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Sevoflurane exerts protective effects on liver ischemia/reperfusion
injury by regulating NFKB3 expression via miR-9-5p
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Abstract. Hepatic ischemia/reperfusion (IR) injury is a critical
contraindicationofhepatobiliary surgery andresultsinsevereliver
damage. Itis imperative to identify underlying pathophysiological
mechanisms. In the current study, a rat model of liver IR was
established to explore the mechanisms of sevoflurane during
surgical intervention on IR. The detection of cytokines was
performed using ELISA and reverse transcription-quantitative
polymerase chain reaction and western blot assays were used
to detect mRNA and protein expression levels, respectively.
The target protein of microRNA (miR)-9-5p was identified by
in vitro luciferase reporter assay. Cell apoptosis was detected
by Annexin-V/propidium iodide and TUNEL staining assays.
The results demonstrated that sevoflurane exerted protective
effect against liver IR. Sevoflurane administration ameliorated a
cytokine storm by decreasing serum levels of interleukin (IL)-1
and -6 and tumor necrosis factor (TNF)-a., and improved liver
function was determined. IR-induced damage was mediated by
an increase in transcription factor p65 expression and activation
of the nuclear factor (NF)-«B signaling pathway, which were
suppressed by sevoflurane treatment. In situ analysis predicted
that NFKB3, encoding for p65, may be targeted by miR-9-5p
and the hypothesis was verified by in vitro reporter assays using
wild type and mutant sequences of the NFKB3 3'-untranslated
region. Furthermore, pretreatment of hepatic tissue with a
miR-9-5p mimic inhibited IR-associated injury as suggested by
the decrease in the Suzuki score and decreased serum levels of
TNF-a, IL-1 and IL-6. The results indicated that sevoflurane
protected the liver from IR injury by increasing miR-9-5p
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expression and miR-9-5p may be a potential treatment target in
IR.

Introduction

Liver ischemia/reperfusion (IR) is a major cause of liver
damage (1,2). IR occurs following tissue resection, hemorrhagic
shock or transplantation surgery, when tissue damage occurs
due to transient hypoxia and subsequent restoration of blood
flow (3,4). Managing IR is an important factor in hepatobiliary
surgery (5). IR affects liver function and creates postoperative
complications in the cardiovascular system (6).

Molecular mechanisms underlying IR have been extensively
explored (7). Various studies have indicated that IR is associated
with lactate accumulation, acidosis, depletion of ATP, reactive
oxygen species generation and resulting oxidative stress, neutro-
phil activation and calcium overload (8-11). However, the full
pathophysiological process of IR is not completely known.

Interestingly, use of volatile anesthetics can prevent tissue
damage by regulating hepatic blood flow following liver
ischemia (12-14). Sevoflurane, an inhalation anesthetic, functions
as a bronchodilator via regulating calcium homeostasis (15).
Sevoflurane renders protection form reperfusion injury during
thoracic surgery (16). In fact, sevoflurane has been demonstrated
to have a protective effect against liver IR in mouse models (17,18).

IR induces the activation of the nuclear factor (NF)-xB
signaling pathway, which mediates IR-associated tissue injury
and sevoflurane ameliorates this NF-xB activation (18). It was
suggested that sevoflurane exerts its effects by downregulating
miR-200c expression (17). However, it remains unknown how
sevoflurane regulates the activation of the NF-kB signaling
pathway. The objective of the current study was to establish an
IR rat model and to verify the mechanism by which sevoflurane
regulates the activation of the NF-«kB signaling pathway. The
results suggested that sevoflurane induced microRNA (miRNA
or miR)-9-5p, which targets NFKB3, encoding for transcription
factor p65, and mitigated the effects of IR.

