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A B S T R A C T   

Long-term isoflurane inhalation has been reported to induce hippocampal apoptosis in young 
animals, whereas dexmedetomidine (DEX) can reduce isoflurane-induced neuronal apoptosis. The 
neuroprotective effect of miR-137 has been reported before, however, the effect of on isoflurane 
triggered neuronal apoptosis, and whether miR-137 is involved in the neuroprotection of DEX 
remain unclear. To investigate these doubts, we established an isoflurane exposure model in 
postnatal day 7 (P7) Sprague‒Dawley rats and the PC12 cells, containing a control group (CON), 
isoflurane group (ISO), DEX group (DEX) and DEX pretreatment group (DEX + ISO). We first 
confirmed that DEX attenuates isoflurane-induced hippocampal apoptosis. And we found DEX 
increased miR-137 and attenuated GSK-3β levels in the DEX and DEX + ISO groups in the hip-
pocampus and PC12 cells. In addition, the regulative relationship of miR-137 and GSK-3β was 
confirmed using the TargetScan tool and dual-luciferase reporter assay. Moreover, miR-137 
overexpression inhibited GSK-3β and increased its downstream gene β-catenin, whereas knock-
down of miR-137 changed the GSK-3β and β-catenin expression oppositely. Upregulation of miR- 
137 increased the apoptosis-related genes and decreased the anti-apoptosis gene; however, 
knockdown of miR-137 produced the opposite results. This study suggested that DEX attenuated 
isoflurane-induced neuroapoptosis by upregulating the miR-137 mediated GSK-3β/β-catenin 
pathway in the developing rat hippocampus.   

1. Introduction 

Isoflurane is one of the most commonly used inhalation anesthetics for various surgeries in animals and humans. However, studies 
have shown that isoflurane has certain neurotoxicity, especially for developing animals, because neurons in the developing period are 
very vulnerable [1,2]. Isoflurane inhalation may cause long-term developmental neurotoxicity and induce extensive neuronal 
apoptosis in the neonatal brain, leading to subsequent continuous learning and memory disorders [3,4]. Although the literature has 
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shown that the risk of anesthetic neurotoxicity could be ignored in early routine surgery in human medical clinics [5], animal ex-
periments have shown that long-term exposure to isoflurane induced neurotoxicity and increased nerve cell death in young animals. 
The hippocampus is one of the targets of isoflurane. Long-term exposure to isoflurane could promote hippocampal neuron apoptosis, 
damage the learning and memory ability of rats, reduce the survival rate, and result in cognitive dysfunction [6,7], whereas how 
isoflurane triggers neuron apoptosis remains unclear. microRNAs (miRNAs) are a class of small noncoding RNAs about 20 nucleotides 
(nt) in length that participate in cell proliferation, differentiation and apoptosis and other cell processes gene in the central nervous 
system [8]. For example, microRNA (miR)-124 contributes to neurogenesis by downregulating the REST/SCP1 pathway during em-
bryonic nervous development [9]. They also play an important role in isoflurane-induced neurotoxicity; for instance, miR-214 pro-
tected against isoflurane-induced SH-SY5Y cell apoptosis through the PI3K/Akt pathway by targeting PTEN [10]. MiR-137 is a 
brain-enriched miRNA and plays a critical role in regulating the development of the proliferation and differentiation of neurons 
and the maturation of synapses [11]. MiR-137 is associated with neurodevelopment and thus affects dendrite morphogenesis, 
phenotypic maturation, and spinal development in adult hippocampal neurons by targeting MIB1 [12]. MiR-137 can also be coor-
dinated with CDC42 to protect against ketamine-induced hippocampal neurodegeneration in rats [13]. However, to our knowledge, 
the effect of miR-137 on long-term isoflurane exposure has not yet been investigated. Given the important roles of miR-137 in neurons, 
it is interesting to elucidate whether isoflurane-induced neurotoxicity involves miR-137. 

Dexmedetomidine (DEX) is a highly specific α2-adrenergic agonist. It has the characteristics of sedation, analgesia, anti-anxiety, 
and maintenance of hemodynamic stability. DEX has antioxidative stress, anti-inflammatory and antiapoptotic effects in various 
diseases, including LPS-induced acute lung injury [14] and postoperative cognitive dysfunction in aged mice [15]. DEX was also 
confirmed to reduce isoflurane-induced neuronal apoptosis and neurocognitive dysfunction in neonatal rats [16,17]. DEX could also 
reduce isoflurane-induced hippocampal neuron apoptosis in neonatal rats by regulating NR2A, NR2B and EAAT1 or the P13K/Akt 
pathway [18,19]. Furthermore, DEX could reduce a variety of cell or tissue damage by regulating the miRNAs and their target genes. 
For example, DEX attenuated hippocampal neuronal apoptosis and cognitive impairment by mediating the miR-129/Yap1/Jag1 axis in 
an Alzheimer’s disease mouse model [20]. DEX could suppress LPS-induced neuroinflammation by upregulating miR-340 and 
inhibiting the NF-κB pathway in BV2 microglia [21]. However, the effect of DEX on miR-137 is still unknown. A previous study 
suggested that miR-137 could able to exert a tumor-suppressive effect on gastric cancer cells by targeting the 3′ UTR of GSK-3β mRNA 
[22] and negatively regulates the protein levels of GSK-3β [23]. GSK3-β is ubiquitously expressed throughout the brain, most 
prominently in the cerebral cortex and hippocampus [24]. Evidence suggests that GSK-3β is a key activator of cell death in neuronal 
apoptosis [25]. For instance, miR-15b-5p could regulate neuronal apoptosis through the GSK-3β/β-catenin signaling pathway [26]. 
However, in the adult hippocampal dentate gyrus, GSK-3β inhibitors increase neural stem cell proliferation, migration, and differ-
entiation [27]. Moreover, exposure to clinically relevant concentrations of sevoflurane promoted mitochondrial fission and apoptosis 
in the mitochondria in the neonatal mouse hippocampus and in SKNSH cells by activating a GSK-3β/Drp1-dependent manner [28]. 
Isoflurane has also been reported to inhibit neural stem cell viability and proliferation and promote their apoptosis by increasing 
cleaved caspase-3 and downregulating GSK-3β [29]. In addition, we predicted that GSK-3β is one of a target gene of miR-137-3p by 
using the miRbase and TargetScan databases. Therefore, it is reasonable to assume that isoflurane-induced neuronal apoptosis involves 
the miR-137/GSK-3β pathway. 

