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Sevoflurane attenuates cardiomyocyte apoptosis by mediating the miR-219a/ 
AIM2/TLR4/MyD88 axis in myocardial ischemia/reperfusion injury in mice
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ABSTRACT
Myocardial infarction (MI) is a vital cause of death and disability globally. The primary treatment 
for diminishing acute myocardial ischemic injury is myocardial reperfusion, which may induce 
cardiomyocyte death. Our aim is to unravel the mechanism of sevoflurane (Sev) in microRNA-219a 
(miR-219a)-mediated regulation of absent in melanoma 2 (AIM2) and TLR4/MyD88 pathway 
during myocardial ischemia/reperfusion (I/R). The area of MI and apoptosis of cardiomyocytes of 
the developed mouse model were evaluated by TTC staining and TUNEL, respectively. After the 
determination of miR-219a as our target using microarray analysis, miR-219a atagomiR was used 
to treat the mouse model. The luciferase assay verified whether miR-219a targeted AIM2, and the 
miR-219a and AIM2 expression in myocardial tissues was detected by RT-qPCR and Western blot. 
miR-219a was significantly increased in myocardial tissues from mice treated with Sev, and the 
area of MI and cardiomyocyte apoptosis were decreased as a consequence. The miR-219a 
inhibitor reversed the action of Sev. Moreover, overexpression of AIM2 or induction of the TLR4 
pathway aggravated myocardial I/R injury alleviated by miR-219a. All in all, the treatment of Sev 
upregulated miR-219a expression, which blocked the TLR4 pathway by targeting AIM2 and 
attenuated cardiomyocyte apoptosis in myocardial I/R mouse model.   
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1. Introduction

As the leading cause of death and disability in 
a world range, coronary heart disease may culmi-
nate in acute myocardial ischemia/reperfusion 
injury (IRI) [1]. Principally, no blood flow to the 
heart leads to an inequality between oxygen 
demand and supply, called ischemia, however, 
reinstating blood flow to the ischemic heart, 
termed as reperfusion by thrombolytic therapy or 
primary percutaneous coronary intervention may 
also cause injury [2]. Sevoflurane (Sev) is exten-
sively applied in cardiac surgery due to its advan-
tages of shorter induction and recovery time and 
higher safety level relative to other anesthetics [3]. 
The beneficial role of Sev in alleviating lung [4], 
brain [5] as well as liver IRI [6] has been reported. 
Moreover, Sev has been observed to alleviate myo-
cardial IRI via the suppression of caveolin- 
3-mediated cyclooxygenase-2 [7]. More recently, 
Sev preconditioning has been implicated in pro-
tecting myocardial IRI through the regulation of 
microRNA-370 (miR-370) [8], which highlights 

the connection between Sev and microRNAs in 
progression of IRI.

miRNAs are a group of non-coding RNAs with 
20–23 nucleotides in length, which perform to 
modulate gene expression, principally by repressing 
transcription or degrading messenger RNA 
(mRNA), and the relevance of miRNAs in mediat-
ing the cascade of myocardial IRI has been under-
scored previously [9]. miR-219a-1-3p was found to 
be one of the ten downregulated miRNAs in cor-
onary artery disease [10]. Besides, protocatechuic 
acid-induced miR-219a-5p expression ameliorated 
alcoholic liver disease by lowering p66shc-mediated 
formation of reactive oxygen species [11]. Most 
importantly, age-related miR-219a-5p mitigated 
hepatic IRI by directly targeting TP53BP2 and 
repressing TP53-dependent apoptosis of hepatic 
cells in a mouse model [12]. Among the predicted 
potential miR-219a-targeting mRNAs, we found the 
binding sites of absent in melanoma 2 (AIM2) in 
miR-219a through Starbase (http://starbase.sysu. 
edu.cn/). AIM2 was accountable for the activation 
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of caspase-1 in hepatic I/R [13]. Moreover, steato-
hepatitis in the methionine-choline-deficient mouse 
model was also linked to enhanced AIM2 expres-
sion and activated inflammasome in a MyD88- 
dependent way in hepatocytes and bone marrow- 
derived cells [14]. In addition, High mobility group 
box 1 protein was involved in lipopolysaccharide 
(LPS)-evoked acute lung injury in mice by inducing 
AIM2 in macrophages and activating polarization 
of M1 macrophages through toll-like receptor 4 
(TLR4) [15]. Our aim here is to assess the role of 
miR-219a in the Sev-against myocardial IRI and to 
test the hypothesis that the miR-219a/AIM2/TLR4/ 
MyD88 pathway participates in Sev regulation of 
cardiomyocyte apoptosis.