Materials and methods

Animals, surgery and experimental intervention. The study was
approved by the Institutional Animal Care and Use Committee
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of Wuxi People's Hospital Affiliated to Nanjing Medical
University (Wuxi, China). A total of 36 male Sprague-Dawley
rats (Beijing Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China) aged 8 weeks and weighing 285+30 g
were housed at 22+1°C with 50+10% relative humidity at 12-h
light/dark cycles and with free access to water and food. The
animals were randomly assigned to six groups (n=6 rats/group):
Control (sham), IR, IR+sevoflurane, IR+miR-9-5p mimic group,
IR+miR-9-5p antagomir group, IR+sevoflurane+miR-9-5p
antagomir group. All rats were anesthetized using an intra-
peritoneal injection of sodium pentobarbital (1%; 40 mg/kg
body weight) and rats in sevoflurane groups were then treated
with sevoflurane (3%; AbbVie Inc., Chicago, IL, USA) at
a controlled flow rate (2 1/min) for the full duration of the
surgical intervention. Midline laparotomy was performed to
reveal the hepatic artery and portal vein for subsequent occlu-
sion. Liver ischemia was induced by ligating the hepatic artery,
portal vein and bile duct for 1 h and reperfusion was performed
by removing the clamping for 2 h. Post-surgery liver tissue
samples were collected and snap frozen in liquid nitrogen or
fixed in 4% paraformaldehyde for 24 h at 25°C. Fixed tissues
were used for immunohistochemistry analysis and were stained
with hematoxylin/eosin (H&E), including staining with 0.5%
hematoxylin for 5 min followed by 0.5% eosin for 1 min at
25°C. The Suzuki score (criteria, 0-4) assesses liver damage
and was used for grading of hepatic IR injury based of the fixed
tissues (19). Venous blood samples (5 ml) were collected at 4 h
post reperfusion, centrifuged (5 min; 4,000 x g; 4°C) and serum
was stored at -80°C.

Where indicated, miR-9-5p mimic (100 ul; 50 mg/kg;
5'-GGUUAUCUAGCUGUAUGA-3"; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) or antagomir (100 ul;
50 mg/kg; 5'-AUACAGCUAGAUAACCAAAG-3'; Thermo
Fisher Scientific, Inc.) was injected in the liver at 1 h before
performing the IR (n=6/group) without anesthesia of rats.

Quantification of cytokines. ELISA kits (MyBiosource;
Thermo Fisher Scientific, Inc.) were used to quantify liver
function markers, including alanine aminotransferase (ALT;
cat. no. MBS1601726), aspartate aminotransferase (AST;
cat. no. MBS778086), lactate dehydrogenase (LDH; cat.
no. MBS778339) (20), and inflammatory cytokines, including
interleukin (IL)-1 (cat. no. MA5-23,736), -6 (cat. no. M620)
and -10 (cat. no. AHCO0103) and tumor necrosis factor (TNF)-a.
(cat. no. P300A), in serum following the manufacturer's proto-
cols. Data are presented as the mean + standard error of mean
and experiments were performed three times in triplicate.

Immunoblot analysis. To extract the proteins, liver tissue cells
and Hep3B cells were lysed in radioimmunoprecipitation assay
buffer (Thermo Fisher Scientific, Inc.) supplemented with Mini
protease inhibitor cocktail (Roche Diagnostics, Indianapolis,
IN, USA). The protein concentration was determined using
bicinchoninic acid kit (Thermo Fisher Scientific, Inc.). Whole
cell lysate (50 pug) was separated on 10% SDS-PAGE gels
and transferred to polyvinylidene difluoride membranes.
Membranes were blocked for 1 h at 25°C using 4% non-fat milk
(Thermo Fisher Scientific, Inc.) and probed with anti-GAPDH
antibody (cat. no. ab9458; 1:1,000); anti-phosphorylated (p)-p65
antibody (cat. no. ab76302; 1:500); anti-total p65 antibody (cat.
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no. ab207297; 1:500); anti-IxBa antibody (cat. no. ab55341;
1:500; all Abcam, Cambridge, UK) at 4°C for 12 h. Membranes
were then incubated with goat anti-rat IgG horseradish
peroxidase-conjugated antibody (cat. no. ab205720; 1:2,000;
Abcam) for 1 h at 25°C. Blots were visualized using enhanced
chemiluminescence reagent (Thermo Fisher Scientific, Inc.).
GAPDH was used to confirm equal loading.

