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Fgf2 and Ptpn11 play a role in cerebral injury 
caused by sevoflurane anesthesia
Lin Zhang, MDa,* , Lingyan Xu, MDb

Abstract 
Sevoflurane is a new inhaled anesthetic, which has better physical properties than the existing inhalational anesthetics, rapid induction, 
less tissue uptake, and faster recovery. Sevoflurane can directly dilators cerebral blood vessels and increase cerebral blood flow, 
but it also reduces cerebral oxygen metabolism rate, thereby reducing cerebral blood flow. However, the role of Fgf2 and Ptpn11 
in cerebral injury caused by sevoflurane anesthesia remains unclear. The sevoflurane anesthesia brain tissue datasets GSE139220 
and GSE141242 were downloaded from gene expression omnibus (GEO). Differentially expressed genes (DEGs) were screened and 
weighted gene co-expression network analysis (WGCNA) was performed. Construction and analysis of protein-protein interaction (PPI) 
Network. Gene Ontology (GO) and Kyoto Encyclopedia of Gene and Genome (KEGG), comparative toxicogenomics database (CTD) 
were performed. A heat map of gene expression was drawn. TargetScan was used to screen miRNAs regulating DEGs. 500 DEGs were 
identified. According to GO, in Biological Process analysis, they were mainly enriched in response to hypoxia, blood vessel development, 
inner ear development, neural tube closure, and aging. In Cellular Component (CC), they were mainly enriched in plasma membrane, 
integral component of membrane, and basal lamina. In Molecular Function (MF), they were mainly associated with protein binding, 
Wnt-activated receptor activity, and organic anion transmembrane transporter activity. In the KEGG analysis, they were mainly enriched 
in proteoglycans in cancer, pathways in cancer, transcriptional misregulation in cancer, basal cell carcinoma, thyroid hormone signaling 
pathway. In the Metascape enrichment analysis, the GO enrichment items revealed upregulated regulation of vascular endothelial 
cell proliferation, platelet-derived growth factor receptor signaling pathway, inner ear development, and response to hypoxia. A total 
of 20 modules were generated. Gene Expression Heatmap showed that the core genes (Fgf2, Pdgfra, Ptpn11, Slc2a1) were highly 
expressed in sevoflurane anesthesia brain tissue samples. CTD Analysis showed that the 4 core genes (Fgf2, Pdgfra, Ptpn11, Slc2a1) 
were associated with neurodegenerative diseases, brain injuries, memory disorders, cognitive disorders, neurotoxicity, drug-induced 
abnormalities, neurological disorders, developmental disorders, and intellectual disabilities. Fgf2 and Ptpn11 are highly expressed in 
brain tissue after sevoflurane anesthesia, higher the expression level of Fgf2 and Ptpn11, worse the prognosis.

Abbreviations:  CTD = comparative toxicogenomics database, DEGs = differentially expressed genes, FGF2 = Fibroblast 
Growth Factor 2, GO = gene ontology, KEGG = Kyoto Encyclopedia of Gene and Genome, PPI = protein-protein interaction, 
PTPN11 = Protein Tyrosine Phosphatase, Non-Receptor Type 11, STRING = Search Tool for the Retrieval of Interacting Genes, 
WGCNA = weighted gene co-expression network analysis.
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1. Introduction
Cerebral injury caused by sevoflurane anesthesia refers to the 
occurrence of brain dysfunction, cognitive impairment, or neu-
rological behavioral abnormalities in some individuals after 
receiving sevoflurane anesthesia.[1] The exact incidence of cere-
bral injury induced by sevoflurane anesthesia is not clear due 
to its transient nature and potential subtle symptoms, posing 
challenges in epidemiological investigations and definitive deter-
mination. Cerebral injury from sevoflurane anesthesia may also 
manifest as cognitive dysfunction, including memory decline 

