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Abstract
The pathogenesis of ferroptosis in traumatic brain injury (TBI) is unclear; therefore, we aimed to identify key molecules asso-
ciated with ferroptosis in TBI using bioinformatics analysis to determine its underlying mechanisms. GSE128543 dataset was 
downloaded from the Gene Expression Omnibus (GEO) database, and TBI-associated modules were obtained by weighted gene 
co-expression network analysis (WGCNA). We identified 60 differentially expressed genes (DEGs) by intersecting the modules 
with ferroptosis and glycolysis/gluconeogenesis gene libraries. The hypoxia-inducible factor-1 (HIF-1) signaling pathway was 
identified to be critical for ferroptosis post-TBI, and protein–protein interaction (PPI) network identified 20 hub genes, includ-
ing phosphoglycerate kinase 1 (PGK1), ribosomal protein (RP) family, pyruvate kinase M1/2 (PKM), hypoxia-inducible factor 
1α subunit (HIF-1α), and MYC genes. In this study, we further explored the role of PGK1, a gene involved in HIF-1 signaling 
pathway; however, its role and mechanism in TBI are still unclear. Moreover, we constructed a TBI mouse model and examined 
PGK1 and HIF-1α expression levels, and the results revealed their expressions increased after cortical injury in mice and they 
co-localized in the same cells. Furthermore, we examined the expressions of PGK1 in the cerebrospinal fluid of 20 clinical 
patients with different degrees of brain injuries within 48 h of surgery and examined the cognitive function of patients according 
to the Glasgow Coma Scale (GCS). The results revealed that PGK1 expression level was negatively correlated with the severity 
of the brain injury. These findings suggest that PGK1 may become a potential hub gene for ferroptosis via the HIF-1 signaling 
pathway, second to neurological injury after TBI, thereby affecting patient prognosis.

Keywords  Traumatic brain injury · Ferroptotic genes · PGK1 · HIF-1 signaling pathway · Bioinformatics

Introduction

Traumatic brain injury (TBI) has increased with the accel-
eration of urban construction and its associated increase in 
traffic accidents, and has led to a large consumption of social 
resources [1], with a 20% mortality rate and 50% incidence of 

poor prognosis [2]. The post-traumatic phase following TBI 
leads to neurological, behavioral, and cognitive impairments 
that typically develop over a period of months to years after 
the trauma and significantly affect the quality of life [3, 4]. 
Craniocerebral injury includes two pathological stages: pri-
mary and secondary damage. The primary injury involves 
irreversible brain damage, vascular damage, and diffuse 
axonal injury, whereas the secondary injury is due to hypoxia, 
release of inflammatory mediators, and abnormal function of 
coagulation fibrinolysis and monocyte infiltration [5]. Brain 
tissue hypoxia promotes glycolytic and gluconeogenic pro-
cesses [6], causing a decrease in glucose concentration and 
decrease in lactate concentration in patients with acute TBI 
[7, 8]. Ferroptosis is a newly discovered programmed cell 
death-like process that has been identified post-brain injury; 
however, its mechanism in TBI is unclear.

Ferroptosis is distinct from the traditional causes of cell 
death, such as apoptosis, necrosis, thermal hypoplasia, 
and autophagy [9]. It was first reported in 2012 and has 
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been associated with the progression of several diseases, 
including tumors, stroke, kidney injury, and hematological 
damage, primarily due to its pathology of accumulation of 
iron-dependent oxidants, which is characterized by iron-
dependent lipid peroxidation [10–15]. Recent studies have 
suggested that ferroptosis is associated with brain injury-
related cell death mechanisms, and a study using HT22 
neuronal cells and C57BL/6 TBI-mouse model suggested 
that ferroptosis may be involved in the pathogenesis of TBI 
in vitro and in vivo [16]. It was found that the expression lev-
els of some hub molecules, particularly, the hypoxia-induc-
ible factor 1α subunit (HIF-1α) involved in the ferroptosis 
induction process, were altered after ferroptosis [17, 18]. 
Currently, bioinformatics-based studies on ferroptosis genes 
post-brain injury are limited. Therefore, in this study, we 
used data mining and weighted gene co-expression network 
analysis (WGCNA) techniques to screen for differentially 
expressed genes (DEGs) in cortical and normal brain tis-
sues of TBI mice. We identified 60 differentially expressed 
genes (DEGs) by intersecting the modules with ferroptosis 
and glycolysis/gluconeogenesis gene libraries. The hypoxia-
inducible factor-1 (HIF-1) signaling pathway was identified 
to be critical for ferroptosis post-TBI, and protein–protein 
interaction (PPI) network identified 20 hub genes, includ-
ing phosphoglycerate kinase 1 (PGK1), ribosomal protein 
(RP) family, pyruvate kinase M1/2 (PKM), hypoxia-induc-
ible factor 1α subunit (HIF-1α), and MYC genes. As there 
are numerous RP family molecules involved, we have not 
focused on them in this study and have chosen to target 
PGK1, which is involved in the HIF-1 signaling pathway, 
while we expect that other molecules may be validated in 
subsequent work. PGK1 was selected for further analysis 
and its hub transcription factors (TFs), miRNAs, and inter-
ventional drugs were predicted. Additionally, a mouse TBI 
model was constructed to test the above hypothesis.

