Oxygen Species (ROS) Detection

The ROS levels of spinal cord samples or cells were meas-
ured by the OxiSelectln Vitro ROS/RNS Assay Kit (Cell
Biolabs, USA) coupled with flow cytometry following the
manufacturer’s instructions. The data was normalized by the
ROS level in spinal cord tissues from sham mice or control
cells.

RNA Sequencing

The MSCs-exo were collected and washed with PBS. Total
RNA was extracted using TRIzol reagent (Invitrogen) and
revere-transcribed into cDNA. Then, the sequencing library
was generated using the Stranded RNA-Seq Library Prep
Kit (Ilumina, USA), and subjected to the [llumina HiSeq
4000 Sequencing System. The data were analyzed by fold
change and p value.

RNA Pull-Down Assay

The biotinylated DNA probes were hybridized with
IncGm36569 or corresponding antisense RNA (NC) using
the Biotin RNA Labeling Mix (Roche, USA) and T7/SP6
RNA polymerase (Roche). After purification using the RNe-
asy Mini Kit (Qiagen, USA), the IncRNA- or NC-banded
probes were then dissolved and incubated with streptavidin-
coated magnetic beads (Sigma, USA) at 25 °C for 2 h. Then,
probes-coated beads were incubated with cell lysis at 4 °C
for 3 h. The bound RNAs were eluted and isolated for qRT-
PCR analysis [41].

Luciferase Assay

The 3’-UTR of AIFM2 and IncGm36569 were cloned into
the pmiR-RB-REPORT vector (Ribobio, China). The bind-
ing sites among AIFM2, IncGm36569 and miR-5627-5p
were mutated using the site directed mutagenesis kit (NEB
E0554, USA). 10° HEK-293 T cells were seeded on the
6-well plate and co-transfected with mutant (MUT)/wildtype
(WT) vector and miR-5627-5p mimic/inhibitor or controls
using Lipofectamine 3000 reagent (Ribobio, China). After
48 h, the luciferase activity was determined using a Dual-
Luciferase Assay System (Promega, USA).

Elisa

The spinal cord tissues were homogenize in PBS and cen-
trifuged at 3000 rpm to obtain the supernatant. Next, the
supernatant was incubate with the 1x biotinylated detection
antibody for 1 h followed by HRP-streptavidin solution for
45 min. The optical densities at 450 nm were recorded.

Statistical Analysis

Data were analyzed using the Prism 8.0 software and
showed as means + SD. Two-tailed Student’s t test was
used for comparisons between the two groups. One-way
ANOVA was performed to compare the difference among
multiple groups. P <0.05 was considered as statistically
significant.

Results

Functional Improvements in ASCI Mice Treated
with MSCs

We first performed experiments to assess functional recov-
ery for 6 weeks post-ASCI to evaluate the efficiency of
MSC therapy. Firstly, we assessed the locomotor per-
formance using BMS score. The results showed that the
scores were significantly lower in ASCI mice than that of
the sham group, and showed a slow upward trend with
the post-ASCI days increasing. On the twenty-first day,
MSCs markedly increased the BMS scores of ASCI mice,
indicating the favorable therapeutic effects on motor func-
tion. Secondly, the beam walk test was performed and dem-
onstrated that the injured mice exhibited severe disorder
after ASCI operation, while this score was dramatically
increased in the MSCs-treated group. Besides, the mean
angle in the inclined plane test was about 80° for the sham
mice, while ASCI decreased the angles. However, treated
with MSCs continuously increased the angles and pre-
sented significant gains 4 weeks after injury (Fig. 1a). In
addition, after ASCI, higher levels of ROS and intracellu-
lar ferrous iron accumulation were observed in the injured
mice than the sham group, which were both reversed after
MSCs treatment (Fig. 1b and c). Using the western blotting
analysis, we found that the protein levels of GPX4, FTH1
and FSP1 were significantly decreased in the mice sub-
jected to ASCI, while no significant changes were observed
on the levels of other ferroptosis markers, including NRF2,
ACSL4 and COX2. Notably, treating the ASCI mice with
MSCs significantly re-upregulated the levels of GPX4,
FTH1 and FSP1 (Fig. 1d). These findings suggested that
FSP1-mediated ferroptosis suppression was inhibited fol-
lowing ASCI and MSCs exerted an effective therapeutic
effect for ASCI in vivo.

