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Sevoflurane regulates DICER1 expression by targeting miR-192-5p

to protect cerebral ischemia-reperfusion injury in rats
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Abstract. Sevoflurane is considered an effective neuroprotector in cerebral ischemia/reperfusion
injury (CIRI). Sevoflurane preconditioning in CIRI, however, remains unknown precisely by its
molecular mechanism. The middle cerebral artery occlusion reperfusion (MCAO/R) rat model was
established, and neurological function was evaluated by Zea-Longa score. Cerebral water content
was determined to assess cerebral edema. Brain pathological condition was observed by hematoxylin
and eosin staining, the intact changes of rat neurons were observed by Nissl staining, and neuronal
apoptosis was measured by TUNEL staining. In addition, miR-192-5p and DICERI levels were
detected by RT-qPCR or Western blot, and the targeting relationship between miR-192-5p and
DICER1 was verified by bioinformatics analysis and luciferase reporting experiment. miR-192-5p
was up-regulated and DICER1 was down-regulated in MCAOJ/R rats. Sevoflurane preconditioning
could decrease miR-192-5p and promote DICER1 expression. Sevoflurane preconditioning could
alleviate brain tissue injury and neuronal apoptosis in MCAO/R rats. DICERI expression was nega-
tively regulated by targeting miR-192-5p. Elevating miR-192-5p or suppressing DICER1 rescued the
protective effect of sevoflurane preconditioning on MCAO/R rats. Sevoflurane alleviates brain injury
in MCAOV/R rats via miR-192-5p/DICER]1 axis.
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Introduction

By thrombolysis or mechanical recanalization, blood flow
can be restored following an ischemic stroke. It is possible,
however, that reperfusion may worsen the damage origi-
nally caused by ischemia, resulting in cerebral ischemia/
reperfusion injury (CIRI) (Li et al. 2022). Several different
pharmacological and mechanical strategies can be used to
pretreat the brain to tolerate CIRI, such as ischemic pre-
conditioning, ethanol-pharmacological preconditioning,
and other preconditioning modalities (Yang H et al. 2022).
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Sevoflurane, as a commonly used inhalation anesthetic, has
the characteristics of rapid onset, low blood gas coefficient,
and little airway irritation (Huang et al. 2021). It is believed
that sevoflurane can improve neurological function, reduce
cerebral infarct volume and inflammatory cytokine levels,
while protecting neurons against apoptosis and oxidant
stress (Neag et al. 2020; Liang et al. 2021). In some animal
studies, sevoflurane preconditioning is ameliorating in
CIRI, which is potentially related to the regulation of certain
miRNAs (Zhang et al. 2019; Jin and Bo 2021; Su et al. 2021).

Non-coding RNA transcripts, including miRNAs, in-
volves in the pathophysiology of CIRI and have great poten-
tial as biomarkers to evaluate the degree of tissue damage
(Ghafouri-Fard et al. 2020; Yang K et al. 2022). miR-192-5p
has neurotoxicity in brain diseases, including but not lim-
ited to hypoxic-ischemic brain damage (Yan et al. 2022)
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and Parkinson’s disease (Kang et al. 2019). Moreover, high
miR-192-5p expression has indication of poor outcomes in
acute ischemic stroke patients administrated with throm-
bolysis (He et al. 2019). According to literature experience,
downregulating miR-192-5p could alleviate neurobehavioral
impairment and neuronal damage in hypoxic-ischemic
brain damage (Yan et al. 2022). Protein-coding mRNAs are
regulated by miRNAs by binding to the 3’UTR and triggering
mRNA decay or movement (Correia de Sousa et al. 2019).
In line with this theory, this research after bioinformatics
screening and verification selected DICER1 as the interest
mRNA of miR-192-5p.

Much study attention was paid to sevoflurane precon-
ditioning in terms of attenuating CIRI in rat models of
middle cerebral artery occlusion reperfusion (MCAO/R).
This study found for the first time that sevoflurane precon-
ditioning alleviates CIRI by modulating the miR-192-5p/
DICERI axis.

Materials and Methods

Laboratory animal

All animal experiments were approved by the Ethics Com-
mittee of The Fourth Hospital of Changsha and were in line
with the Guidelines for the Care and Use of Experimental
Animals. SPF SD rats (male; 10 weeks old; 260 + 20 g) were
provided with a standard food supply and free drinking
water and were kept at 23 + 2°C with a light/dark cycle
of 12/12 h.

Construction of MCAO/R model

The rats were subjected to MCAO/R, as previously described
(Wang et al. 2018). Briefly, the rats were anesthetized with
pentobarbital sodium 3% intraperitoneally (50 mg/kg), then
the left common carotid artery (CCA), external carotid ar-
tery (ECA), and internal carotid artery (ICA) were exposed,
and a 3-0 nylon monofilament suture was inserted from the
ECA into the ICA until reaching the middle cerebral artery
(MCA). After 1.5 h of MCA occlusion, reperfusion was
simulated by removing the filament. During the surgical
procedure, the body temperature of all rats was maintained
at 37.0°C. Sham-operated animals underwent the same
anesthesia and surgical procedures except that the filament
was not inserted into ICA.

Sevoflurane preconditioning

Sevoflurane (2.5%; Baxter International, USA) was precon-
ditioned in a 33% O, and air mixture by inhalation delivery
system for 30 min daily for 4 days prior to MCAO/R.

Experimental groups

Sixty-six rats were randomly divided into 11 groups with
6 rats in each group: (1) Sham group: only blood vessels
were separated; (2) Model group: MCAO/R modeling; (3)
Sevo group: sevoflurane preconditioning before MCAO/R;
(4) Sevo+miR-192-5p antagomir group: rats pretreated
with sevoflurane before MCAO/R were injected with miR-
192-5p antagomir; (5) Sevo+antagomir NC group: rats
pretreated with sevoflurane before MCAO/R were injected
with antagomir negative control (NC); (6) Sevo+miR-
192-5p agomir group: rats pretreated with sevoflurane
before MCAO/R were injected with miR-192-5p agomir;
(7) Sevo+agomir NC group: rats pretreated with sevoflu-
rane before MCAO/R were injected with agomir NC; (8)
Sevo+oe-DICERI1 group: rats pretreated with Sevoflurane
before MCAO/R were injected with DICER1 overexpres-
sion vector; (9) Sevo+oe-NC group: rats pretreated with
sevoflurane before MCAO/R were injected with oe-NC;
(10) Sevo+sh-DICERI group: rats pretreated with sevo-
flurane before MCAO/R were injected with sh-DICERI;
(11) Sevo+sh-NC group: rats pretreated with sevoflurane
before MCAO/R were injected with sh-NC.

Right lateral ventricle injection: the anterior fontanelle
was coordinated 0 point, 1.5 mm to the right, 1.2 mm back-
ward, 4.5 mm deep. The corresponding plasmid (160 mg/I,
4 pl, Genepharma, Shanghai, China) was injected into the
right lateral ventricle at 0.3 pl/min.

Neurological function assessment

Neurological function was evaluated by Zea-Longa score.
No neurological defects = 0; left anterior extension disor-
der (mild neurological defect) = 1 point; crawling to the
left (moderate neurological defect) = 2 points; turning to
the hemiplegic side (severe neurological defect) during
walking = 3 points; not able to walk (lost consciousness) =
4 points. The statistics were double-blind, statisticians were
not involved in the modeling and did not know the groups
(Sun et al. 2022).

Detection of brain water content (BWC)

Rat brains were weighed to record wet weight, and heated at
105°C for 24 h to measure dry weight. BWC was calculated:
(wet weight — dry weight)/wet weight x 100% (Yang et al.
2021).

HE staining

Brain tissue was removed from CO,-euthanized rats, fixed
with 4% paraformaldehyde, and paraffin-embedded before
preparation into slices of 5 um. The slices were dewaxed with
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xylene, washed with water, and stained with hematoxylin
for 3 min and eosin for 1 min. After processing with gradi-
ent ethanol and xylene, the slices were sealed with neutral
gum and examined under an optical microscope (Wang et
al. 2020).

Nissl staining

Rat brain slices after dewaxing were treated with gradient
ethanol and washed with distilled water. After that, the
slices were dyed with cresyl violet solution (C9140, Solar-
bio) for 30 min, cleared with distilled water, and differen-
tiated with 95% ethanol. The slices were observed under
a microscope (Nikon, Japan) after dehydration by gradient
ethanol and permeabilization by xylene (Luo et al. 2022).

TUNEL staining

Rat brain tissue was fixed with 4% paraformaldehyde, em-
bedded in paraffin, and sliced. The sections were then stained
according to the instructions provided by the TUNEL kit
(Beyotime, China). Tissue was restained with DAPI, and
positive-cells in each field were examined under a fluores-
cence microscope (Olympus) (Li et al. 2021).

RT-qPCR

Trizol (Invitrogen) was utilized to collect total RNA
from rat brain tissue. The equivalent amount of RNA
was reverse-transcribed using a reverse transcription kit
(Takara, Japan), followed by RT-qPCR using SYBR-Green
Supermix (Invitrogen) on the ABI PRISM 7000 Sequence

Neurological score
o - N w H

Sham Model Sevo
Sham

Water content (%)

Table 1. The primer sequences

Gene Sequence
) F: 5-GACCTATGAATTGACAGCC-3’
miR-192-5p R >
R: 5-TGGTGTCGTGGAGTCG-3
Us F: 5-CTCGCTTCGGCAGCACA-3
R: 5-AACGCTTCACGAATTTGCGT-3’
DICERI F: 5-GAGCTGTCCTATCAGATCAGGG-3
R: 5-ACTTGTTGAGCAACCTGGTTT-3’
F: 5-GTCGGTGTGAACGGATTTG-3
GAPDH

R: 5-TCCCATTCTCAGCCTTGAC-3’

E, forward; R, reverse; miR-192-5p, microRNA-192-5p; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase.

Detection System (ABI/Perkin Elmer, USA). U6 was an
internal reference for miRNA, and GAPDH was that for
mRNA. The 2724Ct method calculated expression levels
(Table 1) (Chai et al. 2020).

Western blot

Total proteins were extracted from rat brain tissues using
RIPA lysis buffer containing protease inhibitors (Beyotime).
Following by protein concentration evaluation based on
the BCA kit (Beyotime), the same amount of protein was
isolated by 10% SDS/PAGE and transferred to the PVDF
membrane, which was blocked with 10% milk powder
solution for 1 h before overnight incubation with primary
antibody DICER1 (ab14601, 1:1000, Abcam) and GAPDH
(ab8245, 1:1000, Abcam) at 4°C. Next, the membrane was
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Figure 1. Sevoflurane preconditioning can improve neurological function and brain tissue damage in MCAO/R rats. A. Neurological
deficit score of rats. B. Brain water content detection. C. HE staining. Measurement data were presented in the form of mean + SD. * p <

0.05 vs. Sham; #p < 0.05 vs. Model.
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Figure 2. Sevoflurane preconditioning can inhibit neuronal loss and apoptosis MCAO/R rats. A. Nissl staining observed neuron loss. B.
TUNEL staining analyzed neuronal apoptosis. Measurement data were presented in the form of mean + SD. * p < 0.05 vs. Sham; * p <

0.05 vs. Model.

incubated with the secondary antibody for 1 h, developed
with enhanced chemiluminescence, and analyzed by Image]
software (Xiang et al. 2022).

Luciferase reporter assay

Bioinformatics software predicted the target genes of miR-
192-5p. DICER1 wild type (WT) and mutant type (MUT)
plasmids (Ambio) were constructed and generated. DICER1-
WT, DICERI-MUT and miR-192-5p mimic and mimic NC
were co-transfected into HEK293T cells. After 24 h, luciferase
intensity was measured using a dual luciferase assay System
kit (Promega, USA) (Sun et al. 2021).

Statistical methods

All data were statistically analyzed by SPSS 21.0. Measure-
ment data were represented by mean + standard deviation
(SD). Comparison of measurement data subject to normal
distribution was conducted by independent sample t test.
p < 0.05 was considered statistically significant.

Resuslts

Sevoflurane preconditioning can alleviate brain tissue injury
and neuronal apoptosis in MCAO/R rats

Neurological defect of MCAO/R rats was evaluated by Zea-
Longa score. The neurological deficit score of MCAO/R
rats was increased, while decreased in those preconditioned
with sevoflurane (Fig. 1A). BWC detection revealed severe
cerebral edema in MCAOJ/R rats, which could be improved
by sevoflurane preconditioning (Fig. 1B). HE staining re-
vealed significant structural brain damage in ischemic areas
with dense, irregularly shaped consolidated nucleus areas
in MCAO/R rats, while sevoflurane preconditioning allevi-
ated brain damage (Fig. 1C). Neuronal loss was detected by
Nissl staining, which showed increased neuronal loss in the
MCAOJR rats, while sevoflurane preconditioning reduced
neuronal loss (Fig. 2A). TUNEL staining was employed to
detect apoptosis, and TUNEL-positive cells increased in
MCAOJR rats, while sevoflurane preconditioning reduced
apoptosis (Fig. 2B).
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Deficiency of miR-192-5p can further inhibit neuronal
apoptosis and alleviate brain tissue damage in MCAO/R
rats

miR-192-5p levels were checked in MCAO/R rats by RT-
qPCR. miR-192-5p was up-regulated in MCAO/R rats,
while sevoflurane preconditioning could reduce miR-192-
5p levels (Fig. 3A). Rats pretreated with sevoflurane were
injected with miR-192-5p antagomir before MCAO/R to
explore the effect of miR-192-5p on the neural function
of MCAOJ/R rats, and the successful injection was verified
by RT-qPCR (Fig. 3B). The results noted that MCAO/R
rats injected with miR-192-5p antagomir had decreased
neurological deficit scores and BWC (Fig. 3C,D), as well
as improvements of brain damage (Fig. 3E), neuronal loss
(Fig. 4A), and apoptosis (Fig. 4B).

miR-192-5p targets DICERI negatively

DICERI expression analysis in MCAO/R rats was performed
by PCR and Western blot. DICER1 in MCAO/R rats was
downregulated, while sevoflurane preconditioning could
increase its expression (Fig. 5A). Biological information
website starBase predicted the targeting binding sites of miR-
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192-5p and DICERI (Fig. 5B). The results of dual luciferase
activity experiment observed that the relative luciferase
activity decreased after co-transfection of DICERI-WT
and miR-192-5p mimic (Fig. 5C). Then, PCR and Western
blot measured elevated DICERI after down-regulating
miR-192-5p (Fig. 6).

Forced expression of DICERI can further inhibit neuronal
apoptosis and relieve brain tissue damage in MCAO/R rats

Sevoflurane pretreated rats were injected with oe-DICER1
or oe-NC before MCAO/R, and the successful injection
was verified by PCR and Western blot (Fig. 7A). Moreover,
in MCAO/R rats injected with oe-DICERI, neurological
deficit scores and BWC were reduced (Fig. 7B,C), brain
damage (Fig. 7D), neuronal loss (Fig. 8A), and apoptosis
were alleviated (Fig. 8B).

Elevating miR-192-5p or suppressing DICERI weakens
the protective effect of sevoflurane preconditioning on
MCAO/R rats

To further determine the protective effect of sevoflurane on
CIRI in rats by mediating miR-192-5p/DICER1 axis, rats
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Figure 3. Deficiency of miR-192-5p can further improve neurological function and brain tissue damage in MCAO/R rats. A. RT-
qPCR measured miR-192-5p in rats. B. RT-qPCR verified the successful upregulation of miR-192-5p. C. Neurological deficit score
of rats. D. Brain water content detection. E. HE staining. Measurement data were presented in the form of mean + SD. * p < 0.05 vs.

Sevo+antagomir NC.
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Figure 4. Deficiency of miR-192-5p can further inhibit neuronal loss and apoptosis in MCAO/R rats. A. Nissl staining observed neu-
ron loss. B. TUNEL staining analyzed neuronal apoptosis. Measurement data were presented in the form of mean + SD. * p < 0.05 vs.

Sevo-+antagomir NC.

pretreated with sevoflurane were injected with miR-192-5p
agomir and sh-DICER1 before MCAO/R. RT-qPCR or
Western blot verified the successful injection (Fig. 9A). After
elevating miR-192-5p or silencing DICERI1, neurological
deficit scores and BWC were increased (Fig. 9B,C), and brain
injury (Fig. 9D), neuronal loss (Fig. 10A), and apoptosis were
aggravated (Fig. 10B).

Discussion

CIRI is a complex cascade process, which seriously hinders
the rehabilitation of patients with acute ischemic stroke. For
the disease, treatment options are currently limited to throm-
bolytic drugs and thrombus removal. At present, medical

gases including volatile anesthetic gases, such as sevoflurane
have neuroprotective indications in experimental studies
on brain injuries (Wang YZ et al. 2019). The present work
mainly explored the protective property of sevoflurane pre-
conditioning in MCAO/R rats and subsequently analyzed
its mechanistic action with the involvement of miR-192-5p/
DICERI.

Till now, extensive experimental evidences have noted the
significance of sevoflurane preconditioning in brain injuries.
For instance, Lei and colleagues have noted that sevoflurane
reduces neuronal injury in the hippocampal CAl area of
rats with CIRI (Jin and Bo 2021). Additionally, another re-
search group has verified the protective effects of sevoflurane
preconditioning on CIRI rats by reducing infarct volume,
neurological deficit, and neuronal apoptosis (Zhang et al.
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Figure 5. miR-192-5p targets DICER1. A. PCR and Western blot analyzed DICER1 in MCAO/R rats. B. Bioinformatics websites predicted
the binding sites of miR-192-5p and DICERI. C. Luciferase reporter gene assay verified the targeting relationship between miR-192-5p

and DICER1. Measurement data were presented in the form of mean + SD.

2019). Also, a similar phenomenon exists in a current study  of neurological deficits, BWC, as well as neuronal loss and
revealing the attenuating effects of sevoflurane to reduce BWC,  apoptosis. Not only is sevoflurane preconditioning explored
neurological deficits, and cell apoptosis (Hu et al. 2020). In  in CIRI treatment, but also sevoflurane postconditioning.
this work, sevoflurane preconditioning could protect rats from  For example, research has observed that neurological deficits,
MCAO/R-induced brain injury, as presented in the aspects  neuropathic damage, and inflammatory response in CIRI
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Figure 7. Forced expression of DICERI can further improve neurological function and brain tissue damage in MCAO/R rats. A. PCR
and Western blot verified the successful injection. B. Neurological deficit score of rats. C. Brain water content detection. D. HE staining.
Measurement data were presented in the form of mean + SD. * p < 0.05 vs. Sevo+oe-NC.

animals could be less severe after sevoflurane postconditioning
(Zhao etal. 2022). Furthermore, sevoflurane postconditioning
could attenuate learning and memory dysfunction following
CIRI, narrow cerebral infarction area, and decrease neuronal
apoptosis and autophagy in rats receiving sevoflurane admin-
istration (Shi et al. 2020).

Increasing studies have observed and ensured miRNA
regulation during sevoflurane treating CIRI, such as
miR-30c-5p (Su et al. 2021) and miR-203 (Zhong et al.
2020). This research clarified miR-192-5p overexpres-
sion in MCAO/R rats’ brain tissues and further measured
sevoflurane-mediated downregulation of miR-192-5p. As
to functions, miR-192-5p deficiency befits the profound
alleviation of brain injuries based on sevoflurane precon-
ditioning. Consistently, miR-192-5p expression is elevated
in renal IRI and is of possibility to be a diagnostic marker
in the disease (Zou et al. 2017). Similarly, in the course of
hepatic I/R, serum miR-192-5p expression is promoted in
the course of hepatic IR, and silencing miR-192-5p reduces
hepatic injury through mediating oxidative stress reaction
(Roy etal. 2016). In a cardiomyocyte model of myocardial
IRI, miR-192-5p downregulation suppresses cellular ap-

optosis under hypoxia/reoxygenation conditions (Zhang
et al. 2017). Interestingly, miR-192-5p is upregulated in
hypoxic-ischemic brain damage, and loss of miR-192-5p
is conducive to neurobehavioral recovery and neuronal
protection (Yan et al. 2022). Besides, it is clarified that
inhibiting miR-192-5p induces sensory function recovery
and reduces neuronal apoptosis in rats with left sciatic
nerve injury (Expression of Concern: microRNA-192-5p
is involved in nerve repair in rats with peripheral nerve
injury by regulating XIAP 2023).

When it comes to the target of miR-192-5p, DICERI1
was further analyzed and evaluated. It has been addressed
that DICERI1 expression drops in the ischemic boundary
zone after permanent MCAO/R and it is mediated by miR-
107 to modulate post-stroke angiogenesis (Li et al. 2015).
However, no further reports have convinced DICER1’s
action in MCAO/R. In this research, DICERI expression
was suppressed in MCAO/R rats and sevoflurane could
upregulate it in rats’ brain tissues. Surprisingly, forced
expression of DICERI and sevoflurane precondition-
ing synergistically contributed to neuroprotection for
MCAO/R rats.
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To shortly summarize, sevoflurane preconditioning has
protective indications in CIRI through silencing miR-192-
5p and enhancing DICERI. The conclusion potentially
supports the clinical value of sevoflurane in preventing
brain injuries. On the whole, the research only investigated
sevoflurane in animal experiments, and cell experiments
are lacking. On the other hand, whether other miRNAs/
mRNAs interacted in sevoflurane treatment of CIRI is
waiting for many endeavors.
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Figure 8. Forced expression of DICER1 can further inhibit neuronal loss and apoptosis in MCAO/R rats. A. Nissl staining observed
neuron loss. B. TUNEL staining analyzed neuronal apoptosis. Measurement data were presented in the form of mean + SD. * p < 0.05
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approved by the Institutional Animal Care and Use Committee of
The Fourth Hospital of Changsha (No. 20190261LS).
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