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Background. Sevoflurane is one of the most popular inhalational anesthetics during perioperative period but presenting
neurotoxicity among pediatric and aged populations. Recent experiments in vivo and in vitro have indicated that ferroptosis
may contribute to the neurotoxicity of sevoflurane anesthesia. However, the exact mechanism is still unclear. Methods. In
current study, we explored the differential expressed genes (DEGs) in HT-22 mouse hippocampal neuronal cells after
sevoflurane anesthesia using RNA-seq. Differential expressed ferroptosis-related genes (DEFRGs) were screened and analyzed
by Gene Ontology (GO) and pathway enrichment analysis. Protein-to-protein interaction (PPI) network was constructed by
the Search Tool for the Retrieval of Interacting Genes (STRING). Significant modules and the hub genes were identified by
using Cytoscape. The Connectivity Map (cMAP) was used for screening drug candidates targeting the identified DEFRGs.
Potential TF-gene network and drug-gene pairs were established towards the hub genes. In final, we validated these results in
experiments. Results. A total of 37 ferroptosis-related genes (18 upregulated and 19 downregulated) after sevoflurane exposure
in hippocampal neuronal cells were finally identified. These differentially expressed genes were mainly involved into the
biological processes of cellular response to oxidative stress. Pathway analysis indicated that these genes were involved in
ferroptosis, mTOR signaling pathway, and longevity-regulating pathway. PPI network was constructed. 10 hub genes including
Prkaa2, Chac1, Arntl, Tfrc, Slc7a11, Atf4, Mgst1, Lpin1, Atf3, and Sesn2 were found. Top 10 drug candidates, gene-drug
networks, and TFs targeting these genes were finally identified. These results were validated in experiments. Conclusion. Our
results suggested that ferroptosis-related genes play roles in sevoflurane anesthesia-related hippocampal neuron injury and
offered the hub genes and potential therapeutic agents for investigating and treatment of this neurotoxicity after sevoflurane
exposure. Finally, therapeutic effect of these drug candidates and function of potential ferroptosis targets should be further
investigated for treatment and clarifying mechanisms of sevoflurane anesthesia-induced neuron injury in future research.

1. Introduction

Millions of patients received surgery and anesthesia every
year in the world. As one of the most popular inhalational
anesthetics during general anesthesia, sevoflurane acted rap-

idly with high acceptance but was associated with perioper-
ative neurocognitive disorders (PND) [1–3]. The wide
application of sevoflurane during general anesthesia makes
its safety a major health concern. Hence, precise strategy
against sevoflurane-induced neurotoxicity and learning and
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memory impairment are urgently needed. However, to date,
the mechanisms of sevoflurane-induced neuronal injury was
not fully understood, which poses a barrier to the treatment
of its neurotoxicity.

Different from any existing types of cell death such as
apoptosis, autophagy, pyroptosis, or necrosis, ferroptosis
presents as a new form of programmed cell death character-
ized by excessive accumulation of iron and lipid peroxida-
tion [4]. Ferroptosis in neuronal cells was associated with
many diseases in CNS, such as Alzheimer’s disease [5, 6],
epilepsy [7], and neonatal brain injury [8]. Recently, several
studies focused on sevoflurane anesthesia-induced cognitive
impairment also found the involvement of ferroptosis in
neuronal cells [9–12]. In 2020, Wu et al. reported that sevo-
flurane anesthesia contributed iron overload and ferroptosis
in hippocampal neurons, which may be activated by
NMDAR-RASD1 signaling via DMT1 action [9]. Cheng
et al. found sevoflurane-induced ferroptotic neuronal death
in SH-SY5Y cells, which was associated with the involve-
ment of ACSL4 [10]. In addition, ferroptosis modulated
sevoflurane-induced cognitive impairment through interac-
tion between Mind bomb-2 (Mib2) and glutathione peroxi-
dase 4 (Gpx4) [11]. All these studies indicated that
targeting ferroptosis is supposed to be an effective strategy
for treating sevoflurane-induced brain injury.

In this study, with the help of bioinformatics, we investi-
gated the differential expressed genes (DEGs) in HT22 hip-
pocampal neuronal cells after sevoflurane exposure
through RNA-seq. Ferroptosis-related genes (FRGs) and
pathways that may play important role in sevoflurane
anesthesia-induced neurotoxicity were identified. Potential
therapeutic agents targeting to differentially expressed
ferroptosis-related genes (DEFRGs) and their hub genes
were also explored and validated.

2. Materials and Methods

2.1. Cell Processing and RNA Sequencing. In current study,
the mouse HT22 hippocampal neuronal cells employed were

purchased from CHI Scientific (Shanghai, China). The hip-
pocampal neuronal cells were maintained in DMEM
medium containing 10% fetal bovine serum (FBS) and 1%
penicillin–streptomycin (PS) at 37°C in 5% CO2 cell incuba-
tor. Cells were randomly divided into a control group and a
sevoflurane group. In the sevoflurane group, the HT22 cells
were put in a gas-tight chamber and were exposed to 4%
sevoflurane for 24 hours. The cells in the control group were
put outside the chamber but in the same incubator during
the process. After treatment, total RNA of HT22 cells in each
group was extracted by using the TRIzol reagent. The cDNA
was obtained from 1μg of total RNA by reverse transcrip-
tase. RNA sequencing was performed on DNBSEQ platform
by BGI genomics (Beijing, China).

2.2. Identification of Differentially Expressed Genes (DEGs).
Expression of 18559 genes in HT22 cells was compared
between the control group and the sevoflurane group.
Deseq2 package (1.34.0) was used to identify DEGs after
sevoflurane exposure. Genes with p value <0.05 and a |log2-
FoldChange|>1 were defined as DEGs. DEGs were visual-
ized through heatmap which is generated by pheatmap
package (1.0.12).

2.3. Identification of DEFRGs. Ferroptosis-related genes were
extracted from GeneCards (Version 5.9, https://www
.Genecards.org/). An online bioinformatic tool (http://
bioinformatics.psb.ugent.be/webtools/Venn/) was used to
draw Venn diagrams between tested 18559 genes and 442
FRGs in GeneCards and then overlapped with sevoflurane-
induced DEGs. Subsequently, overlapped DEGs were
included into subsequent analyses.

