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Sevoflurane-induced neurotoxicity is driven by OXR1
post-transcriptional downregulation involving hsa-miR-302e
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Abstract. Sevoflurane is a common anesthetic agent used in
surgical settings and previous studies have indicated that it
exerts a neurotoxic effect. However, the molecular mechanism
underlying this side effect is unknown. In addition, the human
microRNA-302 (hsa-miR-302) family members have been
reported to be involved in neuronal cell development and
biology. Thus,the present study aimed toinvestigate the potential
implication of hsa-miR-302e in the sevoflurane-induced
cytotoxicity on human hippocampal cells (HN-h). HN-h cells
were transfected with hsa-miR-302e mimic, hsa-miR-302e
inhibitor or negative controls and subsequently exposed to
different concentrations of sevoflurane. An MTT assay was
used to assess the cytotoxicity of sevoflurane on HN-h cells.
Cell apoptosis was determined by flow cytometry. The levels
of lactate dehydrogenase release, reactive oxygen species, lipid
peroxidation and intracellular calcium (Ca**) were additionally
detected. Reverse transcription-quantitative polymerase chain
reaction and western blotting were conducted to determine
mRNA and protein expression, respectively. A luciferase
assay was performed for validating the targeting of OXR1 by
hsa-miR-302e. The results indicated that sevoflurane induced
a decrease in cell viability, malondialdehyde and reactive
oxygen species production, lactate dehydrogenase release,
intracellular Ca?* production, calcium/calmodulin-dependent
protein kinase II phosphorylation and apoptosis. In addition,
treatment with sevoflurane induced the expression of
hsa-miR-302e while the expression of its target, oxidation
resistance gene 1 (OXRI1), was significantly downregulated.
Inhibition of hsa-miR-302e expression protected neuronal
cells from sevoflurane cytotoxicity. Mechanistic studies
demonstrated that OXR1 was a direct target of hsa-miR-302e.
Furthermore, the overexpression of OXR1 abolished the effect
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of sevoflurane on neuronal cells. The results of the present
study indicated that sevoflurane exerts its neurotoxic effect
by regulating the hsa-miR-302e/OXR1 axis. Therefore, the
manipulation of the hsa-miR-302e/OXR1 pathway will be
useful for preventing sevoflurane-induced neurotoxicity.

Introduction

Sevoflurane is a volatile anesthetic used to induce and main-
tain general anesthesia in surgical settings. It is one of the most
commonly used anesthetic agents that progressively eclipsed
a number of existing anesthetics since its first use as an anes-
thetic agent. It owes its popularity to its low airway irritability,
ability to rapidly induce anesthesia and good pharmacokinetic
performance (1-3). However, growing evidence demonstrates
that sevoflurane caused severe side effects, particularly in
infants (4,5). Indeed, sevoflurane was reported to induce high
rates of postoperative cognitive dysfunction in comparison
with other anesthetic agents (6). These dysfunctions may be
associated with sevoflurane-induced neurotoxicity, which
is documented in animals and humans (7-9). To date, the
molecular mechanisms underlying sevoflurane-induced neuro-
toxicity have not been fully elucidated. However, a number of
studies have demonstrated that exposure to sevoflurane induces
alterations in the microRNA (miR) expression profile (10-14).

miRs are small non-coding RNA molecules involved
in the regulation of a number of biological processes. They
principally act as post-transcriptional gene regulators by
binding to complementary sequences of target mRNAs, which
leads to mRNA silencing via the inhibition of translation or
destabilization of the mRNAs (15,16). miRs are expressed
in response to particular conditions including exposure to
anesthetic agents such as sevoflurane (12,17). Thousands of
miR species have been identified, sequenced and characterized;
however, their functional roles have yet to be clarified, as
one miR may regulate the expression of a number of genes,
including other gene regulators. The human miR-302 family
members have been demonstrated to be involved in neuronal
cell development and biology (18,19). The miR-302/367
cluster, including miR-367, miR-302a, miR-302b, miR-302c
and miR-302d, has been reported to serve crucial roles in a
variety of biological processes, including the pluripotency
of human embryonic stem cells (20), reprogramming and
self-renewal (21), tumor growth (22) and the regulation of
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hypoxia (23). It was additionally demonstrated that miR-302
is involved in the regulation of neurulation by inhibiting
the differentiation and expansion of neural progenitors (24).
miR-302 is known to regulate DNA repair within cells (25).
In addition, the miR-302/367 cluster is able to orchestrate
processes involved in neural tube formation (26). Notably,
a previous study have indicated that miR-302 protects cells
from cytotoxicity by activating the protein kinase B/nuclear
factor erythroid 2-related factor 2/Nanog axis, to subsequently
improve insulin signaling in neurons (27). An additional study
has demonstrated that miR-302 antagomir protects cells from
apoptosis in hypoxia/reoxygenation injury (28). Additionally,
miR-302/367 has crucial roles in the regeneration of the
hippocampus and other brain structures following neuronal
loss (29) and may restore learning and memory in patients with
Alzheimer's disease (30). Therefore, miR-302 family members
were hypothesized to be involved in sevoflurane-induced
neurotoxicity.

