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Abstract. – OBJECTIVE: To explore the pro-
tective effect of remifentanil against myocardi-
al ischemia-reperfusion injury (MIRI) in rats and 
its mechanism. 

MATERIALS AND METHODS: The rat models 
of IRI were established and randomly divided 
into 1) sham-operation group (S group), 2) IRI rat 
model group (M group), 3) low-dose remifentanil 
group (R-L group), 4) moderate-dose remifentanil 
group (R-M group), and 5) high-dose remifentanil 
group (R-H group). The rats in R-L group, R-M 
group, and R-H group were administrated with 
remifentanil at 0.4 μg/kg/min, 2 μg/kg/min, and 10 
μg/kg/min, respectively. The activity of creatine 
kinase-MB (CK-MB), aspartate aminotransferase 
(AST) and lactate dehydrogenase (LDH) in myo-
cardial cells was detected using the automatic 
biochemical analyzer, and the apoptosis rate of 
myocardial cells was detected via terminal de-
oxynucleotidyl transferase-mediated dUTP nick 
end labeling (TUNEL) assay. Moreover, the mes-
senger ribonucleic acid (mRNA) and protein lev-
els of related cytokines in myocardial cells were 
determined through quantitative Polymerase 
Chain Reaction (qPCR) and Western blotting, 
and the content of interleukin-1β (IL-1Symbol ) 
and IL-18 in peripheral blood was detected via 
enzyme-linked immunosorbent assay (ELISA).  

RESULTS: Remifentanil at different concen-
trations could protect myocardium from IRI, 
and remifentanil at 2 μg/kg/min and 10 μg/kg/
min could significantly down-regulate the myo-
cardial enzyme indexes in IRI myocardial cells 
(p<0.01). Besides, remifentanil reduced the mR-
NA expressions of IL-18, INF-γ, TNF-β, and IL-1β 
(p<0.01), significantly decreased the protein ex-
pression of IL-18, and raised the protein expres-
sion of IL-18BP, thereby improving myocardial 
pathological damage. 

CONCLUSIONS: The protective mechanism of 
remifentanil on the myocardium of MIRI rats may 
be related to the inhibition on the IL-18 signal-
ing pathway.
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Introduction

The morbidity rate of acute myocardial infarc-
tion (AMI) is extremely high among coronary heart 
diseases. In the United States, there is 1 new case 
of AMI about every 44 s, as well as about 900,000 
new or recurrent cases every year1. At present, MI 
is mainly treated with the rapid recovery of blood 
perfusion in the ischemic region in clinic2. Howev-
er, the tissue injury will be further aggravated after 
recanalization in the case of long-term myocardial 
ischemia and hypoxia. Moreover, far from alleviat-
ing the myocardial injury, recanalization may cause 
myocarditis and apoptosis, aggravating myocardial 
injury, which is the so-called ischemia-reperfusion 
injury (IRI)3.

IRI is closely related to oxidative stress and in-
flammatory factors4,5. As a pro-inflammatory fac-
tor, interleukin-18 (IL-18) is a member of the IL-1 
gene family, which can be produced by a variety of 
cells, such as neutrophils and T cells6. IL-18 is able 
to improve the myocardial injury induced by isch-
emia-reperfusion7. There is a relatively high affinity 
between IL-18 binding protein (IL-18BP) and IL-
188, and a large amount of IL-18BP binds to IL-18 to 
exert a protective effect against renal injury caused 
by hepatic IRI. In the lipopolysaccharide-induced 
acute lung injury model, it was found that remifent-
anil can reduce the concentration of tumor necrosis 
factor-α (TNF-α), thereby exerting an anti-inflam-
matory effect9. Sheng et al10 found that remifentanil 
can improve the myocardial injury induced by isch-
emia-reperfusion. In addition, another study11 has 
also confirmed that remifentanil can reduce the lac-
tate dehydrogenase (LDH) activity and apoptosis of 
myocardial cells, thereby relieving IRI.

Therefore, the IRI model was established in 
this laboratory, and the protective mechanism 
of remifentanil on myocardium of IRI rats was 
explored from the IL-18 signaling pathway as an 
entry point.
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Materials and Methods

Laboratory Animals 
A total of 60 specific pathogen-free male 

Sprague-Dawley (SD) rats weighing 200-220 g 
were purchased from the Laboratory Animal Center 
of Wenzhou Medical University. This investigation 
was approved by the Animal Ethics Committee of 
Wenzhou Medical University Animal Center. 

Drugs 
Remifentanil was purchased from Shanghai 

Qitai Biotechnology Co., Ltd. (Shanghai, China) 
[CAS No.: 138402-11-6, purity ≥98%].