In this study, we hypothesized that isoflurane induces neuronal apoptosis via the miR-137/GSK-3β pathway and that DEX plays a 
protective role by negatively regulating the miR-137/GSK-3β pathway. For this, we established an isoflurane exposure model in 
Sprague‒Dawley (SD) rats at an early age and a PC12 cell line to investigate the neuroprotective mechanism of DEX on isoflurane- 
induced neuroapoptosis. Our results contribute information toward understanding the neuroprotective mechanisms of DEX, which 
provide a new insight for further expanding the application of DEX in human and veterinary medicine. 

2. Materials and Methods 

2.1. Animals and treatments 

Both sexes of postnatal day 7 (P7) SD rats, weighing 16–18 g were provided by Qingdao Daren Fortune Animal Technology Co. Ltd. 
All animals were housed with their mothers in polypropylene cages under a 12-h light-dark cycle at a constant room with 45%–55 % 
humidity, 24–26 ◦C and had free access to water and food. 

We used 8 L P7 pups and chose four pups from each litter. Then the rats were randomly assigned into four groups (n = 8), including 
a control group (CON), a dexmedetomidine group (dexmedetomidine 25 μg/kg, DEX), an isoflurane group (1.5 % isoflurane, Iso) and 
an isoflurane + DEX group (1.5 % isoflurane + DEX 25 μg/kg, ISO + DEX). DEX (Hengrui Medicine Co., Ltd. Jiangsu, China) was 
received at 25 μg/kg (refer to a previous study [30]) intraperitoneally before (30 min prior) exposure to 1.5 % isoflurane in the ISO +
DEX group, and the same volume of DEX or normal saline was injected intraperitoneally in the DEX, CON and ISO groups. Isoflurane 
(Yipin pharmaceutical Co., Ltd., Hebei, China) was administered in an anesthesia chamber with 0 % anesthetic for the CON and DEX 
groups or 1.5 % anesthesia for the ISO and ISO + DEX groups mixed with 100 % oxygen using an agent-specific vaporizer (Matrx VMR, 
MIDMARK Corporation, Ohio, USA). A customized closed-circuit system was used to administered the agents, and soda lime was used 
to eliminate the carbon dioxide. After 6 h of exposure, the rats in each group were sacrificed and the brain were dissected out. Using 
forceps to dissect away the cerebral cortex carefully and expose the hippocampus. Then, the hippocampus was washed with physi-
ological sodium chloride solution and harvested. Afterwards, the hippocampus was postfixed in 4 % paraformaldehyde saline or frozen 
in liquid nitrogen immediately and stored at − 80 ◦C for gene and protein analysis. 
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2.2. Histopathological observation, terminal-deoxynucleotidyl transferase mediated dUTP nick-end labeling (TUNEL) and 
immunofluorescence (IF) analysis 

The histological observation procedures were performed as described previously [31]. Briefly, the hippocampal specimens were 
fixed in 10 % neutral formalin for 24–48 h. After, the specimens were processed by paraffin wax and chopped into 5–6 μm thickness. 
Then, the slices were stained with hematoxylin and eosin (HE, Wuhan Servicebio Technology Co., Ltd., Hubei, China) for histo-
pathological observation, and the pathological scoring criteria was described as before [32]. TUNEL analysis was carried out using a 
one-step TUNEL apoptosis assay kit according to the manufacturer’s instructions (Beyotime Biotechnology Co. Ltd., Jiangsu, Chain), 
and samples were observed under a fluorescence microscope (Nikon TE2000). The formula used for assessing the apoptosis rate was 
the number of TUNEL-positive nuclei (TUNEL specks) × 100 %/the total number of nuclei (DAPI). The numbers of positive cells in the 
hippocampal slices were counted in a randomly section at a high-magnification field ( × 400) in three visual fields. For the IF assays, 
the slices were incubated with GSK-3β (1:400, Service-bio-Co., Ltd., Wuhan, China) antibody overnight at 4 ◦C, and then incubated 
with CY3 (1:500, Service-bio)-labeled IgG for 2–3 h. After they were mounted with DAPI (Service-bio), the sections were examined and 
acquired with a fluorescence microscope (Nikon TE2000). 

