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Introduction

Spinal cord injury (SCI) is a debilitating condition character-
ized by significant motor and sensory impairments1. It poses 
a major global health concern, presenting significant chal-
lenges to both clinical medicine and fundamental research2. 
SCI imposes a considerable burden on affected individuals 
and society as a whole3. The prevalence of SCI is alarmingly 
high, with an estimated 2.5 million individuals worldwide 
currently affected by this condition4. Moreover, the annual 
incidence of new SCI cases is reported to exceed 130,0005. 
The pathological mechanisms involved in SCI encompass 
both primary and secondary injuries6. Primary injury refers 
to the immediate damage caused by trauma or other factors 
such as tumors or infection7. On the other hand, secondary 
injury involves a complex series of molecular events that 
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Abstract
Spinal cord injury (SCI) severely affects the quality of life and autonomy of patients, and effective treatments are currently 
lacking. Autophagy, an essential cellular metabolic process, plays a crucial role in neuroprotection and repair after SCI. 
Glycoprotein non-metastatic melanoma protein B (GPNMB) has been shown to promote neural regeneration and synapse 
reconstruction, potentially through the facilitation of autophagy. However, the specific role of GPNMB in autophagy after SCI 
is still unclear. In this study, we utilized the spinal cord transection method to establish SCI rats model and overexpressed 
GPNMB using adenoviral vectors. We assessed tissue damage using hematoxylin and eosin (H&E) and Nissl staining, and 
observed cell apoptosis using TUNEL staining. We evaluated the inflammatory response by measuring inflammatory factors 
using enzyme-linked immunosorbent assay (ELISA). In addition, we measured reactive oxygen species (ROS) levels using 
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), and assessed oxidative stress levels by measuring malondialdehyde 
(MDA) and glutathione (GSH) using ELISA. To evaluate autophagy levels, we performed immunofluorescence staining for 
the autophagy marker Beclin-1 and conducted Western blot analysis for autophagy-related proteins. We also assessed 
limb recovery through functional evaluation. Meanwhile, we induced cell injury using lipopolysaccharide (LPS) and added 
an autophagy inhibitor to verify the impact of GPNMB on SCI through autophagy modulation. The results demonstrated 
that GPNMB alleviated the inflammatory response, reduced oxidative stress levels, inhibited cell apoptosis, and promoted 
autophagy following SCI. Inhibiting autophagy reversed the effects of GPNMB. These findings suggest that GPNMB promotes 
neural injury repair after SCI, potentially through attenuating the inflammatory response, reducing oxidative stress, and 
inhibiting cell apoptosis.
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lead to more severe damage to the spinal cord and its func-
tions8. A critical factor in the prolonged deterioration of the 
spinal cord following injury is apoptosis, a process of pro-
grammed cell death9. Inhibition of neuronal apoptosis result-
ing from secondary injury has been identified as crucial for 
promoting neural functional recovery10.

Autophagy is a widely observed degradation process that 
operates within lysosomes and is crucial in a range of patho-
physiological contexts11–13. Recent research has shed light on 
the important role of autophagy in SCI, including its regula-
tion and the extent of autophagy flux14. These findings have 
significant implications, suggesting that targeting autophagy 
could potentially offer a novel neuroprotective strategy and 
provide a fresh perspective for the clinical management of 
SCI15. Studies have demonstrated that following SCI, there is 
an occurrence of neuroinflammation that can trigger autoph-
agy. The activated autophagy, in turn, can partially mitigate 
the inflammatory response16,17. Simultaneously, activated 
cellular autophagy can eliminate a portion of oxidative stress 
products, leading to a reduction in cellular apoptosis18. 
Hence, regulating autophagy is an effective neurorecovery 
strategy after SCI.

Glycoprotein non-metastatic melanoma protein B 
(GPNMB) is a glycoprotein that spans the cell membrane 
and is abundantly present in various tissues and cell types. 
Its expression has been observed to be closely linked to 
essential biological processes, including cell proliferation, 
migration, survival, immune, and inflammatory responses19. 
A research study conducted an analysis of mRNA changes 
in the spinal cord following sciatic nerve injury using tran-
scriptomics, the study observed a significant upregulation of 
GPNMB mRNA levels in the spinal cord after the injury, 
which was further confirmed through polymerase chain 
reaction (PCR) analysis20. In addition, proteomic analysis of 
rats with SCI showed an overlap with the differential gene 
expression observed in the transcriptomic analysis, indicat-
ing an increase in GPNMB expression in spinal cord sam-
ples following SCI21. GPNMB is upregulated after cerebral 
ischemia–reperfusion injury (IRI), and genomic overexpres-
sion of GPNMB significantly improves infarct volume and 
is neuroprotective against IRI through phosphorylation of 
ERK1/2 and Akt22. GPNMB attenuates Alzheimer’s disease 
and enhances autophagy through inhibition of mTOR sig-
naling23. The above-mentioned studies indicate that GPNMB 
can exert a positive neuroprotective effect after injury. 
However, whether GPNMB can promote neuroregeneration 
after SCI and whether its specific mechanism is related to 
autophagy remains unclear. This study aims to investigate 
the specific role of GPNMB after SCI and its potential 
involvement in autophagy-mediated mechanisms through a 
combination of in vivo and in vitro experiments, with the 
goal of identifying new therapeutic targets and providing a 
theoretical basis for clinical treatment.

