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Abstract
Background/Aims: This study aimed to identify the role of microRNA-22 (miR-22) in 
endothelial cell (EC) injury in coronary heart disease (CHD) by targeting NLRP3 through 
the inflammasome signaling pathway. Methods: A total of 24 healthy male Sprague-
Dawley (SD) rats were divided into normal and atherosclerosis groups. The atherosclerosis 
rats were assigned into blank, negative control (NC), miR-22 mimic, miR-22 inhibitor and 
miR-22 inhibitor + siNLRP3 groups. A luciferase reporter gene assay was used to detect the 
relationship between miR-22 and NLRP3. MiR-22 expression as well as NLRP3 and caspase-1 
mRNA and protein expression were measured using quantitative real-time polymerase chain 
reaction (qRT-PCR) and Western blotting. The activity and apoptosis of coronary arterial 
endothelial cells (CAECs) were determined by MTT and Hoechst 33258. CAEC lumen formation 
was detected by a lumen formation assay. An enzyme-linked immunosorbent assay (ELISA) 
was used to detect IL-1β, IL-6, IL-10 and IL-18 levels. Results: The results indicated that the 
atherosclerosis group significantly decreased miR-22 expression but increased NLRP3 and 
caspase-1 mRNA and protein expression. The cell survival rate was significantly increased in 
the miR-22 mimic group and significantly reduced in the miR-22 inhibitor group. The miR-22 
mimic group displayed a lower apoptosis rate and more cells with obvious lumen walls and 
numerous tubular structures, while cells in the miR-22 inhibitor group were unable to form 
lumen walls and had a scattered distribution compared to the blank group. The ELISA showed 
that IL-1β, IL-6 and IL-18 levels were markedly decreased, while IL-10 was clearly increased 
in the miR-22 mimic group. In contrast, in the miR-22 inhibitor group, IL-1β, IL-6 and IL-18 
levels were significantly increased, and IL-10 levels were decreased. Conclusion: Our findings 
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indicated that miR-22 could lower the levels of pro-inflammatory cytokines by inhibiting the 
NLRP3 inflammasome pathway, which suppresses CAEC apoptosis and protects CAECs in rats 
with CHD.

Introduction

Coronary heart disease (CHD) as a common cardiovascular disease that mainly results 
from the build-up of atherosclerotic plaques, which narrows coronary arteries and decreases 
blood flow to the heart [1]. Although recent advances in early detection and therapies have 
been developed, CHD is still the major cause of sudden cardiac death and hospitalization 
around the world [2, 3]. According to statistics from 2012, 4.5% Asians over 18-years-old 
suffer from CHD, and the prevalence of this disease would increase by roughly 18% by 
2030 [4]. Endothelial cell (EC) injury and inflammation have been largely implicated in 
the formation of coronary atherosclerosis [5, 6]. It is also well-established that microRNAs 
(miRNAs) participate in pathological processes in the cardiovascular system, such as 
endothelial dysfunction, inflammation, apoptosis, angiogenesis, and atherosclerosis [7, 8]. 
Therefore, it is possible that miRNAs may have a potential relationship with EC injury and 
inflammation in CHD.

MiRNAs are a class of small, endogenous, single-stranded non-coding RNAs that are 
approximately 22 nucleotides in length and can bind to messenger RNAs (mRNAs) to 
regulate the expression of target genes [9]. MiR-22 is located at chromosomal region 17p13.3 
[10]. MiR-22 has been shown to be a tumor suppressor in metastatic breast cancer and 
gastric cancers [11, 12]. Interestingly, miR-22 expression has been found to be decreased 
in patients with coronary artery disease (CAD) and diseases displaying an inflammatory 
response [13]. Moreover, NLR family pyrin domain-containing 3 (NLRP3) coupled with 
downstream cytokines, including caspase-1, increased the severity of CHD and coronary 
atherosclerosis [14, 15]. Additionally, activation of NLRP3 leading to EC injury is considered 
a possible mechanism for explaining the deterioration in atherosclerosis [16]. Moreover, 
increasing evidence has demonstrated that targeting NLRP3 with small molecule inhibitors 
could potentially target inflammation [17]. For example, miR-223 negatively controls NLRP3 
inflammasome activity [18]. However, no study has investigated whether miR-22 can regulate 
NLRP3. In this regard, it is hypothesized that there may be potential relationship between 
miR-22 expression and NLRP3 activation as well as EC injury in CHD. Therefore, the current 
study was conducted with the objective of identifying the role of miR-22 in NLRP3 activation 
and EC injury in rats with CHD.