Among the miR-302 family members, miR-302e is the
least studied and its functional role is unknown. The present
study aimed to experimentally document the in vitro neuro-
toxic effect of sevoflurane and the role of hsa-miR-302e in the
underlying mechanism.

Materials and methods

Cell culture. Human neurons-hippocampal primary cells
(HN-h; cat. no. 1540) were purchased from ScienCell
Research Laboratories, Inc. (San Diego, CA, USA) and
plated in Neuronal Medium (cat. no. 1521), additionally from
ScienCell Research Laboratories, Inc. As recommended by the
manufacturer, cells were cultured at 37°C in an environment of
95% humidity and 5% CO, incubator for 48 h.

Transient transfection. HN-h cells (5x10* cells/cm?) were
transfected with 5 nM hsa-miR-302e¢ mimic (5'-UAAGUG
CUUCCAUGCUU-3'; MISSION® microRNA mimic), 20 nM
hsa-miR-302e inhibitor (5-UAAGUGCUUCCAUGCUU-3")
or respective controls (control mimic oligonucleotide, 5'-UCA
CAACCUCCUAGAAAGAGUAGA-3"; control inhibitor
oligonucleotide, 5'-UUGUACUACACAAAAGUACUG-3"
Thermo Fisher Scientific, Inc., Waltham, MA, USA) using
Lipofectamine® reagent (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. For oxidation resis-
tance gene 1 (OXR1) overexpression, the OXR1 Lentiviral
vector (Human; CMV; pLenti-GIII-CMV) was purchased
from Applied Biological Materials Inc. (Richmond, BC,
Canada) and was employed for transfection following the
manufacturer's protocol. A reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) was used to verify
the transfection efficiency 72 h following transfection.

Exposure to sevoflurane. Sevoflurane exposure experiments
was performed as previously described with minor modifica-
tions (31). Briefly, hermetically sealed plastic chambers were
used. The chamber was equipped with an inlet connector
coupled to a sevoflurane vaporizer and an outlet connector
linked to a gas monitor (PM 8060; Drager AG & Co., KGaA,
Liibeck, Germany), which was necessary for checking the gas
concentration in the chamber. Cell cultures (10° cells/well)
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were kept in the chambers and following the adjustment of
sevoflurane concentration, each chamber was treated with 0, 5,
10 or 15% sevoflurane in the carrier gas (95% air/5% CO,) for
15 min. Subsequently, once a target concentration was attained,
the corresponding chamber was sealed and incubated for 6 h
at 37°C with renewal of the gas in the chamber every 3 h. The
gas monitor was used to confirm the target concentration of
sevoflurane at the end of the experiment. For control cells, the
same procedure was applied with substitution of sevoflurane
by 5% CO, air.

Cellviability. An MTT assay was used to evaluate the cytotoxic
effect of sevoflurane on the viability of HN-h cells. Following
the 6 h sevoflurane exposure, cells were subsequently cultured
for a period of 48 h prior to the addition of 20 ul MTT reagent
(Cell Proliferation kit I; Roche Applied Science, Penzberg,
Germany; 5 mg/ml). Subsequently, the mixture was incubated
for an additional 4 h prior to the removal of culture superna-
tants and their replacement in each well with 150 ul DMSO
as a solubilizing reagent for the formazan crystals produced
by viable cells. Finally, cell viability was spectrophotometri-
cally assessed via measuring the optical density at 570 nm
with a spectrophotometer (Spectronic Genesys-5; Milton Roy;
Accudyne Industries, Dallas, TX, USA).