2.3. Cell culture and treatment 

PC12 cells are often used in vitro models of neurophysiological and neuropharmacological studies due to the general characteristics 
of neuroendocrine cells and are easier to subculture than primary neurons. Thus, PC12 cells with a high degree of differentiation 
(donated by the Department of Veterinary Surgery, Northeast Agricultural University) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) containing 10 % fetal bovine serum in a humidified incubator containing 5 % CO2 at 37 ◦C. Before exposure to 
isoflurane, DEX cytotoxicity was measured using a cell counting kit-8 (CCK-8, Beyotime) and lactate dehydrogenase (LDH) cytotoxicity 
assay kit (Beyotime). Briefly, 1 × 104 PC12 cells were seeded in 96-well plates until they reached the logarithmic phase and then 
cultured with a concentration gradient of DEX for 24 h. For the CCK-8 analysis, CCK-8 solution was added into each well at a final 
concentration of 10 %, and cells were subsequently incubated at 37 ◦C for 2 h. Then, the absorbance was measured at 450 nm using an 
automatic microplate reader (BioTek Epoch, Winooski, USA). For LDH analysis, the cell well was washed with PBS, and 150 μL LDH 
solution was added and incubated for 1 h. After centrifugation at 500×g for 5 min, 100 μL LDH solution was transferred to a new 96- 
well plate to measure the absorbance at 490 nm using a microplate reader (BioTek Epoch). 

To confirm the effect of DEX on isoflurane-induced neurotoxicity, PC12 cells were cultured in 6-well plates and grown to 70%–80 % 
confluence. Then, well plates were randomly assessed as the CON, DEX, ISO and ISO + DEX groups. The DEX, ISO + DEX and CON 
groups were pretreated (30 min prior) with 25 μg/mL (obtained from the DEX cytotoxicity results) DEX or the same volume of PBS 
according to the cell cytotoxicity results. Then, the plates were exposed to 21 % O2 and 5 % CO2 with (ISO and ISO + DEX groups) or 
without (CON and DEX groups) 1.5 % isoflurane as described by Xie et al. for 6 h [33]. Then, the cells were cultured in DMEM with 10 
% FBS in a humidified incubator containing 5 % CO2 at 37 ◦C until they grew to >90 % confluence and then harvested for further 
analysis. 

2.4. Oligonucleotide transfection 

The sequences of miR-137 negative control (NC, 5′-UUCUCCGAACGUGUCACGUTT-3’; 5′-ACGUGACACGUUCGGAGAATT-3′), 
mimics (5′-UUAUUGCUUAAGAAUACGCGUAG-3’; 5′-ACGCGUAUUCUUAAGCAAUAAUU-3′), inhibitor negative control (INC, 5′- 
CAGUACUUUUGUGUAGUACAA -3′) and inhibitor (5′- CUACGCGUAUUCUUAAGCAAUAA -3′), were chemically synthesized by Gene 
Pharma Co., Ltd. (Shanghai, China). Then, the sequences were transfected into PC12 cells using Lipofectamine 3000 (3.0 μg/mL, 
Invitrogen) in Opti-MEM (Gibco). Twenty-four hours later, the cells were incubated in DMEM with 10 % FBS for 12 h and then 
harvested for quantitative real-time PCR (qRT-PCR) and other analyses. According to the qRT-PCR results, both the final concen-
trations of miR-137 mimics and inhibitor were 150 nM. 

2.5. Dual luciferase reporter assay 

The miR-137 target GSK-3β 3′UTR sequence was cloning into the pMIR-REPORT vector to construct the luciferase reporter. Briefly, 
the GSK-3β 3′UTR oligonucleotides containing two tandem repeats of miR-137 were constructed as wild-type (WT) or mutant-type 
(MT) primers (Table 1). After annealed at 95 ◦C for 5 min, the oligonucleotides (synthesized by Tsingke Biotech Co., Ltd., Qingdao, 
China) were inserted into the Hind III and SacI sites of the pMIR-REPORT vector and verified by direct sequencing (Tsingke). Then, the 

Table 1 
The primer sequences of the wild-type (WT) or mutant-type (MT) GSK3-β 3′UTR.  

Names Primer sequences (5′-3′, F: forward; R: reverse) 

GSK-3β-WT-F AAGCTTGTTTTTGAAGAAAATCGTTAATTCCTTGGAAAGGAGCTC 
GSK-3β-WT-R CCTTTCCAAGGAATATTGCTTTTTCTTCAAAAACA 
GSK-3β-MT-F AAGCTTGTTTTTGAAGAAAATCGTTAATTCCTTGGAAAGGAGCTC 
GSK-3β-MT-R CCTTTCCAAGGAATTAACGATTTTCTTCAAAAACA  
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cells were plated in a 24-well plate and cotransfected with 150 nM miR-137 mimics or 100 nM NC, 500 ng pMIR-REPORT comprising 
GSK-3β 3′UTR, and 10 ng phRL-TK (Promega) using Lipofectamine 3000 reagent in Opti-MEM. The cells were harvested after 24 h of 
transfection and analyzed using a Dual-Luciferase Reporter Assay System (Vazyme Biotech Co., Ltd, Nanjing, China). 