PGK1 is a hub enzyme in anaerobic and aerobic glycoly-
sis. During glycolysis, PGK1 catalyzes the transfer of phos-
phate group from 1,3-diphosphoglycerate (1,3-BPGA) to 
ADP to produce 3-phosphoglycerate (3-PGA) and an ATP, 
a high energy molecule. During gluconeogenesis, PGK1 
catalyzes the reverse reaction and forms 1,3-BPGA and 
ADP [19, 20]. Since the forward reaction is one of the two 
ATP-producing steps in the glycolytic pathway, it is impor-
tant in the metabolism of many organisms, and studies have 
confirmed its role in tumor development [21]. Furthermore, 
PGK1 expression is increased in rat TBI tissues [22]. Addi-
tionally, studies have demonstrated that HIF-1α upregulates 
a series of glycolytic genes during glycolysis and uses PGK1 
as a downstream target and that glycolysis is necessary to 
maintain HIF-1α activity [23]. Another study demonstrated 
that PGK1 increases HIF-1α activity [24]. Moreover, 
HIF-1α is involved in regulating the process of secondary 
brain injury after TBI and has shown to play an important 

role in several central nervous system diseases [25]. HIF-1α 
is a major transcriptional regulator of the hypoxic response 
and facilitates the regulation of cell survival under various 
stresses. A recent study showed that HIF-1 pathway activa-
tion after upregulation of HIF-1α has an inhibitory effect on 
ferroptosis [26]; however, at present, the role of PGK1 in the 
ferroptosis is unclear.

Our results will help to understand the impact of ferropto-
sis process on secondary brain injury post-TBI, provide new 
ideas for clinical diagnosis and treatment of brain injury, and 
provide more insight on the mechanism of PGK1 in sec-
ondary neurological injury post-TBI and in the development 
and prognosis of TBI. This project may provide theoretical 
support for the elucidation of the mechanisms of secondary 
injury due to ferroptosis post-TBI and may provide a thera-
peutic strategy for improving the prognosis of TBI patients, 
having far-reaching clinical significance.

Materials and Methods

Data Acquisition

The dataset GSE128543, containing data on differential gene 
expression changes in cerebral cortex tissue of controlled 
cortical impact injury induced TBI mice model, was down-
loaded from the Gene Expression Omnibus (GEO) database 
(https://​www.​ncbi.​nlm.​nih.​gov/​geo). Additionally, cortical 
tissue samples from seven TBI mice and seven controls were 
included in the analysis. Ferroptosis and glycolysis/gluco-
neogenesis datasets were obtained from the GeneCards data-
base for the management and identification of ferroptosis-
related markers and regulators.

WGCNA

WGCNA was used to search for modules with co-expressed 
genes and explore the relationship between these modules 
and hub genes associated with the phenotypes. Using gene 
expression profiles, we calculated the median absolute devi-
ation (MAD) of each gene and eliminated the top 50% of the 
genes with the smallest MAD and the outlier genes and sam-
ples using the goodSamplesGenes method of the R package 
WGCNA. We further used WGCNA to construct scale-free 
co-expression network. At first, Pearson’s correlation matri-
ces and average linkage method were both performed for all 
the pair-wise genes. Thereafter, a weighted adjacency matrix 
was constructed using a power function: Amn = |Cmn|�(Cmn 
is the Pearson’s correlation between gene m and gene n; 
Amn is the adjacency between gene m and gene n). β was 
a soft-thresholding parameter that could emphasize strong 
correlations between genes and penalize weak correlations. 
After setting β as 4, the adjacency was transformed into a 

https://www.ncbi.nlm.nih.gov/geo
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topological overlap matrix (TOM), which could measure 
the network connectivity of a gene, defined as the sum of 
its adjacency with all the other genes for network genera-
tion, and the corresponding dissimilarity (1-TOM) was cal-
culated. To classify genes with similar expression profiles 
into gene modules, average linkage hierarchical clustering 
was conducted according to the TOM-based dissimilarity 
measure with a minimum size (gene group) of 30 for the 
gene dendrogram. To further analyze the module, we calcu-
lated the dissimilarity of module eigengenes, chose a cut line 
for module dendrogram, and merged some modules. In addi-
tion, we merged modules with < 0.25 distances and obtained 
22 co-expression modules. Notably, the grey module was 
considered as the set of genes that could not be assigned to 
any module.