RNA and miRNA extraction and vreverse
transcription-quantitative polymerase chain reaction
(RT-gPCR). TRIzol reagent (Sigma-Aldrich; Merck KGaA,
Darmstadt, Germany) was used to isolate total RNA and
miRNA from tumor tissues. The SuperScript III First Strand
cDNA synthesis kit (Thermo Fisher Scientific, Inc.) was to
obtain first strand cDNA using the following protocol: 30°C
for 10 min, 42°C for 30 min, 99°C for 5 min followed by 5°C
for 5 min. TagMan Gene Expression probes (Thermo Fisher
Scientific, Inc.) were used for subsequent RT-qPCR assays.
TATA-box binding protein was used as normalization control for
assessing NFKB3 transcription levels. Primers sequences were
as follows: NFKB3 forward, 5-GACGACTGTTCCCCCTC-3'
and reverse, 5'-CCTCGCACTTGTAGCGG-3' (21); miR-9-5p
forward, 5'-GTGCAGGGTCCGAGGT-3' and reverse, 5'-GCG
CTCTTTGGTTATCTAGC-3' (22); TBP forward, 5-CCCGAA
ACGCCGAATATAATCC-3' and reverse, 5S'-AATCAGTGC
CGTGGTTCGTG-3' (23); and RNU6B forward, 5'-CTCGCT
TCGGCAGCACA-3' and reverse, 5-AACGCTTCACGAATT
TGCGT-3' (24). Thermocycling conditions were as follows:
95°C for 2 min followed by 45 cycles of 94°C for 15 sec, 55°C
for 15 sec and 68°C for 30 sec and final elongation at 72°C for
5 min. Data was analyzed using the 224 method (25). TagMan
probe based quantification was done for RNU6B and miR-9-5p,
where RNU6B was the normalization control. 7TBP was used as
control for mRNA.

Gene construction, transfection of plasmid constructs and
in vitro luciferase reporter assays. The NFKB3 3'-untranslated
region (UTR) was constructed by amplifying the endogenous
NFKB3 3'-UTR from the pMirTarget plasmid (OriGene
Technologies, Inc., Rockville, MD, USA) and cloning into the
pCXCR4 6X Renilla luciferase vector (OriGene Technologies,
Inc.). The NFKB3 3'-UTR miR-9-5p binding mutant (deleted
region, 29-35) construct was generated by site-directed muta-
genesis. Hep3B cells (2x10°) were transiently transfected with
the reporter construct (4 pg) and a control luciferase vector
(4 ug) using Lipofectamine 2000 (Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Cells were
co-transfected with anti-miR-9-5p antagomir (5'-AUACAG
CUAGAUAACCAAAG-3'"; Thermo Fisher Scientific, Inc.)
or antagomir control (cat. no. miR03201-1-10; Guangzhou
RiboBio Co., Ltd., Guangzhou, China). Transfection efficiency
was determined by RT-qPCR and luciferase activity. Luciferase
activities were determined using the Dual-luciferase reporter
assay system (Promega Corporation, Madison, WI, USA) and
normalized to Renilla. Data are presented as the mean in
relative fluorescence units + standard error of mean.

Regulation of p65 using miR-9-5p. In order to explore regula-
tory effects of miR-9-5p on p65, miR-9-5p antagomir (5'-AUA
CAGCUAGAUAACCAAAG-3"), antagomir control, miR-9-5p
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mimic (5'-GGUUAUCUAGCUGUAUGA-3") and mimic control
(cat. no. miR01201-1-5; Guangzhou RiboBio Co., Ltd.) were
designed. miRs (100 nmol/l) were transfected into Hep3B cells
(2x10%) using Lipofectamine 2000 (Thermo Fisher Scientific,
Inc.) according to the manufacture's protocols. Following 6 h,
cell culture medium was changed and cells were cultured
for further 48 h. Transfection efficiency was determined by
RT-qPCR. Subsequently, western blot assays detecting p65 were
performed.

Apoptosis quantification by flow cytometry. Liver tissues
of the IR+sevoflurane, the IR and the control groups were
collected. Tissues were homogenated into single cell suspen-
sion using the mechanical trituration method. Cell viability
was determined by Annexin-V/propidium iodide (PI)
staining (BD Biosciences, Franklin Lakes, NJ, USA), with
Annexin-V/PI as viable, Annexin-V*/PIl as early apoptotic and
Annexin-V*/PI" as late apoptotic cells. Samples were analyzed
using a BD Accuri C6 flow cytometer with C6 software
(version 1.0.264; BD Biosciences). Data are presented as the
means + standard error of mean representative of three experi-
ments and each performed in triplicate.