2.6. Total mRNA extraction and qRT-PCR assay 

The TRIzol (Sangon) method was adopted to extract total RNA from hippocampal tissues and PC12 cells. Then, 1.0 μg of total RNA 
was reverse-transcribed into cDNA with the Prime Script Reagent Kit with gDNA Eraser (Takara Biomedical Technology Co., Ltd., 
Beijing, China) and the miRcute Plus miRNA First-Strand cDNA Kit (Tiangen Biotech Co., Ltd., Beijing, China) according to the 
manufacturer’s instructions. The expression of miR-137 and the mRNAs were measured using the SYBR Green method on a LightCycler 
480 Detection System (Roche, Basel, Switzerland). The qRT-PCR reactions system and procedures were performed as described before 
[34]. The primers (Table 2) were designed by using Primer 6.0 and synthesized by Tsingke. Data were obtained using the 2− ΔΔCt 

method, and U6 and β-actin were used as internal controls for normalization. When the cycle number less than 35 (total 40 cycles), 
considering the result was cut-off for acceptance. 

2.7. Western blot analysis 

Total protein was extracted from hippocampal tissues and PC12 cells with cell lysis buffer for Western blotting and IP (Beyotime). 
Protein concentration was normalized by an enhanced BCA protein assay kit (Beyotime). The total proteins were separated by using 8 
%~12 % sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Then, the separated proteins were transferred to 0.22 μm or 0.45 
μm PVDF membranes. After blocking with 5 % skim milk, the membranes were incubated with diluted primary antibodies (Table 3) at 
4 ◦C for 12 h. Following incubation with secondary antibodies conjugated to horseradish peroxidase for 1.5 h at room temperature, the 
signal of the membranes was measured by enhanced chemiluminescence (Wanleibio) using a Tanon 5200 imaging system (Shanghai, 
China). 

2.8. Statistical analysis 

GraphPad Prism 8.3.0 software (USA) was used for statistical analysis and figure generation. The data are presented as the means ±
standard deviations (SD). One/Two-way analysis of variance (ANOVA) with Tukey’s post hoc test was used for analysis among 
multiple groups. P < 0.05 was considered statistically significant. 

3. Results 

3.1. DEX attenuates isoflurane-induced hippocampal damage in developing rats 

The morphological changes in the hippocampus in the different groups were stained using the HE method. As shown in Fig. 1, the 
neurons of the hippocampal CA1, CA3 and dentate gyrus (DG) regions in the CON group and DEX group (Fig. 1A–C) had full cell bodies 
and normal sizes and were arranged closely in a compact order. The cytoplasm of the neuron was clear, and the cell nuclei were round 
or elliptical. However, in the ISO group (Fig. 1B), the number of hippocampal neurons presented a wide space and irregular 
arrangement with pyknotic and dense nuclei, deep cytoplasm staining, nuclear chromatin fragmentation (apoptotic-like cells, black 
and red arrows), and inflammatory infiltration (yellow arrows). This suggested that exposure to isoflurane for 6 h in developing rats 
could induce hippocampal damage. Nevertheless, the neuronal cells in the ISO + DEX group (Fig. 1D) showed little disordered 
arrangement, dense nuclei, and inflammatory infiltration, which suggested that DEX attenuates isoflurane-induced hippocampal 
damage. 

3.2. DEX alleviates isoflurane-induced neuronal apoptosis in the hippocampus of developing rats 

To further export the effect of DEX on isoflurane-induced hippocampal damage in developing rats, the apoptosis rate of the 

Table 2 
miR-137 and mRNA primer sequences used in this study.  

Names Forward sequences (5′-3′) Reverse sequences (5′-3′) 

miR-137 GCGCGCGCGCGTTATTGCTTAAGAATA General reverse primer 
U6 CTCGCTTCGGCAGCACATATACT General reverse primer 
β-actin ACAGCTTCACCACCACAGCT GAGGAAGAGGATGCGGCAGT 
GSK-3β CAATCGCACTGTGTAGCCGTCTC GGTGTGTCTCGCCCATTTGGTAG 
β-catenin ACAAGCCACAGGACTACAAGAAACG TCAGCAGTCTCATTCCAAGCCATTG 
Caspase-3 GCGGTATTGAGACAGACAGTGGAAC GCGGTAGAGTAAGCATACAGGAAGTC 
Caspase 9 CAAGAAGAGCGGTTCCYGGTACATC CAGCATTGGCGACCCTGAGAAG 
Bax GCGAGTGTCTCAGGCGAATTGG AGTCTGTATCCACATCAGCAATCATCC 
Bcl-2 GGTGGTGGAGGAACTCTTCA CATCTCCCTGTTGACGCTCT  
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hippocampus was measured using the TUNEL method. We found that the number of TUNEL-positive cells (green fluorescence) in the 
ISO group was higher than that in the other groups (Fig. 2A). Quantitative analysis results suggested that the TUNEL-positive rate in 
the ISO group was significantly higher than that in the CON (P < 0.01) and DEX (P < 0.01) groups. However, the apoptosis rate in the 
ISO + DEX group was significantly decreased compared with that in the ISO group (P < 0.05) (Fig. 2B), even though it was still higher 
than that in the CON (P < 0.01) and DEX (P < 0.05) groups. 