2.4. Gene Ontology and Pathway Enrichment Analyses.
Enrichment analysis of Gene Ontology (GO) was performed
to illustrate the function of significant DEGs in biological
process by using the clusterProfiler package (4.2.2). The
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis of significant DEGs was also investigated by

Table 1: The primer sequences of qPCR.

Gene Forward primer (5′ to 3′) Reverse primer (5′ to 3′)
Prkaa2 CAGGCCATAAAGTGGCAGTTA AAAAGTCTGTCGGAGTGCTGA

Chac1 CTGTGGATTTTCGGGTACGG CCCCTATGGAAGGTGTCTCC

Arntl TCAAGACGACATAGGACACCT GGACATTGGCTAAAACAACAGTG

Tfrc GTTTCTGCCAGCCCCTTATTAT GCAAGGAAAGGATATGCAGCA

Slc7a11 GGCACCGTCATCGGATCAG CTCCACAGGCAGACCAGAAAA

Atf4 GTTTAGAGCTAGGCAGTGAAG CCTTTACACATGGAGGGATTAG

Mgst1 CTCAGGCAGCTCATGGACAAT GTTATCCTCTGGAATGCGGTC

Lpin1 CTCCGCTCCCGAGAGAAAG TCATGTGCAAATCCACGGACT

Atf3 GAGGATTTTGCTAACCTGACACC TTGACGGTAACTGACTCCAGC

Sesn2 AGCAGAGCTGGTTTAGTGAACCG GACAAACCACAACTAGAATGC

Egr1 ACCCTATGAGCACCTGACCAC TATAGGTGATGGGAGGCAACC

Zbed6 CAAGACATCTGCAGTTTGGAATTT TGTCGTTGAAGTGTTGAAGTTCCTA

β-Actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
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using the clusterProfiler package (4.2.2) and the ggplot2
package (3.3.6) in R studio.

2.5. Construction of Protein-Protein Interaction (PPI)
Network and Module Analysis. To identify potential interac-
tion relationship between target genes-encoded proteins, a
PPI network was constructed by using online database
STRING (version 11.5, https://cn.string-db.org/). Required
interaction score of 0.15 was set as a threshold value. After
that, the results of STRING were imported into the Cytos-
cape software (3.9.0) to build the PPI network of the whole
FRGs. Then the Molecular Complex Detection (MCODE)
plug-in was used to screen significant PPI network modules.
We set the criteria as the following: degree cut − off = 2,

node score cut − off = 0:2, max depth = 100, and k − score
= 2. After that, the GO and KEGG analysis of the involved
modular genes were conducted by using the clusterProfiler
package (4.2.2) and the ggplot2 package (3.3.6) in R studio.

2.6. Selection and Analysis of the Hub Genes. CytoHubba
plug-in of Cytoscape was used to identify the hub genes.
Eight different algorithms (MCC, DMNC, MNC, degree,
closeness, radiality, stress, and EPC) were calculated for
screening and selecting reliable hub genes. Then a coexpres-
sion network of the hub genes and their coexpressed genes
was established based on GeneMANIA (http://www. http://
genemania.org/) [13].

Hippocampal neuronal cells

1459 DEGs after
sevoflurane anesthesia
revea;ed by RNAseq

Ferroptosis related genes
(442) extracted from
Genecards

37 ferroptosis related mRNA
identified by Venn analysis

Top 10 small molecular
compounds targeting ferroptosis
realated DEGs wrer obtained by
cMAP database

PPI network was
contructed by STRING

Enrichment analysis of
ferroptosis related DEGs

GO

KEGG

3 important modules identified by
MCODE plugin of Cytoscape

10 Hub genes identified via
cytoHubba plugin of Cytoscape

The drug–hub gene
interaction network through
DGldb database

Co–expression network of hub
genes was obtained through
GeneMANIA database

Validation of 10 hub
genes and 2 significant
TFs via qPCR

TF targets of the 10 hub
genes predicted by
CHEA3 database

Enrichmenr
analysis of GO and
KEGG pathway

Anesthetize with sevoflurane for 24h

Figure 1: Flowchart of the present study. DEGs: differentially expressed genes; FRGs: ferroptosis-related genes; DEFRGs: differential
expressed ferroptosis-related genes; cMAP: Connectivity Map; PPI: protein-protein interaction; GO: gene ontology; KEGG: Kyoto
Encyclopedia of Genes and Genomes; MCODE: the Molecular Complex Detection; qPCR: quantitative real-time PCR; TF: transcription
factor; ChEA3: ChIP-X Enrichment Analysis 3.
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2.7. Screening of Potential Therapeutic Candidates. To screen
for therapeutic agents targeting to FRGs analyzed from PPI
network, the Connectivity Map (cMAP) database (https://
clue.io/query) was utilized. The cMAP is an online database
cataloging gene expression profiling from cultured cell lines
treated by various small molecule compounds. By compar-
ing the similarities of FRGs and drug-induced gene expres-
sion profiles, the cMAP could predict potential drug

candidates through generating a connectivity score ranged
from -100 to 100. In addition, a drug–hub gene interaction
network for finding therapeutic drugs towards to the hub
genes was also established with DGIdb database (http://
dgidb.genome.wustl.edu/) and visualized by Cytoscape.

2.8. Transcription Factors (TFs) Prediction. We submitted
the hub genes to ChIP-X Enrichment Analysis 3 (ChEA3)
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Figure 2: Identification of DEGs and DEFRGs after sevoflurane exposure. (a) Heatmap of DEGs after sevoflurane exposure; (b) Venn
diagram of all detected genes and FRGs; (c) Venn diagram of sevoflurane-induced DEGs and detected FRGs; (d) heatmap of 37 DEFRGs.
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Figure 3: PPI network and enrichment analysis of DEFRGs. (a) PPI network of DEFRGs; (b) GO enrichment analysis of the DEFRGs; (c)
Cnetplot of KEGG pathway analysis of the DEFRGs; (d) The separative KEGG analysis for upregulated and downregulated DEFRGs.
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Figure 4: The important gene modules and enrichment analysis of the modular genes. (a) Three significant modules filtered by MCODE;
(b) GO enrichment analysis of the modular genes; (c) Cnetplot of KEGG pathway analysis of the modular genes; (d) The separative KEGG
analysis for upregulated and downregulated modular genes.
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platform for TF prediction revealed by transcription factor
enrichment analysis (https://maayanlab.cloud/chea3/#top)
[14]. Predicted hub gene-associated TFs were ranked by
mean rank score.

