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Abstract  
The exact mechanisms associated with secondary brain damage following traumatic brain injury (TBI) remain unclear; therefore, identify-
ing the critical molecular mechanisms involved in TBI is essential. The mRNA expression microarray GSE2871 was downloaded from the 
Gene Expression Omnibus (GEO) repository. GSE2871 comprises a total of 31 cerebral cortex samples, including two post-TBI time points. 
The microarray features eight control and seven TBI samples, from 4 hours post-TBI, and eight control and eight TBI samples from 24 
hours post-TBI. In this bioinformatics-based study, 109 and 66 differentially expressed genes (DEGs) were identified in a Sprague-Dawley 
(SD) rat TBI model, 4 and 24 hours post-TBI, respectively. Functional enrichment analysis showed that the identified DEGs were signifi-
cantly enriched in several terms, such as positive regulation of nuclear factor-κB transcription factor activity, mitogen-activated protein 
kinase signaling pathway, negative regulation of apoptotic process, and tumor necrosis factor signaling pathway. Moreover, the hub genes 
with high connectivity degrees were primarily related to inflammatory mediators. To validate the top five hub genes, a rat model of TBI was 
established using the weight-drop method, and real-time quantitative polymerase chain reaction analysis of the cerebral cortex was per-
formed. The results showed that compared with control rats, Tnf-α, c-Myc, Spp1, Cxcl10, Ptprc, Egf, Mmp9, and Lcn2 were upregulated, and 
Fn1 was downregulated in TBI rats. Among these hub genes, Fn1, c-Myc, and Ptprc may represent novel biomarkers or therapeutic targets 
for TBI. These identified pathways and key genes may provide insights into the molecular mechanisms of TBI and provide potential treat-
ment targets for patients with TBI. This study was approved by the Experimental Animal Ethics Committee of the First Affiliated Hospital 
of Nanchang University, China (approval No. 003) in January 2016.
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Graphical Abstract   

A study to reveal potential molecular 
mechanisms for traumatic brain injury 
(TBI) using bioinformatic technology

Introduction 
Traumatic brain injury (TBI), which is a major cause of 
disability and mortality, is triggered by external mechanical 
forces (Thurman et al., 1999). More than 50 million people 
suffer from TBI each year, worldwide, and approximately 
half of the world’s population is likely to experience one or 
more TBI incidents throughout their lifetime (Jiang et al., 
2019). The morbidity associated with TBI continues to rise, 

even in developed countries, and has gradually become a si-
lent epidemic (Cadotte et al., 2011). In the European Union, 
approximately one million patients suffer from TBI each 
year, accounting for 50,000 deaths and more than 10,000 se-
verely handicapped survivors (Langlois et al., 2006). Untreat-
ed TBIs can often be accompanied by complications, such 
as post-traumatic stress disorder, cognitive or behavioral 
impairment, epileptic seizures, chronic encephalopathy, and 



2263

Tang YL, Fang LJ, Zhong LY, Jiang J, Dong XY, Feng Z (2020) Hub genes and key pathways of traumatic brain injury: bioinformatics analysis 
and in vivo validation. Neural Regen Res 15(12):2262-2269. doi:10.4103/1673-5374.284996

neurodegenerative disease (Ma et al., 2019). Because stan-
dard treatments for TBI do not currently exist, the develop-
ment of adequate treatment procedures is urgently necessary 
for existing TBI survivors.

TBI may cause irreversible damage to the impact site and 
initiate cellular processes that lead to delayed or secondary 
neural damage in the surrounding tissue (McIntosh et al., 
1998; Bramlett and Dietrich, 2004). Although neuropro-
tective strategies exist to prevent or halt the progression of 
delayed injuries (Loane and Faden, 2010), the molecular 
mechanisms responsible for these cellular processes remain 
unclear (Stein et al., 2017). Thus, investigating the hub genes 
and key pathways associated with the early stages of TBI is 
necessary to clarify the pathophysiologic mechanisms un-
derlying these neurological deficits, and to provide potential 
effective therapeutic strategies.

Microarray technologies and bioinformatic analyses have 
recently become popular methods for exploring disease 
pathogenesis and identifying biomarkers of disease pro-
gression and therapeutic responses (Hui et al., 2020). This 
technology has also been applied to various fields, including 
TBI, and has facilitated the identification of differentially ex-
pressed genes (DEGs) and TBI-related pathways (Izzy et al., 
2019).

