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Abstract
Introduction. Isoflurane anesthesia at the period of brain development can lead to neurotoxicity and long-term 
cognitive impairment. This study aimed to investigate the role of miR-497 on isoflurane-induced neurotoxicity.
Material and methods. Neonatal rats (P7) were subject to isoflurane for 2 h at P7, P9, and P11. MiR-497 and 
neuron apoptosis were evaluated in hippocampal tissue by qRT-PCR and western blot. Fear conditioning test and 
Morris water maze were performed to determine cognitive function. The cell viability of isolated hippocampal 
neuronal cells exposed to isoflurane was measured using MTT test. The regulation of phospholipase D1 (PLD1) 
by miR-497 in isolated hippocampal neuronal cells was evaluated by luciferase reporter assays and western blot. 
Immunohistochemistry and TUNEL staining were employed to examine the PLD1 expression and neuronal cell 
apoptosis in hippocampus of neonatal rats, respectively.
Results. Repeated isoflurane anesthesia led to neurons’ apoptosis and long-term cognitive impairment. Isoflu-
rane exposure led to apoptosis and viability reduction in hippocampal neuronal cells. MiR-497 was observed 
to be upregulated after isoflurane exposure both in vivo and in vitro. Knockdown of miR-497 attenuated iso-
flurane-induced neuronal cells apoptosis and viability reduction. Furthermore, PLD1 was predicted and then 
validated as a novel target of miR-497. miR-497 could negatively regulate PLD1 by binding to its 3’-untranslated 
region. Downregulation of PLD1 was also observed after isoflurane exposure in neonatal rat hippocampus and 
hippocampal primary neuronal cell cultures.
Conclusions. Induction of miR-497 was involved in isoflurane anesthesia-induced cognitive impairment and 
neuronal cell apoptosis by targeting PLD1. miR-497 may be a novel potential mechanism in isoflurane-induced 
neurotoxicity so that our findings provide new insight into a better and understanding of the clinical application 
of isoflurane. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 2, 114–123)

Key words: isoflurane; neurotoxicity; rat pups; hippocampal neurons; miR-497; phospholipase D1;  
cognitive impairment; qPCR; western blot

Introduction

Early exposure to anesthetic agents is deleterious to 
nervous system development, impairs learning and 

memory, this neurocognitive dysfunction will even 
persist into later adulthood [1]. As millions of young 
children are exposed to anesthesia every year for 
various reasons, and there is raising concern about 
risks that may result from anesthesia exposure. Studies 
have shown that children who received multiple anes-
thesias are likely to develop a learning disability [2, 3]. 
Animal studies have found that both intravenous and 
inhalation anesthetic agents can cause central nerve 
cell apoptosis, especially during the critical period of 
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brain development [4–6]. It was demonstrated that in 
postnatal day 7 (P7) inhalation of anesthetic isoflu-
rane by rat pups increased neuronal cell apoptosis, 
especially in thalamic nuclei [7], and inhibited the pro-
liferation of neural progenitor cells in hippocampus, 
which ultimately led to poor learning and memory in 
P7 rats; however, the same administration of isoflu-
rane to P60 rats seemed to play an opposite role [1]. 
Although a rising number of studies have focused on 
anesthesia-induced detrimental effects on cognitive 
function [8–10], it is still insufficient to understand 
the underlying mechanisms.

MicroRNAs (miRNAs) are small non-coding 
RNAs that complementarily bind to the 3’-untrans-
lated region (3’-UTR) of targets to regulate their 
expression [11]. The highly multitudinous miRNAs 
have been involved in the regulation of neurodevel-
opment, neuronal inflammation, neuronal degener-
ation and apoptosis, cognition, memory, and other 
processes [12, 13]. For example, Mai et al. showed  
that intranasal injection of miR-146a can reduce the 
cognitive dysfunction in a murine Alzheimer’s disease 
model, and that miR-146a exerts an inhibitory effect 
on amyloid b (Ab) precipitation, tau protein phospho-
rylation, and neuroinflammation in the hippocampus 
[14]. Some recent studies have found that the use of 
anesthetics has an effect on the expression of miRNAs 
in the brain, and more in-depth studies have shown  
a link between the expression of miRNAs and cogni-
tive impairment associated with anesthesia [15–18]. 

