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Abstract. Sevoflurane is a commonly used inhalation 
anesthetic. Sevoflurane‑induced neuroapoptosis and cogni-
tive impairments in animals are widely reported, however, 
the underlying molecular mechanisms remain largely 
unknown. The results of the present study demonstrated 
that sevoflurane anesthesia induced spatial memory impair-
ments in rats, as determined by the Morris water maze test. 
Mechanistically, the current study demonstrated that sevo-
flurane administration significantly enhanced the expression 
of microRNA  (miR)‑188‑3p. Furthermore, inhibition of 
miR‑188‑3p using lentiviral miR‑188‑3p inhibitors attenu-
ated sevoflurane‑induced cognitive impairments in rats. The 
present study also demonstrated that miR‑188‑3p targeted 
MDM2 proto‑oncogene (MDM2) and negatively regulated 
the expression of MDM2, as determined by luciferase assays, 
reverse transcription‑quantitative polymerase chain reaction 
and western blot analysis. Furthermore, decreased abundance 
of MDM2 following transfection with miR‑188‑3p mimics was 
associated with increased stability of p53 protein. Suppression 
of p53 activity using the specific p53 inhibitor pifithrin‑α 
alleviated sevoflurane‑induced neuroapoptosis. These results 
indicate that the miR‑188‑3p‑MDM2‑p53 axis may have a 
critical role in sevoflurane‑induced cognitive dysfunction. 
Therefore, miR‑188‑3p may be a potential target for the treat-
ment of sevoflurane‑induced cognitive impairment.

Introduction

Isoflurane and sevoflurane are commonly used anesthetics in 
clinical surgery (1). However, increasing evidence from epide-
miological studies indicates that children <4 years that are 
exposed to anesthetics may be at an increased risk of developing 
cognitive disabilities and learning difficulties (2‑4). It has been 

reported that sevoflurane treatment induces neuroapoptosis 
and degeneration in neonatal rats, which consequently leads 
to pathological alternations in the hippocampus (5,6). The 
safety of anesthetics in surgical procedures has received a 
large amount of attention, however, the underlying molecular 
mechanism by which sevoflurane induces neurodegeneration 
remains largely unknown.

Accumulating evidence has demonstrated that cognitive 
impairments induced by surgical anesthesia are associated 
with alterations in the expression of a variety of genes involved 
in brain development  (6,7). In recent years, dysregulation 
of microRNAs  (miRNAs/miRs) has been implicated in 
anesthesia‑associated cognitive dysfunction (8‑10). MiRNAs 
are small, noncoding RNAs that negatively regulate gene 
expression through inhibiting the translation of transcripts or 
inducing the degradation of target mRNA (11‑15). It has been 
well‑documented that aberrant expression of miRNAs is asso-
ciated with the development of human cancers, and miRNAs 
therefore serve as potential biomarkers for cancer diagnosis 
and treatment (13,16‑23). Additionally, an increasing number 
of miRNAs, including miR‑665, miR‑572 and miR‑34a, have 
been demonstrated to be associated with anesthetic‑induced 
hippocampal apoptosis (24‑26). As miRNAs have important 
roles in the regulation of cell death and differentiation, the 
identification of novel miRNAs that participate in the neurode-
generation caused by anesthetics exposure, and understanding 
the functional molecular mechanisms of these miRNAs, is 
critical.

A recent study by Zhou et al (6) screened the differen-
tially expressed miRNAs following sevoflurane exposure. 
Among these, the expression of miRNA‑34c was significantly 
downregulated in the hippocampus of developing rat brains 
following sevoflurane treatment. miR‑34c is reported to be a 
direct downstream target of p53 and to regulate the expression 
of Bcl‑2 and Bcl‑2‑associated X in response to the sevoflurane 
administration (25). In addition to the downregulated miRNAs, 
miR‑188‑3p has been identified as one of the most significantly 
increased miRNAs following sevoflurane treatment; however, 
the functional molecular mechanism of miR‑188‑3p in sevoflu-
rane anesthesia‑induced remains largely unknown.