Materials and Methods

Animals

Healthy adult male Sprague-Dawley (SD) rats, aged 9 weeks 
and weighing between 220 and 240 g, were procured from 
Shanghai Bikai Biological Technology Co., Ltd. The rats 
were maintained under controlled conditions with ad libitum 
access to food and water. The housing environment was 
maintained at a temperature of 20°C–26°C, relative humidity 
of 40%–70%, and a 12-h light–dark cycle. All animal experi-
ments complied with the ethical guidelines for animal exper-
imentation and were approved by the Clinical Research and 
Laboratory Animal Ethics Committee, the First Affiliated 
Hospital of Sun Yat-sen University (No. 2023[216]). All 
experimental protocols strictly followed the guidelines out-
lined in the National Institutes of Health (NIH) Guide for  
the Care and Use of Laboratory Animals (NIH Publication 
No. 8023).

SCI Animal Model and Treatment

In the GPNMB gene overexpression experiment in rats, the 
AAV2/9-CMV-GPNMB-WPRE-pA expression vector 
(AAV-GPNMB) and its negative control (AAV-NC) pro-
vided by Shanghai TaiTu Biotechnology Co., Ltd. was uti-
lized. Twenty SD rats were randomly divided into four 
groups: a sham surgery group (Sham), an SCI group, an SCI 
group given AAV-NC (SCI + NC), and an SCI group given 
AAV-GPNMB (SCI + GPNMB). The rat model of SCI was 
established using the spinal cord transection method24. In 
summary, rats in the SCI group received abdominal injection 
of 10% aqueous chloral hydrate (3.5 ml/kg) for anesthesia 
and were positioned prone, securely fixed to the operating 
table. After disinfecting the skin and hair in the incision area, 
we made a longitudinal incision of 1–1.5 cm in the midline 
of the back, centered around the T10 vertebra. We then per-
formed blunt dissection of the bilateral vertebral muscles, 
achieving hemostasis through compression. Removing the 
vertebral lamina exposed the T9–T11 vertebrae, revealing 
the spinal cord. At the T10 level, we used microsurgical scis-
sors to transect a 2-mm section of the spinal cord, which was 
subsequently extracted. The sham group underwent the same 
surgical procedure without causing any spinal cord damage.

Rats in the SCI + NC and SCI + GPNMB groups were 
given intraspinal injections 30 min after SCI. A microsyringe 
(Hamilton) was employed to connect the rats to the World 
Precision Instruments (WPI) microinjection pump system 
along with its controller. A 5-μl virus solution was injected 
into the spinal cord sheath at the T9 a rate of 1 μl/min. 
Hemostasis was ensured after the injection, and layered sutur-
ing was performed. The rats were then placed in a warm envi-
ronment until they regained consciousness. Subsequently, 
penicillin sodium (400,000 U/rat) was subcutaneously injected 
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twice daily for 5 consecutive days to prevent bacterial infec-
tion. Manual bladder voiding was conducted twice daily until 
natural urination was restored.

At the end of the experiment, rats were anesthetized by 
intraperitoneal injection of 10% chloral hydrate, restrained in 
the supine position, and the thoracic cavity was exposed. A 
catheter was threaded via the ascending aorta into the heart, 
through which 250 ml of physiological saline was swiftly 
flushed for 5 min. Then, a 4% paraformaldehyde solution 
was infused from the left ventricle to the ascending aorta, 
with an incrementally changing infusion rate. The perfusion 
was kept steady for 30 min, after which the spinal cord was 
extracted. Centering upon the transverse section of the spinal 
cord, extract spinal cord tissue approximately 2 cm in length 
for subsequent research.

Basso, Beattie, and Bresnahan Test

The Basso, Beattie, and Bresnahan (BBB) test is a compre-
hensive assessment of hindlimb motor function in rats, utiliz-
ing a scale ranging from 0 to 2125. A score of 0 represents 
complete paralysis of the hindlimbs, while 21 indicates 
unimpaired locomotion. Motor function was evaluated using 
the BBB score before and at 1, 3, 7, 14, 21, and 28 days fol-
lowing SCI. The assessment includes multiple aspects of 
hind limb movements such as joint movement, weight-bear-
ing capacity, stepping patterns, coordination, paw position-
ing, trunk stability, and tail control within an open-field 
environment. The test was performed by two experimenter 
who were blinded to the experimental conditions. Each rat 
was observed for over 3 min, with one experimenter dedi-
cated to recording the score. Prior to the test, the rats were 
examined to establish their baseline motor function. The 
scores from each testing session were then averaged to pro-
vide an overall measure of performance. This standardized 
protocol ensured the accuracy and consistency of the evalua-
tion procedure.