Reagents and Instruments
The detection kits of related myocardial en-

zyme indexes creatine kinase-MB (CK-MB), as-
partate aminotransferase (AST), and LDH were 
purchased from Shanghai YS Industrial Co., Ltd. 
(Shanghai, China); the terminal deoxynucleoti-
dyl transferase-mediated dUTP nick end labeling 
(TUNEL) apoptosis kit from Shanghai KeyGEN 
Biotech Co., Ltd. (Shanghai, China); the quantita-
tive Polymerase Chain Reaction (qPCR) reagents 
from TOYOBO (Tokyo, Japan), the rabbit an-
ti-IL-18 (ab191860), IL-18BP (ab52914) and β-ac-
tin (ab179467) antibodies used in Western blot-
ting from Abcam (Cambridge, MA, USA), and 
horseradish peroxidase (HRP)-coupled second-
ary antibodies from Proteintech (Wuhan, China). 

Multi-lead electrophysiological recorder ABD 
Serotec (Kidlington, Oxford, UK), SmartChem 
full-automatic biochemical analyzer (Alliance, 
France), Olympus IX-71 binocular fluorescence 
microscope (Olympus, Tokyo, Japan), Spectra-
Max Paradigm multifunctional microplate reader 
(Novus, Littleton, CO, USA), and StepOne Plus 
real-time fluorescence qPCR instrument (Bio-
Rad, Hercules, CA, USA).

Grouping and Drug Administration 
The above 60 male SD rats were randomly divid-

ed into 1) sham-operation group (S group, n=12), 2) 
IRI rat model group (M group, n=12), 3) low-dose 
remifentanil group (R-L group, n=12), 4) moder-
ate-dose remifentanil group (R-M group, n=12), and 
5) high-dose remifentanil group (R-H group, n=12). 
The rats in R-L group, R-M group, and R-H group 
were administrated with an equal amount of remifen-
tanil at 0.4 μg/kg/min, 2 μg/kg/min, and 10 μg/kg/
min via gavage, respectively, while those in S group 
and M group were gavaged with an equal amount of 
normal saline, once a day for 7 consecutive days.

Establishment 
of Rat Model of MIRI 

In this experiment, according to the IRI mod-
eling method, the proximal left anterior descend-
ing coronary artery was ligated for 30 min. Only 
operation was performed without ligation for 
simple myocardial ischemia in S group, while the 
slipknot was released after 30 min for reperfusion 
for 2 h in the other four groups. 

Detection of Effects of Remifentanil 
on Activity of Serum Myocardial 
Enzymes CK-MB, AST, and LDH 
in IRI Rats Using Full-Automatic 
Chemical Analyzer

The serum samples in each group were col-
lected and placed in the heparin tube at room tem-
perature for 20 min, followed by centrifugation at 
3000 rpm for 20 min. Then, the supernatant was 
collected to detect the concentration of CK-MB, 
AST, and LDH using the full-automatic biochem-
ical analyzer.

Detection of Myocardial 
Apoptosis Using TUNEL Assay 

After the rats were sacrificed, the heart tissues 
were taken and fixed with 4% paraformaldehyde 
overnight. On the next day, the tissues were taken 
out, dehydrated with ethanol at different concen-
trations, transparentized with xylene I and xylene 
II, and embedded into paraffin blocks. Then, the 
blocks were sliced into 4 μm-thick sections using 
the microtome, spread flat, and dried on the slide. 
The sections were placed in an oven at 60°C for 3 
h and then taken out, followed by deparaffiniza-
tion and hydration. DNase-free proteinase K (20 
μg/mL) was dropwise added onto the sections for 
incubation at room temperature for 20-30 min, and 
then proteinase K was washed away with phos-
phate-buffered saline (PBS). 50 μL of TUNEL as-
say solution was dropwise added onto the sections 
for reaction in a dark place at 37°C for 40-60 min. 
Then, the sections were washed with PBS, sealed, 
and observed microscopically, and the apoptotic 
myocardial cells were counted in each group.

Detection of Messenger Ribonucleic 
Acid (mRNA) Expression Levels 
of IL-18, IL-1β, TNF-α, and INF-γ 
in Myocardial Cells Via QPCR 

The total RNA was extracted from myocardial 
tissues using the spin-column in each group, and 
transcribed into complementary deoxyribonucleic 
acids (cDNAs) according to the instructions of the 
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ReverTra Ace qPCR RT Kit. Then, 20 μL of re-
action system was prepared using the synthesized 
cDNA according to the instructions of the SYBR™ 
Green Real-Time PCR Master Mix, followed by 
real-time qPCR using the StepOnePlus (Thermo 
Fisher Scientific, Waltham, MA, USA) instrument. 
The thermal cycle conditions are as follows: 95°C 
for 60 s, 95°C for 15 s, –60°C for 15 s, –72°C for 45 
s (40×). With β-actin as an internal reference gene, 
the relative expression levels of target genes in each 
group were calculated using the 2-ΔΔCt method. The 
primer sequences are shown in Table I.