Apoptosis assay. A FITC-Annexin V/7-AAD kit (Beckman
Coulter, Inc., Brea, CA, USA) was used for apoptosis analysis.
Following incubation, ~1x10° cells were collected and rinsed
twice using PBS prior to Annexin V/7-AAD staining for
15 min at room temperature. Subsequently, cell apoptosis was
analyzed using a flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA; C6). The software used for analyzing the data
was BD FACSDiva software v8.0.1 (BD Biosciences). Three
independent experiments were performed.

Determination of lactate dehydrogenase (LDH) release. The
culture medium (10° cells/cm?) was taken from the wells and
spun in a microfuge for 2 min at 4°C and 15,000 x g to remove
any detached debris. The supernatant was collected for the
measurement of LDH in the cell-free medium. The cell pellet
and the cells remaining in the multiwell were lysed in 0.5 ml
lysis buffer [0.5% Triton X-100 in 0.1 M potassium phosphate
buffer, (pH 7.0)]. LDH activity was assessed using a colori-
metric method by monitoring the absorbance at 340 nm in the
presence of 0.2 mM NADH and 2 mM pyruvate. A total of
1 unit of LDH activity is defined as the amount of enzyme that
catalyzes the formation of 1 gmol NAD mm under the assay
conditions and the percentage of LDH released was estimated
as the cell-free LDH activity divided by the total LDH activity.

Reactive oxygen species (ROS) level detection. To determine
the level of ROS produced by the cells, cells were collected,
rinsed three times with PBS and trypsinized prior to centrifu-
gation at 4°C and 15,000 x g for 10 min. Collected cells were
incubated with diluted dihydroethidium provided with the
Reactive Oxygen Detection kit (cat. no. S0033) purchased
from Beyotime Institute of Biotechnology (Haimen, China)
according to the manufacturer's protocol. Subsequently, the
level of ROS was evaluated by flow cytometry analysis using
the software mentioned above.
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Lipid peroxidation assay. To determine the extent of lipid
peroxidation, cells were harvested via centrifugation at 4°C
and 15,000 x g for 15 min. The collected cells were frozen
and subsequently thawed. Following thawing, 1 ml 0.67%
thiobarbituric acid (TBA; Wako Pure Chemical Industries,
Ltd., Osaka, Japan) and 0.4 ml 5% trichloroacetic acid
were added to the cell suspensions, followed by heating of
the mixture for 60 min in a boiling water bath. Then, the
mixture was centrifuged at 4°C and 15,000 x g for 15 min and
the absorbance measured at 532 nm with a spectrophotometer
(Spectronic Genesys-5; Milton Roy; Accudyne Industries).
The amount of malondialdehyde (MDA) was deduced from
the molar extinction coefficient of the MDA-TBA complex of
1.56x10° cm™ M.

Measurement of intracellular Ca®*. In order to measure the
intracellular Ca**, the Fluo 3-AM reagent (Thermo Fisher
Scientific, Inc.) was used. Cells were cultured with 5 mM
glutamate in the presence or absence of sevoflurane. Following
harvesting, cells were incubated at 37°C for 30 min with Fluo
3-AM. Subsequently, Ca**-dependent fluorescence intensity
was measured by flow cytometry and 10,000 cells were
acquired and analyzed for each sample.

RT-gPCR analysis. RNA was isolated using miRNA Isolation
kit or miRNeasy Mini kit (Qiagen GmbH, Hilden, Germany)
following the manufacturer's protocol,and cDNA synthesis was
performed with the TagMan MicroRNA Reverse Transcription
kit (Thermo Fisher Scientific, Inc.). Subsequently, the gPCR
amplification was achieved using the hsa-miR-302e primers
with the CFX96 Touch™ Real-Time PCR Detection System
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to
the manufacturer's protocol. The forward and reverse primers
sequences for the hsa-miR-302e were; forward primer, 5'-CGC
AGTAAGTGCTTCCA-3' and reverse primer, 5'-GTCCAG
TTTTTTTTTTTTTTTAAGCAT-3". The primers for U6
gene were; forward primer, 5'-GTGCTCGCTTCGGCAGCA
CATATAC-3' and reverse primer, 5-AAAAATATGGAA
CGCTTCACGAATTTG-3". The primers for OXR1 were
forward primer, 5-“-TTCGACCAAACCTAAGTGATCCC-3'
and reverse primer, 5'-GGGGTGTCTAAACCTGTCATT
G-3". The primers for GAPDH were forward primer, 5'-ACC
CACTCCTCCACCTTTGA-3" and reverse primer, 5'-CTG
TTGCTGTAGCCAAATTCGT-3' The PCR conditions were:
30 sec at 95°C, 45 amplification cycles at 95°C for 5 sec and
58°C for 34 sec. The expression level hsa-miR-302e was
obtained using the 2-4% method (32) with U6 small nuclear
RNA as a normalizing control while GAPDH was used as
internal control for OXR1.