Louisville Swimming Scale Test

The Louisville Swimming Scale (LSS) is an 18-point scale 
(0–17) with three ranges: 0–5, 6–11, and 12–1726. Rats were 
evaluated 1 day before and at post-injury days 7, 14, 21, and 
28. This assessment aims to evaluate swimming performance 
based on three primary components: forelimb dependency, 
hindlimb activity, and body position. In normal rats, swim-
ming relies entirely on hindlimb propulsion, with forelimbs 
used sporadically for steering. The trunk remains at an angle 
of 20° or less to the water surface, and hindlimbs kick alter-
nately to propel the animal through the water. In contrast, 
rats with moderately severe spinal cord injuries exhibit com-
plete reliance on their forelimbs for swimming, displaying a 
tail-down body angle greater than 45° and/or rotational insta-
bility of 45° or more around the long axis. According to the 
LSS, animals scoring in the 0–5 category are poor swimmers 

heavily dependent on their forelimbs for forward propulsion 
with minimal hindlimb movement. Animals scoring in the 
6–11 range are intermediate swimmers with intermittent to 
frequent hindlimb movement, some residual reliance on 
forelimbs, mild trunk instability, and a mild body angle (21°–
45°, tail-down from horizontal) during forward locomotion. 
Animals scoring 12 and higher exhibit consistent hindlimb 
movement, little to no forelimb dependency, minimal trunk 
instability, and frequent to consistent alternating hindlimb 
movement.

Grid Walking Test

The grid walking test is a method used to evaluate hindlimb 
placement control in animals after brain or SCI27. The rats 
were evaluated on day 28 of the experiment. It involves plac-
ing the animals on a horizontal or inclined grid with a dis-
tance of 2.5 cm between the bars. The animals are trained to 
find food and water above the grid, and behavioral data such 
as the number of hindlimb slips, footstep sounds, and time to 
traverse the distance are recorded.

Hematoxylin and Eosin and Nissl Staining

The excised spinal cord was immersed in 4% paraformalde-
hyde overnight, with approximately 0.5 cm of spinal cord 
preserved on both sides of the transverse section. The tissue 
was embedded in paraffin and cut into 4- to 6-μm-thick slices 
using a microtome. The 4 μm sections were stained with 
hematoxylin and eosin (H&E) staining solution. The 6 μm 
sections were deparaffinized and stained with Nissl staining 
solution (Beyotime, Shanghai) at a temperature of 50°C–60°C. 
Tissue pathology images were obtained using an optical 
microscope (Leica, Germany).

Cell Culture and Treatment

PC12 cells (CRL-1721, Shanghai Cell Biology Institute) 
were cultured in Roswell Park Memorial Institute (RPMI)-
1640 medium supplemented with 5% fetal bovine serum 
(FBS), 1% antibiotics, and 10% horse serum at 37°C in a 
humidified atmosphere with 5% CO2. After cell attachment, 
the medium was replaced with differentiation medium  
containing nerve growth factor (NGF), horse serum, and 
antibiotics. The cells were cultured for 7 days to obtain dif-
ferentiated PC12 cells. For stimulation experiments, PC12 
cells were seeded in a six-well plate and treated with 5 μg/ml 
of lipopolysaccharide (LPS) (L2630, Sigma-Aldrich) for 12 
h. Cells treated with phosphate-buffered saline (PBS; P4474, 
Sigma-Aldrich) were used as the control. The cells in the 
LPS + NC group, LPS + GPNMB group, and LPS + 
GPNMB + 3-MA group were transfected with the corre-
sponding virus vector using Lipofectamine 3000 (Sigma-
Aldrich, St. Louis, MO). After 48 h, the cells were treated 
with LPS for 12 h. To inhibit the activity of autophagy, 
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specific cell cultures were supplemented with 1 mM of 3-MA 
(189490, Sigma-Aldrich).

Cell Viability Assay

After the incubation period, the treated PC12 cells were 
washed and transferred to a new 96-well plate. RPMI-1640 
medium (100 µl) was added to each well, followed by the 
addition of 10 µl of CCK-8 reagent. The plate was then incu-
bated at 37°C for a specified period. The cell viability was 
assessed by measuring the absorbance at a wavelength of 
450 nm using a microplate reader. This methodology allowed 
the evaluation of cell viability in the treated PC12 cells using 
the CCK-8 assay, providing insights into the impact of the 
experimental treatments on cell survival.

