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Abstract
Background The repair of peripheral nerve injury poses a clinical challenge, necessitating further investigation into 
novel therapeutic approaches. In recent years, bone marrow mesenchymal stromal cell (MSC)-derived mitochondrial 
transfer has emerged as a promising therapy for cellular injury, with reported applications in central nerve injury. 
However, its potential therapeutic effect on peripheral nerve injury remains unclear.

Methods We established a mouse sciatic nerve crush injury model. Mitochondria extracted from MSCs were 
intraneurally injected into the injured sciatic nerves. Axonal regeneration was observed through whole-mount nerve 
imaging. The dorsal root ganglions (DRGs) corresponding to the injured nerve were harvested to test the gene 
expression, reactive oxygen species (ROS) levels, as well as the degree and location of DNA double strand breaks 
(DSBs).

Results The in vivo experiments showed that the mitochondrial injection therapy effectively promoted axon 
regeneration in injured sciatic nerves. Four days after injection of fluorescently labeled mitochondria into the 
injured nerves, fluorescently labeled mitochondria were detected in the corresponding DRGs. RNA-seq and qPCR 
results showed that the mitochondrial injection therapy enhanced the expression of Atf3 and other regeneration-
associated genes in DRG neurons. Knocking down of Atf3 in DRGs by siRNA could diminish the therapeutic effect of 
mitochondrial injection. Subsequent experiments showed that mitochondrial injection therapy could increase the 
levels of ROS and DSBs in injury-associated DRG neurons, with this increase being correlated with Atf3 expression. 
ChIP and Co-IP experiments revealed an elevation of DSB levels within the transcription initiation region of the Atf3 
gene following mitochondrial injection therapy, while also demonstrating a spatial proximity between mitochondria-
induced DSBs and CTCF binding sites.
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MSC-derived mitochondria promote axonal regeneration 
via Atf3 gene up-regulation by ROS induced DNA double 
strand breaks at transcription initiation region.

Introduction
Axonal injury to sensory and motor neurons in the 
peripheral nervous system (PNS) can regenerate com-
pletely, whereas in the central nervous system (CNS) 
cannot [1–6]. A major reason for this difference is that 
the gene expression within PNS neurons changes sig-
nificantly after axonal injury, enabling them to transi-
tion from a state of quiescence to a state of active growth 
or regeneration. Atf3, Ap1, Jun, Creb, Stat3, Nf-kb,, 
Sox11 and other transcription factor coding genes were 
involved in the early injury response within a few hours 
after nerve injury [7–11]. These early response genes 
then co-regulate the expression of later regenerative 
effect genes in a specific manner [9, 12]. Although this 
injury response can lead to successful axon regeneration 
in a mouse model of peripheral nerve injury [13, 14], the 
length of the human nerve is significantly longer than 
that of the mouse nerve. The extended regeneration dis-
tance may impede the seamless growth of the regener-
ated nerve towards the peripheral target organ [15–17]. 
Therefore, clinical patients with peripheral nerve inju-
ries may struggle to achieve complete functional recov-
ery following surgical treatment. New therapies aimed at 
enhancing or accelerating the regeneration of peripheral 
nerve injuries will play a crucial role in restoring limb 
function in patients with nerve injuries, which has signif-
icant clinical value and warrants further exploration.

Communication and transportation of materials 
between nerve and supporting cells have been increas-
ingly recognized as crucial factors in the repair of nerve 
injuries. Schwann cells (SCs), the glial cells of the PNS, 
are the primary supportive cells in the PNS. Following 
nerve damage, SCs undergo dedifferentiation and initi-
ate a reparative program to facilitate nerve regeneration 
[18]. SCs engage in various mechanisms to interact with 
the peripheral nervous system, including the release of 
neurotrophic factors [19] and transfer of extracellular 
vesicles [20], metabolites [21, 22], ions [23], and organ-
elles [24, 25].

Although SCs play a pivotal role in the regeneration 
of peripheral nerves, their limited accessibility from 
patients hampers their potential for clinical application 
in cell therapy. Mesenchymal stromal cells (MSCs) are 
adult multipotent stromal cells that can be isolated from 
various human tissues such as adipose, bone marrow, 
umbilical cord blood and dental pulp [26]. MSCs have 
been identified as having multi-directional differentiation 
potential, high self-renewal ability, and low immunoge-
nicity, making them one of the most common potential 
off-the-shelf stromal cells in cell therapy [27]. The effi-
cacy of adult multipotent MSCs in promoting neuronal 
growth and survival has also been demonstrated by sev-
eral studies, highlighting their potential for facilitating 
functional recovery following peripheral nerve injury 
[28–30]. However, there are several drawbacks to MSC-
based therapy, including its high cost, cellular pheno-
typic instability, and the risk of microinfarction caused 
by transported MSCs becoming lodged in the pulmonary 
microvasculature [31, 32]. As a result, a new cell-free 
therapy with similar efficacy to that of MSCs must be 
developed for peripheral nerve injury.

Mitochondrial transfer has numerous therapeutic 
effects, such as supplying ATP to recipient cells, regu-
lating reactive oxygen species (ROS), and buffering cal-
cium ion concentration. In recent years, it has gradually 
emerged as a new therapy for cell injury [33–37]. In the 
central nervous system (CNS), astrocytes transfer mito-
chondria to injured neurons, promoting their survival 
and plasticity [38]. In spinal cord injury, MSCs can trans-
fer mitochondria to motor neurons through tight junc-
tions. The artificial transfer of purified mitochondria to 
the injured site can significantly reduce the apoptosis 
of motor neurons and promote spinal cord repair [39]. 
However, the use of mitochondrial transfer to treat 
peripheral nerve injury has not been extensively studied.

In our study, we constructed a mouse sciatic nerve 
crush injury model, and we injected MSC-derived mito-
chondria into the injured nerve. We found that the 
injected mitochondria transferred into the DRG neuron 
somas and promoted Atf3 expression by accumulating 
ROS and triggering DNA double-strand breaks (DSBs) 
at the transcription initiation region of the Atf3 gene. 
This process facilitated Atf3 expression and accelerated 

Conclusion These findings suggest that MSC-derived mitochondria injected into the injured nerves can be 
retrogradely transferred to DRG neuron somas via axoplasmic transport, and increase the DSBs at the transcription 
initiation regions of the Atf3 gene through ROS accumulation, which rapidly release the CTCF-mediated topological 
constraints on chromatin interactions. This process may enhance spatial interactions between the Atf3 promoter and 
enhancer, ultimately promoting Atf3 expression. The up-regulation of Atf3 induced by mitochondria further promotes 
the expression of downstream regeneration-associated genes and facilitates axon regeneration.
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axon regeneration. Furthermore, by studying the spa-
tial relationship between DSB sites and CTCF proteins, 
we revealed that the mitochondria-induced DSBs were 
located in the vicinity of the CTCF binding site, which 
may lead to the release of the CTCF-induced topologi-
cal constraints on the spatial interactions of the Atf3 pro-
moter and enhancer. This study will provide new insights 
into the application of mitochondrial transfer therapy in 
peripheral nerve injury.

Materials and methods
MSC culture
The 6th passage of bone marrow mesenchymal stromal 
cells (MSCs) derived from C57BL/6 mice was obtained 
from Cyagen Biosciences (Guangzhou, China). Follow-
ing culture and upon reaching the 10th passage, the 
purchased MSCs were characterized by evaluating their 
surface markers indicative of MSC identity, as well as 
their multipotent potential to differentiate into adipo-
genic, osteogenic, and chondrogenic lineages (Figure 
S1A and B). The MSCs were cultured in Gibco Dulbec-
co’s modified Eagle medium/Ham’s F-12 (DMEM/F12) 
supplemented with 10% fetal bovine serum and 100 U/
mL penicillin-streptomycin (Gibco, USA), under the con-
ditions of 5% CO2, a temperature of 37℃, and a humidity 
level of 100%. Upon reaching approximately 90% conflu-
ence, trypsin at a concentration of 0.25% (Gibco, USA) 
was utilized to detach the cells for subsequent passaging 
at a ratio of 1:3. Passages ranging from 8th to 10th were 
employed for the following experimental procedures.

Isolation of mitochondria from MSCs
Mitochondria were isolated from cultured MSCs using a 
Mitochondria Isolation Kit (#89,874, Mitochondria Isola-
tion Kit for mammalian cells, Thermo Fisher, USA). The 
kit comprised three reagents (A, B, and C) specifically 
designed for isolating mitochondria. To isolate the mito-
chondria, the harvested cell suspension was centrifuged 
in a 2.0 mL microcentrifuge tube at 850 × g for 2 min to 
remove the supernatant. Subsequently, Reagent A was 
added to the MSCs in an ice-cooled tube. After vortexing 
at medium speed for 5 s and incubating on ice for 2 min, 
Reagent B was introduced into the tube, which was then 
kept on ice for 5 min. Vortexing at maximum speed every 
minute for a total of five times ensured proper mixing. 
Finally, Reagent C was added, followed by gently invert-
ing the tube to mix thoroughly before centrifugation at 
700 × g for 10 min at 4℃. The resulting supernatant con-
taining mitochondria was carefully transferred to a new 
tube and subjected to further centrifugation at 12,000 × 
g for 15 min to harvest purified mitochondria. The struc-
ture and morphology of mitochondria were observed 
using a transmission electron microscopy (Figure S1C).