Materials and Methods

Ethic statement
This experiment was approved by the Ethics Committee of The First Affiliated Hospital of Guangxi 

Medical University and complied with the guidelines and principles of the Declaration of Helsinki.
Experimental animals A total of 24 healthy male Sprague-Dawley (SD) rats (3 ~ 4 months old), with a 

mean weight of 240 ± 60 g (animal certificate number: HNASLKJ20100330), were obtained from the Hunan 
SJA Laboratory Animal Co. Ltd. (Hunan, China). All the rats were kept in plastic cages with a stainless-steel 
cover (6 rats in each cage), and all rats were provided with free access to food and water (ordinary tap 
water) in an air conditioned room (25°C and 65% humidity). All the rats were acclimatized for one week to 
reduce the stress response caused by environmental changes.

Model establishment and grouping
The CHD models were created. Rats were divided into the normal and the atherosclerosis groups, with 

12 rats in each group. After the rats were acclimatized for one week, rats in the normal group received a 
basic diet and tap water, while the atherosclerosis group received a high-fat diet containing 2% cholesterol, 
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0.5% sodium cholate, 3% lard oil, 0.2% propylthiouracil and 94.3% basic diet with vitamin D3 (1.25 × 106 
μ/kg). At the beginning of experiment, the right lower extremities of the rats in the atherosclerosis group 
were injected with vitamin D3 every 30 days (weighted 3 × 106 μ/kg).

Detection of serum lipids and calcium levels
At 3 months after the experiment, an intraperitoneal injection of sodium pentobarbital was used as 

anesthesia after the rats were fasted overnight. After the abdominal aorta was isolated, a pair of scissors 
was used to cut the abdominal aorta from the renal artery joints, and a needle was inserted, followed by the 
insertion of an injector for arterial blood collection. The specimens were centrifuged at 500 × g for 5 min to 
isolate the plasma. Then, the isolated plasma (1 ml) was used to detect the serum lipid and calcium levels. 
The total cholesterol (TC), triglycerides (TG), high-density lipoprotein cholesterol (HDLC), low-density 
lipoprotein cholesterol (LDLC) and Ca2+ levels were measured using an Abbott Aeroset TM analyzer (Abbott 
Laboratories, Chicago, USA). The experiments were performed in triplicate to calculate the mean values.

Oil red-O staining
Coronary artery endothelial cells (CAECs) from the bottom of the coronary artery (approximately 1 

cm) were immediately fixed for 10 ~ 15 min using 10% formalin. Then, distilled water was used to wash 
away the fixative solution. Thereafter, the cells were washed twice with 60% isopropanol and incubated 
with oil red-O staining solution for 15 min. Next, the cells were washed three times with 60% isopropanol 
and twice with distilled water. A microscope was used for the cell analysis and to photograph the stained 
cells.

CAEC isolation, culture and identification
The coronary artery near the heart was obtained and immersed in phosphate-buffered saline (PBS) and 

heparin for 5 min to prevent blood coagulation. The coronary artery was washed with PBS three times under 
sterile conditions and then immersed in 75% alcohol for 15 s. Subsequently, the coronary artery was cut 
into tissue fragments (1 mm3) using a pair of ophthalmic scissors. The fragments were combined with 0.2% 
collagenase type II (3 ml) in a water bath at 37°C for 6 min and with 0.25% pancreatin (3 ml) in a water bath 
at 37°C for 5 min for digestion. The digestion was terminated via the addition of 3 ml Dulbecco’s Modified 
Eagle’s Medium (DMEM) supplemented with 10% fetal calf serum. After the supernatant was discarded, 
the cells were re-suspended in complete medium and incubated at 37°C in a humidified incubator with 5% 
CO2. The culture medium was changed after 6 h and the non-adherent cells were removed. After the cells 
reached 80% confluence, thec culture medium discarded and the cells were washed with PBS three times. 
Then, 0.25% trypsin and 0.02% ethylene diamine tetraacetic acid (EDTA) were added to the culture flask. 
After oscillation, the trypsin solution was prompted to flow onto cell surface. The culture flask was then 
observed under a microscope. When most of cells displayed a round shape, culture medium supplemented 
with 10% fetal calf serum was immediately added to terminate the digestion. The cells were pipetted to 
remove the cell wall. After the cell suspension was absorbed, the cells were centrifuged, re-suspended in 
complete medium and mixed evenly. After adjusting then to the proper density, the cells were sub-cultured 
and cultured at 37°C in a humidified incubator with 5% CO2 and the culture medium was changed every 
3 days. After immunocytochemistry analysis, the cells were washed with PBS and incubated overnight 
with primary antibody. The following day, the cells were washed with PBS three times and incubated with 
second antibody at 37°C for 30 min. Finally, the cells were stained with diaminobenzidine (DAB) solution 
and observed and recorded 24-h culture.

