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Abstract: Objectives: To identify hub genes and biological processes of propofol-induced neurotoxicity and promote
the development of pediatric anesthesiology. Methods: We downloaded the GSE106799 dataset from the Gene
Expression Omnibus database. Differentially expressed genes (DEGs) were screened, then Kyoto Encyclopedia of
Genes and Genomes, Gene Ontology and Gene Set Enrichment analyses were performed on all DEGs. We identified
potential ferroptosis genes in the pathogenesis of propofol-induced neurotoxicity. A key module was obtained after
performing weighted gene co-expression network analysis (WGCNA) on the GSE106799 dataset. Hub genes were
identified after the least absolute shrinkage and selection operator (LASSO) regression analysis of the intersection
of DEGs and genes from the key module. We established a competing endogenous RNA network and predicted
potential drugs according to the hub genes. Total RNA and proteins were extracted for real-time quantitative poly-
merase chain reaction and Western blotting, respectively. Results: A total of 112 DEGs, including 76 upregulated
and 36 downregulated ones were screened out. Propofol-induced neurotoxicity involved processes such as nervous
system development, activation of JAK/STAT and MAPK signaling pathways, vascular regeneration, and oxidative
stress. The results of WGCNA suggested that the tan module was the most strongly associated with propofol-induced
neurotoxicity. We identified 4 hub genes (EGR4, HAO1, ITK and GM14446) after LASSO regression analysis. Animal
experiments demonstrated that propofol caused overexpression of the protein levels of HAO1, ITK and inflammatory
factors in the brain, as well as the mRNA levels of HAO1, ITK and GM14446. Propofol inhibited expression of EGR4
at mRNA and protein levels. Conclusions: Previous studies have demonstrated that EGR4, HAO1, ITK and GM14446
play a role in intellectual development, neuroinflammation and neuronal differentiation. These hub genes may help
us to find new preventive and therapeutic targets for propofol-induced neurotoxicity.
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Introduction young children with neurological damage due

to general anesthesia approximately 10 years

In the early 20th century, general anesthesia
was not usually adopted in pediatric surgery to
prevent hemodynamic depression. At that time,
it was generally believed that children could not
perceive or locate pain. With the accumulation
of clinical experience and the gradual progress
of testing, physicians have realized that pain
causes a severe stress response in children [1,
2]. With the continuous development of pe-
diatric anesthesiology, ketamine, propofol and
other anesthetics have been gradually applied
to pediatric surgery in recent years. However,
the medical community began to focus on

ago. Researchers have also found that all con-
ventionally applied sedative anesthetics cause
neurotoxicity in animal models [3]. Many stud-
ies and individual cases have attributed peri-
operative neurotoxicity and neurogenic injury to
propofol [4, 5]. Neurotoxicity induced by propo-
fol involves different pathological mechanisms
including calcium overload, ferroptosis, neuro-
inflammation and excitotoxicity [6]. The com-
plexity of human brain structure and function
may account for the greater vulnerability of the
human brain to injury compared with animal
brains. The application of bioinformatics makes
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Figure 1. Study workflow.

it convenient to screen for hub genes in propo-
fol-induced neurotoxicity.

Although the concept of anesthetic neuroto-
xicity was proposed over 10 years ago, the
behind mechanism remains unclear. Epidemi-
ological studies have found that general anes-
thesia may lead to learning disabilities and
language disorders in children younger than 4
years old [2, 7]. Propofol is one of the most
frequently used anesthetics in clinical practice.
Therefore, it is important to explore the spe-
cific mechanism of propofol-induced neurotox-
icity. Bioinformatics can analyze the mecha-
nism of diseases from different aspects based
on its large calculation capability. Firstly, we
screened significant differentially expressed
genes (DEGs) introduced by propofol in the
GSE106799 dataset. Secondly, new research
revealed that anesthetic neurotoxicity may in-
volve ferroptosis, so we identified some DEGs
associated with ferroptosis in the GSE106799
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nes and DEGs. Hub genes
were obtained after least ab-
solute shrinkage and selec-
tion operator (LASSO) regres-
sion analysis of key modular
DEGs. Fifthly, we built a net-
work of competing endoge-
nous RNA (ceRNA) and drugs
according to hub genes that
may help us to find potential
targets or drugs. Finally, we
used animal experiments to
identify whether the expres-
sion of hub genes was the
same as those in previous
analyses. Clinical studies ab-
out anesthetic neurotoxicity
have been scarce. There is no
definite diagnosis and treat-
ment outline for propofol-induced neurotoxicity.
We hope that our results will help physicians
diagnose and treat propofol-induced neuroto-
xicity.