MSCs Inhibited Neuronal Cell Ferroptosis In Vitro
To further confirm the effects of MSCs on FSP1-medi-

ated ferroptosis, HT-22 cells were co-cultured with
MSCs for 24 h under hypoxia stimulation. The results
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demonstrated that hypoxia exposure markedly reduced
cell viability (Fig. 2a) and significantly upregulated iron
and ROS production in neuronal cells (Fig. 2b and c).
Besides, western blotting analysis showed that compared
with the untreated group, a decreased protein level of
FSP1 was detected in the neuronal cells (Fig. 2d). How-
ever, these phenomena were abolished after co-culturing
with MSCs (Fig. 2). Interestingly, when we treated MSCs
with GW4869 prior to co-culture, the effects of MSCs
were significantly reversed (Fig. 2). Thus, we aimed to
investigate whether the functions of MSCs were caused
by the endogenous exosomes.
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MSCs-Exo Inhibited Cell Ferroptosis
under the Hypoxic Condition

For this purpose, exosomes derived from MSCs
were isolated by ultra-centrifugation, and confirmed
using transmission electron microscope (TEM) and
NanoSight NS300 (NTA). As shown in Fig. 3a to c,
MSCs-exo presented round structures with diam-
eters about 50 nm to 200 nm, and four positive exo-
some markers, CD63, CD81, CD9, and TSG101, were
all detected in these vesicles. Besides, we observed
that these exosomes could be uptake by HT-22 cells,
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«Fig.3 MSCs-exo inhibited cell ferroptosis under the hypoxic
condition. Exosomes were isolated from the mouse bone marrow-
derived MSCs. a The morphology of MSCs-exo was observed by
a transmission electron microscope. Bar=200 nm. b The particle
sizes of exosomes were assessed by NTA. ¢ Western blot assay was
performed for the expression levels of exosome positive markers,
including CD9, CD81, CD63 and TSG101 in the MSCs and MSCs-
exosomes. d Immunofluorescence assay revealed that MSCs-exo
could be uptake by HT-22 cells. Bar=20 pm. E. Cell viabilities of
neuronal cells after PBS or MSCs-exo treatment under hypoxic con-
ditions were examined by CCK-8 assay. f and g The ferrous iron
(Fe*™) and ROS levels in the hypoxia-exposed cells after differ-
ent treatments was detected by iron assay kit and flow cytometry,
respectively. h The relative protein levels of FSP1 were examined by
western blot, GAPDH acted as the control. Data were expressed as
mean+SD, n=3, ***p<0.001 vs. the untreated group; ##p <0.01
vs. the hypoxia group. Hypo, hypoxia; MSCs-Exo, MSCs-derived
exosomes

as evidenced by clear green signals (PKH67) inside
HT-22 cells. PKH67-1abeled exosomes were observed
to mainly locate in the cytoplasm of HT-22 cells, indi-
cating that the exosomes can be successfully swallowed
into the cytoplasm of HT-22 cells (Fig. 3d). Compared
with the PBS-treated group, MSCs-exo significantly
increased cell viability reduced by hypoxia exposure
(Fig. 3e). Consistently, the levels of ROS and iron were
both significantly upregulated in the cells exposed to
hypoxic conditions. No notable change was detected
in these hallmarks of ferroptosis following PBS treat-
ment. Nevertheless, MSCs-exo administration led to
a dramatic decrease in these markers (Fig. 3f and g).
The protein levels of FSP1 were decreased in the cells
under hypoxic conditions and the decrement could be
reversed by exosomes (Fig. 3h).