and lack of concentration.[2,3] The precise pathological features 
of cerebral injury caused by sevoflurane anesthesia have not 
been fully elucidated. Research suggests that it may involve neu-
ronal damage, synaptic injury, and alterations in neurotransmit-
ters.[4,5] The exact cause of cerebral injury caused by sevoflurane 
anesthesia is unknown but may be related to multiple factors, 
including the underlying health status of the patient, the surgical 
procedure, and the depth of anesthesia.[6,7] Therefore, in-depth 
exploration of the molecular mechanisms underlying cerebral 
injury caused by sevoflurane anesthesia is of utmost importance.
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Fibroblast Growth Factor 2 (FGF2), a member of the fibro-
blast cytokine family, is composed of a single polypeptide with a 
molecular weight of 18kDa. Fgf-2 regulates immune processes by 
specifically targeting tyrosine kinase receptors and activating FGF/
FGFR signaling pathway. FGF2 is involved in a variety of cellular 
processes, including cell growth, differentiation and tissue repair, 
and plays an important role in the development and regeneration 
of a variety of tissues and organs.[8] Protein Tyrosine Phosphatase, 
Non-Receptor Type 11 (PTPN11) is a gene located on chromosome 
12 that encodes a protein that is a member of the protein tyro-
sine phosphatase (PTP) family.[9] Ptpn11 encodes SHP2 protein (a 
non-receptor protein tyrosine phosphatase), which is a member of 
the protein tyrosine phosphatase family and plays an important role 
in cell signaling and various biological processes.[10,11] PTPN11 is 
an important regulator of intracellular signaling and plays a role in 
cell growth, differentiation, and various physiological processes.[12]

The bioinformatics technology enables researchers to uncover 
potential biological patterns and correlations from genomic data, 
proteomic data, and metabolomic data, showcasing the success of 
big data processing.[13] The high-throughput nature of this tech-
nology allows simultaneous study of thousands of genes or pro-
teins, making comprehensive research feasible and contributing 
to a comprehensive understanding of biological functions and 
regulatory networks.[14] Bioinformatics technology also facilitates 
in-depth investigation of individual genomic variations, providing 
a theoretical basis for personalized medicine. Through the analysis 
of individual genomic data, physicians can better predict disease 
risks and design personalized treatment plans.[15,16] Bioinformatics 
technology holds a crucial position and significant advantages in 
biological and medical research.[17]

The study aims to utilize bioinformatics technology to 
explore core genes involved in cerebral injury caused by 
sevoflurane anesthesia and compare them with normal brain 
tissues. Identify potential biological processes and pathways 
associated with the injury. Public datasets will be used to 
validate the significant roles of Fgf2 and Ptpn11 in cerebral 
injury induced by sevoflurane anesthesia. Additionally, basic 
cellular experiments will be conducted to further validate 
their functions.

2. Methods

2.1. Data collection and processing

2.1.1. Sevoflurane anesthesia brain tissue dataset. In 
this study, the sevoflurane anesthesia brain tissue datasets 
GSE139220 and GSE141242 were obtained from the gene 
expression omnibus, generated with the platform GPL22388. 
GSE139220[18] consists of 3 post-sevoflurane anesthesia brain 
tissue samples and 3 normal brain tissue samples, GSE141242 
includes 3 post-sevoflurane anesthesia brain tissue samples and 
3 normal brain tissue samples.

2.1.2. Batch correction. For the integration and batch 
correction of multiple datasets, merged the GSE139220 and 
GSE141242 using the R package “inSilicoMerging.” This 
merging process resulted in a combined matrix. Subsequently, 
the batch effect is corrected using the “remove Batch Effect” 
function from the R package “limma” to obtain a matrix that 
removes the batch effect. This corrected matrix was used for 
subsequent analyses.

2.1.3. Differentially expressed genes (DEGs) selection. Probe 
aggregation and background correction were performed on 
the GSE139220 and GSE141242 merged matrices using the 
R package limma. P values were corrected by the Benjamini-
Hochberg procedure. Fold change was calculated using the false 
discovery rate. The cutoff value of DEG was P < .05. And then 
draw the volcano.

2.1.4. Weighted gene co-expression network analysis 
(WGCNA). First of all, use de-batch and post-merge matrix 
of GSE139220 and GSE141242 to calculate Median Absolute 
Deviation of each gene.