2. Materials and methods

2.1. Ethics statement

All protocols involving animals in this work were 
conducted with the approval of the Ethics 
Committee for Animal Experimentation of the 
First Affiliated Hospital of Zhengzhou University.

2.2. Animals and experiment setup

A total of 168 healthy male BALB/c mice were pur-
chased from the Experimental Animal Center of 
Chongqing Medical University (Chongqing, China). 
All mice were allowed to acclimatize for 10 weeks 
before any treatment was initiated. These mice were 
kept in specific-pathogen-free animal rooms under 
controlled environmental conditions (at 23°C; 65% 
relative humidity; 12 hours light/dark cycle) with 
free access to food and water. Initially, all mice were 
selected for either sham operation (n = 24) or I/R 
establishment. The induced myocardial I/R mice were 
injected with Sev alone, with AtagomiR Mock, 
AgomiR-219a (100 nmol), dimethylsulfoxide 
(DMSO), or LPS plus Sev (65139, Sigma Aldrich, SF, 
CA, USA) or without any treatment (n = 24). The 
mice were subjected to intraperitoneal injection of 
50 μg/kg TLR4 agonist LPS or the same volume of 
control DMSO. Another 48 mice were intramyocar-
dially injected with AtagomiR Mock or AgomiR-219a. 
Afterward, all mice were placed in a box (25 cm × 
18 cm × 18 cm) with a hole on each side. One side of 
the box was attached to a machine that produces 

oxygen and anesthetic gas (60 mg/kg pentobarbital 
sodium), while the other side of the box was designed 
to be the pump side connected to the Datex anesthetic 
gas detector. Sev (2%, 1.0 minimum alveolar concen-
tration) was pumped into the box for 60 min [7]. 
Next, a mouse model with myocardial IR was estab-
lished within 60 min after the termination of Sev 
treatment. First, an intraperitoneal injection of 
0.1 mg/kg atropine inhibited the formation of respira-
tory secretions in mice. Subsequently, the mice were 
anesthetized for 10 min on the supine position and 
connected to a rodent ventilator (DH-140B, Medical 
Experimental Factory, School of Medicine, Zhejiang 
University, Hangzhou, Zhejiang, China). The respira-
tory rate was regulated by a nasal/mask placed on 
a mouse to assist in respiration (tidal volume: 6 mL/ 
kg; respiratory rate: 81–90 times/min; inspiratory-to- 
expiratory ratio: 1:2). A 3 cm longitudinal incision 
was then made between the second and third inter-
costal space to reveal the heart and pericardium. At 
the lower edge of the left atrial appendage at 1.5 cm, 
the anterior descending branches of the left coronary 
artery were ligated using a hollow plastic tube with 
a 6–0 suture. After 30 min of ischemia, the hollow 
plastic tube was cut open to restore blood flow, and 
the skin was then stitched. The sham-operated mice 
received the same method of thoracotomy, but the left 
coronary artery was not ligated. After surgery, a total 
of 200 U/kg heparin was injected into the I/R-treated 
mice to prevent thrombosis. Heart rate (HR), left 
ventricular end-diastolic pressure (LVEDP), left ven-
tricular developmental pressure (LVDP), maximum 
rate of rise of left ventricular pressure [dp/dtmax (+)], 
and maximum rate of decline of the left ventricular 
pressure [dp/dtmax (-)] were recorded at a time inter-
val of 30 min: at the end of reperfusion (T0), 30 min 
after the beginning of reperfusion (T1), 60 min after 
the beginning of reperfusion (T2), 90 min after the 
beginning of reperfusion (T3) and 120 min after the 
beginning of reperfusion (T4). After each experiment, 
all mice were kept warm, and standard rodent food 
and water were freely accessible.

