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ARTICLE INFO ABSTRACT
Keywords: Ferroptosis is a newly discovered form of iron-dependent oxidative cell death and drives the loss of neurons in
Neuronal ferroptosis spinal cord injury (SCI). Mitochondrial damage is a critical contributor to neuronal death, while mitochondrial
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Spinal cord injury

quality control (MQC) is an essential process for maintaining mitochondrial homeostasis to promote neuronal
survival. However, the role of MQC in neuronal ferroptosis has not been clearly elucidated. Here, we further
demonstrate that neurons primarily suffer from ferroptosis in SCI at the single-cell RNA sequencing level.
Mechanistically, disordered MQC aggravates ferroptosis through excessive mitochondrial fission and mitophagy.
Furthermore, mesenchymal stem cells (MSCs)-mediated mitochondrial transfer restores neuronal mitochondria
pool and inhibits ferroptosis through mitochondrial fusion by intercellular tunneling nanotubes. Collectively,
these results not only suggest that neuronal ferroptosis is regulated in an MQC-dependent manner, but also fulfill
the molecular mechanism by which MSCs attenuate neuronal ferroptosis at the subcellular organelle level. More
importantly, it provides a promising clinical translation strategy based on stem cell-mediated mitochondrial
therapy for mitochondria-related central nervous system disorders.

1. Introduction central nervous system (CNS) with poor prognosis and affects approxi-
mately 15-40 people per million around the world, which has rapidly
Spinal cord injury (SCI) is a highly crippling traumatic disorder of increased with the development of modern society [1,2]. Despite the
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accumulating advancement of basic and clinical research in recent
years, a failure of effective neural regeneration after SCI remains critical
limitations for achieving neural function restoration [3,4].

SCI is caused by the irreversible primary injury from mechanical
forces followed by cascading reactions known as the secondary injury,
including local hemorrhage, ischemia, hypoxia, ionic imbalance, free
radical stress [5]. In particular, it was highlighted that oxidative stress
caused by excessive reactive oxygen species (ROS) production in the
acute and (or) subacute phase of the secondary injury largely reduces
the viability of neurons, which subsequently impedes the neural
regeneration [3,5,6].

Recently, mounting experimental evidence demonstrates that fer-
roptosis, a unique modality of non-apoptotic regulated oxidative cell
death characterized by iron-dependent lipid peroxidation [7] plays a
critical role in various neurological diseases, including traumatic CNS
injuries like SCI [8-11]. Actually, neurons are intrinsically susceptible to
the oxidative stress because of abundant polyunsaturated fatty acid
residues in the neuronal phospholipid membrane and poor capacity of
scavenging ROS [12-14]. Together, these findings suggest that targeting
neuronal ferroptosis could be an ideal approach to enhance neuronal
survival [15-17], thus promoting the recovery of motor dysfunction in
SCI. However, up to date, research on ferroptosis is mainly limited to a
single molecular target or mechanism on iron metabolism or redox
system via small molecule compounds [18-20], while it is unclear about
the modulatory mechanisms at the suborganelle level and also lack of
possibility of clinical transformation.

Mitochondria, the core of oxidative metabolism, play a vital role in
maintaining the redox homeostasis [5,21,22], were reported to partici-
pate in ferroptosis extensively via orchestration of iron homeostasis,
energy metabolism, lipid synthesis [23-25]. For the systemic regulation
of mitochondrial function, mitochondrial quality control (MQC) has to
be highlighted, which describes the processes by which cells response to
internal and external stresses involving mitochondria-nuclear crosstalk
and remodeling of mitochondrial network via mitochondrial dynamics
as well as mitophagy at the organelle level [26,27]. In fact, previous
studies partly revealed the role of MQC in neurological diseases, like
optic neuropathies and cerebral ischemia-reperfusion injury [28,29].
Therefore, revealing the function of MQC in regulating mitochondrial
homeostasis and neuronal ferroptosis will provide new insights into
therapies for mitochondria-related CNS diseases.

Furthermore, at the aspect of clinical transformation, a new pattern
of mitochondrial therapy by exogenous supplement of healthy mito-
chondria into cells was proposed and exhibited a promising outcome in
CNS trauma like traumatic brain injury and SCI [30]. But the problems
are that purified mitochondrial transplantation failed to accurately
target the damaged neurons and lacked long-lasting functional
improvement of neural function in SCI [30,31]. Recently, more and
more studies have considered mesenchymal stem cells (MSCs) as a po-
tential therapeutic delivery vectors to transfer their mitochondria to
unhealthy cells and rescue the tissue injury in various neurological
diseases [32]. However, there are no systematic studies on the mecha-
nism of mitochondrial transfer between MSCs and neurons in the
treatment of SCI.

Here, we further analyzed the role of ferroptosis in spinal neurons
after SCI at the single-cell RNA sequencing level, and found that dys-
regulated mitochondrial quality control mediated the neuronal ferrop-
tosis by imbalanced mitochondrial dynamics and excessive mitophagy.
Furthermore, we proposed that MSCs can be a satisfactory candidate for
mitochondrial transplantation-based therapy of SCI by transferring
mitochondria to neurons via intracellular tunneling nanotubes-
mediated direct cell-to-cell contact. The delivered mitochondria
restored the mitochondrial homeostasis by fusing with neuronal mito-
chondria, thus inhibiting mitochondrial fission and mitophagy, and
finally attenuated the neuronal ferroptosis. Moreover, in vivo experi-
ments showed that MSCs could effectively inhibit ferroptosis and
improve functional recovery after SCI through mitochondrial transfer.
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Our results offered novel insights into MQC-dependent neuronal fer-
roptosis and provided a promising clinical translation strategy based on
stem cell-mediated mitochondrial therapy for mitochondria-related CNS
disorders.

2. Results
2.1. Neurons suffer from ferroptosis after spinal cord injury

To determine the intrinsic reason for neuronal death after spinal cord
injury (SCI), we deeply investigated pathophysiological changes that
occurred in neurons during SCI by analyzing the single-cell RNA
sequencing data from Li et al. [33]. We found that the cell proportion of
neurons decreased most significantly after SCI, which was evidenced by
H&E and Nissl staining histological analysis showing inapparent nuclei
and smaller Nissl bodies (Fig. 1A-E and Supplementary Fig. 1A). The
significant reduction in the neuron population suggested that early
intervention targeting neuron survival may benefit neural function
recovery.

It is well known that the oxidative stress may activate multiple
mechanisms of cell death [34]. Furthermore, large amounts of ROS was
produced during the acute phase of SCI, which suggested that the loss of
neurons was related to oxidative damage in SCI [5]. Therefore, we
assessed the expression levels of multiple genes associated with classical
types of cell death in neurons after SCI. Remarkably, neurons exhibited
the enrichment of genes associated with oxidative stress, ferroptosis and
lipid metabolic process after SCI (Fig. 1F). Moreover, the alteration of
typical gene expression profile after SCI showed the ferroptotic drivers
were more highly expressed in the SCI group, whereas ferroptotic sup-
pressors were more abundant in the uninjured group (Fig. 1G-H).
Furthermore, our result also demonstrated that neurons were more
prone to suffer ferroptosis than other neural cells (Supplementary
Figs. 2A-D). In accordance with our findings, a spatiotemporal tran-
scriptome analysis of scar tissue after SCI also found that gene expres-
sion of ferroptosis in neurons was peaked at the injury center throughout
28 days after SCI [35]. On the other hand, to investigate the significance
of ferroptosis in neuronal cell death in comparison to other modality of
regulated cell death, we analyzed the expression level of typical genes
marking apoptosis, necroptosis and pyroptosis. We found that compared
with the sham group, only the expression of ferroptosis-related genes
significantly increased in SCI group. (Supplementary Fig. 1B). These
results indicated that ferroptosis may primarily contribute to the
neuronal death after SCI.

Then we further verified the features of the ferroptotic neurons after
SCI in vivo. We established the crush injury model that typically re-
sembles the ischemia and hypoxia microenvironment in SCI. The
morphological characteristic of mitochondria is widely acknowledged as
the gold hallmark of ferroptosis [7,22,23]. Accordingly, we found that
after SCI, mitochondria in neurons shrunk with condensed inner mem-
brane and diminished cristae under transmission electron microscope
(Fig. 1I-K). Immunofluorescence staining showed that TFRC, the
transferrin receptor that is necessary for cellular iron uptake, were about
4-fold more abundant in the SCI group than in the sham group. The
higher accumulation of 4-HNE, a marker of lipid peroxidation, also
represented the occurrence of ferroptosis after SCI (Fig. 1L-O). Taken
together, these results indicated that the neurons suffered from ferrop-
tosis mostly after SCI.