WGCNA in the R package was used to remove outlier genes 
and samples to construct a scale-free co-expression network. 
The characteristic gene differences of the modules were calcu-
lated, the tangent lines were selected for module tree view, and 
some modules were merged.

2.1.5. Construction and analysis of protein-protein 
interaction (PPI) network. The Search Tool for Retrieval of 
Interacting Genes (STRING) is a system for retrieving known 
and predicted PPI and also includes prediction results using 
bioinformatics methods. The differential genes were input into 
STRING to construct the PPI network and predict the core 
genes. Cytoscape[19] software was used to visualize the PPI 
network. Firstly, we imported the PPI network into Cytoscape 
software and used the MCODE plugin to find the best modules 
with high relevance. Additionally, we employed 5 algorithms 
(MCC, MNC, Degree, BottleNeck, Closeness) to calculate 
genes with the best relevance for each algorithm and took 
their intersection. The resulting core genes were visualized and 
exported as a core gene list.

2.1.6. Functional enrichment analysis. Gene ontology (GO) 
analysis is a computational method to evaluate gene functions 
and biological pathways, and it is a key step to endow sequence 
information with practical biological significance. Kyoto 
Encyclopedia of Gene and Genome (KEGG) is an online 
database dedicated to collecting information on genomes, 
molecular interaction networks, enzyme catalytic pathways, 
and biochemical products. The genomic information and gene 
function were linked, and gene function was systematically 
analyzed. The list of differential genes screened by Wayne map 
was input into KEGG rest API obtained latest KEGG Pathway 
gene annotation. Gene set enrichment results were obtained 
using R package cluster Profiler.

Metascape[20] can realize cognition of gene or protein func-
tion, and can be visually exported. The Metascape database was 
used to perform functional enrichment analysis and derivation 
of the above differential gene list.

2.1.7. Gene expression heatmap. Heatmaps of core gene 
expression levels found in PPI networks were created using the 
R package “Heatmap” in the batchcorrected merging matrices 
GSE139220 and GSE141242. This heatmap visualizes the 
expression differences of the core genes between sevoflurane 
anesthesia brain tissues and normal brain tissues.

2.1.8. CTD analysis. Comparative toxicogenomics database 
(CTD) is a powerful public database, which predict gene/protein 
relationships with disease, are used to identify integrated 
chemical diseases, chemical genes, and gene disease interactions 
to predict new associations and generate extended networks. 
Core genes were entered into the CTD and the diseases most 
associated with the core genes were found. Excel was used to 
draw radar maps of DEGs.

2.1.9. The miRNA. TargetScan can predict and analyze 
miRNAs and their target genes. TargetScan screened mirnas that 
regulated central DEGs.

3. Results

3.1. Differential gene analysis

500 DEGs were identified based on batch-corrected merged 
matrices of GSE139220 and GSE141242 (Fig. 1A).
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3.2. Functional enrichment analysis

3.2.1. DEGs. DEGs were analyzed by GO and KEGG. 
According to GO analysis, in Biological Process (BP) analysis, 

they were mainly enriched in response to hypoxia, blood vessel 
development, inner ear development, neural tube closure, and 
aging (Fig.  1B). In Cellular Component analysis, they were 

Figure 1. DEGs analysis. (A) 500 DEGs were identified (B) Biological process (C) Cellular component (D) Molecular function (E) KEGG. DEGs = differentially 
expressed genes, KEGG = Kyoto Encyclopedia of Gene and Genome.
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mainly enriched in plasma membrane, integral component 
of membrane, basal lamina (Fig.  1C). In Molecular Function 
analysis, they were mainly associated with protein binding, 
Wnt-activated receptor activity, organic anion transmembrane 
transporter activity (Fig.  1D). In KEGG analysis, they were 
mainly enriched in proteoglycans in cancer, pathways in cancer, 
transcriptional misregulation in cancer, basal cell carcinoma, 
thyroid hormone signaling pathway (Fig. 1E).