Reactive Oxygen Species Assay

The ROS (reactive oxygen species) assay kit (CA1410, 
Solarbio) was used to measure the levels of ROS in the spinal 
cord and PC12 cells of each group. The spinal cord was 
placed in pancreatic enzyme solution and mixed thoroughly 
using a pipette for 2 min to ensure a homogeneous mixture. 
The homogenate was then filtered through a 200-mesh sieve 
to obtain a cell suspension. The tissue cell suspensions and 
PC12 cell suspension were incubated with 2′,7′-dichlorodi-
hydrofluorescein diacetate (DCFH-DA, 10 μM) at 37°C for 
25 min. The mixture was inverted every 3–5 min to ensure 
complete contact between the probe and the cells. The sam-
ples were imaged under a microscope, such as one from 
Olympus, Tokyo, Japan. Quantitative analysis of ROS levels 
was performed using image processing software, such as 
ImageJ v1.53c, developed by Schneider et al. at the NIH, 
Bethesda, Maryland, USA in 2012.

Western Blotting

Spinal cord tissues were homogenized with RIPA (radioim-
munoprecipitation assay) lysate containing protease inhibi-
tors, and PC12 cells were treated with RIPA lysate containing 
protease inhibitors for 15 minutes. After centrifugation, the 
supernatant were collected to quantify the protein concentra-
tion using the BCA (bicinchoninic acid) protein quantifica-
tion kit. Mix the supernatant with loading buffer and denature 
the proteins. Perform sodium dodecyl-sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) gel electrophoresis 
with two stages. Transfer the proteins to a membrane and 
block with 5% skim milk. Incubate the membrane overnight 
at 4°C with the primary antibodies (LC3, 1:2,000, Abcam; 
Beclin-1, 1:2,500, CST; p62, 1:3,000, CST; BCL-2, 1:1,000, 
CST; Bax, 1:2,000, CST). Then, incubate the membrane for 
2 h at room temperature with the appropriate secondary anti-
body. Develop the membrane in the dark and capture gel 
images using a gel imaging system.

Enzyme-Linked Immunosorbent Assay

The levels of malondialdehyde (MDA) and glutathione 
(GSH) in spinal cord tissues and PC12 cells were determined 
using the Lipid Peroxidation MDA Assay Kit (88-3909-22, 
eBioscience) and GSH Assay Kit (88-50600-22, eBiosci-
ence) according to the manufacturer’s instructions. Tissue 
homogenate samples and cell supernatants were added to 
microtiter plate wells containing specific capture antibodies. 
Wash and add enzyme-labeled detection antibodies. After 
washing, add substrate to initiate enzyme reaction. Measure 
absorbance at 450 nm for quantification.

TUNEL Staining

The TUNEL Staining Kit from Wuhan Sanying Biotechnology 
Co., Ltd. was used to detect neuronal death in injured spinal 
cords. Paraffin slices of spinal cord tissue were deparaf-
finized with DNase-free proteinase K for 15 min. PC12 cells 
were washed with PBS and fixed with 4% paraformaldehyde 
for 30 min. PBS was washed and cells were resuspended by 
adding PBS containing 0.3% Triton X-100 and incubated at 
room temperature for 5 min. Sections and cells were washed 
and added to TUNEL assay solution and incubated at for 1 h 
at 37°C in the dark. After counterstaining with DAPI 
(4′,6-diamidino-2-phenylindole), the sections were observed 
under a fluorescence microscope.

Immunofluorescence Staining

After the sections have been pretreated with xylene and 
sodium citrate, they are incubated at 37°C in PBS contain-
ing 10% normal bovine serum and 0.1% Triton X-100 for 1 
h. The cells were fixed with 4% neutral formaldehyde at 
4°C for 15 min, the fixative was removed, and the cells 
were washed 3 times with pre-chilled Tris-buffered saline 
(TBS) buffer at 4°C. The sections and cells were com-
pletely covered with 5% normal goat serum, and the slices 
were placed in a humid chamber, while the cell culture 
plate was sealed and placed in a constant temperature and 
humidity incubator at 37°C for 30 min. Next, the appropri-
ate primary antibodies, NeuN (1:2,000 dilution) and 
Beclin-1 (1:1,500 dilution), are added to the sections and 
incubated overnight at 4°C. The sections are then washed 
three times with PBS at room temperature. Subsequently, 
the corresponding secondary antibodies (1:1,000 dilution) 
are applied and incubated at 37°C, avoiding exposure to 
light, for 1 h. After three additional washes with PBS, each 
for 5 min, the sections are stained with DAPI (0.25 mg/ml) 
for 10 min to visualize the cell nuclei. Fluorescent images 
are captured using an Olympus CKX53 inverted micro-
scope (Olympus, Japan) at the boundaries of the normal 
and damaged regions in the corresponding anatomical area. 
Assuming at least three images with regions of interest are 
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analyzed using J software, the data obtained can be pro-
cessed using SPSS 26 software to generate statistical graphs.

Statistical Analyses

Statistical analyses were performed using SPSS 26.0 (SPSS, 
Chicago, IL). The data were reported as mean ± standard 
deviation (SD). Comparisons between two independent 
groups were assessed using an independent-samples t-test. 
Comparisons among more than three groups were evaluated 
using one-way analysis of variance (ANOVA) with the least 
significant difference (LSD) post hoc test, assuming equal 
variances. A significance level of P < 0.05 was used to deter-
mine statistical significance.