2.9. Quantitative Real-Time PCR (qPCR). The primers of
target genes were obtained from the PrimerBank (https://
pga.mgh.harvard.edu/primerbank/index.html). Total RNA
was reversed into cDNA using the HiScript® III RT Super-
Mix (Cat. R223-01, Vazyme, China). Real-time PCR assays
were performed using the AceQ®qPCR SYBR Green Master
Mix Kit (Cat. Q711-02, Vazyme, China). The primer
sequences of these genes are summarized in Table 1. The rel-
ative levels of target genes were quantified using 2−ΔΔCt
method and were normalized to β-actin.

2.10. Measurements of Cell Viability and Glutathione (GSH)
Levels. Cell Counting Kit-8 (CCK8, Cat. C0037, Beyotime,
China) was used to evaluate cell viability after sevoflurane
exposure according to the manufacturer’s instructions. C
cellular GSH levels were detected by a GSH Assay Kit (Cat.
S0058, Beyotime, China).

2.11. Western Blotting. After sevoflurane exposure, HT22
cells were lysed in precooled RIPA lysis buffer (Cat. R0020,
SolelyBio, China) with protease inhibitor (Cat. M5293,
AbMole, USA). We quantified the protein using a BCA Pro-
tein Quantitation Kit (Cat. PC0020, SolelyBio, China). The
equal protein in each group was separated in 10% SDS
PAGE (Cat. LK303, Epizyme, China) and transferred into
PVDF membrane (Cat. ISEQ00010, Millipore, USA). The
primary antibodies used in this study were anti-Slc7a11

(Cat. ab175186, Abcam, dilution 1 : 1000), anti-Gpx4 (Cat.
AB_2838663, Affinity, dilution 1 : 1000), and anti-GAPDH
(Cat. 60004-1-Ig, Proteintech, dilution 1 : 1000). Super ECL
detection reagent (Cat. SQ101, Epizyme, China) was used
for visualizing the protein bands in PVDF membrane. Ima-
geJ 1.53 software was used for quantification of the protein
bands.

2.12. Statistical Analysis. Statistical analyses were performed
by GraphPad Prism 8 (GraphPad Software, Inc.). Normality
of results was checked by the Shapiro–Wilk test. Data were
presented as mean ± SD and calculated with unpaired two-
tailed Student’s t-test when they were normally distributed.
Otherwise, data were presented as median and differences
and calculated with the Mann–Whitney U test. Two-sided
p < 0:05 was considered statistically significant.

3. Results

3.1. Identification of DEGs and DEFRGs. Flowchart of the
present study is shown in Figure 1. In this study, we
obtained 1459 DEGs in HT22 hippocampal neuronal cells
after sevoflurane exposure (Figure 2(a)). Among 18559
tested genes in HT22 cells, 378 genes were associated with
ferroptosis (Figure 2(b)). Venn diagram of 378 FRGs and
sevoflurane-induced 1459 DEGs indicated 37 DEFRGs after
sevoflurane exposure (Figure 2(c), hypergeometric distribu-
tion test showed p value =0.03). Expression levels of 37
DEFRGs were presented in heatmap (Figure 2(d)).

3.2. GO and KEGG Pathway Enrichment Analysis of
DEFRGs. GO and KEGG pathway enrichment analysis were

Table 2: The top 20 hub genes indicated by CytoHubba.

MCC DMNC MNC Degree Closeness Radiality Stress EPC

Myc Etv4 Myc Myc Myc Myc Myc Myc

Sesn2 Bach1 Snca Chac1 Tigar Snca Dhx9 Chac1

Atf4 Slc7a11 Atf3 Snca Lpin1 Sesn2 Tigar Lpin1

Atf3 Lamp2 Sesn2 Lpin1 Mgst1 Atf3 Hnrnpm Tigar

Slc7a11 Atf4 Atf4 Tigar Snca Ksr2 Lpin1 Sesn2

Snca Foxc1 Ksr2 Sesn2 Chac1 Atf4 Mgst1 Snca

Chac1 Tigar Tfrc Atf4 Sesn2 Tfrc Snca Mgst1

Lpin1 Atf3 Lpin1 Tfrc Atf3 Vim Chac1 Atf4

Ksr2 Sesn2 Arntl Eno2 Atf4 Lpin1 Atf3 Atf3

Bach1 Chac1 Prkaa2 Mgst1 Tfrc Arntl Eno2 Tfrc

Tfrc Pfn2 Slc7a11 Atf3 Eno2 Mgst1 Tfrc Prkaa2

Prkaa22 Lpin2 Mgst1 Prkaa2 Prkaa2 Slc7a11 Atf4 Eno2

Tubb4a Prkaa2 Vim Siah2 Dhx9 Lamp2 Sesn2 Slc7a11

Arntl Ksr2 Eno2 Dhx9 Siah2 Prkaa2 Siah2 Siah2

Vim Lpin1 Tubb4a Slc7a11 Lamp2 Eno2 Prkaa2 Lamp2

Lamp2 Vim Chac1 Hnrnpm Etv4 Tubb4a Etv4 Dhx9

Mgst1 Tubb4a Lamp2 Lamp2 Arntl Chac1 Lpin2 Etv4

Eno2 Arntl Hnrnpm Etv4 Slc7a11 Tigar Arntl Arntl

Foxc1 Tfrc Bach1 Lpin2 Lpin2 Hnrnpm Rbm10 Lpin2

Tigar Mgst1 Foxc1 Arntl Hnrnpm Nolc1 Slc7a11 Vim
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Figure 5: Upset diagram, coexpression network, and enrichment analysis of the hub genes. (a) 10 overlapping hug genes calculated by 8
algorithms of CytoHubba; (b) coexpression network of the hub genes was established via GeneMANIA; (c) GO enrichment analysis of
the hub genes; (d) KEGG pathway analysis of the hub genes.
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performed to identify 37 DEFRGs that involved biological
functions and pathways. GO analysis indicated that these
genes were mainly involved in response to oxidative stress,
cellular response to oxidative stress, cellular response to
chemical stress, glucose metabolic process, cellular response
to extracellular stimulus, regulation of transcription from
RNA polymerase II-promoter in response to stress, and reg-
ulation of DNA-templated transcription in response to
stress (Figure 3(b)). KEGG pathway analysis demonstrated
that DEFRGs after sevoflurane exposure were main involved
in ferroptosis, mTOR signaling pathway, longevity regulat-
ing pathway, circadian rhythm, and alcoholic liver disease
(Figure 3(c)). Among which, 19 upregulated FRGs were
mainly involved in alcoholic liver disease, mTOR signaling
pathway, and glycerolipid metabolism, while 18 downregu-
lated FRGs were mainly involved in ferroptosis, central car-
bon metabolism in cancer, and longevity regulating pathway
(Figure 3(d)).