TUNEL staining assay. Liver tissues of the IR+sevoflurane,
the IR and the control groups were collected, fixed using
4% paraformaldehyde for 24 h at 25°C and 5 ym frozen
sections were prepared. TUNEL immunohistochemistry
analysis was performed using the TUNEL Apoptosis Assay
kit (Shanghai Yeasen Biotech Co., Ltd., Shanghai, China).
First, tissue slides were deparaffinized twice for 10 min at
room temperature using xylene and treated with proteinase K
(20 pg/ml; Sigma-Aldrich; Merck KGaA) for 20 min at 25°C.
Tissue sections were equilibrated in the kit's equilibration
buffer (100 p) for 5 min at 25°C. FITC-12-dUTP Labeling mix
containing recombinant terminal deoxynucleotidyl transferase
(100 ul) was added to the sections and samples were incubated
at 37°C in a humidity chamber (plastic box with PBS) for 1 h.
Sections were incubated with DAPI at 25°C for 5 min. Samples
were imaged using a fluorescence microscope (magnification,
x400) and five random fields were selected for each sample.

Statistical analyses. Statistical analyses were performed using
SPSS 20.0 (IBM Corp., Armonk, NY, USA). Differences
between groups were determined by one-way analysis of
variance followed by least significant difference post-hoc tests.
Student's t-test or Mann-Whitney U tests were used for the
comparison of two groups. P<0.05 was considered to indicate
a statistically significant difference.

Results

Sevoflurane reverses IR-induced liver damage in tissues. Liver
damage induced by IR was visualized using H&E staining
and was graded using the Suzuki score. Pathological changes
evident in the IR group indicated severe liver damage and were
validated by high Suzuki scores (Fig. 1A and B). Sevoflurane
administration significantly attenuated liver damage compared
with the IR group (P<0.01; Fig. 1A and B). High serum levels
of AST, ALT and LDH, indicative of severe liver damage,
were observed in the IR group and levels were significantly
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decreased in the IR+sevoflurane compared with the IR group
(P<0.01; Fig. 1C-E).

Sevoflurane administration attenuates IR-associated cyto-
kine storms and apoptosis. Levels of inflammatory cytokines
were determined in the various experimental groups to
evaluate if sevoflurane attenuates IR-associated cytokine
storms. Compared with the sham group, TNF-a, IL-1
and -6 levels were significantly increased in the IR group
(P<0.01; Fig. 2A-C). Sevoflurane administration significantly
decreased cytokine levels compared with the IR group
(P<0.01; Fig. 2A-C). IL-10 levels were significantly reduced
in the IR compared with the sham group and this decrease
was significantly reversed in the IR+sevoflurane group
(P<0.01 Fig. 2D). Additionally, TUNEL staining assays and
flow cytometry suggested that the late apoptotic rate in the
IR group was significantly increased compared with the sham
group and sevoflurane significantly attenuated IR-induced
late apoptotic rates (P<0.01; Fig. 3A-C).

Sevoflurane administration attenuates IR-associated injury
via the NF-kB signaling pathway. Activation of the NF-xB
signaling pathway was investigated to evaluate if cytokine
levels were mediated by this pathway. Levels of total p65
and p-p65 were increased in the IR group compared with the
sham group and IkBa, an inhibitor of NF-«kB signaling, levels
were downregulated (Fig. 3D). Sevoflurane administration
increased IkBa expression and decreased total and phosphory-
lated p65 levels compared with the IR group (Fig. 3D). The
results indicated a successful attenuation of NF-kB signaling
was detrimental in the protective role of sevoflurane against
IR-associated injury and tissue damage.

miR-9-5p affects p65 levels by targeting NFKB3. To explore
the mechanism by which p65 levels decreased following IR,
miRNA targets were investigated, as no obvious changes in
mRNA expression were detected (data not shown). miR-9-5p
was predicted as a putative miRNA targeting NFKB3,
encoding for p65, by TargetScan (Fig. 4A). NFKB3 mRNA
expression was significantly upregulated following IR and
miR-9-5p was downregulated in IR tissues compared with
the sham control (Fig. 4B and C). Following sevoflurane
treatment, NFKB3 mRNA expression was downregulated
while miR-9-5p expression was upregulated in hepatic tissue
specimens compared to the IR specimen (Fig. 4D).