2.2. Neurons exhibit disordered mitochondrial quality control during
ferroptosis

Mitochondria are core organelles responsible for maintaining cell
survival, redox homeostasis, iron metabolism and closely related with
the development of oxidative stress-induced ferroptosis [36]. More
importantly, neurons are highly dependent on mitochondrial respiration
for energy source, which highlights the role of mitochondria in
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Fig. 1. Neurons exhibit ferroptosis after spinal cord injury. (A) Cell clusters of the sc-RNA-seq data from Li et al. in figshare with the identifier (https://doi.org
/10.6084/m9.figshare.17702045). (B) UMAP plot of all cells of the scRNA-seq data in (A). (C) Quantitative analysis of the proportion of each cell in (B). (D)
Representative Hematoxylin and eosin (H&E) and Nissl staining of spinal cord from mice induced by sham or crush injury surgery (1 day after SCI). Scale bar, 0.5 pm
for original pictures and 100 pm for enlarged pictures. (E) Quantification for the numbers of Nissl per square milimeter (mm?) in (B). (n=6 biological repeats for each
group; Unpaired t-test). (F) The GSEA of the hallmark gene sets in MSigDB database revealing the enrichment of response to oxidative stress, ferroptosis and
regulation of lipid metabolic process GO terms in neurons. NES, normalized enrichment score. (G) The scatter plot of the ferroptosis-related genes in neurons. (H) The
dot plot showing the differentially expressed genes in neurons between the uninjured and injured spinal cord. (I) Representative transmission electron microscope
(TEM) images of neurons from mice induced by sham or crush injury surgery (1 day after SCI) in vivo. Red and green arrows indicate damaged and normal
mitochondria respectively. Scale bar, 2 pm for original pictures and 0.5 pm for enlarged pictures. (J) Quantitative analysis of percentage of mitochondria with normal
morphology in (I). (n = 8 biological repeats for Sham group and n=10 biological repeats for SCI group; Unpaired t-test). (K) Quantitative analysis of average value of
mitochondrial length (micrometers, pm) in (D). (n = 8 biological repeats for Sham group and n=10 biological repeats for SCI group; Unpaired t-test). (L-M)
Quantification of mean fluorescence intensity of ferroptosis-related markers in (N-O). (n = 6 biological repeats for each group; Unpaired t-test). (N-O) Represen-
tative confocal images of neurons, stained with ferroptosis-related markers, such as TFRC and 4-HNE, of spinal cord from mice induced by sham or crush injury
surgery (1 day after SCI) in vivo. Neurons were marked by NeuN. Scale bar, 20 pm. Two-sided comparison; All data are mean =+ SD; Error bars represent SDs; ***p <
0.001; See also Supplementary Figs. 1 and 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

ferroptosis-related CNS diseases. Mitochondrial quality control (MQC) is
indispensable in maintaining mitochondrial homeostasis to ensure that
there are requisite number of functional mitochondria to meet the de-
mand of cells, especially under stress [37]. MQC involves
mitochondria-nuclear crosstalk and mitochondrial network remodeling
at the organelle level via mitochondrial dynamics as well as mitophagy
[37]. However, whether mitochondrial dynamics and
mitophagy-mediated MQC modulates neuronal ferroptosis is not fully
elucidated. Therefore, to explore the change of MQC, we applied the
super-resolution microscope (HIS-SIM) for dynamically tracking the fate
of mitochondria in alive Ht22 cells (mouse primary hippocampal neu-
rons) after using (1S,3R)-RSL3 (Rsl3, a Gpx4 inhibitor) to induce fer-
roptosis. Remarkably, we found that excessive mitochondria became
dotted and then integrated with lysosomes (Fig. 2A-B and Supplemen-
tary Video 1), which represented the process of mitophagy following
mitochondrial fission. We also found that the mitochondrial activity
significantly decreased (Supplementary Figs. 3A-B). The above results
revealed disordered MQC in neurons during ferroptosis.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.redox.2023.102871

Furthermore, we deeply investigated the change associated with
mitochondrial dynamics and mitophagy in ferroptotic neurons. We
observed that the morphology of mitochondrial network appeared
fragmented when Ht22 cells were exposed to Rsl3-induced ferroptosis
(Fig. 2C-F), which was confirmed by the enhanced expression of pro-
teins participating in mitochondrial fission and reduced expression of
proteins associated with mitochondrial fusion (Fig. 2G and Supple-
mentary Figs. 3C-G). Additionally, ferroptosis is considered as a type of
autophagy-dependent cell death and several types of selective auto-
phagy drive the development of ferroptosis [38,39]. However, the
relationship between mitophagy and ferroptosis has not been elucidated
clearly. Thus, we next detected the ferroptosis-related change in
mitophagy and found excessive level of mitophagy during ferroptosis
than control group (Fig. 2H-L and Supplementary Figs. 3H-I), which
were also consistent with our previous results. Regarding the mito-
chondrial functions, there were an obvious increase in mitochondrial
ROS and declines in mitochondrial membrane potential and ATP pro-
duction in ferroptotic neurons, indicating imbalanced mitochondrial
homeostasis (Fig. 2M-Q). To sum up, our results demonstrated that
ferroptosis developed in the MQC-dependent manner and the MQC in
ferroptotic neurons was too deteriorated to compensate the holistic
mitochondrial network and led to mitochondrial dysfunction.

2.3. MSC:s infuse functional mitochondria into ferroptotic neurons via
TNT

Given that oxidative stress associated with mitochondria damage is
thought to contribute to the risk of neuronal death in SCI, we hypoth-
esized that mesenchymal stem cell (MSC) therapy, which exerts potent

antioxidant and cytoprotective effects, could be a potential solution
[40]. Besides, the transfer of mitochondria was reported to be one
mechanism by which the MSCs work to improve the tissue repair and
involve in many biological processes in health and disease [32]. Here,
we successfully isolated MSCs from the human umbilical cord (Supple-
mentary Figs. 4A-B), and speculated that they could alleviate neuronal
ferroptosis by the delivery of mitochondria. Thus, to determine whether
mitochondrial transfer occurred between MSCs and Ht22 cells, we
developed an MSC-Ht22 coculture system under stimulation of ferrop-
tosis inducer, Rs13. The mitochondria of MSCs were tracked by labelling
them with mitochondria specific dye, Mitotracker and Celltracker was
also used to distinguish Ht22 cells in the coculture system (Fig. 3A).
First, we performed confocal microscopy and directly observed mito-
chondrial transfer between MSCs and Ht22 cells. Meanwhile, Rsl3 could
trigger increased mitochondria exchange (Fig. 3B and Supplementary
Figs. 5A-B). Interestingly, we also found that there was a prominent
increase of MSC-derived mitochondria in Ht22 cells along with time
(Fig. 3C-D and Supplementary Fig. 5C). Moreover, the result of the
confocal microscopy was consistent with our previous results (Supple-
mentary Figs. 5D-E). To further confirm the mitochondrial transfer, we
labeled MSC-derived mitochondria with green fluorescent protein (GFP)
by lentiviral transduction and also observed the same phenomena
(Supplementary Figs. 5F-1). Taken together, these results showed that
MSCs could transfer mitochondria to Ht22 cells under Rsl3-induced
ferroptosis.

Mitochondrial transfer between cells has been reported to be medi-
ated by tunneling nanotubes (TNTs), microvesicles and gap junction
[41]. In our study, mitochondrial transfer between MSCs and neurons
through TNTs was confirmed at the nanoscale by scanning electron
microscopy and confocal microscopy also showed the presence of TNT
containing mitochondria in it (Fig. 3E-H). Then, to further confirm the
mechanism, 18-a-GA (a blocker of gap junctions), the dynamin inhibitor
Dynasore (a blocker of microvesicle endocytosis), and the potent actin
polymerization inhibitor cytochalasin D (Cyto D, a blocker of TNT for-
mation) were added to the coculture system with Rsl3. Mitochondrial
transfer was then analyzed with flow cytometry and we observed that,
compared with Control group, Cyto D significantly inhibited mito-
chondrial transfer form MSCs to Ht22 cells, whereas 18-a-GA or Dyna-
sore treatment had no significant effect (Supplementary Figs. 6A-D).
Therefore, these data show that TNTs are the key mechanism by which
mitochondria were transfer from MSCs to Ht22 cells under ferroptotic
stimulation.

