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Abstract 

Background Epilepsy is the second most prevalent neurological disease. Although there are many antiseizure drugs, 
approximately 30% of cases are refractory to treatment. Temporal lobe epilepsy (TLE) is the most common epilepsy 
subtype, and previous studies have reported that hippocampal inflammation is an important mechanism associated 
with the occurrence and development of TLE. However, the inflammatory biomarkers associated with TLE are not well 
defined.

Methods In our study, we merged human hippocampus datasets (GSE48350 and GSE63808) through batch correc-
tion and generally verified the diagnostic roles of inflammation-related genes (IRGs) and subtype classification accord-
ing to IRGs in epilepsy through differential expression, random forest, support vector machine, nomogram, subtype 
classification, enrichment, protein‒protein interaction, immune cell infiltration, and immune function analyses. Finally, 
we detected the location and expression of inhibitor of metalloproteinase-1 (TIMP1) in epileptic patients and kainic 
acid-induced epileptic mice.

Results According to the bioinformatics analysis, we identified TIMP1 as the most significant IRG associated with 
TLE, and we found that TIMP1 was mainly located in cortical neurons and scantly expressed in cortical gliocytes by 
immunofluorescence staining. We detected decreased expression of TIMP1 by quantitative real-time polymerase 
chain reaction and western blotting.

Conclusion TIMP1, the most significant IRG associated with TLE, might be a novel and promising biomarker to study 
the mechanism of epilepsy and guide the discovery of new drugs for its treatment.
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Background
Epilepsy, the second most prevalent neurological disease, 
is caused by abnormalities and excessive or highly syn-
chronized electrical activity of neurons in the brain [1]. 
Worldwide, more than 65 million people are estimated 
to have epilepsy. In high-income countries, there are 5–8 
epilepsy patients per 1000 people, while in low-income 
countries, there are 10 epilepsy patients per 1000 peo-
ple [2]. Temporal lobe epilepsy (TLE) is the most com-
mon subtype of epilepsy, accounting for 60% of epilepsy 
cases, and it originates in the hippocampus or amygdala 
[3]. This condition may induce severe neurobehavioral 
comorbidities, such as cognitive decline, anxiety, depres-
sion, schizophrenia, and autism [4]. Although there are 
many antiseizure drugs, approximately 30% of cases are 
refractory to treatment, characterized by multiple seizure 
types and progressive cognitive and developmental dete-
rioration [5]. Therefore, finding new therapeutic targets 
for epilepsy is essential.

The basic pathophysiology of epilepsy is still not fully 
understood, but inflammation is considered to play 
a key role in the occurrence and development of epi-
lepsy [6]. Proinflammatory factors in the brain, such 
as interleukin-1β (Il-1β), Il-6, and tumor necrosis fac-
tor (TNF-α), initiate downstream inflammatory cas-
cades and lead to impairment of neuronal function, 
which promotes the occurrence and development of 
epilepsy [7, 8]. For example, many inflammatory factors 
affect neuronal excitability by regulating the function of 
neuronal receptors. Accumulated evidence has shown 
that the N-methyl-d-aspartic acid (NMDA) receptor is 
coexpressed with IL-1R1, one receptor of IL-1β, on hip-
pocampal pyramidal neurons, and IL-1β-mediated acti-
vation of neuronal IL-1R1 induces Src kinase-mediated 
tyrosine phosphorylation of the NR2B subunit of the 
NMDA receptor, resulting in  Ca2+ influx into neurons 
and neuronal excitotoxicity [9, 10]. IL-1β can also inhibit 
GABA-mediated  Cl− fluxes and reduce inhibitory trans-
mission as well as increase neuronal glutamate release via 
the activation of inducible nitric oxide synthase in astro-
cytes [9, 10]. TNF-α activates the recruitment of AMPA 
receptors lacking the GluR2 subunit at neuronal mem-
branes and contributes to the formation of molecular 
conformations that benefit  Ca2+ influx into neurons and 
induce endocytosis of  GABAA receptors [11]. Moreover, 
neuroinflammation increases blood brain barrier (BBB) 
permeability, leading to the invasion of the brain by pro-
inflammatory cytokines, which aggravates the neuronal 
damage caused by inflammation and plays a key role 
in seizure generation and exacerbation [4]. Therefore, 
neuroinflammation is likely closely associated with the 
occurrence and development of epilepsy, and inflamma-
tion might be a target for epilepsy therapy [12]. However, 

the potential mechanisms of neuroinflammation in epi-
lepsy remain unknown, and which of the inflammation-
related genes (IRGs) are strongly associated with epilepsy 
has yet to be determined. Therefore, further studies on 
the identification of inflammatory biomarkers associated 
with epilepsy are urgently needed, which can help pro-
vide new molecular targets for studying the mechanism 
of epilepsy and discovering new drugs for treatment.