Functional Enrichment Analysis

Functional enrichment analysis was performed using 
gene ontology (GO) and Kyoto encyclopedia of genes and 
genomes (KEGG) databases. GO database contains three 
domains, including biological process (BP), cellular compo-
nent (CC), and molecular function (MF), while the KEGG 
database contains datasets of pathways involving biological 
functions, diseases, chemicals, and drugs. The enrichment 
analysis was carried out by using clusterProfiler R package 
to determine the biological functions of the genes and asso-
ciated pathways. The gene sets were restricted to a minimum 
of 5 and a maximum of 5000. P-value of < 0.05 and a FDR 
of < 0.25 were considered statistically significant.

Protein–Protein Interaction (PPI) Network Analysis

Search Tool for the Retrieval of Interacting Genes/Proteins 
(STRING), an online database which can retrieve the inter-
action between a group of proteins, was used to predict PPIs. 
Cytoscape network visualization was obtained with inter-
action scores > 0.4. The nodes represented genes and the 
edges represented the links between the genes. In addition, 
the PPI network was built and visualized using Cytoscape 
v3.6.0 software.

Gene‑miRNA/Drug Interaction Networks

NetworkAnalyst (https://​www.​netwo​rkana​lyst.​ca/​Netwo​
rkAna​lyst) was used to predict drugs, TFs, and miRNAs tar-
geting the marker genes. The literature-curated regulatory 
interaction data was collected from the RegNetwork reposi-
tory to predict targeted pivotal TF–miRNA co-regulatory 
interactions and construct the interaction networks. We also 
used DrugBank database (v5.0) to predict the drugs.

TBI Model

Male C57BL/6 mice (8–12 weeks old) were provided by the 
Laboratory Animal Center of Nantong University. Animal 
experiments, which were in accordance with the National 
Institutes of Health (NIH) Guide for the Care and Use of 
Laboratory Animals, were approved by the Animal Experi-
mentation Committee of Nantong University. The brain 
stereotaxic instrument (Hubei Medical Bioinstrumenta-
tion Co., Ltd.), anti-HIF-1α antibody (20,960–1-AP, USA), 
anti-PGK1 antibody (17,811–1-AP, USA), and anti-glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) antibody 
(60,004–10-Ig, USA) were purchased from Proteintech; 
anti-glial fibrillary acidic protein (anti-GFAP) antibody 
(G3893, USA) was purchased from Sigma-Aldrich; anti-
neuronal nuclear protein (anti-NeuN) antibody (66,836–1-
Ig, USA) was purchased from Proteintech; and anti-ionic 
calcium binding protein (Iba) antibody (019–19741, Japan) 
was purchased from Wako. In this experiment, the mouse 
brain injury model was prepared by the cortical stab injury 
method, as follows: mice were weighed and anesthe-
tized intraperitoneally with 10% chloral hydrate solution 
(0.3 mL/100 g), and the surgical area (middle of the head) 
was shaved and wiped with iodine and alcohol. The scalp 
was incised along the middle of the head, approximately 
2 cm to the right, and the skull was exposed by bluntly 
separating the soft tissues and the epicranial membrane. A 
circular bone window of 4-mm diameter was opened with 
a cranial drill, 2 mm in front of the herringbone suture and 
2 mm to the midline of the skull, keeping the dura intact. 
The skull was inserted sagittally into the right cerebral 
cortex with a scalpel to a depth of 2 mm. The mice were 
killed within 1–7-day post-injury and morphological and 
biochemical analyses were performed as described below. 
In the sham-operated group, the cranial window was opened 
and then closed with bone wax, and no cut was applied. The 
observation time points after model establishment were set 
as sham, 3-h, 1-day, 3-day, and 7-day post-TBI for specimen 
collection.