2.3. Hematoxylin-eosin (HE) staining

The myocardial tissues of euthanized mice (pento-
barbital sodium at 100 mg/kg) were extracted for 
HE staining [16] and observed and photographed 
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under a light fluorescence microscope (PrimoStar 
iLEDTM, Zeiss, Oberhochen, Germany).

2.4. Triphenyltetrazolium chloride (TTC) staining

Fresh tissues were sliced and frozen in a − 20°C 
refrigerator for 30 min. The heart tissues were 
sectioned (2 mm) along the short axis of the 
heart from the apex (3 to 4 slices each heart). 
The sliced sections were incubated in a fresh 2% 
TTC solution for 0.5 h, treated with 4% parafor-
maldehyde, and photographed.

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

Mouse myocardial sections were treated with protein 
kinase K for 0.5 h and reacted with TUNEL at 37°C 
for 1 h. Following an incubation at 37°C for 1 h with 
specific antibodies labeled with horseradish peroxi-
dase, the sections were treated with diaminobenzi-
dine (Solarbio, Beijing, China) at room temperature 
for 10 min. After hematoxylin nucleus staining, the 
cells were photographed and counted using an opti-
cal microscope.

2.6. Microarray analysis

Total RNA was extracted by Trizol (Thermo Fisher) 
in 6 I/R mice without other treatment and I/R mice 
treated with Sev, respectively. Next, 0.5 μg RNA was 
used for hybridization using Human miRNA 
Expression Array V4.0 (Arraystar Inc., Rockville, 
MD, USA). Microarray was subsequently washed 
and scanned using GeneChipTM Scanner3000 7 G 
system (Thermo Fisher Scientific).

2.7. Quantitative real-time polymerase chain 
reaction (qRT-PCR)

The total RNA of the cells was extracted by Trizol 
(Thermo Fisher Scientific). Then, the synthesis of 
the first cDNA strand was performed using the 
high-Capacity cDNA Reverse Transcription Kit 
(Thermo Fisher Scientific) kit. After dilution (10 
×), cDNA was used for qRT-PCR experiments. 
Primer sequences of miR-219a (#RP300127), U6 

(#MP3001), AIM2 (#MP200186), and GAPDH 
(#MP205604) were purchased from OriGene 
Technologies (Beijing, China).

2.8. Dual-luciferase reporter gene assay

Starbase (http://starbase.sysu.edu.cn/) was used to 
predict target genes for mmu-miR-219a. 293 T cells 
(AT-1592, ATCC, Manassas, VI, USA) were plated 
into a 24-well plate and incubated for 24 h. 
Synthesized AIM2-3�untranslated region (3�UTR)- 
wild-type (WT) plasmid and AIM2-3�UTR-mutant 
(MT) plasmid were co-transfected with miR-219a 
mimic or mimic negative control (NC) into HEK- 
293T cells. The cells were collected and lysed 48 h 
later. The firefly and Renilla luciferase activities were 
measured using the dual-luciferase® reporter assay 
system (E1910, Promega Biotechnology Corporation, 
Beijing, China).

2.9. Immunoblotting

The primary antibodies against AIM2 (1:1000, 
ab119791, Abcam, NY, USA), TLR4 (1:1000, 
ab13867), and MyD88 (1:1000, ab133739) were uti-
lized for immunoblotting. The experimental proce-
dure was carried out in accordance with a previous 
report [17].