The highly conserved miR-195/497 cluster is lo-
cated on human chromosome 17p13.1 [19]. Yin et 
al. found an increase of miR-497 expression in the 
brain tissue of transient middle cerebral artery occlu-
sion (MCAO) mice. Further studies found that the 
knocking down of miR-497 can reduce the neuronal 
apoptosis caused by oxygen and glucose deprivation 
[20]. Another study demonstrated that the expression 
of miR-497 in neuroblastoma cell exposed to ethanol 
was significantly increased, and miR-497 was subse-
quently proved to play an important regulatory role 
in the nerve cells apoptosis induced by ethanol by 
targeting anti-apoptosis protein BCL2 [21]. These 
studies indicated that miR-497 may play an important 
role in neuronal apoptosis.

In this study, we used neonatal rats and primary 
neuronal cell cultures exposed to isoflurane to detect 
the expression of miR-497, and the effects of miR-497 
on neurotoxicity induced by isoflurane was investi-
gated by downregulating the expression of miR-497. 
The present study aimed to investigate the potential 
mechanism underlying the effect of miR-497 on learn-
ing and memory impairment in isoflurane-treated rats 
and may provide a theoretical basis for the molecular 

mechanism of isoflurane in the clinical treatment of 
neuronal damage.

Materials and methods

Experimental procedures were carried out in strict accordance 
with the recommendations in the Guide for the Care and Use 
of Laboratory Animals of the Guizhou Provincial People’s 
Hospital and the protocol was approved by the Hospital.

Animals. Seven-day-old (P7) Sprague-Dawley male rat 
pups were randomly assigned to two groups: the control 
group (n = 20) and isoflurane group (n = 20). Rats in the 
isoflurane group were exposed for 2 h to 2% isoflurane in 
25% oxygen in a temperature-controlled chamber, and the 
isoflurane exposure was conducted on postnatal (P) days 
P7, P9, and P11. The time and concentration of isoflurane 
exposure was selected according to previous research with 
some modifications [22, 23]. Rats in the control group re-
ceived control gas (25% oxygen) in a similar chamber for 
2 h. The chamber was kept in a homeothermic incubator 
to maintain the temperature at 37°C. After 24 h of the 
last exposure, half of the rat pups from each group were 
euthanized by intraperitoneal injection of pentobarbital 
sodium (150 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) 
overdose, the brains were dissected, and the hippocampus 
of each brain was immediately frozen in liquid nitrogen and 
stored at –80°C for western blot and qRT-PCR analysis. 
The remaining animals were used for a behavioral study to 
determine their cognitive function after 7 weeks (at P57).

TUNEL staining and immunohistochemistry. The dis-
sected hippocampus was immediately immersed in 4% 
formaldehyde at 4°C for 24 h and then embedded in 
paraffin. The embedded tissue was then sectioned into  
5 µm slides. As for TUNEL staining, a commercial TUNEL 
Apoptosis Detection Kit (Millipore, Billerica, MA, USA) 
was employed according to the manufacturer’s instruction. 
Briefly, the sections were deparaffinized and dehydrated us-
ing xylene and ethanol. After rehydration, the sections were 
rinsed with phosphate-buffered saline (PBS) and incubated 
with proteinase K, followed by incubation with TUNEL 
reaction mixture for 1 h at 37°C, then further stained using 
DAPI. The sections were examined under a laser scanning 
confocal microscope LSM710 (Carl Zeiss, Jena, Germany). 

For immunohistochemistry, the paraffin-embedded 
sections were deparaffinized and dehydrated as described 
above, and then incubated with anti-PLD1 antibody (sc-
28314, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) at 4°C for 12 h. After washing, the sections were 
incubated with HRP-conjugated secondary antibody for 
1.5 h at room temperature (RT) and then stained with 
diaminobenzidine tetrachloride (DAB) and counterstained 
with hematoxylin.
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Isolation and primary cultures of hippocampal neurons. The 
brains of Sprague-Dawley rat embryos (E18) were dissected, 
and primary cultures were isolated as reported previously 
[24]. Briefly, the hippocampus was dissected from the brain, 
followed by trituration dissociation and enzymatic digestion 
(0.3% trypsin), and seeded in poly-D-lysine-precoated 6-well 
plates (Corning, NY, USA). Cultures were maintained in 
a humidified incubator with 5% CO2 at 37°C in Neuroba-
sal medium (Gibco, Frederick, MD, USA) with 2 mM  
glutamine, 2% B27, 100 units/mL penicillin, and 100 mg/mL  
streptomycin. The density of neurons in plates was 106 cells/cm2.  
Treatments were performed on the 6th day in vitro.

