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Abstract 

Purpose: To examine the association of propofol (PRO) with related key genes that may serve as 
potential biomarkers for alleviation of PRO-induced toxicity in neural stem cells (NSCs). 
Methods: Differentially expressed genes (DEGs) were screened based on GEO database, using the 
analysis platform of Metaboanalyst, GEO2R, DAVID and Ehbio. NSCs were purchased and treated with 
3 μM of propofol (PRO). NR4A1 was transfected into NSCs, and the NR4A1 expression, apoptosis-
related protein and AMPK pathway-related protein were determined by quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) and western blotting. Cell viability and apoptosis 
were evaluated by methylthiazolyldiphenyl-tetrazolium bromid (MTT) assay and flow cytometry.  
Results: A total of 278 DEGs were analyzed on GSE106799 microarray, and finally screened for 
differentially expressed down-regulated gene, NR4A1, which is a hubgene. NR4A1 expression 
decreased in PRO-induced NSCs. Furthermore, NR4A1 attenuated the PRO-induced decrease in the 
viability of NSCs and the increase in apoptosis. Moreover, NR4A1 increased p-AMPK/AMPK level. 
Conclusion: NR4A1 attenuates the toxicity in NSCs induced by PRO by regulating AMPK pathways, 
and thus provides a theoretical basis for the treatment of nerve damage caused by anesthetics. 
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INTRODUCTION 
 

Anesthetic management in the early stages of life 
is evidence of an association with 
neurodevelopmental disorders [1]. Commonly 
used anesthetic drugs, such as γ-aminobutyric 
acid agonists and N-methyl-D-aspartate 
antagonists, have varying degrees of neurotoxic 
effects on the developing brain, leading to 
neuronal apoptosis and as well as production of 

distant neuro behavioral deficits and cognitive 
impairment [2]. 
 
Early animal experiments have confirmed the 
adverse neurotoxic effects of general anesthetic 
drugs such as ketamine, N2O, isoflurane and 
isoproterenol, which can produce extensive 
apoptotic degeneration of neurons, altered 
dendritic spine morphology, and impaired 
synaptic function in different species [3]. 
Therefore, it is important to study the 
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mechanisms of the effects of anesthetics on 
neurodevelopment. 
 
Propofol (PRO) is the most frequently used 
short-acting intravenous anesthetic in clinical 
practice [4]. Because of the advantages of rapid 
induction, fast action, and short duration, PRO is 
widely used not only for induction of anesthesia 
but also for prolonged intraoperative anesthesia 
maintenance and postoperative intensive care 
unit (ICU) sedation [4]. It has been reported that 
PRO as a general intravenous anesthetic drug 
can induce neuronal apoptosis, and large doses 
and multiple exposures can impair cognitive 
function [5,6]. Moreover, PRO inhibits the self-
renewal and differentiation of neural stem cells 
(NSCs), which precisely control brain 
development through self-renewal and 
differentiation [7]. Therefore, the search for 
potential biomarkers is highly important to 
mitigate the neurological damage caused by 
PRO. 
 
Currently, among high-throughput experimental 
methods such as microarray analysis have been 
widely used for differentially expressed gene 
analysis [8]. A large amount of microarray data is 
stored in public databases. These repositories 
help researchers identify disease-associated 
biomarkers by integrating multiple microarray 
datasets. Gene Expression Omnibus (GEO) 
database is an international public database of 
high-throughput gene expression data, including 
sequencing and other forms of high-throughput 
functional genomic data, submitted by research 
institutions around the world. 
 
Therefore, the aim of this study was to identify 
differentially expressed genes (DEGs) in PRO-
treated and normal controls in order to find key 
down-regulated genes associated with PRO and 
to explore their mechanism of action.  
 

METHODS 
 
DEGs screening and correlation analysis 
 
The gene expression dataset GSE106799 was 
downloaded from the GEO database 
(https://www.ncbi.nlm.nih.gov/geo/). The dataset 
consisted of four PRO samples (7-day old mice 
were injected with 50 mg/kg propofol) and four 
control samples (7-day old mice were injected 
with 50 mg/kg intralipid vehicle). The samples 
were normalized in line with the data, and then 
partial least squares regression analysis 
(PLSDA) was performed on the normalized 
genes through the metaboanalyst 
(https://www.metaboanalyst.ca/) analysis 
platform. 