2.10. Culture and treatment of cardiomyocytes

The isolation and culture of mouse cardiomyocytes 
were carried out according to a previous literature 
[8]. Next, miR-219a mimic, mimic control (Mock), 
pcDNA3.1-AIM2, pcDNA3.1 were transfected into 
cardiomyocytes using the Lipofectamine 2000 kit 
(Thermo Fisher) strictly according to the instruc-
tions. Subsequently, the TLR4-specific agonist LPS 
was added to cardiomyocytes (Selleck, USA). The 
cells were collected for subsequent experiments.

2.11. Determination of cardiomyocyte 
proliferation

We used EdU staining to detect cellular activity 
using an EdU kit (Roche, Mannheim, Germany) in 
strict accordance with the instructions.
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2.12. Flow cytometry

We used TUNEL staining and propidium iodide 
(PI)/Annexin V-labeled flow cytometry to detect 
cell apoptosis levels, all of which were performed 
as previously reported [18].

2.13. Statistical analysis

SPSS 21.0 (IBM Corp, Armonk, NY, USA) was 
used for data analysis. Measurement data are 
expressed by mean ± standard deviation (SD) 
after normally distribution evaluation using 
Kolmogorov-Smirnov. Measurement data between 
two groups were analyzed by paired t test. 
Comparison among multiple groups was analyzed 
by one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s multiple comparisons test. The 
level of significance was accepted as p < 0.05 (two- 
tailed).

3. Results

3.1. Sev treatment reduces myocardial IR injury 
in mice

We initially measured hemodynamic parameters 
as indicators of the evaluation of I/R model estab-
lishment as well as changes in cardiac function in 
I/R mice treated with Sev. We found that after I/R 
treatment in mice, HR, LVDP, dp/dtmax (+), and 
dp/dtmax (-) were significantly decreased, whereas 
LVEDP was significantly increased. However, Sev 
significantly elevated HR, LVDP, dp/dtmax (+), and 
dp/dtmax (-) compared with mice only treated with 
I/R (Table 1). Furthermore, we observed that Sev 
treatment significantly reduced MI size in mice 

treated with I/R (Figure 1(a)). We then used HE 
staining to analyze the myocardial pathological 
structure of mice (Figure 1(b)). The cell edge of 
the sham-operated mice was clear with intact 
nuclear membrane and uniformly aligned myocar-
dial fibers, and there was no interstitial edema. In 
the I/R mice, the cells showed swelling, obvious 
interstitial edema, blurred boundaries, and some 
cross stripes, whereas in Sev-pretreated I/R mice, 
the cardiomyocytes were similarly disordered, but 
the degree of lesion was alleviated relative to I/R 
mice. We further found that Sev treatment signifi-
cantly reduced apoptosis levels of cells in myocar-
dial tissue after I/R treatment (Figure 1(c)).

3.2. Sev increases expression of miR-219a in 
myocardial tissues of I/R mice

To further determine the role of Sev in myocardial 
IRI, miRNA microarray analysis was utilized, 
which revealed that a total of 49 miRNAs were 
significantly up-regulated after Sev treatment and 
34 miRNAs were down-regulated. The heatmap 
showed some differentially expressed miRNAs 
(Figure 2(a); Supplementary Table S1), where 
miR-219a was enhanced after Sev treatment. We 
subsequently examined the expression of miR- 
219a in each group of mice. The results showed 
that miR-219a was significantly reduced after I/R 
treatment, whereas the expression of miR-219a in 
the myocardium could be partially restored after 
Sev preconditioning (Figure 2(b)). Therefore, we 
administrated miR-219a atagomiR and the corre-
sponding control, atagomiR Mock into the mice, 
followed by Sev pre-treatment and finally per-
formed I/R surgery. RT-qPCR results showed 