2.4. MSC-mediated mitochondrial transfer stabilizes mitochondrial
quality control in ferroptotic neurons

To further investigate whether MSC-derived mitochondria could
restore the distorted MQC during neuronal ferroptosis, we first detected
the mitochondrial activity in Ht22 cells and found that Ht22 cells lost
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Fig. 2. Neurons exhibit disordered mitochondrial quality control during ferroptosis. (A) Representative super-resolution living cell tracing images of mitophagy in
Ht22 cells after Rsl3 treatment for 12 h at different time points. Mitochondria were stained with Mitotracker green and Lysosome were stained with Lysotracker red.
Corresponding video is provided as a Source Data file. Scale bar, 12 pm for original pictures and 1 pm for enlarged pictures. (B) Colocalization analysis of the
fluorescence intensity of the white line area in (A). (C) Representative TEM images of the morphology of mitochondria in Ht22 cells after treated with DMSO or Rsl3
for 24 h. Red and green arrows indicate damaged and normal mitochondria respectively. Scale bar, 500 nm. (D) Quantitative analysis of average value of mito-
chondrial length (um) in (C). (n=3 biological repeats for each group; N = 28-40 mitochondria; Unpaired t-test). (E) Representative immunostaining pictures of
mitochondrial morphology of Ht22 cells after treated with DMSO or Rsl3 for 24 h. Mitochondrial outer membranes were marked by Tom20. Scale bar, 20 pm for
original pictures and 10 pum for enlarged pictures. (F) A plot of Aspect Ratio (AR) against Form Factor (FF) shows that particles in (E). (G) Western Blot analysis of the
proteins associated with mitochondrial fusion and fission in Ht22 cells after treated with DMSO or Rsl3 for 24 h. (H) Representative immunostaining pictures of
mitophagy potential in Ht22 cells after treated with DMSO or Rsl3 for 24 h. Mitochondrial outer membranes were marked with Tom20 and autophagy was marked
with LC3, respectively. Scale bar, 10 pm for original pictures and 1 pm for enlarged pictures. (I) Quantification of the average level of colocalization between
mitochondria and LC3 in (H). (n=>5 biological repeats for each group; Unpaired t-test). (J) Western Blot analysis of mitophagy related proteins, such as PINK1 and
Parkin, in Ht22 cells after treated with DMSO or Rsl3 for 24 h. (K-L) Quantitative analysis of the expression of mitophagy related proteins, such as PINK1 and Parkin
in (J). (n=3 biological repeats for each group; Unpaired t-test) (M—N) Flow cytometry and quantitative analysis of the mean fluorescence intensity of mitochondrial
ROS level in Ht22 cells after treated with DMSO or Rsl3 for 24 h. Mitochondrial ROS was probed with Mitosox (PE channel), (n=3 biological repeats for each group;
Unpaired t-test). (O) Flow cytometry analysis of mitochondrial membrane potential (MMP) probed with JC-1 in Ht22 cells after treated with DMSO or Rsl3 for 24 h.
(P) Quantitative analysis of the ratio of JC-1 aggregates (referred to high MMP, PE channel) /JC-1 monomers (referred to low MMP, FITC channel) in (0). (n=3
biological repeats for each group; Unpaired t-test). (Q) Measurement of the intracellular ATP level in Ht22 cells after treated with DMSO or Rsl3 for 24 h (n=3
biological repeats for each group; Unpaired t-test) Two-sided comparison; All data are mean + SD; Error bars represent SDs; **p < 0.01, ***p < 0.001; See also

Supplementary Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

their functional mitochondrial mass under Rsl3 stimulation, and yet this
was restored by coculture with MSCs (Fig. 4A and Supplementary
Fig. 7A), indicating the recovery of imbalanced mitochondrial homeo-
stasis after MSC therapy. Then, we labeled and tracked MSC-derived
mitochondria. Surprisingly, we found that they were colocalized with
resident mitochondria in Ht22 cells, indicating that MSC coculture
promotes mitochondrial fusion in Ht22 cells during ferroptosis (Fig. 4B).
To further confirm the improvement of mitochondria dynamics, we used
transmission electron microscope and confocal microscope to observe
the morphology of mitochondria. Consistent with the results of western
blot analysis of mitochondrial dynamics-related proteins, we identified
that mitochondria in Ht22 cells became longer after coculture with
MSCs under the stimulation of ferroptosis (Fig. 4C and Supplementary
Figs. 7B-J). Furthermore, we found that MSC coculture could also
reduce excessive mitophagy during ferroptosis (Fig. 4D-F and Supple-
mentary Fig. 7K-L). Additionally, regarding mitochondrial functions, we
observed that MSC coculture recovered not only the increase in mito-
chondrial ROS, but also the obvious declines in mitochondrial mem-
brane potential and ATP production under ferroptosis, indicating
balanced mitochondrial homeostasis was achieved (Fig. 4G-K).
Together, these findings verified our conclusion that MSC coculture
regulates MQC and improves mitochondrial homeostasis in ferroptotic
neurons.

2.5. Inhibition of mitochondrial transfer impedes the recovery of
mitochondrial quality control mediated by MSCs during neuronal
ferroptosis

To further clarify whether MSCs provide protection for stabilizing
mitochondrial homeostasis through mitochondrial transfer, we applied
corresponding loss-of-function experiments and results showed that the
process of mitochondrial transfer from MSCs was blocked using TNT
formation inhibitor Cyto D (Fig. 5A-B). Next, we observed mitochondria
became fragmented and smaller after Cyto D treatment, suggesting the
balance of mitochondrial fission and fusion was broken, which was
confirmed by living cell tracing, western blot, immunofluorescence
staining and transmission electron microscope (Supplementary Fig. 8A-
L). Excessive mitophagy was also showed by increased number of
autolysosomes that contain mitochondria, along with elevated
mitophagy-associated markers expression (Fig. 5C-G and Supplemen-
tary Fig. 8M—N). Besides, we further revealed disturbed mitochondria
functions featured by increased mitochondrial ROS, lower mitochon-
drial membrane potential and reduced ATP production (Fig. 5H-L).
Altogether, these results indicate that MSC-mediated mitochondrial
transfer regulates MQC and improves mitochondrial homeostasis in
ferroptotic neurons.

2.6. MSC coculture inhibits neuronal ferroptosis through mitochondrial
transfer

Next, we further investigated whether MSCs could suppress neuronal
ferroptosis through mitochondrial transfer. By analyzing the expression
of ferroptosis-related markers, we identified direct neuroprotective ef-
fect of MSCs on inhibiting neuronal ferroptosis in Ht22 cells (Fig. 6A-B
and Supplementary Figs. 9A-D). Meanwhile, at the biochemical levels,
ferroptosis is an iron-dependent form of nonapoptotic cell death caused
by lipid peroxide overload on biological membranes [42]. Accordingly,
we observed that there was a decrease in intracellular ROS levels,
especially lipid ROS, as well as reduced malondialdehyde (MDA), which
is a representative product of lipid peroxidation, after cocultured with
MSCs (Fig. 6C-H). Additionally, there was an obvious decline in inter-
cellular total iron and free Fe?' levels in the coculture system.
(Fig. 6I-K). Altogether, these data demonstrated that MSC coculture
provides a neuroprotective effect for neurons from ferroptosis, which is
the main form of neuronal death during SCIL

We next applied Cyto D treatment in coculture system to investigate
whether MSCs inhibited neuronal ferroptosis through mitochondrial
transfer. The results showed that Ht22 cells displayed significant fer-
roptosis phenotype at the molecular level upon Cyto D treatment.
(Supplementary Figs. 10A-F). Additionally, at the biochemical level,
Cyto D treatment resulted in an increase in intracellular ROS levels,
especially lipid ROS, and more malondialdehyde (MDA) production
(Supplementary Fig. 10G-L). Additionally, we further detected the
intercellular total iron and free Fe?! levels and found that the iron
content was increased in the coculture system. (Supplementary
Fig. 10M—0). These findings confirmed that MSCs inhibit neuronal
ferroptosis via the mitochondrial transfer-dependent pathway.

2.7. MSC transplantation alleviates neuronal ferroptosis and promotes
functional recovery after SCI by delivery of mitochondria

To further examine the role of MSCs in the development of SCI in
vivo, we constructed SCI crush injury mice and transplanted MSCs that
were pre-treated with or without Cyto D, into the crush injury epicenter
(Fig. 7A). By tracing of mitochondria from injected MSCs in vivo,
interestingly, we observed MSC-derived mitochondria appeared in the
neurons after SCI, indicating MSCs have a potency of transferring
mitochondria to spinal neurons after SCI (Fig. 7B).

Furthermore, we investigated the effect of MSC therapy for treating
SCIL, and found that neurons exhibited decreased ferroptosis markers
expression with more intact and longer mitochondria, and consequently
there was an increasing number of neurons compared to the SCI group,
which failed to be rescued by Cyto D pre-treatment (Fig. 7C and
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Fig. 3. MSCs infuse functional mitochondria into ferroptotic neurons via TNT. (A) Schematic diagram of MSC-Ht22 coculture system. Flow cytometry (FCM) of
Mitotracker green uptake by Ht22 cells cocultured with Celltracker blue-labeled MSCs after drugs were added for 0, 4, 8, 16 and 24h. Immunofluorescence (IF) of
Celltracker blue-labeled Ht22 cells and Mitotracker red-labeled MSCs in a coculture system after drugs were added for 1, 2, 3 and 4 days. Drugs including Rsl3 (5 uM),
18-a-GA (50 pM), dynasore (50 pM) or cytochalasin D (200 nM) were used according to different experimental design. Created with BioRender.com. (B) Repre-
sentative confocal microscopy images of MSC-derived mitochondria (Mitotracker red*) inside Ht22 cells (Celltracker blue™) at 1 day after treated with Rsl3. Scale
bar, 20 ym. (C-D) Flow cytometry and quantitative analysis of percentage of Mitotracker greent Ht22 cells (Celltracker blue~ Gated) from cocultured with Mito-
tracker green-labeled MSCs under Rsl3 stimulation for 0, 4, 8, 16 and 24h. (n=3 biological repeats for each group; Ordinary one-way ANOVA). (E-F) Representative
scanning electron microscope (SEM) images of tunneling nanotubes (TNTs, red arrow) between neurons and MSCs. In (E), MSC interacts with multiple neurons
through short TNTs. In (F), Left: MSC connects with a neuron through a long TNT. Right: magnified view shows the buds (yellow arrow) from the nanotube on the
membrane of the MSC. Scale bar, 25 pm (E), 25 pm (F, Left) and 2 um (F, Right). (G-H) Representative confocal images of TNTs between neurons and MSCs. In (G), a
single TNT connects the MSC and the neuron with multiple branches (yellow arrow). Scale bar, 20 pm for original pictures and 5 pm for enlarged pictures. In (H), MIP
mode and 3D reconstruction images of Mitotracker localization within F-actin filaments in the TNT. The mitochondria in MSCs were labeled with Mitotracker red.
Rhodamine phalloidin 488 was used to label the F-actin filaments in all cells. Scale bar, 1 pm. Two-sided comparison; All data are mean =+ SD; Error bars represent