Sciatic nerve injury (SNI) models
The study utilized male C57BL/6 mice at the age of 
8 weeks, which were obtained from the Experimen-
tal Animal Center of Huazhong University of Science 
and Technology in Wuhan, China. Aseptic techniques 
were employed during the sciatic nerve crush surger-
ies while the mice were under 2.5% isoflurane anesthesia 
and analgesia. The right thigh of each mouse was surgi-
cally exposed at the mid-thigh level to access the sciatic 
nerve, which was subsequently crushed with moderate 
force using a forceps for 10 s, resulting in a crush size of 
1 mm, equivalent to the width of the forceps tips (Figure 
S1D). For the SNI with mitochondrial injection therapy 
group, 2 µL of mitochondia (isolated from 106 MSCs) 
were injected into the sciatic nerve at the crush site using 
a microsyringe (Figure S1E). Finally, a two-layer closure 
technique was used to close the surgical wound. Consid-
ering concerns about the potential influence on experi-
mental results due to therapeutic factors associated with 
the administration of anti-pain drugs, we did not apply 
postoperative analgesics after the SNI modeling.

Whole-mount staining of sciatic nerves
The sciatic nerves were fixed in 4% paraformaldehyde 
(PFA) overnight at 4℃. Fixed sciatic nerves were first 
dehydrated in an ascending serial concentration of tetra-
hydrofuran (50%, 70%, 80% and 100%, v/v % in distilled 
water, 20  min each, Sigma-Aldrich) and then cleared in 
a solution of benzyl alcohol and benzyl benzoate (BABB, 
1:2, Sigma-Aldrich). Incubations were conducted on an 
orbital shaker at room temperature. The nerves were 
stored in BABB solution in the dark at room temperature. 
Following fixation and clearing, the nerves were washed 
in PTX (1% Triton X-100 (Sigma, T9284) in phosphate-
buffered saline (PBS)) three times for 10 min each. Then, 
the nerves were subsequently incubated with a blocking 
solution (10% fetal bovine serum (FBS) in PTX) over-
night at 4℃. The following day, nerves were incubated 
with primary antibodies against Tuj1 (1:200, #ab52623, 
Abcam) in PTX containing 10% FBS and incubated 
for 48  h at 4℃ with gentle vibration. After the incuba-
tion, the nerves were washed with PTX three times for 
15  min each wash, followed by washing in PTX for 6  h 
at room temperature, with a change of PTX every 1  h. 
Secondary Alexa Fluor-conjugated secondary antibodies 
(1:500, #ab150077, Abcam) were diluted in PTX contain-
ing 10% FBS, and incubated with the nerves for 48 h at 
4℃ with gentle rocking. Next, the nerves were washed 
in PTX three times for 15 min each, followed by washing 
in PTX for 6 h at room temperature, changing the PTX 
each hour, and then washed overnight without chang-
ing PTX at 4℃. When staining was complete, the nerves 
were mounted between a slide and a cover slip and com-
pressed under 5 Kg of books overnight for imaging.
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Analysis of in vivo axon regeneration
To quantify the regeneration of axons in vivo, we initially 
captured fluorescent tiled images of a whole-mount seg-
ment of the sciatic nerve using a CCD camera connected 
to an inverted fluorescence microscope. The imaging 
process was controlled by Zeiss AxioVision software with 
the assistance of the MosaiX module. Subsequently, these 
tiles were stitched together to create a comprehensive 
image of the entire nerve segment. To determine their 
length, each identifiable axon stained with Tuj1 within 
this nerve segment was manually traced from the site 
where it was crushed to its distal axonal tip. We then 
compared the average length of the five longest traced 
axons in each individual nerve sample.

CatWalk gait analysis
The CatWalk XT system (Noldus Inc., Netherlands) was 
used to assess gait recovery and motor function after 
SNI. This test involves monitoring each animal when it 
crosses a walkway with a glass floor illuminated along the 
long edge. Data acquisition was carried out using a high-
speed camera, and paw prints were automatically classi-
fied by the software. The performance of each mouse was 
recorded three times, to obtain approximately 15 step 
cycles per mouse for analysis. Printed area and swing of 
each animal were obtained 4, 8, and 12 days after surgery.

Atf3 knockdown in DRG neurons
Atf3 knockdown was achieved in adult mouse dorsal root 
ganglions (DRGs) through the injection of siRNA target-
ing Atf3 and in vivo electroporation. After anesthetiz-
ing the mice, a small surgical procedure was performed 
on the right side to expose the DRGs at the L3/4/5 level. 
Each DRG was injected with a microsyringe contain-
ing 0.1 nmol/1 µL of siRNA specifically targeting Atf3. 
Immediately following the injection, in vivo electropora-
tion was conducted using a platinum tweezer electrode 
(BTX) connected to an ECM 830 Electro Square Porator 
(BTX), delivering five electric pulses (35 V, 15-ms dura-
tion, 950-ms interval). The incision site was then closed, 
and the mice were given a recovery period of 2–3 days 
before establishing the SNI model. The siRNAs used for 
Atf3 knockdown and non-targeting control were sourced 
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA 
(#SC-29,758 and #SC-37,007).

RNA extraction and qRT-PCR analysis
DRGs were subjected to TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) for RNA extraction. The purity and 
concentration of the extracted RNA samples were deter-
mined by spectrophotometric analysis. Reverse tran-
scription was performed using an EasyScript First-Strand 
cDNA Synthesis Super Mix kit (TransGen Biotech, Bei-
jing, China) with 3 micrograms of RNA. Quantitative 

real-time PCR (qRT-PCR) was used to evaluate the 
relative mRNA expression levels of mouse Atf3, Sox11, 
Lin28a, Gap43, Smad1, Lin28b, Jun and Gapdh (Invi-
trogen), utilizing TransStart Eco Green qPCR Super 
Mix (TransGen Biotech). The Bio-Rad myiQ2 Sequence 
Detection System (Bio-Rad, Hercules, CA, USA) was 
employed in this study. Primers purchased from Invitro-
gen were utilized as per Supplementary Table S1 instruc-
tions while cycle conditions followed the specifications of 
the primers. Relative gene expression levels were normal-
ized against Gapdh and β-actin and analyzed using the 
2−ΔΔct method.

Western blot analysis
Proteins were isolated from DRGs using a RIPA buffer 
supplemented with protease inhibitor and phosphatase 
inhibitor (Boster Biol Tech). The lysates were centrifuged 
at 16,000 × g for 15 min at 4 °C, followed by storing of the 
collected supernatants at -20 °C until further analysis. To 
extract cytoplasmic and nuclear proteins, a Nuclear and 
Cytoplasmic Protein Extraction Kit (Beyotime, Shang-
hai, China) was employed following the manufacturer’s 
instructions. The protein concentration was determined 
using a BCA protein assay kit (Applygen, Beijing, China). 
Equal amounts of proteins from each sample were sub-
jected to electrophoresis on a 10% SDS-PAGE gel (Bio-
Rad), followed by transfer onto polyvinylidene fluoride 
(PVDF) membranes (Merck Millipore, Billerica, MA, 
USA). For membrane blocking purposes at room tem-
perature for one hour, a solution containing 5% BSA in 
1× TBST (0.1% Tween-20) was utilized. Following block-
ing, the membranes were exposed to primary antibodies 
(Cell Signaling Technologies Inc., Milan, Italy) targeting 
ATF3, γH2AX, 53BP1, CTCF (all at a dilution of 1:1000), 
and β-actin (at a dilution of 1:400) overnight at 4 °C. The 
next day, the membranes were washed three times with 
TBST on ice for 10  min before being incubated with 
HRP-conjugated goat anti-rabbit IgG secondary detec-
tion antibodies (Boster Biol Tech) at room temperature 
for an hour. Subsequently, the membranes underwent 
three washes in TBST for ten minutes each. Immunos-
tained protein bands were detected using Enhanced 
Chemiluminescence (ECL) reagent via autoradiography. 
Band intensities were analyzed using Image-Lab soft-
ware (Bio-Rad, Hercules, CA, USA). Relative expression 
was normalized using β-actin as a loading control, and 
the data are presented as a percentage of reference gene 
expression.

ROS detection in DRG sections
Four days after constructing SNI models and adminis-
tering mitochondrial injection therapy, the DRGs were 
surgically extracted and sectioned. The levels of reac-
tive oxygen species (ROS) in the DRGs were evaluated 
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using Hydrocyanine-Cy3 staining (ROSstar550, LICOR) 
and relative fluorescence quantification among the 
Sham, SNI, SNI with mitochondrial injection therapy 
(SNI + Mito), and SNI with mitochondrial injection and 
oxidant scavenger N-acetylcysteine (NAC) treatment 
(SNI + Mito + NAC) groups (n = 3). The isolated DRGs 
were rinsed in ice-cold PBS-DTPA. Subsequently, they 
were incubated with 100 µM hydrocyanine-Cy3 in PBS 
at 37  °C for 30  min, washed once with PBS-DTPA, and 
then fixed in 4% PFA. The DRGs were then sectioned and 
scanned using a fluorescence microscope. The ROS lev-
els were assessed by measuring the relative fluorescence 
intensities.