In our study, we merged the GSE48350 and GSE63808 
datasets through batch correction and generally veri-
fied the diagnostic roles of IRGs and subtype classifica-
tion according to IRGs in epilepsy. Based on differential 
expression, random forest (RF), support vector machine 
(SVM), nomogram, subtype classification, enrichment, 
protein‒protein interaction (PPI), immune cell infil-
tration, and immune function analyses, we identified 
inhibitor of metalloproteinase-1 (TIMP1) as the most 
significant IRG associated with temporal lobe epilepsy 
(TLE). Finally, we detected the expression of TIMP1 in 
epileptic patients and mice.

Materials and methods
Obtaining and preprocessing the datasets
TLE usually originates in the hippocampus. Thus, hip-
pocampal datasets, GSE48350 and GSE63808, were 
downloaded from the GEO database (http:// www. ncbi. 
nlm. nih. gov/ geo/). The GSE48350 dataset contains 43 
hippocampal specimens from control cases, and the 
GSE63808 dataset contains 129 hippocampal specimens 
from patients with TLE. We obtained a new dataset 
after the merging control cases and TLE cases through 
batch corrections by using the R packages “limma” and 
“sva”. Two hundred IRGs were acquired from hallmark 
gene sets of gene set enrichment analysis (GSEA). We 
extracted the expression of those 200 IRGs in the new 
dataset and identified differentially expressed IRGs in 
TLE compared with controls.

RF, SVM and nmomogram analyses
To further verify the diagnostic capacity of differen-
tially expressed IRGs in TLE, the RF and SVM models 
were constructed by using the R packages “randomFor-
est” and “e1071”, respectively. RF, as a machine learning 
algorithm based on decision-tree theory for solving clas-
sification problems, has a high degree of predictive accu-
racy by using bootstrap aggregation and randomization 
of predictors [13]. SVM is a powerful classification tool 
that has the function of maximizing (support) the sepa-
rating margin (vector) [14]. These two machine methods 
were used to identify significant predictive genes of dif-
ferentially expressed IRGs in TLE. All parameters in RF 
and SVM were automatically adjusted using the R pack-
age “caret”, and five-fold cross-validation was performed 
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to assess each model. The R package “DALEX” was used 
to generate the residual distribution and feature impor-
tance results among them. The area under the receiver 
operating characteristic (ROC) curve (AUC) was visual-
ized using the R package “pROC”. The AUC was used to 
judge the accuracy and efficiency of the predictive model, 
where a higher AUC represents a model with higher 
accuracy [15]. The top five most important variables were 
considered the key predictive genes associated with TLE 
in the RF analysis. Based on RF and SVM analyses, we 
identified core IRGs from differentially expressed IRGs. 
Then, we used the core IRGs from RF and SVM to per-
form nomogram analysis by using the R package “RMS” 
to predict the occurrence of TLE [16]. A calibration 
curve was drawn to assess the predictive accuracy of the 
nomogram. Moreover, the decision curve and clinical 
impact curve were plotted to evaluate the clinical value of 
the nomogram.

Subtype classification analyses
To further verify the important roles of IRGs in TLE, 
TLE patients were divided into clusters based on differ-
entially expressed IRGs through consensus clustering 
by using the R package “ConsensusClusterPlus”, which 
were named IRGcluster A, B, C, etc. [17]. Similarly, TLE 
patients were divided into clusters according to differ-
entially expressed genes (DEGs) obtained from differen-
tial expression analysis between IRGcluster groups with 
|logFC| > 0.585 and adjusted P < 0.05, which were named 
genecluster A, B, C, etc. Moreover, principal component 
analysis (PCA) was conducted to reduce the dimension-
ality and evaluate the independence of each subgroup.