3.2.2. Metascape enrichment analysis. The GO 
enrichment items revealed upregulated regulation of vascular 
endothelial cell proliferation, platelet-derived growth factor 

receptor signaling pathway, inner ear development, and 
response to hypoxia (Fig.  2A). Additionally, we generated 
enrichment networks with colored and P value colored nodes 
(Fig. 2B–D), visualizing associations and confidence levels of 
each enrichment item.

3.3. WGCNA

In WGCNA, the soft threshold efficacy was set to 9, resulting in 
a scale-free topological fit index of 0.9 (Fig. 3A). Hierarchical 
clustering trees for all genes were constructed, and import-
ant interactions between modules were analyzed (Fig. 3B). A 

Figure 2. Metascape enrichment analysis. (A) GO enrichment items revealed upregulated regulation of vascular endothelial cell proliferation, platelet-derived 
growth factor receptor signaling pathway, inner ear development, and response to hypoxia (B–D) The enrichment networks colored by enrichment terms and P 
values are output, the association and confidence of each enrichment item are visualized. GO = gene ontology.
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total of 20 modules were generated (Fig. 3C), and a heatmap 
showing the correlation between modules and phenotypes was 
generated (Fig. 3D). Furthermore, the correlation scatter plot 
between module GS and MM for hub genes was visualized 
(Fig. 3E).

3.4. Protein-protein interaction (PPI) network construction 
and analysis

The PPI network was constructed using STRING and analyzed 
by Cytoscape (Fig.  4A). Five different algorithms were used 
to identify hub genes (Fig.  4B–F), and their intersection was 

Figure 3. WGCNA. (A) β = 10,0.87. β = 10,3061.36. (B) Hierarchical clustering trees for all genes were constructed, important interactions between modules 
were analyzed. (C) A total of 20 modules (D) Heatmap showing the correlation between modules and phenotypes. (E) The correlation scatter plot between 
module eigengenes (GS) and gene significance (MM) for hub genes was visualized. WGCNA = weighted gene co-expression network analysis.
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visualized in a Venn diagram (Fig. 4G), resulting in the identifi-
cation of 4 core genes (Fgf2, Pdgfra, Ptpn11, Slc2a1).

3.5. Gene expression heatmap

We visualized expression levels of the core genes (Fgf2, Pdgfra, 
Ptpn11, Slc2a1) in the merged matrices of GSE139220 and 
GSE141242 and created separate heatmaps (Fig.  5A). The 
core genes were highly expressed in sevoflurane anesthesia 

brain tissue samples and lowly expressed in normal tissue 
samples.

3.6. CTD analysis

Four core genes (Fgf2, Pdgfra, Ptpn11, Slc2a1) were associ-
ated with neurodegenerative diseases, brain injuries, memory 
disorders, cognitive disorders, neurotoxicity, drug-induced 

Figure 4. Protein-protein interaction (PPI) network construction and analysis. (A) The PPI network. (B–F) MCC, MCC, Degree, BottleNeck and Closeness were 
used to identify hub genes (G) The intersection was visualized in a Venn diagram.
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abnormalities, neurological disorders, developmental disorders, 
and intellectual disabilities (Fig. 5B).

3.7. Prediction and functional annotation of miRNAs 
associated with hub genes

TargetScan was used to find miRNAs associated with the 
hub gene list and improve the understanding of gene expres-
sion regulation (Table  1). The relevant miRNAs for the Fgf2 
was rno-miR-140-3p; for the Pdgfra was rno-miR-140-5p, 

rno-miR-140-5p; for the Ptpn11 gene was rno-miR-124-3p; and 
for the Slc2a1 gene was rno-miR-223-3p.