This study was designed to identify potential molecular 
targets and signaling pathways associated with TBI, based 
on Gene Expression Omnibus (GEO) datasets. First, DEGs 
were analyzed 4 and 24 hours post-TBI in rats, and function-
al enrichment analyses were performed to identify related 
biological processes and pathways. To identify potential hub 
genes among these DEGs, we constructed protein-protein 
interaction (PPI) networks. These hub genes were also val-
idated using animal models. This is the first study to reveal 
potential molecular mechanisms associated with TBI, using 
a bioinformatic technology-based approach. 
  
Materials and Methods  
Microarray data
The mRNA expression microarray, GSE2871, was down-
loaded from the GEO repository (http://www.ncbi.nlm.nih.
gov/geo) (Edgar et al., 2002), and this dataset (GSE2871) was 
based on Affymetrix Rat Genome U34 Array (Rattus nor-
vegicus). GSE2871 consists of a total of 31 cerebral cortex 
samples, including two post-TBI time points. Specifically, 
eight control and seven TBI samples, from 4 hours post-
TBI, and eight control and eight TBI samples, from 24 hours 
post-TBI, were included.

Data processing
We used GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r) 
to identify DEGs between control and TBI cortical samples 
at both time points. Values of |log Fold Change (FC)| > 1 and 
P < 0.05 were set as the thresholds for DEGs. The probe sets 
without Entrez gene annotation were deleted, and genes with 
multiple probe sets were averaged. Subsequently, we used the 
heatmap R package (https://cran.r-project.org/web/packag-
es/heatmap3/index.html) to generate DEG heatmaps.

Functional enrichment analysis of DEGs
We performed functional enrichment analysis, including 
Gene Ontology (GO) terms and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) terms, using the online Data-
base for Annotation, Visualization, and Integrated Discovery 
(DAVID) database (http://david.abcc.ncifcrf.gov/), with a 
significance threshold of P < 0.05 (Huang da et al., 2009). 
GO terms were grouped into three categories: biological 
processes (BP), cellular components (CC), and molecular 
functions (MF).

PPI network and hub genes
We constructed PPI networks to analyze the functional inter-
actions among DEGs, using Search Tool for the Retrieval of 
Interacting Genes/Proteins (STRING, http://www.stringdb.
org) (Franceschini et al., 2013) and visualized the networks 
using Cytoscape (https://cytoscape.org/) (Kohl et al., 2011). 
Moreover, the CytoHubba plug-in (Bader and Hogue, 2003) 
in Cytoscape was used to identify the top 20 hub genes, 
based on the previously constructed PPI networks.

Animal model establishment for verification 
All experimental procedures and protocols were approved 
by the Experimental Animal Ethics Committee of the First 
Affiliated Hospital of Nanchang University, China (approv-
al No. 003) in January 2016. Specific-pathogen-free, male, 
Sprague-Dawley (SD) rats, aged 6–8 weeks and weighing 
250–300 g, were purchased from the SlacJingda Experimen-
tal Animals Company [Changsha, Hunan Province, China; 
license No. SCXK (Xiang) 2016-0002]. A total of 20 SD rats 
were divided into four groups (five rats per group): a 4-hour 
post-sham-TBI group, a 4-hour post-TBI group, a 24-hour 
post-sham-TBI group, and a 24-hour post-TBI group. 

The rat TBI models were established as described in our 
previous studies (Feng et al., 2015; Feng and Du, 2016). 
Briefly, the rats were anesthetized by diethyl ether (Sino-
pharm Chemical Reagent Co., Ltd., Shanghai, China) inha-
lation anesthesia, a midline longitudinal incision was made 
in the scalp, and the skin was retracted to expose the skull. 
A cross was marked, 2 mm left of the midline and 1 mm 
anterior to the coronal suture, using a needle. Then, a 350-
g cylindrical impact hammer was dropped onto the marked 
cross, from a height of 40–44 cm, resulting in a concave 
fracture of the skull. Sham TBI rats underwent anesthesia 
and skin incision, without experiencing impact injury. The 
incision was disinfected and sutured, and then the rats were 
housed in clean cages. Finally, the animal was killed after 
inhalation anesthesia with diethyl ether. The cerebral cortex 
which was near TBI injury site, was taken for further PCR 
assay.

