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A B S T R A C T   

Spinal cord ischemia-reperfusion (IR) injury (SCIRI) is a significant secondary injury that causes damage to spinal cord neurons, leading to the impairment of spinal 
cord sensory and motor functions. Excessive reactive oxygen species (ROS) production is considered one critical mechanism of neuron damage in SCIRI. Nonetheless, 
the molecular mechanisms underlying the resistance of neurons to ROS remain elusive. Our study revealed that the deletion of Git1 in mice led to poor recovery of 
spinal cord motor function after SCIRI. Furthermore, we discovered that Git1 has a beneficial effect on neuron resistance to ROS production. Mechanistically, Git1 
interacted with PGK1, regulated PGK1 phosphorylation at S203, and affected the intermediate products of glycolysis in neurons. The influence of Git1 on glycolysis 
regulates the dimerization of Keap1, which leads to changes in Nrf2 ubiquitination and plays a role in resisting ROS. Collectively, we show that Git1 regulates the 
Keap1/Nrf2 axis to resist ROS in a PGK1-dependent manner and thus is a potential therapeutic target for SCIRI.   

Author contributions 

Guoyong Yin, Jian Chen and Tao Xu designed and supervised this 
study. Tao Xu and Peng Gao conducted the majority of the experiments 
and completed the manuscript. Yifan Huang and Shujie Zhao analyzed 
the data. Mengyuan Wu, Jiang Yi, Zheng Zhou, Xuan Zhao, Tao Jiang, 
Hao Liu, Tao Qin, Zhenqi Yang, Xiaowei Wang and Tianyi Bao partici-
pated in the experiments and manuscript writing. 

All authors approved the final version of the manuscript. 

1. Introduction 

Spinal cord ischemic-reperfusion (IR) injury (SCIRI) is a serious 
condition that can cause significant impairment of both sensory and 
motor functions in the spinal cord [1]. Clinically, ischemia-reperfusion 
(IR) is a common complication after thoracoabdominal aortic surgery 
or spinal cord decompression surgery, and can also be directly caused by 

spinal cord trauma and spinal canal tumor compression [2–4]. Spinal 
cord functional recovery is restricted due to limited regenerative po-
tential of the mammalian central nervous system (CNS) and limited 
clinical treatments [5–7]. Therefore, it is particularly important to 
identify feasible and effective treatment methods by exploring the mo-
lecular mechanism of SCIRI. 

Neurons underlie spinal cord sensory and motor function [8,9]. 
Neurons are injured and undergo apoptosis following spinal cord 
ischemia-reperfusion [10–12]. The most important mechanism is reac-
tive oxygen species (ROS) generation after reperfusion. The ROS 
generated by reperfusion can induce neuronal apoptosis, resulting in 
severe impairment of spinal cord function [13–17]. The weak antioxi-
dant reserve of neurons renders them highly vulnerable to ROS damage 
[18,19]. Effectively resisting the ROS produced by the body can alleviate 
ROS-induced neuronal apoptosis, which can promote the recovery of 
spinal cord function [20,21]. Therefore, exploring the mechanism of 
neuronal resistance to ROS will be the key in the study of SCIRI. 
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Metabolism is the foundation and core of all biological processes and 
functions, providing living organisms with energy and essential sub-
stances [22]. Glycolysis is a major metabolic pathway that provides cells 
with energy, and a variety of enzymes are involved in this biochemical 
process [23]. Glucose metabolism can also affect the cellular microen-
vironment through its own metabolic intermediates and regulate 
cellular signaling pathways [24]. It has been shown that after 
ischemia-reperfusion, the metabolic level of glycolysis in endothelial 
cells, cardiomyocytes, fibroblasts, and other cells changes, which affects 
the metabolism and state of cells. The glycolytic state can also modulate 
the distribution and secretion of immune cells and inflammatory cells 
throughout the body [25–27]. This cellular-level metabolite alteration 
determines the activation/repression of signaling pathways, epigenetic 
and post-transcriptional regulation of inflammatory genes, and 
post-translational modification of proteins [28–31]. Phosphoglycerate 
kinase 1 (PGK1) is a crucial enzyme in glycolysis by catalyzing the 
conversion of 1,3-bisphosphoglycerate (1,3-BPG) to 3-phosphoglycerate 
(3-PG). One of the two ATP-producing enzymes in glycolysis is PGK1, 
which participates in regulating energy homeostasis the regulation of 
energy homeostasis [32,33]. In addition, PGK1 was found to regulate 
the KEAP1–NRF2 pathway, which couples glucose metabolism with 
states of oxidative stress [34–36]. The regulation of cellular redox status 
by glycolytic intermediates has been emphasized. Nevertheless, the 
involvement of glycolysis in SCIRI remains unexplored. 

G-protein-coupled receptor (GPCR) kinase 2-interacting protein-1 
(Git1) is a GTPase-activating protein [37,38]. Different domains of Git1 
bind various proteins and regulate their localization and function [39, 
40]. Git1 exerts a physiological regulatory ability by affecting the state 
of intracellular signaling pathways [41–43]. Git1 is a postsynaptic 
structural protein that promotes spine maturation; Git1 also regulates 
neuronal metabolism, affecting the excitability of postsynaptic neurons 
[44–46]. Neuronal aging is closely related to the expression of Git1 [47, 
48]. Although the role of Git1 in neuroscience has been extensively 
studied, the mechanism of Git1 in the pathogenesis of SCIRI remains to 
be investigated. 

In this investigation, a close association exists between glycolysis and 
SCIR. The Git1-PGK1 interaction acts as an adaptive mechanism to cope 
with oxidative stress-targeting neurons in SCIRI. This finding provides 
an intimate link between redox signaling and Git1-PGK1 interaction in 
neuronal cells. 

2. Materials and methods 

2.1. Animals 

As previously described [49], Git1 Knock-out (KO) mice on a 
C57BL/6 background were generated by researchers at the Aab Car-
diovascular Research Institute and Department of Medicine at the Uni-
versity of Rochester in Rochester, NY, USA. The mice were kindly gifted 
by Bradford C. Berk. For this study, both Git1 knock-out (KO) mice and 
their wild-type littermates (WT) were utilized. The pups underwent 
genotyping through both PCR and western blotting. The samples were 
also subjected to sequencing analysis (Figs. S1B and C). The Institutional 
Animal Care and Use Committee (IACUC) at the First Affiliated Hospital 
of Nanjing Medical University approved all animal-related experiments. 

2.2. Spinal cord ischemia-reperfusion (IR) injury (SCIRI) mouse model 

The method for establishing the SCIRI mouse model was previously 
described [19]. In brief, 8-week-old male C57BL/6 mice were used for 
the model [50,51]. All mouse-related animal experiments conducted in 
this study were approved by the Institutional Animal Care and Use 
Committee of Nanjing Medical University. All procedures carried out in 
this study were in accordance with the Health Animal Laboratory Ani-
mal Care and Use Guidelines. Briefly, a mixture of isoflurane and oxygen 
was used to anesthetize the mice for the experiment. We utilized a 

midline abdominal incision to access the left kidney via the peritoneum, 
and separated the abdominal aorta near the left renal artery. In the 
experimental group, we applied a clip to the abdominal aorta below the 
outlet of the left renal artery, while this was not done in the 
sham-operated group. We removed the clip after 60 min of occlusion, 
and restored blood perfusion to the affected area. This resulted in 
ischemia-reperfusion injury to the spinal cord at the L1-L3 level. 
Following the surgery, each mouse was housed in a separate cage and 
the bladder was massaged at intervals of 8 h until the bladder reflex was 
regained. 

2.3. Motor function analysis 

Before functional testing, all mice were allowed to acclimate to the 
testing arena or apparatus for a period of 1 h. The recovery of neuro-
motor function was evaluated using the Basso Mouse Scale (BMS) score 
at 6 h, 12 h, 1 day, 3 days, 7 days, and 14 days following the SCIRI 
procedure. The BMS score was utilized to monitor alterations in the 
motor function of mice, and recovery of motor function was assessed by 
corresponding scores, including primary and secondary scoring systems. 
The key parameters assessed included trunk stability, tail position, the 
range of motion of the posterior ankle joint and the tactile sensation of 
the sole and instep. In normal mice, a BMS score of 9 corresponds to 
intact motor function, while a score of 0 signifies total paralysis. The 
experimenter used a double-blind method for scoring [52]. 