Table 1. Sev ameliorates cardiac dysfunction induced by myocardial IRI at T0 and T4.
Index Time Sham group I/R group Sev + I/R group

HR (beat/min) T0 161.00 ± 13.24 159.32 ± 14.81 157.32 ± 10.37
T4 136.63 ± 11.52 91.84 ± 6.27 120.31 ± 11.28

LVDP (mmHg) T0 103.24 ± 9.68 106.57 ± 10.55 114.72 ± 9.63
T4 96.85 ± 5.74 34.30 ± 6.79 64.37 ± 4.41

LVEDP (mmHg) T0 8.01 ± 0.69 6.15 ± 0.57 7.11 ± 0.38
T4 6.18 ± 1.10 42.94 ± 5.67 26.38 ± 2.58

dp/dtmax(+)(mmHg/s) T0 2879.65 ± 169.82 2910.44 ± 231.33 2967.01 ± 197.61
T4 2769.04 ± 215.07 1236.97 ± 147.26 1617.53 ± 138.64

dp/dtmax(-)(mmHg/s) T0 2317.65 ± 157.30 2323.12 ± 251.11 2297.45 ± 177.21
T4 2226.34 ± 134.79 413.47 ± 27.88 963.29 ± 39.46

Note: Sev, Sevoflurane; IRI, ischemia/reperfusion injury; HR, heart rate; LVEDP, left ventricular end-diastolic pressure; LVDP, left 
ventricular developmental pressure; dp/dtmax (+), maximum rate of rise of left ventricular pressure; dp/dtmax (-), maximum 
rate of decline of the left ventricular pressure. 
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that miR-219a atagomiR was successfully delivered 
into mouse myocardial tissues (Figure 2(c)).

3.3. MiR-219a atagomiR weakens the preventive 
effect of Sev on I/R

Hemodynamic parameters indicated that miR- 
219a atagomiR inhibited the myocardial protective 
effect of Sev on I/R mice (Table 2) and increased 
the infarct size of myocardial tissue (Figure 3(a)), 
as well as weakened the maintenance of Sev on 
myocardial tissue structure (Figure 3(b)). Then, 
TUNEL staining showed that reducing the expres-
sion of miR-219a partially reversed the inhibition 
of Sev on cardiomyocyte apoptosis after I/R treat-
ment (Figure 3(c)).

3.4. MiR-219a inhibits activation of the TLR4/ 
MyD88 pathway by targeting AIM2

To further identify the targeting mRNAs of miR- 
219a, we verified that miR-219a could target AIM2 
(Figure 4(a)) through Starbase prediction as well 
as dual-luciferase reporter gene assays. Next, 
AIM2 expression was monitored to be significantly 
increased in mouse myocardial tissues after I/R 
treatment, while AIM2 expression was signifi-
cantly decreased after Sev treatment, but simulta-
neous intervention of miR-219a in myocardial 
tissues restored AIM2 expression (Figure 4(b-c)). 

We further found that the trend in the expression 
of AIM2 was consistent with that of the TLR4/ 
MyD88 pathway (Figure 4(d)).

3.5. TLR4 agonist LPS treatment inhibits the 
effect of Sev on I/R

To determine the role of the TLR4/MyD88 path-
way in IRI in Sev-treated I/R mice, we added the 
TLR4/MyD88 agonist LPS in Sev-treated I/R 
mice. We monitored that the symptoms of I/R 
mice were further exacerbated after the addition 
of LPS, and the number of apoptotic cells in 
myocardial tissues was also significantly increased 
(Table 3, Figure 5(a-d)).

3.6. MiR-219 overexpression boosts 
cardiomyocyte viability

To further determine the effect of miR-219a on 
cardiomyocytes, we transfected miR-219a mimic 
into cardiomyocytes and carried out RT-qPCR to 
verify the successful transfection (Figure 6(a)). 
miR-219a mimic enhanced the number of EdU- 
positive cells and inhibited the number of PI/ 
Annexin V-positive cells and TUNEL-positive 
cells, while further overexpression of AIM2 or 
addition of TLR4 agonist LPS treatment attenu-
ated the effect of miR-219a on cardiomyocytes 
(Figure 6(b-d)).