Real-time quantitative PCR
Total RNA from cortical tissues was extracted by TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA), according to the 
manufacturer’s instructions, and the RNA concentration was 
measured using an ultraviolet spectrophotometer (Shanghai 
Precision Scientific Instrument Corp., Shanghai, China). 
Complementary DNA was synthesized using EasyScript® 

First-Strand cDNA Synthesis SuperMix (TransGen Biotech, 
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Beijing, China). Quantitative polymerase chain reaction 
(PCR) analysis was performed to analyze mRNA levels, 
using the Step One Real-Time PCR System (ThermoFisher 
Scientific, Rockford, IL, USA). The 2–ΔΔCt method (Livak and 
Schmittgen, 2001) was used to perform relative quantifica-
tions of real-time quantitative PCR data. Table 1 shows the 
primer sequences used for PCR amplification.

Statistical analysis
GraphPad Prism 7 (GraphPad Prism Software, Inc., San 
Diego, CA, USA) was used for statistical analyses. The re-
sults are presented as the mean ± standard deviation (SD), 
from three independent experiments. Differential hub gene 
expression levels between sham TBI and TBI tissues were 
evaluated using Student’s t-tests. A P-value < 0.05 was con-
sidered significant.

Results
Identification of DEGs in GSE2871 
Normalized gene expression data are shown in Figure 
1A. DEGs between control and TBI groups, at both 4 and 
24 hours after TBI, were analyzed. Between the 4 hours 
post-TBI groups, 109 DEGs were identified, including 67 
upregulated and 42 downregulated DEGs (Figure 1B). In 
addition, 66 DEGs were identified in the 24 hours post-
TBI group, including 39 upregulated and 27 downregulated 
DEGs (Figure 1C). The relative expression levels of these 
DEGs between the control and TBI groups are exhibited as 
heatmaps (Figure 2).

Functional enrichment analysis of identified DEGs in TBI
We then performed functional enrichment analysis, to ex-

plore the underlying molecular mechanisms associated with 
the identified genes. The top five enriched GO terms and 
KEGG pathways for the identified DEGs, for each time point 
(4 and 24 hours), are shown in Figure 3 (ranked by counts) 
and Table 2 (ranked by P-value). 

At 4 hours post-TBI, GO term analysis revealed BP-as-
sociated DEGs were significantly enriched in the positive 
regulation of nuclear factor-κB (NF-κB) transcription factor 
activity (P < 0.05). CC-associated DEGs were primarily en-
riched in the extracellular space (P < 0.05). MF-associated 
DEGs were primarily enriched in cytokine activity (P < 0.05; 
Figure 3A). Additionally, KEGG pathway analysis showed 
that the DEGs were primarily enriched in the mitogen-acti-
vated protein kinase (MAPK) signaling pathway (P < 0.05; 
Figure 3B).

At 24 hours post-TBI, GO analysis results showed that 
BP-associated DEGs were primarily enriched in the negative 
regulation of apoptotic process (P < 0.05). CC-associated 
DEGs were particularly enriched in the extracellular space 
(P < 0.05). MF-associated DEGs were primarily enriched in 
growth factor activity (P < 0.05; Figure 3C). Additionally, 
KEGG pathway analysis demonstrated that DEGs were en-
riched in the tumor necrosis factor (TNF) signaling pathway 
(P < 0.05; Figure 3D).

PPI network construction and hub genes analysis
To identify potential interactions between DEGs, PPI net-
works were constructed for each time point and visualized 
using Cytoscape software. At 4 hours post-TBI, the PPI net-
work contained 66 nodes and 165 edges (Figure 4A), and 
the top 20 hub genes were identified using CytoHubba (Fig-
ure 4B). Similarly, at 24 hours post-TBI, the PPI network 
contained 38 nodes and 68 edges (Figure 5A), and the top 
20 hub genes are presented in Figure 5B. 

Figure 6A presents the enrichment analysis outcomes 
for the top 20 hub genes identified for the 4 hours post-TBI 
samples. The KEGG pathway analysis showed that identified 
hub genes were primarily associated with the TNF signaling 
pathway. The BP analysis of GO terms for the top 20 hub 
genes suggested that the response to vitamin D was signifi-
cantly correlated with these genes (Table 3). Figure 6B pres-
ents the enrichment analysis outcomes for the top 20 hub 
genes identified in the 24 hours post-TBI groups. Similarly, 
the KEGG pathway analysis identified that these hub genes 
were primarily associated with the TNF signaling pathway, 
whereas the BP analysis of GO terms suggested that the 
response to hypoxia was significantly correlated with these 
genes (Table 3).