Western blot analysis. HN-h cells were collected with
trypsin and lysed with radioimmunoprecipitation assay
buffer (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany)
and protein concentration in cell lysates were measured
using the bicinchoninic acid protein assay kit (Beyotime
Institute of Biotechnology). Next, 50 ug of the lysates were
purified by 10% SDS-PAGE and subsequently transferred to
polyvinylidene difluoride membranes. Following blocking
at 4°C with 5% bovine serum albumin in Tris-buffered saline
with 0.05% Tween-20 (TBST) for 2 h, the membranes were
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incubated at 4°C overnight with primary antibodies against
OXR1 (cat. no. HPA027375; dilution 1:1,000; Sigma-Aldrich;
Merck KGaA), Phospho-CaMKII (Thr286; cat. no. D21E4;
dilution 1:1,000; Cell Signaling Technology, Inc., Danvers,
MA, USA), CaMKII-a (cat. no. D10C11; dilution 1:1,000; Cell
Signaling Technology, Inc.) and GAPDH (cat. no. ab9485;
dilution 1:1,000; Abcam, Cambridge, UK) overnight at 4°C.
Next, the membranes were washed three times with TBST for
5 min and incubated with horseradish peroxidase conjugated
anti-mouse mouse anti-human immunoglobulin M antibody
(M11; cat. no. sc-66121; 1:1,000; Santa Cruz Biotechnology,
Inc., Dallas, TX, USA) at room temperature for 1 h, followed
by 5 min wash with TBST, which was repeated three times.
The membranes were visualized using The Clarity Western
Enhanced Chemiluminescent Substrate (cat. no. 1705060;
Bio-Rad Laboratories, Inc.). Densitometric analysis was
achieved using the Image J software version 1.51k (National
Institutes of Health, Bethesda, MD, USA) for Windows.

Bioinformatics. The online bioinformatics tool Targetscan
(http://www.targetscan.org) was used for predicting the
targeting of OXR1 by hsa-miR-302e.

Luciferase assays. The 3'-untranslate region (UTR) of
OXR1 was isolated and 50 pug was used for cloning into
the Renilla luciferase plasmid pRL-TK vector (Promega
Corporation, Madison, WI, USA) in the downstream region
of the Renilla luciferase gene. Additionally, the mutated
3'-UTR of OXRI1 (pRL-TK /OXR1-Mut) was produced with
the QuikChange II Site-Directed Mutagenesis kit purchased
from Agilent Technologies, Inc. (Santa Clara, CA, USA). For
the luciferase assays, HN-h cells were seeded in 24-well plates
at a density of 10° cells/well and co-transfected with miR-302e
mimic (5 nM) and 10 ng of pRL-TK vector (Promega
Corporation) and the Renilla luciferase plasmid pRL-TK
vector (10 ng) [luciferase gene under the control of OXR1
UTR] using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.). Cells were collected 48 h following transfec-
tion and lysed prior to the measurement of luciferase activity
with the Dual-Luciferase Reporter Assay System (Promega
Corporation). Renilla luciferase was used for normalization.
The experiments were performed independently in triplicate.

Statistical analysis. GraphPad Prism software (version 6.0;
GraphPad Software, Inc., La Jolla, CA, USA) was used
for statistical analysis. Each data was presented as the
mean + standard deviation. Statistical differences were
evaluated using one-way or two-way analysis of variance
followed by Dunnett's multiple comparisons test. All
experiments were performed at least three times. P<0.05 was
considered to indicate a statistically significant difference.