Rotarod tests were performed as previously described [53]. To assess 
motor ability and coordination, the rotarod test was used, which 
involved placing the mouse on a rotating rod that could be accelerated 
from 0 to 40 rpm, and measuring the time taken for the mouse to fall off 
the rotarod. Each mouse was given a single practice trial, followed by 
two test trials after a single exercise session, with a 20-min interval 
between the tests. The average of the two test times was recorded as the 
evaluation time. 

The methodology for the footprint analysis was carried out in 
accordance with previously described studies [19]. Blue and red dyes 
were used to mark the forepaws and hind paws of the mice, respectively. 
The footprints of the mice walking on the paper were observed and the 
collected footprint patterns were analyzed to evaluate the coordination 
and motor recovery. 

The swimming test was employed to evaluate the restoration of 
motor function in mice following SCIRI [54]. Briefly, the movements of 
the front and rear limbs, trunk coordination and tail position were 
observed during swimming after SCIRI. The main scoring points of the 
Louisville Swim Scale (LSS) are hindlimb swing and movement, forelimb 
dependence, body angle, and trunk stability, with a total of 18 levels 
corresponding to 0–17 points. 

2.4. Preparation of frozen tissue sections 

The mice were first perfused with 0.9% saline solution, followed by 
perfusion with 4% paraformaldehyde. Spinal cords (L1–L3) were 
dissected, removed, and fixed in 4% paraformaldehyde solution over-
night. The spinal cord tissue was dehydrated using 20% and 30% sucrose 
solutions before being embedded in optimal cutting temperature com-
pound (OCT, Sakura, CA, USA) and sectioned into slices that were 10 μm 
thick. 

2.5. Nissl staining 

Nissl bodies are unique cellular structures of neurons that are baso-
philic and can be stained with basic dyes such as tar violet. Frozen 
sections were soaked in distilled water, chloroform, 100% alcohol, 95% 
alcohol, and 75% alcohol for 1 min. Spinal cord sections were stained 
with cresyl violet (FD Neuro Technologies, MD, USA) (37 ◦C, 10 min), 
washed twice with distilled water, and decolorized twice with 95% 
ethanol. Finally, 85%, 80%, and 75% ethanol were used in sequence to 
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dehydrate the sections. The dehydrated sections were air-dried, and the 
tissue was sealed with xylene and neutral gum, and air-dried for 
observation using an optical microscope. 

2.6. Antibodies 

The following antibodies were utilized for immunoblotting: anti- 
H2A.X (1:2000, Abcam), anti-phospho-H2A.X (1:2000, Abcam), anti- 
eIF-2α (1:2000, Cell Signaling Technology), anti-phospho-eIF-2α 
(1:2000, Cell Signaling Technology), anti-β-actin (1:5000, Cell Signaling 
Technology), anti-Git1 (1:2000, Cell Signaling Technology), anti-Git1 
(1:2000, Novus), anti-PGK1 (1:500, Santa Cruz Biotechnology), anti- 
PGK1 pS203 (1:2000, Signalway Antibody), anti-HA (1:2000, Cell 
Signaling Technology), anti-FLAG (1:2000, Cell Signaling Technology), 
anti-Keap1 (1:2000, Abcam), anti-Nrf2 (1:2000, Cell Signaling Tech-
nology), anti-Ubiquitin (1:2000, Cell Signaling Technology), anti-HO1 
(1:2000, Santa Cruz Biotechnology), anti-NQO1 (1:2000, Cell 
Signaling Technology), anti-Thioredoxin1 (1:2000, Abcam), anti-H3 
(1:2000, Cell Signaling Technology), anti-Cleaved Caspase-3 (1:2000, 
Cell Signaling Technology), anti-Bcl2 (1:2000, Proteintech), anti-Bax 
(1:2000, Proteintech), and anti-Myc (1:2000, Cell Signaling 
Technology). 

The following antibodies were used for immunofluorescence stain-
ing: anti-NeuN (1:200, Abcam), anti-Neurofilament 200 (NF-200) 
(1:200, Abcam), anti-phospho-eIF-2α (1:200, Cell Signaling Technol-
ogy), anti-phospho-H2A.X (1:200, Abcam), anti-Glial fibrillary-associ-
ated protein (GFAP) (1:200, Cell Signaling Technology), anti-Git1 
(1:200, Novus), anti-MAP2 (1:200, Abcam), and anti-TAU (1:200, 
Novus). 

2.7. Immunofluorescence staining 

The cells or spinal cord sections were treated with 4% para-
formaldehyde for 30 min to fix them, followed by permeabilization with 
0.3% Triton X-100 for 30 min. Next, they were blocked with 10% goat 
serum for 2 h, and finally incubated overnight at 4 ◦C with primary 
antibodies. Samples were washed with phosphate-buffered saline (PBS) 
after primary antibody removal, and incubated with fluorescent sec-
ondary antibodies (Alexa Fluor® 488 and 594) (Jackson ImmunoR-
esearch, West Grove, PA, USA) for 2 h at room temperature conditions. 
Finally, nuclei were stained with DAPI (Thermo Fisher Scientific, Wal-
tham, MA, USA) after washing and images were acquired using the same 
exposure time and conditions. 

2.8. Dihydroethidium staining 

Dihydroethidium (DHE) (Beyotime, China) was intravenously 
injected into mice at a concentration of 0.05 mg DHE/g of mouse body 
weight. DHE can be oxidized by ROS in tissues and exhibit red fluores-
cence. After 30 min, mice were perfused with 4% paraformaldehyde to 
obtain spinal cords. DHE-labeled spinal cord sections were stored in the 
dark and subjected to immunofluorescence staining. 

2.9. Extraction and cultivation of primary mouse neurons 

Primary mouse neurons were extracted from embryonic mice aged 
E16-E18. Spinal cords were dissected out and dissociated neurons were 
digested using 0.25% trypsin-EDTA solution (Thermo Fisher Scientific, 
MA, USA). The response was halted by using horse serum (Sigma- 
Aldrich). After centrifugation at 4 ◦C for 5 min (1000 rpm), A cell sus-
pension was obtained by resuspending the cells in DMEM/F-12 medium 
supplemented with 10% horse serum, penicillin (100 IU/mL), strepto-
mycin (100 mg/mL; Thermo Fisher Scientific), and glutamine (0.5 mm; 
Thermo Fisher Scientific). Cells were counted and seeded on poly-L- 
lysine-coated boards (Corning, NY, USA). After cells adhered, it was 
replaced with neurobasal medium (Thermo Fisher Scientific) 

supplemented with 2% B27, 1% penicillin–streptomycin, and 1% 
glutamine (Gibco Laboratory, Grand Island, NY). Half of the medium 
was replaced every 2 days. 

2.10. Protocol for inducing oxygen and glucose deprivation and 
subsequent reperfusion 

To simulate in vivo ischemia-reperfusion (IR), an oxygen glucose 
deprivation and reperfusion (OGD/R) model was created in vitro, as 
described previously [19]. The OGD/R model consisted of a control 
group (control), which did not undergo oxygen and glucose deprivation, 
and an experimental group (OGD/R), which underwent oxygen and 
glucose deprivation followed by reglucose and reoxygenation treatment. 
Briefly, primary neurons or HEK293T cells were transferred to a sugar- 
and serum-free medium and incubated in a hypoxic incubator at 37 ◦C. 
The incubator was filled with a gas mixture of 5% CO2 and 95% N2, with 
no added oxygen. After 1 h of hypoxia, cells were retrieved and the 
medium was substituted with regular medium. Neurons or cells were 
then cultured in a regular incubator for further analysis. 