The GEO2R analysis platform (https://www. 
ncbi.nlm.nih.gov/geo/geo2r/) was used to 
compare two sets of samples to identify DEGs, 
and the DEGs were visualized with volcano plots 
to screen for up- and down-regulated DEGs. The 
screening criteria were p < 0.01 and fold change 
(FC) >1.5. 
 
The screened DEGs were subjected to 
correlation analysis and heatmap analysis by 
metaboanalyst analysis platform. 
 
KEGG enrichment analysis of DEGs 
 
The DAVID (https://www.metaboanalyst.ca/) 
analysis platform was used to provide a 
comprehensive biofunctional annotation 
information for large-scale genes or proteins. 
KEGG pathway enrichment analysis of down-
regulated DEGs genes was performed by the 
DAVID analysis platform, and bubble plots were 
made using the Ehbio 
(http://www.ehbio.com/ImageGP/) platform. P < 
0.05 was considered statistically significant. 
 
STRING (https://string-db.org/) was used to 
search for known proteins and predict protein-
protein interactions (PPI). PPI analysis of down-
regulated DEGs genes was performed using the 
STRING platform. Results were analyzed and 
visualized with Cytoscape software and screened 
for hubgene. 
 
Cell treatment 
 
Neural stem cells (NSCs) were purchased from 
LMAI Bio (Shanghai, China) and treated with 3 
μM of PRO. NR4A1 and its negative control (NC) 
were transfected into NSCs. 
 
Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) 
 
RNA was extracted from NSCs using an RNA 
extraction kit (KeyGen Biotech, Nanjing, China), 
and reverse transcribed into cDNA; qRT-PCR 
was performed to analyze inflammatory factor 
mRNA expression levels using the Maxima 
SYBR Green Real-time PCR kit (KeyGen 
Biotech). β-Actin was used as an internal 
reference to calculate NR4A1 expression using 
the 2-△△Ct method [9]. 
 
Western blotting (WB) 
 
The total protein was extracted from NSCs by a 
protein lysis buffer (TaKaRa, Dalian, China), 
separated by SDS-PAGE and then transferred 
onto polyvinylidene fluoride (PVDF) membranes 
via electrophoresis. The proteins were incubated 
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with primary antibodies NR4A1 (1:1000, 
ab153914, Abcam, USA), Bax (ab182733), Bcl-2 
(32124), cleaved Caspase 3 (ab49822), β-actin 
(ab179467), p-AMPK (ab92701) and AMPK 
(ab79885), and then incubated with horseradish 
peroxidase (HP)-labeled secondary antibody 
(1:1500, ab191866, Abcam). The incubated 
proteins were then rinsed in the blocking 
solution, developed in color development 
reagent, and imaged in gel imaging system. 
 
Determination of cell viability 
 
Methylthiazolyldiphenyl-tetrazolium bromid (MTT) 
assay were performed to determine cell viability. 
NSCs were added with MTT solution (10 mg/mL, 
Beyotime, Shanghai, China) to incubate for 4 h, 
and then added with dimethyl sulfoxide (DMSO) 
to shock for 10 min. The absorbance of 450 nm 
was measured by the spectrophotometer 
(Laspec, China).  
 
Assessment of apoptosis 
 
NSCs were stained by Hoechst Staining Kit 
(Beyotime), digested with 0.25% trypsin 
(Beyotime), added with Annexin-V and Propidium 
solution (Beyotime), and incubated for 20 min. 
The apoptosis ratio was determined by a flow 
cytometry (Beckman Coulter, USA). The results 
were expressed as the sum of early and late 
apoptotic rate.  
 
Statistical analysis 
 
The results of the experiments were analyzed by 
SPSS 22.0 software (SPSS Inc., USA) and 
displayed as mean ± standard deviation (SD). 
Analysis of variance (ANOVA) was used with 
Bonferroni test. The results were considered 
statistically significant at p < 0.05. 
 