Figure 1. Sev ameliorates cardiac dysfunction. a, myocardial tissues of mice in each group examined by HE staining. b, effects of Sev 
pretreatment on the MI size of mice in each group determined by TTC staining. c, cardiomyocyte apoptosis of mice in each group 
examined by TUNEL staining. Each group includes 8 mice and each spot represents for a single mouse. One-way ANOVA and Tukey’s 
multiple comparison test were used to determine statistical significance, *p < 0.05.
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Figure 2. miR-219a is elevated in Sev-treated I/R mice. a, the heatmap of differentially expressed miRNAs. b, miR-219a expression 
among sham-, I/R- and I/R + Sev-treated mice determined by RT-qPCR. Then, miR-219a atagomiR and its negative control atagomiR 
Mock was injected into myocardial tissues. c, miR-219a expression determined by RT-qPCR. Each group includes 8 mice and each 
spot represents for a single mouse. One-way ANOVA and Tukey’s multiple comparison test or unpaired t test were used to determine 
statistical significance, *p < 0.05.

Table 2. MiR-219a silencing atagomiR blocks the protective role of Sev on cardiac dysfunction.
Index Time Sev + I/R + AntagomiR-Mock group Sev + I/R + AntagomiR-219a group

HR (beat/min) T0 159.67 ± 11.41 154.90 ± 10.41
T4 129.16 ± 13.55 106.36 ± 15.12

LVDP (mmHg) T0 114.72 ± 9.63 104.16 ± 6.97
T4 68.83 ± 5.32 47.32 ± 4.13

LVEDP (mmHg) T0 7.86 ± 0.75 7.94 ± 1.28
T4 29.84 ± 3.02 36.57 ± 3.10

dp/dtmax(+)(mmHg/s) T0 2994.01 ± 197.61 2919.65 ± 199.27
T4 1617.53 ± 138.64 1313.44 ± 114.28

dp/dtmax(-)(mmHg/s) T0 2303.91 ± 213.69 2316.88 ± 216.22
T4 1010.42 ± 103.77 654.47 ± 34.87

Note: Sev, Sevoflurane; IRI, ischemia/reperfusion injury; HR, heart rate; LVEDP, left ventricular end-diastolic 
pressure; LVDP, left ventricular developmental pressure; dp/dtmax (+), maximum rate of rise of left ventricular 
pressure; dp/dtmax (-), maximum rate of decline of the left ventricular pressure. 
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4. Discussion

Mechanical and drug involvements are the most 
effective strategies to swiftly recover the blood flow 
in occlusive coronary artery, minimize the infarction 
area in myocardium, and improve the outcome for 
patients after acute MI [19]. Nevertheless, reperfu-
sion may also result in other cardiac cell death and 
elevate infarction area in the heart, the main factors 
leading to which include inflammation, oxidative 
stress, as well as apoptosis [20]. Herein, we demon-
strated that upregulated miR-219a reduced the 
expression of AIM2 through the TLR4/MyD88 path-
way using a myocardial I/R mouse model, whereby 
the cardio-protection of Sev was reinforced against 
myocardial IRI.