PPI and enrichment analyses
Based on the differential expression analysis between 
IRGcluster groups, we obtained DEGs, and PPI analy-
sis of these genes was performed using the STRING 
online tool (https:// cn. string- db. org/ cgi/ input. pl). These 
genes also underwent Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses by using the R package “enrichplot”. 
Moreover, GSEA was employed to identify the biologi-
cal functions and pathways in the IRGcluster groups by 
using the R package “enrichplot”.

Immune cell infiltration and immune function
Single-sample GSEA (ssGSEA) was used to evaluate the 
abundances of 23 immune cell subtypes in TLE patients 
[18]. The correlation between differentially expressed 
IRGs and the 22 immune cell subtypes was evaluated 
using Spearman analysis. The differences in the 22 types 
of immune cells in the IRGcluster subgroups and gene-
cluster subgroups were analyzed. Immune function 

scores were obtained by using the R packages “limma”, 
“GSVA” “GSEABase” and “reshape2” [19]. The correlation 
between differentially expressed IRGs and the immune 
function score was evaluated using Spearman analy-
sis. The differences in immune function scores in the 
IRGcluster subgroups and genecluster subgroups were 
analyzed.

Human brain tissue
Twelve temporal neocortex samples from patients with 
traumatic brain injury and without a history of other neu-
rological diseases who underwent craniotomy were used 
for the control group, and 12 temporal neocortex samples 
from TLE patients were used for the TLE group. Tempo-
ral neocortex samples were collected from the Chong-
qing University Jiangjin Hospital and First Affiliated 
Hospital of Chongqing Medical University. This study 
was performed in accordance with the Declaration of 
Helsinki and the ethical principles of the National Insti-
tutes of Health and approved by the Ethics Committee of 
the Chongqing University Jiangjin Hospital and Second 
Affiliated Hospital of Chongqing Medical University. All 
patients and their guardians were informed of the use of 
brain tissues and provided informed consent. A portion 
of each specimen was cut into 16 μm frozen sections for 
immunofluorescence staining, and the remaining speci-
men was stored at − 80 °C for quantitative real-time poly-
merase chain reaction (qRT‒PCR) and western blotting.

Kainic acid (KA)‑induced epilepsy
Adult male C57BL/6 mice (8–10  weeks and 20–25  g) 
were obtained from the Experimental Animal Center 
of Chongqing Medical University, and this study was 
approved by the Committee on Animal Research of 
Chongqing Medical University. Control mice and kainic 
acid (KA)-induced epileptic mice were treated accord-
ing to the method described in a previous study [20]. 
The cortices and hippocampi were obtained from control 
and KA mice under anesthesia using the intraperitoneal 
injection of sodium pentobarbital (50 mg/kg). A portion 
of each specimen was cut into 16 μm frozen sections for 
immunofluorescence staining, and the remaining speci-
men was stored at − 80  °C for qRT‒PCR and western 
blotting.

Immunofluorescence staining and western blotting
Immunofluorescence staining and western blotting 
were performed according to a previous study [20]. For 
immunofluorescence staining, the following primary 
antibodies were used: rabbit anti-TIMP1 (1:50, Protein-
tech), mouse anti-NeuN (1:50, Millipore) and mouse 
anti-GFAP (1:50, Abcam), and the following second-
ary antibodies were used: fluorescein isothiocyanate 
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(FITC)-conjugated donkey anti-rat IgG (1:100, Protein-
tech) and Alexa Fluor 555-conjugated donkey anti-mouse 
IgG (1:100, Beyotime). For western blotting, the follow-
ing primary antibodies were used: rabbit anti-TIMP1 
(1:1000, Proteintech) and rabbit anti-GAPDH (1:1000, 
Proteintech), while horseradish peroxidase (HRP)-goat 
anti-rabbit immunoglobulin G (1:3000, Proteintech) was 
used as the secondary antibody.

qRT‒PCR
qRT‒PCR was used to analyze the TIMP1 mRNA level 
in TLE patients and KA mice according to the method 
described in a previous study [21]. GAPDH expression 
served as an internal control. The primer sequences for 
patients are as follows: TIMP1 (forward: TTC CAG TCC 
CGT CAC CTT; reverse: CAG GCT TCA GCT TCC ACT 
C) and GAPDH (forward: CAG GAG GCA TTG CTG ATG 
AT; reverse: GAA GGC TGG GGC TCA TTT ). The primer 
sequences for mice are as follows: TIMP1 (forward: TCA 
CTG TTT GTG GAC GGA; reverse: AGG CTT CAG GTC 
ATCGG) and GAPDH (forward: GGT TGT CTC CTG 
CGA CTT CA; reverse: TGG TCC AGG GTT TCT TAC 
TCC).