Cell transfection and grouping
CAECs to be treated were incubated with homocysteine (HCY, 0.25 mmol/l) for 24 h and then the 

CHD models were established. The DNA Oligo for miR-22 over-expression was synthesized based on the 
target sequence that effectively promotes miR-22 expression to make double-stranded DNA. The pGCSIL-
GFP vector was double digested with Age I and EcoR I, and then connected and transformed with double-
stranded DNA. The positive clones were filtered by qRT-PCR. The plasmid was extracted and confirmed 
by restriction enzyme digestion and sequencing. MiR-22 over-expression (miR-22 mimic), inhibited 
expression of miR-22 (miR-22 inhibitor), and inhibitor of NLRP3 (siNLRP3) were synthesized and packaged 
in liposomes. The third generation of CAECs was transfected when cells reached 80% confluence. Liposomes 
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diluted to an appropriate proportion were added to the cell culture medium for co-culture for 24 h. The cells 
were grouped into the blank (cell without transfection), negative control (NC, transfected with irrelevant 
sequences), miR-22 mimic (transfected with miR-22 mimic), miR-22 inhibitor (transfected with miR-22 
inhibitor), and miR-22 inhibitor + siNLRP3 (transfected with miR-22 inhibitor and siNLRP3) groups.

Luciferase reporter gene assay
MicroRNA.org was used to predict the relationship between miR-22 and NLRP3 and the miR-22 

binding site in the NLRP3 3’-UTR. Sequences from the NLRP3 3’-UTR promoter region containing a coding 
site for miR-22 were generated to construct the NLRP3 3’-UTR-WT plasmid. Then, the binding site was 
mutated to construct the NLRP3 3’-UTR -MUT plasmid according to the instructions in the Plasmid Isolation 
Kit (Promega, Madison, WI, USA). Next, 293T cells in logarithmic growth phase were inoculated in 96-well 
plates until cells reached 70% confluence. Then, the cells were transfected with Lipofectamine 2000. The 
NLRP3-3’UTR-WT plasmid and miR-22 mimic plasmid were thoroughly mixed and co-transfected into the 
293T cells. Meanwhile, NLRP3-3’-UTR-WT + NC (control group), NLRP3-3’-UTR-MUT + NC and NLRP3-3’-
UTR-MUT + miR-22 mimics were respectively transfected into 293T cells. After incubation for 6 h, 293T 
cells were cultured for 48 h with 10% FBS, and luciferase activity was measured by chemiluminescence. The 
experiment was performed in triplicate, and the mean value was calculated.

qRT-PCR
Total RNA was isolated using a Trizol-based miRNA isolation protocol (Invitrogen, Carlsbad, CA, USA), 

which was then confirmed using a formaldehyde denaturing gel electrophoresis and ultraviolet-visible 
spectrometer. The reverse transcription of RNA (l μg) was performed with Avian myeloblastosis virus 
(AMV) Reverse Transcriptase to prepare cDNA. PCR primers were designed and synthesized by Invitrogen 
and are presented in Table 1. The PCR was conducted based on following conditions: (1) pre-denaturation 
at 94°C for 5 min; (2) followed by 40 cycles of denaturation at 94°C for 40 s, annealing at 60°C for 40 s, and 
extension at 72°C for 1 min; and (3) overlap extension at 72°C for 10 min. The products were separated by 
agarose gel electrophoresis. The PCR results were analyzed using the Opticon Monitor 3 software (Bio-Rad, 
Inc., Hercules, CA, USA). The threshold cycle (CT) was obtained by manually selecting the lowest threshold 
value in the amplification curve rising in parallel. The data were analyzed using the comparative CT method, 
which was defined as 2-ΔΔCt to express the relationship for target gene expression between the experiment 
and control groups, where ΔΔCT = [CT(target gene) – CT(β-actin)]experiment group – [CT (target gene) – CT 
(β-actin)]control group. The experiments were performed in triplicate to calculate the mean values. β-actin was 
used as an internal control.

Western blotting
Proteins from rat myocardial tissues and cells were extracted. Protein concentrations were measured 

using a BCA protein assay kit (Wuhan Boster Biological Technology Co., Ltd., Wuhan, China). Total protein 
was added to loading buffer and boiled at 95°C for 10 min. A total of 30 µg total protein was placed in each 
well. Proteins were separated by 10% polyacrylamide gel electrophoresis. During the electrophoresis, the 
separation voltage was initially 80 V, and then increased to 120 V. Wet transfer with a transfer voltage of 100 
mV and a transfer time of 45 ~ 70 min was used to the proteins from the gel to the membrane. Membrane 
transfer was conducted with a 
polyvinylidene fluoride (PVDF), 
which was then incubated with 
5% bovine serum albumin (BSA) 
for 1 h at room temperature. 
The proteins were identified 
via incubation with the rabbit 
anti-mouse NLPR3 (1:1000) 
and caspase-1 (1:1000) primary 
antibodies purchased from 
Cell Signaling Technology (MD, 
USA) and the anti-mouse β-actin 
(1:3000) primary antibody 