Validation of the hub genes in vivo
To validate the identified hub genes in vivo, the samples were 
extracted from control and TBI rats to identify whether the 
mRNA levels of the top five hub genes in these samples were 
consistent with the bioinformatic analysis. In the 4 hours post-
TBI group, Tnf-α, c-Myc, Spp1, and Cxcl10 expression levels 
were increased, whereas Fn1 expression decreased compared 
with those in the 4 hours post-sham-TBI group, as assessed 
by real-time quantitative PCR (Figure 7A). In addition, the 
validation of the top five hub genes for the 24 hours post-TBI 

Table 1 Primer sequences for polymerase chain reaction 
amplification

Gene Sequence
Product 
size (bp)

Fn1 Forward: 5′-TAC ACG GTT TCC CAT TAC GC-3′ 224
Reverse: 5′-CCT TTC CAT TCC CGA GAC AT-3′

Tnf-α Forward: 5′-AGA TGT GGA ACT GGC AGA GG-3′ 178
Reverse: 5′-CCC ATT TGG GAA CTT CTC CT-3′

c-Myc Forward: 5′-GGT CAT CCC CAT CAA GAG-3′ 187
Reverse: 5′-GAG GAG AAG GCG CAT TAC AG-3′

Spp1 Forward: 5′-GAG GAG AAG GCG CAT TAC AG-3′ 165
Reverse:5′-ATG GCT TTC ATT GGA GTT GC-3′

Cxcl10 Forward: 5′-CAC ACC CTC CTT CTC CCT-3′ 88
Reverse: 5′-TGC CAT CTC ACC TGG ACT-3′

Ptprc Forward: 5′-CGA ACA AAT CCT CAG CCT A-3′ 108
Reverse: 5′-CCT CCC CTT TCC ATG TG-3′

Egf Forward: 5′-ACA GGC TTT GTT CTG CTT CCT-3′ 195
Reverse: 5′-GCT GCA TCC ACC ATT ATC GGA G-3′

Mmp9 Forward: 5′-GCC GGG AAC GTA TCT GGA AA-3′ 177
Reverse: 5′-GGT TGT GGA AAC TCA CAC GC-3′

Nox4 Forward: 5′-GGG CCT AGG ATT GTG TTT GA-3′ 245
Reverse: 5′-CTG AGA AGT TCA GGG CGT TC-3′

Lcn2 Forward: 5′-GGC CTC AAG GAT AAC A-3′ 150
Reverse: 5′-GGC AAC AGG AAA GAT GGA-3′

GAPDH Forward: 5′-CCT TCC GTG TCC CCA CT-3′ 100
Reverse: 5′-GCC TGC TTC ACC TTC-3′ 
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Figure 1 Gene expression differences between the control and TBI 
groups. 
(A) Vioplot of gene expression in the TBI group compared with the 
control group, at two time points (4 and 24 hours post-TBI). (B and 
C) Volcano plots of differentially expressed genes in the TBI group 
compared with the control group at distinct time points. Red represents 
high expression, green represents low expression, and black represents 
no difference. TBI: Traumatic brain injury.

Figure 2 Heatmaps of the DEGs between control and TBI groups. 
(A) A total of 109 DEGs were identified 4 hours post-TBI. (B) A total 
of 66 DEGs were identified 24 hours after TBI. Red represents high 
expression, green represents low expression, and black represents no 
difference. DEGs: Differentially expressed genes; TBI: traumatic brain 
injury.

A C

B D

Figure 3 Top five enriched GO and 
KEGG terms associated with the DEGs 
in TBI. 
(A) GO enrichment analysis for DEGs 
4 hours post-TBI; (B) KEGG functional 
enrichment for DEGs 4 hours post-TBI; 
(C) GO enrichment analysis for DEGs 24 
hours post-TBI; (D) KEGG functional 
enrichment for DEGs 24 hours post-TBI. 
The Y-axis indicates gene functions, and 
the X-axis indicates gene ratios. Each bar 
represents a different significant function, 
and the threshold of significance was 
defined by the P-value (P < 0.05). DEG: 
Differentially expressed genes; GO: Gene 
Ontology; KEGG: Kyoto Encyclopedia of 
Genes and Genomes; TBI: traumatic brain 
injury.

group showed that Ptprc, Egf, Mmp9, and Lcn2 expression 
increased compared with the 24 hours post-sham-TBI group 
(Figure 7B). However, no difference in Nox4 expression was 
observed between control and TBI rats in the current study.