SDs; *p < 0.05, ***p < 0.001. See also Supplementary Fig. 4, 5 and 6. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)

Supplementary Figs. 11A-H). Functionally, Cyto D pre-treatment also
inhibited the efficacy of MSCs in the improvement of hindlimb behav-
ioral motor functions after SCI, showed by behavioral tests including
Basso Mouse Scale (BMS), footprint test and motor evoked potential
(MEP) detection (Fig. 7D-H). Besides, the weight loss of mice after SCI
regained less by Cyto D pre-treatment as well (Supplementary Fig. 12A).
Moreover, at the histological level, disordered lesion area, deposited
extracellular matrix and damaged neurons failed to be rescued under
Cyto D pre-treatment 42 days after SCI in vivo (Fig. 7I-K and Supple-
mentary Figs. 12B-C), which was consistent with poor neurological
function recovery (Fig. 7L and Supplementary Figs. 12D-H).
Altogether, the results indicated that MSC transplantation provoked
the restoration of neurological function after SCI, which was blocked by
Cyto D pre-treatement. Remarkably, mitochondrial transfer plays an
indispensable role in the process, probably by regulating the MQC to
inhibit neuronal ferroptosis as shown by the graphical abstract (Fig. 8).

3. Discussion

Intractable as the spinal cord injury (SCI) is, the mechanisms that
hinder the neuronal survival and functional rehabilitation is not fully
elucidated. In this study, we demonstrated that ferroptosis associated
with mitochondrial dysfunction is a critical mechanism of neuronal
death after SCI. Targeting mitochondrial quality control (MQC) mech-
anism could restore mitochondrial homeostasis, alleviate neuronal fer-
roptosis, and ultimately promote the early recovery of neurological
function after SCI. Our work, based on the structural properties and
oxidative metabolism of neurons, revealed that SCI is a mitochondria-
related disease and that MQC plays a major role in neuronal survival
and functional recovery after SCI by alleviating oxidative stress caused
by ferroptosis (Fig. 8).

Secondary injury in the acute/subacute phase of SCI can cause pro-
grammed neuronal death. It has been pointed out that there are multiple
modalities of programmed cell death after SCI. Previous studies on
apoptosis of neurons after SCI had few significant outcomes [6], sug-
gesting that there are other ways of programmed cell death leading to
neuronal injury. In recent years, more and more studies have focused on
non-apoptotic cell death, especially ferroptosis [43]. Ferroptosis leads to
intracellular oxidative stress in an iron-dependent manner. In the ner-
vous system, ferroptosis has been shown to be widely involved in the
development of diseases, such as neurodegenerative diseases [44], ce-
rebrovascular diseases [9], multiple sclerosis, meningitis [45], trau-
matic brain injury and SCI [11]. Research on brain revealed that neurons
were vulnerable to oxidative stress in a neural identity dependent
manner [46]. Furthermore, neurodevelopment analysis has shown that
neurons are more sensitive to lipid peroxidation due to its unique lipid
component, suggesting that neurons may be more susceptible to fer-
roptosis [12]. Here, we applied single-cell RNA sequencing analysis to
further confirm that neurons are the most vulnerable cell type suffering
ferroptosis and that ferroptosis is the main contributor to neuronal death

after SCI, which points out a promising target for the rescue of neuronal
death.

Mitochondria are the major organelles to produce reactive oxygen
species (ROS) and thus lead to the oxidative stress. In addition, mito-
chondria are widely acknowledged as the key organelles to maintain
iron homeostasis [23,24]. Thus, mitochondria can be a powerful target
for regulating neuronal ferroptosis to promote the neuronal survival
during SCI [47]. The normal function of mitochondria in cells depends
on mitochondrial homeostasis, which is maintained predominantly by
mitochondrial quality control (MQC). In the process of MQC at the
organelle level, damaged mitochondria are dynamically and rapidly
neutralized or recycled via balanced fusion, fission and mitophagy to
sustain the overall functional health of mitochondria network.

Many studies proved that excessively fragmented mitochondria fail
to constitute sufficient mitochondrial respiratory complexes leading to
decreased ATP generation and increased ROS accumulation [48,49].
However, the effect of mitophagy on neurons remains controversial.
Some studies showed that moderate mitophagy is beneficial to mito-
chondrial recycling and cellular homeostasis, while others considered
that excessive mitophagy aggravates neuronal damage. For example,
Zexiang Deng et al. found that the induction of excessive mitophagy in
hippocampal neurons caused neuronal damage [50]. In our study, we
indicated that excessive mitophagy occurred in neurons during ferrop-
tosis. On the one hand, excessive mitophagy causes mitochondrial
dysfunction to generate more ROS. On the other hand, excessive
mitophagy leads to the degradation of ferritin in mitochondria and
subsequent increase of free iron content in cells so as to provoke the
ferroptosis as Fan Yu et al. have demonstrated [51]. In conclusion, our
findings raised the possibility that neuronal survival is dependent on the
extent of mitochondrial fission and mitophagy and provided new evi-
dence that MQC is involved in the development and progression of CNS
diseases.

From the perspective of neuronal activity, sufficient functional
mitochondria are indispensably needed to support neuronal viability
because neurons are one of the most energy-demanding cells to maintain
its normal functions in CNS [52-54]. When damaged neurons with
dysfunctional mitochondria fail to compensated themselves rapidly due
to disordered MQC, the function and regeneration of axons and synapses
are severely affected [30,55]. In recent years, many studies have focused
on mitochondrial transfer therapy which directly provides healthy
exogenous mitochondria to damaged cells [31,56]. Purified mitochon-
drial transplantation appears to be practical but it still has many
drawbacks [31]. First, studies showed that long-term neuroprotective
effect is lacking in the transplantation of isolated mitochondria. Second,
it is impossible to supply mitochondria precisely targeting neurons.
Third, high concentration of purified mitochondria prone to accumulate
and cause extra impairment to neurons. Last but not least, it is difficult to
obtain a large number of purified healthy mitochondria and sustain their
activity in clinical practice.

In spite of the side effects of purified mitochondrial transplantation
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Fig. 4. MSC-mediated mitochondrial transfer stabilizes mitochondrial quality control in ferroptotic neurons. (A) Flow cytometry analysis of mitochondrial activity in
Ht22 cells from culture alone and coculture with MSCs, treated by DMSO or Rsl3 for 24 h. Mitochondria was stained with Mitotracker green (FITC channel). (B)
Representative immunostaining pictures of fused mitochondria (yellow fluorescence) in Ht22 cells coculture with MSCs after Rsl3 stimulation for 24 h. MSCs were
labeled with Mitotracker green and Ht22 cells were labeled with Mitotracker red. Scale bar, 5 pm for original pictures and 1 pm for enlarged pictures. (C)
Representative transmission electron microscope (TEM) images of mitochondrial morphology in Ht22 cells from culture alone (Control) and coculture with MSCs
(Coculture), treated by DMSO or Rsl3 for 24 h. Red and green arrows indicate damaged and normal mitochondria respectively. Scale bar, 500 nm. (D) Representative
immunostaining pictures of mitophagy potential in Ht22 cells from culture alone and coculture with MSCs, treated by DMSO or Rsl3 for 24 h. Mitochondria are
stained with Tom20 and autophagy is stained with LC3, respectively. Scale bar, 10 pm for original pictures and 1 pm for enlarged pictures. (E) Quantification of the
average level of colocalization between mitochondria and LC3 in (D). (n=>5 biological repeats for each group; n = 22, 24, 18 and 20 Ht22 cells for Control+DMSO,
Coculture+DMSO, Control+Rsl3 and Coculture+Rsl3 group, respectively; Ordinary one-way ANOVA). (F) Western Blot analysis of mitophagy related proteins, such
as PINK1 and Parkin, in Ht22 cells from culture alone and coculture with MSCs, treated by DMSO or Rsl3 for 24 h. (G) Flow cytometry analysis of mitochondrial
membrane potential (MMP) probed with JC-1 in Ht22 cells from culture alone and coculture with MSCs, treated by DMSO or Rsl3 for 24 h. (H) Quantitative analysis
of the ratio of JC-1 aggregates (referred to high MMP, PE channel) /JC-1 monomers (referred to low MMP, FITC channel) in (G). (n=3 biological repeats for each
group; Ordinary one-way ANOVA). (I) Measurement of the intracellular ATP level in Ht22 cells from culture alone and coculture with MSCs, treated by DMSO or Rsl3
for 24 h (n=3 biological repeats for each group; Ordinary one-way ANOVA). (J) Flow cytometry analysis of mitochondrial ROS level in Ht22 cells from culture alone
and coculture with MSCs, treated by DMSO or Rsl3 for 24 h. Mitochondrial ROS was probed with Mitosox (PE channel). (K) Quantitative analysis of the mean
fluorescence intensity of Mitosox in (J). (n=3 biological repeats for each group; Ordinary one-way ANOVA). Two-sided comparison; All data are mean =+ SD; Error
bars represent SDs; *p < 0.05, **p < 0.01, ***p < 0.001; See also Supplementary Fig. 7. (For interpretation of the references to colour in this figure legend, the reader
if referred to the Web version of this article.)