Results

Sevoflurane exerts a cytotoxic effect on HN-h cells. HN-h
cells were incubated for 6 h in the presence of sevoflurane at
different concentrations and cell viability was monitored by
MTT assay after 48 h of incubation in culture medium. The
cell viability was decreased in a dose-dependent manner in
presence of sevoflurane. At 5% sevoflurane, cell viability was
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significantly decreased to 88.35+2.1% (P<0.01) compared with
the control. In presence of 15% sevoflurane, cell viability was
significantly reduced to 39.85+4% (P<0.0001) compared with
the control cells (Fig. 1A; Table I). To further understand
the mechanism of this decrease in cell viability, the level of
apoptosis was also determined following incubation of cells in
the presence (15% sevoflurane) or absence of sevoflurane. In
the absence of sevoflurane, the apoptosis rate was estimated to
be 0.11+0.08 (n=3). The apoptosis rate significantly increased
to 9.25+1.5 in cell cultures incubated with 15% sevoflurane
(Fig. 1B; P<0.0001 vs.0%). Markers of apoptotic pathways were
additionally investigated in the cells cultured in the absence or
presence of various concentrations of sevoflurane (Fig. 1C-G).
The results indicated that sevoflurane significantly increased
LDH and intracellular Ca®* release in a dose-dependent
manner (P<0.01; Fig. 1C and F). The level of ROS and MDA
were also increased by sevoflurane (Fig. 1D and E). The level of
calcium/calmodulin-dependent protein kinase II (CAMII) did
not significantly alter but the level of phosphorylated CAMII
was significantly increased by sevoflurane exposure (P<0.01;
Fig. 1G).

Sevoflurane upregulates hsa-miR-302e in HN-h cells.
RT-qPCR experiments were performed to determine the
level of hsa-miR-302¢ in cultured cells. The results revealed
a dose-dependent increase in hsa-miR-302e expression
following treatment with sevoflurane (Fig. 2A). The levels
of hsa-miR-302e were significantly increased to 2.42+0.60
(P<0.01), 3.98+0.40 (P<0.001) and 8.40+0.32 (P<0.0001) in
the 5, 10 and 15% groups, respectively compared with the
control group (1.03+£0.20). These results suggested a potential
role of hsa-miR-302e in sevoflurane-induced cytotoxicity.

Inhibition of hsa-miR-302e¢ alleviates sevoflurane-induced
cytotoxicity. In order to study the involvement of
hsa-miR-302e in sevoflurane-induced cytotoxicity, cells were
transfected with the hsa-miR-302e mimic or its inhibitor,
which efficiently upregulated or downregulated the expres-
sion of hsa-miR-302e in cells, respectively (Fig. 2B). The
cells were subsequently subjected to 15% sevoflurane and
the results are presented in Fig. 2C-1. The overexpression
of hsa-miR-302e significantly reduced cell viability from
100 to 58.12+2.10% (P<0.0001; Fig. 2C) and significantly
induced cell apoptosis (Fig. 2D; P<0.0001). Additionally, the
hsa-miR-302e mimic significantly induced ROS production
(Fig. 2E; P<0.01), LDH release (Fig. 2F; P<0.01), increased
MDA content (Fig. 2G; P<0.0001), intracellular Ca** level
(Fig. 2H; P<0.0001) and CAMII phosphorylation (Fig. 2I;
P<0.0001). In addition, hsa-miR-302e inhibitor induced
the opposite trends and even increased cell viability in
comparison with the controls.

OXRI1 is a direct target of hsa-miR-302e. The online
Targetscan tool predicted that OXR1 was among the candi-
date targets of hsa-miR-302e (Fig. 3A). Given that oxidative
stress pathways were activated by sevoflurane, western blot
analysis was performed to investigate the effect of sevoflu-
rane on OXR1 expression. The results demonstrated that
treatment with sevoflurane significantly reduced the level of
OXRI1 protein in a dose-dependent manner (Fig. 3B; P<0.01).

Table I. Sevoflurane-induced cytotoxic effect.

p-CAMII
expression level®

CAMII

expression level®

Concentration of
sevoflurane, %

[Ca1i,uM  ROS production, % MDA, mmol/200 pul

LDH leakage, %

Apoptosis rate, %

Cell viability, %

0.250+0.030
0.600+0.031
0.770+0.040
0.970+0.020

0.360+0.050
0.360+0.020
0.380+0.010
0.390+0.030

4.230+0.910
4.790+0.500
6.490+0.300
10.610+0.600

8.650+0.500

0.018+0.002
0.222+0.030
0.598+0.010
0.926+0.025

12.300+1.500

0.190+0.080

100.000+1.000

33.480+2.100

88.350+2.100

55.300+2.850

65.140+3.500
39.850+4.000

10
15

12.100+1.000

71.200+3.200

25.900+1.500

“Protein expression relative to GAPDH. LDH, lactate dehydrogenase; i, intracellular; ROS, reactive oxidative species; MDA, malondialdehyde; CAMII, calcium/calmodulin-dependent protein kinase II;

p, phospho.
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Figure 1. Sevo exerted cytotoxic effects on HN-h cells. The effect of 6 h treatment with varying concentrations of sevo was measured. (A) Cell viability
determined using an MTT assay. (B) Apoptosis rate with flow cytometry results. (C) Level of LDH leakage. (D) ROS count. (E) Results of lipid peroxidation
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protein kinase II; NS, no significance.