Western Blotting
The left ventricular myocardial tissues were 

lysed with radio immunoprecipitation assay 
(RIPA) lysis buffer (Beyotime, Shanghai, Chi-
na), and centrifuged at 12,000 rpm and 4°C for 
10 min. The total protein was collected and the 
protein concentration in each group was quanti-
fied using bicinchoninic acid (BCA; Solarbio Bio-
technology, Beijing, China). Then, 5 μL of pro-
teins were loaded and separated via 10% dodecyl 
sulfate, sodium salt-polyacrylamide gel electro-
phoresis (SDS-PAGE). The target band was cut 
according to the marker, transferred onto a poly-
vinylidene difluoride (PVDF) membranes (Mil-
lipore, Billerica, MA, USA) for 90 min, sealed 
with 5% skim milk or 5% albumin from bovine 
serum (BSA) prepared by Tris-Buffered Saline 
with 0.1% Tween-20 (TBST) for 2 h, and incu-
bated with IL-18 and IL-18BP primary antibodies 
and internal reference antibody β-actin (1:1000) at 
4°C overnight. After the membrane was washed 
with TBST for 3 times (10 min/time), the protein 
was incubated again with horseradish peroxidase 
(HRP)-coupled secondary antibodies (1:5000) at 
room temperature for 2 h. Next, the membrane 
was washed again with TBST for 3 times (10 min/
time). Finally, the protein band was detected us-
ing enhanced chemiluminescence (ECL) solution 
(Beijing 4A Biotech Co., Ltd., Beijing, China), 
and the optical density (OD) was detected using 
the Image-Pro Plus 6.0 (Media Cybernetics, Sil-
ver Springs, MD, USA) image analyzer.

Detection of Content of IL-18 
and IL-1β in Peripheral Blood 
Through ELISA 

The blood samples in each group were collect-
ed, coagulated at room temperature, and centri-
fuged for 10 min. The serum was taken, and the 
standards were prepared according to the instruc-
tions of the ELISA kit. The reaction was terminat-
ed with stop buffer. Then, the OD values of IL-18 
and IL-1β in each group were detected using the 
microplate reader, and the standard curves were 
plotted, based on which the concentration of IL-
18 and IL-1β in each group was determined. 

Statistical Analysis
Statistical Product and Service Solutions 

(SPSS) 16.0 (SPSS, Chicago, IL, USA) software 
was used for data analysis. The measurement 
data were expressed as mean ± standard devia-
tion (mean ± SD). One-way analysis of variance 
(ANOVA) was performed for the comparison 
among groups. p<0.05 suggested the statistically 
significant difference.

Results

Effects of Remifentanil on Activity 
of Serum Myocardial Enzymes CK-MB, 
AST, and LDH in IRI rats

Compared with that in S group, the activ-
ity of serum myocardial enzymes CK-MB, 
AST and LDH in M group was significantly 
increased (p<0.001), indicating that the IRI 
model was established successfully in this ex-
periment. Compared with that in group M, the 
activity of myocardial enzymes CK-MB, AST, 
and LDH declined after intervention in IRI rats 
with remifentanil at different concentrations, 
and it was down-regulated more significantly by 
moderate- and high-concentration remifentanil 
(p<0.01 or p<0.001), indicating that moderate- 
and high-concentration remifentanil can effec-
tively alleviate MIRI (Table II).

Table I. qPCR primer sequences.

Target gene Forward Reverse

IL-18 5'-GCCTCTATTTGAAGATATGACTGA-3' 5'- GAGATAGTACAGCCATACCTCTA-3'
TNF-α 5'-GGCTTTCGGAACTCACTGGA-3' 5'-GGGAACAGTCTGGGAAGCTC-3'
IFN-γ 5'-AAGACAACCAGGCCATCAGCAA-3' 5'-GAACTTGGCGATGCTCATGAATGC-3'
β-actin 5'-TGACAGGATGCAGAAGGAGA-3' 5'-TAGAGCCACCAATCCACACA-3'
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Effect of Remifentanil on Myocardial 
Apoptosis Rate in IRI Rats

In TUNEL assay, the nucleus stained green 
indicated the apoptotic myocardial cells. Com-
pared with that in S group, the TUNEL-positive 
rate of cells in IRI rats was significantly increased 
in M group (p<0.001). Compared with that in M 
group, the TUNEL-positive rate of cells in IRI 
rats declined after intervention with remifentanil 
at different concentrations, showing a statistical-
ly significant difference (p<0.01 or p<0.001). The 
above results suggest that remifentanil can pro-
tect myocardial cells in IRI rats from apoptosis to 
some extent (Table III, Figure 1).