described above, numerous studies have demonstrated the efficacy of In summary, based on the biological characteristics of neural tissue

intercellular mitochondrial transfer. For example, astrocytes in nerve such as highly dependent on mitochondria-dominated oxidative meta-

tissue in situ can deliver mitochondria to alleviate neuronal damage bolism and poor anti-oxidative stress capacity, we took the lead in

after stroke. However, the neuroprotective effect of astrocytes is short finding that neurons are prone to ferroptosis after SCI by single-cell RNA

and there has been no available approach for clinical translation by now sequencing analysis. Taking the advantages of MSCs to transfer func-

[57]. In contrast, mesenchymal stem cells (MSCs) which is proved to be tional mitochondria, we rescued the imbalance of neuronal mitochon-

effective and safe in tissue repair clinically, can serve as satisfactory drial homeostasis through targeting the MQC, thereby alleviating

donor cells for mitochondrial delivery in clinical treatment [57-59]. In neuronal ferroptosis, and ultimately promoted the recovery of neuro-

our study, we found that a single MSC could connect with multiple logical function after SCI. Our study provides new evidence for revealing

neurons simultaneously to transfer mitochondria via TNTs. These newly that the failure of self-regulation of MQC system is widely involved in

identified phenomena indicated that MSC-mediated mitochondrial the occurrence and development of central nervous system diseases,

transfer not only increases the efficacy of transferring mitochondria into creatively integrates the mitochondrial therapy and stem cell therapy,

neurons by direct intercellular interaction, but also has the capacity of and effectively promotes the exploration of the mechanism and clinical

influencing a more extensive range of neurons. From the perspective of treatment of SCL

mitochondrial regulation in ferroptosis, our study firstly illuminated

that neuronal ferroptosis was modulated by the MQC at the cell organ- 4. Methods

elle level. We observed that MSC-derived mitochondria could fuse with

damaged neuronal mitochondria to reduce the excessive mitochondrial 4.1. Animals

fission and mitophagy, restored the MQC and eventually inhibited

neuronal ferroptosis. Animal use and all experiments involving animals were approved by
Interestingly, in mice post-SCI, we found that intramedullary MSC the Ethical Committee of Sun Yat-sen University, China. Only female

injection significantly improved the motor deficits at the early stage mice were used throughout the experiment. C57BL/6 mice were pur-

(within 7 days), suggesting that MSCs may alleviate neuronal ferroptosis chased from Jiangsu GemPharmatech, which aged 8 weeks. All the an-

in the acute/subacute phase of SCI through mitochondrial transfer. In imals were provided free access to food and water and kept in a colony

addition, given that MSCs have additional anti-inflammatory, paracrine room under conditions of constant temperature (25 °C), humidity

and other multi-dimensional neuroprotective effects apart from mito- (70%), and lighting (12 h light/12 h dark cycle) in the Sun Yat-sen

chondrial transfer itself, MSC-based mitochondrial transfer may have a University Animal Center.

stronger neuroprotective effect than exogenous mitochondrial transfer

alone [60]. In the future, we are expected to provide new ideas for 4.2. Surgeries

improving the clinical efficacy of MSCs in the treatment of central ner-
vous system diseases by improving the efficiency of the delivery of 4.2.1. Spinal cord injury

MSC-derived mitochondria. The procedure of T10 crush injury of spinal cord was performed

However, there are some limitations of our present study about the according to previous established protocol [63]. In brief, C57BL/6 mice
mitochondrial exchange and MSC transplantation therapy. First, the were anesthetized by pentobarbital sodium and a 2 cm midline incision
possibility of reverse direction of mitochondrial transfer from neurons to was made over the dorsal thoracic vertebrae, followed by a T9-T10
MSCs is required investigation in detail. Second, the mitochondrial laminectomy to fully expose the spinal cord. Forceps with a width of
transfer between neurons via tunneling nanotubes was reported to 0.1 mm in the last 5 mm of tips were specially used to perform the crush
contribute to the repair of neural diseases [61,62]. Therefore, whether injury (11295-00, F.S.T). Tips of forceps were inserted along bilateral
the neuron-to-neuron mitochondrial exchange can synergize the bene- sides of the spinal cord and touched the vertebrae on the ventral side to
ficial effect of MSC-to-neuron mitochondrial transfer is worth further cover the whole circumference of the spinal cord. The spinal cord was
exploring. Third, apart from the amelioration of neuronal ferroptosis in then crushed for 5 s with forceps. Hemorrhagic around the crushed
the acute and (or) subacute phase of SCI shown in our study, prolonged segment could be seen immediately after crushing. The muscle layers
therapeutic effects on neuronal regeneration of MSCs in the chronic were sutured and wound clips were used to close the skin. Mice were
phase deserves consideration. Moreover, the time and influencing fac- placed on a warming blanket after surgery until thoroughly awake and
tors of MSC survival in the SCI microenvironment warrant detailed were given buprenorphine and cyclosporin A for pain relief and
exploration in the future for guiding the course of MSC therapy in the anti-infection. Dysfunctional bladders were manually emptied once a
clinical practice. day until their autonomous urination function recovered.

10



S. Yao et al.

Redox Biology 67 (2023) 102871

11

A C D -
+Rsl3 < PINK1
2.0 — S S 1.2
5_ +Rsl3 3" o
O 0 4. % 99
x o5 > N0 8 o
© |Coculture+Cyto 2 S 1.0- N ) X * 0.6
£ =5 P ) ®g 0
= 3 G O «“kpa 9§
o° Coculture . E x 0.5+ P|NK152 ﬁ i 0.3
S = v S E
N TS Parkin (NI & 5 oo
> @ @ : < (@
O oS u-tubulm-52 = & oS
_ Blank . °& o"\\ o"\\ \,00 0°& o°\\ o"\\ \.°0
i . . ) Ndloala)
Mitotracker green-FITC ¢
E +Rsl3 +Rsl3
< Parkin +Rsl3
S 3 1.2- Coculture
—Q
23
3 & 0.9-
[)
3 5 0.6-
2N
E g 0.3+
(5]
X 5 0.0-
E’ $
&
00
Mitotracker green Lysotracker red Hoechst
G H
k=1 +Rsl3
(5]
N < 0.25- Control Coculture Coculture+Cyto D
S °;; 30 Mo.0a% 54.32%]| 30.06% 84.26%| 30.02% 65.66%
(] -2V
- 0 w |4 2 J
o £ a3 3 3
© 5 0.15- ;
© § % 1 E E
S
S O 0.101 S| 3 ]
5= 2 ' *
ﬁ s 0.054 g 1 ] ]
2 2 0.00- <\ . 1
E [}
U ~ - -
& 21 0.03% 45.61%| [0.00% 15.68%| [0.00% 34.32%
JC-1 Monomer-FITC
| J K L
=y
e _ e +Rsl3 1.2- ., =20 o
273 6.0 ] S o — o
= eCoculture] 9 G 4. £ 1.6
o ¥ 4.5 0w = 0.9 o
o " s e Coculture ] o
c c +Cyto D =0 1.2
o9 ] \ = O 0.6- ‘6
o O 3.0 ® ] ool o
7] = E QO Y= o 0.8
Q o Y — © E—
- i .
5T 15 ° ] L 03 o 0.4
S X = =
=K <
¥ < 0.0- ] 0.0- 0.0-
\ > <@ @ > @ @ > @ @
o o @ & o @ o @ ¢
> S8 0 & S 0 & o 0
) e e : N » P
. P it : et o O F &
o —> Mitosox-PE (S OEN ) [OOSR
+RsI3 +Rsl3 +Rsl3

(caption on next page)