Results

GPNMB Promotes Motor Function Recovery 
After SCI

We utilized the adeno-associated virus (AAV)-mediated 
cDNA injection technique to introduce GPNMB into the site 
of SCI. Through protein analysis, we observed a higher 

expression level of GPNMB in the SCI + GPNMB group 
compared with the SCI + NC group (Fig. 1A), confirming the 
success of our method. Assessing the motor function, we noted 
a significant decline in BBB scores for the SCI group com-
pared with the sham group, indicating the pronounced impact 
of SCI on motor function. However, on the seventh day, the 
SCI + GPNMB group exhibited a notable improvement com-
pared with the SCI + NC group (P < 0.001; Fig. 1C). In terms 
of LSS scores, a significant increase was observed on the 14th 
day specifically in the SCI + GPNMB group (P < 0.001; Fig. 
1D). Finally, on the 28th day, during the grid error experiment, 
the SCI + GPNMB group demonstrated significantly reduced 
error rates compared with the SCI + NC group (P < 0.001; 
Fig. 1E). These findings highlight that overexpressing 
GPNMB can facilitate the recovery of motor function and play 
a beneficial role in SCI.

GPNMB Ameliorates Spinal Cord Tissue Damage 
in Rats After SCI

Autophagy can function as an adaptive response to mitigate 
cellular stress and enhance cell viability, thereby suppressing 

Figure 1.  GPNMB promotes motor function recovery after SCI. (A, B) Western blot detected the expressions of GPNMB. BBB 
scores (C), LSS scores (D), and grid error (E) were used to assess the motor function of rat limbs. BBB: Basso, Beattie, and Bresnahan; 
GPNMB: glycoprotein non-metastatic melanoma protein B; LSS: Louisville Swimming Scale; NC: negative control; SCI: . Compared with 
the sham group, *P < 0.05, **P < 0.01, ***P < 0.001, and when compared with the SCI group, #P < 0.05; ###P < 0.001.
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apoptosis28. To evaluate tissue damage and recovery, we 
examined rat spinal cord tissue sections using H&E and 
Nissl staining. Compared with the sham group, the SCI 
group exhibited structural disarray, infiltration of inflamma-
tory cells, nuclear condensation of neurons, and translucent 

areas indicating dissolution of central Nissl bodies. However, 
when compared with the SCI + NC group, the SCI + 
GPNMB group showed reduced neuronal wrinkling, signifi-
cantly decreased necrotic areas and vacuoles, and a notable 
reduction in inflammatory cell infiltration (Fig. 2A, B). 

Figure 2.  GPNMB ameliorates spinal cord tissue damage in rats after SCI. H&E (A) and Nissl (B) staining were used to evaluate the 
extent of spinal cord tissue damage in rats. TUNEL staining (C) was performed to assess neuronal apoptosis. Immunofluorescence 
staining of NeuN (D) was conducted to evaluate neuronal survival. DAPI: 4′,6-diamidino-2-phenylindole; H&E: hematoxylin and eosin; 
GPNMB: glycoprotein non-metastatic melanoma protein B; NC: negative control; SCI: spinal cord injury.
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Furthermore, TUNEL staining revealed an increase in apop-
totic cell count in the SCI group, whereas the SCI + GPNMB 
group exhibited a significant decrease in apoptotic cells 
compared with the SCI + NC group (Fig. 2C). Conversely, 
immunofluorescence (IF) detection of neuronal survival 
demonstrated a higher number of surviving neurons in the 
SCI + GPNMB group compared with the SCI + NC group 
(Fig. 2D). These findings suggest that GPNMB may promote 
cell survival by inhibiting apoptosis.

GPNMB Alleviates Neuroinflammation and 
Oxidative Stress in Rats After SCI

Inflammatory responses and oxidative stress can activate the 
autophagy pathway, and at the same time, the autophagy 
pathway can regulate the extent of inflammatory responses 

and oxidative stress29. To assess neuroinflammation in rats 
after injury, we used ELISA to measure the levels of inflam-
matory cytokines tumor necrosis factor alpha (TNF-α), 
interleukin (IL)-1β, and IL-6. Compared with the sham 
group, the SCI group showed a significant inflammatory 
response. When compared with the SCI + NC group, treat-
ment with GPNMB demonstrated a reduction in inflamma-
tion at the site of injury (P < 0.001, P < 0.01, P < 0.001; 
Fig. 3A). Furthermore, we used the DCFH-DA assay kit to 
detect ROS and assessed MDA and GSH levels using corre-
sponding assay kits. The results showed that compared with 
the sham group, the SCI group exhibited significantly 
increased ROS activity, whereas the SCI + GPNMB group 
demonstrated a significant decrease in ROS activity com-
pared with the SCI + NC group (Fig. 3B). MDA levels were 
consistent with ROS measurements (P < 0.001; Fig. 3C), 