Modified Neurological Severity Score (mNSS)

mNSS was used to assess neurological function in each group. 
The scoring scale included motor function tests (muscle status 
and abnormal activity), sensory function tests (visual, tactile, 
and proprioceptive), physiological reflex tests, and balance 
tests, which were used to assess long-term neurological func-
tion. Each group of six mice was scored at 3-h, 1-day, 3-day, 
and 7-day post-TBI. The scale scores ranged from 0 (normal 
score) to 18 (maximum deficit score), and a score of 1 was 
assigned if the mice were unable to perform the test or did not 
respond as expected (Supplementary Table 1).

https://www.networkanalyst.ca/NetworkAnalyst
https://www.networkanalyst.ca/NetworkAnalyst
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Wet and Dry Method for Measuring Cerebral Edema

The wet and dry weight method was used to determine the 
water content of the brain tissue. After preparing the mouse 
TBI model, the ischemic brain tissue was removed and its 
wet weight was measured immediately. Thereafter, the tis-
sue was dried in a hot air oven at 105 °C for 48 h and its dry 
weight was measured. The water content in the brain tissue 
was calculated using the following formula:

Hematoxylin–Eosin (HE) Staining

Five groups of six mice were fixed by perfusion with 4% 
paraformaldehyde, and the brains were removed, dehy-
drated, and then the frozen cortical Sects. (10-μm thick) 
were cut using a cryostat. Thereafter, the sections were 
subjected to the following treatments: anhydrous ethanol 
for 5 min, 90% ethanol for 2 min, 80% ethanol for 2 min, 
70% ethanol for 2 min, distilled water for 2 min, hema-
toxylin staining solution for 10 min, tap water to wash off 
excess staining solution, differentiation solution for 30 s, 
tap water to rinse for 10 min, eosin staining solution for 
1 min, 70% ethanol for 10 s, 80% ethanol for 10 s, and 90% 
ethanol for 10 s, 90% ethanol for 10 s, anhydrous ethanol 
for 10 s, and xylene for 5 min. Finally, the sections were 
sealed with neutral gum for microscopic observation.

Immunofluorescence Assay

After perfusion with 4% paraformaldehyde, mouse 
brains were removed, dehydrated, and the frozen corti-
cal Sects. (10-μm thick) were cut using a cryostat. Subse-
quently, goat serum blocking solution was added dropwise 
for 1.5 h. Thereafter, PGK1 (1:100), GFAP (1:200), ionized 
calcium-binding protein (Iba1; 1:200), and NeuN (1:200) 
were added dropwise at 4 ℃ overnight. The sections were 
then incubated with secondary antibodies for 1.5 h in the 
dark. Lastly, the sections were incubated with diamidino 
diamidine phenylindole (DAPI) stain for 5 min in the dark 
and the films were sealed and photographed.

Western Blot (WB)

After the mice were anesthetized and executed, the injured 
cortical tissues were obtained and incubated in tissue lysis 
solution. Thereafter, the sample was centrifugation at 
12,000 rpm for 15 min, the supernatant was collected, and 
the total protein concentration was determined using the 
bicinchoninicacid (BCA) kit. Equal amounts of proteins 

brain water content (%) =
(wet weight − dry weight)

wet weight
× 100

were transferred to polyvinylidene fluoride (PVDF, Merck 
Millipore) after sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis (SDS-PAGE), and incubated at 4 ℃ 
with 5% skimmed milk for 2 h and overnight with pri-
mary antibodies: PGK1, HIF-1α (1:1000), and GAPDH 
(1:5000). The membrane was washed three times with 
tris-buffered saline Tween 20 (TBST), incubated with 
HRP-labeled secondary antibody for 2 h at room tempera-
ture, washed three times with TBST, and developed using 
the developing solution. Image J software was used for 
grayscale analysis, and GAPDH was used as the internal 
reference. The expression level of the target protein was 
indicated as the ratio of the grayscale value of the target 
protein to the grayscale value of GAPDH.

Analysis of Cerebrospinal Fluid (CSF) and Prognosis 
in Patients with TBI

Twenty emergency surgical patients (aged 18–85 years) 
with isolated TBI diagnosed on the basis of CT presenta-
tion of the head on admission were included in the study. 
The patients were divided into four groups: (i) severe 
brain injury (SHI) group (GCS ≤ 8), died within 2 weeks 
of injury (including near-death automatic discharge); (ii) 
moderate injury (MHI) (GCS > 8), survived injury and was 
discharged from hospital with a post-discharge follow-up 
GCS > 12, and the injuries were assessed using the GCS 
and computed tomography (CT) scan. CSF was collected 
intraoperatively (500 μl), and the samples were centri-
fuged at 3000 rpm for 10 min to remove cellular debris, 
and the supernatant was collected and stored at − 80 °C 
until further analysis. PGK1 concentration was meas-
ured using enzyme-linked immunosorbent assay (ELISA) 
according to the manufacturer’s instructions. GCS scores 
were obtained according to the Glasgow Coma Score 
(GCS) for cognitive function testing of the patients, and 
patients’ prognosis was evaluated at discharge according 
to the GOS score.