Discussion
TBI is associated with high morbidity and mortality rates, 
exerting an enormous economic burden on individuals and 
society, worldwide. The pathophysiological process of TBI 

can be divided into two distinct periods, primary brain in-
jury and secondary brain injury (Brain Trauma Foundation 
et al., 2007). Primary brain damage is the main cause of 
prognosis in patients, and subsequent secondary brain dam-
age can aggravate the symptoms of TBI patients and worsen 
their prognosis (Shi et al., 2019). In this study, we identified 
DEGs associated with TBI at different time points in rats, 
using microarray data, and then determined hub genes and 
key pathways using various bioinformatic analyses. 
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GO and KEGG functional analyses showed that the identi-
fied DEGs and hub genes were primarily enriched in the reg-
ulation of inflammation-related biology processes and path-
ways, including the regulation of NF-κB activity, cytokine 
activity, MAPK, TNF, and Toll-like receptor (TLR) signaling 
pathways. Other terms, such as response to hypoxia, nega-
tive regulation of apoptotic process, and response to vitamin 
D, were also associated with TBI. These terms should be 
examined in greater detail in future studies. These identified 
terms may provide insights into the molecular mechanisms 
of TBI and provide potential treatment targets for patients 
with TBI. These results indicated that the regulation of in-
flammation-related processes and pathways are key features 

of TBI.
NF-κB, a major transcription factor, is involved in inflam-

mation-related processes (Su et al., 2017). Activation of NF-
κB stimulates the transcription of inflammatory cytokines, 
which inversely activate NF-κB, creating a positive-feedback 
loop (Neurath et al., 1996). Previous studies have revealed 
that the NF-κB signaling pathway is associated with the in-
flammatory response induced by TBI (Zhu et al., 2015; Chen 
et al., 2017). The MAPK family of serine/threonine protein 
kinases performs important roles during signal transduction 
in response to various extracellular stimuli, including TBI 
(Huang et al., 2009). The p38 MAPK pathway is a well-es-
tablished signaling pathway that responds to various inflam-

Table 2 Functional and pathway enrichment analysis of differentially expressed genes

Category Term Count Gene ratio (%) P-value

4 h post-traumatic brain injury
GOTERM_BP_DIRECT GO:0051092~positive regulation of NF-kappaB transcription 