4. Discussion
Sevoflurane anesthesia-induced brain injury poses significant 
hazards.[21] It may lead to cognitive impairment in patients after 
surgery.[22] Cognitive dysfunction can further impact patients’ 
daily life and work abilities, reducing their quality of life. The 
duration of brain injury is uncertain.[23] Studies have shown that 
sevoflurane anesthesia may cause prolonged or even permanent 

Figure 5. Gene expression heatmap and CTD analysis. (A) Created separate heatmaps. (B) The 4 core genes (Fgf2, Pdgfra, Ptpn11, Slc2a1) were associated 
with neurodegenerative diseases, brain injuries, memory disorders, cognitive disorders, neurotoxicity, drug-induced abnormalities, neurological disorders, devel-
opmental disorders, and intellectual disabilitie. CTD = comparative toxicogenomics database.
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brain damage, especially in patients undergoing prolonged or 
frequent surgeries, possibly resulting in loss of self-care abili-
ties.[24] For patients undergoing sevoflurane anesthesia, brain 
injury can worsen postoperative outcomes and complicate the 
recovery process, affecting rehabilitation results.[25] Despite 
ongoing research on sevoflurane-induced brain injury, its patho-
genesis remains incompletely understood. Therefore, there is 
still uncertainty in mitigating and preventing brain injury, which 
underscores the need for caution and risk assessment when 
using sevoflurane.

In-depth exploration of the molecular mechanisms under-
lying sevoflurane-induced brain injury is crucial for targeted 
drug research.[26] By understanding the molecular mecha-
nisms of brain injury, we can develop targeted drugs against 
specific targets or pathways, which may more effectively 
intervene in the occurrence of brain injury, thus improving 
treatment outcomes.[26] Targeted drugs are designed to treat 
specific molecules or pathways and may be more precise and 
reduce off-target effects compared to broad-spectrum drugs, 
leading to reduced adverse effects.[27] Our study’s findings 
show high expression levels of Fgf2 and Ptpn11 in sevoflu-
rane-induced brain injury, which directly correlate with prog-
nosis. In-depth exploration of their molecular mechanisms 
can provide new clues for future therapeutic directions and 
may lead to the identification of more molecular targets and 
drugs, offering diverse options for the treatment of sevoflu-
rane-induced brain injury.

Fgf2 is an important growth factor that plays a signifi-
cant role in neural development and repair processes.[28] It is 
involved in cell proliferation, migration, differentiation, as well 
as synaptic formation and repair. Studies suggest that during 
the process of sevoflurane anesthesia-induced brain injury, Fgf2 
may be associated with neuronal regeneration and repair, par-
ticipating in the regeneration of neurons and reconstruction of 
synapses after brain injury, but it may also be linked to inflam-
matory responses and cell apoptosis.[29,30] Ptpn11 is a phospha-
tase that plays a crucial role in cell signal transduction.[31] It is 
involved in regulation of various signaling pathways, includ-
ing cell proliferation, differentiation, growth, and apoptosis.[32] 
Research indicates that during the process of sevoflurane anes-
thesia-induced brain injury, Ptpn11 may participate in the reg-
ulation of cell signaling pathways, affecting the survival and 
death processes of neural cells.[33,34] Numerous researchers have 
investigated the expression levels and regulatory mechanisms 
of Fgf2 and Ptpn11 in brain injury through cell culture, ani-
mal models, or clinical samples, contributing to a better under-
standing of their specific roles and regulatory mechanisms in 
brain injury.[35]

In different organ injuries, Fgf2 may be generated or pro-
duced. For instance, Man J Livingston[36] found that in cases of 
acute kidney injury, renal tubular cells produced FGF2 through 
autophagy, resulting in fibroblast activation and renal fibro-
sis. This finding was validated through gene knockout experi-
ments in mice, indicating that FGF2 produced after injury had 
adverse effects on future recovery. Similarly, in the context of 
brain injury, high expression of Fgf2 may lead to excessive 
neuronal growth and abnormal neural connections, interfering 
with the normal neural network.[37] Post-brain injury, synaptic 

reconstruction is crucial for neural function recovery. However, 
elevated Fgf2 expression may result in adverse synaptic recon-
struction, impacting neural conduction and information trans-
mission.[38] Brain injury is often accompanied by neural damage, 
and elevated Ptpn11 expression may interfere with the processes 
of neural cell proliferation and differentiation, thus affecting 
the regeneration and repair of neural cells after brain injury.[39] 
Numerous research findings demonstrate the interplay between 
Fgf2, Ptpn11, and sevoflurane anesthesia-induced brain injury, 
and their expression levels have a significant impact on the 
prognosis.