Statistical analysis
GraphPad Prism (version 6.07) and R software (version 
4.1.3) were applied for data processing, statistical analy-
sis, and graph visualization. The correlation analysis was 
performed using the Spearman test, and the Wilcoxon 
test was performed to compare the differences between 
different groups in datasets. The qRT‒PCR and western 
blotting data are presented as the mean ± standard devia-
tion, and a t test was used to analyze and compare the 
differences between the two groups. Unless stated other-
wise, two-tailed P < 0.05 was considered significant.

Results
Identification of differentially expressed IRGs in TLE
After merging the GSE48350 and GSE63808 datasets 
through batch correction, we obtained a new dataset 
containing 43 hippocampal specimens from control 
cases and 129 hippocampal specimens from TLE cases. 
We analyzed the differential expression of 200 IRGs 
between the control group and TLE group by the Wil-
coxon test, and we identified 33 differentially expressed 
IRGs (EIF2AK2, P2RY2, CXCL9, CCL5, CD48, TIMP1, 
BST2, IFITM1, EMR1, NMUR1, NOD2, IL15RA, TLR2, 
CXCL11, CD70, INHBA, LIF, TACR1, PIK3R5, MSR1, 
OSMR, IL1A, BTG2, OSM, ITGB3, PTGIR, MEP1A, 
RGS1, NPFFR2, SGMS2, ICAM4, CCL7 and IL12B), 
which are shown in the heatmap (Fig. 1A). Then, we used 
the Spearman test to analyze the correlation among these 

33 differentially expressed IRGs and found some correla-
tions among them (Fig. 1B).

Establishment of the RF and SVM models
We established RF and SVM models based on 33 differ-
entially expressed IRGs and found that both the RF and 
SVM models had minimal residuals according to the 
residual boxplots (Fig.  2A) and reverse cumulative dis-
tribution of residuals (Fig. 2B). Moreover, the AUC value 
of both the RF and SVM models was 1 (Fig. 2C). These 
results indicated that both the RF and SVM models had 
high diagnostic capacity for TLE. The RF model had low 
error in diagnosing TLE (Fig. 2D). The mean decrease in 
the Gini index reflects the effect of each variable on the 
heterogeneity at each node of the classification tree to 
compare the importance of the variables. The larger the 
Gini index value, the more important the variable is. As 
shown in Fig.  2E, the top 5 most important genes were 
CCL5, TIMP1, INHBA, IL15RA and NOD2, which were 
deemed candidate genes. The root mean square error 
(RMSE) is often used as a standard to measure the pre-
diction capacity of machine learning models. As shown 
in Fig. 2F, the SVM model had minimum RMSE when the 
gene number was 25, and those 25 genes (TIMP1, CCL5, 
INHBA, NOD2, IL15RA, IFITM1, CXCL9, CXCL11, 
CD48, EMR1, EIF2AK2, BTG2, NPFFR2, MEP1A, LIF, 
ICAM4, OSM, SGMS2, TLR2, IL12B, NMUR1, RGS1, 
MSR1, BST2 and CCL7) were considered candidate 
genes.

Establishment of the nomogram model
Analysis of the candidate genes by RF and SVM indi-
cated that five IRGs (CCL5, TIMP1, INHBA, IL15RA and 
NOD2) were core genes. We established a nomogram 
model based on these five IRGs to predict the prevalence 
of TLE (Fig.  3A). Calibration curves showed that the 
diagnostic capacity of the nomogram model was accurate 
(Fig.  3B). The clinical impact curve indicated the high 
predictive capacity of the nomogram model (Fig. 3C).