Chromatin immunoprecipitation (ChIP) qPCR
The DRG tissue from the Sham, SNI, and SNI with mito-
chondrial injection therapy (SNI + Mito) groups were 
subjected to ChIP-PCR. Each group contained 3 samples, 
with each sample consisting of 3 DRGs (L3/4/5). DRGs 
were collected and rapidly frozen in liquid nitrogen. The 
thawed DRGs were dissociated using a Dounce homog-
enizer with cold TBH buffer (containing protease inhibi-
tors, pH 7.4 Tris, and sucrose). After fixing the cells in 
TBH containing formaldehyde, glycine was used to 
quench the fixation reaction before pelleting the cells at 
3000 × g for 5 min at 4℃. Nuclei isolation was achieved 
by incubating the cell pellet in cell lysis buffer, followed 
by sedimentation of nuclei at low speed. Finally, nuclear 
lysis buffer was used to lyse nuclei for ChIP analysis after 
a brief incubation period at room temperature. Then, 
850 µL of a dilution buffer containing Tris-Cl (16.7 mM, 
pH 8), NaCl (167 mM), EDTA (1.2 mM), Triton X-100 
(1%), SDS (0.1%), and protease inhibitors was added to 
the 150 µL nuclear lysis reaction. The chromatin sample 
(1 mL) was subjected to sonication for 20  min using a 
Diagenode Bioruptor sonicator with high power and 
alternating cycles of 30  s on and off. Following sonica-
tion, the sheared chromatin was centrifuged at 13,000 × 
g for 10 min to separate soluble chromatin from insolu-
ble material. The resulting soluble chromatin phase was 
carefully transferred to a new tube while discarding the 
insoluble fraction. To remove any nonspecific binding, 
the soluble chromatin segments were pre-cleared by 
incubating them with Dynabeads protein A (Invitrogen, 
catalog number: 10002D) at a temperature of 4℃ for a 
duration of two hours using a volume of 20 µL. A por-
tion representing one-tenth of the pre-cleared chroma-
tin was reserved as an input control, while the remaining 
fraction was incubated overnight at 4℃ with antibod-
ies specific for γH2AX (#ab2893, Abcam) and 53BP1 
(#ab175933, Abcam). Afterward, an additional volume 
of Dynabeads protein A, measuring approximately 40 µL 
was added and allowed to bind for another four hours. 
The enriched segments were sequentially rinsed with 

LS buffer (containing 0.1% SDS, 1% Triton X-100, 2 mM 
EDTA, 150 mM NaCl, 20 mM Tris-Cl at pH 8), HS buf-
fer (containing 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 
500 mM NaCl, and a pH of 8), TL buffer (consisting of 
1% NP-40, 1% NaDOC, 1 mM EDTA, SDS, LiCl at a con-
centration of 0.25 M, and Tris-Cl at a concentration of 50 
mM with a pH of 8), and TE buffer (composed of 0.1 mM 
EDTA, 50 mM NaCl, and 10 mM Tris-Cl at pH 8) for 
five minutes each interval. Chromatin was then released 
in an elution buffer consisting of 145 µL (containing 1% 
SDS and 0.1  M NaHCO3) for 25  min at 65℃ and 65 × 
g. Crosslinking was reversed by adding NaCl and EDTA 
to the solution to achieve final concentrations of 0.2  M 
NaCl and 0.1 mM EDTA, respectively. The mixture was 
incubated for 18 h at 65℃ and 65 × g. The decrosslinked 
samples were purified using QIAGEN MinElute PCR 
purification columns (QIAGEN, 28,004) following the 
manufacturer’s instructions. qPCR was performed using 
Sybr Fast Green Mix (Thermo Fisher, 4,385,610). Occu-
pancy of γH2AX and 53BP1 at each genomic location 
was calculated using the percent input method.

RNA-Seq
The DRGs from the Sham, SNI, and SNI with mito-
chondrial injection therapy (SNI + Mito) groups were 
subjected to RNA sequencing. Each group contained 2 
samples, with each sample consisting of 6 DRGs (L3/4/5 
from 2 mice). The Qiagen RNeasy Plus Universal Kit was 
utilized to extract total RNA from DRGs, following to the 
manufacturer’s recommended procedure. The Illumina 
TruSeq Total RNA Sample Prep Kits were utilized to pre-
pare the libraries. The quantification of barcoded librar-
ies was conducted before sequencing on the Illumina 
Hi-Seq 2000 system. The raw FASTQ data files of paired-
end reads were then gathered for further analysis. To 
align with the UCSC mouse reference genome assembly 
mm9, TopHat was employed on the generated FASTQ 
files. The TopHat software utilized the high-throughput 
short read aligner, Bowtie, for mapping the reads to the 
reference genome. The aligned reads underwent pro-
cessing using Cufflinks 2.0.0. Transcript abundance was 
quantified using fragments per kilobase of exon per mil-
lion mapped fragments (FPKM). Differential expression 
analysis comparing different groups was conducted with 
the Cuffdiff module, and genes exhibiting a p-value < 0.05 
were identified as displaying differential expression.

ChIP-Seq
The L3/4/5 DRGs were isolated from sham and SNI with 
mitochrondrial injection therapy (SNI + Mito) groups. 
Each ChIP-seq sample consisted of 18 pooled DRGs 
from 6 mice per group. The reads from each experiment 
were combined into single files and utilized for subse-
quent analyses. For library preparation, 1–5 ng of ChIP 
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(or input) DNA was used. To ensure the retention of 
library fragments ranging from 300 to 600  bp, gel elec-
trophoresis was employed. Prior to sequencing, libraries 
were quantified using Qubit (Invitrogen) and assessed for 
quality using Agilent’s Bioanalyzer. Single-end sequenc-
ing with a read length of 36  bp was conducted on the 
Illumina HiSeq 2000 platform following standard pro-
tocols. BWA aligner (samse option) was used to map 
the sequencing reads to the mouse genome assembly 
(mm9). Duplicate reads were identified and eliminated 
using the PICARD tool. The HOMER software was uti-
lized for analyzing γH2AX peaks. To identify differential 
γH2AX-occupying peaks induced by SNI with mitochon-
dria transfer treatment compared to the sham group, we 
employed the HOMER software’s findPeaks command 
with the “region” option specified to manage enriched 
histone-occupying regions that vary in length. The tag 
directories for mitochondria transfer treatment and SNI 
γH2AX ChIP-seq data served as positive and input sam-
ples, respectively. Two default parameters, “-size” and 
“-minDist,” were used for region finding with values of 
150 bp and 370 bp, respectively. The peak filtering option 
was set to 2.5, while the other parameters remained at 
their default settings. Adjacent peaks within a distance of 
700 bp were merged, and regions longer than 1 kb were 
identified as broad differential γH2AX regions. These 
broad regions were then extended based on surrounding 
γH2AX-normalized signals. Bins with normalized signals 
greater than 1.5 and an edge-to-edge distance less than 
1  kb were merged with the broad differential γH2AX 
regions to generate expanded γH2AX foci. Raw intensi-
ties were visualized using the UCSC Genome Browser, 
with the y-axis standardized for all ChIP-seq runs involv-
ing a specific antibody. Aggregation plots of normalized 
ChIP-seq intensity were generated using the software’s 
annotatePeaks.pl command in the HOMER software 
and custom R scripts. Publicly available CTCF ChIP-seq 
datasets provided peak information for aggregate plots, 
while γH2AX ChIP-seq data determined the binding pro-
file of γH2AX within a ± 2 kb window around these peaks 
for the aforementioned factors. The y-axis represents the 
fold-enrichment of DNA bound by γH2AX relative to 
input DNA in these regions.

Immunoprecipitation
Immunoprecipitation was conducted according to 
the instructions provided in a Co-IP Kit (Roche). The 
L3/4/5 dorsal root ganglions (DRGs) were isolated from 
sham and SNI with mitochrondrial injection therapy 
(SNI + Mito) groups. Each Co-IP sample consisted of 
18 pooled DRGs from 6 mice per group. The protein 
extracts from DRGs were prepared following the same 
procedure as described for Western blot analysis. To 
eliminate any non-specific binding, the samples were 

incubated with protein G-agarose on a rotator at 4 °C for 
3 h. After centrifugation, the supernatant was transferred 
to fresh tubes and mixed with 5 µl of anti-γH2AX anti-
body (#ab81299, Abcam) for 1 h. Subsequently, a homo-
geneous suspension of protein G-agarose (50 µL) was 
added and left to incubate overnight at 4 °C on a rotator. 
Following centrifugation and removal of the supernatant, 
the beads were washed twice with lysis buffer 1, twice 
with lysis buffer 2, and once with lysis buffer 3. Protein 
sample buffer was then added before boiling the samples 
for 5  min. The presence of CTCF in immunoprecipi-
tated proteins was detected using an anti-CTCF antibody 
(#ab188408, Abcam) through Western blot analysis.