3.3. PPI Network Construction and Module Analysis. PPI
network of FRGs involving 37 nodes and 128 edges was con-
structed by STRING and was visualized by Cytoscape
(Figure 3(a)). Three significant modules were found by
MCODE plug-in of Cytoscape (Figure 4(a)). GO analysis
of modular genes indicated that these genes are associated
with regulation of cellular amide metabolic process, regula-

tion of small molecule metabolic process, and response to
oxidative stress (Figure 4(b)). KEGG pathway analysis dem-
onstrated that these genes were mainly involved in circadian
rhythm, ferroptosis, mTOR signaling pathway, phagosome,
central carbon metabolism in cancer, and longevity regulat-
ing pathway (Figure 4(c)). KEGG pathway enrichment of
up- and downregulated modules genes is separately analyzed
and shown in Figure 4(d).

3.4. Selection and Analysis of the Hub Genes. The top 20 hub
genes were calculated by using CytoHubba plug-in through
8 different algorithms (MCC, DMNC, MNC, degree, close-
ness, radiality, stress, and EPC). Upset diagram of results
of these algorithms (Table 2) revealed that 10 common
hub genes involving Prkaa2, Chac1, Arntl, Tfrc, Slc7a11,
Atf4, Mgst1, Lpin1, Atf3, and Sesn2 were found
(Figure 5(a)). Full names and descriptions of these hub genes
are summarized in Table 3. The coexpression network and
associated functions of these genes was established via Gen-
eMANIA database. These genes showed the complex PPI
network with the coexpression of 96.17%, prediction of
1.83%, colocalization of 0.84%, and shared protein domains
of 0.14% (Figure 5(b)). GO analysis showed that these hub
genes were related to cellular response to oxidative stress,
cellular response to chemical stress, and response to oxida-
tive stress (Figure 5(c)). KEGG pathway analysis indicated

Table 3: Summary of 10 hub genes.

No
Gene
symbol

Full name Function

1 Prkaa2
Protein kinase AMP-activated

catalytic subunit alpha 2
Prkaa2 is a catalytic subunit of the AMP-activated protein kinase (AMPK). AMPK is

an important energy-sensing enzyme that monitors cellular energy status

2 Chac1
Chac glutathione-specific gamma-

glutamylcyclotransferase 1

This gene encodes a member of the gamma-glutamylcyclotransferase family of
proteins. Chac1 is involved in neuronal differentiation by deglycination of the Notch

receptor

3 Arntl
Aryl hydrocarbon receptor nuclear

translocator like

Arntl is a basic helix-loop-helix protein that forms a heterodimer with CLOCK. This
heterodimer binds E-box enhancer elements upstream of period (PER1, PER2,

PER3) and cryptochrome (CRY1, CRY2) genes and activates transcription of these
genes

4 Tfrc Transferrin receptor
Tfrc encodes a cell surface receptor necessary for cellular iron uptake by the process
of receptor-mediated endocytosis. This receptor is required for erythropoiesis and

neurologic development

5 Slc7a11 Solute carrier family 7 member 11
Slc7a11 is a member of a heteromeric, sodium-independent, anionic amino acid
transport system. It is responsible for the transportation of cysteine and glutamate

6 Atf4 Activating transcription factor 4
Atf4 belongs to a family of DNA-binding proteins that includes the AP-1 family of
transcription factors, cAMP-response element binding proteins (CREBs), and CREB-

like proteins

7 Mgst1
Microsomal glutathione S-transferase

1
This gene encodes a protein that catalyzes the conjugation of glutathione to

electrophiles and the reduction of lipid hydroperoxides

8 Lpin1 Lipin 1
Lpin1 encodes a magnesium-ion-dependent phosphatidic acid phosphohydrolase

enzyme that catalyzes the penultimate step in triglyceride synthesis

9 Atf3 Activating transcription factor 3
Atf3 encodes a member of the mammalian activation transcription factor/CREB
protein family of transcription factors. It is involved in the complex process of

cellular stress response

10 Sesn2 Sestrin2
Sesn2 is a member of the sestrin family of PA26-related proteins. It may be involved
in the regulation of cell growth and survival, cellular response to different stress

conditions
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that they were mainly involved in longevity regulating path-
way, circadian rhythm, mTOR signaling pathway, and fer-
roptosis (Figure 5(d)).

3.5. Prediction and Expression of TFs. Given the critical role
of TFs in regulation of gene transcription and expression, a
list of the hub genes was submitted to ChEA3 platform for
transcription factor enrichment analysis. TFs regulatory net-
work of top10 TFs and the hub genes is shown in
Figure 6(a). The expression of top10 TFs is presented in
Figure 6(b). Among them, Zbed6 was highly expressed,
while Egr1 was lowly expressed in mouse hippocampal neu-
ronal cells after sevoflurane exposure (p value <0.05 and
|log2FoldChange|>1).

3.6. Drug Candidates for DEFRGs and the Hub Genes. The
Connectivity Map (cMAP) collected the gene-expression
signatures in response to small molecule compounds. To
find drug candidates for targeting DEFRGs, cMAP was que-
ried for potential compounds (at least inputted 10 up and
down genes are needed for this database). A list of top10
ranked small molecular compounds is summarized in
Figure 7(a). In addition, to minimize the treatment scope,
drug targeting 10 hub genes was predicted. After prediction,
gene-drug networks involving 4 hub genes and 9 drugs could
be established via DGIdb database (Figure 7(b)).