Subtype classification
Based on 33 differentially expressed IRGs, TLE patients 
were divided into the IRGcluster A and the IRGcluster 
B groups by consensus clustering (Fig.  4A), and PCA 
indicated that 33 differentially expressed IRGs could 
completely distinguish TLE patients in the IRGcluster 
A and IRGcluster B groups (Fig. 4B). We compared the 
expression of these 33 differentially expressed IRGs in 
the IRGcluster A and IRGcluster B groups and found 
that only 7 IRGs (BST2, BTG2, CCL5, ICAM4, OSM, 
RGS1 and TIMP1) were differentially expressed in the 
IRGcluster A and IRGcluster B groups (Fig.  4C, D). 
Comparing the expression of all genes in the IRGcluster 
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A and B groups by using the R package “limma” under 
the conditions of p < 0.05 and |logFC| > 0.585, 48 DEGs 
were identified (Additional file  1: Table  S1), which we 
named IRG-related DEGs. The 48 IRG-related DEGs 
were used for PPI and enrichment analyses. A PPI net-
work among the 48 IRG-related DEGs was established 
using the STRING online tool and visualized using 

Cytoscape (version 3.7.2) (Fig.  5A), and the top 30 
edge counts of IRG-related DEGs are shown in Fig. 5B. 
The GO terms revealed that the 48 IRG-related DEGs 
were significantly associated with response to glu-
cocorticoid, platelet alpha granule lumen and DNA-
binding transcription repressor activity, and RNA 
polymerase II-specific in the biological processes (BP), 

Fig. 1 Identification of differentially expressed IRGs in the TLE. A Expression heat map of the 33 differentially expressed IRGs. B Correlation between 
the 33 differentially expressed IRGs. *p < 0.05, **p < 0.01, ***p < 0.001
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cellular components (CC) and molecular functions 
(MF), respectively (Fig.  5C, D). Functional annota-
tion of GO terms was further performed using GSEA, 
and the top 5 pathways significantly enriched in the 
IRGcluster A and IRGcluster B groups are shown in 

Fig. 5E, F, respectively. The KEGG terms revealed that 
48 IRG-related DEGs were significantly associated 
with transcriptional misregulation in cancer (Fig.  5G, 
H). Functional annotation of KEGG terms was fur-
ther performed using GSEA, and the top 5 pathways 

Fig. 2 Establishment of the RF and SVM models. A Boxplots of residual for RF and SVM. B Reverse cumulative distribution of residual for RF and 
SVM. C ROC curves for RF and SVM. D The error of RF. E Mean decreasegini of differentially expressed IRGs. F RMSE of SVM

Fig. 3 Establishment of nomogram model. A Nomogram model. B The calibration curve to assess the predictive power of the nomogram model. C 
The clinical impact curve of nomogram model
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significantly enriched in the IRGcluster A and IRGclus-
ter B groups are shown in Fig. 5I, J, respectively.

Based on 48 IRG-related DEGs, TLE patients were 
divided into genecluster A and genecluster B groups by 
consensus clustering (Fig.  6A). We found that these 48 
IRG-related DEGs were differentially expressed in the 
genecluster A and genecluster B groups (Fig.  6B), and 
PCA indicated that 48 IRG-related DEGs could com-
pletely distinguish TLE patients in the genecluster A and 
genecluster B groups (Fig. 6C). Moreover, we also com-
pared the expression of 33 differentially expressed IRGs 
in the genecluster A and genecluster B groups and found 
that only 5 IRGs (BTG2, IL1A, RGS1, TIMP1 and TLR2) 
were differentially expressed in the genecluster A and 
genecluster B groups (Fig. 6D).

Immune cell infiltration and immune function
The abundances of 23 immune cell subtypes were deter-
mined in TLE patients (Additional file  2: Table  S2). 
We evaluated the correlation between the 33 differen-
tially expressed IRGs and 23 immune cell subtypes and 
found that TIMP1 was correlated with many types of 
immune cells, particularly natural killer T-cells and type 

1  T helper cells (Fig.  7A). We compared the differential 
immune cells in the IRGcluster (Fig.  7B) and geneclus-
ter subgroups (Fig. 7C), and some immune cell subtypes 
showed differing infiltration in the IRGcluster and gene-
cluster subgroups. Similarly, we evaluated the correlation 
between the 33 differentially expressed IRGs and immune 
function score and found that TIMP1 was correlated 
with many types of immune function, particularly CCR 
and parainflammation (Fig.  8A). We also compared the 
differential immune function in the IRGcluster (Fig. 8B) 
and genecluster subgroups (Fig. 8C), and some immune 
function was different in the IRGcluster and genecluster 
subgroups.