2.11. Reactive oxygen species analysis 

According to previous studies [55,56], the levels of reactive oxygen 
species (ROS) in cells were assessed using a ROS Assay Kit (ab113851, 
Abcam) using the ROS-sensitive fluorescent probe H2DCFDA, and 
analyzed by a fluorescence microscope (STELLARIS STED, Lecia) and 
flow cytometry (FACSCalibur, BD Biosciences). 

2.12. Determination of lipid peroxidation 

Following the manufacturer’s instructions, Click-iT Lipid Peroxida-
tion Imaging Kit (C10446, C10447, Thermo Fisher Scientific) to assess 
lipid peroxidation and lipid peroxidation-induced protein denaturation 
in cells was used. The Lipid Peroxidation MDA Assay Kit (Beyotime, 
China) detects lipid oxide levels in cells. 

2.13. Mitochondrial superoxide detection 

The MitoSOX™ Red Mitochondrial Superoxide Indicator (M36008, 
Thermo Fisher Scientific) was utilized to detect superoxide in live cells 
within mitochondria, following the manufacturer’s protocol. After 
treating the cells according to the experimental requirements, Hoechst 
(BL803A, Lot:22075473, Biosharp Life sciences) was used to stain the 
nuclei and observation of the cells was conducted using a confocal 
microscope. 

2.14. Western blotting 

Protein extraction was carried out from tissues or cells to obtain the 
total protein. The NuCLEAR™ Extraction Kit (Millipore) was utilized for 
the extraction of nuclear protein. Protein concentration was measured 
with a BCA Protein Assay Kit (Thermo Fisher Scientific). Following 
separation by SDS-polyacrylamide gel electrophoresis, the proteins were 
transferred to polyvinylidene difluoride membranes (Millipore). The 
protein-printed membranes were then blocked with 5% BSA for 2 h at 
room temperature conditions and incubated with primary antibodies 
overnight at 4 ◦C. After washing, the membranes were incubated with 
horseradish peroxidase-conjugated anti-rabbit IgG or anti-mouse IgG 
(1:5000, Thermo Fisher Scientific, USA) for 2 h. To visualize the 
immunolabeled proteins, enhanced chemiluminescence reagents 
(Thermo Fisher Scientific, USA) were subsequently employed. Protein 
expression analysis was performed using the ImageJ software. The 
dimerization of KEAP1 occurs as a consequence of metabolic changes in 
the cell. This dimerized KEAP1 is called high-molecular mass KEAP1 
(HMM- KEAP1). As for HMM-KEAP1 analysis, HMM-KEAP1 was detec-
ted by non-denaturing SDS–PAGE [34,57–59]. 
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2.15. Adeno-associated virus (AAV) infection 

AAV HBAD-Adeasy-Git1 shRNA (AAV-Git1) was used to knock down 
Git1 in neurons in vitro, and AAV HBAD-Adeasy- NC shRNA (AAV-Vec) 
was used as a control vector (HanBio Biotechnology, Shanghai, China). 
AAV HBAD-Adeasy-overexpressing Git1 shRNA (Git1-OE) was used to 
overexpress Git1 in neurons in vitro, and AAV HBAD-Adeasy-Vector 
shRNA (Git1-Vec) was used as a control vector (HanBio Biotech-
nology, Shanghai, China). 

Git1-Overexpress (AAV) 2/9-Syn-MCS-Git1- 3xFlag (AAV-Syn-Flag- 
Git1, Git1-OE) was used to specifically overexpress Git1 in neurons in 
the spinal cord. AAV 2/9-Syn-MCS - 3xFlag (AAV-Syn-Flag, Git1-Vec) 
was used as a control vector (HanBio Biotechnology, Shanghai, China). 

2.16. Transfection of plasmids 

The Flag-, Myc-, and HA tagged pcDNA3.1 vectors (Thermo Fisher 
Scientific) were used for subcloning the full-length sequences of human 
Git1, Nrf2, PGK1, and ubiquitin into the EcoRI and NotI sites. Lipofect-
amine 2000 (Invitrogen) was used to transfect HEK 293T cells with the 
expression vectors for the specified proteins. 

2.17. Immunoprecipitation 

Cell lysis was performed using cell immunoprecipitation (IP) lysis 
buffer that included protease inhibitors (Millipore). The collected cell 
lysate was sequentially subjected to the addition of corresponding an-
tibodies and protein A/G magnetic beads (Thermo Fisher Scientific), 
followed by slow shaking and overnight incubation at 4 ◦C. Following 
IP, the magnetic beads were removed from the cell lysate and bound 
proteins were eluted by boiling the magnetic beads and subjected to 
Western blot analysis. To detect polyubiquitinated proteins, proteins 
were harvested after 4 h of MG132 (10 μM) treatment followed by 
immunoprecipitation. 

2.18. Pull down polyubiquitinated proteins with tandem ubiquitin binding 
entities (TUBEs) 

The neuronal cells were treated with 5 μM proteasome inhibitor MG- 
132 (HY-13259, Medchem Express) prior to cell harvesting, as per the 
manufacturer’s instructions [60]. Next, cells were lysed using TUBEs 
lysis buffer containing protease inhibitors (Roche, Switzerland). Then, 
100 μL of Magnetic-TUBE2 (UM402 M, LifeSensors, USA) was added to 
the cell lysate with a total protein of 2 mg, and the volume was brought 
up to 500 μL. After 4 h of incubation on a rotary shaker at 4 ◦C, the 
polyubiquitinated proteins adsorbed on the magnetic beads were 
collected and the magnetic beads were resuspended in SDS buffer. After 
boiling for 5 min, the samples were subjected to western blotting to 
visualize polyubiquitinated proteins. The statistical analysis of quanti-
fied polyubiquitinated proteins was based on previous references 
[61–64]. 

2.19. IP coupled with liquid chromatography tandem mass spectrometry 

Cellular total protein was extracted and subjected to IP using the 
designated antibodies and magnetic beads, following the aforemen-
tioned protocol. Subsequently, the eluted immunoprecipitates from the 
magnetic beads were analyzed using liquid chromatography (LC) tan-
dem mass spectrometry (LC-MS/MS). 

2.20. Proximity ligation assay 

The binding of two proteins in neurons was detected by a Duolink 
detection kit and Detection Reagents Red (Sigma-Aldrich, DUO94004). 
In brief, cells were permeabilized, blocked, and then incubated with 
primary antibodies overnight at 4 ◦C. The corresponding proteins were 

labeled with antibodies of different species, and then labeled with 
proximity ligation assay (PLA) PLUS and PLA MINUS probes of the 
corresponding species. Cells were incubated with a fluorescent second-
ary antibody and observed by confocal microscopy. 

2.21. Quantitative metabolomic profiling 

Metabolic profiling was performed using a Dionex Ultimate 3000 RS 
UHPLC coupled with a Q-Exactive quadrupole-Orbitrap mass spec-
trometer equipped with a heated electrospray ionization (ESI) source 
(Thermo Fisher Scientific, Waltham, MA, USA) in both ESI positive and 
ESI negative ion modes. The cells were washed with PBS at 4 ◦C after 
removing the medium. Then, cells were scraped with a methanol-water 
(V:V = 4:1) mixture, and the cell suspension was sonicated (Fisher 
Scientific FB-505) in a centrifuge tube. Internal standard (L-2-chlor-
ophenylalanine) was added and centrifuged at 16,000 g for 10 min. The 
N2 gas was used to evaporate the supernatant and obtain a dry sample. 
The dried metabolites were subsequently resuspended in an appropriate 
solvent, and the resulting solution was loaded onto the instrument for 
further analysis. 