Cell viability assays. Primary neurons were exposed to 
normal air (control group), 2% (ISO-2 group), or 5% 
(ISO-5 group) isoflurane for the indicated time. The cell 
viability was measured using 3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, 
Taufkirchen, Germany). After 24 h of the exposure to the 
indicated doses of isoflurane, primary neuronal cells were 
cultured at normal air for 1, 3 and 7 days, cell viability was 
determined by incubation with 25 µl 0.5 mg/mL of MTT 
reagent at 37°C for 4 h, followed by the addition of 150 µl  
dimethyl sulphoxide (DMSO) to resolve the generated 
formazan. The absorbance at a wavelength of 570 nm was 
measured using a microplate reader. Data were collected 
from 3 independent experiments.

RNA extraction and quantitative real-time PCR (qRT-PCR).  
Total RNA was isolated from hippocampal tissue samples 
and neurons cell by Trizol reagent (Invitrogen, Grand 
Island, NY, USA). RNAs were reverse transcribed into 
cDNA using miScript Reverse Transcription Kit (QIA-
GEN, Dusseldorf, Germany) following the manufacturer’s 
protocol. qRT-PCR was performed with SYBR Premix 
EX Taq TM II (Takara, Dalian, China) on the real time 
PCR detection system ABI7900 (Thermo Fisher Scientific, 
Waltham, MA, USA). GAPDH or U6 was used as the 
internal reference, and relative expression was calculated 
by 2−DDCt method. The primer sequences were as follows:  
miR-497-F: GTCGTATCCAGTGCAGGGTCCGAGGT; 
R: ATTCGCACTGGATACGACTACAAACC;
GAPDH-F: GTGAACCATGAGAAGTATGACAAC;
R: CATGAGTCCTTCCACGATACC;
U6-F:  GCTTCGGCAGCACATATACTAAAAT;  
R: CGCTTCACGAATTTGCGTGTCAT.

Luciferase assay. The 3’-UTR of phospholipase D1 (PLD1) 
harboring the seed sequence of the miR-497 wild-type 
binding sites or mutant binding sites was inserted into 
the pmirGLO dual-luciferase vector (pmirGLO Vector) 
containing firefly and renilla luciferase genes (Promega, 
Madison, WI, USA). The wild-type or the mutant dual-lu-
ciferase vectors were co-transfected with 20 nM miR-497 

mimic or inhibitor or their negative control into 293T cells 
using Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions. After 48 h of transfection, 
cells were harvested, and luciferase activity was detected 
using the Dual-Luciferase Assay System (Promega). The 
ratio of firefly activity to renilla activity was defined as the 
relative reporter activity. All experiments were performed 
in triplicate.

Transfection of neurons. The miR-497 mimic or inhibitor 
or their negative control was transfected into the primary 
neuron using Lipofectamine 2000 (Invitrogen) according to 
the manufacturer’s instructions. The final concentration of 
small RNAs was 50 nM.

Western blot analysis. Ground tissue or neurons were 
lysed with RIPA lysis buffer, and the protein concentra-
tion was quantified using BCA protein assay kit (Beyo-
time, Shanghai, China). Following the extraction of total 
proteins, 20 µg of proteins were loaded and separated 
on 10% sodium dodecyl sulfate polyacrylamide gels. The 
separated proteins were transferred onto polyvinylidene 
fluoride membrane (Millipore). After blocking with 
nonfat dry milk (2.5%), the membranes were incubated 
with primary antibodies overnight at 4°C. The next day, 
membranes washed with TBST for every ten minutes 
were incubated with secondary antibodies conjugated 
with Horse Radish Peroxidase (HRP) for 1 h at RT. 
Antibodies used were as followed: anti-cleaved caspase 3  
(ab2302, 1:1000, Abcam, Cambridge, MA, USA), an-
ti-b-actin (ab8226, 1:1000, Abcam), anti-PLD1 (ab50695, 
1:1000, Abcam). The membranes were subsequently in-
cubated with HRP-conjugated secondary antibodies and 
detected with Pierce™ ECL Plus Western Blotting Sub-
strate (32134, Thermo Fisher Scientific). The images were 
captured with SmartView Pro 2000 (UVCI-2100, Major 
Science, Saratoga, CA, USA). The bands were analyzed 
using Image J (version 1.8.0_112, National Institutes of 
Health, Bethesda, MD, USA).