S. Yao et al. Redox Biology 67 (2023) 102871

Fig. 5. Inhibition of mitochondrial transfer impedes the recovery of mitochondrial quality control mediated by MSCs during neuronal ferroptosis. (A) Flow
cytometry analysis of mitochondrial activity in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined with Cytochalasin D (Cyto D)
treatment after Rsl3 stimulation for 24 h. Mitochondria was stained with Mitotracker green (FITC channel). (B) Quantitative analysis of the mean fluorescence
intensity of MitoTracker green in (A). (n=3 biological repeats for each group; Ordinary one-way ANOVA). (C) Western Blot analysis of mitophagy related proteins,
such as PINK1 and Parkin, in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after Rsl3 stimulation for 24 h.
(D-E) Quantitative analysis of the expression of mitophagy related proteins in (C). (n=3 biological repeats for each group; Ordinary one-way ANOVA). (F)
Representative immunostaining pictures of mitophagy potential in Ht22 cells from culture alone, coculture with MSCs or MSC coculture with Cytochalasin D (Cyto D)
treatment after Rsl3 stimulation for 24 h. Mitochondria are stained with Mitotracker green and autophagy is stained with Lysotracker red, respectively. Scale bar, 10
pm for original pictures and 1 pm for enlarged pictures. (G) Quantification of the average level of colocalization between mitochondria and lysosomes in (F). (n=5
biological repeats for each group; Ordinary one-way ANOVA). (H) Flow cytometry analysis of mitochondrial membrane potential (MMP) probed with JC-1 in Ht22
cells from culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after Rsl3 stimulation for 24 h. (I) Quantitative analysis of the ratio
of JC-1 aggregates (referred to high MMP, PE channel) /JC-1 monomers (referred to low MMP, FITC channel) in (H). (n=3 biological repeats for each group; Or-
dinary one-way ANOVA). (J) Flow cytometry analysis of mitochondrial ROS level in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined
with Cyto D treatment after Rsl3 stimulation for 24 h. Mitochondrial ROS was probed with Mitosox (PE channel). (K) Quantitative analysis of the mean fluorescence
intensity of Mitosox in (J). (n=3 biological repeats for each group; Ordinary one-way ANOVA). (L) Measurement of the intracellular ATP level in Ht22 cells from
culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after Rsl3 stimulation for 24 h (n=3 biological repeats for each group;
Ordinary one-way ANOVA). Two-sided comparison; All data are mean =+ SD; Error bars represent SDs; *p < 0.05, **p < 0.01, ***p < 0.001; See also Supplementary
lzig. 8. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

4.2.2. MSC transplantation for SCI mice previously described [65]: (1) plastic adhesion growth; (2) expression of
Cell transplantation was performed right after the establishment of surface markers: more than 95% of the cells expressed CD105, CD73,

SCI model according to previous articles [64]. Prior to the crush injury, and CD90, while less than 2% of the cells expressed CD45, CD34, CD11b,

mice were randomized and assigned to three different groups: SCI group CD19, and HLA-DR; and (3) potential of trilineage differentiation into

(intramedullary injection of vehicle), SCI+MSC (intramedullary injec- osteoblasts, adipocytes, and chondroblasts in vitro. As shown in Sup-

tion of untreated MSC suspension) group, and SCI+MSC+Cyto D group plementary Fig. 4, the isolated hUC-MSCs met the identification stan-

(intramedullary injection of cytochalasin D-pretreated MSC suspension). dards, and the well-characterized 5th-7th passage hUC-MSCs were used

In the SCI+MSC or SCI+MSC+Cyto D group, 3x10° cells were sus- for both in vivo and in vitro experiments.

pended in 2 pL PBS and injected directly into the spinal cord at the crush

injury epicenter using a stereotaxic microinjection apparatus (Drill and 4.5. Invitro differentiation of hUC-MSCs

Injection Robot, Neurostar), 10 pL. Hamilton syringe (7653-01, Hamil-

ton) and 33 g removable needle (7803-05, Hamilton). In the SCI group, 4.5.1. Osteogenic differentiation

equal volumes of vehicle were injected in the same manner as that in the For osteogenic differentiation potential determination, hUC-MSCs
MSC suspension intramedullary injection group. were cultured in a-MEM (Invitrogen), 10% FBS (Invitrogen), 50 pg/ml
ascorbic acid (Sigma), 10 mM B-glycerophosphate (Sigma), 10 nM
dexamethasone (Sigma), 100 U/ml streptomycin (Invitrogen), and
100 U/ml penicillin (Invitrogen) for 2 weeks and the induction medium
was changed every 3 days. The osteogenic-differentiated cells were fixed
and stained with Alizarin red S (Sigma) for calcium detection, as pre-
viously described [66].

4.3. Cell culture

Ht22 cells (mouse primary hippocampal neurons) were purchased
from American Type Culture Collection (ATCC; Rockville, MD, USA) and
grown in the high-glucose Dulbecco’s Modified Eagle Medium (DMEM;
Invitrogen) supplemented with 10% fetal bovine serum (FBS; Invi-
trogen), 100 IU/mL penicillin (Invitrogen), and 100 pg/mL strepto-
mycin (Invitrogen). Human umbilical MSCs (hUC-MSCs) were gifted
from The Biotherapy Center, the Third Affiliated Hospital, Sun Yat-Sen
University. MSCs were cultured in the low-glucose DMEM (Invitrogen)
supplemented with 10% FBS (Invitrogen), 100 IU/mL penicillin (Invi-
trogen), and 100 pg/mL streptomycin (Invitrogen). All the cells were
cultured in a humidified 5% CO; - 95% air environment at 37 °C.

For in vitro drug treatment experiments, RAS-selective-lethal-3
(Rsl3, CSN17581, CSNpharm) is a classical ferroptosis inducer [7,42].
5 pM Rsl3 was used to induce intracellular ferroptosis in Ht22 cells.
18-a-GA, dynasore, and cytochalasin D (Cyto D) were purchased from
Sigma-Aldrich and were used in a concentration of 50 pM, 50 pM, and
200 nM, respectively.

For fluorescence staining of cell, mitochondria and lysosome, 20 pM
Celltracker blue CMF2HC Dye (C12881, Invitrogen), 500 nM Mito-
tracker green FM (9074S, Cell Signaling Technology), 500 nM Mito-
tracker red CMXRos (9082S, Cell Signaling Technology) and 1 pM
Lysotracker red DND-99 (L7528, Invitrogen) was used according to the
manufacturers’ protocols respectively. Ht22 cells or MSCs were incu-
bated with indicated fluorescent dyes in culture media and the excess
dye was washed out by PBS. Then, after 2 days, stained cells were seeded
for monoculture and coculture.

4.5.2. Adipogenic differentiation

For adipogenic differentiation potential determination, hUC-MSCs
were cultured in induction medium A consisting of high-glucose
DMEM (Invitrogen), 10% FBS (Invitrogen), 0.5 mM 3-isobutyl-1-methyl-
xanthine (Sigma), 10 pg/ml insulin (Sigma), 100 nM dexamethasone
(Sigma), 0.2 mM indomethacin (Sigma), 100 U/ml streptomycin (Invi-
trogen), and 100 U/ml penicillin (Invitrogen) for 3 days, followed by
culture of maintenance medium consisting of high-glucose DMEM
(Invitrogen), 10% FBS (Invitrogen), 10 pg/ml insulin (Sigma), 100 U/ml
streptomycin (Invitrogen), and 100 U/ml penicillin (Invitrogen) for 1
day, together as a cycle. After 3 cycles of culture, cells were cultured in
maintenance medium for another 7 days. The adipogenic-differentiated
cells were confirmed by Oil red O (Sigma) staining, as previously
described [66].

4.5.3. Chondrogenic differentiation

For chondrogenic differentiation potential determination, hUC-MSCs
were induced using a cell pellet culture system as previous described
[67]. Briefly, hUC-MSCs were suspended in 15 ml conical tube con-
taining 2 ml induction medium of high-glucose DMEM (Invitrogen), 3%
FBS (Invitrogen), 10 ng/ml TGFB3 (Pepro Tech), 1x ITS (Sigma) and 1
mM pyruvate (Sigma) for 4 weeks and the induction medium was
changed every 3 days. The chondrocytes were identified by toluidine
blue (Sigma) staining, as previously described [66].
4.4. hUC-MSCs characterization

For phenotypic characterization, hUC-MSCs were identified as
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4.6. Coculture assay

For the contact coculture, Ht22 cells and MSCs were cocultured at a
1:1 ratio in the high-glucose DMEM (Invitrogen) supplemented with
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10% FBS (Invitrogen), 100 IU/mL penicillin (Invitrogen), and 100 pg/
mL streptomycin (Invitrogen). After 12 h of coculture, the medium was
replaced into fresh one, and treated with or without drugs as described
above. Mono-cultured Ht22 cells served as a control. After indicated
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Fig. 6. MSC coculture inhibits neuronal ferroptosis through mitochondrial transfer. (A) qPCR analysis of relative mRNA expression of ferroptosis-related genes,
including Ptgs2, Acsl4, Gpx4, Fthi, Slc39a14 and Fpnl, in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after
Rsl3 stimulation for 24 h (n=3 biological repeats for each group; Ordinary one-way ANOVA). (B) Western Blot analysis of the ferroptosis-related proteins in Ht22
cells from culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after Rsl3 stimulation for 24 h (n=3 biological repeats for each
group). (C-D) Flow cytometry and quantitative analysis of intracellular ROS level in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined
with Cyto D treatment after Rsl3 stimulation for 24 h. Intracellular ROS was stained with DHE (PE channel). (n=3 biological repeats for each group; Ordinary one-
way ANOVA). (E) Flow cytometry analysis of intracellular lipid ROS generation in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined
with Cyto D treatment after Rsl3 stimulation for 24 h. Intracellular lipid ROS was probed with C11-BODIPY>®1/5°! (oxidized, FITC channel). (F) Quantitative analysis
of the percentage of oxidized C11-BODIPY>®1/%! in (E). (n=3 biological repeats for each group; Ordinary one-way ANOVA). (G) Quantitative analysis of the ratio of
oxidized (FITC channel) to reduced (PE channel) C11-BODIPY>®/%°! mean fluorescence intensity (MFI) in (E). (n=3 biological repeats for each group; Ordinary one-
way ANOVA). (H) Measurement of intracellular MDA level in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment
after Rsl3 stimulation for 24 h (n=3 biological repeats for each group; Ordinary one-way ANOVA). (I) Measurement of intracellular total iron level in Ht22 cells from
culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after Rsl3 stimulation for 24 h (n=3 biological repeats for each group;
Ordinary one-way ANOVA). (J) Quantitative analysis of the increase in MFI of Calcein-AM (FITC channel, subtracted the MFI treated without Deferiprone from the
MFI treated with Deferiprone), reflected the amount of intracellular labile iron pool (LIP) in (K). (n=3 biological repeats for each group; Ordinary one-way ANOVA).
(K) Flow cytometry analysis of LIP in Ht22 cells from culture alone, coculture with MSCs or MSC coculture combined with Cyto D treatment after Rsl3 stimulation for
24 h. Cells were incubated by Calcein-AM (FITC channel) and treated with or without Deferiprone. Two-sided comparison; All data are mean + SD; Error bars
Eepresent SDs; *p < 0.05, **p < 0.01, ***p < 0.001; See also Supplementary Fig. 9 and Fig. 10.