To evaluate if NFKB3 is a direct target of miR-9-5p
luciferase reporter assays were performed. Various hepatic cell
lines including AML12, HepG2, Hep3B, MIHA, BNL CL.2
and Huh7 were screened for miR-9-5p and NFKB3 expression
and Hep3B exhibited high miR-9-5p and increased NFKB3
expression compared with these other hepatic cell lines (data
not shown). Hep3B cells have previously been used to mimic
IR by hypoxia/reoxygenation treatment (26). Hence, Hep3B
was selected for subsequent in vitro assays. Luciferase reporter
constructs containing the wild type NFKB3 3'-UTR were
transfected with or without the antagomir targeting miR-9-5p.
The relative activity in wild type NFKB3 3'-UTR containing
cells was increased 3.09+0.03 fold (P=0.0073; Fig. 4E) in the
presence of antagomir compared with the antagomir control
cells. The specificity of this interaction was confirmed using a
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Figure 1. Administration of sevoflurane ameliorates IR-induced liver injury. Rats were randomly divided into the sham, the IR and the IR+sevoflurane groups
(n=6 rats/group); the IR groups underwent 1 h ischemia and 2 h reperfusion prior to tissue collection. Rats in the IR+sevoflurane were administered sevoflurane
for the duration of the surgery. (A) Representative hematoxylin/eosin staining of liver sections obtained for the IR and the IR+sevoflurane groups (magnifica-
tion, x200). (B) Suzuki scores determined in tissue specimen. Serum levels of (C) AST, (D) ALT and (E) LDH. Results are expressed as the mean + standard
error of the mean of three independent experiments. “P<0.01. IR, ischemia/reperfusion; AST, aspartate aminotransferase; ALT, alanine aminotransferase;

LDH, lactate dehydrogenase.
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Figure 2. Effects of sevoflurane on IR-induced inflammation in liver tissues. Rats were randomly divided into the sham, the IR and the IR+sevoflurane groups
(n=6 rats/group). Animals in the IR groups underwent 1 h ischemia and 2 h reperfusion and rats in the IR+sevoflurane were administered sevoflurane for the
duration of the surgery. Serum levels of inflammatory cytokines (A) TNF-a, (B) IL-1, (C) IL-6 and (D) IL-10 were determined. Results are expressed as the
mean = standard error of the mean of three independent experiments. “P<0.01. IR, ischemia/reperfusion; TNF, tumor necrosis factor; IL, interleukin.

miR-9-5p binding mutant of the NFKB3 3'-UTR. No significant
difference was determined between the anti-miR-9-5p
antagomir and the antagomir control cells (Fig. 4E).

Relative miR-9-5p levels were detected in cells transfected
with miR-9-5p antagomir, mimic or controls to determine
transfection efficiency. miR-9-5p antagomir significantly
decreased miR-9-5p levels compared with the antagomir
control (P=0.0097) and the miR-9-5p mimic significantly
increased miR-9-5p levels compared with the mimic control
(P=0.0074; Fig. 4F). Furthermore, p65 expression was
increased in the miR-9-5p antagomir compared to control
group and decreased in the miR-9-5p mimic compared with
the control group (Fig. 4G).

miR-9-5p treatment in rats attenuates IR-induced liver injury.
It was further evaluated if protective effects of sevoflurane were
mediated by miR-9-5p. Rats of the IR group were injected with

miR-9-5p mimic prior to IR induction. Sevoflurane admin-
istration and treatment with miR-9-5p mimic significantly
attenuated IR-associated liver damage as indicated by the
Suzuki score (P<0.01; Fig. 5A). Additionally, decreased AST,
ALT and LDH serum levels were observed in the IR+miR-9-5p
mimic and the IR+sevoflurane groups compared with the IR
group (P<0.01; Fig. 5B-D). Cumulatively, this indicated that
protective effect of sevoflurane on IR-associated injury may be
mediated miR-9-5p expression.