The correlation between the IRGscore and subtype 
classification
PCA algorithms were utilized to calculate the IRGscore 
for each TLE patient according to the expression of 33 
differentially expressed IRGs. We compared the IRGscore 
in the IRGcluster (Fig.  9A) and genecluster subgroups 
(Fig.  9B) and found that TLE patients in the IRGclus-
ter A and genecluster A groups had higher IRGscore 
values. Moreover, the relationship between IRGcluster 

Fig. 4 Subtype classification based on 33 differentially expressed IRGs. A Consensus matrices of the 33 differentially expressed IRGs for k = 2. B PCA 
for the expression profiles of the 33 differentially expressed IRGs. C Expression heat map of the 33 differentially expressed IRGs in the IRGcluster 
A group and IRGcluster B group. D Boxplot of the 33 differentially expressed IRGs in the IRGcluster A group and IRGcluster B group. *p < 0.05, 
**p < 0.01, ***p < 0.001
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subgroups, genecluster subgroups and the IRGscore was 
visualized in a Sankey diagram (Fig. 9C).

TIMP1 was associated with immune cell infiltration 
and immune function
Based on 33 differentially expressed IRGs in RF, SVM, 
IRGcluster and genecluster analyses, we found that 
TIMP1 was the most significant IRG associated with 
TLE, and it might be a potential diagnostic biomarker for 
TLE (Fig. 10A). We compared the expression of TIMP1 
in the control group and TLE group and found that its 
expression was decreased in the TLE group (Fig.  10B). 
TLE patients were divided into a low group and high 
group according to the expression of TIMP1. We com-
pared the differential immune cells in the low and high 
groups and found that TLE patients had higher immune 
cell infiltration in the TIMP1 low group than in the 

TIMP1 high group (Fig.  10C). Moreover, we compared 
the immune function score in the low and high groups 
and found that TLE patients had higher immune function 
scores in the TIMP1 low group than in the TIMP1 high 
group (Fig. 10D).

The location and expression of TIMP1 in TLE patients 
and KA‑induced epileptic mice
To further verify the location and expression of TIMP1 
in TLE patients and KA-induced epileptic mice, immu-
nofluorescence staining, qRT‒PCR, and western blot-
ting were performed. We found that TIMP1 was mainly 
located in cortical neurons and scantly expressed in corti-
cal gliocytes (Fig. 11A). qRT‒PCR (Fig. 11B) and western 
blotting (Fig. 11C) indicated that TIMP1 was decreased 
in the cortices of TLE patients compared with controls. 
Similarly, in the cortices and hippocampi (CA1 region) of 

Fig. 5 PPI and enrichment analyses. A PPI network of the 48 IRGs-related DEGs. B Top 30 edge counts of IRGs-related DEGs. C The circle diagram 
enriched in the GO analysis. D The top 30 significant terms of GO functional enrichment. E The top 5 GO pathway in the IRGcluster A group. F The 
top 5 GO pathway in the IRGcluster B group. G The circle diagram enriched in the KEGG analysis. H The top 30 significant terms of KEGG functional 
enrichment. I The top 5 KEGG pathway in the IRGcluster A group. J The top 5 KEGG pathway in the IRGcluster B group
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KA-induced epileptic mice, TIMP1 was mainly located 
in cortical neurons and was scantly expressed in cortical 
gliocytes (Fig. 12A). Moreover, qRT‒PCR (Fig. 12B) and 
western blotting (Fig.  12C) indicated that TIMP1 was 
decreased in the cortices and hippocampi of KA-induced 
epilepsy mice compared with controls.

Discussion
Accumulating evidence strongly indicates the rel-
evance of inflammation in the pathophysiology of epi-
lepsy, as inflammatory mediators are upregulated and 
neural inflammation is promoted, which may induce 
neurological pathology changes and contribute to the 
development of epilepsy [22, 23]. Research on epileptic 
patients revealed high expression of several pro-inflam-
matory cytokines in the serum and cerebrospinal fluid 
[24]. Lines reported that the activation of NLRP1 and 
NLRP3 inflammasomes is involved in the development 
of epilepsy [25, 26]. Administration of inhibitors of the 

inflammasome complex such as MCC950, Ac-YVAD-
cmk, CY-09, and Bay11-7082 or other drugs via small 
interfering RNAs protected the symptoms of epilepsy 
[27–30]. Neuroinflammation is usually considered to be 
associated with dysfunction of the BBB, and the infiltra-
tion of peripheral immune cells across the BBB has been 
verified in epileptic patients [31]. However, the specific 
mechanisms of inflammation in epilepsy need to be fur-
ther investigated. Therefore, we attempted to elucidate 
the specific role of IRGs in TLE and the immune micro-
environment. Additionally, gene signatures related to 
inflammation were utilized to predict TLE.