In the present study, the expression level of miR‑188‑3p 
in the hippocampus of rats following exposure to sevoflu-
rane was detected. To determine the functional mechanism 
of miR‑188‑3p, the downstream targets of miR‑188‑3p were 
predicted by databases. The results of the present study 
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demonstrated that the expression of miR‑188‑3p was signifi-
cantly increased following sevoflurane exposure, and that 
miR‑188‑3p may be implicated in sevoflurane‑induced apop-
tosis in the rat brain through negative regulation of the MDM2 
proto‑oncogene (MDM2)‑p53 pathway.

Materials and methods

Cell lines and animals. SH‑SY5Y neuroblastoma cells, 
which are subcloned from the SK‑N‑SH neuroblastoma cell 
line, were obtained from Leibniz Institut DSMV‑Deutsche 
Sammlung von Mikroorganismen und Zellkulturen GmbH 
(DSMZ, Braunschweig, Germany). The cells were cultured in a 
mixture of Dulbecco's modified Eagle's medium (DMEM) and 
F12 (1:1) supplemented with 10% fetal bovine serum (all from 
Thermo Fisher Scientific, Inc., Waltham, MA, USA). Cells 
were cultured at 37˚C in a humidified atmosphere of 5% CO2. 
Animal experiments were performed with Sprague‑Dawley 
rats (n=120; male; 7‑weeks‑old; weight, 240±10  g) that 
were obtained from Beijing Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, China). The animals were 
housed under a 12 h light/dark cycle with a room temperature 
(21±1˚C) and humidity (60±5%). Rats were allowed ad libitum 
access to water and food. The experiments were approved 
by the Animal Care and Ethical Committee of Cangzhou 
Central Hospital (Cangzhou, China) and was performed in 
accordance with the Guide for the Care and Use of Laboratory 
Animals (27).

Sevoflurane exposure and animal transduction. The rats were 
randomly divided into two groups: A control group (n=8) 
receiving regular air inhalation for 6 h and a sevoflurane 
group (n=8) receiving 2.5% sevoflurane (Shanghai Hengrui 
Pharmaceutical Co., Ltd., Shanghai, China) at 600 µg/kg/min in 
100% O2 at the identical conditions for 6 h in a plastic container. 
The levels of sevoflurane and oxygen were detected by the gas 
monitor. The lentivirus expressing miR‑188‑3p or miR‑188‑3p 
inhibitor was purchased from the Guangzhou RiboBio Co., 
Ltd. (Guangzhou, China). For transduction of animals with 
miR‑188‑3p mimics, miR‑188‑3p inhibitor or respective 
controls, 10  µl lentivirus‑miR‑188‑3p mimics/inhibitor or 
control miRNA (20 µM) was given intracerebroventricularly 
using a Hamilton microsurgically gauged syringe into the left 
lateral cerebral ventricles with a pre‑drilled skull micro‑hole 
(10x10 µm). Following transfection for 120 h, the following 
experiments were performed.

Morris water maze task. The learning and memory ability of 
rats exposed to sevoflurane and regular air was assessed by the 
Morris water maze task, as previously described (28). Briefly, 
rats in each group were trained to swim for 5 days in a circular 
water pool (200 cm in diameter, 60 cm in depth). A hidden 
circular platform of ~10 cm in diameter and 2 cm below the 
water surface was submerged in the pool filled with warm 
water. Rats were forced to swim and find the platform within 
60 sec. When rats failed to locate the hidden platform within 
the time limit, animals were gently guided. The time taken to 
locate the platform, the number of platform crossings and the 
swimming speed of each rat on their first attempt on day 5, 
which was recorded with the ANY‑maze Video Tracking 

System version 5.1 (Stoelting Co., Wood Dale, IL, USA), was 
used to evaluate the learning ability of the rats.