A mouse model with myocardial I/R was devel-
oped by ligating the anterior descending branches 
of the left coronary artery, followed by validation 
with cardiac functions with hemodynamic para-
meter assessment. The decline in HR after I/R 
treatment indicated impaired cardiac function, 
reduced dp/dtmax suggested significantly repressed 
myocardial contractility, while increased LVEDP 
indicated a significant increase in left ventricular 
pressure load, implying a significant impairment 
of cardiac function after I/R treatment [21,22]. The 
administration of Sev increased cardiac functions 

with increased HR, LVDP, dp/dtmax (+), and 
dp/dtmax (−), while reduced LVEDP, which sug-
gested that Sev treatment significantly protected 
myocardial tissues from IRI. Furthermore, Sev 
ameliorated pathological injuries in the heart and 
diminished infarct size and cardiomyocyte apop-
tosis. Similarly, Sev was observed to protect the 
myocardium in post-ischemic guinea pigs from 
promoted coronary leakage and endothelial dys-
function [23]. Mechanistically, Sev precondition-
ing enhanced Bcl-2 expression in the intestinal 
tissues and repressed caspase-3 expression in 
intestinal IRI [24]. Besides, Sev postconditioning 
hampered the activation of caspase-3 and caspase- 
9, mediators of apoptosis in myocardial IRI [25]. 
The detail mechanism involving Sev treatment in 
cardiomyocyte apoptosis was not investigated due 
to time and fund limitation, which deserves 
further studies. With the treatment of miR-219a 
atagomiR, the effects of Sev on maintaining myo-
cardium structure and suppressing cardiomyocyte 
apoptosis were inhibited. In mice with I/R, miR- 
219a expressed at a poor level, and its target AIM2 
expressed at a high level. miR-219a-5p exerted an 
anti-inflammatory role in inflammatory bowel dis-
ease in vitro and in vivo [26]. Also, exosomes 
secreted from neural stem cells under exposure 
to IGF-1 suppressed apoptosis and encouraged 

Figure 3. MiR-219a atagomiR blocks the preventive effect of Sev on cardiac dysfunction. a, myocardial tissues of mice in each group 
examined by HE staining. b, effects of Sev treatment on the infarction size of mice determined by TTC staining. c, cardiomyocyte 
apoptosis of mice in each group examined by TUNEL staining. Each group includes 8 mice and each spot represents for a single 
mouse. Unpaired t test was used to determine statistical significance, *p < 0.05.
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nerve regeneration at least partly through an miR- 
219a-2-3p-mediated mechanism following the 
spinal cord injury [27].

Further bioinformation prediction and dual- 
luciferase reporter assays revealed that miR-219a 
directly targeted and reversely regulated the expres-
sion pattern of AIM2. Previously, maternally 
expressed gene 3 facilitated cerebral IRI through 
AIM2 by sponging miR-485 [28]. AIM2 was first 

identified as a novel gene that is differentially 
expressed in a melanoma cell line UACC903 that 
had received chromosome 6, contributing to 
resumption of AIM2 expression and reversion of 
the malignant behaviors [29]. Moreover, silencing 
of AIM2 alleviated cardiac dysfunction caused by 
metabolic disorder and ventricular remodeling as 
well as reduced pyroptosis in H9c2 cardiomyoblasts 
[30]. The anti-inflammatory function of AIM2 in an 

Figure 4. miR-219a inhibits the activation of the TLR4/MYD88 pathway by targeting AIM2. a, AIM2 mRNA, and miR-219a combina-
tion determined by dual-luciferase assays. b, AIM2 mRNA expression determined by RT-qPCR. c, AIM2 protein expression determined 
by western blot. d, TLR4 and MYD88 protein expression in mice determined by western blot. Each group includes 8 mice and each 
spot represents for a single mouse. Unpaired t test was used to determine statistical significance, *p< 0.05.
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inflammasome-independent way was also reported 
in cardiomyocytes [31]. Thus, the functional rele-
vance of AIM2 in cardiomyocytes may be estab-
lished. While in the present study, upregulation of 
AIM2 could reverse the inhibitive role of miR-219a 
on cardiomyocyte apoptosis. Furthermore, the 
TLR4/MyD88 pathway was monitored to closely 
participate in regulating cardiomyocyte apoptosis in 
the myocardial IR mouse model. In line with our 
findings, miR-203 agonist has the potency to elevate 
the action of Sev by inhibiting the expression of 
MyD88 and neuroinflammation in cerebral I/R 
[32]. Asmussen et al. detected an enhancement of 