The expression level of the luciferase reporter gene fused
to OXR1 3'-UTR in control cells and cells harboring the
hsa-miR-302e mimic or inhibitor was presented in Fig. 3C.
The hsa-miR-302e mimic significantly reduced the expres-
sion level of the reporter gene (P<0.0001) whereas the
hsa-miR-302e inhibitor led to significantly upregulated OXR1
expression (P<0.0001). No significant difference was demon-
strated with the mutated 3'-UTR vector (Fig. 3C). Furthermore,
western blot analysis indicated that hsa-miR-302e over-
expression significantly downregulated OXR1 expression
(Fig. 3D; P<0.0001). These results demonstrated that OXR1
is a direct target of hsa-miR-302e. The expression of OXR1
was significantly increased following transfection with the
overexpression vector, which suggested a good transfection
efficiency (Fig. 3E; P<0.0001).

Overexpression of OXRI abolishes sevoflurane-induced
cytotoxicity. OXR1-overexpressing cells were used to study
the role of OXRI1 in sevoflurane-induced cytotoxicity. The
OXR1-overexpressing cells were treated with 15% sevo-
flurane and the results of its effects are presented in Fig. 4.

OXR1-overexpressing cells demonstrated a significant increase
in viability following sevoflurane exposure compared with
the control cells (P<0.0001; Fig. 4A). In addition, a reduced
apoptotic rate and reduced levels of cytotoxicity markers were
observed in cells overexpressing OXR1 (Fig. 4B-G). These
results suggested that overexpression of OXR1 abrogated
sevoflurane-induced cytotoxicity.

Discussion

Sevoflurane has gained interest due to a number of advantages
over other anesthetics, however its use also has certain limita-
tions, including neuronal cytotoxicity. This cytotoxicity has
been documented in several studies (7,33). HN-h cells were
used in the present study as an in vitro model to analyze the
cytotoxic effect of sevoflurane on the human brain. The results
confirmed that sevoflurane is toxic to hippocampal neuronal
cells following 6 h of exposure and pointed to oxidative stress
as the principal trigger in sevoflurane-induced neurotoxicity.
The detection of MDA and the release of LDH demonstrated
that the oxidative stress induced by sevoflurane leads to
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Figure 2. Sevo upregulated hsa-miR-302e in HN-h cells and inhibition of hsa-miR-302e alleviated sevo-induced cytotoxicity. (A) Expression level of
hsa-miR-302e following cell treatment with sevo was measured using the reverse transcription-quantitative polymerase chain reaction approach. “P<0.01,

sponding negative controls was measured using the reverse transcription-quantitative polymerase chain reaction approach. (C) Cell viability determined using
MTT assay. (D) Apoptosis rate with flow cytometry results. (E) ROS count. (F) Level of LDH leakage. (G) Results of lipid peroxidation assay (MDA content).
(H) Concentration of intracellular Ca?*. (I) Expression level of CAMII and p-CAMII relative to GAPDH. “P<0.01, ““P<0.001, “""P<0.0001 vs. mimic control;
P<0.01, #P<0.0001 vs. the inhibitor control. Sevo, sevoflurane; miR, microRNA; ctrl, control; 7-AAD, 7-aminoactinomycin D; FITC, fluorescein isothiocya-
nate; ROS, reactive oxygen species; LDH, lactate dehydrogenase; MDA, malondialdehyde; [Ca*]i, intracellular calcium; CAMII, calcium/calmodulin-dependent

protein kinase II; p-, phospho-; NS, no significance.

membrane disruption and necrosis. In addition, apoptotic
molecular markers were also detected demonstrating that the
cytotoxic effect of sevoflurane occurs by activating apoptosis
signaling pathways.