Cell transfection. miR‑188‑3p mimics (5'‑CUC​CCA​CAU​GCA​
GGG​UUU​GCA) and negative control (NC) miRNA (5'‑UUU​
GUA​CUA​CAC​AAA​AGU​ACU​G) (Guangzhou RiboBio Co., 
Ltd.) was dissolved with RNase‑free water. SH‑SY5Y cells 
were seeded in 6‑well plates at a density of 1x105/well over-
night at 37˚C. miRNAs were transfected using the NanoFectin 
Transfection Reagent (Shanghai ExCell Biology, Inc., Shanghai, 
China), with a final concentration of 100 nM. The mixture 
of transfection reagent and miRNAs was incubated at room 
temperature for 25 min prior to addition to the cell culture. 
Following transfection for 96 h, the cells were harvested and 
the expression level of miR‑188‑3p was detected by RT‑qPCR.

miR‑188‑3p target prediction. TargetScan (www.targetscan. 
org, release 7.1) and miRNA.org (http://www.microrna.org, 
August 2010 release) were used for scanning the candidate 
targets of miR‑188‑3p. Basic information of miR‑188‑3p was 
submitted online and the potential targets of miR‑188‑3p were 
presented.

Luciferase assay. The wild‑type (WT) and mutant 3'‑untrans-
lated region (3'-UTR) of MDM2, containing the predicted 
binding site of miR‑188‑3p, were constructed into the 
pMIR‑REPORT firefly luciferase vector (Ambion; Thermo 
Fisher Scientific, Inc.). For the luciferase experiments, 
cells were seeded into the 96‑well plate at the density of 
1,000 cells/well. Cells were then co‑transfected with 100 nM 
miR‑188‑3p or NC miRNA in the presence of 50 µg luciferase 
vector containing either WT or mutant forms of the 3'‑UTR of 
MDM2 using Lipofectamine® 2000 (Thermo Fisher Scientific, 
Inc.). Following transfection for 36 h, the luciferase activity 
was determined and normalized with the activity of Renilla 
luciferase using a Luciferase Reporter assay kit (BioVision, 
Inc., Milpitas, CA, USA). The experiment was performed in 
triplicate.

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) assay. The rats were sacrificed 6 h after the last 
sevoflurane exposure by decapitation. The hippocampal 
tissues were dissected and stored in the liquid nitrogen. For 
the RT‑qPCR assay, the tissues were ground into powder. 
Total RNA and miRNA extraction from the hippocampal 
tissues was performed with TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and an miRNeasy Mini kit 
(Qiagen GmbH, Hilden, Germany), respectively. The RNA 
quality and quantity were detected using the NanoDrop 
ND‑1000 spectrophotometer (NanoDrop Technologies; 
Thermo Fisher Scientific, Inc., Wilmington, DE, USA). RT 
was performed at  42˚C for 15  min using a stem‑loop RT 
primer (miRcute Plus miRNA First‑Strand cDNA Synthesis 
kit, KR211‑01; Tiangen Biotech Co., Ltd., Beijing, China) that 
hybridized to miR‑188‑3p. qPCR was performed using the 
SsoFast™ EvaGreen® Supermix kit (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA) and the iQ5 Real‑Time PCR System 
(Bio‑Rad Laboratories, Inc.). GAPDH and U6 were used as the 
internal control for mRNA and miRNA respectively and quan-
tification used the 2‑∆∆Cq method (29). The reaction conditions 
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were as follows: 95˚C for 10 min, followed by 40 cycles of 
95˚C for 10 sec and 60˚C for 1 min. The following primer 
sequences were used: miR‑188‑3p, 5'‑ATT​ATT​GGC​TCC​CAC​
ATG​CAG​GG‑3' (forward) and 5'‑ATC​CAG​TGC​AGG​GTC​
CGA​GG‑3' (reverse); MDM2, 5'‑TAC​AGG​GAC​GCC​ATC​
GAA​TC‑3' (forward) and 5'‑TGA​AGT​GCA​TTT​CCA​ATA​
GTC​AGC‑3' (reverse); p53, 5'‑TAC​TCC​CCT​GCC​TCA​ACA​
AG‑3' (forward) and 5'‑CGC​TAT​CTG​AGC​AGC​GCT​CAT3' 
(reverse); U6, 5'‑GCT​TCG​GCA​GCA​CAT​ATA​CTA​A‑3' 
(forward) and 5'‑AAC​GCT​TCA​CGA​ATT​TGC​GT‑3' (reverse); 
and GAPDH, 5'‑TGT​GTC​CGT​CGT​GGA​TCT​GA‑3' (forward) 
and 5'‑CCT​GCT​TCA​CCA​CCT​TCT​TGA‑3' (reverse). The 
experiment was repeated three times.