Effects of Remifentanil on mRNA 
levels of IL-18, IL-1β, TNF-α, 
and INF-γ in IRI Rats

The changes in the relative mRNA expression 
levels of IL-18, IL-1β, TNF-α, and INF-γ were 
studied using qPCR. As shown in Figure 2, the 
mRNA expression levels of IL-18, IL-1β, TNF-α, 
and INF-γ were evidently increased in M group 
compared with those in S group (p<0.001), in-
dicating that the IL-18 inflammatory pathway is 
activated after myocardial ischemia-reperfusion. 
Compared with those in M group, the mRNA 
expression levels of IL-18, IL-1β, TNF-α, and 
INF-γ declined in a dose-dependent manner after 
intervention in IRI rats with remifentanil at dif-
ferent concentrations, while they had significant 

differences in R-H group compared with those 
in M group (p<0.001). The above results further 
demonstrate that remifentanil can inhibit the 
inflammatory effect caused by myocardial isch-
emia-reperfusion.

Effects of Remifentanil 
on Protein Expression Levels 
of IL-18 and IL-18BP in IRI Rats

Western blotting was performed to study the 
abnormalities of IL-18 signal transduction in 
myocardium of IRI rats. As shown in Figure 3, 
the IL-18 expression was increased and the IL-
18BP expression was evidently down-regulated in 
M group compared with those in S group. After 
treatment with remifentanil, the IL-18 expression 
was decreased and the IL-18BP expression was 
increased in myocardium of IRI rats. It further 
demonstrates that remifentanil can suppress the 
activation of IL-18 signaling pathway in myocar-
dium of IRI rats.

Effects of Remifentanil on Content
of IL-18 and IL-1β in Peripheral 
Blood of IRI Rats

The content of IL-18 and IL-1β in peripheral 
blood of IRI rats was analyzed using ELISA. It 
was found that compared with S group, M group 
had relatively higher content of IL-18 and IL-1β, 
while the content of IL-18 and IL-1β remarkably 
declined after treatment with remifentanil in IRI 
rats (Figure 4).

Discussion

Ischemic cardiomyopathy is a disease with a 
high mortality rate, and its commonly-used clin-
ical therapeutic method is coronary recanaliza-
tion12. However, the tissue injury will be further 
aggravated after recanalization in the case of long-
term myocardial ischemia and hypoxia. More-
over, far from alleviating the myocardial injury, 

Table II. Effects of remifentanil on serum myocardial enzymes in IRI rats (χ±s).

Group  CK-MB (U/L) AST (U/L) LDH (U/L)

S 896.33±227.80 24.87±10.83 988.57±181.70
M 1992.83±367.30*** 53.57±17.84*** 1711.83±158.28***
R-L 1639.24±223.97∆∆ 46.87±13.19 1594.84±230.35
R-M 1494.84±190.45∆∆∆ 35.03±12.67∆∆ 1392.67±245.21∆∆∆

R-H 1041.50±183.24∆∆∆ 23.88±14.88∆∆∆ 1011.15±179.49∆∆∆

***p<0.001 vs. S group, ∆∆p<0.01, ∆∆∆p<0.001 vs. M group

Table III. Myocardial apoptosis in IRI rats detected using 
TUNEL assay (χ±s).

Group Apoptosis rate (%)

S 3/17±1.17
M 53.83±7.73***
R-L 38.67±6.44∆∆

R-M 18.17±6.11∆∆∆

R-H 10.33±3.27∆∆∆

***p<0.001 vs. S group, ∆∆p<0.01, ∆∆∆p<0.001 vs. M group.
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recanalization may cause myocarditis and apop-
tosis, aggravating myocardial injury, which is the 
so-called ischemia-reperfusion injury (IRI)3.