Sevoflurane alters the NF-xB signaling pathway through
miR-9-5p upregulation. To verify whether sevoflurane
inhibited NF-xB by upregulating miR-9-5p, western blot
analysis investigating p65 phosphorylation and IxkBa was
performed in the following groups: Sham, IR, IR+sevoflurane,
IR+miR-9-5p mimic, IR+miR-9-5p antagomir and
IR+sevoflurane+miR-9-5p antagomir. miR-9-5p levels
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Figure 3. Effects of sevoflurane on apoptosis and NF-«kB signaling pathway activation. Rats were randomly divided into the sham, the IR and the IR+sevoflurane
groups (n=6 rats/group). Animals in the IR groups underwent 1 h ischemia and 2 h reperfusion and rats in the IR+sevoflurane were administered sevoflurane
for the duration of the surgery. (A) Liver tissue sections stained with TUNEL Apoptosis Assay kit (green) and DAPI (blue). (B) Collected liver tissues were
homogenated into single cell suspensions for Annexin-V/PI staining. (C) Analysis of the apoptosis rates. Results are expressed as the mean + standard error of
the mean of three independent experiments. (D) Representative western blots p-p65, p65 and IkBa, compared with GAPDH. “P<0.01. IR, ischemia/reperfu-
sion; PI, propidium iodide; FITC, fluorescein isothiocyanate; p-, phosphorylated; NF, nuclear factor; IxBa, inhibitor of kBa.

were detected to determine transfection efficiency; IR
significantly decreased miR-9-5p levels compared with the
sham group (P=0.029) and miR-9-5p levels were significantly
increased in IR+sevoflurane group and IR+miR-9-5p mimic
group compared with the IR group (P=0.022 and P=0.013,
respectively; Fig. 6A). In the IR+miR-9-5p antagomir and the
IR+sevoflurane+miR-9-5p antagomir groups, miR-9-5p levels
were not significantly different compared with the IR group
(P>0.05; Fig. 6A). Western blot analysis revealed that p65
phosphorylation was increased in the IR compared with the
sham group (P<0.01; Fig. 6B and C). Treatment with sevoflurane
and miR-9-5p mimic decreased phosphorylation levels of p65
compared with the IR group (P<0.01; Fig. 6B and C). In the

IR+miR-9-5p antagomir and the IR+sevoflurane+miR-9-5p
antagomir groups, p65 phosphorylation was not significantly
different compared with the IR group (Fig. 6B and C). IkBa
expression decreased in the IR compared with the sham group
and sevoflurane and miR-9-5p mimic treatment significantly
reversed the IR-induced change (Fig. 6B and D). The results
indicated that sevoflurane inhibited the NF-kB signaling
pathway by miR-9-5p upregulation.

Discussion

miRs are 21-23 nucleotide-long noncoding RNAs that regulate
gene expression by inhibiting translation, in case of imperfect


https://www.spandidos-publications.com/10.3892/etm.2019.7272
https://www.spandidos-publications.com/10.3892/etm.2019.7272

LIAO et al: SEVOFLURANE ELIVIATES LIVER IR INJURY VIA miR-9-5p TARGETING NFKB3 2637
A Predicted consequential pairing of target region (top) Site
and miRNA (bottom) type
Position 29-35 of NFKB3 3' UTR 5" ...UCCCACACCGUGUAAACCAAAGC. .. ;A
| i =
hsa-mlR-Q-Sp 3 AGUAUGUCGAUCUALUGGUUUCU
B C 3- IR D 61 IR+sevoflurane
g 2- g
© S 24 T 4
215 c 2 )
=L 5C 2
s & a1 cg 2]
e 1 -
w o o sk
0 m ol o
£F 05 - 8o 0 g@ 0]
[=} - =
& g o - o3 1] NFKBS g9 ,| hsa-miR-9-5p
g NFKB3 e 3 -3
L5 05 E -2 2L 41
£ 5 L F
s 17 € 1 E
£ s hsamiRosp o hsa-miR-9-5p &7
: NFKB3
-2 -4 _8
E .. " F G -
¥k 0, =
o c
5 3 @ - 8
[ [ Q‘b D_‘=
Css E — w E o E
o g e % S > S
E o, g T g x g T 8
S g, = o ES ES
8 15 - 2
¥ z, PE5 wam— en—
s 1 © 5 23 8% 83 8¢ ;
5 25 28 25 3 g P-actin «EENEE-. SE— —
& ¢
05 [&] B E £ .g % g % -
s g S
o ' g = at =3
miR-9-5p miR-9-5p ® s 0 3 e
t ir control t i E @0 P o
antagomir control antagomir 5 o E & E
= WTUTR  m Mutant UTR Q EE EE