Statistical analysis
All data were reported as mean values ± standard devia-
tions (SD). Differences between time points or treat-
ment groups were assessed using two-way analysis of 
variance (ANOVA) or multivariate analysis of variance 
(MANOVA). Subsequently, Bonferroni’s post-hoc analy-
sis was conducted to determine the significance between 
each pair of time points or treatment groups. Statistical 
analysis was conducted using the Statistical Package for 
the Social Sciences software (SPSS 15.0 for Windows; 
SPSS, Chicago, IL). A significance level of P < 0.05 was 
considered statistically significant.

Results
MSC-derived mitochondrial injection can effectively 
promote nerve axon regeneration in mouse sciatic nerve 
injury (SNI) models
Mouse MSCs were used as donor cells to extract mito-
chondria. The MSC-derived mitochondria were injected 
into the crush sites of the injured nerves. For each 
injured nerve in an SNI model, mitochondria extracted 
from 1 × 105 MSCs were injected. The injured sciatic 
nerves were harvested 4 days later and were whole-
mount stained for Tuj1 (Fig.  1A and Figure S2A). Fluo-
rescence scanning showed that the average length of the 
top 5 axons with the longest regeneration distance in the 
mitochondrial treatment group was significantly lon-
ger than that in the single SNI control group (Fig.  1B). 
In the pre-experiment, we also set the time points of 8 
and 12 days to assess the length of regenerated axons 
through whole-mount sciatic nerve staining and to eval-
uate the functional recovery using Cat Walk test. The 
whole-mount sciatic nerve staining results showed no 
significant difference in axon regeneration length on days 
8 and 12 (Figure S2B and C). Analysis of the Cat Walk 
test showed no significant differences between the SNI 
group and SNI + mito group in terms of printed area (Fig-
ure S2D) and swing (Figure S2E) at all three time points. 
These findings suggest that mitochondrial therapy has a 
significant promotional effect during early-stage axonal 
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Fig. 1 MSC-derived mitochondria injection can effectively promote nerve axon regeneration in a mouse sciatic nerve injury (SNI) model. (A) Schematic of 
the experiment. To construct the SNI model, the right thigh of each mouse was surgically exposed at the mid-thigh level to access the sciatic nerve. The 
sciatic nerve was then crushed with moderate force using a forceps for a duration of 10 s. For the mitochondrial treatment group, 2 µL of mitochondria 
derived from 106 MSCs were injected into the crush sites of the injured nerves. The injured sciatic nerves were removed 4 days later. After fixation and 
clearing, the nerves were whole-mount stained utilizing primary anti-Tuj1 antibodies and fluorescent secondary antibodies, imaging by a fluorescence 
microscope; (B) Representative immunofluorescence images of whole-mount sciatic nerves in the SNI group and SNI with mitochrondria injection ther-
apy group (SNI + Mito) (left) and quantification of the average length of the top 5 axons with the longest regeneration distance in each group (right); (C) 
Fluorescence labeled mitochondrial tracer experiment. In the group injected with Mito-track labeled mitochodria, fluorescence were distributed along 
the axons (upper right), and were present in the DRGs associated with the injured sciatic nerves (upper left). In the Mito-track only control group, pure 
Mito-track dye without mitochondria were injected into the injured sciatic nerves, After 4 days, imaging of the sciatic nerve (lower right) and DRG (lower 
left) revealed minimal fluorescence distribution
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regeneration, although this effect becomes less appar-
ent in later stages, ultimately limiting its translation into 
improved neural function. Mitochondria extracted from 
Mito track fluorescently labeled MSCs were injected 
into the injured nerves. Four days later, staining of the 
sciatic nerves and dorsal root ganglions (DRGs) staining 
was performed for observation. The results showed that 
the fluorescently labeled mitochondria were distributed 
along the axons and were present in the DRGs associated 
with the injured sciatic nerves while almost no fluores-
cent signal was detected in the Mito track only control 
(Fig. 1C), indicating that injected mitochondria could be 
retrogradely transferred into DRG neuron somas along 
nerve axons.

Mitochondrial injection promotes the expression of 
regeneration-associated genes (RAGs) in DRGs
Four days after the sciatic nerve crush and mitochondria 
injection treatment, RNA sequencing and qPCR assays 
were performed on the DRGs associated with the injured 

sciatic nerves. The RNA sequencing results showed that 
1221 genes were up-regulated and 630 genes were down-
regulated in the SNI group compared with the sham 
group (Fig.  2A, left), among which the expression of 
several RAGs, such as Sprr1a, Atf3, and Sox11, was sig-
nificantly increased (Fig.  2B). After mitochondria injec-
tion therapy, 777 genes were up-regulated and 440 genes 
were down-regulated in the SNI + Mito group compared 
with the SNI group (Fig. 2A, right), among which several 
important RAGs, including Atf3, sox11 and Gadd45a, 
were further up-regulated (Fig.  2B). While GO and 
KEGG analysis of these differentially expressed genes did 
not directly reveal specific connection with axonal regen-
eration (Figure S3 and S4). qPCR results also showed that 
the expression of some key RAGs was increased after 
mitochondrial injection therapy, and Atf3 was signifi-
cantly upregulated (Fig. 2C; Figure S5). These results sug-
gest that the mitochondria transferred into injured DRG 
neurons interact with the nucleus and are involved in the 
transcriptional regulation of RAGs.

Fig. 2 Mitochondrial injection promotes the expression of regeneration associated genes (RAGs) in dorsal root ganglions (DRGs). RNA sequencing and 
qPCR assays were performed on DRGs among Sham group, sciatic nerve injury (SNI) group and SNI with mitochrondria injection therapy (SNI + Mito) 
gruop. (A) Volcano plot of RNA sequencing. A total of 1221 genes were up-regulated and 630 genes were down-regulated in the SNI group com-
pared with the sham group (left), 777 genes were up-regulated and 440 genes were down-regulated in the SNI + Mito group compared with SNI group 
(right). (B) Heatmap of selected up-regulated RAGs from RNA sequencing; (C) qPCR results of the selected RAGs among the sham group, SNI group and 
SNI + Mito group
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Atf3 is a crucial upstream target of mitochondrial transfer 
in regulating the expression of RAGs
To investigate the role of mitochondria-promoted Atf3 
in axon regeneration and the expression of RAGs, the 
expression of Atf3 in DRG cells was knocked down by 
siRNA injection and electrotransfection. Two days later, 
SNI models and MSC-derived mitochondrial injection 
therapy were constructed. The regeneration length of 
axons in injured nerves and the gene expression level in 
DRG cells were measured four days later (Fig. 3A). Tuj1 
staining showed that axon regeneration slowed down 
after Atf3 knockdown, and the therapeutic effect of mito-
chondrial injection was reversed (Fig. 3B). The results of 
qPCR in DRG tissue showed that after Atf3 knockdown, 
the expression of Atf3 in DRG cells decreased signifi-
cantly, and the expression levels of other important RAGs 
also decreased (Fig.  3C; Figure S6). This suggests that 
Atf3 is a key upstream target for mitochondrial injection 
therapy to regulate RAG expression.

Mitochondria promote the expression of ATF3 through 
ROS-induced DSBs
The oxidative respiratory chain at the mitochondrial 
membrane is an important source of intracellular ROS 
[40]. To investigate the relationship between ATF3 
expression and ROS levels, we employed a Hydrocy-
anine-Cy3 probe to measure ROS levels in DRG neu-
rons following mitochondrial injection therapy. The 
results showed a notable increase in ROS content in the 
SNI + Mito group compared to the SNI group (Fig.  4A). 
As ROS are a direct factor causing DSBs [41] which play 
an important role in the expression of early response 
genes in neuronal injury [42]. We also detected DSB lev-
els in DRG associated with nerve injury following mito-
chondrial injection therapy. Western blot results revealed 
a significant increase in the protein expression levels of 
the DSB markers γ-H2AX and 53BP1 in the SNI + Mito 
group compared to the SNI group (Fig. 4B). This suggests 
that the transferred mitochondria exacerbated the extent 
of DSBs in DRG neurons. After the oxidant scavenger 
N-acetylcysteine (NAC) was used to antagonize ROS, 
the effects of mitochondrial injection on promoting both 
DSB and ATF3 expression were significantly weakened 
(Fig.  4B). These results suggest that MSC-derived mito-
chondria increase DSBs through intracellular ROS accu-
mulation, thereby promoting ATF3 expression.

MSC-derived mitochondria mediate DSBs at the 
transcription initiation region of the Atf3 gene
To determine whether the transcriptional burst of Atf3 
after mitochondrial transfer is related to specific DSB 
localization, we detected DSBs in different regions of 
the Atf3 gene. γ-H2AX and 53BP1 antibodies, as well as 
primers targeting the Atf3 promoter, exon 2, and 3’UTR, 

were utilized for the ChIP-PCR assay. The results showed 
that DSBs in the Atf3 promoter and exon 2 regions were 
detectable in the simple SNI model. Mitochondrial injec-
tion therapy further exacerbated the DSBs (Fig.  5A, B, 
D and E), but there was no significant difference in the 
3’UTR (Fig. 5C and F). These results suggest that the up-
regulation of Atf3 expression mediated by mitochondria 
is related to DSBs in the transcription initiation region of 
the Atf3 gene.