LncGm36569 Was Enriched in MSCs-Exo
and Associated with the FSP1-Mediated Ferroptosis
In Vitro

Next, we compared the IncRNA profiles between
HEK?293T cells and MSCs derived exosomes. As shown in
Fig. 4a, there was a total of 1148 differentially expressed
IncRNAs, among which 642 IncRNAs were upregulated
and 506 IncRNAs were downregulated. The top four IncR-
NAs, including IncGM9725, IncGM 14586, IncGM8623
and IncGm36569, were chosen and confirmed by qRT-
PCR. Among them, the level of IncGm36569 was elevated
about 10-fold in the MSCs-exosomes than the control
group (Fig. 4b). QPCR also showed that IncGm36569
was highly enriched in the MSCs-exosomes, and after

overexpression of IncGm36569, the expression level
of IncGm36569 increased significantly. It showed that
overexpression of IncGm36569 and MSCs-exosomes had
similar therapeutic effects (Fig. 4c). Moreover, overex-
pression of IncGm36569 in hypoxia exposed cells sig-
nificantly suppressed ferroptosis-mediated cell death via
downregulating iron and ROS accumulation. Besides,
the expression level of FSP1 was notably upregulated
by IncGm36569. Oppositely, inhibition of IncGm36569
promoted the productions of iron and ROS but decreased
FSP1 expression (Fig. 4d-g). These results indicated
that IncGm36569 played a key role in hypoxia-induced
ferroptosis.

LncGm36569 Acted as a ceRNA of miR-5627-5p
to Increase the Level of FSP1

One previous study reported that IncRNAs could reg-
ulate the development of ASCI by acting as ceRNAs
of miRNAs [42]. We designed to identify whether the
neuroprotective effects of IncGm36569 were achieved
through regulating miRNAs. To assess this hypothesis,
an online bioinformatics database (miRanda, www.
miranda.org) was used to predict the target miRNAs of
IncGm36569 following the prediction score and free-
energy. We found that 38 miRNAs had strong binding
potential with IncGm36569. Moreover, miRDB (www.
mirdb.org) and miWalk (www.mirwalk.umm.uni-heide
Iberg.de) were employed to figure out the miRNAs
targeted for FSP1. Finally, two overlapping miRNAs
of all three databases, miR-326-5p and miR-5627-5p,
were chosen and examined by qRT-PCR analysis and
biotin-labeled pull-down assay. The results showed that
compared with the control group, IncGm36569-coated
pellets enriched both miR-5627-5p and miR-326-5p.
However, the enrichment of miR-5627-5p was signifi-
cantly higher than that of miR-326-5p (Fig. 5a and b).
Hence, miR-5627-5p was selected for the subsequent
experiments. To identify the role of IncGm36569,
gain- and loss-of-function experiments were per-
formed. The results showed that overexpression of
IncGm36569 markedly inhibited the expression level
of miR-5627-5p, whereas silencing of IncGm36569
increased the level of miR-5627-5p by about six times
compared to the control group (Fig. 5c). As shown in
Fig. 5d, the binding site was predicted by RNAhybird
database (www.bibiserv.cebitec.uni-bielefeld.de/rnahy
brid). Based on luciferase reporter assay, we identified
that luciferase activity in the cells transfected with wild
type 3’-UTR of IncGm36569 was significantly reduced
by miR-5627-5p mimic, while the luciferase activity
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«Fig.4 LncGm36569 was upregulated in MSCs-exo and contrib-
uted to amelioration of ferroptosis. a Hierarchical clustering analy-
sis of differentially expressed IncRNAs between HEK293 cell derived
exosomes and MSCs-exo, llog fold changel >2 and P<0.05 were
applied to filter the IncRNAs. Expression values showed in red color
indicated the upregulated IncRNAs, and green color represented the
downregulated IncRNAs. b Real-time PCR analysis of the top four
increased IncRNAs in the exosomes from the MSCs. ***p<(.001
vs. the control group. ¢ QPCR analysis of IncGm36569 in the MSCs-
exosomes. **¥p <(0.001 vs. the control group. d, e and f The neuronal
cells were transfected with IncGm36569 overexpression vectors or
si-lncGm36569 prior to hypoxia exposure. Cell viability, ferrous iron
and ROS accumulations were determined using CCK-8, iron assay
and flow cytometry, respectively. g Western blot assay was performed
for the expression levels of FSPI1 in the neuronal cells after different
transfections. Data were expressed as mean+SD, n=3, **p<0.01
vs. the untreated group; #p <0.05, ##p <0.01 vs. the vector group or
the si-NC group. Hypo, hypoxia; OE, overexpression; NC, negative
control