Statistical Analysis

Data were expressed as mean ± standard deviation. Image 
J was applied for grayscale determination, SPSS 19.0 sta-
tistical software analysis. The experiments were repli-
cated thrice under the same conditions, and the results 
were grayscaled and scanned for quantitative statistical 
analysis. Two-by-two comparison between groups was 
performed by using ANOVA. Linear correlation analysis 
was used to investigate the relationship between PGK1 
and GCS and GOS scores. GCS scores were used to 
assess the severity of patients with TBI, and GOS scores 
were used to determine prognosis.
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Results

WGCNA and Analysis of the TBI‑Associated Module

We identified 22 modules via WGCNA of TBI and control 
samples (Fig. 1A). The genes in the turquoise and blue mod-
ules were negatively correlated with the clinical features in the 
sham group and positively correlated with genes in the TBI 
group (Fig. 1B). A hub module which was significantly corre-
lated with TBI was identified within the turquoise module con-
taining 9999 genes (correlation coefficient = 0.97, P = 3.3e − 8; 
Fig. 1B) and was defined as the candidate module of interest. 
Heat maps based on gene co-expression showed that TBI-asso-
ciated genes in the same model tended to be closely related 
biologically (Fig. 1C).The turquoise module was further used 
as the hub module for GS and MM analysis, with the correla-
tion coefficient, r = 0.95 and p < 0.001 (Fig. 1D).

DEGs

Intersection of the turquoise module with the ferroptosis and 
glycolysis/gluconeogenesis databases led to the identifica-
tion of 60 DEGs (Fig. 2).

GO and KEGG Enrichment Analysis of the DEGs

We performed GO and KEGG enrichment analysis of the 
DEGs using the R software to determine the potential role of 
DEGs in the development of TBI. BP analysis showed that 
these genes are associated with catabolic process (Fig. 3A); 
CC analysis revealed that these genes are involved in cyto-
sol, extracellular space, and extracellular exosome (Fig. 3B); 
and MF analysis revealed that these genes are involved in 
certain hub functions, such as nucleic acid binding (Fig. 3C). 
In addition, KEGG pathway enrichment analysis showed 
that these genes were significantly associated with HIF-1, 
TNF, MAPK, NF-kappa B (NFκB), and ferroptosis signaling 
pathways (Fig. 3D).

Establishment of PPI Network

PPI network analysis was performed using the STRING 
database and visualized using Cytoscape (v3.7.2). The 
PPI network contained 60 nodes and 413 edges (Fig. 4A), 
and the top 20 hub genes were identified using CytoHubba 
(Fig. 4B). Among these, PGK1 and HIF-1α are involved in 
the HIF-1 signaling pathway.

Fig. 1   A Identification and characterization of TBI-associated gene 
hub modules. Hierarchical cluster tree showing co-expression mod-
ules based on WGCNA. B Correlation between 22 hub modules and 

clinical traits. C Co-expression heat map and correlations for TBI-
associated genes in models. D The turquoise module was further used 
as the hub module for GS and MM analysis
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Construction of TF–miRNA Interaction Networks 
and Prediction of PGK1 Targeting Drugs

We constructed a regulatory network to determine the regu-
latory mechanism of PGK1 gene with TF–miRNA (Fig. 5A). 
The results include 11 TFs, including HIF-1α, STAT2, 
STAT1, SP1, PPARG, NFIL3, NFIC, MAX, GABPA, 
CTCF, and ATF1 and two miRNAs, including hsa-miR-143 
and miR-873. We also predicted two drugs that could inter-
fere with PGK1 activity (Fig. 5B), including the adenosine-
5′-[beta, gamma-methylene] triphosphate and 3-phospho-
glyceric acid.

TBI Model Mice Were Successfully Constructed

In this study, we evaluated the TBI mouse model and showed 
brain tissue injury, edema, and hematoma formation by HE 
staining. The hematoma was gradually absorbed over time 
(Fig. 6A). Thereafter, we assessed the neurological function 
of the TBI mice by using mNSS score, which showed that 
the neurological function of the mice was impaired after 
brain injury (Fig. 6B), and there was no significant difference 
between the injury groups. Finally, the brain water content 
(%) was calculated by the wet and dry method. The degree 
of brain edema indicated the degree of brain injury, and it 
was found that the brain edema was significantly severe 
in the 3-day TBI mice than in the sham group (P < 0.05); 

however, there was no significant difference between other 
groups compared to the Sham group (Fig. 6C).