Table 1. Primer sequences for qRT-PCR, qRT-PCR, quantitative real-
time polymerase chain reaction; miR-22, microRNA-22; F, forward; R, 
reverse

1 

Table 1. Primer sequences for qRT-PCR, qRT-PCR, quantitative real-time polymerase chain reaction; miR-22, microRNA-22; F, 
forward; R, reverse 

 

 

 
Gene Sequences 
miR-22 F: 5’-ACAGTTCTTCAACTGGCAGCTT-3’ 

R: 5’-AAGCTGCCAGTTGAAGAACTGT-3’ 
NLRP3 F: 5’- CTTCCTTTCCAGTTTGCTGC-3’ 

R: 5’- TCTCGCAGTCCACTTCCTTT-3’ 
caspase-1 F: 5’-GCCCAAGTTTGAAGGACAAA -3’ 

R: 5’-GGTGTGGAAGAGCAGAAAGC-3’ 
β-actin F: 5’- GTCAGGTCATCACTATCGGCAAT-3’ 

R: 5’- AGAGGTCTTTACGGATGTCAACGT-3’ 
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purchased from Becton, Dickinson and Company (BD, NY, USA) at 4°C overnight. Then, the membranes were 
rinsed with TBST 3 times for 5 min each. After incubation with goat anti-rabbit second antibody (MT-Bio, 
Shanghai, China) for 1 h at room temperature, followed by 3 additional membrane washes with TBST for 5 
min each, the proteins were detected by enhanced chemiluminescence and quantified using a Bio-Rad Gel 
Doc EZ Imager (Bio-Rad, Inc., Hercules, CA, USA). β-actin was used as the internal control. The target bands 
were used to analyze gray values using the ImageJ software. The experiment was performed in triplicate to 
calculate the mean values.

MTT assay
The 2nd-3rd CAEC cell suspensions were diluted and inoculated at a density of 5 × 104 cells per well 

in 96-well plates. Six parallel wells were set up for each group. Cell grouping was performed when cells 
reached 80% confluence. After reoxygenation, 20 µl of MTT (Sigma, USA) were added to each well, which 
was incubated for 4 h at 37°C. After the MTT solution was removed, 150 µl of dimethyl sulfoxide (DMSO) 
were added to the wells in the plate, which was shaken for 10 min. The optical density (OD) of each well was 
measured at the wavelength of 490 nm using a microplate reader. Each sample was repeated in triplicate to 
obtain the mean OD values. The cell survival rate was calculated with the following equations: Cell survival 
rate = (OD value of experimental group – OD value of blank group) / OD value of blank group.

Hoechst 33258 staining
Cells in logarithmic growth phase were digested with 0.25% trypsin and 0.02% EDTA. After 

centrifugation, the cells were re-suspended in complete solution and inoculated in 500 μl at a density of 6 
× 105 cell/well in 24-well plates at 37°C and 5% CO2. After cells had completely adhered to the surface, cells 
on cover glasses were washed three times and then fixed with 4% paraformaldehyde for 15 min, followed 
by washing with PBS three times for 5 min each. The cells were stained with Hoechst 33258 solution for 
15 min at 25°C, rinsed with distilled water and dried. The number of cells was observed under an inverted 
fluorescence microscope and five high-expression sights were randomly selected. Cells displaying pyknosis, 
condensation and light cell nuclei were regarded as apoptotic. The number of positive cells was recorded. 
The apoptosis rate is equal to the ratio of the number of positive cells to the total number of cells. Each 
experiment was processed three times to calculate the mean values.

Lumen formation assay
Matrigel (BD, #356230, 5 ml/vial) was routinely stored at -20°C. On the day before the experiment, the 

Matrigel was stored in a refrigerator at -4°C overnight to slowly melt it into a liquid state. The micropipettes 
(2 ml) and 24-well plates were pre-cooled on ice. Matrigel (500 μl) was added to each well and the 24-well 
plates were uniformly coated with Matrigel to prevent air bubbles by shaking. This entire experiment was 
performed on ice. The Matrigel was solidified in an incubator at 37°C for 30 min. Single cell suspension were 
digested and collected. In each well, cells were incubated with cell suspension (500 μl) at the density of 2 
× 105 cells/ml. The treatments for each group were repeated multiple times. After the cells were incubated 
at 37°C for 4 h, 6 h and 15 h, the formation of lumen structures were observed with a microscope. Three 
randomly selected fields of view were photographed. The number of lumen structures was counted and the 
average number in each group was taken as the value. Each experiment was processed three times to obtain 
the mean values.