Next, we assessed the apoptosis-related genes expression in the hippocampus. The results showed that ISO significantly upregulated 
the apoptosis-related genes Bax (P < 0.05), caspase-9 (P < 0.01) and caspase-3 (P < 0.05) compared to the CON and DEX groups, while 
significantly downregulated the expression of Bcl-2 (P < 0.01) (Fig. 2C–F). However, pretreatment with DEX (DEX + ISO group) 
significantly decreased the expression of Bax (P < 0.05), caspase-9 (P < 0.01) and caspase-3 (P < 0.01), and significantly increased the 
Bcl-2 (P < 0.05) expression compared with the ISO group. In addition, the relative protein expression (Fig. 2G–K) of apoptosis-related 

Table 3 
The primary antibodies used in the present study.  

Antibodies 
Names 

Dilution multiple Item No. Manufacturers (Anti-rabbit) 

GAPDH 1:3000 GB15004 Wuhan Servicebio Co., Ltd., Wuhan, China 
β-catenin 1:1000 bs-1165R Bioss Technology Co. Ltd., Beijing, China 
Caspase-9 1:1000 bs-20773R Bioss Technology Co. Ltd., Beijing, China 
Caspase-3 1:1000 bs-0081R Bioss Technology Co. Ltd., Beijing, China 
Bcl-2 1:500 WL01556 Wanleibio Co. Ltd., Shenyang, China 
Cleaved-caspase-3 1:500 WL01992 Wanleibio Co., Ltd., Shenyang, China 
Cleaved-caspase-9 1:500 WL01838 Wanleibio Co., Ltd., Shenyang, China 
GSK-3β 1:1000 GB11099 Servicebio Co., Ltd., Wuhan, China 
Bax 1:1000 GB154122 Servicebio Co., Ltd., Wuhan, China  

Fig. 1. Effects of DEX on isoflurane-induced hippocampal damage in developing rats. Histological examination of hematoxylin and eosin 
staining of the hippocampal CA1, CA3 and dentate gyrus (DG) regions in P7 SD rats (n = 3). The histological results showed obvious nuclear 
solidification (black arrows), some vacuolization (red arrows), and some inflammatory infiltration (yellow arrows) in the CA1, CA3 and DG of the 
hippocampus in the ISO group (B, ++, histopathology in 20–60 % of the fields). Less nuclear solidification and vacuolization were observed in the 
CON (A), DEX (C) and CON + DEX (D) groups (-, histopathology <10 % of the fields). Scale bar = 20 μm in each group. P7 SD rats, postnatal day 7 
Sprague‒Dawley rats. 
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genes was consistent with the expression of their mRNAs. This result suggested that DEX alleviates isoflurane-induced neuronal 
apoptosis in the hippocampus. 

3.3. DEX increases miR-137 and decreases GSK-3β in the hippocampus of rats 

Due to the neurodevelopmental and neuroprotective effects of miR-137, we next investigated the expression of miR-137 in the 
hippocampus to confirm whether isoflurane-induced neurotoxicity involves miR-137. As shown in Fig. 3A, compared with that in the 
CON group, the expression of miR-137 in the ISO group was decreased significantly (P < 0.01) but was not significantly different in the 
ISO + DEX (P > 0.05) group. Interestingly, the expression of miR-137 in the DEX group was significantly increased (P < 0.01) 
compared with that in the other groups. GSK3-β is a target gene of miR-137 and is ubiquitously expressed in the brain, where it is a key 
activator of cell death. Then, we further investigated the expression of GSK-3β. The immunofluorescence histochemistry results 
showed that the expression of GSK-3β (red fluorescence) in the ISO group was increased compared with that in the other groups 
(Fig. 3B, magnified results show the CA1 region of the hippocampus). Quantitative analysis (Fig. 3C) suggested that the average gray 
value of GSK-3β in the ISO group was significantly increased compared with that in the CON (P < 0.05) and DEX (P < 0.01) groups. 
However, the expression of GSK-3β in the ISO + DEX group was significantly decreased (P < 0.05) compared with that in the ISO 
group. Gene expression analysis also showed that GSK-3β in the ISO group was increased significantly (Fig. 3D, P < 0.01) but deceased 
significantly (P < 0.01) in the DEX group compared with the CON group. The GSK-3β level in the ISO + DEX group was decreased 
significantly (P < 0.05) compared to that in the ISO group but was not significantly different (P > 0.05) from that in the CON group. 
Furthermore, the relative GSK-3β protein level also presented a similar result as its mRNA level (Fig. 3E and F). These results suggested 
that DEX increased miR-137 and decreased GSK-3β in the hippocampus. 