Terminal deoxynucleotidyl‑transferase‑mediated dUTP nick 
end labeling (TUNEL) assay. Hippocampal tissues from rats 
exposed to the sevoflurane treatment for 6 h were fixed with 
4% paraformaldehyde at room temperature for 10 min. Tissues 
were dehydrated in a grade series of ethanol and embedded in 
paraffin. Sections (3 µm) were obtained by cutting the tissues 
with the microtome (JungRM  2035; Leica Microsystems 
GmbH, Wetzlar, Germany). The paraffin‑embedded tissues 
were dewaxed by incubating the slides at 55˚C for 30 min, and 
then washed in a series of ethanol (100, 95, 80, 75 and 50%) 
for 2  min, respectively. The slides were incubated with 
20 µg/ml proteinase K for 30 min at room temperature and 
then rinsed with PBS for 10 min at room temperature. TUNEL 
reaction mixture (50  µl, TUNEL kit; Roche Diagnostics 
GmbH, Mannheim, Germany) was added to the tissues 
and incubated at room temperature for 2 h. Subsequently, 
tissues were washed twice with pre‑cooled PBS followed by 
staining with 25 µg/ml propidium iodide (PI) (Sigma‑Aldrich; 
Merck  KGaA, Darmstadt, Germany) for 30  min at room 
temperature. Then 10 fields of view were observed from each 
sample with an Olympus FLUOVIEW FV10i confocal micro-
scope (Olympus Corporation, Tokyo, Japan).

Western blot analysis. The hippocampal tissues of rats exposed 
to sevoflurane treatment for 6 h were homogenized in NP‑40 
lysis buffer (Beyotime Institute of Biotechnology, Shanghai, 
China) containing 1% phenylmethylsulfonyl fluoride. The 
samples were centrifuged at 13,000 x g for 15 min at 4˚C and 
the supernatant was collected. The protein concentration was 
determined by a BCA protein assay (Bio‑Rad Laboratories, 
Inc.). Protein samples (50 mg/lane) were separated by 15% 
SDS‑PAGE. Subsequently, proteins were transferred onto 
nitrocellulose membranes. The membranes were blocked with 
5% non‑fat milk at room temperature for 1 h and subsequently 
incubated with the indicated primary antibodies at room 
temperature for 2 h, followed by incubation with secondary 
antibodies at room temperature for 1  h. Protein bands 
were detected using the Pierce ECL Plus Western Blotting 
Substrate system (Pierce; Thermo Fisher Scientific, Inc.) 
and visualized with ImageMaster 2D Platinum 7.0 software 
(GE  Healthcare Bio‑Sciences, Pittsburgh, PA, USA). The 
antibodies used in the current study were as follows: Rabbit 
anti‑GAPDH (1:2,000, cat. no. ab70699), rabbit anti‑MDM2 
(1:2,000, cat. no. ab137413), mouse anti‑p53 (DO‑1, 1:500, cat. 
no. ab1101) (all from Abcam, Cambridge, UK), goat anti‑rabbit 
IgG (H+L)‑HRP conjugated secondary antibody (cat. 

no. 170‑6515, 1:5,000), and goat anti‑mouse IgG (H+L)‑HRP 
conjugated secondary antibody (cat. no. 170‑6516, 1:5,000) 
(both from Bio‑Rad Laboratories, Inc.).

Exposure of SH‑SY5Y cells to sevoflurane and cell apop‑
tosis. SH‑SY5Y cells (2x105) were incubated with or without 
10 µM pifithrin‑α (04‑0040; Yeasen Biotechnology, Co., Ltd., 
Shanghai, China) for 12 h at 37˚C. Then the cells were treated 
with 5 µM sevoflurane for 30 min at 37˚C and the cell apoptosis 
was determined using an Alexa Fluor 488 Annexin V/Dead 
Cell Apoptosis kit (Thermo Fisher Scientific, Inc.), according 
to the manufacturer's instructions. Briefly, cells were harvested 
and washed with pre‑cooled PBS. Cells were centrifuged at 
1,000 x g for 5 min at 4˚C and resuspended in annexin‑binding 
buffer. Subsequently, Annexin V‑fluorescein isothiocyanate 
(5 µl) was added to ~1x105 cells and incubated at room tempera-
ture for 15 min, followed by the addition of 1 µl PI (100 µg/ml). 
Cell apoptosis wad detected with a BD FACSCalibur™ flow 
cytometer and analyzed with the CFlow Plus Software, 
version l.0.172.9 (BD Biosciences, Franklin Lakes, NJ, USA).