2.22. Statistical analyses 

Data analysis was conducted using GraphPad Prism 7 software 
(GraphPad Software, CA, USA). The data were presented as mean ±
standard deviation (SD), and each group of data included at least three 
independent experiment replicates. Multiple groups of experimental 
data were compared using one-way ANOVA analysis, and the Tukey’s 
post hoc test of variance was used. Comparison between two groups was 
performed using the t-test. P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Git1 deletion impairs functional recovery and aggravates neuronal 
loss after I/R 

Given the important role of Git1 in the nervous system, we investi-
gated the role of Git1 in SCIRI [44,46,48,65]. Immunofluorescence 
staining of mouse spinal cords showed that Git1 co-localized with NeuN, 
and Git1 was mainly expressed in neurons (Fig. S1A). To evaluate the 
effects of physiological deficiencies of Git1 in vivo, we employed Git1 
knockout mice. Git1 knockout was successfully achieved in the spinal 
cord (Figs. S1B and C). Next, spinal cord ischemia-reperfusion (I/R) 
surgery in Git1 WT and KO mice was performed, and motor functional 
behavior analysis after SCIRI was assessed by Basso mouse scale (BMS) 
score. The results showed no significant difference between Git1 WT and 
KO in the sham group. The BMS score of the Git1 KO group was 
significantly lower than that of the Git1 WT group at 1, 3, 7 and 14 days 
after I/R (Fig. 1A). Additional motor function behavioral tests (rotarod 
test, footprint analysis, and swimming test) further assess motor func-
tion recovery after I/R (Fig. 1B, C, E). The results of these tests showed 
that Git1 WT mice had significantly better motor function recovery 
compared to Git1 KO mice (Fig. 1B–F). 

To explore the cause of impaired motor function in SCIRI, staining 
analysis of spinal cord tissue sections was performed. After 12 h of 
reperfusion, Nissl staining showed that Git1 KO mice exhibited signifi-
cant morphological changes in Nissl-positive neurons, which were 
reduced compared to WT mice (Fig. 1G and H). There was no significant 
difference in the immunofluorescence staining of NeuN and NF200 
neurons in the spinal cord sections between WT and KO mice in the sham 
group (Fig. 1I). After 12 h of reperfusion, compared with the WT group, 
the KO group had a notable decrease in the number of NeuN-positive 
cells, as well as nerve fiber (NF200-labeled) loss and morphological 
disorder (Fig. 1I–K). In addition, 12 h after reperfusion, the KO group 
had more significant glial scar hyperplasia (Figs. S1D and E). Excessive 
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glial scarring indicates poor neuronal cell survival and regeneration. Our 
results indicate that Git1 has a positive regulatory effect on SCIRI. 

3.2. Git1 affects the accumulation of ROS in neuronal cells 

ROS are considered an important mechanism in secondary spinal 
cord injury. Abnormal accumulation of ROS is an important stage in the 
progression of SCIRI injury [13,14,16,19]. Therefore, we next studied 
the relationship between Git1 and ROS. The level of ROS in spinal cord 
tissue was explored using the DHE fluorescent probe. At 4 h after 
reperfusion, there was significant DHE fluorescence in spinal cord tissue, 
and it was mainly localized in NeuN+ cells (Fig. 2A). Git1 KO mice had 
stronger DHE fluorescence levels than WT mice (Fig. 2B). 

The effect of Git1 on ROS in neuronal cells after ischemia-reperfusion 
was further verified in vitro. Git1 expression was knocked down in 
neurons by adenovirus in vitro (Figs. S2A–F). Flow cytometry analysis 
and immunofluorescence staining showed that in the control group 
(without OGD/R), ROS in neurons was significantly upregulated after 
Git1 knockdown. After OGD/R (reperfusion for 4 h) treatment, ROS 
upregulation following Git1 knockdown in neurons was more pro-
nounced (Fig. 2C, D, Figs. S2H and I). Mitochondrial superoxide levels in 
neurons were further analyzed. We found that mitochondrial superoxide 
levels were significantly increased after Git1 knockdown using mito-
chondrial superoxide fluorescent reagent (MitoSox). This phenomenon 

was significantly upregulated after OGD/R (reperfusion for 4 h), and the 
Git1 knockdown group (AAV-Git1) was significantly higher than the 
Git1 control group (AAV-Vec) (Fig. 2E and F). In addition, lipid perox-
ides were labeled by cell fluorescence staining; the fluorescence in-
tensity of lipid peroxides in neurons was enhanced after Git1 
knockdown. After OGD/R (reperfusion for 4 h), lipid peroxides were 
significantly elevated after Git1 knockdown and higher than those in the 
Git1 control group (Fig. 2G and H). Lipid peroxidation malondialdehyde 
(MDA) assay also indicated that after OGD/R, lipid peroxides in the 
AAV-Git1 group were higher than in the AAV-Vec group (Fig. S2G). 
These results suggest that Git1 may play a critical role in I/R-induced 
ROS levels in neuronal cells. 

3.3. Git1 deletion aggravates endoplasmic reticulum stress and DNA 
damage in neurons after I/R and OGD/R 

Previous research has demonstrated that the endoplasmic reticulum 
(ER) is vulnerable to reactive oxygen species (ROS) stimulation, which 
leads to the accumulation of excessive misfolded and unfolded proteins 
in the ER, resulting in endoplasmic reticulum stress (ERS) [66,67]. In 
addition, ROS can directly cause DNA damage [68]. Given the close 
relationship between Git1 and ROS, we explored ERS and DNA damage 
in the spinal cord after SCIRI. Western blot analysis revealed increased 
levels of phosphorylated eIF-2α and H2A.X in the spinal cord of Git1 KO 

Fig. 1. Knockout of Git1 impairs functional recovery and aggravates neuron loss in SCIRI. A BMS scores at 6 h, 12 h, 1 day, 3 days, 7 days, and 14 days after 
ischemia-reperfusion (IR) in Git1 WT and KO mice (n = 6). The two sham operation groups had the same score (Sham WT (green line) and Sham KO (gray line)). B–D 
Rotarod test and footprint analysis 14 days after I/R demonstrated worse functional recovery of Git1 KO mice (scale bar = 1 cm, n = 6). E, F Swim test to assess trunk 
stability and hindlimb motor function at 3, 7, and 14 days of reperfusion, and statistical analysis of the Louisville Swim Scale scores between the Git1 WT and KO 
groups (n = 6). The two sham operation groups had the same score (Sham WT (green line) and Sham KO (gray line)). G, H Normal Nissl bodies of neurons were 
observed in Nissl-stained sections of the sham group in both Git1 WT and KO mice, while Git1 KO mice indicated significantly fewer Nissl bodies at 12 h after 
reperfusion compared to WT mice (scale bar = 100 μm, n = 6). I Representative immunofluorescence images of NeuN (Red) and NF200 (Green) in spinal cord of Git1 
WT and KO mice at 12 h post-reperfusion. Nuclei were labeled with DAPI (blue) (scale bar = 100 μm). J, K Quantification of NeuN+ neurons and NF200 relative 
intensity in the spinal cord (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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mice as compared to the WT mice (Fig. 3A). This difference was more 
pronounced in the injured spinal cord after I/R (reperfusion 4 h) (Fig. 3B 
and C). Immunofluorescence staining further verified ERS and DNA 
lesion in the spinal cord, and the results suggested that phosphorylation 
of eIF-2α and H2A.X in the spinal cord of both Git1 WT and KO mice in 
the sham group were at lower levels and mainly localized in neurons 
(Fig. 3D–G). Furthermore, both phosphorylated eIF-2α and H2A.X were 
significantly increased in the spinal cord of Git1 KO mice compared to 
WT mice. After I/R (reperfusion 4 h), phosphorylation eIF-2α and H2A.X 
in the spinal cord of Git1 WT and KO mice was increased to a certain 
extent; phosphorylation of eIF-2α and H2A.X in spinal cord of Git1 KO 
mice was significantly higher than that of WT mice (Fig. 3D–G). ERS and 

DNA damage caused by ROS often lead to apoptosis. We observed 
apoptosis indicators by immunofluorescence staining and immunoblot-
ting. The apoptosis level of spinal cord tissue increased significantly 
after I/R (reperfusion 4 h), and Git1 knockout significantly aggravated 
the level of apoptosis (Figs. S3A–D). 