Oxidative stress is one of the most common events asso-
ciated with cytotoxic effects in the central nervous system.
It is observed in sclerosis, Alzheimer's and Parkinson's

disease (34). This demonstrates the necessity to maintain
an oxidative equilibrium in neuronal cells. OXR1 occupies
a crucial role among the various molecules that prevent
neuronal cells from oxidation stress-associated death (35).
This eukaryotic, highly conserved protein does not scavenge
ROS, it regulates the molecular pathways that allow cell
protection against oxidative stress and neurodegenerative
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Figure 3. OXRI is a specific target of hsa-miR-302e. (A) Alignment of the hsa-miR-302e sequence with its target sequence in OXR1 UTR region as predicted
by Targetscan. “P<0.01, ““P<0.001 vs. the control (0% Sevo). (B) Expression level of OXR1 following treatment with sevo. (C) Results of luciferase reporter
gene assay. (D) Expression level of OXRI1 in cells transfected with hsa-miR-302e mimic or inhibitor. (E) Expression level of OXR1 in cells transfected with
OXR1 expression vector. "P<0.05, “P<0.01, “"P<0.001, “P<0.0001 vs. the mimic control; ”#"P<0.0001 vs. the inhibitor control. OXR1, oxidation resistance
gene 1; UTR, untranslated region; miR, microRNA; MUT, mutant; Sevo, sevoflurane; WT, wild-type; NS, no significance; ctrl, control.

diseases including Parkinson's and Alzheimer's diseases (36).
Thus, the expression level of this protein following cell treat-
ment with sevoflurane was investigated. Western blotting
results demonstrated that the treatment with sevoflurane
significantly reduced the expression level of OXR1 in HN-h
cells.

It is well established that OXRI1 is an inducible protein,
which is highly expressed in presence of ROS. Its expres-
sion enhances ROS scavenging, however due to the
necessity of maintaining an equilibrium the protein also
has negative regulators that restore an appropriate level of
protein expression when the redox equilibrium in the cell is
established (35,37). Of these negative-regulators, the 22 nt
hsa-miR-302e is involved OXR1 regulation at the post-tran-
scriptional level. The experiments using hsa-miR-302e
mimic and inhibitors effectively confirmed that the miR
directly targets OXR1 mRNA and downregulates the expres-
sion of this gene by annealing to its 3'UTR sequence as
demonstrated in the reporter gene expression experiment.
Notably, it was demonstrated that sevoflurane treatment
increases the expression level of miR-302. As sevoflurane
decreased OXR1 expression concomitantly with the induc-
tion of miR-302e, it was concluded that sevoflurane induces

hsa-miR-302e expression, which in turn downregulates the
expression of OXR1. The downregulation of OXR1 disrupts
the equilibrium in the cells and the increased the ROS levels
leading to the oxidation of cellular proteins and lipids.
Oxidative damage results in the activation of different cell
death pathways, including apoptosis and necrosis, which are
observed as sevoflurane-induced cytotoxicity (38).

High expression of hsa-miR-302e was previously reported
to be associated with radio-sensitivity in non-small cell lung
cancer (39). To the best of our knowledge the present study is the
first to specifically establish experimentally the association of
this miR with neuronal cell resistance to oxidative stress. In miR
databases, hsa-miR-302e is predicted to target >1,000 human
genes, including OXRI1. This supports the results of the present
study; however, it does not elucidate the mechanism by which
sevoflurane influences the expression of this miR. Further inves-
tigations will be useful in understanding completely the process
by which sevoflurane induces hsa-miR-302e overexpression.
The findings of the present study provide a novel opportunity
for the treatment and management of diseases associated with
oxidative stress in neuronal cells. Deeper investigation of
the hsa-miR-302e/OXR1 pathway could give rise to a novel
generation of treatments for these diseases.
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Figure 4. Overexpression of OXR1 abrogates Sevo-induced cytotoxicity. (A) Cell viability determined using an MTT assay. (B) Level of LDH leakage.
(C) Results of lipid peroxidation assay (MDA content). (D) Apoptosis rate with flow cytometry results. (E) ROS count. (F) Concentration of intracellular Ca**.
(G) Expression level of CAMII and p-CAMII relative to GAPDH. "P<0.05, “P<0.01, “*P<0.0001 vs. the control; “P<0.01, #*P<0.001, "*P<0.0001 vs. the
Sevo group. Sevo, sevoflurane; OXR1, oxidation resistance gene 1; LDH, lactate dehydrogenase; MDA, malondialdehyde; 7-AAD, 7-aminoactinomycin D;
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