was markedly upregulated after miR-5627-5p inhibi-
tor transfection (Fig. 5e). Furthermore, bioinformatics
analysis showed that FSP1 3°-UTR harbored binding
sites for miR-5627-5p (Fig. 5f). To confirm the rela-
tionship between miR-5627-5p and FSP1, luciferase
reporter assay was performed. As shown in Fig. 5g,
overexpression of miR-5627-5p dramatically decreased
the luciferase activity of wildtype FSP1, while inhibi-
tion of miRNA using inhibitor increased the level. How-
ever, cells co-transfected with mutant FSP1 3’-UTR and
miRNA mimic or inhibitor presented no changes in the
luciferase activity.

Next, we investigated the role of IncGm36569/miR-
5627-5p/FSP1 axis in regulating hypoxia-induced
ferroptosis in vitro. Compared to the control group,
IncGm36569 overexpression reversed the reduction of
cell viability induced by hypoxia exposure, with a nota-
ble decline of ROS and iron, as well as a significant
upregulation of FSP1. However, overexpression of miR-
5627-5p partly enhanced the effect of hypoxia on cell
viability, production of iron and ROS, and inhibited the
expression of FSP1. Co-transfection with miR-5627-5p
mimic significantly reversed the protective effect of
IncGm36569-0E vector in hypoxia exposed HT-22 cells
(Fig. 5h-k). These findings suggested that IncGm36569
might sponge miR-5627-5p to inhibit FSP1-mediated
ferroptosis in neuronal cells.

Exosomal IncGm36569 Improved Functional
Disorder In Vivo Via miR-5627-5p/FSP1 Axis

We next investigated whether exosomal IncGm36569
exhibited therapeutic effects on ASCI. BMS score
was significantly increased in the ASCI mice after

MSCs-exosome (ctrl) or MSCs-exosomes (Inc-OE)
treatment. At the end of the period, overexpression of
IncGm36569 presented higher behavior score than the
control exosome-treated group, but no significant dif-
ference was observed between ctrl and Inc-OE groups;
knockdown of IncGm36569 notably decreased BMS
score of the ASCI mice compared to the ctrl group
(Fig. 6a, left). Lnc-OE and si-Inc showed the similar
effects on beam walk score with BMS score; however,
Inc-OE group showed little amelioration on beam walk-
ing compared to ctrl group (Fig. 6a, right). In addition,
western blotting analysis and THC analysis revealed
that MSCs-exosomes (ctrl) upregulated FSP1 expres-
sion. Interestingly, overexpression of IncGm36569 in
these exosomes further enhanced the FSP1 expression
level (Fig. 6b). ASCI group exhibited a more serious
inflammation status compared with the sham group,
as evidenced by increased levels of IL-1p and IL-6.
MSCs-exosome(ctrl) or MSCs-exosomes (Inc-OE) treat-
ment decreased the levels of these inflammatory fac-
tors, while knockdown of IncGm36569 increased the
levels (Fig. 6¢). IncGm36569 overexpression exosomes
inhibited miR-5627-5p expression in the ASCI model,
whereas IncGm36569-depleted exosomes increased the
level of miR-5627-5p (Fig. 6d). These findings indicated
that exosomal IncGm36569 alleviated FSP1-mediated
ferroptosis after ASCI via miR-5627-5p/FSP1 axis.

Discussion

Promoting viability of neuronal cells is considered as
a strategic approach to improve the functional disor-
der after ASCI. In this study, we demonstrated that
MSCs and the derived exosomes enhanced neuronal
cell growth and inhibited ferroptosis-induced cell
death. Besides, we found that the therapeutic effects
of MSCs-derived exosomes relied on a novel IncRNA
Gm36569, which served as a competitive endogenous
RNA (ceRNA) of miR-5627-5p to enhance FSPI
expression, consequently suppressing ferroptosis in
injured neuronal cells.