Statistical analysis. Data are presented as the mean ± standard 
deviation of three independent experiments. Statistical anal-
ysis was performed by Student's t‑test or one‑way analysis of 
variance followed by Tukey's post hoc comparison test using 
SPSS 19.0 software (IBM Corp., Armonk, NY, USA). The 
plots were generated using GraphPad Prism 6.0 (GraphPad 
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference.

Results

Sevoflurane anesthesia induces spatial memory impairments 
in rats. The Morris water maze test is considered to be a highly 
sensitive method of determining cognitive function to examine 
hippocampus‑dependent learning and memory (30). To deter-
mine the effect of sevoflurane exposure on the memory ability 
of rats, the animals in each group were trained to locate the 
hidden platform. As demonstrated in Fig. 1A, the latency time 
taken to locate the hidden platform was significantly higher 
for rats treated with sevoflurane compared with the control 
group. Consistently, a decreased number of platform crossings 
in the sevoflurane group was observed in comparison with the 
control group (Fig. 1B). However, no significant differences 
in swimming speed were observed between the two groups 
of rats (Fig. 1C). These results demonstrated that sevoflurane 
exposure led to cognitive impairment in rats.

To determine whether sevoflurane‑induced cognitive 
dysfunction in rats was associated with neuroapoptosis, 
apoptosis was investigated by TUNEL staining of the 
hippocampal tissues following sevoflurane exposure. The 
results demonstrated that, compared with the control 
group, sevoflurane administration for 6  h significantly 
increased the proportion of TUNEL‑positive cells in the 
hippocampus of rats (Fig. 1D). These results indicated that 
sevoflurane exposure induced neuroapoptosis and subsequent 
cognitive impairment in rats.

Sevoflurane anesthesia upregulates the expression of 
miR‑188‑3p. As the present study reported sevoflurane‑induced 



WANG et al:  miR-188-3p REGULATES SEVOFLURANE-INDUCED NEUROAPOPTOSIS VIA MDM24232

Figure 2. Sevoflurane exposure upregulated the expression of miR‑188‑3p. (A) miR‑188‑3p expression level in the hippocampal tissues of rats with or 
without sevoflurane treatment was detected by RT‑qPCR. (B) Successful transduction of rats with miR‑188‑3p mimics or miR‑188‑3p inhibitor was deter-
mined by RT‑qPCR. Following transduction of rats with miR‑188‑3p mimics or miR‑188‑3p inhibitor and exposure to sevoflurane, the (C) latency time and 
(D) number of platform crossings when locating the hidden platform were recorded; n=8/group. *P<0.05 and **P<0.01 as indicated. miR/miRNA, microRNA; 
RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; NC, negative control.

Figure 1. Sevoflurane anesthesia induced spatial memory impairment in rats. (A) Latency time to locate the hidden platform following sevoflurane anesthesia. 
(B) Number of platform crossings in the probe trial tests. (C) Swimming speed of rats when locating the hidden platform. (D) Neuroapoptosis rate of the 
hippocampal tissues with or without sevoflurane treatment was determined by TUNEL analysis. Scale bar, 30 µm. Data are presented as the mean ± standard 
deviation, n=8. ***P<0.001 vs. control group. TUNEL, terminal deoxynucleotidyl‑transferase‑mediated dUTP nick end labeling; ns, not significant.
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cognitive dysfunction in rats, the potential underlying 
mechanisms of this effect were subsequently investigated. 
It has been well‑documented that miRNAs have important 
roles in the regulation of gene expression in response to 
sevoflurane treatment (6,31‑35), and bioinformatics analyses 
identified miR‑188‑3p as one of the most significantly upregu-
lated miRNAs following sevoflurane administration (6). To 
confirm this observation, the expression level of miR‑188‑3p 
in the hippocampal tissue of rats with or without sevoflurane 
treatment was determined by RT‑qPCR. As demonstrated 
in Fig. 2A, the expression of miR‑188‑3p was significantly 
increased in the hippocampus of rats following sevoflurane 
exposure, compared with the control group.