RESULTS 
 
DEGs analysis outcome 
 
In this section, the GSE106799 chip data was 
analyzed using GEO's GEO2R analysis platform. 
The normalization results of the data obtained 
from GSE106799 are shown in Figure 1 A. The 
results of PLSDA analysis of the normalized 
genes are shown in Figure 1 B, which show that 
the two samples were well distinguished from 
each other. A total of 278 DEGs were obtained 
from GSE106799, of which a total of 128 up-
regulated differential genes and 150 down-
regulated differential genes are shown in Figure 
1 C. The heatmap of Figure 1 D and E also 
showed that the two different samples of the 

dataset are well distinguished from each other 
macroscopically. 
 
The KEGG pathway analysis (Figure 1 F) 
showed that DEGs were mainly enriched in 
neuromodulation-related pathways. Cytoscape 
showed that NR4A1 was the centrally located 
hubgene as shown in Figure 1 G. The qRT-PCR 
results in Figure 1 H showed that NR4A1 
expression was clearly down-regulated in PRO 
group (p < 0.001). Thus, NR4A1 was the 
differential gene associated with PRO treatment, 
and was most significantly down-regulated. 
 

 
 
Figure 1: Search for differential genes based on GEO 
database (GSE106799). (A): The normalization results 
of the data obtained from GSE106799; (B): The results 
of PLSDA analysis; (C): Volcano plots of PRO 
samples and control samples. The red and blue dot 
distributions represent up- and down-regulated 
differential genes; (D and E): The headmap of PRO 
samples and control samples; (F): KEGG enrichment 
bubble diagram of DEGs; (G): The PPI network of 
DEGs; (H): Expression of NR4A1 was determined by 
qRT-PCR. ***P < 0.001 

 
NR4A1 regulated cell motility in PRO-induced 
NSCs by affecting AMPK pathway 
 
The effect of NR4A1 on NSCs induced by PRO 
was analyzed by RT-qPCR, WB, MTT assay and 
flow cytometry. Figure 2 A and B shows that 
PRO decreased mRNA and protein NR4A1 
expressions compared with control group (p < 
0.001).  
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In Figure 3 A, NR4A1 expression in PRO + 
NR4A1 group was higher than that in PRO + NC 
group, indicating that NR4A1 transfection 
succeeded. MTT assay results in Figure 3 B 
shows that PRO decreased cell viability, but 
NR4A1 alleviated the reduction of cell viability 
induced by PRO (p < 0.05). On the contrary, 
PRO significantly increased apoptosis, while 
NR4A1 clearly inhibited apoptosis in NSCs (p < 
0.05). Moreover, the expressions of Bax and 
cleaved Caspase 3 were up-regulated, while Bcl-
2 expression decreased, stimulated by PRO. 
However, the addition of Bax and cleaved 
Caspase 3, as well as the decrease in Bcl-2 were 
relieved when NR4A1 transfected into NSCs (p < 
0.05). Finally, Figure 4 shows that PRO down-
regulated p-AMPK/AMPK levels, but NR4A1 
recovered restored p-AMPK/AMPK expression. 
Hence, these data demonstrated that NR4A1 
enhanced the viability of NSC, but inhibited 
apoptosis induced by PRO through the regulation 
of AMPK pathway. 
 

 
 
Figure 2: NR4A1 expression was down-regulated in 
NSCs. (A): Expression of NR4A1 was determined by 
RT-qPCR.  (B): Expression of NR4A1 was determined 
by western blotting. ***P < 0.001 
 

 
 
Figure 3: NR4A1 regulated cell motility in PRO-
induced NSCs. NR4A1 was transfected into NSCs. 
(A): The expression of NR4A1 was detected by RT-
qPCR; (B): Cell viability was detected by MTT assay; 
(C): Apoptosis and; (D): apoptosis-related protein 
expression was detected by flow cytometry and 

western blotting. * shows the PRO group compared 
with the control group; *p < 0.05; **p < 0.01; ***p < 
0.001. ^PRO + NR4A1 group compared with PRO + 
NC group; ^p < 0.05; ^^p < 0.01; ^^^p < 0.001 
 

 
 
Figure 4: NR4A1 activates the AMPK pathway. AMPK 
pathway-related protein expression was determined by 
western blotting. *PRO group compared with the 
control group; ***p < 0.001; ^PRO + NR4A1 group 
compared with PRO + NC group; ^^^p < 0.001 

 

DISCUSSION 
 
The critical period for the development of brain 
learning and memory functions is from the end of 
pregnancy to the early postnatal period, when 
the nervous system is unusually sensitive to 
changes in the internal and external environment 
[10]. A study has shown that repeated and heavy 
use of propofol during this period leads to 
neurotoxicity in the developing brain, thus 
promoting apoptosis of the neuronal cells and 
impairment of their cognitive functions [11].  
 