Materials and methods
Workflow

The workflow of this study is outlined in Figure
1.

Data source and materials

The GSE106799 dataset obtained from the
Gene Expression Omnibus database (https://
www.ncbi.nim.nih.gov/gds) is a collection of
mRNA sequence from brain tissue of mice
treated by propofol. This dataset included 4
mice treated with 50 mg/kg propofol as case
group and 4 mice treated with 50 mg/kg lipid
vehicle as control group. All R Packages were
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Table 1. Specific primer sequences for hub genes

ferred to polyvinylidene

GENES Forward primer

Reverse primer

fluoride membrane at 200

GM14446 5-TGGGCCTACTTGGGTTTGTC-3" 5’-ACTCAGGGTTCACTGCTCCT-3’
HAO1 5’-CCTGGATGGGGGAGTAAGGA-3’ 5-GGTCTTCCCACAAAAACGGC-3’

mA for 90 minutes. Mem-
branes were blocked using
5% bovine serum albumin

ITK 5’-TGTGTACTTACAGGTCGTGC-3"  5'-ACAAGGCAATGACCAGGGTT-3’

EGR4 5’-CGACTTCTTGAGCTGGGCTT-3" 5’-ATCTGGGGAGTAGAGGTCCG-3’
GAPDH 5’-ATGGGAAGCTGGTCATCAAC-3' 5'-GGATGCAGGGATGATGTTCT-3’

at room temperature. We
incubated the membrane
in antibody working solu-

downloaded from The Comprehensive R Ar-
chive Network (https://cran.r-project.org). The
following antibodies were obtained, anti-EGR4
(@b198197, Abcam), anti-IL-6 (ab259341, Ab-
cam), anti-HAO1 (ab194790, Abcam), anti-
NF-kB (ab32536, Abcam) and anti-ITK (PA5-
29669, ThermoFisher). RIPA lysis buffer (FD-
009), protein phosphatase inhibitor (FD1002)
and phenylmethanesulfonyl fluoride (FDO100)
used for tissue lysis were obtained from FUDE
Biotechnology Company. Universal RNA Ex-
traction Kit (No: 9767), PrimeScript™™ RT Ma-
ster Mix (No: 036A) and TB Green Premix Ex Taq
Il (Tli RNaseH Plus, No. 820A) were purchased
from TaKaRa.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted from the brain tissue
using Universal RNA Extraction Kit. Total RNA
was transcribed into cDNA using PrimeScript™
RT Master Mix. cDNA (2 pl) was used for
gRT-PCR using TB Green Premix Ex Taq Il (Tli
RNaseH Plus, No. 820A). The PCR conditions
were as follows, pre-denaturation at 95°C for
30 seconds, 40 cycles of 5 seconds at 95°C
and 34 seconds at 60°C, and dissociation at
60°C and 95°C. The relative expression of
mRNA was calculated by 222t method with nor-
malization to GAPDH. The primers were synthe-
sized by Tsingke Biotechnology. The primer
sequences are shown in Table 1.

Western blotting

Total protein was obtained by using buffer com-
posed of 0.5 ml RIPA lysis buffer, 5 ul protein
phosphatase inhibitor and 5 ul phenylme-
thanesulfonyl fluoride. Total protein was dena-
tured in water at 100°C for 5 minutes. The
samples were subjected to 90 V electropho-
resis for 25 minutes, followed by 120 V until
the end. The protein from the gel was trans-
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tion for 12 hours. Fluore-
scent secondary antibody working solution was
applied to display the target protein. Blot imag-
es were dealt by ODYSSEY System and Image J
software.

Differential expression analysis

To identify DEGs between two groups and to
perform in-depth functional mining, the lim-
ma package was used to identify genes with
P<0.05 and |[log2FC| >1 as DEGs. Over-
expressed genes were distinguished from
repressed genes by different colors in heat-
maps. Finally, we screened the DEGs and
mapped volcanoes.