factor activity
8 0.058642428 3.89E-06

GOTERM_BP_DIRECT GO:0009612~response to mechanical stimulus 7 0.051312124 2.55E-05
GOTERM_BP_DIRECT GO:0031663~lipopolysaccharide-mediated signaling pathway 5 0.036651517 2.57E-05
GOTERM_BP_DIRECT GO:0032496~response to lipopolysaccharide 10 0.073303035 2.70E-05
GOTERM_BP_DIRECT GO:0033280~response to vitamin D 5 0.036651517 2.93E-05
GOTERM_CC_DIRECT GO:0005615~extracellular space 26 0.19058789 2.12E-08
GOTERM_CC_DIRECT GO:0005576~extracellular region 16 0.117284856 6.43E-06
GOTERM_CC_DIRECT GO:0072562~blood microparticle 7 0.051312124 4.31E-05
GOTERM_CC_DIRECT GO:0005829~cytosol 19 0.139275766 0.001995362
GOTERM_CC_DIRECT GO:0048471~perinuclear region of cytoplasm 11 0.080633338 0.002452866
GOTERM_MF_DIRECT GO:0005125~cytokine activity 9 0.065972731 2.93E-06
GOTERM_MF_DIRECT GO:0002020~protease binding 7 0.051312124 6.58E-05
GOTERM_MF_DIRECT GO:0008201~heparin binding 7 0.051312124 1.77E-04
GOTERM_MF_DIRECT GO:0008083~growth factor activity 6 0.043981821 0.00125609
GOTERM_MF_DIRECT GO:0044183~protein binding involved in protein folding 3 0.02199091 0.00236215
KEGG_PATHWAY rno04010:MAPK signaling pathway 10 0.073303035 2.08E-04
KEGG_PATHWAY rno04668:TNF signaling pathway 7 0.051312124 2.39E-04
KEGG_PATHWAY rno05323:Rheumatoid arthritis 6 0.043981821 7.82E-04
KEGG_PATHWAY rno04623:Cytosolic DNA-sensing pathway 5 0.036651517 0.001061882
KEGG_PATHWAY rno04620:Toll-like receptor signaling pathway 6 0.043981821 0.001097316
24 h post-traumatic brain injury
GOTERM_BP_DIRECT GO:0043066~negative regulation of apoptotic process 11 0.152417902 9.12E-06
GOTERM_BP_DIRECT GO:0071222~cellular response to lipopolysaccharide 7 0.09699321 2.23E-05
GOTERM_BP_DIRECT GO:0045087~innate immune response 8 0.110849383 2.94E-05
GOTERM_BP_DIRECT GO:0030593~neutrophil chemotaxis 5 0.069280865 4.58E-05
GOTERM_BP_DIRECT GO:0032496~response to lipopolysaccharide 8 0.110849383 4.60E-05
GOTERM_CC_DIRECT GO:0005615~extracellular space 20 0.277123459 1.64E-08
GOTERM_CC_DIRECT GO:0070062~extracellular exosome 22 0.304835804 4.77E-05
GOTERM_CC_DIRECT GO:0005576~extracellular region 11 0.152417902 8.97E-05
GOTERM_CC_DIRECT GO:0048471~perinuclear region of cytoplasm 9 0.124705556 0.001041127
GOTERM_CC_DIRECT GO:0005737~cytoplasm 27 0.374116669 0.008608494
GOTERM_MF_DIRECT GO:0008083~growth factor activity 5 0.069280865 0.001505624
GOTERM_MF_DIRECT GO:0016301~kinase activity 4 0.055424692 0.016521332
GOTERM_MF_DIRECT GO:0005125~cytokine activity 4 0.055424692 0.01738503
GOTERM_MF_DIRECT GO:0016175~superoxide-generating NADPH oxidase activity 2 0.027712346 0.027536173
GOTERM_MF_DIRECT GO:0050786~RAGE receptor binding 2 0.027712346 0.034302944
KEGG_PATHWAY rno04668:TNF signaling pathway 4 0.055050922 0.013802516
KEGG_PATHWAY rno05168:Herpes simplex infection 5 0.068813653 0.017207178
KEGG_PATHWAY rno04010:MAPK signaling pathway 5 0.068813653 0.030289942
KEGG_PATHWAY rno04925:Aldosterone synthesis and secretion 3 0.041288192 0.057689656
KEGG_PATHWAY rno04612:Antigen processing and presentation 3 0.041288192 0.074243304
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matory stressors (Bachstetter and Van Eldik, 2010). Tao et 
al. (2018) showed that MAPK phosphorylation significantly 
increased 24 hours after TBI in a rat model. Additionally, the 
knockout of the p38 gene in microglia significantly reduced 
TBI-induced inflammatory responses during the acute phase 
(24 hours) after injury (Morganti et al., 2019). Therefore, in 
the early stages of TBI, NF-κB transcription factor activity 
and MAPK activity may play vital roles in the pathological 
process. Developed drugs that target NF-κB and MAPK 
activity in the lesion may affect the downstream cellular 
processes that occur following TBI. Acute inflammatory re-
sponses induced by TBI may trigger a cascade that results in 
secondary brain damage and behavioral dysfunction. TLRs 
play crucial roles in mediating inflammatory cascades (Shi 
et al., 2019). Recently, TLR2 and TLR4 have attracted con-
siderable attention in TBI studies. Decreased inflammatory 
cytokine levels in astrocytes and microglial cells were found 
in a Tlr2-null animal model, which was associated with re-
duced levels of neuronal apoptosis and brain edema (Yu and 
Zha, 2012). The expression of TLR4 increases in astrocytes 
and neurons following TBI (Shi et al., 2019). However, TLR4 
deficiency inhibits the activation of c-Jun N-terminal kinase, 
which is an NF-κB inhibitor, and NF-κB, which is accompa-
nied by decreased cytokine levels, including glial fibrillary 
acidic protein, chymase, tryptase, inducible nitric oxide syn-
thase, interleukin-1β, interleukin-6, and TNF-α (Shi et al., 
2019). Therefore, the regulation of TLR signaling pathways 
and other inflammatory response signaling pathways may 
represent a major feature of TBI-induced secondary brain 
injury. These results may provide a potential treatment strat-
egy for early-stage TBI. 