PS5  — — —

B-actin —E—— S —

Figure 4. NFKB3 is a direct target of miR-9-5p. (A) TargetScan predicted a complementary 7mer-m8 seed match between miR-9-5p and the 3'-UTR of NFKB3.
Relative NFKB3 and miR-9-5p expression in liver tissues obtained from the (B) sham, (C) IR and (D) IR+sevoflurane experimental groups that underwent 1 h
ischemia and 2 h reperfusion and rats in the latter were administered sevoflurane for the duration of the surgery. Results are presented as the mean + standard
error of mean of three independent experiments and data were normalized to TBP and RNU6B for NFKB3 and miR-9-5p, respectively. (E) Luciferase reporter
activity of WT and mutant NFKB3 3'-UTR in the presence and absence of miR-9-5p. (F) Relative miR-9-5p expression and (G) p65 protein expression
following transfection of Heb3B with miR-9-5p antagomir, mimic and corresponding controls. Results are presented as the mean + standard error of the mean
of three independent experiments. “P<0.01 vs. Control. IR, ischemia/reperfusion; miR, microRNA; UTR, untranslated region; NFKB3, encoding for p65; WT,

wild type; TBP, TATA-box binding protein.

complementarity between miR seed the target, or by degrading
the target mRNA, in cases of perfect complementarity
between the target and miR seed (27,28). miRs are involved
in various important physiological processes and in disease
pathogenesis (29-34). Sevoflurane is an inhalational anesthetics
that is widely used in clinic and has little toxic effects on the
liver (35). Low blood pressure and blood loss can lead to organ
ischemia during surgery, including of the liver, and IR liver
injury is a known side effect (36). Whether sevoflurane exerts
protective effects on IR liver injury has not been determined
so far.

The current study explored the protective effects of sevoflu-
rane on the IR liver injury in rats and cell models. H&E staining

of tissues from various experimental animal groups was
performed and Suzuki scores were determined, allowing for the
evaluation of the liver injury level. The results demonstrated that
sevoflurane protected the structural integrity of the liver in the
IR group. Serum markers of liver function, including AST, ALT
and LDH, were further determined and supported the conclu-
sion that sevoflurane protected against IR injury. Apoptosis
is a result of IR injury. To measure apoptosis in liver tissues,
flow cytometry and TUNEL staining assays were performed.
The results suggested that sevoflurane inhibited apoptosis rates
compared with the IR group. It was presented that sevoflurane
protected the function and structural integrity of liver from IR
injury.
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Figure 5. miR-9-5p mimic exerts protective effects similar to sevoflurane in IR-mediated hepatic injury. Rats were randomly divided into IR, IR+sevoflurane
and IR+miR-9-5p mimic groups (n=6 rats/group). Animals in the IR groups underwent 1 h ischemia and 2 h reperfusion and rats in the IR+sevoflurane were
administered sevoflurane for the duration of the surgery. (A) Suzuki scores determined in the hepatic tissues. Serum levels of (B) ALT, (C) AST and (D) LDH.
Results are presented as the mean + standard error of the mean of three independent experiments. “P<0.01. IR, ischemia/reperfusion; miR, microRNA; AST,
aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase.
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Figure 6. Sevoflurane inhibits the NF-kB signaling pathway through miR-9-5p upregulation. Rats were randomly divided into sham, IR, IR+sevoflurane,
IR+miR-9-5p mimic, IR+miR-9-5p antagomir group, IR+sevoflurane+miR-9-5p antagomir groups (n=6/group). The IR+miR-9-5p mimic, IR+miR-9-5p
antagomir and IR+sevoflurane+miR-9-5p antagomir groups were injected with miR-9-5p mimic or antagomir in the liver at 1 h prior to IR. (A) Relative
miR-9-5p expression. (B) Western blot images for p-p65, p65 and IkBa and quantitative evaluation of (C) p65 phosphorylation and (D) IkBa expression.
Results are presented as the mean + standard error of mean of three independent experiments. ‘P<0.01. IR, ischemia/reperfusion; miR, microRNA; p-,