MSC-derived mitochondria-mediated DSBs are close to the 
CTCF binding site
CTCF is an important structural protein involved in 
the formation of three-dimensional chromatin struc-
tures that constrain and control chromatin interactions 
between topologically associating domains by mediat-
ing the topological boundaries through the formation of 
chromatin rings. To further clarify the reason why the 
mitochondria-mediated DSBs promote the expression of 
Atf3, we studied the relationship between the location of 
mitochondria-mediated DSBs and CTCF binding sites. 
Four days after the sciatic nerve crush and mitochondrial 
injection, DRG cells were extracted. The γH2AX ChIP-
seq results revealed a significant increase in the signal 
of the Atf3 gene transcription initiation region (Fig. 6A). 
Compared with the public CTCF ChIP-seq data (GEO: 
GSM918727), the γH2AX signal was significantly 
enriched at the peak of CTCF (Fig. 6B). Co-immunopre-
cipitation revealed that the interaction between γH2AX 
and CTCF was significantly enhanced in the mitochon-
drial therapy group compared to the SNI group (Fig. 6C). 
These results suggest that the location of MSC-derived 
mitochondria-mediated DSBs is in the vicinity of CTCF 
binding sites. Therefore, the topological constraints 
mediated by CTCF on chromatin interactions may be 
relieved.

Discussion
Peripheral nerve injuries commonly occur as a result of 
car accidents, falls from heights and war injuries, leading 
to a high disability rate. This significantly increases the 
social and medical burden [17, 43–45]. Proximal axons 
have the potential to grow distally after anastomosis of 
the epineurium or perineurium. However, achieving 
complete regeneration is challenging, often resulting in 
residual limb sensor or motor dysfunction [4, 46, 47]. At 
present, there is a lack of effective methods to promote 
axonal regeneration in clinical settings.

The phenotypic transformation of Schwann cells (SCs) 
and the interaction between SCs and injured nerves play 
pivotal roles in the regeneration of peripheral nerves 
following injury [48]. Court et al. demonstrated that 
Schwann cells transfer ribosomes to regenerating axons 
by supporting local axonal protein synthesis [24, 25]. 
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Fig. 3 Atf3 is a key upstream target of mitochondrial transfer in regulating the expression of RAGs. (A) Schematic of the experiment. The expression of Atf3 
in DRG cells was knocked down by injection of Atf3 siRNA in to L3/4/5 DRGs and electrotransfection. The non-targeting siRNA were employed as a control 
to Atf3 siRNA. The SNI models were constructed 2 days later. To construct the SNI model, the right thigh of each mouse was surgically exposed at the mid-
thigh level to access the sciatic nerve. The sciatic nerve was then crushed with moderate force using a forceps for a duration of 10 s. For the non-targeting 
siRNA with mitochrondria injection therapy (non-targeting siRNA + Mito) and Atf3 siRNA with mitochrondria injection therapy (Atf3 siRNA + Mito) groups, 
2 µL of mitochondria derived from 106 MSCs were injected into the crush sites of the injured nerves. The injured sciatic nerves were removed 4 days later. 
After fixation and clearing, the nerves were whole-mount stained utilizing primary anti-Tuj1 antibodies and fluorescent secondary antibodies, imaging 
by a fluorescence microscope; (B) Representative immunofluorescence images of whole-mount sciatic nerves in non-targeting siRNA, non-targeting 
siRNA + Mito, Atf3 siRNA and Atf3 siRNA + Mito groups (left). Quantification of the average length of the top 5 axons with the longest regeneration distance 
in each groups (right). (C) qPCR of the selected RAGs in DRG tissue from the above 4 groups. The mRNA expression was normalized against GAPDH. Data 
represent means ± SD. Statistically significant differences are indicated; n = 6; *P < 0.05, vs. Control
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This finding suggests that the transfer of other organelles, 
such as mitochondria, from supporting cells to injured 
nerves may also occur during the process of nerve repair. 
Additionally, artificial transfer treatments could poten-
tially have therapeutic effects.

Recent studies have found that mitochondrial transfer 
from bone marrow mesenchymal stromal cells (MSCs) 
can promote the repair of central nervous system injury 
[49–51]. In stroke mice, MSC-derived mitochondrial 
transfer to neurons promotes neuronal survival and 
enhances cerebral ischemia rehabilitation. In mice with 
spinal cord injury, injecting purified mitochondria 
derived from MSCs into the injury site can significantly 
reduce the apoptosis of motor neurons and promote the 
repair of spinal cord injury [39]. Kuo et al. revealed that 
perineurium injection of mitochondria in a sciatic nerve 

crush injury model can effectively prevent axonal degen-
eration [52]. However, the therapeutic effect and mecha-
nism of mitochondrial transfer in peripheral nerve injury 
have not been extensively studied.

In our study, we found that after 4 d of treatment with 
MSC-derived mitochondrial injections, the length of 
regenerated axons in the treatment group was signifi-
cantly longer than that in the control group. Mitochon-
drial fluorescence was observed in the L4-5 DRGs 4 days 
after injecting specific fluorescently labeled mitochondria 
into the SNI model. These results suggest that mitochon-
dria derived from MSCs, when injected into the injured 
sciatic nerve, can be retrogradely transferred into DRG 
neuron somas along the nerve axon, promoting the axon 
regeneration in the injured nerve. Unexpectedly, this 
therapeutic effect was weakened on days 8 and 12. The 

Fig. 4 Mitochondria promote the expression of ATF3 through ROS induced DSBs. Four days after constructing SNI models and administering mitochon-
drial injection therapy, the DRGs were surgically extracted and sectioned. The levels of reactive oxygen species (ROS) in the DRGs were evaluated using 
Hydrocyanine-Cy3 staining and relative fluorescence quantification among the Sham, SNI, SNI with mitochondrial injection therapy (SNI + Mito), and SNI 
with mitochondrial injection and oxidant scavenger N-acetylcysteine (NAC) treatment (SNI + Mito + NAC) groups. (A) Representative Hydrocyanine-Cy3 
staining images of DRG tissue from the Sham, SNI, SNI + Mito and SNI + Mito + NAC groups (left). Relative quantification of Hydrocyanine-Cy3 fluorescence 
intensities of the above 4 groups. The levels of DNA double strand breaks and ATF3 protein expression in DRGs from the above 4 groups were detect 
by Western blot. (B) Western blot of protein expression levels of DSB markers of γ-H2AX and 53BP1, and ATF3 in DRGs from Sham, SNI, SNI + Mito and 
SNI + Mito + NAC groups (left). Densitometric analysis of the protein expression of γ-H2AX, 53BP1, and ATF3 among the above 4 groups (right). Protein 
expression was normalized against β-actin. Data represent means ± SD. Statistically significant differences are indicated; n = 3; *P < 0.05, vs. Control
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analysis of Cat Walk test also revealed negative results, 
indicating no statistical differences between the SNI 
group and the SNI + mito group in terms of printed area 
and swing at all three time points of 4, 8, and 12 days. 
These findings suggest that mitochondrial therapy has 
a notable promotional effect during the early stages of 
axon regeneration, although this effect becomes less pro-
nounced in later stages, ultimately limiting its translation 
into improved neural function.

Further studies revealed that the expression of vari-
ous regeneration-associated genes (RAGs) in SNI mouse 
DRGs was up-regulated compared to the sham group. 
Additionally, mitochondrial injection treatment further 
increased the expression of several crucial RAGs, with 
the Atf3 gene being notably up-regulated. While GO and 
KEGG analysis of the differentially expressed genes fol-
lowing the RNA-seq did not drectly reveal specific con-
nection with axon regeneration. This may be attributed 
to nerve injury and mitochondrial therapy causing exten-
sive and diverse changes in neuronal gene expression 
rather than simple alterations in processes and pathways 

related to axonal regeneration. After the knockdown of 
the Atf3 gene in the DRG using siRNA, the expression 
of RAGs was down-regulated and the efficacy of mito-
chondrial transfer therapy was reversed. Combined with 
the aforementioned axonal regeneration and functional 
recovery results, it is postulated that mitochondrial ther-
apy enhances intrinsic motivation for axon regeneration 
at the transcriptional level. Nevertheless, inhibitory envi-
ronmental factors may counteract the initial benefits pro-
vided by mitochondrial therapy.

The Atf3 gene is an early response RAG in nerve 
injury repair [9, 53, 54], and it is also the most strongly 
expressed transcription factor in the injured and regen-
erated DRG neurons [9, 55]. ATF3 interacts with many 
other transcription factors to form a complex that regu-
lates the expression of various downstream genes [56, 
57]. Atf3 is not expressed or is expressed at a very low 
level in undamaged DRG neurons, but its expression is 
approximately 30-fold elevated in several hours following 
axonal injury. This change occurs only in neurons with 
regenerative capacity [58]. Activation of Atf3 increases 

Fig. 5 MSC-derived mitochondrial transfer mediates DSBs at the Atf3 gene transcription initiation region. To detect double-strand breaks (DSBs) in vari-
ous regions of the Atf3 gene, the ChIP-PCR assay was employed, utilizing γ-H2AX and 53BP1 antibodies along with primers targeting the Atf3 promoter, 
exon 2, and 3’UTR. (A-C) ChIP-PCR analysis of γ-H2AX binding to the Atf3 promoter (A), exon 2 (B) and 3’UTR (C) regions in the sham, SNI and SNI with 
mitochrondrial injection therapy (SNI + Mito) groups. (D-F) ChIP-PCR analysis of 53BP1 binding to the Atf3 promoter (D), exon 2 (E) and 3’UTR (F) regions 
in the sham, SNI and SNI + Mito groups
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the expression of other RAGs and enhances periph-
eral nerve regeneration [10]. Conversely, in the Atf3 KO 
mouse model of nerve injury, both RAG expression and 
axonal regeneration decreased [9, 59]. Therefore, Atf3 
acts as a key role in initiating the nerve injury repair pro-
gram and regulating the expression of other RAGs.