Finally, Tnf-α, c-Myc, Spp1, Cxcl10, Ptprc, Egf, Mmp9, 
Lcn2, Fn1, and Nox4 have been identified as TBI-associated 
hub genes. Gao et al. (2020) found that protein expression 
of Spp1 (secreted phosphoprotein 1), and Mmp9 were sig-
nificantly increased in cortical mouse tissues after controlled 
impact. Serum Spp1 levels have been associated with high 

neurological severity scores, suggesting that Spp1 and Mmp9 
play important roles in TBI-related brain damage. Cxcl10 
(also known as inhibitory protein-10) is a chemokine in-
volved in Th1 immune responses and is significantly upreg-
ulated after TBI (Gyoneva and Ransohoff, 2015). NADPH 
oxidase 4 (Nox4) is widely expressed in the central nervous 
system. Nox4 is upregulated in rat astrocytes and neurons 
12 hours after brain injury induced by subarachnoid hemor-
rhage (Zhang et al., 2017). In contrast with these results, our 
study found that the expression of Nox4 decreased after TBI, 
although the differences in injury types and assessed time 
points may account for these inconsistent results. Lipocalin2 
(Lcn2), also known as neutrophil gelatinase-associated lipo-
calin, plays a role in neuroinflammation in TBI patients and 
serves as a mortality predictor after head trauma (Shen et 
al., 2017). Epidermal growth factor (Egf), another hub gene 
identified in this study, exerts a neuroprotective effect on 
the brain against traumatic injury (Sun et al., 2010). Among 
these hub genes, the roles of Fn1, c-Myc, and Ptprc during 
TBI have not been explored. Fibronectin1 (Fn1) is a multi-
functional glycoprotein found in the seminal plasma, and 
a previous study indicated that it may play a crucial role in 
wound healing (Zollinger and Smith, 2017). c-Myc is often 
regarded as an oncogene because it activates cyclins and cy-
clin-dependent kinases and inhibits various cell-cycle brakes 
proteins (García-Gutiérrez et al., 2019). Previous studies on 
protein tyrosine phosphatase receptor type C (Ptprc) in oth-
er central nervous system diseases have demonstrated that it 
is downregulated in Parkinson’s disease and progressive su-
pranuclear palsy disorders (Bottero et al., 2018). Our results 
offer new targets for early-stage TBI therapy. Attempts to 
develop inhibitors of these new molecular targets may repre-
sent a new direction for the alleviation of TBI-induced inju-
ry. Further studies on TBI remain necessary to elucidate the 
mechanisms responsible for secondary brain injury and to 
provide further evidence for the involvement of these genes 
in TBI.

Table 3 Functional and pathway enrichment analysis of hub genes 

Category Term Count Gene ratio (%) P-value

4 h post-traumatic brain injury
GOTERM_BP_DIRECT GO:0033280~response to vitamin D 5 25 3.47E-08
GOTERM_BP_DIRECT GO:0071222~cellular response to lipopolysaccharide 6 30 7.70E-07
GOTERM_BP_DIRECT GO:0042493~response to drug 8 40 7.94E-07
GOTERM_BP_DIRECT GO:0000165~MAPK cascade 5 25 3.20E-06
GOTERM_BP_DIRECT GO:0031663~lipopolysaccharide-mediated signaling pathway 4 20 4.76E-06
KEGG_PATHWAY rno04668:TNF signaling pathway 5 25 7.66E-05
KEGG_PATHWAY rno05146:Amoebiasis 5 25 8.51E-05
KEGG_PATHWAY rno04010:MAPK signaling pathway 6 30 1.72E-04
KEGG_PATHWAY rno05144:Malaria 4 20 2.64E-04
KEGG_PATHWAY rno05164:Influenza A 5 25 4.35E-04
24 h post-traumatic brain injury
GOTERM_BP_DIRECT GO:0001666~response to hypoxia 6 30 8.13E-06
GOTERM_BP_DIRECT GO:0043066~negative regulation of apoptotic process 7 35 1.25E-05
GOTERM_BP_DIRECT GO:0042493~response to drug 7 35 1.41E-05
GOTERM_BP_DIRECT GO:0030593~neutrophil chemotaxis 4 20 3.20E-05
GOTERM_BP_DIRECT GO:0000187~activation of MAPK activity 4 20 7.79E-05
KEGG_PATHWAY rno04668:TNF signaling pathway 3 15 0.015978393
KEGG_PATHWAY rno04062:Chemokine signaling pathway 3 15 0.039429064
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A B
Figure 4 Top 20 hub genes, 
identified by PPI, 4 hours 
post-TBI.  
(A) Construction of PPI networks 
among the DEGs identified 4 hours 
post-TBI. (B) Top 20 hub genes se-
lected by CytoHubba. The hub genes 
are Fn1, Tnf-α, c-Myc, Spp1, Cxcl10, 
Hnf4a, Cyp24a1, Itga8, Itih4, Tdo2, 
Lama1, Tgfb1, Hspa1a, Ccl2, Traf2, 
Abcc2, Psma5, Hmox1, Krt18, and 
Il1b. DEG: Differentially expressed 
genes; PPI: protein-protein interac-
tion; TBI: traumatic brain injury.