Functional enrichment analysis

To explore the functional genes, proteins and
signaling pathways involved in propofol-induced
neurotoxicity, the clusterProfiler package in R
was used for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
analyses. In addition, we performed gene set
enrichment analysis (GSEA) to observe the
distribution of DEGs in different phenotypes.

WGCNA

The co-expression network was constructed by
the WGCNA package in R. Firstly, we clustered
the samples according to clinical traits. Se-
condly, we built the co-expression network via
the automatic network construction function.
The soft thresholding power, to which co-
expression similarity was applied to calculate
adjacency, was calculated by the R function
pick SoftThreshold. Thirdly, hierarchical cluster-
ing and the dynamic tree cut function were
used to detect modules according to MED-
issThres set at 0.25. This research focused
on modules associated with propofol-induced
neurotoxicity, so we screened modules with the
non-gray module, the smallest P value and the
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highest correlation with propofol-induced neu-
rotoxicity.

Hub genes in propofol-induced neurotoxicity

Genes from the key module were plotted as a
scatter plot, and we screened out the key genes
of this module with the criteria of gene sig-
nificance (GS) >0.8 and module membership
(MM) >0.8. We identified key modular DEGs by
intersecting genes from the key module and
the DEGs. Finally, we obtained hub genes of
propofol-induced neurotoxicity by LASSO re-
gression analysis of key modular DEGs. There-
after, receiver operating characteristic (ROC)
curves of hub genes were plotted to verify their
ability to distinguish control and case samples.
Finally, boxplots were used to reveal the expres-
sion trends of hub genes.

Ferroptosis-related genes

Previous research has suggested that propo-
fol-induced neurotoxicity involves ferroptosis
[8]. We obtained ferroptosis-related genes by
taking the intersection of genes related to fer-
roptosis and the DEGs.

ceRNA network construction and drug predic-
tion

We established an mRNA-miRNA-IncRNA ce-
RNA network via the miRWalk website (http://
mirwalk.umm.uni-heidelberg.de/) and the mi-
RBD database (http://mirdb.org). We predicted
potential drugs based on hub genes via the
CTD database (http://ctdbase.org/). The re-
sults were visualized using cytoscape soft-
ware.

Animal experiments

C57 mice were obtained from the Laboratory
Animal Center of Guangxi Medical University.
The license for the application of laboratory
animals was SCXK 2014-0003. Mice were
randomly divided into case and control groups,
with 5 in each group. Mice in the case group
were injected intraperitoneally with 50 mg/kg
propofol, and mice in the control group were
injected intraperitoneally with 50 mg/kg lipid
vehicle. Mice were sacrificed, and their brain
tissues were rapidly removed 3 hours after
intraperitoneal injection of these agents. Wes-
tern blotting was used to test the protein ex-
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pression levels of EGR4, HAOL, ITK, IL-6 and
NF-kB in the brain tissue. The mRNA expression
levels of EGR4, HAO1, ITK and GM14446 in the
2 groups were detected by qRT-PCR.

Statistical analyses

All data from the GSE106799 dataset were
analyzed by the R package. Data from animal
experiments are presented as mean * stan-
dard deviation (SD) and were analyzed by
Student’s t test or Kruskal-Wallis-Test. Stati-
stical analyses were performed using Graph-
Pad Prism 8 and SPSS 22.0. P<0.05 was con-
sidered statistically significant.

Results
Obtained DEGs and enrichment analysis

We identified 112 significant DEGs consisting
of 36 downregulated and 76 upregulated ones
(Figure 2A). The top 90 DEGs between the
control and case groups were exhibited with a
heatmap (Figure 2B). When we performed
KEGG enrichment and GO functional analysis
on all DEGs, it was found that propofol-indu-
ced neurotoxicity involved 12 functional entries
and 4 signaling pathways, such as somite ros-
tral, protein tyrosine, neuroactive ligand-recep-
tor interaction and retinol metabolism (Figure
2C, 2D). GSEA of the DEGs suggested that
propofol-induced neurotoxicity was associated
with processes such as activation of CD8" T
cells, B cell maturation and transcription of
Pam3CSK4 (Figure 2E, 2F).