Morris water maze. To assess the learning and memory 
functions of juvenile rats, animals from all the groups 
were subjected to the Morris water maze test at P60.  
A platform located at a fixed position in a circular water pool 
(100 cm in diameter, 80 cm in height) was submerged 2 cm 
below the water surface. The water temperature was set at 
23°C. The training was conducted twice per day for seven 
consecutive days. During the trials, the swimming animals 
were forced to find the hidden platform within a maximum 
of 60 s. If the rat failed to find the platform within 60 s, it 
would be manually guided to the platform and allowed to 
stay on it for 15 s. The time spent on locating the platform 
(latency) was recorded and analyzed. The probe trials were 
performed on the 8th day, the platform was removed, then, 
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the number of times the rats crossed the area where the 
platform was located in the target quadrant was recorded. 
The entire test was recorded and analyzed by an MS-type 
Water Maze Video analysis system (Chengdu Instrument 
Ltd., Chengdu, China).

Fear conditioning test. On P57, rats were subjected to fear 
conditioning test. Each animal was placed in a conditioning 
chamber with a stainless-steel shock grid floor. The rats 
were allowed to explore the chamber for 3 min for adap-
tion, and then rats were given for 30 sec tone-foot shock 
(80 dB, 1 kHz) followed by a 2-s foot shock (1.0 mA),  
this process was repeated 3 times with an intertribal inter-
val of 60 s. Then, the animal was removed from the test 
chamber 60 sec after conditioning training. The contextual 
fear memory was measured 24 h after training for 5 min 
by placing the rat back in the original training chamber 
to monitor freezing behavior. The cued fear memory was 
tested 24 h after training, and the rats were placed in a novel 
chamber that had different context and smell with a contin-
uous 3-min training tone presentation to monitor freezing 
behavior. Freezing behavior, defined as the absence of all 
visible movement of the body except for respiration, was 
recorded by a video camera with a high resolution on top 
of the chamber. 

Statistical analysis. Statistical analyses were performed 
using SPSS 19.0 software (IBM SPSS Inc., Chicago, IL, 
USA) and Prism 7.0 software (GraphPad Software, La Jolla, 
CA, USA). Behavioral studies were analyzed with two-way 
ANOVA (treatment and time). Other data were analyzed 
using Student’s t-test and one-way ANOVA. All the values 
were presented as the mean  ±  SD. P  <  0.05 was considered 
statistically significant.

Results 

Expression of miR-497 was upregulated  
in hippocampus of neonatal rats induced by isoflurane
After isoflurane exposure on P7, P9, and P11, the hip-
pocampus of the neonatal rat (n = 10) was sampled. 
Isoflurane exposure increased cleaved caspase 3  
as indicated in Figure 1A. To determine whether 
miR-497 is associated with isoflurane exposure, 
the expression level of miR-497 was detected using 
qRT-PCR. The result suggested that miR-497 was 
significantly upregulated nearly 2.7-fold after iso-
flurane exposure compared to the control (Fig. 1B). 
These results may imply the involvement of miR-497 
in isoflurane-induced neurotoxicity. The rest of the 
rats (n = 10) were keeping feeding till P57. The 

Figure 1. Isoflurane (ISO) anesthesia-induced neurotoxicity and miR-497 expression level in neonatal rat hippocampus.  
A. The expression of cleaved caspase 3 (western blot) and (B) miR-497 expression (RT-qPCR) in neonatal rat hippocampus 
after exposure of rat pups to ISO at the postnatal (P) day 7, P9, and P11 (P7, P9, and P11) (n = 10). C. Place trial demonstrating 
latency for rats to reach platform measuring spatial reference memory and learning as described in Methods. D. Probe trial 
demonstrating the target platform crossing times of juvenile rats in Morris water maze. E. The freezing time to context and 
the freezing time to cue in the fear conditioning test (n = 10). Fear conditioning test was performed at P57, Morris water 
maze was performed at P60 on the same rat. *p  <  0.05, **p < 0.01, compared with the control group.
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Figure 2. Isoflurane-induced neurotoxicity and miR-497 expression in primary cultures of hippocampal neurons. Neurons 
were cultured for 7 days and then exposed to two doses of isoflurane (ISO-2, 2% isoflurane; ISO-5, 5% isoflurane) for 24 h. 
(A) Cell viability (MTT test), (B) cleaved caspase 3 (western blot), and (C) miR-497 expression (RT-qPCR) were detected on 
the following days (D1, D3, D7). **p < 0.01, compared with control group, #p < 0.05, ##p < 0.01, compared with ISO-2 group.