To validate the association between upregulated miR‑188‑3p 
expression in the hippocampus and sevoflurane‑induced 
cognitive impairments, rats were transfected with lentiviruses 
containing miR‑188‑3p mimics or inhibitor. The expression 
level of miR‑188‑3p following transduction with miR‑188‑3p 
mimics, miR‑188‑3p inhibitor and the respective controls was 
confirmed by RT‑qPCR (Fig. 2B). The Morris water maze test 
was performed to determine the learning and memory ability 
of rats harboring overexpression or depletion of miR‑188‑3p 
following sevoflurane treatment. The data indicated that, 

following exposure to sevoflurane, rats with overexpression 
of miR‑188‑3p exhibited an increased latency time compared 
with the rats transduced with NC miRNA and the sevoflu-
rane‑only group (Fig. 2C). By contrast, the rats treated with 
miR‑188‑3p inhibitor exhibited a lower latency time compared 
with the control miRNA group and the sevoflurane‑only 
group (Fig. 2C). Similarly, overexpression of miR‑188‑3p in 
rats treated with sevoflurane decreased the number of plat-
form crossings, while depletion of miR‑188‑3p significantly 
increased the number of platform crossings, compared with the 
sevoflurane‑only group (Fig. 2D). These results demonstrated 
the critical involvement of miR‑188‑3p in sevoflurane‑induced 
cognitive dysfunction in rats.

MDM2 is a direct target of miR‑188‑3p. To further investigate 
the underlying molecular mechanism by which miR‑188‑3p 
may regulate sevoflurane‑induced cognitive dysfunction, 
the downstream targets of miR‑188‑3p were predicted using 
TargetScan and miRNA databases. Among the putative candi-
dates, MDM2 was predicted as one of the downstream targets of 
miR‑188‑3p (Fig. 3A). To confirm this result, a luciferase assay 
was performed to investigate the binding between miR‑188‑3p 
and the 3'‑UTR of MDM2. As indicated in Fig. 3B, decreased 

Figure 3. MDM2 is a downstream target of miR‑188‑3p. (A) Candidate targets of miR‑188‑3p were predicted using miRNA and TargetScan databases. MDM2 
was selected as a putative target of miR‑188‑3p. (B) SH‑SY5Y neuroblastoma cells were co‑transfected with a luciferase vector containing a wild‑type or 
mutant version of the MDM2 3'UTR and NC miRNA or miR‑188‑3p mimics, and the luciferase activity was measured. The expression level of miR‑188‑3p 
was detected by RT‑qPCR as shown in left panel. (C) mRNA expression of MDM2 was detected in the hippocampal tissues of rats that were treated with 
miR‑188‑3p mimics or miR‑188‑3p inhibitor after sevoflurane administration, n=8/group. (D) Protein expression of MDM2 in the hippocampal tissues of rats 
transduced with miR‑188‑3p mimics, miR‑188‑3p inhibitor and the respective controls was determined by western blot analysis. GAPDH was used as the 
loading control, n=8/group. (E) mRNA and (F) protein levels of MDM2 in the hippocampal tissues of rats with or without sevoflurane treatment were detected 
by reverse transcription‑quantitative polymerase chain reaction and western blot analysis, respectively, n=8/group. **P<0.01 and ***P<0.001 as indicated. 
MDM2, MDM2 proto‑oncogene; miR/miRNA, microRNA; UTR, untranslated region; NC, negative control; ns, not significant.



WANG et al:  miR-188-3p REGULATES SEVOFLURANE-INDUCED NEUROAPOPTOSIS VIA MDM24234

luciferase activity was observed in SH‑SY5Y neuroblastoma 
cells that were co‑transfected with miR‑188‑3p mimics and the 
WT 3'‑UTR of MDM2, compared with those co‑transfected 
with NC miRNA and the WT 3'UTR (Fig. 3B). No significant 
difference was observed between cells co‑transfected with 
the mutant 3'‑UTR of MDM2 and miR‑188‑3p mimics or NC 
miRNA (Fig. 3B). These results confirmed that miR‑188‑3p 
specifically bound to the 3'‑UTR of MDM2 mRNA.