3.7. Validation of Genes Expression in Hippocampal
Neuronal Cells after Sevoflurane Exposure. Figure 8 reveals
the ferroptosis of hippocampal neuronal cells after sevoflu-
rane treatment. Sevoflurane exposure increased the mRNA
expression of Ftl1 and Ptgs2 and decreased GSH and cell
viability in HT22 cells (Figures 8(a)–8(g)). The expression
of Slc7a11 and Gpx4 protein was also significantly downreg-
ulated by sevoflurane (Figures 8(d)–8(g)). The expression of

Prkaa2, Mgst1 Lpin1, and Tfrc were significantly increased
after sevoflurane treatment (p < 0:05) (Figures 8(h)–8(k)).
Chac1, Arntl, Slc7a11, Atf3, and Sesn2 were significantly
decreased after sevoflurane exposure (p < 0:05), while the
expression of Atf4 were not changed after sevoflurane expo-
sure (Figures 8(l)–8(q)). We also validated the expression of
predicted significant TFs (Egr1 and Zbed6). qPCR verified
the high expression of Zbed6 in sevoflurane-anesthetized
HT22 cells.

4. Discussion

Sevoflurane induced neurotoxicity through many complex
processes. However, the exact mechanisms were not fully
understood. In the current study, we investigated DEFRGs
after sevoflurane exposure for providing a new insight into
underlying mechanism of sevoflurane-induced neuronal
injury in transcriptional level. After overlapping of tested
FRGs and sevoflurane-induced DEGs, 37 DEFRGs were
found. PPI and enrichment analysis of these genes were per-
formed. GO analysis showed that these DEFRGs were
mainly involved in oxidative stress, while KEGG analysis
demonstrated that these genes were mainly involved in fer-
roptosis, mTOR signaling pathway, and longevity regulating
pathway. In addition, we found three significant modules
using MCODE plug-in of Cytoscape; in GO and KEGG
analysis of module genes, oxidative stress, ferroptosis,
mTOR signaling pathway, and longevity regulating pathway
were also enriched. These above results provided new refer-
ence for treatment of sevoflurane’s neurotoxicity. Further-
more, we submitted the DEFRGs in cMAP database to
predict potential compounds for treatment of sevoflurane-
induced neuronal injury. Top 10 of them were ABT-751,
practolol, KUC103420N, pioglitazone, GSK-3-inhibitor-II,
VU-0365114-2, cycloheximide, avrainvillamide-analog-1,
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Figure 6: Prediction and expression of TFs targeting the hub genes. (a) Interaction network of top10 TFs and the hub genes; (b) the
heatmap of the expression of the top10 TFs revealed by RNA-seq (red arrows, significantly upregulated TF; blue arrows, significantly
downregulated TF).
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phensuximide, and VX-222. Their therapeutic role in
sevoflurane-induced neuronal injury is worth exploring.

Of the 37 DEFRGs, 10 genes including Prkaa2, Chac1,
Arntl, Tfrc, Slc7a11, Atf4, Mgst1, Lpin1, Atf3, and Sesn2
were identified as the hub genes via overlapping of 8 algo-
rithms of CytoHubba. Prkaa2, protein kinase AMP-
activated catalytic subunit alpha 2, is a catalytic subunit of
the AMP-activated protein kinase (AMPK) which was an
important energy-sensing enzyme that monitors cellular
energy status. Prkaa2 can mediate autophagy through target-
ing to key autophagy-related proteins such as ULK1 or
through regulating the activity of mTOR [15]. Chac1
encodes a member of the gamma-glutamylcyclotransferase
family of proteins, which is involved in neuronal differentia-
tion by deglycination of the Notch receptor [16]. Arntl is a
basic helix-loop-helix protein that forms a heterodimer with
CLOCK. The selective degradation of Arntl by autophagy

facilitates ferroptosis induction [17]. Slc7a11, solute carrier
family 7 member 11, the subunits of System Xc-, is respon-
sible for transportation of cysteine and glutamate [18]. Inhi-
bition of the expression of Slc7a11 could affect the activity of
Gpx4, induce decline of GSH and accumulation of lipid
ROS, and finally lead to ferroptosis [19]. Atf4, activating
transcription factor 4, is a member of DNA-binding proteins
that includes the AP-1 family of transcription factors,
cAMP-response element binding proteins (CREBs) and
CREB-like proteins [20–23]. Atf4 presented a protective role
in oxidative stress and endoplasmic reticulum stress [24, 25].
Atf3, activating transcription factor 3, also encoded a mem-
ber of the mammalian activation transcription factor/cAMP
responsive element-binding (CREB) protein family of tran-
scription factors [26]. It is involved in the complex process
of cellular stress response. A latest study indicated that
ATF3 was involved in neuronal differentiation and
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Figure 7: Drug candidates for ferroptosis-related DEGs and the hub genes. (a) Top 10 small molecular compounds for DEFRGs identified
by cMAP database; (b) the drug–hub gene interaction network established by DGIdb database.
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development of neuronal networks in opossum postnatal
cortical cultures [27]. Sesn2, sestrin2, is a highly conserved
antioxidative protein which was activated in various stress
[28]. It was reported that Sesn2 served as a protective gene
against sepsis-induced ferroptosis and iron overload and
ferroptosis-induced liver injury [29, 30]. Coexpression net-
work established by GeneMANIA database showed that
these hub genes and their coexpression genes were mainly
enriched in endoplasmic reticulum stress.

Furthermore, TFs may regulate that these genes were
investigated. In top10 TFs predicted by mean rank scores
of ChEA3, Egr1 and Zbed6 were differently expressed in
mouse hippocampal neuronal cells after sevoflurane expo-
sure (log2FoldChange of -2.30 and 1.77). Egr1, early growth
response 1, participated in the regulation of synaptic plastic-
ity and neuronal activity [31, 32]. The Egr-1 regulates fer-

roptosis in acute myocardial infarction through miR-15a-
5p/GPX4 axis [33], while GPX4 regulated mitochondria-
mediated apoptosis through regulation of Egr1 in TNBC
cells [34]. In CNS, Egr1 mRNA expression level was signifi-
cantly decreased in cognitive dysfunction model of T2DM
mice [35]. Zbed6, zinc finger BED domain-containing pro-
tein 6, established a role in regulating IGF2 mRNA expres-
sion and insulin production, maintaining beta cell area,
and reducing excess mitochondrial activation [36–38].