long-term neurocognitive impairment induced by 
isoflurane was evaluated by fear conditioning test 
and Morris water maze. As indicated in Figure 1C, 
rats exposed to isoflurane spent more time to find 
a submerged platform than the sham group. In the 
probe test, the number of platform crossing of rats 
exposed to isoflurane was reduced compared to 
the control group (Fig. 1D). In fear conditioning 
test, the freezing time of rats exposed to isoflurane 
decreased compared to that of the sham group (Fig. 
1E). These results implied that multiple exposures 
to isoflurane in newborns may lead to long-term 
cognitive impairment.

Upregulation of miR-497 induced by isoflurane was 
associated with apoptosis of neurons in primary culture 
Primary neurons cells isolated from rat embryos were 
exposed to 2% or 5% isoflurane for 24 h, the cell via-
bility was measured at 1, 3, and 7 days after isoflurane 
exposure using MTT test. As indicated in Figure 2A, 
isoflurane exposure impaired neurons’ viability, and 
a higher concentration of isoflurane exerted higher 
toxicity, moreover, the impaired viability of neurons 
was observed even 7 days after isoflurane exposure. 
The increased level of cleaved caspase 3, which is  

a marker of cell apoptosis, was also observed after 
isoflurane exposure (Fig. 2B). The expression of 
miR-497 was significantly increased after isoflu-
rane exposure, especially at 3 days after exposure  
(Fig. 2C). These results suggest isoflurane impairs 
neurons viability and induces apoptosis, and miR-497 
may be involver  in this process.

MiR-497 inhibition mitigated isoflurane-induced 
apoptosis of hippocampal neurons in primary 
culture 
To examine the role of miR-497 in isoflurane-induced 
neurotoxicity, miR-497 inhibitor, or its negative 
control was transfected into primary neurons before 
isoflurane exposure. The transfection efficiency of 
miR-497 was confirmed by real-time PCR (Fig. 3A). 
After 7 days of 2% isoflurane exposure, the impaired 
cell viability of neurons cell induced by isoflurane 
was significantly alleviated with miR-497 inhibitor 
transfection (Fig. 3B). The miR-497 inhibition also 
decreased the level of cleaved caspase 3, which 
was dramatically induced by isoflurane exposure  
(Fig. 3C). These results suggested the protective 
role of miR-497 inhibition in neurotoxicity induced 
by isoflurane.
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Figure 3. MiR-497 inhibitor ameliorated isoflurane-induced neurotoxicity in primary cultures of hippocampal neurons.  
A. Relative expression levels of miR-497 (RT-qPCR) in neuronal cells transfected with miR-497 inhibitor or negative con-
trol. B. Viability of cells transfected with miR-497 inhibitor or negative control followed by 2% isoflurane exposure for 24 h.  
C. Expression of cleaved caspase 3 (western blot) in primary neuronal cell transfected with miR-497 inhibitor or negative 
control followed by 2% isoflurane exposure for 24 h. **p < 0.01. 

MiR-497 suppressed PLD1 expression by direct 
binding at the 3’UTR
To explore the mechanism of miR-497 in isoflu-
rane-induced neurotoxicity, the TargetScan (http://
www.targetscan.org/vert_72/) was used for predicting 
the target gene of miR-497, and PLD1 was predicted 
to be a potential target of miR-497 (Fig. 4A). Lu-
ciferase reporter assay was carried out to validate 
the direct interaction between miR-497 and PLD1. 
The 3’UTR region of PLD1 containing wide-type 
or mutant miR-497 binding sites was cloned into the 
pmirGLO vector. HEK-293T cells were co-trans-
fected with reporter plasmids and miR-497 mimic or 
inhibitor or their negative control. As shown in Figure 
4B, the ectopic expression of miR-497 significantly 
repressed luciferase activity, whereas miR-497 inhi-
bition enhanced the luciferase activity. In contrast, 3’ 
UTR mutations completely abrogated the effect of 
miR-497 on luciferase activity. Besides, the protein 
level of PLD1 was determined in neurons with miR-
497 overexpression or inhibition. Overexpression 
of miR-497 repressed protein levels of PLD1, while 

miR-497 inhibition had the opposite effect (Fig. 4C). 
Furthermore, PLD1 was also detected in neurons 
treated with the indicated concentration of isoflurane 
and rat hippocampus after isoflurane anesthesia. As 
indicated in Fig. 4D, the protein level of PLD1 was 
dramatically suppressed after isoflurane exposure. 