Construction of gene co-expression modules

To check the overall correlation of all samples
in the GSE106799 dataset, we constructed
sample clustering and clinical trait heatmaps
by clustering data and removing outliers (Figure
3A). The results of the analysis suggested that
the interaction of genes at an optimal power of
10 maximally fitted the scale-free distribution
(Figure 3B). A total of 12 modules were clus-
tered in the module cluster dendrogram, and
tan module was found to be the most highly
associated with propofol-induced neurotoxicity,
according to the statistics (Figure 3C, 3D). The
tan module contained 68 genes. After screen-
ing according to the criteria of [IMM| >0.8 and
|GS| >0.8, 27 key modular genes were
obtained (Figure 3E).
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Figure 2. DEGs and enrichment analysis. A. Volcano plot of DEGs. B. Heatmap of DEGs. Red represents high ex-
pression, and blue represents low expression. C-F. Enrichment analysis: GO, KEGG and GSEA. DEDs: Differentially
Expressed Genes; GO: Gene Ontology; KEGG: Kyoto Encyclopedia of Genes and Genomes; GSEA: Gene Set Enrich-

ment Analysis.

Acquisition of 4 hub genes

The intersection of DEGs and key modular
genes resulted in 25 key modular DEGs (Figure
4A). These were subjected to LASSO regres-
sion analysis and 4 hub genes (EGR4, HAO1,
ITK and GM14446) were screened out (Figure
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4B, 4C). The areas under the ROC curves for
hub genes were all 1, which indicated that the
model performed well (Figure 4D-G).

Ferroptosis-related genes

There were 24 DEGs related to ferroptosis in
the GSE106799 dataset. See Figure 5.
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right corner. WGCNA: Weighted Gene Co-expression Network Analysis; GS: Gene Significance; MM: Module Membership.
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Hub gene ceRNA regulatory network

The ceRNA network showed that 44 IncRNAs
and 13 miRNAs interacted with hub genes
(EGR4, HAO1, ITK and GM14446). There were
74 edges in the ceRNA network (Figure 6).

Hub-gene-targeted drugs

We obtained 58 drugs that might be used to
treat propofol-induced neurotoxicity via predic-
tion using the CTD database (Figure 7).

Validation of hub gene and associated protein
expression

The GSE106799 dataset revealed that the
expressions of HAO1, ITK and GM14446 were
significantly higher in the case group than in
the control group, but EGR4 expression was
lower in the case group (Figure 8A-D). Animal
experiments demonstrated that propofol ca-
used a significant increase in the mRNA levels
of HAO1, ITK and GM14446, and a decreased
level of EGR4 in the brain tissue (Figure 8E).
Western blotting suggested that the protein lev-
els of HAO1, ITK, IL-6 and NF-kB were higher,
while protein level of EGR4 was lower in the
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brain tissue from the case group than in that
from the control group (Figure 9A, 9B). We
did not detect protein expression levels of
GM14446 because we did not obtain antibody
to GM14446.

Discussion

Propofol, which is used for anesthesia induc-
tion and maintenance, is one of the most fre-
quently used anesthetics. A growing number
of preclinical data now suggest that propofol
may induce neurotoxicity in pediatric surgery.
Tu et al. found that propofol significantly in-
hibited the expression of brain-derived neuro-
tropic factor (BDNF) in animal brains during
the developmental stage, and BDNF plays an
important role in the development and matura-
tion of the neonatal nervous system [9, 10].
Some studies have suggested that anesthetic
neurotoxicity may be one of the most import-
ant inducers of postoperative cognitive dys-
function that is characterized by memory and
cognitive impairment [11]. Propofol may affect
the process of ferroptosis in other diseases,
and ferroptosis is known to play an important
role in neurotoxicity and cognitive deficits [12-

Am J Transl Res 2024;16(3):755-767
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15]. In previous experiments we have learned
that propofol can lead to neuronal apoptosis,
neuroinflammation, neurodegeneration and sy-
naptic alterations [16-18]. This study analyzed
the specific mechanism of propofol-induced
neurotoxicity from multiple perspectives by
bioinformatics.
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We identified 112 significant DEGs from the
GSE106799 dataset and 25 key modular DEGs
were obtained through WGCNA. By KEGG en-
richment and GO functional analyses on all
DEGs, we found that propofol-induced neuro-
toxicity involved 12 functional entries and 4
signaling pathways, such as somite rostral,