Ferroptosis is an essential form of neuronal cell death
under ischemia/hypoxic condition, which may cause sec-
ondary injury after ASCI. The main regulatory mecha-
nisms involved in ferroptosis are iron ion metabolism,
antioxidant system and lipid metabolism [43]. GPX4 is
a key enzyme that hydrolyzes lipid peroxides in vivo.
Inhibition of GPX4 can induce ferroptosis, and overex-
pression of GPX4 can help to reduce ferroptosis [14].
FSP1 is an effective ferroptosis resistance factor that acts

@ Springer
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«Fig.5 IncGm36569 acted as a ceRNA of miR-5627-5p to increase
FSP1 expression. a The target miRNAs of IncGm36569 were pre-
dicted by miRanda database; miRNAs targeted for FSP1 were pre-
dicted by miRDB and miRWalk databases. The predicted miRNAs
were presented in the Venn image and the overlapping miRNAs
were selected for the subsequent experiments. b The expression lev-
els of miR-5627-5p and miR-326-5p were assessed by qRT-PCR.
*#p <0.01, ***¥p<0.001 vs. the biotinylated NC probe group. ¢ Real-
time PCR analysis was employed to measure the expression of miR-
5627-5p in HT-22 cells with si-IncGm36569 or IncGm36569-OE
transfection. **p<0.01, ***p<0.001 vs. the control group. d The
potential sequence of binding site between IncGm36569 and miR-
5627-5p. e Luciferase activities were determined in HEK293T cells
co-transfected with luciferase reporter containing wild/mutant type
of IncGm36569 and miR-5627-5p mimic/inhibitor. Luciferase activ-
ity was normalized by renilla luciferase. **p <0.01, ***p <0.001 vs.
the mimic-NC or inhibitor-NC group. f The sequence of potential
binding site between AIFM2 (FSP1) and miR-5627-5p. g Luciferase
activities were determined in HEK293T cells co-transfected with
luciferase reporter containing wild/mutant type of AIFM2 (FSP1)
and miR-5627-5p mimic/inhibitor. Luciferase activity was normal-
ized by renilla luciferase. **p <0.01, ***p <0.001 vs. the mimic-NC
or inhibitor-NC group. h, i and j. The neuronal cells were transfected
with IncGm36569 overexpression vector or miR-5627-5p mimic prior
to hypoxia exposure. Cell viability, ferrous iron and ROS accumula-
tions were performed using CCK-8, iron assay and flow cytometry,
respectively. k Western blot analysis was performed for the expres-
sion levels of FSP1 in the neuronal cells after different transfections,
and representative blot images were displayed. Data were expressed
as mean +SD, n=3, **p <0.01, ***p <0.001 vs. the untreated group;
#p <0.05, ##p<0.01, ###p<0.001 vs. the control group; $p <0.05
vs. the IncGm36569-OFE group. Hypo, hypoxia; OE, overexpression;
WT, wildtype; MUT, mutant

by recruiting a large amount of antioxidants to inhibit the
excessive accumulation of lipid peroxides [44]. Besides,
iron transport and circulation are inseparable from fer-
ritin; hence, ferritin Heavy Chain 1 (FTH1) is vital in the
process of iron metabolism [45]. In this study, we found
that both ferrous iron and ROS levels were enhanced
in the ASCI mice and the expression levels of GPX4,
FTH1 and FSP1 were markedly decreased, suggesting
that ferroptosis was initiated in the spinal cord tissues
of ASCI mice. In addition, we detected other ferropto-
sis related proteins including NRF2, ACSL4 and COX2.
ACSL4 is a lipid metabolism-related gene, which was
previously reported to activate ferroptosis [46]. NRF2
is a master regulator of cytoprotective program against
oxidative stress and it participates in the regulation of
ferroptosis [47]. COX2 belongs to the cyclooxygenase
family, which promotes ferroptosis by catalyzing the oxi-
dation reaction of unsaturated fatty acids in membrane
phospholipids [48]. Protein expressions of these three
ferroptosis-related genes showed no significant change
between the mice in ASCI and sham groups, indicating

that ASCI was not associated with ACSL4, NRF2 and
COX2 proteins. When neuronal cells were exposed to
hypoxic conditions, similar changes of these ferrop-
tosis hallmarks were observed. FSP1 is a glutathione-
independent ferroptosis resistance factor and is encoded
by apoptosis-inducing factor mitochondrial 2 (AIFM2).
Also, it is an essential factor in the non-mitochondrial
CoQ antioxidant system [49]. FSP1 has been revealed to
contribute to neuroprotection [50]. Given this protection,
we paid our attention to the changes of FSP1, and aimed
to unveil the underlying mechanism of ASCI-induced
ferroptosis mediated by FSP1.