Figure 3.  GPNMB alleviates neuroinflammation and oxidative stress in rats after SCI. ELISA (A) was employed to quantify the 
expression levels of TNF-α, IL-1β, and IL-6 in spinal cord tissue. The DCFH-DA assay kit (B) was utilized to detect ROS. The expression 
levels of MDA and GSH were determined using MDA and GSH assay kits, respectively (C). DCFH-DA: 2′,7′-dichlorodihydrofluorescein 
diacetate; ELISA: enzyme-linked immunosorbent assay; GPNMB: glycoprotein non-metastatic melanoma protein B; GSH: glutathione; IL: 
interleukin; MDA: malondialdehyde; NC: negative control; ROS: reactive oxygen species; SCI: spinal cord injury; TNF-α: tumor necrosis 
factor alpha. Compared with the sham group, ***P < 0.001, and when compared with the SCI group, ##P < 0.01, ##P < 0.001.
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indicating a reduction in oxidative stress. In addition, GSH 
levels were significantly increased in the SCI + GPNMB 
group compared with the SCI + NC group (P < 0.001; Fig. 
3C). These findings suggest that GPNMB can alleviate neu-
roinflammation and oxidative stress.

GPNMB Promotes Autophagy Levels in Rats After 
SCI

To assess the autophagic activity after SCI, we evaluated the 
fluorescence of Beclin-1 and measured the protein levels of 
autophagic markers (LC3II, Beclin-1) and autophagic sub-
strate protein (p62). IF analysis showed enhanced fluores-
cence intensity of Beclin-1 (red fluorescence) in the SCI 

group compared with the sham group (Fig. 4A). In addition, 
a stronger fluorescence signal was observed in the SCI + 
GPNMB group compared with the SCI + NC group. Western 
blot analysis was conducted to measure the levels of LC3II, 
Beclin-1, and p62 proteins (Fig. 4B). The results demon-
strated that the optical density (OD) value of LC3II and 
Beclin-1 was significantly higher in the SCI group compared 
with the sham group (P < 0.001, P < 0.05; Fig. 4C, D), 
whereas the OD value of p62 was significantly lower in the 
SCI group compared with the sham group (P < 0.001; Fig. 
4E). When compared with the SCI + NC group, the SCI + 
GPNMB group showed a significant increase in the levels of 
LC3II and Beclin-1 (P < 0.001, P < 0.001; Fig. 4C, D), and 
a significant decrease in p62 levels (P < 0.01; Fig. 4E). 

Figure 4.  GPNMB promotes autophagy levels in rats after SCI. The expression levels of Beclin-1 (A) were assessed using 
immunofluorescence detection. The protein expression levels of LC3II, Beclin-1, and p62 (B–E) were determined using Western blot 
analysis. DAPI: 4′,6-diamidino-2-phenylindole; H&E: hematoxylin and eosin; GPNMB: glycoprotein non-metastatic melanoma protein B; 
NC: negative control; SCI: spinal cord injury. Compared with the sham group, *P < 0.05, **P < 0.01, ***P < 0.001, and when compared 
with the SCI group, ##P < 0.01, ###P < 0.001.
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These results indicate that GPNMB not only increases the 
levels of autophagic markers but also reduces the burden of 
autophagic substrate, potentially due to the overall increase 
in autophagic activity induced after SCI.

GPNMB Modulates the Levels of Autophagy in 
Response to Cellular Damage

To elucidate the regulatory role of GPNMB on autophagy 
following cellular damage, we employed an LPS-induced 
cell injury model and administered the GPNMB inhibitor, 
3-MA. This approach aimed to determine the suppressive 
effects of GPNMB on autophagy. Preliminary analysis using 
IF indicated increased Beclin-1 expression after LPS-induced 
injury. Compared with the LPS control group, the LPS + 
GPNMB group demonstrated a significant upregulation in 

Beclin-1 expression. In contrast, the LPS + GPNMB+3-MA 
group displayed a decrease in autophagy levels (Fig. 5A). 
Concurrently, Western blot results corroborated these obser-
vations. The LPS + GPNMB + 3-MA group exhibited a 
notable reduction in LC3II and Beclin-1 expression com-
pared with the LPS + GPNMB group (P < 0.05, Fig. 5C, D), 
while p62 levels exhibited an upward trend (P < 0.05;  
Fig. 5E). These findings suggest that GPNMB enhances 
autophagy at the cellular level, and its inhibitors can mitigate 
this effect.