Bioinformatics analysis plays an important role in the 
diagnosis and prognosis of diseases, and it promotes the 
understanding of disease processes via genome-level and 
systematic bioinformatics methods. In our research, we 
filtered 33 differentially expressed IRGs by comparing 
the expression of IRGs in the hippocampi of controls 
and TLE patients. Then, cluster analyses were performed 

Fig. 6 Subtype classification based on 48 IRGs-related DEGs. A Consensus matrices of the 48 IRGs-related DEGs for k = 2. B Expression heat map of 
the 48 IRGs-related DEGs. C PCA for the expression profiles of the 48 IRGs-related DEGs. D Boxplot of the 48 IRGs-related DEGs in the genecluster A 
group and genecluster B group. *p < 0.05, **p < 0.01, ***p < 0.001
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in TLE patients to obtain two groups based on 33 dif-
ferentially expressed IRGs, and 48 IRG-related DEGs 
were identified. Then, those 48 IRG-related DEGs were 
screened for GO, KEGG and GSEA enrichment analy-
sis. The results showed that IRG-related DEGs were sig-
nificantly enriched in inflammation-related pathways and 
immune-related pathways, such as the MAPK cascade, 
IL-17 signaling pathway, NF-κB signaling pathway, and 
chemokine binding. A previous study found an expan-
sion of the CD4 T-cell subset in the peripheral blood and 
a shift toward a proinflammatory Th17/Th1 CD4 T-cell 
immune profile in drug-resistant epilepsy [9]. Activa-
tion of the NF-κB signaling pathway can increase the 
expression of proinflammatory cytokines and trigger a 
signaling cascade, contributing to oxidative stress, neu-
rogenesis, neuronal death survival, and synaptic plasticity 
[32]. To validate the accuracy of inflammation cluster-
ing, we performed a second unsupervised gene consen-
sus cluster based on 33 differentially expressed IRGs and 
48 IRG-related DEGs, and the TLE patients were divided 
into two IRG clusters and two gene clusters. IRGcluster 

B had high expression of IRGs, including BST2, BTG2, 
CCL5, IFITM1, OSM, RGS1 and TIMP1. Genecluster 
B had high expression of IRGs, including BTG2, IL1A, 
RGS1, TIMP1 and TLR2. Regarding the immune micro-
environment, both IRGcluster B and genecluster B had 
increased immune scores, immune infiltration, and 
immune function, including increases in CD4 T-cells, 
CD8 T-cells, dendritic cells, myeloid-derived suppressor 
cells (MDSCs), and cytolytic activity. Pitsch et  al. dem-
onstrated spontaneous recurrent seizures and persist-
ing memory deficits, and the sclerotic hippocampus was 
populated with  CD8+ T-cells escorted by NK-cells [33]. 
MDSCs can inhibit other immune cells, including T-, 
B-, and NK-cells, and are closely related to many nerv-
ous system diseases [34, 35]. Taken together, differen-
tially expressed IRGs and IRG-related DEGs were likely 
associated with neuroinflammation and the immune 
microenvironment.

Based on the 33 differentially expressed IRGs, we 
identified TIMP1 as the most significant IRG associated 
with TLE according to RF, SVM, nomogram, subtype 

Fig. 7 Immune cells infiltration. A The correlation between the 33 differentially expressed IRGs and 23 immune cell subtypes. B Differential immune 
cells infiltration in the IRGcluster A group and IRGcluster B group. C Differential immune cells infiltration in the genecluster A group and genecluster 
B group. *p < 0.05, **p < 0.01, ***p < 0.001
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classification, enrichment, PPI, immune cell infiltration, 
and immune function analyses. We found that TIMP1 
was decreased in TLE patients and was associated with 

immune infiltration and immune function. The patients 
with higher TIMP1 expression had more immune cell 
infiltration and stronger immune function. Moreover, 

Fig. 8 Immune function. A The correlation between the 33 differentially expressed IRGs and immune function. B Differential immune function 
in the IRGcluster A group and IRGcluster B group. C Differential immune function in the genecluster A group and genecluster B group. *p < 0.05, 
**p < 0.01, ***p < 0.001