<

time of coculture, the cells were harvested for indicated experiments. 4.10. Flow cytometry

Flow cytometric analysis was performed with CytoFLEX (Beckman
Coulter) flow cytometers. Data were analyzed with FlowJo v10.6.2
software. The fluorescent markers used for flow cytometry are described
in Supplementary Table 1.

4.7. Mito-GFP Lentivirus transfection

Lentivirus containing Mito-GFP recombinant gene was purchased
from Shanghai Genechem Co., Ltd. Briefly, cells were transfected with
the Mito-GFP Lentivirus according to the manufacturer’s instruction.
After 3 days, green fluorescence of mitochondria in cells was visible

under fluorescent microscope, indicating the effective transfection. GFP- . .
labeled MSCs were purified by FACS (BD influx). Cells were seeded onto coverslips and treated accordingly for each

experiment. If necessary, fixation of cells occurred in 4% para-
formaldehyde (PFA) for 15 min. Subsequently, cells were incubated with

4.11. Immunocytochemistry and immunofluorescence

4.8. RNA isolation and real-time quantitative PCR fluorescent dyes according to manufacturer’s instructions. The fluores-
cent dyes applied were listed in Supplementary Table 1. Images were
Total RNA was extracted from cells using the RNAzol RT (Molecular taken using an LSM880 confocal microscope with Airyscan (Zeiss). Live-
Research Center, Inc.) and complementary DNA (cDNA) was synthesized cell imaging was performed using a commercial structured illumination
using a RevertAid First Strand ¢cDNA Synthesis Kit (K1622, Thermo microscope (HIS-SIM) by following the previous report [68].
Fisher Scientific) according to the manufacturers’ protocols. In brief, Spinal cord samples were fixed in 4% PFA and then embedded in
concentration of total RNA was quantified with a NanoDrop 8000 OCT compound for subsequent sectioning. Each tissue section was
spectrophotometer and 1 pg of total RNA was used for reverse tran- incubated with the primary antibodies overnight at 4 °C, followed by
scription. Target mRNA levels were quantified by performing qRT-PCR incubation with secondary antibodies away from light for 1 h at room
with a FastStart Essential DNA Green Master Mix (06924204001, temperature. The primary and secondary antibodies used were
Roche), as described by the manufacturers’ protocols. The thermocy- described in Supplementary Table 1. Images were acquired using

cling protocol for all experiments was 40 cycles of denaturation at 95 °C LSM800 confocal microscope (Zeiss) or Dragonfly CR-DFLY-202 2540
for 10 s, annealing at 60 °C for 10 s, and extension at 72 °C for 30 s. All (Leica).

samples were run in triplicate and target mRNA levels were normalized
to those of 18S. The primers designed and used for qPCR are described in

4.12. Histological analysis
Supplementary Table 1.

H&E, Nissl and Masson staining were carried out for histological
4.9. Western Blot analysis. After sacrifice, mouse T10 spinal cord segment that involves
the injury epicenter was dissected, perfused with 4% PFA and prepared
for the paraffin embedding. The paraffin-embedded spinal cord segment
was sectioned longitudinally into 4 pm thick slices. The paraffin sections
were deparaffinized and rehygrated in PBS. Hematoxylin and eosin
(H&E) and cresyl violet were used for the H&E and Nissl staining
respectively. Masson’ s trichrome staining was performed for the
detection of collagen deposition. The sections were analyzed, and im-
ages were captured using an AxioScan. Z1 microscope (Zeiss).

Cell suspensions were collected and washed three times with cold
phosphate-buffered saline. Then, the cells were lysed in 1X RIPA buffer
with 1X protein inhibitor solution for at least 30 min, and centrifuged at
10,000 g for 10 min at 4 °C to remove cell debris. The protein super-
natant was aspirated and mixed with 4X loading buffer (Bio-RED). After
total protein concentration was measured using BCA Protein Assay Kit
(Thermo Scientific), equal amounts of total proteins were resolved by
10% SDS-PAGE (Bio-Rad) and then electrotransferred to a 0.2 pm pore-

sized polyvinylidene difluoride membrane (Millipore, Darmstadt). After 4.13. Transmission electron microscopy

blocked with 5% BSA, the membrane was incubated with the primary

antibodies at 4 °C overnight, followed by incubation with HRP- Cell samples were fixed in 2.5% glutaraldehyde for 2 h at room
conjugated secondary antibodies for 1 h at room temperature. The pri- temperature and then stored at 4 °C overnight. Subsequently, samples
mary and secondary antibodies used can be found in Supplementary were post-fixed with 1% osmium tetroxide for 1 h, washed, dehydrated
Table 1. The chemiluminescent substrate (Millipore) was used to detect through an ethanol gradient (30, 50, 70 and 95%, 5 min per step),
the signal intensity. Bands from at least three independent blots were embedded and polymerized at 60 °C for 48 h. Ultrathin sections of 85 nm
quantified using the Image J software. were cut and observed in a Tecnai 12 BioTwin transmission electron
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Fig. 7. MSC transplantation alleviates neuronal ferroptosis and promotes functional recovery after SCI by delivery of mitochondria. (A) Schematic illustration of
spinal crush injury model and MSC intramedullary injection post injury. Created with BioRender.com. (B) Representative confocal microscopy images show rostal
part, injection center and caudal part of spinal cord tissues in 1 day after spinal cord injury. Mitochondriaderived from MSCs were labeled by Mitotracker and
neurons were marked by NeuN. Scale bar, 150 pm for original pictures and 20 pm for enlarged pictures. (C) Representative TEM images show the morphology of
neuronal mitochondria in the spinal cord tissue from SCI group, SCI+MSC group, SCI+MSC+Cyto D group in 1 day after spinal cord injury. Red and green arrows
indicate damaged and normal mitochondria, respectively. Scale bar, 2 pm for original pictures and 0.5 pm for enlarged pictures. (D) Measurement of BMS scores on
day 0, 1, 3, 7, 14, 21, 28, 35 and 42 post injury. (n=6 biological repeats for SCI group, SCI+MSC+Cyto D group and n=7 biological repeats for SCI+MSC group;
Ordinary one-way ANOVA). (E) Representative images of footprint test in 42 days after spinal cord injury from SCI group, SCI+MSC group, SCI+MSC+Cyto D group.
Scale bar, 5 cm. (F) Representative diagrams of motor evoked potential (MEP) detection in 42 days after spinal cord injury from SCI group, SCI+MSC group,
SCI+MSC+Cyto D group. (G-H) Quantitative analysis of the amplitude of the first peak (mV) and the latency (ms) in (F). (n=6 biological repeats for SCI group,
SCI+MSC+Cyto D group and n=7 biological repeats for SCI+MSC group; Ordinary one-way ANOVA). (I) Representative gross anatomical maps, H&E and Nissl
staining images show the lesion core and neuronal region in 42 days after spinal cord injury from SCI group, SCI+MSC group, SCI+MSC+Cyto D group, respectively.
Scale bar, 1 cm for gross anatomical maps and 1 mm for staining images. (J-K) Quantitative analysis of the lesion area and Nissl staining positive area (mm?) in (1).
(n=6 biological repeats for SCI group, SCI+MSC-+Cyto D group and n=7 biological repeats for SCI+MSC group; Ordinary one-way ANOVA). (L) Representative
immunostaining pictures of the spinal cord in 42 days after spinal cord injury from SCI group, SCI+MSC group, SCI+MSC+Cyto D group, Neurons were marked by
NeuN and astrocytes were marked by GFAP to indicate the lesion area. Scale bar, 400 pm. Two-sided comparison; All data are mean + SD; Error bars represent SDs;
*p < 0.05, **p < 0.01, ***p < 0.001, ns > 0.05; See also Supplementary Figs. 11 and 12. (For interpretation of the references to colour in this figure legend, the
I;eader is referred to the Web version of this article.)
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Fig. 8. Schematic illustration of stem cell-based mitochondrial therapy for anti-neuronal ferroptosis during spinal cord injury. Injection of abundant functional
mitochondria based on mesenchymal stem cell (MSC) in vivo stabilizes neuronal mitochondrial quality control system, alleviates neuronal ferroptosis and finally
promotes functional recovery after spinal cord injury. Pharmacological intervention by cytochalasin D reduces by tunneling nanotube (TNT)-dependent mito-
chondrial transfer, increasing neuronal ferroptosis and decreasing the effect of stem cell-based mitochondrial therapy for spinal cord injury.