In addition, to minimize the treatment scope, we investi-
gated potential drug targeting to these hub genes separately
in DGIdb database. 4 of 10 genes (Slc7a11, Prkaa2, Lpin1,
and Atf3) could be predicted for drug candidates and could
generate drug-gene networks.

We verified the occurrence of ferroptosis in hippocampal
neuronal cells after sevoflurane treatment. Also, the
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Figure 8: Validation of genes expression after sevoflurane anesthesia in hippocampal neuronal cells. (a) mRNA expression of Ftl1; (b) GSH
content in HT-22 cells; (c) cell viability; (d–f) the expression of Slc7a11 and Gpx4 in HT22 cells; (g–s) mRNA expression of hub genes and
significant TFs.
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expression of 10 hub genes and 2 significant TFs were vali-
dated by qPCR, and their changes after sevoflurane exposure
were mostly consistent with RNA-seq.

Except for ferroptosis, the participation of autophagy in
sevoflurane-induced hippocampal neuronal injury was veri-
fied in recent years [39]. Upregulation of autophagy marker
LC3II/I and p62 after sevoflurane treatment were observed
in hippocampus of neonatal or aged rats/mouse [40–42].
In a well-performed study, oxygen glucose deprivation and
reoxygenation (OGD/R) of HT22 cells decreased the level
of autophagy marker such as Lc3b, P62, and Pink1, Parkin,
while sevoflurane postcondition (SP) improved the suppres-
sion of these genes and mitochondria dysfunction through
Sirt1 [43]. Interestingly, autophagy-dependent ferroptosis
proved a critical role in hippocampal neuronal injury
recently [44–46]. In the current investigation on FRGs,
autophagy was enriched in KEGG pathway analysis of the
modular genes (Figure 4(c)). And in 10 hub DEFRGs,
Prkaa2 [15], Arntl [17], Sesn2 [47], and Lamp2 [48]
reported the involvement in autophagy, which may indicate
a link between autophagy and ferroptosis in sevoflurane-
induced hippocampal neuronal injury.

The current study has several limitations. First, we iden-
tified our finding in cell experiments, and further investiga-
tion will be confirmed in animal experiments. Second, the
prediction results of drug candidates were not validated.
We will confirm these finding in our further experiments.

5. Conclusion

In summary, this study identified DEFRGs after sevoflurane
exposure and TFs, potential therapeutic candidates towards
these genes, which may provide new clues for further studies
on sevoflurane-induced neurotoxicity. Drug candidates and
potential ferroptosis targets revealed by the current study
should be further investigated for treatment and elucidating
mechanisms of sevoflurane anesthesia-induced neurotoxic-
ity in the subsequent studies.

Data Availability

The data used to support the findings of this study are
included within the article.

Disclosure

All authors meet the criteria for authorship stated in the
Uniform Requirements for Manuscripts Submitted to Bio-
medical Journals. Neither the entire paper nor any part of
its content has been published or has been accepted
elsewhere.

Conflicts of Interest

The authors have no conflicts of interest.

Authors’ Contributions

All authors have seen the manuscript and approved to sub-
mit to your journal. Mengrong Miao and Yangyang Wang
contributed equally to this work.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (Nos. 82071217 and 82001147), the
Natural Science Foundation of Henan Province (Nos.
202300410353), and the Henan Province Medical Science
and Technology Research Project Joint Construction Project
(LHGJ20210065).

References

[1] Y. Zhang, G. J. Shan, Y. X. Zhang et al., “Propofol compared
with sevoflurane general anaesthesia is associated with
decreased delayed neurocognitive recovery in older adults,”
British Journal of Anaesthesia, vol. 121, no. 3, pp. 595–604,
2018.

[2] Y. J. Geng, Q. H. Wu, and R. Q. Zhang, “Effect of propofol,
sevoflurane, and isoflurane on postoperative cognitive dys-
function following laparoscopic cholecystectomy in elderly
patients: a randomized controlled trial,” Journal of Clinical
Anesthesia, vol. 38, pp. 165–171, 2017.

[3] Y. Yu, Y. Yang, H. Tan et al., “Tau contributes to sevoflurane-
induced neurocognitive impairment in neonatal mice,” Anes-
thesiology, vol. 133, no. 3, pp. 595–610, 2020.

[4] S. J. Dixon, K. M. Lemberg, M. R. Lamprecht et al., “Ferropto-
sis: an iron-dependent form of nonapoptotic cell death,” Cell,
vol. 149, no. 5, pp. 1060–1072, 2012.

[5] A. Gleason and A. I. Bush, “Iron and ferroptosis as therapeutic
targets in Alzheimer’s disease,” Neurotherapeutics, vol. 18,
no. 1, pp. 252–264, 2021.

[6] W. D. Bao, P. Pang, X. T. Zhou et al., “Loss of ferroportin
induces memory impairment by promoting ferroptosis in Alz-
heimer’s disease,” Cell Death and Differentiation, vol. 28, no. 5,
pp. 1548–1562, 2021.

[7] S. Chen, Y. Chen, Y. Zhang et al., “Iron metabolism and fer-
roptosis in epilepsy,” Frontiers in Neuroscience, vol. 14, article
601193, 2020.

[8] Y. Wu, J. Song, Y. Wang, X. Wang, C. Culmsee, and C. Zhu,
“The potential role of ferroptosis in neonatal brain injury,”
Frontiers in Neuroscience, vol. 13, p. 115, 2019.

[9] J. Wu, J. J. Yang, Y. Cao et al., “Iron overload contributes to
general anaesthesia-induced neurotoxicity and cognitive defi-
cits,” Journal of Neuroinflammation, vol. 17, no. 1, p. 110,
2020.

[10] L. Cheng, X. Zhu, Y. Liu, K. Zhu, K. Lin, and F. Li, “ACSL4
contributes to sevoflurane-induced ferroptotic neuronal death
in SH-SY5Y cells via the 5' AMP-activated protein kinase/
mammalian target of rapamycin pathway,” Ann Transl Med,
vol. 9, no. 18, p. 1454, 2021.