A B
Figure 5 Top 20 hub genes, 
identified by PPI, 24 hours 
post-TBI. 
(A) Construction of PPI networks 
among the DEGs identified 24 hours 
post-TBI. (B) Top 20 hub genes se-
lected by CytoHubba. The hub genes 
are Ptprc, Egf, Mmp9, Nox4, Lcn2, 
Ccl2, Cd74, Hspb1, Cd38, Spp1, 
Gfap, Lgals3, Plek, Timp1, Cxcl1, 
Irf8, Cdk1, Lyn, Cyba, and Bmp2. 
DEG: Differentially expressed genes; 
PPI: protein-protein interaction; 
TBI: traumatic brain injury.

Figure 6 GO and KEGG terms associated with hub genes post-TBI.  
(A) 4 hours post-TBI. (B) 24 hours post-TBI. The Y-axis indicates gene 
functions, and the X-axis indicates gene ratios. Each bar represents 
a different significant function, and the threshold of significance was 
defined by the P-value (P < 0.05). GO: Gene Ontology; KEGG: Kyoto 
Encyclopedia of Genes and Genomes; TBI: traumatic brain injury.

This study had several limitations. First, we only explored 
DEGs associated with early-stage brain injuries post-TBI; 
thus, the mechanisms of chronic-stage brain damage post-
TBI remain to be investigated. Second, age, sex, weight, and 
other features may be associated with DEGs in TBI; howev-
er, we only explored the effects of TBI in rats of similar ages, 
sexes, and weights. Third, we only explored the DEGs in the 
cortex following TBI. Other areas of the brain remain to be 
investigated in future studies.

Collectively, this study provided an integrative analysis of 
the DEGs associated with TBI and further identified the hub 
genes related to the TBI progression. This study is the first to 
highlight the molecular mechanisms involved in the patho-
genesis of secondary cortical damage post-TBI, based on the 
GEO database.
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Figure 7 Validation of the mRNA expression level changes between control and TBI cortical samples for the top five hub genes.  
(A) The hub genes identified 4 hours post-TBI. (B) The hub genes identified 24 hours post-TBI. Data are presented as the mean ± SD. *P < 0.05, 
**P < 0.01 (Student’s t-test). ns: Not significant; TBI: traumatic brain injury.

    Control            TBI

   Control             TBI    Control             TBI

   Control             TBI    Control           TBI

   Control           TBI

   Control             TBI

   Control             TBI

   Control            TBI

   Control             TBI

1.5

1.0

0.5

0m
R

N
A 

ex
pr

es
si

on
 o

f F
n1

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f c
-M

yc

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f N
ox

4

3

2

1

0
m

R
N

A 
ex

pr
es

si
on

 o
f T
nf
-α

2.0

1.5

1.0

0.5

0m
R

N
A 

ex
pr

es
si

on
 o

f S
pp

1

2.0

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f P
tp

rc

2.0

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f E
gf 2.0

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f M
m

p9

2.0

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f I
cn

2

2.5

2.0

1.5

1.0

0.5

0

m
R

N
A 

ex
pr

es
si

on
 o

f C
xc

l1
0

***
*

**

**
** * *

ns

A

B