microscope (FEI Company, Eindhoven, The Netherlands) at 120 keV.
For tissue microscopy, the T10 segment of spinal cord was isolated

uranyl acetate at 37 °C for 15 min and lead citrate solution for 4 min.
Electron micrographs were taken with a JEM-2100 Plus Transmission

and sliced in 1 mm thick longitudinal sections. The fixed tissues were
embedded using EPON as previously descried. Ultrathin sections of 70
nm were cut using an ultramicrotome (Leica Microsystems, UC6) with a
diamond knife (Diatome, Biel, Switzerland) and stained with 1.5%

Electron Microscope (JEOL), equipped with Camera OneView 4 K 16 bit
(Gatan) and software Digital Micrograph (Gatan).

For analysis, the length and morphology of each mitochondrion was
determined in ImageJ following manual drawing of single organelle. All
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parameters obtained from one field of view were averaged together.
4.14. Scanning electron microscopy

The intercellular tunneling nanotubes between Ht22 cells and MSCs
were visualized by scanning electron microscopy. In brief, Ht22 cells
and MSCs were cocultured on 15 mm diameter glass coverslips for the
desired time. Cells were fixed 2.5% glutaraldehyde overnight. After
fixation, the samples were washed with PBS before dehydration using an
ethanol gradient, followed by replacement of ethanol with acetone and
isoamyl acetate. After fixation and dehydration, the samples were crit-
ical point-dried using (EM, CPD300, Leica) and coated with gold using
(MC1000, Hitachi). Images were done using an FEI Quanta 200 scanning
electron microscope.

4.15. Basso mouse scale (BMS) score

Locomotor function of mice was evaluated using an open-field score,
the BMS as previously reported [69]. Briefly, on the 0, 1st, 3rd, 7th,
14th, 21st, 28th, 35th, 42th days after injury, all mice were allowed to
crawl freely and evaluated by two independent researchers who were
blind to the treatment groups. The score was based on the ankle
movement, plantar placing, plantar stepping and motor coordination.

4.16. Footprint test

Footprint test was used to observe the gait recovery and motor co-
ordination according to established previous article [70]. Briefly, on the
42th day after SCI injury, mice were encouraged to crawl along a
straight line on a piece of white paper three times with their left and
right hind paws painted by blue and red dye, respectively. Footprint
traces were printed on the paper and digitized by the camera.

4.17. Motor evoked potential (MEP) detection

The function of motor nervous system of lower limbs was tested by
MEP detection on the 42th day after the SCI injury. BL-420A/F Data
Acquisition Analysis System (TECHMAN SOFT) was applied. The motor
cortex of mice was exposed and touched by stimulating electrodes. The
recording electrodes were placed on the contralateral sciatic nerve. The
latency and amplitude of the first evoked peak were selected as pa-
rameters for assessment of the function of the motor neuron.

4.18. Measurements of intracellular total iron

The level of intracellular total iron (Fe?t and Fe®") was determined
using Intracellular Iron Colorimetric Assay Kit (E1042, APPLYGEN)
according to the instruction. After processed with working solution at
60 °C for 15 min, cell lysate and standard sample were incubated with
iron probe at 37 °C for 30 min. The absorbance at 550 nm was measured
by the microplate reader (Sunrise, TECAN). Concentrations of intracel-
lular total iron were calculated according to standard curve. Protein
concentrations of each sample should be determined for the measure-
ment of intracellular total iron per unit of protein.

4.19. Measurements of labile iron pool (LIP)

The level of labile iron pool was measured by calcein-acetoxymethyl
ester (Calcein-AM, GC34061, GLPBIO) cooperated with deferiprone
(HY-B0568, MCE). After trypsinization, cells (6-well dishes) were
washed twice with PBS and then incubated with 1 pM Calcein-AM at
37 °C for 15 min. Subsequently, cells were washed twice with PBS fol-
lowed by incubation with or without 1 pM deferiprone at 37 °C for 1 h.
Following rinsing with PBS, cells were analyzed by flow cytometry.
Calcein-AM was excited at 488 nm, and fluorescence was measured at
525 nm. The difference in the mean fluorescence intensity (MFI) of cells
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with and without deferiprone incubation reflected the amount of the
LIP.

4.20. Measurements of ROS, lipid ROS and MDA

Intracellular ROS levels were determined by DHE Assay Kit
(ab236206, Abcam) according to the manufacturer’s instruction.
Briefly, cells were incubated in DMEM containing 10 pmol/L DHE at
37 °C for 30 min at dark. After washing, labeled cells were evaluated by
flow cytometry. Data were expressed as the MFI and analyzed by FlowJo
v10.6.2 software.

Lipid-ROS levels within cells were determined as previously
described [71]. In brief, Cells were incubated with fluorescent
C11-Bodipy (1 pM; Invitrogen) at 37 °C for 30 min before harvested by
trypsin. The cell suspension was subsequently assessed by flow cytom-
eter (Beckman Coulter) using the 488 nm laser for excitation. The signals
from both the oxidized C11-Bodipy (FITC channel) and non-oxidized
C11 Bodipy (PE channel) were collected. The MFI of both oxidized
and non-oxidized C11-Bodipy was calculated for each sample. Data were
expressed as the fraction of oxidized C11-Bodipy and conducted by
FlowJo v10.6.2 software.

MDA was used for the evaluation of oxidative stress. MDA assay kit
(S0131S, Beyotime) was applied to this measurement and the proced-
ures followed the manufacturer’s protocol. The protein extraction of cell
samples and standard solution of MDA were prepared and respectively
incubated with MDA working solutions at 100 °C for 15 min, followed
by centrifugation at 1000g for 10 min. The absorbance of the superna-
tant at 532 nm was measured by the microplate reader (Sunrise,
TECAN), representing the relative concentration of protein extraction.

4.21. Measurements of mitochondrial ROS

Mitochondrial ROS levels were detected using the fluorescent dye
MitoSOX™ Red (M36008, Invitrogen). Cells were incubated in the me-
dium with MitoSOX™ Red for 30 min according to the manufacturer’ s
protocol. After washing, labeled cells were evaluated using flow
cytometry. Data were analyzed by FlowJo v10.6.2 software.

4.22. Mitochondrial activity assay

The mitochondrial activity was determined by the Mitotracker as
previously described [72]. In brief, cells were incubated with 500 nM
Mitotracker Green FM (9074S, Cell Signaling Technology). The Mito-
tracker fluorescence was determined by FITC channel by flow
cytometry.

4.23. Measurement of mitochondrial membrane potential (MMP)

MMP was measured using an enhanced mitochondrial membrane
potential assay kit with JC-1 (C2003S, Beyotime Biotechnology). In
brief, cells were incubated with JC-1 staining solution at 37 °C for 20
min, washed with JC-1 staining buffer, and immersed in the medium.
Normal mitochondria with JC-1 aggregates produced red fluorescence,
and depolarized mitochondria with JC-1 monomers produced green
fluorescence. Fluorescent intensity was quantified by flow cytometry.
Data were analyzed with FlowJo v10.6.2 software and A¥m was
expressed as the ratio of red to green fluorescence intensity.

4.24. Measurement of ATP content

Intracellular ATP production was measured using a CellTiter-Glo
Luminescent Cell Viability Assay kit (S0026B, Beyotime Biotech-
nology) as the manufacturer’s instructions. Briefly, cells were plated in a
96-well plate, mixed with an equal volume of reagent for 2 min, and
incubated at room temperature for 10 min. Luminescence was recorded
using a GENios Plus fluorescence microplate reader (Sunrise, TECAN).
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4.25. scRNA-seq data processing

The single-cell RNA sequencing data of mouse spinal cord was
download from figshare with the identifier (https://doi.org/10.6084,/m
9.figshare.17702045) [33]. Seurat (version 4.1.3) was used to perform
the data procession. After quality control, normalization, cell clustering
and cell type annotation, we performed the following analyses:
compositional analysis, differential expression testing, gene set varia-
tion, and gene set enrichment.

4.26. Statistics and reproducibility

All experiments were carried out with at least three biological rep-
licates and successful reproducibility were shown. All data are reported
as the mean + standard deviation (SD) of at least three independent
experiments. Sample sizes are all presented in the figure legends. Sta-
tistical analysis between two groups was performed using unpaired t¢-
test. Statistical analysis between multiple groups was performed by one-
way ANOVA or Tukey’s multiple comparison test. All data were
analyzed using GraphPad Software. A two-sided p-value < 0.05 was
considered to be statistically significant. The level of significance
defined as p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).
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