phosphorylated; NF, nuclear factor; IkBa, inhibitor of kBa.
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Inflammation is an important mechanism in IR injury. To
explore the protective mechanism of sevoflurane, key inflam-
mation factors were determined in serum samples. TNF-a,
IL-1 and IL-6 serve important roles in innate immunological
response and IL-10 exhibits negative immunological regulation
effects (37). The current study described that IR significantly
increased the serum levels of TNF-a, IL-1 and IL-6, and IL-10
was decreased. Following sevoflurane treatment, proinflamma-
tory factors, TNF-a, IL-1 and IL-6, were all decreased and the
anti-inflammatory factor IL-10 was increased compared with
the IR group. This suggested that sevoflurane inhibited inflam-
matory effects induced by IR and contributed to the protection
against liver injury.

The NF-kB signaling pathway serves an important role
in inflammation activation (38). p65 phosphorylation and
IkBa levels were determined, which are key proteins of the
NF-«B signaling pathway. It was observed that sevoflurane
decreased the p65 phosphorylation and increased IkBa
expression compared with the IR group. p65 phosphorylation
initiates the transcription of various inflammation factors and
promotes inflammation activation (38). IkBa inhibits the NF-xB
signaling pathway by masking nuclear localization signals of
NF-«kB-associated proteins and keeping them sequestered in an
inactive state in the cytoplasm (39). These results suggested that
sevoflurane inhibited the NF-kB signaling pathway.

miRs paricipate in the regulation of various cell signaling
pathways. Utilizing bioinformatic, miR-9-5p was identified
to target NFKB3, the gene coding for p65. A previous study
suggested that miR-9-5p regulated NF-kB in ovarian cancer by
targeting to NFKBI (40); however, there was no evidence that
NF-«B wasregulated by miR-9-5p in IR as miRs can have various
targets in different cells. Monocyte chemotactic protein-induced
protein-1 is a target of miR-9-5p in microglia (41). To determine
miR-9-5p expression, RT-qPCR was performed. The results
suggested that sevoflurane potentiated protective effects by
inducing miR-9-5p expression. Hep3B cell treatment with
miR-9-5p antagomir increased p65 expression and miR-9-5p
mimic significantly decreased p65 expression compared with
the respective controls. Furthermore, miR-9-5p mimic exhibited
similar protective effects on IR injury as sevoflurane. Results
suggested that the volatile anesthetic protected from IR injury
by increasing miR-9-5p expression, which in turn directly
targeted the proinflammatory NF-«xB signaling pathway.

Whether the induction and suppression of miR are direct
effects of sevoflurane treatment remains to be investigated. It
is imperative that promoter analyses of induced and suppressed
miRs are performed to determine which factors are directly regu-
lating expression and how these are manipulated by sevoflurane
administration. In addition, the involvement of additional miRs
in IR injury and subsequent protection by sevoflurane require
to be investigated. There is evidence for the miR-133-5p-me-
diated regulation of MAPK6 (42), the miR-182-5p-mediated
regulation of TLR4 (43), the miR-148a-mediated regulation of
CamKlIla (44) and the miR-370-mediated regulation of the
NF-«B signaling pathway (45) in different aspects of IR injury
and amelioration using volatile anesthetics. This indicates that
miRs may serve a more important role in IR-associated injury
and subsequent remediation by volatile anesthetics.

In conclusion, sevoflurane protected the liver from IR
injury by increasing miR-9-5p expression. Increased miR-9-5p
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expression inhibited NF-kB signaling pathway activation, a
cytokine storm and apoptotic cell death. Further research using
other models and patients may further the potential clinical
administration of sevoflurane to managing IR injury of the liver.
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