To confirm this conclusion, the expression of MDM2 in 
the hippocampal tissues of rats treated with miR‑188‑3p 
mimics or inhibitor, and the respective controls, was deter-
mined by RT‑qPCR and western blotting. As demonstrated 
in Fig. 3C, compared with the NC miRNA group, the mRNA 
abundance of MDM2 was significantly decreased in rats 
harboring miR‑188‑3p mimics. Consistent with this result, 
the mRNA level of MDM2 was increased in rats that were 
treated with miR‑188‑3p inhibitor, compared with the control 
miRNA group (Fig. 3C). Western blot analysis was performed 
to determine the protein levels of MDM2 in hippocampal 
tissues from rats treated with miR‑188‑3p mimics or inhibitor. 
The results demonstrated that overexpression of miR‑188‑3p 
suppressed the expression of MDM2, while downregulation 
of miR‑188‑3p increased the expression of MDM2, compared 
with their relative control groups  (Fig. 3D). These results 
indicated that miR‑188‑3p may target MDM2 and negatively 
regulate its expression. To further confirm the involvement of 
MDM2 in sevoflurane‑induced neuroapoptosis, the expression 
level of MDM2 was detected following treatment of rats with 
sevoflurane. As demonstrated in Fig. 3E and F, the mRNA 
and protein expression of MDM2 was markedly decreased 
following sevoflurane treatment, compared with the control 
group. These results indicate that sevoflurane treatment may 
negatively regulate the expression of MDM2.

miR‑188‑3p regulates the MDM2‑p53 signaling pathway. 
It has been well‑documented that MDM2 is an E3 ubiquitin 
ligase that mediates the polyubiquitylation and degradation 
of p53 (36). To determine whether the negative regulation of 
MDM2 by miR‑188‑3p affects the expression of p53, the protein 
and mRNA expression of p53 was determined in hippocampal 
tissues from rats transduced with miR‑188‑3p mimics or NC 
miRNA. Western blotting results demonstrated that overex-
pression of miR‑188‑3p enhanced the protein expression of 
p53, compared with the NC miRNA group (Fig. 4A). However, 
the mRNA expression level of p53 was not significantly 
altered following overexpression of miR‑188‑3p (Fig. 4B). To 
investigate the effect of sevoflurane on the expression of p53, 
the protein and mRNA expression of p53 in the hippocampal 
tissues of rats with or without sevoflurane treatment was also 
determined. The results demonstrated that the protein expres-
sion, but not the mRNA expression, of p53 was increased 
following sevoflurane treatment, compared with the control 
group (Fig. 4C and D). These results indicated that the activa-
tion of p53 may be increased following sevoflurane exposure.

Enhanced expression of p53 is associated with cell apop-
tosis. To determine whether the increased stability of p53 
induced by miR‑188‑3p contributed to sevoflurane‑induced 
neuroapoptosis, SH‑SY5Y neuroblastoma cells exposed 
to sevoflurane were treated with pifithrin‑α, the specific 
inhibitor of p53, and the rate of cell apoptosis rate was 

measured by flow cytometry. The results demonstrated that 
sevoflurane treatment induced cell apoptosis compared with 
the control group, while inhibition of p53 suppressed sevoflu-
rane‑induced cell apoptosis (Fig. 4E). These results indicated 
that sevoflurane enhanced the expression of miR‑188‑3p, 
which negatively regulated the MDM2‑p53 pathway and the 
stabilization of p53 and may partially contribute to the cell 
apoptosis induced by sevoflurane.