Validation of Hub Genes

We primarily verified the expressions of PGK1 and HIF-1α 
involved in the HIF-1 signaling pathway in the TBI mice 
brain tissue. The WB results showed that the levels of PGK1 
increased in the 3-h (1.363 ± 0.017), 1-day (1.867 ± 0.010), 
3-day (1.867 ± 0.010), and 7-day (1.424 ± 0.006) TBI groups 
compared to the sham group; HIF-1α levels increased in 
the 3-h (1.429 ± 0.008), 1-day (2.253 ± 0.016), 3-day 
(2.147 ± 0.080), and 7-day (1.858 ± 0.003) TBI samples, 
which peaked on day 1 and then decreased, but was elevated 
in all the groups compared to the sham group. The experi-
ments were repeated thrice, and statistical analysis revealed 
significant differences (Fig. 7).

Immunofluorescence Verification of Hub Gene 
Localization After TBI

We selected the 1-day TBI group with the most obvious 
changes in hub gene expression for immunofluorescence 
staining. The immunofluorescence results showed that PGK1 
was specifically expressed in neurons and microglia and pri-
marily localized in cell cytoplasmic locations (Fig. 8A). In 
addition, upon labeling both HIF-1α and PGK1, we found 
that they were co-localized in the same cells (Fig. 8B).

Levels of PGK1 Expression in CSF of TBI Patients

To assess the correlation between the CSF PGK1 levels and 
the severity of cranial injury, we examined 20 TBI patients 
with different prognosis, and classified the patients into SHI 
and MHI groups according to the GCS scores. No statisti-
cally significant differences were found when comparing 
general information between the two groups (Supplementary 
Table 2). The MHI group included eight cases, while the 
SHI group included 12 cases, with significant differences in 
the CSF PGK1 levels between the groups (P < 0.001). PGK1 
expression level was higher in the MHI group than in the 
SHI group (Fig. 9A). Linear correlation analysis revealed 
a positive correlation between CSF PGK1 levels and GCS 
scores (r = 0.7485, P < 0.01) and a strong negative correla-
tion between CSF PGK1 levels and GOS scores (r = 0.7329, 
P < 0.01) (Fig. 9B). Based on ROC curve analysis and calcu-
lation of AUC values, CSF PGK1 levels were all prognostic 
for TBI patients with an area under the curve (AUC​) value of 
0.8854 (Fig. 9C), and the level of CSF PGK1 (ρg/mL) was 
relatively lower in patients with severe post-injury cranial 
injury at the time of admission than in MHI patients who 
survived until discharge. These results suggest that PGK1 

Fig. 2   Venn diagram: Yellow represents the turquoise module genes, 
and blue green represents ferroptosis genes. Green represents glyco-
lysis and gluconeogenesis genes, and intersection represents dysregu-
lated genes (DEGs)
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Fig. 3   Functional enrichment of the DEGs. A BP (biological process); B CC (cellular component); C MF (molecular function). D KEGG path-
way enrichment analysis

Fig. 4   A Construction of PPI 
networks among the DEGs 
identified post-TBI. B Top 20 
hub genes selected by Cyto-
Hubba
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may improve patient prognosis, consistent with the predicted 
results.

Discussion

TBI is associated with high morbidity and mortality and 
imposes an enormous economic burden on individuals and 
societies worldwide. The pathophysiological process of TBI 
can be divided into two distinct stages: primary brain injury 
and secondary brain injury [27]. Primary brain injury is the 
main cause of patient prognosis, and subsequent secondary 

brain injury can exacerbate the symptoms and worsen the 
prognosis of the TBI patients [28]. Ferroptosis is a newly 
discovered pattern of regulated cell death caused by iron-
catalyzed lipid damage, which is significantly different from 
other known cell death pathways [29]. Ferroptosis is marked 
by iron-dependent reactive oxygen species (ROS) produc-
tion, glutathione (GSH) level reduction, and glutathione per-
oxidase 4 (GPX4) inactivation [30, 31]. Many studies have 
found direct or indirect evidence for the involvement of fer-
roptosis in the pathological process of TBI. For instance, a 
study in mice found that iron accumulation and gene upregu-
lation were associated with ferroptosis in mice experiencing 

Fig. 5   A TF-miRNA regulatory 
network of central genes. Pink 
represents central genes, blue 
represents miRNAs, and green 
represents transcription factors; 
B predicted drugs for central 
genes. Pink represents central 
genes, and blue represents drugs

Fig. 6   A HE staining to detect 
significant tissue damage and 
hematoma formation and tis-
sue edema after TBI (black 
arrow); B mNSS scores of mice 
were assessed before and 3 h, 
1 day, 3 days, and 7 days after 
injury; C dry and wet method 
to detect brain edema. All 
experiments were repeated three 
times *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001
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Fig. 7   Western blot detection of 
PGK1 and HIF1A expression in 
mouse brain tissue at differ-
ent time points after TBI. All 
experiments were repeated three 
times *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001

Fig. 8   A Immunostaining of GFAP (astrocytes), NeuN (neurons), 
Iba1 (microglia) (red), and PGK1 (green) around cortical injury in 
mice 1 day after cortical puncture injury. B Immunostaining of PGK1 

(red) and HIF1A (green) around cortical injury in mice 1  day after 
cortical puncture injury, the white line shows the injury site, and cells 
are shown by arrows
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TBI. Furthermore, ferroptosis inhibition ameliorates tissue 
damage and improves prognosis [32].