Sevoflurane anesthesia-induced brain injury may lead 
to a series of adverse consequences, including cognitive, 
motor, neurological, and speech impairments. Furthermore, 
the anesthesia itself can trigger inflammation.[40] Luh[4] con-
ducted experiments using 3 anesthetics in animal models, 
including sevoflurane, isoflurane, and intraperitoneal anes-
thesia combination (midazolam, fentanyl, and medetomi-
dine). The study measured the results before and after brain 
injury and anesthesia stimulation. The experimental findings 
showed that Iba1-positive cells increased significantly after 
sevoflurane anesthesia. The use of anesthetics within several 
hours after injury has a neuroprotective effect.[41] On the 
other hand, Fgf2 and Ptpn1 genes are involved in regulating 
cell signaling pathways during brain injury. Overexpression 
of Fgf2 and Ptpn1 can inhibit the process of cell apoptosis, 
leading to excessive activation of the inflammatory response 
and increasing inflammatory damage to brain tissue. This 
may interfere with proliferation and differentiation of neu-
ral cells, affecting the regeneration and repair of neural cells 
after brain injury.[42] Thus, the combination of anesthesia 
effects on cerebral perfusion, excitotoxicity, inflammation, 
cell apoptosis, along with the high expression of Fgf2 and 
Ptpn1, could result in changes in the extent of neuronal 
injury and functional outcomes in humans or other animals, 
leading to a poorer prognosis.[43]

The above literature review aligns with our results. Fgf2 and 
Ptpn11 play a series of roles in the brain tissue after sevoflurane 
anesthesia by participating in cell signaling pathways, regulating 
cell apoptosis, and promoting the inflammatory response. The 
higher their expression levels, the more negative impact on the 
brain tissue after sevoflurane anesthesia, hindering the recovery 
and rehabilitation process.

Although this paper has carried out rigorous bioinfor-
matics analysis, there are still some shortcomings. A limited 
sample size can lead to statistical instability and potentially 
reduce the statistical power of the study. Inadequate reporting 
of methods makes it difficult for other researchers to replicate 
the study. This research did not include animal experiments 
involving gene expression or knockdown to further validate 
its function. There is also a risk of overconfidently drawing 
broad conclusions while neglecting the limitations of the 
study.

5. Conclusion
In conclusion, our study findings demonstrate that Fgf2 and 
Ptpn11 play significant roles in the brain tissue after sevoflurane 
anesthesia. The higher expression levels of Fgf2 and Ptpn11 in 
the brain tissue after sevoflurane anesthesia are associated with 
poorer prognosis.
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A summary of miRNAs that regulate hub genes.
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3 Ptpn11 rno-miR-124-3p  
4 Slc2a1 rno-miR-223-3p  



9

Zhang and Xu • Medicine (2023) 102:45 www.md-journal.com

Writing – original draft: Lin Zhang, Lingyan Xu.
Writing – review & editing: Lin Zhang, Lingyan Xu.

References
 [1] Wang JY, Feng Y, Fu YH, et al. Effect of sevoflurane anesthesia on brain 

is mediated by lncRNA HOTAIR. J Mol Neurosci. 2018;64:346–51.
 [2] Mesa Suárez P, Santotoribio JD, Ramos Ramos V, et al. [Brain damage 

after general anesthesia]. Med Clin (Barc). 2016;146:384–8.
 [3] Liu F, Rainosek SW, Frisch-Daiello JL, et al. Potential adverse effects of pro-

longed sevoflurane exposure on developing monkey brain: from abnormal 
lipid metabolism to neuronal damage. Toxicol Sci. 2015;147:562–72.

 [4] Luh C, Gierth K, Timaru-Kast R, et al. Influence of a brief episode of 
anesthesia during the induction of experimental brain trauma on sec-
ondary brain damage and inflammation. PLoS One. 2011;6:e19948.

 [5] Robinson CP. Moderate and severe traumatic brain injury. Continuum 
(Minneap Minn). 2021;27:1278–300.

 [6] Williams WH, Chitsabesan P, Fazel S, et al. Traumatic brain injury: a 
potential cause of violent crime. Lancet Psychiatry. 2018;5:836–44.