Enzyme-linked immunosorbent assay (ELISA)
Cells in the logarithmic growth phase were digested with 0.25% trypsin and 0.02% EDTA. After 

centrifugation, the cells were re-suspended in complete culture medium. Cell inoculation in 500 μl at a 
density of 6 × 105 cell/well was conducted in 24-well plates at 37°C with 5% CO2 for 24 h. When the cells no 
longer adhered to the surface, they were centrifuged at 3000 × g for 10 min to remove the deposition and 
collect the cell supernatant. The cells were added to the plates (3 wells per sample, 100 μl/well) according 
to the instructions for the ELISA Kit (Boster Biological Technology Co., Ltd., Wuhan, China). The plates were 
incubated, washed and developed with TMB. A microplate reader was used to determine the absorbance 
values (A value) at 450 nm and OD values for IL-1β, IL-6, IL-10 and IL-18. The rest supernatants were stored 
at -20°C. A standard curve was drawn with the OD values on the ordinate axis and standard concentrations 
on the abscissa axis. The corresponding concentrations were found on the standard curve with the OD 
values. Each experiment was repeated three times to obtain the mean values.
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Statistical analysis
Data analyses were 

performed using the SPSS 
21.0 software (SPSS 21.0, 
SPSS Inc., Chicago, IL, 
USA). The count data were 
expressed as the case or 
rate. The quantitative 
data were shown as the 
means ± standard deviation (SD). The t 
test was applied for comparisons between 
two groups. One-way analysis of variance 
(ANOVA) was applied for multi-group 
comparisons (Homogeneity of variance 
test was adopted before analysis). The 
Least Significant Difference (LSD)-t was 
used to test pairwise comparisons among 
groups. A value of P < 0.05 was considered 
statistically significant.

Results

Serum lipid and calcium levels 
between the normal and 
atherosclerosis groups
The serum lipid and calcium 

levels indicated that the TC, TG, and 
LDLC levels and Ca2+ concentration 
were significantly increased in the 
atherosclerosis group (all P < 0.05) 
compared with the normal group. No 
significant change was observed in 
the serum HDLC level between the 
two groups (P > 0.05) (Table 2).

Morphological changes in the 
coronary arteries from rats in 
the normal and atherosclerosis 
groups

Table 2. Comparisons of serum lipid and calcium levels of rats in each 
group (mmol/L), TC, total cholesterol; TG, triglyceride; LDLC, low-density 
lipoprotein cholesterol; HDLC, high-density lipoprotein cholesterol; *, 
compared with normal group, P < 0.05

2 

Table 2. Comparisons of serum lipid and calcium levels of rats in each group (mmol/L), TC, total cholesterol; TG, triglyceride; 
LDLC, low-density lipoprotein cholesterol; HDLC, high-density lipoprotein cholesterol; *, compared with normal group, P < 0.05. 

 
 
 

Group TC TG LDLC HDLC Ca2+ 
Normal group 4.19 ± 0.25 1.09 ± 0.21 1.01 ± 0.18 2.35 ± 0.20 2.66 ± 0.29 
Atherosclerosis group 15.38 ± 0.56* 4.04 ± 0.16* 6.01 ± 0.32* 2.41 ± 0.27 3.34 ± 0.34* 

Fig. 1. Microscope images of the coronary artery (× 100).AS, 
atherosclerosis.

Fig. 2. MiR-22, NLRP3 and caspase-1 RNA expression in 
cardiac tissues between the normal and atherosclerosis 
groups. *, P<0.05 compared with the normal group; miR-22, 
microRNA-22; and NLRP3, nucleotide-binding domain and 
leucine-rich repeat protein 3.

The coronary arteries from each group were stained with oil red-O. The results showed 
that typical and mature atherosclerosis plaques appeared only in the atherosclerosis group, 
while no apparent atherosclerosis plaques were detected in the normal group (Fig. 1).

miR-22, NLRP3, and caspase-1 RNA expression in myocardial tissues from the normal and 
atherosclerosis groups
qRT-PCR was used to measure miR-22, NLRP3, and caspase-1 RNA expression in the 

myocardial tissues from each group. The results suggested a significant difference between 
the normal and atherosclerosis group (P < 0.05). Compared to the normal group, miR-
22 expression was remarkably decreased, and NLRP3 and caspase-1 expression were 
significantly increased in the atherosclerosis group (all P < 0.05) (Fig. 2).
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NLRP3 and caspase-1 
protein expression in 
myocardial tissues from 
the normal and athero-
sclerosis groups
Western blotting was 

used to examine NLRP3 and 
caspase-1 protein expres-
sion in myocardial tissues. 
The results indicated a sig-
nificant difference between 
the normal and athero-
sclerosis groups (P < 0.05). 
Compared with the normal 
group, NLRP3 and caspase-1 
protein expression were re-
markably up-regulated in 
the atherosclerosis group 
(both P < 0.05) (Fig. 3).