In vitro, we further investigated the correlation between ERS and 
DNA damage and ROS levels associated with Git1 in neurons. Immu-
noblotting showed significant upregulation of phosphorylated eIF-2α 
and H2A.X after Git1 knockdown (Fig. 3H–J). In addition, after OGD/R 
(reperfusion 4 h), the levels of phosphorylated eIF-2α and H2A.X were 
increased in both the AAV-Vec and AAV-Git1 groups. The AAV-Git1 
group phosphorylation level was significantly higher than the AAV- 

Fig. 2. Regulation of ROS levels in neurons by GIT1 in vitro and in vivo. A ROS levels in the spinal cord were detected by DHE staining (scale bar = 100 μm). B 
Quantification of DHE fluorescence intensity in the spinal cord of Git1 WT and KO mice in the sham group and I/R group (4 h of reperfusion, n = 6). C Cell 
immunofluorescence detection of ROS levels in neurons (scale bar = 50 μm). D Quantification of mean fluorescence intensity of ROS in neurons (n = 6). E,F 
Immunofluorescence detection and quantification of mitochondrial superoxide (MitoSox, red) in neurons (scale bar = 50 μm, n = 6). G,H Immunofluorescence 
detection and quantification of lipid peroxidation (green) in neurons (scale bar = 50 μm, n = 6) (OGD/R, reperfusion 4 h). *P < 0.05; **P < 0.01; ***P < 0.001. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Vec group phosphorylation level (Fig. 3H–J). Besides that, such changes 
in ERS and DNA damage levels can be significantly inhibited by N-acetyl 
cysteine (NAC), a ROS scavenger (Fig. 3H–J). Immunofluorescence 
staining also indicated that after OGD/R (reperfusion 4 h), expression 
levels of phosphorylated eIF-2α and H2A.X were significantly increased 
after Git1 knockdown, compared with the control group (Fig. 3K–N). 
This level of phosphorylation can be inhibited by NAC (Fig. 3K–N). The 
above results indicate that the correlation between ROS and Git1 can 
significantly affect ERS and DNA damage in neurons. ERS and DNA 
damage in neurons can lead to apoptosis [69,70]. Immunofluorescence 
and western blotting indicated that the apoptosis level was significantly 
up-regulated in Git1 knockdown neurons after OGD/R (reperfusion 4 h), 
and this apoptosis level could be inhibited by NAC (Figs. S3E–H). 
Overall, these results suggest that ROS accumulation following Git1 
deletion in SCIRI can damage neurons, leading to ERS and DNA damage 
in neurons. ERS and DNA damage influence neuronal apoptosis in SCIRI. 

3.4. Git1 interacts with PGK1 in neurons 

Research conducted in the past has revealed that Git1 is a multi-
faceted shuttle protein, with its primary role being the interaction with 
various proteins to exert its biological functions. This has been demon-
strated in various studies [37,38]. To study the underlying mechanisms 
by which Git1 modulates ROS, we used immunoprecipitation coupled 
with LC-MS/MS to study the Git1 binding proteins. LC–MS/MS identi-
fied PGK1 as a novel protein bound by Git1 (Fig. 4A, Figs. S4A and B). To 
further validate the LC-MS/MS findings, Co-Immunoprecipitation 
(Co-IP) analysis was carried out, which demonstrated that Git1 inter-
acted with PGK1 in 293T cells under physiological conditions as well as 
in response to OGD/R (reperfusion 4 h). Furthermore, it was observed 
that the OGD/R treatment led to an increased interaction between Git1 
and PGK1 (Fig. 4B). Reverse Co-Immunoprecipitation (Co-IP) analysis 
also validated that Git1 significantly precipitated PGK1 (Fig. 4B). We 
further confirmed by Co-IP that endogenous Git1 also interacts with 
PGK1 in neurons, which is consistent with that in 293T cells (Fig. 4C). 
Further Co-IP experiments demonstrated that endogenous Git1 did not 
bind to PGK1 (pS203) (Fig. S4C). Proximity Ligation Assay (PLA) was 
employed to further establish the binding between Git1 and PGK1 in 
neurons under both physiological conditions and in response to OGD/R. 
The results obtained through the assay provided additional evidence of 
the binding between Git1 and PGK1 (Fig. 4D). These data demonstrate 
that Git1 interacts with PGK1. Git1 is a multi-domain protein containing 
three coiled-coil (CC)-rich domains [40,41]. PGK1 can be primarily 
divided into two domains: the N-terminal domain, which is rich in 
coiled-coils, and the C-terminal domain [71–73]. In 293T cells, we uti-
lized full-length protein as well as a series of truncated Flag-labeled Git1 
and HA-labeled PGK1 fragments to investigate the binding region 
(Fig. 4E, G). Our results revealed that the interaction between Git1 and 
PGK1 occurs through the synaptic localization domain (SLD) structure, 
which includes the coiled-coil 2 (CC2) domain (Fig. 4F). Additional 
Co-Immunoprecipitation (Co-IP) analysis revealed that Git1 binds to the 
N-terminal domain of PGK1, suggesting that the interaction may be 
dependent on the coiled-coil structure present in the N-terminal domain 
(Fig. 4H and I). 

3.4.1. Git1 regulates the Keap1-Nrf2 signaling pathway by affecting the 
phosphorylation of PGK1 

PGK1 is a critical enzyme involved in glycolysis, and its activity can 

affect Keap1-Nrf2 signaling, resulting in changes in cellular oxidative 
stress status [34]. Western blotting showed that the phosphorylation 
level of PGK1 S203 in spinal cord of Git1 KO mice was higher than that 
of Git1 WT mice in the sham-operated and ischemia-reperfusion groups 
(Fig. 5A and B). Git1 deletion variants that bind to PGK1 also signifi-
cantly inhibited PGK1 phosphorylation (Figs. S4D and E). Git1 deletion 
variants unable to bind to PGK1 significantly promoted PGK1 phos-
phorylation (Figs. S4D and E). The results further indicated that the 
binding of Git1 to PGK1 could significantly inhibit the phosphorylation 
of PGK1. After ischemia-reperfusion, the level of PGK1 S203 phos-
phorylation in the spinal cord was significantly higher than that of the 
sham-operated group (Fig. 5A and B). Meanwhile, in both the 
sham-operated group and the ischemia-reperfusion group, the level of 
HMM-Keap1 (high-molecular mass Keap1, dimerization of Keap1) in the 
spinal cord of Git1 KO mice was significantly lower than that of WT 
mice, which correlated with the phosphorylation level of PGK1 
(Fig. 5A–C). In response to control treatment and OGD/R, Git1 knock-
down neurons (AAV-Git1) also had higher PGK1 phosphorylation levels 
and lower HMM-Keap1 expression compared to Git1 control neurons 
(AAV-Vec) (Fig. 5D–F). Immunofluorescence staining further verified 
Git1 knockdown did not affect the distribution and expression of PGK1 
(Figs. S4F and G). PGK1 can affect the level of intracellular metabolites 
with electrophilic groups that can affect the dimerization of Keap1 [34, 
74,75]. Therefore, relevant metabolites before and after Git1 knock-
down in neurons were analyzed by quantitative metabolomic profiling. 
Git1 knockdown results in dramatic differences in metabolites in neu-
rons (Fig. S5A). As expected, based on the differences in metabolites, 
associated metabolic pathway analysis indicated the involvement of 
several neuronal metabolism, glucose metabolism and oxidative stress 
pathways, including oxidative phosphorylation glutathione metabolism 
and glycolysis (Fig. S5B). Metabolomic analysis specifically targeting 
neurons revealed a significant reduction in levels of metabolites up-
stream of PGK1, including methylglyoxal, 1,3-and 
total-bisphosphoglycerate (BPG) and glyceraldehyde-3-phosphate 
(GAP), and accumulation of downstream metabolites, such as lactate 
and 3-phosphoglycerate, in Git1-knockdown neurons, compared to the 
control group (Fig. 5G, Figs. S5C–F). Taken together, these findings 
suggest that the binding between Git1 and PGK1 can modulate glyco-
lytic intermediates, whose changes are linked to the expression of 
HMM-Keap1, and could potentially act as a signal to the Nrf2 signaling 
pathway. 