 [7] Perry DC, Sturm VE, Peterson MJ, et al. Association of traumatic 
brain injury with subsequent neurological and psychiatric disease: a 
meta-analysis. J Neurosurg. 2016;124:511–26.

 [8] Xie L, Zhao H, Wang Y, et al. Exosomal shuttled miR-424-5p from 
ischemic preconditioned microglia mediates cerebral endothelial cell 
injury through negatively regulation of FGF2/STAT3 pathway. Exp 
Neurol. 2020;333:113411.

 [9] Xu HY, Yuan YY, Dai P. [PTPN11 and the deafness]. Lin Chuang Er Bi 
Yan Hou Tou Jing Wai Ke Za Zhi. 2019;33:830–4.

 [10] Athota JP, Bhat M, Nampoothiri S, et al. Molecular and clinical stud-
ies in 107 Noonan syndrome affected individuals with PTPN11 muta-
tions. BMC Med Genet. 2020;21:50.

 [11] Alfayez M, Issa GC, Patel KP, et al. The clinical impact of PTPN11 
mutations in adults with acute myeloid leukemia. Leukemia. 
2021;35:691–700.

 [12] Wang N, Shi W, Jiao Y. A PTPN11 mutation in a woman with Noonan 
syndrome and protein-losing enteropathy. BMC Gastroenterol. 
2020;20:34.

 [13] Azad RK, Shulaev V. Metabolomics technology and bioinformatics for 
precision medicine. Brief Bioinform. 2019;20:1957–71.

 [14] Chen L, Wang C, Sun H, et al. The bioinformatics toolbox for circRNA 
discovery and analysis. Brief Bioinform. 2021;22:1706–28.

 [15] Canzoneri R, Lacunza E, Abba MC. Genomics and bioinformat-
ics as pillars of precision medicine in oncology. Medicina (B Aires). 
2019;79(Spec 6/1):587–92.

 [16] Lee J, Hyeon DY, Hwang D. Single-cell multiomics: technologies and 
data analysis methods. Exp Mol Med. 2020;52:1428–42.

 [17] Uesaka K, Oka H, Kato R, et al. Bioinformatics in bioscience and bio-
engineering: Recent advances, applications, and perspectives. J Biosci 
Bioeng. 2022;134:363–73.

 [18] Li S, Hou Q, Wang R, et al. Sevoflurane upregulates neuron death pro-
cess-related Ddit4 expression by NMDAR in the hippocampus. Aging 
(Albany NY). 2023;15:5698–712.

 [19] Majeed A, Mukhtar S. Protein-protein interaction network exploration 
using cytoscape. Methods Mol Biol. 2023;2690:419–27.

 [20] Zhou Y, Zhou B, Pache L, et al. Metascape provides a biologist-ori-
ented resource for the analysis of systems-level datasets. Nat Commun. 
2019;10:1523.

 [21] Sun M, Xie Z, Zhang J, et al. Mechanistic insight into sevoflurane-asso-
ciated developmental neurotoxicity. Cell Biol Toxicol. 2022;38:927–43.

 [22] Zuo Y, Chang Y, Thirupathi A, et al. Prenatal sevoflurane exposure: 
Effects of iron metabolic dysfunction on offspring cognition and poten-
tial mechanism. Int J Dev Neurosci. 2021;81:1–9.

 [23] Zhang Y, Yang F, Gao Y, et al. Neuroglobin protects offspring rats from 
neuronal damage induced by sevoflurane exposure to pregnant rats by 
inhibiting endogenous apoptosis. Int J Dev Neurosci. 2019;76:17–24.

 [24] Useinovic N, Maksimovic S, Liechty C, et al. Systemic inflammation 
exacerbates developmental neurotoxicity induced by sevoflurane in 
neonatal rats. Br J Anaesth. 2022;129:555–66.

 [25] Zhao D, Zhang M, Yang L, et al. GPR68 improves nerve damage and 
myelination in an immature rat model induced by sevoflurane anesthe-
sia by activating cAMP/CREB to mediate BDNF. ACS Chem Neurosci. 
2022;13:423–31.