The relationship be-
tween NLRP3 and 
miR-22
Microrna.org detect-

ed that NLRP3 is a miR-22 
target gene (Fig. 4A). Thus, the NLRP3-3′-UTR-WT and miR-22 mimic plasmids were co-
transfected into 293T cells. The luciferase activity in the NLRP3-3′-UTR-WT + miR-22 mimic 
group was remarkably decreased compared to the NLRP3-3′UTR-WT + NC group (P < 0.05). 
Additionally, no significant differences were observed when comparing the luciferase activi-
ties between the NLRP3-3′-UTR-MUT + NC and NLRP3-3′-UTR-MUT + miR-22 mimic groups 
(P > 0.05) (Fig. 4B).

Observation and identification of morphological changes in CAECs
The primary CAECs were observed with an inverted microscope after culturing for 24 

h. The CAECs grew into a cobblestone-like monolayer and were small, short and spindle-
shaped. The CAECs had a high diopter. The number of adherent cells was enhanced with the 
increasing number of culturing days. The spindle-shaped cells began to stretch and adhered 
to the wall. The cells developed into polygons or spindles until cultured for 5 - 7 days (Fig. 5). 
Three to four hours after cell passaging, the cells had become fusion. The morphologies of 
the passaged cells were identical to the primary cells and similar to a typical stone pavement. 

Fig. 3. NLRP3 and caspase-1 
expression in myocardial 
tissues between the normal 
and atherosclerosis groups. 
(A) Western blotting images 
for NLRP3 and caspase-1. 
(B) NLRP3 and caspase-1 
expression between the normal 
and the atherosclerosis group. 
*, P<0.05 compared with the 
normal group and NLRP3, 
nucleotide-binding domain and 
leucine-rich repeat protein 3.

Fig. 4. The relationship between miR-22 and NLRP3. (A) The relationship 
between miR-22 and NLRP3 detected by bioinformatics software. (B) 
Verification of the luciferase activity results. *, P<0.05 compared with the 
normal group and NLRP3, nucleotide-binding domain and leucine-rich 
repeat protein 3.

http://dx.doi.org/10.1159%2F000481846


Cell Physiol Biochem 2017;43:1346-1358
DOI: 10.1159/000481846
Published online: October 09, 2017 1353

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2017 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Huang et al.: Mir-22 Targets NLRP3 in EC Injury

According to the immunocytochemistry results, specific molecular markers of CAECs, 
including CD34, CD105, and Tie-2, were strongly positive; CD31 and vW were also positive.

NLRP3, caspase-1 and miR-22 RNA expression in the CAECs groups
Based on the qRT-PCR results and compared with the blank group, the expression of 

miR-22 in the miR-22 mimic group was markedly increased, while the expression of miR-22 
decreased in the miR-22 inhibitor group. The miR-22 inhibitor group displayed significantly 
increased NLRP3 and caspase-1 mRNA expression, although the expression of those genes 
was decreased in the miR-22 mimic group compared with the blank group (all P < 0.05). 
There were no significant differences found between the blank, NC, and miR-22 inhibitor + 
siNLRP3 groups (all P > 0.05) (Fig. 6).

NLRP3 and caspase-1 protein expression in the CAEC groups
NLRP3 and caspase-1 protein expression were measured in the CAECs by Western 

blotting. The findings indicated that compared with the blank group, the miR-22 mimics 
group displayed remarkably decreased NLRP3 and caspase-1 expression levels, but their 
expression was significantly increased in the miR-22 inhibitor group (all P < 0.05). No 
significant differences were observed between the blank, NC, and miR-22 inhibitor + siNLRP3 
groups (all P > 0.05) (Fig. 7).

Cell survival rate in the CAEC groups
MTT was used to measure the cell survival rate of the CAECs. Compared with the blank 

group, the cell survival rate of the miR-22 mimic group was remarkably increased, while 
that of the miR-22 inhibitor group was significantly decreased (both P < 0.05). There were 
no significant differences in the cell survival between the blank, NC and miR-22 inhibitor + 
siNLRP3 groups (all P > 0.05) (Fig. 8).

Fig. 5. CAEC morphological 
observations. (A) CAEC 
morphology at 24 h. (B) CAEC 
morphology on the 7th day (× 
200). CAECs, coronary artery 
endothelial cells.

Fig. 6. MiR-22, NLRP3 
and caspase-1 RNA 
expression in the 
groups measured by 
qRT-PCR. *, P<0.05 
compared with the 
blank group; #, P<0.05 
compared with the 
miR-22 mimic group; 
and NLRP3, nucleotide-
binding domain and 
leucine-rich repeat 
protein 3.
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Fig. 7. NLRP3 and caspase-1 protein expression in the groups measured by Western blotting. (A) Western 
blotting images for NLRP3 and caspase-1. (B) NLRP3 and caspase-1 expression in each group. *, P<0.05 
compared with the blank group; #, P<0.05 compared with the miR-22 mimic group; ad NLRP3, nucleotide-
binding domain and leucine-rich repeat protein 3.