GPNMB Reduces LPS-Induced Cell Damage by 
Enhancing Autophagy

Next, we validated the effects of GPNMB on autophagy, 
apoptosis, neuroinflammation, and oxidative stress at the 

Figure 5.  GPNMB modulates the levels of autophagy in response to cellular damage. Immunofluorescence was used to detect the 
expression levels of Beclin-1 in the presence or absence of 3-MA (5). Western blot analysis was conducted to assess the expression 
levels of LC3II, Beclin-1, and p62 in the presence or absence of 3-MA (B–E). GPNMB: glycoprotein non-metastatic melanoma protein B; 
LPS: lipopolysaccharide; NC: negative control. Compared with the control group, **P < 0.01, compared with the LPS group, ##P < 0.01, 
###P < 0.001, and when compared with the LPS + GPNMB group, @P < 0.05.
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cellular level. First, we used LPS-induced cell damage to 
simulate animal SCI. We added the LPS + GPNMB + 3-MA 
group to reverse-validate the role of GPNMB in SCI. Cell 
viability assays showed that the LPS group exhibited 
decreased viability compared with the control group, while 
the LPS + GPNMB group showed increased viability com-
pared with the LPS + NC group. However, the LPS + 
GPNMB + 3-MA group (P < 0.05, Fig. 6A) exhibited 
decreased viability compared with the LPS + GPNMB 
group. TUNEL staining depicted consistent results with the 
cell viability assay, reflecting the extent of cellular apoptosis 
(P < 0.001, Fig. 6B). Through the detection of autophagy-
related markers, we found that the LPS group promoted and 
enhanced autophagy. The LPS + GPNMB group exhibited 
even stronger autophagy, while the LPS + GPNMB + 3-MA 
group demonstrated a weakened trend (P < 0.05, Fig. 6C). 
Subsequently, we measured the levels of neuroinflammatory 
factors (TNF-α, IL-1β, and IL-6) and observed an elevation 
in the LPS group compared with the control group. In con-
trast, the LPS + GPNMB group displayed reduced levels 
compared with the LPS + NC group. However, the LPS + 
GPNMB + 3-MA group exhibited increased levels com-
pared with the LPS + GPNMB group (P < 0.01, P < 0.001, 
P < 0.05, Fig. 6D). Finally, we measured markers related to 
oxidative stress (ROS, MDA, and GSH). The results indi-
cated that ROS (Fig. 6E) and MDA (p < 0.05, Fig. 6F) levels 
were consistent with the inflammatory factors. Conversely, 
GSH levels were decreased in the LPS group compared with 
the control group, increased in the LPS + GPNMB group 
compared with the LPS + NC group, and decreased again in 
the LPS + GPNMB + 3-MA group (P < 0.05, Fig. 6F) com-
pared with the LPS + GPNMB group. These experimental 
findings suggest that GPNMB mitigates LPS-induced cellu-
lar damage by enhancing autophagy.

Discussion

The study investigated whether GPNMB improves neural 
injury in SCI by promoting autophagy through in vivo and in 
vitro experiments. The results indicated that GPNMB 
improves motor function in rats with SCI by mediating 
autophagy, reducing inflammation, apoptosis, and oxidative 
stress levels in the spinal cord and PC12 cells. This suggests 
that GPNMB may be a promising therapeutic target for SCI.

The main clinical features of SCI are characterized by 
limited capacity for neuronal regeneration and a complex 
pathological progression. When the nervous system is 
injured, immune cells and inflammatory cells are activated, 
leading to the production of inflammatory mediators and 
triggering an inflammatory response that leads to inflamma-
tory damage to neural tissue and cell apoptosis30. Researchers 
found that the proliferation and activation of glial cells are 
increased in SCI mice, accompanied by the up-regulation of 
pro-inflammatory cytokines. Intrathecal injection of human 
menstrual blood-derived endometrial stem cells (MenSCs) 

alleviates the inflammatory microenvironment in mice with 
SCI and promotes the recovery of nerve function31. In addi-
tion, neurological tissue damage and inflammation can lead 
to oxidative stress. Excessive ROS, in turn, can lead to cell 
apoptosis and inflammation32. Research has shown a close 
relationship between inflammation and oxidative stress. 
Biological markers of oxidative stress can regulate inflam-
matory response in SCI through multiple signaling path-
ways33. For instance, in rats with traumatic spinal cord injury 
(TSCI), the expression of proteins such as NOX-1, NOX-2, 
TLR-4, nuclear factor kappa B (NF-κB), IL-1β, and TNF-α 
in the spinal cord is elevated, indicating the presence of oxi-
dative stress and an inflammatory response34. Resveratrol 
can facilitate the repair of spinal cord injuries by reducing 
oxidative stress and inflammatory response35,36. During the 
experimental research on the SCI rats, this study observed an 
increase in the levels of inflammatory factors, ROS, MDA, 
and apoptosis, a decrease in GSH levels. These findings indi-
cated that inflammation and oxidative stress play important 
roles in secondary injury following neural damage and are 
crucial for the treatment of SCI.