Isoflurane exposure downregulated PLD1  
expression and prompted neuronal cell death  
in rat pup’s hippocampus
We next detected the expression of PLD1 in rat pup’s 
hippocampus after isoflurane exposure at days P7, P9 
and P11. After isoflurane exposure, the protein abun-
dance of PLD1 was reduced in hippocampus (Fig. 5A). 
Our IHC results demonstrated a dramatic reduction 
of PLD1-positive cells in hippocampus (Fig. 5B). The 
neuronal cell death in rat hippocampus was determined 
using TUNEL staining, and the results indicated an 
increasing portion of TUNEL-positive cells after iso-
flurane exposure (Fig. 5C). These results indicated that 
isoflurane exposure suppressed the expression of PLD1, 
and led to neurons cells death in rat pup’s hippocampus.
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Figure 4. Phospholipase D1 (PLD1) is a novel target of miR-497. A. The predicted binding sites of miR-497 on 3’UTR of 
PLD1 based on TargetScan. B. Luciferase reporter assay was performed in HEK-293T cells to detect luciferase activity after 
co-transfection with miR-497 mimic, miR-497 inhibitor, or their negative control and dual-luciferase vector of 3’-UTR of 
PLD1 harboring the seed sequence of the miR-497 wild-type binding sites (WT) or mutant binding sites (MUT). C. PLD1 
protein expression (western blot) in primary neuronal cells transfected with miR-497 mimic, miR-497 inhibitor, or their 
negative control for 48 h. **p < 0.01, compared with NC mimic or NC inhibitor group. D. PLD1 protein expression (western 
blot) in primary neuronal cells subjected to 2% and 5% isoflurane for 24 h after the indicated days of culture. **p < 0.01, 
compared with control group, #p < 0.05, compared with ISO-2 group.

Discussion

In the present study, we showed that multiple iso-
flurane exposure of neonatal rats caused apoptosis 
of hippocampal neurons and led to long-term im-
pairment of cognitive and learning functions. There 
are numerous reports which showed that single or 
multiple isoflurane exposure at neonatal period 
will lead to cognitive impairment. For instance, rats 
repeatedly exposed to isoflurane on P7 were found 
to have a long-term impaired of cognitive function, 
however, the cognitive impairments induced by  
a single exposure to isoflurane varied by gender [22].  
The long-term impairment induced by neonatal 
isoflurane exposure perhaps largely results from neu-
ronal apoptosis in the developing brain. As indicated 
in other study in which single isoflurane anesthesia 
of rats from 1 to 14 postnatal day, the highest level 
of apoptotic neuronal death was induced in neonatal 

rats at P7, the lowest neuronal apoptosis was seen 
in P14 rats. This finding could be explained by the 
fact that P7 rats are more vulnerable to be damaged 
since at this age the peak of synaptogenesis takes 
place [25]. Interestingly, some studies demonstrated 
that adult and aged rodents exposed to isoflurane 
also developed cognitive impairment [23, 26, 27]. 
Zhong et al. found that neonatal male mice exposed 
repeatedly to isoflurane exhibited dysregulated 
hippocampal H4K12 acetylation and decreased 
c-Fos expression, and administration of a histone 
deacetylase inhibitor could attenuate the impairment 
[28]. An another report revealed the possibility of 
the activation of hypoxia inducible factor-1a (HIF-1 
a) in isoflurane-induced neonatal neurotoxicity [29]. 
Additionally, TLR2/NF-kB pathway was proved to 
be involved in isoflurane-induced neurotoxicity [30]. 
Although great efforts have been done in elucidating 
the developmental neurotoxicity of isoflurane, the 
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Figure 5. Isoflurane exposure downregulated PLD1 expression and prompted neuronal cell death in rat pup’s hippocampus. 
After 3 independent isoflurane exposures at days P7, P9 and P11, the protein expression of PLD1 in rat pup’s hippocampus (24 h  
after the last exposure) was examined by western blot (A) and immunohistochemistry (CA1) (B). C. Death of hippocampal 
neurons was evaluated using TUNEL assay in hippocampal CA1 after isoflurane exposure. Magnification for (B) and (C): 200×.

underlying mechanisms have not been completely 
clarified so far. 