Remifentanil is a kind of analgesic drug with a 
strong analgesic effect, about 250 times that of mor-
phine13. In the lipopolysaccharide-induced acute 
lung injury model, it was found that remifentanil 
can reduce the concentration of TNF-α, thereby 
exerting an anti-inflammatory effect9. Moreover, 
remifentanil has a protective effect on the uterus, 
small intestine, and liver during IRI14-16. Sun et 
al17 established the rat model of IRI and injected 
remifentanil via caudal vein, and it was found that 
remifentanil can lower the CK-MB concentration 
and reduce the MI area, thereby protecting the 

myocardium in the rat model of IRI. Dou et al11 
showed that remifentanil reduces the LDH activ-
ity and apoptosis of myocardial cells, thereby im-
proving IRI, which may be related to the δ recep-
tor-mediated PI3K/AKT pathway. Besides, Kim et 
al18 found that remifentanil can reduce the MI area 
after IRI, and such a cardioprotective effect is re-
lated to the decrease of expressions of pro-apoptot-
ic proteins. In coronary artery bypass surgery with 
extracorporeal circulation, remifentanil infused at 
0.5 μg/kg/min for 30 min can lower the expressions 
of CK-MB and cTnl19. In this experiment, the activ-
ity of serum myocardial enzymes CK-MB, AST, 
and LDH in M group was significantly increased 
compared with that in S group, indicating that the 

Figure 1. Effect of remifen-
tanil on myocardial apoptosis 
rate in IRI rats (400 X).
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IRI model was established successfully. Compared 
with that in group M, the activity of myocardial 
enzymes CK-MB, AST, and LDH declined after 
intervention with low-, moderate-, and high-con-
centration remifentanil, and it was down-regulated 
more significantly by moderate- and high-concen-
tration remifentanil, which suggests that remifent-
anil can improve IRI. In addition, compared with 

that in S group, the TUNEL-positive rate of cells 
was significantly increased in M group. After in-
tervention with low-, moderate-, and high-con-
centration remifentanil, the TUNEL-positive rate 
of cells significantly declined, demonstrating that 
remifentanil can reduce the expression of apoptosis 
protein and exert a protective effect on the heart.

It has been confirmed that the mechanism of 
IRI is associated with a variety of factors, such 
as calcium overload, mitochondrial damage, and 
inflammation20-23. Hydrogen sulfide has a pro-
tective effect on IRI in rats, which has a certain 
correlation with the decrease of such inflamma-
tory factors as IL-1824. IL-18 is a pro-inflamma-
tory factor produced by a variety of cells, such 
as neutrophils6. IL-18BP, also known as IL-18 
binding protein, can bind to IL-18 to block the 
production of IFN-γ, and IL-18 can also induce 
the production of TNF-α, IL-1β, etc25,26. Mallat 
et al6 found that the expressions of IL-18 and IL-
18Rα rise, and the IL-18BP expression declines 

Figure 2. Effects of remifentanil on mRNA levels of IL-18, IL-1β, TNF-α, and INF-γ in IRI rats (χ±s). ***p<0.001 vs. S group, 
∆p<0.05, ∆∆p<0.01, ∆∆∆p<0.001 vs. M group.

Figure 3. Effects of remifentanil on protein expression 
levels of IL-18 and IL-18BP in IRI rats (χ±s).
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in myocardium of heart failure patients com-
pared with those in normal people. Also, they 
observed through immunohistochemistry that 
besides endothelial cells and macrophages, IL-
18 is also expressed in myocardial cells infiltrat-
ed by inflammatory cells. Pomerantz et al7 es-
tablished the IRI model using the isolated atrial 
muscles, and found that the mRNA expression 
level of IL-18 rises and the myocardial systolic 
function declines, but the expression of IL-18 in 
myocardial cells is decreased and the myocar-
dial systolic function is improved after IL-18BP 
is used7. Moreover, the mouse model of hepatic 
IRI was established and treated with remifentan-
il by researchers, and the results manifested that 
remifentanil can protect the liver of mice from 
IRI by up-regulating IL-18BP27. In this study, 
compared with those in S group, the mRNA ex-
pression levels of IL-18, IL-1β, TNF-α, and INF-γ 
were evidently increased, the protein expression 
of IL-18 was increased, the protein expression 
of IL-18BP was down-regulated, and the con-
tent of IL-18 and IL-1β in peripheral blood was 
evidently increased in M group. After interven-
tion with low-, moderate-, and high-concentra-
tion remifentanil, the mRNA expression levels 
of IL-18, IL-1β, TNF-α, and INF-γ declined, the 
content of IL-18 and IL-1β in peripheral blood 
was evidently decreased, the protein expression 
of IL-18 was down-regulated, and the protein ex-
pression of IL-18BP was increased. The above 
findings demonstrate that remifentanil can re-
duce the production of IL-1β, TNF-α, and INF-γ 
by inhibiting the IL-18 signaling pathway.

Conclusions

In summary, remifentanil can improve myo-
cardial IRI by inhibiting the IL-18 signaling path-
way, which provides a new idea for the clinical 
treatment of IRI.
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