In addition, previous studies have found that GPNMB 
shows increased expression after SCI and exhibits beneficial 
neuroprotective effects in the injury20,22. In the present study, 
both in vivo and in vitro experiments observed that GPNMB 
can reduce levels of inflammatory factors, eliminate the toxic 
metabolite MDA associated with oxidative stress, increase 
GSH content, and inhibit cell apoptosis. These results are 
consistent with the aforementioned studies. Meanwhile, in 
the assessment of motor function, rats in the GPNMB group 
showed better motor performance in terms of BBB score, 
LSS score, and grid-walking. This indicates that GPNMB can 
alleviate oxidative stress and inflammatory response, inhibit 
apoptosis, and improve limb motor function in SCI.

Kanno et al. first reported the overexpression of autoph-
agy proteins Beclin-1 and LC3II in experimental SCI37. 
Since then, the autophagy mechanism and its impact on the 
pathological process of SCI have become the focus of many 
studies. In this study, it was found that the levels of autoph-
agy were higher in the rats of the SCI group and LPS-induced 
PC12 cells compared with the sham group and control group, 
indicating the activation of autophagy due to inflammation 
and oxidative stress response after injury, consistent with the 
previous literature38. In the SCI + GPNMB group, we found 
that autophagy was further enhancement. To investigate this, 
the study conducted in-depth research by adding autophagy 
inhibitors in cell experiments. The results showed that the 
addition of autophagy inhibitors decreased the expression of 
autophagy markers, indicating the reversal of GPNMB-
mediated autophagy. Simultaneously, inflammation, oxida-
tive stress and apoptosis were increased in the LPS + 
GPNMB + 3-MA group as the level of autophagy decreased. 
This suggested that the regulation of inflammation, oxidative 
stress, and apoptosis in PC12 cells by GPNMB is closely 
related to its enhancement of autophagy.
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Figure 6.  GPNMB reduces LPS-induced cell damage by enhancing autophagy. CCK-8 assay was used to measure cell viability in the 
presence or absence of 3-MA. (A). TUNEL assay was used to assess cell apoptosis in the presence or absence of 3-MA (B). Western blot 
analysis was performed to evaluate the expression levels of Bcl-2 and Bax in the presence or absence of 3-MA (C). ELISA was used to 
measure the expression levels of TNF-α, IL-1β, and IL-6 in the presence or absence of 3-MA (D). The DCFH-DA assay kit was utilized 
to detect ROS in the presence or absence of 3-MA (E). The expression levels of MDA and GSH were determined using MDA and GSH 
assay kits in the presence or absence of 3-MA, respectively (F). DCFH-DA: 2′,7′-dichlorodihydrofluorescein diacetate; ELISA: enzyme-
linked immunosorbent assay; GPNMB: glycoprotein non-metastatic melanoma protein B; GSH: glutathione; LPS: lipopolysaccharide; MDA: 
malondialdehyde; NC: negative control; ROS: reactive oxygen species. Compared with the control group, ***P < 0.001, compared with the 
LPS group, ###P < 0.001, and when compared with the LPS + GPNMB group, @P < 0.05, @@P < 0.01, @@@P < 0.001.
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Furthermore, research has shown that the total flavonoids 
of hawthorn leaves can promote the recovery of motor func-
tion in rats with SCI and exert neuroprotective effects in spi-
nal motor neurons by stimulating autophagy39. In renal 
ischemia, GPNMB participates in cell protection by recruit-
ing autophagy protein LC3 to phagosomes40. In IRI, the 
expression of GPNMB was upregulated. Overexpression of 
GPNMB has been shown to significantly improve infarct 
volume by activating autophagy23. Combining the results of 
this experiment, it is evident that GPNMB can alleviate oxi-
dative stress and inflammatory responses, inhibit cell apop-
tosis, promote tissue repair in SCI, and therefore improve 
motor function in SCI rats by activating autophagy.

Moreover, although our research has provided new 
insights into the role of GPNMB in SCI, there are still some 
shortcomings that need to be addressed. Firstly, in animal 
experiments, some rats were not included in the subsequent 
studies due to issues with the recovery after spinal cord tran-
section surgery. This resulted in a smaller sample size for 
each group (N = 5). In addition, the specific mechanisms by 
which GPNMB regulates autophagy and its detailed role in 
SCI recovery remain unclear. Future research could consider 
exploring the classic signaling pathways of autophagy, such 
as mTOR, to further investigate the regulatory mechanism of 
GPNMB in autophagy during SCI. A deeper understanding 
of these aspects will contribute to a more comprehensive 
understanding of the role of GPNMB in SCI recovery and its 
optimized application. Further research is needed to address 
these issues and evaluate the potential and effectiveness of 
GPNMB in clinical treatment of SCI.

In summary, this study conducted an in-depth exploration 
of the role of GPNMB in regulating autophagy after SCI. 
Our findings revealed that GPNMB is a significant molecu-
lar effector that plays a critical role in the functional recovery 
following SCI in rats. Our data support that GPNMB may 
improve neurologic function in rats after SCI by modulating 
the process of autophagy. However, further investigation is 
needed to understand the mechanisms by which GPNMB 
mediates autophagy.
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