In this study, we used microarray data of ferroptosis-asso-
ciated DEGs in mice, 48-h post-TBI and identified hub genes 
and hub pathways using various bioinformatics analyses. We 
obtained 60 DEGs from the crossover of GSE128543 dataset 
and ferroptosis and glycolytic/gluconeogenesis gene librar-
ies. Thereafter, the DEGs were enriched using Metascape, 
GSEA, and DAVID, which revealed that these genes are 
primarily involved in HIF-1, TNF, MAPK, NFκB, and fer-
roptosis signaling pathways. This study also screened several 
genes, such as PKG1, ribosomal protein (RP) family, PKM, 
HIF-1α, and MYC associated with ferroptosis after TBI. 
We selected PGK1 as the gene of interest and preliminarily 
explored the mechanism that may induce ferroptosis in TBI 
by activation of the HIF-1 pathway.

The HIF-1 signaling pathway is involved in the cellular 
response to hypoxia; high expression of HIF-1 facilitates 
neurological recovery in rats [33, 34]. The effect of HIF-1 on 
ferroptosis is achieved through the induction of transcription 
of fatty acid binding protein 3 and fatty acid binding protein 
7 [26]. HIF-1α can also be induced by the iron chelator des-
ferrioxamine [35]. Additionally, a recent study showed that 
the HIF-1 signaling pathway plays an important role in the 
activation of the ferroptosis pathway after spinal cord injury 
[36]. The TNF signaling pathway plays an important role 
in inflammation and oxidative stress [37] and has immense 
research value. Additionally, previous experiments in mice 
showed that TNF-α treatment significantly increased gluta-
mate levels, leading to astrocyte stress during neuroinflam-
mation [38], which is considered to be an important target in 

the pathophysiology of induced neurological damage [39]. 
Glutamate toxicity is closely associated with ferroptosis; 
therefore, TNF signaling pathways may play an important 
role post-TBI. Some signaling pathways, such as the MAPK 
pathway, are activated after oxidative stress. According to 
previous studies, MAPK and NFκB pathways may induce 
the production of free radicals after cerebral hemorrhage, 
inducing ferroptosis and apoptosis. Therefore, antioxidant 
treatment may reduce ferroptosis as well as apoptosis in neu-
rons after cerebral hemorrhage [40, 41]. Previous studies 
have confirmed that the MAPK pathway is activated follow-
ing iron accumulation and that inhibition of MAPK activa-
tion improves functional outcomes and reduces neuronal cell 
death [42]. Thus, with the induction of ferroptosis, MAPK 
signaling pathway and NFκB pathway may be activated to 
promote ROS generation, exacerbating cellular damage.

PGK1 catalyzes the transfer of phosphate between two 
intermediate products of carbohydrate metabolism [43]. In 
glycolysis, this enzyme catalyzes the transfer of the phos-
phate group from 1,3-BPGA to ADP to produce 3-phospho-
glycerate and ATP, while it catalyzes the reverse reaction 
during glycoisomerization [20, 44]. The forward reaction is 
one of the two ATP-generating steps in the glycolytic path-
way and is therefore important in the metabolism of many 
organisms. GAPDH/PGK interaction as a pH-dependent 
phenomenon has also been reported in human erythrocytes. 
This specific PPI between GAPDH and PGK may play a role 
in determining the fate of 1,3-BPGA produced in GAPDH-
catalyzed reactions [45]. NADPH is an important intracel-
lular reducing agent, and its abundance is a ferroptosis bio-
marker of sensitivity [46]. Recent studies have found that 

Fig. 9   A Correlation of cer-
ebrospinal fluid PGK1 levels in 
the two groups: moderate and 
mild head injury in MHI, severe 
head injury in SHI. Data are 
expressed as median (95–25th 
percentile). B Correlation analy-
sis of CSF PGK1 levels with 
GCS and GOS scores. C ROC 
curves of CSF PGK1 in patients 
with TBI
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ferroptosis suppressor protein 1 (FSP1) uses NADPH to 
regenerate coenzyme Q10 and inhibits ferroptosis of glu-
tathione [47].