TLR4 in monocytes immediately after a restoration 
of spontaneous circulation, which may resemble the 
inflammatory activation induced by the systematic 
IRI [33]. Accordingly, Khan et al. demonstrated that 
elevated brain injury and neurological deficits were 
mitigated in mice treated with a specific TLR4 inhi-
bitor [34]. In a similar manner, we provided forceful 
evidences supporting that the TLR4 agonist LPS 
significantly abrogated the protective role of Sev on 
the apoptosis of cardiomyocytes. The direct interac-
tion between LPS and Sev has been determined in 
a mouse model with cognitive impairments [35]. 
Meanwhile, Sev was capable of curtailing the 

Table 3. TLR4 agonist LPS treatment blocks the protection of Sev on cardiac dysfunction.
Index Time Sev + I/R + DMSO group Sev + I/R + LPS group

HR (beat/min) T0 162.24 ± 12.23 157.68 ± 12.59
T4 125.24 ± 9.65 101.27 ± 9.24

LVDP (mmHg) T0 119.06 ± 10.32 112.69 ± 10.55
T4 68.69 ± 7.73 41.62 ± 3.11

LVEDP (mmHg) T0 9.44 ± 1.25 8.24 ± 0.97
T4 31.27 ± 3.54 42.32 ± 4.17

dp/dtmax(+)(mmHg/s) T0 2971.81 ± 301.36 2937.87 ± 225.49
T4 1622.03 ± 153.17 1201.15 ± 98.44

dp/dtmax(-)(mmHg/s) T0 2302.06 ± 200.64 2288.61 ± 154.37
T4 967.76 ± 93.37 489.57 ± 28.95

Note: Sev, Sevoflurane; IRI, ischemia/reperfusion injury; HR, heart rate; LVEDP, left ventricular end- 
diastolic pressure; LPS, lipopolysaccharide; DMSO, dimethylsulfoxide; LVDP, left ventricular develop-
mental pressure; dp/dtmax (+), maximum rate of rise of left ventricular pressure; dp/dtmax (-), maximum 
rate of decline of the left ventricular pressure. 

Figure 5. TLR4 agonist LPS treatment blocks the effective role of Sev on cardiac dysfunction. a, TLR4 and MYD88 protein expression 
in mice was determined by western blot. b, myocardial tissues of mice in each group examined by HE staining. c, effects of Sev 
pretreatment on the MI size of mice in each group determined by TTC staining. d, cardiomyocyte apoptosis of mice in each group 
examined by TUNEL staining. Each group includes 8 mice and each spot represents for a single mouse. Unpaired t test was used to 
determine statistical significance, *p < 0.05.
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cytokine cascade initiation and protecting against 
myocardial injury or dysfunction with the involve-
ment of cardiomyocyte-expressed TLR4 [36].

Taken together, this study illustrated that miR- 
219a bound to and negatively regulated AIM2 
expression via the TLR4/MyD88 pathway, through 

which the cardio-protection of Sev functioned 
against myocardial IRI in mice. MiR-219a may pre-
sent as a novel target for enhancing Sev-induced 
myocardial protection. Additional efforts should be 
made to gain more insights about Sev and to 
develop new treatment strategies for myocardial IRI.

Figure 6. Upregulation of miR-219a induces cardiomyocyte viability. a. miR-219a expression and the mRNA expression of AIM2 in 
cardiomyocytes determined by RT-qPCR. b, EdU staining of cardiomyocyte viability. c, TUNEL staining of cardiomyocyte apoptosis. d, 
cardiomyocyte apoptosis index evaluated by PI/Annexin V with flow cytometry. The data are displayed as the mean ± SD. One-way 
ANOVA and Tukey’s multiple comparison test were applied to determine statistical significance, *p < 0.05.
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