The Nrf2 signaling axis is an important oxidative stress protection 
mechanism, and ubiquitination of Nrf2 is regulated by Keap1. When 
Keap1 dimerization increases, Nrf2 ubiquitination decreases, Nrf2 
expression increases, and Nrf2 enters the nucleus to play an antioxidant 
role [76–78]. Co-immunoprecipitation showed that Nrf2 ubiquitination 
in the Git1 knockdown group in 293T cells under control and OGD/R 
treatment increased compared with the Git1 control group (Figs. S5G 
and H). Further, using magnetic beads (magnetic-tandem ubiquitin 
binding entities, TUBES), it was also found that Git1 could affect poly-
ubiquitination in neurons (Fig. 5H and I). In response to sham surgery 
and I/R, knockout of Git1 downregulated the expression levels of Nrf2, 
as well as Nrf2 target genes such as HO1, NQO1, and thioredoxin 1 in the 
spinal cord (Fig. 5J and K). Immunoblot analysis of Git1 knockdown 
neurons under control and OGD/R treatment in vitro further indicated 
that Git1 can affect the expression levels of Nrf2 and Nrf2-mediated 
antioxidant genes and the nuclear import of Nrf2 (Fig. 5L–N). These 
above experimental results clarified that Git1 regulates the 

Fig. 3. Git1 regulates endoplasmic reticulum stress and DNA damage in neurons after I/R and OGD/R. A–C Western blotting analysis of the expression of ERS 
(phosphorylated eIF-2α) and DNA damage (phosphorylated H2A.X)-related proteins in spinal cord after I/R (reperfusion 4 h) (n = 3). D, E Immunofluorescence 
analysis shows ERS levels (phosphorylated eIF-2α) in neurons in the spinal cord (scale bar = 100 μm, n = 3) (I/R, reperfusion 4 h). F, G Immunofluorescence analysis 
shows DNA damage levels (phosphorylated H2A.X) in neurons in the spinal cord (scale bar = 100 μm, n = 3). H–J Western blot analysis of the levels of ERS 
(phosphorylated eIF-2α) and DNA damage (phosphorylated H2A.X)-related proteins in neurons after OGD/R or NAC treatment (with OGD/R) (n = 3). K–N 
Immunofluorescence of phosphorylated eIF-2α and H2A.X expression levels in neurons after OGD/R or NAC treatment (during reperfusion) (scale bar = 20 μm, n =
3). *P < 0.05; **P < 0.01; ***P < 0.001. 
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phosphorylation level of PGK1, affects the level of glucose metabolism 
intermediates, leading to changes in Keap1 dimerization and ultimately 
changing the expression of antioxidant Nrf2 axis-related proteins. This 
elucidates the mechanism by which Git1 resists ROS in neurons. 

3.5. Neuronal overexpression of Git1 enhances functional recovery and 
reduces neuronal loss following SCIRI 

Given the essential role of Git1 in SCIRI, we injected neuron-specific 
adeno-associated virus into the spinal cord to overexpress Git1. Immu-
nofluorescence staining showed that Git1 was significantly more 
expressed in spinal cord neurons in the overexpression virus-injected 
group (AAV-Syn-Flag-Git1) than in the control virus-injected group 
(AAV-Syn-Flag) (Figs. S6A and B). In addition, western blotting indi-
cated that the expression of Git1 in neurons in the overexpression group 
(Git1-OE) was significantly higher than that in the control group (Git1- 
Vec) (Figs. S6C and D). The BMS score and swimming test revealed that 
injection of AAV-Git1 led to improved functional recovery compared to 
the control vector (Git1-Vec) on days 7 and 14 post-I/R (Fig. 6A, E, F). 
Further motor function tests, including the rotarod test and footprint 
analysis, provided additional evidence that overexpression of Git1 in 
neurons led to enhanced motor recovery (Fig. 6B–D). Immunofluores-
cence staining showed no significant difference in neuron number and 
nerve fiber morphology between Git1 OE and Git1 Vec mice in the sham- 
operated group. After I/R (12 h of reperfusion), mice overexpressing 
Git1 had more viable neurons and better morphological nerve fibers 
than Git1-Vec mice injected with AAV-Vector (Fig. 6G–I). Furthermore, 
Git1-OE mice had less gliosis scarring than Git1-Vec mice after I/R (12 h 
of reperfusion) (Fig. 6J and K). Collectively, these findings indicate that 
targeted upregulation of Git1 in neurons facilitates functional recovery 
and reduces neuronal loss in the setting of SCIRI. 

3.6. Overexpression of Git1 in neurons reduces ROS levels after SCIRI 

Given the possible relationship between Git1 and ROS, we observed 
ROS levels after I/R in mice overexpressing Git1. Immunofluorescence 
staining analysis revealed a notable increase in levels of reactive oxygen 
species (ROS) in neurons located in the spinal cord of both Git1-OE mice 
and control (Git1-Vec) mice 4 h after experiencing ischemia/reperfusion 
(I/R) injury. Interestingly, the levels of ROS in Git1-OE mice were found 
to be significantly lower compared to those observed in Git1-Vec mice 
(Fig. 7A and B). Overexpression of Git1 in neurons in vitro was used to 
investigate ROS levels after OGD/R (Figs. S6E and F). Immunofluores-
cence staining showed that ROS levels in neurons overexpressing Git1 
(Git1-OE) were significantly lower than those in control neurons (Git1- 
Vec) 4 h after OGD/R (Fig. 7C and D). Further research found that 
mitochondrial superoxide in neurons was also affected by Git1. Mito-
chondrial superoxide was significantly decreased in Git1-overexpressing 
neurons after OGD/R (4 h after reperfusion) (Fig. 7E and F). Likewise, 
lipid peroxides were labeled by immunofluorescence staining, and the 
results revealed that levels of lipid peroxides in neurons of Git1-OE mice 
were significantly lower when compared to those observed in Git1-Vec 
mice after OGD/R (4 h after reperfusion) (Fig. 7G and H). The above 
results suggest that Git1 overexpression can reduce ischemia- 
reperfusion-induced ROS in neurons. 

3.7. Overexpression of Git1 in neurons reduces reperfusion-induced ROS 
levels via enhancing Nrf2 signaling 

To further confirm that Git1 affects ROS levels by modulating the 
Keap1-Nrf2 signaling axis, we investigated the expression of the Keap1- 
Nrf2 signaling pathway after I/R in mice overexpressing Git1. Western 
blotting analysis revealed a significant increase in the level of high 
molecular weight Keap1 (HMM-Keap1) in the spinal cord of mice 
overexpressing Git1 (Git1-OE) compared to that observed in control 
mice (Git1-Vec) (Fig. 8A and B). Meanwhile, in response to control 
treatment and OGD/R, Git1-OE neurons also had higher HMM-Keap1 
expression compared to Git1-Vec neurons in vitro (Fig. 8C and D). In 
addition, in response to sham surgery and I/R, overexpression of Git1 
upregulated the expression levels of Nrf2, and Nrf2 target genes HO1, 
NQO1, and thioredoxin 1 in the spinal cord (Fig. 8E and F). Immunoblot 
analysis of neurons overexpressing Git1, both under normal conditions 
and following OGD/R treatment in vitro, revealed that Git1 can modu-
late the expression of Nrf2 and Nrf2-related antioxidant genes, as well as 
the nuclear import of Nrf2 (Fig. 8G–I). To further verify the regulatory 
mechanism of Git1 on Nrf2, Nrf2 expression was knocked down in Git1- 
overexpressing neurons. Immunofluorescence staining indicated that 
ROS levels in Git1-OE neurons after Nrf2 knockdown (AAV-Nrf2) were 
significantly higher than those in Git1-OE neurons without Nrf2 
knockdown (AAV-Vec) 4 h after OGD/R (Fig. 8J and K). The above re-
sults clarified that overexpression of Git1 in neurons reduces 
reperfusion-induced ROS levels via enhancing Nrf2 signaling. This 
further elucidated the mechanism of Git1 resists ROS in neurons by 
promoting Keap1 dimerization and activating Nrf2 antioxidant pathway 
(see Fig. 9). 