The involvement of the crucial roles of miRNAs in 
various human diseases has been widely demonstrat-
ed. Besides, some recent studies also indicated that 
miRNAs may participate in neurotoxicity induced by 
isoflurane. For instance, miR-142-5p was found to be 
upregulated in neurological impairment caused by 
isoflurane in neonatal rats, whereas the inhibition of 
miR-142-5p exerted neuroprotective effects against 
isoflurane, reflected by a better behavior performance 
[31]. Moreover, isoflurane facilitated the expression of 
miR-140-5p in diabetic rat hippocampus, which led to 
the post-transcriptional suppression of sorting protein 
nexin 12, and the depletion of sorting nexin 12 subse-
quently contributed to isoflurane neurotoxicity [32]. 

The main purpose of our study focuses on the role 
of miR-497 in isoflurane-induced neurons apoptosis 
and long-term cognitive impairment. Here, we showed 
that neonatal rats and cultured hippocampal neurons 
subjected to isoflurane displayed an obvious induction 
of miR-497. To clarify the role of miR-497 in isoflu-
rane-induced neurotoxicity, miR-497 depletion using 
miR-497 inhibitor was conducted in cultured neurons 
and our results confirmed the neuroprotective effect 
of miR-497, as assessed by increased cell viability and 
decreased apoptosis. It was previously reported that 
the induction of miR-497 in neuronal cells exposed to 
ethanol and overexpression of miR-497 in the absence 
of ethanol also leads to neuronal cell apoptosis [21]. 
miR-497 also plays a role in oxygen-glucose depri-

vation-induced neuronal cell death [20], implying 
the potential anti-apoptotic effect of miR-497 in the 
central nervous system.

Most importantly, our results further established 
PLD1 as a direct target of miR-497 in neuronal cells. 
PLD1 is a member of phospholipase D lipid-signaling 
enzyme superfamily and has been widely reported to 
function in various neuronal processes. The deficiency 
of PLD1 led in mice to defects in brain growth and 
cognitive function, moreover, upon stimulation the 
PLD-deficient mice released less acetylcholine than 
wild-type ones [33]. In addition, PLD1 was found to 
participate in BDNF-dependent nuclear recruitment 
of phospho-ERK1/2 and phospho-CREB, which 
may play role in neuronal development and induc-
tion of glutamatergic synapses, because it is known 
that BDNF plays a role in hippocampal long-term 
potentiations [34]. As synapses are responsible for 
information transmission, processing, and signal in-
tegration in the nervous system, PLD1 was found to 
promote the development of the dendritic spines by 
regulating N-cadherin [35]. A similar conclusion was 
drawn in another report: genetic or pharmacological 
inhibition of PLD1 or its upstream RSK2 would lead 
to the impairment of neuronal growth factor-induced 
neurite outgrowth [36]. A recent study revealed that 
PLD1 activation attenuates coflin-p53 pro-apoptotic 
pathway induced by amyloid b, exerting its role in 
anti-apoptosis of neuronal cells [37]. In our present 
study, isoflurane anesthesia suppressed the expres-
sion of PLD1 both in neonatal rat hippocampus and 
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primary neuronal cell cultures, which may be the 
potential mechanism of isoflurane-induced neuro-
toxicity. Moreover, PLD1 was validated as a novel 
target of miR-497 and was negatively regulated by 
miR-497. Hence, we inferred that isoflurane-induced 
the expression of miR-497 and consequently inhibited 
PLD1 to contribute to the apoptosis of neuronal cells. 
However, the effect of miR-497/PLD1 on cognitive 
impairment induced by isoflurane in neonatal rats 
need to be further investigated.

Taken together, our present research demon-
strated that the involvement of miR-497 in iso-
flurane-induced neurotoxicity and long-term 
neurocognitive impairment, and clarified PLD1 as 
the downstream target of miR-497. This work may 
shed light on the underlying mechanisms of anes-
thetics-induced neurotoxicity and may contribute to 
developing novel therapeutic ways for isoflurane- 
-related application.
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