It has been claimed that the repeated use of 
PRO can cause an increased expression of c-fos 
and caspase-3, as well as an inducement of 
neuronal modulation, ultimately leading to 
cognitive impairment [11]. C-fos protein also 
plays a role in the initiation of apoptosis. Thus, 
PRO causes damage to neurons by promoting 
apoptosis. In addition, PRO inhibits long-duration 
enhancement by inhibiting AKT and extracellular 
regulatory protein kinase (ERK) signaling 
pathways. Long-term enhancement is an 
important mode of central nervous system 
plasticity, which forms the basis of the learning 
memory. The inhibition of long-range 
enhancement can lead to the impairment of 
cognitive functions in the brain. [12]. In the 
present study, the experimental results showed 
that PRO promoted apoptosis and inhibited cell 
viability and the activation of AMPK pathway in 
NSCs. 
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In order to explore the neurotoxic mechanism of 
PRO in-depth, the gene expression data of PRO 
samples and normal control samples were 
downloaded from GEO database, and the 
differentially expressed genes were successfully 
mined via GEO2R online analysis, while the PPI 
network of GEGs was constructed using STRING 
database. 
 
Finally, a significantly down-regulated differential 
gene, NR4A1, was obtained. NR4A1, also known 
as Nur77 and TR3, is a highly homologous 
orphan nuclear receptor which belongs to the 
steroid/thyroid hormone receptor superfamily 
[13]. NR4A1, as an early response gene, can be 
induced by a variety of stimuli such as 
inflammatory regulators, growth factors, and 
neurotransmitters in a wide range of cell types 
and organs [13]. NR4A1 molecular conformation 
changes after receiving signal stimulation, and 
exerts transcriptional regulation through specific 
recognition, binding to the regulatory regions of 
target genes which are involved in cell 
proliferation and apoptosis, and regulated by 
various pathways such as protease degradation, 
phosphorylation, and protein interactions [14]. 
 
It has been shown that by activating NR4A1 
expression, oxygen-glucose deprivation (OGD)-
induced neuronal apoptosis can be restored, 
thus increasing neuronal survival and alleviating 
ischemia-induced injury [15]. Therefore, it was 
speculated that NR4A1 has a neuroprotective 
effect [15]. Furthermore, it has been reported that 
NR4A1 expression is decreased in young rats 
treated with propofol, and by analyzing the GEO 
database (GSE106799), it was found that NR4A1 
expression was significantly decreased in the 
hippocampal region of young mice treated with 
propofol. Moreover, qRT-PCR and western 
blotting results also showed that NR4A1 
expression was down-regulated in NSCs. 
Interestingly, this study found that the promotion 
of apoptosis and the inhibition of cell viability 
were both alleviated by NR4A1, indicating that it 
indeed has a neuroprotective effect. 
 
NR4A1 activates the AMPK pathway, which is 
down-regulated in PRO-induced neural stem cell 
activity, and mitigates anesthetic damage to 
nerve cells by activating AMPK [16]. AMPK is an 
energy sensor that regulates inflammatory 
responses, oxidative stress and synaptic 
plasticity in acute and chronic brain injury [17,18]. 
In this study, NR4A1 reversed PRO-induced de-
activation of the AMPK pathway, thus indicating 
that NR4A1 serves to protect nerves from PRO 
damage by modulating the pathway. 
 
 

CONCLUSION 
 
The most closely related hubgene, NR4A1, has 
been finally identified in this study. NR4A1 
alleviates PRO-induced promotion of apoptosis 
and inhibition of cell viability by regulating AMPK 
pathway, which in turn alleviates the toxicity of 
propofol-induced neural stem cells in early life. 
There are, however, several other significantly 
down-regulated DEGs in PPI network, which 
need to be further verified via relevant 
experiments. 
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