Am J Transl Res 2024;16(3):755-767
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protein tyrosine, neuroactive ligand-receptor
interaction and retinol metabolism. GSEA sug-
gested that propofol-induced neurotoxicity was
associated with processes such as activation
of CD8* T cells, B cell maturation and trans-
cription of Pam3CSK4. Enrichment analysis
showed that propofol-induced neurotoxicity
involved processes such as activation of
immune cells and JAK/STAT and MAPK signal-
ing pathways, nervous system development,
vascular regeneration, and oxidative stress
[19-23].

We obtained 4 hub genes (EGR4, HAO1, ITK
and GM14446) of propofol-induced neurotoxic-
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ity after performing a LASSO regression analy-
sis on 25 key modular DEGs. Western blotting
suggested that propofol promoted the protein
expressions of NF-kB, IL-6, HAO1 and ITK, while
inhibited the protein expression of ERG4. qRT-
PCR showed that the mRNA expressions of
HAO1, ITK and GM14446 were higher in propo-
fol-related samples than in the controls in both
the GSE106799 dataset and experimental
samples, but mRNA expression of EGR4 was
contrary to that of HAO1, ITK and GM14446.
HAO1 is a peroxisomal enzyme that can regu-
late the tricarboxylic acid cycle. Recalcati et
al. found that HAO1 promoted the generation of
H,0, and was associated with iron metabolism

Am J Transl Res 2024;16(3):755-767
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in oxidative stress [24, 25]. EGR4 is involved in
the regulation of learning, synaptic plasticity
and memory dysfunction, and is implicated
in the pathogenesis of schizophrenia. EGR4 is
required for the developmental upregulation of
potassium-chloride ion cotransporter 2 (KCC2)
gene expression. KCC2 plays a critical func-
tional role in maintaining the balance of excita-
tion-inhibition in the neonatal brain. EGR4 is
also related to T cell activation and T helper (Th)
cell differentiation [26-30]. ITK, which is es-
sential for proximal T cell receptor signaling,
negatively regulates the differentiation of
Foxp3* regulatory T cells, which regulate the
immune response through the production of
transforming growth factor-f and IL-10 and
depletion of IL-2. In contrast, ITK positively reg-
ulates the differentiation of Th17 cells, which
are characterized as proinflammatory [31-33].
There is little information about GM14446,
which may be related to antiviral function [34].

The roles of IncRNAs in neuronal development,
maintenance and differentiation and neuro-
degenerative diseases are becoming increas-
ingly evident. By predicting the miRNAs and
INcRNAs associated with hub genes, a ceRNA
network including 4 hub genes, 13 miRNAs, 44
IncRNAs and 74 edges was established. The
above results lay a foundation for analyzing
the pathophysiological mechanism of propofol-
induced neurotoxicity. In addition, these RNAs
have been shown to play a role in neuropro-
tection. For example, IncRNA XIST promotes
the expression of IL-6 and TNF-a in neuroin-
flammation and angiogenesis via mediating
miR-92a following ischemic stroke [35, 36].
IncRNA NEAT1 is associated with memory for-
mation and the pathogenesis of various neuro-
logical diseases [37-39]. Finally, we found 58
potential drugs that may treat propofol-induced
neurotoxicity. The above results indicate the
basis of targeted therapy of hub genes.

There are still some shortcomings in our
research. We did not verify whether knockdown
of the hub genes could treat propofol-induced
neurotoxicity in mice, because of lack of time
and funding. The number of datasets about
propofol-induced neurotoxicity is small.

In conclusion, we obtained 4 hub genes (EGR4,
HAO1, ITK and GM14446) of propofol-induced
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neurotoxicity after analyzing the GSE106799
dataset via integrative bioinformatics. These
potential targets may provide new directions
for the prevention and treatment of propofol-
induced neurotoxicity. Revealing the potential
diagnostic and therapeutic value of these hub
genes is our chief research objective in the
future, which may ultimately aid the translation
of these results into treatment.
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