In the present study, we predicted the TF of PGK1, 
including HIF-1α, which is significantly associated with 
ferroptosis. Subsequently, we constructed an in vivo mouse 
model of brain injury to further test this hypothesis. The 
results showed that PGK1 plays an essential role in brain 
injury, especially as a novel ferroptosis activation mecha-
nism post-TBI, which is mediated by activation of HIF-1 
pathway. In this study, we demonstrated that PGK1 expres-
sion upregulates HIF-1α. Additionally, this study confirmed 
that PGK1 may be involved in the HIF-1 pathway, which 
provides a direction for subsequent studies on the role of 
PGK1 in ferroptosis post-TBI.

miRNAs are endogenous non-coding RNA molecules that 
target the 3′-UTR region of genes and regulate gene expres-
sion to degrade or inhibit translation of the target genes [48]. 
In our study, we predicted miRNAs, small molecule com-
pounds, and drugs that may target and interfere with PGK1 
function. However, the role of these 11 TFs, 2 miRNAs, 2 
drugs, and 79 small molecule compounds in ferroptosis has 
not been further validated, which is one of the limitations 
of this study. We performed in vivo experiments to create a 
TBI model, and WB analysis showed that HIF-1α and PGK1 
were upregulated in the cerebral cortex of the TBI mice. 
Furthermore, immunofluorescence of cerebral cortical sec-
tions showed possible simultaneous null expression of both 
HIF-1α and PGK1, and these results were consistent with 
the results of the previous studies and were re-validated by 
the analysis of the CSF of the TBI patients. Furthermore, 
in the present study, interventional experiments were not 
performed, and knockdown effect of PGK1 gene on HIF-1α 
and subsequent ferroptosis mechanism was not verified or 
elucidated, thus necessitating more in-depth studies. Addi-
tional limitations of this study are as follows: firstly, we 
only explored the DEGs associated with early brain injury 
post-TBI; therefore, the mechanisms of brain injury in the 
chronic phase post-TBI remain to be investigated. Secondly, 
this study also screened for DEGs other than PGK1, includ-
ing RP family, PKM, and MYC, among which the RP family 
consists of many genes and could not be accommodated in 
this study, while the role of MYC in the ferroptosis process 
has already been elucidated in the previous studies. Thirdly, 
age, sex, body weight, and other characteristics of mice 
may be associated with the DEGs in TBI; however, we only 
explored the effects of TBI on mice of similar age, sex, and 
body weight. Lastly, we only studied DEGs in the cerebral 
cortex after TBI and other regions of the brain remain to be 
studied in future studies.

This study provides a comprehensive analysis of DEGs 
associated with TBI and further explores the relevance of 
PGK1 associated with ferroptosis progression post-TBI. 

Additionally, this study improves the ferroptosis-related 
database, as well as highlights the molecular mechanisms 
underlying the pathogenesis of secondary cortical injury 
post-TBI, based on the GEO database. Furthermore, it pro-
vides data supporting the existence of the PGK1–HIF-1α 
ferroptosis pathway post-TBI; however, this study is a pre-
liminary exploration and requires further studies to validate 
it. Therefore, the present study is only a preliminary inves-
tigation and requires further studies for validation of the 
predicted results.

Conclusion

In this study, we performed WGCNA of the GSE128543 data-
set to identify the most relevant modules for TBI; we identi-
fied 60 DEGs by intersecting with ferroptosis and glycolysis/
gluconeogenesis datasets. Among these, HIF-1, TNF, MAPK, 
and NFκB were identified to be critical for ferroptosis post-
TBI. The PPI network identified the top 20 hub genes, includ-
ing PKG1, the RP family, PKM, HIF-1α, and MYC genes. 
In this study, we selected PKG1 as the gene of interest and 
explored the mechanism by which it may induce ferroptosis 
post-TBI via upregulation of HIF-1α. Additionally, we estab-
lished a mouse TBI model and WB analysis confirmed the 
upregulation of HIF-1α and PGK1 in the cerebral cortex of 
TBI mice. Moreover, immunofluorescence of the cerebral cor-
tical sections showed the possible simultaneous null expres-
sion of both HIF-1α and PGK1, consistent with the results 
of previous studies. Finally, we examined the expression of 
PGK1 in the CSF of 20 clinical patients with different degrees 
of TBI within 48 h of surgery. The results showed that PGK1 
expression was detected differently in the CSF of patients with 
different degrees of TBI, and its expression level was nega-
tively correlated with the severity of the TBI, which suggested 
that PGK1 may be a potential hub gene for ferroptosis, second 
to neurological injury, post-TBI, affecting patient prognosis. 
In conclusion, this study contributes to the understanding of 
ferroptosis induced by TBI and provides new insights into the 
clinical treatment strategy for TBI.
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