Fig. 8. CAEC cell survival rate in 
the groups measured by MTT. *, 
P<0.05 compared with the blank 
group; #, P<0.05 compared with 
the miR-22 mimic group; NLRP3, 
nucleotide-binding domain and 
leucine-rich repeat protein 3; 
and CAECs, coronary artery 
endothelial cells.

nCell apoptosis in the CAEC groups
The results from the Hoechst 33258 staining indicated that CAECs were characterized 

by karyopyknosis, nuclear/chromatin condensation and the presence of apoptotic bodies 
in response to CHD. There were no significant differences found between the blank and NC 

Fig. 9. CAEC apoptosis in the groups determined by Hoechst 33258 staining. (A) CAEC apoptosis in each 
group (× 200). (B) CAEC apoptosis rates in each group; *, P<0.05 compared with the blank group; #, P<0.05 
compared with the miR-22 mimic group; NLRP3, nucleotide-binding domain and leucine-rich repeat protein 
3; and CAECs, coronary artery endothelial cells.
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groups (P > 0.05). Compared with the blank group, the number of cells with incomplete 
nuclei was significantly reduced, and the apoptosis rate was decreased in the miR-22 mimic 
group (all P < 0.05). However, compared with the blank group, the miR-22 inhibitor group 
displayed significantly increased apoptotic cells, cells with incomplete nuclei and apoptosis 
rate (all P < 0.05). No significant differences were observed regarding the apoptosis rate 
between the miR-22 inhibitor + siNLRP3, blank and NC groups (P > 0.05) (Fig. 9).

Lumen formation in the CAECs groups
Although CAECs under CHD stress still possessed lumen-forming abilities, the lumens 

were few in number and displayed thin walls. Compared with the blank group, obvious 
lumens and numerous tubular structures were formed by CAECs in the miR-22 mimic group, 
while cells in the miR-22 inhibitor group were almost unable to form lumens, displaying a 
scattered distribution instead (P < 0.05). No significant differences were found in lumen-
forming abilities of the blank, NC, and miR-22 inhibitor + siNLRP3 groups (P > 0.05) (Fig. 10).

Inflammatory cytokine (IL-1β, IL-6, IL-10 and IL-18) levels among the groups
ELISA was applied to measure the levels of inflammatory cytokines. Compared with the 

blank and NC groups, IL-1β, IL-6 and IL-18 levels were markedly decreased, while IL-10 
levels were significantly increased in the miR-22 mimic group (all P < 0.05). In contrast, 
IL-1β, IL-6 and IL-18 levels were markedly increased, while IL-10 level were significantly 
decreased in the miR-22 inhibitor group (all P < 0.05). There were no significant differences 
in IL-1β, IL-6, IL-18 and IL-10 levels between the blank, NC and miR-22 inhibitor + siNLRP3 
groups (all P > 0.05) (Table 3).

Discussion

This study explored the effects of miR-22 on the NLRP3 inflammasome in EC injury in 
CHD. According to results, our study indicated that miR-22 can down-regulate the levels of 
inflammatory cytokines by suppressing NLRP3 inflammasome activation, which exerts an 
active role in protecting CAECs.

Typical and mature atherosclerosis plaques were present in the coronary arteries of 
rats in the atherosclerosis group after oil red-O staining. Atherosclerosis is regarded as 

Fig. 10. Lumen formation conditions in the CAEC groups (× 200). NLRP3, nucleotide-binding domain and 
leucine-rich repeat protein 3 and CAECs, coronary artery endothelial cells.

Table 3. Comparisons of expressions of inflammatory factors (IL-1β, IL-6, IL-18 and IL-10) of rats in each 
group (pg/mL), *, compared with blank group, P < 0.05; #, compared with miR-22 mimic group, P < 0.05; 
miR-22, microRNA-22; IL, interleukin; NLRP3, nucleotide-binding domain and leucine-rich repeat protein 3

3 

Table 3. Comparisons of expressions of inflammatory factors (IL-1β, IL-6, IL-18 and IL-10) of rats in each group (pg/mL), *, 
compared with blank group, P < 0.05; #, compared with miR-22 mimic group, P < 0.05; miR-22, microRNA-22; IL, interleukin; 
NLRP3, nucleotide-binding domain and leucine-rich repeat protein 3. 