[11] L. Zhao, H. Gong, H. Huang, G. Tuerhong, and H. Xia, “Par-
ticipation of mind Bomb-2 in sevoflurane anesthesia induces
cognitive impairment in aged mice via modulating ferropto-
sis,” ACS Chemical Neuroscience, vol. 12, no. 13, pp. 2399–
2408, 2021.

16 Oxidative Medicine and Cellular Longevity



[12] P. Zhang, Y. Chen, S. Zhang, and G. Chen, “Mitochondria-
related ferroptosis drives cognitive deficits in neonatal mice
following sevoflurane administration,” Frontiers in Medicine,
vol. 9, article 887062, 2022.

[13] D. Warde-Farley, S. L. Donaldson, O. Comes et al., “The Gen-
eMANIA prediction server: biological network integration for
gene prioritization and predicting gene function,” Nucleic
Acids Research, vol. 38, Supplement 2, pp. W214–W220, 2010.

[14] A. B. Keenan, D. Torre, A. Lachmann et al., “ChEA3: tran-
scription factor enrichment analysis by orthogonal omics inte-
gration,” Nucleic Acids Research, vol. 47, no. W1, pp. W212–
w224, 2019.

[15] S. V. Rao, G. Solum, B. Niederdorfer, K. G. Nørsett,
G. Bjørkøy, and L. Thommesen, “Gastrin activates autophagy
and increases migration and survival of gastric adenocarci-
noma cells,” BMC Cancer, vol. 17, no. 1, p. 68, 2017.

[16] A. M. Brauweiler, D. Y. M. Leung, and E. Goleva, “The transcrip-
tion factor p63 is a direct effector of IL-4- and IL-13-mediated
repression of keratinocyte differentiation,” The Journal of Investi-
gative Dermatology, vol. 141, no. 4, pp. 770–778, 2021.

[17] M. Yang, P. Chen, J. Liu et al., “Clockophagy is a novel selec-
tive autophagy process favoring ferroptosis,” Science Advances,
vol. 5, no. 7, article eaaw2238, 2019.

[18] J. Li, F. Cao, H.-L. Yin et al., “Ferroptosis: past, present and
future,” Cell Death & Disease, vol. 11, no. 2, p. 88, 2020.

[19] L. Jiang, N. Kon, T. Li et al., “Ferroptosis as a p53-mediated
activity during tumour suppression,” Nature, vol. 520,
no. 7545, pp. 57–62, 2015.

[20] J. Du, H. Liu, X. Mao, Y. Qin, and C. Fan, “ATF4 promotes
lung cancer cell proliferation and invasion partially through
regulating Wnt/β-catenin signaling,” International Journal of
Medical Sciences, vol. 18, no. 6, pp. 1442–1448, 2021.

[21] K. Ameri and A. L. Harris, “Activating transcription factor 4,”
The International Journal of Biochemistry & Cell Biology,
vol. 40, no. 1, pp. 14–21, 2008.

[22] T. Wang, L. Y. Li, Y. F. Chen et al., “Ribosome assembly factor
URB1 contributes to colorectal cancer proliferation through
transcriptional activation of ATF4,” Cancer Science, vol. 112,
no. 1, pp. 101–116, 2021.

[23] L. Guan, F. Wang, M. Wang et al., “Downregulation of HULC
induces ferroptosis in hepatocellular carcinoma via targeting
of the miR-3200-5p/ATF4 axis,” Oxidative Medicine and Cel-
lular Longevity, vol. 2022, Article ID 9613095, 18 pages, 2022.

[24] T. Bai, R. Liang, R. Zhu, W. Wang, L. Zhou, and Y. Sun,
“MicroRNA-214-3p enhances erastin-induced ferroptosis by
targeting ATF4 in hepatoma cells,” Journal of Cellular Physiol-
ogy, vol. 235, no. 7-8, pp. 5637–5648, 2020.

[25] K. Yu, D. Mo, M. Wu et al., “Activating transcription factor 4
regulates adipocyte differentiation via altering the coordinate
expression of CCATT/enhancer binding protein β and perox-
isome proliferator-activated receptor γ,” The FEBS Journal,
vol. 281, no. 10, pp. 2399–2409, 2014.

[26] W. J. Chen, Y. J. Lai, J. L. Lee, S. T. Wu, and Y. J. Hsu, “CREB/
ATF3 signaling mediates indoxyl sulfate-induced vascular
smooth muscle cell proliferation and neointimal formation
in uremia,” Atherosclerosis, vol. 315, pp. 43–54, 2020.

[27] A. Petrović, J. Ban, M. Ivaničić, I. Tomljanović, and
M. Mladinic, “The role of ATF3 in neuronal differentiation
and development of neuronal networks in opossum postnatal
cortical cultures,” International Journal of Molecular Sciences,
vol. 23, no. 9, p. 4964, 2022.

[28] K. M. Kim, J. H. Yang, S. M. Shin, I. J. Cho, and S. H. Ki, “Ses-
trin2: a promising therapeutic target for liver diseases,” Biolog-
ical & Pharmaceutical Bulletin, vol. 38, no. 7, pp. 966–970,
2015.

[29] J. Y. Li, C. Ren, L. X. Wang et al., “Sestrin2 protects dendrite
cells against ferroptosis induced by sepsis,” Cell Death & Dis-
ease, vol. 12, no. 9, p. 834, 2021.

[30] S. J. Park, S. S. Cho, K. M. Kim et al., “Protective effect of ses-
trin2 against iron overload and ferroptosis-induced liver
injury,” Toxicology and Applied Pharmacology, vol. 379, article
114665, 2019.

[31] T. Nakamura, K. Kurosaki, M. Kanemoto, M. Sasahara, and
H. Ichijo, “Early-life experiences altered the maturation of
the lateral habenula in mouse models, resulting in behavioural
disorders in adulthood,” Journal of Psychiatry & Neuroscience,
vol. 46, no. 4, pp. E480–e489, 2021.

[32] F. Duclot and M. Kabbaj, “The role of early growth response 1
(EGR1) in brain plasticity and neuropsychiatric disorders,”
Frontiers in Behavioral Neuroscience, vol. 11, p. 35, 2017.