In the nervous system, enhancer-promoter interactions 
are critical for the expression of early response genes [8, 
60, 61]. In the basal state of neurons, enhancers of early 
response genes are bound by transcription factors such 
as CREB and are spatially distant from promoters. In the 
activated state, enhancers are spatially close to promoters 
and interact with each other to promote gene transcrip-
tion. At the same time, CREB that binds to enhancers can 
further recruit transcriptional coactivators, RNA poly-
merases, etc., to promoters, and further promote tran-
scription [60]. Enhancer-promoter spatial interactions 
are often regulated by chromatin topology [62–64].

DNA double-strand breaks (DSBs) are crucial biologi-
cal events that regulate chromatin topology and also play 

a significant role in the early response stage of neuronal 
injury. After a cerebral cortex injury, the damaged neu-
rons may trigger the rapid expression of early response 
genes through the promoter region DSBs, thereby facili-
tating nerve repair [42]. Reactive oxygen species (ROS) 
are a direct factor that induces DSBs [41] and are neces-
sary for the regeneration of axons and synapses of dam-
aged sensory neurons [65], while the mitochondrial 
membrane is an important site for intracellular ROS gen-
eration [40].

Our study found that the ROS content and DSB levels 
in DRG neurons of SNI mice were increased compared 
to those in the sham group. Additionally mitochon-
drial transfer therapy further elevated the ROS content 
and DSB levels. The up-regulatory effect of DSB and 
Atf3 mediated by mitochondrial injection therapy was 
reversed after the addition of ROS antagonists. The pres-
ence of DSBs in the promoter and exon 2 of the Atf3 gene 
was further confirmed by ChIP-PCR experiments using 
the antibodies against the DSB markers γH2AX and 

Fig. 6 MSC-derived mitochondria-mediated DSBs are close to the CTCF binding site. To investigate the positional correlation between mitochondria-
mediated double-strand breaks (DSBs) and CTCF binding sites, dorsal root ganglions (DRGs) were isolated from sham and SNI with mitochrondrial injec-
tion therapy (SNI + Mito) groups, and γH2AX ChIP-seq as well as immunoprecipitation were employed. (A) UCSC genome browser views denoting the 
disposition of γH2AX signals at Atf3 under the sham and SNI with mitochrondrial injection therapy (SNI + Mito). (B) The plot denotes the disposition of 
input-normalized γ-H2AX signals relative to CTCF sites that displayed γ-H2AX peaks in their vicinity. The dashed line denotes the profile of γ-H2AX in the 
sham group, whereas the solid line indicates γ-H2AX profiles in the SNI with mitochrondrial injection therapy (SNI + Mito) group. (C) DRGs from the sham 
and SNI + Mito groups were lysed and γ-H2AX was immunoprecipitated. The precipitates were analyzed by western blotting with the γ-H2AX and CTCF 
antibodies
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53BP1. These results suggest that mitochondrial trans-
fer mediates DSBs in the transcription initiation region 
of the Atf3 gene via the ROS accumulation, thereby up-
regulating Atf3 expression. Although the experimental 
results tend to support ROS accumulation as the pri-
mary factor contributing to DSB formation, it is impor-
tant to note that there are multiple factors that can also 
cause DSBs, such as activation of topoisomerase III and 
peroxidation of membrane lipids. Therefore, it should be 
emphasized that ROS is not necessarily a driver of DSBs.

The potential spatial interaction between the promoter 
and enhancer is often blocked by the insulating action 
of the CTCF protein. CTCF is an important structural 
protein involved in the formation of a three-dimen-
sional chromatin structure that constrains and controls 

chromatin interactions between topologically associat-
ing domains by mediating the topological boundaries 
through the formation of chromatin rings [66, 67]. In 
our study, ChIP-seq comparison of γH2AX and CTCF in 
DRG cells, and the immunoprecipitation of γH2AX and 
CTCF, showed that the γH2AX signal was more enriched 
at the peak of CTCF in the mitochondrial transfer treat-
ment group than in the SNI group, and the interaction 
between γH2AX and CTCF was significantly enhanced. 
These results suggest that mitochondrial transfer medi-
ated DSBs are localized close to CTCF binding sites. 
Therefore, the CTCF-mediated topological constraints 
on chromatin interactions may be relieved, potentially 
promoting the spatial interaction of the Atf3 promoter 
and enhancer.

Fig. 7 Diagrammatic depiction of the therapeutic effect of MSC-derived mitochondria injection therapy on sciatic nerve injury. MSC-derived mitochon-
dria are retrogradely transferred to DRG neurons via axoplasmic transport, and DSBs at the transcription initiation region of the Atf3 gene are mediated by 
ROS accumulation, thereby rapidly releasing topological constraints on chromatin interactions, facilitating spatial interactions between enhancers and 
Atf3 promoters, and promoting Atf3 expression, thus promoting the expression of genes related to regeneration, and finally, promoting axon regeneration
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This study also has certain limitations. For the mech-
anism of mitochondrial treatment, it is possible that 
mitochondria can be taken up by Schwann cells (SCs) 
and promote their supportive function in nerve injury 
repair, indirectly facilitating axonal regeneration. Bai et 
al. have demonstrated that grafts enriched with MSC-
derived mitochondria effectively treated sciatic nerve 
defects, confirming the uptake of mitochondria by SCs, 
which promotes proliferation and migration through 
enhanced energy synthesis, ultimately leading to axonal 
regeneration [68]. It will be intreseting to investigate the 
phenomenon and function of mitochondrial uptake in 
SCs following the mitochodrial injection therapy in SNI 
models. Additionally, we are currently unable to quantify 
the proportion of mitochondria that successfully transfer 
into neurons. It is important to employ more advanced 
methodologies to assess the mitochondrial transfer effi-
ciency in future investigations.

In conclusion, intraneural injecting MSC-derived 
mitochondrial is a potential therapy for peripheral nerve 
injury. The injected MSC-derived mitochondria can be 
retrogradely transferred to DRG neurons via axoplasmic 
transport. DSBs at the transcription initiation region of 
the Atf3 gene are mediated by ROS accumulation. This 
process may rapidly release topological constraints on 
chromatin interactions between the Atf3 promoter and 
enhancer, thereby promoting Atf3 expression and ulti-
mately facilitating axon regeneration (Fig. 7). This study 
will establish a theoretical foundation for the implemen-
tation of mitochondrial transfer therapy in repairing 
peripheral nerve injuries and identify potential therapeu-
tic targets.

Abbreviations
MSC  Bone marrow mesenchymal stromal cell
ATF3  Activating transcription factor 3
DRG  Dorsal root ganglion
ROS  Reactive oxygen species
DSB  DNA double strand break
SNI  Sciatic nerve injury
RAG  Regeneration associated gene

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12964-024-01617-7.

Supplementary Material 1

Supplementary Material 2

Acknowledgements
Not applicable.

Author contributions
Y. Zhang, T. Xu, J. Xie and X. Yuan performed the experiments, analyzed the 
data and wrote the manuscript, H. Wu, W. Hu and X. Yuan supervised the 
project and edited the manuscript. All authors reviewed the manuscript.

Funding
This work was financially supported by the Hubei Provincial Natural Science 
Foundation of China (No. 2023AFB646; No. 2021CFB392), Knowledge 
Innovation Program of Wuhan Basic Research (No. 2023020201010155) and 
the Interdisciplinary program of Wuhan National High Magnetic Field Center 
(Grant No. WHMF202114), Huazhong University of Science and Technology.

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experimental procedures were complying with the Guidelines of 
Animal Care and Use Committee for Teaching and Research of Huazhong 
University of Science and Technology. The experimental protocol was 
approved by the committee. All efforts were conducted to minimize animal 
suffering.

Consent for publication
Not applicable.

Conflict of interest
The authors have no financial disclosures or conflicts of interest with the 
research presented.

Author details
1Department of Traumatology, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Jiefang Avenue 1095, 
Wuhan, Hubei 430030, People’s Republic of China
2Department of Orthopedics, Tongji Hospital, Tongji Medical College, 
Huazhong University of Science and Technology, Jiefang Avenue 1095, 
Wuhan, Hubei 430030, People’s Republic of China

Received: 28 November 2023 / Accepted: 16 April 2024

References
1. Varadarajan SG, Hunyara JL, Hamilton NR, Kolodkin AL, Huberman AD. Central 

nervous system regeneration. Cell. 2022;185(1):77–94.
2. Gordon T. Nerve regeneration in the peripheral and central nervous systems. 

J Physiol. 2016;594(13):3517–20.
3. Echternacht SR, Chacon MA, Leckenby JI. Central versus peripheral nervous 

system regeneration: is there an exception for cranial nerves? Regen Med. 
2021;16(6):567–79.

4. Scheib J, Hoke A. Advances in peripheral nerve regeneration. Nat Rev Neurol. 
2013;9(12):668–76.

5. O’Brien AL, West JM, Saffari TM, Nguyen M, Moore AM. Promoting nerve 
regeneration: Electrical Stimulation, Gene Therapy, and Beyond. Physiol 
(Bethesda). 2022;37(6):0.

6. Avraham O, Feng R, Ewan EE, Rustenhoven J, Zhao G, Cavalli V. Profiling 
sensory neuron microenvironment after peripheral and central axon injury 
reveals key pathways for neural repair. Elife 2021, 10.

7. Jing X, Wang T, Huang S, Glorioso JC, Albers KM. The transcription factor 
Sox11 promotes nerve regeneration through activation of the regeneration-
associated gene Sprr1a. Exp Neurol. 2012;233(1):221–32.

8. Patodia S, Raivich G. Role of transcription factors in peripheral nerve regen-
eration. Front Mol Neurosci. 2012;5:8.

9. Renthal W, Tochitsky I, Yang L, Cheng YC, Li E, Kawaguchi R, Geschwind DH, 
Woolf CJ. Transcriptional reprogramming of distinct peripheral sensory 
neuron subtypes after Axonal Injury. Neuron. 2020;108(1):128–e144129.

10. Seijffers R, Mills CD, Woolf CJ. ATF3 increases the intrinsic growth state 
of DRG neurons to enhance peripheral nerve regeneration. J Neurosci. 
2007;27(30):7911–20.

11. Van der Zee CE, Nielander HB, Vos JP, Lopes da Silva S, Verhaagen J, Oest-
reicher AB, Schrama LH, Schotman P, Gispen WH. Expression of growth-asso-
ciated protein B-50 (GAP43) in dorsal root ganglia and sciatic nerve during 
regenerative sprouting. J Neurosci. 1989;9(10):3505–12.

https://doi.org/10.1186/s12964-024-01617-7
https://doi.org/10.1186/s12964-024-01617-7


Page 16 of 17Zhang et al. Cell Communication and Signaling          (2024) 22:240 

12. Chandran V, Coppola G, Nawabi H, Omura T, Versano R, Huebner EA, Zhang A, 
Costigan M, Yekkirala A, Barrett L, et al. A systems-Level analysis of the periph-
eral nerve intrinsic axonal growth program. Neuron. 2016;89(5):956–70.

13. Ma CH, Omura T, Cobos EJ, Latremoliere A, Ghasemlou N, Brenner GJ, 
van Veen E, Barrett L, Sawada T, Gao F, et al. Accelerating axonal growth 
promotes motor recovery after peripheral nerve injury in mice. J Clin Invest. 
2011;121(11):4332–47.

14. Lee JI, Govindappa PK, Wandling GD, Elfar JC. Traumatic peripheral nerve 
Injury in mice. J Vis Exp 2022(181).

15. Barbaro NM. Peripheral nerve injury. J Neurosurg. 2011;114(6):1516–7. discus-
sion 1517–1519.

16. Modrak M, Talukder MAH, Gurgenashvili K, Noble M, Elfar JC. Peripheral nerve 
injury and myelination: potential therapeutic strategies. J Neurosci Res. 
2020;98(5):780–95.

17. Lopes B, Sousa P, Alvites R, Branquinho M, Sousa AC, Mendonca C, Atayde 
LM, Luis AL, Varejao ASP, Mauricio AC. Peripheral nerve Injury treatments and 
advances: one health perspective. Int J Mol Sci 2022, 23(2).

18. Jessen KR, Mirsky R. The repair Schwann cell and its function in regenerating 
nerves. J Physiol. 2016;594(13):3521–31.

19. Madduri S, Gander B. Schwann cell delivery of neurotrophic factors for 
peripheral nerve regeneration. J Peripher Nerv Syst. 2010;15(2):93–103.

20. Hercher D, Nguyen MQ, Dworak H. Extracellular vesicles and their role in 
peripheral nerve regeneration. Exp Neurol. 2022;350:113968.

21. Delibas B, Kuruoglu E, Bereket MC, Onger ME. Allantoin, a purine metabolite, 
enhances peripheral nerve regeneration following sciatic nerve injury in 
rats: a stereological and immunohistochemical study. J Chem Neuroanat. 
2021;117:102002.

22. Jha MK, Morrison BM. Lactate transporters Mediate Glia-Neuron Metabolic 
Crosstalk in Homeostasis and Disease. Front Cell Neurosci. 2020;14:589582.

23. Mietto BS, Jhelum P, Schulz K, David S. Schwann Cells Provide Iron to 
Axonal Mitochondria and its role in nerve regeneration. J Neurosci. 
2021;41(34):7300–13.

24. Court FA, Hendriks WT, MacGillavry HD, Alvarez J, van Minnen J. Schwann cell 
to axon transfer of ribosomes: toward a novel understanding of the role of 
glia in the nervous system. J Neurosci. 2008;28(43):11024–9.

25. Court FA, Midha R, Cisterna BA, Grochmal J, Shakhbazau A, Hendriks WT, 
Van Minnen J. Morphological evidence for a transport of ribosomes from 
Schwann cells to regenerating axons. Glia. 2011;59(10):1529–39.

26. Mushahary D, Spittler A, Kasper C, Weber V, Charwat V. Isolation, cultiva-
tion, and characterization of human mesenchymal stem cells. Cytometry A. 
2018;93(1):19–31.

27. Jovic D, Yu Y, Wang D, Wang K, Li H, Xu F, Liu C, Liu J, Luo Y. A brief over-
view of global trends in MSC-Based cell therapy. Stem Cell Rev Rep. 
2022;18(5):1525–45.

28. Mathot F, Shin AY, Van Wijnen AJ. Targeted stimulation of MSCs in peripheral 
nerve repair. Gene. 2019;710:17–23.

29. Li X, Guan Y, Li C, Zhang T, Meng F, Zhang J, Li J, Chen S, Wang Q, Wang Y, et al. 
Immunomodulatory effects of mesenchymal stem cells in peripheral nerve 
injury. Stem Cell Res Ther. 2022;13(1):18.

30. Rbia N, Bulstra LF, Thaler R, Hovius SER, van Wijnen AJ, Shin AY. In vivo survival 
of mesenchymal stromal cell-enhanced decellularized nerve grafts for 
segmental peripheral nerve Reconstruction. J Hand Surg Am. 2019;44(6):514. 
e511-514 e511.

31. Lou G, Chen Z, Zheng M, Liu Y. Mesenchymal stem cell-derived exosomes as 
a new therapeutic strategy for liver diseases. Exp Mol Med. 2017;49(6):e346.

32. Shao L, Zhang Y, Lan B, Wang J, Zhang Z, Zhang L, Xiao P, Meng Q, Geng YJ, 
Yu XY, et al. MiRNA-Sequence indicates that mesenchymal stem cells and 
Exosomes have similar mechanism to Enhance Cardiac Repair. Biomed Res 
Int. 2017;2017:4150705.

33. Liu Y, Fu T, Li G, Li B, Luo G, Li N, Geng Q. Mitochondrial transfer between cell 
crosstalk - an emerging role in mitochondrial quality control. Ageing Res Rev. 
2023;91:102038.

34. Fairley LH, Grimm A, Eckert A. Mitochondria transfer in Brain Injury and 
Disease. Cells 2022, 11(22).

35. Tan YL, Eng SP, Hafez P, Abdul Karim N, Law JX, Ng MH. Mesenchymal 
stromal cell mitochondrial transfer as a cell rescue strategy in Regenerative 
Medicine: a review of evidence in preclinical models. Stem Cells Transl Med. 
2022;11(8):814–27.

36. Wang ZH, Chen L, Li W, Chen L, Wang YP. Mitochondria transfer and trans-
plantation in human health and diseases. Mitochondrion. 2022;65:80–7.

37. Liu D, Gao Y, Liu J, Huang Y, Yin J, Feng Y, Shi L, Meloni BP, Zhang C, Zheng M, 
et al. Intercellular mitochondrial transfer as a means of tissue revitalization. 
Signal Transduct Target Ther. 2021;6(1):65.

38. Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing C, Ji X, Lo EH. 
Transfer of mitochondria from astrocytes to neurons after stroke. Nature. 
2016;535(7613):551–5.

39. Li H, Wang C, He T, Zhao T, Chen YY, Shen YL, Zhang X, Wang LL. Mitochon-
drial transfer from bone marrow mesenchymal stem cells to motor neurons 
in spinal cord Injury rats via Gap Junction. Theranostics. 2019;9(7):2017–35.

40. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species 
(ROS) and ROS-induced ROS release. Physiol Rev. 2014;94(3):909–50.

41. Srinivas US, Tan BWQ, Vellayappan BA, Jeyasekharan AD. ROS and the DNA 
damage response in cancer. Redox Biol. 2019;25:101084.

42. Madabhushi R, Gao F, Pfenning AR, Pan L, Yamakawa S, Seo J, Rueda R, Phan 
TX, Yamakawa H, Pao PC, et al. Activity-Induced DNA breaks govern the 
expression of neuronal early-response genes. Cell. 2015;161(7):1592–605.

43. Zheng BX, Malik A, Xiong M, Bekker A, Tao YX. Nerve trauma-caused 
downregulation of opioid receptors in primary afferent neurons: molecular 
mechanisms and potential managements. Exp Neurol. 2021;337:113572.

44. Sun X, Zhu Y, Yin HY, Guo ZY, Xu F, Xiao B, Jiang WL, Guo WM, Meng HY, Lu 
SB, et al. Differentiation of adipose-derived stem cells into Schwann cell-like 
cells through intermittent induction: potential advantage of cellular transient 
memory function. Stem Cell Res Ther. 2018;9(1):133.

45. Ju DT, Liao HE, Shibu MA, Ho TJ, Padma VV, Tsai FJ, Chung LC, Day CH, Lin CC, 
Huang CY. Nerve regeneration potential of Protocatechuic Acid in RSC96 
Schwann cells by induction of Cellular Proliferation and Migration through 
IGF-IR-PI3K-Akt signaling. Chin J Physiol. 2015;58(6):412–9.

46. Mahar M, Cavalli V. Intrinsic mechanisms of neuronal axon regeneration. Nat 
Rev Neurosci. 2018;19(6):323–37.

47. Midha R, Grochmal J. Surgery for nerve injury: current and future perspec-
tives. J Neurosurg. 2019;130(3):675–85.

48. Oliveira JT, Yanick C, Wein N, Gomez Limia CE. Neuron-Schwann cell interac-
tions in peripheral nervous system homeostasis, disease, and preclinical 
treatment. Front Cell Neurosci. 2023;17:1248922.

49. Paliwal S, Chaudhuri R, Agrawal A, Mohanty S. Regenerative abilities of 
mesenchymal stem cells through mitochondrial transfer. J Biomed Sci. 
2018;25(1):31.

50. Velarde F, Ezquerra S, Delbruyere X, Caicedo A, Hidalgo Y, Khoury M. Mes-
enchymal stem cell-mediated transfer of mitochondria: mechanisms and 
functional impact. Cell Mol Life Sci. 2022;79(3):177.

51. Malekpour K, Hazrati A, Soudi S, Hashemi SM. Mechanisms behind therapeu-
tic potentials of mesenchymal stem cell mitochondria transfer/delivery. J 
Control Release. 2023;354:755–69.

52. Kuo CC, Su HL, Chang TL, Chiang CY, Sheu ML, Cheng FC, Chen CJ, Sheehan 
J, Pan HC. Prevention of Axonal Degeneration by Perineurium Injec-
tion of Mitochondria in a sciatic nerve crush Injury Model. Neurosurgery. 
2017;80(3):475–88.

53. Katz HR, Arcese AA, Bloom O, Morgan JR. Activating transcription factor 3 
(ATF3) is a highly conserved pro-regenerative transcription factor in the 
Vertebrate Nervous System. Front Cell Dev Biol. 2022;10:824036.

54. Petrovic A, Ban J, Ivanicic M, Tomljanovic I, Mladinic M. The role of ATF3 in 
neuronal differentiation and development of neuronal networks in opossum 
postnatal cortical cultures. Int J Mol Sci 2022, 23(9).

55. Li S, Xue C, Yuan Y, Zhang R, Wang Y, Wang Y, Yu B, Liu J, Ding F, Yang Y, et 
al. The transcriptional landscape of dorsal root ganglia after sciatic nerve 
transection. Sci Rep. 2015;5:16888.

56. Thompson MR, Xu D, Williams BR. ATF3 transcription factor and its emerging 
roles in immunity and cancer. J Mol Med (Berl). 2009;87(11):1053–60.

57. Chen M, Liu Y, Yang Y, Qiu Y, Wang Z, Li X, Zhang W. Emerging roles of activat-
ing transcription factor (ATF) family members in tumourigenesis and immu-
nity: implications in cancer immunotherapy. Genes Dis. 2022;9(4):981–99.

58. Tsujino H, Kondo E, Fukuoka T, Dai Y, Tokunaga A, Miki K, Yonenobu K, Ochi T, 
Noguchi K. Activating transcription factor 3 (ATF3) induction by axotomy in 
sensory and motoneurons: a novel neuronal marker of nerve injury. Mol Cell 
Neurosci. 2000;15(2):170–82.

59. Gey M, Wanner R, Schilling C, Pedro MT, Sinske D, Knoll B. Atf3 mutant mice 
show reduced axon regeneration and impaired regeneration-associated 
gene induction after peripheral nerve injury. Open Biol 2016, 6(8).

60. Kim TK, Hemberg M, Gray JM, Costa AM, Bear DM, Wu J, Harmin DA, 
Laptewicz M, Barbara-Haley K, Kuersten S, et al. Widespread transcription at 
neuronal activity-regulated enhancers. Nature. 2010;465(7295):182–7.



Page 17 of 17Zhang et al. Cell Communication and Signaling          (2024) 22:240 

61. Wang J, Wang J, Yang L, Zhao C, Wu LN, Xu L, Zhang F, Weng Q, Wegner M, 
Lu QR. CTCF-mediated chromatin looping in EGR2 regulation and SUZ12 
recruitment critical for peripheral myelination and repair. Nat Commun. 
2020;11(1):4133.

62. Feng Y, Cai L, Hong W, Zhang C, Tan N, Wang M, Wang C, Liu F, Wang X, Ma 
J, et al. Rewiring of 3D chromatin topology orchestrates transcriptional 
reprogramming and the development of human dilated cardiomyopathy. 
Circulation. 2022;145(22):1663–83.

63. Chen H, Levo M, Barinov L, Fujioka M, Jaynes JB, Gregor T. Dynamic interplay 
between enhancer-promoter topology and gene activity. Nat Genet. 
2018;50(9):1296–303.

64. Li J, Hsu A, Hua Y, Wang G, Cheng L, Ochiai H, Yamamoto T, Pertsinidis A. 
Single-gene imaging links genome topology, promoter-enhancer communi-
cation and transcription control. Nat Struct Mol Biol. 2020;27(11):1032–40.

65. Hervera A, De Virgiliis F, Palmisano I, Zhou L, Tantardini E, Kong G, Hutson 
T, Danzi MC, Perry RB, Santos CXC, et al. Reactive oxygen species regulate 
axonal regeneration through the release of exosomal NADPH oxidase 2 
complexes into injured axons. Nat Cell Biol. 2018;20(3):307–19.

66. Oh S, Shao J, Mitra J, Xiong F, D’Antonio M, Wang R, Garcia-Bassets I, Ma Q, 
Zhu X, Lee JH, et al. Enhancer release and retargeting activates disease-
susceptibility genes. Nature. 2021;595(7869):735–40.

67. Zuin J, Roth G, Zhan Y, Cramard J, Redolfi J, Piskadlo E, Mach P, Kryzhanovska 
M, Tihanyi G, Kohler H, et al. Nonlinear control of transcription through 
enhancer-promoter interactions. Nature. 2022;604(7906):571–7.

68. Bai J, Yu B, Li C, Cheng H, Guan Y, Ren Z, Zhang T, Song X, Jia Z, Su T, et 
al. Mesenchymal stem cell-derived Mitochondria Enhance Extracellular 
Matrix-Derived grafts for the repair of nerve defect. Adv Healthc Mater. 
2024;13(3):e2302128.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿MSC-derived mitochondria promote axonal regeneration via ﻿Atf3﻿ gene up-regulation by ROS induced DNA double strand breaks at transcription initiation region
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿MSC culture
	﻿Isolation of mitochondria from MSCs
	﻿Sciatic nerve injury (SNI) models
	﻿Whole-mount staining of sciatic nerves
	﻿Analysis of in vivo axon regeneration
	﻿CatWalk gait analysis
	﻿Atf3 knockdown in DRG neurons
	﻿RNA extraction and qRT-PCR analysis
	﻿Western blot analysis
	﻿ROS detection in DRG sections
	﻿Chromatin immunoprecipitation (ChIP) qPCR
	﻿RNA-Seq
	﻿ChIP-Seq
	﻿Immunoprecipitation
	﻿Statistical analysis

	﻿Results
	﻿MSC-derived mitochondrial injection can effectively promote nerve axon regeneration in mouse sciatic nerve injury (SNI) models
	﻿Mitochondrial injection promotes the expression of regeneration-associated genes (RAGs) in DRGs
	﻿Atf3 is a crucial upstream target of mitochondrial transfer in regulating the expression of RAGs
	﻿Mitochondria promote the expression of ATF3 through ROS-induced DSBs
	﻿MSC-derived mitochondria mediate DSBs at the transcription initiation region of the ﻿Atf3﻿ gene
	﻿MSC-derived mitochondria-mediated DSBs are close to the CTCF binding site

	﻿Discussion
	﻿References