4. Discussion 

We first found that Git1 has a protective role in SCIRI. Deletion of 
Git1 inhibits functional recovery in mice after SCIRI. We also found that 
Git1 interacts with PGK1 to regulate glucose metabolites in neurons. 
Furthermore, the role of Git1 in glucose metabolism affects oxidative 
stress in neurons, which has not been reported in previous studies. The 
interaction of Git1 with PGK1 reduces phosphorylation of S203 in PGK1, 
resulting in the accumulation of upstream glucose metabolites. Such 
metabolites can upregulate the dimerization of Keap1, thereby reducing 
ubiquitination and degradation of Nrf2, and increasing expression and 
nuclear entry of Nrf2, enhancing the antioxidant capacity of neurons. 
Git1 couples glucose metabolism to oxidative stress in neurons. We 
innovatively demonstrate the molecular mechanism of Git1 resistance to 
ROS in SCIRI. Our findings suggest that Git1 represents a compelling 
therapeutic target for ameliorating SCIRI, highlighting its potential as a 
promising avenue for treatment. 

Git1 (G-protein-coupled receptor (GPCR) kinase 2-interacting pro-
tein-1) is a shuttle protein with multiple biological functions. Different 
domains of Git1 bind different proteins and regulate their activity [37, 
38]. Within the central nervous system, Git1 exerts a beneficial function. 
Previous studies have suggested that Git1 is a postsynaptic structural 
protein that promotes spine maturation. Git1 also plays a regulatory role 
in neuronal metabolism and can regulate the excitability of postsynaptic 
neurons [44,46]. The expression of Git1 is intricately tied to neuronal 
aging, and a multitude of neurodegenerative disorders have been linked 
to Git1 as well [48,79,80]. 

Previous studies have shown that Git1 is mainly expressed in neurons 

Fig. 4. Git1 interacts with PGK1. A Interaction between Git1 and other proteins. B, C Co-immunoprecipitation detection of endogenous Git1 binding to PGK1 in 
untreated or OGD/R-treated neurons and 293T cells (OGD/R reoxygenation for 4 h, n = 3). D Proximity ligation assay (PLA) detects the binding of Git1 to PGK1 in 
neurons under physiologic conditions or in response to OGD/R treatment (reperfusion 4 h) (scale bar = 50 μm, n = 6). E Functional domains of Git1. F Flag-Git1-WT 
or Flag-Git1 deletion mutants were co-transfected with HA-PGK1 in HEK 293T cells, and were then subjected to OGD/R for 4 h. Immunoprecipitation (IP) was 
conducted using Flag antibody, followed by probing with HA to detect the interaction between PGK1 and Git1 or Git1 deletion mutants (n = 3). G Functional domains 
of PGK1. H HEK 293T cells were co-transfected with Flag-Git1 and either full-length HA-labeled PGK1 or its deletion mutant. The cell lysate was subsequently 
analyzed by IP (n = 3). I Three-dimensional structures of Git1 and PGK1 proteins. 
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Fig. 5. Git1 inhibits phosphorylation of PGK1 and activates Nrf2 signaling. A Representative western blots of PGK1, phosphorylation of PGK1 S203, Keap1, and 
HMM-Keap1 expression in the spinal cords of Git1 wild-type (WT) and knockout (KO) mice exposed to either sham operation or ischemia/reperfusion (I/R) injury for 
4 h. Keap1: black dotted line box, HMM-Keap1: black solid line box. B, C Quantification of phosphorylation of PGK1 S203 and HMM-Keap1 in the spinal cord (n = 3). 
D Representative western blots of phosphorylation of PGK1 S203, PGK1, Keap1, and HMM-Keap1 expression in control and Git1 knockdown neurons under control 
and OGD/R treatment (reperfusion 4 h). Keap1: black dotted line box, HMM-Keap1: black solid line box. E, F Quantification of phosphorylation of PGK1 S203 and 
HMM-Keap1 in neurons (n = 3). G Heat map visualization of metabolite levels in control and Git1-knockdown neurons. R5P, ribose-5-phosphate; 3-PG; 3-phos-
phoglycerate; GSSG, glutathione disulfide; BPG, bisphosphoglycerate; GSH, glutathione-SH. H, I Co-immunoprecipitation analysis and quantitation of the poly-
ubiquitination of Nrf2 in neurons in AAV-Vec (vector adenovirus) and AAV-Git1 (Git1 knockdown adenovirus) groups under control and OGD/R (reperfusion 4 h) (n 
= 3). AAV-Nrf2 (Nrf2 knockdown adenovirus). J, K Representative western blots of Nrf2, HO1, NQO1, and thioredoxin 1 expression in the spinal cords of Git1 wild- 
type (WT) and knockout (KO) mice exposed to either sham operation or ischemia/reperfusion (I/R) injury for 4 h (n = 3). L–N Representative western blots of Nrf2 
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in the spinal cord [81], consistent with our immunofluorescence results. 
We found that loss of Git1 aggravated neuronal apoptosis and impaired 
functional recovery after SCIRI. SCIRI is a common and important type 
of secondary spinal cord injury, and its damage mechanism is mainly 
due to an imbalance of the homeostasis of oxidative stress in the spinal 
cord microenvironment, resulting in severe impairment of sensory and 
motor functions [82]. Therefore, studying the molecular mechanisms of 
oxidative stress in SCIRI is important for clinically controllable and 
treatable spinal cord injury (SCI) [4,83]. Considering the protective role 
of Git1 in SCIRI, immunofluorescence staining of spinal cord sections 
showed that Git1-knockout spinal cord mice had a more severe oxidative 
stress state after SCIRI. In vitro, we also found that knockdown of Git1 
resulted in excessive production of ROS, mitochondrial superoxide, and 
lipid peroxides in neurons after OGD/R. Git1 is tightly linked to oxida-
tive stress in neurons. Our immunofluorescence staining and Western 
blot results indicated that loss of Git1 can lead to severe ROS-related 
endoplasmic reticulum stress and DNA damage after SCIRI or OGD/R. 
These results further elucidate the molecular mechanism by which Git1 

protects neurons in SCIRI. 
To further analyze the mechanism by which Git1 regulates oxidative 

stress in neurons, we identified a new protein, PGK1, which interacts 
with Git1 in neurons and HEK293T cells by immunoprecipitation and IP 
coupled with LC-MS/MS. PGK1 is an important enzyme in glucose 
metabolism and plays a role in regulating energy homeostasis [31,32, 
84]. Intracellular glucose metabolism represents a key metabolic 
pathway responsible for furnishing cellular energy [24]. In addition, the 
state of glucose metabolism in cells can affect oxidative stress and im-
mune function [23,26]. Intracellular glucose metabolites are closely 
related to activation/inhibition of signaling pathways and epigenetic 
and post-transcriptional regulation of genes [28,29,85]. Therefore, the 
binding of PGK1 and Git1 may be an important regulatory mechanism of 
cellular metabolism. Immunoblotting indicated that Git1 affects phos-
phorylation of S203 of PGK1. Quantitative metabolomic profiling 
showed that after Git1 knockdown, metabolite levels upstream of PGK1 
decreased, mainly including 1,3- and total-bisphosphoglycerate (BPG), 
glyceraldehyde-3-phosphate (GAP), and methylglyoxal. These 

(total), Nrf2 (nuclear), HO1, NQO1, and thioredoxin 1 expression in control and Git1 knockdown neurons under control and OGD/R treatment (reperfusion 4 h) (n 
= 3). 