[33] K. Fan, W. Huang, H. Qi et al., “The Egr-1/miR-15a-5p/GPX4
axis regulates ferroptosis in acute myocardial infarction,”
European Journal of Pharmacology, vol. 909, article 174403,
2021.

[34] Y. Ding, X. Chen, C. Liu et al., “Identification of a small mole-
cule as inducer of ferroptosis and apoptosis through ubiquiti-
nation of GPX4 in triple negative breast cancer cells,”
Journal of Hematology & Oncology, vol. 14, no. 1, p. 19, 2021.

[35] I. Piatkowska-Chmiel, M. Herbet, M. Gawronska-Grzywacz,
M. Ostrowska-Lesko, and J. Dudka, “The role of molecular
and inflammatory indicators in the assessment of cognitive
dysfunction in a mouse model of diabetes,” International Jour-
nal of Molecular Sciences, vol. 22, no. 8, p. 3878, 2021.

[36] E. Markljung, L. Jiang, J. D. Jaffe et al., “ZBED6, a novel tran-
scription factor derived from a domesticated DNA transposon
regulates IGF2 expression and muscle growth,” PLoS Biology,
vol. 7, no. 12, article e1000256, 2009.

[37] X.Wang, L. Jiang, O.Wallerman et al., “ZBED6 negatively reg-
ulates insulin production, neuronal differentiation, and cell
aggregation in MIN6 cells,” The FASEB Journal, vol. 33,
no. 1, pp. 88–100, 2019.

[38] X. Wang, S. Younis, J. Cen et al., “ZBED6 counteracts high-fat
diet-induced glucose intolerance by maintaining beta cell area
and reducing excess mitochondrial activation,” Diabetologia,
vol. 64, no. 10, pp. 2292–2305, 2021.

[39] M. Li, J. Guo, H. Wang, and Y. Li, “Involvement of mitochon-
drial dynamics andmitophagy in sevoflurane-induced cell tox-
icity,” Oxidative Medicine and Cellular Longevity, vol. 2021,
Article ID 6685468, 7 pages, 2021.

[40] Y. Shan, S. Sun, F. Yang, N. Shang, and H. Liu, “Dexmedetomi-
dine protects the developing rat brain against the neurotoxicity
wrought by sevoflurane: role of autophagy and Drp1-Bax sig-
naling,” Drug Design, Development and Therapy, vol. 12,
pp. 3617–3624, 2018.

[41] X. Wang, Y. Dong, Y. Zhang, T. Li, and Z. Xie, “Sevoflurane
induces cognitive impairment in young mice via autophagy,”
PLoS One, vol. 14, no. 5, article e0216372, 2019.

[42] Y. Chen, P. Zhang, X. Lin et al., “Mitophagy impairment is
involved in sevoflurane-induced cognitive dysfunction in aged
rats,” Aging, vol. 12, no. 17, pp. 17235–17256, 2020.

[43] J. Shu, X. Huang, Q. Liao et al., “Sevoflurane improves hemor-
rhagic shock and resuscitation-induced cognitive impairments

17Oxidative Medicine and Cellular Longevity



and mitochondrial dysfunctions through SIRT1-mediated
autophagy,” Oxidative Medicine and Cellular Longevity,
vol. 2022, Article ID 9771743, 17 pages, 2022.

[44] J. Chen, J. Wang, C. Li, H. Ding, J. Ye, and Z. Xia, “Dexmede-
tomidine reverses MTX-induced neurotoxicity and inflamma-
tion in hippocampal HT22 cell lines via NCOA4-mediated
ferritinophagy,” Aging, vol. 13, no. 4, pp. 6182–6193, 2021.

[45] J. Xiao, S. Zhang, B. Tu et al., “Arsenite induces ferroptosis in
the neuronal cells via activation of ferritinophagy,” Food and
Chemical Toxicology, vol. 151, article 112114, 2021.

[46] Y. Hu, L. Wu, S. Q. Yang et al., “Formaldehyde induces ferriti-
nophagy to damage hippocampal neuronal cells,” Toxicology
and Industrial Health, vol. 37, no. 11, pp. 685–694, 2021.

[47] T. He, W. Li, Y. Song et al., “Sestrin2 regulates microglia polar-
ization through mTOR-mediated autophagic flux to attenuate
inflammation during experimental brain ischemia,” Journal of
Neuroinflammation, vol. 17, no. 1, p. 329, 2020.

[48] J. J. Zhang, K. C. Chen, Y. Zhou et al., “Evaluating the effects of
mitochondrial autophagy flux on ginsenoside Rg2 for delaying
D-galactose induced brain aging in mice,” Phytomedicine,
vol. 104, article 154341, 2022.

18 Oxidative Medicine and Cellular Longevity


	Identification and Validation of Ferroptosis-Related Genes in Sevoflurane-Induced Hippocampal Neurotoxicity
	1. Introduction
	2. Materials and Methods
	2.1. Cell Processing and RNA Sequencing
	2.2. Identification of Differentially Expressed Genes (DEGs)
	2.3. Identification of DEFRGs
	2.4. Gene Ontology and Pathway Enrichment Analyses
	2.5. Construction of Protein-Protein Interaction (PPI) Network and Module Analysis
	2.6. Selection and Analysis of the Hub Genes
	2.7. Screening of Potential Therapeutic Candidates
	2.8. Transcription Factors (TFs) Prediction
	2.9. Quantitative Real-Time PCR (qPCR)
	2.10. Measurements of Cell Viability and Glutathione (GSH) Levels
	2.11. Western Blotting
	2.12. Statistical Analysis

	3. Results
	3.1. Identification of DEGs and DEFRGs
	3.2. GO and KEGG Pathway Enrichment Analysis of DEFRGs
	3.3. PPI Network Construction and Module Analysis
	3.4. Selection and Analysis of the Hub Genes
	3.5. Prediction and Expression of TFs
	3.6. Drug Candidates for DEFRGs and the Hub Genes
	3.7. Validation of Genes Expression in Hippocampal Neuronal Cells after Sevoflurane Exposure

	4. Discussion
	5. Conclusion
	Data Availability
	Disclosure
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments



