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Sevoflurane attenuates hepatic ischemia reperfusion injury by the

miR-122/Nrf2 pathway
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Background: Sevoflurane can protect organs from ischemia-reperfusion (IR) injury, but the mechanism is
still unclear. MicroRNA-122 (miR-122) is a liver-specific microRNA (miRNA) and regulates liver function.
Therefore, this study aims to elucidate the relationship between the protective effect of sevoflurane and miR-
122 in liver IR injury.

Methods: Wistar rats were divided into the following groups: sham, IR, IR + sevoflurane, IR + miR-122
antagomir, and IR + miR-122 antagomir + sevoflurane. Hematoxylin and eosin (H&E) staining and Suzuki
score were used to evaluate the pathological damage of the liver. The levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), tumor necrosis factor (TNF)-a,
interleukin (IL)-1p, IL-6, and IL-10 in the serum and the levels of malondialdehyde (MDA), superoxide
dismutase (SOD), and nitric oxide (NO) in the liver homogenate supernatant were detected by using the
corresponding kit. Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end
labeling (TUNEL) and flow cytometry was applied to evaluate the apoptosis of liver tissues. The expression
of nuclear factor E2-related factor 2 (Nrf2), miR-122, p53, and HO-1 in liver tissue was evaluated by using
immunohistochemistry, QRT-PCR, and western blot as needed.

Results: Compared to the IR group, the sevoflurane post-treatment or miR-122 antagomir groups
showed improved liver injury, decreased Suzuki score, inhibited the levels of AST, ALT, LDH, MDA, NO,
TNF-a, IL-1B, and IL-6, increased levels of SOD, IL-10, and inhibited hepatocyte apoptosis. Regarding the
molecular mechanism, sevoflurane post-treatment fostered the expression of HO-1, promoted the transport
of Nrf2 from cytoplasm to the nucleus, and decreased the expression of miR-122 and p53. The combined use
of miR-122 antagomir and sevoflurane enhanced the protective effect of miR-122 antagomir in liver injury
in IR rats.

Conclusions: Sevoflurane protected the liver from IR damage by regulating the miR-122/Nrf2/HO-1
pathway.
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Introduction

Ischemia-reperfusion (IR) injury is an inevitable process of
liver resection and liver transplantation; it is one of the main
injury risk factors of liver transplantation and affects the
long-term and short-term functions of patients after liver

© Annals of Translational Medicine. All rights reserved.

transplantation (1). IR injury can be divided into two stages:
ischemia stage, and reperfusion stage. The former is mainly
characterized by glycogen depletion, a lack of oxygen
supply, and adenosine triphosphate (ATP) depletion, which

leads to cell metabolism disorder (2). In addition to cell
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metabolism disorder, the latter stage also shows apoptosis
caused by toxic substances, such as free radicals and direct
or indirect inflammatory cascade reactions (2).

Study has confirmed that anesthetic inhalation after
tissue ischemia can effectively reduce tissue reperfusion
injury (3). Sevoflurane is a safe and universal inhalation
anesthetic, which can be used for both adults and
children. In addition, it has low flammability, does not
cause irritation to the airway, has few side effects, and is
regarded as the first choice for prevention and treatment
of organ IR injury. Sevoflurane has been shown to play a
protective role against IR damage in a variety of organs
and tissues, such as the brain (4), heart (5), intestines (6),
and lungs (7). Administering sevoflurane post-treatment
can also reduce IR-induced liver damage (8). In Liu
et al.’s report, by investigating the role of sevoflurane pre-
conditioning in hepatic ischemia-reperfusion, they mainly
found that sevoflurane relieves hepatic ischemia-reperfusion
injury by inhibiting the expression of Grp78 (9), but there is
no evidence to fully elucidate the molecular mechanism of
sevoflurane’s protective effect on liver IR injury.

A large number of studies have confirmed that
microRNAs (miRNAs) are involved in IR damage of
various organs by regulating intracellular signaling
pathways (10,11). MiRNA is a kind of non-coding
RNA that regulates the expression of its bound mRNAs
through mechanisms such as shearing and inhibiting
transcription to perform biological functions (12).
MiRNA-122 (miR-122) is a liver-specific miRNA, which
accounts for 70% of the total amount of miRNA in liver
tissue and regulates liver development, liver function and
liver cell growth (13). Because of this specificity, miR-122
has become a star molecule in the diagnosis, prognosis,
and treatment of liver diseases (14). The study of Van
Caster er al. showed that, after liver IR injury, the level
of circulating miR-122 was significantly increased and
correlated with the activity of liver function indicators
aspartate aminotransferase (AST), alanine aminotransferase
(ALT), and lactate dehydrogenase (LDH) (15). This means
that the abnormal expression of miR-122 may have a causal
relationship with liver IR injury. In addition, Nrf2 (Nrf2),
a stress-activated transcription factor, plays a pivotal role
in defense mechanism against oxidative stress damage, and
growing evidence suggests this transcription factor as a key
pharmacological target for the treatment of liver diseases,
including liver IR injury (16). However, there is no research
report on the relationship between the protective effect of
sevoflurane and miR-122 in liver IR injury.
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Therefore, this study aims to elucidate the relationship
between the protective effect of sevoflurane and miR-
122 in liver IR injury. We present the following article in
accordance with the ARRIVE reporting checklist (available
at https://atm.amegroups.com/article/view/10.21037/atm-
22-115/rc).

Methods
Animals

Male Wistar rats aged six weeks (weighting 200-250 g) were
purchased from Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). The rats were raised under standard
conditions of suitable humidity (30-70%) and temperature
(21-22 °C) and a 12-hour light-dark cycle, and they were
allowed to eat and drink freely.

A protocol was prepared before the study without
registration. All animal experiments were performed in
Hangzhou Eyong Biotechnological Co., Ltd. Animal
Experiment Center [Certificate No. SYXK (Zhe)2020-
0024] under a project license (EYONG-20201201-02), in
compliance with the Institutional Animal Care and Use
Committee guidelines.

The animal experiments were divided into two parts.
Mouse cages were randomly assigned to groups according
to random numbers created using an online application
(https://www.random.org). In the first part, rats were
divided into the following three groups (ten per group):
the sham group, the IR group, and the IR + sevoflurane
(Sevo; 1612540, Merck, German) group. In the second part,
rats were divided into the following three groups (ten per
group): the IR group, the IR + miR-122 antagomir group,
and the IR + miR-122 antagomir + Sevo group.

Rats in the IR + miR-122 antagomir group and the IR +
miR-122 antagomir + Sevo group were injected with miR-
122 antagonist (20 mg/kg/day, 0.2 mL/day; GenePharma,
China) by the tail vein 3 days before modeling, and rats
in the IR group were injected with the same amount
of normal saline in the same way. The IR model was
constructed 24 hours after the last injection.

Ischemia/reperfusion injury model

The IR model was constructed as previously described (17).
Briefly, before the operation, the rats were anesthetized
using an intraperitoneal injection of 1% sodium

pentobarbital (40 mg/kg; P010, Merck, USA). After
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anesthesia, the livers of the rats were exposed by midline
laparotomy, and the portal vein and hepatic lobe were
clamped with atraumatic vascular clamps to cause ischemia.
After 30 minutes, the atraumatic vascular clamp was
removed, and reperfusion was performed for 1 hour. Rats in
the sham group did not have ischemia caused by a vascular
clamp, but the other steps were the same as those in the IR
group. Rats in the IR + Sevo and IR + miR-122 antagomir +
Sevo groups were immediately put into an anesthesia box
to inhale 2% sevoflurane for 30 minutes after reperfusion
according to our preliminary experiments. The sevoflurane
concentration was stabilized at 2% using an anesthetic drug
concentration monitor. After the experiment, the rats were
euthanized with an overdose of sodium pentobarbital, and
the liver tissue and blood were collected. The blood was
centrifuged at 4,000 rpm for 12 minutes to obtain serum.

Hematoxylin and eosin (H&E) staining

The liver tissues of specimens were immersed into formalin
(SL1560, Coolaber, China) for fixation, embedded in
paraffin, and sectioned. The sections were immersed in
xylene (A530011, Sangon, China), gradient concentrations
of alcohol (100%, 95%, 80%, 70%, and 50%), and distilled
water, respectively. Afterwards, the sections were stained
with hematoxylin (SL7050, Coolaber, China), then stained
with eosin (SL7060, Coolaber, China). After rinsing the
excess dye solution, the sections were dehydrated and
transparent, and were then mounted using a neutral balsam
mounting medium (E675007, Sangon Biotech, China). The
pathological changes of the liver tissue were observed under
a microscope.

The Suzuki score was used to quantify the severity of
inflammation and tissue injury (18). The highest score was 4
and the lowest score was 0. The higher the score, the more
serious the injury.

Detection of liver function markers, inflammatory factors,
and antioxidants

Enzyme-linked immunosorbent assay (ELISA) kits of
AST (ab263883, abcam, USA), ALT (ab234579, abcam,
USA), tumor necrosis factor (TNF)-a (ab236712, abcam,
USA), interleukin (IL)-1B (ab255730, abcam, USA),
IL-6 (ab234570, abcam, USA) and IL-10 (ab214566,
abcam, USA), and LDH kit (MAKO066, Merck, German)
were used to detect the levels of liver function markers
and inflammatory factors in the serum according to the
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manufacturer’s instructions.

After washing the liver with a normal saline solution,
100 mg of liver tissue was cut and made into a 10% homogenate.
The homogenate was centrifuged at 2,500 r/minute for
15 minutes to obtain the supernatant. The malondialdehyde
(MDA) kit (MAKO085, Merck, German), superoxide
dismutase (SOD) kit (MM-0386R2, MEIMIAN, China),
and nitric oxide (NO) kit (50024, Beyotime, China)
were used to detect the levels of MDA, SOD, and NO,

respectively, in the supernatant.

Immunobistochemistry (IHC)

After deparaffinization, the paraffin sections were immersed
in a box containing a citrate buffer solution (pH 6.0;
36319ES60, YEASEN, China) in a microwave oven for
antigen retrieval. The sections were reacted with 3%
hydrogen peroxide for 25 minutes, then were blocked
with 3% bovine serum albumin (BSA, E661003, Sangon,
China) for 30 minutes. After that, the sections were reacted
with anti-nuclear factor E2-related factor 2 (Nrf2) (1:100;
ab31163, Abcam, UK) followed by incubated with Goat
Anti-Rabbit IgG H&L (HRP, 1:1,000; ab6721, Abcam, UK)
at 37 °C for 1 hour. After developing with DAB Substrate
Kit (36202ES01, YEASEN, China), the sections were
counterstained by hematoxylin. The image was observed
under a microscope.

Flow cytometry

The tissue homogenate was made into a single cell
suspension by mechanical grinding. The apoptosis of liver
cells was determined using the Annexin V Fluorescein
Isothiocyanate (Annexin V-FITC) apoptosis detection kit
(C1062S, Beyotime, China). Cells (6x10°) re-suspended
with binding solution were reacted with 5 pL of Annexin
V-FITC and 10 pL of Propidium iodide for 15 minutes.
The BD Accuri C6 flow cytometer was used to analyze the
apoptosis rate.

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling (TUNEL)
staining

TUNEL staining of liver tissues was performed with the
help of a TUNEL kit (C1086, Beyotime, China). After
conventional deparaffinization and hydration, the paraffin
sections were reacted with proteinase K (ST533, Beyotime,
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China) for 30 minutes at room temperature. Afterwards,
the sections were reacted with the pre-prepared TUNEL
detection solution at room temperature and protected from
light for 1 hour. 4',6-diamidino-2-phenylindole (DAPI)
staining solution (C1006, Beyotime, China) was used to
counterstain the nucleus. After sealing sections with anti-
fluorescence quenching sealing solution (P0126, Beyotime,
China), the results were observed under a fluorescence
microscope.

Quantitative reverse transcription polymerase chain
reaction

The total amounts of RNA of the serum were extracted
using the Total RNA Extraction Kit (R1200, Solarbio,
China). The expression of miR-122 was detected using
the One-Step miRNAs qRT-PCR kit (AOMD-Q020,
GeneCopoeia, USA) and using Real-Time PCR Detection
system (LightCycler®96, Roche Diagnostics, Indianapolis,
IN, USA) and normalized to RNUG6 with the 27
method. The sequences were as follows: miR-122, forward:
5'-AGCTCTGGAGTGTGACAATGG-3', and reverse:
5'-GCCTAGCAGTAGCTGTTTAGTG-3'".

Western blot

The protein sample was collected from liver tissues using
a protein extraction kit (BC3710, Solarbio, China) or a
Nuclear and Cytoplasmic Extraction Reagent (78833,
Thermo Fisher, USA). The protein was quantified using
a BCA kit (PC0020, Solarbio, China). After separating
the protein by SDS-PAGE, the protein was transferred
into a polyvinylidene fluoride membrane (10600023, GE
Healthcare Life, USA). The membrane was blocked by
5% BSA for 1 hour, then the membrane was reacted
with primary antibodies and secondary antibodies. The
relative intensity of the protein bands was quantified
using ana ECL kit (36208ES60, YEASEN, China) with
the iBright FL1500 Imaging System (A44115, Invitrogen,
USA). The results were counted by ImageJ2x (Rawak
Software, Germany). The primary antibodies and
secondary antibodies were as follows: anti-p53 (AF0879,
Affinity, USA), anti-B-actin (AF7018, Affinity, USA), Nrf2
(AF0639, Affinity, USA), Lamin B (DF6687, Affinity,
USA), Heme oxygenase-1 (HO-1, AF5393, Affinity, USA),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
AF7021, Affinity, USA), and goat anti-rabbit (S0001,
Affinity, USA).
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Statistical analysis

The results were represented as mean = standard deviation
and analyzed using Graph Prism v8.0 (Graphpad software,
California, USA) and SPSS 20.0 (SPSS, Chicago, USA).
Differences among multiple groups were analyzed by one-
way analysis of variance, and Student-Newman-Keuls (SNK)
was applied for pairwise comparisons between groups.
The Kruskal-Wallis H test was used for those with uneven
variance. P<0.05 was considered as statistically significant.

Results
Sevoflurane relieved liver damage caused by IR

We evaluated the liver damage of rats in each group
using H&E staining (Figure 14). In the sham group, the
morphology and structure of liver cells were normal, and
the liver sinuses were clear, while, in the IR group, the
liver cells were seriously damaged and swollen. However,
compared with the IR group, the damage of liver cells in the
IR + Sevo group was reduced, and the cell morphology was
clearer. In addition, the Suzuki score of the IR + Sevo group
was significantly lower than that of the IR group, which
indicated that sevoflurane could alleviate the liver injury
caused by IR (Figure 1B; P<0.01).

We measured the levels of AST, ALT, and LDH in the
rat serum, which were markers of liver function. As shown
in Figure 1C, the levels of these three markers in the IR
group were significantly higher than those in the sham
group (P<0.01), but treatment with sevoflurane reduced the
levels of AST, ALT, and LDH in the serum of the IR rats
(P<0.01).

Sevoflurane inhibited oxidative stress and inflammatory
response induced by IR

MDA, SOD, and NO are common oxidative stress
parameters, so we detected the levels of these parameters in
the supernatant of the liver homogenate. The level of MDA
and NO in the IR group was higher than that in the sham
group, but the level of SOD in the IR group was lower
than that in the sham group (Figure 24; P<0.01). However,
treatment with sevoflurane reversed the increase of MDA
and NO and the decrease of SOD in the rat livers caused by
IR (P<0.01).

In addition, we also detected the levels of pro-
inflammatory factors and anti-inflammatory factors in the
serum. Similarly, the IR-induced increase of TNF-a, IL-1p,
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Figure 1 Sevoflurane ameliorated IR-induced liver damage. The rats were randomly divided into the sham group, the IR group, and the

IR + sevoflurane group. Liver injury for the rats in the IR group was induced through ischemia/reperfusion, and liver injury was induced in

the IR + sevoflurane group through ischemia/reperfusion and then inhalation of 2% sevoflurane. (A) H&E staining of liver tissue sections
(magnification: x200, scale bar =100 mm; x400, scale bar =50 mm). (B) The Suzuki score of livers. (C) The levels of AST, ALT, and LDH

in the serum of rats. Quantified values were mean = standard deviation of at least three independent experiments. **, P<0.01 vs. the sham

group; ™, P<0.01 vs. the IR group. IR, ischemia-reperfusion; H&E, hematoxylin and eosin; AST, aspartate aminotransferase; AL’T; alanine

aminotransferase; LDH, lactate dehydrogenase.

and IL-6 levels, and the decrease of IL-10 level, were
reversed by sevoflurane (Figure 2B; P<0.01).

Sevoflurane fostered the expression of Nrf2 in liver tissue
and suppressed the apoptosis of liver tissue

The activation of the Nrf2 pathway is very important
for anti-oxidative stress. After IR, the expression of
Nrf2 in liver tissue of rats was decreased significantly,
but treatment with sevoflurane prevented the down-
regulation of Nrf2 (Figure 34,3B; P<0.05). Then, we
evaluated the apoptosis in the livers by flow cytometry
and TUNEL staining. The results of the two experiments
were consistent and showed that sevoflurane reversed
the increase of hepatocyte apoptosis caused by IR
(Figure 44-4D; P<0.01).
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Sevoflurane inbibited the expression of serum miR-122
and liver p53, and activated the Nvf2/HO-1 signaling
pathway

We detected the content of the serum of miR-122 of rats in
each group due to its specificity in liver injury. Surprisingly,
the expression of miR-122 in the IR group increased
sharply compared with the sham group (Figure 5; P<0.01).
However, sevoflurane narrowed the increase of miR-122
caused by IR (P<0.01).

In addition, IR promoted the expression of p53 and
Nrf2 in the cytoplasm (Figure 64-6C; P<0.05) but had no
significant effect on the expression of nuclear Nrf2 and
HO-1. Nevertheless, sevoflurane reduced the expression of
p53 and fostered the transport of Nrf2 from the cytoplasm
to the nucleus, thereby increasing the expression of HO-1
(P<0.01).
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Figure 2 Effects of sevoflurane on the antioxidant activity and inflammation induced by IR in liver tissues. (A) Levels of MDA, SOD, and
NO in liver tissue. (B) The levels of inflammatory factors TNF-a, IL-1p, IL-6, and IL-10 in the serum of rats. Quantified values were mean
+ standard deviation of at least three independent experiments. **, P<0.01 vs. the sham group; ™, P<0.01 vs. the IR group. IR, ischemia-
reperfusion; MDA, malondialdehyde; SOD, superoxide dismutase; NO, nitric oxide; TNF-a, tumor necrosis factor-o; IL, interleukin.

IR + Sevo B

0.20 - f i | {

Relative positive expression
of Nrf2

Figure 3 Immunohistochemistry was used to detect the expression of Nrf2 in liver tissue. (A) Immunohistochemical staining of Nrf2
(magnification: x200, scale bar =100 mm; x400, scale bar =50 mm). (B) Relative positive expression analysis of Nrf2. Quantified values

were mean + standard deviation of at least three independent experiments. **, P<0.01 vs. the sham group; *, P<0.05 vs. the IR group. Nrf2,

nuclear factor E2-related factor 2; IR, ischemia-reperfusion.

MiR-122 antagomir combined with sevoflurane furtbher
relieved the IR-induced liver damage

As shown in Figure 7, compared with the IR group, the use
of miR-122 antagomirs reduced the liver damage of IR rats
(Figure 7A4), lowered the Suzuki score (Figure 7B; P<0.05),

© Annals of Translational Medicine. All rights reserved.

and reduced the levels of AST, ALT, and LDH in the
serum of IR rats (Figure 7C; P<0.01). The combination of
sevoflurane and miR-122 antagomir strengthened the miR-
122 antagomir’s mitigation effect on liver injury in the IR
rats (P<0.05).
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Figure 4 Sevoflurane improved IR-induced apoptosis of liver tissue. (A) Apoptosis of liver tissue in each group was detected by flow
cytometry. (B) TUNEL staining was used to detect the apoptosis of liver tissue in each group (magnification, x200). (C) Statistics of
apoptosis rate were detected with flow cytometry. (D) Statistics of positive cell rate were detected with TUNEL staining. Quantified values
were mean = standard deviation of at least three independent experiments. **, P<0.01 vs. the sham group; ™, P<0.01 vs. the IR group. IR,

ischemia-reperfusion; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling.
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MiR-122 antagomir combined with sevoflurane further
inbibited oxidative stress and inflammatory response
induced by IR

The levels of MDA and NO in the miR-122 antagomir +
IR group were lower than those in the IR group, but the
SOD level was higher than that in the IR group (Figure 84;
P<0.01). At the same time, the miR-122 antagomir
promoted the down-regulation of inflammatory factors
(INF-a, IL-1p, and IL-6) and the up-regulation of anti-
inflammatory factors (IL-10) (Figure 8B; P<0.01). Moreover,
the combination of miR-122 antagomirs and sevoflurane
further strengthened the regulation of miR-122 antagomirs
on the above-mentioned oxidative stress parameters and
inflammation-related factors (P<0.05).
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Figure 6 The effect of sevoflurane on the protein expression of p53 and Nrf2 in liver tissue induced by IR. (A) Western blot showed the

expressions of p53. (B) Western blot showed the expressions of Nrf2 in the nucleus. (C) Western blot showed the expressions of Nrf2 in the

cytoplasm. Quantified values were mean = standard deviation of at least three independent experiments. *, P<0.05 vs. the sham group; ™,

P<0.01 ws. the IR group. IR, ischemia-reperfusion; Nrf2, nuclear factor E2-related factor 2.
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Figure 7 MiR-122 antagomir combined with sevoflurane further reduced IR-induced liver damage. The rats were randomly divided into
the IR group, the IR + miR-122 antagomir group, and the IR + miR-122 antagomir + Sevo group. Liver injury was induced in the rats in the
IR group through ischemia/reperfusion. The mice in the IR + miR-122 antagomir group were pretreated with miR-122 antagomir and then
liver injury was induced through ischemia/reperfusion. The mice in the IR + miR-122 antagomir + Sevo group were pretreated with miR-
122 antagomir, then liver injury was induced through ischemia/reperfusion, and then the rats inhaled 2% sevoflurane. (A) H&E staining of
liver tissue sections (magnification: x200, scale bar =100 mm; x400, scale bar =50 mm). (B) The Suzuki score of livers. (C) The levels of AST,
ALT, and LDH in the serum of rats. Quantified values were mean = standard deviation of at least three independent experiments. *, P<0.05,
4% P<0.01 vs. the IR group;*, P<0.05, **, P<0.01 vs. the IR + miR-122 antagomir group. +, this group rats were treated with indicated
agent; -, this groups did not receive this indicated treatment. IR, ischemia-reperfusion; H&E, hematoxylin and eosin; AST, aspartate

aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase.

MiR-122 antagomir combined with sevoflurane further Discussion
inhibited the expression of miR-122 and activated the

Nif2/HO-1 signaling pathway There are many causes contributing to the occurrence of

liver IR injury, especially the surgical procedures including

The miR-122 antagomir down-regulated the expression of the hepatic resection and liver transplantation. The main

miR-122 in the liver tissue of IR rats, but also increased the
protein levels of Nrf2 (nucleus) and HO-1 and decreased
the protein level of Nrf2 (cytoplasm) (Figure 94,9B; P<0.05).
Unexpectedly, the combination of miR-122 antagomir and
sevoflurane further suppressed the expression of miR-122
and HO-1 and increased the transport of Nrf2 from the
cytoplasm to the nucleus (P<0.05).

© Annals of Translational Medicine. All rights reserved.

influencing factors of liver IR are oxidative stress and
inflammation, and their interaction causes liver cell damage
and even liver dysfunction (2). Sevoflurane is widely used in
clinical anesthesia and has a protective effect on IR damage
to various organs. Liu et al. reported that sevoflurane
pretreatment improves liver IR damage in rats (9). In this
study, we found that sevoflurane post-treatment can also
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Figure 8 MiR-122 antagomir combined with sevoflurane further inhibited oxidative stress and inflammatory response induced by IR.
(A) Levels of MDA, SOD, and NO in liver tissue. (B) The levels of inflammatory factors TNF-a, IL-1p, IL-6, and IL-10 in the serum of
rats. Quantified values were mean = standard deviation of at least three independent experiments. **, P<0.01 vs. the IR group; *, P<0.05,
** P<0.01 vs. the IR + miR-122 antagomir group. +, this group rats were treated with indicated agent; —, this groups did not receive this
indicated treatment. IR, ischemia-reperfusion; MDA, malondialdehyde; SOD, superoxide dismutase; NO, nitric oxide; TNF-0, tumor

necrosis factor-a; IL, interleukin.

reduce liver damage caused by IR. AST, ALT, and LDH
are highly expressed in liver diseases and are widely used
to assess the degree of liver damage (19). Unsurprisingly,
post-treatment with sevoflurane can significantly reduce the
contents of AST, ALT, and LDH in the serum of IR rats,
which is consistent with previous reports (20).

Oxidative stress is an imbalance between oxidation
and antioxidant processes caused by an excess of reactive
oxygen species. MDA is a product of a lipid peroxidation
metabolism. The higher the level of MDA, the higher
the degree of free radical attack on human cells. SOD
can scavenge free radicals and protect cells from damage.
NO is a kind of reactive nitrogen oxide, and its excess will
cause the body’s oxidation and anti-oxidation imbalance.

© Annals of Translational Medicine. All rights reserved.

A previous study reported that the levels of MDA and NO
produced in Sprague-Dawley rats of the liver IR model can
be effectively inhibited by sevoflurane, while the level of
SOD can be increased (9). Interestingly, we observed the
same result in the IR model constructed by Wistar rats.
In addition to inhibiting oxidative stress, sevoflurane can
also exert liver protection by reducing inflammation. Yang
et al. (21) reported that sevoflurane inhibited the increase
of IR-induced inflammatory factors but promoted the
expression of anti-inflammatory factor IL-10 in Wistar rats.
Consistent with the research of Yang ez al. (21), we found
that sevoflurane post-treatment also inhibited the expression
of inflammatory factors (I'NF-a, IL-1p, and IL-6), but
promoted the expression of IL-10 in the serum of IR rats.
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Figure 9 MiR-122 antagomir combined with sevoflurane further promoted the expression of miR-122 and activated the Nrf2/HO-1

signaling pathway. (A) qRT-PCR showed the miR-122 levels in liver tissue. (B) Western blot showed the expressions of Nrf2 in the nucleus,

and Nrf2 in the cytoplasm and HO-1. Quantified values were mean = standard deviation of at least three independent experiments. *

)

P<0.05, **, P<0.01 vs. the IR group; *, P<0.05, **, P<0.01 vs. the IR + miR-122 antagomir group. +, this group rats were treated with

indicated agent; —, this groups did not receive this indicated treatment. IR, ischemia-reperfusion; Nrf2, nuclear factor E2-related factor 2.