Fig. 2. DEX alleviates isoflurane-induced neuronal apoptosis in the hippocampus. The apoptosis index was measured by TUNEL (A) and 
quantitatively analyzed using ImageJ (B) (n = 3). The formula used for assessing the apoptosis rate was the number of TUNEL-positive nuclei 
(TUNEL specks) × 100 %/the total number of nuclei (DAPI). The TUNEL-positive cells were stained green, and the bars represent 100 μm. The 
relative mRNA (C–F) and protein (G–K) expression levels of apoptosis-related genes in the hippocampus were measured using qRT-PCR and Weston 
blot (n = 6). Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 exhibited a significant difference compared to the CON group, #P < 0.05, 
##P < 0.01 exhibited a significant difference compared to the ISO group. 
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3.4. DEX alleviates isoflurane exposure-induced PC12 apoptosis 

To further explore the effect of miR-137 on neuronal apoptosis, we used the P12 cell line to establish the isoflurane exposure model 
and miR-137 knockdown/overexpression expression model, as PC12 cells have general characteristics of neuroendocrine cells and are 
frequently used as the model in vitro for neurodegenerative diseases [35]. First, we used the CCK-8 method to confirm that the optimal 
stimulatory concentration of DEX on PC12 cells probably ranged from 10 to 25 μg/mL because DEX at these concentrations had little 
effect on cell activity (Fig. 4A). Second, we chose three different concentrations to assess the effect of ISO on PC12 cell activity. As 
shown in Fig. 4B and C, the addition of 25 μg/mL DEX (ISO+25 μg/mL DEX) to 10 % DMEM significantly (P < 0.01) alleviated 
isoflurane exposure (ISO)-induced cell toxicity. In addition, pretreatment with 20~25 μg/mL DEX for 30 min significantly decreased 
(P < 0.01) the release of LDH caused by isoflurane exposure (Fig. 4C). According to this result, we suggested that DEX could protect 
against isoflurane-induced PC12 cell injury, and 25 μg/mL DEX was used in our next in vitro experiments. Consequently, we inves-
tigated the effect of DEX on isoflurane-induced PC12 apoptosis. The apoptosis-related gene results suggested that Bax (P < 0.01), 
caspase-3 (P < 0.01) and caspase-9 (P < 0.05) in the ISO group were significantly upregulated compared to those in the CON group, 
while the expression of Bcl-2 (P < 0.05) was significantly downregulated (Fig. 4D). However, the expression of Bax (P < 0.05), 
caspase-3 (P < 0.01) and caspase-9 (P < 0.05) in the ISO + DEX group was significantly decreased, but the expression of Bcl-2 was 
significantly increased (P < 0.05) compared with that in the ISO group. In addition, the relative protein expression of apoptosis-related 
genes was consistent with the expression of their mRNAs (Fig. 4E and F). This result suggested that dexmedetomidine alleviates 
isoflurane exposure-induced PC12 apoptosis. 

3.5. Dexmedetomidine increases miR-137 and decreases GSK-3β in PC12 cells 

Next, we examined the expression of miR-137 and GSK-3β in PC12 cells after isoflurane exposure. As shown in Fig. 5A, the relative 
miR-137 level in the ISO group was significantly lower than that in the other groups (P < 0.05). Meanwhile, the expression of miR-137 

Fig. 3. DEX increased miR-137 and decreased GSK-3β in the hippocampus. The expression of miR-15a (A) was measured by qRT-PCR, and 
GSK-3β was measured by immunofluorescence (B, C) (n = 3), qRT-PCR (D) and WB (E, F) (n = 6). GSK-3β immunofluorescence was labeled with CY- 
3 (red) and quantitatively analyzed using ImageJ. The plotting scale bars represent 100 μm, and the magnified CA1 region of the hippocampus is 
shown at 20 μm. Data are expressed as the mean ± SD. *P < 0.05, **P < 0.01 exhibited a significant difference compared to the CON group, #P <
0.05, ##P < 0.01 exhibited a significant difference compared to the ISO group. 

X. Hu et al.                                                                                                                                                                                                              



Heliyon 10 (2024) e31372

8

in the DEX group was significantly higher than that in the ISO (P < 0.01) and CON (P < 0.05) groups. The GSK-3β mRNA and protein 
levels were significantly higher in the ISO group than in the CON (P < 0.05 and P < 0.01, respectively) and DEX (both P < 0.01) groups 
(Fig. 5B–D); however, in the ISO + DEX group, the GSK-3β mRNA (P < 0.05) and protein (P < 0.01) levels were significantly 
downregulated compared with those in the ISO group. These results were similar to the results in isoflurane-induced hippocampal 
damage in developing rats, which suggested that miR-137 and GSK-3β have a negative regulatory relationship. 

To investigate the negative relationship between miR-137 and GSK-3β, we established miR-137 overexpression and knockdown 
models in PC12 cells. As shown in Fig. 5E, after transfection for 24 h, compared with the CON and NC group, the miR-137 level was 
significantly increased in the mimics group, whereas it was decreased significantly in the inhibitor group. According to the results, we 
confirmed that both the concentrations of the miR-137 mimics and inhibitor were 150 nM for subsequent experiments. Furthermore, 
miR-137 mimics significantly downregulated GSK-3β mRNA (P < 0.01) and protein (P < 0.05) levels, whereas miR-137 inhibitor 
significantly upregulated them (both P < 0.01) (Fig. 5F–H), which suggested that miR-137 and GSK-3β have a negative relationship. 