Fig. 9 The correlation between IRGscore and subtype classification. A Boxplot of the IRGscore in the IRGcluster A group and IRGcluster B group. 
B Boxplot of the IRGscore in the genecluster A group and genecluster B group. C Sankey diagram showing the relationship between IRGcluster 
subgroups, genecluster subgroups and IRGscore
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in TLE patients and KA-induced epileptic mice, immu-
nofluorescence staining indicated that TIMP1 was 
mainly located in neurons and expressed at low levels in 
gliocytes. qRT‒PCR and western blotting verified that 
TIMP1 was decreased in TLE patients and KA-induced 
epileptic mice compared with their controls. TIMP1 
inhibits matrix metallopeptidase-9 (MMP-9), which is a 
major component of the basement membrane of the cer-
ebral endothelium, and both are key regulators of inflam-
mation [36]. MMP-9 degrades collagen IV and promotes 
the migration of cells through tissues and across the BBB. 
The MMP-9/TIMP1 ratio may reflect the state of the 
BBB. A high MMP-9/TIMP1 ratio in pediatric patients is 
closely tied to encephalitis and prolonged febrile seizures 
[37]. These results implied that the MMP-9/TIMP1 ratio 
might be associated with inflammation and dysfunction 
of the BBB [38, 39]. The microvasculature in the BBB is 
crucial for the maintenance of brain homeostasis, and 
research has reported that BBB microvascular malfunc-
tion induces epilepsy. Tinnes et al. proved that epileptic 

conditions strongly induce TIMP1 synthesis in the hip-
pocampus, which in turn blocks MMP activity to pro-
tect the BBB, prevent inflammatory cytokine overflow, 
and weaken epilepsy, indicating the protective effect of 
TIMP1, which is consistent with the results of our study 
that the expression of TIMP1 was decreased in epileptic 
patients and mice [40]. Moreover, BBB permeability also 
plays a key role in the development and progression of 
epilepsy, while increased BBB permeability may induce 
the effusion of proinflammatory cytokines into the brain 
[41, 42].

However, our study had several limitations. First, in 
addition to TIMP1 as the core IRG in the diagnosis of 
TLE, other IRGs, such as BST2, BTG2, CCL5, IFITM1, 
OSM, and RGS1, might also be potential diagnostic 
biomarkers for TLE, and these IRGs require further 
studies. For example, Pawel Wolinski et al. observed the 
upregulation of IL1β and CXCL12 in the early phase of 
KA-induced epilepsy and elevated levels of CCL5 at a 
later time point, indicating the important roles of these 

Fig. 10 TIMP1 was associated with immune cells infiltration and immune function. A Venn diagram based on 33 differentially expressed IRGs in the 
RF, SVM, IRGcluster and genecluster. B Violin plot of TIMP1 expression in the control group and TLE group. C Differential immune cell in the TIMP1 
low group and TIMP1 high group. D Differential immune function in the TIMP1 low group and TIMP1 high group. *p < 0.05, **p < 0.01, ***p < 0.001
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IRGs in epilepsy [43]. Second, larger and more diverse 
samples are needed to provide a broader understand-
ing of the heterogeneity of TLE and strengthen the con-
clusions. Furthermore, based on previously published 
studies, we believe that TIMP1 can not only directly 
mediate inflammation-related pathways but also indi-
rectly modulate the entry of inflammatory factors into 
the brain by regulating the permeability of the BBB, 
and these pathological processes are closely related to 
the development and progression of epilepsy, which 
also requires further study. Finally, studies on other 

independent datasets and next-generation sequencing 
datasets as well as across different research centers are 
needed to provide results with greater reliability and 
robustness.

In conclusion, we identified TIMP1 as the most 
significant IRG associated with epilepsy and found 
the downregulated expression of TIMP1 in epileptic 
patients and mice, which may provide new ideas for 
studying the mechanism of epilepsy and discovering 
new drugs for treatment.

Fig. 11 The location and expression of TIMP1 in the TLE patients. A Immunofluorescence staining for TIMP1 in the TLE patients (scar bar: 50 μm). 
B qrtPCR for TIMP1 in the controls and TLE patients (n = 12/per group). C Western blotting for TIMP1 in the controls and TLE patients (n = 12/per 
group). *p < 0.05
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