Discussion

Anesthesia‑induced cognitive impairment is considered 
to be the most common type of postoperative cognitive 

Figure 4. miR‑188‑3p overexpression stabilized p53 and contributed to the 
neuroapoptosis induced by sevoflurane. (A) Protein and (B) mRNA levels of 
p53 were detected by western blot analysis and RT‑qPCR, respectively, in the 
hippocampal tissues of rats that were treated with miR‑188‑3p mimics or NC 
miRNA, n=8/group. (C) mRNA and (D) protein levels of p53 in the hippo-
campal tissues of rats with or without sevoflurane treatment were detected by 
RT‑qPCR and western blot analysis, respectively, n=8/group. (E) SH‑SY5Y 
neuroblastoma cells were exposed to sevoflurane with or without the specific 
inhibitor of p53, PFT‑α, and the cell apoptosis rate was determined by flow 
cytometry. ***P<0.001 as indicated. miR/miRNA, microRNA; RT‑qPCR, 
reverse transcription‑quantitative polymerase chain reaction; NC, negative 
control; PFT‑α, pifithrin‑α; ns, not significant.
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impairment. Previous studies have demonstrated that extended 
exposure to anesthetics resulted in excessive apoptosis of 
neurons and decreased the self‑renewal capacity of neural 
stem cells, which consequently led to learning and memory 
deficits in animals (37‑41). miRNA dysregulation has been 
previously associated with neurodegeneration induced by 
anesthesia  (6,15,24). The present study demonstrated that 
miR‑188‑3p was upregulated in the hippocampus of rats 
following sevoflurane administration. Furthermore, the results 
indicated that overexpression of miR‑188‑3p may promote 
cognitive dysfunction by targeting MDM2 and increasing the 
stability of p53, as inhibition of the activity of p53 suppressed 
sevoflurane‑induced neuroapoptosis.

Numerous miRNAs have been reported to be associ-
ated with anesthesia‑induced cognitive dysfunction. Among 
these, miR‑665 antagonized sevoflurane anesthesia‑induced 
neurodegeneration in rats via the phosphatidylino-
sitol 3‑kinase/Akt signaling pathway by targeting insulin‑like 
growth factor 2 (24). In addition, miR‑34c was reported to 
be involved in sevoflurane‑induced neural apoptosis through 
the mitochondrial pathway in the hippocampus of developing 
rat brains  (6) and miR‑572 was demonstrated to improve 
early postoperative cognitive dysfunction by downregulating 
the expression of neural cell adhesion molecule 1 (25). The 
present study investigated the function of miR‑188‑3p in 
sevoflurane‑induced cognitive impairment, as this miRNA 
was reported to be one of the most significantly upregulated 
miRNAs following sevoflurane exposure in a previous study (6). 
The results of the present study demonstrated that increased 
expression of miR‑188‑3p was observed in the hippocampal 
tissues of rats that received sevoflurane treatment compared 
with control rats. It has been reported that the expression of 
miR‑34c was decreased in response to sevoflurane treatment, 
and bioinformatics analyses indicated that miR‑34c was a 
direct downstream target of p53 (6). The upstream regulators 
that mediate the overexpression of miR‑188‑3p in sevoflurane 
exposure require further investigation.

Using TargetScan and miRNA databases, MDM2 
was predicted and confirmed as a downstream target of 
miR‑188‑3p. MDM2 is a well‑established oncogene and an E3 
ubiquitin‑protein ligase that is responsible for the ubiquitylation 
of p53 (42,43). Increased expression of MDM2 was reported to 
promote the degradation of p53 and attenuate p53‑dependent 
cell cycle arrest and cell apoptosis (43). Additionally, a p53‑inde-
pendent role of MDM2, via the Notch1 signaling pathway, was 
also reported to be associated with apoptosis inhibition and cell 
proliferation (44). In the present study, miR‑188‑3p overexpres-
sion reduced the expression of MDM2, which consequently 
upregulated the protein expression of p53. Furthermore, a 
specific inhibitor of p53 significantly reversed the cell apoptosis 
induced by sevoflurane. These results indicated that regulation 
of the MDM2‑p53 axis by miR‑188‑3p may have a critical role 
in sevoflurane‑induced neurodegeneration.

In conclusion, the results of the present study demon-
strated that sevoflurane treatment enhances the expression of 
miR‑188‑3p, which may subsequently regulate the MDM2‑p53 
pathway and contribute to cell apoptosis following sevoflu-
rane anesthesia. Therefore, small interfering RNA targeting 
miR‑188‑3p may have therapeutic potential and alleviate 
anesthetic‑induced neuronal toxicity.
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