To confirm the relationship of miR-137 and GSK-3β, the TargetScan tool was used to predict their target relationship (Fig. 5I). The 
WT or MT 3′UTR of GSK-3β in the pMIR-REPORT plasmids (Fig. 5J) was constructed and cotransfected into PC12 cells with miR-137 
mimics or NC. The results showed that miR-137 mimics significantly decreased the luciferase activity of the GSK-3β-WT 3′UTR (P <
0.01) but had little effect on the GSK-3β-MT group (Fig. 5K). This result confirms that miR-137 has a target relationship with GSK-3β. 

3.6. miR-137 suppresses PC12 cell apoptosis via the GSK-3β/β-catenin pathway 

GSK-3β inhibition rescues cell death in neuronal and nonneuronal cell lines by increasing β-catenin and its associated transcrip-
tional pathway [36].. Then, we examined the expression of β-catenin in the hippocampus and PC12 cells exposed to isoflurane. As 
shown in Fig. 6A–E, in the ISO group, the relative β-catenin level was significantly lower than that in the CON group in the hippo-
campus (P < 0.05) and PC12 cells (P < 0.01). Compared with the ISO group, β-catenin mRNA (both P < 0.05) was significantly 
increased in the ISO + DEX group. And the protein levels of β-catenin showed a similar trend as the β-catenin mRNA levels. To reveal 
the effect of miR-137 overexpression and knockdown on the GSK-3β/β-catenin pathway, β-catenin mRNA (P < 0.05) and protein were 
examined. As shown in Fig. 6F and G, the β-catenin mRNA and protein levels were significantly up-regulated (both P < 0.05) in the 
miR-137 mimics group, while they were significantly down-regulated (both P < 0.05) in the miR-137 inhibitor group. miR-137 could 
inhibit GSK-3β to upregulate β-catenin levels. Meanwhile, we explored the relationship of miR-137 with cell apoptosis, and we 
examined the expression of apoptosis-related genes and proteins. The results suggested that miR-137 mimics significantly suppressed 
the apoptosis-related genes Bax (P < 0.01), caspase-3 (P < 0.01) and caspase-9 (P < 0.05) but increased the expression of Bcl-2 (P <
0.01) comparing with the CON group; however, the opposite results were found in the inhibitor group (Fig. 6H). Apoptosis-related 
protein levels showed the same trend as apoptosis-related genes (Fig. 6I and J), indicating that miR-137 could inhibit PC12 apoptosis. 

Fig. 4. Dexmedetomidine alleviated isoflurane exposure-induced PC12 apoptosis. The effect of different concentrations of DEX on PC12 cell 
viability (A) was measured using the CCK-8 method, and then three candidate concentrations of DEX were chosen to assess its effects on PC12 cell 
viability (B) and LDH release (C) (n = 3). A concentration of 25 μg/mL DEX was considered to be the most appropriate concentration for in vitro 
experiments. The relative mRNA (D) and protein (E, F) expression of apoptosis-related genes in PC12 cells was measured using qRT‒PCR and WB (n 
= 3). Data are expressed as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 exhibited a significant difference compared to the CON group, #P < 0.05, 
##P < 0.01 exhibited a significant difference compared to the ISO group. 
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4. Discussion 

Long-term isoflurane inhalation has been reported to induce neurotoxicity and increase nerve cell death in young animals [37], as 
they are susceptible to acute neural injuries in this growth period. In this experiment, we confirmed that isoflurane induced patho-
logical changes and caused apoptosis in the hippocampus, whereas DEX reduced isoflurane-induced neuronal apoptosis, which was 
similar to previous studies [16,17]. Bahmad’s review suggested that microRNA was related to the mechanisms of anesthesia-induced 
neurotoxicity, cognitive decline and memory impairment [38]. Thus, it would be meaningful to investigate whether miRNA is 
beneficial against the neurotoxic effects of anesthetics. 

MiR-137 has important implications in neurodevelopmental processes and in the biological regulation of cancer [11]. For instance, 
a study has shown that miR-137 protects neurons from oxygen and glucose deprivation-induced neuron damage [39]. Furthermore, 
downregulating miR-137 aggravated ketamine-induced hippocampal neuron apoptosis [13]. Therefore, it is interesting to elucidate 
the effect of miR-137 on isoflurane-induced neurotoxicity. In this study, we found that miR-137 was decreased in the hippocampus 
after isoflurane exposure for 6 h (ISO group), indicating that miR-137 was involved in isoflurane-induced nerve damage. However, 
DEX increased the miR-137 level in the DEX and DEX + ISO treatment groups in the hippocampus. In connection with the reduced 
apoptosis of hippocampal neurons in the DEX + ISO group, the neuroprotective mechanism of DEX may involve upregulating miR-137. 