To date, MSCs-derived exosomes have been reported
to protect neuronal cells against apoptosis after ASCI.
However, whether exosomes could regulate neuronal
cell ferroptosis remains unknown. In the present work,
we observed that MSCs-exo improved the functional
defects and decreased the high levels of ROS and iron
in ASCI mice. Furthermore, MSCs-exo ameliorated
hypoxia-induced ferroptosis of neuronal cells, imply-
ing MSCs-exosomes as potential therapeutic vesicles
for ASCI. Emerging evidences suggest that MSCs-
exo are involved in cellular damage repair via trans-
mitting functional non-coding RNAs. For example,
MSCs-exo could transfer miR-23a-3p into the injured
myocardial cells to inhibit ferroptosis [51]. Exosomal
miR-140-5p released by MSCs could induce cartilagi-
nous self-repairing in osteoarthritis rats [52]. In this
study, we screened for a novel IncRNA, IncGm36569,
based on the RNA sequencing of the MSCs-exosomes.
IncGm36569 was enriched in ASCI mice and served as
an antioxidant. Overexpression of IncGm36569 reduced
ROS and iron accumulation, promoted the expression
level of FSP1, and restored the functional disorder of
ASCI mice, whereas reverse trends were observed in the
IncGm36569-depleted group.

Increasing evidences indicate that IncRNAs function
as competing ceRNAs to bind miRNAs, thus upregulat-
ing downstream target genes [53]. Using bioinformat-
ics analysis, we confirmed that IncGm36569 harbored
the binding site with miR-5627-5p. However, the role
of miR-5627-5p remained unclear. Through RNA pull-
down assay and luciferase reporter assay, we noted
that IncGm36569 directly bound to miR-5627-5p.
Overexpression of IncGm36569 reduced the level of
miR-5627-5p and inhibited neuronal cell ferroptosis.
Furthermore, FSP1 was elucidated to be a target of miR-
5627-5p. In this work, the expression of FSP1 was upreg-
ulated after IncGm36569 transfection, while this effect
was abolished when co-transfected with miR-5627-5p
mimic. The effects of the IncGm36569/miR-5627-5p/
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Fig.6 Protective effects of MSCs-exo on ASCI were mediated by
LncGm36569/miR-5627-5p/FSP1 axis. ASCI mouse model was
established and treated by MSCs-exosomes (ctrl), MSCs-exosomes
(Inc-OE) or MSCs-exosomes (si-Inc). a The functional disorder
of the ASCI model with or without MSCs-exosomes treatments
was assessed using the BMS score and beam walk score. b Repre-
sentative blot and analyses were performed for the expression level
of FSPI1 in the injured spinal cord tissue after different treatments.

FSP1 axis on neurological function recovery were fur-
ther validated in vivo.

In summary, exosomal IncRNA Gm36569 from
MSCs could facilitate neurological function repair by

@ Springer

¢ Elisa assay of inflammatory factors. d Real-time PCR analysis of
miR-5627-5p expression in injured spinal cord tissue after different
treatments. Ten animals per group, ***p <0.001 vs. the sham group;
#i#p<0.01, #Hp<0.001 vs. the ASCI group; $p<0.05, $$p<0.01,
$$$p <0.001 vs. the MSCs-exosomes (ctrl) group. Ctrl, control; Inc-
OE, IncGm36569 overexpression; si-lnc, IncGm36569 knockdown;
Exo, exosomes

suppressing ferroptosis through miR-5627-5p/FSP1
axis. Our findings provided a potential therapy target
for ASCI.
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