 [26] Zhao XK, Tian Y. [Research progress of pharmacological intervention 
of sevoflurane-induced nerve injury in the developing brain]. Zhongguo 
Yi Xue Ke Xue Yuan Xue Bao. 2021;43:462–8.

 [27] Ashique S, Sandhu NK, Chawla V, et al. Targeted drug delivery: trends 
and perspectives. Curr Drug Deliv. 2021;18:1435–55.

 [28] Im JH, Buzzelli JN, Jones K, et al. FGF2 alters macrophage polariza-
tion, tumour immunity and growth and can be targeted during radio-
therapy. Nat Commun. 2020;11:4064.

 [29] Tan YY, Zhou HQ, Lin YJ, et al. FGF2 is overexpressed in asthma and 
promotes airway inflammation through the FGFR/MAPK/NF-κB path-
way in airway epithelial cells. Mil Med Res. 2022;9:7.

 [30] Wang Z, Wang Z, Wang A, et al. The neuroprotective mecha-
nism of sevoflurane in rats with traumatic brain injury via FGF2. J 
Neuroinflammation. 2022;19:51.

 [31] Hédan B, Rault M, Abadie J, et al. PTPN11 mutations in canine 
and human disseminated histiocytic sarcoma. Int J Cancer. 
2020;147:1657–65.

 [32] Xu L, Zhou C, Pan R, et al. PTPN11 hypomethylation is associated 
with gastric cancer progression. Oncol Lett. 2020;19:1693–700.

 [33] Harigai R, Sato R, Hirose C, et al. Mutation of PTPN11 (Encoding 
SHP-2) promotes MEK activation and malignant progression in neu-
rofibromin-deficient cells in a manner sensitive to BRAP mutation. 
Cancers (Basel). 2022;14:2377.

 [34] Gao X, Huang SS, Qiu SW, et al. Congenital sensorineural hearing loss 
as the initial presentation of PTPN11-associated Noonan syndrome 
with multiple lentigines or Noonan syndrome: clinical features and 
underlying mechanisms. J Med Genet. 2021;58:465–74.

 [35] Jimenez-Pascual A, Mitchell K, Siebzehnrubl FA, et al. FGF2: a 
novel druggable target for glioblastoma. Expert Opin Ther Targets. 
2020;24:311–8.

 [36] Livingston MJ, Shu S, Fan Y, et al. Tubular cells produce FGF2 via 
autophagy after acute kidney injury leading to fibroblast activation and 
renal fibrosis. Autophagy. 2023;19:256–77.

 [37] Li S, Lu Y, Ding D, et al. Fibroblast growth factor 2 contributes 
to the effect of salidroside on dendritic and synaptic plasticity 
after cerebral ischemia/reperfusion injury. Aging (Albany NY). 
2020;12:10951–68.

 [38] Vitorino F, Montoni F, Moreno JN, et al. FGF2 antiproliferative stimula-
tion induces proteomic dynamic changes and high expression of FOSB and 
JUNB in K-Ras-driven mouse tumor cells. Proteomics. 2018;18:e1800203.

 [39] Korczowska-Łącka I, Hurła M, Banaszek N, et al. Selected biomarkers 
of oxidative stress and energy metabolism disorders in neurological dis-
eases. Mol Neurobiol. 2023;60:4132–49.

 [40] Wang M, Zuo Y, Li X, et al. Effect of sevoflurane on iron homeostasis 
and toxicity in the brain of mice. Brain Res. 2021;1757:147328.

 [41] Janssen BJ, De Celle T, Debets JJ, et al. Effects of anesthetics on sys-
temic hemodynamics in mice. Am J Physiol Heart Circ Physiol. 
2004;287:H1618–24.

 [42] Krainer J, Siebenhandl S, Weinhäusel A. Systemic autoinflammatory 
diseases. J Autoimmun. 2020;109:102421.

 [43] Statler KD, Alexander H, Vagni V, et al. Comparison of seven anesthetic 
agents on outcome after experimental traumatic brain injury in adult, 
male rats. J Neurotrauma. 2006;23:97–108.


