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Abstract 

Mitophagy selectively eliminates damaged or dysfunctional mitochondria, playing a crucial role in maintaining 
mitochondrial quality control. However, it remains unclear whether mitophagy can be fully activated and how 
it evolves after SCI. Our RNA-seq analysis of animal samples from sham and 1, 3, 5, and 7 days post-SCI 
indicated that mitophagy was indeed inhibited during the acute and subacute early stages. In vitro experiments 
showed that this inhibition was closely related to excessive production of reactive oxygen species (ROS) and 
the downregulation of BNIP3. Excessive ROS led to the blockage of mitophagy flux, accompanied by further 
mitochondrial dysfunction and increased neuronal apoptosis. Fortunately, ligustilide (LIG) was found to have 
the ability to reverse the oxidative stress-induced downregulation of BNIP3 and enhance mitophagy through 
BNIP3-LC3 interaction, alleviating mitochondrial dysfunction and ultimately reducing neuronal apoptosis. 
Further animal experiments demonstrated that LIG alleviated oxidative stress and mitophagy inhibition, 
rescued neuronal apoptosis, and promoted tissue repair, ultimately leading to improved motor function. In 
summary, this study elucidated the state of mitophagy inhibition following SCI and its potential mechanisms, and 
confirmed the effects of LIG-enhanced mitophagy through BNIP3-LC3, providing new therapeutic targets and 
strategies for repairing SCI. 
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Introduction 
Spinal cord injury (SCI) is a devastating condi-

tion that always leads to irreversible neurological 
deficits, significantly impairing sensorimotor function 
and even resulting in death [1]. SCI triggers a series of 
progressive pathophysiological changes, encompass-
ing both primary and secondary damage. The 
primary damage occurs within 2 hours of the initial 
forces, such as compression, contusion, transection, 
and shearing, which are so sudden that there is no 
time for a response. Following the primary injury, the 
secondary damage, categorized into acute, subacute, 
and chronic stages, can persist for days, weeks, or 

even years. Several molecular and metabolic events 
are involved in the acute and subacute stages, 
including elevated glutamate levels, Ca2+ overload, 
oxidative stress, and mitochondrial dysfunction, 
ultimately leading to neuronal apoptosis [2-4]. 
Neuronal apoptosis is a critical pathological event 
contributing to neurological deficits [5]. Numerous 
studies have been conducted to address neuronal 
apoptosis [6-9], but effective strategies to reverse 
neuronal cell death and restore neurological function 
are still lacking. 
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The resulting ischemic damage and cellular 
dysregulation after SCI lead to the accumulation of 
free radicals such as reactive oxygen species (ROS), 
including nonradical hydrogen peroxide (H2O2), 
hydroxyl radical (·OH), and superoxide radical anion 
(O2-) [4, 10, 11]. Excessive ROS generation exceeds the 
scavenging capacity of the antioxidant system, 
causing damage to tissues, cells, and biological 
macromolecules, and exacerbating SCI [9, 11, 12]. 
Mitochondria, considered as the "powerhouse" of the 
cell, play a vital role in maintaining cellular 
homeostasis related to adenosine triphosphate (ATP) 
production, regulation of reactive oxygen species 
(ROS), and apoptosis [13]. Mitochondria are known to 
be the primary source of endogenous ROS due to their 
respiratory chain [14]. Limited cellular ROS levels can 
be beneficial for normal physiological functions, while 
excessive ROS accumulation leads to mitochondrial 
damage, manifested as collapse of mitochondrial 
membrane potential (MMP), decrease in ATP levels, 
translocation of dynamin-related protein 1 (DRP-1) 
into the mitochondria, and upregulation of proteins 
involved in the mitochondria-related apoptosis 
pathway [4, 15-18]. Defective mitochondria can 
further be toxic by generating more ROS, consuming 
ATP through the reversal of ATP synthase, and 
interfering with a host of other metabolic processes 
[19], leading to a vicious cycle. Therefore, restoring 
mitochondrial function or appropriately clearing 
defective mitochondria may contribute to SCI repair. 

Autophagy is an intracellular 
lysosome-dependent pathway for degrading 
organelles or pathological proteins and plays a crucial 
role in maintaining cellular homeostasis [20-22]. 
Mitophagy is a specialized form of autophagy that 
selectively clears damaged or dysfunctional 
mitochondria through autophagic machinery and 
functions to maintain mitochondrial quality control 
and homeostasis [13,23-25]. Reports on the spatial and 
temporal patterns of autophagy activation after 
traumatic SCI have been contradictory [26,27], and 
different injury severity in various animal models has 
led to differential activation of autophagy [28]. 
Strategies involving both activation and inhibition of 
autophagy for targeting SCI have been reported, 
making it complex to choose the right approach. 
Studies have shown that there is an inherent need in 
the spinal cord to activate enough autophagy to 
promote cell survival after the primary traumatic 
injury [27, 29-33]. However, the pathophysiological 
events involved in the secondary injury may disrupt 
the autophagy flux, such as excessive ROS generation, 
which causes oxidative damage to the lysosomal 
membrane and subsequently blocks the fusion of 
autophagosomes and lysosomes [16, 27, 29, 34]. 

Therefore, the eventual evolution of autophagy in 
traumatic SCI remains unclear. Mitophagy is 
neuroprotective due to its ability to reduce the 
production of ROS by clearing dysfunctional 
mitochondria [35]. Previous studies have shown that 
the blockage of mitophagy flux could lead to cell 
death [36,37,38]. Whether excessive ROS in traumatic 
SCI block the mitophagy flux and lead to neuronal cell 
death eventually has been poorly explored. We 
speculate that ROS-induced defective mitophagy flux 
exacerbates oxidative damage to neurons and 
provides an overabundant apoptotic stimulus far 
above their threshold.  

Ligustilide (3-butylidene-4,5-dihydroisodenzo-
furanone; LIG) is one of the main active ingredients 
isolated from traditional Umbelliferae family 
medicine, such as Ligusticum chuanxiong Hort and 
Angelica sinensis. It has been well documented that 
LIG is neuroprotective due to its ability to cross the 
blood-brain barrier [39,40], its anti-inflammatory 
effect [41,42], and its antioxidative and antiapoptotic 
effects [43,44]. Additionally, studies have reported 
that LIG promoted mitochondrial fission in ischemic 
stroke injury [45] and activated mitophagy in 
hippocampal neuronal injury [46]. However, the 
protective role of LIG in SCI has been poorly 
explored. We hypothesize that LIG restores 
ROS-induced defective mitophagy flux, attenuates 
neuronal cell death, and alleviates SCI impairments. 
Besides, the corresponding mechanisms were also 
explored in this study. We established an in vivo SCI 
contusion mice model and an in vitro oxidative stress 
model to demonstrate the neuroprotective effects of 
LIG against ROS-exacerbated SCI and to reveal its 
underlying mechanisms, potentially providing a new 
strategy to overcome devastating SCI. 

Material and methods 
Animals and groups 

The animal experiments were conducted in two 
batches. The first batch consisted of the SHAM group 
and the SCI 1, 3, 5, and 7-day groups, totaling 58 
animals. The second batch comprised four groups: 
SHAM, SCI+Vehicle, SCI+LIG20, and SCI+LIG50, 
totaling 76 animals. All animals were purchased from 
the Guangdong Medical Laboratory Animal Center 
and were 8-week-old female C57BL/6 mice. They 
were housed in a specific pathogen-free facility at the 
Experimental Animal Center of South China 
Agricultural University. All surgical procedures and 
postoperative care protocols were approved by the 
Animal Care and Use Committee of South China 
Agricultural University (approval number: 
2023D064). 
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The surgical procedures were briefly described 
as follows: Mice were anesthetized through an 
intraperitoneal injection of sodium pentobarbital (40 
mg/kg). A laminectomy was performed at the T9-10 
level, and the exposed spinal cord was lesioned using 
the Infinite Horizon Impactor (Precision Systems and 
Instrumentation, LLC) to induce a moderate (70 kD) 
contusion. In the SHAM group, only a laminectomy 
was carried out without contusion injury. LIG (purity 
98%, L886269, Macklin, Shanghai, China) was 
dissolved in 3% Tween 80 (PH1516, Phygene, Fuzhou, 
China). SCI mice received daily intraperitoneal 
injections of LIG 20mg/kg/d [45,46], 50mg/kg/d 
[42], and an equal dose of 3% Tween 80 for one week 
after operation were respectively designated as 
SCI+LIG20, SCI+LIG50 and SCI+Vehicle group. 

Cell culture and drug application 
Rat-derived PC12 cells were cultured in DMEM 

(Gibco, USA) supplemented with 10% fetal bovine 
serum (FBS, Gibco, USA) and 1% 
penicillin/streptomycin (Life Technologies, USA). 
Tert-butyl hydroperoxide solution (TBHP) was 
purchased from Sigma-Aldrich (458139; USA), and 
the optimal working concentration was determined to 
be 50 μM for 6 hours to simulate excessive ROS 
damage to neurons in SCI (Fig. S1A). LIG (purity 98%, 
L886269, Macklin, Shanghai, China), dissolved in 
Dimethyl Sulfoxide (DMSO) with the final 
concentration less than 0.1% (vol/vol), showed its 
optimal effective concentration at 20 μM and 50 μM 
for 24h (Fig. S1B). Urolithin A (UA, purity≥98%, 
U884401, Macklin, Shanghai, China) was used as a 
mitophagy agonist for PC12 cells at 5 μM [47,48] for 
24h. Mdivi-1, a well-known mitophagy inhibitor, was 
purchased from MCE (HY-15886, New Jersey, USA) 
and was applied to inhibit mitophagy of PC12 cells at 
25 μM [45] for 6 h. 

siRNA transfection 
The siRNA sequence for silence BCL2 interacting 

protein 3 (BNIP3) was synthesized by Obio 
Technology (Shanghai, China). PC12 cells were 
transfected according to the manufacturer’s 
instructions with the aid of Lipofectamine™ 2000 
Transfection Reagent (11668030, Invitrogen, 
California, USA). Three alternative sequences and the 
control sequence are as shown in Table S1. After 24 h 
of siRNA transfection, the best sequence for the tests 
was chosen by qRT-PCR and finally confirmed with 
western blot. 

CCK-8 assay 

Cells were seeded in 96-well plates at a density 
of 5×103 cells in 100 μL DMEM per well and incubated 

in a cell culture incubator for 24 hours. After 
medication, 10 μL of CCK-8 solution (CK04; 
DOJINDO, Japan) was added to each well, and the 
cells were further incubated for 1-4 hours. 
Subsequently, the Optical Density (OD) values at 450 
nm were measured using a microplate reader (MK3; 
Thermo; USA), and cell viability was calculated using 
the following equation: Cell viability (%) = [OD 
(sample) - OD (blank)] / [OD (control) - OD (blank)] × 
100. 

RNA extraction and qRT-PCR 
Total RNA was extracted from PC12 cells using 

the total RNA extraction kit (Omega, USA) and from 
spinal cord samples using Trizol (Thermo Scientific, 
USA) following the manufacturer’s instructions. 
Subsequently, single-stranded cDNA was synthesized 
from the extracted RNA using the PrimeScript RT 
Master Mix (Takara Bio, Japan). The mRNA 
expression levels of the target genes were assessed 
using qRT-PCR, which was performed with the 
LightCycler 480 SYBR Green I Master on the 
LightCycler 480 instrument (Roche, Germany). The 
specific primers for the target genes are listed in Table 
S2. 

Protein extraction and western Blot 
Mitochondrial and cytoplasmic proteins were 

isolated using the extraction kit (BB-3171, BestBio, 
Shanghai, China) following the manufacturer’s 
instructions. Total proteins from the cells and fresh 
spinal cord tissue were isolated using RIPA lysis 
buffer (Beyotime, China) containing Protease and 
Phosphatase Inhibitor Cocktail (Thermo, USA). The 
protein concentration was determined using the 
Pierce BCA Protein Assay Kit (Thermo, USA). 
Subsequently, 40 μg of protein extracts were loaded 
onto 8% or 12% sodium dodecyl sulfate 
polyacrylamide gel electrophoresis gels based on the 
molecular weight of the target proteins and then 
transferred onto a polyvinylidene fluoride membrane 
(Millipore, USA). The membrane was blocked with 
5% skim milk for 1 hour, followed by an overnight 
incubation with primary antibodies at 4 °C. The 
primary antibodies used in this study were listed as 
follows: Bcl2 (1:1000; ab59348; Abcam), Bax (1:1000; 
ab32503; Abcam), Cleaved-Caspase 3 (1:000; 9661; Cell 
Signaling Technology), Cleaved-PARP (1:000; 95427; 
Cell Signaling Technology), Cyto C (1:5000; ab133504; 
Abcam), Lamp2(1:1000, ab199946, Abcam), Tomm20 
(1:5000; ab56783; Abcam), P62 (1:1000; 5114; Cell 
Signaling Technology), LC3A/B(1:1000; 12741; Cell 
Signaling Technology), BNIP3 (1:1000, k004134p, 
Solarbio), β-actin (1:5000, GTX109639, GeneTex), 
α-tubulin (1:2000, 66031, Proteintech), VDAC (1:1000, 
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ML122111, PTMA). After thoroughly washing the 
PVDF bands, they were incubated for 1 hour at room 
temperature with the following secondary antibodies: 
mouse IgG HRP-linked antibody (1:2000; ab205719; 
Abcam) and rabbit IgG HRP-linked antibody (1:2000; 
7074; Cell Signaling Technology). The protein bands 
were then immersed in ECL (A38556; Thermo, USA) 
and captured using an automatic chemiluminescence 
system (Tanon, China). The intensity (pixels/band) 
was analyzed using the ImageJ densitometry analysis 
software. 

TUNEL assay  
The spinal cord sections were deparaffinized 

with xylene and dehydrated with different 
concentrations of ethanol. After immunofluorescence 
staining with NeuN, the tissue sections were cultured 
with Tunel staining solution (C1088, Beyotime, China) 
in a dark and humid environment at 37 °C, for 2 
hours. PC12 cells, preliminarily fixed with 4% 
paraformaldehyde, were subjected to wash with PBS 
and then cultured with Tunel staining solution 
(C1088, Beyotime, China) for 1 h. Finally, both were 
stained with Hoechst 33258 (Beyotime, China) at room 
temperature for 15 minutes. Images were captured 
with a fluorescence microscope (200×magnification; 
Nikon, Japan), and three randomly chosen fields of 
view were selected for each sample. 

Flow cytometry 
5 μl Annexin V and Propidium Iodide (PI) 

(BD556547; BD Biosciences, USA) were both added to 
cell suspension. After incubation at 37 °C for 10 min, 
labeled cells were quantified using a flow cytometry 
(Beckman Coulter, USA) and at least 10,000 events per 
sample were recorded. 

Measurements of cellular ROS 
To detect the total intracellular ROS level, cells 

were stained with dihydroethidium (DHE; CA1420; 
Solarbio, China), dissolved in serum-free medium 
(1:1000 dilution) to a final concentration of 5 μmol/L, 
for 30 min at 37℃.  

MitoSOX probe (M36008; Thermo, USA) was 
utilized to detect mitochondria-specific ROS. After 
dilution at a ratio of 1:1000, it was added to the cell 
culture medium. MitoTracker Green probe (C1048, 
Beyotime, Shanghai, China), diluted at a ratio of 
1:5000, was used to label mitochondria. After being 
washed 3 times with PBS, cells were co-incubated 
with both MitoSOX and MitoTracker Green for 30 
minutes at 37℃. Fluorescence images were obtained 
with a fluorescence microscope (200× magnification; 
Nikon, Japan). 

Measurements of MMP 
The MMP of cells was measured using JC-1 

staining assay kit (HY-K0601; Mid-Columbia 
Engineering, USA). After treatment, 2 μM JC-1 
staining solution was added to the medium and 
incubated with cells for 30 min at 37℃. After wash 
with PBS, the fluorescence changes were detected 
with a fluorescence microscope (200× magnification; 
Nikon, Japan).  

Immunofluorescence 
After treatment, cells, cultured on confocal 

dishes at the appropriate density, were fixed with 4% 
PFA for 15 min and then were permeabilized with 
0.1% Triton X-100 for 5 min. After blocking with 3% 
BSA for 1 h, cells were incubated with primary 
antibodies LC3B (1:200; 12741; Cell Signaling 
Technology), Tomm20 (1:500; ab56783; Abcam), 
BNIP3 (1:200, k004134p, Solarbio) at 4℃ overnight. 
Cells were washed with PBS three times and 
incubated with fluorescent secondary antibody 
including goat anti-mouse IgG H&L (Alexa Fluor® 
488, ab6785, Abcam, USA), goat anti-mouse IgG H&L 
(Alexa Fluor® 594, A32727, Thermo, USA), goat 
anti-rabbit IgG H&L (Alexa Fluor® 488, A11070, 
Thermo, USA), and goat anti-rabbit IgG H&L (Alexa 
Fluor® 594, #8889, CST, USA) for 1 h. Nuclei were 
stained with Hoechst 33258 (Beyotime, China) at room 
temperature for 15 min. The fluorescence changes 
were detected with a SP8 lightning confocal 
microscope (630× magnification; Leica, Germany). 

The spinal cord sections were deparaffinized and 
dehydrated using xylene and graded alcohols, 
followed by antigen retrieval using citrate antigen 
retrieval solution and cell membrane 
permeabilization using Triton X-100. Subsequently, 
the sections were blocked with 10% goat serum in PBS 
for 1 h at room temperature and then incubated with 
the following antibodies overnight at 4°C: LC3B 
(1:200; 12741; Cell Signaling Technology), Tomm20 
(1:500; ab56783; Abcam), GFAP (1:1000; ab4674; 
Abcam ), NF200 (1:500; ab19857; Abcam), NeuN 
(1:500; ab177487; Abcam). Following this, secondary 
antibodies including goat anti-mouse IgG H&L (Alexa 
Fluor® 488, ab6785, Abcam, USA), goat anti-mouse 
IgG H&L (Alexa Fluor® 594, A32727, Thermo, USA), 
goat anti-rabbit IgG H&L (Alexa Fluor® 488, A11070, 
Thermo, USA), and goat anti-rabbit IgG H&L (Alexa 
Fluor® 594, #8889, CST, USA) were applied for 2 
hours at room temperature. Nuclei were stained with 
Hoechst 33258 (Beyotime, China) at room temperature 
for 15 min. Images were captured using a SP8 
lightning confocal microscope (630× magnification; 
Leica, Germany). 
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Transmission electron microscopy (TEM)  
Following overnight fixation in 2.5 % (w/v) 

glutaraldehyde and post-fixation in 2 % (w/v) 
osmium tetroxide, PC12 cells were stained with 2 % 
(w/v) uranyl acetate and dehydrated in acetone. 
Subsequently, semithin sectioning and toluidine blue 
staining were performed, and images were captured 
using a Hitachi transmission electron microscope. 

RNA sequencing 
Mice for RNA Sequencing were subjected to 

sham and SCI operation. Spinal cord samples were 
collected as five groups: sham, and 1,3,5,7 days after 
SCI, 3 samples per group. Total RNA was extracted 
from the tissues using Trizol (Invitrogen, Carlsbad, 
CA, USA) according to manual instruction, then 
qualified and quantified using a Nano Drop and 
Agilent 2100 bioanalyzer (Thermo Fisher Scientific, 
MA, USA). RNA sequencing was performed on 
MGIseq2000 platform (BGI-Shenzhen, China). Genes 
with an adjusted p (q value)<0.05 and absolute fold 
change>2 were considered as differentially expressed 
genes (DEGs). Kyoto Encyclopedia of Genes and 
Genomes (KEGG), Gene Ontology (GO) enrichment 
and Hierarchical Clustering analysis were performed 
via the R package (v 3.5.1). All RNA-sequencing 
original data has been uploaded to Sequence Read 
Archive (SRA) database with the number 
PRJNA753793 (https://www.ncbi.nlm.nih.gov/sra/ 
?term=PRJNA753793). 

Measurements of oxidative stress biomarkers 
7 days after surgical procedure and drug 

application, some mice were euthanized by carbon 
dioxide suffocation. Spinal cord tissues were collected 
and the corresponding homogenate was prepared for 
the subsequent measurements. Glutathione (GSH) 
content (BC1175, Solarbio, Shanghai, China), 
Superoxide dismutase (SOD) activity (S0101S, 
Beyotime, Shanghai, China) and Malondialdehyde 
(MDA) content (S0131S, Beyotime, Shanghai, China) 
were determined according to the manufacturer’s 
instructions. 

HE and Nissl staining 
The spinal cord tissue fixed with 

paraformaldehyde was embedded in paraffin, sliced, 
deparaffinized in xylene and dehydrated in 
anhydrous ethanol, then subjected to HE and Nissl 
staining. The observation and photography were 
conducted under a light microscope (Nikon, Tokyo, 
Japan). 

Motor Evoked Potential (MEP) analysis 
Four weeks post-surgery, MEP analysis was 

conducted on mice from different groups to assess the 

recovery of nerve conduction. The mice were 
anesthetized with isoflurane and secured in a 
stereotaxic apparatus. The skin on the dorsal side of 
the hind thigh of the mice was incised, and the 
muscles were separated to locate the sciatic nerve, 
which was then secured to a protective electrode and 
kept moist with physiological saline. The skin was 
incised at the midline, 1 mm to the left of the sagittal 
suture and 1 mm posterior to the coronal suture. A 
cranial drill was used to expose the dura mater, and 
the stimulating electrode was placed on the dura 
mater. The recording electrode was placed in the 
contralateral gastrocnemius muscle, with the tail 
grounded. Pulse electrical stimulation (duration: 5 ms; 
frequency: 1 Hz; voltage: 5 V) was applied to evoke 
MEP, and the waveforms were recorded. Differences 
in nerve conduction function recovery were analyzed 
through the latency and amplitude of the P wave. 

Footprint analysis 
Four weeks after surgery, footprint analysis was 

conducted on the mice. Mice from different groups 
were trained to traverse a runway covered with white 
paper and their dark-seeking behavior was induced 
using a dark box to motivate them to reach the 
endpoint. Subsequently, ink was evenly applied to the 
hind paws of the mice, and their paw prints were 
recorded as they traversed the runway. The paw 
prints were then electronically archived through 
scanning. The distance between adjacent hind paw 
prints on the same side was measured as the stride 
length, while the width between the left and right 
hind paw prints was recorded as the step width. 

BMS scores 
On the 7th, 14th, 21st, and 28th days 

post-surgery, the motor function of the mice was 
assessed using the Basso-Mouse Scale (BMS). The 
BMS has a total score of 9 points, with higher scores 
indicating better motor function recovery, 0 points 
indicating loss of hind limb motor function, and 9 
points indicating fully normal motor function in both 
hind limbs. 

Statistical analysis 
All experiments were performed at least three 

times. The results were presented as the mean ± 
standard deviation using SPSS v.20.0 software (SPSS, 
Inc., Chicago, USA), and graphs were generated with 
GraphPad Prism 8.0. Normality of data distribution 
was assessed using the Shapiro-Wilk normality test, 
and homogeneity of variance was evaluated using the 
Brown-Forsythe test for multiple groups. Student's 
t-test, one-way or two-way analysis of variance were 
used to compare data from different groups. Values of 
P<0.05 were considered statistically significant. 
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Results 
Neuronal apoptosis increased accompanied 
with aggravated oxidative stress and inhibited 
mitophagy after SCI 

RNA-seq was performed to determine the 
transcriptomic landscape after SCI contusion injury. 
Hierarchical clustering of oxidative stress related 
genes showed SOD1 and SOD2, encoding for SOD, 
downregulated significantly from day 3 until day 7 
after injury. Additionally, the genes encoding for 
Glutathione-Disulfide Reductase (GSR) and Catalase 
(CAT) exhibited significant upregulation from day 3 
and 5 onwards (Fig. 1A). To further verify the 
sequence results, spinal cord samples were collected 
from mice in the sham and SCI 7d groups. Tissues 
were homogenized and protein supernatants were 
obtained for the assessment of SOD activity, GSH and 
MDA contents. It was found that compared to the 
sham group, the SCI 7d group exhibited a significant 
decrease in SOD activity, a notable decrease in GSH 
content, and a significant increase in MDA levels (Fig. 
1C-E). These results indicate a significant 
enhancement of oxidative stress response following 
SCI. 

In the hierarchical clustering analysis of 
mitophagy-related genes, it was observed that the 
expression of Sqstm1 (encoding the P62 protein) 
significantly increased from the first day after SCI, 
slightly decreased on the third day, and continued to 
decrease on the fifth and seventh days, reflecting a 
process of increasing expression in response to stress 
followed by gradual depletion. The autophagosome 
marker Map1lc3b (encoding the LC3B protein) 
showed a significant increase in expression from the 
first day after SCI, began to decrease on the third day, 
and exhibited fluctuations on the fifth and seventh 
days, but still showed a decreasing trend. The 
mitochondrial gene Tomm40 was significantly 
upregulated, Tomm20 remained unchanged or 
showed slight upregulation, and Tomm5 was slightly 
downregulated on the first day. Subsequently, 
sustained fluctuating decreases of these genes were 
observed on the third, fifth, and seventh days. The 
Tomm22 gene showed increased expression from the 
third day after SCI, with fluctuating decreases on the 
fifth and seventh days (Fig. 1B). RT-qPCR 
experiments revealed that relative P62 mRNA 
expression significantly increased on the first day, 
gradually decreased on the third and fifth days, and 
slightly increased again on the seventh day. The gene 
expression of LC3B remained high on the first, third, 
and fifth days, with a relatively unobvious decrease 
on the third and fifth days, but a significant decrease 
on the seventh day. The Tomm20 and Lamp2 genes 

both showed increased expression on the first day, 
moderate decreases on the third and fifth days, and a 
slight increase in expression on the seventh day (Fig. 
1F-I). It can be observed that while the results of PCR 
and RNA sequencing are generally consistent in terms 
of overall trends, there are still differences in specific 
time points, which are likely due to differences 
between the two experimental systems and 
measurement methods. The final protein expressions 
were confirmed by western blot to further clarify the 
trend of mitophagy in the acute and subacute early 
stages after SCI (Fig. 1J, K). P62 protein showed 
significant accumulation on days 1 and 3 after SCI, 
which was gradually consumed and decreased on 
days 5 and 7. P62 protein is an autophagy protein 
with distinct substrate specificity and is degraded in 
the late stage of autophagy, thus showing a negative 
correlation with autophagic flux [49]. Early 
accumulation of P62 suggests the intrinsic need for 
inducing autophagy, but the autophagic flux fails to 
be activated indeed. During autophagy, cytoplasmic 
LC3-I continuously converts to the membrane-bound 
LC3-II, promoting the continuous elongation of 
autophagosome membranes. Therefore, the ratio of 
LC3-II:LC3-I better reflects the autophagic flux [50]. 
Although both PCR and western blot showed a 
significant increase in the total amount of LC3B on 
days 1, 3, and even 5 after SCI, the ratio of 
LC3-II:LC3-I decreased, indicating that cytoplasmic 
LC3-I did not fully convert to membrane-bound 
LC3-II during this period, thus failing to form 
effective autophagosomes. This also indicates that the 
intrinsic need for activation of autophagic flux was 
not fully realized. Mitochondrial membrane protein 
Tomm20 and lysosomal membrane protein Lamp2 
also showed moderate accumulation in the early days 
of 1 and 3, and began to be slowly consumed on days 
5 and 7. This suggests that the early dysfunctional 
mitochondria were not fully engulfed and degraded 
by lysosomes, resulting in the accumulation of 
corresponding proteins. Subsequently, a certain 
compensatory mitophagy was activated consuming 
certain amount of Tomm20 and Lamp2 (Fig. 1J, K). 
These results indicate that there is an intrinsic need to 
activate sufficient mitophagy in the early stages of SCI 
to clear dysfunctional mitochondria. However, in the 
acute and subacute early stages, mitophagy fails to be 
sufficiently activated and remains inhibited.  

According to the clustering analysis of 
apoptosis-related genes, the anti-apoptotic gene Bcl2 
was significantly downregulated on the first day, 
while the Bcl2l1 gene showed downregulation on the 
5th and 7th days, and the downregulation of the 
Bcl2l2 gene began on the 3rd day and continued until 
the 7th day.  
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Figure 1. Neuronal apoptosis increased accompanied with aggravated oxidative stress and inhibited mitophagy after SCI. (A, B) Heatmap displays the changes of genes related 
to oxidative stress and mitophagy after 1, 3, 5, and 7 days following SCI. The typical genes of interest were marked with a red underline (One sample of SCI 3d failed to sequence, 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

4389 

leaving us with only two samples in the SCI 3d group. n=3 animals for sham and SCI1,5,7d groups and n=2 animals for SCI3d group.). (C-E) GSH content, SOD activity, and MDA 
content were measured between sham and SCI7d groups (n=3 animals per group). (F-I) Relative mRNA changes of mitophagy-related genes LC3B, P62, Tomm20 and Lamp2 
after 1, 3, 5, and 7 days following SCI (n=3 animals per group). (J, K) Representative western blot bands and the quantitative analysis of the corresponding grayscale values of 
mitophagy-related proteins LC3B, P62, Tomm20 and Lamp2 after 1, 3, 5, and 7 days following SCI (n=3 animals per group). (L, M) Representative western blot bands and the 
quantitative analysis of the corresponding grayscale values of apoptosis-related proteins BCL-2, BAX, Cleaved Caspase-3 and Cleaved PARP between sham and SCI7d groups 
(n=3 animals per group). (N) Representative images of HE and NeuN/Tunel staining between sham and SCI7d groups (n=3 animals per group). *P<0.05 and **P<0.01 versus sham 
group. 

 
The pro-apoptotic genes BAX and Fas showed a 

slight increase on the first day, with a significant 
increase starting from the 3rd day until the 7th day. 
The apoptotic genes Caspase1, 2, 3, 4, 6, 7, 8, and 9 all 
showed significant upregulation from the 3rd day, 
continuing until the 5th and 7th days (Fig. S2). Based 
on the indications of the sequence results, samples 
from sham and SCI 7d group were collected for 
western blot and section staining. Compared to the 
sham group, the anti-apoptotic protein Bcl2 was 
significantly downregulated in the SCI7d group, 
while the pro-apoptotic protein BAX was significantly 
upregulated. The cleaved forms of Caspase3 (Cleaved 
Caspase-3) and PARP (Cleaved PARP) were both 
markedly upregulated (Fig. 1L, M). HE staining 
showed disordered and lighter staining in the injured 
tissues at day 7 post-SCI, with the appearance of 
vacuolization, but no large voids or defects. The Tunel 
staining of the tissues showed a significant increase in 
overall cell apoptosis (green Tunel-positive cells) and 
neuronal apoptosis (overlap of red NeuN and green 
Tunel, appearing yellow) (Fig. 1N). These results 
indicate a significant increase in neuronal apoptosis 
after SCI. 

Ligustilide attenuated oxidative stress-induced 
neuronal apoptosis  

Excessive accumulation of ROS is a critical 
pathophysiological hallmark of SCI [4]. In order to 
imitate the oxidative damage observed in neurons 
during SCI, we established an in vitro model using 
PC12 cells treated with TBHP, a well-known inducer 
of ROS and oxidative stress. The cells exhibited a 
significant decrease in viability at 50 μM, which was 
identified as the optimal concentration for the cell 
model based on the demands of simulating 
peroxidation, as determined by the CCK-8 assay (Fig. 
S1A). LIG is one of the main active ingredients 
isolated from the traditional medicine of Umbelliferae 
family with a distinct chemical structure (Fig. 2A) and 
CCK-8 assay showed its cell protective effects at 20 
μM and 50 μM with bare toxic effects (Fig. 2B, S1B). To 
confirm the apoptosis induced by TBHP and the 
corresponding anti-apoptotic effects of LIG, several 
experiments were conducted. Bax is a key apoptotic 
gene, while BCL-2 is anti-apoptotic. Caspase-3 plays a 
crucial role in apoptosis by cleaving several essential 
downstream substrates, including poly ADP-ribose 
polymerase (PARP). The activated forms, cleaved 

Caspase-3 and cleaved PARP, are strong indicators of 
apoptosis [51.52]. After treatment with 50μM TBHP, 
there was a significant increase in the mRNA 
expression of BAX and a noticeable decrease in BCL-2 
expression, both of which were reversed to varying 
degrees by LIG, depending on the concentration of 
the dose (Fig. 2C, D). The corresponding effects were 
demonstrated in western blot bands, which also 
showed a remarkable increase in cleaved Caspase-3 
and PARP after TBHP treatment, both of which were 
mitigated by different doses of LIG (Fig. 2E, F). 
TUNEL-positive cells, representing apoptotic cells, 
were markedly more frequent in the TBHP group 
than in the control and vehicle (DMSO) group. 
However, the addition of 20μM and 50μM LIG 
significantly decreased the positive rate (Fig. 2G, H). 
Additionally, using flow cytometry, we found that the 
total cell apoptosis rate was significantly higher in the 
TBHP group than in the control and DMSO group, 
and different doses of LIG reduced this (Fig. 2I, J). 
Collectively, these results suggest that LIG alleviated 
oxidative stress-induced neuronal apoptosis.  

Ligustilide reversed oxidative stress-induced 
mitophagy inhibition 

Suffering from a series of damage during SCI, 
there is an innate need in the spinal cord to activate 
various kinds of compensatory mechanisms and the 
mitophagy is a vital one [32-34]. Due to the ROS 
overproduction causing oxidative damage to the 
biomembrane, the activation of mitophagy flux may 
be impeded. Our RNA sequencing results from 
animal samples have already indicated an increase in 
oxidative stress and a suppression of mitophagy flux. 
However, it remains unclear whether excessive ROS 
directly led to the inhibition of mitophagy. To address 
this and further clarify the role of LIG, several kinds of 
experiments were performed and mitophagy-related 
markers such as Lamp2, Tomm20, P62 and LC3 were 
detected in vitro. LC3B, an autophagosome marker, 
remained almost unchanged after TBHP treatment in 
gene expression (Fig. 3A), but the protein ratio of 
LC3Ⅱ:LC3Ⅰ decreased significantly in the TBHP group 
(Fig. 3D, E). After TBHP treatment, P62, a mitophagy 
adaptor oppositely changed with mitophagy flux, 
exhibited a significant increase, while Tomm20, a 
mitochondrial outer membrane protein, showed a 
moderate increase in both gene and protein 
expression (Fig. 3B-E).  
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Figure 2. Ligustilide attenuated oxidative stress-induced neuronal apoptosis. (A) Chemical structure of ligustilide. (B) Effects of varying doses of ligustilide on the viability of 
PC12 cells treated with TBHP (50μM) (n=3). (C, D) Relative mRNA levels of BAX and BCL-2 in PC12 cells of each group detected by real-time PCR (n=3). (E, F) Representative 
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western blot bands and quantitative analysis of apoptosis-related proteins in different groups (n=3). (G, H) Representative TUNEL images and corresponding quantifications of 
TUNEL positive cells per field in different groups, Scale bar :100μm, (n=5). (I, J) Cells were trypsinized and stained with Annexin V-FITC and PI. Apoptosis was analyzed by flow 
cytometry, and representative images of the cell population distribution were displayed. The sum of early(Q3) and late(Q2) apoptotic rate was identified as the total cell apoptosis 
which was used for quantification analysis (n=3). *P<0.05 and **P<0.01 versus control group, # p < 0.05 and ## p < 0.01 versus TBHP group, ns: not significant. 

 
Figure 3. Ligustilide reversed oxidative stress-induced mitophagy inhibition. (A-C) Relative mRNA levels of LC3B, P62 and Tomm20 in PC12 cells with various treatment (n=3). 
(D, E) Representative western blot bands and quantitative analysis of mitophagy-related proteins (LC3, P62 Tomm20 and Lamp2) in different groups (n=3). (F) Representative 
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fluorescence images with LC3B (red) and Tomm20 (green) double-staining and colocalization analysis using ImageJ colocalization finder for different cell groups, the Pearson’s R 
for LC3B and Tomm20 was used for quantitative analysis (G), Scar bar: 5μm, n=5. (H) Transmission electron microscopy images of mitochondria and mitophagosomes in PC12 
cells, and the corresponding quantitative analysis for the number of mitophagosomes (I). Asterisk: swollen mitochondria. Lightning mark: mitochondrial rupture. Arrow: double 
membrane autophagosome vacuoles encapsulating mitochondria. White frame: representative mitochondria magnified in the second row. Black frame: representative double 
membrane autophagosome vacuoles encapsulating mitochondria enlarged in the third row, Scar bar: 0.5 μm, n=3. *P<0.05 and **P<0.01 versus control group, # P < 0.05 and ## 
P < 0.01 versus TBHP group, ns: not significant. 

 
Western blots also revealed that the lysosomal 

surface marker Lamp2 increased moderately in the 
TBHP group (Fig. 3D, E). Using immunofluorescence 
staining and confocal microscopy, we observed that 
TBHP attenuated the co-localization of LC3B and 
Tomm20 compared to the control and DMSO group 
(Fig. 3F, G). The mitophagy was further confirmed 
with TEM in each group. Compared with the healthy 
cells, cells treated with TBHP exhibited more swollen 
mitochondria manifested as the disappearance of 
mitochondrial cristae, and more mitochondrial 
ruptures, but rare double membrane autophagosomes 
encapsulating mitochondria (Fig. 3H, I). The above 
results demonstrate that mitophagy flux is inhibited 
in an excessive ROS microenvironment. After the 
addition of 20μM and 50μM LIG, the mRNA 
expression of LC3B increased, at the same time P62 
and Tomm20 decreased gradually (Fig. 3A-C). 
Simultaneously, the protein expression of LC3Ⅱ:LC3Ⅰ 
markedly increased, accompanied by a gradual 
decrease in Tomm20, Lamp2, and P62 (Fig. 3D, E). The 
co-localization of LC3B and Tomm20 was gradually 
enhanced as the LIG dose increased (Fig. 3F, G). TEM 
images further confirmed that there were more 
mitophagosomes, and those mitochondria that had 
not been engulfed were healthier in the LIG-treated 
groups, especially in the LIG50μM group, than in the 
TBHP group (Fig. 3H, I). Taken together, these results 
demonstrate that LIG reversed and further enhanced 
the mitophagy flux inhibited by excessive oxidative 
stress. 

Ligustilide alleviated oxidative stress-induced 
mitochondrial dysfunction 

Excessive ROS production leads to defective 
mitophagy. To further investigate whether it causes 
mitochondrial dysfunction and the effect of LIG, 
50μM TBHP was administrated to induce excessive 
ROS and the total ROS production was detected by 
dihydroethidium (DHE) staining. According to the 
fluorescence images, the fluorescence intensity 
parallel with ROS levels was remarkably enhanced by 
TBHP compared with the control and DMSO group, 
while the addition of LIG obviously attenuated the 
ROS intensity especially the concentration of 50μM 
(Fig. 4C, D). Mitochondria are known to be the main 
source of endogenous ROS due to their respiratory 
chain [14]. To detect mitochondria-specific ROS, cells 
were treated with both MitoSOX Red and 
MitoTracker Green. The oxidative damage induced by 

TBHP also significantly increased the mitochondria- 
specific ROS, which was gradually reduced by 
varying doses of LIG. The intensity of MitoTracker 
Green changed in the opposite direction to MitoSOX 
(Fig. 4E-G). Cytochrome C (Cyto C), a protein of 
mitochondrial respiratory chain, will be released to 
cytoplasm when mitochondria are damaged [53]. 
Western blots exhibited an obvious translocation of 
Cyto C from mitochondria to cytoplasm after TBHP 
administration, which was dramatically reversed by 
LIG (Fig. 4A, B). MMP is another critical indicator of 
mitochondrial function, and decreased MMP is 
closely associated with mitochondrial dysfunction 
[54]. JC-1 staining was performed to detect the MMP 
changes in each group. The images showed 
remarkable conversion from red fluorescence to green 
in the TBHP group compared with control and DMSO 
group, and the administration of LIG gradually 
reversed the conversion especially in the LIG50μM 
group (Fig. 4H-J). Collectively, these results suggest 
that excessive ROS production induced by TBHP 
caused mitochondrial dysfunction which was 
alleviated by LIG. 

Ligustilide attenuated oxidative stress-induced 
neuronal apoptosis partially through 
enhancing mitophagy 

Apoptosis, autophagy, mitophagy, and 
ROS-related gene sets are all significantly enriched, as 
indicated by the KEGG and GO enrichment analysis 
of DEGs between the sham and SCI5d samples (Fig. 
5A, S3). Given that mitophagy is a vital mechanism 
functioning to maintain mitochondrial quality control 
and homeostasis [13], we speculate that enhancing 
mitophagy attenuates neuronal apoptosis, which may 
be the potential mechanism of LIG against apoptosis. 
To clarify this, Mdivi-1, a well-known selective 
mitophagy inhibitor, and UA, a proven beneficial 
mitophagy agonist [48], were administered in vitro. 
Compared to UA, the addition of LIG based on TBHP 
exhibited similar but much stronger anti-apoptotic 
effects as evidenced by decreased BAX, cleaved 
Caspase-3, cleaved PARP protein expression and 
increased BCL-2 protein expression (Fig. 5B, C), as 
well as reduced TUNEL-positive cells per field (Fig. 
5D, E) and apoptotic cell distribution in the Q2 and Q3 
region (Fig. 5F, G). Based on the co-administration of 
TBHP and LIG, the addition of Mdivi-1 partially 
abrogated the anti-apoptotic effects of LIG, 
manifested as apoptotic markers increased and 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

4393 

anti-apoptotic markers decreased again as shown in 
Fig. 5B, C. TUNEL and Flow Cytometry results were 
consistent with western blots in the TBHP+LIG+MDI 
group compared to the TBHP+LIG group (Fig. 5D-G). 

Taken together, the activation of mitophagy 
attenuated oxidative stress-induced neuronal 
apoptosis, and the anti-apoptotic effects of LIG were 
partially through enhancing mitophagy. 

 

 
Figure 4. Ligustilide alleviated oxidative stress-induced mitochondrial dysfunction. (A, B) Representative western blot bands and quantification analysis showing the 
mitochondrial and cytoplasmic Cytochrome C changes in different cell groups (n=3). (C, D) Representative micrographs of DHE (red) staining whose intensity represents the 
levels of ROS in different cell groups and the quantitative analysis of ROS fluorescence intensity. Scar bar: 200μm, n=5. (E-G) Representative fluorescence images with Mito-SOX 
(red) and Mito-Tracker (green) double-staining and the quantitative analysis. Scar bar:50μm, n=5. (H-J) The MMP was detected through JC-1 staining and the corresponding 
quantitative analysis was conducted for JC-1 red and green respectively. Scar bar:50μm, n=5. *P<0.05 and **P<0.01 versus control group, # P < 0.05 and ## P < 0.01 versus TBHP 
group. 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

4394 

 
Figure 5. Ligustilide attenuated oxidative stress-induced neuronal apoptosis partially through enhancing mitophagy. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) 
enrichment analysis of DEGs between samples of sham and SCI5d (n=3 animals per group). The enriched pathways of interest were highlighted with a red underline. (B, C) 
Western blot and densitometric analysis of apoptosis-related proteins in PC12 cells treat with TBHP(50μM), ligustilide(50μM), UA(urolithin A, a mitophagy agonist, 5μM), and 
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Mdivi-1(a selective mitophagy inhibitor, 25μM) (n=3). (D, E) Representative TUNEL images and corresponding quantifications of TUNEL positive cells in different groups. Scale 
bar :50μm, n=5. (F, G) Cells of each group were trypsinized and stained with Annexin V-FITC and PI. Apoptosis was analyzed by flow cytometry, and representative images of 
the cell population distribution were displayed with their quantitative analysis (n=3). *P<0.05 and **P<0.01 versus the control group, # P < 0.05 and ## P < 0.01 versus with the 
TBHP group, △P < 0.05 and △△P < 0.01 versus the TBHP+LIG group. 

 

LIG enhanced mitophagy through BNIP3-LC3 
interaction 

In general, the regulation of mitophagy can be 
divided into parkin RBR E3 ubiquitin protein ligase 
(PRKN)-dependent and PRKN-independent 
pathways [32]. To further explore the underlying 
mechanism of mitophagy involved in SCI, the RNA 
sequence data was carefully scanned. Interestingly, 
hierarchical clustering of both mitophagy- and 
apoptosis-related genes revealed that BNIP3 began to 
be downregulated on the first day after SCI, with the 
downregulation intensifying on the third day and 
persisting through the fifth and seventh days (Fig. 1B, 
S2). Then, separate statistical analyses were 
conducted on the BNIP3 gene in each sequencing 
sample, confirming consistent alterations (Fig. 6A). 
These results indicated that BNIP3 might be the 
potential target of mitophagy involved in SCI. To 
confirm this, siRNA sequences were constructed to 
silence BNIP3. RT-qPCR was performed to select the 
best sequence (Fig. 6B) and western blot further 
confirmed the effectiveness (Fig. 6C, D). The 
administration of TBHP induced significant decrease 
of BNIP3, accompanied with the increase of P62 and 
Tomm20, but unsignificant decrease of LC3B in 
mRNA expression (Fig. S4A-D). Western blot 
confirmed the decrease of BNIP3 and the 
accumulation of P62, Tomm20 and Lamp2, but a 
significant decrease of LC3Ⅱ:LC3Ⅰ in protein 
expression (Fig. 6E, F). The addition of 50μM LIG 
reversed the TBHP-induced inhibition of mitophagy, 
as evidenced by the increased expression of BNIP3, 
LC3B, LC3Ⅱ:LC3Ⅰ, and decreased levels of P62, 
Tomm20, and Lamp2 (Fig. 6E, F; S4A-D). Based on the 
co-administration of TBHP and LIG, transfection of a 
negative control sequence didn’t trigger any changes 
in both mRNA and protein expressions. But the 
addition of siBNIP3 not only led to a decrease in 
BNIP3, but also a reduction in LC3Ⅱ:LC3Ⅰ and an 
accumulation of P62, Tomm20, and Lamp2 compared 
to the TBHP+LIG group (Fig. 6E, F; S4A-D). The 
LIG-enhanced co-localization of LC3B and Tomm20 
was attenuated by the additional siBNIP3 transfection 
(Fig. 6G, H). To further determine whether 
LIG-enhanced mitophagy was through BNIP3-LC3 
interaction, the co-localization of BNIP3 and LC3B 
was detected by immunofluorescence staining and 
observed by confocal microscopy. Based on TBHP 
administration, the co-localization of BNIP3 and LC3B 
was enhanced by the addition of LIG, which was 

attenuated by further transfection of siBNIP3 (Fig. 6I, 
J). According to TEM analysis, cells in the TBHP 
group exhibited more swollen mitochondria, 
characterized by the disappearance of mitochondrial 
cristae and increased mitochondrial ruptures, but rare 
mitophagosomes were observed. With the addition of 
LIG, mitophagosomes increased, and mitochondria 
that were not engulfed appeared healthier. However, 
these therapeutic effects were partially abrogated by 
transfection of siBNIP3, as evidenced by reduced 
mitophagosome numbers and vague mitochondrial 
structures (Fig. 6K, L). Taken together, these results 
demonstrate that BNIP3 downregulation participates 
in the SCI-induced mitophagy inhibition and that LIG 
enhances mitophagy through BNIP3-LC3 interaction. 

Ligustilide alleviated oxidative stress, 
enhanced mitophagy, and attenuated neuronal 
apoptosis in vivo 

The animal experiments conducted at different 
time points were exhibited as the flowchart (Fig. 7A). 
SCI+Vehicle group exhibited a significant decrease in 
GSH content and SOD activity compared to the 
SHAM group, along with a marked increase in MDA 
content. However, SCI+LIG20 and SCI+LIG50 groups 
showed a gradual recovery in GSH content and SOD 
activity compared to the SCI+Vehicle group, 
accompanied by a gradual decrease in MDA content. 
Among them, the SCI+LIG50 group exhibited the 
most significant changes (Fig. 7B-D). Baseline levels of 
mitophagy were maintained in the sham group, as 
evidenced by a certain level of fluorescence intensity 
of LC3B and its co-localization with Tomm20, 
whereas these levels were decreased in the 
SCI+Vehicle group and gradually increased with the 
treatment of different doses of LIG (Fig. 7E, F). Nissl 
bodies are basophilic granules found in the bodies or 
dendrites of neurons, primarily composed of rough 
endoplasmic reticulum and free ribosomes. When 
neurons are damaged or over-fatigued, Nissl bodies 
decrease or disappear, but during the recovery 
process, Nissl bodies reappear and increase [55]. Our 
Nissl staining results showed that tissue in the sham 
group had clear structure, with large and numerous 
Nissl bodies in the cytoplasm, distributed densely and 
evenly, and stained deep blue or purple. After SCI, 
tissue at the injury site was disrupted, and the number 
of Nissl bodies around the injury area also decreased 
apparently. Treatment with different doses of LIG 
promoted tissue repair in the injury area to varying 
degrees and resulted in a recovery in the number of 
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Nissl bodies around the lesion site (Fig. 7G, H). 
According to the Tunel/NeuN/DAPI staining and 
the corresponding quantitative analysis for neurons 
co-localized with Tunel (Fig.7I, J), SCI increased 
neuronal apoptosis remarkably, which was gradually 

attenuated by the treatment with different doses of 
LIG. Collectively, these results demonstrate that LIG 
alleviated oxidative stress, enhanced mitophagy, 
ameliorated neuronal function and attenuated 
neuronal apoptosis in vivo. 

 

 
Figure 6. Ligustilide enhanced mitophagy through BNIP3-LC3 interaction. (A) The boxplot illustrates the expression changes of BNIP3 at 1, 5, and 7 days post-SCI (n=3 animals 
per group). (B-D) Three siRNA sequences for silence BNIP3 were transfected into PC12 cells and the most effective sequence was selected through RT-qPCR and confirmed 
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by Western blot (n=3). (E, F) Representative western blot bands and quantitative analysis of LC3, P62, Tomm20, Lamp2 and BNIP3 in Control, TBHP, TBHP+LIG, 
TBHP+LIG+siControl and TBHP+LIG+siBNIP3 groups (n=3). (G) Representative fluorescence images with LC3B (red) and Tomm20 (green) double-staining and colocalization 
analysis using Image J colocalization finder for different cell groups, the Pearson’s R for LC3B and Tomm20 was used for quantitative analysis (H). Scar bar: 5μm, n=5. (I) 
Representative fluorescence images with LC3B (red) and BNIP3 (green) double-staining and colocalization analysis using ImageJ colocalization finder for different cell groups, the 
Pearson’s R for LC3B and BNIP3 was used for quantitative analysis (J). Scar bar: 5μm, n=5. (K) Transmission electron microscopy images of mitochondria and mitophagosomes 
in different cell groups, and the corresponding quantitative analysis for the number of mitophagosomes (L). Asterisk: swollen mitochondria. Lightning mark: mitochondrial 
rupture. Arrow: double membrane autophagosome vacuoles encapsulating mitochondria. White frame: representative mitochondria magnified in the second row. Black frame: 
representative double membrane autophagosome vacuoles encapsulating mitochondria enlarged in the third row (Scar bar: 0.5 μm, n=3). *P<0.05 and **P<0.01 versus the control 
group, # P < 0.05 and ## P < 0.01 versus with the TBHP group, △P < 0.05 and △△P < 0.01 versus the TBHP+LIG group, ns: not significant. 

 

Ligustilide promoted tissue repair and 
functional recovery after SCI 

According to the HE staining, spinal cord 
showed obvious cavities and defects in the injury site, 
with the surrounding area exhibiting loose staining, 
scattered vacuolar degeneration, and disorganized 
tissue structure in the SCI+vehicle group. After 
treatment with different doses of LIG, the area of 
cavities and defects was gradually shrinking, with 
regenerating spinal cord tissue crossing the injury 
site. The arrangement of repaired tissue was 
becoming increasingly orderly, with the SCI+LIG50 
group showing the most significant improvement 
(Fig. 8A, B). Immunofluorescent staining with 
DAPI/GFAP/NF200 was further performed in the 
tissue sections to determine axon regeneration. An 
increasing amount of red fluorescence (NF200) was 
observed in the injury site after treatment with 
different doses of LIG, indicating varying degrees of 
axon regeneration, accompanied by increasingly 
dense and regular tissue repair (Fig. 8D, G). It 
remained unclear whether tissue repair led to 
functional recovery, and various experimental tests 
were performed to address this issue. Excitation of the 
motor cortex by electrical or magnetic stimulation 
leads to depolarization of spinal anterior horn cells or 
peripheral motor fibers. The resulting electrical 
potential recorded on the surface of muscles or nerves 
is referred to as MEP. MEP is an objective and reliable 
assessment indicator for motor function recovery after 
SCI, particularly the P-wave, which has a short 
latency period and is minimally affected by anesthetic 
drugs [56]. Different groups of animals were subjected 
to MEP analysis. The results showed the latency of the 
P-wave was significantly prolonged and the 
amplitude was markedly reduced in the SCI+Vehicle 
group compared to the SHAM group. Treatment with 
LIG at a dose of 20mg/kg/d slightly shortened the 
latency of P-wave with no statistical difference, but 
the high dose of 50mg/kg/d significantly did with 
obvious statistical difference compared to the 
SCI+Vehicle group. The P-wave amplitude was 
significantly increased in both the LIG-treated groups 
compared to the vehicle treatment group, with the 
high dose resulting in an even greater increase 
(Fig.8E, H, I). Footprint analysis was performed to 

further confirm the motor function recovery of hind 
foot. As indicated in Fig. 8F, hind feet of mice in the 
SCI+Vehicle group showed obvious dragging during 
walking, with continuous ink marks visible between 
adjacent footprints, indicating that both hind feet 
were unable to completely leave the paper during 
walking, and the stride length was significantly 
shortened compared to the SHAM group, while the 
stride width increased. After treatment with 
20mg/kg/d LIG, although the gait still showed 
dragging, the stride width narrowed (with statistical 
significance), and the stride length increased (The 
right side shows statistical significance, while the left 
side does not). In the 50mg/kg/d group, walking 
dragging improved. The stride width decreased and 
the stride length of both sides increased with all the 
differences being statistically significant compared to 
the SCI+Vehicle group (Fig. 8F, J-L). Finally, animals 
at 7,14, 21, 28 days post injury, were all subjected to 
BMS scale. After continuous administration for 7 
days, both the SCI+LIG20 and SCI+LIG50 groups 
began to exhibit higher BMS scores than the 
SCI+Vehicle group. Over the following 2, 3, and 4 
weeks, the BMS scores of the LIG treatment groups 
were all significantly higher than those of the Vehicle 
treatment group, with the SCI+LIG50 group showing 
the highest scores. By the end of the 4-week, the 
average BMS score of the SCI+LIG50 group was above 
4, while that of the SCI+LIG20 group was above 3, 
and the average score of the SCI+Vehicle group was 
still below 2. These differences were all statistically 
significant (Fig. 8C). The aforementioned results 
demonstrate that LIG not only promoted tissue repair 
but also facilitated motor function recovery after SCI. 

Discussions 
SCI triggers a cascade of progressive 

pathophysiologic changes. SOD activity and GSH 
content decreased obviously, whereas MDA content 
increased markedly in the acute and subacute early 
phase of SCI (Fig. 1C-E) indicating a decrease in the 
ability to clear free radicals and an increase in lipid 
peroxidation (LP) products. Continuous progression 
of LP leads to a decrease in MMP, insufficient ATP 
generation, sustained opening of the mitochondrial 
permeability transition pore, disruption of membrane 
integrity, and initiation of cellular apoptosis [57-59].  
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Figure 7. Ligustilide alleviated oxidative stress, enhanced mitophagy, and attenuated neuronal apoptosis in vivo. (A) The flowchart for grouping, handling, and specimen testing 
of mice. (B-D) Spinal cord SOD activity, GSH content, and MDA content in different groups (n=3 animals per group). (E, F) Representative immunofluorescence images of 
Tomm20 and LC3 in each group and colocalization analysis using ImageJ colocalization finder. Scale bar: 5μm, n=6 animals per group. (G, H) Representative images of Nissl 
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staining in the spinal cord of each group and quantitative analysis of the number of Nissl bodies per square millimeter. Scale bar: 1mm, n=6 animals per group. (I, J) Representative 
images of spinal cord Tunel/NeuN/DAPI staining in each group and quantitative analysis of neuronal apoptosis. Scale bar: 200μm, n=6 animals per group. *P<0.05 and **P<0.01 
versus SHAM group, # P < 0.05 and ## P < 0.01 versus SCI+Vehicle group, ns: not significant. 

 
Figure 8. Ligustilide promoted tissue repair and functional recovery after SCI. (A, B) Representative images of HE staining in the spinal cord of each group and quantitative 
analysis of the corresponding cavity area. Scale bar: 1mm, n=6 animals per group. (C) The BMS scores at different time points for each group (n=12 animals per group). (D, G) 
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Representative immunofluorescent images of GFAP/NF200/DAPI for each group and the corresponding quantitative analysis for the fluorescence intensity of NF200. Scale bar: 
1mm, n=6 animals per group. (E, H, I) Representative waveforms of motor evoked potentials (MEP) from each group and quantitative analysis of the corresponding P-wave 
latency and amplitude (n=6 animals per group). (F, J-L) Representative hind paw footprints from each group and corresponding quantitative analysis of paw width and stride 
length of both sides. Scale bar: 2cm, n=12 animals per group. *P<0.05 and **P<0.01 versus SHAM group, # P < 0.05 and ## P < 0.01 versus SCI+Vehicle group, ns: not significant. 

 
Figure 9. Schematic illustrating the underlying mechanisms of ROS-induced mitophagy inhibition and neuronal apoptosis, as well as the effects and mechanisms of LIG. 

 
Research has reported that autophagic markers 

(LC3 and P62) increased and mitophagosomes 
appeared in the early stages of secondary injury 
[26-28, 60, 61], indicating that there is an intrinsic need 
to activate sufficient mitophagy to engulf 
dysfunctional mitochondria, complete mitochondrial 
quality control, and ultimately promote cell survival 
after SCI. Unfortunately, neither in animal models nor 
in cell experiments was any evidence found of fully 
activated mitophagy in the present study. Although 
total LC3 was remarkably upregulated at the acute or 
subacute early phase of SCI (Fig. 1B, F), the ratio of 
LC3Ⅱ:LC3Ⅰ decreased, and P62 increased, with 
Tomm20 and lamp2 moderately elevated (Fig. 1B, 
G-K; Fig. 3B-E), indicating that mitophagy flux was 
indeed inhibited. However, previous studies have 
reported an increase in levels of autophagic markers 
(LC3 and P62), and autophagosomes containing 
damaged mitochondria were found in injured 
neurons in the early stages of secondary injury. They 
believed mitophagy was excessively activated 
following SCI [61-63]. But in our opinions, these 
research findings were largely consistent with our 
results. However, in interpreting mitophagy flux, it is 
not only important to observe the aggregation of LC3, 
P62, and the appearance of mitophagosomes, but also 
to determine whether the mitophagosomes ultimately 
successfully fuse with lysosomes and are degraded, 
thereby completing the entire process of mitophagy. 
Any blockade at any stage will preclude the 
designation of mitophagy activation. Total LC3 
increased accompanied with LC3Ⅱ:LC3Ⅰ decreased 
implied that cytoplasmic LC3-I was unable to fully 

extend and convert into the membrane-bound LC3-II, 
thus failing to form functional autophagosomes. The 
aggregation of P62 indicated that the autophagosome 
did not fully fuse with the lysosome and was not 
degraded ultimately. The mild elevation of Tomm20 
and Lamp2 might represent the aggregation of 
dysfunctional mitochondria and lysosomes that failed 
to be consumed through mitophagy. Taken together, 
mitophagy flux is actually inhibited at the acute or 
subacute early phase of SCI or after treatment with 
TBHP. We speculate that there may be two reasons: 
first, excessive ROS and LP after SCI damage the 
biological membranes, including the autophagosome 
and lysosome membranes, preventing their successful 
fusion and degradation; second, oxidative stress 
impairs mitochondrial function and hinders ATP 
production, leading to insufficient cellular metabolic 
energy supply. Additionally, we observed a decrease 
in P62, an increase in LC3-II:LC3-I, as well as a 
reduction in Lamp2 and Tomm20 on days 5 and 7 
post-SCI (Fig. 1G-K) indicating that certain 
compensatory mitophagy was activated over time 
degrading a certain amount of Tomm20 and Lamp2. 

Neurons are highly specialized cells, which are a 
basic structural and functional unit of the nervous 
system, and have roles in sensing stimulation and 
conducting excitation [64]. Neuronal apoptosis plays 
a crucial role in secondary injury [5,65], results in 
neurological dysfunction and is associated with poor 
prognosis [66,67]. Reducing neuronal apoptosis can 
promote neurorehabilitation, neuroplasticity, and 
axonal regeneration, and has become a strategy for 
treatment of SCI [68]. Various strategies such as 
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inhibiting neuroinflammation, alleviating endo-
plasmic reticulum stress and enhancing autophagy 
were performed to attenuate neuronal apoptosis 
[69-77]. In addition, increasing ROS and 
mitochondrial dysfunction were reported leading to 
neuronal apoptosis and directly promoting SCI 
pathology progression [78-80]. In the present study, 
our results demonstrated excessive ROS induced 
obvious mitochondrial dysfunction and remarkable 
neuronal apoptosis. LIG, one of the main active 
components isolated from traditional Chinese 
medicinal herbs such as Ligusticum chuanxiong and 
Angelica sinensis, is structurally similar to 
DL-3-n-butylphthalide (NBP), the first innovative 
drug in China with independent intellectual property 
rights and widely used for the treatment of ischemic 
stroke. Studies have shown that LIG has 
neuroprotective effects and the ability to penetrate the 
blood-brain barrier [39, 40]. It exhibited 
anti-inflammatory [41,42], antioxidant, and 
anti-apoptotic effects [43,44] in central nervous system 
injuries and neurodegenerative diseases. Consistent 
with previous reports, our results also indicated that 
LIG significantly reduced excessive ROS production, 
and further attenuated oxidative stress-mediated 
mitochondrial dysfunction and neuronal apoptosis. 

Based on our above findings, it is crucial to 
explore the underlying mechanism of oxidative 
stress-induced neuronal apoptosis, which may supply 
potential therapeutic targets for SCI. Mitophagy is a 
self-protective mechanism and selectively clears 
damaged or dysfunctional mitochondria through 
autophagic machinery. Therefore, mitochondrial 
dysfunction induced by oxidative stress has the 
potential possibility to activate mitophagy but failed 
to do this ultimately according to our above results. 
So, enhancing mitophagy to reduce neuronal 
apoptosis seems a reasonable and attractive strategy. 
Previous studies have shown that autophagy is 
inhibited after SCI thereby inducing cell death of 
injured neurons and the deterioration of SCI. 
Autophagy activators could significantly improve this 
situation and prevent neuron death [81–83]. 
Appropriate autophagy activation could reduce 
inflammation and inhibit apoptosis [31,84,85], while 
autophagy inhibition rendered cells unable to cope 
with stressful situations and led to apoptosis [22,86–
88]. In the present study, UA, the mitophagy inducer, 
was employed to reverse the mitophagy inhibited by 
oxidative stress, and reduce neuronal apoptosis. As 
early as 2016, UA was demonstrated to induce 
mitophagy, increase the lifespan of C. elegans, and 
enhance muscle function in rodents [48]. It was later 
confirmed to improve obesity-induced metabolic 
cardiomyopathy in mice by activating mitophagy 

[47]. Thus, unlike other inducers such as Carbonyl 
Cyanide 3-ChloroPhenylhydrazone (CCCP) that 
activate mitophagy by promoting mitochondrial 
oxidative stress, fission, increasing mitochondrial 
permeability, and altering MMP [89-92], UA exhibits 
more beneficial effects. Our results demonstrated that 
the addition of UA, similar to the addition of LIG, 
successfully reversed TBHP-induced neuronal 
apoptosis, providing preliminary evidence that 
oxidative stress-mediated mitophagy inhibition 
following SCI directly leads to neuronal apoptosis, 
and LIG reverses this inhibition to alleviate apoptosis. 
Mdivi-1 is a selective inhibitor of dynamin-related 
protein 1 (Drp1) and can effectively inhibit 
mitophagy. Building on the reversal by LIG, the 
further addition of Mdivi-1 partially counteracted the 
anti-apoptotic effect of LIG, further confirming that 
LIG attenuates oxidative stress-mediated neuronal 
apoptosis by enhancing mitophagy. However, the 
anti-apoptotic effect of LIG was not completely 
counteracted by Mdivi-1, suggesting that there may 
be other mechanisms through which LIG mitigates 
apoptosis. 

Constrained by multiple stressors, autophagy 
was reported exhibiting inconsistent and even 
contradictory manifestations at different times and in 
different injury models after SCI [24]. Different injury 
models triggered varying degrees of autophagy [25]. 
Strategies to enhance or inhibit mitophagy have been 
reported to target the repair of SCI, reflecting the 
inconsistent roles played by mitophagy in different 
spatiotemporal conditions of SCI. Schwann 
cell-derived exosomes, rapamycin, maltol, apelin-36, 
and zinc have all been reported to possess the ability 
to enhance mitophagy and alleviate SCI [9,93-96]. 
Conversely, strategies to inhibit mitophagy to 
improve SCI have also been reported. Rosiglitazone 
and salidroside were reported to improve SCI by 
inhibiting mitophagy [97, 98]. We believe that 
whether to enhance or inhibit mitophagy to target SCI 
mainly depends on different injury severities and 
times. In our mouse spinal cord contusion model, we 
found that mitophagy inhibition occurred in the acute 
and subacute early stages of injury, and signs of 
compensatory enhancement of mitophagy appeared 
from the 5th day of injury. Our drug intervention in 
mice was also targeted at 1 to 7 days after injury, 
achieving good tissue and function recovery. 
Therefore, only by thoroughly studying the evolving 
trends of mitophagy at different injury severities and 
stages, and taking targeted interventions, can better 
repair effects be achieved. 

The potential mechanisms underlying 
mitophagy inhibition during the acute and subacute 
phases of SCI, as well as under excessive ROS 
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stimulation in vitro, and the pathway through which 
LIG enhances mitophagy, are worthy of further 
investigation. Both BNIP3 and BCL2/adenovirus E1B 
interacting protein 3-like (BNIP3L) contain 
LC3-interacting regions (LIRs) and can directly bind 
to LC3-GABARAP, inducing mitophagy without the 
need for ubiquitination process [99]. BNIP3/BNIP3L 
is located on the outer membrane of mitochondria, 
and mitochondria-bound BNIP3/BNIP3L can interact 
with LC3 to form the mitochondria-BNIP3/ 
BNIP3L-LC3 autophagosome complex, inducing 
mitophagy [100]. BNIP3/BNIP3L was transcrip-
tionally regulated by NFKB or FOXO3/FOXO3A, 
linking mitophagy to fundamental signaling 
pathways [101,102]. BNIP3/BNIP3L interacted with 
SPATA18 to clear ROS [103], and interacted with 
CDH6 to regulate mitophagy, maintaining 
mitochondrial homeostasis [104]. Overexpression of 
BNIP3 improved ATP production in Parkinson's 
disease [105], and BNIP3/BNIP3L-mediated mito-
phagy protected against brain ischemic injury 
[106,107]. These studies indicated that BNIP3/ 
BNIP3L-mediated mitophagy played an important 
protective role in central nervous system diseases.  

Our sequencing results indicated that the BNIP3 
gene began to show downregulation on the first day 
after SCI, and was significantly downregulated on the 
third, fifth, and seventh days, suggesting a potential 
correlation between the downregulation of BNIP3 and 
the inhibition of mitophagy. To our surprise, in the 
cell model, we detected the inhibition of mitophagy 
simultaneously accompanied with the downregu-
lation of BNIP3, indicating that we successfully 
simulated the downregulation of BNIP3 and the 
inhibition of mitophagy in the acute and subacute 
phase of SCI in vitro. Furthermore, during the reversal 
of oxidative stress-mediated inhibition of mitophagy 
by LIG, we also observed an upregulation of BNIP3, 
indicating that the enhanced effect of LIG on 
mitophagy is achieved through the upregulation of 
BNIP3. Building on this, the addition of siBNIP3 
partially counteracted the enhanced effect of LIG on 
mitophagy, the state of which was still higher than 
that in the TBHP group, indicating that LIG-enhanced 
mitophagy may involve other mechanisms, with 
BNIP3 possibly being one of the most important 
pathways. 

The strategies for repairing SCI mainly focus on 
two aspects: alleviating secondary damage, 
promoting neural plasticity and axonal regeneration 
[108]. Oxidative stress reactions lead to a series of 
pathological damages and have become the focus of 
treatment. Post-SCI antioxidant strategies mainly 
include reducing ROS production, inhibiting LP, and 
scavenging free radicals [2,109]. In recent years, 

traditional Chinese medicine has attracted 
considerable attention in the treatment of SCI and is 
considered a promising therapeutic approach. Several 
Chinese herbal extracts, including quercetin, 
resveratrol, and curcumin, have shown their ability to 
act as antioxidants and their effectiveness in treating 
SCI [110-115]. The present study indicated that 
intraperitoneal injection of LIG significantly enhanced 
the ability to scavenge free radicals and reduce LP 
after SCI. The acute necrosis and secondary 
pathophysiological cascade reaction after SCI can 
trigger long-term apoptosis of neurons and 
neurodegeneration [116,117]. Many drug 
interventions target upstream mitochondrial damage, 
such as free radical production and neuronal Ca2+ 
overload, to prevent apoptosis [118]. In addition to 
inhibiting oxidative stress reactions, LIG also 
demonstrated its ability to prevent neuronal apoptosis 
through enhancing mitophagy in the present study. 

Due to the alleviation of secondary pathological 
damage in SCI, LIG further promoted tissue and 
functional recovery in SCI mice. Axonal regeneration 
and synaptic formation are crucial for the conduction 
of neural signals and spinal cord function recovery. 
During axonal growth, mitochondria aggregate along 
the axon and determine axonal branching [119] 
implying their important roles. Following SCI, not 
only is mitochondrial function affected, but 
mitochondrial transport is also impaired [120]. 
Transporting healthy mitochondria to the site of 
injury has a positive effect on axonal regeneration 
[121-123]. Therefore, Mitochondrial quality control 
and homeostasis for producing more healthy 
mitochondria appear to be crucial [124]. Mitophagy, 
as a mechanism for mitochondrial self-renewal, 
functions to maintain mitochondrial quality control 
and homeostasis [32-34]. In this study, LIG enhanced 
mitophagy, indicating its potential role in 
mitochondrial quality, accompanied by continuous 
recovery of neuronal function, manifested by a 
gradual increase in the number of Nissl bodies. 
Traditional H&E staining showed ongoing repair of 
tissue defects, while immunofluorescence further 
confirmed the gradual increase in NF200 fluorescence 
signals in the repairing tissue area, indicating axonal 
regeneration. Based on the inhibition of pathological 
damages and the repair of tissue defects, LIG further 
promoted the recovery of spinal cord motor function. 
In MEP analysis, the increased latency and amplitude 
of the P wave indicated increased depolarization of 
spinal motor neurons or peripheral nerve motor 
fibers. Footprint analysis and BMS scores showed 
significant recovery of hind limb function in SCI mice.  

However, this study also has certain limitations, 
as the intraperitoneal injection method of drug 
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administration is too diffuse, lacks specificity, and is 
prone to false positives. Combining biological 
materials and targeted drug delivery systems to 
improve the local efficacy of LIG in SCI holds the 
potential to further enhance its effects. The results of 
this study have already suggested that LIG's effects on 
mitophagy and cell apoptosis may involve other 
pathways. In-depth research into these potential 
mechanisms can provide a more profound and 
comprehensive elucidation of the scientific issues 
addressed in this study and offer more scientific and 
effective strategies for repairing SCI. 

Conclusions 
In summary, this study elucidated the state of 

mitophagy inhibition following SCI and its potential 
mechanisms, and confirmed the effects of 
LIG-enhanced mitophagy through BNIP3-LC3, 
providing new therapeutic targets and strategies for 
repairing SCI. 

Abbreviations 
BNIP3: bcl2 interacting protein 3; BNIP3L: bcl2 

interacting protein 3-like; Cyto C: Cytochrome C; 
DEGs: differentially expressed genes; DMSO: 
dimethyl sulfoxide; DRP-1: dynamin-related protein 
1; DHE: dihydroethidium; GO: gene ontology; GSH: 
glutathione; KEGG: kyoto encyclopedia of genes and 
genomes; LIG: ligustilide; LP: lipid peroxidation; 
MEP: motor evoked potential; MDA: malondialde-
hyde; MMP: mitochondrial membrane potential; OD: 
optical density; PARP: poly ADP-ribose polymerase; 
PI: propidium iodide; PRKN: parkin RBR E3 ubiquitin 
protein ligase; ROS: reactive oxygen species; SCI: 
spinal cord injury; SOD: superoxide dismutase; 
TBHP: tert-butyl hydroperoxide; UA: Urolithin A. 

Supplementary Material 
Supplementary figures and tables.  
https://www.ijbs.com/v20p4382s1.pdf 

Acknowledgments 
We are grateful to Xingxing Fang (Department of 

Spine Surgery, The Third Affiliated Hospital of Sun 
Yat-sen University, Guangzhou, PR China) for 
providing the assistance in RNA sequence analyzes, 
Lang Mai (Department of Spine Surgery, The Third 
Affiliated Hospital of Sun Yat-sen University, 
Guangzhou, PR China) and Chaofeng Hu 
(Department of Spine Surgery, The Third Affiliated 
Hospital of Sun Yat-sen University, Guangzhou, PR 
China) for providing the assistance in cell 
experiments. This work was supported by following 
grants: National Natural Science Foundation of China 
(Nos. 82372400, 82072455, U22A20297, 82172433, 

82102642, 81772349); Guangdong Basic and Applied 
Basic Research Foundation (2019A1515012181, 
2023A1515010313, China); Guangzhou Science and 
Technology Project (202102010164, China). 

Author contributions 
Bin Liu, and Hui Yao designed the experiments. 

Hui Yao participated in the total study and drafted 
the manuscript. Chaoyang Cai conducted the in vivo 
animal experiments, Weijun Huang and Caizhen 
Zhong provided great aids in the cell experiments. 
Tianlun Zhao provided the RNA-seq data, Jiawei Di 
and Juliang Tang analysed it. Depeng Wu, Mao Pang, 
and Lei He selected the proper results and analyzed 
them. Chaoyang Cai, Weijun Huang, and Caizhen 
Zhong revised the manuscript repeatedly. Limin 
Rong and Bin Liu supervised the whole project and 
funded it. All authors read and approved the final 
version of the manuscript. 

Data availability  
The original sequence data that supported the 

findings of this study was openly available in NCBI 
SRA database (Accession to website for SRA data: 
PRJNA753793, https://www.ncbi.nlm.nih.gov/sra/ 
?term=PRJNA753793).  

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Badhiwala JH, Wilson JR, Fehlings MG. Global burden of traumatic brain and 

spinal cord injury. Lancet Neurol. 2019; 18: 24-25. 
2. Anjum A, Yazid MD, Fauzi Daud M, Idris J, Ng AMH, Selvi Naicker A, et al. 

Spinal Cord Injury: Pathophysiology, Multimolecular Interactions, and 
Underlying Recovery Mechanisms. Int J Mol Sci. 2020;21(20):7533.  

3. Zhang Y, Al Mamun A, Yuan Y, Lu Q, Xiong J, Yang S, et al. Acute spinal cord 
injury: Pathophysiology and pharmacological intervention (Review). Mol Med 
Rep. 2021;23(6):417.  

4. Hachem LD, Fehlings MG. Pathophysiology of Spinal Cord Injury. Neurosurg 
Clin N Am. 2021;32(3):305-313. 

5. Liu S, Sarkar C, Dinizo M, Faden AI, Koh EY, Lipinski MM, et al. Disrupted 
autophagy after spinal cord injury is associated with ER stress and neuronal 
cell death. Cell Death Dis. 2015; 6: e1582. 

6. Wang Y, Li C, Zhang X, Kang X, Li Y, Zhang W, et al. Exposure to PM2.5 
aggravates Parkinson's disease via inhibition of autophagy and mitophagy 
pathway. Toxicology. 2021; 456:152770.  

7. Zhang Z, Yu J. NR4A1 Promotes Cerebral Ischemia Reperfusion Injury by 
Repressing Mfn2-Mediated Mitophagy and Inactivating the 
MAPK-ERK-CREB Signaling Pathway. Neurochem Res. 
2018;43(10):1963-1977. 

8. Gu C, Li L, Huang Y, Qian D, Liu W, Zhang C, et al. Salidroside Ameliorates 
Mitochondria-Dependent Neuronal Apoptosis after Spinal Cord 
Ischemia-Reperfusion Injury Partially through Inhibiting Oxidative Stress and 
Promoting Mitophagy. Oxid Med Cell Longev. 2020; 2020:3549704.  

9. Shao Z, Dou S, Zhu J, Wang H, Xu D, Wang C, et al. Apelin-36 Protects HT22 
Cells Against Oxygen-Glucose Deprivation/Reperfusion-Induced Oxidative 
Stress and Mitochondrial Dysfunction by Promoting SIRT1-Mediated 
PINK1/Parkin-Dependent Mitophagy. Neurotox Res. 2021; 39(3):740-753.  

10. He Z, Zhang C, Liang JX, Zheng FF, Qi XY, Gao F. Targeting Mitochondrial 
Oxidative Stress: Potential Neuroprotective Therapy for Spinal Cord Injury. J 
Integr Neurosci. 2023; 22(6):153.  

11. Newsholme P, Keane KN, Carlessi R, Cruzat V. Oxidative stress pathways in 
pancreatic β-cells and insulin-sensitive cells and tissues: importance to cell 
metabolism, function, and dysfunction. Am J Physiol Cell Physiol. 2019; 
317(3):C420-C433.  



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

4404 

12. Li Y, Liu H, Tian C, An N, Song K, Wei Y, et al. Targeting the multifaceted 
roles of mitochondria in intracerebral hemorrhage and therapeutic prospects. 
Biomed Pharmacother. 2022; 148:112749.  

13. Golpich M, Amini E, Mohamed Z, Azman Ali R, Mohamed Ibrahim N, 
Ahmadiani A. Mitochondrial Dysfunction and Biogenesis in 
Neurodegenerative diseases: Pathogenesis and Treatment. CNS Neurosci 
Ther. 2017; 23(1):5-22. 

14. Bouchez C, Devin A. Mitochondrial Biogenesis and Mitochondrial Reactive 
Oxygen Species (ROS): A Complex Relationship Regulated by the cAMP/PKA 
Signaling Pathway. Cells. 2019;8(4):287.  

15. Zeb A, Choubey V, Gupta R, Kuum M, Safiulina D, Vaarmann A, et al. A novel 
role of KEAP1/PGAM5 complex: ROS sensor for inducing mitophagy. Redox 
Biol. 2021; 48:102186.  

16. Tang Q, Zheng G, Feng Z, Chen Y, Lou Y, Wang C, et al. Trehalose ameliorates 
oxidative stress-mediated mitochondrial dysfunction and ER stress via 
selective autophagy stimulation and autophagic flux restoration in 
osteoarthritis development. Cell Death Dis. 2017; 8(10): e3081.  

17. Chalifoux O, Faerman B, Mailloux RJ. Mitochondrial hydrogen peroxide 
production by pyruvate dehydrogenase and α-ketoglutarate dehydrogenase 
in oxidative eustress and oxidative distress. J Biol Chem. 2023; 299(12):105399.  

18. Rodriguez-Enriquez S, Kai Y, Maldonado E, Currin RT, Lemasters JJ. Roles of 
mitophagy and the mitochondrial permeability transition in remodeling of 
cultured rat hepatocytes. Autophagy. 2009; 5(8):1099-106.  

19. Zhu M, Huang X, Shan H, Zhang M. Mitophagy in Traumatic Brain Injury: A 
New Target for Therapeutic Intervention. Oxid Med Cell Longev. 2022; 
2022:4906434.  

20. Nixon RA. The role of autophagy in neurodegenerative disease. Nat Med. 
2013;19(8):983-97.  

21. Lim J, Yue Z. Neuronal aggregates: formation, clearance, and spreading. Dev 
Cell. 2015; 32(4):491-501.  

22. He M, Ding Y, Chu C, Tang J, Xiao Q, Luo ZG. Autophagy induction stabilizes 
microtubules and promotes axon regeneration after spinal cord injury. Proc 
Natl Acad Sci U S A. 2016;113(40):11324-11329.  

23. Sun K, Jing X, Guo J, Yao X, Guo F. Mitophagy in degenerative joint diseases. 
Autophagy. 2021;17(9):2082-2092.  

24. Zhang L, Dai L, Li D. Mitophagy in neurological disorders. J 
Neuroinflammation. 2021;18(1):297.  

25. Simmons EC, Scholpa NE, Schnellmann RG. Mitochondrial biogenesis as a 
therapeutic target for traumatic and neurodegenerative CNS diseases. Exp 
Neurol. 2020; 329:113309.  

26. Fullgrabe J, Klionsky DJ, Joseph B. Histone post-translational modifications 
regulate autophagy flux and outcome. Autophagy. 2013; 9:1621-3. 

27. Ray SK. Modulation of autophagy for neuroprotection and functional 
recovery in traumatic spinal cord injury. Neural Regen Res. 
2020;15(9):1601-1612.  

28. Lipinski MM, Wu J, Faden AI, Sarkar C. Function and Mechanisms of 
Autophagy in Brain and Spinal Cord Trauma. Antioxid Redox Signal. 2015; 
23(6):565-77.  

29. Liao HY, Wang ZQ, Ran R, Zhou KS, Ma CW, Zhang HH. Biological Functions 
and Therapeutic Potential of Autophagy in Spinal Cord Injury. Front Cell Dev 
Biol. 2021; 9:761273.  

30. Lai Y, Hickey RW, Chen Y, Bayir H, Sullivan ML, Chu CT, et al. Autophagy is 
increased after traumatic brain injury in mice and is partially inhibited by the 
antioxidant gamma-glutamylcysteinyl ethyl ester. J Cereb Blood Flow Metab. 
2008; 28(3):540-50.  

31. Kanno H, Ozawa H, Sekiguchi A, Yamaya S, Itoi E. Induction of autophagy 
and autophagic cell death in damaged neural tissue after acute spinal cord 
injury in mice. Spine (Phila Pa 1976). 2011; 36(22): E1427-34.  

32. Chen Z, Fu Q, Shen B, Huang X, Wang K, He P, et al. Enhanced p62 expression 
triggers concomitant autophagy and apoptosis in a rat chronic spinal cord 
compression model. Mol Med Rep. 2014; 9(6):2091-6.  

33. Sakai K, Fukuda T, Iwadate K. Immunohistochemical analysis of the ubiquitin 
proteasome system and autophagy lysosome system induced after traumatic 
intracranial injury: association with time between the injury and death. Am J 
Forensic Med Pathol. 2014; 35(1):38-44.  

34. Zhou K, Zheng Z, Li Y, Han W, Zhang J, Mao Y, et al. TFE3, a potential 
therapeutic target for Spinal Cord Injury via augmenting autophagy flux and 
alleviating ER stress. Theranostics. 2020;10(20):9280-9302.  

35. Cao S, Shrestha S, Li J, Yu X, Chen J, Yan F, et al. Melatonin-mediated 
mitophagy protects against early brain injury after subarachnoid hemorrhage 
through inhibition of NLRP3 inflammasome activation. Sci Rep. 2017; 
7(1):2417.  

36. Franco-Iborra S, Vila M, Perier C. Mitochondrial Quality Control in 
Neurodegenerative Diseases: Focus on Parkinson's Disease and Huntington's 
Disease. Front Neurosci. 2018; 12:342.  

37. Ni HM, Williams JA, Ding WX. Mitochondrial dynamics and mitochondrial 
quality control. Redox Biol. 2015; 4:6-13.  

38. Duong QV, Levitsky Y, Dessinger MJ, Strubbe-Rivera JO, Bazil JN. Identifying 
Site-Specific Superoxide and Hydrogen Peroxide Production Rates From the 
Mitochondrial Electron Transport System Using a Computational Strategy. 
Function (Oxf). 2021;2(6): zqab050. 

39. Li L, Wang N, Jin Q, Wu Q, Liu Y, Wang Y. Protection of Tong-Qiao-Huo-Xue 
Decoction against Cerebral Ischemic Injury through Reduction Blood-Brain 
Barrier Permeability. Chem Pharm Bull (Tokyo). 2017;65(11):1004-1010.  

40. Wu S, Wang N, Li J, Wang G, Seto SW, Chang D, et al. Ligustilide Ameliorates 
the Permeability of the Blood-Brain Barrier Model In Vitro During 
Oxygen-Glucose Deprivation Injury Through HIF/VEGF Pathway. J 
Cardiovasc Pharmacol. 2019; 73(5):316-325.  

41. Choi ES, Yoon JJ, Han BH, Jeong DH, Lee YJ, Kang DG, et al. Ligustilide 
attenuates vascular inflammation and activates Nrf2/HO-1 induction and, NO 
synthesis in HUVECs. Phytomedicine. 2018; 38:12-23.  

42. Wu XM, Qian ZM, Zhu L, Du F, Yung WH, Gong Q, et al. Neuroprotective 
effect of ligustilide against ischaemia-reperfusion injury via up-regulation of 
erythropoietin and down-regulation of RTP801. Br J Pharmacol. 2011; 
164(2):332-43.  

43. Wu Q, Mao Z, Liu J, Huang J, Wang N. Ligustilide Attenuates Ischemia 
Reperfusion-Induced Hippocampal Neuronal Apoptosis via Activating the 
PI3K/Akt Pathway. Front Pharmacol. 2020; 11:979.  

44. Wu Q, Wang N, Wang Y, Wang GY, Piao XX. Protective effect of ligustilide 
against glutamate-induced apoptosis in PC12 cells. Yao Xue Xue Bao. 2015; 
50(2):162-168.  

45. Wu Q, Liu J, Mao Z, Tian L, Wang N, Wang G, et al. Ligustilide attenuates 
ischemic stroke injury by promoting Drp1-mediated mitochondrial fission via 
activation of AMPK. Phytomedicine. 2022; 95:153884.  

46. Mao Z, Tian L, Liu J, Wu Q, Wang N, Wang G, et al. Ligustilide ameliorates 
hippocampal neuronal injury after cerebral ischemia reperfusion through 
activating PINK1/Parkin-dependent mitophagy. Phytomedicine. 2022; 
101:154111.  

47. Huang JR, Zhang MH, Chen YJ, Sun YL, Gao ZM, Li ZJ, et al. Urolithin A 
ameliorates obesity-induced metabolic cardiomyopathy in mice via 
mitophagy activation. Acta Pharmacol Sin. 2023; 44(2):321-331.  

48. Ryu D, Mouchiroud L, Andreux PA, Katsyuba E, Moullan N, Nicolet-Dit-Félix 
AA, et al. Urolithin A induces mitophagy and prolongs lifespan in C. elegans 
and increases muscle function in rodents. Nat Med. 2016;22(8):879-88.  

49. Mohan J, Moparthi SB, Girard-Blanc C, Campisi D, Blanchard S, Nugues C, et 
al. ATG16L1 induces the formation of phagophore-like membrane cups. Nat 
Struct Mol Biol. 2024 Jun 4. 

50. Zhang Y, Wei Y, Wu M, Liu M, Liang S, Zhu X, et al. Cand2 inhibits 
CRL-mediated ubiquitination and suppresses autophagy to facilitate 
pathogenicity of phytopathogenic fungi. Plant Commun. 2024; 5(2):100720. 

51. Brentnall M, Rodriguez-Menocal L, De Guevara RL, Cepero E, Boise LH. 
Caspase-9, caspase-3 and caspase-7 have distinct roles during intrinsic 
apoptosis. BMC Cell Biol. 2013; 14:32  

52. Zhang A, Zhang Z, Liu Y, Lenahan C, Xu H, Jiang J, et al. The Role of Caspase 
Family in Acute Brain Injury: The Potential Therapeutic Targets in the Future. 
Curr Neuropharmacol. 2022; 20(6):1194-1211. 

53. Ow YP, Green DR, Hao Z, Mak TW. Cytochrome c: functions beyond 
respiration. Nat Rev Mol Cell Biol. 2008;9(7):532-42. 

54. Wai T, Langer T. Mitochondrial Dynamics and Metabolic Regulation. Trends 
Endocrinol Metab. 2016; 27(2):105-117. 

55. Varadarajan SG, Wang F, Dhande OS, Le P, Duan X, Huberman AD. 
Postsynaptic neuronal activity promotes regeneration of retinal axons. Cell 
Rep. 2023; 42(5):112476. 

56. Kothbauer KF. The Interpretation of Muscle Motor Evoked Potentials for 
Spinal Cord Monitoring. J Clin Neurophysiol. 2017;34(1):32-37. 

57. Serag I, Abouzid M, Elmoghazy A, Sarhan K, Alsaad SA, Mohamed RG. An 
updated systematic review of neuroprotective agents in the treatment of 
spinal cord injury. Neurosurg Rev. 2024; 47(1):132. 

58. Wang H, Liu C, Zhao Y, Gao G. Mitochondria regulation in ferroptosis. Eur J 
Cell Biol. 2020; 99:151058. 

59. Zhang Y, Sun C, Zhao C, Hao J, Zhang Y, Fan B, et al. Ferroptosis inhibitor SRS 
16-86 attenuates ferroptosis and promotes functional recovery in contusion 
spinal cord injury. Brain Res. 2019; 1706:48–57. 

60. Kullmann AF, Truschel ST, Wolf-Johnston AS, McDonnell BM, Lynn AM, 
Kanai AJ, et al. Acute spinal cord injury is associated with mitochondrial 
dysfunction in mouse urothelium. Neurourol Urodyn. 2019; 38(6):1551-1559.  

61. Yu D, Li M, Nie P, Ni B, Zhang Z, Zhou Y. Bcl-2/E1B-19KD-Interacting Protein 
3/Light Chain 3 Interaction Induces Mitophagy in Spinal Cord Injury in 
Rats Both In Vivo and In Vitro. J Neurotrauma. 2018; 35(18):2183-2194. 

62. Yu D, Li M, Ni B, Kong J, Zhang Z. Induction of neuronal mitophagy in acute 
spinal cord injury in rats. Neurotox Res. 2013; 24(4):512-22. 

63. Nie P, Wang H, Yu D, Wu H, Ni B, Kong J, et al. NIX Mediates Mitophagy in 
Spinal Cord Injury in Rats by Interacting with LC3. Cell Mol Neurobiol. 2022; 
42(6):1983-1994. 

64. Pfisterer U, Khodosevich K. Neuronal survival in the brain: neuron 
typespecific mechanisms. Cell Death Dis. 2017;8(3): e2643. 

65. Mortezaee K, Khanlarkhani N, Beyer C, Zendedel A. Inflammasome: Its role in 
traumatic brain and spinal cord injury, J. Cell. Physiol. 2018; 233(7): 5160–5169. 

66. Ramer LM, Ramer MS, Bradbury EJ. Restoring function after spinal cord 
injury: towards clinical translation of experimental strategies. Lancet Neurol. 
2014; 13(12):1241-56.  

67. Moujalled D, Strasser A, Liddell JR. Molecular mechanisms of cell death in 
neurological diseases. Cell Death Differ. 2021;28(7):2029-2044. 

68. Williams PR, Marincu BN, Sorbara CD, Mahler CF, Schumacher AM, 
Griesbeck O, et al. A recoverable state of axon injury persists for hours after 
spinal cord contusion in vivo. Nat Commun. 2014; 5:5683.  

69. Xiao S, Zhang Y, Liu Z, Li A, Tong W, Xiong X, et al. Alpinetin inhibits 
neuroinflammation and neuronal apoptosis via targeting the JAK2/STAT3 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

4405 

signaling pathway in spinal cord injury. CNS Neuroscience & Therapeutics 
2023; 29(4):1094-1108. 

70. Li N, Chen L, Zhao X, Gu C, Chang Y, Feng S. Targeting 
ANXA7/LAMP5-mTOR axis attenuates spinal cord injury by inhibiting 
neuronal apoptosis via enhancing autophagy in mice. Cell Death Discov. 
2023;9(1):309.  

71. Zhou Z, Li D, Fan X, Yuan Y, Wang H, Wang D, et al. Gold nanoclusters 
conjugated berberine reduce inflammation and alleviate neuronal apoptosis 
by mediating M2 polarization for spinal cord injury repair. Regen Biomater. 
2021; 9: rbab072.  

72. Xiao S, Zhong N, Yang Q, Li A, Tong W, Zhang Y, et al. Aucubin promoted 
neuron functional recovery by suppressing inflammation and neuronal 
apoptosis in a spinal cord injury model. Int Immunopharmacol. 2022; 
111:109163.  