GSK-3β, one of the target genes of miR-137, is ubiquitously expressed throughout the brain and is most prominently expressed in 
the cerebral cortex and hippocampus. In this study, we found that GSK-3β was increased in isoflurane-induced hippocampal neuronal 
apoptosis, which is in line with previous studies [40,41]. Moreover, DEX attenuated the isoflurane-induced increase in GSK-3β in the 
hippocampus. This result suggested that the neuroprotective mechanism of DEX may involve miR-137-mediated GSK-3β. To study the 
relationship of miR-137 and GSK-3β, we first used the TargetScan tool to predict their negitive relationship, and the results suggested 
that miR-137 could directly target GSK-3β. Meanwhile, we also observed their negative relationship in another study, such as in a 

Fig. 5. GSK-3β was a negative-regulated gene of miR-137. Effects of DEX on miR-137 (A) and GSK-3β (B–D) in isoflurane exposure-induced 
PC12 cell apoptosis model. The transfection efficiency of miR-137 mimics and inhibitor (E) in PC12 cells was estimated, and both 150 nM 
mimics and inhibitor concentrations were used in this study. The effect of miR-137 on GSK-3β in PC12 cells was measured using qRT‒PCR (F) and 
Western blot (G–H). The negative-regulated relationship between miR-137 and GSK-3β was predicted by TargetScan (I). The sequences of wild type 
(WT) and mutant type (MT) GSK-3β 3′UTR were cloned into pMIR-REPORT plasmids, and the binding sites are marked in red (J). Their relationship 
was measured by dual luciferase reporter assay (K). Relative firefly luciferase expression was normalized to Renilla luciferase. Data are shown as the 
mean ± SD (n = 3). **P < 0.01 presented a significant difference compared to the CON or GSK-3β-WT-NC group. ##P < 0.01 indicates a significant 
difference compared to the ISO or miR-137 mimics or GSK-3β-WT-mimics group. UTR, untranslated region. 
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mouse neuroblastoma cell line [23]. Second, we confirmed their negative regulatory relationship using a dual-luciferase reporter assay 
in the PC12 cell line, as it is often used in neurophysiological and neuropharmacological studies in vitro. In addition, we established an 
isoflurane exposure model in PC12 cells and assessed the protective effect of DEX in isoflurane-exposed PC12 cells. Before the addition 
of DEX in vitro, the dose of DEX was considered, although several studies have shown that DEX is nontoxic [42]. According to the cell 
viability and LDH cytotoxicity assays, 25 μg/mL was recommended as the optimum concentration. The in vitro results suggested that 
DEX alleviates isoflurane exposure-induced PC12 apoptosis, which was generally consistent with the in vivo study and previous 
research [16,43]. In addition, we found that DEX upregulated miR-137 and downregulated GSK-3β in an isoflurane-induced PC12 
injury model, which also reflects the target relationship of miR-137 and GSK-3β. 

A study suggested that a GSK-3β inhibitor prevented cardiomyocyte apoptosis by abrogating the enhanced ratio of cleaved caspase- 
3/caspase-3 and decreased Bcl-2 expression [44]. Upregulation of GSK-3β not only induces a neuroinflammatory response but also 
causes neurodegenerative diseases and neuronal apoptosis [45,46]. GSK-3β is known as an inhibitor of β-catenin, which can decrease 
β-catenin and depress nerve growth factor-induced differentiation [47]. Losing β-catenin can induce embryonic liver apoptosis [48], 
and a review also suggested that downregulating β-catenin may underlie the mechanism of neuronal death in Alzheimer’s disease and 
Down syndrome [49]. Combined with this evidence, we supported that GSK-3β was upregulated and β-catenin was downregulated in 
isoflurane-induced apoptosis in vivo and in vitro, which was consistent with our hypothesis. Moreover, we found that DEX-mediated 
isoflurane exposure induced an increase in GSK-3β and a decrease in β-catenin. These results suggest that the GSK-3β/β-catenin 
pathway at least partly participates in the neuroprotective mechanism of dexmedetomidine. 

To investigate the effect of miR-137 on the GSK-3β/β-catenin pathway, we established miR-137 overexpression and knockdown 
models in PC12 cells. We found that overexpressing miR-137 could inhibit GSK-3β and increase β-catenin, whereas knocking down 

Fig. 6. miR-137 suppressed the GSK-3β/β-catenin pathway and DEX induced PC12 cell apoptosis. Relative expression of β-catenin was 
measured in isoflurane-induced hippocampus (A–C) and PC12 (C–E) injury models, as well as in miR-137 overexpression and knockdown PC12 
model (F–G) using qRT-PCR and Western blot, respectively. The relative expression of apoptosis genes was measured using qRT-PCR (H) and 
Western blot (I–J) in the miR-137 overexpression and knockdown PC12 model. Data are shown as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 
presented a significant difference compared to the CON group. #P < 0.05, ##P < 0.01 indicates a significant difference compared to the ISO or miR- 
137 mimics group. 
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miR-137 upregulated GSK-3β and downregulated β-catenin. We also found that overexpression of miR-137 increased Bax, caspase-9 
and caspase-3 expression and decreased Bcl-2 expression, thus promoting PC12 cell apoptosis; however, knockdown of miR-137 
produced the opposite results. Upregulating miR-137 could effectively inhibit propofol-induced cell apoptosis and protect cognitive 
dysfunction [50], and similar results were also found in prostate cancer and esophageal squamous cell carcinoma [51,52]. However, in 
this study we did not analysis the neuroprotective of DEX on isoflurane-induced cognitive dysfunction when these rats adults, and as 
well as the miR-137 and GSK-3β. We will further explore their crosstalk mechanism in our next study. 

5. Conclusions 

In this study, we demonstrated that miR-137 was involved in isoflurane-induced hippocampal neuron apoptosis in developing rats. 
We declared that DEX could upregulate miR-137 and then attenuate isoflurane-induced neuroapoptosis through the GSK-3β/β-catenin 
pathway in the developing rat hippocampus. 
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