Fig. 6. Enhanced expression of Git1 in neurons promotes functional recovery and mitigates loss of neurons after SCIRI. A BMS scores at various time points in Git1- 
OE (Adeno-associated virus overexpressing Git1) and Git1-Vec (Adeno-associated virus control vector) mice after I/R (n = 6). The two sham operation groups had the 
same score (Vec Sham (green line) and OE Sham (gray line)). B Rotarod test at day 14 after I/R demonstrated better functional recovery in Git1-OE mice (n = 6). C, D 
Footprint assay to assess functional recovery at day 14 after I/R in Git1-OE and Git1-Vec mice (scale bar = 1 cm, n = 6). E, F Swimming test to assess trunk stability 
and hindlimb motor function at days 3, 7, and 14 after I/R, and statistical analysis of the Louisville Swim Scale data in Git1 Vec and Git1 OE mice (n = 6). G 
Representative immunofluorescence images of NeuN (red) and NF200 (green) in the spinal cord tissue sections of Git1 Vec and Git1 OE mice at 12 h post-reperfusion. 
Nuclei were highlighted using DAPI fluorescence (in blue) (scale bar = 100 μm, n = 6). H, I Quantification of NeuN+ neurons and NF200 relative intensity in the 
spinal cord (n = 6). J Representative immunofluorescence images of GFAP (red) and DAPI (blue) in spinal cord tissues of Git1 Vec and Git1 OE mice at 12 h post- 
reperfusion (scale bar = 100 μm, n = 6). D Quantification of GFAP+ cells (astrocytes) in the spinal cord (n = 6). *P < 0.05; **P < 0.01; ***P < 0.001. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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metabolites can affect the dimerization of Keap1, resulting in altered 
levels of Nrf2 ubiquitination. Immunoblotting showed that reduced 
levels of metabolites following Git1 knockdown resulted in reduced 
Keap1 dimerization and increased Nrf2 ubiquitination. This indicates 
that Git1 regulates the Nrf2 pathway by affecting glucose metabolites 
and exerts an antioxidant effect. Clinically, there is a certain correlation 
between elevated blood glucose and prognosis in patients with spinal 
cord injury [86–88]. In addition, an increasing number of studies have 
shown that alterations in glycolysis levels influence the prognosis of 

many neurological diseases [25,89,90]. In this study, it was found that 
Git1 coupled glucose metabolism and oxidative stress in neurons. This 
provides evidence for the role of Git1 in neuronal antioxidant activity, 
and also reveals the possible mechanism of Git1 in neurodegenerative 
diseases. 

We further injected AAV into the spinal canal to specifically over-
express Git1 in spinal cord neurons. From analysis of motor function 
experiments, we clearly showed that overexpression of Git1 notably 
leads to a marked improvement in motor function recovery in mice 

Fig. 7. Overexpression of Git1 reduces reperfusion-induced ROS levels in neurons. A Detection of neuronal ROS levels in spinal cord by immunofluorescence staining 
(scale bar = 100 μm). B Quantification of DHE fluorescence intensity in the spinal cord of Git1 Vec and Git1 OE mice after sham-operated and I/R (4 h of reperfusion, 
n = 6). C, D Representative immunofluorescence images of ROS levels in Git1 Vec and Git1 OE neurons and quantification of mean fluorescence intensity of ROS 
(scale bar = 50 μm, n = 6). E, F Immunofluorescence and quantification of mitochondrial superoxide (MitoSox labeled, red) in Git1 Vec and Git1 OE neurons (scale 
bar = 50 μm, n = 6). G, H Immunofluorescence detection and quantification of lipid peroxidation (green) in Git1 Vec and Git1 OE neurons (scale bar = 50 μm, n = 6). 
(OGD/R, reperfusion 4 h). *P < 0.05; **P < 0.01; ***P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Fig. 8. Overexpression of Git1 in neurons enhances Keap1-Nrf2 signaling pathway. A Western blot analysis of Keap1 and HMM-Keap1 expression in the spinal cords 
of Git1 Vec and OE mice following either a sham operation or ischemia/reperfusion (I/R) injury for 4 h. Keap1: black dotted line box, HMM-Keap1: black solid line 
box. B Quantification of HMM-Keap1 in the spinal cord (n = 3). C Representative western blots of Keap1 and HMM-Keap1 expression in Git1 Vec and OE neurons 
under control and OGD/R treatment (reperfusion 4 h). Keap1: black dotted line box, HMM-Keap1: black solid line box. D Quantification of phosphorylation of HMM- 
Keap1 in neurons (n = 3). E, F Representative western blots of Nrf2, HO1, NQO1, and thioredoxin 1 expression levels in the spinal cords of Git1 Vec and OE mice 
subjected to sham operation or ischemia/reperfusion (I/R) injury for 4 h (n = 3). G-I Representative western blots of Nrf2 (total), Nrf2 (nuclear), HO1, NQO1, and 
thioredoxin 1 expression in Git1 Vec and OE neurons under control and OGD/R treatment (reperfusion 4 h) (n = 3). J, K Representative immunofluorescence images 
of ROS levels in AAV-Vec (Nrf2 vector adenovirus) and AAV-Nrf2 (Nrf2 knockdown adenovirus) Git1 OE-neurons and quantification of mean fluorescence intensity of 
ROS (scale bar = 50 μm, n = 6). *P < 0.05; **P < 0.01; ***P < 0.001. 
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following SCIRI. In addition, both in vivo and in vitro experiments 
showed that overexpression of Git1 can inhibit the production of ROS 
and other peroxides after I/R or OGD/R injury, and reduce the oxidative 
stress damage of neurons. Collectively, these findings implicate Git1 as a 
crucial mediator of oxidative stress. Immunoblot analysis of neurons 
overexpressing Git1 showed that overexpression of Git1 in neurons 
enhanced Nrf2 signaling. These results indicate that the neuroprotective 
function and antioxidant capacity after Git1 overexpression are closely 
related to the further activation of Nrf2 pathway. Git1 plays an impor-
tant role in the regulation of Nrf2 signaling pathway and is an important 
target for the regulation of cellular antioxidation. The close molecular 
link between Git1 and Nrf2 may be an important target for clinical 
treatment of SCIRI. Neurons with Git1 overexpression were able to 
inhibit the antioxidant function of Git1 after Nrf2 knockdown. This 
further reveals the antioxidant mechanism of Git1 in neurons. The 
regulation of intracellular oxidative stress levels is multi-mechanism. 
Although this study elucidates the mechanism by which Git1 couples 
glucose metabolism to regulate oxidative stress, the mechanism of 
oxidative stress in neurons may be multifactorial, and further explora-
tion is warranted to investigate other possible mechanisms. 

In summary, Git1 plays an important role in neurons after SCIRI. 
Oxidative stress is an important injury mechanism in SCIRI and an 
important target for therapy. The interaction of Git1 and PGK1 is a key 
molecular event that triggers changes in glucose metabolism in neurons, 
regulates Keap1 dimerization and Nrf2 ubiquitination, and affects 
intracellular oxidative stress. Comprehending the molecular un-
derpinnings and signaling pathways involved in Git1-associated per-
turbations in metabolism may pave the way for novel diagnostic and 
therapeutic modalities aimed at modulating the survival and demise of 
neuronal cells post-SCIRI. Our results underscore the critical role of 

Git1-mediated PGK1 phosphorylation and oxidative stress modulation 
in neuronal cells, highlighting the potential of Git1 targeting as a viable 
therapeutic avenue for SCIRI. Further investigations are warranted to 
engineer Git1-specific recombinant proteins for managing SCIRI, pre-
senting a promising avenue for future therapeutic development. 
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Fig. 9. Git1-PGK1 interaction results in self-protection against spinal cord ischemia-reperfusion injury by modulating KEAP1–Nrf2 signaling. Binding of Git1 to PGK1 
restricts PGK1 phosphorylation leading to increased glucose metabolism intermediates, ultimately promoting dimerization of Keap1 and reducing ubiquitination of 
Nrf2, leading to better antioxidant capacity of neurons and better functional recovery after SCIRI. 
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Molecular basis for the lack of enantioselectivity of human 3-phosphoglycerate 
kinase, Nucleic Acids Res. 36 (2008) 3620–3629. 
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