73. Xia M, Zhang Y, Wu H, Zhang Q, Liu Q, Li G, et al. Forsythoside B attenuates 
neuro-inflammation and neuronal apoptosis by inhibition of NF-κB and 
p38-MAPK signaling pathways through activating Nrf2 post spinal cord 
injury. Int Immunopharmacol. 2022; 111:109120.  

74. Rong Y, Ji C, Wang Z, Ge X, Wang J, Ye W, et al. Small extracellular vesicles 
encapsulating CCL2 from activated astrocytes induce microglial activation 
and neuronal apoptosis after traumatic spinal cord injury. J 
Neuroinflammation. 2021;18(1):196. 

75. Li J, Li H, Cai S, Bai S, Cai H, Zhang X. CD157 in bone marrow mesenchymal 
stem cells mediates mitochondrial production and transfer to improve 
neuronal apoptosis and functional recovery after spinal cord injury. Stem Cell 
Res Ther. 2021;12(1):289.  

76. Li H, Zhang X, Qi X, Zhu X, Cheng L. Icariin Inhibits Endoplasmic Reticulum 
Stress-induced Neuronal Apoptosis after Spinal Cord Injury through 
Modulating the PI3K/AKT Signaling Pathway. Int J Biol Sci. 
2019;15(2):277-286.  

77. Chen Z, Guo H, Lu Z, Sun K, Jin Q. Hyperglycemia aggravates spinal cord 
injury through endoplasmic reticulum stress mediated neuronal apoptosis, 
gliosis and activation. Biomed Pharmacother. 2019; 112:108672.  

78. Zhao JF, Ren T, Li XY, Guo TL, Liu CH, Wang X. Research Progress on the 
Role of Microglia Membrane Proteins or Receptors in Neuroinflammation and 
Degeneration. Front Cell Neurosci. 2022; 16:831977.  

79. Schapira AHV. Mitochondrial diseases. Lancet. 2012;379(9828):1825–34. 
80. Fang SY, Roan JN, Lee JS, Chiu MH, Lin MW, Liu CC, et al. Transplantation of 

viable mitochondria attenuates neurologic injury after spinal cord ischemia. J 
Thorac Cardiovasc Surg. 2021;161(5):e337-e347.  

81. Luo C, Tao L. The function and mechanisms of autophagy in spinal cord 
injury. Adv Exp Med Biol. 2020; 1207: 649–54. 

82. Zhou K, Chen H, Xu H, Jia X. Trehalose augments neuron survival and 
improves recovery from spinal cord injury via mTOR-independent activation 
of autophagy. Oxid Med Cell Longev. 2021; 2021: 8898996. 

83. Gu Y, Chen D, Zhou L, Zhao X, Lin J, Lin B, et al. Lysine-specific demethylase 
1 inhibition enhances autophagy and attenuates early-stage post-spinal cord 
injury apoptosis. Cell Death Discov. 2021; 7:69. 

84. Rong Y, Liu W, Wang J, Fan J, Luo Y, Li L, et al. Neural stem cell-derived small 
extracellular vesicles attenuate apoptosis and neuroinflammation after 
traumatic spinal cord injury by activating autophagy. Cell Death Dis. 2019; 
10:340. 

85. Deretic V. Autophagy in inflammation, infection, and immunometabolism. 
Immunity. 2021; 54:437–53. 

86. Mukhopadhyay S, Panda PK, Sinha N, Das DN, Bhutia SK. Autophagy and 
apoptosis: where do they meet? Apoptosis. 2014; 19(4):555-66. 

87. Koebis M, Urata S, Shinoda Y, Okabe S, Yamasoba T, Nakao K. Biological 
functions and therapeutic potential of autophagy in spinal cord injury. Front 
Cell Dev Biol.2021; 9:761273. 

88. Li N, Wang J, Zang X, Wang Z, Zhang T, Zhao B, et al. H2S probe CPC inhibits 
autophagy and promotes apoptosis by inhibiting glutathionylation of Keap1 
at Cys434. Apoptosis. 2021; 26:111–31. 

89. Pavlyuchenkova AN, Smirnov MS, Chernyak BV, Chelombitko MA. The Role 
Played by Autophagy in FcεRI-Dependent Activation of Mast Cells. Cells. 
2024; 13(8):690.  

90. Papinska J, Bagavant H, Gmyrek GB, Sroka M, Tummala S, Fitzgerald KA, 
Deshmukh US. Activation of Stimulator of Interferon Genes (STING) and 
Sjögren Syndrome. J Dent Res. 2018; 97(8):893-900.  

91. Kwon D, Park E, Kang SJ. Stimulator of IFN genes-mediated DNA-sensing 
pathway is suppressed by NLRP3 agonists and regulated by mitofusin 1 and 
TBC1D15, mitochondrial dynamics mediators. FASEB J. 2017; 
31(11):4866-4878.  

92. Zhang L, Zheng XC, Huang YY, Ge YP, Sun M, Chen WL, et al. Carbonyl 
cyanide 3-chlorophenylhydrazone induced the imbalance of mitochondrial 
homeostasis in the liver of Melodrama amblycephala: A dynamic study. Comp 
Biochem Physiol C Toxicol Pharmacol. 2021; 244:109003. 

93. Xu B, Zhou Z, Fang J, Wang J, Tao K, Liu J, et al. Exosomes derived from 
schwann cells alleviate mitochondrial dysfunction and necroptosis after spinal 
cord injury via AMPK signaling pathway-mediated mitophagy. Free Radic 
Biol Med. 2023; 208:319-333. 

94. Li Q, Gao S, Kang Z, Zhang M, Zhao X, Zhai Y, et al. Rapamycin Enhances 
Mitophagy and Attenuates Apoptosis After Spinal Ischemia-Reperfusion 
Injury. Front Neurosci. 2018; 12:865. 

95. Mao Y, Du J, Chen X, Al Mamun A, Cao L, Yang Y, et al. Maltol Promotes 
Mitophagy and Inhibits Oxidative Stress via the Nrf2/PINK1/Parkin Pathway 
after Spinal Cord Injury. Oxid Med Cell Longev. 2022; 2022:1337630. 

96. Jiang D, Yang X, Ge M, Hu H, Xu C, Wen S, et al. Zinc defends against 
Parthanatos and promotes functional recovery after spinal cord injury through 
SIRT3-mediated anti-oxidative stress and mitophagy. CNS Neurosci Ther. 
2023; 29(10):2857-2872. 

97. Hu CY, Zhang QY, Chen JH, Wen B, Hang WJ, Xu K, et al. Protective Effect of 
Salidroside on Mitochondrial Disturbances via Reducing Mitophagy and 
Preserving Mitochondrial Morphology in OGD-induced Neuronal Injury. 
Curr Med Sci. 2021; 41(5):936-943. 

98. Meng Q, Chen Z, Gao Q, Hu L, Li Q, Li S, et al. Rosiglitazone Ameliorates 
Spinal Cord Injury via Inhibiting Mitophagy and Inflammation of Neural 
Stem Cells. Oxid Med Cell Longev. 2022; 2022:5583512. 

99. Marinković M, Novak I. A brief overview of BNIP3L/NIX receptor-mediated 
mitophagy. FEBS Open Bio. 2021; 11(12):3230-3236.  

100. Nie P, Wang H, Yu D, Wu H, Ni B, Kong J, et al. NIX Mediates mitophagy in 
spinal cord injury in rats by interacting with LC3. Cell Mol 
Neurobiol.2022;42(6): 1983-1994.  

101. Dhingra R, Gang H, Wang Y, Biala AK, Aviv Y, Margulets V, et al. 
Bidirectional regulation of nuclear factor-κB and mammalian target of 
rapamycin signaling functionally links bnip3 gene repression and cell survival 
of ventricular myocytes. Circulation. 2013; 6:335–343. 

102. Chaanine AH, Kohlbrenner E, Gamb SI, Guenzel AJ, Klaus K, Fayyaz AU, et 
al. FOXO3a regulates BNIP3 and modulates mitochondrial calcium, dynamics, 
and function in cardiac stress. Am J Physiol Heart Circ 
Physiol.2016;311:H1540–H1559. 

103. Nakamura Y, Kitamura N, Shinogi D, Yoshida M, Goda O, Murai R, et al. 
BNIP3 and NIX mediate Mieap-induced accumulation of lysosomal proteins 
within mitochondria. Plos One. 2012; 7: e30767. 

104. Gugnoni M, Sancisi V, Gandolfi G, Manzotti G, Ragazzi M, Giordano D, et al. 
Cadherin-6 promotes EMT and cancer metastasis by restraining autophagy. 
ONCOGENE. 2017; 36:667–677. 

105. Koentjoro B, Park J, Sue CM. Nix restores mitophagy and mitochondrial 
function to protect against PINK1/Parkin-related Parkinson’s disease. Sci Rep. 
2017; 7(1):44373. 

106. Wu X, Zheng Y, Liu M, Li Y, Ma S, Tang W, et al. BNIP3L/NIX degradation 
leads to mitophagy deficiency in ischemic brains. Autophagy. 2021; 
17(8):1934-1946  

107. Yuan Y, Zheng Y, Zhang X, Chen Y, Wu X, Wu J, et al. BNIP3L/NIX-mediated 
mitophagy protects against ischemic brain injury independent of PARK2. 
Autophagy. 2017; 13(10):1754-1766.  

108. Tian T, Zhang S, Yang M. Recent progress and challenges in the treatment of 
spinal cord injury. Protein Cell. 2023;14(9):635-652. 

109. Hall ED. Antioxidant therapies for acute spinal cord injury. 
Neurotherapeutics. 2011;8(2):152-67. 

110. Firgany, AEL, Sarhan, NR. Quercetin mitigates monosodium 
glutamate-induced excitotoxicity of the spinal cord motoneurons in aged rats 
via P38 mapk inhibition. Acta Histochem. 2020; 122:151554.  

111. Song Y, Liu J, Zhang F, Zhang J, Shi T, Zeng Z. Antioxidant effect of quercetin 
against acute spinal cord injury in rats and its correlation with the 
P38mapk/inos signaling pathway. Life Sci. 2013; 92: 1215–21. 

112. Fu J, Fan HB, Guo Z, Wang Z, Li XD, Li J, et al. Salvianolic acid B attenuates 
spinal cord ischemia-reperfusion-induced neuronal injury and oxidative stress 
by activating the extracellular signal-regulated kinase pathway in rats. J. Surg. 
Res. 2014; 188: 222–230. 

113. Çiftçi U, Delen E, Vural M, Uysal O, Turgut Coşan D, Baydemir C, et al. 
Efficiacy of resveratrol and quercetin after experimental spinal cord injury. 
Ulus. Travma Acil Cerrahi Derg. 2016; 22: 423–31. 

114. Cemil B, Topuz K, Demircan MN, Kurt G, Tun K, Kutlay M, et al. Curcumin 
improves early functional results after experimental spinal cord injury. Acta 
Neurochir. 2010; 152: 1583–1590. 

115. Lin MS, Lee YH, Chiu WT, Hung KS. Curcumin provides neuroprotection 
after spinal cord injury. J. Surg. Res. 2011; 166: 280–289. 

116. Grau JW, Hudson KE, Johnston DT, Partipilo SR. Updating perspectives on 
spinal cord function: motor coordination, timing, relational processing, and 
memory below the brain. Front Syst Neurosci. 2024; 18:1184597. 

117. Flora G, Joseph G, Patel S, Singh A, Bleicher D, Barakat DJ, et al. Combining 
neurotrophin-transduced schwann cells and rolipram to promote functional 
recovery from subacute spinal cord injury. Cell Transplant. 2013; 
22(12):2203-17. 

118. Levite M. Glutamate, T cells and multiple sclerosis. J Neural Transm (Vienna). 
2017; 124(7):775-798. 

119. Spillane M, Ketschek A, Merianda TT, Twiss JL, Gallo G. Mitochondria 
coordinate sites of axon branching through localized intra-axonal protein 
synthesis. Cell Rep 2013; 5:1564–1575. 

120. O’Donnell KC, Vargas ME, Sagasti A. WldS and PGC-1α regulate 
mitochondrial transport and oxidation state after axonal injury. J Neurosci. 
2013; 33:14778–14790 

121. Keefe AJ, Gabrych DR, Zhu Y, Vocadlo DJ, Silverman MA. Axonal Transport 
of Lysosomes Is Unaffected in Glucocerebrosidase-Inhibited iPSC-Derived 
Forebrain Neurons. eNeuro. 2023; 10(10):ENEURO.0079-23.2023.  

122. Han Q, Xie Y, Ordaz JD, Huh AJ, Huang N, Wu W, et al. Restoring cellular 
energetics promotes axonal regeneration and functional recovery after spinal 
cord injury. Cell Metab. 2020; 31(623–641): e628 



Int. J. Biol. Sci. 2024, Vol. 20 
 

 
https://www.ijbs.com 

4406 

123. Li Q, Ni H, Rui Q, Ding J, Kong X, Kan X, et al. Armcx1 Reduces Neurological 
Damage Via a Mitochondrial Transport Pathway Involving Miro1 After 
Traumatic Brain Injury. Neuroscience. 2024; 545:111-124. 

124. Cheng XT, Sheng ZH. Developmental regulation of microtubule-based 
trafficking and anchoring of axonal mitochondria in health and diseases. Dev 
Neurobiol. 2021; 81(3):284-299. 

 