The interaction of oxidative stress and inflammation
can cause liver cell apoptosis, which is also a common
phenomenon of liver IR injury (22). Notably, in the present
study, sevoflurane was shown to inhibit cell apoptosis
caused by IR by regulating the expression of miRNA and
exerting a protective effect on the liver. Wu ez 4/. reported
that sevoflurane attenuates liver damage caused by liver IR
through mediating miR-200c (23). Liao et 4/. pointed out
that sevoflurane inhibits liver damage caused by liver IR

© Annals of Translational Medicine. All rights reserved.

through miR-9-5p (24). MiR-122 is a liver-specific miRNA
which regulates liver development, liver function and liver
cell growth (13). The increased expression of miR-122 is
found to correlated with the liver function indicators after
liver IR injury (15). Furthermore, Seyyed Ali Mard reported
that IR induced an increase of miR-122, but the treatment
group could significantly inhibit the levels of miR-122,
indicating that the decrease of miR-122 was helpful to
resist IR injury (25). Similar to the previous study (25),
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we found for the first time that sevoflurane can reverse
the up-regulation of the miR-122 level caused by IR, thus
preventing IR damage of the liver.

Nrf2 is one of the targets of miR-122 (26). Evidence
showed that the mitigation effect of sevoflurane on liver
IR injury was implicated in the activation of the Nrf2/
HO-1 pathway (27). The Nrf2/HO-1 pathway has both
anti-inflammatory and anti-oxidant capabilities and is an
important signaling pathway for the body to resist oxidative
stress damage. Under physiological conditions, Nrf2 and
its negative regulator keapl are located in the cytoplasm.
Under stress conditions, the two are decoupled, allowing
Nrf2 to be released into the nucleus and then combine
with HO-1 to exert anti-oxidative stress effects (28).
Previous research reported that the livers of mice that
lacked Nrf2 were more susceptible to oxidative stress-
induced damage (29). Therefore, activating the Nrf2/
HO-1 pathway is particularly important for protecting the
liver from damage. In this study, sevoflurane was shown
to promote the transfer of Nrf2 from the cytoplasm to
the nucleus and then promote the expression of HO-1,
indicating that sevoflurane can regulate the activation of the
Nrf2/HO-1 pathway by regulating miR-122.

p53 is a tumor suppressor that can promote tumor
cell apoptosis, but p53 can be activated under oxidative
stress conditions, which is not conducive to resisting
IR-induced liver damage (30). The study by Derdak
et al. pointed out that inhibition of p53 can reduce liver
damage in mice with non-alcoholic fatty liver disease (31).
In our study, sevoflurane post-treatment reversed the
upregulated p53 in the IR group, which indicated that
sevoflurane alleviated IR-induced liver injury by down-
regulating p53.

In order to verify that sevoflurane had a hepatoprotective
effect by inhibiting the expression of miR-122, we used
miR-122 antagomir for verification. Previous study reported
that miR-122-5p antagomir could reduce acetaminophen-
induced oxidative stress and liver damage (32). In addition,
the study by Qiang er 4/. pointed out that silencing of miR-
122 can relieve liver pressure related to cadmium stress by
regulating oxidative stress and stimulating the activity of
antioxidant enzymes (33). Consistent with these findings,
we found that the combination of miR-122 antagonists and
sevoflurane further inhibited IR-induced oxidative stress
and inflammatory response but promoted the activation of
the Nrf2/HO-1 pathway, indicating that sevoflurane can
reduce IR-induced liver damage by inhibiting miR-122.

© Annals of Translational Medicine. All rights reserved.

Zhang et al. Sevoflurane and hepatic IRI

Conclusions

This study emphasized that sevoflurane protects the liver
from IR damage by regulating the miR-122/Nrf2/HO-1
pathway. In doing so, we provided a theoretical basis for the
clinical application of sevoflurane in IR injury.
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