 
 
 

Group IL-1β IL-6 IL-10 IL-18 
Blank group 9.12 ± 0.37 43.14 ± 4.86 50.32 ± 3.75 79.36 ± 5.05 
Negative control group 9.18 ± 0.89 42.88 ± 4.14 50.18 ± 4.21 78.85 ± 4.77 
miR-22 mimic group 3.57 ± 0.22* 21.54 ± 2.49* 79.63 ± 4.66* 23.47 ± 2.19* 
miR-22 inhibitor group 17.34 ± 1.73*# 84.33 ± 5.25*# 21.49 ± 3.15*# 184.65 ± 4.32*# 
miR-22 inhibitor + siNLRP3 group 9.11 ± 0.62 43.05 ± 4.84 49.88 ± 3.96 79.42 ± 3.98 
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an inflammatory process consisting of high lipid accumulation along the artery wall [19]. 
Therefore, a CHD model was successfully established in this study with high-fat diets. 
Compared with the normal group, the TC, TG, and LDLC levels and the concentration of 
Ca2+ were increased in the atherosclerosis group, indicating an increased concentration 
of serum lipids and blood calcium in rats with CHD. Accumulating evidence has recently 
proven that the high levels of serum lipids can increase the possibility of CHD [20]. Chi et al. 
argued that reducing TC, TG and LDLC levels serves as an efficient therapeutic means to treat 
atherosclerosis [21]. Yu et al. also claimed that CHD can be attenuated by mediating several 
cardiovascular disease risk factors, such as hypercholesterolemia and hypertension [22]. 
Kalampogias et al. indicated that calcium mineralization contributed to the solidification of 
atherosclerotic plaque formation, leading to narrowed arteries [23].

One of our main findings was that miR-22 was negatively associated with NLRP3 and 
caspase-1 in vitro and in vivo. MiR-22 was down-regulated in the inflammatory response, 
which contributed to CHD [13]. NLRP3 is the initial protein in a cascade that leads to 
inflammasome intracellular activation [24]. Moreover, miRNAs act as significant regulators 
by inhibiting NLRP3 inflammasome activity [18, 25]. Therefore, it was hypothesized that 
NLRP3 was a potential target gene of miR-22, which was further confirmed by the results from 
the dual-luciferase reporter assays. Caspase-1 activation induced EC dysfunction, leading to 
vascular remodeling and atherosclerosis [26]. Similarly, Li et al. also demonstrated that miR-
20a over-expression reduced the formation of the NLRP3 inflammasome, including reducing 
NLRP3 and caspase-1 expression [27], which possibly explains how miR-22 expression is 
related to NLRP3 and caspase-1 in our study.

Another important result is that miR-22 can reduce EC injury in CHD. Senescent injured 
ECs are related to promoting apoptosis, reducing the proliferation rate and increasing 
inflammatory proteins [28]. EC injury and senescence are associated with cardiovascular 
diseases in elderly patients [29]. In this experiment, miR-22 decreased the apoptosis rate 
and increased cell activities in ECs under CHD stress; these cells also still possessed lumen-
forming abilities. It has been shown that miR-22 over-expression can prevent EC injury by 
mediating apoptosis, the cell survival rate and lumen-forming abilities. In accordance with 
our results, Tadokoro et al. claimed that certain exogenous miRNAs enhances the lumen-
forming abilities in ECs [30]. Ming et al. found that endothelial progenitor cell senescence 
can be suppressed through a miR-22 pathway, which could in turn promote endothelial 
progenitor cell proliferation and migration [31].

Atherosclerosis is a chronic inflammatory disease associated with a variety of 
inflammatory cytokines [32]. In this experiment, the levels of inflammatory cytokines were 
measured by ELISA. Our results showed that IL-1β, IL-6 and IL-18 levels were down-regulated, 
and IL-10 levels were up-regulated in the miR-22 mimic group. IL-1β, IL-6 and IL-18 are pro-
inflammatory cytokines that are predominantly produced by monocytes or macrophages 
and control important functions in the immune system as well as inflammatory responses, 
such as inducing cell differentiation and inhibiting cell growth [33, 34]. IL-18 can promote 
plaque rupture and myocardial infarction in atherosclerosis and plaque development by 
increasing cholesterol levels [35]. Sustained IL-6 trans-signaling participates in chronic 
low-level inflammation, which results in insulin resistance and further contributes to 
atherosclerosis [36]. High IL-1β secretion plays multiple roles in the formation and stability 
of atherosclerosis by eliciting the production of other inflammatory molecules secreted by 
macrophages and ECs [37]. However, IL-10 is considered an important anti-inflammatory 
cytokine and is known to suppress the formation of atherosclerosis plaques [38].

Conclusion

Our observations provided evidence that miRNA-22 up-regulation has the great 
potential to mediate the expression of NLRP3 inflammatory cytokines that protect CAECs. It 
is believed that therapeutic strategies directed toward restoring miR-22 function would be 
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helpful in CHD treatment. Nevertheless, the sensitivity and specificity of miR-22 needs to be 
further examined to confirm the results and clinical value of this microRNA.
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